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Due to their basal position in the vertebrate phylogenetic tree, the study on elasmobranch genetics and cytogenetics can provide
remarkable information on the mechanisms underlying the evolution of all vertebrates. In recent years, different molecular
approaches have been used to study the relationships between the different taxonomic groups of cartilaginous �sh, among them
are the physical mapping of speci�c nucleotide sequences on chromosomes. However, these are controversial, particularly in
Torpediniformes in which the species have different karyological parameters. e purpose of this paper is to gather the molecular
markers so far present in literature that were used to reconstruct the phylogenetic position of Torpediniformes with respect to
the other Batoidea and to discriminate between the various chromosome pairs in the endemic species in the Mediterranean Sea,
Torpedo torpedo,T.marmorata andT. nobiliana.e 5S and 18S ribosomalDNA, theHpaI andAlu SINE, the telomeric (TTAGGG)n
and the spermatogenesis-related SPATA 16, SPATA 18, and UTY sequences were particularly useful. ese last genomic segments
were also able to differentiate between the male and the female karyotypes. Moreover, the torpedoes showed a particular genomic
organization, especially Torpedo torpedo, in which large quantities of highly repeated DNA and a characteristic distribution of
heterochromatin, which is never centromeric, were observed.

1. Introduction

e Chondrichthyes (cartilaginous �sh) are one of the three
extant major clades of jawed vertebrates and comprise two
sister groups, the elasmobranchs (rays, sharks, and skates)
and the holocephalans (chimeras and rat�sh). ey occupy
an important phylogenetic position as the sister group to all
other jawed vertebrates and as one of the �rst lineages to
diverge in vertebrate evolution [1]. Despite this, there have
been relatively few studies about chondrichthyan genetics
and cytogenetics.

Batoids are one of the biggest systematic groups that are
included in elasmobranch �sh [2]. Most batoids have a
strongly depressed disc-like body derived from a rhino-
batoid-like (as in rajids) or from a plathyrhinid-like (as in
higher myliobatiformes) ancestor [3].

Many different views have been proposed on batoid inter-
relationships. In this paper, Batoidea higher classi�cation
by McEachran and Aschliman [3] and Nelson [2] has been

given. According to these authors, Torpediniformes are to be
considered as a sister group to the remaining batoids.

Torpediniformes, commonly named electric rays, are
known for being capable of producing an electric discharge
(up to 220 volts depending on species), used to stun prey
and for defense. Electric rays are found from shallow coastal
waters down to at least 1,000 metres depth.

ree species of Torpediniformes, belonging to family
of Torpedinidae, are frequent in the Mediterranean Sea,
the common torpedo Torpedo torpedo Linnaeus 1758, the
marbled electric ray T. marmorata Risso 1810 and the black
torpedo T. nobiliana Bonaparte 1835. e �rst is charac-
terized by yellow-reddish stains on the back with �ve blue
spots surrounded by a black halo; the second is the most
common and exhibits a yellowish-brown body with dark
spots. e third, purplish-brown back and whitish on the
belly, which reaches onemeter in length, is much less present.
Although monophyly of the batoids (electric rays, saw�shes,
guitar�shes, skates, and stingrays) is widely accepted andwell
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corroborated, the interrelationships within batoids remain
controversial. In particular, the most contentious issues con-
cern the phylogenetic position of the Torpediniformes.

e aim of this paper was to report the already known
molecular markers that were used to reconstruct the phylo-
genetic position of Torpediniformes with respect to the other
Batoidea and to discriminate between the various chromo-
some pairs in the endemic species in the Mediterranean Sea.
e 5S and 18S ribosomal DNA, the HpaI and Alu SINE,
the telomeric (TTAGGG)𝑛𝑛 and the spermatogenesis-related
SPATA 16, SPATA 18, and UTY sequences have proved
particularly useful.ese last genomicmarkers were also able
to differentiate between the male and the female karyotypes.

e molecular methods consisted of the analysis for
ribosomal 16S mtDNA and 18S nuclear sequences. e
cytogenetic assays collected the classic reconstruction of
species karyotype and the �uorescence in situ hybridization
(FISH) technique using the genomic fragments mentioned
above.

2. Phylogenetic Relationships and
Karyological Properties

e superorder taxonomy in cartilaginous �sh is undergoing
major revisions; currently there is no agreement as regards to
the higher systematic level in these species. A large number of
different interpretations exists in scienti�c literature based on
morphological characters [3–11], on molecular studies [12–
14], and on conventional cytogenetics [14, 15].

Many scientists consider that batoids are monophyletic,
even if the time of their divergence from the other elas-
mobranch �sh remains controversial. Several more recent
morphological lines of evidence seem to support the deriva-
tion of batoids from sharks [7, 16], but immunological and
molecular studies corroborate the hypothesis of batoids as
separate from sharks [13, 17, 18]. However, molecular phy-
logenetic evidence published in the last few years has prin-
cipally focused on relationships among the elasmobranch
superorders. In fact, very few molecular studies address-
ing interrelationships within Batoidea have been published.
One of them concerns only the phylogenetic relationships
among the major lineages of myliobatoids, including one
species for each of the four remaining batoid orders [19].
is paper represents the �rst attempt to introduce a species
of Torpediniformes (used as an outgroup) in a phylogenetic
reconstruction based on molecular markers (1528 bp of
mtDNA: 12S, four tRNAs, fragments of ND1 and ND2).

e karyological approach could provide an informa-
tive tool to contribute to the corroboration of systematic
relationships in Elasmobranchii, and particularly in Torpe-
diniformes. In fact, many authors agree about an intimate
correlation between the development of a new species and the
simultaneous modi�cation of its karyotype, con�rming the
close evolutionary links between chromosome number and
morphology, speciation, and morphological diversi�cation
[20].

e Torpedinidae is the most investigated family of the
order as concerns karyological morphology (5 species have

  

F 1: Schematic representation of karyologic evolution within
Batoidea superorder that led to a progressive reduction of the diploid
number. is chromosomal rearrangement took place from the
less-evolved species to the most specialized through Robertsonian
fusions, that is, centric fusions between two acrocentric elements to
form a metacentric or a submetacentric one.

been examined to date). Only two species have been studied
in the Narcinidae and Narkidae families, while no data are
available for the Hypnidae family.

e species belonging to the order of the Torpediniforms
exhibit different morphology in their karyotypes. In fact,
considering the various species, it can be seen how their
karyological parameters are different.ey vary from 2n = 28
and FN (fundamental number) = 56 inNarcine brasiliensis to
2n = 86 and FN = 86 in Torpedo marmorata and T. tokionis,
with intermediate values in T. torpedo (2n = 66, FN = 78) and
Narke japonica (2n = 54, FN = 82) (Table 1). Moreover, their
karyotypes do not show sex chromosomes [15].

e genome of many cartilaginous �sh underwent a
DNA increase during its evolutionary history followed by
chromosomal rearrangements mainly in the form of fusions
and translocations [15].

Especially within the superorder Batoidea karyologic
evolution took place from the least evolved species to the
most specialized. e progressive reduction of the diploid
number, the increase of the number of chromosomes with
two arms and the disappearance of microchromosomes
occurred, probably as a consequence of polyploidy followed
by diploidization and Robertsonian rearrangements (Figure
1) [14, 15, 23, 25–27].

is karyological pattern is clearly evident in the Torpe-
dinidae family. In fact, in T. marmorata only elements with
one arm are present, while in T. torpedo and T. nobiliana
there is a reduction of the number of uniarmed elements and
an increase in the number of biarmed chromosomes; it must
also be noted that the FN is similar in all the Torpediniforms,
except in Narcine.

In a previous work, the �rst assessment of relationships
among different batoid species by using both ribosomal 16S
mtDNA and 18S nuclear sequences was reported. ese
molecular data were further discussed with karyological
evidence coming from the literature [14].

e phylogenetic results obtained by the analysis of the
two separate gene sequences were similar to those coming
from the combined data set. In general, 18S sequences
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T 1: Karyological parameters for Torpediniformes species studied so far.

Species 2𝑛𝑛 FN m/sm t/st References
Narcine brasiliensis 28 56 28 0 Donahue [21]
Narke japonica 54 82 28 26 Ida et al. [22]
Torpedo torpedo 66 78 12 54 Stingo [23]
Torpedo nobiliana 66 78 12 54 Rocco (this work)
Torpedo californica 82 86 4 78 Ida et al. [22]
Torpedo marmorata 86 86 0 86 Stingo [23]
Torpedo tokionis 86 86 0 86 Asahida and Ida [24]
2n: chromosome diploid number; FN: fundamental number; m/sm: metacentric and/or submetacentric chromosome number; t/st: telocentric and/or
subtelocentric chromosome number.

proved better than 16S at resolving higher-order relation-
ships. However, the opposite holds true for the study of lower-
order relationships: 16S genes were better at resolving the
relationships than the 18S genes, and the combined data set
was not more informative than 16S genes.

e molecular relationships based on 16S and 18S
sequences placed the Torpediniformes distant from the other
batoid species in all the phylogenetic trees coming from
this analysis. e result was consistent with the earliest
hypotheses by Compagno [4, 28, 29] and Maisey [30], but
also with a more recent interpretation by McEachran et al.
[8] and McEachran and Aschliman [3], who argued that the
Torpediniformes are most likely the sister group of the other
batoids (Figure 2).

Some studies are currently in progress to implement
the information on the evolutionary relationships of other
species of electric rays. Research is also being carried out on
additional DNA fragments that could be used as molecular
markers.

3. Characterization of Repeated Sequences

Only in the last few years different molecular approaches,
�rst of all physical mapping on metaphase chromosomes,
have been used to investigate the cytotaxonomic relationship
among the living cartilaginous �sh [27].

Comparative cytogenetics, as a powerful tool to study
karyotypic variation, is based on accurate chromosome iden-
ti�cation. Physical mapping involves in situ hybridization of
speci�c segments of genomic DNA to their physical location
on chromosomes. It is extremely useful in terms of gaining
an insight into structural arrangements within the genome.
e use of these molecular cytogenetic techniques have oen
either suggested new taxonomic implications or con�rmed
the existing phylogenetic relationships among the different
�sh species analyzed [27, 31, 32].

Such molecular cytogenetic techniques were particularly
helpful in elasmobranch karyology because in these �sh
genome compartmentalization is not present, as has also been
demonstrated in the majority of teleostean species [33, 34].

e human telomeric sequence repeats, (TTAGGG)𝑛𝑛,
detected by FISH, were assayed on chromosomes of T. tor-
pedo [35].

FISH allowed the detection of �uorescent signals on the
telomeres of both uni- and biarmed elements. An inter-
stitial and/or paracentromeric labeling on four bi-armed
chromosomes was also evident (Figure 3). is interstitial
FISH pattern might represent further evidence supporting
the hypothesis that karyotype evolution in Torpediniformes
occurred by a progressive reduction of chromosome number
due to centric fusions [26, 36]. In fact, species that underwent
karyotype rearrangements as a result of Robertsonian fusions
also show nontelomeric sites of the (TTAGGG)𝑛𝑛 sequences
in addition to the telomeric ones [37, 38].

Furthermore, the presence of additional interstitial sites
of the (TTAGGG)𝑛𝑛 sequences in T. torpedo could indicate
that, from a karyological point of view, this species is in a
phase of active evolutionary change. In fact, the interstitial
sites containing (TTAGGG)𝑛𝑛 sequences are oen involved in
recombination events [37].

Other remarkable results came from SINE (Short Inter-
spersed Nuclear Elements) sequences analysis in the Torpedo
genome.

Retroposons represent a signi�cant portion of repetitive
DNA in Eukaryotes. ey are mobile genetic elements that
are ampli�ed by a reverse transcription of an intermediate
RNA [39]. Two large families of retroposons, �rst identi�ed
as interspersed repeated sequences, belong to this genomic
component. e LINE (long interspersed nuclear elements)
family is made up of long sequences, while the SINE family
has short sequences, both irreversibly inserted in the genome
[40].

e SINE family was ampli�ed in the elasmobranch
genome by PCR [27] using the primers taken from salmonids
(HpaI family) [41] and from humans (Alu sequences) [42].

FISH performed with the HpaI-like SINE probe on the
T. torpedo chromosome revealed hybridization signals at
the centromeric and/or the paracentromeric region on sev-
eral biarmed chromosomes, while conspicuous �uorescent
signals at the centromeric and/or telomeric level on the
acrocentric ones were produced (Figure 4(a)), providing
a hybridization pattern that is not coincident with that
evidenced by C-banding [36]. Such a result is similar to that
evidenced by Perez et al. [43] onAtlantic salmon and rainbow
trout karyotypes where the members of this SINE family
are located only in the euchromatic regions of the chromo-
somes.
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F 2:Cladograms illustrating the relationships of extant Batoidea obtained frommolecular [14] (a) andmorphological data byCompagno
[28] (b) and by McEachran and Aschliman, [3] (c). Nodes show bootstrap values for neighbor joining (NJ), maximum parsimony (MP) and
posterior probability for Bayesian analyses.

F 3: In situ hybridization of digoxigenin-labeled (TTAGGG)𝑛𝑛
probe onto T. torpedometaphase chromosomes. Note the interstitial
labeling on bi-armed elements (arrows).

e location of these speci�c Alu-like sequences on the
chromosomes of T. torpedo is prevalently at the centromeric
level, as in humans [44], and sometimes at the telomeric level,
indicating an intraspeci�c polymorphisms (Figure 4(b)).

Marçais et al. [45] and Prades et al. [44] observed that
the block of alphoid DNA at the centromeres of human

chromosomes is susceptible to variations in length created
by jumping ampli�cation, with an unequal exchange of large
alphoid domains between homologous chromosomes, and
deletions of large DNA segments. Probably, through a similar
mechanism, these Alu-like sequences retrotransposed within
the T. torpedo genome to speci�c sites such as telomeric
regions that are particularly exposed to a new insertion of
transposable elements [46].

e Hpa I-like SINE and Alu-like sequences from T. tor-
pedowere also hybridized on genomic DNA of four species of
Batoidea (Torpedo marmorata, T. torpedo, Raja asterias, and
Raja montagui) and two species of Galeomorphii (Mustelus
asterias and Scyliorhinus stellaris).e hybridization patterns
shown were practically identical in the two rays and in the
two Torpedo species (Figures 5 and 6). e results �xed
the relationships present among the species attributed to
the different superorders examined [29]. In fact, Southern
blot analysis revealed a similar hybridization pattern in con-
generic species, con�rming their close systematic relatedness.
eHpa I-like probe failed to show the hybridization pattern
on genomic DNA in Mustelus asterias, probably because the
signal of labeling was too weak and under the sensitivity of
the technique.

4. Ribosomal Genes: Nucleotide Sequences
andMapping

e ribosomal genes are organized into two multigene fam-
ilies in superior eukaryotes. One of these families contains
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(a) (b)

F 4: FISH localization of SINE HpaI family (a) and Alu sequences (b) on metaphase chromosomes in T. torpedo.

M Ra Rm Tm To Ss

bp

947

831

564

F 5: Hybridization of SINE HpaI �CR ampli�cation products
from T. torpedo on TaqI-digested DNA of some selachian species. M
= 𝜆𝜆/EcoRI-HindIII. To = T. torpedo, Tm = T. marmorata, Ra = Raja
asterias, Rm = R. montagui, and Ss = Scyliorhinus stellaris.

the major rDNA (45S) that codes for the 18S, 5.8S, and
28S rRNAs, while the other codes for the minor rDNA
(5S). e nucleolus organizing regions (NORs) that contain
the 45S rDNA can be easily identi�ed in chromosomes
by silver nitrate (Ag-NORs) or investigated using certain
�uorochromes such as Chromomycin A�, especially in �shes,
although these �uorochromes only show heterochromatic
GC rich regions [47] sometimes interspersed among the
ribosomal gene clusters [48].

In Torpediniformes chromosomal localization of major
ribosomal genes by using FISH technique has oen been
associated with �uorochrome and silver-staining techniques.

M Ma Ra Rm Ss Tm To

bp

1584

1375

947

831

564

F 6: Hybridization of Alu �CR ampli�cation products from
T. torpedo on EcoRI-digested DNA of some selachian species. M =
𝜆𝜆/EcoRI-HindIII; Ma = Mustelus asterias. For other abbreviations,
see Figure 5.

Chromomycin A3 (CMA3) is a GC-rich DNA-speci�c �uo-
rochrome dye and detects the nucleolar organizing regions
(NORs) independently of their activity [49] also in cartilagi-
nous �sh. Silver (Ag-NOR) staining detects only NORs that
are functionally active during the previous interphase [50].

Table 2 reports the number and the chromosome location
of Ag-NOR𝑠𝑠 and CMA3 sites as well as those of 18S and 5S
rRNA genes in the Torpedo species so far studied.
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In T. marmorata the silver-nitrate-staining showed Ag-
NOR regions at the telomeric level of two or three acrocentric
elements. In T. nobiliana, the Ag-NOR-staining showed two
telomeric sites of one pair of acrocentric elements and, in at
least 20% of the plates examined, the Ag-NOR staining was
localized at the telomeric level of one small submetacentric
chromosome. In T. torpedo, the Ag-NOR staining showed
two telomeric sites of one pair of acrocentric elements.
Moreover, in at least 20% of the plates examined, the Ag-
NOR staining was localized at the interstitial level of one
submetacentric chromosome.

e rDNA FISH probes were able to reveal all rRNA
loci on the chromosomes. e CMA3 staining and FISH
technique using 18S rDNA showed the �uorescent signals
only at the telomeric level of two pairs of chromosomes
in T. marmorata. In T. nobiliana signals were found at the
telomeric level of one pair of acrocentric elements and one
pair of submetacentric elements. In T. torpedo, the markers
were at the telomeric level of one pair of acrocentric elements,
but with a further banding also at the interstitial level of one
pair of major submetacentric elements. Figure 7 shows the
schematic representation of the chromosomes involved in the
species analyzed. Comparing the results with those evidenced
in Rajiformes, it is particularly noteworthy that in the genus
Rajamultiple sites for NORs were found [51].e number of
chromosome pairs bearing major rDNA is notably decreased
in Torpedo.

As far as 5S rDNA organization is concerned, in the three
Torpedo species studied, the results of the ampli�cation pro-
ducts by PCR are similar to those reported in literature for
other vertebrates.e length of the bands obtained in the dif-
ferent species varies due to the different size and base compo-
sition of the nontranscribed spacer (NTS) region. Moreover,
the NTS region contains some TATA-like trinucleotides and
other short sequences, such as (TGC)𝑛𝑛 trinucleotides, (CA)𝑛𝑛
dinucleotides and (GTGA)𝑛𝑛 tetranucleotides, which could
be involved in the regulation of the gene itself, as has been
described for some species of teleosteans [52–54].

e minor ribosomal cluster was, however, localized at
the telomeric level of a single pair of acrocentric elements in
all three species studied (Figure 7).

e chromosomal localization of 5S rDNA might rep-
resent further evidence to support the hypothesis that the
karyotype of the Chondrichthyes evolved through fusion of
acrocentric elements, formingmetacentric or submetacentric
ones. e chromosomes bearing the minor ribosomal clus-
ters might, in fact, have been involved in these Robertsonian
fusion phenomena that occurred in the karyological evolu-
tion of these �sh, stemming from a progenitor with more
primitive karyotype characteristics such as those of the Raja
species.

e study of the organization of ribosomal genes and
their chromosomal localization provides a series of infor-
mative data, above all when integrated by means of in situ
hybridization and sequencing. ey, in fact, could provide
a better understanding of the molecular bases of the chro-
mosomal structure and function and, more in general, of the
arrangements that lead to the processes of speciation.

Ag-NOR

CMA3

FISH 18S

FISH 5S

+ + +

F 7: Ideograms showing the chromosome pairs bearing the
ribosomal clusters (circles) in Torpediniformes species studied so
far.

5. Sex-Related ChromosomeMarkers

In cartilaginous �sh, sex chromosomes are present in a small
number of species (Rhinobatos schlegelii, R. hynnicephalus,
and Carcharodon carcharias) [55, 56].

In order to identify newmolecular chromosomalmarkers
both to discriminate the different chromosome pairs and
to distinguish the probable sex chromosomes in the species
Torpedo torpedo, another study on some DNA genomic
sequences was performed [57].

e research began using speci�c primers to characterize
at the molecular level and to localize on the chromosomes
SRY-like sequences; these are the hypothetical regions for
sex determination. ese are well conserved in mammals,
thus allowing the ampli�cation of fragments of entire genes
coming from taxonomic groups that are also very heteroge-
neous. is allowed the ampli�cation of segments of DNA
also in this species that had never been studied before in a
cartilaginous �sh at the molecular genetic level.

As concerns chromosomal localization of the ampli�ca-
tion products, the results obtained showed the presence of
labels on two pairs of chromosomes in the male, one pair of
subtelocentric and one pair of acrocentric elements. In the
female, the FISH test showed the presence of labels only on
the pair of acrocentric chromosomes. e same result was
obtained by hybridizing the male DNA fragments on the
female chromosomes and the female DNA probe on the male
metaphase plates (Figure 8).

It could seem that the pair of acrocentric elements, which
were always marked in both sexes, are homologous, as the
patterns of hybridization for these chromosomes and their
morphology were the same when FISHwas performed with a
male or with a female probe. Furthermore, I believe that there
is indeed a difference between the genomic composition of
the submetacentric elements in themale and in the female, in
the light of the nonhybridization on the female chromosomes
using themale probe. Further remarkable data came from the
sequencing results. e PCR products had similar patterns
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(a) (b)

(c) (d)

F 8: FISH on T. torpedo male chromosomes evidenced the presence of labeling on two pairs, one pair of subtelocentric elements
(triangles) and the other of acrocentric ones (arrows) (a). FISH on female metaphase plates showed the presence of spots on one acrocentric
chromosome pair (b). FISH with probe taken from male specimens DNA on female chromosomes evidenced the presence of labelings on
one acrocentric pair (c). FISH with probe taken from female specimens DNA on male chromosomes evidenced the presence of spots on one
acrocentric pair (d).

with two bands of 200 and about 400 bp in length for each
sex, that showed, only for themale 400 bp band, an alignment
with the human genes SPATA 16, SPATA 18, and UTY.

ese genes in man are implicated in the process of
spermatogenesis, and presumably also in T. torpedo play a
crucial role in sex differentiation. Probably only this 400 bp
band of the male is responsible for the difference between the
sexes, given that the alignment between the two sequences
of 200 bp showed 98% identity. An explanation could lie in
the accumulation of random mutations and rearrangements
on the sex-speci�c chromosomes. In fact, it was hypothesized
that sex chromosomes, in �sh, reach a differentiated state by
means of a genetic mechanism called “Muller’s ratchet,” by
which the accumulation of slightly harmful DNA changes in
a population over many generations takes place [58].

6. Closing Remarks

e main purpose of this paper was to provide an overview
of genetic and cytogenetic molecular markers for the analysis
of the cytotaxonomic relationships among Torpediniformes
and for the reconstruction of evolutionary interrelationships

between this superorder and the other batoid species, using
the data published up to now, coming prevalently from my
research group. For many years this information has been
obtained using the classical cytogeneticmethods (C-banding,
silver nitrate, and �uorochrome staining) that only allow the
description of general chromosome morphology.

e chromosome localization of DNA sequences and
genes is important for the analysis of chromosome rearrange-
ments and permits an efficient comparative cytogenetic study
among batoid �sh species.

Some types of molecular markers that seem to be suited
to investigate the different levels of applications in the �eld
of comparative cytogenetics and evolutionary studies have
been described. e phylogenetic implications coming from
the data should be improved to further clarify the existing
relationships.

e evidence presented here con�rms the particular
genomic organization of Torpediniformes, especially T. tor-
pedo, in heteroterms as well as in the superclass of �shes.
In this species, large amounts of highly repeated DNA [59],
high heterogeneity in the genome composition [26], and a
characteristic distribution of heterochromatin, that is never
centromeric [36], have all been found.
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Because of the particular marking pattern that was found
with several DNA sequences, the meta and submetacentric
pairs of T. torpedo are to be considered as chromosome mar-
kers and are a valid instrument to reveal particular linkage
groups of evolutionary importance.

e ever closer integration between molecular cytoge-
netic analysis and the deep sequencing using bioinformatic
tools will be important to clarify the genomic and chromo-
some organization in these fascinating species of cartilagi-
nous �sh.
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