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Introduction

Megaleporinus obtusidens, also known as "boga," is a freshwater teleost fish species widely distributed across South America with significant commercial value in Argentina and Brazil. Fishers, particularly those in the lower Paraná River, frequently classify the fish they catch as M. obtusidens. Despite various approaches, including cytogenetics, molecular data, and morphological analysis, the taxonomic classification of the boga fish remains debated among researchers, resulting in discrepancies in the literature.





Methods

This study aimed to assess the diversity of specimens captured in the La Plata River Basin, initially classified as Megaleporinus obtusidens by fishers, using DNA barcoding. The mitochondrial COI marker was employed to explore species assignment and genetic diversity in Megaleporinus, a genus with high commercial exploitation in the southern area of the La Plata Basin.





Results

Our findings indicate that some boga samples, previously identified as M. obtusidens, are actually M. piavussu. We also observed significant differences in the geographic distribution, diversity, and genetic structure between the two species.





Discussion

These results highlight the importance of studying the ecology of each species separately. Proper resource management, based on accurate species identification, is critical for the conservation of ichthyofauna in the region.
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Introduction

The family Anostomidae (Characiformes) is a group of freshwater fishes distributed throughout the Neotropical region in the La Plata basin, which includes the Paraná, Paraguay and Uruguay rivers (Agostinho and Zalewski, 1995; Cussac et al., 2009; Dagosta and de Pinna, 2017; Almeida et al., 2021; Scarabotti et al., 2021). The genus Megaleporinus is widespread in South America and is the most diverse in this family. Ramirez et al. (2017b) deeply revised the genus with complementary methods and identified 10 nominal species based on morphological analyses. However, the strongly supported phylogenetic analyses carried out introduced 16 lineages distributed among these 10 valid species. The authors found high genetic divergences among basins within four of the nominal species, including Leporinus obtusidens (Gery, 1977; Martins et al., 2003; Ramirez et al., 2017b). The genus Megaleporinus includes species that are sometimes difficult to classify; M. obtusidens (Valenciennes, 1837) shows significant morphological similarity to M. piavussu (Britski et al., 2012), which was considered endemic to Upper Paraná in Brazil until 2012 (Britski et al., 2012).

The floodplain of the Paraná River presents regular annual flood pulses, which play a crucial role in maintaining its rich fish biodiversity and supporting various artisanal and sport fisheries (Rabuffetti et al., 2020). In Argentina, the Paraná-Plata river basin harbors 580 fish species, being one of the most biologically diverse areas in the country (Maiztegui et al., 2022; Mirande and Koerber, 2020; Mirande and Koerber, 2015; Abell et al., 2008). The fish resources of the basin, especially species with migratory behavior, are an important source of protein for local riverine communities and provide essential support for artisanal fisheries (Liotta, 2020; Arrieta et al., 2023). All commercial catches of this genus in the Argentine stretch of the Paraná River are classified as a single species, Megaleporinus obtusidens (boga), which represents the third most important taxon in terms of fish exports in Argentina (Martins et al., 2003; Iwaszkiw and Firpo Lacoste, 2011; Scarabotti et al., 2021; Arrieta et al., 2023).

Genetic techniques based on mitochondrial DNA barcoding analysis have been used to reveal distinct genetic lineages corresponding to specific geographic distributions in many freshwater migratory fish species that co-occur with boga, such as Salminus brasiliensis (golden dorado) and Prochilodus lineatus (sábalo or curimbatá) (Cardoso et al., 2018, 2021; Melo et al., 2018; Rosso et al., 2018). The effectiveness of these techniques has been consistently demonstrated through the identification and resolution of numerous taxonomic issues in both marine and freshwater fish species. DNA barcoding has been particularly successful in differentiating species within closely related taxa, with a success rate of over 90% (Rubinoff and Holland, 2005; Lara et al., 2010; de Carvalho et al., 2011; Pereira et al., 2013; Rossini et al., 2016; Berbel-Filho et al., 2018; Cardoso et al., 2018; Nascimento et al., 2023). Previous molecular studies on the genus Megaleporinus have suggested that the current taxonomy may be obscuring isolated populations with significant intraspecific genetic divergence. These results underscore the need for further molecular studies to enhance our understanding of the taxonomy and population characteristics of these species (Avelino et al., 2015; Díaz et al., 2016; Ramirez et al., 2016; Pires et al., 2017; Ramirez et al., 2017b).

Given the economic and sporting significance of the species, our study aimed to identify the species of the genus Megaleporinus based on specimens caught by fishers. Fishers usually refer to them as “boga” and classify them as M. obtusidens based on morphological traits. To this end, molecular techniques based on DNA barcoding were employed to gain insights into the genetic diversity and population structure of these fish species. The potential presence of two species suggests the need to manage them separately.





Results

The 88 boga fish specimens were preliminary analyzed in the field (sampling sites are indicated in Figure 1; Table 1) using classical taxonomy. All the samples were classified as M. obtusidens (specimens of M. obtusidens and M. piavussu are shown in Figure 2). A total of 593-base pair fragments of the mitochondrial cytochrome c oxidase I (COI) gene from those 88 new boga samples were obtained. Additionally, 28 sequences were retrieved from the GenBank database, as detailed in the Supplementary Table 1.




Figure 1 | Map of the study area showing the locations and basins of the sampling sites. Rivers are indicated as follows: SF, San Fernando; U, Uruguay; J, Jacuí; UP, Upper Paraná; LoP, Lower Paraná; LP, La Plata. Sampling sites [1–17] correspond to those listed in Table 1. The grey shading represents the different basins sampled.




Table 1 | Description and map code of sampling sites.






Figure 2 | Representative images of the two study species: M. obtusidens (top) and M. piavussu (bottom). Photographs were taken prior to sampling in Corrientes, Argentina (map reference: site 13).



A total of 82 polymorphic sites were identified among the 116 sequences, which allowed for the definition of 16 haplotypes (Table 2). The newly obtained sequences were deposited in GenBank (Accession Numbers PQ586696 - PQ586780, PQ591847-PQ591849; Supplementary Table 1).


Table 2 | Diversity indexes of M. obtusidens and M. piavussu.



COI isolates obtained from the samples were analyzed individually with the BLAST algorithm. 59 of the new isolates. They showed 95%-99.8% range coincidence with the M. piavussu COI sequences available in the GenBank database. The results from the phylogenetic rooted tree (Figure 3; Supplementary Figures A, B) clearly distinguished two clades corresponding to the two species.




Figure 3 | Collapsed Bayesian tree showing the distribution of M. obtusidens and M. piavussu sequences. The full extended trees are available in SI (Supplementary Figures A, B). The (*) symbol indicates that the collapsed tree includes sequences from both GenBank and the sampling conducted for this study.



The haplotype network (Supplementary Figure C) showed that haplotypes Hap2 and Hap3 had the highest frequencies and that haplotypes Hap3 and Hap14 were shared between M. obtusidens and M. piavussu. The greatest haplotype diversity was observed in the lower Paraná, and most haplotypes are unique to M. piavussu. The haplotype network illustrates the presence of these two primary haplogroups, which are formed by different basins and the preponderance of the identified haplotypes was derived from the lower Paraná basin.

The M. obtusidens populations exhibited no evidence of population structure along the Paraná River. In contrast, the M. piavussu lineages are distinguished into two groups according to the geographic location. Clusters were identified for the Upper Paraná and Lower Paraná-Río de la Plata regions (Figure 3). These findings suggested the potential existence of population genetic structure within this species, which was further supported by the results of the hierarchical AMOVA test (Supplementary Table 2). The AMOVA statistics indicate that most of the variance observed in M. piavussu comes from the among-group component (basin). We confirmed this unequal lineage distribution by examining the haplotype distribution; we observed that M. obtusidens exhibits a uniform haplotype distribution along the entire length of the Paraná River. In contrast, genetic structure is apparent in M. piavussu, delineated by the geographic distribution of the lineages (Figure 4).




Figure 4 | Haplotype distribution in the Paraná River basin. Circle size represents the frequency of each haplotype at the respective capture sites. (A, B) illustrate the haplotypes of M. obtusidens and M. piavussu, respectively. The haplotype network based on COI sequences is provided in Supplementary Figure C.



In the Río de la Plata River and in the lower section of the Paraná River (corresponding to the Ibicuy site), only specimens of M. piavussu were identified with COI. It should be noted that fishers had identified them as M. obtusidens through morphological assessments.





Discussion

The use of molecular methods for the identification and description of species of the Anostomidae family was previously reported in the literature (Chiari and Maria Koelblinger Sodré, 2001; Ferreira et al., 2017; Silva-Santos et al., 2018; Utsunomia et al., 2019). DNA barcoding is one of the most widely used strategies for species identification within the genus Megaleporinus (Avelino et al., 2015; Ramirez et al., 2016, 2017a, 2017b; Nascimento et al., 2023). Several barcoding studies have been conducted on other freshwater neotropical fish around the world, resulting in new insights into the field of taxonomy and conservation biodiversity (Ribolli et al., 2012; Rosso et al., 2018; Cardoso et al., 2018; Melo et al., 2018; Oliveira Carvalho et al., 2024; Zafar et al., 2024).

The present study was designed to identify Megaleporinus species that occur in the Paraná River based on specimens initially identified as M. obtusidens through morphological characterization. The findings of this study demonstrate that the examined specimens belong to two discrete species: M. piavussu and M. obtusidens. Furthermore, most of the specimens were subsequently identified as M. piavussu through DNA barcoding. These results are consistent with those of previous analyses, which highlighted the significant challenge in identifying Megaleporinus species, due to their striking morphological similarities (Ramirez et al., 2016, 2017a, 2017b). These authors postulate that the most effective method for differentiating M. obtusidens from M. piavussu is through the examination of two crucial characteristics: number of perforated scales in the lateral line and position of the mouth. However, these features are not easily distinguished in the field, hindering the accurate identification of these species. Misclassification leads to inadequate legislation and ineffective policies for the conservation of freshwater fish (Ahmed et al., 2022).

According to Abrial et al. (2019, 2021), the hydrological attributes of the Paraná River, such as frequency, timing, duration and intensity, have undergone significant changes since the 1970s. These alterations have led to substantial changes in surface hydrological connectivity patterns. These findings suggest that the captured fishes belong to different species, and that the current legislative framework governing the exploitation of boga does not recognize this diversity. The Argentine legislation does not regulate fishing activities or the amount allowed for export of M. piavussu; in addition, there is also a knowledge gap about the species that is currently fished and exported (Filippo and Alvarez, 2008; Deinet et al., 2020; Baigún and Minotti, 2021).

In conclusion, the misidentification of boga species in the Paraná River has led to the exploitation of a commercial fishery resource that remains incompletely understood. To guarantee the conservation of these species, it is imperative that research efforts are increased and improved.




Two species, two stories

The broad distribution observed in the Megaleporinus species reflects the extensive distances covered by other migratory species, such as P. lineatus and S. brasiliensis, which play a key economic role in Argentina (Iwaszkiw and Firpo Lacoste, 2011; Deinet et al., 2020; Baigún and Minotti, 2021). The results of the analysis of genetic structure based on COI marker demonstrate that M. piavussu, exhibits two distinct clades clearly differentiated between the Upper and Lower Paraná River populations (Figure 4; Table 2; Supplementary Figure C). This result lends support to the hypothesis formulated by Ramirez et al. (2017) postulating that there are discrete genetic lineages within the M. piavussu species, as observed in the present study. The first record of M. piavussu in the Upper Paraná River was provided by Britski et al. (2012) and subsequently documented in the Lower Paraná (Benitez and Aichino, 2020). However, a review of the literature revealed cases of misclassification of M. piavussu as M. obtusidens (Avelino et al., 2015; Díaz et al., 2016). Therefore, it can be speculated that M. piavussu may have been present in the Lower Paraná River before 2012. Similar findings were documented in other migratory fish species. Studies conducted on S. brasiliensis indicated the existence of discrete clusters that correspond to the Upper and Lower Paraná distribution regions of the species (García‐Machado et al., 2022; Rosso et al., 2018). This suggests the existence of genetic differentiation and the presence of discrete population groups (genetic clusters).

Our results suggest that M. piavussu displays genetic structure, which may be attributed to the challenges faced when attempting to cross both artificial and natural geographic barriers. These barriers constrain the upward and downward movement of the ichthyofauna and can function as environmental filters that exert selective influence on the functional characteristics of the fish fauna. Indeed, the limited dispersal ability of M. piavussu may contribute to the differentiation observed among populations, as in S. brasiliensis (Da Silva et al., 2015; Casimiro et al., 2017; Chanchay Castro, 2019). This assumption is supported by a previous study, which evaluated the effectiveness of a fish ladder in the Porto Primavera Dam in the Upper Paraná River (Gutfreund et al., 2018). Other findings indicated that only three of the 116 M. piavussu specimens were able to successfully pass across the dam. These results show the difficulties encountered by this species in surmounting physical obstacles such as dams, hindering the dispersal and gene flow among disparate populations (Pope et al., 2018).

Furthermore, fish species that have morphological characteristics that allow them to undertake long-distance migrations (de Assumpção et al., 2012) may exhibit shorter migrations when suitable spawning and feeding areas are accessible in downstream sections (Oliveira et al., 2018). The proximity of favorable habitats can significantly influence the migratory behavior of fishes, leading to adaptations in their migration patterns. These characteristics may have contributed to the differentiation observed between individuals occurring in the Upper Paraná River and those occurring in the Lower Paraná River, as previously reported (Ramirez et al., 2017). Nevertheless, further studies are required to gain a comprehensive understanding of the evolutionary processes that could explain these differentiations.

The results obtained in this study make two important contributions: (1) The specimens caught in the Paraná River and identified as “boga” could actually be M. obtusidens or M. piavussu; (2) Analyses of genetic diversity and population structure using COI show differences between species, suggesting that M. obtusidens and M. piavussu may have had different evolutionary histories.

In conclusion, we present valuable information for the conservation of biodiversity and the management of boga fisheries in Argentina and Brazil. To ensure effective regulation and sustainable exploitation of this resource, morphological, ecological, and evolutionary analyses should be performed to accurately identify species, understand their ecological roles, and assess their evolutionary history. However, most importantly, it is essential to ascertain the extent and intricacy of the various migratory species regarding their distribution, dispersion, and evolutionary diversification. Their histories converge in a singular system, namely the Paraná River.






Materials and methods




Study area

The Paraná River basin is approximately 4,000 km long and is the third most important in
South America in terms of flow and drained area (Bonetto et al., 1986; Latrubesse, 2008; Pereira et al., 2013; Rosso et al., 2018). It is composed of two distinct ichthyo-faunistic provinces (ecoregions corresponding to the Upper and Lower Paraná River), which were connected when the Itaipú reservoir was built. The Upper Paraná River is in the Brazilian territory and extends from the confluence of the Paranaíba and Grande rivers to Sete Quedas Falls. Before the construction of the reservoir, the falls formed a natural barrier dividing the ecoregions (Da Graça and Pavanelli, 2007; Sivasundar et al., 2001). The Lower Paraná River flows downstream the falls, forming an extensive floodplain. The confluence of the Lower Paraná and the Uruguay rivers forms the estuary known as Río de La Plata (Agostinho and Zalewski, 1995; Sverlij et al., 2013). Figure 1 shows the location of the study area.





Fish and tissue sampling

We collected fish samples from Paraná and Río de La Plata rivers; then we analyzed and compared them with sequences from the GenBank database corresponding to the San Francisco, Paraná, and Uruguay rivers. Samples were collected from seven sites along the Paraná River (Figure 1; Table 1), corresponding to the locations of Jateí (Mato Grosso do Sul) in Brazil, and Posadas (Misiones), Puerto Antequera (Chaco), Corrientes (Corrientes), Victoria (Entre Ríos), Ibicuy (Entre Ríos), and San Fernando (Buenos Aires) in Argentina from monitoring or research activities from local government. Occasionally, tissues were collected with the assistance of fisherman. The collected specimens were anesthetized by immersion in 1% benzocaine in water and euthanized by benzocaine excess. A portion of muscle (0.5 mm x 0.5 cm) was carefully stored in 1.5 mL microtubes and preserved in 95% ethanol for further laboratory processing. Initially, the specimens were identified as M. obtusidens. All the sampling process was performed with the appropriate scientific fishing license and covered by provincial and national authorities; and complied with Law 12212 of Santa Fe Province, Law 5628 and Decree 422/2010, Art. 35, for Chaco Province, and with the Authorization of the Directorate of Natural Resources for the Corrientes survey. Furthermore, the genetic analyses incorporated sequences specifically corresponding to the San Francisco, Paraná, and Uruguay rivers obtained from the GenBank database.





DNA extraction, amplification and sequencing

Genomic DNA extraction was performed in the Genetics Laboratory (FHUC‐UNL, Santa Fe, Argentina) using the salt-extraction protocol (Aljanabi and Martinez, 1997). A fragment amplification of the mitochondrial cytochrome c oxidase subunit I gene (COI) was performed using the polymerase chain reaction (PCR) by standardized barcoding protocols (Hebert et al., 2004; Ivanova et al., 2007; Ratnasingham and Hebert, 2007). We selected the following primers: forward (F) FishF2_t1 5’-TGTAAAACGACGGCCAGTCGACTAATCATAAAGATATCGGCAC-3’ and reverse (R) FishR2_t1 5’-CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA-3’.

PCRs were performed using DNA (50-100 ng), reaction buffer (1X), MgCl2 (2 mM), dNTP (40 µM), forward and reverse primers (0.2 mM), Taq polymerase (0.75 U), and demineralized water in a final volume of 25 μL. The amplification conditions included an initial step of 4 min at 95°C, and 40 cycles of 1 min at 94°C, 1 min at 40°C, and 1 min at 72°C, with two final extensions: first at 72°C for 10 min and then at 60°C for 20 min. The amplicons of COI were sequenced by Macrogen Inc. (www.macrogen.com) using Sanger sequencing. The isolates were uploaded to Genbank with AN.





Molecular data analysis

First, using the default algorithm implemented in BLAST (Basic local alignment search tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi), we compared the sequenced amplicons with the information present in GenBank database to test if they matched Megaleporinus sequences. These preliminary check of species is important because the genus Megaleporinus has been revised and the morphological characters may not be enough for classification (Ramirez et al., 2017). Then we compared our sequences with the ones of Megaleporinus retrieved from GenBank (Ramirez et al., 2017a, 2017). We included them in the subsequent analyses. All DNA sequences were combined into a single alignment to perform bioinformatic analyses. The alignment was carried out using MAFFT v.7 software (Katoh and Standley, 2013). The best-fit model of nucleotide substitution was estimated using jModelTest v.2.1.7 software (Posada, 2008) with default parameters. The HKY+I model was chosen for subsequent phylogenetic inference. Phylogenetic tree construction and final consensus tree edition were performed using the software packages MrBayes v.3.2.7 (Ronquist et al., 2012), FigTree v.1.3.1 (Rambaut, 2009), and iTOL (Letunic and Bork, 2021). MrBayes analyses were carried out with 1,000,000 initial generations and 3,000,000 subsequent generations of Markov chains and a bootstrap value of 1000.

Genetic diversity was assessed using the haplotype number, nucleotide diversity (π), and haplotype diversity (Hd) estimators in DnaSP v.5 (Librado and Rozas, 2009). These statistics allow for the description of haplotype distribution under an infinite site model. Median-Joining algorithm was implemented in haplotype networks built with NETWORK v 10.2.0.0 software (Bandelt et al., 1999; Rohl, 2000). PopArt software (Leigh et al., 2015) and PhyloGeoViz v.2.4.5 (Tsai, 2011) was used to graph and analyze the haplotype network including spatial distribution. Maps were constructed using QGIS software v.3.4.11 (Moyroud and Portet, 2018). Finally, to measure the genetic differentiation among sub-basins, we used hierarchical AMOVA test and FST index, calculated by Arlequin v. 3.5.1.2 (Excoffier and Lischer, 2010) for each species.
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OEBPS/Images/table2.jpg
SPECIES BASIN RIVER (SITE) Hd
San Francisco Pandeiros (Pandeiros) 1 1 (H14) 0,000 0,0000
Uruguay Ibicui (BR 472) 1 1 (H2) 0,000 0,0000
Jacui Jacui (Jacuizinho Foz) 1 1 (H2) 0,000 0,0000
Turvo (Icem) 2%
Cinzas (Bandeirantes) 1
Upper Parana 2 (H2; H15) 0,237 0,00081
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Lower Parana i it e ! 7 (H2; H4; H5; He; 0,345 0,00138
Parani (Corrientes) 13 HzZHILHIZ)
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Cinzas (Bandeirantes) i
Parana (Porto Camargo) 1
Turvo (Icem) 8
Upper Parana Parana (Pauliceia) 1 2 (H13; H16) 0,324 0,00066
Paranapanema (Canoas I) 2
Paranapanema (Canoas 1I) 4
Parana (Jatei) 4
M. piavussu
Parana (Posadas) 2
Parana (Puerto Antequera) 5
Lower Parani e ! 5 (HLH3: s, 0,202 0,00054
Parani (Rosario) 3 EOEHL0)
Parana (Victoria) 11
Parana (Ibicuy) 10
La Plata La Plata (San Fernando) 17 1 (H1) 0,000 0,0000

N, number of individuals. h, Haplotype number; Hd, Haplotype diversity; , nucleotide diversity.
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10

11

12

13

14

15

16

17





