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Mitochondrial DNA variation reveals the presence of two management units in
the sabalo Prochilodus lineatus (Characiformes: Prochilodontidae)
from La Plata River basin
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ABSTRACT. The La Plata River basin, the second largest drainage basin in South America, supports important
fisheries, in which the sébalo Prochilodus lineatus is the leading species measured as extracted volumes. To
characterize the population structure of the sabalo in the middle and lower regions of the La Plata River basin,
cytochrome b DNA sequences of 121 samples collected in La Plata, Parana and Uruguay rivers were used.
Results suggest the presence of at least two populations: one that we called “southern population” uses the La
Plata River and the lower sections of the Parana and Uruguay rivers and another population (called here
“northern population™) in the middle section of the Uruguay and Parané rivers. The southern population would
have a larger effective population size and coalescence-based analyses reveal an asymmetric gene flow, mainly
from north to south. A striking result is that samples from the middle sections of the Parana and Uruguay rivers
are more alike to each other than they are to the other samples of their respective rivers. This similarity could
be explained by historical reasons, probably as a consequence of the proximity that both rivers had until 100,000
years ago. The presence of different management units being exploited by the continental fisheries of three
countries demands coordination at a regional level in order to maintain a sustainable fishery.

Keywords: Prochilodus lineatus; continental fisheries; population genetics; stock discrimination; Uruguay
River; Parana River

INTRODUCTION evidence of the presence of more than one species
(Sivasundar et al., 2001), maintaining P. lineatus as the
The La Plata River basin is the second largest in South only valid species in this basin.
America, covering approximately 3 million square The basin’s fish resources, particularly the
kilometers and, comprising major rivers such as migratory ones, are a very important source of protein
Paraguay, Parana, Uruguay and La Plata (Fig. 1). These to the river dwellers and support important artisanal
rivers show great species richness, including several fisheries, being a work opportunity to a large number
migratory species such as the sabalo, Prochilodus of families. The sabalo is the most abundant commer-
lineatus. It is a bottom-feeding species that perform cial freshwater resource in the basin, especially in
migratory movements that respond mainly to breeding Argentina, Uruguay and Brazil. The volume extracted
and feeding (Sverlij et al., 1993). Two species of is mainly exported, although a fraction is sold in the
Prochilodus, P. lineatus and P. scrofa have been domestic market, mainly in Argentina and Brazil. This
described (Sverlij et al., 1998) for the lower and middle species is also considered useful for aquaculture
regions of the La Plata River basin. However, purposes, being introduced on Asian's farms outside its
phylogeographic studies across the basin have not found original continent (Kalous et al., 2012).
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Figure 1. Localities from the lower La Plata River Basin from where samples of Prochilodus lineatus were collected.
Symbols represent a sector of the rivers: m Lower Parana River, ¢ Middle Parana River, ® Lower Uruguay River, % Middle

Uruguay River, + La Plata River.

Fisheries management requires an understanding of
biological principles (Allendorf et al.,, 1987).
Knowledge about the population structure of a fishery
species is of outstanding importance given that
different populations should be exploited separately for
their conservation. Fish species are often composed of
discrete stocks, and these stocks may react to harvesting
more or less independently (Carvalho & Hauser, 1994).
The concept of stock in fisheries has evolved across
time from a simple operational definition to describe
the individuals that are being exploited (Waldman,
2005) to “genetics stocks” defined as a reproductively
isolated unit, which is genetically different from other
stocks (Jamieson, 1973; Ovenden, 1990; Carvalho &
Hauser, 1994), and integrated by randomly mating
individuals (lhssen et al., 1981) that conforms a
population that share a shared gene pool (Larkin, 1992).
About implications for conservation, the concept of
"management units" was also proposed in order to
consider units which show incomplete phylogenetic
sorting of mtDNA allele as a concept specially applied
to conservation (Moritz, 1994; Fraser & Bernatchez,
2001).

Genetic and morphometric studies of P. lineatus
were done in the La Plata River basin but restricted to
the upper section of the Parana River, failing to detect

population structure  (Revaldaves et al., 1997;
Machado & Foresti, 2012; Ferreira et al., 2017). Also,
one phylogenetic study involving a broad sample
distribution suggested high levels of gene flow across
the entire basin (Sivasundar et al., 2001). However,
Rueda et al. (2013) detected seasonal genetic variation
in a section of the lower Uruguay River, suggesting the
presence of mixed stock.

The fundamental aim of this study was to
characterize the genetic variability and population
structure of s&balo in different locations in the lower
and middle La Plata basin, including the Uruguay,
Parand and La Plata rivers, through the analysis of
mitochondrial DNA sequences.

MATERIALS AND METHODS

Samples of muscle tissue were collected from the La
Plata River (Cufré, n = 14), lower Uruguay River
(Nueva Palmira, n = 16; Nuevo Berlin, n = 14;
Paysandu, n =30), middle Uruguay River (Yapeyu, n =
24), lower section of Parana River (Santa Fe, n =10)
and from the middle section of Parand River
(Corrientes-Posadas, n =13) (Fig. 1). Samples were
preserved in 96% ethanol at room temperature until
DNA extraction using a salting out protocol (Miller et
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al., 1988). A fragment of 738 pb of the mitochondrial
cytochrome b was amplified by polymerase chain
reaction (PCR) using primers MVZ16 (Moritz et al.,
1992) and L14735 (Bartlett & Davidson, 1991).

Amplification was conducted under the following
conditions: an initial denaturation step at 94°C (2 min),
35 cycles of 94°C (1 min), 50°C (1 min) and 72°C (1
min) and a final extension step at 72°C (5 min). PCR
products were sequenced directly with the same
primers used in the amplification, and sequences were
edited and aligned with Bioedit (Hall, 1999).

Population structure

The genetic diversity was measured as: haplotype
diversity (H), the probability of taking two individuals
with different sequences; nucleotide diversity (m), the
probability that two randomly chosen homologous sites
are different. Population structure of the samples was
assessed using Fst, and Analysis of Molecular Variance
(AMOVA). Values of diversity and the genetic
structure analyses were calculated using Arlequin
software, version 3.5 (Excoffier & Lischer, 2010).

Spatial clustering of individuals was inferred using
a Bayesian estimation applied in program Geneland
(Guillot et al., 2005), with ten runs of 100,000 MCMC
iterations with a thinning interval of 100, where K was
allowed to vary between 1 and 4. A coalescence-based
method was used to compare alternative migration
patterns between populations as implemented in the
software Migrate-n version 3.6.11. The Bayesian
search strategy was conducted using the following
parameters: an MCMC search of 500,000 burn-in steps
with parameters recorded every 100 steps. The prior
distribution for the parameters was uniform, with
boundaries defined after explorative runs, ® (mutation-
scaled population size) (min: 0.0, max: 2.0, delta: 0.2)
and migration (min: 0.0, max: 10 000, delta: 1,000). A
static heating scheme with four different temperatures
(1.0, 1.5, 3.0, and 10,000) was employed, where
acceptance-rejection swaps were proposed at every
step. The model comparison was made using log-
equivalent Bayes factors (LBF) that need the
calculation of marginal likelihoods. Bidirectional
immigration rates and effective population size are
measured as M (mutation-scaled immigrant’s rates) and
©® according to the model chosen. If ® and M are
multiplied together, the number of immigrants per
generation XNm can be calculated. A median-joining
network of haplotypes (Bandelt et al., 1999) was
constructed using POpART (Leigh & Bryant, 2015) to
infer relationships between sequences.

RESULTS

Fifty haplotypes were identified in 121 individuals
(Genebank accession numbers: KY126481-KY126614).
Genetic diversity was relatively high in all localities
(Table 1).

Pairwise Fst revealed that the sampled localities
could be grouped into two distinct populations. One
formed by samples collected from the La Plata River
with the lower sections of the Parand and Uruguay
rivers (Table 2) and the second by samples collected
from middle Uruguay River and middle Parana River
regions. These were named northern and southern
populations, respectively. Although only 10 individuals
were sampled form Santa Fe (middle section of the
Parand River), the pairwise Fst were 0 (negative values
should be considered 0) and not significant, which
supports the conclusion that the middle section of the
Parand River is closely related to the other localities of
the southern population.

In AMOVA, four hypotheses were tested: one based
on Fsr results and three according to a geographical
criterion (see text in Table 3). The grouping of samples
with the highest percentage of variance explained by
differences among groups was that proposed by the
pairwise Fst comparisons (Table 3), that is grouping
localities in two populations, one occupying the
southern region of the basin and another with the
samples from the middle portions of Uruguay and
Parané rivers. This means that the sabalos of the Parana
and Uruguay rivers from their middle sections were
genetically more similar to each other than they were to
the lower regions of their respective rivers. Negative
variance components can occur in the absence of
genetic structure because the true value of the
parameter to be estimated is zero.

Haplotypic diversity was similar considering this
scenario of two populations, but sequences were less
diverse in the northern population as was measured by
the nucleotide diversity (Table 1).

Bayesian clustering method implemented in
Geneland software indicated that individuals could be
assigned to two populations. The probability maps for
the distribution of these two population clusters
partitioned the range of Prochilodus lineatus into a
northern population (middle portions of Parana and
Uruguay rivers), and a southern population (composed
by samples from inferior portions of Parand, Uruguay
and La Plata rivers) (Fig. 2).

As a consequence, it was assumed the existence of
two populations and coalescence-based analyses was
developed considering a southern population, compo-
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Table 1. Population diversity indices of Prochilodus lineatus. Number of samples (n), number of haplotypes (H), number
of polymorphic sites (S), haplotype (h) and nucleotide diversity (w). Northern region is the result of grouping together
localities of middle sectors of Parand and Uruguay rivers (as suggested by results), while southern region grouped the

remaining samples.

Population diversity indices

Region Sample " H S h X100
De la Plata River Cufré 14 10 21 0.923 0.795

Nueva Palmira 16 14 23 0.975 0.790
Lower Uruguay River  NuevoBerlin 14 8 17 0.769 0.649

Paysandu 30 19 32 0.920 0.753
Middle Uruguay River Yapeyu 24 14 20 0.859 0.510
Lower Parana River Santa Fe 10 6 16 0.844 0.774
Middle Parana River Corrientes 13 9 14 0.910 0.462
Southern 84 41 51 0.898 0.752
Northern 37 19 24 0.872 0.489

Table 2. Lower La Plata basin pairwise Fst between sampled localities of Prochilodus lineatus. Numbers in bold represent
significant Fst values between sample pairs. Negative values should be considered as zero, indicating no genetic subdivision

between samples as well as non-significant values.

Sample Cufré  Nueva Palmira Nuevo Berlin Paysandd Yapey( Santa Fe

Cufré -

Nueva Palmira  -0.031 -

Nuevo Berlin 0.035 -0.004 -

Paysandu -0.034 -0.018 0.047 -

Yapeyu 0.117 0.216 0.334 0.123 -

Santa Fe -0.053 -0.060 -0.010 -0.034 0.196 -

Corrientes 0.109 0.213 0.343 0.119 -0.037 0.199
sed by the La Plata River and the lower sections of the DISCUSSION

Uruguay and Parana rivers; and a northern population
consisting of the middle sections of the Uruguay and
Paran4 rivers.

Coalescent analyses for migration model compa-
risons implemented in Migrate-n, highly supported (P
< 0.99) the full model of migration (i.e., two population
sizes and two migration rates) with a ® higher in the
southern population (® = 0.278) than in the northern
population (® = 0.009). This model states a bidirec-
tional gene flow between region, but the migration rate
was higher from the north to the south (XNMnorth->south
= 736.7, XNmsouth>noth = 0.03 immigrants per
generations) (Fig. 3).

The haplotype network shows several regions with
star-like topologies and can be seen that considering the
two most represented haplotypes, one (Hap 2 in bold)
is mainly represented in the southern population (red),
and the other (Hap 18 in bold) is mainly found in the
northern population (yellow) (Fig. 4). However, no
reciprocal monophyly was observed, showing that the
population differences were observed mainly in the
relative frequencies of the variants (Kizirian &
Donnelly, 2004).

Knowledge of the population genetic structure in a
fishery is essential for a rational design of their
exploitation to avoid population losses. Population
genetic analysis indicates the presence of at least two
populations of the sabalo, Prochilodus lineatus, in the
lower and middle basin of the La Plata River that should
be considered as different "genetic stocks.” One
population covers the lower section of the basin,
whereas at least another population occurs in the
middle sections of the Uruguay and Parana rivers. The
presence of more than one population in the Uruguay
River was also suggested by Rueda et al. (2013), who
detected a seasonal variation in this species in the lower
section of the Uruguay River using microsatellites,
proposing a differential use of the area by different
populations along the year.

A striking result is that samples from the middle
sections of the Parand and Uruguay rivers are more
alike to each other than they are to the other samples of
their respective rivers. This similarity of the sabalo
from the middle section of Parana and Uruguay rivers
can be explained in two ways: they are currently geogra-
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Table 3. Analysis of molecular variance (AMOVA) tests of Prochilodus lineatus evaluating groupings based on
geographical criterions (hypothesis 1, 3 and 4) and the one suggested by the Fst results (hypothesis 2). In bold, the grouping
of localities with the best percentage of explained molecular variance due to differentiation among groups. 1) Four groups,
assembling samples by the river; 2) suggested by Fsr, that is, two groups, one southern group composed by samples collected
from lower Uruguay River, De La Plata River and Lower Parana River, one northern group composed by localities collected
from middle Uruguay River and middle Parana River. Hypothesis 3 and 4 are variants of that suggested by Fst results; 3)
in the northern group Yapeyu and Corrientes were separated; 4) the southern group separated into two groups.

Percentage of the explained molecular variance

Hypothesis (groupings)

Among groups

Among populations

within groups Within-population

1) Localities by river -0.60 5.12 95.48
2) Suggested by Fst 18.57 -1.10 82.53
3) Yapeyu = Posadas 16.12 -0.50 84.37
4) Cufré + Santa Fe = Lower Uruguay River 13.07 -0.86 87.79
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Figure 2. Posterior probability maps for each cluster in the Bayesian analyses of Geneland software of Prochilodus lineatus.
The colored contours show regions of high (light yellow) to the low (red) posterior probability of membership to cluster 1
a) or southern population, and cluster 2 b) or northern population. Symbols for localities are as in figure 1; circles, crosses
and squares belong to the southern population, whereas locations represented with stars and diamonds belong to the northern

population.

geographically connected, or they were connected at
some point of their histories. The first explanation
could be supported by the fact that between the
Uruguay and Parana rivers there is a wetland called
"Esteros del Iberd," from where streams drain to the two
rivers. The Aguapey River, which flows into the
Uruguay River, passes just 8 km from the Parana River
in part of its route. If this wetland represents a zone of
nursery for this species, periods of high flooding could
allow individuals to be exchanged between the middle
sectors of the Parana and Uruguay rivers.

The second explanation implies contact in some
historical period but not necessary at present. The

connection between the middle sections of the rivers
occurred until 100 or 150 thousand years ago, when the
main channel of the Parani River was close to the
Uruguay River. The Tapebicua formation was indeed
the consequence of this ancient riverbed of the Parana
River when it was connected with the Uruguay River
(Iriondo & Krohling, 2008). The "Esteros del Ibera” is
the result of the old path of the Parana River. It is also
plausible that the similarity between the sabalos of both
rivers is the result of historical and present biological
process.

There is a possibility, given that the cytochrome b is
a relatively conserved marker, that detection of popu-
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Figure 3. Southern and northern populations’ scheme
describing Prochilodus lineatus best migration model, as
inferred by Migrate-n software. The numbers next to the
arrows are the effective number of migrants per generation
(XNm) estimated for the most probable model, and the
numbers within the grey forms are the mutation-scales
population sizes for the different populations.

lation differences between the two middle sections of
the Uruguay and Parana rivers failed, if they were
produced in the last 100.000 years. Therefore, the
hypothesis that the middle sectors of both rivers could
sustain distinct populations cannot be discarded
entirely. On the other hand, as adifferentiation between
northern and southern populations wasrevealed, the
differences between the described populations need to
be ancient enough to be detected with cytochrome b.

The lower section of the Uruguay River has an
additional complication. Due to the possibility that eggs
and larvae can drift from the middle to the lower section
of the river through the Salto Grande Dam (Fuentes et
al., 2016) and the unfeasibility for these individuals to
come back as adults (Quirds, 1988), the stock mixture
detected by Rueda et al. (2013) in the lower section of
the Uruguay River can be explained. The estimates of
gene flow with Migrate-n reinforce the observation that
the passage of individual between sections of the river
is asymmetrical and supports the hypothesis of a
unidirectional flow of individuals downstream from the
middle to the lower section.

The sabalo possess high levels of genetic variation,
which is consistent with species maintaining a high
population size (Hague & Routman, 2016). This
species is the main fishing resource due to its
abundance in the big rivers of the basin, mainly in the
lower sections of the Uruguay and Parana rivers
(Iwaszkiw & Lacoste, 2011). Given that the southern
population is widely distributed in extensive areas of
the rivers whereas the northern population is restricted
to segments where the river flow is lower, the effective
population sizes estimated by Migrate-n agree with the
actual relative population sizes of both populations.

Consequences for the fishery management

The presence of two populations (usually called stocks
by fisheries administrators) implies that management
decisions need to be independent in the two units. There
are more than one definitions of stock, varying from
considering that a stock comprises the fishes exploited
in a specific geographical area (they are called “fishery
stock” or “harvested stock™), to “genetic stocks”
defined as reproductively isolated units (Jamieson,
1973; Ovenden, 1990; Smith et al., 1990; Carvalho &
Hauser, 1994; Hauser & Ward, 1998), or “management
units” ((Moritz, 1994; Fraser & Bernatchez, 2001). In
those cases where population differences were
genetically detected (as was in the case of sabalo), the
practical "harvested stock™ units used mainly in the
management, can be supported by the identification of
reproductively isolated units. In this way, exploitation
of a natural resource can be made avoiding loss of
biodiversity distribution, taking into account the
genetic composition of populations and the
implications that this loss implies for the functioning of
ecosystems and the provision of ecosystem services
(Luck et al., 2003).

In the case of the sabalo, the most intensive fisheries
occur in the lower sections of the Parand, La Plata and
Uruguay rivers. The management of the species as a
whole has the complexity of being exploited by three
countries (Argentina, Uruguay and Brazil) that has
almost no coordination among them, with the only
exception of the shared section of the Uruguay River,
between Argentina and Uruguay (at the Comisién
Administradora del Rio Uruguay jurisdiction).
Furthermore, the possibility of a mixture of stocks in
some sections of the lower basin adds additional
complexity to administrative decisions.

In the Parand River, the statistics of the fishing
resources should take into account the identification of
two management units, one in the northern part and one
in the south, the last shared with the La Plata River and
lower Uruguay River. The same attention must be taken
for the management of the sabalo in the Uruguay River,
where different stocks are present in the lower and
middle sections, so they should be managed as different
units.

The management of both middle sections of Parana
and Uruguay rivers as a unique stock can be
controversial because the genetic marker utilized in this
study does not exclude the possibility that the lack of
differences may be due to historical processes and
therefore sabalos from both regions could be currently
genetically isolated. The use of hypervariable markers
may help in the explanation about the origin of this
similarity, valuing the contribution of the historical and
modern process.
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Figure 4. Haplotype network of sequences of cytochrome b of Prochilodus lineatus. The diameter of the circle is
proportional to the frequency of the haplotype in the northern (yellow) and southern (red) population. Dashes in the
connections between haplotypes represent mutational steps. In the small box below on the right, the smaller open circle
represents 1 sample and the larger circle represents 10 samples.
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