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Abstract. Leporinus elongatus represents an interesting
model for studies on chromosome evolution since it pos-
sesses a conspicuous ZZ/ZW sex chromosome system that
has been characterized mainly by basic cytogenetic tech-
niques. In the present study we describe a dispersed repeti-
tive element (named LeSpel) related to the sex chromosomes
of L. elongatus. Females revealed clusters of LeSpel on the
long arm of the W chromosome and in the acrocentric
NOR-bearing chromosome pair. In males, the signal was
restricted to the pericentromeric region of the NOR-bearing
chromosomes. Considering the results obtained in the pres-

ent study using FISH, NOR and C-banding, together with
findings from previous studies, it can be inferred that the
sex chromosome system of L. elongatus is still undergoing
an evolutionary process. The data suggest novelties in rela-
tion to the sex chromosomes of the genus Leporinus with
the description of a multiple sex chromosome system
involving the NOR-bearing chromosomes. Therefore, it is
hypothesized that the simple ZW chromosome system
previously described for L. elongatus rather is a multiple
2,2,2,2,/7,W,Z,W, system.
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The family Anostomidae is distributed from Central to
South America and comprises 138 described species, divid-
ed into twelve genera (Abramites, Anostomoides, Anosto-
mus, Gnathodolus, Laemolyta, Leporellus, Leporinus, Pseu-
danos, Rhytiodus, Sartor, Schizodon and Synaptolaemus)

This research was supported by FAPESP (Fundagdo de Amparo a Pesquisa
do Estado de Sdo Paulo), CNPq (Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico), and FUNDUNESP (Fundagio para o desenvol-
vimento da UNESP).

Request reprints from Patricia P. Parise-Maltempi
Departamento de Biologia, Instituto de Biociéncias, C.P. 199
Universidade Estadual Paulista, 18506-900, Rio Claro, SP (Brazil)
telephone: +55 19 3526 4148; fax: +55 19 3526 4135
e-mail: parise@rc.unesp.br

(Garavello and Britski, 2003). Among anostomids, the ge-
nus Leporinus contains the highest number of species (87
valid species) (Garavello and Britski, 2003). All species
studied cytogenetically present 54 biarmed chromosomes,
and the karyotypes of most species carry a single NOR-
bearing pair. In spite of conserved chromosome formulae
within the genus, a conspicuous ZZ/ZW sex chromosome
system has been reported in seven species (L. conirostris,
L. elongatus, L. aff. elongatus, L. macrocephalus, L. obtu-
sidens, L. reinhardti and L. trifasciatus), while the remain-
ing cogeneric species studied cytogenetically (about 40 spe-
cies) lack differentiated sex chromosomes (Galetti et al.,
1995). In the ZW system of female Leporinus, the typical W
chromosome is large, subtelocentric, and almost fully het-
erochromatic. In contrast, in the Z chromosome present in
both sexes only the distal third of the long arm is hetero-
chromatic. An initial heterochromatinization could be the
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first step in the differentiation of these sex chromosomes
(Galetti and Foresti, 1986). The morphological similarity of
chromosomes Z and W among all ZW Leporinus suggests a
common origin for these chromosomes (Galettietal., 1995).
On the other hand, a novel ZW sex chromosome system
morphologically differentiated from the typical ZW system
previously detected in these seven species, was described in
Leporinus sp. (Venere et al., 2004).

Repetitive DNA sequences have been extensively exploit-
ed as chromosome markers, being useful in studies of spe-
cies evolution, identification of chromosome rearrange-
ments, sex identification and applied genetics. A study in-
volving molecular cytogenetics of sex chromosomes of
Leporinus elongatus was performed by Nakayama et al.
(1994) and two sex-specific sequences were isolated, cloned
and used to investigate the structure and variability of sex
chromosomes in the species. The authors identified three
atypical W chromosomes and proposed a model involving
the formation of three new W chromosomes (W,;, W, and
W;) and three new Z chromosomes (Z,, Z, and Z5) in female
meiosis. These chromosomes would then associate prefer-
entially with normal Z male chromosomes, giving rise to six
new genotypes (ZW,, ZW,, ZW3, ZZ,, ZZ, and ZZ;). In that
study, only individuals with ZW,, ZW, and ZWj; constitu-
tions were observed, and the authors suggest that such a
result may be related to limited fish sampling, inviability of
offspring and sterility causing their absence in a population
of spawning adults, or may have been recognized cytologi-
callyasa W.

Since the sex chromosomes of fishes are enriched with
repetitive DNA sequences (Martins, 2006), the investiga-
tion of the chromosomal organization of repetitive sequenc-
es could provide new insights in the origin and evolution of
sex chromosomes in the fish genome. In the present study,
the investigation of repetitive DNA in the genome of L. elon-
gatus allowed the identification of a new repetitive element
located in the sex chromosomes of this species. The mo-
lecular organization and chromosomal location of this re-
petitive sequence revealed some novelties about the sex
chromosomes of this species.

Materials and methods

Chromosomal and genomic DNA preparation

Wild specimens of Leporinus elongatus (five males and eight fe-
males) were collected in the Mogi-Guagu River, Pirassununga, Sao
Paulo, Brazil. Mitotic chromosomes were obtained and stained accord-
ing to Foresti et al. (1993). Genomic DNA was extracted from liver and
blood by standard methods (Sambrook and Russel, 2001).

A search for repetitive DNAs was conducted using restriction en-
zyme digestion of the genomic DNA of L. elongatus with different re-
striction endonucleases. The endonuclease Spel revealed a conspicuous
band of about 650 bp. This DNA band was isolated from the gel, cloned
into pMOS Blue plasmid vector (Amersham Biosciences), and used for
transformation in E. coli DH5a competent cells. Positive clones were
identified and stored at -75°C for further analysis.

Sequencing and sequence analysis
Positives clones were isolated and their sequence determined using
DYEnamicTM ET Terminator Cycle Sequencing (Amersham Biosci-

ences) and ABI 377 automated DNA sequencer (Applied Biosystems).
Nucleotide sequences were subjected to BLASTN (Altschul et al., 1997)
search at the National Center for Biotechnology Information (NCBI),
web site (http://www.ncbi.nlm.nih.gov/blast), and the sequence align-
ment was performed using Clustal X (Thompson et al., 1997) and man-
ually checked. Analyses employing the genetic p-distance model were
conduced using the software MEGA version 3.1 (Kumar et al., 2004).

Genomic organization

The genomic organization of the isolated repetitive fragment was
determined using Southern blot hybridization with aliquots of 10 pg
of genomic DNA from males and females. Genomic DNA was digested
with different restriction enzymes (Sacl, Mbol, Spel and Mspl), sepa-
rated by electrophoresis in 1.5% agarose gel, and the DNA fragments
were transferred onto a Hybond N+ nylon membrane (Amersham Bio-
sciences) by capillarity. Clones bearing the isolated repetitive fragment
were used as probes and hybridized under conditions of high strin-
gency, using the ECL direct nucleic acid labeling and detection systems
Kit (Amersham Biosciences), according to the manufacturer’s specifi-
cations.

Fluorescent in situ hybridization (FISH)

For fluorescent in situ hybridization (FISH), the repetitive probe
was labeled with the Bionick Labeling System Kit (Invitrogen), follow-
ing the manufacturer’s specifications. The slides were incubated in 2 X
SSC and 100 pg/ml RNase at 37°C for 90 min and dehydrated in an
ethanol series (75%, 80%, 95%). Chromosomal DNA was denatured by
immersing slides for 5 min at 70°C in 70% formamide, 2X SSC, and
then dehydrated in an ethanol series (70%, 85%, 100%). The hybridiza-
tion solution was composed of 50% formamide in 2X SSC, 10% dex-
tran sulfate and 1.5 pg/ml biotinylated DNA probe. After 10 min of
denaturation at 95°C, 20 pl of hybridization solution was applied to
each slide under a coverslip. Hybridization was detected with fluores-
cein-labeled avidin and the signal was enhanced by incubation with
anti-avidin antibody followed by the application of fluoresceinated av-
idin. Chromosomes were counterstained with propidium iodide/anti-
fade solution.

Results

Restriction digestion of genomic DNA of L. elongatus
with Spel revealed the presence of a band of approximately
650 bp after electrophoresis in agarose gel. The 650-bp band
was excised from the gel, cloned and the sequence partially
determined for three clones (Fig. 1). The analysis of the se-
quenced segment of the clones showed that the sequences
were very similar with a mean genetic distance of 0.138 and
an AT content of 52.5%. No identity between the isolated
sequences and any sequence deposited in the nucleotide se-
quence databases was detected. The isolated sequences were
named LeSpel family.

The organization of the cloned sequences along the ge-
nome of L. elongatus was analyzed using Southern blot. The
probe was labeled and hybridized onto the genomic DNA,
previously cleaved with the restriction enzymes Sacl, Mbol,
Mspl and Spel. The results indicated that LeSpel sequence
is predominately dispersed and not arranged in tandem ar-
raysin the genome (Fig. 2). Most restriction generated bands
were found between 450 and 3,000 bp. A comparative anal-
ysis of membrane hybridization using female and male
DNA s revealed that bands of 650 and 450 bp were always
faint in males when compared to females (Fig. 2). Using
higher stringency conditions in the membrane hybridiza-
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Fig. 1. Alignment of nucleotide sequences of three cloned Spel repetitive fragments of Leporinus elongatus. Dots in-
dicate sequence identity, hyphens represent indels. The LeSpel sequences were deposited in GenBank under the acces-
sion numbers EF107659, EF107660, and EF107661.
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Fig. 2. Southern blot of the genomic DNA samples of L. elongatus
males (M) and females (F) after digestion with the restriction enzymes
Sacl, Mbol, Mspl and Spel and hybridization to the LeSpel repetitive
probe. The lanes on the right digested with Spel were hybridized under
conditions of higher stringency. The arrowhead indicates the 450-bp
band detected by Spel. L, molecular size marker in kilobases.

tion the 450-bp band disappeared from the male genome
(Fig. 2).

The chromosomal distribution of the LeSpel element
was determined by FISH in metaphase spreads of L. elon-
gatus (Fig. 3). Two strong blocks and one small signal of Le-
Spel were observed on the long arm of the W chromosome
in females. Positive blocks of LeSpel were also seen at the
pericentromeric region and dispersed on the long arm of a
medium-sized acrocentric chromosome while the signal was
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This acrocentric pair was identified as pair 2 (Z,W,). In
males, the signal was restricted to the pericentromeric re-
gion of both members of pair 2 (Z,Z,). All eight females and
five males analyzed by FISH showed the same results. Ag-
NOR staining showed that pair 2 also represented the NOR-
bearing chromosomes in this species, since Ag-NOR marks
were seen on long arms of both chromosomes in male and
female cells (Fig. 3). C-banding analysis in the same indi-
viduals showed that the long arm of the W, chromosome is
entirely heterochromatic (Fig. 3). The supposed Z,W, pair of
females also revealed a distinct pattern of C-bands between
homologs, where a conspicuous interstitial band was present
in just one homologous element (Fig. 3). C-banding on male
metaphase spreads showed a remarkable band on the long
arms of a single chromosome pair, identified as Z,.

Discussion

The digestion of L. elongatus DNA with the enzyme Spel
showed the presence of distinct bands in agarose gels as ob-
served in other species after genomic DNA digestion with
restriction endonucleases (Jesus et al., 2003; Azevedo et al.,,
2005). The observed bands indicate the presence of highly
repetitive sequences that were cleaved by Spel. Comparisons
of the sequences to nucleic acid sequences available on da-
tabases revealed no similarities to any known DNA se-
quence.

Analysis of membrane immobilized genomic DNA of
L. elongatus hybridized to clones carrying the LeSpel ele-
ment indicates that LeSpel is a highly repetitive element,
predominantlydispersed throughout the genome. Although
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Fig. 3. Fluorescent in situ hybridization of the biotinylated LeSpel
repetitive element in the chromosomes of Leporinus elongatus.
(a) Male metaphase spread showing the presence of the LeSpel repeti-
tive family in two chromosomes. (b) Female metaphase spread show-
ing the presence of LeSpel in three chromosomes. (c) Results from
FISH, C-banding and Ag-NOR staining of the respective Z and W
chromosomes.

the copy number of LeSpel was not determined in males and
females, the membrane hybridization results suggest a high-
er number of copies of LeSpel in females. This result was
confirmed by chromosome hybridization.

The dispersed repetitive pattern of the LeSpel element
suggests that this sequence could belong to a dispersed
transposable element (TE) class (Oliveira et al., 1999;
Bodvarsdottir and Anamthawat-Jonsson, 2003; Ziegler et
al., 2003). Although the Southern blot hybridization using
LeSpel generated bands between 450 and 3,000 bp, as ob-
served for most DNA-based TEs (Tafalla et al., 2006), it was
not possible to identify characteristics of TE in the isolated
LeSpel fragments.

Fluorescent in situ hybridization showed that LeSpel se-
quences are arranged in a peculiar pattern within chromo-
somes of L. elongatus labeling three subtelocentric chromo-
somes in females and two subtelocentric chromosomes in
males. In females, this sequence is distributed in three clus-
ters — two large blocks, one small block - over the long arm
of the W chromosome. The other two chromosomes pre-
senting intense LeSpel hybridization signals in female meta-
phases were a middle-sized chromosome with three signals,
two located in the long arm and one in the short arm, and a
middle-sized chromosome bearing a single cluster on the
short arm. These latter chromosomes, despite of the differ-
ence in the distribution pattern of LeSpel sequences, are ho-
mologous, corresponding to the NOR-bearing pair, as pre-
viously observed by Galetti et al. (1984). In male metaphas-
es, the LeSpel sequences are only present clustered on the
short arms of the NOR-bearing pair.

Considering the presence of two exclusive chromosomes
in females, they should be regarded as W, identified by its
morphology and accumulation of heterochromatin and re-
petitive sequences, and W, identified by the presence of two
clusters of LeSpel sequences over the long arms. Therefore,
we propose here the hypothesis that the simple ZW chro-
mosome system previously described for L. elongatus
(Galettietal., 1981) is rather a multiple Z,7,7,7,/Z,W,Z,W,
system. The occurrence of Z,2,7,7,/Z,W,Z,W, is described
here for the first time in fish (Devlin and Nagahama, 2002).
The occurrence of such an unusual sex chromosome system
was not expected since males would be able to produce only
a single type of spermatozoa (Z,Z,), but the females would
be able to produce four types of oocytes: Z,Z,, Z,W,, Z,W,,
and W, W,. Evaluation of the exact segregation pattern of
these gametes will be possible by analysis of the meiotic
pairing, a study which our research group will soon be un-
dertaking.

The presence of LeSpel elements may represent a recent
sequence accumulation in the L. elongatus genome, directly
or indirectly, favoring the divergence of sex chromosomes.
Nakayama et al. (1994) isolated two sequences related to sex
chromosomes of L. elongatus: L'5, which hybridized with
both Z and W chromosomes and 1’46 that was part of a W-
specific chromosomal region. These sequences lack any
similarity to the LeSpel element when analyzed in Gen-
Bank. According to the authors, these sequences apparently
have no biological significance, since they are not part of a
coding sequence and do not show a clear similarity to any
known sequences. Nevertheless, unlike the LeSpel sequence,
they would be related to the divergence of sex chromosomes.
The results of both studies are in total agreement with a
‘Muller’s ratchet’-like process, involving the accumulation
of elements, free from genetic exchange, and thus leading to
morphologically distinct chromosomes, which, in turn,
would fix the heterogametic sex determination (Charles-
worth, 1991). On the other hand, we cannot address any
discussion in relation to gene loss in the sex chromosomes
of L. elongatus.

Amongstindividualsanalyzed by Nakayamaetal. (1994),
there were three individuals cytologically classified as ZW
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that did not hybridize with the W-specific L'46 sequence.
These individuals were classified as ZW males, but they
could not be regarded as ordinary genetic males, since they
bore a W chromosome. The interest of these three cases lies
in the fact that they can be interpreted through single ge-
netic exchanges among four regions from sex chromosomes
in female meiosis, giving rise to the three atypical W chro-
mosomes. C-banding results suggest that the size difference
between Z and W chromosomes of L. elongatus is basically
due to an increased size of the long arms in the W chromo-
some, which is strongly heterochromatic, mainly at its distal
region (Galetti and Foresti, 1986). These cytogenetic studies
have also shown that the long arms of W chromosomes are
composed of heterochromatic segments interspersed with
euchromatin. Such information is compatible with our mo-
lecular data. Our results also demonstrate that the hetero-
chromatin located on a portion of the long arms of the W
chromosome, and that on the NOR-bearing pair share a
common nature.

Therefore, combining our results obtained by FISH,
NOR and C-banding with data provided by Nakayama et al.
(1994), comprising three putatively distinct W chromo-
somes, we can infer that the sex chromosome system of
L. elongatus is still undergoing an evolutionary process, not
fixed within the population. We conclude that it is probably
a multiple Z,7,Z,7,/Z,W,Z,W, sex chromosome system,
where the NOR-bearing pair, formerly defined as pair 2,
would represent the pair Z,, carrying ribosomal cistrons.

Other examples of sex-linked repeat sequences have been
observed in fish. Nanda et al. (1990) reported the presence
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