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The accurate phylogenetic distinction between Prochilodus magdalenae and
Prochilodus reticulatus (Characiformes: Prochilodontidae) has been hindered by
overlapping morphology and limited sequence data. Previous studies, relying on
partial mitochondrial markers, have even suggested that Prochilodus
magdalenae and Prochilodus reticulatus might be a single species. This study
presents three annotated complete mitochondrial genomes for P. reticulatus and
phylogenetic analyses that contribute to resolving uncertainty around these
species’ boundaries. Our phylogenetic reconstructions, using both
mitochondrial markers and complete mitogenomes, consistently support the
segregation of P. magdalenae and P. reticulatus into distinct clades. Bayesian
time-calibrated analysis estimates their divergence at approximately 6.9 mya
(10.2-4.2 mya), coinciding with the Andean Eastern Cordillera’s final uplift. This
study provides essential data for future taxonomic and conservation efforts. Our
findings clarify the phylogenetic relationship between these species, emphasizing
the utility of complete mitogenomes and demonstrating that sequence
mislabeling, probably caused by the difficulty of accurately identifying these
species based on morphological characteristics, has contributed to
inconsistencies in previous phylogenetic studies within the genus Prochilodus.

Prochilodus reticulatus, Prochilodus magdalenae, phylogenetic reconstruction, time-
calibrated analysis, mitochondrial
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Introduction

The genus Prochilodus (Characiformes: Prochilodontidae)
comprises 13 species of detritivores freshwater fishes distributed
throughout South American rivers in Colombia, Venezuela, French
Guiana, Suriname, Brazil, Peru, Bolivia, Argentina, Paraguay, and
Uruguay (Castro and Vari, 2003). However, species identification
within this genus remains challenging. A recent phylogenetic study
revealed that two currently recognized species, P. rubrotaeniatus and
P. nigricans, seem to be composed of two genetically distinct lineages
(P. rubrotaeniatus 1 and 2; P. nigricans 1 and 2) and do not form
exclusive monophyletic groups. These findings prompted the
authors to suggest an increase in the number of putative lineages
within the genus Prochilodus from 13 to 15 (Frable et al., 2022).

Marked morphological similarities among species in the genus
Prochilodus have been documented, making accurate species
identification difficult (Castro and Vari, 2004). Despite numerous
attempts to elucidate the phylogenetic relationships, taxonomical
ambiguities within the genus persist. It has been pointed out that
some species of the genus Prochilodus form single clades, while other
species are composed of more than one lineage (Melo et al., 2016;
Melo et al, 2018). Furthermore, the absence of complete
mitochondrial genome sequences for all members of the genus,
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coupled with the genetic similarity observed in individual
mitochondrial genes among species of the genus Prochilodus,
adds additional challenges for species delimitation.

Five species belonging to the genus Prochilodus have been
documented in Colombia: P. magdalenae, P. reticulatus, P.
mariae, P. nigricans, and P. rubrotaeniatus (DoNascimiento et al.,
2017). Distinction between the species P. magdalenae and P.
reticulatus has primarily relied on geographical distribution, and
on modal values for specific meristic characteristics (Mojica et al.,
2012). Prochilodus magdalenae is distributed exclusively in
Colombia in the Magdalena, Sinu, and Atrato rivers, at altitudes
below 1,000 m above sea level, and in the Cauca River, where it can
be found up to 1,500 m above sea level (DoNascimiento et al., 2017;
Sidlauskas and Valderrama, 2022). In contrast, P. reticulatus is
found in the Catatumbo River in Colombia, in mountains
ranging from up to 1,000 m above sea level down to the plains
where the Catatumbo River drains into Lake Maracaibo, in
Venezuela (Rodriguez-Olarte et al., 2009; Mojica et al., 2012;
Ortega-Lara et al., 2012) (Figure 1). A few studies report the
presence of P. reticulatus in the Rancheria River in Colombia
(Mojica et al., 2006).

At the molecular level, differentiating P. magdalenae and P.
reticulatus has proven challenging. Random Amplified Polymorphic
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Geographic distribution of Prochilodus magdalenae and P. reticulatus in the river systems of Colombia and Venezuela. P. magdalenae occurs in the
Magdalena, Cauca, San Jorge, Sinu, and Atrato rivers, while P. reticulatus inhabits the border watershed of the Catatumbo River, shared by both countries.
The photograph of P. reticulatus was taken from Londofio-Ldpez, J. L (2023).
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DNA (RAPD) analysis failed to distinguish between these two
species (Vega-Contreras et al., 2017). Moreover, an apparent
absence of differentiation observed across three mitochondrial
(COI, CYTB, and 16S rRNA) and three nuclear markers (Myh6,
Ragl, and Rag2), led researchers to suggest that P. magdalenae and
P. reticulatus may constitute a single species, undergoing allopatric
divergence (Melo et al., 2018). A recent phylogenetic study suggests
that these two trans-Andean species diverged from the rest of the
genus during the middle Miocene, approximately 14.4 million years
ago, and that P. reticulatus subsequently split from P. magdalenae
after geographic isolation in the Maracaibo system during the late
Pliocene ~2.4 million years ago (Frable et al., 2022). The current
limited availability of P. reticulatus sequences in public genomic
databases limits the possibility of conducting phylogenetic analysis
for this species.

Complete mitochondrial genomes (mitogenomes) provide clear
advantages over partial markers because they include the full set of
protein-coding genes, rRNAs, tRNAs, and control regions. This
broader coverage yields higher phylogenetic resolution and more
robust evolutionary inferences (Alvarenga et al., 2024), enhances
species delimitation in taxa with subtle morphological differences or
recent divergence, and helps detect and correct mislabelling in
public databases by enabling comparisons across multiple
genomic regions.

In a prior effort, we generated a draft genome for P. magdalenae
(GCA024036415.1), that included the assembly and annotation of
its mitochondrial genome sequence (Yepes-Blandon et al., 2023).
Nevertheless, the lack of a complete mitochondrial genome for P.
reticulatus, and the limited availability of partial sequences for
mitochondrial markers impeded our progress in achieving
molecular phylogenetic differentiation between P. magdalenae
and P. reticulatus. To address this limitation, we now present
three annotated complete mitochondrial genomes of Prochilodus
(Characiformes:

reticulatus Prochilodontidae), along with a

comprehensive  phylogenetic  analysis  including two P.

magdalenae complete mitochondrial genomes.

Materials and methods

All animal handling procedures adhered to the guidelines
outlined in the Guide for the Care and Use of Laboratory
Animals (Albus 2012).
Venezuela from the Instituto Socialista de la Pesca y Acuicultura
(INSOPESCA), under permit number 1420 (5 December 2011), and
in Colombia from the National Aquaculture and Fisheries Authority
(AUNAP), under Resolution 0955 (27 May 2020).

Authorizations were obtained in

Sample collection

Prochilodus reticulatus samples were collected in Maracaibo,
Venezuela from April to June 2020, from an area comprising four
strategically chosen stations: the first station located in Congo
Mirador (9° 23'37"N, 71° 48'09"W), the second in Ologd (9°
25'30"N, 71° 50'44.4"W), the third in Boca del Catatumbo (9°
21'58.80"N, 71° 42'36.61"W), and the fourth in proximity to
Cafio Muerto (9° 14'41"N, 71° 47'46"W). A total of
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25 individuals of P. reticulatus were collected during the
sampling process. Specimens underwent biometric assessment to
record their total length, number of dorsal and anal fin rays, number
of predorsal scales, and number of scales along the lateral line. Each
specimen was dissected, and a sample of muscle tissue was collected,
placed in a polypropylene conical tube and transported on ice to the
laboratory. Muscle samples from three specimens were randomly
chosen for DNA sequencing.

Additionally, to validate our previously obtained mitogenome of
Prochilodus magdalenae, namely, Pmag 1 (Yepes-Blandon et al.,
2023), a different specimen of P. magdalenae was collected in
Santander, Colombia (7° 06'31.1"N, 73° 51'20.2"W) for DNA
isolation and the generation of a second mitogenome. After
sampling all specimens were discarded.

DNA extraction and sequencing

Three different individuals of P. reticulatus were processed as
follows: genomic DNA was extracted from muscle tissue using the
GeneJET Genomic DNA purification kit (Thermo-Scientific™)
following the manufacturer’s instructions and quantification of
DNA was measured by absorbance on a Nano-300 (Allsheng
Instruments CO., Ltd., Hangzhou, China). Sequencing libraries
were prepared from 1 ug of DNA following the TruSeq Nano
DNA Sample Preparation Guide (Illumina). After library
preparation, 150 PE reads were generated at Macrogen (South
Korea) using the Illumina Novaseq 6000 platform. The raw reads
generated for P. reticulatus were deposited in the NCBI Sequence
Read Archive (SRA) under the accession numbers SRR33454776,
SRR33454777, and SRR33454778.

For the second P. magdalenae mitogenome (Pmag_2), high
molecular weight (HMW), genomic DNA was extracted from fresh
brain tissue using the MagAttract HMW DNA kit (QIAGEN)
according to the manufacturer’s instructions. For library
preparation, 1 pg of genomic DNA (gDNA) was used to
construct four Oxford Nanopore Technologies (ONT) libraries
employing the Ligation Sequencing Kit (SQK-LSK109). The DNA
was first repaired and end-prepped using the NEBNext
Companion Module for ONT Ligation Sequencing (NEB
#E7180),

Adapter ligation was performed using the NEBNext Module,

following the manufacturer’s recommendations.
and the libraries were purified using AMPure XP beads
(Beckman Coulter) and eluted in 15 pL of elution buffer. Each
library was sequenced individually on a MinION device (Oxford
Nanopore Technologies) using R9.4.1 flow cells. The resulting
long-read datasets were deposited in the SRA under the accession

number SRR33479885.

Read processing, mitochondrial genome
assembly and annotation

Ilumina raw reads from P. reticulatus libraries, were filtered by
quality (Phred >32) and length (>100) using Trimmomatic v0.39
(Bolger et al.,, 2014). To ensure the accuracy and reliability of the
mitochondrial genome assembly, we applied two complementary
strategies using the same set of trimmed reads for each individual.
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In the first strategy, reads were mapped against the P.
magdalenae complete mitochondrial genome (Pmag 1) using
Bowtie2 v2.3.0 (Langmead and Salzberg, 2012). Mapped reads
were extracted with SAMtools (Danecek et al., 2021), for de novo
mitochondrial assembly with Platanus-Allee (Kajitani et al., 2019).
This approach generated guided assemblies based on a closely
related mitochondrial sequence.

As a complementary approach, trimmed reads were used for
whole genome de novo assembly using the assembly module of
CLC Genomics Workbench v23.0 (QIAGEN). This approach
aimed to reduce reference bias and recover potential novel
variants. Among the resulting contigs, those with the highest
coverage and length greater than 15,000 bp were selected and
subjected to BLAST searches against complete Prochilodus
mitochondrial genomes in NCBI, in order to identify the
mitochondrial scaffold.

The assemblies obtained by both approaches were compared for
cross-validation, and manual curation was performed when
necessary to resolve discrepancies and ensure completeness. This
process yielded one final curated mitogenome per individual,
Pret_1, Pret 2 and Pret_3.
mitochondrial genomes were carried out employing Mitos2

namely, Annotation of the
(Donath et al., 2019), run locally on our server.

Oxford Nanopore Technologies (ONT) FAST5 files from P.
magdalenae libraries, were basecalled with a High Accuracy model
using Guppy software (ONT). Quality check, read trimming
(minimum quality threshold - 7 and minimum length - 500),
and quality visualization were done with MinIONQC (Lanfear
2019), NanoFilt, and NanoPlot (De
Rademakers, 2023), respectively. Trimmed reads were mapped to
the complete mitochondrial reference genome of P. magdalenae
(Pmag_1, GCA_024036415.1) using minimap2 (Li, 2018). The
Pmag_2 mitogenome was obtained using SAMtools and BCFtools

et al, Coster and

(Danecek et al., 2021) to generate a consensus sequence from the
mapped reads.

Mitochondrial gene order and codon
usage analysis

To characterize the structural and compositional features of the
assembled mitochondrial genomes, we extracted coding sequences
based on the annotations generated by MITOS2. Codon usage was
analyzed using the cusp program from the EMBOSS suite v6.6.0.0
(Rice et al., 2000), which calculates codon frequencies and relative
usage within protein-coding genes.

Nucleotide composition and strand asymmetry were assessed by
calculating the GC content as well as AT and GC skews, using the
formulas AT skew = (A — T)/(A + T) and GC skew = (G — C)/(G + C),
respectively.

Gene order was inferred from the GFF annotation and validated
The
determined by

strand  distribution of
genes was identifying the
transcriptional orientation of each feature. Genes located on the

manually for each specimen.

mitochondrial

heavy (H) strand and light (L) strand were categorized accordingly.

All analyses were applied to the three mitochondrial genomes of
P. reticulatus generated in this study (Pret_1, Pret_2, and Pret_3), as
well as to the newly assembled Pmag_2 and the previously published
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Pmag_1 mitochondrial genome (Yepes-Blandon et al., 2023), which
was re-analyzed following the same pipeline to ensure consistency.

Phylogenetic analysis using mitochondrial
markers COX1 (COIl), CYTB, ATP8/ATP6,
tRNA-Pro, and 16S rRNA

Phylogenetic analysis was conducted using the widely used
mitochondrial marker cytochrome c¢ oxidase subunit I gene
COX1, also known as COI All available sequences of P.
reticulatus encompassing the same fragment of the marker were
retrieved from GenBank (n = 3), together with sequences from other
species belonging to Prochilodus and Semaprochilodus (n = 144).
The respective sequences from Pret_1, Pret_2, Pret_3, Pmag 1, and
Pmag 2 were also included. Sequence alignment was performed
with MAFFT v7.307 software (Katoh and Standley, 2013), and
visually examined with Aliview v1.28 (Larsson, 2014). To
minimize redundancy in the data used for phylogenetic
reconstruction, completely identical sequences for each species
were filtered using CD-HIT (Li and Godzik, 2006).

Maximum Likelihood (ML) phylogenetic trees were inferred
using IQ-TREE software v1.5.3 (Nguyen et al., 2015), employing the
best-fit model of nucleotide substitution determined by the
ModelFinder application (Kalyaanamoorthy et al, 2017) and
10,000 ultrafast bootstrap (UFBoot) replicates to assess branch
supports (Hoang et al., 2018). Results were visualized using
Figtree v1.4.4 (Rambaut, 2010) and iTOL v6 (Letunic and
Bork, 2024).

Phylogenetic analyses were performed independently for
each of the following mitochondrial markers: CYTB, ATP8/
ATP6, 16S rRNA, and a segment comprising the tRNA-Pro
and Control Region using the same approach described for
COL. These analyses aimed to compare the newly assembled
mitochondrial genomes with previously reported partial
sequences available in GenBank and assess phylogenetic signal
across multiple loci.

Detailed information, including GenBank accession number,
species name, sequence type, and genomic region for all sequences
used in this study, is provided in Supplementary Table S1. Only the
non-redundant sequences retained after CD-HIT filtering were used

in phylogenetic reconstructions.

Phylogenetic analysis using complete
mitochondrial genomes

We conducted an alignment using MAFFT with the three
curated complete Prochilodus reticulatus mitochondrial genome
sequences, both Pmag 1 and Pmag 2 (representing Prochilodus
magdalenae), and all available complete Prochilodus mitogenomes
from NCBI GenBank (October 2024): Prochilodus costatus
(KR014817.1), Prochilodus argenteus (NC027689.1) (Chagas et al.,
2016), Prochilodus lineatus (KY358755.1), Prochilodus vimboides
(NC037712.1), Prochilodus harttii (NC037715.1), and Prochilodus
reticulatus (PP327417.1). Additionally, we incorporated sequences
from other species belonging to the order Characiformes: Piaractus
brachypomus (KJ993871.2) (Chen et al., 2016), Pygocentrus nattereri
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(NC015840.1), Astyanax mexicanus (AP011982.1) (Nakatani et al.,
2011), and Astyanax paranae (KX609386.1) (Silva et al., 2016), as
well as Danio rerio (NC002333.2) (Broughton et al, 2001)
as outgroups.

Subsequently, ML phylogenetic analysis was conducted using
IQTREE, employing the best-fit model of nucleotide substitution
determined by ModelFinder and 10,000 UFBoot replicates. Results
were visualized using Figtree v1.4.4 (Rambaut, 2010) and iTOL v6
(Letunic and Bork, 2024).

In addition to the analysis based on the full mitochondrial
genome alignment, we performed a complementary phylogenetic
analysis using a concatenated dataset of the 13 mitochondrial
protein-coding genes (PCGs) extracted from the same set of
mitogenomes. Each gene was aligned individually using MAFFT
and concatenated into a partitioned supermatrix. Partition-specific
substitution models selected by ModelFinder were as follows:
TPM2u + F + G4 for ATP6, COXI, COX2, NAD3, NAD4L, and
NADS5; HKY + F + I for ATP8; TIM2 + F + 1+ G4 for CYTB; TIM2 +
F + G4 for COX3 and NADI; TPM2u + F + I + G4 for NAD2 and
NAD4; and HKY + F + G4 for NAD6. ML inference was again
performed in IQ-TREE using 10,000 UFBoot replicates. This
approach allowed for gene-specific modeling while maintaining
consistency in taxon sampling across both analyses.

Bayesian time-calibrated phylogeny

To estimate divergence times within Prochilodus, a time-
calibrated phylogenetic tree was inferred using BEAST
v1.10.4 software (Suchard et al., 2018). The analysis included
the complete mitogenomes used in the ML analyses, except for
of P

partitioned

the unverified mitogenome reticulatus
(PP327417.1). The
13 segments corresponding to 13 mitochondrial protein-coding
genes (PCGs). For each partition, the best-fit nucleotide
ModelFinder
application. A relaxed uncorrelated lognormal molecular clock
(Drummond et al., 2006) and a Birth-Death Speciation model
(Gernhard, 2008) were applied.

An informative prior distribution on the root node was applied

sequence

mitogenomes  were into

substitution model was selected using the

based on divergence time estimates for Prochilodus reported by
Frable et al. (2022). This prior was derived from a fossil-calibrated
Bayesian phylogeny of Prochilodontidae and was modeled using a
lognormal distribution with parameters: offset = 16, mean = 4.5, and
standard deviation = 5.0 in real space.

A total of six independent Markov Chain Monte Carlo (MCMC)
chains were run, each for 100 million states, sampling every
1,000 states. After discarding the initial 10% of each chain as
burn-in, the log and tree files were combined using LogCombiner
v1.104 (Drummond and Rambaut, 2007) to produce a single
posterior distribution. Convergence of parameters and sufficient
sampling were assessed by calculating the Effective Sample Size
(ESS) using Tracer v1.7.2 program (Rambaut et al, 2018). The
posterior tree distribution was summarized with TreeAnnotator
v1.10.4 program (Suchard et al., 2018) to generate a Maximum
Clade Credibility (MCC) tree, which was visualized using the
geoscalePhylo function from the strap R package (Bell and
Lloyd, 2015).
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Results
Sequencing stats, assembly and annotation

On average, Illumina sequencing yielded 192,871,097 reads for
each sample of P. reticulatus with raw read quality exceeding Q30 for
92% of the reads. Average length after trimming was 145.3 bp. The
final curated mitochondrial genome assemblies from Pret_1, Pret_2,
and Pret_3 exhibited high quality and completeness, each spanning
16,696 bp, except for Pret 3, which measured 16,692 bp due to
minor length variation at the control region.

Annotation of the three P. reticulatus mitogenomes (Figure 2)
showed the presence of the 13 mitochondrial protein-coding genes
(CDS), 2 ribosomal RNA genes (rRNA), 22 transfer RNA genes
(tRNA), and a D-loop control region, consistent with other
Prochilodus mitogenomes. Supplementary Table S2.

Gene order was conserved across all P. reticulatus individuals
and matched the canonical teleost mitochondrial gene arrangement.
A total of 28 genes were encoded on the heavy strand (H-strand),
while 9 were located on the light strand (L-strand), including trnQ,
trnA, trnN, trnC, trnY, trnS2, nad6, trnE, and trnP. No gene
rearrangements or duplications were observed. Supplementary
Table S2 summarizes the accession numbers and annotation
results for all mitogenomes generated in this study, plus Pmag_1.

Codon usage analysis showed that CTA (Leucine) was the most
frequently used codon (53.8%o), while CGG (Arginine) was the least
frequent (3.0%o). The overall GC content of protein-coding genes
was 44.70%, with GC content per codon position of 51.19% (first),
41.62% (second), and 41.28% (third). These values were highly
consistent across all three individuals.

For P. magdalenae (Pmag_2), we obtained a total of
1,262,716 ONT reads with quality scores above Q8 after
trimming and filtering. The resulting mitogenome was 16,673 bp
in length and exhibited the same gene content and order as the
Pmag_1 sequence reported in Supplementary Table S5 of Yepes-
Blandon et al. (2023). Codon usage in P. magdalenae was highly
consistent with that observed in P. reticulatus, also showing a
preference for CTA (Leucine, 53.7%o0) and avoidance of CGG
(Arginine, 3.0%0). GC content in CDS was 44.67%, with GC
content by codon position of 51.46%, 41.61%, and 40.96% for the
first, second, and third positions, respectively.

The AT skew and GC skew, calculated as (A — T)/(A + T) and
(G-C)/(G + C), revealed consistent compositional biases across all
mitogenomes: AT skew values ranged from 0.079 to 0.083 and GC
skew from —0.293 to —0.297, indicating a slight preference for
adenine over thymine and cytosine over guanine.

Individual phylogenetic analysis for
mitochondrial markers COX1, CYTB, 16S
rRNA, ATP8/ATP6, and tRNA-Pro

The COI phylogenetic tree, based on a 587 bp region from the
Cox1 gene and inferred from 70 sequences, showed that three
sequences of P. reticulatus (GenBank accession numbers
MHO068824, MH068825, and KX086764) are identical to all P.
magdalenae sequences, including our Pmag 1, and Pmag 2. In
contrast, our P. reticulatus sequences (Pret_1, Pret_2, and Pret_
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RNA genes in marigold color, and the control region (CR), containing the origin of replication, in red.

3), along with the corresponding COI region extracted from the
unverified mitogenome sequence of P. reticulatus (PP327417.1),
formed a single highly supported clade (UFboot = 100%) as
shown in Figure 3.

Similar results were obtained for the CYTB phylogeny (987 bp,
N = 21). Only two partial P. reticulatus sequences were available in
GenBank for this gene (KX086816 and HQ289647); the third
sequence corresponds to a complete mitochondrial genome. Both
partial sequences clustered within the P. magdalenae clade
(UFboot = 100%). In contrast, our P. reticulatus sequences Pret_
1, Pret_2, and Pret_3 together with the corresponding CYTB region
from the unverified mitogenome sequences of P. reticulatus
(PP327417.1), formed a distinct, well supported clade (UFboot =
100%) (Figure 4A).

In the 16S rRNA phylogenetic tree (594 bp, N = 24) one P.
sequence (HQI171358) clustered within the P.
magdalenae clade (UFboot = 92%), while the second one
(KX087099), grouped with one of the P. harttii sequences
(UFboot = 83%). The corresponding region from the unverified

reticulatus

mitogenome sequence of P. reticulatus (PP327417.1) grouped within
the P. reticulatus clade (UFboot = 91%) (Figure 4B).

On the other hand, in the ATP8/ATP6 phylogeny, which
corresponds to a region that includes segments of both
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ATP8 and ATP6 genes (840 bp region, N = 33) distinct
clades for P. reticulatus and P. magdalenae were clearly
resolved. All P. reticulatus ATP8/ATP6 GenBank sequences
clustered with our Pret_I, Pret 2, and Pret_3 sequences,
while the P. magdalenae GenBank sequences grouped with
Pmag_ 1 and Pmag 2 (Supplementary Figure S1A) with
UFboot = 84%. A similar pattern was observed in the
phylogeny inferred from the tRNA-Pro and the control
region (CR) containing the heavy strand origin of replication
(1,099 bp, N = 18). Distinct and well-supported clades
(UFboot = 100%) for P. reticulatus and P. magdalenae clades
were obtained, with the P. reticulatus GenBank sequences
clustering with Pret_1, Pret_ 2, and Pret_ 3 and the P.
magdalenae GenBank sequences grouping with Pmag 1, and
Pmag_2 (Supplementary Figure S1B).

Phylogenetic analysis using complete
mitochondrial genomes

A maximum likelihood (ML) phylogenetic tree was inferred

using a concatenated alignment of 16 complete mitochondrial
genomes (17,038 bp), representing seven Prochilodus species and
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FIGURE 3
Maximum-likelihood phylogenetic tree, inferred using the K2P + G4 model, showing the relationships among Prochilodus species based on the COI

marker alignment (587 nt). Highlighted in yellow are the GenBank accessions for P. reticulatus sequences that cluster within the P. magdalenae clade.
Highlighted in green are the sequences generated in this study from P. reticulatus (Pret_1, Pret_2, Pret_3) and P. magdalenae (Pmag_2), as well as our
previous P. magdalenae sequence (Pmag_1) Highlighted in blue is the GenBank accession for the recent P. reticulatus sequence that clusters within

the P. reticulatus clade The color column on the right corresponds to previous species identifications, as indicated in the color chart. The numbers on the
nodes represent ultrafast bootstrap values calculated with 10,000 bootstrap replicates. Sequences from various Semaprochilodus species, used as
outgroup, are included in the collapsed clade.

two outgroups. The analysis resolved the relationships within  groups, each supported with maximal ultrafast bootstrap values
Characiformes, forming well-supported clades for the genus  (UFboot = 100%) (Figure 5).

Prochilodus and for each species included. Notably, P. reticulatus To further explore phylogenetic resolution and assess the
and P. magdalenae formed distinct, reciprocally monophyletic — impact of partitioning, we performed a complementary ML
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FIGURE 4
Maximume-likelihood (ML) phylogenetic trees for the mitochondrial genes (A) CYTB (using the K3Pu + | model), and (B) 16S rRNA (using the K2P + |

model), with branch lengths not to scale. Numbers on the branches represent support values for well-supported nodes, calculated from 10,000 ultrafast
bootstrap replicates in IQ-TREE. The colors on the right indicate taxonomic assignments from NCBI, and the rightmost column shows the species with
which each sequence clusters in the tree: blue for Prochilodus reticulatus, tawny for Prochilodus magdalenae, and black for other species.

FIGURE 5
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Maximum-likelihood (ML) phylogenetic tree based on a complete mitogenome sequence alignment (17,038 nucleotides) inferred using the TIM2 + |
+ G4 model, showing relationships among species of the genus Prochilodus within the Characiformes, with zebrafish as the outgroup. Bubbles on the
branches represent ultrafast bootstrap values = 100%, calculated with 10,000 replicates.

analysis using a supermatrix of the 13 mitochondrial protein-
coding genes (PCGs), totaling 11,477 bp, extracted from the same
16 mitogenomes. Each gene was aligned independently and treated
as a separate partition. The resulting tree recovered the same
overall topology as the full mitogenome analysis
(Supplementary Figure S2), including identical placement of our
P. reticulatus samples (Pret_1, Pret_2, Pret_3) and P. magdalenae
samples (Pmag_1, Pmag_2).

Node support remained consistently high across both trees
(UFboot >97%). The only difference observed was a slight

reduction in support for the clade clustering Serrasalmidae and
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Prochilodontidae, which decreased from 100% in the complete
mitogenome tree to 97% in the partitioned PCG-based analysis.

Bayesian time calibrated tree

The phylogenetic reconstruction based on the 13 mitochondrial
protein-coding genes (PCGs), treated as individual partitions with
independent substitution models in BEAST, successfully recovered
the relationships previously established with the ML analyses
(Figure 6). Divergence time estimates indicated that P. vimboides
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FIGURE 6

Bayesian time-calibrated phylogenetic tree inferred using BEAST illustrating the estimated divergence times within the genus Prochilodus. The
numbers on the branches indicate the mean estimated age for the node in millions of years (mya), while the horizontal red bars represent the 95% HPD
height. All nodes have posterior probability support values >0.95. The dark gray vertical bar over the node where P. reticulatus and P. magdalenae diverge
shows the time range of the final uplift of the Eastern Andean Cordillera (12—-8 mya). The light gray and white blocks behind the tree, correspond to
scale periods at the bottom of the graph, which represent the Neogene and Quaternary periods with their subdivisions according to the International

Chronostratigraphic Chart.

diverged from the rest of the genus Prochilodus approximately
18.9 million years ago (mya) (95% HPD: 15.5-23.9 mya).
Subsequently, the most recent common ancestor (MRCA) of P.
magdalenae and P. reticulatus diverged from the rest of the genus
around 11.1 mya (95% HPD: 7.5-15.5 mya). Within this lineage, P.
magdalenae and P. reticulatus diverged from each other
approximately 6.9 mya (95% HPD: 4.2-10.2 mya). Additionally,
the divergence between P. lineatus and P. costatus was estimated at
1.3 mya (95% HPD: 0.7-2.1 mya), and between P. harttii and P.
argenteus at 2.9 mya (95% HPD: 1.7-4.5 mya).

Discussion

This study represents a significant advancement in resolving
the taxonomic ambiguity between P. magdalenae and P.
reticulatus, ~ which ~ has  persisted  despite
morphological and partial mitochondrial marker analyses
(Melo et al, 2016; Melo et al., 2018). By analyzing several
complete mitochondrial genomes for both species, we provide

extensive

evidence that supports their recognition as distinct entities.
Unlike previous studies that relied on limited and sometimes
inconsistent molecular data (Melo et al., 2016; Melo et al., 2018),
our comprehensive approach ensures a robust and validated
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phylogenetic framework for species identification within the
genus Prochilodus.

Previous studies involving sequences of P. reticulatus and P.
magdalenae were conducted to clarify relationships at various
taxonomic levels, including the family Characidae (Oliveira et al.,
2011), the family Chilodontidae (Melo et al., 2014), and the family
Prochilodontidae (Melo et al., 2016). Only one study focused on the
genus Prochilodus (Melo et al, 2018), which included several
sequences for other species of this genus, but only a limited
number of sequences of P. reticulatus and P. magdalenae.

The length of the mitochondrial genomes assembled in this
study for both species is consistent with that of available
mitogenomes for other species of the genus Prochilodus that
range from 16,696 to 16,699 bp (do Carmo et al, 2016; Santos
et al, 2021). After generating and annotating three complete
mitochondrial genomes for P. reticulatus, we focused on studying
its taxonomic relationship with P. magdalenae, trying to shed light
on their current murky phylogenetic identification using
mitochondrial markers.

Previous phylogenetic analysis, using partial COI sequences of P.
reticulatus on GenBank (MH068824, MH068825, and KX086764)
found that these were identical to those of P. magdalenae suggesting
that this marker is not suitable for distinguishing between P.
magdalenae and P. reticulatus (Melo et al., 2016). However, the
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same COI fragment from our three P. reticulatus sequences (Pret_1,
Pret_2, and Pret_3), along with the corresponding region extracted
from the unverified mitogenome sequence of P. reticulatus
(PP327417.1), formed a well-supported monophyletic group
(Figure 3), distinct from all other Prochilodus species and clearly
separated from the P. magdalenae clade, which included the
GenBank P. reticulatus sequences analyzed by Melo et al. (2016).
Similarly, the phylogenetic analysis of a cytochrome b (CYTB)
fragment highlighted a major discrepancy with previous findings.
Melo et al. (2016) reported that GenBank sequences labeled as P.
reticulatus were identical to those of P. magdalenae. In contrast, our
CYTB sequences (Pret_1, Pret_2, Pret_3), with the corresponding
region from the unverified mitogenome sequence of P. reticulatus
(PP327417.1), consistently formed a distinct and well-supported
clade, clearly separated from P. magdalenae and all other species of
Prochilodus (Figure 4A). In contrast, phylogenetic analysis of a
fragment of the 16S rRNA gene yielded more confusing results,
with one previously published sequence of P. reticulatus
(HQ171358) clustering with P. magdalenae
clustering with P. harttii (KX087099) (Figure 4B).
These results lead us to assume that GenBank COI (MH068824,
MHO068825, KX086764), CYTB (KX086816, HQ289647), and 16S
rRNA (HQ171358) sequences were incorrectly labeled as P.
reticulatus when they likely correspond to samples of P.

and another

magdalenae. This mislabeling may have resulted from the
difficulty of accurately identifying these species based solely on
morphological characteristics. Similarly, the 16S rRNA sequence
KX087099, labeled as P. reticulatus on GenBank, appears to
represent a sequence of P. harttii. In the original studies (Melo
et al,, 2016; Melo et al.,, 2018; Frable et al., 2022), specimens were
identified based on morphological characters from museum and
field collections. However, species of Prochilodus are often difficult
to distinguish morphologically due to overlapping meristic traits,
particularly between P. reticulatus and P. magdalenae. Therefore, re-
examining the voucher specimens associated with these sequences
would be valuable to confirm their taxonomic identity. Such
misidentifications could explain the previously reported inability
to reliably discriminate species within the genus Prochilodus using
mitochondrial markers (Melo et al., 2016; Melo et al., 2018; Frable
et al, 2022). The erroneous assignment of key mitochondrial
sequences to P. reticulatus, when they actually belong to P.
magdalenae species, likely the
inconsistencies observed in earlier phylogenetic studies.

or other contributed to

Overall, these findings highlight the critical issue of sequence
mislabeling in public databases and its potential impact on species
identification and phylogenetic inference. This issue is not isolated;
species mislabelling, at different steps from sample collection to data
acquisition, and the need for in situ surveillance protocols to prevent
mislabelling have been previously discussed (Baeza, 2020). A similar
pattern has been documented in other taxonomic groups, such as
birds, where a sharp increase in problematic mitogenomes has been
reported due to misidentification and data handling errors (Sangster
and Luksenburg, 2021). Bagheri et al. (2020) identified over two
million potentially misclassified proteins in the NCBI non-
redundant database, attributing errors to user-submitted
metadata, contamination, and computational annotation
methods. Kozlov et al. (2016) developed SATIVA, a phylogeny-

aware tool that detected numerous taxonomic mislabelings in public
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databases, emphasizing the need for automated validation methods.
Furthermore, Nilsson et al. (2008) reported significant intraspecific
ITS variability and misannotations within fungal sequences in
international databases, underscoring the broader implications of
mislabeling across diverse taxa.

Notably, the three ATP8/ATP6 sequences of P. reticulatus on
GenBank (HQ129826, HQ129827, HQ129828)
monophyletic group with the corresponding region from an

formed a
unverified mitogenome of P. reticulatus (PP327417.1), and Pret_
1, Pret_2,and Pret_3 sequences. The same was observed for the long
tRNA-Pro and control region (CR) sequences of P. reticulatus on
GenBank (HQ129477, HQ129478, and HQ129479). These six
sequences were submitted to GenBank as part of an unpublished
study based on molecular systematics and biogeography of a South
American characiform, which might explain why they are not
referred to in the scientific literature. The topology of the trees
for ATP8/ATP6 and tRNA-Pro and CR (Supplementary Figure S1A,
B) validates our mitogenome sequences, confirms the clear
distinction between both species and supports the use of these
markers for DNA-based identification of P. magdalenae and P.
reticulatus identification.

Complete mitochondrial genome analyses revealed that P.
magdalenae and P. reticulatus form well-supported clades
(Figure 5), which supports the value of species identification
using complete mitogenomes. Similar advantages have been
reported in other groups. For example, in Barilius malabaricus
(Cyprinidae), complete mitogenome sequencing provided better
phylogenetic resolution and more accurate species delimitation
than single-gene analyses (Prabhu et al., 2020). Likewise, in the
sea star genus Henricia, mitogenome-based phylogenies yielded
clearer interspecific relationships than those inferred from partial
mitochondrial markers (Alboasud et al., 2024). In fungal species
such as Phellinus igniarius, complete mitochondrial genome analysis
also offered improved insights into phylogenetic relationships
compared to fragment-based approaches (He et al., 2024).

Our ML tree based on the full mitogenome recovered a topology
consistent with previous descriptions of the genus (Melo et al., 2018;
Frable et al., 2022), but with considerable sequence divergence and
high support values (UFboot = 100%) for the P. reticulatus and P.
magdalenae clades. A complementary ML analysis using a
concatenated alignment of the 13 mitochondrial protein-coding
genes (PCGs) produced the same overall topology, with only a
minor reduction in support for the clade uniting Serrasalmidae and
Prochilodontidae (UFboot = 97%). This congruence suggests that,
for ML-based phylogenetic inference, both approaches—using the
complete mitochondrion or the 13 PCGs—are equally effective in
recovering robust and consistent relationships among taxa.

Similarly, the dated phylogenetic reconstruction recovered
distinct and well-supported clades for both species (posterior
probability >95%), confirming their reciprocal monophyly and
long-term evolutionary separation. The divergence between P.
magdalenae and P. reticulatus was estimated at 6.9 mya
(10.2-4.2 mya), coinciding with the final uplift of the Andean
Eastern Cordillera, as previously reported (Garzione et al., 2008;
Schaefer, 2011). This finding is consistent with reports for other
species in the region, belonging to the genus Pseudoplatystoma
(Torrico et al., 2009) and the genus Ichthyoelephas, another
member of the family Prochilodontidae (Frable et al, 2022),
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which also underwent allopatric speciation due to the final uplift of
the Andes Mountain and the separation of the Magdalena basin
from other basins around 10 mya.

Contrastingly, Frable et al. (2022) estimated a more recent
divergence time of 2.4 mya for P. reticulatus and P. magdalenae,
hypothesizing geographic isolation within the Lake Maracaibo
system. We suggest that the inclusion of mislabeled P. reticulatus
sequences in their datasets, as identified in our mitochondrial gene
ML analyses, hindered accurate phylogenetic inference and node
dating. Specifically, while some sequences labeled as P. reticulatus
corresponded to true P. reticulatus individuals, others were actually
derived from P. magdalenae. Consequently, comparisons involved
P. magdalenae sequences against a mosaic of genuine P. reticulatus
and misidentified P. magdalenae sequences. This mixture reduced
the observed genetic divergence between species and likely resulted
in an underestimation of the divergence time. Nevertheless, our
divergence time estimations for other species within the genus
Prochilodus were consistent with those reported by Frable
et al. (2022).

Conclusion

This study successfully resolves the long-standing taxonomic
ambiguity between P. magdalenae and P. reticulatus. By generating
complete mitochondrial genomes for both species and conducting
different phylogenetic analyses, we provide compelling evidence
supporting their recognition as distinct species. Although previous
studies using mitochondrial markers, such as COI and CYTB, failed
to differentiate between these species, our results indicate that this
failure was likely due to wrongful species or sequence identification.
When correctly identified sequences of P. reticulatus are employed,
these markers can reliably distinguish P. reticulatus from P.
magdalenae. Our findings highlight the limitations of relying
solely on partial mitochondrial markers and suggest that
sequence mislabeling has contributed to inconsistencies in
previous phylogenetic studies. We emphasize the importance of
using vouchered specimens, deposited in recognized collections with
traceable metadata, to ensure the reliability of species identification
in molecular studies.

The estimated divergence time of approximately 7 million years
between P. magdalenae and P. reticulatus aligns with known
geological events that explain their divergence. This research not
only clarifies the taxonomic status of both species but also provides
valuable insights into the evolutionary history of the genus
Prochilodus. These findings have significant implications for
future studies of the biogeography, conservation, and fisheries
management strategies of these ecologically and economically
important fish species. Additionally, our study demonstrates the
utility of long-read sequencing using ONT portable sequencer, as an
in-house alternative for generating complete mitogenomes with
sufficient accuracy for phylogenetic purposes. Our validated
phylogenetic
framework offer a reliable tool for authorities and researchers,
of these
ecologically and economically important species in Colombia

mitochondrial ~genomes and comprehensive
facilitating precise monitoring and management

and Venezuela.
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