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ABSTRACT
Background. The main cytogenetic studies of the Characidae family comprise the
genera Astyanax and Psalidodon involving the use of repetitive DNA probes. However,
for the microsatellite classes, studies are still scarce and the function of these sequences
in the genome of these individuals is still not understood. Thus, we aimed to analyze
and compare the distribution of microsatellite sequences in the species Astyanax
bimaculatus and Psalidodon scabripinnis.
Methods. We collected biopsies from the fins of A. bimaculatus and P. scabripinnis to
perform cell culture, followed by chromosome extraction, andmapped the distribution
of 14 microsatellites by FISH in both species.
Results and Discussion. The diploid number observed for both species was 2n =
50, with an acrocentric B microchromosome in A. bimaculatus and a metacentric
B chromosome in P. scabripinnis. Regarding FISH, 11 probes hybridized in the
karyotype of A. bimaculatus mainly in centromeric regions, and 13 probes hybridized
in P. scabripinnis, mainly in telomeric regions, in addition to a large accumulation of
microsatellite hybridization on its B chromosome.
Conclusion. Comparative FISH mapping of 14 microsatellite motifs revealed different
patterns of distribution both in autosomes and supernumerary chromosomes of
A. bimaculatus and P. scabripinnis, suggesting independent evolutionary processes in
each of these species, representing excellent data on chromosome rearrangements and
cytotaxonomy.
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INTRODUCTION
The family Characidae is the most diverse neotropical fish family, being found throughout
the American continent and in Africa (Mirande, 2019; Sun et al., 2021). Currently, 1,245
valid species are known, organized into 142 genera, comprising organisms that are
characterized by a small adipose fin on the caudal peduncle (Sun et al., 2021; Fricke,
Eschmeyer & Van der Laan, 2022).

In this family, the genera Astyanax (Baird & Girard, 1854), with 125 species, and
Psalidodon (Eigenmann, 1911), with 33 valid species, have been the two most relevant
groups for studies on phylogeny, systematics, and evolution (Terán, Benitez & Mirande,
2020; Silva et al., 2022; Tonello et al., 2022). For a long time, Psalidodon belonged to the
genus Astyanax, comprising the species included in the Astyanax scabripinnis complex.
However, Terán, Benitez & Mirande (2020) proposed the validation of Psalidodon as a
monophyletic clade, and in turn, Astyanax remained a polyphyletic clade.

Many lines of research have focused on the use of different markers to understand
the phylogenetic relationships among Characidae species, such as morphological aspects
(Terán, Benitez & Mirande, 2020;Rodrigues-Oliveira, Kavalco & Pasa, 2022), genomicDNA
(Terán, Benitez & Mirande, 2020; Sun et al., 2021; Fricke, Eschmeyer & Van der Laan, 2022;
Silva et al., 2022; Tonello et al., 2022) and cytogenetics (Rodrigues-Oliveira, Kavalco & Pasa,
2022; Silva et al., 2022; Tonello et al., 2022; Sousa et al., 2023). Among them, cytogenetics is
highlighted due to the great diversity of studies involving the family, providing potential
genus- and species-specific markers (Teixeira et al., 2018; Cunha et al., 2019; Tonello et al.,
2022; Sousa et al., 2023).

Currently, karyotypes have been described for approximately 11 species in the genus
Astyanax and 10 in Psalidodon. Nevertheless, numerous studies have been conducted
to evaluate the genomic composition and cytogenetic characteristics among species in
these genera (Gavazzoni et al., 2018; Cunha et al., 2019; Schemczssen-Graeff et al., 2020;
Silva et al., 2022; Tonello et al., 2022). The substantial interest in cytogenetic research for
these groups stems from the remarkable cytogenetic diversity exhibited by both genera,
including multiple cytotypes, the widespread occurrence of B chromosomes in various
species, natural polyploidy, and the diversity of chromosome formulas observed in these
organisms (Kavalco et al., 2009;Machado et al., 2012; Silva et al., 2022; Sousa et al., 2023).

This extensive cytogenetic diversity observed in Characidae has been better understood
through the use of repetitive sequence mapping, which have provided valuable information
about the evolution and karyotypic diversity of this family (Barbosa et al., 2015; Teixeira
et al., 2018; Piscor et al., 2020). However, the use of these probes in both Astyanax and
Psalidodon is limited to multigene families, satellite DNAs, and histones (Santos et al.,
2013; Gavazzoni et al., 2018; Goes et al., 2022; Silva et al., 2022).

Regarding the use of microsatellites, it is noteworthy that, for both genera, research is
quite limited. Due to the widespread distribution of these sequences in the fish genome,
such markers can provide crucial data and valuable information about the process of
karyotypic differentiation for both genera. In this sense, recent studies have shown that
the information obtained with the use of microsatellite probes has assisted in taxonomy,
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identification of sexual systems, understanding phylogenetic relationships, population
analysis, besides being used in research on genomic damage due to environmental impacts
(Cioffi et al., 2012; Oliveira et al., 2015; Yushkova et al., 2018; Saenjundaeng et al., 2020;
Sousa et al., 2022).

Considering the important of microsatellite distribution patterns in the study of
chromosome evolution, our objective was to analyze and compare the distribution of
these sequences in Astyanax bimaculatus and Psalidodon scabripinnis, aiming to contribute
to a better knowledge of the dynamics and distribution patterns of these sequences in these
two phylogenetically related genera.

MATERIALS AND METHODS
Specimens and chromosomal preparations
A total of three individuals (two males and one female) of the species A. bimaculatus
were collected using a fishing net with a 25 mm mesh in the Caeté River estuary
(0◦53′46.556′′S; 46◦39′48.989′′W), in the municipality of Bragança (Pará, Brazil) under
license ICMBIO/SISBIO, 60197/2017. The specimens collected were anesthetized and
euthanized with an overdose of benzocaine (1 g/L) for the removal of biopsies from the
fins. All methodological procedures and anesthesia conducts followed were approved by the
National Council for theControl of Animal Experimentation (CEUAno9847301017/2018).

The biopsies were used to stablish fibroblast cultures according to the methods of Sasaki,
Ikeuchi & Makino (1968), using DMEM (Dulbecco’sModified EagleMedium) cell medium
supplemented with 10% fetal bovine serum. Cell cultures were monitored daily, and flasks
with 80% confluence were subjected to chromosome extraction, adopting the methodology
described by Rábová et al. (2015). All material from the cell culture was deposited in the
cell bank of the Instituto Evandro Chagas, under the responsibility of Prof. Dr. Edivaldo
Herculano Corrêa de Oliveira. Concerning P. scabripinnis, two samples (one male and one
female) of chromosome preparations were provided by the Laboratory of Genetics and
Evolution, under the supervision of Prof. Dr. Roberto Ferreira Artoni.

Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) experiments were performed using 14
microsatellite probes-(CA)15, (GA)15, (TA)15, (GC)15, (CG)15, (CAA)10, (CAC)10, (CAG)10,
(CAT)10, (CGG)10, (GAA)10, (GAG)10, (TAA)10, (TAC)10-, following the procedures
adopted by Kubat et al. (2008), with modifications described by Cioffi et al. (2012). All
probes used were obtained commercially and labeled directly with Cy3 in the 5’ terminal
region during synthesis (Sigma, St. Louis, MO, USA).

Microscopic analysis and image processing
A total of 30 metaphases, per experiment were analyzed to determine the diploid number,
chromosome morphology, microsatellite mapping, and to assemble the karyotypes.
Metaphases with better dispersion and chromosome morphology were selected for
photographic recording. Images were taken in a Zeiss Axion Imager 7.2 epifluorescence
microscope and analyzed with Axiovision 4.8 software (Zeiss, Jena, Germany).
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Figure 1 Giemsa-stained karyotype of (A, C) A. bimaculatus, highlighting the acrocentric B
microchromosome; and (B, D) P. scabripinnis, highlighting the metacentric B chromosome. Scale
bar= 10 µm (C,D); 3 cm (A, B).

Full-size DOI: 10.7717/peerj.16924/fig-1

The karyotypes were organized using GenASIs software, version 7.2.6.19509 (Applied
Spectral Imaging, Carlsbad, CA, USA). Fundamental numbers (FN) were calculated by
the total number of chromosome arms, considering metacentric (m), submetacentric
(sm), and subtelocentric (st) chromosomes as biarmed and acrocentric (a) as uniarmed,
according to the classification proposed by Levan, Fredga & Sandberg (1964).

RESULTS
Both species have the same diploid number, with differences in chromosomal formula
and FN. In A. bimaculatus the chromosome formula was 6m + 28sm + 8st + 8a, and
FN = 92, with 1 B acrocentric microchromosome. (Figs. 1A, 1C), while the karyotype of
P. scabripinniswas composed of 2m+ 22sm+ 12st + 14a, and FN= 86, with 1 Bmetacentric
chromosome (Figs. 1B, 1D).

Chromosomal mapping of microsatellite sequences showed distinct distribution profiles
for the two species. In A. bimaculatus, 11 microsatellite probes hybridized positively, of
which (GC)15, (CA)15, (CAG)10, (CAT)10, (GA)15, (TAC)10, (TAA)10, (CAC)10, and
(GAA)10 hybridized along centromeric regions with some signals of hybridization at
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Figure 2 Distribution of the microsatellites in the genome of A. bimaculatus. The hybridization mark-
ers are in red, and the arrow indicates the chromosome B. Scale bar= 10 µm.

Full-size DOI: 10.7717/peerj.16924/fig-2

telomeres. Furthermore, the probes of (GC)10, (CAT)10, (GAG)10, (TAA)10, and (GA)15
showed hybridization signals in euchromatic regions and scattered along the chromosome
arms (Fig. 2).

In turn, the probe (CAA)10 hybridized to specific regions of five chromosome
pairs. Conspicuous signals of hybridization were observed on the B chromosome of
A. bimaculatus with the (CA)15 and (GC)15 probes (Fig. 2).

In P. scabripinnis 13 microsatellite probes produced signals, with (CG)15, (CGG)10,
(GAA)10, (TA)15, (GAG)10, (CA)15, (CAG)10, (CAT)10, (GA)15, (TAC)10, and (CAC)10
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Figure 3 Distribution of the microsatellites in the genome of P. scabripinnis. The hybridization mark-
ers are in red, and the arrow indicates the chromosome B. Scale bar= 10 µm.

Full-size DOI: 10.7717/peerj.16924/fig-3

hybridizing along telomeric regions, on chromosome B, and with some signals of
hybridization at centromeres. In addition, probes of (CGG)10, (GAA)10, (CAA)10, (TA)10,
and (GAG)10 produced signals in euchromatic regions and scattered along the arms of the
chromosomes (Fig. 3).

In turn, (GC)15 probe hybridized on chromosome B and on the terminal portions of 5
pairs of chromosomes (Fig. 3).

DISCUSSION
The role of the microsatellites in the genome of A. bimaculatus and
P. scabripinnis
Microsatellite DNA mapping has proven to be an excellent tool for elucidating the
evolutionary dynamics of fish genomes, given the widespread presence of such repetitive
sequences in eukaryotic genomes (Bagshaw, 2017; Srivastava et al., 2019). In the case of the
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Figure 4 Distribution scheme of the main microsatellites on autosomal and supernumerary chromo-
somes of (A) A. bimaculatus and (B) P. scabripinnis.

Full-size DOI: 10.7717/peerj.16924/fig-4

analyzed characids, the distribution patterns align with what is proposed in the literature,
indicating thatmicrosatellite sequences aremore abundant in regions of low recombination
rate, such as the centromeres and telomeres (Yano et al., 2014; Piscor & Parise-Maltempi,
2016; Piscor et al., 2020; Sousa et al., 2022).

Despite the phylogenetic proximity and numerous shared chromosomal features by the
analyzed species, their global chromosomal hybridization of microsatellites and respective
locations are distinct, suggesting independent evolution (Fig. 4). It is noteworthy that such
divergences in microsatellite distribution within phylogenetically related groups have also
been observed among other species of the Characidae family and in other fish groups
(Schneider et al., 2015; Piscor & Parise-Maltempi, 2016; Serrano et al., 2017; Sousa et al.,
2022).

These genomic differences between species indicate that the microsatellite distribution
profile serves as a potential cytotaxonomic marker for the group. Furthermore, the
presence of signals in euchromatic regions, observed in both species, suggests that some
microsatellites may have some evolutionary purpose and could be directly associated with
rearrangements (Pathak & Ali, 2012). In fact, chromosomal rearrangements are recurrent

de Sousa et al. (2024), PeerJ, DOI 10.7717/peerj.16924 7/15

https://peerj.com
https://doi.org/10.7717/peerj.16924/fig-4
http://dx.doi.org/10.7717/peerj.16924


findings in studies with species of the genera Astyanax and Psalidodon (Silva et al., 2022;
Sousa et al., 2023), and such features may be due to the abundance of repetitive sequences
present in the euchromatic regions of the chromosomes.

In general, the functions attributed to microsatellites are directly associated with
structural aspects, such as chromatin organization, andDNAreplication, besides developing
influence in the regulation of genetic activities (Li et al., 2002;Martins et al., 2005; Gemayel
et al., 2010). Based on the obtained results, it is suggested that a significant portion of the
mapped microsatellites in both A. bimaculatus and P. scabripinnis may serve structural
functions, particularly those associated with telomeres and centromeres. Additionally,
some other microsatellites located in euchromatic regions, primarily trinucleotides, could
potentially play a regulatory role in the genome. It is important to note that further studies
employing more specific methodologies are necessary to confirm these hypotheses.

Microsatellites distribution in the B’s chromosomes of
A. bimaculatus and P. scabripinnis
B chromosomes are recurrent findings in Characidae species; however, they occur most
frequently in the genera Astyanax and Psalidodon (Silva et al., 2016; Nascimento et al.,
2020; Silva et al., 2022; Sousa et al., 2023). In Astyanax, only four species have records
of B’s chromosomes that are always characterized by small heterochromatic acrocentric
chromosomes (Kavalco & Almeida-Toledo, 2007; Hashimoto et al., 2008; Santos et al., 2013;
Piscor & Parise-Maltempi, 2016; Sousa et al., 2023). In turn, the genus Psalidodon has a large
number of species that have B chromosomes, which have different morphological aspects,
from macro to microchromosomes (Silva et al., 2016; Silva et al., 2022).

Silva et al. (2022) proposed a model to explain the evolution of B chromosomes in
Psalidodon, which can be partially applied to the genus Astyanax. In this model, species
of the genus Psalidodon may have undergone different rearrangement mechanisms,
leading to the different types of B chromosomes observed in the genus. However, since
B chromosomes of Astyanax always correspond to a microchromosome, the possibility
of chromosome fragmentation would be more applicable to the genus. In turn, for the
analyzed P. scabripinnis, the hypothesis of chromatid non-disjunction, with the emergence
of an isochromosome and subsequent accumulation of repetitive sequences is more
plausible to justify the number of microsatellite sequences found in the B chromosome of
this species (Fig. 5).

However, the reason for the limited microsatellite hybridization signals on the B
chromosome of A. bimaculatus remains unclear. Apart from the study conducted by Piscor
& Parise-Maltempi (2016), which identified prominent microsatellite markings on the
B chromosome of Astyanax mexicanus, no other species within the genus has displayed
similar signals. Thus, a hypothesis can be raised to explain this trait. Although the low
recombination rate in B chromosomes facilitates the accumulation of microsatellites
(Pathak & Ali, 2012; Silva et al., 2022) the time for such a process in these sequences in
Astyanax may not have been sufficient, either due to a recent emergence or a low success
rate of propagation of this B chromosome in the population.
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Figure 5 Model of B-chromosome evolution of A. bimaculatus and P. scabripinnis. Based on Silva et
al. (2022).

Full-size DOI: 10.7717/peerj.16924/fig-5

Finally, the differences in repetitive DNA content between A. bimaculatus and
P. scabripinnis indicate distinct evolutionary paths for the origin of their B-chromosomes.
Moreover, the variations in the distribution of microsatellites on the autosomal and
supernumerary chromosomes of the two species provide valuable data on chromosomal
rearrangements, as these sequences are often associated with breakpoints, which are
evolutionary hotspots (Brandström et al., 2008; Sousa et al., 2022).

CONCLUSIONS
The results of the present study contribute to the expanded understanding of the
distribution and evolution ofmicrosatellites inA. bimaculatus andP. scabripinnis, providing
data that aids in comprehending karyotypic diversification at both the family and genus
levels. Additionally, the comparison of microsatellite distribution allows us to infer that
the composition origin of microsatellites on autosomal chromosomes and B chromosomes
is different and complex for both species. These findings suggest that microsatellites may
contribute to the cytogenetic diversity of A. bimaculatus and P. scabripinnis, as well as other
species within the genera.
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Hashimoto DT, Gonçalves VR, Bortolozzi J, Foresti F, Porto-Foresti F. 2008. First
report of a B chromosome in a natural population of Astyanax altiparanae
(Characiformes, Characidae). Genetics and Molecular Biology 31:275–278
DOI 10.1590/S1415-47572008000200021.

Kavalco KF, Almeida-Toledo LF. 2007.Molecular cytogenetics of blind mexican tetra
and comments on the karyotypic characteristics of genus Astyanax (Teleostei,
Characidae). Zebrafish 4:103–111 DOI 10.1089/zeb.2007.0504.

Kavalco KF, Brandão KDO, Pazza R, Almeida-Toledo LFD. 2009. Astyanax hastatus
Myers, 1928 (Teleostei, Characidae): A new species complex within the genus
Astyanax? Genetics and Molecular Biology 32:477–483
DOI 10.1590/S1415-47572009005000055.

Kubat Z, Hobza R, Vyskot B, Kejnovsky E. 2008.Microsatellite accumulation on the Y
chromosome in Silene latifolia. Genome 51:350–356 DOI 10.1139/g08-024.

Levan A, Fredga K, Sandberg AA. 1964. Nomenclature for centromeric position on
chromosomes. Hereditas 52:201–220 DOI 10.1111/j.1601-5223.1964.tb01953.x.

Li YC, Korol AB, Fahima T, Beiles A, Nevo E. 2002.Microsatellites: genomic distribu-
tion, putative functions and mutational mechanisms: a review.Molecular Ecology
11:2453–2465 DOI 10.1046/j.1365-294x.2002.01643.x.

Machado SN, NetoMF, Bakkali M, Vicari MR, Artoni RF, Oliveira CD, Foresti F. 2012.
Natural triploidy and B chromosomes in Astyanax scabripinnis (Characiformes,
Characidae): a new occurrence. Caryologia 65:40–46
DOI 10.1080/00087114.2012.678086.

de Sousa et al. (2024), PeerJ, DOI 10.7717/peerj.16924 12/15

https://peerj.com
http://dx.doi.org/10.1089/zeb.2018.1668
http://dx.doi.org/10.5962/p.14707
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://dx.doi.org/10.1089/zeb.2018.1574
http://dx.doi.org/10.1146/annurev-genet-072610-155046
http://dx.doi.org/10.3389/fgene.2022.884072
http://dx.doi.org/10.1590/S1415-47572008000200021
http://dx.doi.org/10.1089/zeb.2007.0504
http://dx.doi.org/10.1590/S1415-47572009005000055
http://dx.doi.org/10.1139/g08-024
http://dx.doi.org/10.1111/j.1601-5223.1964.tb01953.x
http://dx.doi.org/10.1046/j.1365-294x.2002.01643.x
http://dx.doi.org/10.1080/00087114.2012.678086
http://dx.doi.org/10.7717/peerj.16924


Martins P, Makepeace K, Hill SA, Hood DW,Moxon ER. 2005.Microsatellite insta-
bility regulates transcription factor binding and gene expression. Proceedings of
the National Academy of Sciences of the United States of America 102:3800–3804
DOI 10.1073/pnas.0406805102.

Mirande JM. 2019.Morphology, molecules and the phylogeny of Characidae (Teleostei,
Characiformes). Cladistics 35:282–300 DOI 10.1111/cla.12345.

Nascimento CND, TroyWP, Alves JCP, CarvalhoML, Oliveira C, Foresti F. 2020.
Molecular cytogenetic analyses reveal extensive chromosomal rearrangements
and novel B chromosomes inMoenkhausia (Teleostei, Characidae). Genetics and
Molecular Biology 43:e20200027 DOI 10.1590/1678-4685-gmb-2020-0027.

Oliveira EA, Bertollo LAC, Yano CF, Liehr T, Cioffi MDB. 2015. Comparative cytoge-
netics in the genus Hoplias (Characiformes, Erythrinidae) highlights contrasting
karyotype evolution among congeneric species.Molecular Cytogenetics 8:1–10
DOI 10.1186/s13039-015-0161-4.

Pathak D, Ali S. 2012. Repetitive DNA: a tool to explore animal genomes/transcrip-
tomes. In: Meroni G, Petrera F, eds. Functional genomics. Rijeka, Croatia: InTech,
155–180 DOI 10.5772/48259.

Piscor D, Paiz LM, Baumgärtner L, Cerqueira FJ, Fernandes CA, Lui RL, Parise-
Maltempi PP, Margarido VP. 2020. Chromosomal mapping of repetitive
sequences in Hyphessobrycon eques (Characiformes, Characidae): a special
case of the spreading of 5S rDNA clusters in a genome. Genetica 148:25–32
DOI 10.1007/s10709-020-00086-3.

Piscor D, Parise-Maltempi PP. 2016.Microsatellite organization in the B chromosome
and A chromosome complement in Astyanax (Characiformes, Characidae) species.
Cytogenetic and Genome Research 148:44–51 DOI 10.1159/000444728.

RábováM,Monteiro R, Collares-Pereira JM, Rab P. 2015. Rapid fibroblast culture for
teleost fish karyotyping. In: Ozouf-Costaz C, Pisano E, Foresti F, Toledo LFA, eds.
Fish cytogenetic techniques: ray-fin fishes and chondrichthyans. Enfield, EUA: CRC
Press Inc, 66–73 DOI 10.1201/b18534-11.

Rodrigues-Oliveira IH, Kavalco KF, Pasa R. 2022. Body shape variation in the Characid
Psalidodon rivularis from São Francisco river, Southeast Brazil (Characiformes:
Stethaprioninae). Acta Zoologica 104:345–354 DOI 10.1111/azo.12415.

Saenjundaeng P, SupiwongW, Sassi F, Bertollo LA, Rab P, Kretschmer R, Tanomtong
A, SuwannapoomC, ReungsingM, Cioffi MDB. 2020. Chromosomes of Asian
cyprinid fishes: variable karyotype patterns and evolutionary trends in the genus
Osteochilus (Cyprinidae, Labeoninae, Osteochilini). Genetics and Molecular Biology
43:e20200195 DOI 10.1590/1678-4685-gmb-2020-0195.

Santos LP, Castro JP, Francisco CM, Vicari MR, AlmeidaMC, Goll LG, Morelli S, Ar-
toni RF. 2013. Cytogenetic analysis in the neotropical fish Astyanax goyacensis Eigen-
mann, 1908 (Characidae, incertae sedis): karyotype description and occurrence of B
microchromosomes.Molecular Cytogenetics 6:1–5 DOI 10.1186/1755-8166-6-48.

de Sousa et al. (2024), PeerJ, DOI 10.7717/peerj.16924 13/15

https://peerj.com
http://dx.doi.org/10.1073/pnas.0406805102
http://dx.doi.org/10.1111/cla.12345
http://dx.doi.org/10.1590/1678-4685-gmb-2020-0027
http://dx.doi.org/10.1186/s13039-015-0161-4
http://dx.doi.org/10.5772/48259
http://dx.doi.org/10.1007/s10709-020-00086-3
http://dx.doi.org/10.1159/000444728
http://dx.doi.org/10.1201/b18534-11
http://dx.doi.org/10.1111/azo.12415
http://dx.doi.org/10.1590/1678-4685-gmb-2020-0195
http://dx.doi.org/10.1186/1755-8166-6-48
http://dx.doi.org/10.7717/peerj.16924


Sasaki M, Ikeuchi T, Makino S. 1968. A feather pulp culture technique for avian
chromosomes, with notes on the chromosomes of the peafowl and the ostrich.
Experientia 24:1292–1293 DOI 10.1007/bf02146680.

Schemczssen-Graeff Z, Barbosa P, Castro JP, Silva MD, AlmeidaMCD,Moreira-
Filho O, Artoni RF. 2020. Dynamics of replication and nuclear localization of the B
Chromosome in kidney tissue cells in Astyanax scabripinnis (Teleostei: Characidae).
Zebrafish 17:147–152 DOI 10.1089/zeb.2019.1756.

Schneider CH, Gross MC, Terencio ML, Tavares ÉSGM,Martins C, Feldberg
E. 2015. Chromosomal distribution of microsatellite repeats in Amazon
cichlids genome (Pisces, Cichlidae). Comparative Cytogenetics 9:595–605
DOI 10.3897/CompCytogen.v9i4.5582.

Serrano ÉA, Utsunomia R, Scudeller PS, Oliveira C, Foresti F. 2017. Origin of B chro-
mosomes in Characidium alipioi (Characiformes, Crenuchidae) and its relationship
with supernumerary chromosomes in other Characidium species. Comparative
Cytogenetics 11:81–95 DOI 10.3897/CompCytogen.v11i1.10886.

Silva DM, Castro JP, Goes CA, Utsunomia R, Vidal MR, Nascimento CN, Lasmar
LF, Paim FG, Soares LB, Oliveira C, Porto-Foresti F, Artoni RF, Foresti F. 2022.
B Chromosomes in Psalidodon scabripinnis (Characiformes, Characidae) Species
Complex. Animals 12:1–12 DOI 10.3390/ani12172174.

Silva DMA, Daniel SN, Camacho JPM, Utsunomia R, Ruiz-Ruano FJ, Penitente M,
Pansonato-Alves JC, Hashimoto DT, Oliveira C, Porto-Foresti F, Foresti F. 2016.
Origin of B chromosomes in the genus Astyanax (Characiformes, Characidae) and
the limits of chromosome painting.Molecular Genetics & Genomics 291:1407–1418
DOI 10.1007/s00438-016-1195-y.

Sousa RPC, Dos Santos JLA, Silva-Oliveira GC, Furo IO, Oliveira EHC, VallinotoM.
2023. Characterization of a new cytotype and ocurrence of a B microchromosome
in two spot astyanax, Astyanax bimaculatus Linnaeus, 1758 (Characiformes:
Characidae). Journal of Fish Biology 102:520–524 DOI 10.1111/jfb.15265.

Sousa RPC, Vasconcelos CP, Rosário NFD, Oliveira-Filho ABD, Oliveira EHC,
Cioffi MB, VallinotoM, Silva-Oliveira GC. 2022. Evolutionary dynamics of two
classes of repetitive DNA in the genomes of two species of Elopiformes (Teleostei,
Elopomorpha). Zebrafish 19:24–31 DOI 10.1089/zeb.2021.0027.

Srivastava S, Avvaru AK, Sowpati DT, Mishra RK. 2019. Patterns of microsatellite
distribution across eukaryotic genomes. BMC Genomics 20:1–14
DOI 10.1186/s12864-019-5516-5.

Sun CH, Liu HY, Xu N, Zhang XL, Zhang Q, Han BP. 2021.Mitochondrial genome
structures and phylogenetic analyses of two tropical Characidae fishes. Frontiers in
Genetics 12:627402 DOI 10.3389/fgene.2021.627402.

Teixeira TK, Venere PC, Ferreira DC, Mariotto S, Castro JP, Artoni RF, Cento-
fante L. 2018. Comparative cytogenetics of Astyanax (Teleostei: Characi-
dae) from the upper Paraguay basin. Neotropical Ichthyology 16:e170092
DOI 10.1590/1982-0224-20170092.

de Sousa et al. (2024), PeerJ, DOI 10.7717/peerj.16924 14/15

https://peerj.com
http://dx.doi.org/10.1007/bf02146680
http://dx.doi.org/10.1089/zeb.2019.1756
http://dx.doi.org/10.3897/CompCytogen.v9i4.5582
http://dx.doi.org/10.3897/CompCytogen.v11i1.10886
http://dx.doi.org/10.3390/ani12172174
http://dx.doi.org/10.1007/s00438-016-1195-y
http://dx.doi.org/10.1111/jfb.15265
http://dx.doi.org/10.1089/zeb.2021.0027
http://dx.doi.org/10.1186/s12864-019-5516-5
http://dx.doi.org/10.3389/fgene.2021.627402
http://dx.doi.org/10.1590/1982-0224-20170092
http://dx.doi.org/10.7717/peerj.16924


Terán GE, Benitez MF, Mirande JM. 2020. Opening the Trojan horse: phylogeny of
Astyanax, two new genera and resurrection of Psalidodon (Teleostei: Characidae).
Zoological Journal of the Linnean Society 190:1217–1234
DOI 10.1093/zoolinnean/zlaa019.

Tonello S, Blanco DR, Cerqueira FJ, Lira NL, Traldi JB, Pavanelli CS, Margarido PV,
Gavazzoni M, PupoMV, Lui RL. 2022.High rDNA polymorphisms in Astyanax
lacustris (Characiformes: Characidae): new insights about the cryptic diversity in A.
bimaculatus species complex with emphasis on the Paraná River basin. Neotropical
Ichthyology 20:e210147 DOI 10.1590/1982-0224-2021-0147.

Yano CF, Poltronieri J, Bertollo LAC, Artoni RF, Liehr T, Cioffi MB. 2014. Chro-
mosomal mapping of repetitive DNAs in Triportheus trifurcatus (Characidae,
Characiformes): insights into the differentiation of the Z and W chromosomes.
PLOS ONE 9 DOI 10.1371/journal.pone.0090946.

Yushkova EA, Bodnar IS, Shadrin DM, Pylina YI, Zainullin VG. 2018. Cytogenetic and
molecular genetic indexes in populations of Anura (Rana arvalis Nilsson) under
conditions of radioactive and chemical pollution of an aquatic environment. Inland
Water Biology 11:349–358 DOI 10.1134/S1995082918030239.

de Sousa et al. (2024), PeerJ, DOI 10.7717/peerj.16924 15/15

https://peerj.com
http://dx.doi.org/10.1093/zoolinnean/zlaa019
http://dx.doi.org/10.1590/1982-0224-2021-0147
http://dx.doi.org/10.1371/journal.pone.0090946
http://dx.doi.org/10.1134/S1995082918030239
http://dx.doi.org/10.7717/peerj.16924

