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ABSTRACT

Curimata-pioa (Prochilodus costatus) and curimata-
pacu (Prochilodus argenteus) are migratory fish species
endemic to the Sdo Francisco River Basin in Brazil.
Both species play important roles in local fisheries
and ecology in the Paraopeba River. A dam was re-
cently constructed on thisriver and to help in the de-
velopment and conservation programs, we character -
ized the genetic variation of both species before dam
construction. Complex hypervariable repeats micro-
satellite was used to asses genetic variation for both
species within and between the five collection sitesin
order to detect population substructuring. Nucleotide
substitutions and insertion/deletion polymorphisms
(indels) resulted in 35 P. costatus haplotypes (sample
size = 89) and 22 P. argenteus haplotypes (sample size
= 32). Significant genetic diversity and population
differentiation was detected between five sampling
sites for both species. Therefore, each of the five sites
should be regarded as a group comprising significant
genetic differences in species conservation and main-
tenance plans. Comparing these results to genetic di-
versity measures after dam construction will be criti-
cal for future management in thisregion.

Keywords. Freshwater Fish; Complex Hypervariable
Repeats Microsatellite; Genetic Diversity; Population
Structure

1. INTRODUCTION

In South American rivers, Prochilodus species are con-
spicuous, abundant, and widely distributed freshwater
fish [1]. They support important fisheries in many parts
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of the continent. In the lower stretches and flood plain
lagoons of the Parana basin, Prochilodus spp. constitute
to 50% - 90% of the total fish biomass. In the Jupid res-
ervoir in the Parana River, Prochilodus lineatus (Valen-
ciennes) present significant results in commercial fisher-
ies [2-4]. Prochilodus spp. has high fecundity and spawn
all eggs at once in the open waters of the main river
channel. Larvae drift passively towards flooded areas
where they feed. Juveniles remain on the floodplain for
approximately two years before they mature [5]. Pro-
chilodus costatus Valenciennes known as curimatd-pioa
and Prochilodus argenteus Agassiz known as curimata-
pacu are endemic to the Sdo Francisco River Basin in Bra-
zil. Within the river, these benthopelagic, detritivorous
species play a critical role in cycling organic material [6-8].
As a result, these species must be considered in reproduc-
tive management and conservation programs in this basin.

One of the most important tributaries of the Sao Fran-
cisco River is the 510-km long Paraopeba River in Minas
Gerais State, southeastern Brazil [9]. The majority (51%)
of species endemic to the Sao Francisco River Basin are
present in the Paraopeba River [10]. However, in the
Paraopeba River, these species are threatened by human
activities, such as mining, discharge of industrial efflux-
ents and domestic sewage, overfishing, destruction of
gallery forests, and the draining of wetlands in support of
agricultural development [10]. The Paraopeba River has
two older dams in its upper section [11] (Igarapé Ther-
moelectric Dam and Salto do Paraopeba) and a third one
built in 2010 in its lower section (Retiro Baixo Hydroe-
lectric Dam; Figure 1).

Molecular markers have enabled large-scale popula-
tion genetics analyses [12] that address important ques-
tions in population biology. Assessing genetic variation
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Figure 1. Map of the collection sites in the Paraopeba River, Sao Francisco River Basin. Site I: Paraopeba
River (immediately below the Igarapé Dam); Site II: Rio Velho lagoon; Site III: Chiqueiro lagoon; Site IV:
Piranhas lagoon; and Site V: Barra do Rio lagoon.
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at a variety of genetic loci, such as random amplification
of polymorphic DNA (RAPDs) and mitochondrial and
nuclear sequences [13,14] has a wide range of applica-
tions in phylogenetic reconstruction, paternity testing,
forensic application, and population genetics [15-19].
Microsatellites or short tandem repeats (STRs) are one of
the most commonly used molecular markers in popula-
tion studies present in all prokaryotic and eukaryotic
genomes studied to date [20]. STRs are often divided
into several categories based on the repeat pattern. Com-
plex hypervariable repeats microsatellite are a category
with numerous non-consensus alleles that differ in both
size and sequence rates usually being highly polymor-
phic in natural populations detected and, furthermore, it
can be used alone in population studies [21-24].

Dam construction leads to changes in river habitat and
flow, which can result in the demise or decline of rheo-
philic species. Even resilient populations of native species
can become isolated, leading to a loss of genetic variabil-
ity and subsequent fitness reduction and increased risk of
extinction [25-27].

In this study, we characterize the standing genetic
variation and population structure of P. costatus and P.
argenteus prior to the construction of the Retiro Baixo
Hydroelectric Dam using complex hypervariable repeats
microsatellite. These measurements can then be used as a
baseline in future studies investigating changes in the
structure, composition, and life cycle of local fish fauna
as a result of the dam construction. Our results will be
important in the development of effective conservation
management programs for these key species.

2. MATERIAL AND METHODS
2.1. Sample Collection

We collected 89 P. costatus and 32 P. argenteus adults’
tissue sampling (1 cm” of caudal fin) in the Paraopeba
River (Minas Gerais, Brazil) during two periods (No-
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vember 2008 to March 2009 and July 2009 to August
2009). Sampling was conducted using gill nets, casting
nets and spearfishing. The fish were collected prior to the
construction of the Retiro Baixo Hydroelectric Dam from
five distinct sites downstream of the Igarapé Thermoe-
lectric Power Plant (ITH) (Figure 1; Table 1). Site I was
at the Paraopeba River immediately downstream the ITH,
and the remaining four sites were in marginal lagoons:
Rio Velho (site II), Chiqueiro (site I1I), Piranhas (site IV),
and Barra do Rio (site V). Site I was selected as a sam-
pling site to be a place already known as spawning area
for migratory fishes such as Prochilodus spp. while the
marginal lagoons were selected because they are consid-
ered as natural nurseries for migratory species.

2.2. Isolation of Molecular Markers

Genomic DNA was extracted from P. lineatus muscle
tissue using the phenolchloroform method [28]. A pri-
mary genomic library was constructed from this genomic
DNA [16]. A total of 71 positive clones were sequenced
with M13 using the BigDye Terminator v3.1 Cycle Se-
quencing Kit (Life Technologies, Carlsbad, CA, USA)
on an ABI 3130 automated sequencer (Life Technolo-
gies). Repetitive sequences were identified using the
Simple Sequence Identification Tool [29]. Clones were
sequenced in both directions to build consensus contigs
using Phred/Phrap/Consed [30,31]. Primers were designed
in PRIMER3 [32].

2.3. Amplification and Analysis of the 2V 35
Locus

We amplified the novel marker 2V35 from all 121
specimens by nested polymerase chain reaction (PCR)
using the primers: F1 5’-TAA TGA TTC TCT TTG CTT
GTG TC-3’, R1 5°-GCA GAC CCC TCA GCA C-3’, F2
5’-TCT TTG CTT GTG TCT TG-3" and R2 5’-AAG
GCC TGA AAT ACA GTG CA-3’. Nested PCR reactions

Table 1. Sites, sample sizes, and geographic coordinates of the collected Prochilodus costatus
and P. argenteus in the Paraopeba River, Sdo Francisco River Basin. All fishes were collected

from 2008 to 2009.

Species Sites Sample Size Geographic Coordinates
P. costatus Paraopeba River 37 19°57'40.83"S 44°16'57.16"W
P. argenteus 4
P. costatus Rio Velho Lagoon 19°34'50.40"S 44°33'14.20"W
P. argenteus 10
P. costatus Chiqueiro Lagoon 23 19°21'52.50"S 44°32'26.50"W
P. argenteus 3
P. costatus Piranhas Lagoon 10 19°2024.50"S 44°34'10.80"W
P. argenteus 5
P. costatus Barra do Rio Lagoon 10 18°51'18.41"S 44°51'29.55"W
P. argenteus 10

Copyright © 2012 SciRes.
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had a total volume of 25 pl, containing 20 - 50 ng of ge-
nomic DNA (first round) or 0.5 ng of PCR product (sec-
ond round), 5 pM of each primer (F1/R1 first round and
F2/R2 second round), and a pre-mix containing PCR
buffer, dNTPs, and Tag DNA polymerase (Phoneutria
Biotecnologia e Servigos, Belo Horizonte, Brazil). The
first round of PCR had the following cycling conditions:
an initial denaturation at 94°C for 2 min, followed by 35
cycles of denaturation at 94°C for 30 s, primer annealing
at 54°C for 30 s, and extension at 72°C for 40 s, and
ending with a final extension step at 72°C for 5 min. The
second PCR round had similar cycling conditions except
that the annealing temperature was 51°C. PCR fragments
were sequenced with primers F2 and R2 as described
above.

2.4. Statistical Analysis

Arlequin 3.5.1 [33] was used to measure genetic varia-
tion at the intra-population level using diversity indices,
such as gene diversity, nucleotide diversity, number of
observed transitions, transversions, and indels, and the
number of haplotypes shared among populations.

The genetic structure of samples was assessed using
hierarchical analyses of molecular variance (AMOVA)
[34], which was based on the index ®gr and imple-
mented by the program Arlequin v.3.5.1.2, using 16,000
permutations, P < 0.05 [33].

2.5. Isolation by Distance

Isolation by distance was evaluated by testing the corre-
lation between the genetic and geographic distance ma-
trices with a Mantel test [35], using 1000 permutations
and logarithmic transformations of both distance meas-
ures with the program Alleles in Space [36].

3.RESULTS

3.1. Isolation and Char acterization of Molecular
Markers

Out of 71 positive clones from the P. lineatus library, 19
(26%) contained repetitive motifs. Approximately 66%
of the repeats contained dinucleotide motifs. Of these
sequences, 2V35 amplified a fragment with approxi-
mately 459-bp in all 121 specimens. Overall, 13 - 17
substitutions and 14 indels resulted in 35 unique P.
costatus haplotypes (Table 2) and 4 - 20 substitutions
and 2 - 22 indels resulted in 22 unique P. argenteus
haplotypes (Table 3).

3.2. Diversity Indices

For each species, most haplotypes were found only at a
single site and few haplotypes were shared. For P. co-
status, in addition to Haplotype 35 (Hap 35) that was

Copyright © 2012 SciRes.

shared among all sites, site III shared Hap 9 with site II,
Hap 1 and Hap 2 with site IV, and Hap 3 with sites II and
IV. For P. argenteus, sites II, III, IV and V shared Hap
36 and Hap 37, and sites IV and V also shared Hap 46.

Transitions, transversions, and indels in 2V35 and
overall diversity indices are given in Table 4 for both
species. In P. costatus, genetic diversity was highest
(gene diversity = 0.888) in the Paraopeba River popula-
tion (site I) while in P. argenteus, genetic diversity was
highest (gene diversity = 0.942) in the Barra do Rio
population (site V).

3.3. Population Differentiation and Structure

Both species showed significant population differentia-
tion at 2V35. The P. costatus populations had a mean F
of 0.0652. The AMOVA results revealed that 93.48% of
genetic variation (P < 0.05) resided within populations.
The P. argenteus populations had a mean Fy value of
0.125, and 87.42% of genetic variation resided within
populations (P < 0.05) (Table5).

For P. costatus, pairwise Fg values ranged from 0.009
- 0.12 and were significant in five of ten comparisons (P
< 0.05) (Table 6). According to Table 6, site III was
significantly different from all other sites, the same is
valid for comparison between site I and V (Fy = 0.04, P
=0.17, Table 7). Only site I and site III were not signi-
ficantly different from each other (Fy = 0.04, P = 0.20).

3.4. Isolation by Distance

Significant isolation by distance was observed for both
species. For P. costatus, the correlation coefficient r was
0.115 (P <0.001) (Figure 2), and for P. argenteus, r was
0.649 (P <0.001) (Figure 3).

4. DISCUSSION

We characterized the genetic diversity and population
structure for P. costatus and P. argenteus, two important
endemic fish species of the Sdo Francisco Basin, in one of
its most important tributaries, the Paraopeba River. This
study is significant in that we captured diversity levels
prior to the construction of the Retiro Baixo Hydroelec-
tric Power Plant. We assessed the variation in the novel
molecular marker 2V35 with numerous non-consensus
haplotypes that differ in both size and sequence from
specimens from five sites throughout the basin. The lack
of sequence similarity with protein databases (by BLASTX
searches; data not shown) and the high level of poly-
morphism indicate that 2V35 is a non-coding nuclear
marker [20,21,37,38]; allowing for the accumulation of
mutations in a neutrally evolving region [39].

In the present study, both species had high levels of ge-
netic diversity for the five studied sites and a significant

OPEN ACCESS
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Table 4. Diversity indices at 2V35 in Prochilodus costatus and Prochilodus argenteus in the Paraopeba River, Sao Francisco River
Basin. The diversity indices includes sample size (n); mutations by transitions, transversions and insertion/deletion polymorphisms
(indels); number of haplotypes for sampling localities (h); gene diversity (H); nucleotide diversity ().

Sampling localities

I (n=37) I(n=9) 1II (n=23) IV (n=10) V (n=10)
P. costatus
Substitution 16 16 17 17 13
Transition 13 12 13 13 10
Transversion 3 4 4 4 3
Indels 14 14 14 14 14
h 15 6 14 4 5
H 0.8886 0.7582 0.8802 0.6158 0.7842
n 0.027909 0.031455 0.029261 0.032989 0.029549
Sampling localities
I(n=4) I (n=10) III (n=3) IV(n=5) V (n=10)
P. argenteus
Substitution 6 7 9 4 20
Transition 5 5 8 1 15
Transversion 1 2 1 3 5
Indels 2 0 11 0 22
h 6 6 3 3 12
H 0.8929 0.8158 0.7333 0.6889 0.9421
T 0.007143 0.004323 0.014960 0.004563 0.013576

Table 5. Analysis of molecular variance (AMOVA) for Prochilodus costatus and Prochilodus argenteus in the Paraopeba River and
its marginal lagoons, Sdo Francisco River Basin. P <0.05.

Sample clustering Source of variation Degrees of freedom Variance components Variation (%) Fsr
P. costatus Among populations 4 0.47014 Va 6.52 0.06525"
Within populations 173 6.73525 Vb 93.48
P. argenteus Among populations 4 0.28108 Va 12.58 0.12582"
Within populations 59 1.95282 Vb 87.42

Table 6. Pairwise Fgr values (below diagonal) and P values (above diagonal) in Prochilodus costatus individuals
among the five sampled sites in the Paraopeba River, Sdo Francisco River Basin. P < 0.05.

I il I v \Y

I 0.00901 0.15315 0.00000 0.17117
i 0.11938" 0.11712 0.03604 0.01802
11 0.05409 0.05170 0.30631 0.20721
v 0.12863" 0.03297 0.00965 0.02703
\% 0.04380 0.07474 0.03058 0.10036

Table 7. Pairwise Fgr values (below diagonal) and P values (above diagonal) in Prochilodus argenteus individuals
among the five sampled sites in the Paraopeba River, Sdo Francisco River Basin. "P < 0.05.

I il 11 v \Y%

I 0.00000 0.20721 0.00901 0.04505
i 0.27839" 0.00000 0.00000 0.00000
11 0.04926 0.25948" 0.00000 0.00000
v 0.14717" 0.30975 0.23906" 0.02703
\ 0.06748" 0.08402" 0.07492" 0.12364"

Copyright © 2012 SciRes. OPEN ACCESS
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population differentiation at 2V35. Similarly, using mi-
crosatellites, P. argenteus populations near the Trés Marias
Dam were significantly divergent from populations fur-
ther downstream in the S3o Francisco River [40].
According to [41], migratory fishes, including Pro-
chilodus spp. generally spawn in the main river channel
with the eggs and/or pelagic larvae subsequently concen-
trated in surrounding wetlands and marginal lagoons.
Differences in dispersal ability may affect gene flow,
leading to passive drift from some areas of adult migra-

tion to sites where pelagic eggs and larvae are found [42].

The observed patterns of genetic diversity, population
structure and the significant isolation by distance in these
species in the Paraopeba River likely reflect this behave-
ior. Only half of the Fy pairwise comparisons were sig-
nificant different in P. costatus. Although, only one
comparison was not significant different in P. argenteus.
Small sample sizes (n < 4) may overestimate the Fy (e.g.
due to rare alleles shared between some populations not
sampled). The lowest value in site IV could also be re-
lated with small sample sizes.

Thirty-three areas of Minas Gerais State have been
recognized as priorities for the conservation of fish bio-
diversity, and the Paraopeba River was classified in the
category of high biological importance [10]. Our genetic
data clearly identified five evolutionary significant units
(ESUs) for conservation. For both species, the Fy values
indicated a significant population differentiation (P. co-
status: F, = 0.065, P <0.05; P. argenteus: F,,=0.125, P <
0.05). Similarly, the pattern of few shared 2V35 haplo-
types suggests restricted gene flow between populations.

5. CONCLUSION

We conclude that the five study sites are of major im-
portance for conservation and should be managed as a
group comprising significant genetic differences. Con-
tinued monitoring of these two species post-dam con-
struction will be important to ensure that implemented con-
servation management plans maintain genetic diversity.
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