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Abstract
The karyotypes and chromosomal characteristics of three Acestrorhynchus Eigenmann et Kennedy, 1903 
species were examined using conventional and molecular protocols. These species had invariably a dip-
loid chromosome number 2n = 50. Acestrorhynchus falcatus (Block, 1794) and Acestrorhynchus falcirostris 
(Cuvier, 1819) had the karyotype composed of 16 metacentric (m) + 28 submetacentric (sm) + 6 sub-
telocentric (st) chromosomes while Acestrorhynchus microlepis (Schomburgk, 1841) had the karyotype 
composed of 14m+30sm+6st elements. In this species, differences of the conventional and molecular 
markers between the populations of Catalão Lake (AM) and of Apeu Stream (PA) were found. Thus the 
individuals of Pará (Apeu) were named Acestrorhynchus prope microlepis. The distribution of the constitu-
tive heterochromatin blocks was species-specific, with C-positive bands in the centromeric and telomeric 
regions of a number of different chromosomes, as well as in interstitial sites and completely heterochro-
matic arms. The phenotypes of nucleolus organizer region (NOR) were simple, i. e. in a terminal position 
on the p arm of pair No. 23 except in A. microlepis, in which it was located on the q arm. Fluorescence in 
situ hybridization (FISH) revealed 18S rDNA sites on one chromosome pair in karyotype of A. falcirostris 
and A. prope microlepis (pair No. 23) and three pairs (Nos. 12, 23, 24) in A. falcatus and (Nos. 8, 23, 24) 
in A. microlepis; 5S rDNA sites were detected in one chromosome pair in all three species. The mapping 
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of the telomeric sequences revealed terminal sequences in all the chromosomes, as well as the presence of 
interstitial telomeric sequences (ITSs) in a number of chromosome pairs. The cytogenetic data recorded 
in the present study indicate that A. prope microlepis may be an unnamed species.
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Introduction

The family Acestrorhynchidae is a group of South American fishes, for which contradic-
tory views on its phylogenetic position within Characiformes are debated. Based on the 
analysis of morphological data, for example, Buckup (1998) proposed that the Acestro-
rhynchidae was part of a monophyletic group, the superfamily Erythrinoidea, which 
included the families Ctenoluciidae, Hepsetidae, Lebiasinidae, and Erythrinidae. At the 
same time, also based on morphological data, Lucena and Menezes (1998) suggested that 
the Acestrorhynchidae (Acestrorhynchus Eigenmann & Kennedy, 1903) was a sister group 
of the family Cynodontidae, consisting of the subfamilies Roestinae (Roestes Günther, 
1864 and Gilbertolus Eigenmann & Ogle, 1907) and Cynodontinae (Cynodon Spix & 
Agassiz, 1829, Hydrolycus Müller & Troschel, 1844, and Rhaphiodon Spix & Agassiz, 
1829), and proposed five synapomorphic characters for Acestrorhynchus, supporting thus 
the monophyly of this genus, as proposed by Menezes (1969b) and Menezes and Géry 
(1983). Nelson et al. (2016) offered a new classification, based on the most recent data 
adopted for the determination and classification of characiform taxa, in which the Roes-
tinae was placed as a subfamily of the Acestrorhynchidae, with two genera and six species. 
Two additional acestrorhynchid subfamilies were also identified, the Heterocharacinae, 
with four genera and six species, and Acestrorhynchinae, with one genus and 14 species.

The genus Acestrorhynchus includes piscivorous fishes with an elongated body and 
snout, conical teeth and robust canines with a characteristic arrangement in the max-
illa, together with a number of other diagnostic traits (Menezes 1969a; Menezes and 
Géry 1983; Toledo-Piza 2007). The species of the genus Acestrorhynchus are widespread 
in South America, where most of its diversity is concentrated in the Amazon and Ori-
noco river basins, and the rivers of the Guyanas (Nelson et al. 2016).

The Acestrorhynchus species can be distinguished on the basis of their coloration 
patterns and can be allocated to three groups: (i) Acestrorhynchus lacustris group (Men-
ezes 1992), characterized by a well-defined dark spot in the humeral region, (ii) Aces-
trorhynchus nasutus group, defined by the presence of two dark, narrow longitudinal 
stripes, one which extends from the tip of the snout to the base of the caudal fin, and 
the other, from the posterior margin of the maxilla to the ventral margin of the caudal 
peduncle (Toledo-Piza 2007), and (iii) the Acestrorhynchus microlepis group, diagnosed 
by the presence of a small dark spot on the anterior region of the body, immedi-
ately posterior to the posterior margin of the operculum, at the origin of the lateral 
line (Toledo-Piza and Menezes 1996; Toledo-Piza 2007). Pretti et al. (2009) analyzed 
mitochondrial and nuclear sequences from genomes of 11 of the 14 Acestrorhynchus 
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recognized species and concluded that the genus should be divided into three groups, 
although the phylogenetic relationships among these three clades did not correspond 
with the morphological phylogenies.

The cytogenetic data available for Acestrorhynchus indicate a conserved 2n = 50 in all 
species (Falcão and Bertollo 1985; Martinez et al. 2004; Pastori et al. 2009), although 
the karyotypes varied both within and among species. For example, in Acestrorhynchus 
lacustris (Lütken, 1875) the karyoytpe is composed of 12m+32sm+4st+2a (Falcão and 
Bertollo 1985) or 8m+34sm+6st+2a in Martinez et al. (2004). These species have kary-
otypes with a single pair of NOR-bearing chromosomes, except that of Acestrohhynchus 
altus Menezes, 1969, which has two such pairs (Falcão and Bertollo 1985).

The present study examined the karyotypes and chromosomal characteristics of 
three Amazonian Acestrorhynchus species using both conventional and molecular cy-
togenetic protocols. Our results were compared with the existing data attempting to 
better understand the chromosomal differentiation of the genus and the rearrange-
ments involved in this process.

Material and methods

The present study analyzed the cytogenetic characteristics of Acestrorhynchus falcatus 
(Block, 1794), Acestrorhynchus falcirostris (Cuvier, 1819), and Acestrorhynchus micro-
lepis, (Schomburgk, 1841) where the latter species had variation in the chromosome 
complement of representatives from different collecting localities (Fig. 1, Table 1). The 
present study followed the ethical standards for zoological research determined by the 
National Institute of Amazonian Research (INPA) Ethics Committee for the Use of 
Animals in Research and authorized by protocol number 021/2017. The collection of 
individuals was authorized by the Brazilian Institute for the Environment and Renew-
able Natural Resources (IBAMA), through SISBIO license number 28095-1. All the 
specimens were deposited as vouchers in the INPA Fish Collection (Table 1).

Conventional chromosome banding

The chromosomal preparations were obtained following the protocols of Oliveira et 
al. (1988) and Gold et al. (1990). The active NORs were detected by silver nitrate 
impregnation (Ag-NORs), following Howell and Black (1980), while constitutive het-
erochromatin was detected following Sumner (1972).

Molecular cytogenetic protocols

The 5S and 18S ribosomal DNA probes were obtained from the genomic DNA of A. 
falcirostris, which was extracted using the Wizard Genomic DNA Purification kit. The 
rDNA probes were amplified by polymerase chain reaction (PCR), using the primers 
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Table 1. The Acestrorhynchus species included in the present study, collecting localities, and the number 
of individuals analyzed. ♂ = male; ♀ = female.

Species Sampling locations Hydrographic 
Basin

Coordinates Number of 
analized animals

Vouchers

A. falcatus Apeu Stream, Pará, Brazil Guamá River 1°23'20.4"S, 47°59'07.5"W 8♂ 2♀ INPA 57803
A. falcirostris Catalão Lake, Amazonas, Brazil Solimões River 3°09'20.4"S, 59°54'47.1"W 1♂ 7♀ INPA 57166

Balbina UHE, Amazonas, Brazil Uatumã River 1°55'07.6"S, 59°29'19.7"W 1♂ 2♀ INPA 57167
Apeu Stream, Pará, Brazil Guamá River 1°23'20.4"S, 47°59'07.5"W 3♂ 1♀ INPA 57168

A. microlepis Catalão Lake, Amazonas, Brazil Solimões River 3°09'20.4"S, 59°54'47.1"W 1♂ 2♀ INPA 57599
A. cf. microlepis Apeu Stream, Pará, Brazil Guamá River 1°23'20.4"S, 47°59'07.5"W 4♂ 2♀ INPA 57802

18Sf (50-CCG CTG TGG TGA CTC TTG AT-30), and 18Sr (50 - 31 CCG AG-
GACC TCA CTA AAC CA- 30) (Gross et al. 2010), 5Sa (50-TAC GCC CGA TCT 
CGT CCG ATC-3’) and 5Sb (5’- CAGGCT GGT ATC GCC GTA AGC-3’) (Mar-
tins and Galetti 1999). Telomeric segments were generated using non-templated PCR 
with primers (TTAGGG)5 and (CCCTAA)5 (Ijdo et al. 1991).

The PCR products were verified in 1.5% agarose gel, and quantified in NanoVue 
Plus (GE Healthcare). The 18S rDNA gene was marked with digoxigenin-11-dUTP 
(Dig Nick Translation mix, Roche), while the 5S rDNA gene and telomeric sequences 
were marked with biotin-14-dATP (Biotin Nick Translation mix, Roche), following 
the manufacturer´s instructions. The hybridization signals were detected using anti di-
goxigenin-rhodamine (Roche Applied Science) for the 18S rDNA probe, and strepta-
vidin (Sigma-Aldrich) for the 5S rDNA probes and telomeric sequences. Fluorescence 

Figure 1. Map of the Brazilian Amazonia region, showing the individual collection localities. 1 Acestro-
rhynchus falcirostris – Balbina reservoir on the Uatumã River, Amazonas state 2 Acestrorhynchus falcirostris 
and Acestrorhynchus microlepis – Catalão Lake, at the confluence of the Negro and Solimões rivers, Amazo-
nas state 3 Acestrorhynchus falcatus, Acestrorhycnhus falcirostris, and Acestrorhynchus prope microlepis – Apeu 
Stream, basin of the Guamá River, Pará.
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in situ hybridization (FISH) was based on the protocol of Pinkel et al. (1986), with a 
stringency of 77%. The chromosomes were counter-stained with (2 mg/mL) DAPI in 
a Vectashield (Vector) mounting medium.

Image analysis and processing

The chromosomes of about 30 metaphases per individual were analyzed and the imag-
es were captured using an Olympus BX51 epifluorescence microscope, and processed 
using Image Pro Plus 4.1 software (Media Cybernetics, Silver Spring, MD, USA). The 
chromosomes were classified according to Levan et al. (1964).

Results

All Acestrorhynchus falcatus, A. falcirostris, A. microlepis, and A. prope microlepis in-
dividuals possessed invariably 2n = 50 and a fundamental number (FN) 100. Their 
karyotypes were very similar to each other and composed of 16m+28sm+6st in A. fal-
cirostris and A. falcatus, while 14m+30sm+6st in A. microlepis and A. prope microlepis 
(Fig. 2a, d, g, j).

The NORs were located in a distal position on the p arms of pair No. 23 in all the 
species, except for A. microlepis, in which the NORs were located on the q arms of pair 
No. 23 (Fig. 2c, f, i, l).

The positive 18S rDNA sites corresponded to the NOR signals in A. falcirostris 
and A. prope microlepis, at pair No. 23 (Fig. 3a, c, e, g), whereas in A. falcatus and A. 
microlepis, the 18S rDNA sites were observed at two chromosome pairs in addition to 
the single NOR-bearing pair. In A. falcatus, these additional 18S rDNA loci resided on 
the p arms of pairs Nos. 12 and 24 (Fig. 3c), while in A. microlepis they mapped to the 
q arms of pairs Nos. 8 and 24 (Fig. 3g).

The blocks of constitutive heterochromatin were distributed in centromeric and 
telomeric regions in karyotypes of all species, though with unique features found in 
each species, as follows:

A. falcatus: heterochromatin in centromeric and telomeric blocks in pairs Nos. 
2, 4, 6, 8, 10, 15, 16, 20, and 22, and in centromeric blocks only in pairs Nos. 1, 3, 
5, 7, 9, 11, 13, 14, 17, 19, and 21, while pairs Nos. 12, 23, 24, and 25 have entirely 
heterochromatic p arms, and pair No. 18 had no clear heterochromatic signal (Fig. 2e).

A. falcirostris: heterochromatin in centromeric and telomeric blocks in pairs No. 1, 
3, 4, 5, 7, 8, 9, 10, 12, 14, 15, and 18, in telomeric blocks only in pairs Nos. 2, 6, 17, 
19, 20, 21, and 22 and in pericentromeric blocks only in pairs Nos. 11, 16, 23, and 
24. Pairs Nos. 13 and 25 have centromeric blocks and terminal blocks on the q arms. 
In pair No. 23, a differential accumulation of heterochromatin was observed in the p 
arms, with blocks adjacent to the NOR (Fig. 2b).

A. prope microlepis: heterochromatin in centromeric and pericentromeric regions. 
Pair No. 4 also had telomeric signals, while in pairs Nos. 2, 8, 17, 18, 20, 23, 24, and 
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Figure 2. Karyotypes of the species under study arranged from chromsomes stained conventionally with 
Giemsa, C-banded, and after Ag-NOR impregnation: a–c A. falcirostris d–f A. falcatus g–i A. prope mi-
crolepis j–l A. microlepis. Scale bar: 10 µm.

25, there is a block in a more interstitial position. Pair No. 19 displayed size hetero-
morphism of a heterochromatin block, observed after both Giemsa staining and C-
banding (Fig. 2h).

A. microlepis: heterochromatin found primarily in centromeric regions, with some 
proximal signals, but in a pattern distinct from that observed in A. prope microlepis, 
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Figure 3. Karyotypes of the species under study, arranged from chromosomes showing “double” FISH 
with 18S rDNA (red) and 5S (green) probes a, c, g and FISH with (TTAAGG)n probe, in green b, d, f, 
h A. falcirostris (a, b), A. falcatus (c, d), A. prope microlepis (e, f), A. microlepis (g, h). Scale bar: 10 µm.

in terms of the location and position of the heterochromatin on some chromosome 
pairs (Fig. 2k).

The mapping of the 5S rDNA gene revealed a pericentromeric signal in only one 
pair in each species (pair No. 17 in A. falcirostris, pair No. 3 in A. falcatus, A. microlepis 
and A. prope microlepis) (Fig. 3a, c, e, g).

Telomeric sequences were detected in the terminal regions of all chromosomes, as 
expected, but also with additional interstitial telomeric sequences (ITSs) in a number 
of chromosome pairs in all species under study, displaying species-specific patterns in 
terms of their localization (Fig. 3b, d, f, h). In A. falcirostris, the ITSs were located in 10 
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chromosome pairs, with an accumulation of these sequences in pairs Nos. 12, 13, 23, 
and 24 (Fig. 4a). In A. falcatus, the ITSs were found in six chromosome pairs (Fig. 4b), 
while in A. prope microlepis, they were present in 18 pairs, displaying varied signal 
intensities; and in pair No. 19, the ITSs varied in size between the homologs (Fig. 4c). 
In A. microlepis, ITSs were present in 19 pairs (Fig. 4d).

Discussion

All species analyzed in the present study have invariably 2n = 50 chromosomes, with 
no morphologically distinguishable sex chromosomes. There is a considerable vari-
ation, however, in the karyotype structures and the FN values (Falcão and Bertollo 
1985; Martinez et al. 2004; Pastori et al. 2009; present study). One of the main differ-
ences between the present study and the formerly published data is the absence of ac-
rocentric chromosomes in the karyotypes of species analyzed here (Table 2). However, 
these analyzed species encompass all three morphological groups (based on coloration 
patterns) defined by Menezes (1969a), Menezes and Géry (1983), and Toledo-Piza 
(2007), i.e., the Acestrorhynchus lacustris group (A. falcatus), A. nasutus group (A. fal-
cirostris), and A. microlepis group (A. microlepis and A. prope microlepis). Considering 
these morphological groups for the genus Acestrorhynchus, no group-level cytogenetic 
marker was found (Table 2).

Based on the analysis of morphological characters, Lucena and Menezes (1998), 
Toledo-Piza (2007) and Mirande (2010) reached the same conclusion that the family 
Acestrorhynchidae is a sister group of the Cynodontidae, which has a known 2n = 54 
(Arai 2011). This would suggest that the ancestral karyotype of Acestrorhynchus would 
have had 54 biarmed chromosomes, which evolved likely through fusions, reducing 
thus the 2n; and inversions, or reciprocal/nonreciprocal translocations, or centromere 

Figure 4. Chromosomal pairs with ITSs in comparison with C-positive (C-banding) heterochromatin 
a A. falcirostris b A. falcatus c A. prope microlepis d A. microlepis. The pairs are arranged irrespective of the 
type of chromosome. Scale bar: 10 µm.
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repositioning, or heterochromatin loss/addition resulting in the maintenance of the 
complement of biarmed chromosomes, but with distinctly different karyotypes.

A similar scenario is found in the Erythrinoidea (Ctenoluciidae, Hepsetidae, Lebi-
asinidae and Erythrinidae), a fish groups that are also closely-related to the Acestro-
rhynchidae (Ortí and Meyer 1997; Buckup 1998). Except for the Hepsetidae, which 
has 2n = 58 (Carvalho et al. 2017), there has been a reduction in the 2n. In the 
Erythrinidae, for example, the 2n ranges from 40 to 50 (Oliveira et al. 2015), while 
most representatives of Lebiasinidae possess 2n = 40 (Moraes et al. 2017), and those of 
Ctenoluciidae have 2n = 36 (Sousa e Souza et al. 2017).

The comparison of the different markers provides valuable insights into the chro-
mosomal differentiation of Acestrorhynchus. In karyotypes of all species, the blocks 
of constitutive heterochromatin are located primarily in centromeric or telomeric 
regions, although large heterochromatic blocks are associated with the NORs, as seen 
as in most species of teleost fish of different families of different orders such as Anguil-
liformes, Siluriformes, Characiformes, among others (Gornung 2013; Blanco et al. 
2014; Salvadori et al. 2018). The NOR phenotype was simple, i.e. one pair of NOR-
bearing chromosomes, as observed also in Ctenoluciidae (Sousa e Souza et al. 2017), 
Cynodontidae (Pastori et al. 2009), and some Erythrinidae species (Bertollo 2007), 
although multiple NORs are also found in the Lebiasinidae (Moraes et al. 2017). Two 
species, A. falcatus and A. microlepis, have multiple 18S rDNA signals, but the Ag-
NOR was simple. On the other hand, Falcão and Bertollo (1985) observed multiple 
Ag-NORs (two pairs) in karyotype of A. altus from the Miranda River, Mato Grosso 
do Sul. As terminal chromosomes regions may be more vulnerable to the transfer of 
genetic material due to their proximity in the nucleus, (Schweizer and Loidl 1987), 

Table 2. Cytogenetic data available for the representatives of the genus Acestrorynchus. (2n = diploid chro-
mosome number, FN = Fundamental Number, NOR = Nucleolus Organizer Region, ITS = Interstitial 
Telomeric Sequence, m = metacentric, sm = submetacentric, st = subtelocentric, a = acrocentric chromo-
somes p = short arm, q = long arm).

Groups Species 2n FN NOR Karyotype 
formulae

N° and location 
18S rDNA

N° and location 
5S rDNA

N° of 
pairs ITS

References

lacustris A. altus 50 94 2 pairs 8m+22sm+14st+6a - - - Falcão and 
Bertollo [1985]

A. falcatus 50 100 1 pair 16m+28sm+6st 3 pairs; (p) 1 pair (3); 
pericentromeric

6 pairs Present study

A. lacustris 50 98 1 pair 12m+32sm+4st+2a - - - Falcão and 
Bertollo [1985]

A. lacustris 50 98 - 8m+34sm+6st+2a - - - Martinez et al. 
[2004]

A. pantaneiro 50 86 1pair 36 m-sm+14st-a - - - Pastori et al. 
[2009]

microlepis A. cf. microlepis 50 100 1pair 14m+30sm+6st 1 pair; (p) 1 pair (3); 
pericentromeric

18 pairs Present study

A. microlepis 50 100 1pair 14m+30sm+6st 2 pairs; (q) and 1 
pair bitelomeric

1 pair (3); 
pericentromeric

19 pairs Present study

nasutus A. falcirostris 50 100 1 pair 16m+28sm+6st 1 pair; (p) 1 pair (17); 
pericentromeric

10 pairs Present study
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the dispersal of the 18S rDNA sequences in A. falcatus and A. microlepis may have 
been facilitated by their proximity to the telomere or by ectopic recombination in 
meiosis (Pedrosa-Harand et al. 2006; Cazaux et al. 2011; Evtushenko et al. 2016).

The telomeric sequence was a particularly valuable cytogenetic marker, with a species-
specific configuration in the four studied taxa, due to the large number of ITSs distribut-
ed in different pairs. In fishes, as in other vertebrates, the pericentromeric ITSs are found 
within or adjacent to the constitutive heterochromatin (Milhomem et al. 2008; Cioffi 
et al. 2010; Scacchetti et al. 2011; Rosa et al. 2012; Ocalewicz 2013). The ITSs can be 
classified in six types: heterochromatic (het-ITSs), short (s-ITSs), large ITSs in restricted 
euchromatic regions (Restricted eu-ITSs), long subtelomeric, fusion, and pericentromeric 
ones (Lin and Yan 2008; Ruiz-Herrera et al. 2008; Schmid and Steinlein 2016).

In Acestrorhynchus species all six ITS types have been observed. Larger sequences 
were observed in association with the blocks of constitutive heterochromatin in some 
chromosome pairs as revealed by the C-banding, although a number of the observed 
ITSs were not associated in any way with the heterochromatin (Fig. 4). It is possible 
that the het-ITS arose as short sequences through processes such as repair mechanisms 
(Nergadze et al. 2004, 2007), fusion (Slijepcevic 1998; Bolzán and Bianchi 2006), 
transposition (Bouffler et al. 1993; Nergadze et al. 2007) or in association with satellite 
DNA as seen in a species of the family Sparidae (Perciformes) (Garrido-Ramos et al. 
1998). These sequences would have increased in length through duplication, in specific 
independent events in each species, which would then have become integrated with 
the heterochromatin and become detectable by FISH (Nergadze et al. 2004, 2007; 
Bolzán and Bianchi 2006).

Other types of ITS, not associated with the heterochromatin would have arisen 
through terminal translocations, the insertion of telomeric repetitions during the re-
pair of breaks in double-strand DNA, or by the duplication or transposition of genes 
(Lin and Yan 2008; Ruiz-Herrera et al. 2008; Bolzán 2012). Ruiz-Herrera et al. (2008) 
concluded that the occurrence of het-ITS is related to the expression of the genes of 
a specific cellular lineage through epigenetic modifications. No specific function is 
known in the case of the ITSs that are unrelated to the heterochromatin, although this 
does not impede their inclusion in the analysis of the evolutionary history of closely-
related species. As the chromosomal evolution of Acestrorhynchus appears to have been 
based on a reduction of the number of chromosomes, some of the ITSs may actually be 
remains of specific rearrangements, although a definitive understanding of this process 
will require more detailed data from a larger number of species.

In the specific case of A. microlepis, remarkable differences were found between the 
individuals collected at the two localities (Catalão Lake and Apeu Stream, respectively), 
both in the location of the NORs and the number and location of the 18S rDNA sites. 
Thus the individuals of Pará (Apeu) were provisionally named A. prope microlepis. These 
chromosomal differences may reflect the presence of an unnamed species, that is, a past 
speciation event, which would have been caused by the geographic distance between the 
two populations. This distance would have minimized gene flow, isolating the popula-
tions, and permitting the fixation of specific rearrangements. A probable rearrangement 
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was a pericentric inversion involving the NOR carrier pair, since NOR in three species 
was on the short arm and A. microlepis was on the same pair, but located on the long arm.

Another possible type of arrangement is the translocation of major ribosomal 18S 
sites, which were present in four other sites, in addition to the NORs. This movement 
may have been facilitated by transposable elements (TEs) associated with the hetero-
chromatin, which has great potential to cause chromosomal rearrangements, as well 
as through ectopic recombination that can generate intrachromosomal recombination 
between copies of the same family of transposable elements, arranged in opposite posi-
tions (Kidwell 2002; Grewal and Jia 2007; Skipper 2007; Raskina et al. 2008; Delprat 
et al. 2009; Cioffi et al. 2010; Evtushenko et al. 2016). The genomes of A. microlepis 
and A. prope microlepis differed also in terms of their ITSs, given not only that the ITSs 
were present in 19 chromosome pairs in one species, and in 18 pairs in the other one, 
but also the fact that these chromosomes were different, as well as the polymorphism 
between the homologs of pair 19 in A. prope microlepis. In this case, there was a larger 
ITS in one of the homologs, indicating the translocation of a telomeric sequence to 
this chromosome (Ruiz-Herrera et al. 2008; Bolzán 2017) and its duplication. An ITS 
may indicate the presence of chromosomal rearrangements during the evolutionary 
process, leading to the differentiation of the karyotypes of different species, as observed 
in several fish families (Meyne et al. 1989; Mota-Velasco et al. 2010; Cioffi and Ber-
tollo 2012; Ocalewicz 2013; Sousa e Souza et al. 2017).

López-Fernández and Winemiller (2003) found subtle differences in the pigmen-
tation and body shape of individuals identified as A. microlepis, but concluded that this 
variability was not sufficient to differentiate species. Furthermore, these authors con-
cluded that A. apurensis Toledo-Pizza & Menezes, 1996, described from the Orinoco 
River in Venezuela was in fact a junior synonym of A. microlepis, which occurs in the 
Negro and Branco rivers in northern Brazil, and in the river basins of the Guyanas. 
However, the results of the present study indicates that the A. microlepis and A. prope 
microlepis individuals, while morphologically very similar, have karyotypes with sig-
nificantly different locations of their NORs and 18S rDNA sites, C-banding patterns, 
and the pattern of ITSs, including the polymorphism of the homologs of pair No. 19 
in A. prope microlepis.

Cioffi et al. (2018) highlighted the importance of cytogenetic markers for the iden-
tification of morphologically similar and/or identical fish groups, as in the case of the 
Hoplias malabaricus (Bloch, 1794), which had seven distinct karyomorphs, including 
some found in sympatry, supporting the need for a taxonomic review of this group. 
Cytotaxonomic markers are also useful for the differentiation of species that are often 
misidentified due to the morphological similarities, as observed in the pike-characins 
Boulengerella lucius (Cuvier, 1816) and B. maculata (Valenciennes, 1850), karyotypes 
of which have distinct patterns of differentiation of the 5S rDNA sequences (Sousa 
e Souza et al. 2017). Overall, then, certain specific features of the karyotype micro-
structures of the species analyzed here were found to be diagnostic characters for the 
diagnosing the diversity of the genus Acestrorhynchus.



Alber Sousa Campos et al.  /  Comparative Cytogenetics 14(1): 27–42 (2020)38

References

Arai R (2011) Fish Karyotypes: A Check List. Springer, 1378 pp. https://doi.org/10.1007/978-
4-431-53877-6

Bertollo LAC (2007) Chromosome evolution in the Neotropical Erythrinidae fish family: an 
overview. In: Pisano E, Ozouf-Costaz C, Foresti F, Kapoor BG (Org.) Fish Cytogenetics 
(1st ed.). Science Publishers, Enfield, 195–211. https://doi.org/10.1201/b10746-7

Blanco DR, Vicari MR, Lui RL, Artoni RF, de Almeida MC, Traldi JB, Margarido VP, Morei-
ra-Filho O (2014) Origin of the X1X1X2X2/X1X2Y sex chromosome system of Harttia 
punctata (Siluriformes, Loricariidae) inferred from chromosome painting and FISH with 
ribosomal DNA markers. Genetica 142: 119–126. https://doi.org/10.1007/s10709-014-
9759-4

Bolzán AD, Bianchi MS (2006) Telomeres, interstitial telomeric repeat sequences, and chro-
mosomal aberrations. Mutation Research 612: 189–214. https://doi.org/10.1016/j.mr-
rev.2005.12.003

Bolzán AD (2012) Chromosomal aberrations involving telomeres and interstitial telomeric 
sequences. Mutagenesis 27: 1–15. https://doi.org/10.1093/mutage/ger052

Bolzán AD (2017) Interstitial telomeric sequences in vertebrate chromosomes: origin, func-
tion, instability, and evolution. Mutation Research 773: 51–65. https://doi.org/10.1016/j.
mrrev.2017.04.002

Bouffler S, Silver A, Papworth D, Coates J, Cox R (1993) Murine radiation myeloid leu-
kaemogenesis: relationship between interstitial telomere-like sequences and chromosome 
2 fragile sites. Genes, Chromosomes and Cancer. 6: 98–106. https://doi.org/10.1002/
gcc.2870060206

Buckup PA (1998) Relationships of the Characidiinae and phylogeny of characiform fishes 
(Teleostei: Ostariophysi). In: Malabarba LR, Reis RE, Vari RP, Lucena ZMS, Lucena CAS 
(Eds) Phylogeny and Classification of Neotropical Fishes. Edipucrs, Porto Alegre, 123–144.

Carvalho PC, Oliveira EA, Bertollo LAC, Yano CF, Oliveira C, Decru E, Jegede OI, Hatanaka 
T, Liehr T, Al-Rikabi ABH, Cioffi MB (2017) First chromosomal analysis in Hepsetidae 
(Actinopterygii, Characiformes): insights into relationship between African and neotropi-
cal fish groups. Frontiers in Genetics 8: 1–203. https://doi.org/10.3389/fgene.2017.00203

Cazaux B, Catalan J, Veyrunes F, Douzery EJ, Britton-Davidian J. (2011) Are ribosomal DNA 
clusters rearrangement hotspots?: a case study in the genus Mus (Rodentia, Muridae). BMC 
Evolutionary Biology 11: 1–124. https://doi.org/10.1186/1471-2148-11-124

Cioffi MB, Martins C, Bertollo LA (2010) Chromosome spreading of associated transposable 
elements and ribosomal DNA in the fish Erythrinus erythrinus. Implications for genome 
change and karyoevolution in fish. BMC Evolutionary Biology 10(1): 1–271. https://doi.
org/10.1186/1471-2148-10-271

Cioffi MB, Bertollo LAC (2012) Chromosomal distribution and evolution of repetitive DNAs 
in fish. Genome dynamics 7: 197–221. https://doi.org/10.1159/000337950

Cioffi MB, Moreira-Filho O, Ráb P, Sember A, Molina WF, Bertollo LAC (2018) Conven-
tional cytogenetic approaches: Useful and indispensable tools in discovering fish biodi-
versity. Current Genetic Medicine Reports 6: 176–186. https://doi.org/10.1007/s40142-
018-0148-7

https://doi.org/10.1007/978-4-431-53877-6
https://doi.org/10.1007/978-4-431-53877-6
https://doi.org/10.1201/b10746-7
https://doi.org/10.1007/s10709-014-9759-4
https://doi.org/10.1007/s10709-014-9759-4
https://doi.org/10.1016/j.mrrev.2005.12.003
https://doi.org/10.1016/j.mrrev.2005.12.003
https://doi.org/10.1093/mutage/ger052
https://doi.org/10.1016/j.mrrev.2017.04.002
https://doi.org/10.1016/j.mrrev.2017.04.002
https://doi.org/10.1002/gcc.2870060206
https://doi.org/10.1002/gcc.2870060206
https://doi.org/10.3389/fgene.2017.00203
https://doi.org/10.1186/1471-2148-11-124
https://doi.org/10.1186/1471-2148-10-271
https://doi.org/10.1186/1471-2148-10-271
https://doi.org/10.1159/000337950
https://doi.org/10.1007/s40142-018-0148-7
https://doi.org/10.1007/s40142-018-0148-7


Evidence of cryptic species in Acestrohynchus 39

Delprat A, Negre B, Puig M, Ruiz A (2009) The transposon Galileo generates natural chro-
mosomal inversions in Drosophila by ectopic recombination. PLoS ONE 4(11): e7883. 
https://doi.org/10.1371/journal.pone.0007883

Evtushenko EV, Levitsky VG, Elisafenko EA, Gunbin KV, Belousov AI, Šafář J, Dolezel J, 
Vershinin AV (2016) The expansion of heterochromatin blocks in rye reflects the co-am-
plification of tandem repeats and adjacent transposable elements. BMC Genomics 17: 
1–337. https://doi.org/10.1186/s12864-016-2667-5

Falcão JN, Bertollo LAC (1985) Chromosome characterization in Acestrorhynchinae and 
Cynopotaminae (Pisces, Characidae). Journal of Fish Biology 27: 603–610. https://doi.
org/10.1111/j.1095-8649.1985.tb03205.x

Garrido-Ramos MA, de la Herrán R, Rejón CR, Rejón CR (1998) A satellite DNA of the 
Sparidae family (Pisces, Perciformes) associated with telomeric sequences. Cytogenet Cell 
Genet 83: 3–9. https://doi.org/10.1159/000015151

Gold JR, Li C, Shipley NS, Powers PK (1990) Improved methods for working with fish chro-
mosomes with a review of metaphase chromosome banding. Journal of Fish Biology 37: 
563–575. https://doi.org/10.1111/j.1095-8649.1990.tb05889.x

Gornung E (2013) Twenty years of physical mapping of major ribosomal RNA genes across the 
teleosts: A review of research. Cytogenetics Genome Research 141: 90–102. https://doi.
org/10.1159/000354832

Grewal SI, Jia S (2007) Heterochromatin revisited. Nature Reviews Genetics 8: 35–46. https://
doi.org/10.1038/nrg2008

Gross MC, Schneider CH, Valente GT, Martins C, Feldberg E (2010) Variability of 18S rDNA 
locus among Symphysodon fishes: chromosomal rearrangements. Journal of Fish Biology 
76: 1117–1127. https://doi.org/10.1111/j.1095-8649.2010.02550.x

Howell WM, Black DA (1980) Controlled silver-staining of nucleolus organizer regions with 
a protective colloidal developer: a 1-step method. Experientia 36(8): 1014–1015. https://
doi.org/10.1007/BF01953855

Ijdo JW, Baldini A, Ward DC, Reeders ST, Wells RA (1991) Origin of human chromosome 2: 
an ancestral telomere-telomere fusion. Proceedings of the National Academy of Sciences 
USA 88(20): 9051–9055. https://doi.org/10.1073/pnas.88.20.9051

Kidwell MG (2002) Transposable elements and the evolution of genome size in eukaryotes. 
Genetica 115(1): 49–63. https://doi.org/10.1023/A:1016072014259

Levan A, Fredga K, Sandberg AA (1964) Nomenclature for centromeric position on chromo-
somes. Hereditas 52: 201–220. https://doi.org/10.1111/j.1601-5223.1964.tb01953.x

Lin KW, Yan J (2008) Endings in the middle: Current knowledge of interstitial telomeric se-
quences. Mutation Research 658: 95–110. https://doi.org/10.1016/j.mrrev.2007.08.006

López-Fernández H, Winemiller KO (2003) Morphological variation in Acestrorhynchus mi-
crolepis and A. falcatus (Characiformes: Acestrorhynchidae), reassessment of A. apurensis 
and distribution of Acestrorhynchus in Venezuela. Ichthyological Exploration of Freshwaters 
14(3): 193–208.

Lucena CA, Menezes NA (1998) A phylogenetic analysis of Roestes Günther and Gilbertolus Ei-
genmann, with a hypothesis on the relationships of the Cynodontidae and Acestrorhynchidae 
(Teleostei: Ostariophysi: Characiformes). In: Malabarba LR, Reis RE, Vari RP, Lucena ZMS, 
Lucena CAS (Eds) Phylogeny and Classification of Neotropical Fishes. Edipucrs, 261–278.

https://doi.org/10.1371/journal.pone.0007883
https://doi.org/10.1186/s12864-016-2667-5
https://doi.org/10.1111/j.1095-8649.1985.tb03205.x
https://doi.org/10.1111/j.1095-8649.1985.tb03205.x
https://doi.org/10.1159/000015151
https://doi.org/10.1111/j.1095-8649.1990.tb05889.x
https://doi.org/10.1159/000354832
https://doi.org/10.1159/000354832
https://doi.org/10.1038/nrg2008
https://doi.org/10.1038/nrg2008
https://doi.org/10.1111/j.1095-8649.2010.02550.x
https://doi.org/10.1007/BF01953855
https://doi.org/10.1007/BF01953855
https://doi.org/10.1073/pnas.88.20.9051
https://doi.org/10.1023/A:1016072014259
https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
https://doi.org/10.1016/j.mrrev.2007.08.006


Alber Sousa Campos et al.  /  Comparative Cytogenetics 14(1): 27–42 (2020)40

Martinez ERM, Oliveira C, Júlio-Junior HF (2004) Cytogenetic analysis of species of the gen-
era Acestrorhynchus, Oligosarcus and Rhaphiodon (Teleostei: Characiformes) Caryologia 
57(3): 294–299. https://doi.org/10.1080/00087114.2004.10589408

Martins C, Galetti Jr. PM (1999) Chromosomal localization of 5S rDNA genes in Leporinus 
fish (Anostomidae, Characiformes). Chromosome Research 7(5): 363–367. https://doi.
org/10.1023/A:1009216030316

Menezes NA (1969a) The food of Brycon and three closely related genera of the tribe Acestro-
rhynchini. Papéis Avulsos de Zoologia 22(20): 217–223.

Menezes NA (1969b) Systematics and evolution of the tribe Acestrorhynchini (Pisces, Characidae). 
Arquivos de Zoologia 18: 1–150. https://doi.org/10.11606/issn.2176-7793.v18i1-2p1-150

Menezes NA, Géry J (1983) Seven new Acestrorhynchin Characid species (Osteichthyes, Os-
tariophysi, Characiformes) with comments on the systematic of the group. Revue Suisse de 
Zoologie 90: 563–592. https://doi.org/10.5962/bhl.part.81996

Menezes NA (1992) Redefinição taxonômica das espécies de Acestrorhynchus do grupo lacustris 
com a descrição de uma nova espécie (Osteichthyes, Characiformes, Characidae). Comu-
nidade Museu Ciências PUCRS, Série Zoology 5(5): 39–54.

Meyne J, Ratliff RL, Moyzis RK (1989) Conservation of the human telomere sequence 
(TTAGGG)n among vertebartes. Proceedings of the National Academy of Sciences of the 
United States of America 86: 7049–7053. https://doi.org/10.1073/pnas.86.18.7049

Milhomem SR, Pieczarka JC, Crampton WGR, Silva DS, De Souza ACP, Carvalho JR, Naga-
machi CY (2008) Chromosomal evidence for a putative cryptic species in the Gymnotus 
carapo species-complex (Gymnotiformes, Gymnotidae). BMC Genetics 9: 1–75. https://
doi.org/10.1186/1471-2156-9-75

Mirande JM (2010) Phylogeny of the family Characidae (Teleostei: Characiformes): from char-
acters to taxonomy. Neotropical Ichthyology 8: 385–568. https://doi.org/10.1590/S1679-
62252010000300001

Moraes RLR, Bertollo LAC, Marinho MMF, Yano CF, Hatanaka T, Barby FF, Troy WP, Ci-
offi MB (2017) Evolutionary Relationships and Cytotaxonomy Considerations in the 
Genus Pyrrhulina (Characiformes, Lebiasinidae). Zebrafish 14(6): 536–546. https://doi.
org/10.1089/zeb.2017.1465

Mota-Velasco JC, Ferreira IA, Cioffi MB, Ocalewicz K, Campos-Ramos R, Shirak A, Lee B-Y, 
Martins C, Penman DJ (2010) Characterisation of the chromosome fusions in Oreochromis 
karongae. Chromosom Research 18: 575–586. https://doi.org/10.1007/s10577-010-9141-z

Nelson JS, Grande T, Wilson MVH (2016) Fishes of the World (5th edn.). John Wiley & Sons, 
Hoboken. https://doi.org/10.1002/9781119174844

Nergadze SG, Rocchi M, Azzalin CM, Mondello C, Giulotto E (2004) Insertion of telomeric 
repeats at intrachromosomal break sites during primate evolution. Genome Research 14: 
1704–1710. https://doi.org/10.1101/gr.2778904

Nergadze SG, Santagostino MA, Salzano A, Mondello C, Giulotto E (2007) Contribution of 
telomerase RNA retrotranscription to DNA double-strand break repair during mammalian 
genome evolution. Genome Biology 8: R260. https://doi.org/10.1186/gb-2007-8-12-r260

Ocalewicz K (2013) Telomeres in fishes. Cytogenet Genome Research 141: 114–125. https://
doi.org/10.1159/000354278

https://doi.org/10.1080/00087114.2004.10589408
https://doi.org/10.1023/A:1009216030316
https://doi.org/10.1023/A:1009216030316
https://doi.org/10.11606/issn.2176-7793.v18i1-2p1-150
https://doi.org/10.5962/bhl.part.81996
https://doi.org/10.1073/pnas.86.18.7049
https://doi.org/10.1186/1471-2156-9-75
https://doi.org/10.1186/1471-2156-9-75
https://doi.org/10.1590/S1679-62252010000300001
https://doi.org/10.1590/S1679-62252010000300001
https://doi.org/10.1089/zeb.2017.1465
https://doi.org/10.1089/zeb.2017.1465
https://doi.org/10.1007/s10577-010-9141-z
https://doi.org/10.1002/9781119174844
https://doi.org/10.1101/gr.2778904
https://doi.org/10.1186/gb-2007-8-12-r260
https://doi.org/10.1159/000354278
https://doi.org/10.1159/000354278


Evidence of cryptic species in Acestrohynchus 41

Oliveira C, Almeida-Toledo LF, Foresti F, Britski HA, Toledo Filho SA (1988) Chromosome 
formulae of Neotropical freshwater fishes. Revista Brasileira de Genetica 11: 577–624.

Oliveira EA, Bertollo LA, Yano CF, Liehr T, Cioffi MB (2015) Comparative cytogenetics in the 
genus Hoplias (Characiformes, Erythrinidae) highlights contrasting karyotype evolution 
among congeneric species. Molecular Cytogenetics 30: 8–56. https://doi.org/10.1186/
s13039-015-0161-4

Ortí G, Meyer A (1997) The radiation of characiform fishes and the limits of resolution of 
mitochondrial ribosomal DNA sequences. Systematic Biology 46: 75–100. https://doi.
org/10.1093/sysbio/46.1.75

Pastori MC, Roncati HC, Aichino DR, Ledesma MA, Fenocchio AS (2009) Chromosome 
characterization and cytotaxonomic considerations on Characidae, Acestrorhynchidae and 
Cynodontidae (Pisces, Characiformes) from the Parana River (Argentina). Caryologia 62: 
69–74. https://doi.org/10.3389/fgene.2017.00203

Pedrosa-Harand A, De Almeida CCS, Mosiolek M, Blair MW, Schweizer D, Guerra M (2006) 
Extensive ribosomal DNA amplification during Andean common bean (Phaseolus vulgaris 
L.) evolution. Theoretical and Applied Genetics 112: 924–933. https://doi.org/10.1007/
s00122-005-0196-8

Pinkel D, Straume T, Gray JW (1986) Cytogenetic analysis using quantitative, high-sensitivity, 
fluorescence hybridization. Proceedings of the National Academy of Sciences USA 83: 
2934–2938. https://doi.org/10.1073/pnas.83.9.2934

Pretti VQ, Calcagnotto D, Toledo-Piza M, Almeida-Toledo LF (2009) Phylogeny of the Neo-
tropical genus Acestrorhynchus (Ostariophysi: Characiformes) based on nuclear and mito-
chondrial gene sequences and morphology: A total evidence approach. Molecular Phyloge-
netic and Evolution 52: 312–320. https://doi.org/10.1016/j.ympev.2008.12.025

Raskina O, Barber JC, Nevo E, Belyayev A (2008) Repetitive DNA and chromosomal re-
arrangements: Speciation-related events in plant genomes. Cytogenetic Genome Reseach 
120: 351–357. https://doi.org/10.1159/000121084

Rosa KO, Ziemniczak K, Barros AV, Nogaroto V, Almeida MC, Cestari MM, Artoni RF, Vicari 
MR (2012) Numeric and structural chromosome polymorphism in Rineloricaria lima (Si-
luriformes: Loricariidae): fusion points carrying 5S rDNA or telomere sequence vestiges. 
Reviews in Fish Biology and Fisheries 22(3): 739–749. https://doi.org/10.1007/s11160-
011-9250-6

Ruiz-Herrera A, Nergadze SG, Santagostino M, Giulotto E (2008) Telomeric repeats far from 
the ends: mechanisms of origin and role in evolution. Cytogenetic Genome Research 122: 
219–228. https://doi.org/10.1159/000167807

Salvadori S, Deiana AM, Deidda F, Lobina C, Mulas A, Coluccia E (2018) XX/XY sex chromo-
some system and chromosome markers in the snake eel Ophisurus serpens (Anguilliformes: 
Ophichtidae). Marine Biology Research 14: 158–164. https://doi.org/10.1080/1745100
0.2017.1406665

Scacchetti PC, Pansonato-Alves JC, Utsonomia R, Oliveira C, Foresti F (2011) Karyotypic 
diversity in four species of the genus Gymnotus Linnaeus, 1758 (Teleostei, Gymnotiformes, 
Gymnotidae): physical mapping of ribosomal genes and telomeric sequences. Comparative 
Cytogenetic 5: 223–235. https://doi.org/10.3897/compcytogen.v5i3.1375

https://doi.org/10.1186/s13039-015-0161-4
https://doi.org/10.1186/s13039-015-0161-4
https://doi.org/10.1093/sysbio/46.1.75
https://doi.org/10.1093/sysbio/46.1.75
https://doi.org/10.3389/fgene.2017.00203
https://doi.org/10.1007/s00122-005-0196-8
https://doi.org/10.1007/s00122-005-0196-8
https://doi.org/10.1073/pnas.83.9.2934
https://doi.org/10.1016/j.ympev.2008.12.025
https://doi.org/10.1159/000121084
https://doi.org/10.1007/s11160-011-9250-6
https://doi.org/10.1007/s11160-011-9250-6
https://doi.org/10.1159/000167807
https://doi.org/10.1080/17451000.2017.1406665
https://doi.org/10.1080/17451000.2017.1406665
https://doi.org/10.3897/compcytogen.v5i3.1375


Alber Sousa Campos et al.  /  Comparative Cytogenetics 14(1): 27–42 (2020)42

Schmid M, Steinlein C (2016) Chromosome Banding in Amphibia. XXXIV. Intrachromosom-
al Telomeric DNA Sequences in Anura. Cytogenetics Genome Research 148: 211–226. 
https://doi.org/10.1159/000446298

Schweizer D, Loidl J (1987) A model for heterochromatin dispersion and the evolution of C band 
patterns. Chromosomes Tod 9: 61–74. https://doi.org/10.1007/978-94-010-9166-4_7

Skipper M (2007) Genomics: Mysteries of heterochromatic sequences unraveled. Nature 8: 
1–567. https://doi.org/10.1038/nrg2161

Slijepcevic P (1998) Telomeres and mechanisms of Robertsonian fusion. Chromosoma 107: 
136–140. https://doi.org/10.1007/s004120050289

Sousa e Souza JF, Viana PF, Bertollo LAC, Cioffi MB, Feldberg E (2017) Evolutionary relation-
ships among Boulengerella species (Ctenoluciidae, Characiformes): genomic organization 
of repetitive DNAs and highly conserved karyotypes. Cytogenetic Genome Research 152: 
194–203. https://doi.org/10.1159/000480141

Sumner AT (1972) A simple technique for demonstrating centromeric heterochromatin. Ex-
perimental Cell Research 75: 304–306. https://doi.org/10.1016/0014-4827(72)90558-7

Toledo-Piza M, Menezes NA (1996) Taxonomic redefinition of the species of Acestrorhynchus 
of the microlepis group with the description of Acestrorhynchus apurensis, a new species 
from Venezuela (Ostariophysi: Characiformes: Characidae). American Museum. Novitates 
3160: 1–23.

Toledo-Piza M (2007) Phylogenetic relationships among Acestrorhynchus species (Ostariophysi: 
Characiformes: Acestrorhynchidae). Zoological Journal of the Linnean Society 151: 691–
757. https://doi.org/10.1111/j.1096-3642.2007.00355.x

https://doi.org/10.1159/000446298
https://doi.org/10.1007/978-94-010-9166-4_7
https://doi.org/10.1038/nrg2161
https://doi.org/10.1007/s004120050289
https://doi.org/10.1159/000480141
https://doi.org/10.1016/0014-4827(72)90558-7
https://doi.org/10.1111/j.1096-3642.2007.00355.x

	Interspecific cytogenetic relationships in three Acestrohynchus species (Acestrohynchinae, Characiformes) reveal the existence of possible cryptic species
	Abstract
	Introduction
	Material and methods
	Conventional chromosome banding
	Molecular cytogenetic protocols
	Image analysis and processing

	Results
	Discussion
	References

