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A B S T R A C T

Species relationships have traditionally been represented by phylogenetic trees, but not all evolutionary histories 
fit into bifurcating divergence models. Introgressive hybridization challenges this assumption by sometimes [or 
maybe often] leading to mitochondrial introgression, wherein one species’ mitochondrial genome is entirely 
replaced by another’s (mitochondrial capture). Such processes result in mitonuclear discrepancies, complicating 
species delimitation and phylogenetic inference. In our study, we used ultraconserved elements (UCE) and 
mitogenomic data to investigate the evolutionary history of the Ameivula ocellifera complex, a group of South 
American whiptail lizards widely distributed in semiarid environments of the Caatinga Domain in Brazil. We 
examine mitonuclear discordances, assessing reticulate evolution, evaluating species limits, and testing for 
adaptive mitochondrial capture that could explain higher introgression in the mitochondrial genome compared 
to nuclear DNA. Our findings support the occurrence of an ancient reticulation event during the diversification of 
these lizards, driven by introgressive hybridization, leading to mitochondrial capture, and explaining mitonu
clear discrepancies. Overall, we did not find clear evidence of positive selection across mitochondrial protein- 
coding genes suggesting adaptive mitochondrial capture of individuals with introgressed mtDNA. Thus, the 
genetic diversification and mitogenome evolution could be neutral, with selection against hybridization in the 
autosomal loci only, or even mediated by mitonuclear incompatibilities. Analyses of mtDNA genomes alongside 
network and species delimitation methods were crucial for identifying and validating individuals with intro
gressed mtDNA as a distinct species, demonstrating the potential of genome sampling, and using innovative 
analytical techniques for elucidating speciation processes in the presence of introgressive hybridization.

1. Introduction

Speciation is generally initiated by population divergence with 
reduction in gene flow between lineages (Mayr 1963; de Queiroz 2007). 
From a spatial perspective, this process of divergence is categorized in 
three main types: allopatric, parapatric, and sympatric. From a genetics 
perspective, it can be neutral or adaptative (Wu 2001). Speciation 
though is likely complex and may involve ecological adaptation and/or 
alternating periods of isolation and contact, showing contemporary or 
past horizontal connections between branches of a phylogeny (Abbott 
et al. 2013; Mallet et al. 2016; McGee et al. 2020). As more genomic 

datasets are generated, it is now common to find species persisting as 
distinct given gene flow (Mallet et al. 2016; Cahill et al. 2018; Wang 
et al. 2020; Burbrink et al. 2021). Introgression can introduce new 
variants that potentially increase the fitness of individuals in a popula
tion (The Heliconius Genome Consortium 2012; Tigano and Friesen 
2016; Jones et al. 2018). However, in the absence of selection, intro
gression may homogenize diverging populations. Thus, some cases of 
hybridization represent natural experiments to understand non-neutral 
evolutionary forces in the speciation process.

One genomic region that is commonly investigated and can undergo 
adaptive introgression is the mitochondrial DNA (mtDNA; da Fonseca 
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et al. 2008; Castellana et al. 2011; Boratyński et al. 2014). Introgression 
may cause the partial or complete replacement of the mitochondrial 
genome of one species by that of another, commonly referred to as 
mitochondrial capture (mt-cap; Hill 2019). Together with incomplete 
lineage sorting (ILS), some studies suggest mt-cap as one of the main 
causes of mitonuclear discordances (Ballard and Whitlock 2004; Toews 
and Brelsford 2012). Mitochondria are vital components of eukaryotic 
cells as they are directly involved in oxygen metabolism and energy 
production (Das 2006; Breton et al. 2014). In general, the mtDNA is 
expected to evolve under purifying (negative) selection, where delete
rious mutations are selected against to maintain protein functionality 
(Castellana et al. 2011; Shtolz and Mishmar 2019). Additionally, mito
chondrial and nuclear genes (nuDNA) involved in energetic metabolism 
are constrained to coevolve in order to maintain efficient energy pro
duction through the oxidative phosphorylation (OXPHOS) enzymes 
system (Rand et al. 2004; Bar-Yaacov et al. 2012; Hill 2015). The strong 
functional link between nuclear and mitochondrial genes results in 
natural selection against hybrids and potentially restricts gene flow 
among meta-populations (Ellison and Burton 2008; Gershoni et al. 2009; 
Burton and Barreto 2012; Sloan et al. 2017; Telschow et al. 2019), which 
may ultimately drive divergence and speciation (Gershoni et al. 2009; 
Bar-Yaacov et al. 2015; Hill 2015; Henault and Landry 2016). 
Conversely, positive selection on mtDNA codons and genes suggests that 
changes have functional effects, possibly in relation to metabolic effi
ciency and physiological adaptations to environmental constraints 
(Romero et al. 2016; Lamb et al. 2018). Selective pressures acting on 
mtDNA may also drive discordances with biogeographic patterns ob
tained from nuDNA (Toews and Brelsford 2012). Therefore, under
stating how selection is driving mitochondrial differentiation can help 
clarify the speciation process and better inform species delimitation 
(Bar-Yaacov et al. 2015; Morales et al. 2018; Bernardo et al. 2019; Shults 
et al. 2022).

Mitochondrial DNA has been traditionally the marker of choice to 
assess phylogeographic structure and species limits (Hebert et al. 2003). 
Generally, species delimitation studies contrast the genetic structure of 
mtDNA and nuDNA (when discordant) as opposing evidence to deter
mine species limits, and generally favor the solution supported by 
genomic data (Pedraza-Marrón et al. 2019; Shults et al. 2022). Un
doubtedly, the increasing ease of collecting genome-scale data is 
providing more refined information about species boundaries, while 
relying on the mitochondrial genome alone can often lead to erroneous 
species delimitations (Ballard and Whitlock 2004), especially when 
introgression occurs among diverging lineages (Dinca et al. 2019; Chan 
et al. 2021; Ortiz et al. 2021). Hence, introgressive hybridization and 
adaptive mt-cap represent challenges for species discovery and delimi
tation methods given that they violate the assumptions of a bifurcating 
divergence model. Moreover, species discovery and validation methods 
(e.g., Roux et al. 2016; Jackson et al. 2017; Leaché et al. 2019) yield 
results that are based on the predominant genomic signal, which can be 
misleading depending on the history of introgression (Harrison and 
Larson 2014). For instance, only a few regions of the genome might be 
important for adaptation, being under strong natural selection (Yeaman 
and Whitlock 2011; Andrew and Rieseberg 2013). Those regions tend to 
remain distinct even in the presence of the dominant signal of intro
gression (Renaut et al. 2013; Martin et al. 2019).

In recent years, the development of new analytical methods that 
model horizontal connections among branches of a phylogeny (i.e., 
phylogenetic networks) has allowed a more comprehensive under
standing of species evolution (Solís-Lemus et al. 2017; Wen and Nakh
leh, 2018), simultaneously enlightening the processes that generate 
mitonuclear discordance (Thanou et al. 2020; Cairns et al. 2021; Barley 
et al. 2022). Network methods have allowed researchers to estimate 
deep time reticulations on trees (Burbrink and Gehara 2018) and solve 
some taxonomic and systematic uncertainties that cannot unambigu
ously be untangled using mtDNA alone, or in combination with a few 
nuclear loci (Quattrini et al. 2019; Mason et al. 2019; Stull et al. 2020; 

Cairns et al. 2021; Esquerré et al. 2022). Such advances prompted an 
increasing number of cases reporting reticulate evolution and intro
gression across many biological groups, thus underscoring an important 
evolutionary mechanism in natural populations (Abbot et al. 2013; 
Meier et al. 2017; Payseur and Rieseberg 2016; Taylor and Larson 2019; 
Patton et al. 2020).

Along the Caatinga Domain in northeastern Brazil, the largest xeric 
and seasonally dry tropical forest nucleus of South America (Silva et al. 
2017), a challenging case of species delimitation is that of Ameivula 
whiptail lizards. These lizards exhibit conspicuous coloration patterns 
and extensive morphological variation suggesting multiple unrecog
nized species (Rodrigues 2003), but efforts to establish species limits 
with genetic datasets have only recently been attempted (Oliveira et al. 
2015; Arias et al. 2018), with different studies proposing different 
numbers of taxa. Based on dense geographic sampling using one mito
chondrial and four nuclear loci analyzed with coalescent-based models, 
Oliveira et al. (2015) delimited two main lineages (A. ocellifera and 
A. xacriaba) that diverged with gene flow under a parapatric speciation 
model. Their data show that A. ocellifera was genetically homogeneous 
and broadly distributed in Caatinga. Later, Arias et al. (2018), using 
spatially sparse sampling and three mitochondrial and one nuclear locus 
analyzed with standard phylogenetic methods, uncovered more genetic 
diversity within the Caatinga. They recognized five species (A. ocellifera, 
A. confusioniba, A. nigrigula, A. pyrrhogularis, and A. xacriaba), plus a 
candidate lineage related to A. ocellifera. They also pointed out that 
morphological and genetic evidence (dominated by mitochondrial data) 
often disagree on the validity of some species they recognized (e.g., 
A. confusioniba and A. mumbuca), but did not discuss which processes 
may lead to these incongruences. We hypothesize that gene flow be
tween lineages (Oliveira et al. 2015) or introgression (as shown for 
North American whiptail lizards; Barley et al. 2022) could be masking 
the diversification history of this group, creating a confounding and 
contrasting scenario of species delimitation. Furthermore, because pre
vious studies have underscored the significance of environmental gra
dients between the neighboring Caatinga and Cerrado regions in the 
diversification process of Neotropical lizards (Werneck et al. 2012; 
Oliveira et al. 2015), adaptive introgression across ecotonal and eleva
tional zones might be at play.

To test these hypotheses, we analyzed thousands of ultraconserved 
elements (UCE) loci and the mitochondrial genome of 50 samples 
comprising 43 localities. We used phylogenetic network methods, 
divergence time estimates, coalescent simulations, and selection tests on 
mitochondrial protein-coding genes to disentangle a complex history of 
diversification and to understand the origin of genomic discordances 
involving ancient introgression with mitochondrial capture by one 
species. Our study reconciles the contrasting information provided by 
mitochondrial and nuclear genomes to better understand a complex 
speciation process.

2. Material and methods

2.1. Sampling, Library Prep, and sequencing

We sampled a total of 50 individuals covering the geographic range 
of the Ameivula ocellifera complex (Fig. 1), which includes A. ocellifera, 
A. pyrrhogularis, and three species that occur within the Caatinga 
Domain and/or adjacent Cerrado areas: A. confusioniba, A. nigrigula, and 
A. xacriaba (see Supplementary Table S1). We extracted and purified 
genomic DNA from tissues using Qiagen DNeasy Blood and Tissue Kits 
(Qiagen Inc.) and quantified extractions using a Qubit 2.0 fluorometer 
(Life Technologies, Inc.) to verify DNA quality. We used services from 
RAPiD Genomics (https://www.rapidgenomics.com/services/) to 
generate 5,472 baits and to sequence 5,060 UCE loci following the 
protocols from Faircloth et al. (2012) and Sun et al. (2014). Pooled li
braries were then sent to the University of Florida ICBR Facility for 100 
bp paired-end sequencing on an Illumina HiSeq 3000. Using dual- 
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Fig. 1. a) Concatenated nuclear (nuDNA) tree based on 2,560 UCE loci and complete mitogenome (mtDNA) tree for 50 Ameivula samples used in this study. Different 
colors correspond to different lineages/species based on DAPC and TESS3 results. The black dotted line in the nuDNA tree separates the outgroups from the Ameivula 
ocellifera complex, while the dashed line in the mtDNA tree highlights the close relationship between MWi lineage and outgroups. The samples with *L denotes 
individuals recovered as paraphyletic in the mtDNA, while the number indicates its geographic location in the map. Each species is color coded to the lizard images 
on the side; b) DAPC results. Scatterplot showing the first two principal components from DAPC with best K = 6. Each cluster is indicated by a different color and 
each point is an individual. The eigenvalues retained in principal component analysis (PCA) and discriminant analysis (DA) are indicated; c) TESS3 results. 
Geographic maps of ancestry coefficients using K = 8 ancestral populations. Black dots represent the sample locations and each cluster is indicated by a different 
color; and d) Distribution of samples used in this study, totalizing 43 localities (more details in Supplementary Table S1). Different colors correspond to different 
lineages. Black dotted and dashed lines refer to lines of the nuDNA and mtDNA trees, depicting mitonuclear incongruence of the MWi lineage.
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indexed barcodes, multiple clean-ups, and quality control steps, the 
amount of reads that mapped to impossible index combinations was low 
(average index hopping rate = 0.2 %) (Sinha et al. 2017.).

2.2. Mitochondrial genome assembly and analyses

We identified and assembled the mitochondrial genome from off- 
target sequencing reads by mapping the illumiprocessor cleaned reads 
to a mitogenome reference of Callopistes maculatus (GenBank accession 
number AB176924), which is the closest relative (Teiidae family) to our 
ingroup with a complete mitogenome available on GenBank during the 
time we surveyed for mitogenomes (2021). We followed the pipeline 
and scripts provided by Evan Twomey available in GitHub (https://gith 
ub.com/jasonleebrown/UCE_phyluce_pipeline/blob/master/README. 
md#mitogenome-pipeline). This pipeline first uses BWA (Li and Durbin 
2009) to construct the index for the reference genome (the “index” op
tion) and BWA-MEM algorithm to align both fastq.gz reads with the 
reference genome (“mem” option), which are stored in SAM format. 
Samtools v1.1.19 (Danecek et al. 2021) was then used to convert from 
SAM to BAM files and, lastly, ANGSD v0.934 (Korneliussen et al. 2014) 
was used to extract variants/sequences from the BAM files previously 
created and export as FASTA. Because the available reference mitoge
nome was from a distantly related species, we used EMBOSS v6.6 (Rice 
et al. 2000) to create a consensus sequence of all our Ameivula samples 
and repeated the baiting and alignment pipeline to retrieve mitoge
nomes with fewer missing data. Final annotation of the mitogenomes 
was performed using Geneious R9 (Kearse et al. 2012). We also 
inspected protein-coding regions for proper amino acid translation, 
confirmed that there are no internal stop codons, and manually elimi
nated the D-loop region from the alignment. To evaluate mitochondrial 
sequence authenticity, we compared the ribosomal genes retrieved 
through this pipeline with the 12S gene sequences published by Oliveira 
et al. (2015). The annotated and partitioned mitogenomes are available 
via the Mendeley Digital Repository (https://doi.org/10.17632/srm 
6w345sr.1; see also Supplementary Table S1).

We used the resulting alignment to construct a mitogenome dataset 
using Callopistes maculatus as our outgroup. The final concatenated 
alignment of 15,277 bp was split into five partitions according to tran
script type (tRNA: 1,575 bp; rRNA: 2,480 bp; protein-coding mRNA: 
11,223 bp) and all protein-coding genes (PCGs) subdivided into codon 
position (COD-p1, COD-p2, and COD-p3, with 3,741 bp each). To date 
the divergences between all our Ameivula samples (total of 50 in
dividuals), we used the estimates of Burbrink et al. (2020) to constraint 
the divergence between the last common ancestor of Ameivula and 
Callopistes, which was given as a lognormal prior with mean (M) of 
71.49 Ma and standard deviation (S) of 0.025. This age constraint was 
retrieved from a fossil calibrated phylogenetic tree estimated with 
genomic-scale data for Squamata, being the most reliable calibration 
point available for our ingroup. We also used the 12S substitution rate of 
5.11 x 10-3 substitutions/site/Ma estimated for the Teiidae family 
(Oliveira et al. 2015) as a prior for the clock rate. We ran three inde
pendent analyses in BEAST2 v2.6.6 with a relaxed uncorrelated 
lognormal clock, a birth–death tree model, for 50 x 106 MCMC gener
ations sampling every 5,000 iterations, discarding the first 10 % of 
samples as burn-in. The best model of nucleotide substitution for each 
partition was co-estimated during the analysis using BEAST Model Test 
v1.2.1 (Bouckaert and Drummond 2017) implemented in the BEAST2 
package. We examined convergence trace plots in TRACER v1.7 
(Rambaut et al. 2018) to ensure that all parameters ESS > 200 and 
combined logs from distinct runs with LogCombiner (BEAST2 package). 
To determine if missing data may have any effect on tree topology and 
node support, we removed seven individuals that had more than 50 % of 
missing data and used GBLOCK v0.91b (Castresana 2000) to exclude 
potentially poorly aligned positions and missing data blocks of the 
mitogenome alignment. We then used ModelFinder to infer the best-fit 
model of substitution and IQ-TREE 2 to infer a maximum likelihood 

tree with 1,000 bootstrap replicates to assess node support.

2.3. UCE assembly and SNP data

We assembled UCEs for each sample using a modification of the 
Phyluce pipeline (Faircloth 2016). We first ran a de novo assembly for 
each sample with VelvetOptmiser.pl (Velvet v1.2.1; Zerbino and Birney 
2008) using 65 and 75 as hashs and hashe parameters, respectively, and 
used the total number of base pairs in all contigs as an optimization 
function for coverage cutoff. After the de novo assembly, we proceeded 
with the standard Phyluce pipeline. We used the scripts ‘phylu
ce_assembly_get_match_counts’ and ‘phyluce_assembly_get_fastas_
from_match_counts’ to match contigs of each sample to reference probes 
using the R platform (R Core Team 2021). Then, we used the Burrows- 
Wheeler Aligner (BWA) v0.7.12 (Li and Durbin 2009) to map reads to 
the de novo assembled contigs and used Picard Tools v1.119 (htt 
ps://broadinstitute.github.io/picard/) to exclude PCR duplicates. We 
used The Genome AnalysisToolkit (GATK) v3.6.0 (McKenna et al. 2010) 
to call, realign, and maskindels, call and annotate single nucleotide 
polymorphisms (SNP), and perform read-backed phasing. Next, we used 
the ‘add_phased_snps_to_seqs_filter.py’ of the seqcap_pop pipeline 
(Harvey et al. 2016) to generate sample specific FASTA files. We then 
combined, aligned, and trimmed all samples into one FASTA alignment 
per UCE using a custom R script. This script used MUSCLE to align se
quences and exclude individuals with very short sequences. To do that, 
we calculated for each UCE alignment the distribution of sequence 
lengths and excluded all sequences below the 25 % quantile. We also 
created custom R scripts to convert phased UCE alignments to VCF 
format. For each polymorphic locus, we identified the variable sites 
using the seg.sites function of the pegas R package and we randomly 
sampled one variable site per locus to eliminate biases due to linkage of 
SNPs. We further filtered loci and individual missing data using the R 
package dartR (Gruber et al. 2018). Loci that were invariant, non- 
biallelic, or absent from > 60 % of samples were removed. Because 
missing data can influence population assignment, samples with > 60 % 
missing data were also removed. The resulting unlinked SNP data set 
was used to generate input files for downstream analyses. Further re- 
filtering was made when a different set of samples was used in ana
lyses. Raw FASTQ files for all samples were uploaded to the NCBI 
sequence read archive (PRJNA1197672; Table S1). Per locus phased 
alignments are available via the Mendeley Digital Repository 
(https://doi.org/10.17632/srm6w345sr.1).

2.4. Genetic structure

To assess if populations of the Ameivula ocellifera complex harbor 
potentially cryptic lineages, we used a Discriminant Analysis of Prin
cipal Components (DAPC; Jombart et al. 2010) in the R package ade
genet v2.1.2 (Jombart 2008), which sequentially estimates K-means for 
clustering and selects the best fit to infer genetic clusters in the absence 
of prior group identification. We first transformed the SNP data using 
principal component analysis (PCA) by choosing a large number of PC 
axes (n = 100), then picking the number of discriminant functions 
yielding large F-statistics (>2000) and selected the number of genetic 
clusters based on the number of PC axes that minimized the Bayesian 
information criterion (BIC) score. Because using a large number of the 
PCs may yield arbitrary solutions, we estimated the optimal a-score, 
which measures this bias by calculating the difference between the 
actual cluster assignment probabilities and randomly assigned proba
bilities (predicting 4–8 PCs). We also assessed population structure using 
TESS3r R package to estimate admixture for each species pair using SNPs 
and geographic data (Caye et al. 2018), which accounts for geographic 
distance among samples to estimate ancestry coefficients. We ran the 
TESS3 function with 20 replicates for K equals 1 to 15 using default 
parameters. Each of these methods (i.e., DAPC and TESS3) use different 
assumptions for grouping individuals and we compared congruence 
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among them.

2.5. Concatenated tree

We used maximum-likelihood (ML) analysis of concatenated data as 
an initial estimate of phylogenetic relationships with nuclear data. We 
generated a concatenated gene tree using all UCE loci for all individuals 
we sequenced. This dataset consisted of 2,560 loci and a total of 717,415 
base pairs. The automatic model selection method was used to infer the 
best-fit model of substitution (Kalyaanamoorthy et al. 2017), and a 
maximum likelihood gene tree was then inferred with 1,000 ultrafast 
bootstrap replicates to assess node support in IQ-TREE 2 (Minh et al. 
2020).

2.6. Species delimitation

One of the clusters delimited by TESS showed an incongruence be
tween mitochondrial and nuclear genomes related to its placement 
within the Ameivula ocellifera complex, potentially because of intro
gression, also exhibiting two distinct mitochondrial genomes. To test 
among competing delimitation models and assure that the mid-western 
cluster (or MWi) can be validated as an independently evolving species 
using SNP data, we conducted a species delimitation analyses using the 
Bayes Factor Delimitation (BFD) method (Leaché et al. 2014) in SNAPP 
v1.5.2 (Bryant et al. 2012) package in BEAST2 v2.6.6 (Bouckaert et al. 
2014). The competing delimitation models were derived from previous 
taxonomic proposals (i.e., Oliveira et al. 2015; Arias et al. 2018) and 
different combinations of the exploratory analyses of population struc
ture of the genomic data collected here. Therefore, we tested four spe
cies delimitation models: (a) four species based on TESS3 results (which 
validated MWi with mtDNA introgression); (b) three species based on 
DAPC results (lumping midwestern and northwestern clusters); (c) two 
valid species represented by A. pyrrhogularis (lumping midwestern and 
northwestern clusters) and A. ocellifera (individuals from northeastern 
and southeastern clusters lumped), which corresponds to the current 
taxonomic scenario according to Arias et al. (2018); and (d) the 
A. ocellifera complex represents a single taxon and A. pyrrhogularis would 
be a synonym of A. ocellifera (as proposed by Oliveira et al. 2015).

While it may be ideal to include all sequenced specimens, the 
Bayesian framework implemented in SNAPP would make the empirical 
analysis and posterior predictive simulations computationally intrac
table. We included five individuals with less missing data per potential 
species (for a total of 20 ingroup samples; see Supplementary Table S1
for individual samples used in this analysis) plus the outgroup taxon 
Ameivula confusioniba so that the single A. ocellifera species model could 
be evaluated. SNAPP requires that at least one individual is sampled at 
each locus for every species set. Therefore, we filtered 651 SNPs assuring 
that reassigning individuals between species sets would not change the 
number of sites among competing models. We set forward and reverse 
mutation rates to 1. We applied a gamma distribution (α = 2, β = 200) 
for the speciation rate (λ) prior and the snapprior was set to α = 1, β =
250, and κ = 1 (following Leaché et al. 2014). To test the four alternative 
species delimitation models, we used a stepping-stone analysis with the 
PathSampleAnalyser with 72 steps and a chain length of 200,000, bur
nin percentage at 50 %, and a preburnin of 10,000. Convergence was 
assessed by examining log plots in TRACER v1.7 (Rambaut et al. 2018), 
ensuring that all ESS values > 200. We ranked and compared the 
resulting marginal likelihood values using Bayes factors (BF; Kass and 
Raftery 1995). The strength of support from BF comparisons of 
competing models can be evaluated as follows: 0 < BF < 2 is not worth 
more than a bare mention, 2 < BF < 6 is positive evidence, 6 < BF < 10 is 
strong support, and BF > 10 is decisive.

Because the SNAPP model is migration-free and only produces 
strictly bifurcating trees, we used posterior predictive simulations to test 
if these data are a good fit to the multispecies coalescent model (MSCM) 
implemented in SNAPP. We used the R package P2C2M.SNAPP (Duckett 

et al. 2020) to conduct these simulations. P2C2M.SNAPP was used to 
generate 100 posterior predictive datasets that mirrored our empirical 
data in numbers of samples and sites; these simulations were then run in 
SNAPP. To compare the posterior distribution from the empirical data to 
the predictive distribution, we used all three summary statistics imple
mented in P2C2M.SNAPP: the Robinson-Foulds tree distance (RF), the 
standard deviation of maximum likelihoods of posterior trees, and 
pairwise FST outliers.

To further determine whether putative species boundaries corre
sponded to species-level divergences, we used a heuristic species de
limitation using the genealogical divergence index (gdi; Jackson et al. 
2017). To calculate gdi, we used the following equation: gdi = 1–e− 2τ/θ 

(Jackson et al. 2017; Leaché et al. 2019), where population A is distin
guished from population B using the equation 2τAB/θA, while 2τAB/θB is 
used to differentiate population B from population A. We used BPP 
v4.3.8 (Flouri et al. 2018) to estimate the parameters τ and θ (A00 
analysis) with thetaprior = 3 0.002 e and tauprior = 3 0.004 and the 
species tree topology estimated using SNAPP as the guide tree. We used 
the same individuals present in the BFD analysis (individuals with less 
missing data) plus two individuals of Ameivula nigrigula and 
A. confusioniba, and one individual of A. xacriaba (outgroup species). For 
the analysis to be computationally tractable, we filtered our phased UCE 
alignments to include only loci with parsimony informative sites above 
two (880 loci). Four separate runs were performed [100,000 Markov- 
Chain Monte Carlo (MCMC) iterations each] and converged runs were 
concatenated to generate posterior distributions for the multispecies 
coalescent parameters. Populations were considered distinct species 
when gdi values were ≥ 0.7; low gdi values (≤ 0.2) indicated that two 
populations belonged to the same species; values of 0.2 ≤ gdi ≤ 0.7 
indicated ambiguous species status, therefore requiring that additional 
information was needed to ascertain the species status (Pinho and Hey 
2010; Jackson et al. 2017).

2.7. Phylogenetic networks

Our earlier results indicate a mitonuclear discordance among species 
in the Ameivula ocellifera complex suggesting that a reticulation event (i. 
e., mitochondrial capture) might have occurred, although ILS might also 
be a factor contributing to discordance (see below the topic Introgres
sion). To understand if the evolution of these lizards can be explained by 
reticulated trees (instead of fully bifurcating), we used the multi-species 
network coalescent approach SNaQ (Solís-Lemus et al. 2017), which 
calculates the maximum pseudolikelihood of a network from four-taxon 
concordance factors (CFs) as implemented in the PhyloNetworks Julia 
package (https://github.com/crsl4/PhyloNetworks.j1). Before the 
analysis, we filtered our UCE alignment data to include only loci with 
full taxon representation (all seven species) that have at least one 
parsimony informative site (542 loci), also randomly retaining one 
sequence/allele per species per loci. All filtering was made using custom 
R scripts. To generate the CFs, we used BUCKy v1.4.4 (Ané et al. 2007) 
through the TIRC pipeline (Stenz et al. 2015; https://github.com/nst 
enz/TICR). The TICR pipeline was initiated by running MrBayes for 
every UCE locus using the HKY nucleotide substitution model, with a 
MCMC of 400,000 generations with two chains, a temperature of 0.20, 
and a swapping frequency of 10. We sampled parameters every 100 
generations and discarded 20 % as burn-in. We then used the MrBayes 
output trees as inputs for BUCKy under default parameters to generate a 
four-taxon concordance factor table. We also used the resulting set of 
gene trees from the above pipeline as input to a species tree inference in 
ASTRAL v5.7.7 (Zhang et al. 2018), which we used as a starting bifur
cating tree. Phylogenetic networks were reconstructed with the snaq! 
function in PhyloNetworks using CFs table and running 10 independent 
analyses and inferring networks with the number of hybridization 
events (hmax) ranging from 0 to 5. The best-fit number of reticulation 
events was inferred by plotting likelihood scores for each run, varying 
hmax, and observing the point where adding additional reticulations did 
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not largely improve the pseudolikelihood score (a slope heuristic 
approach; Solís-Lemus et al. 2017). After defining the number of re
ticulations, we assessed their support using 100 bootstrap replicates 
which were summarized using PhyloNetworks.

TreeMix v1.13 was used (Pickrell and Pritchard 2012) to estimate a 
maximum likelihood topology and infer gene flow between all Ameivula 
species from Caatinga validated previously. The analysis included all 
samples that passed missing data thresholds (see methods above), 
including only biallelic sites. For SNPs with missing allele counts in ≥ 1 
lineage/species we removed them from the input data set prior to 
analysis (1,308 SNPs retained). To model uncertainty in the sample 
covariance matrix, we implemented block jackknife resampling (− k 
flag) across groups of 100 unlinked SNPs. We used the clade formed by 
Ameivula confusioniba, A. nigrigula, and A. xacriaba to root the tree ac
cording to the topology of the PhyloNetworks and ASTRAL species tree, 
as required by TreeMix. We tested for one to ten migration events (m) to 
the tree and each analysis included 1,000 bootstrap replicates. We ran 
ten replicates for each value of m, which were summarized using the R 
package OptM v0.1.6 (Fitak 2021; available at https://rfitak.shinyapps. 
io/OptM/). The value of m that explained most of the variation in the 
data was determined by the Evanno method (Evanno et al. 2005), which 
compares the average increase in explained variance with each added 
migration event.

2.8. Introgression

We further wanted to evaluate whether that diversification within 
the Ameivula ocellifera complex (outgroups excluded) can be explained 
by a tree-like process rather than through hybridization. For this, we 
used the threepop and fourpop tests implemented in TreeMix (Reich et al. 
2009). The threepop analysis tests the null hypothesis that the relation
ship within all possible triplets can be explained by a simple bifurcating 
tree with a common ancestor. A significantly negative value of the f3- 
statistic suggests the presence of admixture within the triplet, and that a 
bifurcating tree cannot explain their relationship. Similarly, the fourpop 
analysis tests the null hypothesis that two pairs of populations can only 
be connected by one internal branch (e.g., the treeness of quartets). An 
f4-statistic that significantly deviates from zero suggests the presence of 
admixture within the quartet. We also modeled uncertainty in the 
sample covariance matrix by implementing block jackknife resampling 
(− k flag) across groups of 100 unlinked SNPs.

The use of jackknife standard errors for confidence interval estima
tion assumes that the underlying data is normally distributed, which is 
often not the case with more divergent species-level allele frequency 
data (Meyer et al. 2017). To overcome this issue, we used the F4 python 
script (Meyer et al. 2017; available at https://github.com/mmatsch 
iner/F4) to evaluate how often the observed f4-statistic (if equal or 
close to zero) can be reproduced based on ILS alone (i.e., without 
introgression). F4 software calculates the f4-statistic from allele fre
quencies of four populations and uses the coalescent-based software 
fastsimcoal2 (Excoffier et al. 2013) to simulate SNP data sets that mir
rors the actual SNP data set, but with migration rates set to zero. A total 
of 10,000 coalescent simulations were carried out after a burn-in phase. 
Sequence data was simulated separately for all loci included in each of 
the four species relationships schemes. We used the same 1,308 loci 
dataset implemented in TreeMix and threepop/fourpop analysis and 
tested for all four-population combinations considering the four species 
of the Ameivula ocellifera complex only. We interpreted the observed f4- 
statistic as evidence for introgression if less than 5 % of the 10,000 data 
sets simulated without introgression produced f4 values at least as 
extreme as the observed.

2.9. Divergence dating

To estimate the divergence times based on UCE data among all 
Ameivula species, we used SNAPP as implemented in BEAST2. Similar to 

the BFD analysis, we filtered our SNP data for completeness so that there 
is no missing loci for any given species. For this analysis, a total of 459 
biallelic SNPs without any missing data were retained in variant call 
format (VCF). We used the Ruby script “snapp_prep.rb” (https://github. 
com/mmatschiner/snapp_prep) to prepare the XML input file for SNAPP 
analyses. The input for the Ruby script requires a SNP matrix, a starting 
tree, species assignment information, divergence-time constraints, and 
the number of MCMC iterations. We used the VCF file filtered for un
linked SNPs containing 46 individuals and 459 biallelic sites, the 
ASTRAL topology as guide tree, species information based on delimi
tation analysis, and constrained the root age (e.g., most recent common 
ancestor to all Ameivula samples) based on the results of our mitogenome 
divergence-time analysis (lognormal prior; Mean = 7.3, SD = 0.13). To 
reduce computational demand, the tree topology was fixed in the SNAPP 
analyses (since overall topology is congruent among network and spe
cies tree analysis). Because introgression tests nor the predictive simu
lations with P2C2M.SNAPP fully reject an ILS model, the assumptions in 
MSMC are not violated and the divergence times are not expected to be 
biased (in the case of the A. ocellifera complex). The generated XML files 
were used for analyses with the SNAPP v1.5.2 (Bryant et al. 2012) 
package in BEAST2. We ran three independent SNAPP analyses with 1 x 
106 MCMC iterations sampling every 1,000 steps, discarding the first 10 
% of each MCMC chain as burn-in. Stationarity and chain convergence 
were visually checked in TRACER v1.7 (ESS > 200). A maximum-clade- 
credibility summary tree was generated with TreeAnnotator (BEAST2 
package) and visualized in FigTree v1.4.4 (https://tree.bio.ed.ac. 
uk/software/figtree/).

2.10. Species network coalescent simulations and admixture proportions 
estimation

Both SNAPP and SNaQ analyses were based solely on autosomal data 
and represent the predominant genomic signal. To integrate the mtDNA 
information and test for mtDNA capture, we developed a topology-based 
approximate Bayesian computation approach. Our goals were two-fold: 
(i) first we wanted to evaluate what is the probability of the SNAPP 
species tree (bifurcating model) in generating our observed mtDNA to
pology versus the SNaQ phylogenetic network (network model); (ii) 
second, we estimated which admixture proportion maximizes the 
probability of observing the mtDNA topology. Mitochondrial capture 
would be supported if the admixture proportion required to generate our 
observed mtDNA tree is higher than the one estimated with our nuclear 
data by SNaQ. That is, the mtDNA supports a higher admixture than the 
autosomal data, suggesting mtDNA-cap. To that end, we used the 
mtDNA tree topology as rejection criterion, which differs from tradi
tional ABC methods that use summary statistics and euclidean distance 
to reject simulations. Specifically, we simulated neutral data under the 
bifurcating and the network models, estimated by SNAPP and SNaQ 
respectively, and rejected the simulations that did not show at least eight 
of the nine samples from the species with introgressed mtDNA (MWi) as 
a monophyletic group with the A. confusioniba, A. nigrigula, and 
A. xacriaba clade. The retained simulations were used to approximate 
model probabilities and posterior probability distributions of admixture 
proportions as in a traditional ABC approach.

To simulate the species tree and network we sampled effective 
population sizes from a uniform distribution for each contemporary and 
ancestral populations/species (min: 500 K; Ne max: 2000 K). We used 
the topology estimated by PhyloNetworks/SNAPP (Fig. 2) as our species 
tree topology. To do so, we first sampled the tMRCA of all species (i.e. 
tree root) from a uniform distribution that reflected the credible interval 
estimated by SNAPP (min: 2.5 Ma; max: 9 Ma). Then, the times for the 
remaining nodes were sampled from a uniform distribution using the 
sampled root height as the upper boundary, ensuring the same node 
order as in the estimated species tree (min: 0.5 Ma; max: root height). To 
incorporate the horizontal connection in our model and simulate a 
network, we added a population split going backwards in time in the 
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MWi species generating two ancestors (this is equivalent to a population 
merging forward in time, i.e. hybridization node). We forced one of 
these ancestors to merge with the ancestor of the three outgroup species 
A. confusioniba, A. xacriaba, and A. nigrigula, and the other ancestor to 
merge with the NW species, as suggested by the estimated network 
species tree. For the network model, the proportion of genomic contri
bution that each ancestor had in the genome of MWi was sampled from a 
uniform distribution (min: 0.01; max: 0.99). The timing of the reticulate 
node was sampled from a uniform distribution with a minimum of 
10,000 years and an upper boundary determined by the divergence 
between MWi and NW. To convert sampled parameters to coalescent 
scale we used an average mutation rate of 1 x 10− 8. The number of in
dividuals per population and number of base pairs of the simulated data 
were identical to our empirical mtDNA data.

Using the parameters described above we simulated 100 K coalescent 
mtDNA trees for each of the two models: (i) bifurcating species tree and 
(ii) species network. We then performed a rejection step on our table of 
200 K simulations using a topology criterion as described above. From 
the retained simulations we approximated the probability of each model 
as their proportion in the simulation table after rejection. Using the same 
procedure for the species network model only, we approximated a 
posterior probability for the admixture proportions of each ancestral in 
the species with introgressed mtDNA (MWi).

2.11. Selection tests in the mtDNA

To test if the mitochondrial capture by the MWi lineage was adaptive 

(e.g., mitochondrial genes are evolving under a positive selection), we 
assessed selective footprints in the 13 mitochondrial PCG by estimating 
the nonsynonymous-to-synonymous substitution rate ratio (ω = dN/dS). 
For this analysis, we only used samples from the Ameivula ocellifera 
complex and excluded individuals with more than 10 % of missing data 
in the mitogenome (see Supplementary Table S1). We specified three 
partitions, one for each codon position. We first looked at the molecular 
evolution of synonymous and non-synonymous sites using robust 
counting with BEAST v1.10.4 (Lemey et al. 2012; Suchard et al. 2018). 
We ran the analysis for each gene separately and specified the codon- 
site-partitioned HKY model of nucleotide substitution and constant 
coalescent as the tree model. All other parameters were set as default. 
Analyses were run separately for each of the four mitochondrial lineages 
of the Ameivula ocellifera complex for 2 x 106 generations, while sam
pling every 200 states. We also performed a codon-based analysis using 
the PAML wrapper EasyCodeML v1.31 (Gao et al. 2019) to fit substi
tution models to the data for ω estimation using the mitogenome 
phylogenetic tree estimated from BEAST as input. We explicitly tested if 
ω can vary in different branches of the tree, selecting MWi lineage as the 
foreground clade (branch model). If the results were significant for the 
branch model, we rejected the hypothesis that all mtDNA lineages of the 
A. ocellifera complex were evolving under the same ω and further tested 
for diversifying selection using the branch-site models (ω can vary in 
different sites and branches of the tree). We also tested for positive se
lection among sites, where ω can vary at different sites in the gene (site 
model). We used the likelihood ratio test (LRT) to compare among pairs 
of competing models (one model was set as a null model and the second 

Fig. 2. a) Species delimitation applying genealogical divergence index (gdi). BPP was used to estimate parameters and generate density plots of gdi values. gdi < 0.2 
indicates a single species, gdi > 0.7 indicates distinct species, and gdi values between 0.2 and 0.7 represent ambiguous species status (mean gdi values for each group 
are shown); b) Dated species tree inferred in SNAPP using bi-allelic SNP data. Numbers below nodes represent mean divergence times in millions of years; c) 
Networks analysis using SNaQ. Numbers at nodes are bootstrap support values. Value in the red arrow is percentage of introgression between lineages. Arrow di
rection indicates gene flow from MWi lineage into the ancestral lineage of the outgroups; and d) TreeMix results with one migration edge. The edge mixture event is 
colored according to the weight of the inferred edge. Arrow direction indicates gene flow from MWi lineage into the ancestral lineage of the outgroups. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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model as the alternative model).
A summary of analysis and the goals behind each of them is sum

marized in Table 1 (further details can also be found in Supplementary 
Table S2).

3. Results

After filtering UCE loci for presence in 60 % or more of all in
dividuals, we generated 2,560 loci of which 694 are not phylogeneti
cally informative. We randomly sampled one SNP per locus yielding a 
total of 2,260 unfiltered SNPs. After filtering for non-biallelic sites and 
missing data, we retained 1,750 SNPs for 46 individuals for an average 
of 25.2 % missing data.

3.1. Mitogenome

The mitogenome pipeline recovered a maximum of 15,277 bp with 
an average of 13,444 bp as we successfully retrieved mtDNA information 
for all 50 samples. Missing data varied from 4 % to 76 % among samples, 
with an average of 12 % (Supplementary Table S1). The relationships 
inferred for the Ameivula ocellifera complex in our mitogenome tree was 
discordant with assignments from our nuclear genome data (Fig. 1a; 
Supplementary Tree T1). Two main clades were recognized in the 
mitochondrial tree: (i) one comprising samples of A. confusioniba, 
A. nigrigula, and A. xacriaba, plus individuals from the midwestern 
Caatinga (i.e., MWi lineage; except one individual, FRD907); and (ii) the 
other three species from the A. ocellifera complex, comprising all in
dividuals of SE, NE, and NW plus the sample FRD907. Some clades 
supported by nuclear genes were not reciprocally monophyletic in the 
mitochondrial tree (Fig. 1a), although most interspecific relationships 
were strongly supported (posterior probability = 1.0, Fig. 1b, Supple
mentary Tree T1). For instance, only NW and A. confusioniba formed 
reciprocally monophyletic clades on both mitochondrial and concate
nated UCE datasets (Fig. 1a). The mitochondrial tree confirms that MWi 
(supported by our delimitation analysis) had two mtDNA genomes and 
A. nigrigula was polyphyletic, with one sample more related to MWi. The 

same topology and relationships were inferred when the mitochondrial 
alignment was filtered for missing data using GBLOCK (Supplementary 
Tree T2). Divergence dating of the mtDNA tree suggested that the root 
age of all Ameivula samples was ~7.3 Ma (HPD: 5.9–9.1 Ma), while the 
A. ocellifera complex started to diverge around ~1.7 Ma (HPD: 1.4–2.1 
Ma). Finally, the MWi clade with the introgressed mitogenome and one 
lineage of A. nigrigula from northern Bahia shared a common ancestor at 
~ 2 Ma (HPD: 1.6–2.4 Ma).

3.2. Genetic structure

Both DAPC and TESS3 found similar support for three genetic clus
ters in the Ameivula ocellifera complex. These analyses also delimited the 
currently recognized species occurring in the Caatinga Domain and 
adjacent Cerrado areas (A. confusioniba, A. nigrigula, and A. xacriaba) in 
agreement with Arias et al. (2018). The DAPC analysis suggested that 
the best-fit K = 6 (Fig. 1b; Supplementary Fig. S1). Likewise, TESS3 
validated the same clusters with K = 6, although the cross-validation 
criterion does not exhibit a minimum value or a plateau 
(Supplementary Fig. S2-3). In the TESS3 analysis considering K = 8 
(Fig. 1c), the DAPC cluster from northwestern (NW) Caatinga splits into 
NW and midwestern (MWi), resulting in four genetic clusters in the 
A. ocellifera complex. Therefore, the southeastern lineage (hereafter SE) 
was structured by the São Francisco River (Fig. 1d), without any evident 
barriers restricting the geographic distribution of the mid-northwestern 
cluster (MWi and NW) and the northeastern cluster (NE). Interestingly, 
the MWi cluster detected by TESS3 was composed of individuals that 
were more closely related to the outgroup species (A. confusioniba, 
A. nigrigula, and A. xacriaba) in the mitogenome tree than to the other 
lineages of the A. ocellifera complex (Fig. 1a; more details below).

3.3. Concatenated UCE tree and species tree

The concatenated UCE tree showed good support with bootstrap 
values equal to 100 % for all relationships among species (Supplemen
tary Tree T3); only the monophyletic MWi clade showed moderate 

Table 1 
Workflow and summary of analysis performed in this work explaining the reasoning behind each of them. SNP = single nucleotide polymorphism; MSA = multiple 
sequence alignment; nuc = nuclear; mt = mitochondrial. See further details in Supplementary Table S2.

Method Data Analysis Goals of analysis Main results

DAPC SNP Population 
structure

Are individuals genetically structured into populations? Analyses agreed in six genetic clusters; the MWi cluster was 
not found using DAPC, only in TESS with k = 8;TESS

IQ-TREE MSA-nuc Individual-level 
phylogenies

What is the phylogenetic relationships of sampled 
individuals? Can we recover the delimited clusters as 
monophyletic clades? Do nuc and mtDNA topologies agree?

Clusters are monophyletic in the nuc tree but not in the mt, 
with a major disagreement on the phylogenetic placement 
of MWi cluster (mitonuclear discordance)

BEAST2 MSA-mt

BFD* SNP Species 
delimitation

Should MWi and all delimited clusters be treated as 
independently evolving lineages?

SE, NE, NW, and MWi are further validated with BFD*
gdi MSA-nuc
ASTRAL MSA-nuc Species-level 

phylogeny
Does the species tree agree with the relationships inferred 
in the individual-level phylogenies?

Overall, it agrees with the concatenated nuclear phylogeny 
and places MWi within the A. ocellifera complex

SNAPP SNP ​ ​
PhyloNetworks 

(SNaQ)
MSA-nuc Phylogenetic 

Networks/Gene 
flow

Can we detect the mtDNA introgression in the nuclear 
genome? Is their evolutionary history better explained by 
networks or bifurcating trees?

Analyses agreed on which species are involved in 
reticulation; the inferred reticulation aligns with the 
mtDNA introgression scenario

TreeMix SNP ​ ​ ​
f-statistics SNP Introgression Is gene flow occurring between species within the Ameivula 

ocellifera complex? Or is the strongest signal of gene flow 
between MWi and the outgroups?

Nuclear admixture can be explained by ILS, suggesting that 
the strongest signal of gene flow is between MWi and 
outgroups

SNAPP SNP Divergence time When did diversification of delimited species occur? Did it 
happen at any specific geological period?

Divergence of the A. ocellifera complex dates to the early 
Pleistocene; last diversification occurred around 1.1Mya 
between MWi and NW

Topology-based 
ABC

Topology Coalescent 
simulations

Given the species tree, how often did the simulated 
mitogenomes match the observed mitogenome in the 
bifurcating or network models?

Similarly to PhyloNetworks, simulations support a network 
model (99 %) over bifurcating (1 %)

What is the proportion of admixture in simulated 
mitogenomes that matched the observed mtDNA topology?

Mitogenomes that matched the observed mtDNA topology 
suggest high admixture (~80 %), supporting mt-cap 
process

BEAST2 MSA-mt Selection tests Is there evidence of positive selection in the mitogenomes 
of introgressed mtDNA, supporting an adaptive mt-cap 
process?

Mitogenome under purifying (negative) selection; positive 
selection in three codons of Cytb in MWi; Overall, no strong 
evidence of adaptive mt-cap

EasyCodeML
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bootstrap support (87 %). The clusters found by DAPC and TESS3 and 
validated by the BFD analysis formed monophyletic clusters in the UCE 
concatenated tree (Fig. 1; Supplementary Tree T3), unlike the mito
chondrial tree (see above). Specifically, Ameivula xacriaba and 
A. nigrigula were sister taxa while A. confusioniba was sister to the 
A. ocellifera complex Clade. On the ASTRAL species tree (Supplementary 
Tree T4), A. confusioniba was sister to A. xacriaba + A. nigrigula, which 
was sister to the A. ocellifera complex Clade (see also Fig. 2b). All of these 
relationships were supported with posterior probability of 1.0, except 
for the node showing SE as the sister to the clade NW + MWi (posterior 
probability = 0.58).

3.4. Species delimitation

Species delimitation analyses using BFD overwhelmingly supported 
a model of four species in A. ocellifera complex (Table 2): positive BF 
above 200 decisively favored “model A” harboring four species. Addi
tionally, the single species model (as proposed by Oliveira et al. 2015) 
was the least favored species delimitation model, followed by the two 
species models that represented the current taxonomy (according to 
Arias et al. 2018). The relationships of these four species within the SNP- 
based species tree was well resolved (Supplementary Tree T5). The NE 
was the first species to diverge, followed by the SE, with the last split 
occurring between NW and MWi. Posterior predictive simulations in 
P2C2M.SNAPP further demonstrated that the assumptions of the MSCM 
used in SNAPP was a good fit for the UCE data as all three metrics used 
did not suggest model violation (Supplementary Table S3).

The heuristic method (gdi) indicates that only the NE lineage can be 
supported with high confidence as a distinct species among the Ameivula 
ocellifera complex (Fig. 2a; mean gdi = 0.77), while SE, NW, and MWi 
had ambiguous support (mean gdi = 0.52, 0.34, and 0.25, respectively). 
Interestingly, the species status of A. nigrigula was also considered 
ambiguous (mean gdi = 0.6), while A. confusioniba and A. xacriaba are 
supported as distinct species (gdi = 0.77 and 0.96, respectively). This 
analysis confirms that none of the delimited clusters from the 
A. ocellifera complex Clade had support so low (gdi ≤ 0.2) to be 
considered genetically structured populations from the same species.

3.5. Phylogenetic networks

The network approach implemented in SNaQ indicated that at least a 
single reticulation event occurred during the diversification of the 
Ameivula ocellifera complex (Fig. 2c). Networks estimated in SNaQ 
resulted in the lowest support when no reticulation was present/allowed 
(h = 0), whereas the highest support according to slope heuristics was 
found with a single reticulation event (h = 1; Supplementary Fig. S4). 

This reticulation event was inferred between the MWi and the ancestor 
of A. confusioniba, A. nigrigula, and A. xacriaba, with an estimated 9.6 % 
of their genomic ancestry originating from MWi (Fig. 2c). Bootstrapping 
of SNaQ resulted in 51 % support for this hybrid edge, while all nodes 
were supported at 100 %. Although a single reticulation model is 
preferred, a second hybrid edge was inferred between A. nigrigula and 
A. confusioniba, with an estimated 25 % of A. confusioniba genomic 
ancestry from A. nigrigula (Supplementary Fig. S5). Accordingly, Tree
Mix supports the same migration edge (Fig. 2d), suggesting introgres
sion between MWi and the ancestor of the outgroup Clade 
(A. confusioniba, A. nigrigula, and A. xacriaba). Adding one migration 
edge to the maximum likelihood tree explains > 99 % of the variation in 
the data set. The Evanno method suggested that the greatest change 
occurred after adding a single migration edge, while adding more edges 
does not improve the likelihood score of the model (Supplementary 
Fig. S6). In summary, both analyses (SNaQ and TreeMix) agreed on 
which species are involved in reticulations. The network analyses de
tects the strongest signal of introgression, which is also present in the 
mitochondrial genome.

3.6. Introgression

For all triplets of species, the f3 statistic from the threepop analysis 
was not negative, therefore, suggesting no admixture between species 
(Supplementary Table S4). Among the three possibilities of species 
quartets, only one showed significant f4 statistics (Supplementary 
Table S5). Coalescent simulations further confirmed that the observed 
non-significant f4 statistics and z-scores can be simulated under models 
with migration-free parameters (assuming p-values below 0.05). 
Therefore, introgression tests suggested that current species triples 
probably diverged hierarchically from a common ancestral one (e.g., 
species are not hybrids) and that incongruences among nuclear genes 
within the A. ocellifera species complex could result from ILS alone and 
not by adding an additional horizontal branch to the tree. This is sup
ported by the quartets pairs comparison (NW,MWi;SE,NE), which were 
mostly congruent with the species tree (see Fig. 2b-c). This further 
highlights that the signal of introgression is stronger between MWi and 
the outgroup species.

3.7. Molecular dating

The SNP-based time-calibrated tree obtained from SNAPP (Fig. 2b; 
Supplementary Tree T6) suggested that the initial divergence within the 
Ameivula ocellifera complex Clade occurred with NE at ~ 1.83 Ma (95 % 
highest posterior density [HPD]: 1.25–2.46 Ma), followed by divergence 
of SE at 1.69 Ma (HPD: 1.13–2.28 Ma), and most recently between NW 
and MWi at 1.18 Ma (HPD: 0.74–1.71 Ma). Similar to the mitochondrial 
divergence time estimates (see below), the timing of diversification 
between these species occurred during early to mid-Pleistocene, while 
A. confusioniba, A. nigrigula, and A. xacriaba diverged in the late 
Miocene, starting at 6.5 Ma (HPD: 4.71–8.34 Ma).

3.8. Species network coalescent simulations and admixture proportions 
estimation

From a total of 200 K simulations, ~1.5 % matched the topology of 
our observed mtDNA tree regarding the hybrid species relationship. 
After rejection, our topology-based ABC approach suggested a proba
bility of 0.99 for the network model versus a 0.01 probability for the 
bifurcating model. From 100 K simulations of the network model, 3.1 % 
matched the mtDNA topology. After rejection, we obtained a posterior 
distribution for the admixture proportion suggesting introgression be
tween the ancestor of A. confusioniba, A. nigrigula, and A. xacriaba and 
MWi (Fig. 3), supporting a mt-cap process.

Table 2 
Species delimitation based on Bayes Factor species delimitation method (BFD) 
for four competing models using SNAPP. Model A: outgroup + four species (SE, 
NE, NW, MWi), based on TESS3 results; Model B: outgroup + three species (SE, 
NE, NW + MWi), based on DAPC results; Model C: outgroup + two species (SE +
NE, NW + MWi), based on current taxonomy; and Model D: outgroup + one 
species (SE + NE + NW + MWi). Ameivula confusioniba was used as an outgroup. 
Values of marginal likelihood estimation (MLE) and Bayes Factor (BF) are shown 
to each model. Positive BF above 200 indicates decisive support in favor of 
model A.

Model Species MLE Rank BF

Model A: confusioniba + four species 
(SE, NE, NW and MWi)

5 − 4229.669645 1 –

Model B: confusioniba + three 
species (lump NW + MWi, split 
SE, NE)

4 − 4337.787472 2 216

Model C: confusioniba + two species 
(lump NW + MWi, lump SE + NE)

3 − 4824.218913 3 1189

Model D: confusioniba + one species 
(lump NW + MWi + SE + NE)

2 − 5377.925819 4 2297
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3.9. Selection tests

The robust counting analysis in BEAST indicated that mitochondrial 
PCGs had mostly synonymous changes as fixed variants (Supplementary 
Table S6-7; Supplementary Fig. S7). Lineage specific dN/dS ratios esti
mated for mitochondrial lineages were consistent with EasyCodeML 
estimates (Supplementary Table S8) and ranged from 0.00117 in COI 
(Cytochrome c oxidase subunit 1) to 0.10873 in ATP8 (mitochondrially 
encoded ATP synthase membrane subunit 8), suggesting that overall, 
the mtDNA genome was under strong purifying (negative) selection. 
Although branch models support different ω when MWi lineage was set 
as foreground for Cytb (cytochrome b) and ND3 (NADH dehydrogenase 
subunit 3) genes, no signal of diversifying selection acting in the mtDNA 
lineages was detected (results not shown). Overall, tests using the 
branch and branch-site indicated strong purifying selection (Supple
mentary Table S8), although site models indicated positive selection on 
three amino acids encoded by Cytb gene (Supplementary Table S9).

4. Discussion

We used phylogenetic networks, coalescent methods, and tests of 
natural selection to understand the nontree-like evolution of whiptail 
lizards in the Caatinga Domain. Our results indicate an ancient intro
gression event that led to the capture of the mitochondrial genome 
resulting in mitonuclear genomic discordance. The mitochondrial 
genome data, along with species delimitation methods using genomic 

data, were crucial in identifying and validating MWi as an indepen
dently evolving species. The detected reticulation node, which aligns 
with the mtDNA introgression scenario, suggests a true biological signal 
rather than noise from ILS, with mtDNA suggesting higher admixture 
proportions than the autosomal data. We propose that MWi diversifi
cation could be due to mitonuclear incompatibilities, given the lack of 
geographic barriers to gene flow between MWi and other parapatric 
lineages and that selection in the mitogenomes is overall under purifying 
selection. Specifically, our results suggest that: i) specimens assigned to 
a widespread Ameivula ocellifera by Oliveira et al. (2015) are 
geographically structured into four species (SE, NE, NW, and MWi) 
without apparent geographic overlap; ii) introgression tests and poste
rior predictive simulations reveal a scenario of hierarchical speciation 
(tree-like) within the A. ocellifera complex, suggesting that introgressive 
hybridization only occurred between MWi and outgroup species; iii) 
divergence date estimates based on mtDNA and coalescent simulations 
provided insight into the timing of introgressive hybridization, sug
gesting that the mtDNA introgression was likely historical (during early 
Pleistocene) rather than ongoing; iv) the geographic displacement in 
nuclear and mitochondrial clades provides spatial evidence that intro
gression occurred at the transition zone between different climatic re
gimes (Caatinga and Cerrado ecotones); and v) selection tests indicate 
typical purifying selection occurring throughout the mitogenome of 
MWi but with positive selection on three amino acids encoded by Cytb.

Fig. 3. a) Plots of approximated posterior probability for the admixture proportions of each ancestral in the hybrid species. b) Schematic representation of the 
simulated models used to assess the probability of mtDNA introgression and mean estimates of the admixture proportion supported by the mtDNA data and model 
probabilities as suggested by our topology-based ABC approach. c) Admixture proportion supported by nuclear data (PhyloNetworks).
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4.1. Was introgression adaptive?

Our simulations strongly support a scenario of introgressive hy
bridization and mt-cap by MWi, with higher admixture proportions in 
the mtDNA (~0.8) compared to nuclear DNA (~0.09; although the di
rection of the introgression is not clear, see below). We identify two 
possible processes that can lead to higher introgression in the mito
chondrial genome (Bonnet et al. 2017): (i) positive selection favoring 
mtDNA haplotypes in the ancestor of MWi; and (ii) admixture with se
lection against hybridization in the autosomal loci only, meaning 
neutral introgression of the mtDNA haplotypes into MWi.

Cases where the native mtDNA has been replaced by foreign ones (e. 
g., introduction of new variants) are likely to have some adaptive rele
vance (Boratyński et al. 2014; Melo-Ferreira et al. 2014; Mikkelsen and 
Weir 2022) and has been proposed as an important driver of speciation 
for many biological groups (Abbot et al. 2013), specifically for Squamate 
reptiles (Jančúchová-Lásková et al., 2015; Zinenko et al. 2016; Haenel 
and Moore, 2018; Barley et al. 2022). In lizards, for instance, positive 
selection on mitochondrial genes has been related to adaptation along 
elevation gradients (Jin et al. 2021) or efficiency on thermal regulation 
(Macey et al. 2021). Interestingly, MWi occurs in an area of climatic 
transition and elevational gradient. If adaptive introgression plays a role 
in the reticulate evolution identified in Ameivula then it is expected that 
loci introgressing across the genomes of MWi lineage and outgroups 
species (A. confusioniba, A. nigrigula, and A. xacriaba) should have 
generated unique phenotypes with associated adaptations. However, 
apart from the three Cytb amino acids under positive selection, we 
detected no signs of positive selection suggestive of an adaptive mt-cap 
process that would also explain the higher admixture in the mtDNA, 
although some adaptive relevance cannot be rejected. Therefore, we 
posit that selection against hybridization may be responsible for main
taining this genetic differentiation, mediated by mitonuclear 
incompatibilities.

It is known that poor compatibility between mtDNA and N-mtDNA 
genes (nuclear subunits that function in the mitochondria) can adversely 
affect transcription and translation of mtDNA genes into proteins, 
reducing individual fitness (Das 2006; Ellison and Burton 2008; Burton 
and Barreto 2012). For instance, previous studies showed that asexual 
hybrid Aspidoscelis lizards have reduced endurance capacity, mito
chondrial respiration, and phenotypic variability in comparison to sex
ual species (Cullum 1996; Klabacka et al. 2022). Additionally, 
mitonuclear incompatibilities further induce hybrid infertility, which 
can drive reproductive barriers and speciation. It is worth noting that 
mt-cap occurred with some introgression in nuclear genes (~9%), 
raising the possibility that coadapted genes could have been transferred 
along introgressive hybridization (e.g., Beck et al. 2015; Morales et al. 
2018). Mitonuclear co-introgression occurs to maintain interactions 
suitable for metabolic functioning (Morales et al. 2018; Haenel and 
Moore 2018; Mikkelsen and Weir 2022). A more thorough investigation 
of mitonuclear coevolution would include nuclear loci interacting with 
the mitochondrial genome and its products. This could help clarify if the 
focus of selection lies on complex interactions with nuclear-encoded 
peptides (e.g., Ma et al. 2016; Baris et al. 2017; Jhuang et al. 2017; 
Morales et al. 2018), supporting the hypothesis that mitonuclear 
coevolution is under play. Although at this time we cannot conclude 
which process is behind the mt-cap found and the differences in intro
gression rates between genomes, our results support that the mtDNA and 
the nuclear DNA of MWi evolved under different processes.

4.2. Species delimitation and status of MWi cluster

Mitonuclear interactions have been identified as an important source 
of reproductive barriers in numerous and diverse eukaryotic lineages 
(Hill 2016). Although mtDNA comprises only a tiny component of an 
organism’s genetic material (typically ≪0.01 %), several features of 
mtDNA, such as its effect on physiology and fitness due to its metabolic 

role, high mutation rates, uniparental inheritance, and reduced effective 
population size, may lead to a disproportionate influence on hybrid 
incompatibilities (Sloan et al. 2017) and, ultimately, reproductive 
isolation (Burton and Barreto 2012; Hill 2016; 2019). Such features have 
led authors to propose compensatory mitonuclear coevolution as a 
prediction to support a speciation hypothesis, also known as the 
“mitonuclear compatibility species concept”; species can be recognized 
by a unique coadaptation of their mitochondrial and nuclear genes (Hill 
2016). By adopting this theoretical framework, along with statistical 
support by our species delimitation analysis, we advocate for the 
recognition of the MWi cluster as an independently evolving species, 
even though it possesses two distinct mtDNA haplogroups. However, 
because gdi results were not conclusive, we suggest that additional in
formation beyond this genetic dataset (e.g., morphology, ecophysi
ology) is needed to assess the species status of all delimited clusters. 
Interestingly, previous taxonomic studies (Silva and Ávila-Pires 2013) 
indicated the existence of phenotypic differences in size, coloration 
patterns, and hemipenis morphology between A. pyrrhogularis (our NW 
lineage) and specimens from southern Piauí State (identified by them as 
Ameivula sp.). This matches the geographic distribution of our sampled 
individuals from MWi, suggesting phenotypic evidence of the species 
status.

Processes of divergence driven by mt-cap may imply negative 
epistatic interactions with N-mtDNA genes during hybridization, 
although the remaining genomic background of diverging lineages could 
still be adapted to shared environmental constraints and does not reflect 
divergence retrieved from mtDNA (Morales et al. 2018; Bernardo et al. 
2019). In such cases, shared alleles can cause deviations from species- 
level monophyly making species delimitation using those markers 
difficult. However, it is expected that ancient hybridizations and mt-cap, 
followed by reproductive isolation, result in the establishment of new 
clade-specific mutations (Hill 2016; Sloan et al. 2017). We would 
anticipate that according to lineage’s divergence time (early to mid- 
Pleistocene), there would be enough accumulated clade-specific muta
tions to identify NW and MWi as distinct clusters. For instance, Barley 
et al. (2022) predicted that the timing of the hybridization event was 
important to define species among whiptail lizards of genus Aspidoscelis, 
with introgression events occurring during Pleistocene among diverging 
species. The overall shallow differentiation in the nuclear genome be
tween MWi and NW lineages (despite deep mitogenome divergences) 
could be due to selection acting to maintain mitonuclear compatibilities 
or simply a limitation of low divergence of UCE loci. Hence, population 
assignment methods may have failed to discover these distinct species 
due to gene flow or shared polymorphism on most genes. This is because 
only a few genes would be under strong selection and retain the signal of 
divergence, thus leading to erroneous evolutionary interpretations if 
reticulation was undetected.

The direction of the inferred reticulation by PhyloNetworks, how
ever, presents a significant inferential problem. According to our 
divergence time estimates, the origin of MWi (~1.2 Ma) occurred long 
after the most recent common ancestor of A. confusioniba, A. nigrigula, 
and A. xacriaba (~6.5 Ma), making it impossible for them to have 
exchanged genes with that ancestor at that time. A plausible explanation 
for this discrepancy is that only one hybridizing edge is preferred in 
PhyloNetworks although multiple instances of hybridization may have 
occurred among MWi and each extant member of the outgroup. Because 
the geographic ranges of MWi, A. confusioniba and A. nigrigula are 
currently adjacent with some overlap, past gene flow among these three 
taxa is feasible. Moreover, constraints in the phylogenetic relationships 
among the outgroup taxa can also be affecting the placement and di
rection of the reticulation node, since A. xacriaba does not occur closely 
to MWi but is strongly supported as sister to A. nigrigula. Therefore, 
PhyloNetworks may have oversimplified a complex evolutionary sce
nario, interpreting past gene flow dynamics as a single reticulation 
event. Resolving this analytical issue is beyond the scope of this paper. 
Instead, we demonstrate that while reticulations can indeed represent 
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true biological events of introgression, caution is necessary when 
interpreting reticulations showing temporal and directional 
inconsistencies.

4.3. Geography of introgression

The intensification of climatic oscillations in the Pleistocene may 
have contributed to shifting distributions of species along the tropics 
(Hewitt 2000), providing opportunities for secondary contact and hy
bridization. In the Caatinga, the effects of Pleistocene climatic fluctua
tions have been associated with community-level synchronous range 
expansion in response to vegetation shifts (Gehara et al. 2017). These 
expansions are likely influenced by oscillating wet and dry cycles (Auler 
et al. 2004; Wang et al. 2004). Accordingly, our inferences suggest that 
reticulation among MWi and the sampled outgroup species occurred 
during a time of expansion of arid vegetation and change in the land
scape of Caatinga (Werneck 2011). Such changes may have facilitated 
population and range expansions and, consequently, hybridization. 
However, we have limited information on the geographic range and 
genomic sampling of outgroup species involved in the reticulation event, 
precluding us from evaluating demographic scenarios. Understanding 
demographic processes among species involved in the reticulation will 
be fundamental to better understanding the rate and direction of 
introgression (Currat et al. 2008) given that it is expected that intro
gressive hybridization occurs during populational range shifts (Melo- 
Ferreira et al. 2012; Marques et al. 2017). Finally, we showed that the 
mitochondrial genome of the MWi lineage was not completely replaced 
by this introgression event; one individual of the MWi lineage is related 
as a sister of the NW lineage.

According to the displacement in geographic distribution of the 
Ameivula ocellifera complex defined by mtDNA and nuDNA genomes, the 
northern Bahia-southern Piauí region is where introgression likely 
occurred. This region is characterized as transitional between the Caa
tinga and Cerrado vegetation and has already been identified as an area 
of high nucleotide and haplotype diversity for vertebrates and in
vertebrates along the Caatinga (Oliveira et al. 2015; Oliveira et al. 2018; 
Fonseca et al. 2019). It is also the center of initial dispersal for the 
Ameivula ocellifera complex diversification (Oliveira et al. 2015). This 
area includes several endemic species with significant population 
structure (e.g., Lanna et al. 2018; Recoder and Rodrigues 2020), sug
gesting that the region may have acted as a refugium in periods of 
lineage isolation promoted by the climatic changes of the Pleistocene 
when capture took place. A thorough study of the contact zones and 
more information on the ecology, physiology, reproductive behavior, 
and evolutionary niches of these lizards may be necessary to understand 
conditions facilitating introgression.

4.4. Taxonomic implications

Our UCE data supports strong genetic structure within the Caatinga, 
rejecting the previous taxonomic hypotheses proposed by both Oliveira 
et al. (2015) and Arias et al. (2018). The taxonomic decisions made by 
those authors are justifiable given their results but were limited by the 
number and types of markers and analysis that could not account for the 
presence of historical introgressive hybridization. These limitations are 
known to generate conflicting or ambiguous species delimitation 
(Grummer et al. 2014; Chan et al. 2021). For instance, it is very likely 
that Arias et al. (2018) may have inadvertently relied on the phyloge
netic placement of individuals with introgressed mtDNA to revalidate 
A. pyrrhogularis (our NW cluster) since their vouchers are from localities 
within MWi geographic range and, likewise, do not cluster within the 
A. ocellifera complex. We have a better-informed species delimitation 
result by using a comprehensive genomic dataset appropriately testing 
for reticulate evolution, and implementing model-based species delim
itation methods that explicitly test for competing species sets without 
relying solely on topology (e.g., phylogenetic placement) or mtDNA 

divergence. We further suggest a reassessment of phenotypic variation 
applied to distinguish Ameivula species to agree with molecular data, as 
it has been previously implied that morphology data support additional 
species beyond the currently recognized A. ocellifera and A. pyrrhogularis 
(see Silva and Ávila-Pires 2013; Arias et al. 2018). We also encourage 
future research to evaluate these species physiological traits, assuming 
that introgression should have generated unique adaptations (e.g., 
Cullum 1996; Klabacka et al. 2022).

Given that deep time reticulation and contemporary introgression 
seem common in several lizard species worldwide (Burbrink and Ruane 
2021), we also suggest that these events should be examined in future 
studies of Ameivula relationships. For instance, in a related teiid taxa of 
genus Aspidoscelis, diversification is marked in many instances by 
recurrent hybridization (Barley et al. 2019; 2022). Similarly, the 
diversification of Andean species of the iguanian genus Liolemus is 
marked by extensive reticulation related to introgressive hybridization 
during rapid radiation events and colonization of new habitats 
(Grummer et al. 2021; Esquerré et al. 2022). Here, we report for the first 
time that reticulate evolution also occurs among squamate taxa along 
seasonally dry tropical forests in South America. Therefore, using 
mitochondria and few nuclear loci as the main source of taxonomic 
decision making for the group may be unreliable. Our results highlight 
the importance of investigating introgressive hybridization, non-treelike 
diversification, and selection when mitonuclear incongruencies are 
detected.

5. Conclusions

Despite genomic data providing a more refined resolution in terms of 
genetic structure, it is important to investigate the evolution of the 
mitochondrial and nuclear genomes to understand the speciation pro
cess and have better-informed species delimitation. Phylogenomic ap
proaches have led to increased resolution in many taxonomic groups, 
especially when combined with explicit tests of complex or non-treelike 
evolutionary processes. By using genome-wide data with phylogenetic 
network analyses and mitochondrial tree simulations, we demonstrated 
that the evolutionary history of Ameivula species inhabiting the Caatinga 
Domain is complex and characterized by at least one ancient reticulation 
event, which resulted on the interspecific capture of the mitogenome. 
We further highlight that by using UCE data alone, the recognition of 
these species and the processes behind mitonuclear incongruences 
would not be completely understood. For instance, the network analyses 
seem to detect the strong signal of introgression. The inferred single 
reticulation node aligns with the mtDNA introgression scenario, indi
cating it could reflect a real biological signal rather than noise from ILS. 
These findings will be pivotal for future work on neotropical lizards 
including other Ameivula species. Much of the Ameivula range is poorly 
sampled and future surveys of currently unsampled populations may 
lead to recognition of additional species and stronger support for the role 
of reticulate evolution in the diversification of this group.
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Silva, M.B., Ávila-Pires, T.C.S., 2013. The genus Cnemidophorus (Squamata: Teiidae) in 
state of Piauí, northeastern Brazil, with description of a new species. Zootaxa 3681, 
455–477. https://doi.org/10.11646/zootaxa.3681.4.8.

Silva, J.M.C., Leal, I.R., Tabarelli, M., 2017. Caatinga: the largest tropical dry forest 
region in South America. New York, Springer. https://doi.org/10.1007/978-3-319- 
68339-3.

Sinha R., Stanley G., Gulati G.S., Ezran C., Travaglini K.J., Wei E., Chan C.K.F., Nabhan 
A.N., Su T., Morganti R.M., Conley S.D., Chaib H., Red-Horse K., Longaker M.T., 
Snyder M.P., Krasnow M.A., Weissman I.L. 2017. Index switching causes “spreading- 
of-signal” among multiplexed samples in Illumina HiSeq 4000 DNA sequencing. 
bioRxiv. https://doi.org/10.1101/125724.

Sloan, D.B., Havird, J.C., Sharbrough, J., 2017. The on-again, off-again relationship 
between mitochondrial genomes and species boundaries. Mol. Ecol. 26, 2212–2236. 
https://doi.org/10.1111/mec.13959.
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