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Species-specific DNA-based tags are valuable tools for the management of both fisheries and
commercial fish products. In this study, we have developed a two-step molecular tool to detect the
presence of hake DNA (Merluccius spp.) and to identify the exact hake species present in an blind
sample. The first test involves PCR amplification of an ITS1-rDNA fragment of 193 bp using nested
primers that are interspecifically conserved in Merluccius spp. and Atlantic cod, Gadus morhua. The
second test consists of the PCR amplification of a 602-659 bp DNA fragment spanning part of the
ribosomal cluster 18S-ITS1-5.8S and digesting it with four restriction enzymes whose targets map
at interspecifically nonconserved sites of the ITS1. Alternatively, the identification of hake species
can be achieved by FINS or BLAST, using the nucleotide sequence of either the whole ITS1 sequence
or its nested fragment of 193 bp. Because of their high reproducibility and ease of execution, these
procedures allow for routine analysis and constitute high reliable tools for the rapid identification of
12 species of hake.
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INTRODUCTION

The genusMerlucciusis composed of at least 14 species of
hakes that occupy most temperate and tropical continental
shelves except the Asian shores of the Pacific Ocean (1,2).
Most hakes have been heavily fished along the last century (3),
and their fisheries have attracted considerable interest from
marine ecologists, fishery scientists, and commercial managers.
In particular, there are key unresolved issues related to their
conservation, exploitation, and traceability. However, the lack
of a conspicuous identification key for each species seriously
limits the assessment of both their commercial importance and
the impact of fisheries on their sustainability. For instance, the
existence of broad areas of bathymetric overlap between hakes
(1) results in the simultaneous catching of two species in the
same area, thus hampering independent management of each
species’ fishery. The industrial and legal sectors also face
difficulties in regulating the commerce of products from mixed-
species fisheries. The marked differences in price and market-
ability between hakes, together with declining fishing catches,
increase the opportunities for fraudulent substitution with
cheaper species of hakes or similar taxa (4).

The development of diagnostic tools for the unambiguous
identification of hakes is a technology that would benefit both

basic research studies on species biogeography and hybridization
as well as applied fields such as fishery management, conserva-
tion genetics, fishery forensics, and commercial traceability.
Even though experienced researchers can identify hakes using
morphology (1), many samples such as those from museum
collections, historical fishery surveys, or processed commercial
fish products are devoid of morphological traits. Allozyme
electrophoresis has been the most popular method used to
describe genetic variation in hakes (5, 6). However, the
frequency dependence of the interspecific genetic distinctiveness,
together with the low allelic variation of allozymes, do not allow
us to unambiguously assign individuals to species for many
practical purposes. Biochemical analyses based on species-
specific sarcoplasmic proteins, using techniques such as iso-
electrofocusing (IEF), two-dimensional electrophoresis (2DE),
and SDS-PAGE, have been adapted to assist in the industrial
identification of some hake species (7-9). However, most of
those identification methods are based on tissue-dependent
protein analyses, which depend heavily on the heat lability of
proteins or on the maintenance of high levels of biological
activity. Although species-specific heat-resistant muscle proteins
could partially overcome such problems, closely related species
usually share identical or apparently identical protein sequences,
i.e., replacements between basic amino acids that do not bring
about modifications in the net charge of the protein can appear
as isoforms by electrophoresis.

Most of the disadvantages of protein-based identification
methods can be circumvented using DNA-based techniques (10).
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Ancient DNA samples or commercial products often contain
DNA that can be amplified and compared to known “sample
types”, provided they had been standardized with reconstruction
methods developed for phylogenetic analyses (11). Two previous
DNA-based methods developed to identify hakes involved the
use of four and seven restriction enzymes to digest a part of
the mtDNA control region (12) and a cytochromeb fragment
(13), respectively. However, the extremely large variation
characterizing the left domain of the mtDNA control region (14)
and the lack of species-specific restriction patterns of cyto-
chromeb for several pairs of closely related hakes (13) seriously
limit the utility of those methods for the full diagnostic
identification within genusMerluccius.

The ITS1 spacer of the rDNA gene family accounts for
hundreds of copies in fish genomes (15) and has the property
to evolve concertedly within species and independently between
species (16). Because concerted evolution results in sequence
homogenization across most members of the rDNA family
within reproductive units (17), the ITS1-rDNA spacer has been
successfully applied in fish phylogeography (18) as well as in
phylogenetic inference (19). This spacer is therefore one of the
most promising DNA regions for species authentication and
identification of closely related taxa (20). The goal of this work
is to document the development of two ITS1-based diagnostic
tools that allow detecting DNA fromMerlucciusand identifying
12 species of hakes from this genus, respectively.

MATERIALS AND METHODS

Sampling and Morphological Identification of Merluccius spp.
To assess the impact of intraspecific genetic variation that could weaken
the diagnostic signal, we sampled each of 12 hake species at distant

sites of their oceanographic distributions (Table 1). This worldwide
sampling was performed in cooperation with local fishermen, com-
mercial factory ships, and research vessels across Euro-African (East-
Atlantic) and American (West-Atlantic and Pacific) fisheries. Approxi-
mately 20 specimens per sample were frozen upon collection, and their
GPS codes were recorded on board. Whole specimens were boiled to
facilitate bone cleaning and were identified using species-specific
morphological traits. Shape and length of clean structures such as
otoliths, abdominal vertebrae (parapophysis), crane, and pectoral fins
were inspected with optical microscopy to classify them according to
criteria previously established for this genus (1). The ITS1-rDNA of
two identified individuals per species was sequenced to calibrate the
identification method. A total of 15 specimens per sample and 1-3
samples per species were used to assess the reproducibility of the
identification method.

DNA Extraction and Purification. Genomic DNA was extracted
by homogenization of 100 mg of gill tissue following an optimized
DNA extraction method that combines the salting-out method (21) with
the standard phenol/chloroform method (22) and is suitable for removing
the mucopolysaccharides present in fish tissues.

Amplification and Sequencing of ITS1-rDNA. The ITS1-rDNA
spacer was PCR-amplified from total DNA using a set of primers
selected from coding regions of the 18S (XelaITS1.1: 5′-AAG-
TAAAAGTCGTAACAAGGTTTCCGTAGG-3′) and the 5.8S (Onmy-
ITS1.2: 5′-CAAGCCGAGTGATCCACCGC-3′) genes ofXenopus
laeVis (23) andSalmo gairdneri(24), respectively. PCR amplifications
of 50 µL containing 3 mM MgCl2 were performed at 95°C for 10 min
and 35 cycles of 95°C for 50 s, 55°C for 40 s, and 72°C for 2 min
and 30 s, followed by a final step at 72°C for 30 min. Amplicons of
two individuals per species (Table 1) were purified from preparative
gels (Marligen Biosciences, Valencia, Spain). Double-stranded DNA
sequences were prepared in double with both the BigDye Terminator
Cycle Sequencing Standard and the dGTP BigDye Terminator Ready
Reaction Kit, using the primersXelaITS1.1andOnmyITS1.2. Sequenc-

Table 1. Names, Natural Ranges, and Sampling Locations of Hake Species from the Genus Merluccius

hake species codes common names ranges countrya sampling coordinates

Merluccius merluccius ME European hake 21−62° N Spain 37° 35′ N/08° 50′ W
Italy* 38° 03′ N/12° 56′ E
United Kingdom* 55° 30′ N/04° 36′ E

Merluccius senegalensis SE Senegalese hake 10−33° N Senegal* 15° 01′ N/18° 00′ W
Namibia 18° 10′ N/16° 20′ W
Mauritania* 21° 40′ N/17° 55′ W

Merluccius polli PO Benguela hake 20° N−19° S Senegal* 15° 01′ N/18° 00′ W
Mauritania 19° 37′ N/17° 06′ W
Spain−Morocco* 27° 15′ N/14° 10′ W

Merluccius capensis CA shallow-water cape hake 0−34° S Angola* 17° 10′ S/ 11° 21′ W
Namibia 24° 10′ S/14° 23′ E
South Africa* 25° 33′ S/15° 13′ E

Merluccius paradoxus PA deep-water cape hake south 22° S South Africa* 25° 33′ S/15° 13′ E
South Africa* 34° 10′ S/17° 10′ E

Merluccius productus PR Pacific hake 25−51° N Canada* 48° 08′ N/122° 20′ W
Canada 49° 10′ N/123° 10′ W
Canada * 50° 00′ N/125° 06′ W

Merluccius gayi GA Peruvian hake 3−10° S Perú-Chile* 08° 50′ S/80° 00′ W
Chilean hake 23−47° S Chile* 24° 40′ S/70° 50′ W

Perú−Chile 30° 00′ S/71° 55′ W
Merluccius australis AU Antarctic queen hake 40−57° S Chile* 41° 20′ S/74° 35′ W

New Zealand hake south 40° S Australia 43° 40′ S/169° 25′ E
Austral hake south 51° S United Kingdom* 52° 40′ S/63° 35′ W

Merluccius hubbsi HU Patagonian hake 25−54° S Argentina* 46° 30′ S/60° 45′ W
Argentina 48° 30′ S/61° 30′ W
United Kingdom* 53° 00′ S/61° 10′ W

Merluccius albidus AL offshore hake 20−35° N United States* 35° 21′ N/70° 50′ W
United States* 37° 21′ N/73° 33′ W

Merluccius hernandezi HE California hake 5−23° N Mexico* 29° 50′ N/113° 20′ W
Merluccius bilinearis BI silver hake 36−47° N United States* 39° 00′ N/73° 10′ W

United States* 40° 40′ N/72° 00′ W
United States 42° 30′ N/68° 33′ W

a The asterisks indicate the samples containing the individuals whose ITS1 were sequenced to calibrate the identification method. About 20 individuals were collected
at each sampling location.
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ing reactions consisted of a denaturing cycle of 98°C for 5 min,
followed by 30 cycles of 96°C for 30 s, 50°C for 20 s, and 65°C for
3 min and 30 s. Sequences were electrophoresed in an ABI Prism 310
DNA sequencer (Applied Biosystems, Madrid, Spain). All polymorphic
sites were verified by re-amplifying all templates with two different
Taqpolymerases (Promega, Barcelona, and Eppendorf, Madrid, Spain)
and resequencing them as described above. The consensus ITS1
sequence of each species was derived from single-strand chromatograms
per template DNA using the CHROMAS software available online
(http://www.technelysium.com.au/chromas.html).

Selection of Specific Primers for the GenusMerluccius. The 3′
end of the 18S gene and the 5′ end of the 5.8S gene were used to align
the ITS1 sequences of 12 species of hakes using the SeqLab program
from the GCG software package (25). This alignment allowed the
identification of highly conserved regions between species, which were
used to select several pairs of nested primers within the interspecifically
conserved regions of the ITS1, using Oligo 4.05 (26). To check for
the specificity of the primers to PCR-amplify exclusively in the genus
Merluccius, all of them were also tested in closely related taxa (tailed
hakes,Macruronus noVaezelandiaeand Macruronus magellanicus;
Atlantic cod, Gadus morhua), as well as in distantly related taxa
(salmonids,Salmo salar, Salmo trutta, and Oncorhynchus mykiss;
flatfishes,Scophthalmus maximus,Scophthalmus rhombus, andPlat-
ichthys flexus; and mollusks,OctopusVulgaris andMytilus gallopro-
Vincialis). All PCR products were visualized in 3% agarose gels to
verify the length of the amplification products.

Selection of Diagnostic ITS1 Targets and Establishment of
Species-Specific Restriction Patterns.The restriction maps of the
602-659 bp fragments spanning the ITS1 spacer were developed with
WEBCUTTER 2.0 (27) and the enzymatic database REBASE (28)
(New England Biolabs, Barcelona, Spain). The comparison of ITS1
restriction maps from each species allowed the selection of a minimum
number of restriction enzymes necessary to achieve a complete
discrimination of species. The consistency of the restriction patterns
predicted was assessed by digesting 15 individuals per sampling site
(45 individuals per species, includingGadus morhua) with four
restriction enzymes. Independent digestions of 1µg of the amplicon
per each enzyme were allowed to proceed for 5 h, and the products
were electrophoresed in 3% agarose gels at 70 V for 1 h. The restriction
patterns of each species were established from the gels by (i) their
comparison with a molecular weight marker, (ii) side by side
comparisons of the patterns obtained for each pair of species, and (iii)
verification of the exact size of fragments as determined from the ITS1
sequence of each species.

Phylogenetic Assessment of the Diagnostic Power.Because all
conspecific samples showed the same restriction pattern for all of the
enzymes, a rooted tree was constructed with one individual per species
to verify the correct phylogenetic discrimination of species. The
polymorphism parsimony method of DOLLOP from PHYLIP 3.6 (29)
was used to find the most parsimonious trees built from a data matrix
of presence-absence of restriction fragments (30). To search for the
best tree, the analyses were performed by randomizing the input order
of species through 100 iterations. The parsimonious trees recovered
were summarized in a consensus tree using CONSENSE from PHYLIP
3.6 (29). The consensus nodal values were considered as a measure of
the resolution power achieved at identifying species.

Species Identification using FINS and BLAST.The use of FINS
(31) to identify hake species consisted of three steps. First, the DNA
of test samples were extracted and purified following the procedures
described above. Second, the nested fragment of 193 bp from the ITS1-
rDNA spacer of 10-45 individuals per species were PCR-amplified
and sequenced using capilar electrophoresis. Third, a phylogenetic
reconstruction of the ITS1 (either from the whole ITS1 sequence or
from the 193 bp nested fragment) was performed using sample types
of the 12 species and the ITS1 sequences from all samples. This analysis
allowed the confirmation of the assignment accuracy of samples to
species upon their ascribing into each species’ cluster.

A second alternative to the PCR-RFLPs identification method
developed was the calculation of the expectation value of random
sequence identity using the BLAST package (32). For this calculation,
the ITS1 nucleotide sequences (from either the whole ITS1 sequence

or the 193 bp sequence) of tested samples were compared to ITS1-
rDNA sequences of all hakes made available in GenBank (accession
numbers inFigure 1).

RESULTS

The double sequencing of each template as well as the use
of two additionalTaq DNA polymerases to amplify the ITS1
region, followed by its further resequencing, served at verifying
the accuracy of the ITS1 sequences recovered. Identical ITS1
sequences were obtained for all individuals of the same species
across independent amplifications and sequencing methods
(Figure 1). The alignment yielded a nucleotide matrix of 692
bp that comprised the ITS1 sequence plus 53 bp from the 3′
end of the 18S gene and 20 bp from the 5′end of the 5.8S
gene. Most gaps introduced in the alignment to properly pair
the ITS1 sequences from the 12 hake species were due to
repetitive regions of simple nucleotide stretches (Figure 1).

The low number of ambiguities in the ITS1 alignment
provided large conserved regions between species that were used
to design three pairs of conserved primers. Two primer pairs
were not specific ofMerlucciusand amplified the same length
product inGadus morhua,Macruronus noVaezelandiae,Macru-
ronus magellanicus, Salmo salar, Salmo trutta, andOncorhyn-
chus mykiss. Amplification was not observed in flatfish species
or in mollusks; therefore, the latter were used as negative
controls (data not shown). The third primer pair termed
MerITS1Nes1andMerITS1Nes2(Figure 1) rendered a 193 bp
PCR product of satisfactory quantity and quality inMerluccius
spp. and inG. morhua(data not shown).

The nucleotide differences between the ITS1 sequences of
the species provided the basis for selecting diagnostic enzymes
from the ITS1 restriction maps of each species. The application
of four restriction enzymes to aliquots of ITS1 amplicons
allowed the full discrimination of all hake species and the
Atlantic cod, with all composite haplotypes being species-
specific (Table 2). The four enzymes recognized and cut the
targets GT!AC/CA!TG (Afa I), GGCGC!C/C!CGCGG (Nar I),
TGG!CCA/ACC!GGT (MluNI), and CCTC(N)7!/GGAG(N)6!
(Mnl I). The restriction patterns generated after the digestion
with Afa I allowed the identification ofM. polli, M. hubbsi,M.
bilinearis (Table 2 and Figure 2), andG. morhua(Table 2
and Figure 3). The remaining species were grouped in two
clusters by the similarity of their restriction patterns, i.e.,M.
merluccius,M. senegalensis,M. capensis,M. paradoxus, and
M. albidus, in one group, andM. productus, M. gayi, M.
australis, andM. hernandezi, in a second group. After the
identification of the first four species with AfaI, the enzyme
Nar I allowed the direct discrimination ofM. merlucciusand
M. senegalensisand also ofM. capensis, M. paradoxus, M.
albidus, andM. australiswhen combined with the pattern of
the enzyme Afa I (Table 2 andFigure 2). The enzyme Mlu NI
allowed the distinction ofM. productusfrom M. gayi andM.
hernandezi(Table 2 and Figure 2). The enzyme Mnl I was
used to distinguishM. gayi from M. hernandeziby a 164 bp
band specific to the latter species (Table 2 andFigure 4). The
composite pattern of the four enzymes gave a full diagnosis
between the 12 species. It should be noted that the agarose gels
used did not allow the clear resolution of the smallest restriction
fragments (<30 bp), otherwise unnecessary for species identi-
fication, and that digestions of the ITS1 sequence in some
species did not go to completion, leaving some of the original
ITS1 fragment uncut (e.g.,Figure 2).

The presence-absence matrix of restriction fragments from
the digestion of the ITS1 amplicon of 10-45 individuals per
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species with four restriction enzymes is given inTable 3. All
conspecific samples presented identical restriction patterns. The
consensus tree that summarizes the pool of 110 parsimonious
trees recovered showed a full nodal resolution (100%) for each
species’ cluster (Figure 5).

The phylogenetic reconstruction using either the ITS1 am-
plicon or the ITS1 nested fragment of 193 bp of 10-45
individuals per species (FINS) showed an unambiguous group-
ing of all test samples in their expected cluster defined by
samples types. The same full species assignment (data not
shown) was obtained using the BLAST engine to match test
samples to GenBank entries (Figure 1) of Merlucciusspp.

DISCUSSION

Thea priori morphological identification of the sample types
used to calibrate any molecular identification method is indis-
pensable for the creation of a reliable key (33). Therefore, all
specimens were assigned to 1 of 12 well-recognized hake
species. The exceptions wereM. hernandeziand M. albidus,
from which no entire specimens were available. Tissue samples
from these two species were identified following four criteria,
(i) the records of the trawling surveys during which they were
captured, (ii) the latitude and longitude describing the exact
oceanographic catching point, (iii) previous allozyme data

Figure 1. Alignment of ITS1-rDNA sequences from 12 hake species. The nested PCR primers MerITS1Nes1 and MerITS1Nes2 used to detect the
presence of DNA from Merluccius spp. and G. morhua (GenBank accession number AY323948) are shown in bold above their annealing positions.

Table 2. Restriction Fragments (in bp) Obtained after Digestion of PCR−ITS1 Products from Merluccius spp. and G. morhua with the Enzymes Afa
I, Nar I, Mlu NI, and Mnl Ia

Afa I Nar I Mlu NI Mnl I

hake
species

ITS1
length

fragment
sizes type

fragment
sizes type

fragment
sizes type

fragment
sizes type pattern

M. merluccius 629 189, 440 A 92, 265, 272 A 629 A 5, 8, 22, 26, 36, 47, 61, 67, 74, 79, 84, 120 A AAAA
M. senegalensis 618 186, 432 A 89, 255, 274 B 618 A 5, 8, 22, 26, 36, 47, 61, 67, 74, 77, 80, 115 A ABAA
M. polli 659 27, 166, 466 B 97, 562 C 659 A 7, 16, 30, 31, 55, 65, 84, 91, 112, 168 B BCAB
M. capensis 614 185, 429 A 88, 526 C 614 A 8, 26, 36, 38, 63, 74, 78, 85, 91, 115 A ACAA
M. paradoxus 630 190, 440 A 93, 537 D 630 A 7, 27, 29, 55, 63, 83, 89, 113, 164 B ADAB
M. productus 603 156, 193, 254 C 96, 226, 281 E 603 A 5, 7, 23, 25, 29, 30, 69, 86, 106, 223 C CEAC
M. gayi 604 158, 192, 254 C 95, 226, 283 E 216, 388 B 5, 7, 24, 30, 30, 69, 106, 110, 223 C CEBC
M. australis 610 155, 194, 261 C 97, 234, 279 F 610 A 5, 7, 22, 26, 29, 31, 70, 74, 85, 111, 150 D CFAD
M. hubbsi 602 65, 125, 158, 254 D 96, 227, 284 E 602 A 5, 7, 22, 23, 28, 30, 70, 75, 86, 110, 146 D DEAD
M. albidus 610 193, 417 A 97, 239, 274 F 610 A 5, 24, 28, 29, 38, 59, 112, 150, 155 E AFAE
M. hernandezi 602 156, 192, 254 C 96, 226, 280 E 214, 388 B 5, 7, 30, 69, 106, 164, 221 F CEBF
M. bilinearis 607 76, 123, 194, 214 E 97, 510 H 219, 388 B 5, 28, 29, 32, 40, 59, 64, 98, 102, 150 D EHBD
G. morhua 605 72, 173, 360 F 88, 517 I 605 A 35, 45, 98, 113, 156, 158 G FIAG

a The fragment sizes shown are exact as determined by sequencing. Bold letters indicate the restriction pattern of the species identified with that enzyme.
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obtained on the same individuals ofM. albidus (M. Roldán,
personal communication), and (iv) the morphology of the scales
of M. hernandezithat serves as unambiguously differentiating
this species from the neighboring hakeM. angustimanus(C. P.
Mathews, personal communication). Although the 10 species
of commercial relevance are included in this study, there are
two additional species from this genus which were not obtain-
able for this study, i.e.,M. angustimanusor Panama hake,
distributed from Baja California to Colombia (34), and the
recently discoveredM. patagonicus(2). Previous studies have
attempted to differentiate 11 hake species using a PCR-RFLP

protocol that used four and seven enzymes to digest the left
domain of the mitochondrial DNA control region (12) and a
cytochromeb gene fragment (13), respectively. While both
methods perform well at identifying some species, they are
devoid of several indispensable properties, i.e., (1) a full genetic
discrimination between the nine species of hake analyzed (see
Table 2 of ref13), (2) ana priori morphological identification
of species and origin of the sample types analyzed, (3) an
assessment of the usual intraspecific variation of mtDNA
markers (14), which might lead to sample misidentifications,
(4) a sufficient number of sample types from the distribution
range of the species, and (5) a final validation step on the large
number of individuals per species.

Figure 2. Agarose gel showing restriction fragments (in bp) from digestion of the ITS1−PCR product of hakes with Afa I (top panel), Nar I (middle panel;
here, the third lane corresponds to M. polli and the fourth to a M. polli/M. senegalensis hybrid individual included only in this panel), and Mlu NI (bottom
panel). The first lane corresponds to the molecular marker pGEM (Promega) and the remaining lanes are identified using the codes of the species
described in Table 1. The exact fragment sizes are given in Table 2.

Figure 3. Agarose gel showing the restriction fragments (in bp) from
digestion of the ITS1−PCR product of G. morhua with Afa I, Nar I, and
Mlu NI. The first lane corresponds to the molecular marker pGEM
(Promega). Exact fragment sizes are given in Table 2.

Figure 4. Agarose gel showing the 164-bp fragment that distinguishes
M. gayi (GA) from M. hernandezi (HE), after digestion of their ITS1−PCR
products with Mnl I. GM, G. morhua; ITS1, undigested ITS1 sequence of
M. gayi; pGEM, molecular marker (Promega).
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In this study, we have designed a preliminary test to shortcut
the development of tedious and expensive identification pro-
tocols when there is no hake in the sample. It consists of PCR
amplification of a ITS1-rDNA fragment using ITS1 nested
primers (MemeITS1Nes1and MemeITS1Nes2) that are inter-
specifically conserved in hakes. This exclusion test is very robust
because the amplified fragment spans only 193 bp, a DNA
length usually recovered in most cases, including ancient DNA
samples (35). While Atlantic cod was not excluded from the
hake-only DNA test, no PCR amplification was observed from
Gadidae species, such as grenadiers, or from distant species such
as salmonids, flatfishes, and mollusks.

The second step of the identification protocol consisted of
three equally performant approaches, (i) species-specific PCR-
RFLPs on the whole ITS1 amplicon, (ii) nucleotide sequence
comparison using BLAST against the GenBank nucleotide
database, and (iii) molecular phylodiagnosis using FINS. The
universal primers selected at the conserved ends of the ITS1-
flanking 18S (XelaITS1.1) and 5.8S genes (OnmyITS1.2)
produced a PCR fragment from each species that spanned 53
bp of the 3′ end of the 18S ribosomal gene, a 602-659 bp
fragment of the specific ITS1 sequence, and 20 bp of the 5′
end of the 5.8S gene. Noteworthy, this primer pair amplifies
the ITS1 regions of all eukaryotic taxa so far screened in our
laboratory. The application of an array of four restriction
enzymes with restriction sites tied to interspecifically noncon-
served regions of the ITS1 permitted the unequivocal identifica-
tion of 12 hake species, including the never-before geneticallyTa
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Figure 5. Consensus diagram of 110 equally parsimonious trees recovered
with the polymorphism parsimony method. Because all conspecific samples
showed the same restriction pattern, only one representative individual
from each species was used in this reconstruction. (*) Branching topology
was recovered in 100% of trees.

ITS1-rDNA-Based Methodology J. Agric. Food Chem., Vol. 53, No. 13, 2005 5245



studiedM. hernandezi(36) and the Atlantic codG. morhua.
The restriction patterns were differentiated in agarose gels and
matched those predicted with the restriction maps of the ITS1
sequences. Because a single enzyme identifies three species of
hake and the Atlantic cod, two enzymes distinguish 9 species,
three enzymes identify 11 species, and the four enzymes together
discriminate the 12 species of hake and the Atlantic cod; it may
not be necessary to apply all four enzymes to identify unknown
hake samples. This PCR-RFLP method would also serve to
identify hakes in seafood products where more than one species
is present because of a partial substitution (M. Pérez, unpub-
lished data). For this purpose, one should apply the three first
restriction enzymes to detect the expected composite patterns
between species for each enzyme.

Two important properties of the ITS1 region facilitated
designing the species-specific restriction patterns. First, nucle-
otide divergence between species in portions of the ITS1 region
allowed us to select sequence-specific restriction targets. Second,
the presence of a consensus ITS1 sequence within species (18)
allowed for reproducibility among the species-specific restriction
patterns. These two properties make ITS1 one of the most
valuable regions for development of nuclear DNA markers to
easily identify species by PCR-RFLP (20), FINS (31), and
BLAST (32).

The intraspecific polymorphism of the ITS1 region is very
low in vertebrates (18) and is apparent in some restriction
patterns of hakes, e.g., NarI (Figure 2). These weak fragments
are not due to cross-species contamination, as concluded from
replicated experiments, and are most likely due to a low ITS1-
rDNA intragenic variability that does not weaken the reproduc-
ibility of the diagnostic patterns, which have been worked out
on the consensus ITS1 sequence present in all conspecific
individuals.

The confidence intervals of genetic distances used to identify
commercial fishes usually overlap within and between species,
rendering this methodology useless for an exact identification
of species. Also the bootstrap method used to calculate a
“quantitative estimate of the degree of confidence” of the
species’ assignment (37) usually gives nodal values smaller than
100%, which do not provide the level of confidence required
for identification purposes. In this study, we have applied a
polymorphism parsimony method of restriction fragment data
(29) to assess the diagnostic power of our methodology. The
correct grouping of all individuals from the same species and
the maximal nodal scores of the tree demonstrated the full
identification power of this method. The phylogenetic tree
recovered with the ITS1 nucleotide sequence allows for the
correct assignment of unknown samples to 1 of the 12 hake
species (FINS). Complementary to the FINS method, the
BLAST comparison of the ITS1 nucleotide sequence (the 193
bp ITS1 nested fragment as well as the full ITS1 sequence)
from an unknown hake sample also permitted its quick
assignment to species provided that the ITS1 sequences of the
12 hakes have been made available at the GenBank nucleotide
database.

The present identification key has interesting applications in
various tasks such as the conservation and management of hake
species, the study of their ecological interactions, and the
commercial tracking of hake products. For instance, fishing
effort in mixed fisheries of hakes could be conveniently
measured for each hake by analyzing the species composition
of the catches. This method can also be used to discourage
fraudulent fishing (38) in protected areas and to detect illegal
trade of hake products. From an industrial perspective, the

methodology developed could be of great help at identifying
commercial products of hake at different stages of the food
chain. After the exact hake species in mixed and diversified
products was determined, the fish industry could use this key
as a marketing tool to guarantee the quality and authenticity of
hake-based products for sale (39). From a legal perspective, there
is need for analytical approaches to enforce labeling regulations
and to authenticate imports and exports of hakes. In particular,
fishery forensics, in cases of food alarms or fishing conflicts,
can benefit from a reliable genetic diagnose.

The diagnostic method described herein is one of the most
reliable tools so far developed for the identification of hakes
from the genusMerluccius, because of its ease of execution
and high reproducibility. In addition, the total time required to
achieve a reliable diagnosis is approximately a working day
for a large number of samples, making this methodology suitable
for routine analysis. These properties have also been tested by
independent researches of the seafood quality control reference
laboratory of CECOPESCA (Centro Técnico Nacional de
Conservación de Productos de la Pesca). Several case studies
have shown that most industrial processes applied to hake meat,
such as heating, cooking, and food additives, neither degraded
the DNA nor inhibited the PCR reaction to such an extent as to
prevent the amplification of the two diagnostic fragments of
the ITS1-rDNA (20,40).

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; bp, base pair(s);
FINS, forensically informative nucleotide sequencing; GPS,
global positioning system; ITS1, internal transcribed spacer 1;
rDNA, ribosomal DNA; SDS, sodium dodecyl sulfate; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; TBE, Tris-borate-EDTA.
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(40) Pérez, M. Calibrado y aplicación de marcadores moleculares para
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