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Abstract

The Neotropics host the most diverse ichthyofauna in the world, with catfish species forming one of the most
diverse groups in the region. Nuclear (RAG1) and mitochondrial (ATPase and Cytb) markers were analyzed to
identify genetic variability in populations of Pseudoplatystoma reticulatum and Pseudoplatystoma corruscans from
the La Plata and Sao Francisco Basins. Bayesian topology identified the division of P. corruscans into two main
clades. One of these clades was formed of samples from the Sao Francisco Basin and the other was formed of
samples from the Parana+Paraguay Basins. P. reticulatum was grouped together without any clear geographic or
taxonomic patterns in Bayesian topology. While only a few common nuclear haplotypes were widely identified in
both species, there was great variability in the mitochondrial sequences. The genetic and geographical distance
correlations were tested using the Mantel permutation, which detected no significant relationships. The results of the
present study suggest a panmitic population for both species (excluding P. corruscans in the Sao Francisco Basin,
which is suggested as a new species), with the greatest diversity concentrated in the region covered by the Pantanal
biome, and the lowest diversity in Mogi Guacu, in the Parana Basin. These findings support the establishment of
public conservation policies and provide information regarding genetic diversity and population differentiation
patterns for these ecological and economically important species.
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Introduction
The Neotropics host the most diverse ichthyofauna in the world,

including 46% of all freshwater fish species [1,2]. Catfish are one of the
most diverse groups of such freshwater species, and include the
Pimelodidae family [3]. Within this family, the main genera are
Pseudoplatystoma, Brachyplatystoma, Pharactocephalus, and Zungaro
[4]. Pseudoplatystoma Bleeker, 1862, includes species known to
perform complex migrations between rivers, lakes and floodplains
[5-7]. According to Buitrago-Suárez and Burr [8] this genus is endemic
to the South American continent, and occurs widely in important
watershed rivers.

Pseudoplatystoma corruscans Spix & Agassiz, 1829, and
Pseudoplatystoma reticulatum Eigenmann & Eigenmann, 1889, are
among the largest catfish in South America [9]. They occur in
sympatry in the La Plata Basin, which includes the basins of the
Paraguay, Parana and Uruguay Rivers (covering Brazil, Argentina,
Paraguay and Uruguay) [3,8]. In other areas only one species occurs,
such as P. reticulatum in the Amazon Basin [3,8] and P. corruscans in
the São Francisco River Basin. Although these migratory species have a
high commercial value, and are important in the river basins where
they occur, basic biological information about them remains scarce
[8,10].

There is a lack of genetic studies, with most focusing on the
taxonomy and systematic data of the genus [8,10-13]. Despite this lack
of information, some studies have identified genetic variability data for
populations of species of this genus [10,14,15]. Homing behavior has
been suggested for P. corruscans [15] and P. reticulatum [14], from the
La Plata basin, which is evidenced by the strong genetic structure of
these populations. Batista and Alves-Gomes [16], studying the
Brachyplatystoma rousseauxii catfish species collected from the
Amazon River, also suggested the possibility of homing movements.
However, other studies of migratory fish in South America have
suggested that different basins are inhabited by panmitic populations
[17,18].

Genetic variation is essential for the potential survival of a species
[19]. Verifying the genetic structure of natural populations through
important tools such as genetics allows the distribution of genetic
variability to be identified, enabling the effective management and
conservation of wild populations [19-23].

According to Barthem and Goulding [24] many stocks of these
catfish have decreased in recent years. The overfishing of catfish such
as P. corruscans and P. reticulatum, combined with the pollution of
aquatic environments, dam building and other harmful events, are
important factors in the decline of wild populations [6,25]. The present
study analyzed nuclear and mitochondrial markers to identify the
genetic variability of distinct populations of P. reticulatum and P.
corruscans from the La Plata and Sao Francisco Basins.
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Materials and Methods

Sample collection and DNA amplification
Pseudoplatystoma specimens were collected between November and

February, in the breeding season. The fish were caught with gillnets at
eight distinct locations in the Parana-Paraguay Basin and one site in
the Sao Francisco Basin, distributed across four Brazilian states (Table
1, Figure S1, Supplementary material), and were collected for tissue
collection and subsequently released back into the river. All samples
were identified in accordance with Buitrago Suarez and Burr [8]. The
numbers of samples genetically analyzed were 74 for ATPase8/6
(ATPase), 72 for Cytochrome b (Cytb), and 58 for RAG1Pse (RAG1)

for Pseudoplatystoma corruscans (Table 1); and 60 for ATP, 55 for Cyt
b, and 43 for RAG1 for Pseudoplatystoma reticulatum (Table 1). In
addition, one sample of Pseudoplatystoma tigrinum and two of
Pseudoplatystoma punctifer from the Amazon Basin were analyzed for
the Cyt B gene (Table 1). Some sequences from GenBank were
included in the analyses to confirm the monophyly of P. corruscans
and P. reticulatum. These were Pseudoplatystoma fasciatum
(GU593111 and GU593110), Pseudoplatystoma magdaleniatum
(GU593155), Pseudoplatystoma orinocoense (GU593133 and
GU593134), P. metaense (GU593154), Rhamdia laticauda (AF287412,
ATPase 8/6; AF287456, Cytb, used as outgroup) and Zungaro sp.
(GU593241, used as outgroup).

 

City/State Whatersh
ed *

P. corruscans (Pintado)a P. reticulatum (Cachara)a P. punctifer a P. tigrinum a
Locality

 

Number of
sequenced
specimen/
ATPase code

Number of
sequenced
specimen/
Cytb code

Number of
sequenced
specimen/
RAG1 code

Number of
sequenced
specimen/
ATPase code

Number of
sequenced
specimen/
Cytb code

Number of
sequenced
specimen/
RAG1 code

Number of
sequenced
specimen/
Cytb code

Number of
sequenced
specimen/
Cytb code

Miranda
river Miranda/MS BAP 8/A(n)MP 9/C(n)MP 5/R(n)MP 8/A(n)MC 6/C(n)MC 5/R(n)MC - -

Aquidaua
na river

Aquidauana/
MS BAP 11/A(n)AP 10/C(n)AP 9R(n)AP 7/A(n)CA 4/C(n)CA 4/R(n)CA - -

Paraguay
river Corumbá/MS BAP 6/APCor(n) 4/CPCOR(n) 4/RPcor(n) 16/ACcor(n) 17/CCOR(n) 11/RCcor(n) - -

Paraguay
river Caceres/MT BAP 10/APMT(n) 10/CPMT(n) 9/RPMT(n) 8/ACMT(n) 6/CCMT(n) 4/RCMT(n) - -

Cuiabazin
ho river Cuiaba/MT BAP 7/APCZ(n) 8/CPCZ(n) 6/RPCZ(n) 11/ACCZ(n) 10/CCZ(n) 10/RCCZ(n) - -

Mogi
Guacu
river

Pirassunung
a/SP BAPR 3/A(n)PMG 6/C(n)PMG 2/R(n)PMG 3/A(n)CMG 2/C(n)CMG 3/R(n)CMG - -

Cuiaba
river

Barao de
Melgaco/MT BAP 11/A(n)PBM 14/C(n)PBM 15/R(n)PBM 7/A(n)CBM 10/C(n)CBM 6/R(n)CBM - -

Sao
Francisco
river

Pirapora/MG BSF 15/ASF(n) 10/CSF(n) 7/RSF(n) - - - - -

Ivinhema
river Ivinhema/MS BAPR 3/A(n)IV 1/C(n)IV 1/R(n)IV - - - - -

Ucayali
river

Pucallpa-
Peru BA - - - - - - - 1C(n)PC

Rio
Branco
river

Boa Vista-RR BA - - - - - - 1C(n)RB -

Amazon
river Iquitos-Peru BA - - - - - - 2C(n)IQ -

TOTAL AMPLIFIED 74 72 58 60 55 43 3 1

Table 1: Places collection, number samples and codes used to identify the specimens of Pseudoplatystoma genus sequenced for each marker;
aNames according to Buitrago-Suárez and Burr; *BAP (Paraguay Basin); *BAPR (Parana Basin);*BSF (Sao Francisco Basin);*BA (Amazon Basin).

Genomic DNA was isolated from the fins of each specimen, which
were preserved in 95% ethanol using the DNeasy® Blood & Tissue Kit
(Qiagen), in accordance with the manufacturer’s instructions. The

product was then quantified in a NanoDrop 2000 (Thermo Scientific,
Wilmington, USA) spectrophotometer at 260 nm. The mitochondrial
genes Cytochrome b (1109 bp) and ATPase 8/6 (839 bp), and the
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nuclear gene RAG1Pse (770 bp) were analyzed (Table 2). The gene
fragments were amplified via PCR (polymerase chain reaction) in a
final reaction volume of 30.6 µL, containing 25.0 µL of Mix PCR
(Invitrogen)*, 1.0µL of each primer (10 µM), 3.0 µL of DNA (50 ng)
and 0.6 µL of MgCl2 (50 ng).* The Mix solution contained Taq DNA
Polymerase with Platinum® Taq Antibody 22 U/mL, Tris-HCl 22 mM,
KCl 55 mM, MgCl2 1.65 mM, dDNTP (dideoxynucleotide
triphosphate) 220 µM, stabilizers, glycerol, and blue tracking dye.
Polymerase chain reaction (PCR) amplification for the mitochondrial
genes was as follows: 94ºC for 2 mints, 35 cycles of 94ºC for 45 s,
annealing temperature (Table 2) for 45 s, 68ºC for 90 s, and 72ºC for 5
min, while for the nuclear genes 94ºC for 5 min, 35 cycles of 94ºC for

30 s, annealing temperature (Table 2) for 35 s, 72ºC for 40 s, and 72ºC
for 5 min was applied. The amplified DNA was purified with the
Exosap-IT (USB Corporation) enzyme and subsequently sequenced by
MacroGen Inc. (Korea) and Beckman Coulter Genomics (France).
Sequences were independently aligned using the Clutal W [26]
algorithm in Bioedit v 7.1 [27] under default parameters and the
alignments were inspected for problems. A concatenated dataset was
generated for pairwise alignments using the Geneious v5.5 software
package [28]. The mitochondrial DNA sequences were also translated
using Geneious v5.5 [28] to check for the unexpected occurrence of
stop codons.

Primers Sequences of primers Ta (ºC) References

Gludg-F TGA CTT GAA RAA CCA YCG TTG
55

Palumbi et al. [49]

H15915-R AA CTG CAG TCA TCT CCG GTT TAC AAG AC Irwin et al. [50]

L8331-F AA GCR TYR GCC TTT TAA GC
55 Perdices et al. [51]

H9236-R GTT AGT GGT CAK GGG CTT GGR TC

Rag1Pse-F GCT GGC AGA CAA GTG GAT CT
58 Carvalho-Costa et al. [12]

Rag1Pse-R AGG CCA TCT AGA AGC CTT GC

Table 2: Sequences of primers used in the samples amplification. Ta: Annealing temperature; F: Forward; R: Reverse.

Phylogenetic and population analyses
The patterns of the phylogenetic variations of the Pseudoplatystoma

corruscans and Pseudoplatystoma reticulatum populations were
analyzed by combining phylogenetic and population analyses.
Phylogenetic analyses were estimated separately for each data set
(ATPase, Cytb and RAG1) using the distance (neighbor joining, NJ)
method, carried out in MEGA v. 6.0 [29], and for the concatenated
alignment data set (ATPase+Cytb+RAG1) using the Bayesian
inference (BI) method, in MrBayes 3.1.2 [30]. A Bayesian Markov
chain Monte Carlo reaction was carried out using MrBayes 3.1.2 [30]
on the CIPRES supercomputing cluster [31]. MrBayes was
programmed to run for 200 million generations using four
independent MCMC chains (nchain=4, representing two parallel runs
with two cold and two hot chains each; temperature parameters set to
default), with sampling every 1000 steps. Gaps were treated as missing
data. The distribution of log likelihood scores was examined to
determine stationary for each search and to decide if extra runs were
required to achieve convergence, using the Tracer 1.6 program [32].
Initial trees estimated prior to convergence were discarded as part of a
burn-in procedure. The posterior distribution and maximum clade
credibility tree were constructed in Tree Annotator v1.8.1 (available as
part of the BEAST package) [33] from the runs after eliminating 50%
of the trees for burn-in to avoid the possibility of the inclusion of
random sub-optimal trees. Finally, the trees were visualized using the
Fig Tree v.1.4.2 software [34].

Partition Finder v1.1.0 [35] was used to determine the best
molecular evolution model and partition scheme for each gene under
the Bayesian information criterion (BIC). This implements the relaxed
clustering algorithm, with the default setting to check the top 10% of
schemes, based on those expected to present the greatest improvement.
For P. corruscans, a generalized time reversible model [36], with the
rate heterogeneity of the remainder modeled by gamma distribution

(GTR+Gamma), was identified as the best molecular evolution model
for the first and second genes (ATPase and Cytb, respectively). A F81
model [37] with a proportion of invariable sites and the rate
heterogeneity of the remainder modeled by gamma distribution (F81+I
+Gamma) was identified as the best model for the molecular evolution
for the third gene (RAG1). For P. reticulatum, a Hasegawa-Kishono-
Yano model [38] with a proportion of invariable sites and the rate
heterogeneity of the remainder modeled by gamma distribution (HKY
+I+Gamma), was identified as the best molecular evolution model for
the three genes. Phylogenetic hypotheses were inferred from the data
set with Bayesian inference (B).

In addition to these analyses, independent phylogenetic analysis for
P. corruscans and all other species of the Pseudoplatystoma genus was
performed for the Cytb gene using the Bayesian inference (BI) method,
in MrBayes 3.1.2 [30] on the CIPRES supercomputing cluster [31].
Partition Finder v1.1.1 [35] was used to determine codon-specific
models of molecular evolution for the Cytb gene under the Bayesian
information criterion (BIC). A Hasegawa-Kishono-Yano model [38],
with a proportion of invariable sites and the rate heterogeneity of the
remainder modelled by propinv distribution (HKY+I), was identified
as the best molecular evolution model for the first codon position. A
generalized time reversible model [36], with the rate heterogeneity of
the remainder modelled by gamma distribution (GTR+Gamma), and
was identified as the best molecular evolution model for the second
codon position. And a Kimura [39] model, with a proportion of
invariable sites and the rate heterogeneity of the remainder modelled
by propinv distribution (K80+I), was identified as the best molecular
evolution model for the second codon position. Phylogenetic
hypotheses were also inferred from the data set with Bayesian
inference (B). All other parameters were as described above.

All subsequent analyses were performed independently for each
gene for the P. corruscans and P. reticulatum populations. Sequence
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divergence (p-uncorrected distance) was assessed using the MEGA v.
6.0 tools [29]. Haplotype and nucleotide diversity were calculated
using DNASP v.5.10.01 [40]. We used a median-joining algorithm in
Network 4.6.1.1 (http://fluxus-engineering.com) to examine the
relationships between haplotypes. Population structure and genetic
variation were characterized and compared using Arlequin v.3.5 [41].
Analysis of Molecular Variance (AMOVA) was used to assess the
population configuration and geographical pattern of the subdivision.
To achieve this, the populations were analyzed and grouped in three
forms: all populations together in one single group; populations
separated into two groups, with Group I composed of the samples
from the Paraguay Basin and Group II composed of the populations
from the Parana Basin (Mogi Guacu and Ivinhema), with no a
population from the Sao Francisco Basin; and the populations
separated into two different groups, with Group III consisting of all the
samples from the Parana-Paraguay Basins, while group IV was
composed of the populations from the Sao Francisco Basin. Global and
pairwise estimates of genetic differentiation were examined using FST,
incorporating haplotype frequency and relatedness. The correlations of
pairwise multilocus FST (significant) genetic and geographical
distances were tested using the Mantel permutation procedure [42]
and significances were tested with 2,000 permutations.

Results

Molecular characterization
A total of 839 bp were analyzed from 74 Pseudoplatystoma

corruscans individuals to test for the mitochondrial ATPase gene,
while for the Cytb gene, 1109 bp were analyzed from 72 P. corruscans
individuals, and for the RAG1 gene 770 bp were analyzed from 58 P.
corruscans individuals (Table 1). For the concatenated data set 2718 bp
were analyzed from 89 different specimens. A total of 413 variable
polymorphic sites were found for the concatenated data set (ATPase
+Cytb+RAG1).

A total of 839 bp were analyzed from 60 Pseudoplatystoma
reticulatum individuals for the mitochondrial ATPase gene. For the
Cytb gene, 1109 bp were analyzed from 55 P. reticulatum individuals,
and dor the RAG1 gene 770 bp were analyzed from 43 P. reticulatum
individuals (Table 1). For the concatenated data set 2718 bp were
analyzed from 71 different specimens. A total of 189 variable
polymorphic sites were found for the concatenated data set (ATPase
+Cytb+RAG1).

Only the RAG1 gene had sequences with gaps, with 11 gaps
identified (starting: 194 bp to P. reticulatum and 602 bp to P.
corruscans) when aligned with other Pseudoplatystoma sequences.

The molecular characterization data of the Cytb gene for P.
punctifer and P. tigrinum are not shown.

Phylogenetic analysis
Independent analysis of the mitochondrial and nuclear data

presented similar topologies to the concatenated data set
(Supplementary Figures S2-S4).

The concatenated data set revealed the topology to be partitioned
into two main clades (I and II) of P. corruscans individuals. Clade I was
composed of samples from the Sao Francisco Basin and clade II
consisted of the other samples (Parana+Paraguay Basins). The analysis

was supported by high posteriori probability values (Figure 1b,
Supplementary figure S5A).

Figure 1: Phylogenetic relationship of Pseudoplatystoma based on
bayesian analysis of a fragment from the Cytocrome b gene, with
the P. corruscans relationship highlighted in yellow (A).
Phylogenetic relationship of Pseudoplatystoma corruscans based on
bayesian analysis of a concatenated data set (ATPAse+Cytb+RAG1)
(B). Numbers above the branches indicate posterior probabilities (A
and B). Network depicting the relationships between mitochondrial
haplotypes. Coloured circles represent different haplotypes with size
proportional to sample frequency and coloured according to the
sample locations as show in the legend. The small grey circle
represents the hypothetical haplotype. The haplotype network for P.
corruscans highlighted the haplotypes from the Sao Francisco Basin
separated from the haplotypes from the Parana+Paraguay Basins by
at least 13 mutations, represented in brackets (C).

Low sequence divergence (p-distance) within and between all the
populations of P. corruscans was observed, ranging from 0.1 to 0.4%
with all the genes analyzed separately. Divergence ranged from 1.5 to
1.7% for all the other populations for both the mitochondrial DNA,
other than when the Sao Francisco population was analyzed.

The pattern of genetic divergence between the P. corruscans
populations (Parana+Paraguay Basins X Sao Francisco Basin) was
confirmed with Cytochrome b by Bayesian analysis to the
Pseudoplatystoma genus (Figure 1a). The differentiation between
Clade I and Clade II, as obtained for the concatenated data set, was
well supported, with a high posterior probability value (Supplementary
Figure 1b, S6).

The concatenated data set showed that specimens from the different
populations of P. reticulatum remained grouped together in the
topology, without any clear geographic or taxonomic pattern (Figure
S5B, Supplementary material). There was no resolution within P.
reticulatum at either the population or subspecies levels.

Low sequence divergence (p-distance) was observed within and
between all populations of P. reticulatum, ranging from 0.1 to 0.8%
with all the genes analyzed separately.

The genetic divergence between the P. reticulatum populations,
without any clear geographic or taxonomic pattern, was confirmed
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with Cytochrome b by Bayesian analysis to the Pseudoplatystoma
genus (Supplementary Figure 2a, S6).

Figure 2: Phylogenetic relationship of Pseudoplatystoma based on
bayesian analysis of a fragment from Cytocrome b gene, with the
Pseudoplatystoma reticulatum relationship highlighted in yellow
(A). Numbers above the branches indicate posterior probabilities
(A). Network haplotypes depicting the relationship between P.
reticulatum populations. Circles represent different haplotypes with
size proportional to sample frequency and coloured according to
the sample locations as show in the legend. The small grey circle
represents the hypothetical haplotype (B).

Population analysis
Although few common nuclear haplotypes were widely found in all

the Pseudoplatystoma corruscans populations, there was greater
variability in the mitochondrial sequences. For ATPase, a total of 11
haplotypes (H) were found, with three present in 62 of the 74
individuals. The most frequent haplotypes were H1, shared by 36
individuals (all populations, except the Sao Francisco population). For
Cytb, a total of 25 haplotypes (H) were found, with one haplotype
present in 41 of the 72 individuals. The most frequent haplotypes were
H8, shared by 31 individuals (all populations, except the Sao Francisco
population). For P. corruscans both genes, ATPase and Cytb, showed
the haplotypes from the Sao Francisco River as being separated from
the others by at least 13 mutations (Figure 1c). The phylogenetic
networks depicting the relationships between the nuclear haplotypes
and the haplotype distribution among samples showed that nuclear
diversity is not geographically structured. The structuration of the Sao
Francisco population was not identified for the RAG1 gene. For the
nuclear gene, three RAG1 haplotypes were found, with one identified
in 56 of the 58 specimens, and two haplotypes identified in one
specimen each (not shown).

The phylogenetic networks depicting the relationships among the
Pseudoplatystoma reticulatum population show that diversity is not
geographically structured. For ATPase, a total of 16 haplotypes were
found (H), with two present in 43 of the 60 individuals. The most
frequent haplotypes were H2, shared by 32 individuals (all
populations). For Cytb, a total of 16 haplotypes (H) were found, with
two present in 31 of the 55 individuals. The most frequent haplotypes

were H3, shared by 18 individuals (all populations, except Mogi-
Guaçu). For the nuclear gene RAG1, a total of seven haplotypes (H)
were found, with three haplotypes present in 39 of the 43 individuals.
The most frequent haplotypes were H2, shared by 25 individuals (all
populations) (not shown).

The FST indexes were obtained pairwise for all populations and
for each mtDNA, to investigate the genetic structure between the
populations of each species. The FST index values of P. corruscans,
except for the Sao Francisco population, exhibited low to high values
ranging from 0 to 0.4 for both genes. Statistically significant values (p
<0.05) were observed among some geographically distant populations
(Table 3). With the Sao Francisco population, however, the values
increased from 0.5 to 0.7 for the ATPase gene and from 0.07 to 0.36 for
the Cytb gene, while statistically significant values (p <0.05) were
observed between the Sao Francisco population and all the other
populations of both genes, except between the Sao Francisco and
Ivinhema populations for Cytb (Table 3). The Mantel test detected no
significant relationship based on the FST index (r2=41.42, P>0.05 for
ATPase and r2=37.88, P>0.05 for Cytb).

Analysis of Molecular Variance (AMOVA) was performed and
considered all the populations together (without structuration) and
then separated into two forms according to geographic distribution:
Group I was composed of the samples from the Paraguay Basin while
Group II was composed of the populations from the Parana Basin
(Mogi-Guacu and Ivinhema). Group III was composed of all the
samples from the Parana-Paraguay Basins, while group IV was
composed of the populations from the Sao Francisco Basin. Only
Groups I and II were tested for P. reticulatum; however Group II did
not include the Ivinhema population samples.

When analyses were conducted considering all the populations of P.
corruscans together, AMOVA revealed a total genetic variance of 0.36
for ATPase and 0.4 for Cytb, with most of the variance found within
populations. When analyses were performed considering the putative
existence of two groups (groups I and II), hierarchical AMOVA
revealed a total genetic variance of 0.26 for ATPase and 0.36 for Cytb,
with most of the variance also found within populations. The variance
between groups I and II was zero. This value indicates that there was
no genetic difference between the groups. The analyses considering the
putative existence of the other two groups (groups III and IV) in a
hierarchic AMOVA revealed a total genetic variance of 0.51 for ATPase
and 0.45 for Cytb, with most of the variance was also found within
populations (Table 4).

The population pairwise FST values of P. reticulatum exhibited low
to moderate values ranging from 0 to 0.19 for both genes, while no
statistically significant values were observed (not shown). Values that
were not significant (P>0.05) showed no structuration in the
populations of P. reticulatum. AMOVA considering all populations of
P. reticulatum together revealed a total genetic variance of 0.34 for
ATPase and 0.42 for Cytb, with the most of the variance within
populations. The variability among populations was therefore zero.
When the analyses were conducted considering the putative existence
of two groups (Groups I and II), the hierarchical AMOVA revealed a
total genetic variance of 0.35 for ATPase and 0.48 for Cytb, with the
most variance within populations. The variances among populations
within groups were zero (Table 4).

Haplotype Diversity was higher for Cytb b for both species, but
was also high for the two genes analyzed, ranging from 0.7 to 0.83.
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Sao
Francisco Aquidauana Miranda Paraguay_MT Paraguay_MS Cuiabazinho Cuiaba Ivinhema

Mogi
Guacu

Sao Francisco - 0.07778* 0.11581* 0.16667* 0.10674* 0.20511* 0.36441* 0.06667 0.21379*

Aquidauana 0.54226* - 0.03029 0.02116 0.04952 0.0387 0.13758 0 0.04

Miranda 0.50552* 0.00968 - 0.13062 0.14286 0.20422* 0.35451* 0.0625 0.21386*

Paraguay_MT 0.50951* 0 0.08841 - 0.11629 0 0.09193 0 0

Paraguay_MS 0.50000* 0.12134 0 0.19547* - 0.14504 0.33597* 0 0.15655

Cuiabazinho 0.65896* 0.0461 0.27924* 0 0.41945* - 0.00514 0 0

Cuiaba 0.64005* 0 0.22700* 0.01313 0.38281* 0 - 0 0

Ivinhema 0.56146* 0.00758 0 0.11056 0 0.42268* 0.33698 - 0

Mogi Guacu 0.70092* 0.01635 0.28189 0 0.43103 0 0 0.5 -

Table 3: FST (above diagonal) for Cytb and FST (below diagonal) for ATPase, values among pairwise Pseudoplatystoma corruscans populations;
*P<0.05 (significant values).

Pseudoplatystoma corruscans Pseudoplatystoma reticulatum 

Groups Source of
variation

Variance
componentes (ATP/
Cytb)

Percentage of
variation (ATP/Cytb)

Source of
variation

Variance
componentes (ATP/
Cytb)

Percentage of
variation (ATP/
Cytb)

Without structuration Among populations 0.12/0.05 34.14/12.99 Among populations 0/0 0/0

Within populations 0.24/0.35 65.86*/87.01* Within populations 0.34/0.42 99.9/99.9

Groups I and II Among groups 0/0 0/0 Among groups 0.01/0.06 4.77/14.43

Among populations
within groups

0.01/0.03 3.19*/7.19* Among populations
within groups

0/0 0/0

 Within populations 0.25/0.33 96.81*/92.81* Within populations 0.34/0.42 95.23/85.57

Groups III and IV Among groups 0.24/0.07 46.43/14.78 - - -

Among populations
within groups

0.03/0.03 6.88*/7.52*

Within populations 0.24/0.35 46.69*/77.70*

Table 4: Molecular variance analyses (AMOVA); *Significant variation (P<0.05).

Discussion
When performed independently for each gene, mtDNA genealogy

exhibited greater resolution than nDNA in terms of well-supported
clades, and the concatenated data set (ATPase+Cytb+RAG1) displayed
similar topologies and supports to the independent mitochondrial
analysis for both species analyzed. Due to the low mutational rate of
nuclear genes compared to mitochondrial genes, differentiation
between the Sao Francisco Basin and other basins was not identified
for the nuclear genes for Pseudoplatystoma corruscans. According to
Avise [43], this may be due to the fact that lineages take longer to be
completely sorted for autosomal loci.

The concatenated data set (ATPase+Cytb+RAG1) and Bayesian
topology with Cytb exhibited topologies partitioned into two main
clades (I and II) for P. corruscans individuals. Clade I was composed of
samples from the Sao Francisco Basin, while clade II is integrated by

other samples (Parana+Paraguay Basins), with high posterior
probability values (Figures 1a and 1b, Supplementary Figures S5a and
S6). Carvalho-Costa et al. [12] also showed geographically distinct
clades for P. corruscans between the Sao Francisco and Parana-
Paraguay-Uruguay Basins. Carvalho et al. [13] recently considered P.
corruscans from the Sao Francisco Basin as distinct Evolutionarily
Significant Units (ESUs). The results of the present study are congruent
with those relating to the differentiation of the Sao Francisco Basin and
the Parana-Paraguay Basins, with data suggesting that P. corruscans
from the Sao Francisco Basin is a new species. Morphological
confirmation, however, is required.

In addition to topology analysis, the genetic differentiation between
P. corruscans populations was identified by grouping the populations
in three different forms (first: considering all the populations together;
second: group I from Paraguay Basin and group II from Parana Basin;
third: group III from the Parana+Paraguay Basins and group IV from
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Sao Francisco Basin). The FST index observed among all the
populations (except Sao Francisco) of P. corruscans revealed low to
high values (0 to 0.4), according to Wright [44], for both mitochondrial
genes, suggesting the occurrence of a low to high genetic structure
(Table 3). Although statistically significant values have previously been
found between some geographically distant populations, there was no
difference when analysis was performed based on the putative
existence of two groups (Group I: Paraguay Basin and Group II: Parana
Basin). The variance between groups I and II was zero (Table 4). This
division was expected, since as these two groups were separated by an
important physical barrier, the Guaira Falls, until 1983, and are
currently divided by the Itaipu Dam. As observed by Borghetti et al.
[45] it cannot be determined if these findings are a consequence of the
fish ladder constructed at the Itaipú hydroelectric complex. On the
other hand, the FST indexes of all the pairwise populations for each
mtDNA, calculated among the Sao Francisco and other populations,
had mean values higher than 0.4, with a significant genetic structure
among all the populations, except between the Sao Francisco and
Ivinhema populations for the Cytb gene (Table 3). When the analyses
were conducted considering the putative existence of the two other
groups (Group III: Paraguay+Parana Basins and Group IV: Sao
Francisco Basin), the variance between the groups revealed high, but
not significant P-values. There were few connections between the river
basins (Parana-Paraguay and Sao Francisco Basins), and geological
records indicate that rivers such as the Sao Francisco have an older
geomorphological history than rivers such as the Parana-Paraguay
[46]. In addition to the small number of connections between the river
basins investigated, geological evidence suggests allopatric population
differentiation, as detected herein for P. corruscans.

The concatenated data set showed that specimens from the different
populations of P. reticulatum remained grouped together in
topological analysis, without any clear geographic or taxonomic
pattern. There was no resolution within P. reticulatum at the
population or subspecies levels (Supplementary Figure S5b). The FST
population pairwise values for P. reticulatum showed low to moderate
values, according to Wright [44], ranging from 0 to 0.19, for both genes
(not shown). No statistically significant values (P>0.05) were observed.
The lack of significant P-values suggests that there is no structuration
between the populations. When the analyses were conducted
considering the putative existence of two groups (Groups I and II,
without the Ivinhema population), hierarchical AMOVA revealed low
variance among groups, and values that were not significant (P>0.05).
Therefore, although the use of FST values in population differentiation
is still the subject of debate, in terms of conservation, evaluating the
existence of subdivisions between populations instead of a single
population is recommended, avoiding depletion of genetic variation
[47].

To confirm these findings the haplotype network was observed. For
P. corruscans a nested clade displayed the haplotypes from the Sao
Francisco River as separated from other populations by at least 13
mutations (Figure 1c). P. reticulatum showed no structuration for the
nested clade, showing that its diversity is not geographically structured
(Figure 2b). All the results obtained for both species and both
mitochondrial DNA genes corroborate those seen in the topologies
and the genetic diversity values.

The data of the present study partially agree with those obtained by
studies using microsatellite groups [15], as while there was evidence of
significant structure among some P. corruscans populations, this was
not identified for other populations (Table 3) in the present study, even

between populations collected in the breeding season. According to
Pereira et al. [15] genetic population studies involving migratory
species should be conducted only with specimens collected in
tributaries during their reproductive migration to avoid collecting
mixed populations in feeding areas. The migration flows during the
year are based around remaining in the river beds from February to
September (feeding season), and then in October begin upstream
migration (breeding season) [7,48]. However, the results of the present
study disagree with the findings of Abreu et al. [14] and Pereira et al.
[15] that corroborated the occurrence of homing in P. corruscans and
P. reticulatum, respectively, since in our analysis there was no evidence
of structure for such populations. The possibility exists that this study
may not have identified subtle structures in some populations of these
species. This may be due to sampling error, with the possible collection
of individuals from different populations, even samples being collected
in breeding season, the relatively low number of individuals sampled in
some locations, which would not be enough to identify
interpopulation differences, or the markers used. However, it is
possible that this lack of genetic differentiation in some populations is
related to the panmitic nature of the population. Migratory
movements common to these species may cause a lack of significant
differentiation among some geographically close populations, which
can also explain the high diversity found in these populations.
According to Laikre et al. [19] the factor that most contributes to
increasing intrapopulation diversity is the immigration of individuals
through the gene flow. The high genetic variability observed in the
present study for both species (0.7 to 0.83) may be related to contact
between the populations. As the P. reticulatum and P. corruscans
species are migratory [49-51] and perform major migrations during
their life cycles, the occurrence of genetic flow is possible, even among
geographically distant populations.

The geographic distribution of the haplotypes observed (Figure 3)
suggests that the greatest diversity is concentrated in the region
covered by the Pantanal biome in the Paraguay Basin, while the lowest
diversity is in Mogi-Guacu in the Parana Basin, for both the species
analyzed. Additionally, genetic diversity comparison found that P.
corruscans is a more endangered species in terms of conservation, as
while both species presented similar distribution, the effects of
predatory fishing, artificial hybridization and fish that have escape
from cultivated stocks, mean that effects on the genetic diversity of
natural populations are more drastically observed in P. corruscans
(seven haplotypes, without the Sao Francisco haplotypes) (Figure 3a)
than in P. reticulatum (16 haplotypes) (Figure 3b). In this way, the
establishment of a Germplasm Bank for these catfishes can define
localities based on the present data. We suggest that capture should be
performed in the Pantanal region (Paraguay-Mato Grosso) for both
species, with additional sampling in Cuiabá, Paraguay-Mato Grosso do
Sul and Miranda for P. corruscans and in the other locations to sample
specific haplotypes. These data indicate a different strategy for
Germplasm bank formation, or the use of the population as breeders
in aquaculture. This information can therefore support the
establishment of public policies for the conservation and restoration of
the remaining biodiversity, especially in localities with less diversity,
and the addition of programs to maintain the diversity observed in
biomes such as the Pantanal. The results of the present study provide
information about genetic diversity and the patterns of population
differentiation for these ecological and economically important
species, and represents an advance for future management and
conservation studies.
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Figure 3: Map showing the prevalence of haplotypes by sampling location for Pseudoplatystoma corruscans (A), without the Sao Francisco
haplotypes, and for Pseudoplatystoma reticulatum (B). The legend colors represent the different haplotypes observed.
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