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Astyanax is a species-rich, non-monophyletic genus composed of several supraspecific taxa that are poorly delimited. 
The Astyanax fasciatus complex is one of these taxa and shows high taxonomic complexity. To elucidate the 
evolutionary history of the A. fasciatus complex from southern South America, we conducted cytogenetic, molecular 
and morphological analyses in specimens from the Uruguay River basin. Cytogenetic characters demonstrated two 
closely related operational taxonomic units: Astyanax sp. 1 (8m+22sm+10st+6a), Astyanax sp. 2 (8m+24sm+10st+4a) 
and natural hybrids (8m+23sm+8st+5a). 5S ribosomal DNA sites were found in two pairs of m chromosomes and one 
pair of a chromosomes in Astyanax sp. 1, two pairs of a chromosomes and one pair of m chromosomes in Astyanax 
sp. 2, and three m chromosomes and three a chromosomes in hybrids. As51 sites were found in three chromosomes 
in Astyanax sp. 1 and in five chromosomes in Astyanax sp. 2 and hybrids. Mitochondrial sequence analyses did 
not separate the two units and hybrids. Morphological analyses revealed differences between Astyanax sp. 2 and 
hybrids. This secondary contact with gene flow between lineages that diverged long ago might slow or reverse the 
differentiation/speciation process. These results help us to understand the evolutionary history of this highly complex 
clade of Astyanax in southern South America.

ADDITIONAL KEYWORDS:   COI – Cytb – cytogenetics – grey zone – karyotype – mitochondrial DNA – secondary 
contact zone – sibling species.

INTRODUCTION

Considered one of the hotspots for new fish species, 
the Neotropical region contains the largest known 
freshwater ichthyofauna, with estimates of between 

5600 and 9000 species (Reis et al., 2016; Birindelli 
& Sidlauskas, 2018). One of the most species-rich 
groups is the characiform Astyanax Baird & Girard, 
1854, with ~160 valid species (Eschmeyer & Fong, 
2019) and several taxonomic uncertainties (Rossini 
et al., 2016; Mirande, 2018; Pazza et al., 2018). It is 
a non-monophyletic group with morphologically 
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similar species and indefinite taxonomic delimitations, 
which makes species identifications and phylogenies 
imprecise in many subgroups (Oliveira et al., 2011; 
Mirande, 2018). Furthermore, several species have 
been described based on a few individuals or have 
been identified erroneously, causing problems such 
as synonymies or under/overestimation of species 
diversity within the genus (Mirande & Koerber, 2015).

The number of new fish species described has 
been increasing in recent years (Reis et al., 2016). 
However, the presence of cryptic species and high 
morphological similarity, mainly within species 
complexes, i.e. groups of species that share very similar 
morphological characteristics and high chromosomal 
variability (Moreira-Filho & Bertollo, 1991), has made 
identification difficult, and it is possible that the 
number of species is even higher. Thus, integrative 
approaches have been gaining strength in recent 
years, combining different tools and new concepts 
and methods for the delimitation and classification 
of species boundaries (Dayrat, 2005; Valdecasas et al., 
2008; Padial et al., 2010), including those of Neotropical 
freshwater fishes (e.g. Guimarães et al., 2019; Serrano 
et al., 2019).

The question of species delimitation has long been 
confused with that of species conceptualization, and 
several different concepts of species have emerged, 
each using different properties or characteristics to 
delimit it. However, the process of speciation is not 
uniform; it does not lead to changes in all aspects of 
the organism (morphological, ecological, genetic, etc.) 
at the same time, generating a grey zone (De Queiroz, 
2007). According to De Queiroz (2007), the grey zone is 
the moment in the speciation process when, depending 
on the characters evaluated, it is possible to reach 
different conclusions regarding the existence of one or 
more species.

In order to avoid the conflicts generated using 
alternative concepts of species, many researchers define 
species as lineages of populations or metapopulations 
evolving independently (De Queiroz, 2007; Padial 
et al., 2010). In addition, the use of different characters 
proposed by integrative taxonomy can provide 
greater reliability and minimize underestimation/
overestimation of biodiversity (Padial et al., 2010; 
Venkatraman et al., 2019), especially in complex 
groups, such as Astyanax.

Cytogenetic (Centofante et al., 2003; Pazza et al., 
2008a, b) and morphological (Melo & Buckup, 2006) 
approaches suggest that Astyanax fasciatus (Cuvier, 
1819) corresponds to a species complex composed of 
several species, in which only those specimens from the 
São Francisco River (type locality of the species) would 
be the A. fasciatus s.s., whereas specimens from other 
regions, widespread in almost all South American 
river basins, would be named Astyanax aff. fasciatus. 

Those specimens reported from the Amazon River 
basin and other basins (in Ecuador, Bolivia, Colombia, 
Uruguay and Venezuela) could either belong to new 
species or represent misidentifications (Eschmeyer & 
Fong, 2019); for instance, Mirande & Koerber (2015) 
identified specimens from Argentina and Uruguay as 
A. aff. fasciatus that might be A. aramburui Protogino, 
Miquelarena & López, 2006 or A. rutilus (Jenyns, 
1842), thus requiring a detailed taxonomic revision of 
the group.

In this study, we aimed to expand the cytogenetic 
and molecular data for specimens currently identified 
as belong to the A.  fasciatus complex from the 
Uruguay River basin, southern South America. We 
intended to identify possible efficient markers: (1) to 
recognize operational taxonomic units (OTUs); and 
(2) and to verify whether the chromosomal evolution 
is compatible with the molecular and morphological 
evolution. We also described the cytogenetics for the 
A. fasciatus complex, compared the mitochondrial 
DNA with that available from the data of Rossini et al. 
(2016) and investigated morphological traits, in an 
integrative approach.

MATERIAL AND METHODS

Voucher specimens were deposited in the fish collection 
of the Núcleo de Pesquisas em Limnologia, Ictiologia 
e Aquicultura, Universidade Estadual de Maringá, 
Maringá, Brazil (NUP). All specimens were identified, 
morphologically, as Astyanax aff. fasciatus (NUP 
15740, NUP 17346 and NUP 17784) from the Ijuí 
River, Ijuí, Rio Grande do Sul, Brazil (28°18′06.30″S; 
53°53′33.60″W), in the upper-middle Uruguay River 
basin (Fig. 1). Samples were collected in three periods 
(November 2013, April 2014 and May 2015) and were 
split into three subgroups based on a preliminary 
cytogenetic analyses: Astyanax sp. 1 (one male and one 
female); Astyanax sp. 2 (eight males and six females); 
and natural hybrids (six males and two females). This 
study was carried out in strict accordance with the 
recommendations of the Guide for the Care and Use 
of Laboratory Animals, approved by the Committee on 
the Ethics of Animal Experiments of the Universidade 
Estadual do Oeste do Paraná (licence number: protocol 
13/09—CEEAAP/Unioeste). All individuals were 
anaesthetized and killed by an overdose of clove oil, 
following Griffiths (2000).

Cytogenetic analyses

For all cytogenetic analyses, we used all specimens 
sampled  f rom the  I ju í  River. Chromosome 
preparations were obtained from cells of the anterior 
region of the kidney, following Bertollo et al. (1978). 
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Nucleolar organizing regions (NORs) were revealed 
by silver impregnation according to Howell & Black 
(1980), and C-banding followed Sumner (1972), with 
modifications suggested by Lui et al. (2012). Physical 
mapping of 5S ribosomal DNA (rDNA), 18S rDNA and 
As51 satellite DNA was carried out by fluorescence 
in situ hybridization (FISH) according to Pinkel et al. 
(1986) and modifications suggested by Margarido & 
Moreira-Filho (2008), using DNA probes obtained 
from Megaleporinus obtusidens (cited as Leporinus 
elongatus; Martins & Galetti-Jr, 1999), Prochilodus 
argenteus (Hatanaka & Galetti-Jr., 2004) and Astyanax 
scabripinnis (Mestriner et al., 2000), respectively. 
Probes were labelled by the nick translation method 
with digoxigenin-11-dUTP (5S rDNA and As51) 
and biotin-16-dUTP (18S rDNA) (Roche). Detection 
of signals was performed with antidigoxigenin–
rhodamine (Roche) to probe the 5S rDNA and As51, 
and amplified avidin–fluorescein isothiocyanate with 
biotinylated anti-avidin (Sigma-Aldrich) to probe the 
18S rDNA, with the chromosomes counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI; 50 μg/
mL). Metaphases were photographed using a BX 61 
epifluorescence microscope, coupled with an Olympus 
DP 71 digital camera (Olympus America, Inc.) with 
the Olympus DP Controller software v.3.2.1.276. 
Chromosomes were classified and organized in 
accordance with Levan et al. (1964) as metacentric 
(m), submetacentric (sm), subtelocentric (st) and 
acrocentric (a). The fundamental number (FN) was 

calculated considering m, sm and st chromosomes as 
having two arms and a chromosomes as having only 
one chromosome arm.

Molecular analyses

For molecular analyses of mitochondrial data, we 
used 11 specimens of Astyanax aff. fasciatus from 
the Ijuí River. Extraction of total DNA from hepatic 
tissue preserved in 100% ethanol was performed with 
the GenElute Mammalian Genomic DNA Miniprep 
Kit (Sigma-Aldrich) following the manufacturer’s 
recommendations. The genomic DNA was quantified 
on a nanospectrophotometer NanoK (Kasvi) and then 
diluted to a concentration of 10 ng/µL.

For  ampli f icat ion of  mitochondrial  genes 
cytochrome c oxidase subunit I (COI) and cytochrome B 
(Cytb), we used the primers FISH F1 and FISH R1 
(Ward et al., 2005), GluDGF (Palumbi, 1996) and 
H16460R (Perdices et al., 2002), respectively. The 
final polymerase chain reaction (PCR) products were 
purified using the Wizard Kit SV Gel and PCR Clean-up 
System (Promega), according to the manufacturer’s 
guidelines. Samples were sequenced at the Centro de 
Pesquisa do Genoma Humano, Universidade de São 
Paulo, Brazil.

Sequences were then edited with BioEdit (Hall, 
1999) and aligned with the MUSCLE algorithm 
(Edgar, 2004) implemented in Geneious v.11.1.2 
(Kearse et al., 2012). Two matrices were assembled: 
the first included a total of 1688 terminals, mostly 
retrieved from Rossini et  al. (2016), in order to 
determine the phylogenetic position of our focal 
taxa; and the second included 88 terminals selected 
after examination of major subgroups from the first 
matrix. Saturation signal was checked by DAMBE 
v.7.0.28 (Xia, 2018), and the best-fitting model was 
chosen using the Akaike information criterion and 
jModelTest2 (Darriba et al., 2012).

Sequences of the second matrix were binned into 
species groups to calculate the overall mean distance 
(distance among all specimens), the intraspecific 
distances (among specimens of each species) and 
interspecific distances (among species groups), with 
1000 bootstrap replicates. Groups (total = 10) were 
ordered based on preliminary topologies [neighbour-
joining (NJ) and maximum likelihood (ML) analyses]. 
The NJ tree with 1000 bootstrap replicates was 
generated in Geneious v.11.1.2. The best ML tree was 
obtained in RAxML PTHREADS-SSE3 implemented 
in RAxML v.8.019 (Stamatakis, 2014) using the 
GTRGAMMA model (Stamatakis et al., 2008) and 
1000 bootstrap replicates. Maximum likelihood 
analyses were performed in both matrices of COI and 
also for Cytb.

Figure 1.  Map of South America, showing the distribution 
of Astyanax fasciatus s.s. in the São Francisco basin and 
other Astyanax aff. fasciatus, usually identified in the 
Paraná River basin, Uruguay River basin and Eastern 
Atlantic hydrographical region. The red dot represents the 
material analysed in this study from the Ijuí River, upper-
middle Uruguay River basin.
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Morphological analysis

Morphological analyses usual for taxonomic studies 
of Astyanax were also performed for comparative 
purposes. The measurements were taken from the left 
side of the specimens using digital callipers and followed 
Fink & Weitzman (1974) and Menezes & Weitzman 
(1990). For a better interpretation of the morphometric 
data, the values were square root transformed, and 
summarized with a principal coordinates analysis 
(PCoA; Legendre & Legendre, 2012), in a Euclidean 
similarity matrix with 9999 randomizations. Principal 
coordinates analysis is a generalization of principal 
components analysis, in which the eigenvalues are 
extracted from a similarity or distance matrix (Borcard 
et al., 2011; Legendre & Legendre, 2012). The main 
advantage of this method is that it can be applied 
when the relationships between the variables are not 
linear. Axes with positive eigenvalues were retained 
for interpretation (Borcard et al., 2011). To test for 
significant differences in morphometric characters 
square root transformed between Astyanax sp. 2 
and natural hybrids (because only two individuals 
Astyanax sp. 1 were recorded, it was excluded from 
this analysis), we used a permutational multivariate 
analysis of variance (Permanova; Anderson, 2001). 
This test is sensitive to differences in dispersion 
among the groups (Anderson, 2004). Differences 
among the groups (the two fish species) detected using 
Permanova might be attributable either to differences 
in morphometric characters between fish species or 
to the inter-individual variability in the characters 
within each fish species. Thus, if the Permanova 
result showed a significant difference, a permutation 
analysis of multivariate dispersions (Permdisp; 
Anderson, 2004) was used. The Permdisp was used 
to measure the distance between each individual 
fish specimen and their group median (centroid) and 
to evaluate the difference in the centroid distances 
among the groups (Anderson, 2004). This analysis 
allowed the verification of which fish species showed 
a more uniform morphometric character matrix 
(smaller inter-individual variation) and whether 
this variability varied significantly between fish 
species. The resulting F statistic of this analysis 
was tested using the Monte Carlo method with 9999 
randomizations. The permutational ANOVA was used 
to determine whether the morphometric characters 
differed in relationship to the dispersion of a fish 
species to another. If Permanova identified a difference 
in morphometric characters between fish species, a 
similarity percentage analysis (Simper) using the 
Bray–Curtis dissimilarity measure (Clarke, 1993) was 
performed to identify which morphometric character 
metric contributed most to the dissimilarity between 
the fish species. All statistical analyses were conducted 

in the R programming environment (R Core Team, 
2019) using the vegan package (Oksanen et al., 2015; 
The R Project for Statistical Computing, http://www.r-
project.org/). The level of statistical significance for all 
analyses was P < 0.05.

RESULTS

Chromosomal markers

Astyanax sp. 1 (OTU 1)
The  d ip lo id  number  was  46  chromosomes 
(8m+22sm+10st+6a, NF = 86) for the male and the 
female (Fig. 2A). A single pair of NORs was located in 
a terminal position on the short arm of chromosome 
st  pair  19 and confirmed by 18S rDNA FISH 
[Fig. 2A (box), C]. C-Banding showed centromeric 
heterochromatin blocks, coincident with NORs 
(Fig. 2B). FISH revealed multiple 5S rDNA sites in a 
centromeric position in the m pair 3 and in the a pairs 
22 and 23 (Fig. 2C). As51 satellite DNA was located in 
an interstitial position on the long arm in one of the 
sm chromosomes of pair 11 and coincident with NORs 
[Fig. 2C (box)].

Astyanax sp. 2 (OTU 2)
The  d ip lo id  number  was  46  chromosomes 
(8m+24sm+10st+4a, NF = 88) for males and females 
(Fig. 2D). A single pair of NORs was located in a 
terminal position on the short arm of chromosome st 
pair 20 and confirmed by 18S rDNA FISH [Fig. 2D (box), 
F]. C-Banding showed centromeric heterochromatin 
blocks, coincident with NORs (Fig. 2E). FISH revealed 
multiple 5S rDNA sites in a centromeric position in 
the m pairs 2 and 3 and in the a pair 23 (Fig. 2F). As51 
satellite DNA was located in an interstitial position in 
the long arm of pair 11, in a terminal position in the 
long arm in one of the a chromosomes of the pair 23 
and coincident with NORs [Fig. 2F (box)].

Natural hybrid
The  d ip l o id  number  was  46  chromosomes 
(8m+23sm+10st+5a, NF = 87) for males and females 
(Fig. 2G). A single pair of NORs was located in a 
terminal position on the short arm of chromosome 
st  pair  19 and confirmed by 18S rDNA FISH 
[Fig. 2G (box), I]. C-Banding showed centromeric 
heterochromatin blocks, coincident with NORs 
(Fig. 2H). FISH revealed multiple 5S rDNA sites in a 
centromeric position in the m pair 3 and one of the m 
chromosomes of pair 2, and in the a pair 23 and one 
of the a chromosomes of the pair 24 (Fig. 2I). As51 
satellite DNA was located in an interstitial position 
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in the long arm of pair 11, in a terminal position in 
the long arm in one of the a chromosomes of pair 23, 
coincident with NORs [Fig. 2I (box)].

Phylogenetic analyses of mitochondrial data

Two mitochondrial genes were used for phylogenetic 
analyses: COI (two matrices) and Cytb (one matrix) 
(Supporting Information, Files S1–S3). Sequences are 
available in GenBank with the following accession 
numbers: COI, MN820987–MN820997 and Cytb, 
MN802998–MN821007. The first COI matrix contained 
1688 terminals and 633 bp, with 351 variable sites 
(55%). The results showed clearly that the analysed 
specimens of the A. fasciatus complex from the Ijuí 
River were embedded within group 1, containing the 

A. fasciatus species complex (Supporting Information, 
Fig. S1). We then included representatives of the 
closer lineages based on the ML tree to construct a 
reduced matrix containing 88 terminals, 633 bp and 
62 variable sites (9%). We report the distance analysis 
only for the reduced matrix (genetic lineages of closely 
related species of Astyanax group 1). The overall mean 
distance was 0.013 ± 0.003. The results showed very 
low distance values between lineages of Astyanax, with 
28 out of 45 pairwise estimates (62%) < 0.02. Pairwise 
genetic distances ranged from 0.004 between Astyanax 
bockmanni, Astyanax pampa and Astyanax sp., to 
0.048 ± 0.010 between Astyanax xavante and Astyanax 
goyanensis (Table 1). The Cytb matrix consisted of 
1038 bp and 154 variable sites (14%). The low genetic 
variation among individuals of A. aff. fasciatus was 

Figure 2.  Karyotypes stained with Giemsa (NORs in box), C-banded and fluorescence in situ hybridization (FISH) with 5S 
rDNA (red) and 18S rDNA (green) probes (As51 satellite in box): A–C, Astyanax sp. 1; D–F, Astyanax sp. 2; and G–I, hybrids. 
Scale bar=10 µm.
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also observed in the analysis of Cytb (Supporting 
Information, Fig. S2).

Phylogenetic analysis based on the ML tree of the 
COI gene showed that specimens from the Ijuí River 
analysed here were closer to specimens of A. fasciatus, 
Astyanax eigenmanniorum and Astyanax sp. from the 
Uruguay River and the lower Paraná River (Fig. 3). 
This species appeared closer to A. pampa from coastal 
drainages of the Brazilian state of Rio Grande do Sul 
and Astyanax biotae from the Paranapanema River, 
upper Paraná River basin.

Morphological analyses

The PCoA summarized the morphometric characters 
and distinguished Astyanax sp.  2 and natural 
hybrids (Fig. 4). The first two axes explained 94% 
of the overall variance and were retained for 
interpretation. The position of each fish specimen 
along axis 1 (Fig. 4) revealed that the morphometric 
characters separated Astyanax sp. 2 and natural 
hybrids. The permutational multivariate ANOVA 
revealed significant differences in the morphometric 
characters between Astyanax sp.  2 and natural 
hybrids (Permanova; pseudo-F = 5.28; P = 0.02). In 
addition, these differences were not promoted by 
the inter-individual variability in the characters in 
each fish species, because the permutation analysis 
of multivariate dispersions revealed no differences 
in dispersion within Astyanax sp.  2 and within 
natural hybrids (Permdisp; F = 3.12, P = 0.09; Fig. 4). 
The Simper analysis showed that the individual 
contribution of each variable to species separation 
was low. The contribution of 11 added variables 
accounted for 50% of the dissimilarity between 
Astyanax sp. 2 and natural hybrids. The highest mean 
values for all morphometric variables were recorded 
for natural hybrids. Of all the measurements used 
in the analysis, standard length was the one that 
contributed the most to separate Astyanax sp. 2 and 
natural hybrids (Table 2).

DISCUSSION

The cytogenetic data of the present study showed the 
existence of two closely related OTUs and the presence 
of natural hybrid individuals, through cytogenetic 
markers 5S rDNA, As51 and the karyotype formula. 
The 5S rDNA sites presented distinct patterns for 
each species and an intermediate pattern for the 
hybrid individuals. Studies using this marker in the 
A. fasciatus complex indicate a conserved condition of 
this character on a pair of m chromosomes and on a 
pair of a chromosomes (Pazza et al., 2008b; Hashimoto 
et al., 2011; Ferreira-Neto et al., 2012). Exceptions T
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Figure 3.  Best maximum likelihood tree based on the cytochrome c oxidase subunit I gene, showing the position of analysed 
Astyanax fasciatus complex (Astyanax sp. 1, Astyanax sp. 2 and Astyanax hybrids) from the Ijuí River.
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are found in populations of the São Francisco River 
basin (Kantek et al., 2009; Peres et al., 2009), Ribeira 
de Iguape River (Kavalco et al., 2016), in the Eastern 
Atlantic hydrographical region (Medrado et al., 2015) 
and in the Uruguay River basin (present study), 
indicating that these genes might have dispersion 
mechanisms similar to those described for other 
repeating sequences.

The localization of 5S rDNA genes in the genus is 
considered to be conserved in the pericentromeric 
region of chromosomes (Almeida-Toledo et al., 2002; 
Vicari et  al., 2008), hindering the occurrence of 
unequal exchange events, which act mainly in the 
dispersion of sequences located in terminal positions 
on chromosomes (Martins & Wasko, 2004). However, 
the dispersion of the 5S rDNA genes found in the 
present study and in other characiform species, such 
as A. scabripinnis (Castro et al., 2015), Characidium 
(Pucci et al., 2014) and Hoplias (Blanco et al., 2010), 
seems to indicate that, although protected, these 
genes do not present a conserved evolution and 
represent an efficient marker for the identification 
and diagnosis of the species (Almeida-Toledo et al., 
2002; Hashimoto et al., 2011; Kavalco et al., 2016; 
Gavazzoni et al., 2018). Furthermore, 5S rDNA proved 
effective for the identification of natural hybrids, as 
also observed in some cyprinids (He et al., 2012, 2013; 
Zhang et al., 2015).

Despite maintenance of the diploid number of 46 
chromosomes, the OTUs analysed here presented 
differences regarding the karyotype formula with 
respect to the number of sm and a chromosomes 
and the NF, with hybrid individuals presenting an 
intermediate pattern (Fig. 1). These differences might 

be attributable to chromosomal rearrangements, such 
as pericentric inversion. Studies in the A. fasciatus 
complex indicate a variation in the diploid number 
(2n = 46 to 2n = 50, with or without the presence of a 
B chromosome) and karyotype formula (Pazza et al., 
2008a, b; Ferreira-Neto et al., 2012; Kavalco et al., 
2016). In the present study, the karyotype formula 
contributed to the identification and differentiation of 
the two OTUs in sympatry, in addition to the existence 
of the natural hybrids. The karyotype formula 
was also important for differentiation of cryptic or 
morphologically similar species in other studies of 
Astyanax (e.g. Paiz et al., 2015; Kavalco et al., 2016; 
Gavazzoni et al., 2018).

The As51 satellite DNA was also efficient for 
distinguishing the OTUs analysed here [Fig.  2 
(boxes)]. In addition to As51 sites associated with 
NORs, Astyanax sp. 1 presented an sm chromosome 
with an interstitial site different from Astyanax 
sp. 2 and from the hybrids, which presented three 
carrier chromosomes. This group of satellite DNA can 
contribute to the evolution of the genome, promoting 
chromosomal rearrangements and presenting rapid 
differentiation owing to intragenomic mobility 
(Mestriner et al., 2000; Vicari et al., 2008).

Studies on the A.  fasciatus complex have found 
two distinct patterns of As51 DNA distribution: 
conspicuous blocks, preferably terminal, on various 
st and a chromosomes (Abel et al., 2006; Pazza et al., 
2008a; Kavalco et al., 2013); and small blocks on few 
complementary chromosomes (Kantek et al., 2009; 
Peres et al., 2009; Kavalco et al., 2013; present study). 
According to Kavalco et al. (2013), the populations and 
species of A. fasciatus that possess a small amount of 
As51 DNA are distributed along the coastal basins and 
the middle São Francisco River, whereas populations 
of the upper Paraná River basin and nearby drainages 
of the Grande, Tietê and Paranapanema rivers have a 
larger quantity of this DNA, more widely dispersed in 
the chromosomes. The data obtained here are the first 
for the upper-middle Uruguay River basin and show a 
distribution pattern of the As51 DNA satellite, similar 
to the populations of the coastal basins and middle São 
Francisco River.

The 18S rDNA sites were found to be variable in the 
A. fasciatus complex: simple sites in the populations/
species of the São Francisco River basin (Peres et al., 
2009) and Uruguay River basin (present study); and 
multiple sites in the Paraná River basin and nearby 
drainage (Almeida-Toledo et al., 2002; Pazza et al., 
2008b; Peres et al., 2009; Ferreira-Neto et al., 2012). 
In relationship to the distribution of heterochromatin, 
two main patterns are found: heterochromatin in distal 
regions in most sm and a chromosomes in populations of 
the Paraná River basin (Centofante et al., 2003; Pazza 
et al., 2008a, b; Kavalco et al., 2013); and preferentially 

Figure 4.  Principal coordinates analysis (PCoA) of the 
morphometric characters for Astyanax sp. 2 and natural 
hybrids caught in the Ijuí River, in November 2013, April 
2014 and May 2015.
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centromeric/pericentromeric heterochromatin in 
several complementary chromosomes, in populations 
of the São Francisco River basin and Eastern Atlantic 
hydrographical region (Kavalco et al., 2013; Medrado 
et al., 2015) and Uruguay River basin (present study). 
The 18S rDNA cistrons and the distribution pattern 
of heterochromatin, together with the distribution 
pattern of As51, contribute to our understanding 
of the biogeography of the group, because they 
indicate greater chromosomal similarity between the 
populations/species of the A. fasciatus complex of the 
Uruguay River basin and the São Francisco River 
basin, when compared with populations/species of the 
Paraná River basin.

The molecular analyses show low genetic 
differentiation between the OTUs analysed here and 
great proximity to other species of Uruguay River 
basin, and these data still indicate the formation of 
a cluster composed by Astyanax sp. 1, Astyanax sp. 2 
and hybrid individuals. Although DNA barcoding 
studies can be very efficient for species identification, 
with many efficient results in Neotropical fishes 
(Pereira et al., 2013), this tool has not been completely 
conclusive for recent clades with low genetic variation, 
mainly within species complexes or taxonomically 
problematic groups, such as Astyanax (Kavalco et al., 
2016; Pazza et al., 2018), Rineloricaria (Costa-Silva 
et al., 2015), Prochilodus (Melo et al., 2018) and, in the 
present study, in the A. fasciatus complex, as observed 
by their closer relationship to A. pampa from coastal 
drainages of the Brazilian state of Rio Grande do Sul 
and to A. biotae from upper Paraná River basin.

Morphological analyses did not separate the OTUs 
for the A. fasciatus complex from the Ijuí River. In 
contrast, Astyanax sp. 2 had morphological traits 
distinct from natural hybrids. For all measurements 
used in the analyses, standard length was the 
major contributor to separation of Astyanax sp. 2 
and natural hybrids. In addition, another ten 
morphometric traits also contributed to distinguish 
them. Nevertheless, the visual diagnosis between 
the two groups is not simple. Pinheiro et al. (2019) 
also found morphological differences between hybrids 
and the parental species (A. fasciatus × Astyanax 
paranae) from the Rio Grande basin, corroborated by 
the molecular analyses, in that case.

Although not effective for differentiation of the 
OTUs, the diploid number, heterochromatin and 18S 
rDNA, combined with morphological and molecular 
evidence, indicate a pattern of sibling species occurring 
in the grey zone, reinforced by the occurrence of 
natural hybrid individuals with an intermediate 
chromosomal pattern between both units. According 
to Knowlton (1986, 1993), the concept of sibling 
species goes beyond cryptic species (species with high 
morphological similarity and consequent difficulty M
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in identification), because these species have a more 
recent common ancestry, implying a relationship 
between the sister species. Moreover, recent changes 
in the environment, owing to the construction of a 
small hydroelectric power station (SHPS) in the Ijuí 
River (PCH RS-155), inaugurated in 2012 (Ceriluz, 
2019), might have favoured the emergence of a hybrid 
zone between OTUs.

It is obvious that a hydroelectric power plant can 
drastically alter the aquatic environment, causing 
abrupt fragmentation of river systems and habitat 
loss, constituting one of the greatest threats to 
aquatic biodiversity (Agostinho et al., 2016). It can 
lead to homogenization of the environment, mixing or 
separation of fauna and changes in the characteristics 
of microhabitats, among other changes, which 
consequently affects the biological composition. The 
new environment established after formation of the 
reservoir presents very different characteristics from 
the original environment, and the communities are 
significantly different from those that occurred in the 
original or remnant lotic sections (Agostinho et al., 
2016; Souza et al., 2019). Thus, the construction of the 
SHPS in the Ijuí River might have favoured the contact 
between species with recent diversification. The hybrid 
individuals verified by the present study reinforce this 
hypothesis. Crossing between sympatric species of 
Astyanax (A. fasciatus × A. paranae), with hybrids in 
the natural environment (Grande River, Paraná River 
basin), have already been recorded (Pinheiro et al., 
2019), thus indicating that hybridization between 
different Astyanax species is not an isolated event.

The presence of many natural hybrid individuals 
(eight individuals) might indicate better performance 
than the parental species, called hybrid vigour or 
heterosis (Hashimoto et al., 2015). However, hybrid 
individuals could be the result of a unique sporadic 
event, given that they were collected only in the 
second sampling (April 2014), and it is possible that 
the hybrids could persist in a suboptimal adaptive 
condition owing low fitness (Arnold et al., 2012). 
Moreover, if the reproductive isolating mechanisms 
were weak and insufficient to prevent introgression, 
this secondary contact, with gene flow between 
these lineages that diverged long ago, might slow or 
reverse the differentiation/speciation process. The 
low occurrence of Astyanax sp. 1 in relationship to 
Astyanax sp. 2, even with sampling at different time 
points (2013: Astyanax sp. 2, N = 1; 2014: Astyanax 
sp. 1, N = 1 and Astyanax sp. 2, N = 9; 2015: Astyanax 
sp. 1, N = 1 and Astyanax sp. 2, N = 4), might indicate 
greater susceptibility and difficulty in adapting to the 
environmental changes caused by the construction 
of the SHPS, or could still be related to artefacts of 
detectability and/or sampling efforts.

Conclusion

Based on the analysed characters, it is possible to 
verify that the morphological and mitochondrial 
DNA differentiation did not follow the chromosome 
differentiation. Although efficient, molecular analyses 
are not always conclusive to diagnose species, 
revealing different results from morphological or 
cytogenetic data. The cytogenetic characters used 
here were effective to differentiate sibling species 
and natural hybrids (5S rDNA, As51 and karyotype) 
and contributed to our comprehension of the 
complex biogeography of A.  fasciatus (18S rDNA, 
heterochromatin and As51). These results reinforce 
the importance of integrative taxonomy, combining 
different tools to verify the real diversity of species and 
to understand their evolutionary relationships better.
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File S1. COI matrix with 1688 terminals, based on Rossini et al. (2016) and the A. fasciatus complex (Astyanax 
sp. 1, Astyanax sp. 2 and Astyanax hybrids) from the Ijuí River.
File S2. COI matrix with 88 terminals containing representatives of the closer lineages of the A. fasciatus complex.
File S3. Cytb matrix with 11 terminals of the A. fasciatus complex (Astyanax sp. 1, Astyanax sp. 2 and Astyanax 
hybrids) from the Ijuí River.
Figure S1. Best maximum likelihood tree based on the cytochrome c oxidase subunit I gene, showing the position 
of the analysed A. fasciatus complex (Astyanax sp. 1, Astyanax sp. 2 and Astyanax hybrids) from the Ijuí River 
within group 1, containing the A. fasciatus species complex, based on Rossini et al. (2016).
Figure S2. Best maximum likelihood tree based on the B gene in the A. fasciatus complex (Astyanax sp. 1, 
Astyanax sp. 2 and Astyanax hybrids) from the Ijuí River.
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