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Abstract
Cytogenetic data for the genus Cichla Bloch et Schneider, 1801 are still very limited, with only four karyotype descriptions to date. The sum of the available cytogenetic information for Cichla species, points to a
maintenance of the diploid number of 48 acrocentric chromosomes, considered a typical ancestral feature
in cichlids. In the current study, we performed molecular and classical cytogenetic analyses of the karyotype organization of six species of Cichla, the earliest-diverging genus of Neotropical cichlids. We cytogenetically analysed Cichla kelberi Kullander et Ferreira, 2006, Cichla monoculus Agassiz, 1831, Cichla piquiti
Kullander et Ferreira, 2006, Cichla temensis Humboldt, 1821, Cichla vazzoleri Kullander et Ferreira, 2006
and Cichla pinima Kullander et Ferreira, 2006, including three individuals that showed mixed morphological characteristics, likely from different species, suggesting they were hybrid individuals. All individuals analysed showed 2n = 48 acrocentric chromosomes, with centromeric heterochromatic blocks on all
chromosomes and a terminal heterochromatic region on the q arm of the 2nd pair. Mapping 18S rDNA
gave hybridization signals, correlated with the nucleolus organizer regions, on the 2nd pair for all analyzed
individuals. However, we found distinct patterns for 5S rDNA: interstitially at the proximal position on
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6th pair of four species (C. kelberi, C. pinima, C. piquiti and C. vazzoleri), and on the distal of the 4th pair
in two (C. monoculus and C. temensis). Accordingly, we present here new data for the genus and discuss
the evolutionary trends in the karyotype of this group of fish. In addition, we provide data that supports
the occurrence of hybrid individuals in the Uatumã River region, mainly based on 5S rDNA mapping.
Keywords
5S rDNA, FISH, Heterochromatin, Hybridization, karyotype

Introduction
The genus Cichla Bloch et Schneider, 1801 belongs to the subfamily Cichlinae that, jointly with Retroculus Eigenmann et Bray, 1894, makes up the tribe Cichlini, and is the earliest-diverging lineage of Neotropical cichlids (Leo Smith et al. 2008). This taxon is widely
distributed within the Amazon, Tocantins, and Orinoco River basins, and in the smaller
rivers draining the Guianas to the Atlantic Ocean. Most Cichla species follow an allopatric
distribution pattern, although some species are sympatric or even syntopic (Kullander
and Ferreira 2006). However, some species, such as C. monoculus Agassiz, 1831, C. kelberi
Kullander et Ferreira, 2006 and C. piquiti Kullander et Ferreira, 2006, have been introduced into other areas, where they are well established, due to their generalist habit. Cichla
are very emblematic fish in South America, with high economic and ecological importance, especially since they are predators in Amazonian rivers and used widely for sport
fishing (Nascimento et al. 2001; dos Santos et al. 2016; Diamante et al. 2017).
Representatives of the genus Cichla are easily distinguished from all other Neotropical
cichlids by the shape of the dorsal fin, and the presence of 1 to 4 dark vertical bars along
the body. However, the species are very similar, and while their color patterns still provide
the best species diagnostic characters, in some cases these may complicate accurate identification, since key characters may show ontogenetic changes (Kullander and Ferreira 2006).
According to Kullander and Ferreira (2006), the genus comprises 15 morphologically distinct species, and recently another species has been described (Cichla cataractae
Sabaj et al. 2020) from the Essequibo River basin, where it is endemic). However,
Willis et al. (2012), based on multilocus data, recognized only eight species. The species
often have restricted natural distributions, but to variable extents. For example, while
C. monoculus is found all over the Amazon River and low tributary course, C. temensis
Humboldt, 1821 is found only in black water rivers, whereas C. piquiti and C. kelberi
are restricted to the Tocantins River.
Cytogenetic data concerning the family Cichlidae points to a remarkable trend
in the maintenance of the diploid number 2n = 48, mostly in the acrocentric form
(Thompson 1979). However, as more species were karyotyped, a huge chromosomal
diversity was observed in the derived clades (ranging from 32 to 60 chromosomes),
but with predominance of 2n = 48 in most lineages, which is considered an ancestral
trait for this group (Feldberg et al. 2003; Gross et al. 2009; Poletto et al. 2010; da
Costa et al. 2019). For the genus Cichla, only C. monoculus, C. temensis, C. kelberi and
C. piquiti have had their karyotypes described, all exhibiting a diploid number com-
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posed of 48 acrocentric chromosomes, as the species from earliest-diverging Cichlinae
tribes (Retroculini, Astronotini and Chaetrobranchini) (Feldberg et al. 2003; AlvesBrinn et al. 2004; Poletto et al. 2010; Mourão et al. 2017).
Interestingly, Alves-Brinn et al. (2004), based on cytogenetic data, reported the occurrence of hybridization between C. monoculus and C. temensis in the Uatumã River
(Balbina Hydroelectric Dam). In addition, interspecific hybridization and introgression between species has been much discussed in relation to the adaptive advantages
and increase of genetic variability (Willis et al. 2012). For some authors, hybridization
may be related to diversification and speciation, or the extinction of populations or
species (Mourão et al. 2017). Under either species concept, the phylogenetic breadth
of introgression in this group is clear, with both sister species and species from different
mtDNA clades exhibiting genetic introgression (Willis et al. 2012).
In the current study, we used different classical and molecular cytogenetic markers
to characterize Cichla species, from different river drainages within the Amazon basin
and investigate the likely existence of hybrid individuals, where more than one species
occurs, such as at Uatumã River (Balbina Hydroelectric Dam).

Material and methods
In the current study, we sampled 50 individuals of the genus Cichla from five locations in
the Brazilian Amazon basin (Table 1, Figs 1, 2) under ICMBIO (Instituto Chico Mendes
de Conservação da Biodiversidade) permit number: 28095-1. Voucher specimens were deposited in the Fish Collection of the National Institute of Amazonian Research (Instituto
Nacional de Pesquisas da Amazônia – INPA) (Table 1). Dr. Efrem Ferreira and Dr. Jansen
Zuanon, following description of Kullander and Ferreira (2006), identified the Cichla species included in the current study. However, three individuals had mixed characteristics of
more than one species, and were thus considered possible hybrids by specialists.
Chromosomal preparations were obtained from the kidney, following the protocol
of Gold et al. (1990). The active nucleolus-organizing region (NOR) was detected with
Table 1. The Cichla species included in the current study, collecting localities, the number of individuals analyzed, and Voucher number. ♂ = male, ♀ = female. AM = Amazonas State, PA = Pará State,
MT = Mato Grosso State.
Species
C. kelberi

Number of
individuals

Collecting localities

Coordinates

Voucher

4♂ 3♀

Araguaia River – São Félix, MT

11°39'03.9"S, 50°52'59.4"W

MZUSP125273

C. monoculus

5♀

Anavilhanas (Negro River), AM (Black water)

2°33'28.4"S, 60°46'29.7"W

INPA-ICT059045

C. monoculus

3♀

Uatumã River (Balbina Hydroelectric Dam) AM, Black water)

1°55'02.2"S, 59°28'23.7"W

INPA-ICT059046

C. monoculus

1♀

Tapajós River – Santarém, PA (Clear water)

2°24'53.0"S, 54°46'48.3"W

INPA-ICT059047

C. monoculus

4♂ 1♀

Catalão Lake, AM (Mix of white and black water)

3°10'30.8"S, 59°56'30.3"W

INPA-ICT059044

C. pinima

7♂ 6♀

Tapajós River (Mix of white and clear water)

C. piquiti

2♂ 2♀

C. temensis

2♂ 2♀

Uatumã River (Balbina Hydroelectric Dam). AM, Black water) 1°55'02.2"S, 59°28'23.7"W

INPA-ICT059043

C. vazzoleri

2♂ 3♀

Uatumã River (Balbina Hydroelectric Dam, AM, Black water)

1°55'02.2"S, 59°28'23.7"W

INPA-ICT059048

3♂

Uatumã River (Balbina Hydroelectric Dam, AM, Black water)

1°55'02.2"S, 59°28'23.7"W

INPA-CT059047

Hybrids

Araguaia River – São Félix, MT

24°21'16.4"S, 54°70'23.16"W INPA-ICT059045
11°38'01.7"S, 50°40'11.3"W

MZUSP125272
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Figure 1. Map showing the collection points of Cichla species analyzed in current study.

silver nitrate impregnation (Ag-NOR), following Howell and Black (1980), while constitutive heterochromatin was detected following Sumner (1972). DNA was extracted
using the Wizard Extraction Kit (Promega), following manufacturer’s recommendations, and quantified using a NanoVue Plus spectrophotometer (GE Healthcare).
Amplification of 18S and 5S rDNA used the Polymerase Chain Reaction (PCR)
with primers 18S F(5’ -CCG CTT TGG TGA CTC TTG AT-3’) and R(5’ -CCG
AGG ACC TCA CTA AAC CA-3’) (Gross et al. 2010), and the primers 5S F(5’ -TAC
GCC CGA TCT CGT CCG ATC-3’) and R(5’ -CAG GCT GGT ATG GCC GTA
AGC-3’) (Martins and Galetti 1999).
All PCRs were performed with a final volume of 25 μL, containing genomic DNA
of each species (200 ng), 10× buffer with 1.5 mM MgCl2, DNA polymerase (5 U/μL),
dNTPs (1 mM), primers (5 mM) and Milli-Q. The reaction profile for 18S rDNA was
1 min. at 95 °C, 35 cycles of 1 min. at 94 °C, 1 min. at 56 °C and 1 min. and 30 s
at 72 °C, followed by 5 min. at 72 °C. The reaction profile for 5S rDNA amplification was 1 min. at 95 °C, followed by 30 cycles of 1 min. at 94 °C, 1 min. at 59 °C
and 1 min. and 30 s at 72 °C. The final extension was 5 min. at 72 °C. PCR products
were checked on 1% agarose gel, quantified on a NanoVue Plus spectrophotometer
(GE Healthcare). PCR products were labeled with digoxigenin (Dig-Nick Translation
mix; Roche) and biotin (Bio-Nick Translation mix; Roche), and used as probes for the
fluorescent in situ hybridization technique (FISH).
Hybridizations were performed according to the protocol described by Pinkel et
al. (1986), with a stringency of 77% (2.5 ng/μL) for 18S rDNA, 5S rDNAr, 50%
formamide, 10% dextran sulfate and 2xSSC at 37 °C for 18 h), post-hibridization
washes were made with formamide 15% and 2xSSC Tween 0.5%. Chromosomes
were counterstained with DAPI (2 mg/mL) using the Vectashield (Vetor) mounting
medium. Telomeric segments were generated using non-templated PCR with primers
(TTAGGG)5 and (CCCTAA)5 (Ijdo et al. 1991).
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Figure 2. Cichla species and individuals considered morphologically hybrid (A–C). C. kelberi
SL = 170.0 mm; C. pinima SL = 190.5 mm; C. piquiti SL = 200.0 mm; C. temensis SL = 210.0 mm;
C. vazzoleri SL = 250.0 mm; C. monoculus (Uatumã River) SL = 160.0 mm; C. monoculus (Catalão Lake,
Negro River) SL = 150.0 mm; C. monoculus (Anavilhanas, Medium Negro River) SL = 180.0 mm; C. monoculus (Santarém, Tapajós River) SL = 180.0 mm; Hybrid A SL = 280.0 mm; Hybrid B SL = 230.0 mm;
Hybrid C SL = 320.0 mm.

We analyzed at least 30 metaphase per individual to confirm the diploid number
and karyotype structure. Images were captured using an Olympus BX51 epifluorescence microscope, and processed using Image-PRO MC 6.0 softwares. Chromosomes
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were measured using the Image J program, arranged in descending order of chromosome size, and classified according to Levan et al. (1964).
All methodological procedures in the current study were performed in accordance with
the guidelines of the Ethics Committee of the National Institute of Amazonian Research
(Instituto Nacional de Pesquisas da Amazônia – INPA), protocol: CEUA No. 009/2018.

Results
The six species analyzed (C. kelberi, C. monoculus, C. pinima, C. piquiti, C. temensis
and C. vazzoleri) all had a diploid number equal to 48 acrocentric chromosomes, and
a fundamental number (FN) equal to 48. The NORs (Ag-NORs and 18S rDNA) were
located in a distal position on the q arms of pair n° 2 in all species (Figs 3, 4). Cichla
monoculus was the sole species sampled in more than one location, and it showed no
difference when compared to data in Alves-Brinn et al. (2004) and Schneider et al.
(2013) (data not shown). The 5S rDNA site was located interstitially at the proximal
position of pair n° 6 in four species (C. kelberi, C. pinima, C. piquiti and C. vazzoleri),
and on distal portion of pair n° 4 in two (C. monoculus and C. temensis) (Fig. 4).
The six species had centromeric heterochromatic blocks on all chromosomes and
a terminal heterochromatic region on pair 2, which corresponds to the same position
as the NORs. However, some blocks were species-specific: terminal blocks were observed on the q arm of C. kelberi pairs 1, 3 and 4; pair 3 of C. pinima and C. temensis;
pairs 1 and 3 of C. piquiti; and in C. vazzoleri pairs 3 and 6 (Fig. 3). C. monoculus,
which was sampled in four different locations, showed variable constitutive heterochromatin patterning, where individuals from the Uatumã River (Balbina Hydroelectric Dam) also had terminal blocks on the q arms of the chromosomal pairs 1, 6,
9, 12, 15, 19. Catalão Lake individuals appeared to have terminal pale blocks on all
pairs, with conspicuous ones on 1, 5, 6, 8, 10 chromosomal pairs. This also occurred
for individuals from Anavilhanas, but in these, the blocks were more conspicuous in
practically all chromosomes, and still had interstitial markings on pairs 1, 3 and 6.
Individuals from the Tapajós River had terminal blocks on pairs 1, 3, 5, 11, 14, 15,
and interstitials on pairs 14 and 15 (Fig. 5).
The three individuals morphologically considered hybrids also had 2n = 48 acrocentric chromosomes and FN = 48, Ag-NOR and 18S rDNA on the second pair at
terminal position on the q arm, collocated with a conspicuous heterochromatic portion (Figs 6, 7). Constitutive heterochromatin was present in the centromeric region
of all chromosomes in the three individuals and the first pair had an interstitial block.
Additionally, individual A (Fig. 6b) had terminal blocks on pairs 1 and 5; individual B
(Fig. 6e) had terminal blocks on most chromosomes and interstitials on pairs 3 and 6;
individual C (Fig. 6h) had terminal pale blocks on pairs 3 and 10.
5S rDNA was detected interstitially on one pair 4 homolog, and on one pair 6
homolog in two hybrid individuals (A and C). Individual B showed 5S rDNA sites on
both pair 4 chromosomes (Fig. 7).
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Figure 3. Karyotypes analyzed by conventional Giemsa staining, C banding and Ag-NOR: Cichla kelberi
(a, b, c) C. pinima (d, e, f) C. piquiti (g, h, i) C. temensis (j, k, 1) C. vazzoleri (m, n, o).

For all analysed species, hybridization with telomeric probes showed, as expected,
only markings on the terminal portions of both arms (data not shown).

Discussion
For Cichlidae species, a diploid number equal to 48 acrocentric-like chromosomes is
considered an ancestral feature (Thompson 1979), and chromosomal evolution in this
family was thought to be conserved from the karyotype macrostructure point of view
(Feldberg et al. 2003). However, as more Cichlidae species were cytogenetically studied and more accurate techniques were applied (e.g. mapping of different molecular
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Figure 4. Karyotypes analyzed with molecular chromosome markers. Double FISH with 18S (red) and
5S (green) rDNA probes. Cichla monoculus (a) C. kelberi (b) C. pinima (c) C. piquiti (d) C. temensis (e)
C. vazzoleri (f).

Figure 5. Cichla monoculus karyotype from different locations with conventional Giemsa staining, C. banding: a Uatumã River b Catalão Lake (Negro River) c Anavilhanas (middle Negro River) d Tapajós River.
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Figure 6. Karyotype of hybrid individuals A, B and C (as in Fig. 2) respectively, with conventional
Giemsa staining (a, d, g), C-banding (b, e, h) and Ag-NOR (c, f, i).

chromosomal markers), several karyotypic formulas and configurations have been
found (Gross et al. 2009; Poletto et al. 2010; Schneider et al. 2013), suggesting that
this fish group experienced multiple non-robertsonian chromosomal rearrangements
during its evolution, since the 2n = 48 is retained in most Cichlinae lineages.
In the current study, analyzes focused on the genus Cichla, which represents one
of the most basal lineages of Neotropical cichlids (Leo Smith et al. 2008). To date, all
species karyotyped possess a complement of 48 acrocentric-like chromosomes, with
very similar karyotypes between species, including the NOR pattern, which is usually found on the 2nd pair (Alves Brinn et al. 2004; Schneider et al. 2013; Mourão et
al. 2017; current study). In addition, some studies examining morphological-mitochondrial divergences (Andrade et al. 2001; Willis et al. 2010), as well as chromosome
features (Alves Brinn et al. 2004; Oliveira et al. 2006), and electrophoretic esterase
comparisons (Teixeira and Oliveira 2005) have inferred hybridization in natural and
in artificial or disturbed environments/populations.
For constitutive heterochromatin, the distribution pattern can often be used as a species-specific or population marker (Feldberg et al. 2003; Vicari et al. 2006; Benzaquem
et al. 2008; Perazzo et al. 2011). In our analyses, for instance, we found four different
heterochromatin patterns for C. monoculus (Fig. 5). This is one of the most widelydistributed species in the Amazon River basins (Kullander and Ferreira 2006), and the
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Figure 7. Karyotypes of hybrid individuals A, B and C (as shown in Fig. 2) respectively with molecular
chromosomal markers. Double FISH with 18S (red) and 5S (green) rDNA probes.

commonly introduced into dam resevoirs throughout Brazil (dos Santos et al. 2016; Diamante et al. 2017). Heterochromatin is known to play important roles in the chromosomal architecture and karyotype organization, such as assisting in chromosomal segregation, nuclear organization and expression of gene regulation, associated with responses
to environmental changes (Grewal and Jia 2007; Varriale et al. 2008; Bühler 2009;
Ribeiro et al. 2017; Viana Ferreira et al. 2019). This seems to be the case for the different C. monoculus populations analyzed in our study, where individuals from black and
acid waters (Negro and Uatumã rivers), white and black mixed waters (confluence of
Negro and Solimões rivers), and in the confluence of white and clear waters (confluence
of Amazonas and Tapajós rivers), showed intraspecific variability in their heterochromatic patterns, possibly reflecting chromatin adaptation and/or epigenomic responses to
changes in the specific environment inhabited by these different populations.
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Interestingly, the heterochromatic patterns of the three probable hybrids was very
similar and much closer to the pattern described for the Negro River (C. monoculus
from Anavilhanas) with some interstitial blocks. Could it be heterochromatinization?
Such heterochromatin variability can also be explained by stressors, such as environmental changes, or even hybridization processes (Richards et al. 2010; Ribeiro et al.
2017), which would explain the heterochromatin distribution differences found in
C. monoculus and in the probable hybrids.
Besides the conservation of the karyotype macrostructure, Schneider et al. (2013)
reported that 12 out of 13 Cichlinae species analyzed in their study had only one chromosome pair harboring 5S rDNA sites, but at different karyotypic positions, indicating
that 5S rDNA sites are a robust molecular chromosomal marker in cichlid species. 5S
rDNA is an important cytotaxonomic and evolutionary marker, since it helps provide
a better understanding of fish chromosomal diversity (Bellafronte et al. 2005; Teixeira
et al. 2009; Vicari et al. 2010). For instance, a study by Ferreira et al. (2016), mapping
of 5S rDNA sequences in Bunocephalus coracoideus Cope, 1874, revealed an association
between this rDNA site and a multiple sex chromosome system previously unknown
in Siluriformes (X1X1X2X2/X1Y1X2Y2). Repetitive 5S and 18S rDNA sequences are the
most well-studied in fish, and have been gaining prominence mainly in studies of
between-species evolutionary relationships, population characterization and genome
structure (Martins et al. 2004; Terencio et al. 2012; Schneider et al. 2013).
In the current study, individuals of all six species, including the hybrids, had 18S
rDNA on terminal position of the q arm of the 2nd chromosomal pair (same position
as NORs). Meanwhile, 5S rDNA mapping in Cichla species showed two patterns: on
the 4th pair (C. monoculus and C. temensis), and on the 6th pair (C. kelberi, C. pinima,
C. piquiti and C. vazzoleri). However, in the individuals morphologically considered
hybrids, we found two distinct patterns: two of them (hybrids A and C) having 5S
rDNA in one homologue of the 4th pair and one homologue of the 6th pair, while
the other hybrid (individual B) had 5S rDNA on both homologues of the 4th pair.
Since these probable hybrids were captured in the Uatumã River (Balbina Hydroelectric Dam), where C. monoculus, C. temensis and C. vazzoleri all occur (Kullander and
Ferreira 2006), we believe that these species might be hybridizing.
Interestingly, the karyotypes of C. pinima and C. vazzoleri (current study) are very
similar, except for a heterochromatic terminal block on the q arms of the 6th pair
in C. vazzoleri. It is notable that C. pinima was sampled in the Tapajós River and
C. vazzoleri in the Uatumã River, very distant locations with no history of sympatry or
migration (Ferreira, personal communication). However, according to Willis (2017),
C. pinima sensu lato includes C. pinima, C. vazzoleri, C. jariina, Kullander et Ferreira,
2006 and C. thyrorus Kullander et Ferreira, 2006 (sensu Kullander and Ferreira 2006),
and reports that the evolutionary relationships in this group are more complex than
previously thought. Willis (2017) suggest that this separation into four species does
not correspond to its evolutionary history and contemporary dynamics of the genus.
In addition, Willis et al. (2012) reported that genetic introgression is a common
phenomenon in Cichla species. Introgression can be defined as the movement of DNA
from the genetic pool of one species into that of another species by repeated backcross-
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ing of hybrid individuals with one or both parent species. Such hybridization events are
expected to occur most commonly in modified habitats, but interestingly, most of the
hybridization cases known for Cichla species, were found in undisturbed natural environments (Willis et al. 2012), suggesting that introgression forms a natural part of the evolution of many tropical species, so increasing genetic diversity. In this sense, we cannot rule
out hybridization and genetic introgression among the likely parental species, especially
taking in account that all three probable hybrid individuals used here had male gonads.

Conclusions
Our data supports the tendency in the maintenance of the 2n = 48 chromosomes
for Cichla species, as well as the conservation of the karyotypic formula and simple
NOR, but reveals 5S rDNA to be an important cytogenetic marker for this group. In
additon, here we provide, for the first time, the karyotype for C. pinima and C. vazzoleri. Furthermore, our data shows that the heterochromatin pattern may differentiate populations of C. monoculus, suggesting that this variation might be the result of
epigenetic events triggered by different water types.

Acknowledgements
The authors are grateful to Jansen Zuanon for identifying the individual fish. Brazilian institutions: INPA/BADPI the post-graduate program in Freshwater Biology and
Continental Fisheries, the Laboratory of Animal Genetics (LGA/INPA). This study
was financed by the Centro de Estudos de Adaptação às Mudanças Ambientais da
Amazônia (INCT ADAPTA II, FAPEAM/CNPq 573976/2008-2), Conselho Nacional
de Desenvolvimento Científico e Tecnológico and the Fundação de Amparo à Pesquisa
do Estado do Amazonas. JMQ received a study grant from the Conselho Nacional de
Desenvolvimento Científico e Tecnológico. Dr. Adrian A. Barnett reviewed the English.

References
Alves Brinn MN, Ivan Rebelo Porto J, Feldberg E (2004) Karyological evidence for interspecific
hybridization between Cichla monoculus and C. temensis (Perciformes, Cichlidae) in the
Amazon. Hereditas 141(3): 252–257. https://doi.org/10.1111/j.1601-5223.2004.01830.x
Andrade F, Schneider H, Farias I, Feldberg E, Sampaio I (2001) Análise filogenética de duas espécies simpátricas de tucunaré (Cichla, Perciformes), com registro de hibridização em diferentes pontos da bacia Amazônica. Revista Virtual de Iniciação Acadêmica da UFPA 1: 1–11.
Bellafronte E, Margarido VP, Moreira-Filho O (2005) Cytotaxonomy of Parodon nasus and
Parodon tortuosus (Pisces, Characiformes): A case of synonymy confirmed by cytogenetic
analyses. Genetics and Molecular Biology 28: 710–716. https://doi.org/10.1590/S141547572005000500010

Comparative cytogenetic analysis of Cichla species

449

Benzaquem DC, Feldberg E, Porto JIR, Gross MC, Zuanon JAS (2008) Cytotaxonomy and
karyoevolution of the genus Crenicichla (Perciformes, Cichlidae). Genetics and Molecular
Biology 31: 250–255. https://doi.org/10.1590/S1415-47572008000200016
Bühler M (2009) RNA turnover and chromatin-dependent gene silencing. Chromosoma 118:
141–151. https://doi.org/10.1007/s00412-008-0195-z
da Costa GVWF, Cioffi MB, Liehr T, Feldberg E, Bertollo LAC, Molina WF (2019) Extensive
Chromosomal Reorganization in Apistogramma Fishes (Cichlidae, Cichlinae) Fits the
Complex Evolutionary Diversification of the Genus. International Journal of Molecular
Sciences 20: 1–4077. https://doi.org/10.3390/ijms20174077
Diamante NA, de Oliveira AV, Petry AC, Catelani PA, Pelicice FM, Prioli SMAP, Prioli AJ
(2017) Molecular analysis of invasive Cichla (Perciformes: Cichlidae) populations from
neotropical ecosystems. Biochemical Systematics and Ecology 72: 15–22. https://doi.
org/10.1016/j.bse.2017.03.004
dos Santos LN, Salgueiro F, Sampaio Franco AC, Marques ACPB (2016) First record of the
invasive blue peacock cichlid Cichla piquiti Kullander and Ferreira 2006 (Cichliformes:
Cichlidae) in the Paraíba do Sul River basin, South eastern Brazil. BioInvasions 5(4): 267–
275. https://doi.org/10.3391/bir.2016.5.4.12
Feldberg E, Porto JIR, Bertollo LAC (2003) Chromosomal changes and adaptation of cichlid
fishes during evolution. In: Val AL, Kapoor BG (Eds) Fish Adaptation. Ibh and Oxford,
New Dehli and New York, 285–308.
Ferreira M, Garcia C, Matoso DA, Jesus IS, Feldberg E (2016) A new multiple sex chromosome
system X1X1X2X2/X1Y1X2Y2 in Siluriformes: cytogenetic characterization of Bunocephalus coracoideus (Aspredinidae). Genetica 144: 591–599. https://doi.org/10.1007/s10709-016-9927-9
Gold JR, Li YC, Shipley NS, Powers PK (1990) Improved methods for working with fish chromosomes 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
Grewal SIS, Jia S (2007) Heterochromatin revisited. Nature Reviews Genetics 8: 35–46.
https://doi.org/10.1038/nrg2008
Gross MC, Feldberg E, Cella DM, Schneider MC, Schneider CH, Porto JIR, Martins C (2009)
Intriguing evidence of translocations in Discus fish (Symphysodon, Cichlidae) and a report
of the largest meiotic chromosomal chain observed in vertebrates. Heredity 102: 435–441.
https://doi.org/10.1038/hdy.2009.3
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(5): 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: 1014–1015. https://doi.
org/10.1007/BF01953855
Ijdo JW, Wells RA, Baldini A, Reeders ST (1991) Improved telomere detection using a telomere repeat probe (TTAGGG)n generated by PCR. Nucleic Acids Research 19: 1–4780.
https://doi.org/10.1093/nar/19.17.4780
Kullander SO, Ferreira EJG (2006) A review of the South American cichlid genus Cichla,
with descriptions of nine new species (Teleostei: Cichlidae). Ichthyological Exploration of
Freshwaters 17: 289–398.

450

Janice Quadros et al. / Comparative Cytogenetics 14(3): 437–451 (2020)

Leo Smith W, Chakrabarty P, Sparks JS (2008) Phylogeny, taxonomy, and evolution of
Neotropical cichlids (Teleostei: Cichlidae: Cichlinae). Cladistics 24: 625–641. https://doi.
org/10.1111/j.1096-0031.2008.00210.x
Levan A, Fredga K, Sandberg AA (1964) Nomenclature for centromeric position on chromosomes. Hereditas 52: 201–220. https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
Martins C, Galetti PM (1999) Chromosomal localization of 5S rDNA genes in Leporinus
fish (Anostomidae, Characiformes). Chromosome Research 7: 363–367. https://doi.
org/10.1023/A:1009216030316.
Martins C, Oliveira C, Wasko AP, Wright JM (2004) Physical mapping of the Nile tilapia
(Oreochromis niloticus) genome by fluorescent in situ hybridization of repetitive DNAs to
metaphase chromosomes – a review. Aquaculture 231: 37–49. https://doi.org/10.1016/j.
aquaculture.2003.08.017
Mourão AAF, Freitas-Souza D, Hashimoto DT, Ferreira DC, Prado FD, Silveira RV, Foresti
F, Porto-Foresti F (2017) Molecular and morphological approaches for species delimitation and hybridization investigations of two Cichla species. Iheringia, Série Zoologia 107:
e2017016. https://doi.org/10.1590/1678-4766e2017016
Nascimento FL, Catella AC, Moraes AS (2001) Distribuição espacial do tucunaré, Cichla sp.
(Pisces, cichlidae), peixe amazônico introduzido no Pantanal, Mato Grosso do Sul, Brasil.
Embrapa Pantanal Boletim Pesquisa e Desenvolvimento 24: 1–15.
Oliveira AV, Prioli AJ, Prioli S, Bignotto TS, Júlio Jr HF, Carrerk H, Agostinho CS, Prioli LM
(2006) Genetic diversity of invasive and native Cichla (Pisces: Perciformes) populations in
Brazil with evidence of interspecific hybridization. Journal of Fish Biology 69: 260–277.
https://doi.org/10.1111/j.1095-8649.2006.01291.x
Oliveira C, Toledo LFA, Foresti F, Toledo FSA (1988) Supernumerary chromosomes, robertsonian
rearrangement and multiple NORs in Corydoras aeneus (Pisces, Siluriformes, Callichthyidae).
Caryologia 41: 227–236. https://doi.org/10.1080/00087114.1988.10797863
Perazzo G, Noleto RB, Vicari MR, Machado PC, Gava A, Cestari MM (2011) Chromosomal studies in Crenicichla lepidota and Australoheros facetus (Cichlidae, Perciformes) from
extreme Southern Brazil. Reviews in Fish Biology and Fisheries 21: 509–515. https://doi.
org/10.1007/s11160-010-9170-x
Poletto AB, Ferreira IA, Cabral-de-Mello DC, Nakajima RT, Mazzuchelli J, Ribeiro HB, Venere PC,
Nirchio M, Kocher TD, Martins C (2010) Chromosome differentiation patterns during cichlid
fish evolution. BMC Genetics 11: 1–50. https://doi.org/10.1186/1471-2156-11-50
Pinkel D, Straume T, Gray JW (1986) Cytogenetic analysis using quantitative, high-sensitivity,
fluorescence hybridization. Proceedings of the National Academy of Sciences of the United
States of America 83: 2934–2938. https://doi.org/10.1073/pnas.83.9.2934
Ribeiro LB, Moraes Neto A, Artoni RF, Matoso DA, Feldberg E (2017) Chromosomal mapping of repetitive sequences (Rex3, Rex6, and rDNA Genes) in hybrids between Colossoma
macropomum (Cuvier, 1818) and Piaractus mesopotamicus (Holmberg, 1887). Zebrafish 14:
155–160. https://doi.org/10.1089/zeb.2016.1378
Richards CL, Bossdorf O, Pigliucci M (2010) What role does heritable epigenetic variation play
in phenotypic evolution? Bioscience 60: 232–237. https://doi.org/10.1525/bio.2010.60.3.9

Comparative cytogenetic analysis of Cichla species

451

Sabaj MH, López-Fernández H, Willis SC, Hemraj DD, Taphorn DC, Winemiller KO (2020)
Cichla cataractae (Cichliformes: Cichlidae), new species of peacock bass from the Essequibo Basin, Guyana and Venezuela. Proceedings of the Academy of Natural Sciences of
Philadelphia 167(1): 69–86. https://doi.org/10.1635/053.167.0106
Schneider CH, Gross MC, Terencio ML, Artoni RF, Vicari MR, Martins C, Feldberg E (2013)
Chromosomal evolution of neotropical cichlids: the role of repetitive DNA sequences in the
organization and structure of karyotype. Reviews in Fish Biology and Fisheries 23: 201–214.
https://doi.org/10.1007/s11160-012-9285-3
Sumner AT (1972) A simple technique for demonstrating centromeric heterochromatin.
Experimental Cell Research 75: 304–306. https://doi.org/10.1016/0014-4827(72)90558-7
Teixeira WG, Ferreira IA, Cabral-de-Mello DC, Mazzuchelli J, Valente GT, Pinhal D, Poletto
AB, Venere PC, Martins C (2009) Organization of repeated DNA elements in the genome
of the cichlid fish Cichla kelberi and its contributions to the knowledge of fish genomes.
Cytogenetic and Genome Research 125: 224–234. https://doi.org/10.1159/000230006
Teixeira AS, Oliveira SS (2005) Evidence for a natural hybrid of peacock bass (Cichla monoculus vs Cichla temensis) based on esterase electrophoretic patterns. Genetics and Molecular
Research 4(1): 74–83.
Terencio ML, Schneider CH, Gross MC, Nogaroto V, Almeida MC, Artoni RF, Vicari MR,
Feldberg E (2012) Repetitive sequences associated with differentiation of W chromosome
in Semaprochilodus taeniurus. Genetica 140: 505–512. https://doi.org/10.1007/s10709013-9699-4
Thompson KW (1979) Cytotaxonomy of 41 species of Neotropical Cichlidae. Copeia 1979:
679–691. https://doi.org/10.2307/1443877
Varriale A, Torelli G, Bernardi G (2008) Compositional properties and thermal adaptation of
18S rRNA in vertebrates. RNA 14: 1492–1500. https://doi.org/10.1261/rna.957108
Viana Ferreira AM, Marajó L, Matoso DA, Ribeiro LB, Feldberg E (2019) Chromosomal mapping of rex retrotransposons in tambaqui (Colossoma macropomum Cuvier, 1818) exposed
to three climate change scenarios. Cytogenetics and Genome Research 159(1): 39–47.
https://doi.org/10.1159/000502926
Vicari MR, Moreira-Filho O, Artoni RF, Bertollo LAC (2006) ZZ/ZW sex chromosome system in an undescribed species of the genus Apareiodon (Characiformes, Parodontidae).
Cytogenetic and Genome Research 114: 163–168. https://doi.org/10.1159/000093333
Vicari MR, Nogaroto V, Noleto RB, Cestari MM, Cioffi MB, Almeida MC, Moreira-Filho O,
Bertollo LAC, Artoni RF (2010) Satellite DNA and chromosomes in Neotropical fishes:
methods, applications and perspectives. Journal of Fish Biology 76: 1094–1116. https://
doi.org/10.1111/j.1095-8649.2010.02564.x
Willis SC (2017) One species or four? yes!... and, no. Or, arbitrary assignment of lineages
to species obscures the diversification processes of Neotropical fishes. PLoS ONE 12(2):
e0172349. https://doi.org/10.1371/journal.pone.0172349
Willis SC, Macrander J, Farias IP, Ortí G (2012) Simultaneous delimitation of species and quantification of interspecific hybridization in Amazonian peacock cichlids (genus Cichla) using multilocus data. BMC Evolutionary Biology 12: 1–96. https://doi.org/10.1186/1471-2148-12-96
Willis SC, Nunes M, Montana CG, Farias IP, Ortí G, Lovejoy NR (2010) The Casiquiare River
acts as a corridor between the Amazonas and Orinoco rivers basins: biogeographic analysis
of the genus Cichla. Molecular Ecology 19: 1014–1030. https://doi.org/10.1111/j.1365294X.2010.04540.x

