Mitochondrial DNA Part A
DNA Mapping, Sequencing, and Analysis

ISSN: 2470-1394 (Print) 2470-1408 (Online) Journal homepage: https://www.tandfonline.com/Ioi/imdn21

Taylor & Francis

Taylor & Francis Group

DNA barcoding techniques used to identify the
shared ichthyofauna between the Pantanal
floodplain and Upper Parana River

Guilherme J. da Costa-Silva, Fernando Yuldi Ashikaga, Cristiane Kioko
Shimabukuro Dias, Luiz Henrique Garcia Pereira, Fausto Foresti & Claudio
Oliveira

To cite this article: Guilherme J. da Costa-Silva, Fernando Yuldi Ashikaga, Cristiane Kioko
Shimabukuro Dias, Luiz Henrique Garcia Pereira, Fausto Foresti & Claudio Oliveira (2018)
DNA barcoding techniques used to identify the shared ichthyofauna between the Pantanal
floodplain and Upper Parana River, Mitochondrial DNA Part A, 29:7, 1063-1072, DOI:
10.1080/24701394.2017.1404046

To link to this article: https://doi.org/10.1080/24701394.2017.1404046

@ Published online: 20 Nov 2017.

\]
CA/ Submit your article to this journal &

||I| Article views: 93

A
& View related articles '

P

(&) view Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=imdn21


https://www.tandfonline.com/action/journalInformation?journalCode=imdn21
https://www.tandfonline.com/loi/imdn21
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/24701394.2017.1404046
https://doi.org/10.1080/24701394.2017.1404046
https://www.tandfonline.com/action/authorSubmission?journalCode=imdn21&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=imdn21&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/24701394.2017.1404046
https://www.tandfonline.com/doi/mlt/10.1080/24701394.2017.1404046
http://crossmark.crossref.org/dialog/?doi=10.1080/24701394.2017.1404046&domain=pdf&date_stamp=2017-11-20
http://crossmark.crossref.org/dialog/?doi=10.1080/24701394.2017.1404046&domain=pdf&date_stamp=2017-11-20

MITOCHONDRIAL DNA PART A
2018, VOL. 29, NO. 7, 1063-1072
https://doi.org/10.1080/24701394.2017.1404046

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

‘ W) Check for updates

DNA barcoding techniques used to identify the shared ichthyofauna between
the Pantanal floodplain and Upper Parana River

Guilherme J. da Costa-Silva®*, Fernando Yuldi Ashikaga®*, Cristiane Kioko Shimabukuro Dias?,
Luiz Henrique Garcia Pereira®, Fausto Foresti® and Claudio Oliveira®

Departamento de Morfologia, Instituto de Biociéncias, Universidade Estadual Paulista (UNESP), Botucatu, Sao Paulo, Brazil; PInstituto de
Ciéncias da Vida e da Natureza, Universidade Federal da Integracao Latino-Americana (UNILA), Foz do Iguagu, Parana, Brazil

ABSTRACT

The biological invasion process is widely debated topic, as the population depletion of some species
and the extinction of others are related to this process. To accelerate the identification of species and
to detect non-native forms, new tools are being developed, such as those based on genetic markers.
This study aimed to use Barcode DNA methodology to identify fish species that had translocated
between the Parana and Paraguay River Basins. Based on a database of two studies that were con-
ducted in these regions, 289 sequences of Cytochrome Oxidase C subunit 1 (COIl) were used for
General Mixed Youle Coalecent (GMYC) analysis, including 29 morphospecies that were sampled in
both river basins. As a result, we observed that while some morphospecies have low variation, demon-
strating a recent occupation of the basins, other morphospecies probably represent species complexes.
A third of the morphospecies had well-defined lineages but not enough to be treated as different
Molecular Operational Taxonomic Units (MOTUs). These results demonstrate that human interventions
possibly participated in the distribution of some lineages. However, biogeographical historical processes
are also important for the morphospecies distribution. The data suggest that the number of species
that are present in these two basins is underestimated and that human actions can irreversibly affect
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the natural history of the species in these regions.

Introduction

In recent decades, the introduction of non-native species has
generated many discussions; however, the process of
‘biological invasion’ had already registered its effects long
ago, being reported as the second leading cause of extinc-
tion, behind only environmental changes (Simberloff 2009;
Simberloff et al. 2013; Pelicice et al. 2014). Although the proc-
esses of extinction and biological invasions are natural events,
human actions have intensified them in recent years, becom-
ing a major problem for the functionality of ecosystems and
affecting the main types of ecological relations (predation,
competition, herbivory, parasitism and mutualism) (Fuller
et al. 1999).

The Pantanal and the Upper Parana River floodplains are
drained by two major rivers of the La Plata Basin: the
Paraguay and Parana Rivers. These two ecoregions have sev-
eral characteristics in common, such as seasonally flooded
areas and rich biodiversity, and both suffer from anthropic
effects (Agostinho and Zalewski 1996; Agostinho et al. 2005;
Britton and Orsi 2012).

The vast area of the La Plata Basin (1.4 million km?) is
reflected in its rich diversity of fish. This richness of species is

unevenly distributed, and many of the rivers that form this
basin have no connections that allow migration flow (Petrere
et al. 2002; Langeani et al. 2007; Ferreira et al. 2009; Polaz
et al. 2014). The La Plata basin can be divided in two main
portions: the upper Parana and the lower Parana plus the
Paraguay River. Each of these portions is distinguished by
high levels of fish fauna endemism (Britski et al. 1999;
Langeani et al. 2007) due the approximately 100-m-high bar-
rier of the Sete Quedas waterfalls. After the construction of
the Itaipu Power Plant, the natural barriers of Sete Quedas
were submerged; thus, the ichthyofauna interchange
between the Upper Parana and the remainder of the La Plata
Basin is increasingly reported (Langeani et al. 2007; Ferreira
et al. 2009; Buckup 2011).

The breaking of natural barriers, the deliberate introduc-
tion of species into these environments for sport fishing,
aquaculture, ornamental fish breeding and the inadequate
management of wild populations are the most frequent
causes of exotic species introduction (Agostinho et al.
2005; Pelicice et al. 2014). Thus, geographically isolated riv-
ers now share species with other rivers, being main the
main agent of this introduction process (Britton and Orsi
2012).
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Studies by Langeani et al. (2007) and Julio Janior et al.
(Ferreira et al. 2009), based on morphological identification,
characterized the Upper Parana ichthyofauna and identified
the presence of putative non-native species from regions of
the Lower Parana River and the Paraguay River. The identifi-
cation of non-native species is an important step for the con-
servation of an ecosystem, generating sufficient information
to propose actions for management and supervision to pre-
vent new introductions. In this context, the recent DNA bar-
coding methodology (Hebert et al. 2003) has proven to be a
valuable genetic tool for the rapid and accurate identification
of species, being that many studies have been published
demonstrating its effectiveness in identifying fish species
(Holmes et al. 2009; Ward 2009; Pereira et al. 2013). DNA
barcodes, in association with probabilistic analyses, have
acquired efficiency and lost subjectivity, becoming an inter-
esting start point for taxonomic studies (Kekkonen and
Hebert 2014). Pereira et al. (2013) and Shimabukuro-Dias
et al. (2016, in press) used this methodology to perform
molecular identification studies of the fish fauna from the
Upper Parana River and Paraguay River (Pantanal National
Park), respectively.

The aim of this study was to conduct a comparative
molecular survey of fish species from the Pantanal and Upper
Parana River Flood Basin to identify the translocation of spe-
cies between these two biomes using a molecular identifica-
tion methodology: DNA barcoding.

Material and methods

In the present work, we used sequences of the gene
Cytochrome oxidase C subunit | (COI) of 29 morphospecies
(species were identified by morphological characters) that
were shared by the Upper Parana River and the Paraguay
River, available in ((Pereira et al. 2013) and (Shimabukuro-Dias
et al. 2016)) (S1 Table). A total of 289 sequences ranging
between 450 and 660 bases pairs were analyzed. Vouchers of
all the specimens that were analyzed are deposited at the
Laboratério de Biologia e Genética de Peixes (LBP), and
details of each specimen and their sequence accessions are
available in S1 Table.

Sequence alignment and genetic divergence analysis

All of the COI sequences were aligned using MUSCLE (Edgar
2004) following the default parameters. The final matrix was
defined after a manual correction of the misalignment by
GENEIOUS (Drummond et al. 2011). The pairwise distance
between all of the sequences was determined by MEGA 6
(Tamura et al. 2013) with the K2P nucleotide evolutionary
model.

Molecular species definition

We used the GMYC analysis to determine the threshold
time between the Yule and coalescent processes. This thresh-
old is defined as a shift point in the rate of the cladogenetic
process in an ultrametric tree (Pons et al. 2006;

Monaghan et al. 2009). The ultrametric tree was generated by
Bayesian Phylogenetic reconstruction in BEAST (Drummond
and Rambaut 2007). The relaxed lognormal distribution and
the Birth and Death process as tree priors were used as clock
models. The GTR model was used as nucleotide evolution
model, and the Markov Chain (MCMC) procedure was used
with 30 x 10° generations, sampling one tree every 10* gen-
erations. The tree with the most credibility nodes was
selected in TREEANNOTATOR, used as the ultrametric tree,
and submitted for GMYC analysis in R (R Development Core
Team 2013) with the splits package and a single threshold
using default parameters.

We divided the morphospecies into three categories (the
criteria for category distinction are shown graphically in
Figure 1): (A) species complex: when a morphospecies has
more than one Molecular Operational Taxonomic Unit
(MOTU); (B) species with low genetic variation but with wide
distribution; and (C) morphospecies with populations under
advanced speciation. The morphospecies of category C have
populations with high genetic divergence but in which the
variation of the basal node of the group crosses the thresh-
old time.

Results

After alignment and edition, one matrix with 506 characters
(238 variables and only one singleton) was obtained. The
overall genetic distance was 24%, and the means of the dis-
tances between morphospecies was 1.5%. The nucleotide
composition of the matrix was 24.1% adenine, 28.2% cyto-
sine, 29.9% thymine and 17.9% guanine. No insertions, dele-
tions or stop-codons were detected.

The GMYC analysis resulted in a threshold time of
—0.008288871 (arbitrary scale ranging from 0 to —8 before
present) and 43 MOTUs (confidence interval of 39-45). All of
the morphospecies were genetically distinguishable. The spe-
cies Lepthoplosternum pectorale, Gymnotus inaequilabiatus,
Parodon nasus, Piaractus mesopotamicus, Leporinus friderici,
Leporinus lacustris, Auchenipterus osteomystax,
Pseudoplatystoma corruscans, Pinirampus pirinampu,
Potamotrygon amandae, Crenicichla lepidota, Hyphessobrycon
eques,  Moenkhausia  forestii, = Roeboides  paranensis,
Gymnocorymbus ternetzi and Psellogrammus kennedyi pre-
sented only one MOTU with low genetic variation (pattern A
in Figure 1). Pyrrhulina australis, Iheringichthys labrosus and
Leporinus macrocephalus presented only one MOTU but had
great genetic variation (pattern C of Figure 1). The morphospe-
cies Synbranchus marmoratus, Rhamdia quelen, Leporinus stria-
tus, Hoplias malabaricus, Eigenmannia virescens, Eigenmannia
trilineata, Sternopygus macrurus, Pimelodus maculatus and
Brachyhypopomus pinnicaudatus showed more than one
MOTU each (pattern B of the Figure 1), and these MOTUs were
sampled exclusively in one river system (except by one MOTU
of Brachyhypopomus pinnicaudatus, which was distributed in
both river systems) (Figure 2). The morphospecies Synbranchus
marmoratus, Eigenmannia trilineata and Brachyhypopomus pin-
nicaudatus showed more than one MOTU in the same river
system (Paraguay or Upper Parana) (Figure 2), and details of
the genetic variations between MOTUs are shown in Table 1.


https://doi.org/10.1080/24701394.2017.1404046
https://doi.org/10.1080/24701394.2017.1404046

(A)

(B)

MITOCHONDRIAL DNA PART A 1065

(©)

Y

Figure 1. Criteria for category distinction. The red lines show the threshold from the GMYC analysis. The blue bars show the time-range variation of the nodes.
(A) The red ellipses represent cryptic species. (B) The green ellipses represent individuals of the same species with low genetic variation. (C) The purple ellipses repre-
sent individuals of the same species but undergoing speciation. In this last case, the variation of the nodes crosses the threshold of the GMYC analysis.

Discussion
Low genetic variation among populations

Since the 1970s, the occurrence of ichthyological interchange
between the Upper Parand River system and Paraguay River
system has been reported, mainly due to inundation by
Itaipu Lake and the construction of a water channel to enable
fish passage between the Lower and Upper Parana River
(Langeani et al. 2007; Ferreira et al. 2009). According to
Langeani et al. (2007), the transplant of 37 species has been
registered. Additionally, other human activities, such as aqua-
culture and fisheries, have also been reported as responsible
for fish introduction, and these activities have promoted the
sharing of 67 species between the two ecosystems (Langeani
et al. 2007). In this way, it is expected that the species that
were transplanted by human activities do not show deep
genetic differences between populations due to the small
time interval. This pattern was found in several species (pat-
tern B in Figure 1), such as Leporinus friderici, Leporinus lacust-
ris,  Auchenipterus  osteomystax, Hyphessobrycon eques,
Lepthoplosternum pectorale, Moenkhausia forestii (possibly
called “M. sanctaefilomenae” in (Langeani et al. 2007)),
Parodon nasus, Piaractus mesopotamicus, Pinirampus piri-
nampu, Pseudoplatystoma corruscans, Loricariichthys platyme-
topon, Roeboides descalvadensis, Potamotrygon amandae
(called ‘P. motoro’ in Langeani et al. 2007), which were prob-
ably introduced due to the construction of the Itaipu Dam
(Langeani et al. 2007), while Gymnocorymbus ternetzi could
have originated by aquaculture release and Brachyhypopomus
pinnicaudatus and Gymnotus inaequilabiatus by fishery activ-
ities (Langeani et al. 2007). Here, Psellogrammus kennedyi and
Crenicichla lepidota were detected in both systems for the
first time. Considering that these species do not have great
fishing or aquarist appeals, it is probable that their distribu-
tion was promoted by Itaipu interference.

Cryptic species

Langeani et al. (2007) estimated that at least 50 species are
taxonomically undescribed in the Upper Parana River system.
These species show low levels of gene flow between popula-
tions, hampered by the habitat’s discontinuation; thus, there
is a high probability of allopatric speciation (Langeani et al.
2007). Here, we identified 19 putative new species (pattern A
in Figure 1), being that only the Hoplias malabaricus complex
had been previously reported (Langeani et al. 2007). All of
the species that were analyzed inhabit the main drainage of
the rivers, with a huge water volume and predominantly slow
flow. This habitat is generally continuous, and the absence of
a barrier allows local species to transit across the river, ena-
bling genetic homogeneity (Ashikaga et al. 2015). Thus, under
environmental continuity, where in theory there is a high per-
mittivity of gene flow, the new finding of cryptic species
leads us to believe that the previous estimate of the number
of fish species occurring in this region is an underestimate.
The Upper Parana ecoregion was separated from the
Pantanal (Paraguay River) by the Sete Quedas waterfalls
(today inundated by Itaipu Lake) during the late Miocene and
Pliocene (Lima and Moreira 2003). More recent events of
Neotectonic reactivations have caused headwater stream cap-
tures in the boundary of the Upper Parana and Paraguay
basins (Menezes et al. 2008; Brea and Zucol 2011) and have
permitted fish interchange between these regions (Menezes
et al. 2008). These events show a complex biogeographical
scenario of the La Plata basin and could be a vicarious pro-
cess responsible for the deep genetic segregation and conse-
quent allopatric speciation in the resident ichthyofauna. This
hypothesis could explain cases such as Hoplias malabaricus,
Rhamdia quelen, Leporinus striatus and Pimelodus maculatus,
where cryptic species are apparently exclusive to each river
system. However, species such as Synbranchus marmoratus,
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Figure 2. Ultrametric tree of the shared species between Upper Parana and Paraguay River basins. The red line shows the threshold of the GMYC analysis; the blue
bars represent the variances of the nodes (95%); the red boxes represent cryptic species (pattern A in Figure 1); the green boxes represent individuals of the same
species with low genetic variation (pattern B in Figure 1); and the purple boxes represent individuals of the same species under speciation process (pattern C in
Figure 1).
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Sternopygus macrurus, Eigenmannia virescens, E. trilineata and
Brachyhypopomus pinnicaudatus are complexes with more
than two cryptic species each, coexisting in the same river
basin. The fact that more than one entity has a natural distri-
bution overlap is a strong indication of reproductive isolation
among these entities (Kekkonen and Hebert 2014) and that
they consequently could be considered distinct species (since
Mayr 1940).

Other studies have reported that Hoplias malabaricus
(Utsunomia et al. 2014a), Synbranchus marmoratus (Torres
et al. 2005; Utsunomia et al. 2014b), Rhamdia quelen
(Martinez et al. 2011), Sternopygus macrurus (de Almeida-
Toledo et al. 1993), Eigenmannia virescens (Silva et al. 2009),
E. trilineata (Moysés et al. 2010) and Brachyhypopomus

pinnicaudatus (Giora 2009) are species complexes, but this is
the first time that Leporinus striatus and Pimelodus maculatus
are listed as putative species complexes.

Leporinus striatus is a morphospecies with a very wide dis-
tribution in cis- and trans-Andean regions, and this distribu-
tion probably precedes the uplift of the Andes that occurred
approximately 12 million years ago (Albert et al. 2006).
However, the old separation of the groups leaves doubt
regarding the possibility of natural genetic flow between the
species. Leporinus striatus was revised in (Birindelli and Britski
2013), and in that study, no morphological differentiations
were detected. In the present work, the deep genetic diver-
gence (4.4%) between specimens that were sampled from
the Upper Parana and Paraguay Rivers provides a strong
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argument to propose the existence of more than one taxon,
and the maintenance of these morphological characteristics
could be a reflex of adaptations to specific types of habitats.

Although Pimelodus maculatus has an estimated distribu-
tion from the Parana River Basin to the San Francisco River
Basin (Reis et al. 2003) and does not show morphological
characteristics that differentiate between localities of occur-
rence (Lundberg et al. 2011), specimens of the Upper Parana
and Pantanal Rivers showed a genetic divergence of 6.6%,
which may represent a recent speciation event leading to the
emergence of a species complex.

Speciation processes

To avoid an overestimation of the number of MOTUs, we
adopted a conservative position, given that when the vari-
ation of the basal nodes of the entities (pattern C of
Figure 1) crosses the threshold from the GMYC analyses,
these groups are threatened as single species but are in an
advanced stage of the speciation process. In Leporinus mac-
rocephalus and Pyrrhulina australis, the haplogroups that are
present are apparently exclusive to each locale (Figure 2),
suggesting that the genetic divergence between specimens
of the two localities is due to the evolutionary life history of
the species, as anthropic activity would not have had enough
time to produce such a pronounced genetic differentiation.

The same genetic pattern was found in lheringichthys lab-
rosus, but although this species presented two well-defined
haplogroups, one of these haplogroups was shared in both
river basins. This fact is interesting because if reproductive
isolation were not established, it is possible that gene flow
between haplogroups may interfere with the natural evolu-
tionary course of this specie and other species sharing the
same pattern.
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