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Allopatric chromosomal variation in Nematocharax venustus 
Weitzman, Menezes & Britski, 1986 (Actinopterygii: Characiformes) 

based on mapping of repetitive sequences

Silvia B. Barreto1, Marcelo B. Cioffi2, Aline S. Medrado3, André T. Silva4, 
Paulo R. A. M. Affonso1 and Débora Diniz1

Characiformes is the most cytogenetically studied group of freshwater Actinopterygii, but karyotypical data of several 
taxa remain unknown. This is the case of Nematocharax, regarded as a monotypic genus and characterized by marked 
sexual dimorphism. Therefore, we provide the first cytogenetic report of allopatric populations of Nematocharax 
venustus based on distinct methods of chromosomal banding and fluorescence in situ hybridization (FISH) with repetitive 
DNA probes (18S and 5S rDNA). The karyotype macrostructure was conserved in all specimens and populations, 
independently on sex, since they shared a diploid number (2n) of 50 chromosomes divided into 8m+26sm+14st+2a. 
The heterochromatin was mainly distributed at pericentromeric regions and base-specific fluorochrome staining 
revealed a single pair bearing GC-rich sites, coincident with nucleolar organizer regions (NORs). On the other hand, 
interpopulation variation in both number and position of repetitive sequences was observed, particularly in relation 
to 5S rDNA. Apparently, the short life cycles and restricted dispersal of small characins, such as N. venustus, might 
have favored the divergence of repetitive DNA among populations, indicating that this species might encompass 
populations with distinct evolutionary histories, which has important implications for conservation measures.

Characiformes é o grupo de Actinopterygii de água doce mais estudado citogeneticamente, porém dados cariotípicos 
de vários taxa permanecem desconhecidos. Este é o caso de Nematocharax, considerado um gênero monotípico e 
caracterizado pelo acentuado dimorfismo sexual. Em vista disso, nós fornecemos a primeira descrição citogenética 
de populações alopátricas de Nematocharax venustus, baseada em métodos distintos de bandamento cromossômico 
e hibridação fluorescente in situ (FISH) com sondas de DNA repetitivo (DNAr 18S e 5S). A macroestrutura 
cariotípica mostrou-se conservada em todos os espécimes e populações, independentemente do sexo, uma vez que 
compartilharam um número diploide (2n) de 50 cromossomos dividido em 8m+26sm+14st+2a. A heterocromatina 
distribuiu-se principalmente nas regiões pericentroméricas e a coloração com fluorocromos base-específicos revelou 
um único par portador de sítios GC-ricos, coincidentes com as regiões organizadoras de nucléolo (RONs). Por outro 
lado, foi observada uma variação interpopulacional no número e na posição das sequências repetitivas, especialmente 
em relação ao DNAr 5S. Aparentemente, ciclos de vida curtos e dispersão restrita dos pequenos caracídeos, tal como 
N. venustus, podem ter favorecido a divergência do DNA repetitivo entre as populações, indicando que essa espécie
pode englobar populações com distintas histórias evolutivas, o que tem implicações importantes para medidas de
conservação.
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Introduction 

The Neotropical freshwater ichthyofauna is remarkable 
by their richness, complexity and high endemism (Vari & 
Malabarba, 1998). A great majority of fish species in this 
region belongs to the family Characidae, which includes at 
least 1,107 valid species (Eschmeyer & Fong, 2015). However, 
the phylogenetic relationships and systematics of genera in this 
family are controversial, being several taxa placed as incertae 
sedis (Weitzman & Fink, 1983). In addition, the identification 
of species complexes or cryptic species hinders a precise 
characterization of the diversity in this group (Kavalco et al., 
2009; Castro et al., 2014a).

Accordingly, cytogenetic analyses have been carried 
out to address this issue, since chromosomal markers have 
proved to be useful for both systematic and evolutionary 
inferences in Neotropical fish (Blanco et al., 2010; Almeida 
et al., 2013; Piscor et al., 2015), including taxonomically 
problematic groups (Bellafronte  et al., 2010; Mendes et 
al., 2011). Moreover, the availability of refined cytogenetic 
methods have allowed identifying population polymorphism 
and unique evolutionary units, even within morphologically 
similar groups (Bitencourt et al., 2011; Utsunomia et al., 2014).

Nematocharax Weitzman, Menezes & Britski represents 
one of the several genera in Characidae whose taxonomic 
status is still under debate. This genus has been considered 
monotypic since the validation of Nematocharax venustus 
Weitzman, Menezes & Britski (1986), originally described 
for the Jequitinhonha River basin, eastern Brazil. Recently, 
Bragança et al. (2013) reported a second species, named 

N. costai, for the Contas River basin, northeastern Brazil, 
which was not widely accepted among ichthyologists. Hence, 
Menezes et al. (2015) carried out a detailed analysis of 
meristic, morphometric, osteological and coloration patterns 
of specimens from several hydrographic basins throughout the 
range of Nematocharax. According to these authors, N. costai 
is actually a junior synonym of N. venustus once overlapped 
morphological features and polymorphism of secondary 
sex traits in males were observed for both putative species, 
thereby supporting Nematocharax as a monotypic genus.

Based on the complex systematics and morphological 
variation of N. venustus, we performed comparative 
chromosomal analyses in allopatric populations of this 
species, including those previously recognized as N. costai 
in order to elucidate the taxonomic status of this fish group 
and infer biogeographic aspects in ichthyofauna from coastal 
basins of eastern Brazil. Therefore, distinct cytogenetic 
methodologies, ranging from basic banding techniques up to 
fluorescence in situ hybridization (FISH) experiments with 
repetitive DNA probes, were used to identify the karyotypic 
structure and possible population differences through the 
range of this species.

Material and Methods

A total of 71 males and 70 females of Nematocharax 
venustus were collected in seven localities along the Contas, 
Almada and Jequitinhonha River basins in the states of 
Bahia and Minas Gerais (Brazil) (Fig. 1). The data about 
collection sites and samples are shown in Table 1.

Fig. 1. Map of Brazil (a) and collection sites (b) of Nematocharax venustus along the Almada (Almada), Contas (Upper 
Contas, Gongogi 1, 2, and 3), and Jequitinhonha River basins (Jequitinhonha 1 and 2) in the states of Bahia and Minas Gerais.
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The collection license was provided by Instituto Chico 
Mendes de Conservação da Biodiversidade (ICMBio; 
license number SISBIO 39728-1). Voucher specimens were 
stored in the fish collection from the Museu de Zoologia da 
Universidade Federal da Bahia (MZUFBA), Brazil (UFBA 
7953, 7954, 8016, 8017, 8018, 8019, and 8020).

The specimens were transported to aerated tanks, and 
mitotic chromosomes were obtained from kidney cells 
according to Netto et al. (2007) and Blanco et al. (2012) 
after mitotic stimulation for 48 h (Lee & Elder, 1980). All 
experimental procedures and euthanasia of specimens were 
previously authorized by the Comitê de Ética em Uso de 
Animais da Universidade Estadual do Sudoeste da Bahia 
(CEUA/UESB, number 32/2013).

For karyotyping, the chromosomes were classified into 
metacentric (m), submetacentric (sm), subtelocentric (st) 
and acrocentric (a), according to Levan et al. (1964). The 
active nucleolar organizer regions (Ag-NORs) were detected 
by silver nitrate staining (Howell & Black, 1980) and 
heterochromatin segments were visualized by C-banding 
(Sumner, 1972). Base-specific fluorochrome staining 
using Chromomycin A3 (CMA3) and 4′6-diamidino-2-
phenylindole (DAPI) were applied to detected GC- and 
AT-rich regions, respectively (Schweizer, 1980).

Two repetitive DNA sequences isolated from Hoplias 
malabaricus (Bloch, 1794) were used as probes in FISH. 
The first probe comprised the 5S rDNA, which included 
120 base pairs (bp) of coding sequence and 200 bp of 
non-transcribed spacer (Martins et al., 2006). The second 
probe corresponded to a segment of 1,400 bp of 18S rDNA 
obtained by Polymerase Chain Reaction (PCR) (Cioffi et 
al., 2009a). Both probes were cloned in plasmidial vectors 
and propagated in competent cells of Escherichia coli 
DH5α (Invitrogen, San Diego, CA, USA). The 5S and 18S 
rDNA probes were labeled by nick translation with biotin-
16-dUTP and digoxigenin-11-dUTP, respectively, following 
manufacturer’s instructions (Roche, Mannheim, Germany). 

The FISH experiments were performed as described 
by Pinkel et al. (1986), using both probes simultaneously 
(double-FISH) under high stringency conditions (77%). 
The 5S rDNA probe was detected by conjugated fluorescein 
isothiocyanate-avidin (avidin-FITC) (Sigma, St. Louis, MO, 
USA) while the 18S rDNA signals were detected by anti-
digoxigenin-Rhodamine conjugate (Roche, Mannheim, 

Germany). The chromosomes were counterstained with 
DAPI (1.2 µg/ml) in antifading solution (Vector, Burlingame, 
CA, USA) and analyzed under an epifluorescent microscope 
Olympus BX51 (Olympus Corporation, Ishikawa, Japan). 
The images were captured using the software CoolSNAP-
Pro (Media Cybernetics).

Results

All specimens, independently on collection site or sex, 
shared a diploid number of 2n=50 with karyotypes composed 
of 8m+26sm+14st+2a (Fig. 2). The heterochromatin was 
preferentially distributed at pericentromeric regions of 
submetacentric and subtelocentric chromosomes in most 
populations (Fig. 3a). However, the samples from the Upper 
Contas River were characterized by the presence of C-bands 
at terminal regions of pairs 11 and 18 (Fig. 3b).

Fig. 2. Representative karyotype of Nematocharax 
venustus. Bar = 5 µm.

Invariably, Ag-NORs in N. venustus were detected at 
terminal regions on short arms of a single pair. Yet, the NOR-
bearing pair differed among populations, since the Ag-NORs 
in specimens from the Upper Contas River were interspersed 
with C-bands on pair 18 (st) while the remaining samples 
revealed active ribosomal regions on pair 8 (sm) (Fig. 4). 
Likewise, GC-rich regions (CMA3

+ and DAPI-) were observed 
in a single pair, being equivalent to Ag-NORs (Fig. 4).

Table 1. Collection sites and sampling of Nematocharax venustus from the Almada, Contas, and Jequitinhonha River basins. 
♂ = males and ♀ = females.

Collection site Locality (basin) Coordinates Sample size (sex)
Almada Almada River (Almada River basin) 14°39'31"S/39°13'23"W 14 (4♂, 10♀)
Gongogi 1 Tributary of Gongogi River (Contas River basin) 14°49'56"S/40°06'12"W 16 (7♂, 9♀)
Gongogi 2 Tributary of Gongogi River (Contas River basin) 14°20'33"S/39°27'46"W 40 (19♂, 21♀)
Gongogi 3 Cambiriba Stream (Contas River basin) 14°36'16"S/40°06'08"W 12 (5♂, 7♀)
Upper Contas Água Suja River (Contas River basin) 13°24'34"S/41°38'01"W 23 (15♂, 8♀) 
Jequitinhonha 1 Limoeiro River (Jequitinhonha River basin) 16°05'09"S/39°37'09"W 14 (8♂, 6♀)
Jequitinhonha 2 Jequitinhonha River (Jequitinhonha River basin) 16°05'41"S/40°00'05"W 22 (13♂, 9♀)
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The FISH with ribosomal probes confirmed the 
occurrence of a single NOR system in most populations. The 
only exception refers to one sample in the Jequitinhonha River 
basin (named Jequitinhonha 2), which presented additional 
18S rDNA sites on long arms in one homologous from pair 8 
and on short arms of a single chromosomes from pair 10. This 
procedure was also informative in revealing four distribution 
patterns of 18S and 5S rDNA in N. venustus (Fig. 4).

The first pattern, shared by specimens from the Almada 
River and some populations from the Contas (Gongogi 1) 
and Jequitinhonha River basins (Jequitinhonha 1), includes 
18S rRNA genes at terminal region of short arms of a 
sm pair (equivalent to Ag-NORs) and 5S rRNA genes at 
interstitial region on short arms of two pairs (16 – sm, and 
21 – st). The population from Gongogi 3 differs from this 
pattern by presenting heteromorphic 5S rDNA cistrons 

Fig. 3. Representative C-banded karyotypes of Nematocharax venustus from (a) Almada, Gongogi 1, Gongogi 2, Gongogi 
3, Jequitinhonha 1, Jequitinhonha 2 and (b) Upper Contas. Bar = 5 µm.

Fig. 4. Chromosomes of distinct populations of Nematocharax venustus after silver nitrate staining (Ag-NORs), base-specific 
fluorochrome staining (CMA3/DA/DAPI) and FISH with 18S (magenta) and 5S rDNA probes (green). Bar = 5 µm.
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in pair 16, located at interstitial position on short arms 
of one chromosome and at pericentromeric region in the 
homologous (Fig. 4). The second pattern was similar that 
abovementioned, being observed in the population named 
as Gongogi 2. The only difference in this case refers to the 
presence of a single pair (16) bearing 5S rDNA at interstitial 
position on short arms (Fig. 4).

The population identified as Jequitinhonha 2 was 
characterized by a unique distribution of ribosomal 
genes, including bitelomeric 18S rDNA signals in one 
chromosome from pair 8. Moreover, this sample presented 
syntenic location of 18S and 5S rDNAs on short arms of 
one homologous from pair 10, being the latter closer to the 
centromeric region (Fig. 4). Another differential pattern 
was verified in the population from the Upper Contas River, 
since the specimens from this locality showed 18S rDNA 
sites on short arms of pair 18 while 5S rDNA regions were 
located interstitially on short arms of a single sm pair (16) 
(Fig. 4). The double-FISH metaphases for each different 
pattern observed, followed by the same metaphases stained 
with DAPI only, are shown in Figure 5.

Discussion

In spite of being the most cytogenetically studied group of 
Neotropical ichthyofauna (Nirchio et al., 2014), karyotypic data 
are still absent for many species and genera of Characiformes, 
such as Nematocharax. The karyotype macrostructure of N. 
venustus, including the modal diploid number of 2n=50, high 
number of biarmed chromosomes and a large metacentric 
pair (1st pair), is observed in several species of Characidae. 
For instance, this pattern has been reported in Astyanax 
scabripinnis (Jenyns, 1842) (Moreira Filho & Bertollo, 1991), 
Hasemania nana (Lütken, 1875) (Moreira et al., 2007), 
Hyphessobrycon anisitsi (Eigenmann, 1907) (Mendes et al., 
2011), Hollandichthys multifasciatus (Eigenmann & Norris, 
1900) (Balen et al., 2013) and Rhoadsia altipinna Fowler, 
1911 (Romero et al., 2015), being considered a plesiomorphic 
condition of characins (Scheel, 1973; Morelli et al., 1983). The 
presence of distinct types of chromosomes (m, sm, st, and a) 
without variation in diploid number suggests the occurrence 
of pericentric inversions, another common rearrangement in 
characins (Medrado et al., 2015).

In the case of taxa with similar chromosomal number and 
morphology, the analysis of heterochromatin distribution 
might be helpful to provide cytotaxonomic or population 
markers, as previously shown in other Characiformes 
(Galetti Júnior et al., 1991; Mantovani et al., 2000; Jacobina 
et al., 2009). However, the C-bands were restricted to 
pericentromeric region and NORs in most populations of 
N. venustus, following a common trend in fish (Imai, 1991; 
Aguilar & Galetti Júnior, 2008; Rosa et al., 2009). The only 
exception was the population from the Upper Contas River, 
which presented terminal heterochromatic segments in two 
pairs (Fig. 3b). This unique C-banding pattern indicates that 
this population is genetically divergent, as further discussed. 

Fig. 5. Representative metaphases for each different 
pattern reported in populations of Nematocharax venustus 
showing the hybridization with 18S (magenta) and 5S 
rDNA probes (green) (double-FISH) and only DAPI 
staining for (a, b) Almada, Gongogi 1, and Jequitinhonha 
1; (c, d) Gongogi 3; (e, f) Gongogi 2; (g, h) Jequitinhonha 
2; and (i, j) Upper Contas. The asterisks indicate the 
chromosomes marked by FISH. Bars = 5 µm.
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On the other hand, microstructural interpopulation 
differences were observed by mapping the ribosomal genes 
in N. venustus, particularly in relation to the samples from 
Jequitinhonha 2 and Upper Contas. Even though most 
populations presented active rDNA sites interspersed with 
GC-rich sites (CMA3

+), a common feature in fish (e.g., 
Verma et al., 2011; Santos et al., 2012), additional 18S 
rDNA cistrons were identified by FISH in specimens from 
Jequitinhonha 2, characterizing a multiple NOR system. 
In the case of individuals from Upper Contas, the NORs 
were located on the first st pair while submetacentric 
NOR-bearing pairs were observed in the other populations 
of N. venustus (Fig. 4). Thus, the distribution of 18S rDNA 
cistrons apparently represents cytogenetic markers for the 
populations from the Contas River basin. 

These results corroborate the dynamic evolution of 
NORs in Characidae (Galetti Júnior, 1998). Indeed, even 
though some genera of Characidae share single NORs, a 
basal condition in teleosteans (Gornung, 2013), as reported 
in Tetragonopterus Cuvier (Alberdi & Fenocchio, 1997), 
Moenkhausia Eigenmann (Castro & Júlio Júnior, 2002), 
Bryconamericus Eigenmann (Marques et al., 2003) and 
Piabina Reinhardt (Pazian et al., 2012), most species in 
this family present multiple NORs (Kavalco & Moreira 
Filho, 2003). 

The remarkable variation of both position and number 
of ribosomal sites in characins and other Characiformes 
might reflect the polyphyletism of this fish group (Peres et 
al., 2008) and/or the association of rDNA with transposable 
elements (TE) that mobilize adjacent ribosomal sequences 
(Cioffi et al., 2010). Reinforcing the polymorphic nature 
of rRNA genes in Characidae, the mapping of 18S and 5S 
rDNA by FISH revealed clear interpopulation cytogenetic 
divergence in N. venustus.

Usually, the 18S and 5S rDNA sites in Neotropical 
fish are located on distinct chromosomal pairs (Galetti 
Júnior & Martins, 2004). This pattern was observed in 
most populations but Jequitinhonha 2, since double-
FISH revealed syntenic 18S and 5S rDNA cistrons 
in a homologous from pair 10 (Fig. 4). However, this 
characteristic may be an intrapopulation variation found 
in Jequitinhonha 2, since the double-FISH was obtained 
for a single individual from this collection site. Other 
reports of synteny between both families of ribosomal 
genes are available in some genera of Characiformes, 
like Astyanax Baird & Girard (Castro et al., 2014b), 
Prochilodus Agassiz (Vicari et al., 2006), Triportheus 
Cope (Diniz et al., 2009), and Hoplias Gill (Cioffi et al., 
2009b). It should be pointed out that active Ag-NORs in 
the population from Jequitinhonha 2 were observed only 
in pair 8. Nonetheless, syntenic ribosomal genes were 
detected by FISH in one chromosome from pair 10. The 
lack of hybridization signal in the other homologous 
could indicate differences in the number of copies for this 
gene between chromosomes of pair 10 possibly related to 
unequal exchanges.

In addition, the location of 18S rDNA sites at terminal 
chromosomal regions is widespread in teleosteans. 
Apparently, this behavior favors the rearrangement of 
NORs without interfering with other genetic linkage groups 
(Hanson et al., 1996), besides promoting the redistribution 
of ribosomal genes by the proximity of telomeres in the 
interphasic nuclei (Gornung, 2013). Such distribution 
of 18S rRNA genes in N. venustus could account for the 
putative transposition of some copies of this rDNA in one 
homologous of pair 8 in the population from Jequitinhonha 
2, giving rise to the bitelomeric NORs (Fig. 4). Again, the 
presence of 18S rDNA sites in both telomeres have already 
been reported in other Characiformes characterized by 
accentuated chromosomal variation, such as A. fasciatus 
(Cuvier, 1819) (Fernandes et al., 2009), A. scabripinnis 
(Mantovani et al., 2005), A. hastatus Myers, 1928 (Kavalco 
et al., 2009), and H. malabaricus (Cioffi et al., 2009a).

Differently from 18S rDNA, the 5S rDNA sites in 
fish are usually located at interstitial and euchromatic 
chromosomal regions (Martins & Galetti Júnior, 2001), as 
reported in N. venustus. This condition seems to reduce 
the genomic dispersal and reorganization of 5S rRNA 
genes when compared to NORs (Martins & Wasko, 2004). 
Nonetheless, a possible heterozygous pericentric inversion, 
encompassing the 5S rDNA cluster, is suggested for the 
heteromorphic pair 16 in individuals from Gongogi 3 
(Fig. 4), thereby explaining the differential position of 5S 
rDNA signals between homologous. Moreover, numerical 
variation of 5S rDNA signals was also detected in the 
present study. While most populations of N. venustus 
shared two pairs bearing 5S rRNA genes, as commonly 
reported in characins (Kavalco et al., 2011), the individuals 
from Gongogi 2 and Upper Contas were characterized 
by a single 5S rDNA-bearing pair. These data show the 
importance of refined methodologies of chromosomal 
mapping in revealing chromosomal rearrangements that 
otherwise would remain imperceptible, mainly due to the 
homogeneous macrokaryotypic structure in this species.

Along with the cytogenetic particularities, the specimens 
from the Upper Contas River, in Diamantina Plateau, are 
also morphologically distinctive once they present slender 
bodies and short rays in pelvic fins of males (data not 
shown), being likely to correspond to a new and undescribed 
species of Nematocharax. Reproductive isolation and 
speciation in the Upper Contas River are favored by the 
geological processes in the eastern region of Brazil, which 
includes the Diamantina Plateau and the Espinhaço Hills 
(Derby, 1906). In fact, divergent species associated to the 
isolation promoted by these biogeographic barriers have 
been reported even in animals of high dispersal potential, 
like birds (Vasconcelos et al., 2012).

Furthermore, karyotypic novelties can evolve 
independently within relatively short periods in populations 
of small characins, like N. venustus, because their restricted 
dispersal and short life cycles (Castro, 1999) lead to 
reduced gene flow and rapid establishment of chromosomal 
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rearrangements (Centofante et al., 2006; Pazza & Kavalco, 
2007). Therefore, isolated and small populations in 
headwaters, like the one from the Upper Contas River, 
are more susceptible to genetic drift effects, potentially 
leading to the fixation of unique chromosomal features at 
random. Similarly, the populations of N. venustus from 
the Jequitinhonha River basin are endangered due to the 
increased human activities (Menezes & Lima, 2008), which 
might have reduced their effective population sizes. Thus, 
inbreeding and genetic drift effects related to bottleneck 
events might have increased the probability of fixing 
distinct chromosomal variants (Hedrick, 1981).

In conclusion, the present results increase the karyotypic 
reports in characins from coastal basins in Eastern Atlantic, 
a region recognized by high levels of endemism combined 
with severe human impacts (Camelier & Zanata, 2014). 
The comparative cytogenetic analysis provided evidence of 
allopatric chromosomal variation in N. venustus along its 
range, suggesting the presence of populations with distinct 
evolutionary histories that should be further investigated 
using other genetic markers. Otherwise, species or 
structured populations can be lost because they lack 
appropriate conservation management plans.
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