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1. Introduction  

Species identification of food has gained increasing interest due to scandals such as the 

�horse meat scandal� in Europe, where food products labelled as beef contained up to 100% 

horse meat (Iwobi et al., 2017). According to a report of the European Parliament the recent 

food fraud cases, such as the mislabelling of seafood products, have damaged the 

consumer trust in the agro-food sector (2013/2091(INI)). Reliable species identification of 

seafood is necessary due to the high commercial interest of this group. In recent years, 

household consumption in Germany has remained stable at around 400.000 tonnes, with a 

per capita consumption between 13 and 15 kg per year (FIZ, 2018). The major part (74%) 

of sold seafood products was processed fish (e.g., preserves and marinades, frozen and 

smoked). This makes it difficult for the consumer to verify, whether the purchased seafood 

is the declared species or not. Hence, the adulteration of processed fish is appealing to the 

food retailer. Crustaceans and molluscs (fresh, frozen and pre-treated) represented only 

14% of the sold seafood products in Germany (FIZ, 2018). The consumption of the three 

major seafood groups in Germany is comparable to the whole world trade. For instance, the 

percentage sold worldwide in 2016 was 65% fish, 23% crustaceans and 11% molluscs 

(FAO, 2018a). Among crustaceans, species of the order Decapoda (e.g., prawn, shrimps, 

lobsters, crabs and crayfish) are the most consumed (Cawthorn and Hoffman, 2017; 

Fernandes et al., 2017; Zagon et al., 2017). Consequently, this order is a potential target 

for food fraud. 

As a response to the increasing phenomenon of adulterated and substandard food products 

Interpol and Europol initiated the �Operation Opson� in 2011. A key aim of these operations 

is the identification of organized criminal networks behind illicit trade of counterfeit food 

(Europol, 2014). The �Opson� operations are carried out annually and are assisted by the 

food control authorities of several countries around the world. Over 400 tons of seafood 

products were seized for incorrect labelling or food safety concerns in 2017 based on the 

�Operation Opson VI� (Interpol, 2017). Seafood was seized in several countries, including 

Italy, France, the USA, and Iraq. Like in previous operations, seafood was one of the most 

afflicted products. When Germany fully participated for the first time in the �Operation 

Opson� in 2015, the focus was on trade of Asian fish and the risk of species substitution 

(Interpol, 2016). Especially the two high priced fish species red snapper [Lutjanus 

malabaricus (Bloch & Schneider, 1801)] and Japanese eel (Anguilla japonica Temminck & 

Schlegel, 1846) were targets of the operation. These species are known to be replaced by 

lower priced fish, for instance rockfish (Sebastes sp.) or European eel [Anguilla anguilla 

(Linnaeus, 1758)] (Interpol, 2016).  
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Frequently, the declared fish or crustacean species did not match the determined species 

(Table 1 and Table 2). There are several reasons for wrong declaration by the food business 

operator, such as lack of knowledge about the species or prospect of economic gain. When 

species are similar in morphology and caught together, mislabelling can also occur 

unintentionally. For instance, Guardone et al. (2017) revealed labelling Merluccius 

paradoxus Franca, 1960 as Merluccius capensis Castelnau, 1861 and Metapenaeus 

monoceros (Fabricius, 1798) as Metapenaeus affinis (H. Milne Edwards, 1837 [in Milne 

Edwards, 1834-1840]). However, mislabelling is unlikely to be accidental if the species do 

not occur in the same area and/or the substitution happens with a lower value species. For 

instance, when the lower-priced freshwater fish Pangasianodon hypophthalmus [(Sauvage, 

1878), pangasius] is labelled as the marine flatfish Solea solea [(Linnaeus, 1758), sole]. 

This common case of substitution was uncovered, inter alia, during market surveys in Italy 

and Germany (Filonzi et al., 2010; Kappel and Schröder, 2016; Gerdes et al., 2017). 

Furthermore, the whiteleg shrimp Litopenaeus vannamei (Boone, 1931) was replaced by 

the blue shrimp Litopenaeus stylirostris (Stimpson, 1871). Litopenaeus stylirostris has a 

different smell and taste, but looks similar to the consumer (Wilwet et al., 2018). Further 

reported cases are the declaration of lower priced sturgeon species (Acipenser spp.) as the 

more expensive beluga [Huso huso (Linnaeus, 1758)] in caviar (Fain et al., 2013; Ludwig 

et al., 2015; Harris and Shiraishi, 2018). Moreover, the false declaration of the less valued 

Greenland halibut [Reinhardtius hippoglossoides (Walbaum, 1792)] as Atlantic halibut 

[(Hippoglossus hippoglossus (Linnaeus, 1758)] was revealed in Germany and Italy by 

Filonzi et al. (2010) and Günther et al. (2017). 

A further concern is the mislabelling of endangered species, such as the labelling of 

European eel (Anguilla anguilla) as Japanese eel (Anguilla japonica) (Pfund et al., 2018). 

Besides, occurrences of unintentional mislabelling of eels caught in European waters 

cannot be excluded due to reported cases of using American eel [Anguilla rostrata (Lesueur, 

1817)] instead of European eel as stocking material in European aquaculture (Trautner, 

2006). In contrast to Japanese eel and American eel that are listed as endangered, the 

European eel is classified as critically endangered in the International Union for 

Conservation of Nature (IUCN) Red List of Threatened Species (Jacoby and Gollock, 

2014b; Jacoby and Gollock, 2014a; Jacoby et al., 2017). Therefore there is an import and 

export ban for the European eel since the end of 2010 in the EU (Dekker, 2019). 
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Furthermore, Marín et al. (2018) detected labelling of the vulnerable hammerhead shark 

Sphyrna zygaena (Linnaeus, 1758) and the near threatened blue shark Prionace glauca 

(Linnaeus, 1758) as smoothhound (Mustelus sp.). Besides, Feitosa et al. (2018) revealed 

illegal trade of the shark species Ginglymostoma cirratum (Bonnaterre, 1788) in Brazil, 

where harvesting of this species is prohibited.  

In addition, mislabelling can lead to health risk when toxic fish species are substituted for 

non-toxic species, for instance declaration of species assigned to the puffer fish family 

Tetraodontidae as monkfish (Lophius sp.), as revealed by Cohen et al. (2009) as well as 

Gerdes et al. (2017). This family can contain the neurotoxin tetrodotoxin, leading to 

paralysis and potential death. Furthermore, as uncovered by Lowenstein et al. (2009) and 

Staffen et al. (2017) escolar [Lepidocybium flavobrunneum (Smith, 1843)] was sold as tuna 

(Thunnus sp.). Escolars contain high levels of wax esters that can cause oily diarrhoea 

(keriorrhoea) and other acute gastrointestinal symptoms after consumption (Ling et al., 

2009). 

Due to the multitude of reported case of mislabelling of seafood products, reliable methods 

to combat food fraud are badly needed to protect the consumer from deceit and health risk 

as well as to prevent species from extinction. 
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Table 1 Exemplary recorded cases of mislabelled fish and detection methods.  

Labelled species 
(English name) 

Detected species (English name) Detection method 
(Gene) 

Investigated 
country 

Reference 

Epinephelus marginatus 
(Grouper) 

Lates niloticus (Nile perch) DNA sequencing 
(16S rDNA1) 

Spain Horreo et al. (2019) 

Eusphyra blochii 
(Hammerhead shark) 

Sphyrna lewini (Scalloped hammerhead) DNA sequencing 
(COI2) 

Indonesia Abdullah and Rehbein (2017) 

Gadus morhua 
(Cod) 

Gadus macrocephalus (Pacific cod), 
Melanogrammus aeglefinus (Haddock), 
Pollachius virens (Pollock) 

DNA sequencing 
(COI) 

France, 
Canada 

BØnard-Capelle et al. (2015); 
Shehata et al. (2018); (Tinacci 
et al., 2018) 

Hippoglossus 
hippoglossus 
(Atlantic halibut) 

Reinhardtius hippoglossoides (Greenland 
halibut) 

DNA sequencing 
(COI, cytb3) 

Germany 
Italy 

Filonzi et al. (2010); Günther et 
al. (2017) 

Huso huso 
(Beluga) 

Acipenser baerii (Siberian sturgeon), 
Acipenser gueldenstaedtii (Russian sturgeon), 
Acipenser schrenckii (Amur sturgeon) 

DNA sequencing 
(cytb) 

Austria, 
USA, 
Russia 

Fain et al. (2013); Ludwig et al. 
(2015); Harris and Shiraishi 
(2018) 

Lophius sp. 
(Monkfish) 

Tetraodontidae (Puffer fish), 
Ephippion guttifer (Puffer fish) 

DNA sequencing 
(COI, cytb)  

Germany, 
USA 

Cohen et al. (2009); Gerdes et 
al. (2017) 

Merluccius capensis 
(Whiting) 

Merluccius paradoxus (Whiting) DNA sequencing 
(COI) 

Italy Guardone et al. (2017) 

Mustelus sp. 
(Shark) 

Prionace glauca (Blue shark), 
Sphyrna zygaena (Hammerhead shark) 

DNA sequencing 
(COI) 

Peru Marín et al. (2018) 

Solea solea 
(Sole) 

Arnoglossus laterna (Scaldfish), 
Cynoglossus senegalensis (Senegalese 
tonguesole), 
Limanda aspera (Yellowfin sole), 
Lepidopsetta polyxystra (Northern rock sole), 
Pangasianodon hypophthalmus (Pangasius), 
Synaptura lusitanica (Portuguese sole) 

DNA sequencing 
(COI, cytb), 
PCR-RFLP4 
(COI) 

Belgium, 
France, 
Germany, 
Italy 

BØnard-Capelle et al. (2015); 
Pappalardo and Ferrito (2015); 
Kappel and Schröder (2016); 
Christiansen et al. (2018); 
Pappalardo et al. (2018) 

Thunnus sp. 
(Tuna) 

Lepidocybium flavobrunneum (Escolar) DNA sequencing 
(COI) 

Brazil, 
North 
America 

Lowenstein et al. (2009); 
Staffen et al. (2017) 

116S rDNA: 16S ribosomal DNA, 2COI: Cytochrome c oxidase subunit 1, 3cytb: Cytochrome b, 4PCR-RFLP: Polymerase chain reaction-restriction fragment length 
polymorphism 
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Table 2 Exemplary recorded cases of mislabelled crustacean and detection methods.   

Labelled species 
(English name) 

Detected species (English name) Detection method 
(Gene) 

Investigated 
country 

Reference 

Chionoecetes sp. 
(Snow crab) 

Cancer irroratus (Atlantic rock crab) DNA sequencing 
(COI1) 

Canada Shehata et al. (2018) 

Fenneropenaeus indicus 
(Whiteleg shrimp) 

Litopenaeus vannamei (Whiteleg shrimp) DNA sequencing 
(COI, 16S rDNA2) 

South Africa Cawthorn and Hoffman (2017) 

Litopenaeus vannamei 
(Whiteleg shrimp) 

Litopenaeus stylirostris (Blue shrimp), 
Parapenaeopsis sp. (Shrimp), 
Sicyonia brevirostris (Rock shrimp) 

DNA sequencing 
(COI) 
PCR-RFLP3 (16S 
rRNA/tRNA Val4) 

India, 
Italy, 
USA 

Guardone et al. (2017); Stern et 
al. (2017); Wilwet et al. (2018) 

Metapenaeus affinis 
(Shrimp) 

Metapenaeopsis sp. (Shrimp), 
Litopenaeus vannamei (Whiteleg shrimp) 

DNA sequencing 
(COI, 16S rDNA) 

Italy, 
South Africa 

Cawthorn and Hoffman (2017); 
Guardone et al. (2017) 

Metapenaeus dobsoni 
(Shrimp) 

Parapenaeopsis cornuta (Shrimp) DNA sequencing 
(COI) 

Italy Guardone et al. (2017) 

Metapenaeus ensis 
(Shrimp) 

Penaeus monodon (Shrimp) HRM5 

(COI) 
Portugal Fernandes et al. (2017) 

Metapenaeus monoceros 
(Shrimp) 

Metapenaeus affinis (Shrimp) DNA sequencing 
(COI) 

Italy Guardone et al. (2017) 

Nephrops norvegicus 
(Norway lobster) 

Metanephrops australiensis (Lobsterette),  
Metanephrops rubellus (Lobsterette), 
Metanephrops challengeri (Lobsterette)  

Morphological 
analysis 

Italy Meloni et al. (2015) 

Penaeus monodon 
(Shrimp) 

Litopenaeus vannamei (Whiteleg shrimp) DNA sequencing 
(COI, 16S rDNA) 

Germany, 
South Africa 

Cawthorn and Hoffman (2017); 
Günther et al. (2017) 

Penaeus indicus 
(Shrimp) 

Metapenaeus affinis (Shrimp) HRM 
(COI) 

Portugal Fernandes et al. (2017) 

Solenocera melantho 
(Shrimp) 

Parapenaues sp. (Shrimp), 
Pleoticus robustus (Royal red shrimp) 

DNA sequencing 
(COI, 16S rDNA) 

Italy, 
South Africa 

Cawthorn and Hoffman (2017); 
Guardone et al. (2017) 

1COI: Cytochrome c oxidase subunit, 216S rDNA: 16S ribosomal DNA, 3PCR-RFLP: Polymerase chain reaction-restriction fragment length polymorphism, 
416S rRNA/tRNA Val: 16S ribosomal RNA/transfer RNA Val, 5HRM: High resolution melting 
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2. Review of molecular biological methods for fish and 

crustacean species authentication  

According to the Council Regulation (EC) No 1379/2013 on the common organization of the 

markets in fishery and aquaculture, fishery and aquaculture products have to be labelled, 

inter alia, with the commercial designation of the species and its scientific name. The 

member states of the European Union are enforced to draw up and publish a list of the 

commercial designations accepted in their territory, together with their scientific names. 

Only the listed species are allowed to be traded in the respective country. The German list 

contains over 600 fish species, 160 molluscs and 80 crustacean species (BLE, 2018). Due 

to the large number of listed seafood species with different degrees of processing and 

possibly closely related species not authorised for sale, reliable methods of species 

authentication are required, covering as many species as possible. 

Most morphological characteristics, for instance heads, tails and fins in case of fish, or 

external carapace in case of shrimps, are lost during processing (Teletchea, 2009; 

Fernandes et al., 2017; FAO, 2018b). Consequently, morphological species identification 

of smoked, canned or filleted seafood often reaches its limits. In addition, even if the 

morphological characteristics have not been removed, discrimination of closely related 

species is difficult and often needs specialized taxonomists for correct identification (Mafra 

et al., 2008; Tizard et al., 2019). Therefore, it is almost impossible for the consumer as well 

as for the control authorities to ascertain if the purchased seafood is the declared species 

by morphological characteristics. Consequently, control authorities need reliable analytical 

methods for unambiguous species authentication. The European Parliament and Council 

recommend to the national authorities, responsible for monitoring of fishery and aquaculture 

products, to use available technologies, such as DNA-testing, to prevent operators from 

mislabelling catches (Council Regulation (EC) No 1379/2013). 

Standardised methods as basis for a reliable assessment of analytical data and for a 

nationwide standardized quality of examination to ensure a uniform enforcement of existing 

laws are offered by the Official Collection of Methods of Analysis and Sampling (ASU) 

according to § 64 of the German Food and Feed Code (BVL, 2014). The Bundesamt für 

Verbraucherschutz und Lebensmittelsicherheit (Federal Office of Consumer Protection and 

Food Safety) in Germany is responsible for publication of the ASU. It proposed to consider 

new modern analytical methods, such as DNA barcoding and matrix-assisted laser 

desorption ionization time of-flight mass spectrometry (MALDI-TOF MS), to provide the 

control authorities with powerful and standardised methods for their monitoring tasks 

(Szabo et al., 2017). 
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The most common methods for seafood species authentication are protein- or DNA-based 

methods (Horstkotte and Rehbein, 2003; Ortea et al., 2012; Verrez-Bagnis et al., 2018). 

Indeed, all official analytical methods recommended for animal species authentication in the 

ASU are protein- or DNA-based (BVL, 2014). Only one of the four methods concerning 

seafood authentication is protein-based and uses isoelectric focusing (IEF) for fish species 

detection: L 11.00-6 Detection of fish species of native muscle by means of isoelectric 

focusing. A further method recommended for the authentication of fish is the polymerase 

chain reaction-restriction fragment length polymorphism (PCR-RFLP): L 11.00-7 

Identification of fish species in raw and heat-processed fish products. The two other 

methods use DNA sequencing for identification of fish and crustacean, respectively: 

L 10.00-12 Fish species identification in raw fish and fish products by means of sequence 

analysis of cytochrome b sequences and L 12.01-03 Crustacean species identification in 

raw and processed crustacean products by means of sequence analysis of 16S rRNA 

sequences. 

Aside from the content of a respective reference library the suitability of these methods 

depends on the focus of analysis (e.g., species identification, delimitation or detection) and 

the processing grade and storage temperature (e.g., fresh, frozen, smoked). Hereinafter, 

application, advantages as well as disadvantages of existing molecular biological methods 

in the context of the official control of foodstuff as well as recent approaches for fish and 

crustacean species authentication are evaluated.  
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2.1. Protein-based methods 

Although DNA-based methods are mostly applied for seafood species authentication, some 

long-established methods such as IEF are still used due to their simplicity and cost 

efficiency. In addition, MALDI-TOF MS, for which suitability for species identification has 

been proven for several organisms, is increasingly used for seafood species.  

2.1.1. Isoelectric focusing (IEF) 

IEF is based on separating proteins in a polyacrylamide gel using a pH gradient (Rehbein 

et al., 1995; Ortea et al., 2012). After visualization of the proteins by staining, verification is 

performed by comparing the band patterns with those of reference species running on the 

same gel (Verrez-Bagnis et al., 2018).  

Among the protein-based methods, IEF is a cost-effective and simple technique used for 

fish and crustacean species identification (Ortea et al., 2012; Verrez-Bagnis et al., 2018). 

Ortea et al. (2010) showed the potential of species identification using IEF for 14 

commercially important shrimp species of the order Decapoda. Moreover, a wide variety of 

fish species (e.g., fish of the families Gadidae, Clupeidae and Pleuronectidae) was identified 

by the application of IEF (Rehbein, 1990; Abdullah and Rehbein, 2015; Böhme et al., 2015). 

Although IEF is one of the three official analytical methods recommended for fish species 

identification in the ASU, it is less suitable for processed seafood due to the lack of stability 

of some proteins during thermal processing (Rehbein, 1990; Verrez-Bagnis et al., 2018). In 

addition, it needs to be examined whether closely related species, of which at least one is 

the target of the analysis, produce identical or highly similar band patterns (Rehbein, 1990; 

Kappel and Schröder, 2016). Therefore, the scope of IEF is limited (Kappel and Schröder, 

2015). Nevertheless, it is still used as a screening method for fish species identification 

(Abdullah and Rehbein, 2015; Kappel and Schröder, 2016; Verrez-Bagnis et al., 2018). 

Since IEF is quite time-consuming, MALDI-TOF MS offers a faster protein-based approach 

for animal species identification that requires fewer preparation steps (Table 3). 
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2.1.2. Matrix-assisted laser desorption ionization time of-flight mass 

spectrometry (MALDI-TOF MS) 

MALDI-TOF MS is a fast, non-targeted protein-based method being based on co-

crystallization of the sample (whole cell or extracted proteins) on a target plate with an 

energy-absorbing matrix. By the assistance of the matrix, a pulsed laser desorbs and 

ionizes the sample. Subsequently, the generated charged ions of the sample are 

accelerated by a strong electric field, are discriminated according to their mass-to-charge 

ratio, and finally are measured with the time-of-flight mass spectrometer (Figure 1). The 

generated protein spectra are correlated to a database containing reference protein spectra 

for species identification (Pavlovic et al., 2011). 

 

 

Figure 1 Schematic representation of matrix-assisted laser desorption ionization time of-flight 

mass spectrometry (MALDI-TOF MS). First, the sample is co-crystallized on the target 

plate with an energy-absorbing matrix. This matrix assists the desorption and ionisation of 

the samples via a pulsed laser (MALDI). The generated charged ions of the sample are 

subsequently accelerated using a strong electric field. These ions of various sizes are 

discriminated according to the mass-to-charge ratio and measured with the time of flight 

detector mass spectrometer (TOF MS). The generated protein spectra are subsequently 

evaluated against a database containing reference protein spectra for species 

identification. 
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MALDI-TOF MS has become a well-established technique for identification of bacteria and 

fungi (see Seng et al., 2009; Welker, 2011; Wieser et al., 2012; Bader, 2017). In recent 

years MALDI-TOF MS was applied for authentication of several metazoan species such as 

insects (e.g., Perera, 2005; Ulrich et al., 2017), mammals (e.g., Hiller et al., 2017), molluscs 

(e.g., Stephan et al., 2014), fish (e.g., Mazzeo et al., 2008; Volta et al., 2012; Stahl and 

Schröder, 2017) as well as crustacean (e.g., Laakmann et al., 2013; Salla and Murray, 2013; 

Kaiser et al., 2018). However, for the various groups of animals no standardised protocol is 

applied, and up to now the influence of fat-content, storage temperature and level of food 

processing has been studied only to a limited extent. 

In case of molluscs, Stephan et al. (2014) used formic acid including chloroform�methanol 

defatting for protein preparation of fresh and frozen tissues to uncover mislabeling of 

Placopecten magellanicus (Gmelin, 1791) as Pecten maximus (Linnaeus, 1758). Salla and 

Murray (2013) identified skeletal muscles from six shrimps to species level irrespective of 

their storage condition (fresh and frozen) using trifluoroacetic acid for protein preparation. 

Furthermore, Laakmann et al. (2013) showed the suitability of MALDI-TOF MS for the 

discrimination of 11 calanoid copepod species (Crustacea) from tissue fixed in ethanol on 

different developmental stages without preceding protein preparation. Concerning fish 

species identification, Volta et al. (2012) compared protein spectra, yielded from frozen 

muscle and liver prepared with formic acid, of three fish species [Alosa agone (Scopoli, 

1786), Coregonus macrophthalmus Nüsslin, 1882 and Rutilus rutilus (Linnaeus, 1758)] and 

showed that both tissues are suitable for discrimination. Mazzeo et al. (2008) examined 

proteins prepared with trifluoroacetic acid of frozen muscle tissue from 25 fish species of 

the orders Perciformes, Gadiformes and Pleuronectiformes. By applying this protein 

preparation protocol, it was possible, besides genera discrimination, to differentiate species 

within the genus Merluccius. Stahl and Schröder (2017) developed a MALDI-TOF MS 

database of 54 fish species (belonging to 14 orders) using protein spectra prepared with 

trifluoroacetic acid of frozen filets and also assessed the impact of contamination of the 

fillets with bacterial proteins on identification of the fish species. They demonstrated that a 

cell content of about 1% of Escherichia coli, which may be expected on fresh fish filets, 

does not have an impact on fish species identification. 

As for all protein-based techniques, species identification using MALDI-TOF MS has the 

limitation that proteins are less thermostable than DNA. Furthermore, like DNA sequencing 

a comprehensive available background database (reference library) is required. However, 

MALDI-TOF MS possesses great advantages over IEF and several DNA-based methods 

as it requires only few and simple preparation steps along with short analysis times (Wang 

et al., 2012; Stephan et al., 2014; Stahl and Schröder, 2017).   
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2.2. DNA-based methods 

DNA-based methods offer several advantages over protein-based: i) independence of 

sample origin (all cells of an organism contain DNA) and developmental stages (from egg 

to adults or rests), ii) higher information content (down even to populations), and iii) the 

suitability for processed samples (e.g., heated) due to the higher thermostability of DNA in 

contrast to proteins (Wolf et al., 1999; Teletchea, 2009; Ward et al., 2009; Wilwet et al., 

2018). Therefore, three of the four official analytical methods for seafood species 

authentication in the ASU are DNA-based methods, in particular PCR-RFLP and DNA 

sequencing (BVL, 2014). Additionally, the loop-mediated isothermal amplification (LAMP) 

technique is becoming an alternative approach for animal species detection. 

2.2.1. Polymerase chain reaction-restriction fragment length polymorphism 

(PCR-RFLP) 

PCR-RFLP is based on endonucleases that recognize specific restriction sites of an 

amplified fragment and digest them into smaller fragments of different sizes. These 

fragments can be separated by gel electrophoresis and visualized (Teletchea, 2009; 

Hellberg and Morrissey, 2011). 

PCR-RFLP is a much easier to perform and less expensive method than DNA sequencing 

for species identification of seafood (Teletchea, 2009; Pappalardo et al., 2018; Verrez-

Bagnis et al., 2018). For instance, Pascoal et al. (2008) developed a PCR-RFLP method 

for 17 prawn and shrimp species targeting a gene region of 16S ribosomal RNA/transfer 

RNA Val, also used by Wilwet et al. (2018) for authentication of commercially important 

shrimp species in India. In addition, several working groups applied PCR-RFLP for fish 

species identification. Sanjuan and Comesaæa (2002) as well as Pappalardo et al. (2018) 

differentiated flatfish species while Sivaraman et al. (2018) used PCR-RFLP for 

authentication of snappers. Furthermore, Frankowski et al. (2009), Rehbein et al. (2002) 

and Gagnaire et al. (2007) used PCR-RFLP for identification of (in sum eight) eel species 

based on the cytochrome b (cytb) or the 16S ribosomal RNA (16S rRNA) gene. 

However, PCR-RFLP is vulnerable to errors due to intraspecific variability as well as 

incomplete enzyme digestion and does not provide the high level of information acquired 

with DNA sequencing (Lockley and Bardsley, 2000; Hellberg and Morrissey, 2011). One of 

the three official analytical methods recommended for fish species identification in the ASU 

uses PCR-RFLP analysis of amplified mitochondrial cytb-DNA fragments (BVL, 2014). 

However, this method is used only to a limited extent in the official control of foodstuff since 

there are other methods available offering more advantages, for instance DNA sequencing 

(Kappel and Schröder, 2015).  
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2.2.2. DNA sequencing  

The DNA sequencing technique includes several steps. First, amplification of a specific 

DNA fragment using PCR and purification steps. Subsequently, the DNA sequence is 

determined using the didesoxy terminator DNA sequencing method developed by Sanger 

et al. (1977). For species identification, the generated sequence is matched to reference 

sequences in a DNA database through phylogenetic analysis (FINS: Forensically 

informative nucleotide sequencing) or similarity searches.  

The most commonly used DNA-based techniques for fish species identification are based 

on amplification of mitochondrial DNA (Mafra et al., 2008; Verrez-Bagnis et al., 2018). The 

advantages of mitochondrial DNA in contrast to nuclear DNA are i) much faster evolution, 

ii) higher copy number (approximately 100-1000 times higher) and iii) for many aquatic 

organisms complete mitochondrial DNA sequences are known (Chow et al., 1997; Mackie 

et al., 1999; Teletchea et al., 2005; Rasmussen and Morrissey, 2008; Wilwet et al., 2018). 

The choice of the most suitable DNA gene region (marker) is essential for reliable species 

identification of the target group. This marker needs high interspecific and low intraspecific 

sequence variation for discrimination between the selected species, conserved regions as 

binding sites for universal primers to ensure amplification across a wide taxonomic range, 

as well as enough available reference sequences in the database (Dawnay et al., 2007; 

Hellberg and Morrissey, 2011; Ferrito and Pappalardo, 2017). In cases of species 

identification of marine animals, the three mitochondrial genes cytb, 16S rRNA and the 

�DNA-barcode�, cytochrome c oxidase subunit 1 (COI) are the most frequently used (see 

Verrez-Bagnis et al., 2018). For instance, Jamandre et al. (2007) analysed three Anguilla 

species via sequencing of cytb and 16S rDNA and Lago et al. (2012) used FINS of cytb for 

differentiation of twelve eel species. Furthermore, Shehata et al. (2018) analysed over 300 

seafood species in the regulatory context in Canada by COI sequencing. Comparing the 

applicability of cytb, COI and 16S rDNA using 50 European marine fish species (of 20 

different families) Kochzius et al. (2010) revealed discrimination failure of 16S rDNA for 

closely related flatfish and gurnard species.  

Most control authorities in Germany still use DNA-sequencing of a cytb fragment for fish 

species identification (BVL, 2014; Kappel and Schröder, 2015). Nevertheless, COI 

sequencing is currently discussed for implementation in the ASU for fish species 

identification (Kappel and Schröder, 2015). Furthermore, it is applied in many other 

countries (e.g., Brazil, Canada and the United States) as a regulatory tool for seafood 

species identification in terms of combating food fraud (Shehata et al., 2018).  



2. Review of molecular biological methods for fish and crustacean species authentication 
 

14 
 

Hebert et al. (2003) proposed a region of COI of about 650 base pairs (bp) at its 5�-end as 

the standard �DNA-barcoding� gene for metazoan species identification. The main 

advantages of COI over other mitochondrial genes are the potentially higher phylogenetic 

signal and the availability of robust universal primer-sets for this region, covering most of 

the animal phyla (Folmer et al., 1994; Hebert et al., 2003; Hebert et al., 2016a). A huge 

variety of studies has shown the potential of unambiguous species identification of animals 

via COI sequencing, such as mammals (e.g., Bitanyi et al., 2011; Kumar et al., 2018; Kundu 

et al., 2019), birds (e.g., Hebert et al., 2004; Huang and Ruan, 2018; Tizard et al., 2019), 

and insects (e.g., Hausmann et al., 2011; Hebert et al., 2016b; Ashfaq et al., 2018).  

Furthermore, the potential of COI sequencing for fish and crustacean species identification 

was shown by several working groups (e.g., Radulovici et al., 2009; Haye et al., 2012; NicolŁ 

et al., 2012; Raupach et al., 2015; Muæoz-Colmenero et al., 2016; Shen et al., 2016; Staffen 

et al., 2017; Stern et al., 2017; Mantelatto et al., 2018; Sarmiento-Camacho and Valdez-

Moreno, 2018). Besides COI, 16S rDNA is the most used gene region for crustacean 

species identification (Pascoal et al., 2011; Ortea et al., 2012; Cawthorn and Hoffman, 2017; 

Lee et al., 2017; Mantelatto et al., 2018; Verrez-Bagnis et al., 2018). In the ASU DNA 

sequencing of a 16S rDNA fragment is recommended for crustacean species identification 

(BVL, 2014). However, this method has some limitations. For instance, it is not suitable for 

analysing species of the shrimp genus Crangon because no suitable amplicons are 

obtained (BVL, 2014).  

With DNA sequencing the largest amount of information from PCR fragments is produced 

directly (Lockley and Bardsley, 2000; Civera, 2003; Rasmussen and Morrissey, 2008). The 

possibility of using �universal� primers enables obtaining DNA sequences of a wide range of 

animals without prior knowledge of the animal species. Therefore this technique is suitable 

for seafood species that are often sold processed (e.g., eviscerated, beheaded, skinned, 

filleted) and thus lose their morphological characteristics (Mafra et al., 2008; Tizard et al., 

2019). DNA sequencing is one of the most commonly applied DNA based techniques for 

seafood species identification (see Teletchea, 2009; Verrez-Bagnis et al., 2018). In recent 

years, it was widely used for revealing food fraud (Table 1 and Table 2). However, DNA 

sequencing is comparatively time-consuming and needs several preparation steps (Gil, 

2007; Laakmann et al., 2013; Fernandes et al., 2017). Furthermore, a reference database 

is required for data analysis, as in case of MALDI-TOF MS (Table 3).  
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One of the most frequently used DNA database for species identification is GenBank (of the 

National Institute of Health (NIH), built and distributed by the National Center for 

Biotechnology Information (NCBI): http://www.ncbi.nlm.nih.gov). GenBank contains over 5 

million mitochondrial animal sequences (March 2019). The sequences of GenBank can be 

searched and aligned using BLAST (Basic Local Alignment Search Tool) whereby 

similarities between a query sequence and GenBank sequences can be detected (Benson 

et al., 2017). However, species identification of sequences in GenBank often is highly 

doubtful and usually cannot be checked (Vilgalys, 2003; Federhen, 2015). 

Another often used database is the Barcode of Life Data System (BOLD: 

http://www.boldsystems.org) from the Consortium for the Barcode of Life (CBOL). This 

database mainly uses the COI gene for animal identification and contains over 8 million 

public animal COI sequences (March 2019). BOLD has the aim to build a barcode library 

for all eukaryotic life by using standard protocols (Ratnasingham and Hebert, 2007). 

Sequences in BOLD which gained the �barcode status� include voucher specimen with 

taxonomic identifications and further data (Ratnasingham and Hebert, 2007). COI 

sequences and data, which are publicly accessible in BOLD, are regularly migrated to 

GenBank (Ratnasingham and Hebert, 2007). Furthermore, BOLD imports COI sequences 

and data fulfilling the requirements of BOLD (Raupach and Radulovici, 2015). 

2.2.3. Loop-mediated isothermal amplification (LAMP) 

The LAMP developed by Notomi et al. (2000) is a highly specific and rapid technique 

running under isothermal conditions. For this technique a set of two inner and two outer 

primers (each consist of one forward and one reverse primer), as well as a polymerase with 

high strand-displacement activity is used (Figure 2). The outer primers are only used in the 

initial steps of the reaction, in combination with the inner primers. One of the resulting DNA 

structures of the initial steps is a stem-loop. The yielded stem-loop is the starting material 

for the subsequent cycling reaction and only requires the inner primers. The inner primers 

consist of two sequences (one corresponds to the sense and the other to the antisense 

sequence of the target DNA) and a spacer between them. The antisense sequence binds 

in the first steps for elongation whereas the sense sequence is for self-priming in the later 

steps. The final products after the elongation and recycling step are different stem-loop DNA 

and cauliflower-like structures with several loops (Notomi et al., 2000; Notomi et al., 2015). 
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Figure 2 Schematic representation of the first stages of loop-mediated isothermal 

amplification (LAMP) analogous to Notomi et al. (2000). The forward inner primer 

(FIP) consists of the F2 sequence (corresponding to the sense sequence of the target 

DNA F2c) a spacer, and the F1c sequence (corresponding to the antisense sequence of 

the target DNA F1). The reverse inner primer (BIP) consists of the B2 sequence, a spacer 

and the B1c sequence. The outer primers are F3 (forward) corresponding to the sense 

sequence of the target DNA F3c and B3 (reverse), respectively. In the initial steps, the 

inner and outer primers are used. DNA synthesis could start with FIP or BIP primer. Here 

starting with the FIP primer is described. FIP binds to the sequence F2c of the target 

DNA and initiates synthesis of the complementary strand. When F3 binds to the 

sequence F3c of the target DNA, it initiates DNA synthesis via strand displacement (1). 

One of the resulting DNA is a double strand (2) and the other is a single strand with a 

loop structure at one end (3). Now the BIP primer binds to the other end of the single 

strand as well as the B3 primer, leading again to DNA synthesis via strand displacement 

as described above. One of the resulting DNA is a double strand (4). The resulting dumb-

bell structure is converted to a stem-loop due to self-priming DNA synthesis (5). This 

stem-loop serves as starting material for the second stages of the LAMP reaction (cycling 

reaction) whose first step is illustrated in the figure above (6) where again FIP binds to 

the DNA. For further steps of the cycling reaction as well as for elongation and recycling 

step, leading to the final products of different stem-loop DNA and cauliflower-like 

structures with several loops, see Notomi et al. (2000). 
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In contrast to PCR, which uses heat, strand separation of the DNA within LAMP is 

performed using enzymatic activity (Tanner et al., 2012). For detection of positive LAMP 

reactions, techniques such as visual detection using DNA-binding dyes, turbidity detection 

of precipitated magnesium or gel electrophoresis are applied subsequently to the reaction 

(see Tanner et al., 2012; Zhang et al., 2014; Wong et al., 2018). Furthermore, real-time 

fluorescence detection and subsequent melting curve analysis can be performed on 

instruments such as real-time cyclers or real-time fluorimeters [e.g., the portable Genie 

instrument from OptiGene (Horsham, United Kingdom), specially designed for isothermal 

amplification]. 

LAMP has already been successfully applied for detection of bacteria and viruses (Notomi 

et al., 2000; Fu et al., 2011; Dhama et al., 2014) as well as for plant species in herbal 

medicine and food (Focke et al., 2013; Li et al., 2016). Due to its high specificity and short 

analysis time identification of meat species using LAMP is becoming an alternative 

approach to PCR-based methods, such as for detection of poultry and mammalian species 

(Ahmed et al., 2010; Abdulmawjood et al., 2014; Cho et al., 2014; Sul et al., 2019). In case 

of seafood species detection Ye et al. (2017) developed a LAMP assay, based on COI as 

target gene, for identification of the jumbo flying squid Dosidicus gigas (D�Orbigny, 1835). 

Furthermore, Saull et al. (2016) developed a LAMP assay for discrimination of Atlantic cod 

(Gadus morhua Linnaeus, 1758) from Pacific cod (Gadus macrocephalus; Tilesius, 1810) 

and pollock (Gadus chalcogrammus Pallas, 1814), based on cytb as target gene, for the 

analysis of frozen and smoked fish fillets. 

The main advantages of the LAMP technique are that it is less prone to inhibitors and more 

sensitive than PCR (Notomi et al., 2000; Keremane et al., 2015; Wong et al., 2018). 

Furthermore, it needs only easy to handle equipment (no thermal cycling equipment is 

required in contrast to PCR) making it suitable for on-site analysis (e.g., field studies). 

However, for development of LAMP assays prior sequence information of the target DNA 

sequence is required and it is limited to a defined species spectrum, as for all species-

specific techniques (Lockley and Bardsley, 2000).   
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Table 3 Comparison of existing molecular biological methods for marine species 
authentication in the context of official control of foodstuff and recent 
approaches for fish and crustacean species. 

 Simple 

protocol 

Analysis 

time1 

Main 

advantage2 

Main 

disadvantage(s)3 

ASU4-

method 

Protein-based 

IEF5 - +++ Easy to perform Time-consuming x (Fish) 

MALDI-TOF MS x + Fast Database required - 

DNA-based 

PCR-RFLP7 - +++ Cost-effective Incomplete 
enzyme digestion 

x (Fish & 

Crustacean)  

DNA sequencing - ++++ Quantity of 
information 

Time-consuming, 

database required 

x (Fish & 

Crustacean) 

LAMP8 x ++ Fast Limited to a 
defined species 
spectrum 

- 

Methods marked with an �x� indicate that they exhibit the corresponding feature.  
1Analysis time: time required from the extraction of DNA/protein to result, 2Main advantage compared to the 
other listed methods, 3Main disadvantage compared to the other listed methods, 4ASU: Official Collection of 
Methods of Analysis and Sampling according to § 64 of the German Food and Feed Code (Lebensmittel-und 
Futtermittelgesetzbuch; LFGB) in case of food monitoring, 5IEF: Isoelectric focusing, 6MALDI-TOF MS: Matrix-
assisted laser desorption ionization time of-flight mass spectrometry, 7PCR-RFLP: Polymerase chain reaction-
restriction fragment length polymorphism, 8LAMP: Loop-mediated isothermal amplification 
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3. Aims of the thesis  

Due to the many reported cases concerning mislabelling of seafood products, food control 

authorities require reliable methods to protect the consumer against deceit and health risks 

or to uncover trade or consumption of protected species.  

Consequently, the first aim of this thesis was to establish DNA- and protein-based molecular 

biological methods for seafood species authentication, in particular fishes and crustaceans. 

The second aim was to compare these methods for suitability to authenticate seafood 

species enabling the control authorities to select appropriate methods to combat food fraud. 

MALDI-TOF MS as protein-based and DNA sequencing as well as LAMP as DNA-based 

methods were evaluated for their suitability for seafood species authentication. In particular, 

it was ascertained which molecular biological method should be preferred for a particular 

focus of analysis (species identification, delimitation or detection), as well as for which 

processing grade and storage temperature (fresh, refrigerated, frozen, cooked or smoked).  

DNA sequencing as well as MALDI-TOF MS show some limitations, such as the need for 

expensive and bulky equipment as well as DNA sequence- or protein spectra-databases. 

The LAMP technique offers an alternative when the focus of analysis is the delimitation of 

two species or specific detection of known species. This technique can be easily performed 

with portable equipment for a fast on-site analysis. Suitability of LAMP for fish was already 

shown for identification of frozen and smoked Atlantic cod (Gadus morhua Linnaeus, 1758) 

filets. However, applicability of LAMP had not yet been shown for fish eggs. Besides, cases 

of mislabelling of the critical endangered European eel [(Anguilla anguilla (Linnaeus, 1758)] 

as Japanese eel (Anguilla japonica Temminck & Schlegel, 1846) as well as wrong stocking 

of American eel [Anguilla rostrata (Lesueur, 1817)] instead of European eel in European 

waters were reported. Consequently, delimitation of the critical endangered European eel 

from the other eel species of the genus Anguilla is of high relevance. Therefore, one part of 

the thesis was to examine the suitability of LAMP assays for species delimitation on frozen 

and smoked fish as well as fish eggs. This was performed by developing assays for specific 

detection of DNA of Anguilla anguilla and of the genus Anguilla respectively.  
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For analysis of unknown species MALDI-TOF MS, a much faster approach than DNA 

sequencing due to fewer preparation steps, can be applied. Suitability of animal species 

identification was shown by several working groups (e.g., for crustacean, fish, molluscs, 

mammals as well as insects). However, the influences of the preparation protocol, fat-

content, storage temperature and level of food processing have been studied only to a 

limited extent. Therefore, using fish as an example, the suitability of five preparation 

methods for proteins were compared for subsequent MALDI-TOF MS analysis. 

Furthermore, influence of different fat-content, storage temperature, and level of food 

processing (fresh, refrigerated, frozen, cooked and smoked) on identification suitability and 

reproducibility were examined in this thesis by using high-fat Atlantic mackerel (Scomber 

scombrus Linnaeus, 1758) and low-fat rainbow trout [Oncorhynchus mykiss (Walbaum, 

1792)] as representatives.  

In case of DNA sequencing, the available official control method in the food monitoring 

sector for fish species identification based on cytb is currently discussed to be 

supplemented with COI sequencing. However, the official method for crustacean species 

identification via DNA sequencing of a 16S rDNA fragment has some limitations. Therefore, 

suitability of another 16S rDNA marker region and the COI barcoding region were examined 

for species identification of crustacean of the most consumed order Decapoda in 

comparison with the official control method.  
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4. Publication I Using loop-mediated isothermal 

amplification for fast species delimitation in eels 

(genus Anguilla), with special reference to the 

European eel (Anguilla anguilla) 
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