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1  |  INTRODUC TION

Understanding the conditions under which unisexual species evolve 
and are ecologically successful may help resolve the paradox of sex, 
one of the most fascinating and enduring questions in biology (Burke 
& Bonduriansky, 2017; Corley et al., 2001; Otto & Leonormand, 
2002). The vast majority of vertebrates reproduce sexually, although 
transitions from sexual to unisexual reproduction have occurred 
in numerous lineages (Avise, 2008; Moreira et al., 2021). Within 

vertebrates, only certain species of squamates are known to repro-
duce entirely without the contribution of males and this form of uni-
sexual reproduction is referred to as true parthenogenesis (Neaves 
& Baurmann, 2011). Although most studies of such species have 
focused on their evolution in nature, laboratory generation of repro-
ductively capable unisexual lineages through hybridization has also 
contributed to our understanding of these phenomena (Cole et al., 
2017; Lutes et al., 2011; Schultz, 1973). The success of naturally oc-
curring unisexual lineages has long been assumed to be intimately 
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Abstract
Unisexual vertebrates typically form through hybridization events between sexual 
species in which reproductive mode transitions occur in the hybrid offspring. This 
evolutionary history is thought to have important consequences for the ecology of 
unisexual lineages and their interactions with congeners in natural communities. 
However, these consequences have proven challenging to study owing to uncer-
tainty about patterns of population genetic diversity in unisexual lineages. Of par-
ticular interest is resolving the contribution of historical hybridization events versus 
post formational mutation to patterns of genetic diversity in nature. Here we use 
restriction site associated DNA genotyping to evaluate genetic diversity and demo-
graphic history in Aspidoscelis laredoensis, a diploid unisexual lizard species from the 
vicinity of the Rio Grande River in southern Texas and northern Mexico. The sexual 
progenitor species from which one or more lineages are derived also occur in the 
Rio Grande Valley region, although patterns of distribution across individual sites are 
quite variable. Results from population genetic and phylogenetic analyses resolved 
the major axes of genetic variation in this species and highlight how these match pre-
dictions based on historical patterns of hybridization. We also found discordance be-
tween results of demographic modelling using different statistical approaches with 
the genomic data. We discuss these insights within the context of the ecological and 
evolutionary mechanisms that generate and maintain lineage diversity in unisexual 
species. As one of the most dynamic, intriguing, and geographically well investigated 
groups of whiptail lizards, these species hold substantial promise for future studies on 
the constraints of diversification in unisexual vertebrates.
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linked to patterns of population genetic variation, however, many 
different mechanisms have been invoked to explain this association 
and some of these make contrasting predictions.

Modes of reproduction can have profound impacts on patterns 
of genetic variation in natural populations. Recombination occurs in 
sexually reproducing species and can be positively associated with 
genetic diversity across a variety of scales (Case & Taper, 1986; 
Spencer et al., 2006). Unisexual reproduction has been predicted to 
lead to reduced levels of population genetic diversity. However, this 
relationship may often be weak due to the wide range of factors that 
simultaneously impact genetic variation in nature, including selec-
tion, evolutionary history, and population demography (Bengtsson, 
2003; Booy et al., 2000; Ellegren & Galtier, 2016; Rabeling et al., 
2011). Previous work has also shown that genetic diversity may be 
positively correlated with range size in unisexual lineages (Parker & 
Selander, 1984).

Parthenogenetic vertebrates almost exclusively evolve directly 
from hybridization events between sexual species, which has fur-
ther consequences for patterns of genetic variation in these lin-
eages (Barley et al., 2021a; Parker & Selander, 1976). For example, 
because all individuals in parthenogenetic populations (also called 
arrays; Walker et al., 2012) are clonally derived from F1 hybrid off-
spring, they usually have extremely high genome-wide levels of het-
erozygosity (Dessauer & Cole, 1989). This has led some authors to 
propose that these all-female lineages may evolve broad generalist 
niches as a result of heterosis, which allows them to succeed across 
a range of habitats (Cullum, 1997; White, 1970). By contrast, genetic 
variation between individuals within clonal populations is typically 
predicted to be low due to their reproductive mode.

Genetic variation in parthenogenetic vertebrates can be derived 
from two distinct processes, and these may have contrasting im-
pacts on ecology and phenotypic variation. Most commonly, clonal 
populations may differ from one another as a result of novel mu-
tations that occur following their formation through hybridization. 
In some squamates, this process appears to be responsible for a 
variety of structural mutations that have been observed in clonal 
populations (Cole et al., 2019; Lowe et al., 1970; Parker & Selander, 
1976; Walker et al., 2012). Alternatively, independent hybridization 
events between the same sexual species may lead to the formation 
of clonal lineages that have similar ancestry, but that differ at many 
sites across their genome as a result of interindividual genetic varia-
tion within the parental populations (Moritz et al., 1989). Regardless 
of the mechanism by which it is derived, genetic diversity in clonal 
populations might facilitate the ecological success of parthenoge-
netic lineages in different ways. For example, the “general-purpose 
genotype” hypothesis posits that between-lineage clonal selection 
will promote the dominance of highly generalized genotypes with 
broad ecological tolerance ranges and low fitness variation (Lynch, 
1984; Parker, 1979). Alternatively, the “frozen-niche variation” 
hypothesis suggests divergent patterns of selection may lead uni-
sexual lineages to be composed of many genotypes with narrow 
ecological niches in divergent geographic regions and environments 
(Vrijenhoek, 1979). The importance of these phenomena in nature 

may also depend on how frequently new lineages form through 
hybridization.

Ultimately the reduced efficacy of purifying selection in clonal 
populations may lead to increased levels of deleterious mutational 
variation, which increases the likelihood of population extinction 
(Bast et al., 2018; Warren et al., 2018). If parthenogenetic lineages 
are recurrently formed through hybridization, this may drive the 
continual replacement of older clonal lineages with younger lineages 
as they form. However, similar processes may also be expected 
to occur under neutral models of drift (Janko, 2014; Schwander & 
Crespi, 2009). Despite the existence of well-developed theoretical 
models, our understanding of the relative importance of these dif-
ferent processes in nature remains limited. An important first step 
towards improving this understanding involves better characterizing 
patterns of clonal diversity in nature so that they can be compared 
with ecological data. Historically, clonal diversity in vertebrates has 
been investigated using allozyme data and histocompatibility tests 
(Cuellar, 1976; Neaves, 1969). For example, because histocompatible 
individuals must be genetically identical (or nearly so) at the highly 
variable major histocompatibility complex genetic loci, these tests 
have been used to detect parthenogenetic reproduction and dis-
tinguish single versus multiple hybridization hypotheses related to 
clonal diversity formation (Abuhteba et al., 2000; Cordes & Walker, 
2006; Kallman, 1962; Maslin, 1967). However, both histocompatibil-
ity- and allozyme-based studies have limitations. For example, the 
former can be inconclusive if postformational mutations lead to his-
toincompatibility between populations. Genetic studies of few loci 
also provide limited information on the genome-wide patterns of 
variation that are required in order to distinguish between different 
demographic histories.

The most diverse clade of unisexual squamates is the North 
American whiptail lizards of the genus Aspidoscelis. One example 
includes Aspidoscelis laredoensis (Laredo Striped Whiptail), a diurnal 
ground-dwelling species of lizard from southern Texas and adjacent 
Mexico. The species is diploid, reproduces parthenogenetically, and 
is hypothesized to be derived from hybridization(s) between the 
sexual species A. gularis and A. sexlineatus based on allozyme, mito-
chondrial, and morphological data (Cole et al., 2020; McKinney et al., 
1973; Walker et al., 2016; Wright et al., 1983). Aspidoscelis laredoen-
sis occurs only in the Rio Grande Valley, typically within 10–20 km 
of the river (Walker et al., 2004). The association of many parthe-
nogenetic species with disturbed habitats such as river flood plains 
has been thought to reflect a unique ability to colonize and exploit 
marginal environments (Wright & Lowe, 1968). By contrast, sexual 
species may be poorly adapted or competitively inferior in these 
types of suboptimal habitats. Two morphologically distinct clones 
within A. laredoensis have been described and referred to as clonal 
lineages (=clonal complexes) A and B. Histocompatibility transplants 
suggest these may be derived from separate historical hybridization 
events (Abuhteba et al., 2000, 2001). In order to better understand 
patterns of population genetic diversity and the ecological and evo-
lutionary processes shaping it in this group, we used genomic data 
with phylogenetic and population genetic modelling to resolve their 
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demographic history. In doing so, we tested hypotheses regarding 
the number and timing of hybridization events involved in the for-
mation of the parthenogenetic populations. We also examined the 
impact of these processes on genome-wide patterns of diversity 
in order to compare them to predictions from different theoretical 
models.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and data assembly

We sampled populations of the parthenogenetic species A. lare-
doensis (Laredo Striped Whiptail), and populations of the sexual 
species complexes from which this species is thought to be derived: 
the A. gularis species complex and the A. inornatus species complex 
(Figure 1; Table S1). Our sampling included two phenotypically dis-
tinctive populations of A. laredoensis, described as A from the lower 
and B from the upper Rio Grande Valley (Abuhteba et al., 2000, 
2001; Walker, 1987; Walker et al., 2016). We also included several 
samples of A. tigris to use as an outgroup in some analyses. We use 
the following acronyms for collections resources: University of 
Arkansas Department of Zoology (UADZ), University of Texas El Paso 
Biodiversity Collections (UTEP), Louisiana State University Museum 
of Natural Sciences (LSUH), Oklahoma Collection of Genomic 
Resources at the Sam Noble Museum (OCGR), American Museum 
of Natural History (AMNH), Museum of Vertebrate Zoology at U.C. 
Berkeley (MVZ), Auburn University Museum of Natural History 

(AUHT), California Academy of Sciences (CAS), Natural History 
Museum of Los Angeles County (LACM).

We genotyped each individual for ~30,000 RAD-tags using a re-
striction site associated DNA genotyping protocol (ddRADseq; see 
Barley et al., 2019 for details). All samples were sequenced as part of 
a larger sequencing effort on a single lane of the Illumina NovaSeq 
platform using a 100 base pair single end sequencing protocol. For 
each sample, we first estimated ploidy using nQuire (Weiß et al., 
2018) to confirm all samples were diploid, as triploid individuals de-
rived from hybridization between A. laredoensis and A. gularis have 
previously been documented based on morphology (Walker, 1987; 
Walker et al., 1991), histoincompatibility (Walker et al., 1991), karyo-
type, and allozyme data (Cole et al., 2020; Walker et al., 1989). The 
nQuire model compares distributions of variant frequencies from 
high throughput sequencing data to expectations under diploidy, 
triploidy, and tetraploidy to identify the most likely value for each 
sample. We used Trimmomatic (Bolger et al., 2014) to quality filter 
the raw sequence read data, mapped the reads to an unpublished 
reference genome for A. guttatus (sequenced with the Chromium 
Genome Sequencing Solution;Barley, et al., 2021b; Barley, et al., 
2021a) using the BWA mem algorithm (Li & Durbin, 2010), sorted 
the alignments using SAMtools (Li et al., 2009), and then used the 
denoising implementation of nQuire to estimate ploidy based on 
variants with >100x coverage. We assembled the RADseq data de 
novo using ipyrad v0.9.26 (Eaton & Overcast, 2020) largely with 
default parameters. Exceptions included the clustering threshold 
parameter (which we determined by examining patterns of hetero-
zygosity and missing data across a range of potential values), the 

F I G U R E  1  (a) Map of study area with points illustrating locality records for Aspidoscelis laredoensis clone A (circles) and A. laredoensis 
clone B (triangles). Grey points are records from previous studies, while black points represent sampling localities from this study. State 
boundaries are indicated for Mexico and county boundaries are indicated for Texas, USA. (b) Adults of A. laredoensis A (left) and B (right) 
from Bentsen Rio Grande Valley State Park, Hidalgo County, Texas (photograph by Mark A. Paulissen)
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maximum proportion of shared polymorphic sites parameter (which 
we increased to account for the expectation that all parthenogenetic 
individuals are expected to share numerous heterozygous sites), and 
the minimum depth of coverage (filtering genotype calls with <10× 
coverage).

2.2  |  Genetic diversity

Taxonomy and species boundaries within the two parental species 
complexes from which A. laredoensis is derived have been a subject 
of major historical confusion. Numerous taxa have been described 
within each complex based on morphology whose rank is uncertain. 
Species boundaries within the A. inornatus species complex were 
recently investigated by Barley et al. (2021b), Barley et al.(2021a) 
and we follow the recommended taxonomy from that manuscript 
with respect to the three primary lineages in this complex (i.e., A. 
inornatus, A. sexlineatus, and A. arizonae). A comprehensive study 
of species boundaries in the A. gularis complex is ongoing. In order 
to evaluate the correspondence between morphological variation 
and genetic variation in this group (and identify population units 
for analyses in this study), we evaluated the genetic relationships 
among populations we sampled from the A. gularis complex from 
Texas and Northern Mexico using several phylogenetic and popula-
tion genetic analyses. We first performed a concatenated maximum 
likelihood phylogenetic analysis of the RADseq data for all the sexual 
species using RAxML v8.2.12 on the CIPRES Science Gateway with 
the GTR+Γ model and the automatic bootstrapping option. We then 
used the program STRUCTURE (Pritchard et al., 2000) to estimate 
the number of genetic clusters in the A. gularis data set.

We also used STRUCTURE to estimate the ancestry of A. lare-
doensis with biallelic single nucleotide polymorphism (SNP) data de-
rived from the genomic alignments, randomly selecting a single SNP 
per RAD locus. We analysed two different data sets in STRUCTURE, 
one that included the parental species in order to estimate the hy-
brid ancestry of the parthenogenetic lineages, and one including 
only the A. laredoensis samples in order to identify patterns of pop-
ulation genetic structure within this species. For each data set ana-
lysed in STRUCTURE, we ran analyses in which we set the number 
of populations (K) between 1–3 and evaluated the change in like-
lihood across models to identify the optimal value of K. We used 
the admixture model in all STRUCTURE analyses and ran the MCMC 
for 100,000 generations following 100,000 generations of burnin. 
We further examined patterns of genetic relatedness by perform-
ing principal component analyses (PCA) of the SNP data using the 
ade4 R package (Dray & Dufour, 2007). Finally, we quantified the 
genetic relatedness among each of the lineages we identified in the 
preceding analyses using an identity-by-state (IBS) analysis with the 
SNPRelate package (Zheng et al., 2012) in R (v3.5.1; R Core Team, 
2018). For this analysis, we pruned the data set of SNPs that were 
in linkage disequilibrium using the snpgdLDSpruning function with 
a threshold of 0.2 and performed the analysis using the snpgdsIBS 
function.

We estimated levels of genetic divergence (i.e., FST) between 
species from the SNP data using the hierfstat and SNPRelate 
packages in R (Zheng et al., 2012). To estimate genetic diversity 
within each lineage, we used the populations module in the Stacks 
v2.55 software. Because missing data is known to bias estimates of 
genetic diversity, we performed independent de novo assemblies of 
the RADseq data for each species. We used the default parameters 
in the standard Stacks modules (process_radtags, ustacks, cstacks, 
sstacks, tsv2bam, and gstacks) to perform the assemblies (Rochette 
et al., 2019). We calculated genetic diversity statistics across all sites 
(i.e., variant and invariant) that had no missing data in each assembly.

2.3  |  Phylogenetic analyses

After identifying the major axes of genetic variation within each 
species/species complex we ran several phylogenetic analyses to 
further elucidate the evolutionary history of A. laredoensis. We per-
formed a concatenated phylogenetic analysis of the RAD sequence 
data for the two clonal lineages of A. laredoensis using MrBayes 
v3.2.6 (Ronquist et al., 2012) to examine clonal diversity. The con-
catenated data set includes a single sequence per individual in 
which heterozygous sites are coded using standard IUPAC ambigu-
ity codes. This analysis consisted of two Markov Chain Monte Carlo 
runs (for 10 million generations, sampling every 1000 generations), 
each with four chains, in which we used the GTR +Γ model. We es-
timated phylogenetic networks to resolve the hybrid ancestry of A. 
laredoensis using the unlinked biallelic SNP model implemented in 
the PhyloNet software (Than et al., 2008; Zhu & Nakhleh, 2018). We 
performed separate network analyses for clones A & B, in which we 
included potential ancestral populations from the A. inornatus and A. 
gularis species complexes. In each analysis, we limited the maximum 
number of reticulations to 1, allowed the population mutation rate 
estimates to vary across branches, and ran the analysis for 5 million 
MCMC iterations (sampling every 1,000 iterations following 1 mil-
lion iterations of burnin).

2.4  |  Demographic modelling

We also used two demographic modelling approaches to identify 
the best estimate of evolutionary history describing the generation 
of A. laredoensis population genetic diversity. There are two general 
models of primary interest (Figure S1). The first is a model in which 
A. laredoensis is derived from a single hybridization event between 
A. sexlineatus and A. gularis, and clones A and B formed by subse-
quent post formational mutation in independent populations. In the 
alternative model, the two clones could be derived from two inde-
pendent hybridization events between A. sexlineatus and A. gularis. 
Demographic modelling analyses were based on SNPs extracted 
from the RAD-tag alignments. We performed demographic mod-
elling with fastsimcoal2 v2.6 (Excoffier et al., 2013) using the site 
frequency spectrum (SFS) to test these hypotheses. We calculated 
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the folded SFS using easySFS (http://github.com/isaac​overc​ast/
easySFS) after identifying the optimal sample sizes for each popu-
lation by downprojecting to values that maximized the number of 
segregating sites. We specified three demographic models under 
which we performed simulation, including a single origin model 
where clonal diversity is explained by postformational mutation fol-
lowing a single hybridization event. The other two analyses were 
performed under multiorigin models in which the two A. laredoensis 
clones were derived from independent hybridization events: one in 
which A. laredoensis A formed first and one in which A. laredoensis 
B formed first. We estimated nine parameters in the single origin 
model (population sizes, divergence times, and hybridization times) 
and eight parameters in the multiorigin models, analysed the data as 
site frequency spectra (FREQ option in fastimcoal2; Excoffier et al., 
2013), and assumed a typical vertebrate mutation rate of 1.1e−8 (see 
Dryad repository for additional model details). To find the maximum 
likelihood parameters under each model, we performed 100 runs, 
each with 40 optimization cycles that consisted of 500,000 simu-
lations. Because composite likelihoods can overestimate support 
when SNPs are not independent, we also obtained likelihood distri-
butions for each model. We obtained these by performing 100 runs 
of 1,000,000 simulations under the maximum likelihood parameter 
estimates for each model. We compared the models using the distri-
bution of Akaike information criterion (AIC) scores from these analy-
ses. We obtained confidence intervals of the parameter estimates 
under each model using block-bootstrapping. We generated 100 
bootstrap replicates of the SNP data set and performed parameter 
estimation under each model as described above to obtain confi-
dence intervals for the parameters of interest.

Next we used admixture graphs to examine support for the dif-
ferent demographic models by assessing their fit to ƒ4 statistics cal-
culated from the data. We used the Dsuite software (Malinsky et al., 
2021) to calculate the ƒ4 ratios for each combination of taxa from 
the RADseq SNP data. For these calculations, we used the species 
Aspidoscelis tigris as an outgroup. We used the admixturegraph R 
package (Leppälä et al., 2017) to construct admixture graphs for the 
same three models that we implemented in fastsimcoal2 (described 
above). For each model, we used the run_metropolis_hastings func-
tion to sample the posterior distribution of model parameters for 
3  million generations using six chains. Then we used the coda R 
package to check that each analysis had apparently converged on 
a stationary distribution and attained effective sample sizes (ESS) 
>1000. We used the model_bayes_factor_n function to calculate 
Bayes factors for model comparison (performing 1000 permutations 
to evaluate the numerical stability, mean, and standard deviation). In 
a more qualitative attempt to distinguish between the single origin 
and multiorigin models, we also examined the genome-wide distri-
bution of FST values between clones A and B, as we expected they 
would differ in these two scenarios. In particular, under the single-
origin model we expect most variant sites would show no differenti-
ation between the two clones because the majority of SNP variants 
would have been inherited as a result of their common hybrid ances-
try. A small number of loci would probably show low differentiation 

under this model as a result of postformational mutation in each 
population. In contrast, we would expect many sites from across the 
genome (the number of which would depend on the level of genetic 
diversity in the ancestral parental populations) to show high differ-
entiation if the two clones are derived from multiple hybridization 
events. We calculated pairwise FST between the two clonal popula-
tions for each SNP using the Weir and Cockerham (1984) estimator 
in the SNPRelate package in R.

After identifying the optimal model for the evolutionary history 
of A. laredoensis, we estimated divergence times to determine the 
timing of formation for each clone using the multispecies-coalescent-
with-introgression model implemented in BPP (Flouri et al., 2020). 
We fixed the topology to match the demographic history inferred 
above, specified diffuse, empirical priors (Campillo et al., 2020) on 
θ and τ in these analyses by setting α = 3 for the inverse-gamma 
distributions and choosing a value for β by identifying an appropri-
ate mean using genetic distance estimates from the RAD sequence 
data. We used the automatic adjustment option to finetune the 
proposal step lengths and ran the analysis for 1 million generations 
after 20,000 generations of burnin, sampling every 10 generations. 
We calibrated the divergence times (τ) using generation time (g) and 
mutation rate (μ) estimates drawn from gamma distributions using 
the formula: t = τ*(g/μ). We did this using 1000 samples of τ from 
the posterior distribution and constructed diffuse gamma distribu-
tions for generation time and mutation rate from which to sample 
in R. The gamma distribution for generation time had a mean of 
1 year and a standard deviation of 0.25, whereas the mean mutation 
rate was set to 0.55 × 10−8 with a standard deviation of 0.225. We 
checked for convergence in all phylogenetic analyses using Tracer 
v1.7.1 (Rambaut et al., 2018) by ensuring that all parameters had 
reached apparent stationarity and achieved ESS’s >1000.

3  |  RESULTS

In total, we collected RADseq data for 27 individuals for the study, 
which resulted in a total of 58,172,579 reads. The mean number of 
reads per sample was 2,154,540 (standard deviation = 1,055,151). 
We used FastQC to examine read quality, which showed that all sam-
ples had uniformly high quality scores (average Phred score = 36). We 
combined this data with additional RADseq data from two previous 
studies (Table S1). Because not all sampled individuals were required 
for every analysis, we filtered RAD loci for each separately in order 
to reduce missing data and maximize power (Table S2). Analyses of 
the RADseq data demonstrated that all samples we phenotypically 
identified as A. laredoensis were diploid (Table 1). This included one 
adult individual (UADZ 9714) which we suspected might be a trip-
loid hybrid of A. laredoensis x A. gularis based on ventral coloration, 
but which also appears to be diploid. Both the phylogenetic analysis 
and the STRUCTURE analysis of the A. gularis complex data set sug-
gested there are two main genetic groups in the data (Figure S2). 
This result is consistent with previous taxonomic recommendations 
which have recognized A. gularis and A. scalaris as species, and the 

http://github.com/isaacovercast/easySFS
http://github.com/isaacovercast/easySFS


6  |    BARLEY et al.

remaining taxa as subspecies. Our results suggest these subspecific 
taxa should be assigned to A. scalaris and we adopt that nomencla-
ture here.

The STRUCTURE analyses including A. laredoensis identified 
an optimal value of 2 for K in both data sets, as the likelihood 
improved substantially over the analyses where K = 1, but did not 
in the K = 3 analyses (and the K = 2 analyses had the highest es-
timates for the probability of the data). For the data set including 
samples from the parental populations, the log-probability esti-
mates for the data were: –498732.6 (K =  1), –337119.3 (K =  2), 
and –337132.9 (K =  3). For the data set including only A. lare-
doensis samples, the log-probability estimates for the data were: 
–54548.1 (K = 1), –30638.5 (K = 2), and –30672.8 (K = 3). These 
values also make biological sense. In the case of the full data set, 
K = 2 accounts for the two divergent sources of genetic variation 
derived from the sexual parental species, and the A. laredoensis 
samples were estimated as having admixed ancestry (Figure 2a). 
In the case of the analysis only including A. laredoensis samples, 
the analysis confirmed the presence of two distinct clones or 
clonal complexes, corresponding to the morphologically defined 
populations A and B (Figure 2b). Results of the PCA analyses also 
identified these two clonal populations as the major axes of ge-
netic structure in the data sets (Figure 3), as did the phylogenetic 
analysis (Figure 4). Both A. laredoensis clones clearly have a hybrid 
ancestry derived from A. sexlineatus and A. gularis (Figures 2, 3, 4 
Figure S3). Genetic variation within the two A. laredoensis clonal 
complexes is low, which probably reflects their relatively recent 
origination through hybridization, however, the two clones were 
clearly distinguishable based on the IBS analysis of the SNP data 
(Figures 3,4). Interindividual genetic variation was lower within 
the two clonal populations than within the two sexual species. 
However, interindividual genetic variation was similar in magni-
tude when comparing the sexual species and individuals between 
clones A and B (Figure 3c).

Species Catalog # Δ 2n Δ 3n Δ 4n N

laredoensis A UADZ 9714 342.8 3149.1 1765.0 1948

laredoensis A UADZ 9724 2540.2 8504.4 4733.3 5230

laredoensis A UADZ 9730 1974.7 8426.5 4629.9 4681

laredoensis A UADZ 9732 1212.4 7128.0 4277.9 4353

laredoensis A UADZ 9734 196.5 1882.2 1060.2 1138

laredoensis A UADZ 9735 1654.4 7591.5 4234.3 4429

laredoensis A UADZ 9736 2499.1 8423.5 4916.2 4963

laredoensis B UADZ 9743 1442.1 6697.2 3948.3 4099

laredoensis B UADZ 9744 2134.9 7966.3 4507.8 4704

laredoensis B UADZ 9745 121.4 605.1 354.2 436

laredoensis B UADZ 9748 498.7 5609.4 3344.8 3253

laredoensis B UADZ 9751 1238.8 6924.8 3786.5 4018

Note: All samples are diploid as demonstrated by these models having the smallest change in log-
likelihood compared to the free model (Δ 2n). For each sample, the number of variants genotyped 
at >100× coverage (N) are given.

TA B L E  1  Results of sample ploidy 
estimation using nQuire for Aspidoscelis 
laredoensis samples

F I G U R E  2  (a) Results of STRUCTURE analyses illustrating 
hybrid genetic ancestry of Aspidoscelis laredoensis compared to 
parental species A. sexlineatus and A. gularis. (b) STRUCTURE 
analysis for K = 2 illustrating genetic differentiation between two 
A. laredoensis clones
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Bayes factors resulting from the fitting of admixture graphs 
to ƒ4  statistics strongly supported the multiorigin model in which 
clones A and B formed separately through hybridization over the 
single origin model in which the two clonal populations are derived 
from postformational mutation (Table 2). Of the two multiorigin 
models, the one in which clone B formed before clone A (going for-
ward in time) was supported over the model in which clone A formed 
first (Table 2; Figure 4b). Interestingly, demographic modelling in 

fastsimcoal2 suggested that the fit between all three models for the 
formation of A. laredoensis and the data was relatively similar (al-
though the single origin model had the largest likelihood, the distri-
bution of AIC scores from simulation under the three models broadly 
overlapped; Table 3). Given the broad time interval estimates for the 
divergence time parameters (Figure 5), this may reflect a lack of sig-
nal in the data that would allow for more precise dating. Examination 
of genome-wide patterns of differentiation between clones A and B 

F I G U R E  3  (a) Principal components analysis (PCA) illustrating major axes of genetic variation for Aspidoscelis laredoensis and its parental 
species A. sexlineatus and A. gularis. (b) PCA illustrating genetic differentiation between two A. laredoensis clones. (c) Heatmap from identity-
by-state analysis illustrating genetic differentiation between all lineages
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F I G U R E  4  Evolutionary history of Aspidoscelis laredoensis. (a) Maximum a posteriori phylogenetic network from PhyloNet analysis 
including taxa from the two parental species complexes. All nodes in tree have posterior probability >0.95. (b) Admixture graph of the best 
model illustrating the formation of clones A and B. (c) 50% majority rule consensus tree from Bayesian phylogenetic analysis illustrating 
divergence within and between clones
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Model Log likelihood Mean Loglik Loglik SD Mean BF BF SD

Multiorigin B −11431.7 −11268.8 234.5 – –

Multiorigin A −14620.5 −14558.8 178.1 3305.6 286.9

Single origin −20493.4 −20358.7 619.8 9087.4 711.7

Note: Two different multiple-origin models were considered, one in which A. laredoensis A 
originated first (going forward in time) through hybridization (multiorigin A), and one in which A. 
laredoensis B be originated first (multiorigin B).

TA B L E  2  Results of likelihood and 
bayes factor (BF) model comparison using 
admixturegraphs showing means and 
standard deviations (SD)
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were also consistent with our expectations under the multihybrid-
ization scenario. The SNP data show peaks of binned FST values at 
~0.5 and 1.0 (Figure 5). We hypothesize that these variants corre-
spond to sites that were variable between the two individual hybrid 
parents in one (0.5) or both (1.0) parental species (i.e., A. gularis and 
A. sexlineatus) upon hybridization. Genome-wide mean and weighted 
pairwise FST differentiation between the two A. laredoensis clones 
are 0.11 and 0.18, respectively. Levels of heterozygosity and gene 
diversity are higher in A. laredoensis A and B compared to A. gularis 
and A. sexlineatus, reflecting their hybrid ancestry, and maintenance 
of heterozygosity through clonal reproduction (Table 4).

4  |  DISCUSSION

Here, we provide the first genome-wide assessment of clonal diver-
sity within A. laredoensis. Our results confirm the presence of two 

major clones derived from separate, recent hybridization events 
between the same sexual parental lineages (A. gularis and A. sexlin-
eatus). These genetic insights are consistent with previous morpho-
logical and biogeographic studies (Walker, 1987). Given the limited 
knowledge related to the mutation rate within parthenogenetic 
whiptails, confidence intervals for the formation times of the two 
clones are broad, but appear to have occurred within the past cou-
ple hundred thousand years. Both clones show similar levels of ele-
vated heterozygosity and limited interindividual variation compared 
to their sexual progenitors. We also identified distinctive genomic 
patterns associated with their demographic history (i.e., predictable 
variation in genome-wide FST values between the clonal lineages). 
Clones A and B of A. laredoensis have complex, essentially parapa-
tric distributions along the Rio Grande River in southern Texas and 
neighbouring northern Mexico (Walker, 1987; Walker et al., 1996). 
For example, along several contiguous counties in Texas, both 
clones A and B have been documented in some counties (Dimmit, 

TA B L E  3  Results of model comparison using fastsimcoal2

Model
Log 
likelihood AIC AIC Distribution T1 T2

Single origin −1065944.5 4908873.9 4909708–4912172 13934–52003 1276–12307

Multi origin A −1066379.4 4910874.4 4911813–4914628 26604–61782 30364–73624

Multi origin B −1066394.1 4910942.1 4911107–4913369 27022–62437 29136–69903

Note: The maximum likelihood and AIC value estimates are shown for the best run, along with the distribution of AIC scores from simulation under 
the maximum likelihood parameters. For the single origin model, T1 represents the time of hybridization between A. gularis and A. sexlineatus 
leading to the ancestral clone, while T2 represents the time of divergence between clones A and B. For the multi origin models, the times represent 
the formation times through hybridization for each clone with A or B denoting the older clone in the model. Divergence time parameters are in 
generations, but are unscaled.

F I G U R E  5  Genome-wide distribution of FST comparing Aspidoscelis laredoensis clone A versus clone B (a) and A. gularis vs. A. sexlineatus 
(b). (c) Estimate of formation time for A. laredoensis clones A and B based on multispecies-coalescent-with-introgression model. Violin plots 
illustrate probability density of divergence time estimates for the hybridization node from posterior distribution
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TA B L E  4  Observed heterozygosity 
(Ho), gene diversity (He), nucleotide 
diversity (Π), and Wright's inbreeding 
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    |  9BARLEY et al.

Hidalgo, Starr, and Webb), whereas only clone B appears to occur in 
Cameron, Maverick, and Val Verde (the former being widely discon-
tinuous with the latter two), and in one county (Zapata) only clone 
A is known to occur. At one of our sampling sites in southern Texas 
(Bentsen Rio Grande Valley State Park in Hidalgo County), signifi-
cant clonal turnover has been documented. In the early 1980s, clone 
B was overwhelmingly dominant, whereas in more recent surveys, 
A has become the overwhelmingly dominant form and B is rarely 
encountered (Walker et al., 1996). In three extended visits by JEC 
for our study in 2019 and 2021, sexual A. gularis and unisexual A. la-
redoensis A were abundant; however, no individuals of A. laredoensis 
B were observed in the park.

Given that unisexual lineages derived from multiple hybridization 
events will differ at many sites across the genome, this process may 
be conducive to the evolution of divergent ecological niches among 
clones and patterns that are more consistent with the “frozen-niche 
variation” hypothesis. This may be less likely when clonal lineages 
are derived from a single hybridization event and subsequent muta-
tion that causes them to differ at only a small number of genetic loci, 
in which case their success might be more likely related to effects 
posited by the “general-purpose genotype” hypothesis. The docu-
mented pattern of clonal turnover in A. laredoensis is consistent with 
expectations if the two clones have similar ecological roles and ex-
perience strong interspecific competition in nature. The two clones 
have distinctive phenotypes in terms of coloration and scalation (i.e., 
differences in the shape, coloration, and number of the vertebral 
stripes and the number of granular scales that surround the body 
from the ventral scales on one side to the ventral scales on the op-
posite side; Figure 1 Walker, 1987). In contrast, they have similar ne-
onate and adult maximum snout-vent lengths (typically to c. 28 mm 
SVL and 75  mm SVL, respectively). Adult sizes in both clones are 
intermediate compared with the parental species, and body size is 
often an important predictor of overlap in ecological niches between 
generalist insectivore lizards (Vitt, 2000). Previous ecological stud-
ies have found mixed evidence of competition between the two A. 
laredoensis clones: both show broad and flexible dietary patterns and 
occur in similar microhabitats, but have slight differences in activ-
ity patterns and prey preferences (Paulissen, 1994; Paulissen et al., 
1988; Sievert & Paulissen, 1996). From an ecological perspective, 
the restriction of both A. laredoensis clones to a limited set of habi-
tats in the Rio Grande Valley is inconsistent with the species having 
broad ecological tolerance ranges across divergent environments.

In only two areas (i.e., adjacent Webb and Dimmit counties), A. 
laredoensis occurs syntopically with both parental sexual species 
(Abuhteba et al., 2001; Walker et al., 2016). Some parthenogenetic 
arrays of whiptail lizards include triploid lineages derived from back-
crossing events between diploid parthenogenetic lineages and their 
sexual parent species (a process referred to as “genome addition”; 
Barley, et al., 2021a; Wright, 1993). Although A. laredoensis clone A 
and A. gularis frequently hybridize (Cole et al., 2020; Walker et al., 
1988), hybrids involving clone B are rare (Walker et al., 1991). The 
adverse factors that inhibit the existence of a triploid lineage through 
backcrossing events in the A. laredoensis complex are unknown. Of 

the triploid individuals derived from hybridization events between A. 
laredoensis and A. gularis that have been documented, one individual 
did appear to be parthenogenetically competent (Cole et al., 2020; 
Walker et al., 1991). This is the only record of a naturally occurring 
triploid parthenogenetic individual in this system despite substantial 
opportunity for their formation through hybridization. No A. lare-
doensis x A. sexlineatus hybrids have been documented at the few 
sites at which they have been found in syntopy. It is noteworthy that 
two recent studies by Cole et al. (2014), Cole et al. (2017) described 
laboratory synthesized tetraploid species from pairs of species that 
are widely syntopic, but have not hybridized to form new lineages 
in nature. They obtained A. neavesi through hybridization between 
triploid, normally parthenogenetic A. exsanguis x sexual A. arizonae, 
and A. priscillae through hybridization between triploid, normally 
parthenogenetic A. uniparens x sexual A. arizonae. These results in-
dicate the potential for numerous hybrid derived species that are 
not realized in nature (perhaps due to ecological, behavioral, and/or 
other constraints). More generally, factors that determine which ge-
netic combinations produce successful hybrid, parthenogenetic ver-
tebrate lineages are poorly understood. However, future advances 
in genome sequencing may offer hope for generating insights into 
this subject.

4.1  |  Demographic modelling

The two different demographic modelling approaches used here 
(i.e., the joint site frequency spectrum compared to f-statistics) sug-
gested surprisingly divergent conclusions. Analyses using the former 
indicated there was insufficient power to distinguish between the 
three demographic models examined. By contrast, the latter pro-
vided strong support for the separate hybrid origin model in which 
the timing of formation of clone B was older. Separate hybrid ori-
gins of clones A and B are consistent with previous skin-grafting ex-
periments, which have showed widespread histocompatibility within 
and histoincompatibility between the two clones (Abuhteba et al., 
2000, 2001). Our examination of genome-wide patterns of FST vari-
ation was also consistent with expectations under the independent 
hybridization event scenario, and this may represent a straightfor-
ward, informative way to quantify hybrid clonal diversity in parthe-
nogenetic populations.

These divergent results might have several causes. For example, 
down-projecting to a smaller sample size that maximizes the number 
of segregating sites reduces the amount of data that is used to calcu-
late the site frequency spectrum. Model identifiability is also a con-
cern for demographic modelling using both the SFS and f-statistics 
(Lapierre et al., 2017; Myers et al., 2008; Patterson et al., 2012; 
Terhorst & Song, 2015). Naively, we assumed that the joint SFS ap-
proach would perform better in distinguishing demographic models 
than f-statistics because these approaches generally utilize more 
information contained in the data. Admixture graphs summarize in-
formation into a single estimate of genetic distance (i.e., f2-statistics) 
for each pair of populations, which might reduce the power to 
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distinguish among demographic histories. However, a smaller num-
ber of parameters are associated with a typical admixture graph (i.e., 
drift lengths and admixture weights) than SFS based models in which 
effective population sizes and divergence times are estimated from 
the data. As a consequence, SFS-based approaches typically require 
very large numbers of segregating sites for accurate inference. By 
contrast, even when an admixture graph contains nonidentifiable 
edges, this may not meaningfully affect the fit of the graph over-
all (Patterson et al., 2012). We suspect the discordance we found 
between these two approaches may be attributable to these differ-
ences in how the demographic models are parameterized and how 
the data is summarized, and that the practical outcomes of this may 
be underappreciated. For example, if the modelling goal is to select 
among simple demographic models rather than precisely estimate 
parameters, and a relatively small number of segregating sites are 
available among which linkage information is limited, this may rep-
resent a situation in which admixture modelling with f-statistics is 
more useful than SFS-based modelling.

4.2  |  Ecological and evolutionary dynamics in 
parthenogenetic populations

The A. laredoensis complex represents a compelling system for stud-
ying the ecological and evolutionary dynamics of clonal turnover. For 
example, our demographic modelling results suggest that clone B is 
older (having formed first in time through hybridization). Perhaps 
its initial dominance at some sites (such as at Bentsen-Rio Grande 
Valley State Park in Hidalgo County) was facilitated by a priority ef-
fect (De Meester et al., 2016; Stroud et al., 2019). Clonal complex B 
not only held sway over A in 1984–1989 in this forest habitat with 
man-made trails, but also over maternal progenitor A. gularis which 
was rarely encountered. In the last five years of sampling, but start-
ing much earlier (Paulissen, 1999; Walker et al., 1996), both clonal 
lineage A and A. gularis have been abundantly encountered to the 
near presently complete absence of clonal lineage B. Because obli-
gately clonal lineages are expected to accumulate deleterious muta-
tions over time, this pattern of the increasing dominance of clone A 
more recently would be consistent with expectations based on clonal 
age (e.g., if clone B became competitively inferior to clone A owing 
to a larger cumulative impact of Muller's Ratchet). Alternatively, 
and given the short time period over which these dynamics have 
occurred, they may be better explained by neutral processes (e.g., 
in which older clones decrease in frequency due to the balance of 
migration and drift; Janko et al., 2008). Current patterns of diver-
sity and distribution in A. laredoensis provide little power with which 
to test predictions of the latter (neutral) models due to the limited 
number of extant clones, limited resolution with respect to their age, 
and the unknown frequency of clonal formation through hybridiza-
tion in nature. However, greater genomic resources could provide 
evidence for a link between clonal fitness and age using the muta-
tion frequency spectrum (i.e., differential rates of genetic decay). A 
combination of genomic and ecological studies would provide the 

greatest opportunity to elucidate process from these patterns. The 
A. laredoensis complex is probably the best group of whiptail lizards 
for studying these phenomena, which have long been of interest to 
biologists studying the evolution and maintenance of sexual systems 
(Schön et al., 2014).

There are six diploid parthenogenetic whiptail lineages that have 
distinct parental ancestry (i.e., different combinations of sexual spe-
cies from which they are derived by hybridization; Wright, 1993). 
Only two of these lineages include multiple extant clones that have 
been derived from independent hybridization events. Besides A. lar-
edoensis, the other example includes A. cozumelus/A. rodecki which 
are clonal lineages derived from the sexual species A. deppii and A. 
angusticeps that occur in the Yucatán Peninsula of southern Mexico. 
One of the triploid parthenogenetic whiptail lineages (which derives 
two copies of its genome from the sexual species A. burti and one 
from A. arizonae) has also been formed multiple times through hy-
bridization. However, only one of the diploid ancestors from a pri-
mary hybridization event is known to be extant (i.e., the triploids are 
formed through secondary backcrosses of these diploid ancestors 
with sexual species; Barley, et al., 2021b; Barley, et al., 2021a). In 
most cases, clonal lineages of similar ancestry are understood to be 
allopatrically or parapatrically distributed. One exception includes A. 
laredoensis in Texas between the Gulf of Mexico (Cameron County) 
and Del Rio (Val Verde County) in which every conceivable distri-
butional relationship (e.g., allopatry, parapatry, and sympatry) can 
be found between clones A and B. Relative abundances between 
clones A and B, as well as their progenitor species A. gularis and A. 
sexlineatus also vary widely in this region (Paulissen et al., 2001; 
Walker, 1987). Virtually all parthenogenetic whiptail lizards of simi-
lar genetic ancestry appear to be readily diagnosable based on tra-
ditional systematic characters that have been used in these lizards 
(and they were described on the basis of morphology before their 
separate hybrid origin was known). These patterns are consistent 
with genetic differences between the specific hybridizing parental 
individuals being important in determining the phenotypic charac-
teristics of clonal lineages. By contrast, studies looking for evidence 
that parthenogenetic lineages show less interindividual variation 
in these types of phenotypic traits have found mixed results (Cole 
et al., 2016; Taylor et al., 2012).
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