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ABSTRACT. The genetic relationships among 17 species of Astyanax 
from the Iguaçu River and adjacent river basins in Brazil were 
examined using nucleotide sequences of the mitochondrial cytochrome 
b gene (cytb). Congruent trees were constructed using neighbor-
joining, maximum-likelihood, and Bayesian methods. The resulting 
clades suggest that at least three major groups share similar origins 
with the endemic species of the Iguaçu River. The results indicate that 
Astyanax is polyphyletic in this location, which suggests that Astyanax 
did not diversify from a single ancestral group that was isolated when 
the Iguaçu River basin formed. Astyanax bifasciatus shares an origin 
with some species of the altiparanae-bimaculatus complex, while A. 
minor originated from the same group as A. aff. paranae, A. fasciatus, 
and A. bockmanni. The third group includes A. dissimilis, Astyanax sp 
F, and A. serratus that are endemic species to the Iguaçu River basin. 
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Geological and hydrological events that influenced the biogeographical 
patterns of these species are discussed.
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INTRODUCTION

The Iguaçu River in Brazil is geologically ancient, and originated during the Tertiary 
Period (Petri and Fulfaro, 1983). It is characterized by cataracts and waterfalls that alternate 
with wide meandering sections and extensive floodplains (Ministério das Minas e Energias, 
1990). It contains fewer fish than the Paraná River (Garavello et al., 1997) because of its 
topography, as the waterfalls prevent fish migration.

The ichthyofauna of the Iguaçu River has a unique evolutionary history, with high 
rates of endemism; almost 80% of the fish species present are exclusively found in this 
hydrographical basin (Agostinho and Gomes, 1997). After the formation of the Iguaçu 
Falls (that are 70 m in height) about 22 million years ago during the Miocene Period, fish 
populations in the Iguaçu River basin were isolated from those in the Paraná River basin 
(Maack, 1981). This event triggered speciation, which resulted in a considerable amount of 
endemism (Kantek, 2005).

Astyanax Baird and Girard, 1854, is considered Incertae sedis, and is one of the most 
common and diverse genera in the Characidae family. Astyanax species occur from Texas, 
USA, to northeastern Argentina, and approximately 100 species occur within Brazilian 
hydrographical basins (Garutti and Britski, 2000; Lima et al., 2003). In Brazil they are known 
as “lambari” or “piaba”, and inhabit different environments, including headwaters, streams, and 
rivers. According to the Catalog of Fishes, Astyanax contains 144 valid species (Eschmeyer, 
2014). In a detailed survey of the ichthyofauna of the lower Iguaçu River, Baumgartner et 
al. (2012) confirmed that there is a high proportion of endemic species. Nine valid species 
of Astyanax, and two possible new species, were recorded. Except for Astyanax altiparanae, 
which may have been introduced (Prioli et al., 2002), all of the Astyanax species found here 
are endemic to the Iguaçu River.

The present study investigated the genetic relationships between endemic species 
of Astyanax from the Iguaçu River basin and species of Astyanax from the upper Paraná, 
Paraguay, and Doce River basins. The objective was to verify the hypothesis that Astyanax 
species that are endemic to the Iguaçu River do not share a single, common ancestral group.

MATERIAL AND METHODS

Fish sampling

Figure 1 shows the four river basins and locations where the Astyanax species were 
collected from. The species were sampled in the Iguaçu, upper Paraná, Paraguay, and Doce 
River basins. The samples included two groups of Astyanax species that are present in basins 
adjacent to the Iguaçu River basin (Table 1). The altiparanae-bimaculatus complex has already 
been studied from a molecular perspective (Prioli et al., 2012; Deprá et al., 2014), as has the 
fasciatus group (Pazza et al., 2007). We also studied five species that are endemic to the Iguaçu 
River basin.
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Figure 1. Astyanax sampling locations. 1) Lower Iguaçu River basin (25°45'S, 52°12'W to 25°30'S, 53°25'W); 2) 
Floodplain of the upper Paraná River (22°47'S, 53°19'W); 3) Keller Stream, a tributary of the Ivaí River (23°20'S, 
51°51'W); 4) Pitangui Stream, a tributary of the Tibagi River (25°01'S, 50°04'W); 5) Passa Cinco Stream, in the 
Tietê River basin (22°25'S, 47°42'W); 6) Lazinho Stream, in the Paranaíba River basin (17°59'S, 48°38'W); 7) 
Cuiabá River, a tributary of the Paraguay River (14°49'S, 56°24'W); 8) Yacaré Stream, a tributary of the Paraguay 
River (26°39'S, 58°05'W); 9) Santo Antônio Stream, in the Doce River basin (20°50'S, 42°52'W).

River basin Species Location/GenBank accession number

Lower Iguaçu A. bifasciatus Iguaçu River
 A. dissimilis Iguaçu River
 A. minor Iguaçu River
 A. serratus Iguaçu River
 Astyanax sp F Iguaçu River
Upper Paraná A. altiparanae Pitangui Stream
 A. bockmanni Lazinho Stream
 A. fasciatus Pitangui Stream
 A. aff. paranae Keller Stream
 Moenkhausia aff. intermedia Floodplain
 Astyanax sp 1  Pitangui Stream
 Astyanax sp 2 Passa Cinco Stream
 Astyanax sp 4 Pitangui Stream
Paraguay A. abramis Cuiabá River and Yacaré Stream
 A. asuncionensis Cuiabá River
 Astyanax sp 3 Cuiabá River
Doce A. aff. bimaculatus Santo Antônio Stream
Central America A. fasciatus AY639088; AY639089; AY639091; AY639092
 A. mexicanus AF287414

Table 1. Sampling locations or GenBank accession numbers of Astyanax in Brazilian river basins.
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After collection, the specimens were immediately fixed in commercial ethylic alcohol 
and stored at -20°C. Morphological identification of most of the species was conducted 
following the methodology of Severi and Cordeiro (1994), Garavello et al. (1997), Ingenito et 
al. (2004), Britski et al. (2007), and Graça and Pavanelli (2007) in the Ichthyologic Collection 
of the Research Nucleus in Limnology, Ichthyology, and Aquiculture of the Universidade 
Estadual de Maringá. Four nucleotide sequences of A. fasciatus and one of A. mexicanus from 
Central America (available in GenBank) were also used.

Polymerase chain reaction (PCR) and sequencing

Total DNA was extracted by the phenol/chloroform method (Oliveira et al., 2002; 
Panarari-Antunes et al., 2012). The cytochrome b (cytb) gene from the mitochondrial 
DNA region was focused and partially amplified by PCR from the total DNA using the 
primer pairs L14841 (5'-CCATCCAACATCTCAGCATGATGAAA-3') and H15149 
(5'-CCCCTCAGAATGATATTTGTCCTCA-3'). The amplification conditions were as follows: 
an initial denaturation at 95°C (1 min) followed by 35 cycles at 95°C (15 s), 53°C (30 s), and 
72°C (30 s) for denaturation, annealing, and extension, respectively, and a final extension at 
72°C (8 min) to end the reaction. The PCR products were purified by polyethylene glycol 
to remove the excess primer and nucleotide residues (Rosenthal et al., 1993). The amplified 
fragments were then forward- and reverse-sequenced using a MegaBACE 1000 DNA Analysis 
System (Gel, San Francisco, CA, USA).

Analyses

All of the amplified sequences were aligned and edited by BioEdit 7.0.1 (Hall, 1999). 
ModelTest 3.7 (Posada and Crandall, 1998) was used to select a nucleotide substitution model 
from the different substitution rates that would best explain the matrix of the data produced; 
this was conducted in a hierarchical manner and was based on the corrected Akaike information 
criterion (AIC).

Three methods of phylogenetic analysis were used to identify relationships between 
species and to check whether there was congruence between the topologies produced by 
different algorithms and the criteria established for each analysis. Maximum-likelihood and 
neighbor-joining methods were employed using PAUP 4.0 (http://paup.csit.fsu.edu/), with 
10,000 bootstrap replications. In addition, a Bayesian analysis calculated the a posteriori 
probabilities of the genealogical relationships, using the best evolutionary model that had been 
selected by ModelTest. This was conducted using MrBayes 3.0 (http://mrbayes.sourceforge.
net/); the first 20,000 generations were discarded with the burn-in option, and the last 280,000 
generations were used. An agreement criterion of over 50% was used to retain branches of the 
trees produced.

All of the phylogenetic analyses used Moenkhausia aff. intermedia as an outgroup 
to root and polarize the trees, because it is phylogenetically close to Astyanax (Calcagnotto 
et al., 2005). Nucleotide-based frequencies, transition numbers, and transversions between 
specimens, as well as genetic distances between the generated groups, were obtained using 
MEGA 5.0 (Tamura et al., 2011).
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RESULTS

A 308-bp fragment of cytb was generated for each specimen. Two hundred aligned 
and edited base pairs were analyzed because of the high confidence percentage (absence of 
ambiguous and doubtful sites) in the interval. The Tamura-Nei nucleotide substitution model 
(TrN+I) was the most effective in assessing the genetic relationships between species of 
Astyanax (-lnL = 1,008.1279, AICc = 2,290.8320). The nucleotide base frequencies were A = 
0.2743, C = 0.2862, G = 0.1473, and T = 0.2922. The proportion of invariable sites was 0.5032, 
the transition/transversion ratio rates were K1 = 0.34 (purines) and K2 = 16.23 (pyrimidines), 
and the general transitions/transversions ratio (R - [{A x G x K1} + {T x C x K2}] / [A/G] x 
[T/G]) was 4.41.

The trees generated by the neighbor-joining (Figure 2A), maximum-likelihood (Figure 
2B), and Bayesian algorithms (Figure 3) were congruent. The tree generated by Bayesian 
inference (Figure 3) demonstrated a posteriori probability rates of over 97% in the branches 
that support the most pertinent clades.

Figure 2. Neighbor-joining (A) and maximum-likelihood (B) trees generated from partial sequences of the 
cytochrome b gene and the Tamura-Nei model. Bootstrap values (10,000 replications) are presented in the clade 
branches.

Three major clades with high support indices were identified in the trees, and were 
named Group A, Group B, and Group C. All of the groups contained at least one species that 
is endemic to the Iguaçu River basin. A. bifasciatus is in the clade that included species of 
the altiparanae-bimaculatus complex: A. aff. bimaculatus, A. altiparanae, A. asuncionensis, 
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and A. abramis (Group A). The endemic species A. minor shared Group B with A. fasciatus, 
A. mexicanus, A. aff. paranae, and A. bockmanni. These species in Group B, or the fasciatus 
complex, are clearly distinguishable from species in Group A, or the altiparanae-bimaculatus 
complex. Groups A and B included species of the Iguaçu basin and of the other basins. In 
contrast, Group C only included species that are endemic to the Iguaçu River: A. serratus, A. 
dissimilis, and Astyanax sp F.

Figure 3. Bayesian tree generated from the Tamura-Nei model (TrN+I). Branch rates correspond to the percentage 
of a posteriori probabilities of the last 280,000 simulated generations.

Genetic distances within and between the groups were determined by the Tamura-
Nei model (Table 2), which quantified differences between the three clades (Figures 2 and 3). 
The average distances within the groups are shown in the diagonal line of the distance matrix 
(Table 2). Group A had the lowest variation, with an average distance of 0.023. The greatest 
distance within the groups was 0.070 in Group C. Group B exhibited variation similar to that 
in Group C, with a distance of 0.064. Distances between groups were almost two times higher 
than those found within groups, and ranged from 0.122 between Groups A and B to 0.185 
between Groups B and C.

 Group A Group B Group C

Group A 0.023 - -
Group B 0.122 0.064 -
Group C 0.159 0.185 0.070

Table 2. Tamura-Nei genetic distances within and between three groups of Astyanax species calculated using 
the cytb gene.
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DISCUSSION

The origin of Astyanax species that are endemic to the Iguaçu River basin appears to be 
related to geological events that changed the regional topography. The Iguaçu Falls is the most 
obvious of the many barriers along the Iguaçu River, and isolated its fish fauna about 22 million 
years ago during the Miocene Period (Maack, 1981). Active tectonic areas that emerged less than 
1.6 million years ago (Saadi, 1993) would have distributed the ichthyologic fauna of the central-
southern basins by coastal drainage, particularly in areas that contain the sources of the rivers 
Ribeira do Iguape, Iguaçu, Paranapanema, and segments of the upper Tietê River.

Another relevant geological characteristic of southeastern Brazil is the Ponta Grossa 
Arch, which is an emergence of the crystalline basement of the southeastern segment of the 
Paraná River basin (Petri and Fulfaro, 1983). This feature increases water flow between adjacent 
drainage systems, and consequently increases fish movement between them. Vertical movements 
of fractured rock and water erosion may explain the ichthyological exchanges that occurred 
between the Ribeira do Iguape River and the Iguaçu and Paranapanema Rivers (Ribeiro, 2006).

Although we did not study all of the species of this genus, our results are informative 
concerning the origin of Astyanax species in the Iguaçu River basin. The phylogenetic trees and 
distances obtained from the cytb sequence were consistent in revealing that the species studied 
are organized into three genetically distinct clades. In addition, species that are endemic to the 
Iguaçu River basin are represented in all three groups.

Although it is considered hypervariable, the D-loop mitochondrial sequence generates 
trees that are consistent in their structures (Oliveira et al., 2006; Bignotto et al., 2009; Panarari-
Antunes et al., 2010). However, the D-loop region is not suitable for the comparative analysis 
of highly differentiated species of some groups of fish, as is the case within the genus Astyanax. 
Astyanax species endemic to the Iguaçu River basin are genetically distant from each other, 
and there are a large number of gaps in their D-loop sequence alignments, which renders them 
a poor source of phylogenetic information (Prioli AJ, Prioli LM and Prioli SMAP, unpublished 
data). This may be the reason that the results obtained in the present study with cytb disagree 
with the D-loop topology obtained by Pie et al. (2009).

Our results strongly suggest that the endemic species Astyanax sp F, A. bifasciatus, A. 
minor, A. serratus, and A. dissimilis did not diversify from a single ancestor that had become 
isolated during the formation of the basin. On the contrary, they suggest that at least three 
ancestral groups were isolated during its formation.

This study contributes towards our knowledge of the relationships between species, and 
of the origin, of Astyanax in the Iguaçu River. Several approaches are needed to understand fish 
speciation in the Iguaçu River. Future studies should test other hypotheses using molecular markers, 
low-cost DNA sequencing, and robust statistical analyses (such as coalescence genealogy analysis 
and molecular dating), in order to investigate species population structure, cryptic diversity within 
species, patterns of gene flow, population divergence, and species delimitation.
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