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Abstract: The W chromosome of the ﬁshes Characidium cf. fasciatum, Characidium sp. and Characidium cf. gomesi is
heterochromatic, as is usually seen in most Characidium species. Samples of W-chromatin were collected by mechanical
microdissection and ampliﬁed by DOP-PCR (degenerate oligonucleotide-primed polymerase chain reaction), to be used
as painting probes (DCg and CgW) and for sequence analysis. FISH (ﬂuorescence in situ hybridization) with DCg probe
painted the whole W chromosome, the pericentromeric region of Z chromosomes and the terminal region of B chromosomes.
DOP-PCR-generated fragments were cloned, sequenced and tested by in situ hybridization, but only CgW4 produced
positive hybridization signals. Clone sequence analysis recovered seven distinct sequences, of which six did not reveal any
similarity to other known sequences in the GenBank or GIRI databases. Only CgW9 clone sequence was recognized as
probably derived from a Helitron-transposon similar to that found in the genome of the zebraﬁsh Danio rerio. Our results
show that the composition of Characidium’s W chromosome does seem rich in repetitive sequences as well as other W
chromosomes found in several species with a ZW sex-determining mechanism.
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Introduction
In many species of vertebrates sex determination is
linked to heterogametic sex chromosomes in males (e.g.,
most mammals, XY) or females (e.g., birds, snakes,
some amphibians, ZW). Fishes, however, express all
possible forms of sex determination systems somehow
associated with the huge biodiversity levels observed
among them (reviewed in Volﬀ et al. 2007). In the
particular case of Neotropical ﬁshes, female heterogamety was reported in Characidium Reinhardt, 1867
and Parodon genera Valenciennes, 1850 (e.g., Vicente
et al. 2003; Vicari et al. 2008; Machado et al. 2011),
male heterogamety was found in, e.g., Hoplias malabaricus (Bloch, 1794) (Cioﬃ et al. 2011, 2012), and other
species have multiple sex chromosomes, such as Leporinus elongatus Valenciennes, 1850 (Parise-Maltempi et
al. 2007) or Harttia carvalhoi Miranda Ribeiro, 1939
(Cioﬃ et al. 2012) among others. Despite the diﬀerences
in sex chromosome determination, these chromosomes
share some features: Y and W are mostly heterochromatic while X and Z usually have more euchromatic
regions. The build-up of heterochromatin and gene inactivation in Y and W chromosomes are considered converging properties in the process of sex chromosome
diﬀerentiation (Takehana et al. 2012).
Given the diversity of sex determination systems,
ﬁshes are considered good models for studying sex chromosomes since species with less diﬀerentiated sex chroc 2014 Institute of Zoology, Slovak Academy of Sciences


mosomes are also included (Volﬀ et al. 2007). The genus
Characidium is composed of species with clearly diﬀerentiated ZW sex chromosomes and species with homomorphic chromosomes, i.e. no morphological diﬀerentiation is perceptible by cytogenetic methods. The species
Characidium cf. gomesi Travassos, 1956 has clearly differentiated Z and W chromosomes, with heterochromatin occupying most of the W chromosome but only
the pericentromeric region of the Z chromosome, becoming easily distinguishable from the autosomes (Vicari et al. 2008; Pansonato-Alves et al. 2011; Machado
et al. 2011). While heterochromatin is known to be rich
in repetitive DNA (e.g., Charlesworth et al. 2005; Volﬀ
et al. 2007), the identiﬁcation and characterization of
repetitive DNAs speciﬁc to sex chromosomes has also
been performed in ﬁshes (Parise-Maltempi et al. 2007;
Takehana et al. 2012). However, no known function has
been attributed to these sequences in ﬁshes or in any
other group of organisms where they were described.
In the present study seven sequences (CgW), derived from the W chromosome of Characidium cf.
gomesi (DCg), were isolated and characterized, make
know their composition, structure and possibly the
mechanisms underlying the origin and evolution of sex
chromosomes in the genus Characidium. All sequences
were characterized for their molecular composition and
chromosome distribution by FISH in specimens from
three distinct populations of C. cf. gomesi, C. cf. fasciatum Reinhardt, 1866 and Characidium sp. Only the
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Table 1. Sampling sites of the Characidium species analysed. Information on the total number and sex of the specimens sampled is
given.
Species
C. cf. fasciatum
Characidium sp.
C. cf. gomesi
C. cf. gomesi
C. cf. gomesi

no. + sex of specimens Sampling site
1
5
9
3
4

,3
,5




,1



Basin

Coordinates

Rio sem nome (MG)
Rio São Francisco
Rio Formoso (GO)
Alto Rio Paraná
Rio da Cachoeira (GO)
Alto Rio Paraná
Córrego Águas da Magdalena (SP) Alto Rio Paraná
Córrego Alambari (SP)
Alto Rio Paraná

19◦ 8 18.50 S, 44◦ 07 17.60 W
18◦ 16 17.00 S, 52◦ 50 34.40 W
18◦ 34 50.80”S, 52◦ 05 52.80 W
22◦ 59 26.28 S, 48◦ 68 W
22◦ 00 S, 48◦ 00 W

Explanations: Brazilian states: MG – Minas Gerais; GO – Goiás; SP – São Paulo.

CgW4 distribution could be resolved and only in C. cf.
gomesi (specimens from the Alambari stream), demonstrating almost full coverage of the W chromosome, the
pericentromeric region of the Z chromosomes and B
chromosomes, whenever present (specimens from the
Águas da Magdalena stream). The DCg probe on the
other hand, although displaying the same coverage as
probe CgW4, also showed positive signals in the other
species tested.
Material and methods
Sampling
A total of 31 Characidium sp. individuals was collected in
the Brazilian river basins of Alto Paraná and São Francisco
(Table 1). Specimens were sacriﬁced after an overdose of
anaesthesia (benzocaine), ﬁxed in 10% formalin and preserved in 70% ethanol for identiﬁcation and deposition in
the ichthyologic collection of the Laboratório de Biologia e
Genética de Peixes, UNESP (SP, Brazil).

CgW13 – kj160178, CgW34 – kj160179), edited using
BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html)
and blasted against sequences deposited in GenBank
(http://www.ncbi.nlm.nih.gov/blast/) and GIRI (http://
www.girinst.org/censor/index.php) databases for similarity
searches.
The inserts further ampliﬁed using the M13 pair of
primers in a PCR mix containing 0.5 µl of each primer
(10 µM), 3.0 µl of dATP, dCTP and dGTP (2 mM), 0.7 µl
of dTTP (2 mM), 0.6 µl of digoxigenin – 11 dUTP (Roche),
5 µl of buﬀer (10X), 1.5 µl of MgCl2 (50 mM), 1.0 µl of
DNA (∼50 ng) and 0.3 µl of Taq (5 U/µl) in a ﬁnal volume of 50 µl. The PCR programme consisted of an initial
step of 5 min at 94 ◦C, 35 cycles of 1 min at 95 ◦C, 1 min
at 50 ◦C and 1.5 min at 72 ◦C, and a ﬁnal extension step of
7 min at 72 ◦C. The seven fragments isolated were mapped
in the analysed specimens; only CgW4 showed hybridization signals in C. cf. gomesi from the Alambari and Águas
da Magdalena streams.

Results
Cytogenetic analysis
Chromosome suspensions were obtained from standard kidney preparations (Foresti et al. 1981) and C-banding was
performed following Sumner (1972) with some modiﬁcations. Chromosome microdissection of the W chromosome
from one specimen of Characidium cf. gomesi collected
in the Alambari stream (Table 1) and subsequent probe
preparation by DOP-PCR (DCg probe) followed Pazian
et al. (2013). From this probe, seven fragments (CgW)
were isolated from agarose gel, cloned and also used as
FISH probes [∼700 ng probe/hybmix (50% formamide, 10%
dextran sulphate, 2x SSC) per slide, 18 h, 37 ◦C] (Pinkel
et al. 1986). Signal detection was performed with antidigoxigenin-rhodamine (Roche) and DAPI counterstaining
in Vectashield anti-fading medium. Preparations were observed under an Olympus BX61 and images were recorded
using Image Pro Plus 6.0 software (Media Cybernetics).
Molecular analysis
The CgW fragments derived from the DCg probe were inserted into a pGEM T Easy Vector System (Promega)
and cloned into Escherichia coli DH5α Escherich, 1885
competent cells following the manufacturer’s instructions.
Sequence analyses were performed in an ABI 3130 DNA
Analyzer (Applied Biosystems) using the Big DyeTM Terminator v.3.1 Cycle Sequencing Ready Reaction (Applied
Biosystems, Inc.) and the universal pair of primers M13
(F 5’-AGC GGA TAA CAA TTT CAC ACA GG-3’
and R 5’-CCC AGT CAC GAC GTT GTA AAA CG3’). Seven distinct sequences were retrieved (Table 2;
access number CgW1 – kj160173, CgW2 – kj160174,
CgW4 – kj160175, CgW9 – kj160176, CgW10 – kj160177,

All specimens were characterized by 2n = 50 chromosomes (metacentric/submetacentric) (Fig. 1) except for
populations of Characidium cf. gomesi from the Águas
da Magdalena stream, which also evidenced up to 2 supernumerary B chromosomes (Fig. 2). C-banding was
restricted to the centromeres of autosomes and accumulated in the sex chromosomes covering the majority
of the W chromosome and the pericentromeric region of
the Z chromosome, as expected (e.g., Vicari et al. 2008;
Machado et al. 2011; Pazian et al. 2013). This method
allowed us to identify the sex chromosomes and B chromosomes and distinguish them from autosomes (Figs 2,
3).
FISH with the DCg probe revealed hybridization
signals dispersed along the whole W chromosome and
the pericentromeric region of the Z chromosome of all
Characidium specimens analysed in this study, both
males and females (Fig. 1). Additionally, in specimens
from the Águas da Magdalena stream, positive hybridization signals were also found interstitially in B
chromosomes (Figs 2B–D).
The seven CgW fragment sequences were characterized by a predominance of A and T nucleotide bases
(57–71%; Table 2). No similarity to any other sequence
already deposited in GenBank was found (Table 3).
However, in the GIRI database the sequence of CgW9
revealed about 73% similarity to the transposon Helitron present in the genome of Danio rerio (Hamilton,
Unauthenticated
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Fig. 1. Karyotype of female specimens (A) C. cf. fasciatum, (B)
Characidium sp. and (C) C. cf. gomesi after in situ hybridization
with DCg probe (in red). Inset of sex chromosomes Z-bearing
chromosome pair. Scale 10 µm.

1822). The remaining sequences demonstrated no positive match in any of the databases.
From all seven, only fragment CgW4 showed positive hybridization signals. It also hybridized to the W
and Z chromosomes in a similar pattern to the results
with the DCg probe (Fig. 2), i.e., dispersed over most
the W chromosome and in the pericentromeric region
of the Z chromosome. Comparing two populations of
the same species C. cf. gomesi, positive hybridization
signals were also detected in the B chromosomes of
the population from the Águas da Magdalena stream
(Pardo River) (Figs 2B, D). However, when CgW4 was
hybridized to the other two species and in specimens
of C. cf. gomesi from the Rio da Cachoeira stream, no
hybridization signals were perceptible.
Discussion
The repetitive nature of the W chromosomes
of Characidium sp.
The vast study of non-coding repetitive DNAs has
demonstrated the importance of these sequences in the
structural and functional organization of the genome
(Schueler et al. 2001; Biémont & Vieira 2006). A

M.F. Pazian et al.

Fig. 2. Karyotype and somatic metaphase plates of females
Characidium cf. gomesi from (A, C) córrego Alambari and (B,
D) córrego Águas da Magdalena (bottom panel) showing the hybridization patterns (in red) of probes (A, B) DCg and (C, D)
CgW4. Chromosomes are counterstained by DAPI. Sex chromosomes Z and W and supranumerary chromosomes B are indicated
by arrows and included inset after C-banding. Scale 10 µm.

clear correlation between these sequences and sex chromosomes has been established by numerous studies
(e.g., Nanda et al. 1990, 2000; Matsubara et al. 2006;
Kejn̄ovsky et al. 2009) including several Neotropical ﬁsh
groups (e.g., Parise-Maltempi et al. 2007; Cioﬃ et al.
2011, 2012; Machado et al. 2011), suggesting that the
diﬀerentiation of sex chromosomes’ mechanism is often
associated with the accumulation of repetitive DNA.
Accordingly, repetitive sequences represent a powerful
tool to elucidate both the processes of morphological
diﬀerentiation of sex chromosomes in ﬁshes and to possibly understand some of the diversity of the diﬀerentiation systems observed in this group of vertebrates
(Cioﬃ et al. 2011).
Diﬀerent types of repetitive DNAs have been associated to sex chromosomes, somehow relating to the
diversity of genomes and evolutionary pathways behind
this diﬀerentiation in ﬁshes, e.g., Xiphophorus maculatus (Günther, 1866) (Nanda et al. 2000; Zhou et al.
2006) and Hoplias malabaricus (Cioﬃ et al. 2011). For
example, various studies have reported the accumulation of retroelements in the sex chromosomes of several
taxa (e.g., Steinemann & Steinemann 1992; Cermak et
al. 2008; Ferreira et al. 2011). This type of accumulation
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Table 2. DNA sequences of seven fragments of DCg probe derived from the W chromosome of Characidium cf. gomesi.
Fragment/clone ID
CgW 1

CgW 2

CgW 4

CgW 9

CgW 10

CgW 13
CgW 34

DNA sequence (5’→3 )
CCCGGATGTGGCATACCTGGCAAGCCATGTTCCTTAATTAAATTTAATAATTCAGTTTTTACATAG
TCACAGCTGCGTTTCAAAATAGAACGAGAATCTACGTAACGGTAATTGTGCATCAAGAAAGCAGG
AATACGTAGTGTACCAGTTGGTAAGCCTGTTACAGGATCAATATTTTCATAGTTGTAATCCACGAA
CCAGTTT
GCTTTATGTGGGCTTGCTCTCGCTACTAGCCAGTAAACCATCTGCATTTGATAATAATGCCATTTA
TTTATTCATTGGCTATCAATACCCAAAACAAATAAATTATTTAGATCTTACAAAAGCCCCGCATCT
TATTAGTGGCAGGCCGCTCAAAGGAGACGATTACTAAAATGTTGCACACCTTAATGGTGAGTATC
TTAATGCA
GTTCCATGTGGGAGATGTAAATGTGACTGTAGATTAAACTTTAGTAGTTCTTAGAAGCACTAACA
TAGACACAGCATAGATATACACATTGAAAAGTCTGTATGTGTTGGATGCCACATAATGTACTCGAG
TCGGA
GCTTCATGTGGTTGCTACATCGTTGCTAAGTAGATGCTATATCGATGCTAAGTGGATGCTATATC
ATTGCTAAGTGGATGCTACATGGCTGCTACATCGTTGGTTAGTGGATGATACATGGTTGCTATGA
GGTTGCTTAGTGGATGCTATATTGTTGCTAAGTGGCTGCTACATCATTGCTAAGTGGATGCTACA
TGGCTACTA
GCATTATGTGGATTAATGAGCTGAACTAGAGAATAAAAAGTTTAAAAAGAATAAAAGAATAGCTT
TGAAGTTAGTGCAAGCATATATTCTTTAATCTAAATCATTTAATCTTTCCTATGAATAAAAATCTT
AATACATTATAATCGACCACATACAACGCTCGAGTCGG
GAGACATGTGGGTAAGTAGATCTTCTATCAAGAAAATTTTTAATTTTTTACTGTATGTGAAGTTT
TTAATTACGTTTTCTGCCTGTGTTTCTGCTGTTGCCACATTTGGAACTCGAGTCG
TTATCATGTGGATATTTAACATTTCTTCCTTCTAGGTGCCTATGACAAACATTTGCCTTTTGTCC
TGATGGGTAGTCTCACAGTTCTCGTGGGTATTTTTACCTTGTTTCTCCCAGAAATCTATAATATG
CCTTTGCCAGATACAATTGAAGAGATACTGAGAGTAAAAGGGTAAATGTTTTTAGGTTTGTTTTT
TAGTTTCCTTTGGTCGTTCTTTTTCGTCTGTGTTCGTATGCCACATAACGTCCTCGAGTCGGAA

3). On the other hand, not only do sex repetitive sequences evolve faster and independently but also often
they become species-speciﬁc (Charlesworth et al. 2005).
Notwithstanding, blast analyses in a database of repetitive DNA elements (http://www.girinst.org/repbase/)
resulted in CgW9 revealing relatively high homology
(∼73%) to a retrotransposon described in a ﬁsh genome
(Table 3). Even though it was not possible to map
this fragment in the chromosomes of the Characidium
species analysed, this result supports the association of
retroelements with the sex chromosomes of at least C.
cf. gomesi, the species from which the probe was derived.

Fig. 3. Somatic metaphase plates of female specimens (A) C.
cf. fasciatum, (B) C. cf. gomesi and (C) Characidium sp. after
C-Banding. Arrows indicate Z and W chromosomes. Scale 10 µm.

would greatly aﬀect gene activity and could therefore
be considered a major step towards the morphogenesis
of sex chromosomes (e.g., Steinemann & Steinemann
1992).
In the present study, the characterization of seven
fragments (CgW) derived from the W chromosome
(DCg probe) consist mostly of repetitive sequences as
conﬁrmed after C-banding and FISH results (Figs 1—

W Chromosome-specific sequences in Characidium sp.
The seven fragments derived from the W chromosomespeciﬁc probe (DCg) of C. cf. gomesi did not reveal
any similarity among themselves or with any sequences
deposited in GenBank to date (Table 3). This kind of
dead-end result has been reported before when studying sequences present in the sex chromosomes of Leporinus elongatus (Nakayama et al. 1994; Parisi-Maltempi
et al. 2007), Parodon hilarii Reinhardt, 1866 (Vicente
et al. 2003), Cydia pomonella L., 1758 (Fuková et al.
2007) and Oryzias hubbsi Roberts, 1998 (Takehana et
al. 2012), for example. Of the seven distinct fragments
analysed, only CgW9 evidenced similarity (∼73%) to
a DNA transposon (Helitron-2 Dr) isolated from the
genome of Danio rerio. Likewise, several Helitrons have
been assigned to the sex chromosomes of Xiphophorus
maculatus (Zhou et al. 2006), Takifugu rubripes (Temminck & Schlegel, 1850) or even Danio rerio (Poulter
et al. 2003).
On the other hand, only the CgW4 probe was
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Table 3. Characterization of seven fragments derived from the DCg probe and blast results against GenBank and GIRI databases.
Fragment/clone ID

GenBank (% similarity)

GIRI (% similarity)

% GC

% AT

CgW 1
CgW 2
CgW 4
CgW 9
CgW 10
CgW 13
CgW 34

0
0
0
0
0
0
0

0
0
0
72.9 Zebraﬁsh Helitron
0
0
0

38.2
37.8
37.5
42.7
28.4
35.0
37.8

61.8
62.2
62.5
57.3
71.6
65.0
62.2

able to yield positive hybridization signals (Fig. 2) and
only in Characidium cf. gomesi, the species from which
the fragments were isolated. This result suggests some
kind of species-speciﬁcity supporting the hypothesis
that both repetitive sequences and sex chromosomes
evolve independently after species or population divergence (review in Charlesworth et al. 2005; Cioﬃ et al.
2011), also beneﬁtting from the partial or total lack
of recombination between homologues (Charlesworth
et al. 2005). Hybridization patterns were comparable
to those of the whole paint probe DCg (Figs 1, 2)
and the remaining fragments did not show any apparent signal of hybridization (not shown), probably suggesting that (1) despite its low number of nucleotides
(∼136 bp; Table 2), CgW4 is highly repetitive and
comprises most of the DCg probe and/or W chromosome heterochromatin; and/or (2) the remaining sequences are present in low copy numbers in the chromosomes/genome, becoming imperceptible by FISH on mitotic chromosomes. For example, the Helitron here represented by the CgW9 sequence proved a modest number of copies in the genomes of Xiphophorus maculatus
and other Poecilids (less than 20 copies per genome;
Zhou et al. 2006).
Previous studies have demonstrated a single origin for the sex chromosomes of some Characidium
species (e.g., Vicari et al. 2008; Machado et al. 2011;
Pazian et al. 2013). After events of speciation (reproductive isolation) or simply after populations’ separation (geographic isolation), the sex chromosomes
of each Characidium group followed an exclusive evolutionary history, resulting in morphologic diﬀerences
of the sex chromosomes between Characidium species.
The independent evolutionary pathways alongside the
accumulation of neutral mutations and the decrease
in or the total lack of crossing-over between the sex
chromosomes most likely lead to ampliﬁcation/deletion
events and to the origin of unique chromosome-speciﬁc
sequences in the sex chromosomes of each Characidium
representative.
B and sex chromosomes in Characidium cf. gomesi
In situ hybridization with both the whole W chromosome paint DCg or the fragment CgW4 evidenced positive signals in the W chromosomes as expected, but also
in the pericentromeric region of the Z and B chromosomes (Fig. 2). Similar results were already described in
several organisms demonstrating that supernumerary
and the main set of chromosomes often share sequences,

e.g., Astyanax scabripinnis (Jenyns, 1842) (Mestriner
et al. 2000), Prochilodus lineatus (Valenciennes, 1836)
(Jesus et al. 2003), Podisma sapporensis Shiraki, 1910
(Bugrov et al. 2004), Apodemus peninsulae (Thomas,
1907) (Rubtsov et al. 2004), Locusta migratoria (L.,
1758) (Teruel et al. 2009). These results point either
to a common origin for these genomic elements, to an
evolutionary correlation between them or even to the
transposition of the shared sequences, given the characteristic mobility of some of the repetitive fractions of
the genome.
The correlation between B and sex chromosomes
has also been signiﬁcantly reported in insect (e.g., Camacho et al. 2011), amphibian (e.g., Green et al. 1993;
Sharbel et al. 1998) and ﬁsh species (Yoshida et al.
2011). These chromosomes share certain characteristics, such as the diﬀerential accumulation of heterochromatin and repetitive DNAs, as well as a lower proportion of active genes, that clearly distinguish them
from the autosomes (e.g., Camacho et al. 2011). A particularly interesting case is that of the African cichlid
Lithocromis rubripinnis (Seehausen et al. 1998) with B
chromosomes apparently derived from the sex chromosome pair and greatly correlated to females (its presence
being sex-speciﬁc), even though up to that time no sexrelated genes have been identiﬁed in the supernumerary
chromosomes of this species (Yoshida et al. 2011).
B chromosomes of C. cf. gomesi, however, are
present in both males and females, without any apparent sex-speciﬁc correlation (reviewed in Vicari et al.
2008; Pansonato-Alves et al. 2011). Accordingly, the hypothesis of B chromosomes in C. cf. gomesi originating
from sex chromosomes must be considered. The present
results demonstrate that B and sex chromosomes of C.
cf. gomesi share sequences. The fact that both DCg and
CgW4 hybridized only to B and sex chromosomes, and
to no other chromosome, can be regarded as a strong indicator of B chromosomes in this population originating
from sex chromosomes since most of the Characidium
species with sex chromosomes do not have B chromosomes.
Conclusions
The process of origin and evolution of sex chromosomes
in ﬁshes, especially within the genus Characidium, are
not yet fully understood. Several authors propose that
the cessation of recombination between the homologous
proto-sex chromosomes followed by heterochromanizaUnauthenticated
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tion of the W or Y chromosomes constitute the initial
steps in the formation of sex chromosomes. In our study,
the step of diﬀerential heterochromatinization, i.e. the
accumulation of repetitive DNA, in the W chromosome
is clear in female specimens. This work shows the important role of isolation, characterization and physical
mapping of repetitive sequences in providing a better
understanding of the composition of the heterochromatin present in the sex chromosomes of Characidium.
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