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Abstract The karyotype of Halobatrachus didactylus
presents 46 chromosomes, composed of eight meta-
centric, 18 submetacentric, four subtelocentric, and 16
acrocentric chromosomes. The results of FISH showed
that the major ribosomal genes were located in the
terminal position of the short arm of a large sub-
metacentric chromosome. They also showed a high
variation in the hybridization signals. The products of
amplification of 5S rDNA produced bands of about
420 pb. The PCR labeled products showed hybridiza-
tion signals in the subcentromeric position of the long
arm of a submetacentric chromosome of medium size.
Double-color FISH indicated that the two ribosomal
families are not co-located since they hybridizated in
different chromosomal pairs. Telomeres of all the
chromosomes hybridized with the (TTAGGG),, probe.
The GATA probe displayed a strong signal in the long
arm of a submetacentric chromosome of medium size,
in the subcentromeric position. The double-color FISH
showed that the microsatellite GATA and the 5S
rDNA gene are located in different chromosomal
pairs. The majority presence of GATA probes in one
pair of chromosomes is unusual and considering its
distribution through different taxa it could be due to
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Introduction

Halobatrachus didactylus (Schneider, 1801), known as
the Lusitanian toadfish, is a teleostean of the Batra-
choididae family (Batrachoidiformes Order), whose
natural habitats are soft sand as well as rocky, sea beds,
and reefs. The Batrachoides are composed of 71 spe-
cies belonging to three subfamilies (Froese and Pauly
2005) and are widely distributed by the Atlantic,
Pacific, and Indian Oceans. H. didactylus is the only
species of this family in the Iberian Peninsula (Palazon
et al. 2003) and populations are distributed along the
coasts from of the Bay of Biscay to Ghana as well as
the western Mediterranean (Roux 1986).

H. didactylus is an important member of the fish
community and is considered to be of commercial
interest. Furthermore, it has been used traditionally as
a model animal in toxicology experiments (Sarasquete
et al. 1982), and in haematology, reproduction and
histophysiology (Sarasquete 1983; Palazén et al. 2001;
Desantis et al. 2007). It was one of the first animals to
be used as a model for research in outer space (Boyle
et al. 2001). In spite of this, genetic knowledge of Ba-
trachoididae family is scarce and cytogenetical studies
have been limited to the analysis of the karyotypes of
some species, such as Porichthys notatus (Gold et al.
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1980), Batrachoides pacifici (Nirchio et al. 2001),
Amphichthys cryptocentrus, Batrachoides wmanglae,
Thalassophryne maculosa, Porichthys plectrodon (Nir-
chio et al. 2002, 2004a, b), and Porichthys porosissimus
(Brum et al. 2001).

In H. didactylus, only the karyotype has been
described (Gutiérrez et al. 1984) and localization of the
nucleolar organizer regions has been obtained by
means of silver staining (Ag-NORs) (Palazoén et al.
2003). Within fish species the localization of sequences
of DNA in the chromosomes has often been obtained
by means of Fluorescence in situ Hybridization
(FISH), this becoming an essential tool in their cito-
genetic analysis (Schwarzacher 2003). The FISH anal-
ysis has only been applied to the toadfish
Thalassophryne maculosa for location of the ribosomic
genes 18S-5.85-28S (Nirchio et al. 2004a). Sequences
(TTAGGG),,, are present in the telomeres of the
chromosomes of all vertebrates and their study allows
one to establish the presence of chromosomal rear-
rangements, such as Robertsonian fusions or inver-
sions, which are involved in the evolution of the
chromosomes. The locations of GATA repetitions
have rarely been studied in marine organisms using
FISH (Vitturi et al. 2002; Cross et al. 2005) and there
only exists one previous work within the fish species
(Cross et al. 2006). It has been proposed that GATA
sequences may play an important role in evolution of
the sexual chromosomes and in the organization of
genomes (Singh and Jones 1982; Subramanian et al.
2003). The locations of the major and minor chromo-
somal genes are very useful as chromosomal markers
in evolutionary and phylogenetic studies in fish (Phil-
lips and Reed 1996). In order to characterize the
karyotype of H. didactylus we carried out an exhaus-
tive analysis wusing several probes including
5.8S + 18S + 28S rDNA, 5S rDNA, (GATA), and
(TTAGGG),, by one-color and two-color FISH.

Materials and methods
Sampling and slide preparation

The sampling of specimens of H. didactylus (six males
and two females) was carried out in shallow water
regions of the Bay of Cadiz. The chromosome prepa-
rations were made from cephalic kidney as described
by Palazén et al. (2003). Slides were pretreated with
RNAse, pepsin and formaldehyde according to
Weigant et al. (1991). Finally, the samples were dehy-
drated in successive steps using ethanol and stored at —
80°C up to the moment of hybridization.
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Probes and FISH techniques

The 5.85-18S-28S rDNA probe was obtained with
polymerase chain reaction (PCR)-based cloning and
labeled according to the methods described by Cross
et al. (2003, 2005). The (GATA), and (TTAGGG),
probes were obtained by PCR as was described by Ijdo
et al. (1991), using the primers (GATA); and
(TATC);, respectively. The major ribosomic, the
GATA and the telomeric probes were labeled by Nick
Translation procedure according to the manufacturer
instructions.

The 58 rDNA probe was obtained using the primers
reported by Pendas et al. (1994) and the products of
amplification consisted of bands of about 420 pb. The
5S rDNA probe was also labeled with tetramethyl-
rhodamine-5-dUTP (Roche Molecular Biochemicals)
for two-color FISH treatment. The PCR reaction mix
was composed of a 4 ul of DNA template, 3 uM of
MgCl,, 200 uM of each dNTP, 6 uM of tetramethyl-
rhodamine-5-dUTP, 400 pM of each primer, 2.5 U of
Taq polymerase (Euroclone®), and the appropriate
polymerase buffer. PCR conditions were 35 amplifi-
cation cycles at an annealing temperature of 59°C.

Labeled telomeric and GATA probes, were mixed
with hybridization solution, and added to the chro-
mosome preparations and denatured for 7 min at 72°C.
Ribosomal probes and slide preparations were dena-
tured separately at 75 and 83°C, respectively. The
slides were left to hybridize overnight at 37°C. Post-
hybridization washes and immunocytochemical incu-
bations were carried out as described by Cross et al.
(2003, 2005). For the double-FISH protocol, the chro-
mosomes were counterstained with DAPI (1.3 pg/ml)
in antifade solution (Vector Labs.). Finally, better
images were obtained with an epifluorescence micro-
scope (Axioskop 2 Plus, Zeiss), equipped with a cooled
camera (CoolSnap, Photometrics® Inc.).

Results

The karyotype of H. didactylus presents a diploid
number of 46 chromosomes and it is composed of eight
metacentric, 18 submetacentric, four subtelocentric,
and 16 acrocentric chromosomes (Fig. 1). In the pres-
ent study four probes were used to make the one-color
FISH: 5.8-18-28S rDNA, 5S rDNA, (GATA), and
(TTAGGG),. The probe for the major ribosomal
gene hybridized in the terminal position of the
short arm of a large submetacentric chromosomal pair
of H. didactylus (Fig. 2a), with notable size variation of
signals between chromosomes and among metaphases.
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Fig. 2 H. didactylus
metaphases showing FISH
with 18S-5.8S-28S rDNA (a),
5S iDNA (b), (GATA), (¢),
and (TTAGGG),, (d) probes

On the other hand, the 5S rDNA probe showed
hybridization signals in the subcentromeric position of
the large arm of a submetacentric chromosome of
medium size (Fig. 2b). The GATA probe displayed a
strong signal in the long arm of a submetacentric
chromosome of medium size, in its subcentromeric
position (Fig. 2¢). The (TTAGGG),, probe, hybridized
to both ends of each of the arms of the chromosomes of
H. didactylus (Fig 2d). Inner signals were not detected,
but size polymorphisms referring to the signals
between chromatids and arm chromosomes were
detected.

The two-color FISH analyses were carried out using
the major and minor rDNA probes and the GATA
probes. As shown in the Fig. 3a—c, the two ribosomal
families were not co-located since they were in differ-
ent chromosomal pairs occupying different positions:
in the terminal position for the 18-5.8-28S rDNA and
in the subcentromeric position for the 5S rDNA. The
results indicated that the GATA and the 5S rDNA
were located in the subcentromeric position of differ-
ent submetacentric pairs (Fig. 3d-f).

18 19 20 21 22 23

Discussion

The present chromosome findings of H. didactylus
shows some differences when compared with results
reported by Palazén et al. (2003), in which they ob-
served more submetacentric chromosomes and less
acrocentric chromosomes. Instead the number of
subtelocentric chromosomes was higher in the present
observation. This discrepancy may be due to factors
related to the resolution of the technique, and to the
grade of condensation of chromosomes in the technical
preparations (Cross et al. 2002) which would lead to a
difference in the number of chromosome arms within a
same species (Gil et al. 2004). The fundamental
number (FN) in the Batrachoididae family is variable
(52-72). According to Nirchio et al. (2002), this varia-
tion could be due to chromosome re-organizations,
such as the fusion of acrocentric chromosomes, which
would lead to a reduction of the diploid number of 48—
46 (or even to 44 in Porichthys) in the Batrachoididae
family. These chromosome re-organizations play a very
important role in the processes of speciation (Molina
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Fig. 3 Double-color FISH
with TDNA and GATA
probes in H. didactylus
chromosomes. (a—c)
Rhodamine-labelled 5S
rDNA probe (red) (a),
Digoxigenin-labelled 18S-
5.8S-28S probe (green) (b), 5S
and 18S-5.8S-28S probes (c).
(d-f) Rhodamine-labelled 5S
rDNA probe (red) (d),
Digoxigenin-labelled
(GATA), probe (green) (e),
5S and (GATA), probes (f)

and Galetti Jr 2004). Considering that species with a
larger FN are more advanced in evolutionary terms,
the most recent species within the Batrachoididae
family would be H. didactylus (FN = 72) and the more
ancient would be Amphychthys cryptocentrus
(FN = 52) (Nirchio et al. 2002). But heteromorph sex
chromosomes, such as suggested by Palazén et al.
(2003) have not been found in the members of the
Batrachoididae family, including H. didactylus.

Hybridization of the (TTAGGG), probe at the
ends of the chromosomes confirms the presence in
H. didactylus. The observed variability in the size of
the signals may be due to random variations in the
conditions of hybridization, or alternatively to a vari-
ation in the number of repetitions in telomeres (Guo
and Allen 1997). In some fish species, the (TTAGGG),,
family clusters have been found intercalated among the
ribosomal family clusters (Sola et al. 2003; Gornung
et al. 2004). This association is unusual in vertebrates,
and it has been suggested that it functions as a
recombination hot point of the NORs (Gornung et al.
2004).

FISH localization of the major ribosomal genes in a
submetacentric pair of large size is coincident with the
Ag-NOR location reported by Palazén et al. (2003).
In other toadfish species, Ag-NORs have been located
in centromeric position in an acrocentric chromosome
in Porichthys plectrodon (Nirchio et al. 2004b) and in
terminal position of a subtelocentric pair, in Thalas-
sophryne maculosa (Nirchio et al. 2004a). The presence
of NORs, either in the terminal position or close to the
centromeres (but not in the interstitial positions) is
considered to be the plesiomorphic character (Vitturi
et al. 1995). This has occurred with analyzed species of
the Batrachoididae family including H. didactylus.

Usually, in fish, the major and minor rDNA are
themselves detected in different chromosomes (Mar-
tins and Galetti Jr 2001). It has been suggested than the

@ Springer

c

transcription for different RNA polymerases of every
ribosomal family would favor evolutionarily the sepa-
ration of both the major and the minor loci (Amara-
singhe and Carlson 1998). Besides, the mechanisms
that apply to the processes of evolution (such as gene
conversion and unequal cross-over) would be sup-
ported if the clusters were found to be separated
(Martins and Galetti Jr 1999). Due to the absence of 5S
rDNA sequence and its genomic organization in the
family Batrachoididae, the present results obtained in
H. didactylus would suggest that further cytogenetic,
evolutionary, and phylogenetic studies be carried out
in this and related fish families.

GATA repetitions are the main component of a
satellite DNA isolated from the W chromosome of the
females of the snake Elaphe radiata (so-called Bkm for
banded krait minor satellite DNA) (Epplen et al.
1982). The Bkm family sequences are preserved within
this group of snakes, but the quantity increases with the
differentiation of sex chromosomes, and they tend to
accumulate in W or Y chromosomes of some organ-
isms (Jones and Singh 1985). For example, sex-associ-
ated specific Bkm has been identified in turtles
Chelonia mydas and Lepidochelys kempi (Demas et al.
1990). In mice, the Bkm sequences have been located
in the Y chromosome, associated with the genes that
determine the sex (Singh and Jones 1982). However, a
specific distribution of the Bkm sequences has not been
observed in other organisms even in species with sex
chromosomes (Vitturi et al. 2002). In this context, the
results obtained in H. didactylus show for the first time
a concentration of GATA at a specific location in fish.

A recent analysis of the GATA family sequences in
the genome of prokaryotes and eukaryotes (Subra-
manian et al. 2003) has revealed that GATA repeti-
tions are lacking in prokaryotes, but they are gradually
accumulated with evolution. In addition a functional
role of the GATA sequences in the gene regulation in
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human Y has been proposed (Subramanian et al.
2003).Taken together, the results obtained in the
present molecular study may provide a direction for
future research with toadfish to study their karyo-
type evolution, sex chromosome differentiation and

phylogeny.
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