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Testing assertions of widespread introgressive hybridization
in a clade of neotropical toads with low mate selectivity
(Rhinella granulosa species group)
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Discordance between different genomic regions, often identified through multilocus sequencing of selected markers, presents
particular difficulties in identifying historical processes which drive species diversity and boundaries. Mechanisms causing
discordance, such as incomplete lineage sorting or introgression due to interspecific hybridization, are better identified based on
population-level genomic datasets. In the toads of the Rhinella granulosa species group, patterns of mito-nuclear discordance and
potential hybridization have been reported by several studies. However, these patterns were proposed based on few loci, such that
alternative mechanisms behind gene-tree heterogeneity cannot be ruled out. Using genome-wide ddRADseq loci from a subset of
species within this clade, we found only partial concordance between currently recognized species-level taxon boundaries and
patterns of genetic structure. While most taxa within the R. granulosa group correspond to clades, genetic clustering analyses
sometimes grouped distinct taxonomic units into a single cluster. Moreover, levels of admixture between inferred clusters were
limited and restricted to a single taxon pair which is best explained by incomplete lineage sorting as opposed to introgressive
hybridization, according to D-statistics results. These findings contradict previous assertions of widespread cryptic diversity and
gene flow within the R. granulosa clade. Lastly, our analyses suggest that diversification events within the Rhinella granulosa group
mostly dated back to the early Pliocene, being generally younger than species divergences in other closely related clades that
present high levels of cross-species gene flow. This finding uniquely contradicts common assertions that this young clade of toads

exhibits interspecific hybridization.
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INTRODUCTION

Discordance between different genomic regions has been
increasingly observed in numerous species over the past decades
(Firneno et al. 2020; Ivanov et al. 2018; Toews and Brelsford 2012).
This phenomenon has been explored more recently with high
throughput sequencing, allowing the ability to analyze the nuclear
genome at a larger scale compared to previous single or multi-
locus studies (Firneno et al. 2020; Firneno and Townsend 2019).
Different patterns of differentiation between mitochondrial and
nuclear genomes are commonly observed when comparing
relationships among species or populations in phylogeographic
studies (Firneno et al. 2020; Rivera et al. 2020; Arntzen et al. 2017).
Discordance can be caused by a variety of mechanisms, including
differing selective pressures, sex-biased dispersal, neutral demo-
graphic processes, introgression or hybridization, incomplete
lineage sorting, or a combination of mechanisms (Chiocchio
et al. 2021; Dufresnes et al. 2020; Firneno et al. 2020; Ivanov et al.
2018; Thielsch et al. 2017; Toews and Brelsford 2012). Gene tree
discordance has made phylogenetic reconstruction challenging
and presents particular difficulties in the identification of historical

demographic processes that are driving species diversity and
delimitation (Degnan and Rosenberg 2009; Firneno et al. 2020;
Fujita et al. 2012). The use of larger genomic datasets has helped
determine the potential causes of mito-nuclear discordance, even
among species with relatively large genomes (Firneno et al. 2020;
Hill et al. 2019). Moreover, the use of demographic model testing
and tests for phylogenetic introgression between species or
populations using this type of data provide the potential to
uncover the root causes of genomic incongruence (Leaché et al.
2019; Portik et al. 2017). These methods can help to identify
potential biogeographic, selective, or neutral processes that might
be affecting phylogenetic structure in nuclear versus mitochon-
drial genomes.

True toads (Bufonidae) are among the groups of organisms
reported to have high levels of mito-nuclear discordance (Azevedo
et al. 2003; Firneno et al. 2020; Pereyra et al. 2016; Sequeira et al.
2011). Widespread mito-nuclear discordance in toads was initially
attributed to introgression of entire loci due to species hybridiza-
tion, in agreement with the low selectivity of mating partners by
these toads during their typically explosive breeding events
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(Pereyra et al. 2016; Abreu et al. 2021). However, a recent analysis
using genome-wide loci found evidence of incomplete lineage
sorting and not hybridization to explain discordance in toads
which exhibit mito-nuclear discordance (Firneno et al. 2020). This
study demonstrates the benefit of large genomic datasets when
attempting to discern which mechanisms or processes may be
driving patterns of among-locus gene tree heterogeneity in
natural populations (Degnan and Rosenberg 2009).

Within the true toad radiation, the Rhinella granulosa species
group has been hypothesized to involve high levels of
hybridization and poorly resolved intraspecific relationships
due to mito-nuclear incongruencies (Narvaes and Rodrigues
2009; Pereyra et al. 2016). Within this group of South American
toads, 13 nominal species are currently recognized: R. granulosa,
R. pygmaea, R. bergi, R. major, R. mirandaribeiroi, R. azarai, R.
nattereri, R. fernandezae, R. dorbignyi, R. merianae, R. humboldti, R.
bernardoi, and R. centralis (Narvaes and Rodrigues 2009). These
species are distributed across much of the Neotropics, with
partially overlapping ranges among species with adjacent
distributions (Simon et al. 2016). Although studies incorporating
multi-locus datasets have found marked genetic structure often
corresponding to proposed taxon boundaries, several relation-
ships remain poorly resolved, with conflicting patterns among
loci. While these conflicts have at times been attributed to
limited variability in the loci targeted or limited taxonomic
sampling, some studies have proposed that poorly resolved
relationships may stem from conflicting signals across markers
due to hybridization between species (Pereyra et al. 2016; Simon
et al. 2016). Within the clade, potential hybridization has been
hypothesized to occur between the taxon pairs R. bergi and R.
major, R. granulosa and R. mirandaribeiroi, and R. fernandezae and
R. dorbignyi. However, there has been no formal attempt to test
the hybridization scenario versus alternative gene discordance-
generating mechanisms based on an adequate number of
independent genomic regions.

In this contribution, we implement a phylogenomic approach
to formally test the hypothesis of introgressive hybridization as a
source of mito-nuclear discordance across taxa within the Rhinella
granulosa species group. Based on comprehensive geographic
sampling of genome-wide patterns of variation in multiple taxa
across South America’s major biomes, we infer the frequency and
extent of introgression based on a comparison of mitochondrial
versus nuclear genetic signal, gene flow estimates and alternative
models of historical demography. Based on this approach, we
seek to address the following questions: Is there introgression
between species within this clade, and how widespread is it? Are
zones of introgression restricted to certain geographic regions,
and where are they located? Lastly, how do patterns of
introgression within the R. granulosa clade compare to other
similarly distributed toad clades where introgression has recently
been demonstrated to be rampant?

METHODS

Sampling of molecular data

Our genetic sampling included 45 individuals belonging to a subset of
taxa in the Rhinella granulosa species group, namely seven individuals of
R. granulosa, eight R. major, 14 R. mirandaribeiroi, 13 R. merianae, one R.
centralis, and two R. humbolti. As outgroups, we included four samples
from the Rhinella margaritifera species group. Tissue samples were
obtained from the Museum of Zoology of the University of Sdo Paulo
(MZUSP), the Amphibian and Reptile Diversity Research Center (ARDRC) at
the University of Texas in Arlington, and the Louisiana State University
Museum of Natural Science (LSUMNS).

We extracted genomic DNA using a phenol-chloroform extraction
protocol with SeraPure SpeedBead cleanup (Sambrook and Russell 2006).
Fragments of the mitochondrial 16S rRNA gene were PCR-amplified using
the 16Sar and 16Sbr primers and sequenced on an ABI 3730xL sequencer
following Rivera et al. (2021). We also supplemented the 16S dataset with
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additional sequences from R. bernardoi, R. merianae, R. mirandaribeiroi, R.
pygmaea, R. major, R. bergi, R. centralis, R. dorbignyi, R. fernandezae, R.
granulosa, and R. humbolti obtained from GenBank. The only species not
sampled from this group for the 16S phylogeny was R. nattereri. Sequences
were edited and aligned in Geneious Prime 2020.0.4 (Identification and
Accession numbers in Supplementary Table S1).

We generated a double-digest restriction-site associated DNA (ddRAD)
dataset following Peterson et al. (2012). Briefly, 200-500 ng of genomic
DNA were digested using the Sbfl (restriction site 5’-CCTGCAGG-3') and
Mspl (restriction site 5’-CCGG-3’) enzymes in a single reaction using the
manufacturer’'s recommended buffer (New England Biolabs) for 5h at
37 °C. Digested DNA was bead-purified before ligating barcodes and index
adapters, then samples with the same index were pooled and size-selected
(415-515 bp) on a Blue Pippin Prep size selector (Sage Science). The quality
and concentration of final libraries were analyzed and quantified on a
BioAnalyzer (Agilent) and Qubit Fluorometer 4 (Thermo Fisher Scientific).
The resulting 100 bp single-end libraries were sequenced at MedGenome
on an lllumina HiSeq2500.

We used the command line version of ipyrad v. 0.9.45 (Eaton and
Overcast 2020) (available at https://ipyrad.readthedocs.io) to de-multiplex
and assign reads to individuals based on sequence barcodes allowing no
mismatches from individual barcodes, perform reference read assembly
using a minimum clustering similarity threshold of 0.90, align the reads
into loci, and call single nucleotide polymorphisms (SNPs). As a reference,
we used the Rhinella marina genome (Edwards et al. 2018). A minimum
Phred quality score (=33), sequence coverage (=6x), read length (= 35 bp),
and maximum proportion of heterozygous sites per locus (=0.5) were
enforced, while ensuring that variable sites had no more than two alleles
(i.e., a diploid genome). Following the initial assembly, we used Matrix
Condenser (de Medeiros and Farrell 2018) to assess levels of missing data
across samples and then re-assembled our dataset to ensure a maximum
of 25% missing data within each locus (i.e., each retained locus was
sequenced in at least 25% of the sampled individuals). This strategy
resulted in 45 ingroup and four outgroup samples in a matrix with less
than 15% total missing data. The final dataset was composed of 16,455
SNPs over 1542 RAD loci.

Phylogenetic relationships

We inferred maximum likelihood phylogenies for both the mitochondrial
dataset and a concatenated ddRAD loci dataset using IQTREE v2.1.2,
utilizing the built-in model selection tool ModelFinder Plus, implementing
1000 ultrafast bootstraps only testing models of evolution and partition
schemes available in MrBayes (Hoang et al. 2018; Kalyaanamoorthy et al.
2017; Minh et al. 2020). In addition to the maximum likelihood analyses, we
performed phylogenetic inference for both the mitochondrial dataset and
a concatenated ddRAD loci dataset under a Bayesian framework using
MrBayes 3.2.6 (Ronquist et al. 2012), implementing three independent runs
of four Markov chains of 10 million generations each and sampling every
1000 generations with the first 25% generations discarded as burn-in. We
used the same best-fit model found by ModelFinder Plus in the Bayesian
analyses. We used Tracer 1.7 (Rambaut et al. 2018) to assess whether
Markov chain mixing was adequate (effective sample sizes >200) and to
visually assess model parameter stationarity and convergence between
runs. We then summarized a 50% majority-rule consensus tree and used
iTol to edit and visualize trees (Letunic and Bork 2019).

We also compared the nuclear IQTREE results to a species-tree inferred
under a multispecies coalescent framework utilizing the nuclear data in
SVD Quartets (Chifman and Kubatko 2014) as implemented in the
command line version of PAUP v. 4 (Swofford 2002). In this analysis, we
sampled all possible quartets and estimated node support based on 1000
bootstrap replicates.

Population genetic structure

To determine populations and admixture in the R. granulosa species group,
we filtered SNPs as described above but excluding outgroup samples
using ipyrad and VCFtools (Danecek et al. 2011), resulting in a dataset
composed of 20,527 SNPs. SNPs were filtered further to only include one
random SNP per RAD locus, resulting in a final dataset of 1527 unlinked
SNPs. We then determined the best-fit number of genetic clusters (K) using
the maximum likelihood method ADMIXTURE with 20 replicates per K and
a 10-fold crossvalidation to determine the best-fit K (Alexander et al. 2009).
Specifically, the best-fit K was determined as the replicate with the lowest
cross-validation error. In addition to our ADMIXTURE analysis, we used
TESS3r in R, running 50 replicates per K, to both assess genomic admixture
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as well as estimate and visualize spatially informed population structure in
geographic space (Caye et al. 2016, 2018).

To further characterize population structure, we used the non-parametric
method of discriminant analysis of principal components (DAPC), imple-
mented in the R package adegenet (Jombart and Ahmed 2011; Jombart
et al. 2010). The find.clusters function was used to test the fit of 1-20 clusters
(K). The K with the lowest Bayesian information criterion (BIC) score was
considered the best-fit number of clusters.

The resulting ancestry coefficient matrices (Q-matrices) from the
ADMIXTURE analysis were then imported into QGIS (QGIS Geographic
Information System. QGIS Association. http://www.qgis.org) to allow visualiz-
ing patterns of genetic clustering and admixture in geographic space.

Gene flow

To infer potential hybridization or gene flow among taxa, we calculated
Patterson’s D statistic and the related admixture fraction estimates, or
f4-ratio statistics, using the program Dsuite (Patterson et al. 2012; Malinsky
et al. 2020). This approach, also known as an ABBA-BABA test, uses a four-
taxon fixed phylogeny—in the form (((P1,P2)P3)O)—to quantify the
proportion of shared alleles that can be attributed to horizontal transfer
among the populations considered. This approach assumes that a typical
ancestral (“A”) and derived (“B”) allele pattern among four terminal taxa
should generate a BBAA structure. Under incomplete lineage sorting,
conflicting ABBA and BABA patterns should occur in equal frequencies,
resulting in a D statistic = 0. If, however, introgression between P3 and P1
or P2 has occurred, there should be an excess of one of these two patterns,
and thus a D statistic significantly different from 0 (Durand et al. 2011;
Patterson et al. 2012). We used the f-branch or f,(C) metric to tease apart
potentially correlated f4-ratio statistics and estimate gene flow events
between internal branches on the phylogeny (Martin et al. 2013; Malinsky
et al. 2018). Dsuite uses a VCF file and a jackknifing approach to assess
correlations in allele frequencies between closely related species (Malinsky
et al. 2020). Within Dsuite, we used the Dtrios and Fbranch programs to
identify introgression between all combinations of species, using R.
margaritifera as the outgroup taxa, and applied the Benjamini-Hochberg
(BH) correction to control for false discovery rate using a p value of 0.05.

Demographic modeling

We use the full-likelihood, multispecies coalescent method Generalized
Phylogenetic Coalescent Sampler (G-PhoCS) v.1.3.2 on the CIPRES Science
Gateway to estimate demographic parameters such as effective population
sizes and divergence times along the evolutionary history of the Rhinella
granulosa species group (Miller et al. 2010; Gronau et al. 2011). For this
analysis, we used the phylogenetic topology inferred by our maximum
likelihood and Bayesian analyses on the ddRAD data (see Results). To
reduce computing time, we used a maximum of 10 randomly chosen
individuals per delimited genetic cluster and re-ran this dataset through
the filtering pipeline resulting in 2744 unlinked SNPs. G-PhoCS ran an
automatic fine-tuning for 500 steps, running the entire analysis twice
independently for 500,000 generations, then again for one million
generations, sampling every 1000 generations. We then merged runs
using LogCombiner and discarded the first 10% of samples as burn-in
(Pramuk et al. 2007; Drummond and Rambaut 2007; Alonso et al. 2012).
The Dsuite analysis determined no significant gene flow between
populations (see Results), so we did not apply migration bands in GPhoCS
analyses. We followed Prates et al. (2018) to select distributions for the
priors of the 6 and 1 parameters (scripts available at https://github.com/
ivanprates/2018_Anolis_EcolEvol), applying a gamma distribution with
parameters a = 2.0 and 3 = 30. We used TRACER 1.7 to assess proper chain
mixing and convergence based on the log output files (Rambaut et al.
2018). We then converted 0 estimates to N, in number of individuals,
using the relationship 6 = 4Ney, and T estimates to T, in years, using the
relationship T=Tu/g. To apply these conversions, we used a nuclear
mutation rate (u) of 2.4 x 10° (Prates et al. 2016, 2018) and a generation
time (g) of 2 years for bufonid toads (Lever 2001).

RESULTS

Phylogenetic relationships

Phylogenetic analyses of the 16S mitochondrial gene based on
both maximum likelihood and Bayesian approaches yielded nearly
identical relationships (Fig. 1). Overall, most species-level taxa
currently recognized within the R. granulosa species group were
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Fig. 1 A comparison of the Rhinella granulosa clade 16S and
ddRAD phylogenies (IQTree/MrBayes). Support values are indi-
cated above (PP) and below (BS) each node in gray. Red lines
highlight mito-nuclear discordance.

inferred as monophyletic. Mitochondrial analyses inferred 10
major clades, most of which corresponded to currently recognized
taxa. Moreover, most of these clades were geographically
coherent, with samples assigned to the same taxon generally
clustering in geographic space, as follows: R. dorbignyi and R.
fernandezae in the southern Pampas; R. major across southern and
eastern Amazonia; R. granulosa in the Caatinga and northern
Atlantic Forest; R. centralis in the northern Andes, R. humbolti in
northern Amazonia; R. meriane in central Amazonia; and R.
mirandaribeiroi across the Cerrado (Locality map characterized
by 16S data is available in Supplementary Fig. S1).

The Bayesian mitochondrial analysis resulted in a phylogeny
with higher overall relative support for most of the internal nodes
(PP = 0.90-1.0) that correspond to relationships between species-
level taxa. The only relationship that received lower support
(PP =0.64) was the position of R. mirandaribeiroi and the clade
composed of R. granulosa, R. centralis, R. humbolti, and R. meriane.
(Fig. 1). This phylogeny placed R. major as the sister to all other
remaining taxa within this clade; within this clade, R. pygmaea, R.
azarai and R. bergi formed their own respective clades, and R.
dorbingyi and R. fernandezae formed a subclade. The other major
clade within the species group included R. mirandaribeiroi, R.
granulosa, R. centralis, R. humbolti, and R. merianae, nested in this
order relative to the root.

Phylogenetic relationships based on the ddRADseq dataset—
which included only a subset of the taxa represented in the
mitochondrial trees—were overall highly supported (Figs. 1 and
2A). Similar to the mitochondrial analyses, all of the currently
recognized species were inferred to be monophyletic and
geographically coherent, except for one R. granulosa individual,
which was inferred as nested within the R. mirandaribeiroi clade
(Figs. 1 and 2A). The ddRAD phylogeny included two clades: one
composed of R. granulosa and R. mirandaribeiroi, and another
composed of R. major, R. merianae, R. humbolti, and R. centralis
(Figs. 1 and 2A). Nuclear phylogenetic analyses under both the

SPRINGER NATURE


http://www.qgis.org
https://github.com/ivanprates/2018_Anolis_EcolEvol
https://github.com/ivanprates/2018_Anolis_EcolEvol

D. Rivera et al.

" 92/0.99
5 B
)
g
4 "
§
322
£%
2 o
U ﬁ' §
H 1=
E
0 (present)
(]
b
=
%
£ K4
T
< -
. [ 1L . I
R. mirandaribeiroi  R. granulosa R. major R. merianae R. centralis

R. humbolti

K4

I
= ks
e _ Ilke

DAPC TESS3r

EENEENEEENENEEE K4
EENENNEENNENEEE K5
EEEE BN EEEEEE K6
B.
*
% vy
K4 K5 K6
C.
()]
3 o gt
5 ‘ @ .‘o.
4 | 4

Longitude

Fig. 2 Population structure of the Rhinella granulosa clade.
A Maximum likelihood/Bayesian phylogeny incorporating data from
GPhoCS for R. granulosa clade focal species using ddRADseq data,
and corresponding ADMIXTURE, DAPC, and TESS3r plots. Branch
widths are scaled to estimated population sizes (G-PhoCS) and
asterisks represent BS/PP >95/0.99. B DAPC plots for K=4-6,
C TESS3r plots for K= 4-6.

concatenated (IQTREE, MrBayes; Fig. 1) and multispecies coales-
cent (SVD Quartets; Supplementary Fig. S2) approaches yielded
the same species topology.

While the sample composition of clades was similar between
mitochondrial and nuclear analyses, the relationships between
taxon clades differed between marker types. Most notably, the
affinity between R. major and the clade composed of R. centralis,
R. humbolti, and R. merianae varied by marker type. Rhinella
major was sister to all other species in the 16S phylogeny, while
in the nuclear phylogeny it was inferred to form a clade with R.
centralis, R. humbolti, and R. merianae (Fig. 1). Additionally, the
placement of R. mirandaribeiroi in relation to R. granulosa
differed between mitochondrial and nuclear markers in the 16S
phylogeny. R. mirandaribeiroi was sister to a clade formed by R.
granulosa, R. centralis, R. humbolti, and R. merianae, while in the
nuclear phylogeny, R. mirandaribeiroi shared a clade with R.
granulosa only (Fig. 1).

Population structure

ADMIXTURE results indicated the K value with the lowest
crossvalidation error was four, which was a cluster formed by
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samples assigned to R. major (orange), one R. granulosa cluster
(blue), one R. mirandaribeiroi cluster (purple), and a cluster
combining samples assigned to R. merianae, R. humbolti, and R.
centralis (yellow; Fig. 2A). The only individuals that were found to
be admixed had alleles that traced back to the R. granulosa and
the R. mirandaribeiroi clusters (Fig. 2A). The DAPC analysis yielded
similar BIC scores for K=4-6 (Supplementary Fig. S3). K=4
resulted in the same clusters identified by ADMIXTURE, while
K=5 split the ADMIXTURE cluster composed of R. merianae, R.
humbolti, and R. centralis into two clusters, one composed of R.
merianae samples and the other of R. humbolti and R. centralis
samples (Fig. 2). K= 6 further subdivided R. mirandaribeiroi into
two clusters, one of which included the R. granulosa individual
inferred to be nested within the R. mirandaribeiroi cluster (Fig. 2A,
B). ADMIXTURE results for K= 5-6 yielded the same clusters as the
results from the DAPC analysis (Supplementary Fig. S3; cross-
validation plots: Supplementary Fig. S4). TESS3r results were very
similar to both ADMIXTURE and DAPC results (Fig. 2A, B). Overall,
there was slight amounts of admixture among R. mirandaribeiroi,
R. granulosa, R. humbolti, and R. centralis for K= 4-6 (Fig. 2A).

Similar to the phylogenetic analyses, major genetic clusters
inferred by ADMIXTURE were geographically coherent, each
restricted to a certain portion of South America. Specifically, the
cluster composed of samples assigned to R. major was restricted to
the Amazon region; the cluster composed of R. merianae, R.
humbolti, and R. centralis samples was distributed across the
Amazon and the Northern Andes; the cluster composed of samples
assigned to R. granulosa was distributed across the Northern
Atlantic Forest in eastern Brazil; and the cluster composed of
samples assigned to R. mirandaribeiroi was distributed across the
Cerrado in central Brazil (Fig. 3). The spatially explicit TESS3r
resulting maps showing the diffusion of ancestry coefficients across
geographic space shows genetic groups are geographically
clustered for K=4-6 (Fig. 2Q).

D-statistics

Analyses of introgression based on the ddRAD data using Dsuite
resulted in only one trio ((R. mirandaribeiroi, R. granulosa) R.
major) out of 20 trios tested that had a significant D-statistic
(0.41; Supplementary Table S2), pointing to a larger proportion
of shared alleles between R. granulosa and R. major than
expected based solely on incomplete lineage sorting. However,
after applying the Benjamini-Hochberg (BH) correction to
control for the false discovery rate, none of the trios tested
were significant (Supplementary Table S2). These results were
corroborated using the f,(C) metric analysis, which showed an f,
statistic of 0.15 between R. granulosa and R. major, but it was not
significant (Fig. 4 and Supplementary Table S3). Taken together,
these results support that introgression is not an important
factor behind shared allele patterns among any of the groups
considered.

Demographic inference

The G-PhoCS analysis estimated the Rhinella granulosa species
group to date back to about 5 million years before present (mybp)
(mean value; 95% highest posterior density (HPD) = 4.817-5.092;
Fig. 2 and Supplementary Table S4). Sister species divergences
within the species group dated back to the mid-Pleistocene
(Fig. 2 and Supplementary Table S4). The divergence between R.
granulosa and R. mirandaribeiroi was estimated to date back to
1.026 mybp (HPD = 0.983-1.075), while the divergence between
R. humbolti and R. centralis dated back to 1.496 mybp
(HPD = 1.258-1.733). In turn, the most recent common ancestor
of R. merianae, R. humbolti, and R. centralis dated back to 2.263
mybp (2.158-2.358 95% HPD), while the ancestor of these
three species and R. major dated back to 4.826 mybp
(HPD = 4.625-4.983 95% HPD). The effective population size
estimates resulted in a root population size of ~1.3 million,
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Fig. 3 Locality map of focal species depicting average ADMIXTURE cluster assignments per locality (K= 4). Map partitioned into biomes
(Central America, Northern Andes, Northern Amazonia, Western Amazonia, Eastern Amazonia, Southern Amazonia, Pantanal, Chaco, Cerrado,

Caatinga, Northern Atlantic Forest, Southern Atlantic Forest).
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Fig. 4 The f, statistic (summary of f, admixture ratios). Gray color
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the phylogeny. ns = not significant.

remaining stable along the R. granulosa-mirandaribeiroi branch.
This lineage massively expanded to Amazonia (along the R. major-
merianae-humbolti-centralis branch), then experienced a bottle-
neck after R. major diverged, and then expanded again after R.
merianae diverged (Fig. 2 and Supplementary Table S4). Estimates
of current population sizes for each species ranged from
~145,833-1,093,750 (Supplementary Table S4).
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DISCUSSION
Based on range-wide geographic sampling of mitochondrial and
nuclear genetic variation in a widespread species group of
neotropical toads, we found only partial concordance between
currently recognized species-level taxon boundaries and patterns
of genetic structure. While most taxa within the R. granulosa
species group corresponded to clades, genetic clustering analyses
sometimes grouped distinct taxonomic units into a single cluster.
Moreover, levels of admixture between inferred clusters were
limited and restricted to a single sister taxon pair (R. granulosa and
R. mirandaribeiroi), while D-statistics estimation provided no
support for the hypothesis that allele sharing between non-
sister taxa is a result of horizontal transfer. These findings
contradict previous assertions of widespread cryptic diversity
and of gene flow and introgression across taxa in the R. granulosa
clade, a proposed scenario based on small numbers of loci (Guerra
et al. 2011; Pereyra et al. 2016). Lastly, our analyses suggest that
diversification events within the Rhinella granulosa clade mostly
dated back to the early Pliocene, which is later than species
divergences in other closely related clades, as observed in the
closely-related R. marina species group (Rivera et al. 2022).
Previous analyses of phylogenetic relationships in the R.
granulosa clade based on multi-locus datasets have resulted in
unresolved interspecific relationships and evidence of mito-
nuclear discordance (Azevedo et al. 2003; Sequeira et al. 2011;
Pereyra et al. 2016). By incorporating thousands of ddRADseq
nuclear loci, however, we were able to improve phylogenetic
resolution within this clade (Fig. 2). Previous studies have, in
several cases, inferred relationships similar to ours. Specifically,
both our study and that of Pereyra et al. (2016) found a sister
relationship between R. granulosa and R. mirandaribeiroi, as well as
phylogenetic clustering of R. centralis, R. humbolti, and R. merianae.
However, while Pereyra et al. (2016) found R. major to be the sister
of all other species, our analysis inferred R. major as sister to the
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clade composed of R. centralis, R. humbolti, and R. merianae with
high support (Fig. 2). These discrepancies between studies could
have originated from differences in the genetic markers used. For
instance, although we did not observe a clear signal of
mitochondrial introgression across taxa based on 16S, an analysis
by Pereyra et al. (2016) incorporating other mitochondrial genes
found several taxa to be nonmonophyletic. This is the case, for
instance, of R. bergi, R. major, and R. fernandezae, which were thus
hypothesized to experience past introgressive events. By assessing
the mitochondrial DNA in this study separate from the thousands
of nuclear markers generated, our analysis of genetic structure
and introgression based on extensive nuclear data found no
support for the idea that hybridization played a major role in the
evolutionary history of these toads.

Besides hybridization, another mechanism that may generate
a pattern of allele sharing among non-sister taxa is incomplete
lineage sorting, as reported in studies of several other clades,
including birds, lizards, mammals, plants, and flies (Jakob and
Blattner 2006; Pollard et al. 2006; McGuire et al. 2007; McKay and
Zink 2010; Wang et al. 2018). Our analyses of the R. granulosa
group are consistent with the idea that instances of mito-
nuclear discordance can be attributed to incomplete lineage
sorting. For instance, R. granulosa and the genetic group formed
by the samples originally assigned to R. centralis, R. humbolti,
and R. meriane were inferred as sister clades in the mitochon-
drial phylogeny but not in the nuclear one. The D-statistics
estimates supported that the observed proportion of shared
nuclear alleles among these two groups is no different from that
expected under incomplete lineage sorting. Incomplete lineage
sorting has been similarly invoked to explain similar patterns of
genealogical heterogeneity in phylogenetic studies across the
tree of life (Liu et al. 2009; Blanco-Pastor et al. 2012; Doronina
et al. 2015). Given our sampling of the species group, a full
sampling of all ~13 species should be used to more robustly
assess gene flow and demographic change among species in a
hypothesis-testing framework.

Alternatively, a pattern of taxon paraphyly in gene genealo-
gies can result from purifying selection, which reduces genetic
diversity at linked sites, such as the different genes that
comprise the mitochondrial genome (Cvijovi¢ et al. 2018).
Accordingly, studies have found signatures of selection on the
mitochondrial genes of species that show patterns of mito-
nuclear discordance (Morales et al. 2015). It is currently unclear
whether selection may have contributed to a pattern of
paraphyletic taxa as inferred by mitochondrial genes in the R.
granulosa species group (Pereyra et al. 2016). Nevertheless, our
analyses of thousands of nuclear loci suggest that shared alleles
across non-sister taxa conform to expectations under incomplete
lineage sorting and not introgressive hybridization. As such, our
analyses challenge previous assertions of rampant hybridization
in the evolutionary history of the R. granulosa species group,
similar to recent proposals for other vertebrate clades (Wang
et al. 2018). We note that our taxon sampling was more limited
than that of previous studies of this clade due to challenges in
accessing samples from throughout its vast distribution.
Additionally, the relatively short 16S fragment sequenced in this
study (564 base pairs) precludes accurate tests of selection
among this group. It is possible that inclusion of additional taxa,
as well as better sampling of each taxon across their respective
ranges, especially near any potential contact zones, could reveal
more complex patterns of admixture.

Our finding of negligible introgression across taxa in the R.
granulosa species group contrasts with patterns observed in other
closely related toad clades. For instance, the Rhinella marina
species group experienced many instances of genetic admixture
among species over its evolutionary history. Recent investigation
based on thousands of genome-wide loci inferred multiple
instances of admixture across and within taxa in the R. marina

SPRINGER NATURE

group, as well as past and ongoing pulses of gene flow (Rivera
et al. 2022). Why we observe such distinct patterns of introgres-
sion across taxa in two closely related toad clades is unclear,
especially considering the R. marina group is similarly diverse,
though this particular study had larger sample sizes in compar-
ison. Interestingly, higher levels of introgression do not seem to be
associated with recent population divergences, a pattern sug-
gested for other species groups (Singhal and Moritz 2013; Singhal
and Bi 2017). Instead, estimates for the R. marina clade suggest
older divergences overall than those in the R. granulosa clade
(Rivera et al. 2022).

Instead, it is possible that these contrasting patterns across
clades reflect differences in organismal attributes. Toads are
generally reported to be prone to low selectivity of mates during
their typically explosive breeding events, which also seems to
apply to the R. granulosa species group; for instance, inter-
specific amplexus between co-distributed Rhinella granulosa and
other species from the Rhinella and Ceratophrys genera have
been reported (Abreu et al. 2021; Gama et al. 2020). Never-
theless, our findings could suggest that these apparently
permeable prezygotic reproductive barriers do not necessarily
lead to gene transfer across interbreeding species. If that is the
case, it is possible that species in the R. granulosa species group
have developed post-zygotic barriers to hybridization that
species in other closely related clades have not, as appears to
be the case of the R. marina species group, though more
evidence is required to test this assertion (Pereyra et al. 2016;
Bonnet et al. 2017; Abreu et al. 2021). Future studies of genetic
structure across clades will benefit from incorporating informa-
tion on species’ reproductive biology and natural history.
Unfortunately, this much-needed information is largely lacking
for species-rich clades of tropical organisms, as is the case of the
intriguing true toads.
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