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A B S T R A C T   

Mountain ranges offer opportunities for understanding how species evolved and diversified across different 
environmental conditions. Neotropical frogs of the genus Oreobates (Anura: Craugastoridae) are adapted to 
highland and lowland habitats along the Andes, but many aspects of their evolution remain unknown. We 
studied their evolutionary history using ~18,000 exons enriched by targeted sequence-capture. Since capture 
success was very variable across samples, we evaluated to what degree differing data filtering produced robust 
inferences. The inferred evolutionary framework evidenced phylogenetic discordances among lowland species 
that can be explained by taxonomic misidentification or admixture of ancestral lineages. Highland species 
showed smaller effective populations than lowland frogs, probably due to greater habitat fragmentation in 
montane environments. Stronger genetic drift likely decreased the power of purifying selection and led to an 
increased proportion of nonsynonymous mutations in highland populations that could play an important role in 
their adaptation. Overall, our work sheds light on the evolutionary history and diversification of this group of 
Neotropical frogs along elevational gradients in the Andes as well as on their patterns of intraspecific diversity.   

1. Introduction 

Geographical barriers (e.g., rivers, mountain ranges) play an 
important role in facilitating divergence among populations as they can 
hamper gene flow, which results in increased genetic drift and facilitates 
local adaptation (Slatkin, 1985, 1987). At the same time, gradual 
changes in habitat conditions offer differential selective forces that also 
promote disparity among populations (Coyne & Orr, 2004). Phenotypic 
and genetic differentiation along elevational gradients is widespread in 
animals, and such differences can increase with the topographical 
complexity of habitats (Guarnizo & Cannatella, 2013; Keller et al., 
2013). In biodiversity hotspots, identifying spatial patterns of diversi
fication along the speciation continuum not only improves our under
standing of the evolution of endangered species, but also guides 
conservation priorities to protect them (Allendorf et al., 2010; Roux 
et al., 2016; Chan & Brown, 2020). 

The American tropics (the Neotropics) are the richest biogeographic 

region in terms of overall vertebrate species on Earth (Antonelli & 
Sanmartín, 2011; Rahbek et al., 2019b). Amphibians inhabiting the 
Neotropical region comprise roughly 50% of the planet’s total, and more 
than one-third of them are globally threatened (Stuart et al., 2008; 
Scheele et al., 2019). In South America, amphibian species richness and 
endemism are particularly high in mountain regions and in the transi
tion zone between the Andes and the Amazon basin (Roberts et al., 2006; 
Hutter et al., 2017). The extreme habitat heterogeneity of these moun
tain gradients boosts diversification of Neotropical amphibians as it fa
vours speciation, coexistence, and persistence of distinct evolutionary 
lineages (Rahbek et al., 2019a; Perrigo et al., 2020). 

Multiple evolutionary mechanisms may contribute to the high rates 
of amphibian diversification in the Andes (González-Voyer et al., 2011). 
Orogenic and climatic processes facilitate the close proximity of very 
different environments (Rahbek et al., 2019b). Local adaptation to 
different selective pressures along the altitudinal cline can create a 
barrier to gene flow between populations and lead to speciation through 
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climatic-niche divergence, as shown in lungless salamanders (Wiens 
et al., 2007; Kozak & Wiens, 2010). At the same time, in other am
phibians, niche conservatism coupled with changes in the distribution of 
habitats during climatic oscillations and orogenies resulted in frag
mentation of distribution ranges and allopatric speciation (Smith et al., 
2007; Hutter et al., 2013, 2017). Studying phylogenetic relationships is 
key to understanding how amphibians diversified along environmental 
clines and across geographic barriers in the Neotropics (Fritz & Rahbek, 
2012). In this regard, the application of genome-wide data for phylo
genetic inference (i.e., phylogenomics) can provide basic knowledge, 
not only on the mechanisms leading to diversification, but also on the 
role of adaptation in species differentiation and on the effects on 
intraspecific diversity and evolutionary potential. 

Here, we employed phylogenomics to assess the impact of elevation 
on the diversification and evolutionary history of the genus Oreobates 
Jiménez de la Espada, 1872 (Anura: Craugastoridae). This genus con
stitutes a small but interesting radiation of 25 direct-developing 
Neotropical frogs species (Terrarana) adapted to disparate habitats, 
including Amazonian lowlands, dry forests, inter-Andean dry valleys, 
humid forests, the yungas transitional zone, cloud forests, elfin forests, 
and puna grasslands of the Andes up to 3,800 m above sea level (m asl) 
(Padial et al., 2012). Previous studies have increased our knowledge on 
the biodiversity of this group of frogs (16 species have been described 
over the last two decades; see Frost, 2020). Yet, their contribution to the 
understanding of the processes associated with the diversification along 
the Andes has been limited; mainly because phylogenies in such studies 
were based on small regions of the genome (i.e., gene trees) that do not 
necessarily reflect the overall evolutionary history of the species (i.e. the 
species tree) (Mallo & Posada, 2016). Heterogeneous signals across 
different genomic regions might be an outcome of various evolutionary 
processes such as incomplete lineage sorting (ILS), hybridization, gene 
flow, and gene duplication or loss (Bravo et al., 2019). 

Phylogenomics has resolved the evolutionary history of a variety of 
species and groups above the species level in the tree of life (e.g., Delsuc 
et al., 2005; McCormack et al., 2013; Irisarri & Meyer, 2016). Ideally, it 
involves comparing sequences of whole genomes; but in amphibians, 
this is still a major undertaking due to their large and highly repetitive 
genomes that make assembly challenging (Funk et al., 2018; Liedtke 
et al., 2018). One way to obtain large genomic datasets is with reduced- 
representation sequencing strategies such as targeted sequence-capture 
(or target enrichment), that selectively enrich for genomic regions of 
interest (Mamanova et al., 2010; Faircloth et al., 2012; Lemmon et al., 
2012). This approach has proved useful for disentangling taxonomic 
issues among major frog lineages (e.g., Portik et al., 2016; Feng et al., 
2017; Heinicke et al., 2018; Streicher et al., 2018). Considering the 
variability in the genome size of amphibians (Liedtke et al. 2018), the 
development of a sequence-capture approach based on sequences from 
the target species could potentially increase the proportion of homolo
gous sequences captured. 

In this study, we used the transcriptome of one species of Oreobates 
(O. cruralis; Montero-Mendieta et al., 2017) to develop an enrichment 
panel of ~18,000 exons and obtain homologous regions for most species 
in this genus and two outgroup species from closely-related genera. We 
applied a combination of different phylogenomic methods to explore the 
evolution of this group of Neotropical frogs along elevational gradients. 
Our aim was to test whether the evolutionary mechanisms that led to the 
diversification of these frogs differed between species living in highland 
and lowland habitats. We hypothesized that geographical isolation in 
combination with divergent selective pressures in highland and lowland 
habitats have impacted both the evolutionary and the demographic 
history of Oreobates frogs, with few transitions from one habitat to the 
other. Adaptation to highlands may have resulted in more fragmented 
habitats, smaller effective populations, and lower gene flow between 
incipient species, thus facilitating speciation. 

2. Material and methods 

2.1. Probe design for sequence-capture 

We used the transcriptome of O. cruralis (NCBI accession number: 
PRJNA384528) to design enrichment probes to capture homologous 
sequences. We performed a BLAST homology search with NCBI-BLAST 
v2.4.0+ (Altschul et al., 1997) to the SwissProt database (Bairoch, 
2000) and kept unigenes with at least one gene ontology (GO) term. This 
was done to restrict downstream analyses to unigenes with known 
functions. We refined the dataset following Portik et al. (2016) to ach
ieve higher performance in the sequence-capture. In brief, we retained 
unigene sequences with a GC content of 40–60%, we selected those with 
a length of 500–850 base pairs (bp), and we trimmed to 850 bp those 
unigenes that were longer (see Portik et al., 2016). We used Repeat
Masker v4.0.6 (http://www.repeatmasker.org/) to remove repetitive 
elements and low complexity regions with ‘vertebrata metazoa’ as 
reference database and the ‘cross_match’ search engine. All these steps 
produced a final set of 17,879 exonic sequences with a total length of 
14,157,267 bp. We used these exons as a reference to design a myBaits® 
custom target capture kit (Arbor Biosciences, Ann Arbor, USA) with ~ 
2x flexible tiling density and 120 nucleotides per probe to maximize the 
capture of divergent sequences. The selected bait kit was a MYbaits-11 
with up to 220,000 probes (220 K). A relaxed filtering was applied by 
the vendor after screening candidate baits against the genomes of 
Nanorana parkeri and Xenopus tropicalis using proprietary software. As a 
result, the probe library for sequence-capture had 213,879 unique 
probes. 

2.2. Sampling 

All samples used in this study were provided by the Museo Nacional 
de Ciencias Naturales (MNCN-CSIC), Madrid, Spain. The specimens 
were collected between 1999 and 2016, and tissue samples were stored 
at the MNCN’s frozen tissue and DNA collection. When available, we 
selected at least two samples from different localities for each species. 
We included more than two individuals for species with extensive dis
tributions to ensure representative sampling. In total, our initial dataset 
included 65 specimens from 18 species of Oreobates: O. amarakaeri (1 
sample), O. ayacucho (2), O. barituensis (2), O. berdemenos (1), 
O. choristolemma (2), O. cruralis (11), O. discoidalis (4), O. gemcare (2), 
O. heterodactylus (3), O. lehri (6), O. machiguenga (3), O. madidi (2), 
O. pereger (1), O. quixensis (13), O. sanctaecrucis (4), O. saxatilis (5), 
O. yanucu (1), and O. zongoensis (2). All these species inhabit the eastern 
slopes of the Andes or the Amazonian Piedmont, except 
O. heterodactylus, which occurs in semi-dry low mountain systems of the 
Cerrado formation in southeastern Bolivia. We did not include other 
species of Oreobates that occur further to the east and to the north in the 
Brazilian Cerrado (states of Mato Grosso, Goiás, and Minas Gerais; see 
Frost [2020]). Based on the evolutionary relationships among Terrarana 
frogs (Hedges et al., 2008), we also included three outgroup samples of 
two species from two closely related genera: Phrynopus barthlenae (2), 
and Lynchius tabaconas (1). 

2.3. DNA extraction, genomic libraries, and target enrichment 

We extracted genomic DNA from tissue samples using a phenol–
chloroform protocol (Sambrook et al., 1989) and quantified its con
centration with a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, USA). 
The resulting DNA was sheared for 40 s (s) to a target length of ~300 bp 
using the E220 focused-ultrasonicator (Covaris, Inc., Woburn, USA) and 
purified using the ‘Genomic DNA Clean & Concentrator-10′ kit (Zymo 
Research, Irvine, USA). We prepared individual genomic libraries 
following Meyer & Kircher (2010), adding the following steps: (1) 
blunting and phosphorylation of DNA ends with ‘Fast DNA End Repair’ 
kit (ThermoFisher, Waltham, USA); (2) A-tailing with ‘AmpliTaq Gold’ 
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polymerase (Applied Biosystems, Foster City, USA) for 20 minutes (min) 
at 72 ◦C; (3) ligation of Y-shaped adapters (Illumina, Inc., San Diego, 
USA) with ‘T4 DNA’ ligase (ThermoFisher); (4) double-indexed PCRs 
with ‘Kapa HiFi HS RM’ polymerase (Roche Diagnostics, Risch- 
Rotkreuz, Switzerland). The PCR program included an initial step of 
95 ◦C for 3 min, followed by 12 cycles of 98 ◦C for 20 s, 60 ◦C for 15 s, 
and 72 ◦C for 30 s, with a final step of 72 ◦C for 5 min. We purified the 
amplified DNA using 2X magnetic beads (Rohland & Reich, 2012). 

Libraries were enriched in pools of up to six individuals, grouped by 
relatedness as suggested by the phylogenetic relationships inferred by 
Köhler & Padial (2016). For each pool, we performed capture reactions 
following the manufacturer’s protocol (MYbaits® kit manual version 3). 
Due to the limited amount of initial tissue available for DNA extraction 
(just about 0.05 gr per sample), we used half of the recommended vol
ume of DNA and reagents/probes. We purified individual capture re
actions using 1.3X SPRI (Solid Phase Reversible Immobilization) 
magnetic beads and amplified post-capture products using two separate 
PCR reactions of 15 cycles each. The resulting PCR products were pu
rified, combined, and quantified with QuantiFluor-ST (Promega, Madi
son, USA) assays. Post-capture libraries were paired-end sequenced by 
John Hopkins Genomics (Baltimore, USA) on a HiSeq 2500 instrument 
(Illumina Inc.) using the v4 chemistry according to the manufacturer’s 
protocols. 

2.4. Data processing, assembly, and ortholog detection 

To extract and examine the exons captured for each sample we used 
the HybPhyloMaker pipeline v1.6 (https://github. 
com/tomas-fer/HybPhyloMaker) (Fér & Schmickl, 2018). This pipe
line consists of a series of bash scripts that perform multiple analyses 
from raw enriched data to the species tree. 

Probe sequences were concatenated and separated with a chain of 
400 Ns each using the script ‘HybPhyloMaker0b’, which produced a 
pseudo-reference sequence for O. cruralis consisting of 21,309,667 bp. 
For each sample, raw FASTQ reads were processed by the script 
‘HybPhyloMaker1′. This script uses Bowtie2 (Langmead & Salzberg, 
2012) and SAMtools v1.5 (Li et al., 2009) to remove Illumina’s PhiX 
reads, Trimmomatic v0.36 (Bolger et al., 2014) for adapter trimming 
and quality filtering, and FastUniq v1.1 (Xu et al., 2012) to remove 
duplicate reads. Filtered reads were mapped to the pseudo-reference by 
the script ‘HybPhyloMaker2′ using both the Burrows-Wheeler Aligner 
(BWA-MEM) v0.7.5 (Li & Durbin, 2009) and Bowtie2. Consensus se
quences (contigs) were obtained with Kindel v0.2 (Constantinides & 
Robertson, 2017) by considering bases present in more than half of the 
reads (minimum site coverage for SNP calling = 2). Contigs that 
matched target sequences were identified with BLAT v35 (Kent, 2002) 
using the script ‘HybPhyloMaker3′ (minimum sequence identity be
tween probe and sample = 90%). 

As we did not previously filter our probe sequences to select for 
single-copy exons, high enrichment of paralogs was expected. To find 
putative orthologs, HybPhyloMaker applies a majority rule consensus, i. 
e., the most abundant sequence of a locus is taken as the ortholog, as 
paralogs are usually less prevalent in the mapping compared to ortho
logs due to a higher sequence dissimilarity to the probe sequences (Fér & 
Schmickl, 2018). Additionally, we used the script ‘HybPhyloMaker4a2′

to filter out exons with more than four heterozygous sites (default 
setting) because that could be an indication of paralogous sequences 
mapping to the same locus. 

2.5. Phylogenetic inference and missing data evaluation 

We aligned orthologous exons with MAFFT v7.313 (Katoh & Toh, 
2008) using the script ‘HybPhyloMaker4a’ and adjusted them to the 
correct reading frame with the script ‘HybPhyloMaker4b’ via EMBOSS 
v6.5.7 (Rice et al., 2000). This script removes exons with ambiguous 
reading frames and more than five stop codons per alignment, as well as 

incomplete triplets at the beginning or at the end of the alignments 
(Carlsen et al., 2018). The remaining stop codons were converted to Ns 
in both nucleotide and amino acid alignments, as they are considered 
likely errors induced via sequencing or read mapping (Fér & Schmickl, 
2018). The program AMAS v0.98 (Borowiec, 2016) was used to join 
exons from the same gene into a single gene alignment. 

To keep as much DNA sequence information as possible, we specified 
a relaxed missing data filtering in the script ‘HybPhyloMaker5′ (MIS
SINGPERCENT = 99 in the HybPhyloMaker settings file, i.e., include 
exons with up to 99% of Ns per alignment, and SPECIESPRESENCE = 1, 
i.e., include exons that appear in at least 1% of the samples). However, 
we also evaluated the effect of different filtering parameters (see next 
paragraph). The script ‘HybPhyloMaker6′ was used to infer gene trees 
with RAxML v8.2.10 (Stamatakis, 2014) from alignments applying the 
GTRGAMMA model with rapid bootstrapping and 100 bootstrap pseudo- 
replicates. The resulting gene trees were used as input of 
‘HybPhyloMaker7′ and ‘HybPhyloMaker8′ to reconstruct the tree 
depicting the relationship between samples (i.e., the ‘species trees’, but 
we avoid using this term here because we included several individual 
samples per species, and it could lead to misinterpretation; hereafter 
‘sample tree’) on the basis of the following different methods with 
default parameters: ASTRAL v5.6.1 (Mirarab et al., 2014), ASTRID v1.4 
(Vachaspati & Warnow, 2015; both algorithmic approximations based 
on coalescence), and MRL (Nguyen et al., 2012; supertree approach that 
uses maximum parsimony heuristics). We concatenated the alignments 
with AMAS to infer a maximum likelihood tree using IQ-TREE v2.0.3 
and 1000 bootstrap replicates (Minh et al., 2020a; hereafter ‘ML 
concatenated’). To do that, the data were partitioned by gene and the 
GTRGAMMA model was applied to all partitions. Also, we used the 
concatenated alignment to infer a tree of samples under the coalescent 
scheme with SVDquartets (SVDq) (Chifman & Kubatko, 2014) imple
mented in PAUP* v4a164 (Swofford, 2002). All possible quartets were 
evaluated and clade support was assessed by running 100 bootstrap 
replicates (svdq evalq = all bootstrap). For comparative purposes, we 
also ran the same analyses using frame-uncorrected alignments (i.e. not 
adjusted to the correct reading frame). 

To evaluate the impact of missing data on sample tree estimation, we 
applied a series of different filtering parameters via the script 
‘HybPhyloMaker5′. In particular, we removed exons that had >99%, 75%, 
50%, 25%, and 1% of Ns in the alignment (i.e., ‘MISSINGPERCENT’). For 
each of these datasets, we also required that the minimum number of taxa 
with data for any given exon was at least 1%, 25%, 50%, 75%, and 100% of 
the total (i.e., ‘SPECIESPRESENCE’). This produced 25 datasets with vary
ing levels of missing data (labeled as ‘maxmissing99_minsp1′

‘maxmissing99_minsp25′, ‘maxmissing99_minsp50′ … ‘maxmissing1_ 
minsp100′) that were used as input for ASTRAL, ASTRID, MRL, ML 
concatenated, and SVDq. Thus, we inferred a total of 125 sample trees (25 
trees for each of the 5 methods). For the ML concatenated analyses, we used 
PartitionFinder (Lanfear et al., 2017) to find the best partition scheme in 
datasets ≤ 200 exons (datasets >200 exons were partitioned by gene as they 
were computationally impractical). We rooted each tree with P. barthlenae 
using the function ‘nw_reroot’ from the package Newick Utilities v1.6 
(Junier & Zdobnov, 2010). For each method, we calculated the normalized 
Robinson–Foulds (nRF) symmetric distance (Robinson & Foulds, 1981) 
between the tree inferred with the most complete dataset 
(‘maxmissing99_minsp1′) and those resulting from all other datasets, using 
the function ‘compare’ in ETE3 (Huerta-Cepas et al., 2016). 

In addition to HybPhyloMaker, we also ran an alternative data analysis 
pipeline, HybPiper v1.2 (https://github.com/mossmatters/HybPiper/) 
(Johnson et al., 2016) to recover and examine enriched gene regions of 
interest. Unlike HybPhyloMaker, this pipeline implements a de-novo 
strategy for contig assembly. However, it does not correct alignments by 
reading frame nor remove paralogs. We retained potential orthologous 
sequences by removing exons in which the number of mapped reads was 
excessively elevated compared to other exons within each individual. The 
resulting sequences were used to infer gene trees with RAxML and a 
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sample tree with ASTRAL. This tree was compared to the ASTRAL tree 
inferred using HybPhyloMaker (‘maxmissing99_minsp1′). Further details 
can be found in Appendix 1. 

2.6. Pairwise species similarity and population structure 

To quantify the degree of differentiation among species, we used a 
custom Python script to calculate pairwise uncorrected p-distances (i.e., 
the proportion of nucleotides sequenced in both taxa that are different 
after removing Ns) between all pairs of individuals and species on the 
‘maxmissing99_minsp1′ data. For three pairs of species that showed low 
interspecific genetic variability and had more than one individual per 
species (O. quixensis and O. saxatilis; O. barituensis and O. discoidalis; 
O. machiguenga and O. lehri), we assessed potential admixture as follows. 
First, we used SAMtools v1.8 utility ‘mpileup’ (Li et al., 2009) with the 
options “-I -C 50 -t DP,SP -v -A -E” on the BAM files resulting from read 
mapping with BWA-MEM (see subsection 2.4) to call SNPs as genotype 
probabilities in VCF format. Next, we converted SNPs from genotype 
probabilities to genotype calls with BCFtools v1.9 (Li, 2011). Then, we 
used VCFtools v0.1.16 (Danecek et al., 2011) to filter SNPs with the 
following cutoffs “–maf 0.1 –minDP 10 –max-missing 0.25” and refor
matted the data from VCF to PED using PLINK v1.90b4 (Purcell et al., 
2007). Lastly, we ran two different clustering programs to analyse 
population structure, sNMF v1.2 (Frichot et al., 2014) and STRUCTURE 
v2.3.4 (Pritchard et al., 2000) setting the flag “-K” (where K is the 
number of ancestral populations) from K = 1 to K = the total number of 
individuals included in the analysis. These programs use different al
gorithms to cluster genetically similar individuals together. For each K, 
we carried out 10 independent replicate runs and combined them using 
CLUMPP v1.1.2 (Jakobsson & Rosenberg, 2007) with default settings. 
To determine the most likely number of K, we compared the values of 
the cross-entropy criterion resulting from sNMF’s analyses at each K 
(option “-c”). 

2.7. Individual heterozygosity and rates of evolution 

We calculated the proportion of heterozygous positions per indi
vidual sample via a folded Site Frequency Spectrum (SFS) as imple
mented in ANGSD v0.929–25-g458c20d (Korneliussen et al., 2014) 
using the BAM files mentioned above. This estimation was based on 
individual genotype likelihoods assuming Hardy-Weinberg equilibrium 
(option: “-gl 1”). As ancestral sequences were not available, we used the 
O. cruralis pseudo-reference to polarize our data. The worst reads and 
bases were removed by adding the parameters “-C 50 -ref ref.fa -minQ 20 
-minmapq 30”. 

To compute the ratio of nonsynonymous to synonymous substitution 
rates, i.e., dN /dS or ‘ω’, we used PAML v4 (Yang, 2007) as implemented 
in ETE3′s function ‘evol’. We ran three different branch model tests 
including the null or ‘M0′, which assumes that all tree branches evolve at 
the same ω rate (Yang et al., 2000); the ‘b_free’, which considers that 
branches of interest, usually called ‘foreground’, evolve at a different ω 
rate than the rest of the tree, termed ‘background’; and the ‘b_neut’, 
where the ω of foreground branches is fixed to one (Yang & Nielsen, 
2002). These models were compared with a likelihood-ratio test (LRT). 
The comparison between ‘b_free’ and ‘M0′ models tests if foreground 
branches have a ω significantly different from the rest of the tree, while 
the comparison between ‘b_free’ and ‘b_neut’ models tells if the ω of 
foreground branches is significantly higher than 1. We restricted our 
analyses to a single individual per species (the individual with the lowest 
amount of missing data) and used as input the concatenated alignment 
corresponding to the ‘maxmissing75_minsp75′ dataset with reading 
frame correction (hereafter, ‘species tree’ refers to trees inferred with 
the frame-corrected ‘maxmissing75_minsp75′ dataset and with one 
sample per species). We chose this dataset as it resulted in similar 
phylogenetic relationships to those obtained with the most complete 
dataset, ‘maxmissing99_minsp1′, despite including far fewer loci (see 

Results). We performed two PAML analyses on the basis of the species 
tree obtained with ASTRAL: one marking as foreground all branches of 
the highland clade consisting of O. ayacucho, O. gemcare, O. lehri, 
O. machiguenga, and O. pereger; and another marking as foreground all 
branches of a lowland clade consisting of O. barituensis, O. cruralis, 
O. discoidalis, O. heterodactylus, and O. madidi. 

To avoid biases when detecting selection that could be caused by 
replacing stop codons by Ns or due to genes’ and species’ histories being 
different, we repeated PAML analyses using an ASTRAL tree inferred 
from a concatenated alignment in which for each locus we deleted taxa 
that had at least one stop codon (rather than removing loci with more 
than five stop codons). Additionally, we used as input for PAML analyses 
the gene trees derived from this new data, which were inferred with 
RAxML as described in Section 2.5. To avoid biases due to missing taxa, 
we not only excluded exons in which outgroup species were not present 
but also exons containing less than three highland or lowland species. 

To identify possible correlations between dS, dN or ω, and six envi
ronmental variables (midpoint elevation, mean annual temperature, 
mean annual precipitation, mean annual relative humidity, mean net 
primary productivity, and mean annual UVB radiation) for each species, 
we used the program Coevol v1.4 (Lartillot & Poujol, 2011). Both the 
collection of the environmental variables and the analysis of correlations 
were carried out as described in Dugo-Cota et al. (2015) with the ML 
concatenated species tree and its corresponding alignment (frame-cor
rected ‘maxmissing75_minsp75’ dataset) as input. We obtained tem
perature and precipitation data from the WorldClim climatic maps 
(Hijmans et al., 2005), relative humidity from the Atlas of the Biosphere 
(New et al., 1999), net primary productivity data from the HANNP 
datasets (Imhoff et al., 2004; Imhoff & Bounoua, 2006), and UVB radi
ation data from the glUV dataset (Beckmann et al., 2014). 

2.8. Conflicting phylogenetic signals and networks 

To determine whether gene trees were concordant or conflicting 
with the overall sample tree, we ran PhyParts (Smith et al., 2015) using 
as input the species tree obtained with ASTRAL and its corresponding 
gene trees (frame-corrected ‘maxmissing75_minsp75′ dataset). As Phy
Parts requires rooted trees, we used ‘nw_reroot’ to root trees with 
P. barthlenae. If this species was not present, we rooted with L. tabaconas. 
We discarded gene trees in which outgroups were not present. Pie charts 
representing gene tree and species tree discordance at each node were 
obtained with the script ‘phypartspiecharts.py’ (available at 
https://github.com/mossmatters/MJPythonNotebooks). Additionally, 
we used the ML concatenated species tree and its gene trees to assess the 
degree of conflict at internal branches using gene concordance factors 
(gCF) and gene internode certainty (gIC) as implemented in IQ-TREE 2 
(Minh et al., 2020b) (further details are available at http://www.robe 
rtlanfear.com/blog/files/concordance_factors.html). 

We reconstructed species networks to assess the presence of recent 
and/or historical gene flow using the above-mentioned rooted gene trees 
as input for the pseudo-maximum likelihood phylogenetic network 
approach (Yu & Nakhleh, 2015) implemented in PhyloNet v3.7.1 (Than 
et al., 2008). We allowed for 0 to 4 reticulations and compared them 
using the Akaike information criterion (AIC) (Akaike, 1974). 

3. Results 

3.1. Efficiency of the sequence-capture approach 

We successfully enriched target sequences in 40 (37 Oreobates + 3 
outgroups) out of the 68 collected samples corresponding to 19 (17 
Oreobates + 2 outgroups) out of 20 species (Table S1). The only species 
that could not be enriched was O. amarakaeri. The concentration of the 
extracted DNA varied between 0.03 and 36.85 ng/µL. The enrichment 
protocol failed in 28 samples that initially had very low DNA concen
tration (<1 ng/µL) regardless of the species. The number of raw reads 
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obtained differed greatly between individuals (1,566,470–49,786,466 
reads) and a large percentage of the reads were duplicates (57–87%). 
After removing these duplicates, approximately 13–70% of the reads 
mapped to the targets (depth of coverage: 2–53X), recovering a total of 
2,640–14,821 exons per sample. With HybPiper, we retrieved 
139–12,464 exons per sample (see Table S2). 

Although the probes were based on the transcriptome of O. cruralis, 
the species with the largest proportion of mapped reads were 
O. zongoensis, O. sanctaecrucis, and O. choristolemma (Fig. 1). The capture 
efficiency per species of our probes, measured as the percentage of the 
target bases that were recovered, varied between 5.37% and 36.90%, 
with an average of about 19%. We retained a total of 3,810 exons after 
removing loci with ambiguous reading frames or more than five stop 
codons per alignment and incomplete triplets at the beginning or at the 
end of the alignments. The characteristics of these exons in terms of 
percent of missing data, the number of taxa in which they have been 
sequenced, the proportion of parsimony-informative and variable sites 
are shown in Fig. 2 and further details are available in Table S3. 

3.2. Phylogenetic relationships of Oreobates 

The genus Oreobates was monophyletic regardless of the pipeline 
used to examine the data (HybPhyloMaker and HybPiper) or the method 
employed to infer the sample tree (ASTRAL, ASTRID, ML concatenated, 
MRL, and SVDq). In Fig. 3a, we show the relationships recovered by the 
ML concatenated tree based on the 3,810 exons obtained with 
HybPhyloMaker. However, other methods supported similar tree to
pologies (see below). 

All methods recovered two major lineages within Oreobates: one 
encompassing species distributed from Colombia to Peru (O. ayacucho, 
O. gemcare, O. lehri, O. machiguenga, O. pereger, O. quixensis, and O. 
saxatilis) and another that included species from Argentina and Bolivia 
(O. barituensis, O. berdemenos, O. choristolemma, O. cruralis, O. discoidalis, 
O. heterodactylus, O. madidi, O. sanctaecrucis, O. yanucu, and 
O. zongoensis) (Fig. 3b). In the first lineage, two divergent clades were 
recovered. One clade is composed of O. quixensis and O. saxatilis; the 
former species includes populations distributed along the Amazonian 

lowlands <1,000 m asl and the latter is restricted to the lower hills of the 
Andes <1,200 m asl (Padial et al., 2008, 2012; Köhler & Padial, 2016). 
These two species were recovered as polyphyletic, with one individual 
from each species consistently found more closely related to the other 
species (O. saxatilis RS66 within O. quixensis, and O. quixensis RS48 
within O. saxatilis). The other clade inhabits highland habitats and 
consists of three Andean species from cloud forests found > 1,500 m asl 
(O. gemcare, O. lehri, O. machiguenga) and two species from higher ele
vations, occurring in elfin forests up to 2,900 m asl or puna grasslands up 
to 3,850 m asl (O. pereger and O. ayacucho, respectively). In the second 
lineage, species from the southern yungas forests of Argentina and 
Bolivia between 1,600–1,700 m asl (O. barituensis and O. discoidalis) 
were sister to two species that occur throughout Peruvian and Bolivian 
humid forests t<1,300 m asl (O. cruralis and O. madidi). The sister taxa to 
these two clades, O. heterodactylus, is the species located farthest to the 
east in this study (at the Cerrado dry forests of southeastern Bolivia). 

The topology of the trees recovered by ASTRAL using HybPiper and 
HybPhyloMaker pipelines were similar and almost all differences cor
responded to intraspecific relationships, which are not expected to be 
well portrayed in bifurcating trees. Most nodes had lower support using 
HybPiper than with HybPhyloMaker, and the species O. quixensis and 
O. saxatilis were still recovered as polyphyletic in both trees (Figure S1). 
The ASTRAL-HybPiper tree inferred O. barituensis and O. discoidalis to be 
polyphyletic as well (Figure S1a). Unexpectedly, these species were not 
monophyletic in ASTRAL, MRL, and SVDq trees inferred with HybPhy
loMaker (Figure S1b; Figure S2b,c) but were monophyletic with the ML 
concatenated and ASTRID approaches (Fig. 3; Figure S2a). The ASTRAL- 
HybPiper tree did not group O. berdemenos and O. yanucu together. In 
addition, with this pipeline, the species O. machiguenga was not sister to 
O. lehri, but to O. gemcare. 

3.3. Influence of reading frame correction and missing data 

To test whether correcting the alignment by reading frame could 
affect the resulting phylogenies, we repeated the inferences for each 
sample tree method without adjusting to the correct reading frame. In 
this case, HybPhyloMaker retrieved 10,190 exons (Table S4). We did not 
find large differences in the proportion of variable sites, parsimony 
informative sites, or missing sites between frame-corrected and frame- 
uncorrected data (0.120, 0.049 and 0.68 in the frame-corrected; 
0.124, 0.050 and 0.72 in the frame-uncorrected, respectively). Howev
er, there was a greater proportion of possibly saturated exons (“Sat
ur_slope” >1) in the data without correction by frame (2,877 exons; 
28.23%) compared to the data with frame correction (207 exons; 
5.43%). Nonetheless, for each tree method, we found that both frame- 
corrected (3,810 exons) and frame-uncorrected data (10,190 exons) 
reconstructed similar topologies (Figure S3). At the interspecific level, 
only the method ASTRID inferred different topologies when using 
frame-corrected and frame-uncorrected alignments: the tree with frame- 
corrected data supported the monophyly of O. barituensis (Figure S3c) 
but the one with frame-uncorrected data showed paraphyly 
(Figure S3d). At the intraspecific level, different topologies either within 
O. cruralis, O. lehri, or O. quixensis were found between trees inferred 
with frame-corrected and frame-uncorrected data across different 
methods. 

The different data filtering parameters that we applied on the frame- 
corrected data produced 25 datasets with variable levels of missing data 
that ranged from 3,810 exons (dataset ‘maxmissing99_minsp1′: a 99% 
maximum of Ns and at least 1% of samples in the alignment) to 1 exon 
(dataset ‘maxmissing1_minsp100′: 1% maximum of Ns and 100% of 
samples). Nine of these datasets had >1,000 exons, 4 datasets had 
100–1,000 exons, and 12 datasets had <100 exons (Fig. 4a). In general, 
we observed an increase in the nRF distance between trees and the 
reference (i.e., ‘maxmissing99_minsp1′) when fewer data were used. 
However, in most cases, datasets for which we required at least 75% of 
samples per alignment (i.e., ‘maxmissing99_minsp75′, 

Fig. 1. Percent of mapped reads (blue) and capture efficiency (yellow) per 
species as determined by the HybPhyloMaker pipeline. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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‘maxmissing75_minsp75′, ‘maxmissing50_minsp75′ and ‘maxmissing25_ 
minsp75′) led to topologies with lower nRF distances to the reference 
than other datasets with a similar number of exons (Fig. 4b). We 
observed high concordance between sample trees inferred with the 
dataset ‘maxmissing99_minsp1′ and with the dataset 
‘maxmissing75_minsp75′ across all methods (average nRF = 0.238). 
These two datasets had a substantially different number of exons (3,810 
exons and 3,463,041 bp vs. 159 exons and 117,579 bp, respectively). In 
contrast, the average nRF distance across the 25 datasets and all five 
sample tree methods (15,625 comparisons) was much higher (0.639). 
Therefore, we used the frame-corrected ‘maxmissing75_minsp75′ data
set for computationally-demanding analyses that would otherwise not 
be feasible with the ‘maxmissing99_minsp1′ data (see subsections 3.5 
and 3.6). Trees generated with this dataset were concordant with the 
complete ‘maxmissing99_minsp1′ dataset in all interspecific relation
ships except for those relationships that changed depending on the 
method used and described earlier. 

3.4. Pairwise species similarity and population structure 

The average uncorrected genetic p-distance across species was 0.043 
after excluding the outgroups (P. barthlenae and L. tabaconas). The 
lowest interspecific genetic differentiation was found between 
O. quixensis and O. saxatilis (0.018), followed by O. barituensis and 
O. discoidalis (0.022), and O. choristolemma and O. sanctaecrucis (0.023) 
(Figure S4). We examined shared ancestry among the species pairs in 
which at least two individuals were available per species (i.e., 
O. quixensis and O. saxatilis; O. barituensis and O. discoidalis; and 
O. machiguenga and O. lehri) (Fig. 5). Across all individuals in each of 
these pairs, we detected 3,055 SNPs, 1,599 SNPs, and 1,655 SNPs, 
respectively. Population structure analyses showed that the data for the 
samples from O. quixensis and O. saxatilis was most consistent with the 
presence of two clusters (K = 2), as inferred by the mean cross-entropy 
criterion across 10 replicate runs (Figures 5, S5 and S6). One cluster 
contained seven individuals of O. quixensis and one O. saxatilis (RS66), 
while the other cluster consisted of the two other O. saxatilis and one 

Fig. 2. Characteristics of the 3,810 frame-corrected exons obtained with the HybPhyloMaker pipeline in terms of (a) percentage missing data, (b) number of taxa, (c) 
proportion of parsimony informative, and (d) proportion of variable sites per individual exon. 
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O. quixensis (RS48). The data for the samples from O. machiguenga and 
O. lehri showed alike results, but in this case, the two species appeared 
well-defined at K = 2. In contrast, for O. barituensis and O. discoidalis, 
population structure analyses supported the presence of one cluster (K 
= 1) and they were unable to separate the individuals into different 
genetic groups despite using >1000 polymorphic positions. 

3.5. Conflicting phylogenetic signals and gene flow 

Inspection of gene tree/species tree discordance using PhyParts 
(Fig. 6a) showed that the split of Oreobates into two lineages (separating 
northern and southern species; see subsection 3.2) was supported by a 
large percentage of concordant gene trees (~78%; other trees supported 
alternative topologies or were uninformative for this split). One lineage 
was supported by ~16% gene trees, whereas the other was supported by 
~42% gene trees. In the first lineage, the highland clade (O. ayacucho, 
O. gemcare, O. lehri, O. machiguenga, and O. pereger) was supported by 
~26% of the gene trees. As expected, the presence of a larger proportion 
of exons supporting internal nodes is associated with longer branches. 
Similarly, short internal nodes tend to have a smaller proportion of 
supporting trees, in addition to lower values of gCF and gIC (Figure S7). 
Thus, trees involving fewer exons would be less likely to provide support 
for those internal nodes. 

We used a PhyloNet network to assess the possible presence of 
ancient gene flow. The AIC was lowest for the presence of two re
ticulations (Table S5). Within the southern clade, the ancestor of the 

clade of O. barituensis and O. discoidalis could have had gene flow at 
different time-periods with members of the lineage represented by 
O. heterodactylus, O. cruralis, and O. madidi (Fig. 6b). 

3.6. Individual heterozygosity and rates of evolution 

Species of the highland clade showed a significant trend of reduced 
individual heterozygosity compared to species of the lowland clade 
consisting of O. barituensis, O. cruralis, O. discoidalis, O. heterodactylus, 
and O. madidi (t test comparison of highland vs. lowland clades, p =
0.002; Fig. 6b,c). The outgroup species, which are also found in Andean 
highland habitats, had low heterozygosity as well. However, a species 
found ≤ 1,500 m asl (O. saxatilis) had the smallest proportion of het
erozygous positions per individual and its sister taxa (O. quixensis) also 
exhibited low heterozygosity compared to other lowland species. Sur
prisingly, STRUCTURE and sNMF analyses for these two species showed 
that lineages may not be separated according to elevation as anticipated 
and additional fragmentation could be present (see results for K = 3 in 
Figure S5). 

Global ω (dN/dS) across all branches in the species tree was 0.273 as 
estimated by the null (M0) model using the frame-corrected 
‘maxmissing75_minsp75′ dataset. When applying the ‘b_free’ branch 
model, ω for the highland clade was 0.302 (significantly different from 
M0 model, p-value <0.05), whereas the ω for the lowland clade was 
0.269 (not significantly different from M0 model, p-value = 0.54). 
Similar values of ω were obtained using the dataset in which taxa with 

Fig. 3. Phylogenetic relationships of Oreobates using genomic data. (a) Concatenated maximum likelihood sample tree based on the 3,810 frame-corrected exons 
obtained with the HybPhyloMaker pipeline. Circles at the branch tips indicate percent of missing data: black, >90%; grey, >70%; white, >50%; no circle, <50%. 
Branches in green indicate highland species. (b) Sampling localities in this study. Coloured lines and rectangles indicate individuals distributed from Colombia to 
Peru (pink) and from Bolivia to Argentina (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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stop codons had been deleted (Table S6). Selection analyses based on 
gene trees did not qualitatively change the results obtained with the 
species tree (Table S7). Thus, ω is lower in lowland than in highland 
species. Nonetheless, we did not find a significant correlation between 
dS, dN or ω and sampling elevation nor any of the environmental vari
ables tested (temperature, precipitation, relative humidity, net primary 
productivity, and UVB radiation). 

4. Discussion 

4.1. Evolutionary history of Oreobates frogs 

Our phylogenomic analyses clarify the biogeographic history of 
Oreobates. Due to a lack of calibration points within our phylogeny, we 
have not attempted to date it. Recent phylogenomic studies (Feng et al., 
2017; Hime et al., 2020) suggest that the Terrarana group appeared 
50–60 Myr and the clade including our ingroup plus outgroup may have 
diverged very early during the central Andean orogeny (Armijo et al., 

2015), although high elevations were not attained until much later 
(Gregory-Wodzicki, 2000). The first diversification event in our phy
logeny involved the divergence of two major clades, separating species 
currently distributed in Argentina and Bolivia from species found in 
Colombia and Peru. The frogs of the Argentinian-Bolivian lineage 
developed smaller and more slender bodies as compared to the members 
of the Colombian-Peruvian lineage, which evolved more robust bodies 
and with marked granular skin (Padial et al., 2008). The second diver
sification event took place within the latter lineage and led to the sep
aration of a highland and a lowland clade. The observation that highland 
and lowland species tend to be separated in the phylogeny shows that 
the colonization of lowland habitats from highlands or the opposite are 
rare occurrences. This is surprising considering that lowland Oreobates 
occupy extensive areas along the Andean slopes and have apparently 
had ample opportunity to colonize the highlands. This emphasizes that 
the switch between highland and lowland habitats may not be easy and 
could involve many genomic changes. 

We observed that individuals of O. quixensis and O. saxatilis were 

Fig. 4. Evaluation of the effect of missing data using the HybPhyloMaker pipeline: (a) Number of exons for each of the 25 datasets. Two different data filtering 
thresholds were applied based on: the maximum percentage of allowed Ns per alignment (‘maxmissing’); the minimum percentage of samples present per alignment 
(‘minsp’). (b) Normalized RF (nRF) distances between each of the 25 datasets’ sample trees (source trees) inferred with five methodologies (ASTRAL, ASTRID, ML 
CONCAT, MRL, and SVDq) and their corresponding reference tree (‘maxmissing99_ minsp1′). Datasets were sorted by decreasing number of exons. The red arrow 
highlights the similar phylogenetic relationships obtained between sample trees inferred with the ‘maxmissing75_ minsp75′ and the ‘maxmissing99_minsp1′ datasets 
(see text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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consistently paraphyletic in all our phylogenetic analyses. Although 
STRUCTURE and sNMF suggested the existence of two clusters, these 
groups did not correspond to the two species. Interestingly, this species 
pair had already been recovered as paraphyletic in mitochondrial ge
nealogies based on a fragment of the 16S rRNA by Padial et al. (2012). 
While two samples of O. saxatilis were grouped within O. quixensis in 
Padial et al. (2012), here we found that one individual of each species 
was genetically more similar to the other species. A possible explanation 
for this could be that some museum specimens were incorrectly identi
fied. Even though adults of the two species are reciprocally diagnosable 
(Padial et al., 2012), their immature and juvenile stages share similar 
morphological traits, and errors in the species identification are not 
unlikely. Genomic analyses also suggest gene flow between the two 

lineages. An alternative explanation would be incomplete lineage sort
ing (ILS). However, the fact that both concatenation and summary 
coalescent methods converged on very similar topologies when using 
many loci, suggests that there is no ILS or that the effect of ILS is over
whelmed by genuine phylogenetic signal (Irisarri et al., 2018). To fully 
disentangle the relationship between these two species, a more complete 
analysis including genetic and phenotypic data of as many individuals as 
possible from across their distribution ranges would be needed and 
topotypes from both species would need to be sequenced as well. This 
could allow assessing possible misidentifications and population 
structure. 

We found that individuals of two lowland species (O. barituensis and 
O. discoidalis) were not genetically separated into two distinct clusters. 

Fig. 5. Population structure for K = 2 of three different species pairs using the program sNMF: O. quixensis and O. saxatilis; O. machiguenga and O. lehri; O. barituensis 
and O. discoidalis. 

Fig. 6. Genetic diversity and gene flow in Oreobates: (a) Gene flow probability estimates between lineages according to the PhyloNet network. Pie charts show gene 
tree conflict at each node relative to the ASTRAL species tree as estimated by phyparts (blue, proportion concordant with the shown topology; green, proportion that 
support the dominant alternative topology; red, proportion that support remaining alternatives; grey: unsupported (<50% bootstrap support, BS). Branches coloured 
in green and blue indicate species of the highland and lowland clade, respectively. Yellow branches are the outgroup taxa. Names in green colour refer to species 
found >1,500 m asl, whereas names in blue colour refer to species found ≤ 1,500 m asl. (b) Average individual heterozygosity (θ) for each species as calculated by 
ANGSD. The total number of individuals for species with more than one sample is shown in brackets. Whiskers represent the minimum and maximum values. Grey 
bars represent species that occupy wide elevational ranges. (c) Heterozygosity estimates of species corresponding to highland vs. lowland clades. p = 0.002; 
significantly different means. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The near-threatened O. barituensis (according to IUCN criteria) was 
described on the basis of morphometrics and bioacoustics and occurs in 
a small geographical area that partially overlaps with the broad distri
bution range of O. discoidalis (Vaira & Ferrari, 2008; Lavilla et al., 2010; 
IUCN, 2019). While some phylogenetic approaches have suggested 
reciprocal monophyly for these species, other analyses suggested para
phyly. Our clustering genomic analyses indicate that the two species do 
not represent separate gene pools and should be considered a single 
species (O. discoidalis). Interestingly, PhyloNet analyses suggest that the 
lineage O. barituensis + O. discoidalis derived from the admixture of two 
or three ancestral lineages, as suggested for other amphibians (Rancilhac 
et al., 2020). It is possible that this diverse origin contributed to the 
phenotypic variability that led to the claim of the existence of two 
species. This admixture at different points in the phylogeny implies 
interspecific gene flow after a secondary contact. Potentially, physical 
barriers are less likely to maintain lowland species spatially segregated 
over evolutionary time. 

Highland habitats are characterized by higher fragmentation, lower 
temperatures, higher ultraviolet radiation, reduced levels of oxygen, 
lower water availability (remaining frozen during part of the year), and 
different flora and fauna compared to lowland areas (Montero-Mendieta 
et al., 2019). As a result, highland and lowland species are subjected to 
distinct selective pressures that shape their evolution and diversifica
tion. We found that species of Oreobates occurring in montane areas 
(cloud forests, elfin forests, and puna grasslands) have in general lower 
heterozygosity (He). Neutral theory predicts that for a given mutation 
rate (µ), He is positively correlated with the effective population size (Ne) 
(Kimura, 1983; Ohta, 1992). At the same time, small Ne causes purifying 
selection to be less efficient at removing slightly deleterious mutations 
due to strong genetic drift, resulting in an increased ratio of non- 
synonymous to synonymous substitution rates (ω, dN/dS; Mohlhenrich 
& Mueller, 2016; Lanfear et al., 2010). This is what we observe in our 
case, with higher ω in montane species compared to species inhabiting 
Amazonian lowlands, dry forests, inter-Andean dry valleys, humid for
ests, and the yungas <1,700 m. The observation that He is lower in 
highland species suggests that their Ne is smaller compared to lowland 
species, and have larger ω, as expected if montane habitats are more 
fragmented (Montero-Mendieta et al., 2019). On the other hand, and in 
contrast to findings by Dugo-Cota et al. (2015) and Lin et al. (2019) for 
another group of Neotropical frogs and bumblebees, we did not observe 
an acceleration of dS (synonymous substitution rates) in lowland species. 
Therefore, our data suggest that the fragmentation in mountain habitats 
may have led to species with reduced distribution ranges and lower Ne. 
As a result, purifying selection was weaker and promoted the relatively 
faster accumulation of nonsynonymous mutations in highland species of 
Oreobates. 

Until now, some aspects of the evolutionary history of the frogs of the 
genus Oreobates remained fairly unknown. This was partly because this 
group includes species that are extremely difficult to find, such as 
O. yanucu and O. zongoensis, which are known only from one or a few 
individuals from a single locality (Reichle & Köhler, 1997; Köhler & 
Padial, 2016). Here, we have shown the utility of genomic data to un
derstand the evolution of Oreobates across a wide elevational range. 
However, some questions remain unsolved. Further work combining 
genomic, ecological, behavioural, and morphological data is needed to 
fully address these questions and to better understand the role of 
mountain systems in the evolutionary history of amphibians. 

4.2. Target enrichment phylogenomics 

Our custom probes designed from the transcriptome of one species of 
Oreobates captured a set of homologous loci across most species in this 
genus and two other closely-related genera. During probe design, we did 
not filter for single-copy genes as our aim was to keep as many sequences 
as possible (~18,000 exons). A potential pitfall of this procedure is that 
paralogous loci could have been recovered in our data. However, the 

consistency of our inferences is confirmed by the overall congruence 
observed between phylogenies reconstructed with the two pipelines 
(HybPhyloMaker and HybPiper) despite one filtering out potential 
paralogs but not the other. We observed variation in the number of loci 
captured per species by HybPhyloMaker and HybPiper, which is likely 
due to the use of different methodologies for the assembly and identi
fication of contigs that match the target sequences (Fér & Schmickl, 
2018). Putative intronic flanking regions were not explicitly removed 
because HybPhyloMaker is not capable of extracting them, and they can 
be valuable for reconstructing shallow phylogenies (Forcina et al., 
2021). Analyses using HybPhyloMaker consumed fewer computing re
sources and were faster than with HybPiper. There were minor topo
logical differences between the trees inferred by the two pipelines that 
may reflect taxonomic problems for some species (discussed in Section 
4.1), but we used the data obtained with HybPhyloMaker for subsequent 
analyses because the inferences by HybPiper had lower support values 
overall. Thus, HybPhyloMaker recovered data of higher phylogenetic 
informativeness compared to HybPiper. 

In terms of the percentage of target bases that were retrieved, our 
probes delivered higher average capture success than the ones designed 
by Heinicke et al. (2018) to enrich conserved exons across Terrarana 
frogs (19% vs. 10%). This shows that capture probes based on the 
transcriptome of one or few species can be useful to obtain data for 
phylogenomic and evolutionary history reconstructions among closely- 
related taxa (such as the genus Oreobates compared to the entire Ter
rarana group) when no other genomic resources are available. However, 
the lack of phylogenetic diversity in our probe design implies that this 
approach may not be suitable for species with deep genetic divergences. 
In such a case, the use of the recently available FrogCap marker set 
(Hutter et al., 2019) may be more appropriate. This marker set effec
tively captures a large array of markers across variable timescales in the 
amphibian tree of life. Ultimately, to choose one method or the other, 
one must consider the availability, sensitivity and specificity of initial 
genomic resources for the ingroup taxa, as well as the cost of the project. 

An important consideration before reconstructing phylogenies with 
target enrichment data is to minimize “noise” that may mislead the 
phylogenetic inference process (Herrando-Moraira et al., 2018). We 
explored the impact of two types of dataset noise filtering: removing loci 
with incorrect reading frames, and selecting different thresholds for the 
inclusion of loci and taxa with missing data. The observation that the 
data without frame correction consists of many more exons compared to 
the data with frame correction (10,190 and 3,810 exons, respectively) 
means that ~63% of the loci had ambiguous reading frames or more 
than five stop codons. This may have been induced by sequencing errors 
that insert or delete a nucleotide and produce reading frameshifts, but 
more likely causes could be the criteria for probe designing and read 
mapping being not restrictive enough, which can lead to ambiguous 
sequence calls. The latter represents a trade-off between the depth of 
coverage of protein-coding genes and the accuracy of the genotype calls 
(Miya et al., 2015). We found that the removal of loci with incorrect 
reading frames decreased the proportion of exons with high saturation 
levels. This implies that the reading frame correction produced data 
with a stronger phylogenetic signal than the data without this correc
tion, and therefore, more accurate inferences. Homoplasy in the frame- 
uncorrected data may have contributed to the differences observed be
tween trees reconstructed with frame-corrected and frame-uncorrected 
data for two of the inference methods. Accordingly, we focused on 
frame-corrected data to examine the evolutionary history of Oreobates. 

Regardless of reading frame correction, the average percentage of 
missing data was ~ 70% in both datasets. In addition to missing nu
cleotides resulting from biological processes such as insertions and de
letions, target enrichment data increased noise due to: (1) inconsistent 
performance of the sequence-capture among samples leading to missing 
data; and (2) the stochasticity inherent in collecting data, resulting in 
variable taxon coverage across loci (Hosner et al., 2016). As a result, the 
inferred phylogenies may exhibit very long branches (Darriba et al., 
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2016). In the concatenated tree of Oreobates inferred with the 3,810 
frame-corrected exons, samples with high missing data have longer 
branches than others (see Fig. 3a). By comparing trees inferred from 
subsets of frame-corrected loci with different amounts of missing data, 
we found that retaining exons with >75% taxa per loci, each with <75% 
of ambiguous positions (N) solves that issue. The dataset consisting of 
159 exons had considerably less missing data (~35%) and shorter 
branches than the complete frame-corrected data but resulted in similar 
tree topologies with all inference methods. Because downstream ana
lyses were based on this reduced data, and we only retained one indi
vidual per species (i.e., the one with less missing data), the inferred 
evolutionary framework is unlikely affected by branch length biases. 

The species relationships recovered among Oreobates with these data 
are congruent to those inferred in previous studies with short fragments 
of the 12S, 16S, RAG1, and TYR genes, at least for branches receiving 
high bootstrap values or posterior probabilities (Padial et al., 2008, 
2012, 2014; Hedges et al., 2008; Pyron & Wiens, 2011; Pereyra et al., 
2014; Köhler & Padial, 2016; Jetz & Pyron, 2018; Vaz-Silva et al., 2018; 
Pansonato et al., 2020). There are several valuable implications that can 
be extracted from these results. First, compared to phylogenomic in
ferences, phylogenetic trees of Oreobates based on a few mitochondrial 
and nuclear gene markers can be considered reliable in most cases, as 
noticed by Heinicke et al. (2018) for other amphibians. Second, the use 
of the different phylogenomic pipelines to extract target sequences and 
inference programs does not have a strong impact on the inferred 
evolutionary relationships between species. On the other hand, the 
application of different filtering parameters is a critical step to phylo
genetic reconstructions. Third, reading frame correction is recom
mended to obtain data with higher phylogenetic signal, but allowing 
alignments with a few stop codons can help recover valid exons with 
errors induced via sequencing or read mapping. Finally, as shown in 
previous studies, denser taxon coverage (~75% taxa per loci, in this 
case) seems to be more important than sequencing thousands of genes to 
resolve species relationships with phylogenomic data (Betancur-R et al., 
2019; Montero-Mendieta & Dheer, 2019). In contrast, having high 
percentages of ambiguous positions in the alignments (75–99% of Ns) 
does not have a clear effect in the inference process. 

5. Conclusions 

We examined the evolutionary history of Oreobates, a genus of frogs 
that inhabits low and high elevation environments in the Andes. Using 
sequence-capture, we obtained the sequence ofnumerous independent 
loci for phylogenetic inference and evolutionary analyses. We tested two 
alternative pipelines for assembling phylogenomic datasets from cap
ture data and compared the effect of key methodological decisions. 
Robust evolutionary relationships were inferred, supported by both 
concatenation and summary coalescent methods. The inferred evolu
tionary framework showed different selective regimes between highland 
and lowland species, as well as conflicting phylogenetic relationships 
among the latter. Taken together, our results not only improve our un
derstanding of the evolution of Oreobates frogs but also provide insights 
into the use of target enrichment data for phylogenomic studies. 

CRediT authorship contribution statement 

Santiago Montero-Mendieta: Methodology, Software, Investiga
tion, Formal analysis, Data curation, Writing - original draft, Writing - 
review & editing, Visualization. Ignacio De Riva: Resources, Writing - 
review & editing, Funding acquisition. Iker Irisarri: Writing - review & 
editing. Jennifer A. Leonard: Methodology, Investigation, Resources, 
Writing - review & editing. Matthew T. Webster: Supervision, Writing - 
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