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for comparative cytogenetics of closely related species and 
highlights the dynamic process of differentiation operating 
in the repetitive DNA fraction of sex chromosomes. 
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 Specific antibodies against the different nucleosides 
and nucleotides were first produced by Bernard F. Er-
langer and colleagues [Erlanger and Beiser, 1964; Garro 
et al., 1968; Sawicki et al., 1971; Erlanger et al., 1972]. They 
were obtained by immunizing rabbits to bovine serum 
albumin (BSA) conjugated to one of the DNA bases. The 
antibodies are reactive with the BSA conjugate used to 
induce them and also with single-stranded DNA [Er-
langer and Beiser, 1964]. They are highly specific for the 
base and show little or no cross-reaction with the other 
bases. A series of such polyclonal antibodies were gener-
ated, with specificities for a number of nucleosides, nu-
cleotides and dinucleotides [Dev et al., 1972; Erlanger et 
al., 1972; Miller, 1973]. In the early 1990s the first mono-
clonal antibodies against 5-methylcytosine (5-MeC) and 
other modified nucleosides were produced [Reynaud et 
al., 1992] and subsequently used for chromosome stain-
ing [Barbin et al., 1994; Miniou et al., 1994; Montpellier 
et al., 1994; Bernardino et al., 1996].
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 Abstract 

 Sites and amounts of 5-methylcytosine (5-MeC)-rich chro-
mosome regions were detected in the karyotypes of 9 Brazil-
ian species of Characiformes fishes by indirect immunofluo-
rescence using a monoclonal anti-5-MeC antibody. These 
species, belonging to the genera  Leporinus ,  Triportheus  and 
 Hoplias , are characterized by highly differentiated and het-
eromorphic ZW and XY sex chromosomes. In all species, the 
hypermethylated regions are confined to constitutive het-
erochromatin. The number and chromosome locations of 
hypermethylated heterochromatic regions in the karyo-
types are constant and species-specific. Generally, hetero-
chromatic regions that are darkly stained by the C-banding 
technique are distinctly hypermethylated, but several of the 
brightly fluorescing hypermethylated regions merely exhib-
it moderate or faint C-banding. The ZW and XY sex chromo-
somes of all 9 analyzed species also show species-specific 
heterochromatin hypermethylation patterns. The analysis of 
5-MeC-rich chromosome regions contributes valuable data 
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  Of special interest are antisera specific for 5-MeC 
which were initially applied by the group of Orlando J. 
Miller to the chromosomes of several mammalian spe-
cies, including human, chimpanzee, gorilla, cattle, mouse, 
and kangaroo rat [Miller et al., 1974; Schreck et al., 1974, 
1977; Schnedl et al., 1975, 1976]. Using an immunofluo-
rescence technique and anti-5-MeC antibodies, they 
showed that methylated DNA can be detected in fixed 
metaphase chromosomes after they have been UV-irra-
diated to generate regions of single-stranded DNA. In 
these species, the methylated regions corresponded to the 
locations of repetitive DNA, i.e. to the heterochromatic 
regions of all or a subset of the chromosomes in the karyo-
types. Subsequently, this technique was applied to chro-
mosomes of further mammalian species [Vasilikaki-Bak-
er and Nishioka, 1983; Bernardino et al., 2000] and to 
human chromosomes [Barbin et al., 1994; Montpellier et 
al., 1994; Bernardino et al., 1996; Kokalj-Vokac et al., 
1998], even including cases of inherited chromosome ab-
errations [Breg et al., 1974] and leukemia cell lines [Ben-
saada et al., 1998]. In birds, studies using anti-5-MeC an-
tibodies were performed on the chromosomes of the 
chicken [Grützner et al., 2001; Schmid et al., 2015] and 12 
further avian species belonging to 7 different orders and 
10 families [Schmid et al., 2015].

  To our knowledge, up to date a single cytogenetic 
analysis on the occurrence of 5-MeC-rich chromosome 
regions has been carried out in fishes [Almeida-Toledo 
et al., 1998]. In this study, diploid and artificially pro-
duced triploid individuals of the pacu fish,  Piaractus 
mesopotamicus , were labeled with a monoclonal anti-
5-MeC antibody which demonstrated that 2 constitu-

tively heterochromatic regions are enriched with 5-MeC. 
The specific fluorescence signals obtained in the meta-
phases of this fish species were only of moderate inten-
sity. In the present study, the amounts and positions of 
5-MeC-rich chromosome regions were detected in 9 Bra-
zilian Characiformes fish species belonging to the genera 
 Leporinus ,  Triportheus  and  Hoplias  using indirect immu-
nofluorescence and a highly specific monoclonal anti-
5-MeC antibody.  Leporinus obtusidens  and all  Triporth-
eus  species examined possess well-differentiated ZW sex 
chromosomes [Galetti and Foresti, 1986; Artoni et al., 
2001], whereas  Hoplias malabaricus  (karyomorph B) has 
highly differentiated XY sex chromosomes [Cioffi et al., 
2011].

  Materials and Methods 

 Animals 
 Mature specimens of  L. obtusidens ,  Triportheus albus ,  T. auri-

tus ,  T. guentheri ,  T. nematurus ,  T. rotundatus ,  T. signatus ,  T. tri-
furcatus , and  H. malabaricus  (karyomorph B) were collected in 
different Brazilian rivers as indicated in  table 1 . The animals were 
captured with hand-nets, kept in oxygen-filled plastic bags and 
transported to the laboratory.

  Chromosome Preparation and C-Banding 
 Mitotic metaphases were prepared directly from the anterior 

portion of the kidney after in vivo colchicine treatment of the spec-
imens. The techniques used for the preparation of cell suspensions, 
hypotonic treatment, and fixation of the cells have been described 
previously [Bertollo et al., 2015]. The demonstration of constitu-
tive heterochromatin (C-bands) in the chromosomes followed the 
technique of Sumner [1972]. Photographs of C-bands were taken 
on an Olympus BX50 microscope using CoolSNAP and the Image 

Table 1.  The 9 species of Characiformes fish examined, their diploid chromosome numbers, type of heteromorphic sex chromosomes, 
collection sites, and number of specimens analyzed

Family Species 2n Sex chromosomes Locality of sampling, State in Brazil  Specimens, n

m ale female

Anostomidae Leporinus obtusidens 54 ♂ZZ/♀ZW Mogi-Guaçu River, São Paulo 12 17

Triportheidae Triportheus albus 52 ♂ZZ/♀ZW Araguaia River, Mato Grosso 4 4
Triportheus auritus 52 ♂ZZ/♀ZW Araguaia River, Mato Grosso 4 5
Triportheus guentheri 52 ♂ZZ/♀ZW São Francisco River, Minas Gerais 11 13
Triportheus nematurus 52 ♂ZZ/♀ZW Paraguai River, Mato Grosso 9 7
Triportheus rotundatus 52 ♂ZZ/♀ZW Paraguai River, Mato Grosso 19 21
Triportheus signatus 52 ♂ZZ/♀ZW Piracicaba River, São Paulo 13 24
Triportheus trifurcatus 52 ♂ZZ/♀ZW Araguaia River, Mato Grosso 11 4

Erythrinidae Hoplias malabaricus 
(karyomorph B)

42 ♂XY/♀XX Doce River basin, Minas Gerais 10 9
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Pro Plus software (Media Cybernetics, Silver Spring, Md., USA). 
In the karyotypes, the autosomes were arranged according to de-
creasing sizes and the sex chromosomes placed apart.

  Detection of Hypermethylated Chromosome Regions 
 Hypermethylated DNA was detected by indirect immunofluo-

rescence using a monoclonal antibody against 5-MeC. In double-
stranded DNA, the methyl groups are hidden in the phosphodies-
ter backbone of the double helix and not accessible to the antibody. 
The anti-5-MeC antibody recognizes and binds to its target only 
when the DNA is in the single-stranded configuration. Therefore, 
the slides with the chromosome preparations were immersed 1 cm 
below the level of a buffer solution (PBS) and denatured by UV-
light irradiation for 2.5–3 h at a distance of 10 cm from a UV lamp 
(254 nm). For indirect immunofluorescence, the slides were first 
incubated in a coplin jar for 1 h in blocking solution (PBS, with 
0.3% BSA, 0.1% Tween) and then with 50 μl of a monoclonal 
mouse anti-5-MeC (primary) antibody [Imprint ®  monoclonal an-
ti-5-methylcytosine (33D3) antibody, Sigma-Aldrich] diluted
1:   1,000 with the blocking solution in a humidified incubator at 
37   °   C for 1 h. A non-siliconized coverslip (22 × 60 mm) was placed 
on the 50-μl drop to spread the anti-5-MeC antibody over the com-
plete slide surface. Subsequently, the slides were washed twice in 
PBS (with 0.3% BSA) for 3 min each and then incubated with 70 
μl of the secondary antibody (TRITC-conjugated rabbit anti-
mouse IgG, Sigma-Aldrich) diluted 1:   200 with PBS. The incuba-
tion conditions were as with the primary antibody. After 2 further 
washes with PBS for 3 min each, the chromosome preparations 
were mounted in Vectashield ®  mounting medium with DAPI 
(Vector Laboratories). Image analysis was performed with Zeiss 
epifluorescence microscopes equipped with thermoelectronically 
cooled charge-coupled device cameras (Applied Spectral Imaging) 
using easyFISH 1.2 software.

  Results 

 Karyotypes 
 The chromosome complements determined in the

9 fish species are in agreement with previous cytogenetic 
studies on  Triportheus  [Artoni et al., 2001; Artoni and 
Bertollo, 2002; Yano et al., 2014],  Leporinus  [Koehler et 
al., 1997a, b; Molina et al., 1998; Poltronieri et al., 2014] 
and  Hoplias  [Bertollo et al., 1986, 2000; Cioffi and Ber-
tollo, 2010]. All 7  Triportheus  species have diploid chro-
mosome numbers of 2n = 52, while  L.   obtusidens  shows 
2n = 54 chromosomes, and the karyotype of  H. malabari-
cus  (karyomorph B)   consists of 2n = 42 chromosomes 
( figs. 1–3 ;  table 1 ). All chromosomes are meta- to sub-
metacentric; acro- and telocentric chromosomes are not 
present in these karyotypes. The  ♂ ZZ/ ♀ ZW sex chromo-
some system of sex determination operates in  Leporinus  
and  Triportheus  ( figs. 1–3 ;  table 1 ), whereas  H. malabari-
cu s (karyomorph B) possesses  ♂ XY/ ♀ XX sex chromo-
somes ( fig. 3 e, f;  table 1 ). In all species, the ZW and XY 

sex chromosomes are highly differentiated and distinctly 
heteromorphic. In the  Triportheus  species, the Z is the 
largest chromosome in the karyotype, whereas the W is 
always distinctly smaller and with variable size among 
species ( figs. 1–3 ). In contrast,  L. obtusidens  has a W chro-
mosome which is about twice the size of the Z chromo-
some ( fig. 3 c, d). Finally, in  H. malabaricus , the Y is three 
quarters the size of the X ( fig. 3 e, f).

  The sites of heterochromatic regions and the amounts 
of constitutive heterochromatin in the karyotypes are 
highly variable. In most  Triportheus  species, very small to 
moderate amounts of heterochromatin are present in the 
centromeric and pericentromeric regions of the auto-
somes ( figs. 1–3 ). In  T. albus  and  T. trifurcatus , more 
prominent C-bands are located in the short arms or in the 
long arm telomeric regions of some autosomes ( figs. 1 a, 
 3 a), whereas  T. auritus  shows distinctly stained hetero-
chromatic centromeric regions in many chromosomes 
( fig. 2 a). In  L. obtusidens  and in  H. malabaricus  (karyo-
morph B), distinctly more constitutive heterochromatin 
is detectable in all centromeric and telomeric regions of 
the autosomes ( fig. 3 c, e).

  As in the autosomes of the fishes examined, differing 
amounts of constitutive heterochromatin are located in 
the ZW and XY sex chromosomes. In  Triportheus , the Z 
chromosomes show centromeric and telomeric C-bands 
in varying staining intensities, while the smaller W chro-
mosomes are almost completely heterochromatic ( figs. 
1–3 ). In  L. obtusidens , more than half of the long arm of 
the Z and the complete long arm of the W are composed 

  Fig. 1.  Karyotypes of female  T. albus  ( a ,  b ),  T. rotundatus  ( c ,  d ) and 
 T. signatus  ( e ,  f ) showing C-banding patterns ( a ,  c ,  e ) and indirect 
immunofluorescence using a monoclonal antibody against 5-MeC 
( b ,  d ,  f ). The 5-MeC-rich heterochromatic regions show red fluo-
rescence signals, the chromosomes are stained blue with DAPI. 
The ZW sex chromosome pairs are framed. 
  Fig. 2.  Karyotypes of female  T. auritus  ( a ,  b ),  T. guentheri  ( c ,  d ) 
and  T. nematurus  ( e ,  f ) showing C-banding patterns ( a ,  c ,  e ) and 
indirect immunofluorescence using a monoclonal antibody 
against 5-MeC ( b ,  d ,  f ). The 5-MeC-rich heterochromatic regions 
show red fluorescence signals, the chromosomes are stained blue 
with DAPI. The ZW sex chromosome pairs are framed. 
  Fig. 3.  Karyotypes of female  T. trifurcatus  ( a ,  b ), female  L. obtu-
sidens  ( c ,  d ) and male  H. malabaricus  (karyomorph B) ( e ,  f ) show-
ing C-banding patterns ( a ,  c ,  e ) and indirect immunofluorescence 
using a monoclonal antibody against 5-MeC ( b ,  d ,  f ). The 5-MeC-
rich heterochromatic regions show red fluorescence signals, the 
chromosomes are stained blue with DAPI. The ZW and XY sex 
chromosome pairs are framed. 

(For figures 1–3 see next pages.)
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of constitutive heterochromatin ( fig.  3 c). Finally, in
 H. malabaricus  (karyomorph B), a large segment in the 
long arms of both the X and Y chromosomes is hetero-
chromatic ( fig. 3 e).

  Hypermethylation Patterns 
 In all fish species examined, several discrete chromo-

some regions with very brightly fluorescing signals are 
obtained after specific anti-MeC antibody labeling ( figs. 
1–3 ). The number and location of fluorescing signals in 
the karyotypes is constant and species-specific. The 
karyotypes of  T. albus  and  T. rotundatus  have the highest 
numbers of fluorescing signals (26 and 27, respectively), 
whereas those of  T. trifurcatus  and  L. obtusidens  show the 
lowest numbers (3 in each species) ( table 2 ). A close com-
parison between the karyotypes showing the brightly
fluorescing anti-5-MeC antibody signals and those ob-
tained by C-banding patterns reveals that the hypermeth-
ylated regions in the karyotypes of the fishes examined 
are confined to constitutive heterochromatin. In some 
preparations, faint fluorescence signals are also located 
outside the constitutive heterochromatin, but these are 
not consistent if many metaphases are analyzed.

  There is no strict rule on the distribution of hyper-
methylated chromosome regions in the karyotypes of the 
examined fishes. Generally, those heterochromatic re-

gions that are darkly stained by the C-banding technique 
are distinctly hypermethylated ( figs. 1–3 ), but there are 
notable exceptions. Thus, in the karyotypes of  T. rotun-
datus ,  T. guentheri  and  T. nematurus , many of the bright-
ly fluorescing hypermethylated regions merely exhibit 
moderate or faint C-banding ( figs. 1 c, d,  2 c–f). In these 
complements, there are even some heterochromatic re-
gions which escape detection by C-banding, but never-
theless show bright fluorescence after anti-5-MeC anti-
body labeling. A caveat has to be made, however, because 
C-banding and anti-5-MeC antibody labeling were not 
applied on the same but on different metaphases. Since in 
these species many of the chromosome pairs share similar 
size and morphology, a misidentification of chromo-
somes cannot be excluded.

  On the other hand, there are also karyotypes with re-
markably few hypermethylated heterochromatic regions. 
Of the numerous C-band-positive regions in the auto-
somes of  T. trifurcatus  and  L. obtusidens  only 2 and 1, re-
spectively, contain 5-MeC-rich repetitive DNA ( fig. 3 a–d).

  The highly heteromorphic ZW and XY sex chromo-
somes of all fish species analyzed also exhibit species-spe-
cific heterochromatin hypermethylation patterns ( figs. 
1–3 ). Thus, visible amounts of constitutive heterochro-
matin are located in all centromeric, pericentromeric and 
telomeric regions of the large metacentric  Triportheus  Z 
chromosomes. However, 5-MeC-rich repetitive DNA 
can be present either in the telomeric regions of both 
arms, as in  T. rotundatus  and  T. signatus  ( fig. 1 d, f), or be 
restricted to the long arm telomeric regions, as in  T. albus  
and  T. auritus  ( figs. 1 b,  2 b), or be absent in both telomer-
ic regions, as in  T. guentheri ,  T. nematurus  and  T. trifur-
catus  ( figs. 2 d, f,  3 b). The heterochromatic centromeric 
and pericentromeric regions of the  Triportheus  Z chro-
mosomes show only moderate or no anti-5-MeC anti-
body labeling in most species, but are distinctly positive 
in  T. signatus  ( fig. 1 f). Even more heterogeneous is the 
distribution of hypermethylated DNA in the constitutive 
heterochromatin of the  Triportheus  W chromosomes. 
Large amounts of 5-MeC-rich DNA are detected in the W 
chromosomes of  T. albus, T. rotundatus, T. signatus , and 
 T. auritu s ( figs. 1 b, d, f,  2 b), whereas in  T. guentheri  it is 
confined to the long arm telomeric region ( fig. 2 d). The 
ZW sex chromosomes of  L. obtusidens  contain very large 
heterochromatic segments, which are not homogeneous-
ly stained by the anti-5-MeC antibody, but show a dis-
persed labeling with no clear boundaries ( fig.  3 d). In
 H. malabaricus , the complete heterochromatic regions in 
the XY sex chromosomes seem to consist of 5-MeC-rich 
repetitive DNA ( fig. 3 f).

Table 2.  Number of hypermethylated heterochromatic chromo-
some regions detected by the anti-5-MeC antibody in the 9 fish 
species

Species Number of hypermethylated hetero-
chromatic regions

autosomes  sex chromosomes

Z W X Y

Leporinus obtusidens 1 1a 1a

 Triportheus albus 22 2 2
Triportheus auritus 17 2 1
Triportheus guentheri 5 0 1
Triportheus nematurus 8 0 2
Triportheus rotundatus 21 3 3
Triportheus signatus 14 3 1
Triportheus trifurcatus 2 0 1

Hoplias malabaricus 11 1 1

 a The ZW sex chromosomes of L. obtusidens contain very large hetero-
chromatic segments, which are not homogeneously stained by the anti-
5-MeC antibody, but show a dispersed labeling with no clear boundaries.
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  In conclusion, in all 9 fish species examined, the anti-
5-MeC antibody labels subsets of the constitutively het-
erochromatic regions present in the karyotypes. Euchro-
matic chromosome regions are not highlighted by this 
technique. The heterochromatic labeling patterns are 
species-specific and consistent in the karyotypes of differ-
ent individuals belonging to the same species.

  Discussion 

 The data obtained indicate that, like in mammals and 
birds, the hypermethylation patterns of constitutive het-
erochromatin in fishes are species-specific with respect to 
size, location and staining intensity. Because of this spe-
cies-specificity, they are extremely useful as cytogenetic 
markers for easy and fast differentiation of related species 
with the same diploid chromosome number, chromo-
some morphology, and heterochromatin banding pat-
terns. Although the karyotypes of a very limited number 
of fish species were examined with this immunocytoge-
netic technique, it becomes obvious that related species 
within the same family do not share similar patterns of 
hypermethylated heterochromatic regions. This is to be 
expected, because the major components of constitutive 
heterochromatin are repetitive DNA sequences which are 
characterized by repetition of relatively long monomers 
(of a few hundred base pairs) over many megabases of 
DNA [for reviews, see Brutlag, 1980; Long and Dawid, 
1980; Singer, 1982; Southern, 1984; Beridze, 1986]. It is 
not uncommon to find up to 25% of a genome made up 
of different repetitive DNA families [for review, see Lohe 
and Roberts, 1988]. Even among closely related species, 
reiterated DNAs usually differ in quantity, sequence and 
chromosomal position [Miklos, 1985]. Since they are not 
subjected to evolutionary selection pressure, sequence 
changes in repetitive DNAs can be accumulated and fixed 
in genomes very much faster than can the changes in 
functional (transcribed) DNA. As a consequence, consti-
tutive heterochromatin is heterogeneous within and be-
tween species [for review, see Verma, 1988]. This hetero-
geneity of heterochromatin is paralleled by extremely 
rapid changes of its hypermethylation patterns.

  The molecular composition of the constitutive hetero-
chromatin in the ZW and XY sex chromosomes of all the 
fish species analyzed in the present study has been exam-
ined to some extent by FISH using various retrotranspos-
able elements, microsatellites and ribosomal DNAs as 
probes. The largest accumulation of these repeats was 
found in the long arms of the sex chromosomes which are 

notably heterochromatic [Cioffi et al., 2010, 2011; Pol-
tronieri et al., 2014; Yano et al., 2014]. The accumulation 
of repetitive DNA sequences in the sex chromosomes of 
these fishes is highly variable, even among closely related 
species. This was probably caused by the particular dy-
namics involved in the expansion of the repetitive DNA 
and the evolutionary differentiation of the sex chromo-
somes. Several of the hypermethylated regions colocalize 
with the sites containing repetitive elements. For exam-
ple, hybridization of the retrotransposable element  Rex3  
to the W chromosome of  T. trifurcatus  is restricted to the 
terminal portion of the heterochromatic long arm [Yano 
et al., 2014], i.e. the same and sole site in the W which 
shows hypermethylation ( fig. 3 b).

  It is important to note that the immunofluorescence 
patterns do not exclusively reflect inherent chromosomal 
properties (i.e. distribution and amounts of 5-MeC-rich 
repetitive DNA sequences) but are also dependent on the 
different denaturation conditions and antibody specifici-
ties used. Admittedly, some sites of DNA methylation 
may not be recognized by the technique of UV-irradia-
tion employed in the present study because the anti-
5-MeC antibody can attach only to regions of single-
stranded DNA. UV-irradiation is particularly effective in 
generating single-stranded regions in the DNA which is 
rich in AT base pairs with adjacent pyrimidines so that 
thymine dimer formation can occur [Miller et al., 1974; 
Schreck et al., 1974]. In regions of DNA which are not 
denatured by the UV-irradiation technique, 5-MeC 
would not be recognized. Nevertheless, the heterochro-
matin hypermethylation patterns unraveled in fish chro-
mosomes by the indirect immunofluorescence technique 
are useful markers for studies in comparative cytogenet-
ics and on the evolution and structure of heteromorphic 
sex chromosomes.

  Statement of Ethics 

 The fish samples were collected with the authorization of the 
Brazilian environmental agency ICMBIO/SISBIO (license number 
48628-2). All procedures with the living animals followed ethical 
conducts in accordance with the Ethics Committee on Animal Ex-
perimentation of the Universidade Federal de São Carlos (process 
number CEUA 1853260315).
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