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Abstract

A cytogenetic analysis of the sole Solea senegalensis was carried out using silver staining for the nucleolus
organizer region (Ag-NOR) identification, one-color FISH for chromosomal mapping of 45S and 5S
ribosomal DNAs (rDNAs), (GATA)n, and (TTAGGG)n, and two-color FISH for co-localization of both
rDNAs. The Ag-NORs and the 45S rDNA were mapped to a medium-sized submetacentric chromosomal
pair. Hybridization with the 5S rDNA showed a major signal on the short arm of a medium-sized sub-
metacentric chromosome pair and a minor signal on a centromeric site of a small acrocentric chromosome
pair. Differences in the Ag-NOR and 45S and 5S rDNAs FISH signal sizes were observed between
homologous chromosomes and among individuals. A two-color FISH co-localized 45S and 5S rDNAs to a
medium-sized submetacentric chromosomal pair. The hybridization with the telomeric (TTAGGG)n repeat
displayed small signals at all chromosomal telomeres. Finally, the (GATA)n probe produced dispersed and
small hybridization signals on all chromosome spreads, showing its ubiquitous existence in the genome.
These results were compared with those from other Pleuronectiformes and discussed in terms of karyotype
evolution.

Introduction

The sole Solea senagalensis (Teleostei: Pleuro-
nectiformes: Soleidae) (Kaup, 1858) is a common
flatfish, which occurs throughout the north-eastern
Atlantic Ocean, from the north of Senegal to
France, and from the Strait of Gibraltar to the
coast of Tunisia in the Mediterranean Sea. In the
Iberian Peninsula, this sole is mainly found in the
Gulf of Cádiz (Spain) whereas is absent or rare in
the Cantabrian and Mediterranean waters. The

reduction in sole landings and its high commercial
value have motivated an increasing interest for the
aquaculture of this species in both the south of
Spain and Portugal (Dinis et al., 1999). Earlier
studies have mainly focused on physiology,
reproduction and nutrition (Dinis et al., 1999;
Ribeiro, Sarasquete & Dinis, 1999). Nevertheless,
little knowledge exists on the genetic aspects of this
flatfish and other soleids in general.

Flatfish chromosomes have been studied so far
by means of Giemsa staining, chromosome
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banding and silver staining for the nucleolus
organizer regions (Ag-NOR) (Vitturi, Catalano &
Colombera, 1993; Bouza, Sanchez & Martinez,
1994). To date, Ag-NORs have been characterized
in only five flatfish species: Scophthalmus maximus,
Scophthalmus rhombus, Platichthys flesus, Solea
solea and Solea lascaris (Pardo et al., 2001). These
Ag-NORs have demonstrated their utility as
species-specific chromosome markers due to their
number, location and size polymorphisms (Cross,
Vega & Rebordinos, 2003).

Ribosomal RNA (rRNA) genes have proven to
be useful in karyotype characterization studies (de
Azevedo et al., 2005). In higher eukaryotes, tan-
dem arrays of rRNA genes are organized in two
distinct multigene families. One class is repre-
sented by the 45S rDNA that contains for the 18S,
5.8S and 28S rDNA and internal transcribed
spacers (ITS). The second class codes for the 5S
rRNA that consist of a coding region of 120 nu-
cleotides and an intergenic non-transcribed spacer
(NTS) of variable length and sequence (Suzuki
et al., 1996).

During the past few years, chromosomal
localization of DNA sequences by means of fluo-
rescence in situ hybridization (FISH) has been
applied to fish species (Hatanaka & Galetti Jr.,
2004; Tigano et al., 2004; Kavalco et al., 2005;
Rossi & Gornung, 2005). Particularly in flatfish,
this technique has only been employed for the
mapping of some subunits of the 45S (Pardo et al.,
2001; de Azevedo et al., 2005) and 5S (Manchado
et al., 2005) rRNA genes. Two different classes of
5S rDNA have been obtained in S. senegalensis.
They were designated as one major and one minor
5S rDNA loci which were located to different
chromosomal pairs (Manchado et al., 2005). These
two NTS clones, NTS-I and NTS-II, represent
paralogous copies that have evolved indepen-
dently. The existence of several 5S loci has been
correlated with genome polyploidization in sal-
monids (Morán et al., 1996) or duplication events
in Coris julis (Mandrioli, Colomba & Vitturi,
2000). The 5S rDNA genes can be found clustered
in a single chromosomes pair or in different
chromosomes loci in fish (Pendás et al., 1994).
Moreover, the 5S rDNA appear usually not to be
syntenic to the 45 S with regards to different
polymerases involved in transcribing these genes
(Martins & Galetti Jr., 2001). Other repetitive
DNA sequences, such as the telomeric

(TTAGGG)n sequences in vertebrates and the
GATA repeats associated sometimes with sex
chromosomes in humans and other vertebrates
(Singh & Jones, 1982; Jones & Singh, 1985;
Subramanian, Mishra & Singh, 2003), have not
been described previously in flatfish.

In the present study, both advanced and con-
ventional cytogenetic techniques were applied in
order to gain more genetic knowledge in S. sen-
egalensis. In addition to the Ag-NOR identifica-
tion, chromosomal mapping of the two rDNA
families (45S and 5S) and the repetitive DNA se-
quences (TTAGGG)n and (GATA)n, were carried
out using the FISH technique. Moreover, the
major and minor rDNAs were localized by means
of a simultaneous two-color FISH technique.

Material and methods

Chromosome preparations and silver staining

Chromosome preparations started with 2–4 day-
old Solea senegalensis larvae. They were pretreated
with 0.02% colchicine for 3 h, subjected to hypo-
tonic shock and finally fixed in a freshly prepared
solution of absolute ethanol-acetic acid (3:1).
Larvae were homogenized in 45% acetic acid and
several drops were splashed onto a slide heated at
43 �C.

The nucleolus organizer regions (Ag-NORs)
were detected by silver nitrate staining according
to Howell and Black (1980).

Probe amplifications and FISH

Telomeric (TTAGGG)n and (GATA)n probes were
generated by PCR in the absence of templates (Ijdo
et al., 1991), using (TTAGGG)5 and (CCCTAA)5,
and (GATA)7 and (TATC)7, as primers, respec-
tively. The (TTAGGG)n and (GATA)n probes
were labelled with digoxigenin by nick translation
according to the manufacturer’s instructions
(Roche Molecular Biochemicals). FISH conditions
were performed according to Cross et al. (2005).

A probe pDm238 (Roiha et al., 1981), con-
taining 18-5.8-28S rDNA genes and spacers of
Drosophila melanogaster cloned into the plasmid
pBR322, was used to detect the rDNA clusters
on chromosomes (Cross, Vega & Rebordinos,
2003). The whole plasmid was labelled with
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digoxigenin-11–dUTP according to the manufac-
turer’s instructions (Boehringer Mannheim). 5S
rDNA probes were obtained from a recombinant
vector TOPO� by PCR using primers T3 and T7
according to Manchado et al. (2005). Labelling
was obtained with the following dNTPs concen-
tration: 200 lM dATP, 200 lM dCTP, 200 lM
dGTP, 150 lM dTTP and 50 lM dig)11-dUTP
for one-color FISH. For two-color FISH 200 lM
dATP, 200 lM dCTP, 200 lM dGTP, 130 lM
dTTP and 70 lM biotin-dUTP (Roche Molecular
Biochemicals) were used. The amplification profile
was 94 �C/5 min, 35 cycles of 94 �C/45 sec, 59 �C/
45 sec, 72 �C/1 min, followed by a final extension
step of 72 �C/10 min.

One-color FISH and two-colour FISH
hybridizations were carried out using ribosomal
probes according to Cross, Vega and Rebordinas
(2003) with some modifications. For digoxigenin-
labelled probes, hybridization sites were detected
using mouse anti-digoxigenin, rabbit anti-mouse-
FITC (fluorescein isothiocyanate) and goat anti-
rabbit-FITC immunological reagents (Roche
Diagnostics). Streptavidin Texas Red (Amersham
Biosciences) and biotinylated anti-streptavidin
(Vector) were used for biotin-labelled probes. The
chromosomes were counterstained with 500 ng/ml
propidium iodide (Vector Labs) for one-color
FISH and 0.4 lg/ml DAPI (4¢)6-Diamidino)2-
phenylindole) for two-color FISH, both of them in
Vectashield antifade. Images were recorded using a
Zeiss Axioskop 2 plus fluorescence microscope
equipped with a digital camera.

Results

The Ag-NORs staining showed that NORs were
located on the short arm of a medium-sized sub-
metacentric chromosome pair in S. senegalensis
(Figure 1a). Positive stains were not observed on
any other chromosome regions, although differ-
ences in the NOR sizes were observed both in
homologous chromosomes and in different indi-
viduals. FISH using the 45S rDNA probe revealed
strong signals on the short arm of a medium-sized
submetacentric chromosomal pair, apparently
identical to the NOR chromosome pair (Fig-
ure 1b). In addition, some metaphase spreads
showing additional hybridization signals and
variable signal sizes were observed both between

chromosome chromatids and between homolo-
gous chromosome pairs. Hybridization with 5S
rDNA showed one major signal occupying the
short arm of a medium-sized submetacentric
chromosome pair, similar to the 45S chromosome,
and another minor signal on centromeric sites of a
small acrocentric pair (Figure 1c). These results
are coincident with the recently published by
Manchado et al. (2005). Different signal sizes be-
tween homologous chromosomes and individuals
were observed frequently. In order to determine if
the major and minor ribosomal genes were map-
ped to the same chromosome, a two-color FISH
with both ribosomal probes was performed. Two
color signals representing the 5S and the 45S
rDNAs were visualized on a medium-sized sub-
metacentric chromosomal pair. It indicated the co-
localization on the major 5S and 45 S rDNAs and
hence, the synteny of both rDNAs arrays (Fig-
ure 1d). The telomeric (TTAGGG)n repeat
hybridized to all chromosomal telomeres but not
to the NORs (Figure 2b). The intensity of the
telomeric signals varied on different chromosomes.
Finally, the (GATA)n probe produced dispersed
and weak hybridization signals throughout all the
chromosomes, indicating the ubiquitous presence
of the repeat throughout all the genome
(Figure 2a).

Discussion

The number and location of the NORs have been
used as a cytotaxonomic parameter. The S. sen-
egalensis karyotype contains a diploid number of
42 chromosomes, including 6 metacentrics, 4 sub-
meta-subtelocentrics, 8 subtelocentrics and 24 ac-
rocentrics, presenting a variety of chromosomes
(Vega et al., 2002). Among soleid karyotypes, only
those of S. solea (Barker, 1972) and S. lascaris
(Vasil’ev, 1978) are known having 2n=42 chro-
mosomes. Only one NOR site was found in S.
senegalensis. It was located on the short arm of a
medium-sized submetacentric chromosome pair.
This finding appear to agree with those reported
for another two previously identified soleid species
(Pardo et al., 2001). The existence of only one
NOR chromosome pair should be considered as a
plesiomorphic character in fish and other organ-
isms (Hartley, 1987). In addition, the Ag-NORs
have been observed on two other locations in the
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order Pleuronectiformes. The marker was seen in
telomeres in the family Soleidae, Scophtalmidae
and Pleuronectidae (Pardo et al., 2001), and in
centromeric or subcentromeric sites in the family
Paralichthyidae (Kikuno, Ojima & Yamashita,
1986) and Bothidae (Vitturi, Catalano & Colom-
bera, 1993). The family Pleuronectidae has been
considered as the most ancestral group among the
order Pleuronectiformes based on some cytoge-
netic data (Le Grande, 1975); nevertheless, other
molecular and morphologic studies suggest the
Soleidae family being much more ancestral
(Verneau et al., 1993). The centromeric/subcen-
tromeric NOR in the family Bothidae could
represent a more derived condition within this
order. If we take into account that species in a
higher degree of evolution carry lower number of
chromosomes with respect to the ancestral
karyotype, the family Pleuronectidae (P. flesus,
2n=48) should be considered the oldest lineage

within this order as hypothesized by Le Grande
(1975). Nevertheless, additional NORs have been
detected by means of rDNA-FISH in S. maximus
and P. flesus (Pardo et al., 2001), but not in
S. senegalensis. The silver staining technique only
allows to visualize the actively transcribed NORs
during the previous interphase, while some inac-
tive ribosomal sequences or pseudogenes in other
regions can only be detected by means of FISH
(Martins & Galetti Jr., 2001). In addition, vari-
ability in the size of both NOR and rDNAs that
we observed in S. senegalensis has been described
in different organisms and attributed to duplica-
tions and/or deletions, which habitually take place
in long arrays of repeats (Garrido-Ramos et al.,
1995; Zurita et al., 1998; Cross, Vega &
Rebordinos, 2003).

The location of the 5S rRNA genes has been
described in approximately 50 fish species per-
taining to different groups (Hatanaka & Galetti

Figure 1. S. senegalensis metaphases showing Ag-NORs (arrows) (a), one-color FISH using the 45S (b) and 5S (c) rDNAs probes

(yellow) and two-colour FISH of 45S and 5S ribosomal genes (d). Pink FISH signals (arrowheads) correspond to the minor 5S

rDNA gene whereas the pink-yellow signals the 45S and the major 5S rDNAs co-localization (arrows).
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Jr., 2004). In most fish it appears in an interstitial
position of the chromosomes (Martins & Galetti
Jr., 2001). In the present study the 5S rDNA gene
was observed on two different chromosomic pairs.
Nevertheless, the co-localization of both the major
45S and minor 5S ribosomal genes on the same
chromosomal pair in S. senegalensis appears to be
quite rare. Location of 5S rDNA in fish has been
described in synteny with the 45S in few studies
(Fujiwara et al., 1998; Almeida-Toledo et al.,
2002) but on different chromosomes in most
studies (Martins & Galetti Jr., 2001). Some surveys
showed both genes quite separated on a chromo-
some pair (Hatanaka & Galetti Jr., 2004). In
addition, mechanisms, such as the gene conversion
and the unequal crossingover, that act in the
evolutionary processes of the multiple tandem ar-
rays, could produce undesirable translocations of

5S to the 45S cluster, possibly providing an
advantage to those species having rRNA genes on
different chromosomes (Martins & Galetti Jr.,
2001).

The telomeric sequence (TTAGGG)n present
at all the chromosomal termini in S. senegalensis
has been widely described in vertebrates (Gor-
nung, Gabrielli & Sola, 1998). Moreover, the
finding of (TTAGGG)n repeat in marine inver-
tebrate telomeres points to its wider distribution
among eukaryotic organisms and suggests an
ancestry older than originally presumed from its
vertebrate distinctiveness (Plohl et al., 2002). In
S. senegalensis, the occurrence of these sequences
at the telomeres, but not interstitially, exclusively
suggests that the repeated sequence is not dis-
persed within the genome of this species, at least
to a significant extent for being detected by
FISH. The comparison between the karyotype of
S. senegalensis (2n=42 and 60 chromosome arms
(NF)) and the karyotype of S. rhombus and S.
maximus, other Pleuronectiformes species
(2n=44 chromosomes and NF=48)(Pardo et al.,
2001) suggests that certain chromosome rear-
rangements may cause the chromosome number
reduction and the NF increasing. The detection
of interstitial (TTAGGG)n signals support the
hypothesis of chromosome number reduction in
some species of the family Cichlidae (Chew et
al., 2002). However, chromosome rearrangements
have occurred in some species of ants without
the presence of telomeric interstitial signals
(Meyne, Hirai & Imani, 1995). Hence, chromo-
some fusion in S. senegalensis could have in-
volved the elimination of telomeric interstitial
sequences by deletion or mutation (Martins et
al., 2004).

Telomeric signals were undetected in the NOR-
bearing chromosomes. Although they have asso-
ciated with the NORs in salmonids (Reed &
Phillips, 1995) they were not seen in other species
such as the Nile tilapia (Chew et al., 2002). It
would be interesting to carry out some FISH
studies of the telomeric repeats in the Pleuronect-
iformes where there are big differences in both the
chromosome number and the NF (S. senegalensis
2n=42 and NF=60, Solea solea and S. lascaris
2n=42 and NF=56–58, Scophthalmus rhombus
and S. maximus 2n=44 NF=48 and Platichthys
flesus 2n=48 NF=48) (Pardo et al., 2001), in

Figure 2. FISH signals of (GATA)n (a) and (TTAGGG)n
probes in a partial metaphase of S. senegalensis.
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order to further elucidate the chromosomal evo-
lution in this fish group.

Results with the (GATA)n probe, one member
of satellite DNA families, revealed the ubiquitous
presence of the (GATA)n repeat throughout all the
genome limiting its utility as a chromosome mar-
ker. The (GATA)n has been associated with the sex
in some species (Demas & Wachtel, 1991; Subra-
manian, Mishra & Singh, 2003). In spite of being a
potential marker associated with the sex and evo-
lution, the localization of the (GATA)n by means
of FISH has been used rarely (Cross et al., 2005;
Gallardo-Escárate et al., 2005). However, the re-
cent finding that GATA repeats have been grad-
ually accumulated in highly evolved organisms
(Subramanian, Mishra & Singh, 2003), has con-
verted this sequence into a valuable tool to be used
in studies of cytogenetic characterization.This pa-
per contains a first approach to the molecular
characterization of the Sole (Solea senegalensis)
and it provides some valuable cytogenetic markers
in the study of phylogenetic relationships in Pleu-
ronectiformes.
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