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Molecular and cytogenetic analyses of cryptic species
within the Synbranchus marmoratus Bloch, 1795
(Synbranchiformes: Synbranchidae) grouping: species delimitations,

karyotypic evolution and intraspecific diversification

Ricardo Utsunomia', José C. Pansonato-Alves!, Guilherme J. Costa-Silva',
Fernando F. Mendonga?, Priscilla C. Scacchetti!, Claudio Oliveira' and Fausto Foresti!

The fish species Synbranchus marmoratus has been reported to exist as a species complex due to high intraspecific
karyotypic variability in spite of the difficulty or impossibility to distinguish them using morphological traits alone. The
goal of this work was to use cytogenetic and molecular methods to determine the species delimitations and understand
the karyoevolution of S. marmoratus using samples collected from distinct Brazilian localities. Among the analyzed
specimens, a large degree of cytogenetic variation related to diploid numbers and karyotype structure was observed,
with karyotypes showing 2n=42, 44 and 46 chromosomes. In addition, using sequences of three mitochondrial genes,
the phylogenetic relationships between every sample with a known karyotype were determined, which revealed
significant nucleotide divergence among the karyomorphs. Also, the analyses indicate that chromosomal rearrangements
occurred independently within the distinct lineages of S. marmoratus complex, which resulted in the appearance of
distinct karyotypic variants in a non-linear fashion related to diploid numbers and in the appearance of similar non-
homologous chromosomes. Finally, the integration of both molecular cytogenetic and phylogenetic approaches allowed
the determination of specific chromosomes possibly involved in rearrangements and a better understanding about the
evolutionary processes involved in the differentiation of Synbranchus genus.

A espécie de peixe Synbranchus marmoratus tem sido reportada como um complexo de espécies devido a elevada
variabilidade cariotipica intraespecifica a despeito da dificuldade ou impossibilidade de distingui-las usando apenas
caracteres morfologicos. O objetivo deste trabalho foi utilizar métodos citogenéticos ¢ moleculares para determinar
a delimitagdo das espécies e compreender a carioevolugdo de S. marmoratus utilizando amostras coletadas em
distintas localidades brasileiras. Dentre os espécimes analisados, um alto grau de variagdo citogenética relativo aos
numeros diploides e estrutura cariotipica foi observado, com cariotipos mostrando 2n=42, 44 e 46 cromossomos.
Adicionalmente, utilizando sequéncias de trés genes mitocondriais, as relagdes filogenéticas entre cada amostra com
cariotipo conhecido foram determinadas, revelando uma divergéncia nucleotidica significativa entre os cariomorfos.
Além disso, as analises indicam que rearranjos cromossomicos ocorreram independentemente nas distintas linhagens
do complexo S. marmoratus, o que resultou no aparecimento de distintas variantes cariotipicas de forma ndo linear em
relagdo aos numeros diploides e no surgimento de cromossomos similares ¢ ndo homoélogos. Finalmente, a integracdo
de uma abordagem citogenética molecular e filogenética permitiu a determinagdo de cromossomos especificos que,
possivelmente, estdo envolvidos em rearranjos ¢ um melhor entendimento sobre os processos evolutivos envolvidos na
diferenciag@o do género Synbranchus.
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Introduction

Cryptic species are defined as two or more
morphologicallyindistinguishable speciesthatare incapable
of interbreeding (Bickford et al., 2007). Such species likely
arise through interespecific reproductive isolation, which
can be caused by pre-zygotic means, such as gametic
incompatibility and/or ecological isolation (Miyatake et
al., 1999; Landry et al., 2003), or by post-zygotic means,
such as hybrid inviability and/or sexual selection against
hybrids (Orr, 1995; Noor et al., 2001; Presgraves et al.,
2002). Generally, these types of speciation events occur in
organisms with little or no motility, making certain plants
(Presgraves et al., 2002), insects (Campbell ef al., 1994),
fungi (Theodoro et al., 2008), small mammals (Green
et al., 1980), amphibians (Kozak et al., 2006) and fishes
(Moreira-Filho & Bertollo, 1991) suitable model organisms
for studying this phenomenon. Although morphological
differences between cryptic species are minimal, other
traits can be used to detect these species complexes,
including behaviour (Crossley, 1986), karyotype structure
(Moreira-Filho & Bertollo, 1991; Dobigny et al., 2002;
Amaro et al., 2012) and protein (Nakamoto et al., 1986;
Fong & Garthwaite, 1994) and DNA (Kazan et al., 1993;
Hebert et al., 2004) sequences.

Neotropical fishes are excellent models for studying
cryptic species, as they are distributed widely across
continents and have a propensity to form endemic and
isolated populations, often culminating in allopatric
differentiation (Lundberg et al., 1998; Ribeiro, 20006).
In addition, natural or unnatural random events, such as
headwater capture or changes in watercourses, can lead to
secondary contacts between previously separated species
(Blanco et al., 2009; Peres et al., 2009), providing ideal
scenarios to study novel species complexes. Indeed, such
complexes have already been studied in a variety of fish
orders, including Characiformes, Synbranchiformes, and
Gymnotiformes (Moreira-Filho & Bertollo, 1991; Torres et
al., 2005; Milhomem et al., 2008).

Fishes belonging to the genus Synbranchus
(Synbranchiformes, Synbranchidae) are currently divided
into three recognized species: (1) S. madeirae Rosen &
Rumney, 1972, which is restricted to the Madeira River
basin; (2) S. lampreia Favorito, Zanata & Assumpgao, 2005,
which is restricted to Marajo Island; and (3) S. marmoratus
Bloch, 1795, which is widely distributed throughout
South and Central America (Rosen & Rumney, 1972).
Although S. marmoratus specimens appear to belong to a
single taxonomic group, some populations may display an
extensive karyotype diversity, with diploid numbers ranging
from 42 to 46 chromosomes; furthermore, variations in
chromosome morphology as well as in the distribution of
constitutive heterochromatin and rDNA genes have also
been observed (Foresti et al., 1992; Melilo et al., 1996;
Sanchez & Fenocchio, 1996; Torres et al., 2005). Although
distinguishing the intraspecific S. marmoratus groups

is relatively easy with cytogenetic tools, distinguishing
between these groups based solely on morphology is
often impossible (Rosen & Rumney, 1972), making the
identification of new species difficult. Furthermore, one
must say that karyotypic structural analyses are limited
in their utility; for example, whereas these analyses can
identify chromosomal diversity and suggest possible
rearrangements leading to this diversity, the chronological
order in which such events occurred and the evolutionary
relationships among the karyomorphs cannot be directly
determined.

Considering the wide distribution of S. marmoratus
throughout the waters of South and Central America, the
purpose of this study was to characterize the karyotypes of
distinct groups within this species and determine whether
divergent species exist within the current S. marmoratus
grouping, to analyze the relationships between the sampled
taxa and to investigate the history of chromosomal
rearrangements in this species as a whole.

Material and Methods

A total of 75 S. marmoratus specimens were collected
from distinct Brazilian localities (Fig. 1, Table 1) and
analyzed in the present study. The specimens were identified
as previously reported (Rosen & Greenwood, 1976).
Following analysis, the fish were fixed in 10% formalin,
stored in 70% ethanol and deposited in the fish collection of
the Laboratério de Biologia e Genética de Peixes — UNESP,
Botucatu, Sao Paulo, Brazil. Voucher information is shown
in Table 1. Two specimens of Ophisternon aenigmaticum
Rosen & Greenwood, 1976, basal sister species of
Synbranchus (Miya et al., 2003), from Isla Margarita,
Venezuela were included as out-groups for the molecular
analyses.

Cell suspensions and chromosome banding. Fish were
anaesthetized with a benzoncaine solution before being
sacrificed for cytogenetic analyses. Mitotic chromosomes
were obtained from cell suspensions of anterior kidney
tissue using standard methods (Foresti et al., 1981). In
addition to Giemsa staining, chromosomes were analyzed
using a C-banding procedure to visualize constitutive
heterochromatin (Sumner, 1972) and Ag-NOR staining to
detect active nucleolar regions (Howell & Black, 1980).
Fluorescence in situ hybridization (FISH) was
performed using the method described by Pinkel et al.,
(1986). Ribosomal 5S and 18S probes, isolated from the
genome of S. marmoratus (karyomorph B) were labeled
during secondary PCR by incorporating the nucleotide
biotin-16-dUTP (Roche Applied Science) (5S rDNA) and
digoxigenin-11-dUTP (Roche Applied Science) (18S rDNA)
and the detection of hybridization signals was obtained with
avidin-FITC and anti-digoxigenin-rhodamine, respectively.
Chromosomes were counterstained with DAPI (4,
6-diamidino-2-phenylindole, Vector Laboratories).
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Fig. 1. A map showing the Synbranchus marmoratus specimen collection sites. Numbers indicate the sample locality,
whereas symbols represent the karyomorphs found at each locality.

Chromosomal morphology was determined as described
previously (Levan ef al., 1964), and samples were classified
as metacentric (m), submetacentric (sm), subtelocentric (st)
or acrocentric (a).

Molecular analyses. For the molecular analyses, 42
samples were selected to represent all known karyomorphs
from every sampled locality, and DNA was extracted using
the Wizard Genomic DNA Purification Kit (Promega,
Heidelberg, Germany), as suggested by the manufacturer.
Partial sequences from the mitochondrial genes COI, CytB,
and 16S were obtained for each sample using the primers
described by Ward et al. (2005), Kocher ef al. (1989) and
Palumbi (1996) The PCR products were purified using
ExoSap-IT (USB Corporation, Cleveland, OH, USA),
according to the manufacturer’s instruction, and the
fragments were sequenced using an ABI Prism 3110 DNA
sequencer (Applied Biosystems, Foster City, CA, USA)
and the Big Dye€TM Terminator v 3.1 Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Foster City,
CA, USA). The sequences were aligned using the software
program BioEdit, version 7.0.9 (Hall, 1999), and deposited
in the GenBank database under the accession numbers
KC880197-KC880242 (COI), KC880243-KC880288 (CytB)
and KC880289-KC880334 (16S).

For the phylogenetic analyses, the gene sequences were
aligned using the MUSCLE algorithm (Edgar, 2004) and
concatenated into a single matrix, which was separated into
seven partitions: one for the noncoding 16S gene and six
corresponding to each of the three codon reading frames
for the two protein-coding genes CytB and COI. A matrix
saturation test was conducted using the DAMBE software
program, version 5.1.1, as described previously (Xia et al.,
2003). A search for the best model of nucleotide evolution
for each partition was performed using Modeltest, version
3.6 (Posada & Crandall, 1998). The phylogenetic analysis
based on Maximum Likelihood (ML) was performed using
the RaxML-HPC2 tool on XSEDE (Stamatakis et al., 2008).
A bootstrap test using 1,000 pseudo-replicates (Felsenstein,
1985) was used as a statistical test of phylogeny.

Ethics statement. Samples were collected in accordance
with Brazilian environmental protection legislation
(collection permission MMA/IBAMA/SISBIO — number
3245), and the procedures for collection, maintenance and
analysis of the fish were performed in compliance with the
Brazilian College of Animal Experimentation (COBEA)
and was approved (protocol 503) by the BIOSCIENCE
INSTITUTE/UNESP ETHICS COMMITTEE ON USE OF
ANIMALS (CEUA).
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Table 1. Specimens of Synbranchus marmoratus analysed. N, Number of samples; LBP, deposit number at the fish collection
of the Laboratdrio de Biologia e Genética de Peixes, Instituto de Biociéncias de Botucatu, UNESP.

Locality River Basin Karyomorph (N) Map Coordinates LBP
Cerrito — RS Laguna dos Patos C(3) 1 31°52°31 S — 52°48°58 W 11356
Guaira — PR Upper rio Parana B(20) 2 24°04°13 S — 54°12°08 W 11364
Bataguassu - MS Upper rio Parana A(3) 3 21°38’49 S — 52°17°52 W 11355
Igaragu do Tieté — SP Rio Tieté A(13)/E(2) 4 22°34°43 S — 48°27°48 W 17518/17519
Pirassununga — SP Rio Grande A(11) / D(2) / E(5) 5 21°55°41 S —47°22°85 W 17512/17513/17514
Icém — SP Rio Grande A(6)/ D(3) 6 20°20°13 S —49°07°56 W 17515/17516
Caceres - MT Rio Paraguai A(5) 7 16°02°29 S — 57°40°52 W 11357
Rio Branco - AC Rio Amazonas C(5) 8 57°54°94 S — 67°44°41 W 17520

Results

Cytogenetic analyses. Conventional Giemsa staining
revealed the existence of five distinct groups, which could
be described using the following karyotypic formulae (Figs.
2a-f): 2n=42 (4m + 12st + 26a), referred to as karyomorph
Aj; 2n=42 (6m + 10sm + 30a), referred to as karyomorph
B; 2n=44 (4m + 10st + 30a), referred to as karyomorph C;
2n=46 (6m + 10st + 30a), referred to as karyomorph D;
and 2n=46 (4m + 10st + 32a), referred to as karyomorph E.
Each karyomorph showed a distinct distribution among the
collection sites, with sympatric karyomorphs being found
at Igaragu do Tieté (karyomorphs A and E), Pirassununga
(karyomorphs A, D and E) and Icém (karyomorphs A
and D). Information concerning each karyomorph and the
localities in which specimens were collected is summarized
in Table 1.

Ag-NORs were revealed at the terminal position in
the 15" pair of chromosomes in karyomorph A, in the 15
pair in karyomorph B, in the 15" pair and in one of the
homologues of pair 9 in karyomorph C, in the 2™ pair in
karyomorph D and in the 3" pair in karyomorph E (Figs.
2g-1). Furthermore, interstitial heterochromatic blocks
associated with the active NOR sites were detected (Figs.
2m-1).

The C-banding technique revealed centromeric
constitutive heterochromatin, as well as some interstitial
blocks on particular chromosome pairs, such as in pair 2 of
karyomorphs A and B and pair 3 of karyomorphs B, C and
E (Figs. 2m-r; Supplementary file 1). These characteristics
allowed us to infer certain chromosomal homologies
between the different karyomorphs, which are represented
in the ideogram in Fig. 3 constructed using organized
karyotypes (Supplementary file 1).

FISH experiments with 5S rDNA probes revealed that
all of the analyzed samples had only two clusters of the 5S
ribosomal gene in the interstitial position of a homologous
acrocentric chromosomal pair (Figs. 2a-f), except samples of
karyomorph C collected at Rio Branco, which presented an
additional 5S rDNA-bearing pair (Fig. 2d). In contrast, the

18S rDNA probes revealed distinct hybridization patterns
between the karyomorphs. In addition, the hybridizations
demonstrated intrapopulational variability at the 18S
rDNA sequences, revealing that these populations are
polymorphic in the number and chromosomal distribution
of these sites. Remarkably, each karyomorph had two
constant chromosomal clusters present in all individuals,
which corresponded to the Ag-NOR-bearing pairs: pair
15 (karyomorph A), pair 15 (karyomorph B), pair 15
(karyomorph C-Cerrito), pair 3 (karyomorph C-Rio
Branco), pair 2 (karyomorph D) and pair 3 (karyomorph E)
(Figs. 2a-f).

Molecular analyses. Molecular data consisted of 2,150
nucleotides, of which 414 were polymorphic sites and 389
parsimony informative. The matrix saturation test indicated
that there are not saturations in the genes. Appropriate
evolutionary models for the genes were investigated in
Modeltest 3.6 (Posada & Crandall, 1998) and the best fit-
model to each partition was GTR+I (16S), TrNef+I (Codon
1 COI), F81 (Codon 2 COI), GTR (Codon 3 COI), TrN+I
(Codon 1 CytB), TrN+I (Codon 2 CytB), HKY+I (Codon 3
CytB).

Phylogenetic analysis yielded the dendrogram shown
in Fig. 4, which provided significant statistical support for
each node. Furthermore, the analysis revealed complex
biogeographical relationships, with certain localities bearing
only single karyomorphs and other localities showing
different karyomorphs living in sympatry. In addition, it
was also shown that karyomorphs with the same diploid
number do not necessarily constitute monophyletic groups.
Also, the analyses provided evidence for the existence of
two main clades within S. marmoratus (1 and 1I), one of
which can be further subdivided into four subclades (IA,
IB, IC and ID). Thus, subclades IA, IB and IC contain
specimens sharing the same karyomorph (A); subclade IB is
composed of specimens belonging to different karyomorphs
(A and B); subclade ID is composed solely of karyomorph
D specimens; and clade II is composed by specimens
belonging to karyomorphs C and E (Fig. 4).
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Fig. 2. Karyotypes of Synbranchus marmoratus after FISH with 5S (green) and 18S (red) rDNA, and metaphase plates after
silver staining and C-banding of Karyomorph A (a, g, m), B (b, h, n), C-Cerrito (c, i, 0), C-Rio Branco (d, j, p), D (e, k, q) and
E (f, 1, r). The interindividual polymorphisms of 18S rDNA distribution are highlighted as “variation” in the karyotypes. The
arrows indicate the Ag-NOR bearing sites chromosomes and the positive C-banding in these chromosomes. Bar = 10 um.
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Discussion

Morphological differences between species in the
Synbranchiformes order are commonly used in systematic
and biogeographical studies (Rosen & Rumney, 1972;
Rosen & Greenwood, 1976; Favorito et al., 2005). However,
many morphological traits can be subtle or ambiguous,
which often makes it difficult to recognize and describe new
species. Therefore, it is necessary to increase the number of
tools and characteristics available for differentiating species
from this group (Nakamoto et al., 1986; Foresti et al., 1992;
Melilo et al., 1996; Sanchez & Fenocchio, 1996; Perdices et
al., 2005; Torres et al., 2005; Nirchio et al., 2011; Carvalho
et al., 2012). In the present study, several karyomorphs of
S. marmoratus collected in distinct Brazilian river basins
were described. From these, sympatric karyomorphs were
sampled in three distinct localities and the lack of reports
of hybrids reinforces the hypothesis that exists as a species
complex, which point the need of a deep taxonomic review
in this group.

The phylogenetic analyses evidenced the existence of
five distinct groups (clades 1A, IB, IC, ID and II) within
S. marmoratus. However, these results suggest that such
groupingdonotcorrespondtothefivedescribed karyomorphs
reciprocally, indicating that not every karyomorph
correspond to a unique species (e.g., karyomorph C), nor
a single species is represented by one karyomorph (e.g.,
karyomorphs A and B). Therefore we propose the existence
of, at least, five species within S. marmoratus complex.
Thus, karyomorphs D and E represent one species each;
karyomorph C is split in two species; and karyomorph
A and B represent one single species in initial stages of
differentiation.

Although more detailed information concerning the
geographic distribution of S. marmoratus specimens is
needed, acquiring such data is often problematic; for
example, these species are widely used as fisheries bait, which
can result in the widespread accidental introduction of these
organisms into new environments. As a consequence of fish
transposition, the specimens from karyomorph A sampled
at Caceres (Paraguay River basin) should be noted, as this
karyomorph is positioned between two distinct branches of
the dendrogram that includes specimens from the Parana
River basin (Icém and Igaragu do Tiet€) (Fig. 4). Considering
that many recreational fishermen frequent the Caceres
region, it is possible that these animals originated as bait
fish from the Parana River. Therefore, sample transposition
events can be very harmful and make biogeographical and
historical studies in this group difficult.

The debate concerning the relationship between
chromosomal rearrangements and speciation has been
long and controversial (Trickett & Butlin, 1994; Rieseberg,
2001; Noor et al., 2005; Hoffman & Rieseberg, 2008; Faria
& Navarro, 2010). Although the data presented here are
not strong enough to determine whether chromosomal
alterations were the cause or consequence of speciation in

Synbranchus, it was possible to demonstrate that within
subclade 1B, two distinct karyomorphs (A and B) from
nearby localities constitute the same haplotype and constitute
a monophyletic group (Fig. 4). Namely, karyomorph B
contained a small pair of metacentric chromosomes,
whereas karyomorph A lacked these chromosomes, a
difference which most likely arose after the occurrence of
a pericentric inversion in a submetacentric chromosome
in karyomorph A (Fig. 3). Although small metacentric
chromosomes can be observed in all other karyomorphs
(with the exception of karyomorph A), the phylogenetic tree
highlighted that this specific chromosome pair present in
karyomorph B likely arose independently from the small
metacentric chromosomes observed in the other samples,
since this is a more parsimonious hypothesis than one
claiming a common origin for these chromosomes at the
base of the Synbranchus lineage with a more recent loss of
these chromosomes in all karyomorph A lineages.
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B
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m st a
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885 é@@i@ Dwﬁ 12 13 14@16 17 18 19 20 21
m st a

Karyomorph C - Cerrito
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Fig. 3. Representative ideograms of the analyzed

karyomorphs of Synbranchus marmoratus showing the
heterochromatic blocks, as determined by C-banding, and
hybridization patterns of ribosomal sites.
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Fig. 4. A dendrogram representing the relationship between
the sampled Synbranchus marmoratus specimens based on
the mitochondrial 16S, COI and Cyt B genes. The colors
represent each of the characterized karyomorphs, and the
groups (IA, IB, IC, ID and II) used as references are shown
on the right side. Bootstrap support (>50%) are given above
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aenigmaticum (Nirchio et al., 2011).

The occurrence of species with distinct diploid numbers
in Synbranchidae reveals that fusion/fission rearrangements
are fundamental mechanisms in the karyoevolution of this
group (Torres et al., 2005; Carvalho et al., 2012). Hypotheses
concerning the primitive diploid number in Synbranchus
have already been proposed, but lead to opposite predictions
(Melilo et al., 1996; Torres et al., 2005). Herein, based on
the karyotypic information plotted on a phylogenetic tree
of S. marmoratus an alternative hypothesis concerning
chromosomal differentiation patterns in Synbranchus can be
suggested.

Although the deduction of an ancestral karyomorph
was not possible, our phylogenetic analyses support the
hypothesis that homoplastic cytogenetic events occurred
in S. marmoratus and are related to the origins of the
karyomorphs showing 2n=44 (karyomorph C-Rio Branco and
karyomorph C-Cerrito) and 2n=46 (karyomorphs D and E)
chromosomes. Therefore, a chromosome fusion event could
have led to the karyomorph showing 2n=44 chromosomes,
with a subsequent reversion event (via chromosome fission)
returning the diploid number to 2n=46 (karyomorph E);
another hypothesis states that both karyomorph C samples
(2n=44) could have originated in parallel by independent
fusion events. Despite the absence of a clear evolutionary

pathway, one should note that one of these homoplasies did
occur. In this way, we hypothesize that independent and
potentially bidirectional rearrangements, such as fusion and
fission events, were responsible for the appearance of distinct
diploid numbers and karyotype arrangements observed in
this species complex.

Variations related to NORs have already been detected
in  Synbranchus and indicate that microstructural
rearrangements occur frequently and contribute to the
karyotypic differentiation of these fish (Foresti et al.,
1992; Melillo et al., 1996; Sanchez & Fenocchio, 1996;
Carvalho et al., 2012). Herein, an extensive intrapopulational
polymorphism of 18S rDNA sites in several karyomorphs was
detected and seems to be related to the association of these
sequences with transposable elements or with their telomeric
position, which would facilitate the transference of this
material during interphase (Foresti et al., 1981; Mantovani et
al., 2005). Furthermore, these polymorphic differences have
also been detected in other Synbranchus species (Carvalho
et al., 2012), suggesting that this is a common characteristic
in this group of organisms. Thus, 18S rDNA dispersion
was likely already present before the diversification of
these species/karyomorphs. Moreover, intrapopulational
polymorphism would be potentiated by gametic combination
and therefore contribute to the diversification of these sites.

Remarkably, from all analyzed individuals, only one pair
of 18S rDNA-bearing chromosomes was constant, in contrast
to the occurrence of several random variants. In most cases,
Ag-NORs were located in these constant pairs; this finding
is likely a consequence of an epigenetic phenomenon that
controls the effective dosage of rRNA genes, such as nucleolar
dominance (Pikaard, 2000; Hashimoto et al., 2009). An
interesting feature observed here is the co-localization of
heterochromatic blocks with the active NORs, unlike the other
18S rDNA variants. Thus, the mechanism responsible for this
situation may be related to the associated heterochromatin
that is likely located in the intergenic spacers of 45S rDNA.

Finally,theidentificationofspecificmarkerchromosomes
in certain karyomorphs, which could be tracked by unique
morphologies, banding characteristics or repetitive DNAs
distribution patterns, could be informative with respect
to the genomic rearrangements that occurred during the
evolutionary history of Synbranchus and help understand
the phylogenetic relationships between the karyomorphs.
Thus, karyomorphs A and B share the exclusive second
metacentric pair containing one interstitial heterochromatic
block within the long arm and the first submetacentric
pair containing two interstitial heterochromatic blocks
within the long arm. Besides that, both had the same
constant 18S rDNA sites-bearing chromosomes (pair 15).
Marker chromosomes also confirm the proximity between
karyomorphs C and E, which share the first subtelocentric
pair containing one interstitial heterochromatic block
within the long arm. Moreover, karyomorph C (Rio
Branco) and E have constant sites of 18S rDNA in this
same pair. However, the presence of similar chromosomes
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in distinct lineages can be misleading; for example, a small
metacentric pair was identified in karyomorphs B, C, D,
and E, although the origin of this pair in karyomorph B
was independent of the others. Besides, the detection of
an additional 5S rDNA-bearing acrocentric pair observed
in individuals belonging to karyomorph C-Rio Branco and
some 18S rDNA chromosomal variants of karyomorphs
C-Cerrito and E, that evidence sinteny between both
ribosomal sites also casts doubt on the real homology of
the 5S rDNA-bearing chromosomes in all karyomorphs.
Therefore, the nature of the homology between these
specific chromosomes remains unclear, and it highlights
the importance of phylogenetic and/or chromosome
painting analyses to reduce possible misinterpretations of
karyoevolution in organisms.
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