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fishing pressure on population bottlenecks found for 
other fish species cohabiting the area.
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Introduction

Astyanax, one of the 142 valid genera family Char-
acidae (Fricke et al., 2023a), is widely distributed in 
the Neotropical region, from southern United States 
to northern Argentina (Nelson et  al., 2016). These 
fishes commonly known as tetras are highly diverse, 
comprising more than 129 species (Fricke et  al., 
2023b) that exhibit diagnostic characters general-
ized within the family, which hampers the taxonomic 
classification based on their morphology (Mirande, 
2019). The final phylogenetic arrangement of the 
genus remains to be elucidated, although many stud-
ies have aimed to disentangle the phylogenetic rela-
tionships of Astyanax (Ornelas-García et  al., 2008; 
Mirande, 2009, 2019; Mello et  al., 2015; Casane & 
Rétaux, 2016; Rossini et  al., 2016; Schmitter-Soto, 
2016, 2017; Piscor et  al., 2019; Terán et  al., 2020). 
Complementary information about morphology and 
DNA sequences has allowed to validate the identity 
of some Astyanax species and assign others to valid 
or resurrected genera (Terán et  al., 2020); however, 
such information is absent for other members of this 

Abstract Astyanax caucanus is an endemic fish 
species to the Magdalena-Cauca basin in Colombia. 
It is considered a Least Concern species by the Inter-
national Union for Conservation of Nature, and cur-
rently, it is not a fishery resource. Its fertilized eggs 
may drift up to 4–5 days before hatching and can be 
carried up to 340 km given the water velocity of the 
river. Although A. caucanus is listed as short -migra-
tory species (< 50 km), this study hypothesized that it 
exhibits gene flow along the middle and lower section 
of the Cauca River due to the great potential for larval 
dispersal. To test this hypothesis, we developed a set 
of species-specific microsatellite primers suitable for 
population genetic studies. Genetic structure analyses 
with 193 samples evidenced two genetic stocks that 
coexist, comigrate, and exhibit gene flow along the 
study area. Both stocks show high genetic diversity 
indices (Na and HE) and effective population sizes 
(Ne > 1000), but also show evidence of bottlenecked 
populations and high values of the inbreeding coef-
ficient (FIS). Finally, these results are useful to under-
stand the effects of other anthropic activities, besides 

Handling editor: Nicholas R. Bond

R. A. Velandia · O. Campo-Nieto · E. J. Márquez (*) 
Laboratorio de Biología Molecular y Celular, Facultad de 
Ciencias, Escuela de Biociencias, Universidad Nacional 
de Colombia – Sede Medellín, Carrera 65 Nro. 59A-110 
Bloque 19A Laboratorio 310, 050034 Medellín, Colombia
e-mail: ejmarque@unal.edu.co

https://orcid.org/0000-0001-8261-2999
https://orcid.org/0000-0002-5577-2724
https://orcid.org/0000-0003-0760-3747
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-023-05434-w&domain=pdf


2008 Hydrobiologia (2024) 851:2007–2024

1 3
Vol:. (1234567890)

genus limiting their validation or redescription (Terán 
et al., 2020). This is the case for Astyanax caucanus 
(Steindachner, 1879), an endemic fish species to the 
Magdalena-Cauca hydrographic region in Colom-
bia, often confused with A. magdalenae Eigenmann 
& Henn, 1916 because their similar morphology and 
shared geographic distribution (Ruiz-C. et  al., 2011; 
García-Alzate et al., 2021).

Astyanax caucanus is an omnivorous species that 
plays an important ecological role for the Magdalena-
Cauca River basin (Gutiérrez-Moreno & de la Parra-
Guerra, 2021). Due to its small size and high popu-
lation number, A. caucanus among other species is 
considered an important part of the diet for larger spe-
cies, not only fishes but also birds, turtles, and otters 
(Gutiérrez-Moreno & de la Parra-Guerra, 2021). This 
is a potamodromous and short-distance migratory 
species (< 50  km) with early maturity and periodic 
reproduction (Jiménez-Segura et al., 2021). Astyanax 
caucanus is included in the IUCN red list as a least 
concern (LC) species, due to its wide distribution 
and that there are no major threats for its populations 
(Villa-Navarro & Sanchez-Duarte, 2014). However, 
the genetic status of this species remains unknown, 
although their natural habitat is constantly exposed 
to anthropic impacts due to the Magdalena-Cauca 
River basin, Colombia’s primary developmental area, 
housing 77% of its inhabitants and contributing to 
80% of its Gross Domestic Product (Restrepo et  al., 
2021). This has resulted in a significant anthropic 
impact on aquatic biodiversity in the region, includ-
ing sewage discharge, irresponsible mining, the des-
iccation of floodplain lakes for livestock and agricul-
tural expansion, and dam construction, among other 
factors (Angarita et  al., 2021; Gutiérrez-Moreno & 
de la Parra-Guerra, 2021). In February 2019, the clo-
sure of the gates during an emergency at the Ituango 
dam construction on the Cauca River’s main channel 
caused the complete disruption of the river’s flow, 
resulting in the death of thousands of low-migration-
range fish located 10 km downstream of the dam. 
Consequently, it is essential to generate information 
about the structure and genetic diversity of the popu-
lations of A. caucanus to estimate the risk category 
and design conservation strategies for the species.

Colombia lacks population genetic studies for 
Astyanax species, in contrast to Mexico (Strecker 
et  al., 2003; Panaram & Borowsky, 2005; Hausdorf 
et al., 2011; Bradic et al., 2012; Herman et al., 2018; 

Pérez-Rodríguez et  al., 2021) and Brazil (Leuzzi 
et al., 2004; Peres et al., 2005; Sofia et al., 2006; Fer-
reira et al., 2016; Freitas-Lidani et al., 2018; Limeira 
et  al., 2019). In Mexico, the studies are focused 
mainly on analyzing surface versus cave popula-
tions using different molecular markers that include 
microsatellite loci (Strecker et al., 2003; Panaram & 
Borowsky, 2005; Hausdorf et al., 2011; Bradic et al., 
2012; Pérez-Rodríguez et  al., 2021). In Brazil, dif-
ferent molecular approaches such as RAPDs (Leuzzi 
et  al., 2004; Sofia et  al., 2006; Ferreira et  al., 2016; 
Freitas-Lidani et  al., 2018), allozymes (Peres et  al., 
2005), and microsatellite loci (Ferreira et  al., 2016; 
Limeira et al., 2019) are used to analyze the diversity 
and structure of Astyanax populations. In terms of 
genetic diversity, these studies show that high allelic 
richness and heterozygosity is generalized within the 
genus. So far, only one study found evidence of gene 
flow among cave and surface populations in geo-
graphically close locations (Panaram & Borowsky, 
2005), whereas other studies reveal that Astyanax 
populations are frequently structured and may exhibit 
structure in population separated by only 5 km (Sofia 
et  al., 2006). These works suggest that such struc-
ture may be related to an isolation by distance model 
(Strecker et al., 2003; Leuzzi et al., 2004; Peres et al., 
2005; Sofia et  al., 2006; Ferreira et  al., 2016; Frei-
tas-Lidani et  al., 2018; Garita-Alvarado et  al., 2021; 
Pérez-Rodríguez et  al., 2021), phylogenetic distance 
(Hausdorf et al., 2011; Garita-Alvarado et al., 2021), 
or assortative mating (Bradic et al., 2012). Based on 
the coancestry analysis, Ferreira et  al. (2016) and 
Garita-Alvarado et al. (2021) show the coexistence of 
different genetic groups of Astyanax in the same stud-
ied localities.

Aiming to generate information useful for devel-
oping management and conservation policies for 
this species, this study assessed the genetic status 
and tested the hypothesis that A. caucanus exhibit 
gene flow along middle and lower sections of the 
Cauca River. If A. caucanus fish fry exhibits a sim-
ilar behavior as some congeners that become free 
swimming and ready to feed on plankton at 4–5 
days post fertilization (Axelrod et  al., 1971; Hin-
aux et al., 2011; Stevanato & Ostrensky, 2018; dos 
Santos et al., 2020), in the absence of physical bar-
riers, it is expected that this short-distance migra-
tor may exhibit gene flow in an area of 325  km. 
Since the annual average water velocity in the area 
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is 1.18 ± 0.52  m/s (middle section: S2-S3; Fig.  1) 
and 0.50 ± 0.18 m/s (lower section: S4-S8) (unpub-
lished data), the larvae may drift up to 340  km 
along the main channel of the river until going into 
the floodplain lakes. To test this hypothesis, this 
work developed a set of species-specific micro-
satellite loci in population genetic studies of A. 
caucanus, which were able to measure the genetic 
diversity of this tetra fish in the middle and lower 
sections of the Cauca River.

Materials and methods

Sample collection and DNA extraction

For population genetic purposes, this study used 
193 ethanol-preserved muscle or tail tissues from 
individuals of A. caucanus collected in the mid-
dle and lower basin of the Cauca River to extract 
genomic DNA. The tissues were collected dur-
ing the same fish rise period (subienda; Decem-
ber–March) in 2019 and 2020 by Grupo de Icti-
ología de la Universidad de Antioquia (GIUA). The 
specimens were collected along the main channel 
of the river in different environments including 
small affluents (middle basin) and floodplain lakes 
(middle and lower basin). The collection area was 
divided into nine sections, S1 to S8 as previously 
described by Landínez-García & Márquez (2016) 
and PHI corresponding to the current site of the 
Ituango hydropower project reservoir. Individu-
als were caught in seven of these sections; S1 and 
PHI were excluded due to lack of samples despite 
collection efforts. Sample number per site was as 
follows: S2/3: 30, S4: 31; S5: 47, S6: 37; S7/8: 48 
(Fig. 1). Due to the extremely low number of indi-
viduals in those sections, S2 was merged with S3 
(mouth of the Espiritu Santo River on the east mar-
gin of the Cauca River), and S7 (floodplain lakes 
located near the mouth of the Cauca River in the 
Magdalena River) with S8 (main channel of the 
Cauca River near the mouth of the Cauca River in 
the Magdalena River). Extraction of DNA was car-
ried out using the PureLink™ Genomic DNA Mini 
Kit (Invitrogen), following manufacturer’s instruc-
tions and performing overnight digestions.

Phylogenetic analysis

To avoid confusions with other phylogenetically 
related species of Astyanax cohabiting the area, the 
mitochondrial gene cytochrome c oxidase subunit 1 
(MT-CO1) of 209 samples was partially sequenced 
using a four primers mix: VF2_t1 5′-TCA ACC AAC 
CAC AAA GAC ATT GGC AC-3′, FishF2_t1 5′-TCG 
ACT AAT CAT AAA GAT ATC GGC AC-3′, FishR2_t1 
5′-ACT TCA GGG TGA CCG AAG AAT CAG AA-3′ 
(Ward et  al., 2005) and FR1d_t1 5′-CAC CTC AGG 
GTG TCC GAA RAA YCA RAA-3′ (Ivanova et  al., 
2007). Sequencing included samples from individu-
als tentatively identified as A. caucanus, Astyanax 
aff. fasciatus, and Astyanax microlepis Eigenmann, 
1913 that were identified through traditional mor-
phometrics following original descriptions of species 
(Steindachner, 1879; Eigenmann, 1913; Eigenmann 
& Henn, 1916); samples of A. caucanus collected in 
the type locality (Tarazá River), and A. aff. fasciatus 
(Colosó-Sucre: IAvH-CT-17785, Cimitarra- San-
tander: IAvH-CT-24679; Barrancabermeja- San-
tander: IAvH-CT-24548), were included as reference 
for validated nominal species. The amplification was 
performed following Rangel-Medrano et  al. (2020) 
with some modifications to the final concentrations 
of DNA and primers: 1.0–1.5  ng/µL of DNA and 
0.2  pmol/µL of the four-primer mix. The thermal 
profile for PCR comprised an initial denaturation of 
DNA at 90 °C for 3 min, followed by 35 temperature 
cycles of denaturing step at 90 °C for 30 s, annealing 
step at 56 °C for 60 s, and extension step at 72 °C for 
30 s, and a final extension step at 72 °C for 2 min.

Sequences were purified, cut, aligned, and trans-
lated into amino acids to confirm absence of stop 
codons using GeneiousPrime® v2022.1.1 (www. 
genei ous. com), and the software DnaSP v6.12.03 was 
used to obtain the list of haplotypes for further analy-
ses. All the new sequences for A. caucanus and other 
species generated in this study are available on Gen-
Bank (accession numbers: OR064539—OR064743). 
Partial sequences MT-CO1 of A. microlepis (UdeA; 
BOLD: CIUA979), Psalidodon fasciatus (Cuvier, 
1819) from Venezuela (GenBank KY267682), Psa-
lidodon fasciatus from Brazil (GenBank KY268274), 
and the outgroup Brycon henni Eigenmann, 1913 
(GenBank KP027535) were also included for phy-
logenetic tree reconstruction (Fig.  2). The software 
jModelTest v2.1.10 (Darriba et al., 2012) was used to 

http://www.geneious.com
http://www.geneious.com
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select the best-fit nucleotide substitution model of the 
complete dataset. The tree was constructed using the 
Beauti v2.6.7 application of Beast2 (Bouckaert et al., 
2014) with the following parameters for the run: 
HKY + G; Gamma category count: 4; 400,000,000 
MCMC; 10% as burn-in; and storeEvery 40,000. 
The other parameters of the run were left as default. 
The run was carried out using the CIPRES platform 
(https:// www. phylo. org/). Then, convergence of 
parameters (ESS > 200) in the run was checked with 
Tracer v1.7.1 application of Beast2. To summarize 
the 10,000 trees, we used TreeAnnotator v2.6.0 appli-
cation of Beast2; finally, FigTree v1.4.4 application 
was used to visualize the final tree.

Microsatellite loci development

Aiming to identify microsatellite loci and develop a 
species-specific set of primers, the shotgun genomic 
library from one individual of the most frequent hap-
lotype was sequenced with the Miseq Illumina plat-
form. The subsequent analysis of the genomic data 
was performed as described previously by Landínez-
García & Márquez (2016, 2018). Briefly, the reads 
with less than 50  bp, low-quality regions or dupli-
cated were eliminated from analysis using Prinseq-lite 
v0.20.4 (Schmieder & Edwards, 2011), the cleaned 
reads were analyzed with PAL_FINDER v0.02.03 to 
extract potentially amplifiable loci (PAL), the prim-
ers were designed using PRIMER3 v.2.0 (Rozen & 
Skaletsky, 2000) and the correct primer alignment 
was verified by electronic PCR (Rotmistrovsky et al., 
2004).

A set of 30 microsatellite loci were tested experi-
mentally to check amplification consistency and level 
of polymorphism in 30 random samples. The 5´end 
of the forward primers was attached covalently to 
adapters as described in Table  1 complementary to 
a sequence fluorescently labeled with 6-FAM, VIC, 
NED, and PET (Blacket et al., 2012; Table 1). Con-
centrations and conditions for PCR amplifications 
were as proposed by Landínez-García & Márquez 
(2018) with some modifications described hereunder. 

The following final concentrations were used for the 
10  µL amplification reactions: 5–10 ng/µL of DNA, 
1 X of Platinum Mix and 2.5% of Enhancer GC, both 
from the Platinum™ Multiplex PCR Master Mix kit 
(Invitrogen), 0.50  pmol/μL of each forward primer, 
1  pmol/μL reverse primer, and 0.50  pmol/μL of the 
universal-labeled primer. Additionally, amplifications 
were carried out in a T100 thermal cycler (BioRad) 
using the following profile that did not include both, 
elongation step and final extension: 3  min at 94  °C 
for initial denaturation, 35 cycles consisting of 35  s 
at 90 °C for denaturation step, and 35 s at 56 °C for 
annealing step. Finally, amplicons were separated 
using a SeqStudio Genetic Analyzer (Applied Biosys-
tems) and LIZ600® (Applied Biosystems) as inter-
nal molecular size marker. The size of each fragment 
was annotated using the software GeneMarker v3.0.0 
(SoftGenetics LLC®). Those microsatellite loci that 
satisfied the selection criteria described by Landínez-
García & Márquez (2016, 2018) (polymorphism 
level, band resolution, specificity, desired fragment 
size, and heterozygosity) were used for further popu-
lation genetic analyses.

Population genetics

The genetic study included 193 samples of A. cau-
canus genotyped using 12 primer pairs selected as 
described above. Micro-Checker v2.2.3 (van Ooster-
hout et al., 2004) was run to detect potential genotyp-
ing errors. The software GenAlEx v6.503 (Peakall 
& Smouse, 2012) was used to measure the average 
number of alleles per locus and the software Arle-
quin v3.5.2.2 (Excoffier & Lischer, 2010) to estimate 
the observed  (HO) and expected  (HE) heterozygosi-
ties, inbreeding coefficient  (FIS), and departures of 
Hardy–Weinberg (HWE) and Linkage (LE) equilib-
ria. In addition, we used Cervus v3.0 (Kalinowski 
et al., 2007) to calculate the polymorphic information 
content (PIC) for each microsatellite locus. For all 
analyses with multiple comparisons, sequential Bon-
ferroni correction (Rice, 1989) was applied to adjust 
for statistical significance. Additionally, BayeScan 
v2.01 (Foll & Gaggiotti, 2008) with default param-
eters was used to explore nonneutral selection acting 
on microsatellite loci. Loci were ranked according to 
their estimated posterior probability or posterior odds 
(equivalent to Bayes factor), a statistical criterion 
to test the model (Foll, 2012). Positive alpha values 

Fig. 1  Geographical sections for collection of Astyanax cau-
canus along the Cauca River, Colombia, as described by 
Landínez-García & Márquez (2016). Triangle represents Itu-
ango hydropower project (PHI). Samples of A. caucanus were 
collected from S2/3 to S7/8, in an area of 325 km

◂
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were then used to distinguish microsatellites under 
diversifying selection, while negative alpha values 
were used to detect balancing selection.

Exploration of recent genetic bottlenecks was 
performed calculating the levels of heterozygosity 
using the Wilcoxon sign-rank test (Luikart & Corn-
uet, 1998) with Bottleneck v1.2.02 (Piry & Luikart, 
1999) and M-ratio using Arlequin v3.5.2.2 (Excoffier 
& Lischer, 2010). Values of M-ratio smaller than 
0.680 indicates that the population experienced 
recent reductions in the population size (Garza & 
Williamson, 2001). The software Migrate v5.0.4 
(Beerli & Palczewski, 2010) was used to estimate 

effective population size  (Ne), setting the following 
parameters: Brownian model as it is recommended 
for Microsatellite data, θ: 0–120 (uniform), heating: 
1.0, 1.5, 3.0, 1,000,000 (static), long chains: 6, num-
ber recorded steps: 20,000, number sampling incre-
ment: 200, and burn-in: 2000 for every chain. The 
runs was performed in CIPRES platform (https:// 
www. phylo. org/). To transform the θ parameter in 
 Ne, θ = 4 ×  Ne × µ (Gilbert & Whitlock, 2015), where 
µ = 5.56 ×  10–4 changes/locus/generation (Yue et  al., 
2007).

The Geneclass2 software (Piry et  al., 2004) 
was employed to assess migration events between 
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Fig. 2  Phylogenetic relationships between haplotypes in this 
study and some Astyanax species. Names in blue, red, and 
green represent individuals identified, through traditional mor-

phometrics, as Astyanax caucanus, Astyanax aff. fasciatus and 
Astyanax microlepis, respectively. Names in purple represent 
sequences used as reference
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different sites, encompassing both the overall sam-
ple and each distinct stock. The approach entailed 
assigning each individual to its most probable sec-
tion of origin based on the collected samples. This 
assignment was performed using a Bayesian crite-
rion, specifically the maximum likelihood estimator 
L_home/L_max, which represents the relationship 
between an individual’s maximum likelihood of 
originating from the sampled section and the maxi-
mum likelihood across all sections. In addition, a 
statistical Monte Carlo resampling method (Paetkau 

et  al., 2004) was applied, setting the simulation of 
10,000 individuals and an error probability of 0.01.

Spatial structure of A. caucanus was calculated 
with an analysis of molecular variance (AMOVA) 
with the standardized statistics F′ST (Meirmans, 
2006) and Jost’s D’est (Jost, 2008), and setting 
10,000 permutations, all included in GenAlEx 
v6.503 (Peakall & Smouse, 2012). To test if there 
is correlation of genetic distance and geographi-
cal distance a Mantel test included in GenAlEx 
v6.503 (Peakall & Smouse, 2012) was performed 

Table 1  Properties of 16 microsatellite loci developed for Astyanax caucanus 

Ra: allelic size range; Na: number of alleles per locus;  AR: allelic richness; PIC: polymorphic information content; F and R: primer 
forward and reverse sequences; Tail A: GCC TCC CTC GCG CCA; Tail B: GCC TTG CCA GCC CGC; Tail C: CAG GAC CAG GCT ACC 
GTG; Tail D: CGG AGA GCC GAG AGGTG (Blacket et al., 2012)

Locus Motif Forward–reverse primer sequences (5’—3’) Ra Na AR PIC Adapter

Aca14 (AAAG)n F: CAG GAC CAT GAC ACA AAT GG
R: CCA GTT ATT TCC AGC CAG TCC 

201–309 28 27.990 0.965 Tail B

Aca07 (ATT)n F: TCT AAG CAG TGC AGA AAG GGG 
R: CAC CCT ATC AAC CAC TTG GG

122–227 32 31.356 0.959 Tail A

Aca12 (ATCT)n F: TAT CAC CCA TCT GTT TGC CG
R: GAC CGA GGG TTA GAC AAT CAGG 

207–335 29 28.954 0.958 Tail B

Aca17 (AGTCT)n F: AAA GAC TCC TCC CAC CCT GG
R: TCC CCT CAG GCT ACC TTT CC

240–335 19 18.990 0.957 Tail D

Aca25 (ATCT)n F: GGA GGT TGC AGG AAG GAG G
R: AAT GTG GGT GAA AGA AAT TGTCC 

147–279 28 27.996 0.956 Tail C

Aca06 (ATT)n F: ACA CTG ATC GTT CAT GTT TGG 
R: GGC TGC AGT ACA GCA TTG G

211–283 24 23.976 0.952 Tail A

Aca18 (ATT)n F: GAT TGG ATG TCG TCT CTG CC
R: CAG CAA AAT GCA CAA GTT TGG 

249–318 23 22.987 0.947 Tail D

Aca15 (ATCT)n F: AAT TGA AAC AAA AGC TGG GG
R: AAA ACA TTT TGT GAG AAG GTGC 

174–306 23 22.922 0.942 Tail A

Aca16 (ATCT)n F: GTG GAG GTA CAA ACC CTC GG
R: TTG CGA TAA ATG TTA TTG TTGGC 

164–304 24 23.988 0.942 Tail B

Aca01 (AAAT)n F: TTT ATT TAC AGG AAT GAC AGT ACA GC
R: GTC CAG AGA GGA TTT GCT GG

140–208 17 16.983 0.931 Tail A

Aca27 (ATCT)n F: AGG GCA TTG GGT TTT CAG G
R: CGC CTT CCA ATA CAG TGT GC

195–247 12 11.975 0.911 Tail C

Aca29 (ATTAC)n F: TTG GAC AAA AGT GTC CGC C
R: AAC TGA GTC CCT AAG TTC AGT TGC 

143–173 7 7.000 0.887 Tail C

Aca22 (ATTAC)n F: TTT GGA TAA AAT CGT CCG CC
R: CAT GAA GAT TGG CTT GGA CG

143–173 7 7.000 0.849 Tail D

Aca21 (ATCT)n F: TGG CAA AGC TGA AGA AAT GG
R: ACT ACT CCC TTG CCT TGC CC

126–294 19 19.000 0.805 Tail D

Aca09 (TCCTG)n F: CCA GTG GAA AAC TGG AAA GCC 
R: TTG CAA CAG CTA AAG CAG GG

262–287 6 6.000 0.758 Tail B

Aca24 (ATTAC)n F: TGT TTG TGC TGG AAG GTT GC
R: CCC TCT GAC CTC CTT TAG GTCC 

195–285 5 4.987 0.754 Tail C

Accross loci 122–335 18.938 18.050 0.904
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with 9999 permutations. In addition, structure was 
explored with a discriminant analysis of principal 
components (DAPC) with the R package adegenet 
(Jombart, 2008) and using the diploid genotypes of 
12 loci (24 variables) in 193 individuals. Further-
more, genetic structure was explored in R-based 
Parallel Structure (implemented from Structure 
v2.3.4; Pritchard et  al., 2000) in CIPRES (https:// 
www. phylo. org/) using 1,000,000 MCMC and an 
additional 10% as burn-in; admixture and non-
admixture assumptions, and the LocPrior option. 
Each number of clusters (K) simulated ranged from 
K = 1 to 8 and each was simulated 20 times. After 
runs, the best K value was selected using the meth-
ods described by Evanno et  al. (2005) and Puech-
maille (2016) in the web-based software Structure-
Selector (Li & Liu, 2018). The coancestry plot was 
generated using the program Clumpak (Kopelman 
et al., 2015) included in StructureSelector.

Results

Phylogenetic analysis

After edition and alignment, 193 sequences of 
492  bp of length (37 haplotypes) showed no start 
or stop codons after translation, suggesting that 
they are part of a functional gene. The phyloge-
netic tree showed three main groups (Fig.  2): (1) 
samples from the middle and lower Cauca River 
[25 haplotypes] clustered with A. caucanus from 
Tarazá. This haplogroup was considered as A. cau-
canus due to inclusion of topotype sequences of this 
nominal species, having priority over remaining 
names used to identify samples analyzed here; (2) 
samples of A. aff. fasciatus [4 haplotypes] clustered 
with samples of A. aff. fasciatus from Colosó—
Sucre (IAvH-CT-17785), Cimitarra—Santander 
(IAvH-CT-24679) and Barrancabermeja–Santander 
(IAvH-CT-24548); and (3) samples of A. aff. fas-
ciatus [6] and A. microlepis [1 haplotype] clustered 
with A. microlepis from the Porce River (BOLD: 
CIUA979), and Psalidodon fasciatus from Ven-
ezuela (GenBank: KY267682). All samples named 
A. aff. fasciatus were phylogenetically different 
from Psalidodon fasciatus from Brazil (GenBank 
KY268274).

Microsatellite loci development

The analysis of genomic sequencing of one individ-
ual showed that 76,206 of the total reads contained 
microsatellite loci, and the 5-mer and 6-mer were the 
most common repeat motifs with 42.72% and 32.25%, 
respectively, followed by 3-mer (10.81%), 2-mer 
(7.12%), and 4-mer (7.10%). Of the total microsat-
ellite loci, 55,119 were potentially amplifiable, and 
24,967 were validated through electronic PCR. Six-
teen of the 30 loci tested experimentally satisfied the 
selection criteria described above (Table 1), amplified 
in the expected size range (122–335) and were highly 
polymorphic (average PIC: 0.904). All loci showed 
significant departures from Hardy–Weinberg equilib-
rium except in a few cases in the genetic stocks and 
four showed linkage disequilibrium (Aca01–Aca15 
and Aca06Aca16) in the subgroup of 30 individuals. 
Both the average number of alleles per locus (Na) and 
the allelic richness  (AR) showed values greater than 
18 (Table 2).

Population genetics

Four loci were excluded from population genetic 
analyses since they showed outlier data according to 
BayeScan v2.01 (Aca07, Aca14, Aca21; Supplemen-
tary Table  1) or showed inconsistent amplification 
(Aca16; Table  2). There is no evidence of scoring 
errors detected by Micro-Checker; additionally, all 
loci showed evidence for a null allele and the over-
all sample showed departures from Hardy–Weinberg 
equilibrium and significant heterozygosity deficit. 
According to the different analyses of genetic differ-
entiation, A. caucanus does not exhibit geographic 
structure due to the AMOVA was not statistically 
significant, which agrees with the values of F′ST and 
Jost’s D’est that were low and non-significant for all 
sections of the river under analysis (Table  3). The 
Mantel test showed a weak and statistically non-sig-
nificant signal of spatial correlation of genetic dis-
tances  (R2 = 0.055; P = 0.291). Similarly, DAPC indi-
cated that all geographical demes constitute only one 
group (Fig. 3A). Furthermore, the analysis in Struc-
ture showed that all demes exhibit gene flow, although 
it was clear the existence of two genetic stocks (K = 2) 
distributed along the study area (Fig. 3B).

The diversity of genetic stocks was similar to the 
pooled sample (Table  4) particularly, Stock1 and 

https://www.phylo.org/
https://www.phylo.org/
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Stock2 showed high values of  AR. Additionally, A. 
caucanus exhibits significant values of  FIS coeffi-
cient > 0.380 indicating high inbreeding levels in the 
species. Furthermore, bottleneck analysis showed that 
this fish species experienced recent and severe reduc-
tion of population size given the values of M-ratio 
smaller than 0.680 in addition to significant values 
found in the I.A.M. and T.P.M. tests (Table  5). In 
addition, values of  Ne were higher than 1000 in the 
two stocks (Stock1: 24,730, 95% CI: 22,878–26,439, 
autocorrelation value: 0.119; Stock2: 25,234, 95% 
CI: 23,417–26,978, autocorrelation value: 0.084). In 
the sample, 32 individuals were identified as likely 
migrants (P < 0.01) among river sections accord-
ing to the results of the first-generation migrant 
detection test. Specifically, 17 individuals collected 
downstream of collection sectors were detected as 
likely immigrants from upstream sections (Stock1: 

Table 3  F′ST and Jost’s Dest (lower diagonal) and P values 
(upper diagonal) for geographical demes of Astyanax caucanus 
in the Cauca River

All P values were not significant after sequential Bonferroni 
correction

S2/3 S4 S5 S6 S7/8

F′ST

 S2/3 – 0.501 0.129 0.283 0.463
 S4 0.013 – 0.288 0.063 0.227
 S5 0.013 0.011 – 0.462 0.010
 S6 0.012 0.014 0.009 – 0.333
 S7/8 0.010 0.012 0.012 0.010 –

Jost’s Dest
 S2/3 – 0.506 0.127 0.288 0.462
 S4 − 0.001 – 0.285 0.063 0.223
 S5 0.020 0.009 – 0.450 0.010
 S6 0.010 0.030 0.000 – 0.321
 S7/8 0.000 0.013 0.039 0.006 –

Fig. 3  Discriminant analy-
sis of principal components 
(A) and coancestry plot 
suggested by Structure (B) 
of five demographic demes 
of Astyanax caucanus in the 
Cauca River

Table 4  Genetic diversity of Astyanax caucanus in all the sampling area (Cauca) and the two genetic stocks (Stock1 and Stock2) 
found in this study, using 12 microsatellite loci 

Values in bold denote statistical significance (alpha = 0.050). N: sample size; Na: average number of alleles per locus;  AR: allelic 
richness;  HE and  HO: expected and observed heterozygosities, respectively;  PHWE: p value for Hardy–Weinberg Equilibrium;  FIS: 
inbreeding coefficient;  PFIS: p value for  FIS

Group N Na AR HO HE PHWE FIS PFIS

Cauca 193 16.750 16.734 0.436 0.840 0.000 0.407 0.000
Stock1 96 14.583 14.456 0.444 0.832 0.000 0.389 0.000
Stock2 97 14.000 13.914 0.427 0.827 0.000 0.408 0.000
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8; Stock2:9), while 15 individuals collected upstream 
was identified as likely immigrant from downstream 
sections (Stock1: 11; Stock2: 4).

Discussion

This study assessed the genetic status and structure of 
the short-distance migratory species Astyanax cau-
canus in the middle and lower sections of the Cauca 
River in Colombia. Due to the morphological simi-
larities with other Astyanax species distributed in the 
studied area, species identification was supported by 
a phylogenetic analysis based on partial sequences of 
MT-COI that revealed three main groups. The haplo-
group clustered with A. caucanus from Tarazá, hence, 
was considered as A. caucanus due to the inclusion of 
sequences from specimens unequivocally assigned to 
this species, coming from its type locality, also hav-
ing nomenclatural priority over remaining species 
names applied to analyzed samples from the Magda-
lena-Cauca River hydrographic region. The two hap-
logroups that contain samples morphologically iden-
tified as A. aff. fasciatus are phylogenetically distant 
from Psalidodon fasciatus from Brazil supporting the 
restricted distribution recently proposed for this last 
species (Terán et  al., 2020). Since some limitations 
of MT-COI have been reported for discrimination of 
some morphologically distinguishable species or with 
high intraspecific variation (Rosini et al., 2016; Terán 
et al., 2020), our outcomes indicate that an integrative 
revision is required to clarify the taxonomy of this 
genus in Colombia.

Although there are microsatellite loci devel-
oped for other Astyanax members (Strecker, 2003; 
Zaganini et  al., 2012), this study developed a set of 
species-specific microsatellite loci for Astyanax cau-
canus aiming avoid problems associated to the use of 
heterologous microsatellite loci and the type of repeat 
motifs (see review: Guichoux et al., 2011). The newly 
developed set of 16 loci is characterized by high poly-
morphism level, good band resolution, specificity, 
desired fragment size, and high levels of expected het-
erozygosity. In addition, the loci show departures of 
Hardy–Weinberg equilibrium and deficit of observed 
heterozygosity in the analyzed sample, which may be 
explained by the high number of alleles per locus that 
demand a great sample size for analysis (see review: 
Abdul-Muneer, 2014), and biological causes that are 
discussed below such as Wahlund effect, inbreeding, 
and assortative mating.

Results reveal that geographic demes are not 
genetically differentiated supporting the hypothesis 
that A. caucanus exhibits gene flow along the ana-
lyzed area (325 km). This outcome is congruent with 
the detection of 32 individuals identified as likely 
migrants among river sections, as indicated by the 
results of the Bayesian analysis with Geneclass2 (Piry 
et  al., 2004) that suggest the potential movement of 
individuals in both upstream and downstream direc-
tions, as well as the drift of larvae from upstream 
sections. This result differs from the pattern found 
in other congeners that show populations geographi-
cally structured (Strecker et  al., 2003; Leuzzi et  al., 
2004; Peres et al., 2005; Hausdorf et al., 2011; Bradic 
et al., 2012; Freitas-Lidani et al., 2018; Limeira et al., 
2022) even when they were separated by only 5 km 
(Sofia et al., 2006). If larval duration in A. caucanus 
reaches five days post fertilization as observed in 
related congeners (Axelrod et al., 1971; Hinaux et al., 
2011; Stevanato & Ostrensky, 2018; dos Santos et al., 
2020), A. caucanus larvae may travel distances even 
longer (up to 340 km) than the adults in the migration 
events (50 km; Jiménez-Segura et al., 2021), favoring 
gene flow. Among marine species, this explanation is 
usual since the gene flow is favored via larval disper-
sal (Hellberg, 1996; Matschiner et al., 2009; Pascual 
et al., 2017).

Despite the absence of spatial structure, A. cau-
canus exhibits two stocks that coexist in the middle 
and lower sections of the Cauca River. Due to the 
limitation of MT-COI and morphology for Astyanax 

Table 5  Tests to detect recent bottleneck in population of 
Astyanax caucanus from the Cauca River

Values in bold denote statistical significance (alpha = 0.05).
N sample size, I.A.M. infinite alleles model, S.M.M. stepwise 
mutation model, T.P.M. two phase mutation model

Deme N I.A.M S.M.M T.P.M M-ratio

S2/3 30  < 0.001 0.076  < 0.001 0.225
S4 31  < 0.001 0.575 0.005 0.196
S5 47  < 0.001 0.102  < 0.001 0.211
S6 37  < 0.001 0.715  < 0.001 0.211
S7/8 48  < 0.001 0.689 0.002 0.212
Stock1 96  < 0.001 0.830  < 0.001 0.214
Stock2 97  < 0.001 0.661  < 0.001 0.213
Cauca 193  < 0.001 0.765  < 0.001 0.224
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species discrimination (Rosini et  al., 2016; Terán 
et al., 2020), the presence of two genetic stocks may 
be explained by morphological differences recog-
nized in the names A. caucanus and A. magdale-
nae. However, there are other possible aspects in 
the life history of A. caucanus that could explain the 
presence of both stocks. One explanation consid-
ers the two annual spawning periods of this species 
(Jiménez-Segura et al., 2016), related to the bimodal 
hydrological cycle of the basin (López-Casas et  al., 
2016), which may reflect temporal reproductive isola-
tion between the two genetic groups (Wahlund effect). 
Although the presence of sexually mature individuals 
from both stocks at the same hydrological period may 
not provide support to this explanation, other aspects 
such as assortative mating by preference of environ-
mental factors (e.g., temperature, light intensity, and/
or timing), asynchronous spawning, or the tempo-
ral presence of hooks in the anal fin as was shown 
in Psalidodon scabripinnis (Jenyns, 1842) (Castro 
et al., 2014), might explain the reproductive isolation 
of both stocks. These hypotheses must be tested in 
further studies with more information regarding the 
reproductive characteristics of A. caucanus.

The coexistence of different genetic groups has 
been recorded for the genus, as it was also found in 
Astyanax altiparanae Garutti & Britski, 2000 in sev-
eral sections of the Penacho stream (Ferreira et  al., 
2016) and in sympatric Astyanax morphs from Cen-
tral America (Garita-Alvarado et al., 2021), although 
its causes remain to be clearly established. This 
genetic structure has been also found in other spe-
cies that inhabit the Cauca River, such as Prochilodus 
magdalenae Steindachner, 1879 (Landínez-García 
et  al., 2020), Megaleporinus muyscorum (Stein-
dachner, 1900) (Márquez et  al., 2021), Pimelodus 
grosskopfii Steindachner, 1879 (Restrepo-Escobar 
et  al., 2021), and Pimelodus yuma Villa-Navarro & 
Acero P., 2017 (Joya et  al., 2021). The coexistence 
of genetic groups in the Cauca River is explained 
by spatial or temporal reproductive isolation; never-
theless, both explanations require further research 
to clarify the probable causes of these patterns of 
genetic structuring (Márquez et al., 2021).

The two stocks in this study show high genetic 
diversity levels, specifically the average num-
ber of alleles/locus and expected heterozygosity 
are higher than the average values for Neotropical 
Characiformes (Na: 10.920;  HE: 0.675; Hilsdorf 

& Hallerman, 2017). Particularly for A. caucanus, 
values of  HE (0.827–0.840) are higher than those 
found in Astyanax sp. (0.550; Strecker et  al., 
2012), A. mexicanus (De Philippi, 1853) (0.487; 
Strecker et  al., 2003) and P. scabripinnis (0.487; 
Limeira et  al., 2019), and similar to those found 
in A. altiparanae (0.833; Ferreira et  al., 2016), 
and A. bransfordii (Gill, 1877), A. nicaraguensis 
Eigenmann & Ogle, 1907 and A. nasutus Meek, 
1907 (0.840; Garita-Alvarado et  al., 2021). Com-
pared to species of the Cauca River, A. caucanus 
shows higher values of  HE than those found in B. 
henni (0.604–0.662; Landínez-García & Márquez, 
2020), Ichthyoelephas longirostris (Steindachner, 
1879) (0.771–0.798; Landínez-García & Márquez, 
2016), Curimata mivartii Steindachner, 1878 
(0.793–0.810; Landínez-García & Marquez, 2018), 
Sorubim cuspicaudus Littmann, Burr & Nass, 2000 
(0.771–0.785; Restrepo-Escobar et  al., 2021), and 
Pseudoplatystoma magdaleniatum Buitrago-Suárez 
& Burr, 2007 (0.770–0.798; García-Castro et  al., 
2021), similar to those found in Ageneiosus pardalis 
Lütken, 1874 (0.832–0.839; Restrepo-Escobar et al., 
2021), Pimelodus yuma (0.825–0.875; Joya et  al., 
2021), Pseudopimelodus atricaudus Restrepo-
Gómez, Rangel-Medrano, Márquez & Ortega-Lara, 
2020 (0.804–0.840; Rangel-Medrano & Márquez, 
2021), and lower than those found in Prochilodus 
magdalenae (0.898; Landínez-García et  al., 2020) 
and Pimelodus grosskopfii (0.849–0.866; Restrepo-
Escobar et al., 2021).

The high levels of inbreeding of A. caucanus 
exceed by more than three times the threshold to 
avoid short-term decreases in reproductive perfor-
mance in captive populations: 0.100 (Soulé, 1980). 
Although this is a threshold for captive popula-
tions, Frankham et  al. (2014) indicate that any sign 
of inbreeding reduces population viability in wild 
populations. Due to the scarce information about the 
life cycle of A. caucanus, causes for such values of 
inbreeding remain unclear; however, Keller & Waller 
(2002) indicate that inbreeding occurs in wild popula-
tions regularly and can be severe but do not exclude 
the increase of environmentally inflicted mortality. 
Specifically, the elevated levels of inbreeding may 
stem from a nonrandom contribution by parents, pos-
sibly influenced by variations in their fertility, the via-
bility of their offspring, or differences in their repro-
ductive behavior (see: Caballero, 1994).
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Alternatively, the heightened levels of inbreeding 
may be attributed to a recent and severe reduction 
in population size as estimated by Bottleneck analy-
sis, a common characteristic showed by other spe-
cies present in the Cauca River even before the con-
struction of Ituango Hydropower (Landínez-García 
& Marquez, 2018; Landínez-García et  al., 2020; 
García-Castro et  al., 2021; Restrepo-Escobar et  al., 
2021). Since A. caucanus is not a fishery resource, 
anthropic activities different to the fishery and likely 
climate events may explain these results. Among the 
remaining anthropic harmful activities are mining, 
oil refinery, hydropower generation, urban water sup-
ply and dumping, agricultural crops, and livestock 
production (Angarita et  al., 2021; Gutiérrez-Moreno 
& de la Parra-Guerra, 2021). They lead to chemical 
dumping (e.g., heavy metals, pesticides, drugs), oil 
spill (accidental or terrorism related), sedimentation 
(30,000–300,000   m3/day), hydrological disconnec-
tion, deforestation, among others (Angarita et  al., 
2021; Gutiérrez-Moreno & de la Parra-Guerra, 2021; 
Hernández-Barrero et al., 2021; Lasso et al., 2021).

It is important to recall that A. caucanus along 
with other congeners represent the dominant bio-
mass of the river (Jiménez-Segura et  al., 2021; Val-
derrama-Barco et  al., 2021), hence, its population is 
still large, even after experiencing bottlenecks. This 
last idea is supported by the estimated value of the 
effective population size  (Ne > 1000) that indicates lit-
tle or no genetic threats to its evolutionary potential 
(Frankham et  al., 2014). Nevertheless, consequently 
with the signals of genetic bottleneck and levels of 
inbreeding above discussed, careful conservation 
strategies focused on habitat preservation are required 
to lower risk of future reductions in population size.

In summary, this work found two genetic stocks 
that coexist, comigrate and exhibit gene flow along 
the middle and lower sections of the Cauca River. 
Each stock show high levels of expected heterozygo-
sity and effective population numbers, in addition to 
evidence of recent and severe reductions in popula-
tion size and high values of inbreeding coefficients. 
Likewise, this study developed a set of species-spe-
cific microsatellite loci that may help monitor the 
genetic diversity, structure, and demography of A. 
caucanus, information relevant for designing short-
term regulations that are crucial to preserve the natu-
ral habitat of this tetra fish and support the food chain 
for commercially important species. Finally, this 

work provides insights on the genetic status of a spe-
cies that is not influenced by fishing pressure.
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