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Abstract—Understanding the factors that cause heterogeneity among gene trees can increase the accuracy of species trees.
Discordant signals across the genome are commonly produced by incomplete lineage sorting (ILS) and introgression, which
in turn can result in reticulate evolution. Species tree inference using the multispecies coalescent is designed to deal with
ILS and is robust to low levels of introgression, but extensive introgression violates the fundamental assumption that
relationships are strictly bifurcating. In this study, we explore the phylogenomics of the iconic Liolaemus subgenus of South
American lizards, a group of over 100 species mostly distributed in and around the Andes mountains. Using mitochondrial
DNA (mtDNA) and genome-wide restriction site-associated DNA sequencing (RADseq; nDNA hereafter), we inferred a
time-calibrated mtDNA gene tree, nDNA species trees, and phylogenetic networks. We found high levels of discordance
between mtDNA and nDNA, which we attribute in part to extensive ILS resulting from rapid diversification. These data also
reveal extensive and deep introgression, which combined with rapid diversification, explain the high level of phylogenetic
discordance. We discuss these findings in the context of Andean orogeny and glacial cycles that fragmented, expanded, and
contracted species distributions. Finally, we use the new phylogeny to resolve long-standing taxonomic issues in one of the

most studied lizard groups in the New World.[Andes; ddRADSeq; introgression; lizards; mtDNA; reptiles; SNPs.]

Estimating accurate phylogenetic histories is relatively
straightforward when we observe the same or similar
topologies supported by different types of data and
different methodological approaches. However, this is
not necessarily the case for lineages with complex
evolutionary histories that include rapid diversification
events (Richardson et al. 2001; Wiens et al. 2006;
Whitfield and Kjer 2008), introgression (Wen et al.
2016; Burbrink and Gehara 2018), gene duplication
or extinction (Donogue and Purnell 2005), and/or
intralocus recombination (Maddison 1997; Degnan and
Rosenberg 2009). Evolutionary processes complicate
phylogenetic inference of the species tree by introducing
discordant signals among different parts of the genome
(Takahashi et al. 2001; Toews and Brelsford 2012; Long
et al. 2018; Mason et al. 2019).

Rapid diversification is often characterized by
short internodes in the phylogeny causing incomplete
lineage sorting (ILS), rendering phylogenetic inference
problematic. This is particularly the case when
relying on models that do not account for gene
history heterogeneity, such as with concatenation-based
methods that assume a common genealogy for all loci
(Degnan and Rosenberg 2009; Kutschera et al. 2014). The
standard concatenation approach can give misleadingly
high support for a wrong topology (Kubatko and
Degnan 2007; Ogilvie et al. 2017). Species tree methods
based on the multispecies coalescent (MSC) model can

account for ILS and gene tree heterogeneity (Edwards
2009), and simulation studies have shown that MSC
methods are more accurate than concatenation (Leaché
and Rannala 2011; Song et al. 2012; Ogilvie et al. 2017).
Accounting for variation in coalescent histories among
loci has resolved some previously intractable problems,
including the relationships among squamate reptiles
(Streicher and Wiens 2017), marsupial families (Duchéne
et al. 2018), and the relationship of horseshoe crabs to
other arachnids (Ballesteros and Sharma 2019).
Introgression, or horizontal gene transfer, isa common
phenomenon that can lead to reticulate evolution and
is an additional challenge for phylogeny estimation
(Mallet 2005; Mallet et al. 2016). Most phylogenetic
inference methods assume no gene flow between
species and only allow for bifurcating evolutionary
histories (Huson and Bryant 2006), and while some
species tree inference methods are robust to low or
moderate levels of introgression (Long et al. 2018),
extensive and deep introgression is a violation of
most models that can hinder species tree inference
(Leaché et al. 2014; Hibbins and Hahn 2019). The
development of phylogenetic inference methods that
allow for reticulation (i.e., phylogenetic networks) has
been a fundamental advance in our understanding of
species evolution (Solis-Lemus and Ané 2016; Zhu and
Nakhleh 2018). This in turn improves the reliability of
trait evolution and biogeographic inferences, which has
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been a key advance in phylogenetic comparative studies
(Huson and Bryant 2006; Bastide et al. 2018; Burbrink
and Gehara 2018).

Here, we use a genomic approach to infer the
evolutionary history of an iconic group in which ILS
and introgression are common. Liolaemus is a diverse
genus of diurnal lizards found throughout most biomes
in southern South America. Events such as mountain
orogenesis and Pleistocene glacial cycles are known to
have driven rapid speciation and dispersal events within
this group (Fuentes and Jaksic 1979; Schulte et al. 2000;
Breitman et al. 2012; Vera-Escalona et al. 2012; Esquerré
etal.2019a; Olave et al. 2020) and have likely played a role
in the high levels of interspecific introgression found in
some clades (Morando et al. 2004; Olave et al. 2011, 2018;
Camargo et al. 2012; Grummer et al. 2018). Two main
clades are recognized within this genus; the subgenera
Liolaemus (sensu stricto) and Eulaemus, distributed mainly
on the western (Chilean) and the eastern (Argentinean)
sides of the Andes, respectively. Both of these subgenera
are well supported as monophyletic (Laurent 1985;
Schulte et al. 2000; Esquerré et al. 2019a). However,
more recent phylogenetic studies have shown that a
clade referred to as the Liolaemus walkeri complex,
distributed in northern Chile and Peru and traditionally
grouped within the subgenus Liolaemus (Quinteros 2013;
Portelli and Quinteros 2018), may be an independent
clade whose relationship with the two subgenera is not
resolved (Esquerré et al. 2019a).

Of the 270 currently recognized species within
Liolaemus, 110 (~40%) belong to the subgenus Liolaemus;
these are distributed through southern parts of Bolivia
and Peru, but the diversity is concentrated in Argentina
and Chile, especially in the Andean regions. Recent
phylogenetic studies support two main clades, the
chiliensis and nigromaculatus sections (Troncoso-Palacios
et al. 2015; Esquerré et al. 2019a). The chiliensis section
(83 species) is widespread through the Andes and
surrounding regions, ranging from the Altiplanic Andes
in the north to Patagonia in the south. The nigromaculatus
section (27 species) is almost exclusively restricted
to Chile, with the highest species diversity in the
northern half of the country, between the Andes
mountains and the Atacama desert (see Supplementary
Table S1).

Previous phylogenetic studies of the subgenus
Liolaemus have relied solely on morphological characters
(Lobo 2001, 2005; Quinteros 2013), focused on single
species (Vidal et al. 2004; Victoriano et al. 2008;
Fontanella et al. 2002; Vera-Escalona et al. 2012;
Cianferoni et al. 2013), or subclades within the subgenus
(Morando et al. 2003, 2007; Avila et al. 2004, 2012,
2015; Torres-Pérez et al. 2009; Olave et al. 2011; Medina
et al. 2015, 2017; Troncoso-Palacios et al. 2016b,a, 2018;
Esquerré et al. 2019b). Further, studies have either
used a small number of genetic markers (Schulte et al.
2000; Espinoza et al. 2004; Portelli and Quinteros 2018;
Esquerré et al. 2019a), or large genetic data sets but
with few taxa (Panzera et al. 2017). This is the first
study to explore the phylogenetic relationships using a

genome-wide and near-complete taxonomic sampling of
the subgenus Liolaemus.

Here, we use a phylogenomic approach to test
the hypothesis that reticulate evolution has generated
discordance and uncertainty in species trees for the
subgenus Liolaemus. Previous studies have suggested
introgression based on comparisons of mtDNA versus
morphology (Morando et al. 2004) or versus nuclear
gene trees (Camargo et al. 2012; Medina et al. 2015,
2018, Grummer et al. 2018; Esquerré et al. 2019b).
Other studies based on these two classes of markers
in combination with morphological data have also
shown introgression (Olave et al. 2011; Olave and
Meyer 2020), and even detailed hybridization clines
(Grummer 2017, Grummer et al. 2021). Recently, based
on genome-wide data, Morando et al. (2020a) showed
signals of hybridizing edges within the subgenus
Eulaemus. Here, we used phylogenetic networks to
identify instances of reticulation in the subgenus
Liolaemus. The advantage of this approach is that it
allows identification of introgression without a priori
assumptions of which lineages have experienced gene
flow. Using a phylogenomic data set and analytical
framework we make inferences that consider both ILS
and reticulation, and we resolve some long-standing
taxonomic problems in the genus.

MATERIALS AND METHODS
Sampling

We obtained tissues from 397 specimens representing
89 described species and 15 candidate species of the
Liolaemus subgenus (Supplementary Tables S1 and S2).
We used L. fitzingerii from the subgenus Eulaemus as an
outgroup (Esquerré et al. 2019a) and also included L. cf.
tacnae to represent the L. walkeri group, a clade placed
within and outside the subgenus Liolaemus according
to morphological (Quinteros et al. 2020) and molecular
data (Esquerré et al. 2019a), respectively. See Figure 1 and
Supplementary Figure S1 for maps of all populations

sampled. We used approximately 1 mm? of tissue per
sample and applied a salt-extraction protocol for DNA
extraction (Miller et al. 1988). For mitochondrial data,
we sequenced cytochrome b (cyt-b) and cytochrome
¢ oxidase subunit I (COI) regions for 340 individuals
representing 76 described and 15 candidate species. We
added 95 cyt-b sequences from GenBank, bringing the
totals to 95 described and 20 candidate species for this
locus. This gave us sampling for 86.4% of the species
in the clade; only 14 species were not sampled (see
Supplementary Tables S1 and S2). The cyt-b fragment
was amplified and sequenced following Esquerré et al.
(2019a). The COI fragment was amplified and sequenced
by the Cold Code initiative for barcoding amphibians
and nonavian reptiles (Murphy et al. 2013). Sequences
were checked, edited, and concatenated using Geneious
9.0.4 (Biomatters, Auckland, New Zealand, 2015), and
aligned with MACSE v.2.03, using the default options
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FIGURE 1. Maps of sampled populations used in this study, with colors corresponding to clades identified in the phylogenetic analyses (see
Results section). Detailed maps of sampled populations are provided in Supplementary Figure S1.

for vertebrate mitochondrial exons (Ranwez et al. 2018).
Final alignments were 1091 bp for cyt-b and 673 bp for
CoL

Studies over the past decade show that phylogenetic
inference based on single or tightly linked genetic
markers is insufficient and that data obtained from
throughout the genome can improve phylogenetic
accuracy (McCormack et al. 2013; Pisani et al. 2015;
Pyron 2015; Springer and Gatesy 2016; Streicher and
Wiens 2017). Single nucleotide polymorphism (SNP)
sequencing techniques are commonly used as a tool
for population genetic studies, but they have also been
successfully applied for phylogenetic inference in groups
dating as far back as the Cretaceous (Rubin et al.
2012; Cariou et al. 2013; Eaton et al. 2017; Collins and
Hrbek 2018). Moreover, concordant phylogenetic results
between sequence capture methods and restriction site-
associated sequencing (Leaché et al. 2015b; Harvey et al.
2016; Manthey et al. 2016) increases the appeal of the
more economical SNP option.

To obtain nuclear data, we used ddRADseq (Peterson
et al. 2012) to sequence short restriction site-associated
loci and collect SNPs. Briefly, we double-digested DNA
using the restriction enzymes Sbfl and Mspl, followed
by bead purification and ligation of barcoded Illumina
adaptors, size-selection, and library quantification.
Samples were sequenced on a single Illumina HiSeq
4000 lane (50-bp, single-end reads) at the QB3 Genome
Sequencing facility at the University of California,
Berkeley. To process the raw reads, which includes
demultiplexing, filtering, clustering, and alignment, we
used the program ipyrad v.0.719 (Eaton and Overcast
2016). We demultiplexed the samples using their unique
barcode and adapter sequences, and after removal, each
locus was reduced from 50 to 39 bp. The loci were filtered

and clustered, to detect homology among reads within
specimens, with a threshold of 85% similarity using
the program wvsearch v.2.10.3 (Rognes et al. 2016), and
subsequently aligned using muscle v.3.8.31 (Edgar 2004).
We filtered out low coverage loci (<8 reads), too many
alleles per site (>2), and too many Ns or heterozygous
sites per locus (>5). We selected loci that included at
least 50% of the samples. We also filtered loci with more
than 15 SNPs (after this, we reached a plateau in the
increase of loci with parsimoniously informative sites,
beyond which could lead to an increase in paralogs; see
Supplementary Fig. S2). Finally, to further filter potential
paralogs, we tested different maximum proportions of
samples with a shared heterozygous site, with values
between 5 and 20%, to establish at which parameter value
the number of recovered loci reaches a plateau (as in
Nieto-Montes de Oca et al. 2017). This was found to be
10% (Supplementary Figure S1). Finally, we removed 13
samples that sequenced very poorly.

To maximize the number of loci resolved, we
performed individual assemblies on the chiliensis and
nigromaculatus sections (after confirming reciprocal
monophyly of the clades). The final data sets included
3,244 loci containing 33,717 SNPs for the chiliensis section
(231 samples from 65 described and 14 undescribed
species) and 2,250 loci containing 16,378 SNPs for the
nigromaculatus section (54 samples from 23 species).
Finally, to estimate a species-level time-calibrated tree
for the whole subgenus, we performed an assembly
for the whole genus with one sample per taxon,
which yielded 3,609 loci containing 36,718 SNPs. We
used the R package Phrynomics (Leaché et al. 2015a)
to filter the data and remove all invariant sites for
the inference of phylogenetic networks. We performed
additional file format conversions using TriFusion v.
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1.0.0 (https:/ /github.com/OdiogoSilva/TriFusion) and
SeATTLE (Pavon-Véazquez and Pavon-Vazquez 2019).

PHYLOGENETIC HYPOTHESES

Mitochondrial Phylogeny

We identified the optimal codon partitioning scheme
and substitution model for each partition using the
ModelFinder algorithm implemented in IQ-Tree w.
1.7 (Nguyen et al. 2015; Chernomor et al. 2016;
Kalyaanamoorthy et al. 2017). We then used this
partitioning scheme to infer a maximum likelihood (ML)
tree in IQ-Tree, and estimated uncertainty with 1000
ultrafast bootstraps (Hoang et al. 2018), and gene (in this
case partition; gCFs) and site (sCFs) concordance factors
(Minh et al. 2020).

To get a species-level phylogeny we used Beast v.
2.51 (Bouckaert et al. 2014) for Bayesian phylogeny
estimation with a birth—-death speciation prior for the
tree. We used the one sample per species data set
and ran two independent Markov chain Monte Carlo
chains for 200 million generations sampling every 10,000,
with a burnin of 20% of the chain. We confirmed
that every parameter, including tree topology, had
proper mixing and convergence with Tracer v. 1.7.1
(Rambaut et al. 2014) and RWTY v. 1.0.1 (Warren et al.
2017) by visual inspection of the chains and ensuring
effective sample size (ESS) values were over 200. We
combined the chains using LogCombiner v. 2.4.7 and
summarized the maximum clade credibility (MCC) tree
with TreeAnotator v. 2.4.7.

Nuclear Phylogeny

We used three approaches to infer the nDNA
phylogeny; the first two use the concatenated sequences
for ML and Bayesian inferences, respectively, and the
third under the MSC. We concatenated the full set
of ddRAD loci (variable sites and constant sites) to
avoid acquisition bias (Leaché et al. 2015a). For each
method, we inferred separate trees for the chiliensis
and nigromaculatus sections using their individual
assemblies, and then another using the one sample per
species for the whole subgenus assembly.

Our concatenation methods used IQ-Tree to infer a) the
ML tree separately for both the concatenated alignment
and each independent locus, b) perform 1.000 ultrafast
bootstraps (Hoang et al. 2018), and c) calculate the gene
concordance factors (gCF) and site concordance factors
(sCF) (Minh et al. 2020). The gCFs and sCFs describe
for each branch the percentage of genes (in this case
ddRad loci) and sites, respectively, that support that
branch. Given the short length of these loci they will
have very low concordance factors individually. We also
inferred a concatenated phylogeny using the Bayesian
program ExaBayes v. 1.4.1 (Aberer et al. 2014) and ran
for each analysis two chains for one million generations
with a burnin of 20%. We assessed proper convergence
and mixing with Tracer and RWTY and summarized the

MCC tree with the package SumTrees from the python
library DendroPy v. 4.4.0 (Sukumaran and Holder 2010).

Methods based on the MSC model and that assume
loci have independent histories can greatly improve
phylogenetic inference from genome-wide data sets.
Here we used SVDQuartets (Chifman and Kubatko 2014),
implemented in PAUP v.4 (Swofford 2003). This method
uses SNPs to model a species tree based on estimating
as many four-taxon quartets as computationally feasible;
it assumes each site is independent, and accounts for
incomplete lineage sorting. It has been found to be
statistically robust to limited amounts of gene flow
(Long et al. 2018). Based on preliminary results that
did not assume sample assignments (and therefore
produced a phylogeny with each sample represented
as a tip), we assigned each sample to a taxon and
reran SVDQuartets using the MSC mode (which assigns
samples to taxa) to obtain a species tree. Since each
site is treated independently, and the method performs
better with more data (L. Kubatko, pers. com.), we
used the full loci to infer species trees. We sampled
10,000,000 random quartets for the chiliensis section,
and made an exhaustive search of the 277192 and
4,082,925 possible quartets for the nigromaculatus section
and the subgenus assembly, respectively. We assessed
branch support with 100 nonparametric bootstrap
replicates.

Molecular Dating

To estimate divergence times on the mtDNA and
nDNA phylogenetic hypotheses we used the program
MCMCTree in the PAML 4 package (Yang 2007), a
Bayesian program that infers these estimates on a fixed
tree (Rannala and Yang 2007), and incorporates an
approximate likelihood estimation that makes it possible
to analyze genomic-scale data (Thorne et al. 1998).
We provided tree topologies inferred with BEAST and
SVDQuartets (for the mtDNA and nDNA, respectively)
using the one sample per taxon assemblies and the
corresponding alignments as input, and estimated the
branch lengths using BASEML (part of PAML). We
used the earliest Eulaemus subgenus fossil (Albino 2008)
to place a prior on the divergence between Eulaemus
and Liolaemus at 18 million years, with a Skew Normal
distribution with location =18, scale =2 and slant =
20. We set the root age to be no older than 35 Mya
(Esquerré et al. 2019a). We used the independent log-
normal clock rates model to set the priors on internal
nodes and an HKY substitution model, and set the birth—
death parameter priors with birth rate (\) =10, death rate
(n)=>5, and sampling proportion (p)=0.8. For each tree,
we ran two independent chains for 20,000 generations
sampling every 100, with a burnin of 5000 generations,
which was more than sufficient to achieve convergence.

Phylogenetic Networks

High discordance between the mtDNA and nDNA
trees (Fig. 2) suggests ILS as well as probable
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center. The nDNA topology was inferred with SVDQuartets and the mtDNA topology with BEAST 2. Divergence times were estimated using
MCMCTree.

introgression between lineages of Liolaemus. Species
with nonexclusive mitochondrial haplotypes also
suggests a potential role for introgression in obscuring
the species tree, and this pertains to L. araucaniensis.,
L. pictus, L. septentrionalis, L. cyanogaster, L. schroederi,
L. shitan and L. carlosgarini (see Results section and
Supplementary Figs. S4 and S5). Phylogenetic networks
that allow for reticulation events in the phylogeny may
describe the history of the group more accurately than
purely bifurcating trees (Huson and Bryant 2006). Some

xa|dwod
16ayay-snipbuoja

Time-calibrated phylogenetic trees based on nDNA (left) and mtDNA (right). Node bars indicate 95% confidence intervals for

approaches for inferring phylogenetic networks require
gene trees, which is not feasible for short ddRADseq
loci combined with large numbers of species (Leaché
et al. 2015b; DaCosta and Sorenson 2016). However,
here we implement two recently developed methods
for inferring phylogenetic networks with SNPs (Zhu
and Nakhleh 2018; Olave and Meyer 2020). Due to
the high computational demands of these algorithms,
we divided our alignment into four main clades (see
Results section): nigromaculatus section; alticolor, bibronii
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and related groups; gravenhorstii group; and elongatus—
kriegi complex. We included one representative per taxon
(minimizing missing data), and more than one if that
taxon was not consistently inferred as monophyletic in
previous analyses. Although these approaches assume
unlinked sites, we used all SNPs to infer the networks
to improve the performance of the programs (Zhu and
Nakhleh 2018). Moreover, PhyloNet has been shown to
be robust to violation of unlinked sites assumption (Zhu
et al. 2018).

First, we used the julia package PhyloNetworks v. 0.12,
which uses concordance factor tables to infer networks
using pseudolikelihood under the multispecies network
coalescent model (MSNC) (Solis-Lemus et al. 2017). We
used a novel approach to infer concordance factors from
SNPs with the program SNPs2CFs (Olave et al. 2020).
For each alignment, we estimated networks with hmax
(maximum hybridization events) from zero to seven,
using concatenated ML trees ran on IQTree as starting
trees for hmax =0, and then the resulting network for
every subsequent run. For each alignment, we plotted
the log-pseudolikelihood and selected the networks that
resulted in sharp pseudolikelihood improvements. This
often results in more than one candidate network per
alignment. The networks were then rooted according to
our species tree. However, this was not possible on all
networks as rerooting would conflict with the inferred
direction of reticulation.

Second, we used MLE BiMarkers, an algorithm that
infers networks from SNPs (Zhu and Nakhleh 2018) as
part of the software program PhyloNet v. 3.6.1 (Than et al.
2008). This method uses a pseudolikelihood approach
to estimate the optimal phylogenetic network directly
from the sequence data, accommodating more taxa,
and reticulation events than earlier methods. For each
alignment, we ran 10 iterations of search through the
phylogenetic network space, starting a new iteration
after 100 failures of accepting a new state (network) or
after examination of 20,000 states. Phylogenetic networks
were then visualized using Dendroscope 3 (Huson and
Scornavacca 2012).

RESULTS

Mitochondrial Phylogeny

Mitochondrial ML and Bayesian topologies are almost
identical, with a few small differences, particularly
in the placement of L. pseudolemniscatus (Fig. 2 and
Supplementary Fig. S4). Samples of Liolaemus pictus,
L. septentrionalis and L. araucaniensis are not exclusive,
and these ‘species’ plus L. cyanogaster are inferred
in two separate clades (Fig. 2 and Supplementary
Fig. S4). Liolaemus schroederi is also non-monophyletic,
with northern samples intermixed with L. gravenhorstii,
while others are intermixed with the morphologically
divergent L. bellii and L. moradoensis. Other taxa that
display non-monophyletic mitochondrial haplotypes are

L. silvai, L. velosoi, L. curicensis, L. nigroviridis, L. monticola,
L. carlosgarini, L. shitan, L. normae, L. cristiani, and L. sp. 6.

Nuclear Phylogeny

The nDNA trees are mostly concordant, with a few
notable differences involving the placement of several
groups (fuscus, nitidus, punmahuida, villaricensis, and
cristiani). These depend on the type of phylogenetic
reconstruction or whether the analysis was performed
with the one sample per taxon assembly for the
whole subgenus or the separate assemblies for the
nigromaculatus and chiliensis sections. Within the
nigromaculatus section, L. fuscus is inferred as sister
to (L. nigroviridis + L. uniformis) by the MSC species
trees (Fig. 2 and Supplementary Fig. S16), and as
sister to the L. lorenzmuelleri group by the concatenated
trees (Supplementary Figs. S6, S7, S11, and S12).
The nitidus group is inferred as sister to the clade
comprising the fuscus, lorenzmuelleri, zapallarensis, and
platei groups in the nigromaculatus section assembly trees
(Supplementary Figs. S7, S12, and 516), as sister to the
lorenzmuelleri group in the subgenus assembly MSC
tree (Fig. 2) and as sister to the fuscus + lorenzmuelleri
groups in the subgenus assembly concatenated trees
(Supplementary Figs. S6 and S11).

Within the chiliensis section (Fig. 2 and Supplementary
Fig. 517), the placement of the punmahuida group is
unresolved; it is inferred as sister to the alticolor group
in the subgenus assembly Bayesian tree (Supplementary
Fig. S11), to the gravenhorstii group in the remaining
concatenated trees (Fig. 2, Supplementary Figs. 56, S9,
and S14) and to the rest of the gravenhorstii-bibronii
complex in the chiliensis section assembly MSC species
tree (Supplementary Fig. S17). The position of the
villaricensis group is also problematic, inferred with low
support as sister to the bibronii group in the subgenus
assembly MSC and concatenated trees and the chiliensis
section assembly MSC tree (Fig. 2, Supplementary
Figs. S6, S11, and S17), sister to the chillanensis group in
the subgenus assembly ML tree (Supplementary Fig. 59)
and as sister to the neuquensis + bibronii groups in
the subgenus assembly Bayesian tree (Supplementary
Fig. S14). The cristiani group is inferred with low support
as sister to the remaining clades in the granhorstii-bibronii
complex in the subgenus assembly MSC tree (Fig. 2) and
as sister to the elongatus—kriegi complex in the rest of the
trees (Supplementary Figs. 56-517).

Mito-nuclear Discordances

There is ample discordance between the mtDNA and
nDNA trees (Fig. 2), but both strongly support
the same wnigromaculatus and chiliensis sections.
Both data sets generally agree on the species
composition of the subclades in the nigromaculatus
section (Supplementary Table S3), with some
exceptions. For example, the nDNA topology infers
the lorenzmuelleri and platei groups in different clades,
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whereas the mtDNA gene tree infers them as a single
clade.

Relationships among the major clades within the
nigromaculatus section are also discordant between the
two data sets. Liolaemus tenuis is inferred as sister to
the platei + lorenzmuelleri + zapallarensis group in the
mtDNA, and as sister to the whole nigromaculatus section
by the nDNA (Fig. 2). Similarly, L. lemniscatus is sister to
the fuscus + nitidus groups in the mtDNA tree, and sister
to the rest of the nigromaculatus section (after the split
with L. tenuis) in the nDNA. Liolaemus pseudolemniscatus
is inferred as sister to the tenuis + platei + lorenzmuelleri
+ zapallarensis clade in the mtDNA, but as part of the
platei group by nDNA. Finally, the fuscus group is sister
to the nitidus group in the mtDNA, and sister to the
lorenzmuelleri group in the nDNA (Fig. 2).

Similarly, the mtDNA and nDNA generally agree
on species composition of the main clades within
the chiliensis section (Supplementary Table S3), but
there is strong mito-nuclear discordance with respect
to the relationships between these clades and how
species are related to each other within these clades
(Fig. 2, Supplementary Figs. S4, S5, S9, S11, S14,
and S17). According to the mtDNA, the alticolor and
bibronii groups form a clade (traditionally known as
the alticolor-bibronii clade), but the nDNA inferred
these as separate within a clade also comprising the
villaricensis, neuquensis, and chillanensis groups. The
punmahuida group is inferred as sister to the elongatus—
kriegi complex in the mtDNA gene tree, but part of the
gravenhorstii—bibronii complex by the nDNA. Moreover,
L. tregenzai is inferred as part of the kriegi group by
mtDNA and as part of the punmahuida group by nDNA.
Similarly, the cristiani group is sister to chillanensis,
forming a clade sister to the gravenhorstii group
according to the mtDNA, and is sister to the elongatus—
kriegi complex or the punmahuida group according to
the nDNA.

Divergence Times

Divergence times on the mtDNA and nDNA data
sets agree on an early Miocene or late Oligocene crown
age for the Liolaemus genus, 18-26 Mya. The divergence
with the walkeri group and the initial split between the
nigromaculatus and chiliensis sections are inferred to have
happened soon after, during the early Miocene. The
crown ages for the two sections of the Liolaemus subgenus
are estimated to be younger in the nDNA data set than
in the mtDNA data set, in particular for the chiliensis
section, inferred to be 11.3 and 16.5 My by the nDNA and
16.1 and 22.6 by the mtDNA. See Supplementary Table S4
and Fig. 2 for details on divergence times estimates.

Phylogenetic Networks

Using PhyloNetworks, we chose for each group
the networks that represented large improvements
in pseudolikelihood (Supplementary Fig. S18).

PhyloNetworks infers one to five reticulations per
group (Fig. 3), whereas PhyloNet infers five reticulations
in each group (Supplementary Fig. S19). In general,
both analyses agree on which species are involved in
reticulations and these species are also involved in mito-
nuclear discordances (Fig. 2). PhyloNetworks has been
shown to infer more accurate networks than PhyloNet
when using SNPs (Olave et al. 2020), therefore, we focus
on the former, but include detailed descriptions and
figures of the latter in the Supplementary Appendix
(Supplementary Appendix II and Supplementary
Fig. 519).

Discussion

Speciation is a complex process, and the models we
implement to infer the evolutionary history of a group
are often insufficient to accommodate all of the processes
and events that shaped the diversification history of a
group. Here we generated a comprehensive phylogenetic
hypothesis of the subgenus Liolaemus, a classic model
system in studies of macroevolution (Schulte et al. 2000;
Espinoza et al. 2004; Pincheira-Donoso et al. 2013, 2015;
Revell et al. 2018; Esquerré et al. 2019a; Olave et al.
2020), ecomorphology (Toyama 2017; Aguilar-Puntriano
et al. 2018), biogeography (Diaz-Gémez 2011; Portelli
and Quinteros 2018; Esquerré et al. 2019a), physiology
(Labra et al. 2009; Rodriguez-Serrano et al. 2009; Medina
and Ibargtiengoytia 2010; Sheldon et al. 2015; Az6car
et al. 2016), and ethology (Schulte et al. 2004; Garcia-
Roa et al. 2016; Labra et al. 2016). We demonstrate
that Liolaemus is characterized by recurrent reticulation
events at deep and shallow levels which, combined with
rapid diversification, produce a complex evolutionary
history.

Rapid Radiation

Diversification of Liolaemus has been considered
alongside evolutionary radiations like Caribbean anoles
and African cichlid fishes (Schulte et al. 2000; Espinoza
et al. 2004; Pincheira-Donoso et al. 2013, 2015; Revell et al.
2018; Esquerré et al. 2019a; Olave et al. 2020). Liolaemus
has evolved rapidly and occupies a variety of ecological
niches, including temperate rainforests, xeric shrubland
and subtropical forest, and also some of the highest
mountain tops inhabited by animals, the driest desert in
the world and the freezing tundras of Patagonia (Portelli
and Quinteros 2018; Esquerré et al. 2019a). Parity mode
is highly labile with thermal niche (Pincheira-Donoso
et al. 2013; Esquerré et al. 2019a) and body size has
evolved towards different adaptive optima (Pincheira-
Donoso et al. 2015). However, even though there are a
few identified ecotypes (Aguilar-Puntriano et al. 2018),
body size has not evolved under an early-burst model of
evolution (Pincheira-Donoso et al. 2015) often associated
with adaptive radiation (Harmon et al. 2010) and
appears to be somewhat generalist and conservative
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FIGURE 3.
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Phylogenetic networks showing probable reticulation events in the subgenus Liolaemus. Red lines indicate introgression events

with inheritance proportions measuring the proportions of genes inherited by each parent. Hmax indicate the maximum number of reticulation
events in the model. Note that one of the networks for the alticolor-bibronii groups is unrooted as reticulation events were incompatible with
rooting. The networks presented showed the largest improvements in pseudolikelihood score (Supplementary Fig. S18).

(Tulli et al. 2016) (but a detailed ecomorphological
study of Liolaemus at a macroevolutionary scale is
still pending). Olave et al. (2018) proposed that
this “conservative” morphology could be related to
their history of hybridization, where interspecific

gene flow could prevent specialization by producing
intermediate phenotypes. Considering all this and the
high morphological disparity within subclades but
high overlap among clades detected by Harmon et al.
(2003), recently, Morando et al. (2020b) suggested that
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Liolaemus evolutionary history may reflect a mix of
geographic and climatic radiation (increased allopatric
speciation driven by habitat fragmentation) coupled
with pulses of adaptive radiation “spiced up” with
pervasive hybridization. Nevertheless, all this diversity
has evolved relatively quickly, with well over 250 species
diversifying in the last 20 to 30 million years (Esquerré
etal. 2019a), and Liolaemus displaying a dramatic increase
in speciation rates within the Liolaemidae (Esquerré
et al. 2019a; Morando et al. 2020b; Olave et al. 2020).

Rapid divergence leading to very short branches
between nodes can hinder resolution of phylogenetic
relationships (Avise et al. 1983; Whitfield and Kjer 2008;
Lack and Van Den Bussche 2010), even with large data
sets. However, rapid diversification leading to very
hard-to-resolve polytomies has been detected in the
subgenus Eulaemus (Olave et al. 2015), suggesting that
similar radiations may occur elsewhere in Liolaemidae.
Our dating analyses estimate a relatively young age
for the subgenus Liolaemmus, with over 100 extant
species diversifying since the early Miocene (Fig. 2).
The elongatus—kriegi complex, which has received a lot
of research attention over the previous two decades,
is inferred to have experienced a particularly rapid
diversification and several cases of introgression have
beenreported (Morando etal. 2003; Avila et al. 2004, 2010,
2012, 2015; Medina et al. 2015, 2017; Esquerré et al. 2019a;
Olave etal. 2020). Our results show that, among all clades
of the subgenus Liolaemus, this exceptionally young
(9-15 Mya) and species-rich (well over 30 species) clade
is characterized by rapid diversification rates and very
short internal branches. The extent of ILS introduced by
such processes will render the exclusive use of single
locus or concatenation-based approaches potentially
misleading (Maddison and Knowles 2006; Kutschera
et al. 2014).

Introgression

Young species are likely to experience some gene
flow with closely related species, but many examples of
gene flow between relatively divergent lineages are also
emerging (Mallet 2008; Abbott et al. 2013; Barth et al.
2020; Simakov et al. 2020). If reproductive isolation does
not evolve while lineages come in and out of contact,
considerable amounts of introgression can result,
with genomes being invaded by heterospecific DNA.
Introgression can cause organelle-based phylogenies
to deviate from the species tree due to uniparental
inheritance and lack of recombination (Sun et al. 2015;
Vargas et al. 2017). This also means that mtDNA can
easily cross species boundaries during hybridization
events (Rieseberg and Soltis 1991; Zhang et al. 2019).
For instance, sometimes species may have mitochondrial
genomes completely inherited from another species,
which can even be extinct (Zhang et al. 2019). In this
study, we found that the pervasive discordance between
loci, in particular mtDNA and nDNA (Fig. 2), is likely
due to ILS and to repeated instances of introgression
throughout the evolutionary history of Liolaemus (Fig. 3).

Our results show many cases of heterospecific mtDNA
introgression. For example, taxa like L. carlosgarini and L.
shitan show divergent mitochondrial haplotypes within
the same population which are in different parts of
the mtDNA gene tree (Medina et al. 2018; Troncoso-
Palacios et al. 2018). Our results suggest the evolutionary
history of both species may include hybridization events
between distant lineages (Fig. 3 and Supplementary
Fig. 519). Most instances of introgression are between
species that share close geographic proximity, so
past shifts in distribution would have facilitated such
interspecific gene flow.

Instances of discordance occurring deep in the
Liolaemus phylogeny, as observed across the whole
subgenus, may also be the result of deep reticulation,
as supported by the phylogenetic networks (Fig. 3 and
Supplementary Fig. S19). These findings add robust
evidence to a growing body of studies showing that
interspecific hybridization is common in Liolaemus
(Morando et al. 2004, 2020a; Olave et al. 2011, 2018; Vera-
Escalona et al. 2012; Grummer et al. 2018, Grummer et al.
2021). The rapid diversification of Liolaermus may account
for much of this successful interspecies hybridization,
because reproductive isolating mechanisms are likely
to be incomplete during the early stages of population
divergence (Seehausen 2004; Vargas et al. 2017). These
“gray zones” of the speciation process, which are
especially common in Liolaermus, can render taxonomic
decisions challenging (Roux et al. 2016).

Orogeny, Aridification, and Glacial Cycles

To understand these complex patterns of rapid
speciation accompanied by ongoing interspecific gene
flow, it is necessary to understand the geological
and climatic history during the diversification of this
clade. The orogeny of the Andes, especially during
the Neogene and Quaternary (Ghosh et al. 2006;
Farias et al. 2008; Garzione et al. 2008), fractured
landscapes and fragmented populations by, among
other things, isolating cold-adapted species on mountain
tops and warm-adapted species in low-elevation valleys
(Lagomarsino et al. 2016; Hutter et al. 2017; Hazzi
et al. 2018). The role of Andean uplift in the
diversification of Liolaemus has been hypothesized for
decades (Hellmich 1951; Fuentes and Jaksic 1979), but
recent quantitative studies have shown the extent to
which species richness is related to mountain orogeny
(Schulte et al. 2000; Portelli and Quinteros 2018; Esquerré
et al. 2019a). High topographic complexity, driven
by rapidly forming mountains, coupled with strong
allopatry between sister or closely related taxa, likely
drove the high diversification rates (Esquerré et al.
2019a). Rapid diversification coupled with introgression
driven by shifting species distributions due to climatic
changes complicate the resolution of nodes in Liolaemus
phylogenetic studies. Moreover, we infer that the
zapallarensis and platei groups, the dominant lizards
in the super-arid Atacama Desert and surrounding
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biomes, originated in the late Neogene; in agreement
with the estimated age of the Atacama desert (Alpers
and Brimhall 1988; Hartley and Chong 2002; Dunai
et al. 2005). This suggests that all species in this region
descended from arid-adapted ancestors that diversified
rapidly under extreme environmental conditions.

Formation of the Andes mountains provided the
habitat fragmentation needed for allopatric speciation,
and glacial cycles, particularly during the Pleistocene,
have subsequently impacted the phylogeographic
histories of Liolaemus (Victoriano et al. 2008; Breitman
etal.2012; Vera-Escalona et al. 2012; Cianferoni et al. 2013;
Medina et al. 2017; Esquerré et al. 2019b). Clades adapted
to colder temperatures, like Patagonian and Andean
Liolaemus from the elongatus—kriegi and gravenhorstii—
bibronii complexes, and the fuscus, lorenzmuelleri, cristiani
and punmahuida groups, likely used mountain tops
as refugia during interglacial periods, and shifted to
warmer lowlands during glacial advances. It is these
particular clades that display the most reticulation,
which likely happened during Pleistocene glacial
advances that forced these lizards to lower elevations
where secondary contact could occur (Fig. 3).

ddRADSeq in Phylogenetics

Our study provides additional evidence for the
utility of RADseq in phylogenetics (Vargas et al
2017). However, we find that whereas SNPs perform
very well at resolving relationships at the tips
of the tree, reconstruction of older relationships
remains more challenging (but see Eaton et al. 2017).
Allelic dropout becomes increasingly pervasive as
phylogenetic distances between taxa increase (Arnold
et al. 2013; Leaché and Oaks 2017), and this can hinder
phylogenetic inference. On top of this, deep reticulation
likely exacerbates the difficulty of resolving distant
relationships, as suggested by the phylogenetic network
analyses (Fig. 3). Future studies could address this issue
by combining restriction enzyme-based sequencing
methods with sequence capture, thereby obtaining
longer, completely sampled loci rather than short
fragments near restriction sites that suffer from allelic
drop-out (Ali et al. 2016; Boucher et al. 2016; Hoftberg
et al. 2016). Having large amounts of longer sequences,
allowing the inference of independent gene trees,
might improve phylogenetic accuracy for problematic
nodes and also allow exploration of other sources of
phylogenetic discordance like gene duplication and
loss (Donogue and Purnell 2005; Rasmussen and Kellis
2012). Finally, using mtDNA to explore patterns of
divergence is still informative, but we advise caution
when relying solely on this single marker to infer
phylogenetic relationships, particularly in groups prone
to introgression (Edwards and Bensch 2009).

Systematics of Liolaemus

Even though pervasive gene flow and rapid radiation
precludes high confidence for the relationships among

some of the Liolaemus species studied here, some sections
of their phylogeny are strongly supported. For example,
our analyses infer the two main clades at the initial
divergence of the subgenus Liolaemus: the nigromaculatus
and the chiliensis sections, consistent with previous
findings (Troncoso-Palacios et al. 2015; Esquerré et al.
2019a). The nigromaculatus section (27 species) diversified
across the western Andes, the central valleys of Chile,
and the arid regions of the Atacama Desert (between
the Pacific coast and the Andes). The more species-rich
chiliensis section (83 species) diversified throughout the
Andes, including: the alticolor group that diversified
across the Andean Altiplano region of northern Chile
and Argentina, Peru and Bolivia; the gravenhorstii
group across central and southern Chile and Argentina;
and the diverse elongatus group across the southern
Andes and Patagonia. For details about agreement and
discrepancies between this study and others, as well as a
comprehensive revision of the taxonomic implications of
our study, see Supplementary Appendix I. Nevertheless,
below we outline the main taxonomic changes derived
from our findings:

1. Liolaemus kuhlmanni Miller and Hellmich 1933 is
a junior synonym of L. zapallarensis Miiller and
Hellmich 1933.

2. Liolaemus mnigrocoeruleus Marambio-Alfaro and
Troncoso-Palacios 2014 is a junior synonym of
L. velosoi Ortiz 1987.

3. Liolaemus brattstroemi Donoso-Barros 1961 is a
junior synonym of L. pictus (Duméril and Bibron
1837).

4. Liolaemus riodamas Esquerré, Nufiez and Scolaro
2013 is a junior synonym of L. thermarum Videla
and Cei 1996.

CONCLUSIONS

Inferring phylogenetic networks directly from bi-
allelic markers is a recent methodological development
that returns accurate and consistent results when
thousands of SNPs are used (Zhu and Nakhleh 2018; Zhu
et al. 2018; Olave et al. 2020). Our use of SNP data and
newer analyses demonstrate that Liolaemus are evolving
under even more complex scenarios than previously
thought. Fueled by major geological and climatic
events, they have speciated rapidly and subsequently
experienced hybridization and interspecific gene flow at
varying stages of divergence. Most reticulation events
inferred here support our qualitative interpretations
based on taxa with divergent mitochondrial haplotypes,
or discordant placements in phylogenies. As larger
genomic data sets have been collected for Liolaemus,
some relationships have remained difficult to resolve,
even with hundreds of loci (Panzera et al. 2017; Grummer
et al. 2018); our analyses suggest that reticulation, in
conjunction with rapid diversification and ILS, may
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be responsible. Finally, our results shed light on some
long-standing taxonomic issues, which have broad
implications in the study of Liolaemus, outlined in detail
in Supplementary Appendix L.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
http:/ /dx.doi.org/10.5061 /dryad.j9kd51c99.
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