
Article Not peer-reviewed version

Genomics Diversity and Species

Boundaries in the Chilean Silversides

Fishes (Atheriniformes, Atherinopsidae)

Yanina F Briñoccoli , Yamila P Cardoso * , Roberto Cifuentes , Evelyn M Habit , Guillermo Orti

Posted Date: 1 April 2025

doi: 10.20944/preprints202504.0023.v1

Keywords: RADseq; Population structure; latitudinal gradient

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4350088
https://sciprofiles.com/profile/4001805
https://sciprofiles.com/profile/1072600


 

Article 

Genomics Diversity and Species Boundaries in the 

Chilean Silversides Fishes (Atheriniformes, 

Atherinopsidae) 

Yanina F. Briñoccoli 1, Yamila P. Cardoso 1,*, Roberto Cifuentes 2, Evelyn M. Habit 2  

and Guillermo Ortí 3,4 

1 Laboratorio de Sistemática y Biología Evolutiva, Facultad de Ciencias Naturales y Museo, Universidad 

Nacional de La Plata and Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina 

2 Departamento de Sistemas Acuáticos, Facultad de Ciencias Ambientales y Centro EULA, Universidad de 

Concepción, Chile 

3 Department of Biological Sciences, George Washington University, Washington, DC, USA 

4 Department of Vertebrate Zoology, National Museum of Natural History, Smithsonian Institution, 

Washington, DC, USA 

* Correspondence: yamilapcardoso@gmail.com 

Abstract: Silverside fishes in Chile, abundant in marine and freshwater habitats, are classified in two 

genera: Odontesthes and Basilichthys. Both genera have widespread distributions across southern 

South America, with marine origins. Despite extensive information on Chilean freshwater silversides 

and their overlapping distributions along a latitudinal gradient, their taxonomy and diversification 

remain contentious. This study examines the diversity of Chilean silversides using RADseq genomic 

data from 78 Odontesthes and 60 Basilichthys individuals, covering most of their range. Phylogenetic 

and structural analyses of approximately 20,000 SNPs reveal some geographic variation but indicate 

no differentiation between Odontesthes mauleanum and O. brevianalis. The genus Basilichthys, in 

contrast, presents a disjunct distribution, with populations in coastal rivers of Peru (B. semotilus) that 

are separated from Chilean populations by the Atacama Desert. Chilean Basilichthys, traditionally 

classified as B. microlepidotus and B. australis until 2012 also show no genetic differentiation consistent 

with species boundaries but exhibit latitudinal differences consistent with isolation by distance. The 

contrasting patterns of genetic differentiation exhibited by species of these genera may be explained 

by the more frequent exchange with marine species for Odontesthes that do not occur in Basilichthys, 

in addition to the recent geological history of glaciations affecting the southern range of their 

distribution. 

Keywords: RADseq; Population structure; latitudinal gradient 

 

1. Introduction 

The freshwater fish fauna of Chile, due to its geographical isolation, exhibits notable differences 

compared to other American regions, characterized by low richness and a high level of endemism. 

Some species are restricted to two or three river basins [1–3]. Over the past 10 million years, the 

Chilean landscape has undergone significant changes due to geological and climatic processes [4], 

shaping the topography, ecosystems, and distribution of the vegetation distribution in different 

regions of the country. The gradual and continuous formation of the Andes Mountain range has been 

a key factor in this process, leading to the formation of valleys, mountains, and volcanoes in the 

region. This mountain range has significantly influenced climatic patterns and the distribution of 

water resources in Chile. In the northern area, the dry and arid climate gave rise to the formation of 

the Atacama Desert, considered one of the driest deserts in the world. However, there have also been 

climatic fluctuations and interglacial episodes with wetter periods, allowing for the existence of 
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temporary vegetation and water bodies in the region. In the southern region of Chile, Patagonia has 

witnessed dramatic changes in the extent of glaciers and vegetation patterns over the last 10 million 

years. These periods have been marked by glacier advances and retreats, leaving a significant imprint 

on the landscape, as evidenced by rivers fed by melting ice and the formation of lakes, providing new 

habitats [5,6]. Glacier-related phenomena directly influence the distribution of genetic diversity 

through population size reduction (resulting in genetic bottlenecks) and the displacement of entire 

populations, and indirectly through their effects on landscapes, such as the rearrangement of 

hydrographic basins [7]. River hydrology and geology may have influenced the evolution of 

relatively small body size of most native fish species and the ability to ascend streams above 1000 m 

in altitude, except for those found in systems of the high Andean lands [1]. 

The Chilean silverside are represented in the region by the family Atherinopsidae, tribe 

Sorgentinini. Two genera of this family are found in Chile, Odontesthes Evermann & Kendall 1906, 

which has protractile maxillaries, and Basilichthys Girard 1855 without a protractile mouth, which 

separates it clearly from the other genus [8]. Both taxa are widely distributed in the region and have 

been associated with marine origin due to their high salt tolerance. Information on species of these 

genera is abundant, however, the taxonomy, distribution, evolution and diversification processes in 

this group are still controversial. Basilichthys is restricted to the western slopes of the Andes Range in 

Chile and Peru while Odontesthes has marine and freshwater species that inhabit both Pacific and 

Atlantic slopes and coastal areas. Previous phylogenetic analyses and ancestral habitat inference have 

suggested that these genera originated in a euryhaline habitat around 22 Ma [9]. In constrast, Hughes 

et al. [10] suggested that the ancestral distribution area for the same ancestor was the Pacific Ocean. 

More generally, some studies suggest that marine-to-freshwater habitat transitions might have 

accelerated  evolutionary rates of diversification in many fish lineages [11–13], giving rise to the 

classical theory called “Ecological Opportunity” [14,15]. This theory attempts to explain the high 

diversity of freshwater fish species existing today based on the idea that habitat changes promote 

speciation, morphological variation, and resource partitioning, thus giving rise to further 

diversification or adaptive radiations. Changes in habitat styles and distribution areas seem to play 

an important role in the evolution of the Sorgentinini tribe [9,10,16,17]. 

Two freshwater species of the Odontesthes genus live in Chile [18]: Odontesthes mauleanum 

(Steindachner 1896) is commonly found in Andean lakes and deep rivers from the Maule River basin 

in the north to Lake Llanquihue in the south [8]. In lakes, this species feeds mainly on zooplankton, 

while in rivers it usually feeds on benthic macroinvertebrates [19]. Like other Atherinids it has rapid 

growth, reaching 60-100 mm in the first year of life; growth predictions show a total length of 30 to 

40 cm at eight years. The second species that lives in Chile is Odontesthes brevianalis (Günther 1880), a 

silverside that  lives in estuarine and coastal river systems in Chile from La Serena in the north to 

Chiloé Island in the south [8], eating small mollusks and zooplankton. It has been reported to reach 

up to 40 cm in total length at four year [18]. Mature specimens have been found in spring, but detailed 

information on their reproduction is still lacking [20]. Morphological distinction between these two 

species in the field is problematic—the only diagnostic trait is the presence of scales that are 

noticeably crenulate along the side of the body (O. mauleanum) or only on the caudal peduncle (O. 

brevianalis) [8]. An earlier molecular study based on mitochondrial DNA (mtDNA) and RADseq data 

[10] reported no segregation of mtDNA haplotypes between these two species and some 

differentiation among populations based on RADseq data but with uncertain support for species 

boundaries due to limited taxon sampling. 

Currently, two species of the genus Basilichthys are recognized in freshwater habitats on the 

western versant of the Andes in Chile: B. microlepidotus (Jenyns 1841) and B. semotilus (Cope 1874). 

The distribution of B. semotilus ranges from the Reque River in Perú to the Loa River in Northern 

Chile, whereas B. microlepidotus is found from Central Chile (Hauasco River) south to Chiloé Isalnd 

[8]. Previously, a third species was recognized (B. australis Eigenmann 1928) for populations located 

to the south of the Aconcagua basin, but Veliz et al. [21]  showed that this species and B. 

microlepidotusform a monophyletic group and share the most common mitochondrial haplotypes. 
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Morphologically, these two species also are hard to distinguish based on the presumed diagnostic 

characters such as the number of scales along the lateral line or the number of rays in the fins. For 

these reasons, B. microlepidotus is considered the valid species based on priority and B. australis a 

junior synonym [21]. As with most atherinids, B. microlepidotus grows rapidly, reaching around 12 

cm in total length in the first year of life and begins to reproduce in the first year [22,23]. It reaches a 

maximum total length of 30 cm. Spawning begins in spring when the water temperature reaches 15°C 

and continues throughout the spring and summer months. Maturation begins at one year of age. It 

feeds on benthos and is a predator of aquatic macroinvertebrates [24]. 

The silversides, Odontesthes brevianalis, O. mauleanum, and Basilichthys microlepidotus, are some of 

Chile’s endemic species currently classified as Vulnerable on the Red List of Threatened Species [25] 

due to the presence of invasive species and habitat fragmentation [18,26]. However, information on 

these species remains scarce, and population analyses are still lacking. Hence, the objective of this 

study is to analyze the diversity within and among species of Chilean silversides using genomic data 

(RADseq) to better characterize the genetic boundaries between species. Our first aim is to investigate 

the genetic differentiation between the species O. brevianalis and O. mauleanum, which are very 

difficult to distinguish morphologically. The second aim is to confirm the lack of differentiation 

between B. australis and B. microlepidotus. These analyses include assessment of population structure 

for all species. 

2. Materials and Methods 

2.1. Study Area and Sample Collection 

Samples were collected by seining between 2004 and 2007 with permission from National 

Authority granted to EMH and immediately killed via an overdose of MS-222, with fin clips 

preserved in 95% ethanol for DNA extraction. For this study, we analyzed 79 individuals of 

Odontesthes collected from 11 localities and 60 individuals of Basilichthys from 19 localities spanning 

their distributional range in Chile (Figure 1, Figure S1, Table S1). Initial assignment of individuals of 

Odontesthes to species was based on locality: estuarine or coastal fishes were assigned to O. brevianalis, 

while individuals from lakes and deep rivers to O. mauleanum [8]. Outgroup taxa (O. regia) were 

obtained from marine coastal sites. For the genus Basilichthys, we assigned individuals into North 

and South groups based on collection locatily, while intermediate localities in the Aconcagua and 

Maipo River basins where the distribution of B. microlepidotus “north” and B. microlepidotus“south” 

overlapped were initially labeled as Basilichthys sp. Outgroup taxa (O. semotilus) were obtained from 

the Loa River. 
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Figure 1. Map shows the sample localities of each species in Chile. a) O. brevianalis N=52, O. mauleanum N= 27. 

b) B. semotilus N= 4; B. microlepidotus north N= 7; B. sp N= 10; and. B. microlepidotus south N= 39. 

2.2. ddRAD Sequences 

Genomic DNA was extracted in 96-well plate format on a Gene Prep (Autogen), following 

manufacturer’s instructions, at the Laboratory of Analytic Biology at the National Museum of Natural 

History. Genomic libraries were generated following the original ddRAD sequencing protocol [27] at 

the University of Virginia Sequencing and Genomics Facility, modified to use MseI and PstI 

restriction enzymes and a 350-550 bp size selection to be compatible with previous ddRADseq data 

generated for Odontesthes [10]. Paired-end libraries were sequenced on two lanes of an Illumina HiSeq 

4000 at the University of Chicago Genomics Facility. Sequences were demultiplexed, quality filtered, 

and assembled into ddRAD loci using ipyrad v. 0.7.30 [28] using the following settings: Assembly 

method de novo, 5 as Max low quality base calls, 0.02 as Max # SNPs per locus, 5 as max low-quality 

base, 0.5 of Max heterozygous sites per locus, 6 of mindepth_majrule, and 0.85 of clust_threshold. We 

performed four different datasets (Table 1). The first includes two species of Odontesthes: O. brevianalis 

y O. mauleanum and an outgroup that was composed by O. regia N= 9. The second includes only 

individuals of O. brevianalis and O. mauleanum. The third dataset includes B. semotilus, B. 

microlepidotus (north and south) and Basilichthys sp. And the fourth scheme comprised the third 

datased without B. semotilus (Table 1). We performed additional filtering on datasets 2 and 4 (Table 

1) with VCFtools v.0.1.16 [29], adjusting for missing data (–max-missing 0.75 for Odontestshes and 0.98 

for Basilichthys) because some analyses are more sensitive to missing data. 
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Table 1. Summary of the RADseq datasets used in the downstream analysis. N: number of individuals; min. 

samples per loci: minimum number of samples per loci; Par. Inf.: parsimony informative sites; Sing. sites: 

singletons sites; Dist. patt: Distinct patterns. 

Datas

et 

N 

(min. 

sample

s per 

loci) 

Species 

(N) 
loci 

SNP

s 

Missi

ng 

sites 

(%) 

Fit 

model 

BIC 

Par

. 

Inf

. 

Si

ng. 

sit

es 

Di

st. 

Pat

t. 

SN

Ps 

VC

F 

Re-

constructio

n 

1 86(40) 

O. brevianalis 

(52); O. 

mauleanum 

(27) + O. regia 

(7) 

1200

9 

2611

0 
46.56 

TVMe+

ASC+R

3 

854

5 

376

6 

121

30 
610 

IQTree 

(Figure 2a) 

2 79 (40) 

O. brevianalis 

(52); O. 

mauleanum 

(27) 

1433

8 

2202

5 
43.28 

TVM+F

+ 

ASC+R

3 

436

1 

263

5 

695

7 
227 

SplitsTree 

(Figure 3a), 

LEA and 

DAPC 

(Figure 4a), 

PCA 

(Figure 5a), 

BFD (Table 

2) 

3 60 (54) 

B. semotilus 

(4);  

B. 

microlepidotus 

north (7); B. 

microlepidotus 

south (39); B. 

sp. (10) 

6843 
1615

5 
7.69 

TVM+F

+ 

ASC+R

2 

841

7 

127

9 

660

6 
987 

IQTree 

(Figure 2b) 

4 56 (49) 

B. 

microlepidotus 

north (7); B. 

microlepidotus 

south (39); B. 

sp. (10) 

1368

0 

2559

6 
9.53 

TVM+F

+ASC+

R3 

679

3 

340

4 

101

11 

119

8 

SplitsTree  

(Figure 

3b), LEA 

and DAPC 

(Figure 

4b), PCA 

(Figure 

5b), BFD 

(Table 2) 

2.3. Data Analyses 

Phylogenetic reconstructions were run using the datasets 1 and 3: Odontesthes + outgroup and 

all Basilichthys species. 

Concatenated ddRAD loci were analyzed under Maximum Likelihood using IQ-Tree [30]. We 

selected the best-fitting model with ModelFinder [31] and generated 1000 UFBoot replicates to assess 

branch support [32]. The ASC option was used to correct for an ascertainment bias in the likelihood 

calculations, given that SNPs assemblies consist only of variable sites. 

All subsequent analyses were carried out on datasets without ougroup for Odontesthes (dataset 

2) and without B. semotilus for the genus Basilichthys (dataset 4). A phylogenetic network was 

estimated using SplitsTree4 v.4.17.1 [33] with the best-fitting model, the Neighbour-Net algorithm, 

and statistical support for branches were calculated using 1000 replicates.  

Additional downstream analyses were conducted in R [34]. To evaluate and identify structures 

or subgroups within a species or group of species, we performed a Structure analysis using the LEA 

package [35] with the “snmf” function, which estimates the optimal number of groups based on the 

criterion of entropy. The cross-entropy criterion is based on the prediction of masked genotypes to 
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evaluate the fit of a model with K populations. This criterion helps to choose the number of ancestral 

populationsA lower cross entropy value means better performance in terms of predictability. For this 

analysis, we tested from k = 2 to k = 10 groups. 

Principal Component Discriminant Analysis (DAPC) was implemented in the Adegenet v.2.0 

package [36]. This method does not make assumptions about population models, but instead defines 

synthetic variables for which genetic variation is maximized between groups of individuals (K) and 

minimized within groups. For this analysis, we transformed the genepop file into a genind object 

with the “genepop_to_genind” function. Then, the “find.clusters” function was used to evaluate K-

means ranging from 1 to 10, and the best supported number of clusters was identified with the 

Bayesian Information Criterion (BIC). 

To eliminate potentially atypical SNPs that do not follow the assumption of neutrality in the 

population structure analyses, we performed a Principal Component Analysis (PCA) with the 

pcadapt package [37] from the VCF file obtained from IPYRAD. Before performing the PCA, test 

statistics and p values were calculated based on the correlations between the SNPs and the first K 

principal components (PCs). Through this study, we analyzed how our individuals were distributed 

on a plane. 

To assess the role of geographical distance on genetic structuration, we used the Mantel test [38] 

with the ade4 package [39]. For this end, we built a matrix of genetic distance by localities, with 

hierfstat package [40], and a matrix of geographical distance. This was performed only for the 

populations of interest, datasets 2 and 4. We also constructed genetic distance matrices considering 

outgroups, O. regia for Odontesthes and B. semotilus for Basilichthys (datasets 1 and 3), in order to verify 

how distant these species were. 

To explicitly asssess species boundaries, we used Bayes Factors Delimitation (BFD; [41]) 

implemented in the SNAPP template of BEAST 2 [42]. This approach allows for the simultaneous 

comparison of models with different numbers of species and varying sample assignments to species. 

To achieve this, we conducted two separate analyses for each genus. First, we included outgroups 

(datasets 1 and 3) to validate the correct species delimitation by considering species with no 

taxonomic uncertainty. The second analysis focused exclusively on the species under study (datasets 

2 and 4), where we evaluated several models varying between two and three species. These models 

were based on: (a) field-identified species, (b) DAPC groupings, and (c) Structure groupings (see 

below). For each dataset, additional filtering was performed by removing missing data using 

VCFtools v.0.1.16 [29] (Table 1 “SNPs VCF”). This assembly was converted to NEXUS binary format 

in PGDSpider v.2.1.1.5 [43]. To estimate the marginal likelihood of each species delimitation model, 

we conducted five independent path sampling analyses (α = 0.3) using 40 steps with an MCMC length 

of 300,000 generations and a pre-burnin of 30,000. We ranked the models by their average marginal 

likelihoods (MLE) and calculated the Bayes Factors as BF = 2 ×(MLE1 - MLE0), where MLE0 

corresponds to model A and MLE1 to each alternative model [43]. A positive BF value indicates 

support in favor of model 1 while a negative BF value indicates support in favor of model 0. The 

strength of support for a model was obtained through the BF model selection statistic (calculated as 

2 × ln (BF)), and assessed in the following manner: 0 ⩽ 2 × ln(BF) ⩽ 2 reflects weak support for model 

1; 2 ⩽ 2 × ln(BF) ⩽ 6 reflects positive support; 6 ⩽ 2 × ln(BF) ⩽ 10 reflects strong support; and 2 × 

ln(BF) ⩾ 10 reflects decisive support [44]. 

Hughes et al. [10] recorded a recent mitochondrial capture of the common marine haplotypes of 

O. regia and O. smitti in a freshwater population from Lake Llanquihue of O. mauleanum, suggesting 

one or more instances of marine invasions or hybridization among species. To test the putative effect 

of such hybridization on our results based on nuclear genomic signal,  we repeat the phylogenetic 

reconstructions and the network and the structure analyses without this population. (Figure S3, S4, 

S5) 

3. Results 
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3.1. Data Analyses 

Table 1 shows the different data sets used for our analyses, with the number of individuals, 

species, total SNPs, number of loci, missing data, and different parameters taken from IQ-TREE such 

as: parsimony informative sites, singletons sites and distinct patterns. 

 

Figure 2. Maximum likelihood trees: a) for Odontesthes brevianalis and O. mauleanum based on 86 individuals and 

26110 SNPs; b) for the genus Basilichthys based on 60 individuals and 16155 SNPs. The UFBoot values are shown 

in the nodes excluding those less than 60. 
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Figure 3. Phylogenetic networks. a) Odontesthes brevianalis and O. mauleanum; b) Basilichthys microleidotus north, 

B. microlepidotus south and Basilichthys sp. Arrowheads show the putative root for each network according to the 

phylogenetic results shown in Figure 2. 

 

Figure 4. Structure and DAPC. a) Odontesthes brevianalis and O. mauleanum; b) Basilichthys microlepidotus 

north, B. microlepidotus south and Basilichthys sp. 
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Figure 5. PCA for species. a) Odontesthes brevianalis and O. mauleanum; b) Basilichthys microlepidotus north, 

B. microlepidotus south and Basilichthys sp. 

The phylogenetic tree for the species O. brevianalis and O. mauleanum was rooted with O. regia. 

The best nucleotide substitution model that fit the data was TVMe+ASC+R3 according to BIC (Table 

1). The reciprocal monophyly of O. brevianalis and O. mauleanum was not supported in our results 

(Figure 2a) due to a few misplaced samples from localities TOP and HUI. The phylogenetic results 

for Basilichthys (tree with Odontesthes as outgroup is shown in Figure S2) show that individuals 

identified as B. microlepidotus ‘north’ and ‘south’ and Basilichthys sp. formed a single clade but 

following a pattern corresponding with latitude (Figure 2b) that is consistent with the geographical 

distribution of individuals (Figure 1b and Figure S1b).  

To analyze gentic relationships at a finer scale, phylogenetic networks were conducted on the 

individuals of O. brevianalis and O. mauleanum (Figure 3a), and B. microlepidotus north, B. 

microlepidotus south, and Basilichthys. sp (Figure 3b). The results are consistent with the phylogenetic 

analyses (Figure 2), without  a well-marked separation by species. 

The Structure analysis for O. brevianalis and O. mauleanum (Figure 4a, see also Figure S6a) 

supported three genetic groups: one cluster was represented by the specimens identified as O. 

brevianalis from RMAU (Maullin River) that were different from the rest of O. brevianalis; a second 

cluster was represented by individuals of O.mauleanum from LLA (Llanquihue Lake); a third cluster 

grouped individuals of O. brevianalis from all other localities. Individuals from LCAL (Calafquen 

Lake) had mixed ancestry combining the three clusters. The DAPC analysis supported two different 

clusters, one with the majority of O. mauleanum with the LLA label (Figure 4a), similar to the second 

cluster supported by Structure mentioned above.  

Both the Structure analysis and the DAPC for Basilichthys divided the data set into three clusters 

(Figure 4b): the first was composed by most of the Basilichthys sp. and half of the B. microlepidotus 

south (grey color for Structure and white circles in DAPC, see also Figure S6b); the second cluster 

grouped most of B. microlepidotusnorth individuals and one individual of B. microlepidotus south (pink 

color in Structure and white squares in DAPC) and finally, a cluster with the remaining B. 

microlepidotus south, as well as two individuals of Basilichthys sp with NIL label (from the Nilahue 

River). 

PCA results agree with previous analyses (Figure 5). For  Basilichthys individuals (Figure 5b),  

Basilichthys sp. were closer to B. microlepidotus south than to B. microlepidotus north. 

The Mantel test resulted in no significant correlation between genetic and geographic distances 

for the Odontesthes species (p = 0.193). However, a significant result was obtained for Basilichthys (p = 

0.003), indicating isolation by distance among pairs of localities. The genetic distances (Table S3) 
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observed between O. regia and all the localities of O. mauleanum and O. brevianalis were FST = 0.8, 

whereas the average of the genetic distance among all the localities of O. mauleanum and O. brevianalis 

was around FST = 0.38. For Basilichthys, the genetic distances between B. semotilus and all the localities 

of B. microlepidotus (both north and south) and Basilichthys sp. were above FST = 0.9, while the average 

distance among these localities (without B. semotilus) was FST = 0.44. 

The results for the BDF* models, for Odontesthes and Basilichthys, are summarized in Table 2. For 

both Odontesthes and Basilichthys (with and without B. semotilus), the models based on Structure were 

the best, which considers that the three groups given by the Structure analysis were the top ranked 

model (highest MLE value).  

Table 2. BDF results. Stepping stone sampling results for six species delimitation models. O. brev: Odontesthes 

brevianalis; O. mau: O. mauleanum; DAPC: Principal Component Discriminant Analysis; K: cluster; STR: Structure 

Analysis; B. south: Basilichthys microlepidotus south; B. north: B. microlepidotus north; MLE: marginal likelihood 

estimation; BF: Bayes factor. 

Genus 

N 

ind

iv 

N  

specie

s 

Model MLE BF 
2 × ln  

(BF) 
Rank 

Odontesthes 

65 

2 
O. reg + 

O.mau/O.brev 
-799.19   1 

3 
O. reg + O. mau  

+ O. brev 

-

2089.368 
2580.357 15.711 2 

 
2 

O. brev  

+ O. mau 

-

3755.274 
- - 3 

79 2 
DAPC:  

K1 + K2 
-570.828 6368.891 17.518 2 

 
3 

STR:  

K1 + K2 + K3 
-503.57 6503.407 17.56 1 

Basilichthys 

59 

2 
B. semo + B. 

micro/B. Sp 

-

14164.59

4 

- - 4 

4 

B. semo + B. 

micro north + B. 

micro south + B. 

sp 

-

13630.52

8 

1068.1311 13.957 3 

4 

B. semo + 

DAPC: K1 + K2 

+ K3 

-

13321.71

3 

1685.761 14.859 2 

4 
B. semo + STR: 

K1+ K2 + K3 

-

13104.86

7 

2119.453 15.318 1 

56 

3 
B. north + B. 

south + B. sp 

-

24156.60

8 

- - 3 

3 
DAPC:  

K1 + K2 + K3 

-

23440.83

1 

1431.553 14.533 2 

3 
STR:  

K1 + K2 + K3 

-

23047.26

3 

2218.691 15.409 1 

4. Discussion 
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In previous studies it has been seen that several species belonging to the genera Odontesthes and 

Basilichthys are difficult to distinguish both at the morphological and genetic levels [10,21]. That is 

why in this work we have analyzed these two sister genera throughout Chile using genomic data. 

4.1. Odontesthes 

Our results indicate that Odontesthes mauleanum and O. brevianalis do not form reciprocal 

monophyletic clades, which would be expected under traditional species delimitation frameworks. 

In contrast, a clear differentiation with the marine species O. regia was observed, both in the 

phylogenetic analysis (Figure 2) and in the BDF test (Table 2) when O. regia was included. Structure 

and BDF analyses that did not include O. regia supported three clusters  for samples of O. mauleanum 

and O. brevianalis, but these clusters did not coincide with nominal species boundaries (Figure 4a). 

Therefore, they are considered a signal of population structure. Phylogenetic analyses also 

distinguished individuals from three localities: RMAU (from the Maullin River), LCAL (from the 

Calafquen Lake locality), and LLA (from the Llanquihue Lake) (Figures 2a and 3a). The Structure 

analysis revealed a distinct grouping (Figure 4a), where individuals from LCAL shared genetic 

affinities with individuals identified as O. brevianalis. Meanwhile, the RMAU and LLA populations 

formed separate clusters. Not surprisingly, the BDF analysis (Table 2) showed that the grouping 

obtained through Structure best defines the boundaries of the Odontesthes individuals under study. 

DAPC results (Figure 4a) revealed only two clusters, with the main differentiation driven by the 

majority of LLA individuals. The Mantel test was not significant, primarily due to the high genetic 

distances (Table S2) observed in the LCAL population despite its small geographic separation. 

Collectively, these genomic data suggest that the separation between O. brevianalis and O. mauleanum 

is not supported, highlighting the complex population structure within these putative (nominal) 

species. 

Hughes et al. [10] provided evidence of recent mitochondrial introgression, where marine 

haplotypes characteristic of O. regia were detected in a freshwater population of O. mauleanum from 

the Lake Llanquihue (LLA). Their biological data led them to propose that this phenomenon might 

have been caused by mitochondrial capture after a marine incursion into freshwater environments, 

resulting in a temporary secondary contact zone between O. mauleanum and O. regia. These marine 

mitochondrial haplotypes appear to be widespread in Lake Llanquihue, a significant water body in 

Chile’s Los Lagos District, situated around 22 km north of the Reloncaví Sound. The marine incursion 

into freshwater environments by O. regia and the temporary secondary contact with the LLA 

population may result in the genomic differentiation of this population with respect to others (which 

have not undergone hybridization with O. regia). 

Lake Llanquihue has likely experienced glacial coverage by the Llanquihue Glacier on at least 

three occasions over the past 70,000 years, with the most recent glaciation concluding roughly 14,000 

years ago [45,46]. Interestingly, the origins of the introgressed haplotypes may extend further back 

in time, potentially associated with the end of the colder Patagonian glaciation around 700,000 years 

ago or the larger Patagonian glaciation approximately 1.2 million years ago [47]. However, there is 

no concrete geological evidence supporting marine incursions during these glacial periods. 

Nevertheless, it is possible that some O. regia individuals may have colonized new areas (dispersal) 

or invaded new ecological regimes (resource abundance) in less saline environments. Silversides 

have a great adaptability to different salinities. For example, a stable population of O. argentinensis, 

which is the marine species most widely distributed in the Atlantic Ocean, has been observed living 

inside the Mar Chiquita Lagoon (where the water is mixo-oligohaline) [48–50]. Genomic studies have 

shown that this population of O. argentinensis is capable of hybridizing with O. bonariensis (a 

freshwater species) when salinities are suitable for both species. This colonization of less saline bodies 

of water may also have occurred with O. regia individuals in Lake Llanquihue, thus facilitating 

secondary contact with the population of O. mauleanum that lives in the LLA. 
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Perhaps these secondary contacts with other species were more frequent than expected and 

caused gene mixing more than once. This could explain why the Mantel test was not significant for 

the populations of the O. mauleanum and O. brevianalis groups and therefore no isolation by distance 

was observed. Some of the populations (LLA, LCAL, RMAU) are very close geographically but are 

very different at the genomic level. 

Despite these putative secondary contacts, the two closely related parental species (O. regia and 

O. mauleanum/O. brevianalis) are well differentiated morphologically and all individuals analysed in 

this study were unambiguously assigned to either group based on genetic data analyses (Figure 2a 

and Figure S1). The highly supported reciprocal monophyly and a high FST value, suggesting that 

the hybridization rate between these groups is not sufficient to alter the genomic identity. 

4.2. Basilichthys 

Based on the results of the species tree for Basilichthys and the calculated FST values, we confirm 

the clear separation between B. semotilus and B. microlepidotus (Figure 2b and Figure S2). These 

findings are consistent with previous research based on nuclear and mitochondrial markers [9]. This 

evidence reinforces the taxonomic distinction between these species and supports the validity of the 

classification proposed thus far [21]. Unfortunately, the number of B. semotilus specimens analyzed 

in this study was very low compared to the species’ extensive distribution range. Expanding the 

sampling to northern basins, including those in Peru, could reveal even greater diversity within the 

genus. Between the populations of B. semotilus and other Basilichthys species lies the Atacama Desert, 

a significant barrier to gene flow. The Loa River, where the B. semotilus specimens were collected, was 

historically considered “empty” of fish [51,52]. However, it is now known to be inhabited by B. 

semotilus and Trichomycterus punctulatus [2]. 

The results within B. microlepidotus from the network analysis, Structure, DAPC, and PCA 

indicate some genetic differentiation among individuals, corresponding to their geographical 

locations, particularly latitude. The phylogenetic reconstruction (Figure 2b) and network analysis 

(Figure 3b) show that individuals identified as B. microlepidotus (north) consistently cluster at the 

opposite end from B. microlepidotus (south), with Basilichthys sp. positioned between them—a pattern 

consistent with the sampling map (Figure 1b). Thus, the phylogenetic relationships among 

individuals reflect the geographical proximity of the sampled localities. This result aligns with the 

significant Mantel test findings (Table S3). Both the Structure and DAPC analyses divide the data into 

three clusters, almost perfectly matching the field identification (B. microlepidotus north, Basilichthys 

sp. + some B. microlepidotus south, and the southernmost B. microlepidotus north). Regarding the BDF 

analysis for Basilichthys, it was also evident that the grouping obtained through Structure best defines 

the boundaries of the individuals under study. These findings suggest that B. microlepidotus has 

undergone complex evolutionary and adaptive processes, with migration and dispersal playing 

critical roles. Despite the significant distances between some sampling sites, which belong to rivers 

that independently flow into the sea, B. microlepidotus appears to exhibit a stepping-stone distribution. 

As a freshwater species, it raises the question of how dispersal between basins occurs. Previous 

studies suggest that individuals may use marine routes for such movements [53]. 

On the other hand, B. microlepidotus also faces threats from invasive species, such as salmonids, 

and habitat fragmentation. However, its adaptability and genetic diversity provide some resilience 

against environmental challenges [54,55]. The species’ ability to thrive in disturbed environments 

[56–60] may be a key strategy for its future survival. These findings underscore the importance of 

conserving B. microlepidotus populations, particularly in areas with high genetic diversity and more 

vulnerable populations. 

The role of Glaciations and Geological Events in Shaping Genetic Patterns 

Studies on freshwater fish suggest that events during the last 1–3 million years (Ma) have been 

crucial in shaping the current patterns of genetic diversity within the Patagonian freshwater fauna 
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[6,61]. Campanella et al. [9] and Hughes et al. [10] propose that the divergence of O. brevianalis + O. 

mauleanum and B. microlepidotus occurred approximately 3 Ma, influenced by the geological and 

climatic conditions of the region. 

During the Quaternary glacial cycles, extensive glaciers covered much of southern Chile, 

forming a continuous ice sheet from mid-elevations at approximately 38° south latitude [5]. The ice 

expanded east and west from the Andes, advancing along valleys and covering highland lakes and 

streams. This cooling period, coupled with increased regional aridity, likely drove aquatic species 

away from the Andean divide and toward newly exposed continental shelves as sea levels dropped. 

When the glaciers receded, meltwater rivers and newly formed lakes created habitats that enabled 

species expansion [47]. East of the Andes, the formation of postglacial lakes and stream systems 

facilitated connections between drainage systems, especially in large canyons excavated by glaciers 

over the last 3–4 Ma [45]. 

For Basilichthys, the marine environment has historically been considered a barrier. However, as 

shown by Quezada-Romegialli et al. [53], this barrier may not be as impermeable as previously 

thought and as observed in its sister genus, Odontesthes. Increased glacial coverage during colder 

periods likely drove populations to progressively transition from marine environments into 

freshwater systems, particularly in southern basins. This dynamic interplay between glaciation, 

geological changes, and environmental adaptation highlights the complex processes shaping the 

genetic diversity of Patagonian freshwater fish. All these changes have probably also played an 

important role in the plasticity and broad adaptive capacity of these species. Furthermore, they may 

have led to marine-freshwater habitat transitions accelerating the evolutionary rates of fish in the 

region as indicated by the “Ecological Opportunity” [14,15]. 

5. Conclusions 

The ichthyofauna of Chile is characterized by having a low richness, compared to other South 

American regions, this is due to its isolation by the Andes Mountain chain, which also gives it a high 

degree of endemism. Due to this high endemism, better knowledge at the population level of the 

species that inhabit this country is necessary to develop effective conservation plans and a new 

conservation classification status. 

We have confirmed the synonymy of B. microlepidotus (valid species) with B. australis, and our 

results also suggest a possible synonymy between O. brevianalis and O. mauleanum, which further 

reduces the number of species for this isolated region of the world. This genetic structure of these 

species is possibly the product of factors such as migration and natural selection. Geographic 

distribution and distance between populations seem to play an important role in the genetic 

differentiation of Basilichthys species, but not for Odontesthes where secondary contact with other 

species was observed. 

The results of this work contribute to the knowledge of the evolution and genetic diversity in 

the genus Basilichthys and the Chilean species of the genus Odontesthes, about which there is little 

information. In addition, they provide relevant information for the conservation of these species that 

are in a Vulnerable state of conservation. However, more research is needed to better understand the 

factors driving genetic differentiation of silverside populations. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1. Map of sampling points with labels of individuals. a) Odontesthes; b) 

Basilichthys; Figure S2. Maximum Likelihood Basilichthys tree with Odontesthes species as outgroup. Estimated 

under the HKY+F+R3 model in IQ-Tree, with 1,000 ultrafast bootstrap replicates; Figure S3. Maximum 

Likelihood Odontesthes tree without LLA (O. mauleanum of Llanquihue in Chile) indivuduals. Estimated under 

the TVMe+ASC+R2 model in IQ-Tree, with 1,000 ultrafast bootstrap replicates; Figure S4. Phylogenetic network 

of Odontesthes tree without LLA (O. mauleanum of Llanquihue in Chile) indivuduals; Figure S5. Structure analysis 

of Odontesthes tree without LLA (O. mauleanum of Llanquihue in Chile) indivuduals; Figure S6. Map of 

sampling points coloured by Structure groups. a) Odontesthes; b) Basilichthys; Table S1. Table of water bodies 

under study with geographical and physicochemical characteristics. PPMA: maximum annual rainfall; QMA 
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maximum annual flow. Table S2. Matrix of genetic distances between pairs of localities for Odontesthes. A) 

Including O. brevianalis, O. mauleanum, and O. regia; B) Including only localities of O. brevianalis and O. 

mauleanum. The highest values are highlighted in yellow; Table S3. Matrix of genetic distances between pairs of 

localities for Basilichthys. A) Including localities of B. microlepidotus (north and south), Basilichthys sp., and B. 

semotilus; B) Including only localities of B. microlepidotus (north and south) and Basilichthys sp. The highest values 

are highlighted in yellow. 
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