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ABSTRACT

Species tree inference is often assumed to be more accurate as datasets increase in size, with whole genomes
representing the best-case-scenario for estimating a single, most-likely speciation history with high confidence.
However, genomes may harbor a complex mixture of evolutionary histories among loci, which amplifies the
opportunity for model misspecification and impacts phylogenetic inference. Accordingly, multiple distinct and
well-supported phylogenetic trees are often recovered from genome-scale data, and approaches for biologically
interpreting these distinct signatures are a major challenge for evolutionary biology in the age of genomics. Here,
we analyze 32 whole genomes of nine taxa and two outgroups from the Western Rattlesnake species complex.
Using concordance factors, topology weighting, and concatenated and species tree analyses with a chromosome-
level reference genome, we characterize the distribution of phylogenetic signal across the genomic landscape. We
find that concatenated and species tree analyses of autosomes, the Z (sex) chromosome, and mitochondrial
genome yield distinct, yet strongly supported phylogenies. Analyses of site-specific likelihoods show additional
patterns consistent with rampant model misspecification, a likely consequence of several evolutionary processes.
Together, our results suggest that a combination of historic and recent introgression, along with natural selec-
tion, recombination rate variation, and cytonuclear co-evolution of nuclear-encoded mitochondrial genes, un-
derlie genome-wide variation in phylogenetic signal. Our results highlight both the power and complexity of
interpreting whole genomes in a phylogenetic context and illustrate how patterns of phylogenetic discordance
can reveal the impacts of different evolutionary processes that contribute to genome-wide variation in phylo-
genetic signal.

1. Introduction

genome-scale datasets often exhibit substantial phylogenetic conflict
that manifests as differing but well-supported topologies among

The rapid accumulation of genome-scale datasets holds great
promise for improved phylogenetic inferences and a better-resolved
Tree of Life. However, while it may be expected that more data will
lead to more clear and decisive phylogenetic estimates, we often find
extensive conflicting phylogenetic signal across sites, genes, genomes,
and analytical methods (Roycroft et al., 2020; Zhao et al., 2023). Indeed,
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different genomic regions (Schrempf and Szollosi, 2020) or even be-
tween distinct nucleotide sites within a locus (Castoe et al. 2009;
Steenwyk et al. 2023). Accordingly, analyses of large genome-scale
datasets bring new challenges for phylogenetic inference. An under-
standing of how statistical artifacts, various evolutionary processes, and
aspects of genome biology may interact to produce conflicting
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phylogenetic signals across the genome is key to generating robust and
replicable phylogenetic inference and for gaining biological insight from
these distinct evolutionary signals.

Differing estimates of the underlying phylogenetic tree across
distinct genomic regions or sites can result from many factors and pro-
cesses, including incomplete lineage sorting (ILS; Meleshko et al., 2021;
Parins-Fukuchi et al., 2021; Singhal et al., 2021; Smith et al., 2015; Zhao
et al., 2023), natural selection (Adams et al., 2018; Castoe et al., 2009;
Edwards, 2009), migration and introgression (Lin et al. 2019; Reilly
et al. 2019; Sanderson et al., 2023), and population structure (Oliver,
2013). Each of these elements of the overall diversification history of a
species group can violate models used in phylogenetic inference (Castoe
et al., 2009) and result in alternative topologies that are often deemed
“incorrect” and discarded. ILS is one of the most widespread and well-
studied sources of discordance between gene trees and the overall spe-
cies trees (Liu and Edwards, 2009; Mendes and Hahn, 2018), leading to
the use of multispecies coalescent (MSC)-based methods that take into
account ongoing population genetic processes that generate ILS
(Mirarab et al., 2016). The use of heuristic summary statistic strategies
and the MSC (Liu et al., 2010; Zhang et al., 2018) for large phylogenomic
datasets (Faircloth et al., 2012; Lemmon et al., 2012) has seen wide-
spread adoption throughout the field of systematics. These approaches
seek to address discordance produced by ILS, introgression, and popu-
lation structure (Cloutier et al. 2019; Jiang et al. 2020; Jiao et al. 2021),
but high levels of gene tree estimation error on numerous but short loci
(e.g., ultraconserved elements or anchored hybrid enrichment loci) can
significantly hinder our ability to detect reliable phylogenetic signal and
the phenomena that shape it (Blom et al., 2016; Roch and Warnow,
2015). As datasets become larger, the impacts of model violation and
misspecification may also be amplified, further increasing potential
phylogenetic conflict as a consequence of gene tree estimation error and
poor model fit; each of these must also be disentangled from true,
distinct evolutionary signals (Gatesy and Springer, 2014; Roch and
Warnow, 2015).

Despite these inherent challenges, genome-scale data can enhance
our understanding of complex evolutionary processes that have shaped
genomic diversity across lineages and reveal how these processes may
interact with aspects of genome biology (e.g., the recombination land-
scape). Accordingly, understanding heterogeneity in phylogenetic signal
across the genome can advance our understanding of processes that have
shaped extant genomic diversity. Identified patterns of heterogeneity
can, in turn, help to establish predictive frameworks that can aid in
disentangling complex speciation scenarios such as those involving both
introgression and natural selection.

Here, we address the challenge of interpreting whole genome data in
a phylogenetic context using the Western Rattlesnake species complex
(genus Crotalus). These rattlesnakes represent a collection of three spe-
cies groups, each consisting of multiple lineages, whose range collec-
tively spans much of western North America, and includes the Prairie
Rattlesnake (C. viridis), Western Rattlesnake (C. oreganus), and Mojave
Rattlesnake (C. scutulatus). This species complex displays high levels of
variation in their morphology, coloration, venom composition, and
natural history, and multiple lineages are known to hybridize (Ashton,
2001; Mackessy, 2010; Myers, 2021; Schield et al., 2019; Schield et al.,
2018; Smith et al., 2023; Strickland et al., 2018). While previous studies
have suggested several competing hypotheses for the taxonomy of this
group (Ashton, 2001; Davis et al., 2016; Klauber, 1972), this complex is
currently recognized as containing seven nominal species: C. viridis,
C. oreganus, C. cerberus, C. concolor, C. lutosus, C. helleri, and C. scutulatus
(Uetz et al., 2023). In addition to the inherent importance of the tax-
onomy, the extensive variation in morphological and venom traits
within this group make it an excellent model for comparative biology.
However, such efforts are hindered by a lack of agreement regarding the
phylogeny of the group (Ashton and Queiroz, 2001; Campbell and
Lamar, 2004; Davis et al., 2016; Douglas et al., 2002; Klauber, 1972;
Myers et al., 2024; Pook et al., 2000).
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Here, we use whole genome resequencing data from 30 individuals
representing all major lineages of the Western Rattlesnake species
complex and a chromosome-level reference genome for the Prairie
Rattlesnake (Crotalus viridis; Schield et al. 2019a) to investigate genome-
wide variation in phylogenomic signal. We take a genome-informed
view of phylogenetic reconstruction by considering the recombination
landscape and exploring the distribution of phylogenetic signals across
the mitochondrial genome, nuclear macrochromosomes, nuclear
microchromosomes, and sex (Z) chromosomes. We use this dataset to i)
understand how phylogenetic estimates vary within and among chro-
mosomes, ii) identify processes that contribute to interspecific genomic
variation while taking recombination into account, and iii) determine
the most likely speciation scenario of rattlesnakes in the Western Rat-
tlesnake complex. Our analyses yield multiple strongly-supported trees
estimated from specific genomic regions and analyses, and we investi-
gate the distribution of conflicting signals across sites and regions of the
genome to disentangle potential underlying causes of these patterns.

2. Materials & methods
2.1. Sample collection and whole genome resequencing

We obtained two samples for each major lineage of the Western
Rattlesnake species complex for whole genome sequencing, sampling
individuals from nearby localities for each lineage where possible
(Supplementary Table S1; Fig. 1A). The Northern Pacific Rattlesnake
(Crotalus oreganus oreganus) and the Prairie Rattlesnake (C. viridis viridis)
span large geographic distributions and population substructure
(Schield et al., 2019; Schield et al., 2022). We thus sampled a total of
four individuals for each of these lineages (i.e., two individuals from
different regions with evidence of distinct population genetic structure;
specifically, C. v. viridis were sampled from Colorado and New Mexico,
and C. o. oreganus were sampled from populations north and south of the
San Francisco Bay area of California). Within the Mojave Rattlesnake
(C. scutulatus) complex, we sampled pairs of individuals for each of the
four major lineages identified in (Schield et al., 2018). We also sampled
one individual each of C. atrox and C. ruber as outgroup taxa, for a total
sampling of 32 individuals (Supplementary Table S1; Fig. 1A). Our
taxonomy and designation of species and subspecies here is based on the
current recognition in The Reptile Database (Uetz et al., 2023). We
extracted genomic DNA from liver or blood tissue for each specimen,
which were stored in DNA lysis buffer or snap frozen using liquid ni-
trogen and stored at —80C. DNA was extracted using standard phe-
nol-chloroform-isoamyl extraction and precipitation, and we quantified
purified DNA products using a Qubit fluorometer. We prepared genome
sequencing libraries from purified DNA using KAPA HyperPlus and
Mlumina Nextera DNA Flex kits, and sequenced genomic libraries on
Ilumina NovaSeq 6000 S4 lanes with 150 bp paired-end reads. Raw
sequencing reads were adapter trimmed and processed using the Illu-
mina BaseSpace distributions of FastQC v1.0.0 and Fastq Toolkit v2.2.0
(BaseSpace Labs). We trimmed bases on 5 and 3’ ends of reads with
quality scores < 20 and discarded any reads with a final length < 36 bp,
or that had an average quality score < 30.

2.2. Reference genome, annotation, and recombination rate estimation

We used the Prairie Rattlesnake (C. viridis) genome assembly (Cro-
Vir3.0; [Schield et al. 2019a]) as the reference for our whole genome
resequencing data and used the genome annotation for downstream
dataset filtering and parsing. The assembly and annotation include
chromosome-length scaffolds corresponding to the 18 chromosomes in
the rattlesnake karyotype (2n = 36) and 17,352 annotated protein-
coding genes. Repeat elements were also previously annotated using
RepeatMasker (Smit et al., 2015), as described in Pasquesi et al. (2018)
and Schield et al. (2019a). Population-scaled mean recombination rate
estimates for C. viridis were taken directly from Schield et al. (2020).
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Fig. 1. Phylogeny of the CVOS group. A) Map showing the sampling of species and subspecies used in this study (points = individuals). Taxa are named based on
currently supported species status. The ranges of the three species groups (C. scutulatus, C. viridis, and C. oreganus) are shown by shaded polygons and represented by
the vertical bars in the key. B) Chronogram based of the concatenated maximum likelihood (ML) tree of CVOS. Colored bars next to tips represent the broader species
groups; black bars designate lineages by species and subspecies. Timescale is shown below phylogeny (Holocene not shown). All nodes are strongly supported.
Numbers in front of nodes (or above/below due to space constraints) represent divergence dates in millions of years. C-F) Simplified phylogenies from four datasets
and analyses: concatenated ML with all chromosomes (C), species tree with all chromosomes (D), concatenated ML tree of the Z chromosome (E), and concatenated
ML tree of all heavy-strand-encoded mitochondrial genes. The C. oreganus species group is shown in a grey bubble, with colored branches (corresponding to the map)
showing lineages with alternative topologies across trees. Trees in C-F show topology only; branch lengths are not informative.
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2.3. Variant calling and filtering

We trimmed and filtered all genomic reads and aligned them to the
C. viridis reference genome using the BWA v0.7.1 mem algorithm (Li and
Durbin, 2009) with default settings, and marked duplicate mappings for
downstream removal. We quantified read mapping statistics using
samtools v1.9 stats and flagstats (Li et al., 2009). On average, 96.51 % of
reads mapped to the reference genome among ingroup taxa; proportions
of mapped reads were slightly lower for outgroup taxa (93.64 % and
94.69 % in C. atrox and C. ruber, respectively). Read mapping resulted in
an average coverage of 37.6 x per sample (range = 10.5-138.4 x ;
Supplementary Table S1). We used the GATK v4.0.8.1 HaplotypeCaller
(McKenna et al.,, 2010) to call indels and single nucleotide poly-
morphisms (SNPs) within individuals, and to generate genomic variant
call files (gVCFs), which contain information for all sites in the genome.
We then called variants across all 32 individuals in our sampling using
the GATK v3.8.1.0 GenotypeGVCFs module, specifying the ‘-allSites’
option to output information at each genomic position among in-
dividuals. We used v3.8.1.0 for this step because it is capable of
analyzing multiple gVCFs simultaneously without having to first merge
gVCFs.

We performed post-variant discovery filtering steps using bcftools
v1.9 (Li et al., 2009), in order to remove spurious effects and artifacts of
repetitive regions, indels, and low quality base calls. First, we recoded
all positions (variant and invariant) with read depth below 5x (i.e., DP
< 5) or that had genotype quality less than 30 (i.e., GQ < 30) as missing
genotypes per individual using the beftools filter module. To avoid the
potential effects of indel misalignment, and to also maintain associations
between variant information and features of the C. viridis genome
annotation, we recoded indels as ambiguous genotypes (‘N’s). After
these filtering steps, we generated a consensus genome sequence for
each individual using bcftools consensus, specifying IUPAC ambiguity
codes for heterozygous sites (—1I), ‘N’s for missing genotypes (—M N),
and including SNP positions and invariant sites retained after previous
filtering steps (—i ’type=“snp” | alt=".""). Here, we also masked all
positions that overlapped with repeat elements in the genome as
ambiguous genotypes, based on the C. viridis reference genome repeat
element annotation.

2.4. Preparation of genome-scale datasets

We parsed sequence alignments from our filtered genomic dataset to
examine variation in genome-wide estimates of the evolutionary history
of the species complex. We first quantified the mean and maximum
missing data (i.e., ambiguous genotypes after upstream filtering steps)
among samples for all nonoverlapping 10 kb windows of the genome.
We then identified the set of alignments with mean and maximum
‘missingness’ below 35 % and 60 %, respectively. This included 31,093
10 kb regions with no missing taxa, which sampled representative re-
gions from all chromosomes. Raw sequencing reads are available on the
Sequence Read Archive (SRA) under Projects PRJINA1150930 and
PRJNA1137891; all sample information can be found in Supplementary
Table S1.

2.5. Concatenated and species tree analyses

We used both concatenation and coalescent-based species tree
methods to obtain estimates of the nuclear phylogeny for the Western
Rattlesnake species complex. First, we concatenated all 31,093 align-
ments of 10 kb length in the phylogenomic dataset described above
using ‘catsequences’ (https://github.com/ChrisCreevey/). The final
concatenated alignment had a total length of 310,000,193 bp. We
inferred a maximum likelihood tree using IQ-TREE v2.2.6 (Minh et al.,
2020Db), using the ModelFinder (Kalyaanamoorthy et al., 2017) option to
select the best partition scheme and molecular substitution model for
each partition. We calculated support for nodes in the ML phylogeny by
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performing 1000 ultrafast bootstrap (UFB) replicates (Hoang et al.,
2018); relationships with > 95 are considered strongly supported.

Second, we inferred a coalescent-based phylogeny using a two-step
procedure. Phylogenies were inferred for each 10 kb alignment using
a custom shell script (https://github.com/jbernst) to iterate through all
10 kb alignments in parallel batches. Here, we refer to the phylogenies
from 10 kb windows as ‘gene trees.” These 31,093 estimated gene trees
were used as input to estimate the species tree using ASTRAL-III (Zhang
et al., 2018). We assessed gene tree discordance among nodes in the
inferred species tree topology by annotating quartet support for each
bipartition using the ‘-t 8 option in ASTRAL-IIL Local posterior proba-
bilities > 0.95 were considered strongly supported relationships.
ASTRAL was run using a mapping file that allowed for each species and
subspecies to represent its own lineage, with the exceptions of C. s.
salvini being grouped within C. scutulatus and C. h. caliginis grouped
within C. helleri (see Results).

We also partitioned the estimated gene trees into three different sets
for phylogenetic reconstructions: i) the entire gene tree set (all 31,093),
if) 17 subsets of autosome-specific gene trees (i.e., one set of gene trees
from each autosome), and iii) the set of gene trees (453 trees) estimated
from the Z (sex) chromosome. We obtained a concatenated and coales-
cent species tree for each of these sets of gene trees. Estimated gene and
species trees were visualized using FIGTREE v1.4.4 (Rambaut, 2012).
Additionally, for some analyses in our study we reference chromosomes
by ‘type’, which refers to the following: macrochromosomes, micro-
chromosomes, and the Z (sex) chromosome.

2.6. Mitochondrial genome assembly and analysis

We assembled near-complete mitochondrial genomes from whole
genome shotgun reads for each individual using MITObim v1.9.1 (Hahn
et al., 2013), which leverages the assembly tool MIRA v4.0.1 (Chevreux
et al., 1999). For each sample, we performed a reference-guided as-
sembly in MITObim, using a mitochondrial genome for C. concolor as a
reference (reference genome GenBank accession: PV035282; GenBank
accession numbers of individual mitochondrial genes for all samples are
available in Supplementary Table S3). MITObim was run using a
maximum of 10 iterations of baiting and mapping for each sample by
mapping paired reads determined to be derived from the mitochondrial
genome using default parameters. We annotated our newly-assembled
mitochondrial genomes using the MITOS2 (v2.1.9) on Galaxy (Arab
et al. 2017; Donath et al., 2019), which provided sequence coordinates
for the entire complement of ribosomal RNA, transfer RNA, and protein
coding genes for each individual. We performed phylogenetic analyses
on a concatenated alignment of all 12 heavy-strand-encoded mito-
chondrial protein coding genes. We extracted gene sequences from the
assembled mitochondrial genomes and performed alignments using
Geneious R11.1.5 with the Geneious Algorithm under default parame-
ters. After inspecting each alignment and performing minor manual
edits to account for gaps, we concatenated each alignment. We per-
formed phylogenetic reconstruction on the concatenated mitochondrial
gene alignment using the same workflow as was used for nuclear data.

2.7. Statistical analysis of tree discordances and tree space

We used IQ-TREE2 (Minh et al., 2020b) to calculate genealogical
concordance using two metrics: gene and site concordance factors (gCF
and sCF, respectively; Minh et al. 2020a; Mo et al. 2023). To understand
discordance at both the species and population levels, we used our
concatenated tree as a reference, which was largely congruent to the
coalescent-based tree (see Results, Fig. 1). gCF and sCF values represent
the percentage of genes or sites, respectively, in an alignment that
support a particular branch in the reference tree. Together, these metrics
provide information on the percentage of gene trees and sites supporting
the nuclear concatenated tree. We tested for significant differences in
gCF and sCF values between chromosome types using an analysis of
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variance (ANOVA) and a Tukey’s Honestly Significant Difference (HSD)
test in R.

Because we inferred multiple distinct but well-supported phylog-
enies from different types of analyses and chromosome sets (see Results),
we were motivated to further test if particular chromosomes were
associated with distinct gene tree signals. For this, we analyzed the
distribution of the inferred phylogenies in tree space in the R package
TreeSpace v1.1.4.3 (Jombart et al., 2017). We computed pairwise dis-
tance matrices between all inferred gene trees based on the Robinson-
Foulds metrics. We applied multidimensional scaling (MDS; principal
coordinates analysis; PCoA) to these pairwise distances to visualize gene
tree distributions within and across different chromosomes. After MDS
analyses, hierarchical clustering was performed to identify evidence of
gene tree groups using Ward’s method. We also designated three PCoA
groupings to visualize if topologies of gene trees from chromosome types
were separated in tree space. Due to the size of our dataset, we used a
maximum of 500 random gene trees per chromosome for a total dataset
of 7106 trees for tree space analysis.

To quantify phylogenetic similarity between coalescent tree in-
ferences, we calculated probabilistic species tree distances (pSTD;
Adams and Castoe 2020) on 19 coalescent trees estimated using
ASTRAL, including a species tree estimated from individual chromo-
somes (18 trees) and a species tree constructed using gene trees from all
chromosomes. We calculated Hellinger, Kullback-Leibler, and Jensen-
Shannon distances using the R package pSTDistanceR v0.0.0.9000
(Adams and Castoe, 2020), which uses the program HYBRID-COAL
v0.2.1 (Zhu and Degnan, 2016) to extract gene tree topology probabil-
ities under both the multispecies coalescent (without hybridization) and
the network multispecies coalescent (with hybridization).

2.8. Divergence date estimation

To maximize the amount of data used in our divergence dating while
keeping computation times feasible, we used the treePL v1.0 (Smith and
O’Meara, 2012) penalized likelihood method. The use of treePL for
divergence time estimation requires an input tree based on a given
number of nucleotide sites in an alignment and calibration points with
minimum and maximum dates. We use our concatenated tree instead of
the ASTRAL tree because the former is based on nucleotide sequence
data with most tips collapsed into lineages, while the latter is based on
already-constructed gene trees.

We performed treePL analysis until convergence and used optimal
run parameters with the ‘thorough’ and ‘prime’ commands, respec-
tively. We performed this process five times to ensure consistency of
results. To identify the best smoothing parameter for our analysis, which
affects the rate variation penalty across the tree, we used random sub-
sampling replicate cross validation (RSRCV). This approach samples
multiple terminal nodes with replacement and calculates the rates and
dates of the tree with terminal nodes removed. Then, the average error is
sampled over the nodes (Smith and O’Meara, 2012). The smoothing
parameter with the lowest error (=0.1) was used in the analysis. We
used three dates for our calibrations. The first was the divergence of
C. atrox and C. ruber following Castoe et al. (2007); we obtained the 95
% confidence interval of this node (normal distribution, 3.2 million
years [Myr] offset, standard deviation [SD] of 1; Castoe et al. 2007). The
second calibration was using the Late Miocene fossils on the ancestor of
C. scutulatus, C. viridis, and C. oreganus (Holman, 2000). We follow
Schield et al. (2019b), which set a log normal prior for this ancestor with
an offset of 5 Myr and a mean of 0.01 and SD of 0.6 based on the fossil
dates. We set our third calibration on the most recent common ancestor
of all taxa in the tree. Here, we set the minimum date as the median
estimated divergence time obtained in Schield et al. (2019b) (7.32 Myr),
with no maximum bound.
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2.9. Tests for introgression using reticulation networks

Prior research has shown evidence of ancient and contemporary
hybridization among multiple lineages in this group, particularly at the
boundaries of where species ranges come into contact or overlap (Glenn
and Straight, 1990; Myers, 2021; Nikolakis et al., 2022; Pook et al.,
2000; Schield et al., 2019; Zancolli et al., 2016). To test if the Western
Rattlesnake phylogeny is better explained by reticulate evolution than
by a strictly bifurcating tree, and to see if different chromosomes yield
different reticulate topologies, we ran PhyloNet v3.8.2 (Wen et al.,
2018). Using the gene trees used in phylogenetic reconstruction as input,
we ran PhyloNet on gene trees from each chromosome separately, and
for all chromosomes together. We used the InferNetwork MPL approach
with 10 iterations per run and ran an analysis with these parameters,
testing for a maximum of 1 to 5 reticulations. We considered the itera-
tion with the highest total log probability as the most well-supported
inference from each analysis. Although PhyloNet has been shown to
be accurate for species network inference (Hibbins and Hahn, 2022), it
includes a correction for increased model complexity, which may scale
poorly for larger, more complex datasets (Elworth et al., 2019; Wen
et al., 2018). Thus, we conservatively use this analysis primarily to test
whether different chromosomes qualitatively support reticulation vs
bifurcating topologies rather than interpreting the results as definitive
estimates of the number of reticulation events.

To further test for introgression and reticulating phylogenies, we ran
network inference under a network multispecies coalescent framework
using NANUQ implemented in the MSCQuartets v2.0 R package (Rhodes
et al.,, 2021). NANUQ relies on a two-hypothesis testing framework
using an « and p parameter; smaller values of a and B require stronger
evidence of reticulations and any resolution of the network, respec-
tively. We ran several iterations of this analysis with different « and p
parameters using all chromosomes, only macrochromosomes, only
microchromosomes, and the Z chromosome. We chose the optimal o and
B parameters (conservatively choosing low values) for each run based on
visual inspection of simplex plots, as recommended (Allman et al. 2019;
see Results for a and p parameters). Because most topological discor-
dance observed in the resulting trees (see Results) were within the
C. oreganus group (C. cerberus, C. oreganus, C. concolor, C. lutosus, C. L
abyssus, C. helleri, C. h. caliginis), we also ran the four NANUQ analyses
only on the C. oreganus group to test for introgression within this clade,
specifically the Intermontane Clade (ImC: C. concolor, C. lutosus, and C. L
abyssus). The resulting quartet counts were used to construct a network
quartet distance matrix between taxa. This matrix was then used to
create a splits graph under the Neighbor-Net algorithm in SplitsTree4
(Huson and Bryant, 2006).

2.10. Topological investigation of phylogenies

To investigate gene tree variation across regions of the genome, we
performed topology weighting by iterative sampling of sub-trees using
Twisst (Martin & Belleghem, 2017). Twisst requires species groupings to
identify the frequency of all possible topologies in the genome based on
the defined groups. Thus, to limit the number of unrooted topologies in
our analysis, we defined groups and performed analyses for two
different datasets. The first dataset included C. scutulatus, C. viridis, and
C. oreganus (with C. atrox + C. ruber, together, as an outgroup); this run
collapsed C. s. salvini into C. scutulatus, C. v. nuntius into C. viridis, and all
other ingroup samples into C. oreganus; we refer to this as the ‘species
group’ dataset. The second dataset included only members of the
C. oreganus species group (C. cerberus, C. oreganus, C. helleri, C. h. cal-
iginis, C. concolor, C. lutosus, and C. L abyssus) to address discordance
between the mitochondrial tree and nuclear tree that is specific to this
group (see Results). Using C. cerberus as an outgroup, we ran Twisst on
this dataset with three defined ingroups: C. oreganus, C. helleri + C. h.
caliginis, and the Intermontane Clade (C. concolor, C. lutosus, and C. L
abyssus, as one group). We refer to this as the ‘oreganus clade’ dataset.
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In sum, our grouping schemes for topology weighting analysis each
contained three ingroup clades, resulting in three topologies that were
weighted across the genome for each Twisst run. The species group
dataset yielded a tree that matches the species tree, and two alternative
trees. The oreganus clade dataset yielded three trees, one that matches
the mitochondrial topology, another that matches the species tree to-
pology, and a third alternative topology.

To explore the relationship between variation in tree topologies and
recombination rate, we summarized the proportion of topology weights
for both the species group and oreganus clade datasets across the range of
mean recombination rate in the genome, split into 10 bins of equal size
in recombination rate range and number of gene trees in each bin (with
each successive bin from 1 to 10 increasing in recombination rate).
Separately, we conducted additional analyses to test whether nuclear-
encoded mitochondrial genes were enriched for higher topology
weights for the alternative mitochondrial topology. To do this, we used
Twisst to obtain the proportions of topology weights supporting the
mitochondrial tree at all 10 kb regions that overlap a nuclear-encoded
mitochondrial gene (n = 12 genes, 41 10 kb windows). We then
compared topology weights at these regions with 41 randomly selected
10 kb regions in the genome that do not overlap with nuclear-encoded
mitochondrial genes. A Fisher’s exact test was used to test for enrich-
ment for higher mitochondrial tree weights in the set of 10 kb windows
that overlap with nuclear-encoded mitochondrial genes.

2.11. Testing alternative tree support using site-specific likelihoods

Evolutionary processes such as natural selection or convergence can
lead to model misspecification/violation and, consequently, to extreme
site-specific likelihood differences for competing trees, along with
extreme site-specific support for alternative (non-species tree) topol-
ogies (Castoe et al., 2009). To further explore genome-wide variation in
support for alternative topologies, we estimated site-specific log-likeli-
hoods (SSLs) in IQ-TREE2. Three sets of site-specific likelihoods were
calculated for each chromosome by comparing each alignment to three
topologies: 1) nuclear (i.e., based on all chromosomes), 2) mitochon-
drial, and 3) Z chromosome. We calculated the difference in SSLs (ASSL)
between the nuclear and mitochondrial topologies, and nuclear and Z
topologies, respectively, to identify support for the nuclear versus
alternative (mitochondria or Z chromosome) topologies genome-wide.
We calculated ASSL so that positive and negative ASSL values indicate
support for the nuclear topology and alternative topology, respectively.
ASSL patterns were then summarized by 1) relative frequency of sites
supporting an alternative tree, and by 2) the overall sum of likelihoods
over our 10 kb genomic windows/alignments. We plotted the proportion
of sites within 10 kb windows that support the nuclear (positive values)
versus alternative (negative values) topology using the R package kar-
yoploteR v1.28.0 (Gel and Serra, 2017) and custom R scripts (https://
github.com/jbernst). For analyses that involve nuclear-encoded mito-
chondrial genes, we focused on the set of nuclear-encoded genes that
represent subunits of the mitochondrial oxidative phosphorylation
complex I-V pathway (Oxidative Phosphorylation; OXPHOS hereafter),
based on the KEGG database (Kanehisa, 2019, 2000; Kanehisa et al.,
2023). For the nuclear versus mitochondrial comparison of site likeli-
hoods, we also identified how many sites containing extreme values of
ASSL were found within nuclear-encoded mitochondrial genes.

3. Results
3.1. Topological heterogeneity across chromosomal trees

Our divergence dating analysis suggests that the Western Rattlesnake
clade diverged from the outgroup (C. atrox and C. ruber) ~ 7.3 million
years ago (mya), with the C. scutulatus group diverging from the C. viridis
and C. oreganus crown group ~ 5.0 mya (Fig. 1B). We estimated that the
three species groups (C. scutulatus, C. viridis, and C. oreganus) began to
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diversify ~ 2.8, ~1.6, and ~ 2.4 mya, respectively (Fig. 1B, Supple-
mentary Fig. S1). The nuclear concatenated phylogeny estimated from
310,000,193 bp across all chromosomes was recovered with strong
support at all nodes (Fig. 1C). This topology largely agreed with the
coalescent-based tree obtained using ASTRAL (Fig. 1D), with the
exception of C. concolor and C. lutosus, which switch placement between
the two trees. In both trees, C. scutulatus is sister to the C. viridis and
C. oreganus groups. Crotalus s. salvini is recovered within C. scutulatus,
and C. v. nuntius is sister to C. viridis. Within the C. oreganus group,
C. cerberus is sister to all other species, and the Intermontane Clade
(C. lutosus, C. concolor, and C. L abyssus) is most closely related to
C. oreganus and C. helleri + C. h. caliginis (Fig. 1C, D). Concatenated trees
for individual chromosomes were broadly congruent with the tree esti-
mated from all chromosomes, with C. scutulatus sister to C. viridis and the
C. oreganus species groups (Supplementary Fig. S2). Overall, trees
derived from microchromosomes had more poorly supported nodes
(UFB < 95; local posterior probabilities < 0.95) compared to those
derived from loci on macrochromosomes and the Z chromosome
(Supplementary Fig. S2).

When compared to the all-chromosome concatenated tree, variation
in reconstructed evolution histories from specific chromosomes is most
apparent by the lack of resolution of the C. oreganus group, especially in
microchromosomes (Supplementary Fig. S2). In particular, the greatest
topological heterogeneity is observed in the Intermontane Clade, where
C. concolor is either sister to C. lutosus and C. L abyssus or embedded
within C. L abyssus, depending on the chromosomal region surveyed
(Supplementary Fig. S2). We estimated a distinct tree from the Z chro-
mosome compared to trees derived from autosomal loci, with C. concolor
being sister to the remaining C. oreganus group (Fig. 1E versus 1C, D),
rather than being in a clade with the other two Intermontane taxa
(C. lutosus and C. L abyssus).

Similar to concatenated inferences, the coalescent-based species
(ASTRAL) trees estimated from microchromosomes vary in support and
topology more than the macrochromosomes (Supplementary Fig. S3).
Macrochromosomal species trees all have strongly supported relation-
ships. However, unlike the concatenated trees, we find that all macro-
chromosomes, except macrochromosome 4, support C. concolor as sister
to the other Intermontane species. This topology was also strongly
supported in the coalescent tree based on all chromosomes (Fig. 1D).
Microchromosomes and the Z chromosome yield varying support for the
evolutionary history of the Intermontane Clade, specifically the place-
ment of C. lutosus and C. concolor, with microchromosome species trees
yielding the lowest node support (Supplementary Fig. S3). We recovered
a different topology from the mitochondrial genome dataset, with C. v.
nuntius nested within C. viridis, and C. helleri and C. h. caliginis strongly
supported as sister to the group containing C. concolor, C. lutosus, C. L
abyssus rather than sister to C. oreganus (Fig. 1F; Supplementary Fig. S4).

3.2. Genomic variation in concordance factors and tree space

Large datasets often provide strong support values for resolution of
nodes, which may obscure evidence for variable topologies across
sampled loci (Kumar et al., 2012; Minh et al., 2020a). To assess variation
in topology support across the genome, we first analyzed site (sCF) and
gene (gCF) concordance factors across our sampled gene tree align-
ments. Although the concatenated nuclear tree using all chromosomes
has UFB = 100 at all nodes, the majority of gene trees do not support this
topology (low gCF values; Supplementary Fig. S5). We observed higher
sCF values compared to gCF values for macro-, micro-, and the Z chro-
mosome (Fig. 2A, B). Considering all chromosomes, the number of nodes
that had gCFs > 50 % ranged from 4 to 5, and the number of nodes that
had sCFs > 50 % ranged from 20 to 22 (Supplementary Fig. S5).
Microchromosomes showed higher gene concordance overall (ANOVA
p-value = 0.025; Tukey’s HSD p-value = 0.018). We found no significant
differences in gCF values between the Z chromosome and macro-
chromosomes or microchromosomes, and no significant difference in
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Fig. 2. Gene (gCF) and site (sCF) concordance factors calculated using the CVOS concatenated phylogeny with all chromosomes as a reference tree. A) gCF and sCF
plot, with points colored by chromosome type. Each point represents a node in the concatenated tree for each chromosome (29 points per chromosome). Inset tree
shows the reference concatenated tree from Fig. 1B. Axes are in percent. B) Boxplots showing the distribution of gCF (top) and sCF (bottom) for each chromosome.
Colors of box plots match the chromosome type key in panel A. C-F) gCF/sCF plot from Panel A, highlighting the node at the base of the C. oreganus group lineages
subtending C. cerberus (C), the node at the base of the Intermontane Clade (D), the node representing the split between C. concolor and C. lutosus abyssus (E), and
population-level nodes (F). All inset trees in panels C-F represent the reference tree, with a circle at respective nodes that are highlighted in the panel, and are colored

to match the tree in panel A.

sCF values between any of the chromosome types (ANOVA p-value >
0.05). Depending on the specific microchromosome, 4-9 nodes had
gCFs > 50 %, and 19-23 nodes had sCF values > 50 %. The Z chro-
mosome had the highest median sCF, as well as 7 and 22 nodes with
gCFs > 50 % and sCFs > 50 %, respectively. Additionally, micro-
chromosomes showed a greater range of gCFs and sCFs compared to
macrochromosomes (Fig. 2B), suggesting a greater degree of topological
variation. When considering all chromosomes, we found that the nodes

corresponding to the C. oreganus group (excluding C. cerberus; Fig. 2C),
the Intermontane Clade (Fig. 2D), and the sister relationship between
C. concolor and C. L abyssus (Fig. 2E) had the lowest gCF values, similar
to those observed for intraspecific nodes (Fig. 2F). Our results highlight
that chromosomes vary substantially in their degree of discordance (i.e.,
topological variation). We find that sCF values tended to be higher than
gCF values (Fig. 2B). We note, however, that sCF and gCF values are
difficult to directly compare. Higher sCF values versus gCF values should
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not be directly interpreted as higher discordances across sites versus
loci, because these two values are calculated differently and may be
influenced differently by characteristics of datasets (Lanfear and Hahn,
2024). We also find that all chromosomes show the greatest discordance
for relationships within the C. oreganus group, based on particularly low
sCF and gCF values for these nodes (Fig. 2C-F).

Our PCoA reveals substantial overlap in tree space across gene trees
from distinct chromosomes and chromosome types (Supplementary
Fig. S6). We also found high levels of variation in some of these trees
across chromosome types, with many gene trees from the Z chromosome
occupying the outer margins of observed tree space (Supplementary
Fig. S6). Our analysis of coalescent trees estimated from data from
distinct chromosomal datasets using probabilistic distances resulted in
four groups of phylogenetic similarity, two of which contain both
macrochromosomes and microchromosomes (Fig. 3). Two of these
groups are comprised only of the Z chromosome or microchromosome 9.
The third group includes microchromosomes 3, 4, 5, 7, 10, and macro-
chromosome 5 (average Hellinger distance [dH] = 0.056), with the
fourth group containing all remaining macrochromosome and micro-
chromosome trees and the species tree (all chromosomes) (average dH =
0.015). The coalescent trees inferred for microchromosome 9 and the Z
chromosome were substantially different from other trees (average dH
of mi9 and Z from all other trees = 0.211 and 0.327) in MDS dimensional
space (Fig. 3). These chromosomes each form distinct groups and occupy
a unique region in tree space.

3.3. Topological weighting across chromosomes

Topology weighting of loci sampled from across the genome revealed
that, when collapsing subtrees into the broader species groups, a
speciation scenario in which C. scutulatus is sister to the remaining
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members of the Western Rattlesnake clade (i.e., the C. viridis +
C. oreganus groups) is the dominant signal in the genome (blue tree;
Fig. 4A; Supplementary Fig. S7). This dominant topology is also
consistent with each phylogenetic analysis using data from all chro-
mosomes (i.e., nuclear data for the concatenated and species tree
analyses).

Our Twisst analysis of three alternative topologies for the C. oreganus
clade identified the topology of the concatenated and coalescent nuclear
trees (the Intermontane Clade sister to C. oreganus and C. helleri + C. h.
caliginis) as the most common evolutionary history observed genome-
wide (Fig. 4A). We observed that windows in the C. oreganus clade
dataset that recovered the nuclear tree topology were congruent with
windows in the species group dataset that also recover the nuclear to-
pology (blue tree and light red tree; Fig. 4A). However, we also find that
microchromosomes 9 and 10, and the Z chromosome, contain regions
with the highest weights for the alternative mitochondrial topology
(Fig. 4A; Supplementary Figs. S7, S8).

Overall, we find that regions associated with lower recombination
rates (e.g., centromeres, regions of the Z chromosome) were also asso-
ciated with higher support for trees that reflect the coalescent (species)
tree (Fig. 4A, B). Some chromosomes (macrochromosomes 1, 2, and 3)
have regions of low and high recombination rates that correspond with
an alternative topology (Fig. 4A). The Z chromosome in both Twisst
analyses show greater weights for alternative topologies in the recent
stratum and pseudoautosomal region (PAR; Fig. 4B). We also find a
similar trend genome-wide, with increasing recombination rate being
associated with decreasing weight (frequency) for the species tree in the
species group dataset (Fig. 4C). However, this trend is not observed in
Twisst analyses of the C. oreganus clade dataset on the Z chromosome
(Fig. 4B) or genome-wide (Fig. 4C).

Considering evidence in the nuclear genome for an alternative
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Fig. 3. K-means clustering of Hellinger’s distances obtained from PSTD. Chromosome names are shown next to points, which are colored by chromosome type. The
grey inset bubble (right) shows a weighted network of Hellinger’s distances from PSTD. Nodes are colored based on chromosome type. Connections all represent
positive correlation; darker connections represent greater connectivity (association) in the network. Phylogenetic trees are shown for the ‘all-chromosome’ coalescent

tree (the nuclear species tree) and the coalescent tree for microchromosome 9.
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Fig. 4. Topological weightings across the CVOS genome. A) Circos plot showing LOESS smoothed distribution of topological weights for various trees along with
recombination rate variation (inner track; recombination rate scale in upper-right). Outer track: topology weights of a 3-taxon tree with the species groups
C. scutulatus, C. viridis, and C. oreganus. Outgroups are C. atrox and C. ruber. Middle track: topology weights within the C. oreganus group of the Intermontane Clade
(ImC), C. oreganus, and C. helleri. Crotalus cerberus is used as an outgroup. Black bars between tracks represent centromere regions. Colored topology key on right
represents the respective color’s topology in the topology weight analysis. Mitochondrial and Nuclear designations in the key represent the mitochondrial and nuclear
tree topologies (both species and concatenated), respectively. B) Top: Zoomed in view of absolute (unsmoothed) topology weights (stacked bar plots) of the Z
chromosome for the outer and middle tracks. Pink and grey colored columns highlight the recent stratum and pseudoautosomal region (PAR), which are shown in the
bottom plots and highlighted in the circos plot in panel A. Black bars represent centromere regions. Colors are identical to the topologies in the key of Panel A. C)
Frequency of topology weights of the species group (top) and C. oreganus clade (bottom) across 10 equal bins of log2 recombination rates. Colors of bars correspond
to the tree key in the upper right. Log2 recombination bins from 1 to 10 are as follows: —21.1 to —19.3, —19.3 to —17.5, —17.5 to —15.7, —15.7 to —13.9, —13.9 to
—12, —-12 to —10.2, —10.2 to —8.42, —8.42 to —6.6, —6.6 to —4.78, —4.78 to —2.97. D) Enrichment test results for nuclear-encoded mitochondrial genes (Nuc-Mito
Genes; e.g., oxidative phosphorylation genes [OxPhos]). Fisher’s exact test (enrichment) shows OxPhos genes are enriched for the mitochondrial topology (p-value =
9.041). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

topology that matches the topology estimated from the mitochondrial 3.5. Site- and locus-specific likelihood analyses of alternative topologies
genome, we tested whether this signal is driven by cyto-nuclear

coevolution of nuclear-encoded mitochondrial genes. Among the To complement our Twisst analysis of variation in topology weights
genomic regions sampled for gene tree estimation, 36 contain a nuclear- genome-wide, we calculated site-specific likelihoods (SSL) for pairs of
encoded mitochondrial gene (Supplementary Fig. S8). Of these, 12 competing trees and analyzed these for 10 kb genomic windows. We
nuclear-encoded mitochondrial genes overlapped with at least one re- used this approach to examine the proportion of sites that supported the
gion that had a topology weight of greater than 25 % for the mito- mitochondrial or Z topology (versus the nuclear concatenated tree)
chondrial topology. These genes include 9 ATP synthase subunits (ATP) across 10 kb windows. We first examined support for the alternative

genes (ATP5PB, ATP6VOA4, ATP6VOB, ATP6AP1.1, ATP6VI1A, mitochondrial topology, and found that specific regions of the genome
ATP6V1D, ATP6V01D, ATP6VOB.1, ATP6V1H), 4 cytochrome c oxidase are associated with different levels of support for the mitochondrial tree
(COX) genes (COX10.1, COX10, COX11, COX15), 1 NADH dehydroge- (Fig. 6). Specifically, we find a larger number of sites within 10 kb
nase gene (NDUFS6), and 1 ubiquinol-cytochrome c reductase core windows that support the mitochondrial tree on macrochromosome
protein 1 (UQCRC1) gene. Notably, the ATP6V1H, ATP6AP1.1, COX10, (ma) 3, microchromosomes (mi) 1, 2, 4, 6, 9, and 10, and towards the
COX11, and UQCRC1 genes overlap with 10 kb alignments that have end of the Z chromosome nearest to the PAR (green; Fig. 6A). The

topology weights for the mitochondrial tree > 50 %, and the alignment average proportion of sites supporting the mitochondrial tree across
overlapping with COX10 specifically has a mitochondrial tree weight of these eight chromosomes ranged from 17.2-22.9 % (average across
100 %. A statistical enrichment test showed that trees reconstructed these eight chromosomes = 20.9 %). This contrasted to all other chro-
from 10 kb alignments from nuclear-encoded mitochondrial genes are mosomes which had an average proportion of sites supporting the
indeed enriched for the mitochondrial topology (higher weight pro- mitochondrial tree ranging from 0.8-1.4 % (average across chromo-
portion for the mitochondrial tree) compared to the genomic back- somes = 1.1 %; Fig. 6A).
ground (Fisher’s exact test, p-value = 0.041; Fig. 4D). Given that topology weights of 10 kb alignments containing nuclear-
encoded mitochondrial genes were enriched for support for the mito-
3.4. Evidence of introgression and reticulation chondrial topology, we tested whether nuclear-encoded mitochondrial
loci were also associated with locus-level likelihood support for the
Our PhyloNet analyses provide broad support that reticulate evolu- mitochondrial topology (based on the sum of SSL across a 10 kb window
tion is a pervasive feature of the evolution of the Western Rattlesnake for the two alternative trees). We focused on the analysis of ma2 and
complex (Fig. 5A), with support for 3-5 reticulations (Supplementary ma3 because they are similar sizes and contain similar numbers of
Table S2). All chromosome-specific analyses recovered at least 3 re- nuclear-encoded mitochondrial genes, yet only ma3 contained a high
ticulations between lineages, but the lineages inferred to share reticu- chromosome-wide fraction of sites that supported the mitochondrial
lation events varied between chromosomes (Fig. 5A; Supplementary topology (Fig. 6A). Despite the differences in the fraction of sites sup-
Fig. S9). Many reticulations are observed within the C. oreganus group, porting the mitochondrial tree (Fig. 6A), these two chromosomes do not
especially within the Intermontane Clade. These results are corrobo- show substantially different distributions of locus-level likelihood sup-
rated by our NANUQ analyses, where we found pervasive evidence of port for the mitochondrial tree, and both show greater densities of
quartets representing networks rather than trees in our tests using support for the nuclear concatenated tree chromosome-wide (Fig. 6B,
macrochromosomes, microchromosomes, and the Z chromosome C). However, we do observe 10 kb windows associated with five nuclear

(Fig. 5B). Using all taxa, every chromosome contains quartet trees that encoded mitochondrial genes (ma3: ATP6VOB; ma2: UQCRC1, COX10,
are better described as a network, with the Z chromosome showing the NDUFB11, ATP6V1A; Fig. 6B, C) that do support the mitochondrial tree

greatest number of reticulation quartet trees (Fig. 5B). This pattern was over the nuclear tree.

also observed when only testing for reticulations in the C. oreganus clade. Based on the analysis of site-specific likelihoods, we also find widely
While our NANUQ results for the C. oreganus group estimate fewer varying levels of support for the alternative Z chromosome topology
quartets with reticulations than the analysis with all taxa, the Z chro- across chromosomes (purple; Fig. 6D-F), with most chromosomes falling
mosome still has the most quartets that support a network compared to into one of two classes: chromosomes that show an average of around
the other chromosomes (Fig. 5B). SplitsTree analysis of the quartet 29.2 % of sites per 10 kb window supporting the Z tree (e.g., mal, ma3,
matrix with all taxa and all chromosomes revealed reticulations at the ma4, mil, mi2, mi3, mi5, mi6, mi7, mi9, mil0), and others with an
base of the tree and between the Intermontane Clade, suggesting both average proportion of sites supporting the Z tree less than 2 % (e.g. ma2,
ancient and recent introgression in this group (Fig. 5C). This is also seen ma5, ma6, ma7, mil, mi4, mi8). The exception to these patterns is the Z
in the SplitsTree network for the C. oreganus group, in which the highest chromosome itself, which shows very high proportions of sites (aver-
weighted reticulation is one in which C. concolor and C. lutosus are the aging 78 %, with a range = 67.2-95 %) for the Z topology (Fig. 6D). The
parental lineages of a hybrid C. L abyssus lineage (Fig. 5C). Z chromosome is also the only chromosome that had a negative sum of

all ASSLs for this alternative Z topology, and this support is distributed
widely across the Z chromosome. These findings suggest that the
evolutionary history of the Z chromosome is indeed distinct from that of
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Fig. 5. Introgression in the CVOS group. A) Phylogenetic reticulations produced from PhyloNet, using 10 kb window trees from all chromosomes (left), only
macrochromosome 3 (upper right) microchromosome 10 (middle right), and the Z chromosome (lower right). Blue edges represent reticulations. B) Simplex plots
representing the results of two hypothesis tests in NANUQ, performed on all chromosomes, all macrochromosomes, all microchromosomes, and the Z chromosome
datasets; secondary analysis for each dataset was also run on just the C. oreganus group (bottom row). Symbols indicate when a quartet rejects a tree & star topology
(i.e., represents a network; red triangle), fails to reject a tree and rejects a star topology (i.e., represents bifurcating tree; blue circle), fails to reject a tree but supports
a star topology (i.e., polytomy; yellow square), or rejects both a tree and a star topology (green X; not present in plots). Alpha () and beta (B) thresholds are given for
each simplex plot. Top row = all taxa. Note: PhyloNet trees lump the following taxa: C. scutulatus with C. s. salvini; C. helleri with C. h. caliginis, and both Outgroups. C)
SplitsTree results of the all-chromosome dataset with all taxa (left) and just the C. oreganus group (right). The blue diamond represents a reticulation formed among
lineages of C. concolor and C. L lutosus that appears to give rise to C. L abyssus. Outgroups in the all-chromosome tree not highlighted. (For interpretation of the
L;eferences to color in this figure legend, the reader is referred to the web version of this article.)

<

autosomes, and inferences of a distinct Z chromosome topology are
unlikely to be an artifact driven by model misspecifications and extreme
site-specific likelihoods.

4. Discussion

Recent increases in available information derived from whole ge-
nomes have not necessarily yielded similar magnitudes of phylogenetic
resolution, but instead have revealed new complexity and challenges for
meaningful interpretation. From one genomic region to the next,
numerous processes may influence molecular evolution and associated
substitution patterns, leading to varying signal of phylogenetic ancestry.
While this poses challenges for phylogenetic inference and systematics,
diverse genome-wide signals can provide valuable insight into the
distinct evolutionary processes that result in support for alternative to-
pologies. In practice, alternative topologies are often discarded as arti-
factual or less relevant than inference of a single primary species tree.
Our analyses highlight the value of exploring these conflicting signals,
with the potential to gain perspectives on the extent to which recom-
bination, gene flow, coevolution, and other evolutionary processes
shape genome-wide variation. Our findings further underscore the
power of dissecting phylogenetic signal to study these processes at
different scales, from specific regions to chromosomes and the entire
genome itself.

4.1. Distinct genomic regions harbor conflicting phylogenetic signals

We observed distinct conflicting signals for the relative branching
order among lineages within the C. oreganus species group from different
genomic regions and from different analytical approaches (Fig. 1; Sup-
plementary Figs. S2, S3). Most notably, our phylogenetic re-
constructions yielded several strongly supported, yet conflicting
relationships within the Intermontane Clade of the C. oreganus species
group that vary in support between the mitochondrial and nuclear
genome, and across chromosomes.

We found that topological heterogeneity and support for alternative
topologies are elevated in microchromosomes compared to macro-
chromosomes. Among classes of chromosomes, microchromosomes also
have other distinct characteristics compared to macrochromosomes,
including higher recombination rates, higher GC content, and higher
densities of genes and euchromatin (Perry et al., 2021; Schield et al.,
2019; Schield et al., 2022; Smith et al., 2000; Srikulnath et al., 2021;
Waters et al., 2021). These distinct characteristics of micro-
chromosomes, especially their relatively high recombination rate, likely
explain higher gene tree variation observed on these chromosomes.
Indeed, the hypothesis that higher recombination rates contribute to
elevated gene tree heterogeneity in microchromosomes is also sup-
ported by our observation that as recombination rate increases genome-
wide, the frequency of topology weights supporting an alternative gene
tree increased. Generally, recombination acts to unlink genealogies from
one another along a chromosome, leading to an expectation of greater
gene tree heterogeneity in regions of higher recombination rate (Lanier
and Knowles, 2012). Species tree methods typically assume a lack of
recombination within a locus and free recombination among loci, and
prior work has demonstrated that unrecognized recombination can
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influence phylogenetic inferences (Mirarab et al., 2024; Posada and
Crandall, 2002; Sakoparnig et al., 2021), suggesting gene tree error may
contribute some observed variation. However, higher-recombination
regions are also more permeable to neutral introgression, suggesting
that this elevated gene tree variation may reflect elevated density and
variation of introgressed alleles on microchromosomes. Lastly, the high
gene density and high recombination of microchromosomes makes them
particularly prone to highly effective natural selection (e.g., high density
of fitness-critical sites with low linkage). This suggests that variation in
the mode, tempo, or direction of natural selection, which can strongly
impact gene tree variation and estimation error (Adams et al., 2018;
Castoe et al., 2009; Edwards, 2009; Thomas and Hahn, 2015), may also
contribute to elevated gene tree variation on microchromosomes.

We also found that the Z chromosome and microchromosome 9
(Fig. 3) differ greatly in overall phylogenetic signal compared to the
other chromosomes. However, only the Z chromosome showed support
for a clearly differentiated Z topology. Different regions of the Z chro-
mosome are associated with varying levels of recombination and dosage
compensation effects (Schield et al., 2019a), with the PAR effectively
acting as a highly recombining autosome, and the ancient strata not
undergoing recombination with the W. Our results reject the hypothesis
that a small set of extreme SSLs (as might be predicted with strong
natural selection or convergence) explain support for the alternative Z
tree on the Z chromosome. Instead, we found sites chromosome-wide
with strong and consistent support for an alternative topology on the
Z, consistent with the Z chromosome having a truly distinct evolutionary
history from autosomes. There are a few hypotheses that may explain
this observed signal. A plausible explanation for this is that ancient
episodes of introgression may have resulted in the introgression and
fixation of all or most of the Z chromosome. A similar scenario involving
ancient introgression of the Z chromosome was inferred to explain broad
evidence for a distinct Z chromosome topology in Heliconius butterflies
(Zhang et al., 2016). An alternative hypothesis is that the combination of
drift and selection on the Z chromosome, which has reduced effective
population size, has led to greater fixation of alternative phylogenetic
signal.

4.2. Mitochondrial versus nuclear trees and evidence for coevolution of
nuclear-encoded mitochondrial genes

We find evidence that the mitochondrial tree is distinct from both the
majority of nuclear genome signal and coalescent species tree estimates.
While concatenated and species tree analyses of entire individual
chromosomes do not recover the mitochondrial topology, topology
weights indicate that some microchromosomes and regions of the Z
chromosome and several macrochromosomes show high support for the
mitochondrial topology (Fig. 4A; Supplementary Fig. S8). Both topology
weights and locus-specific likelihood analyses indicate that nuclear
genomic regions that overlap with nuclear-encoded mitochondrial genes
also tend to exhibit elevated signal for the mitochondrial topology.
Specifically, we identified several nuclear-encoded mitochondrial genes
with strong support of the mitochondrial topology, including those that
encode components of the ATP synthase, cytochrome c oxidase, and
NADH dehydrogenase complex (topology weights for the mitochondrial
topology = 50-100 %; Fig. 4D; Supplementary Fig. S8). Such strong
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D) Fraction of site-specific support for Z tree
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Fig. 6. Difference in site-specific likelihoods for the nuclear concatenated tree and mitochondrial (panels A-C) and Z (panels D-F) topologies. Each chromosome is
represented as a horizontal bar; grey regions = regions with masked data, red = centromere, green = nuclear-encoded mitochondrial genes. The colored, vertical bars
above each chromosome show the proportion of summed ASSL supporting the alternative topology (mitochondrial topology for panel A; Z topology for panel D);
each bar represents one 10 kb window. Grey dashed horizontal line is shown for visualization at proportion = 0.5. Chromosome names are shown to the left of the
chromosomes. Below each panel shows the ASSL summed over 10 kb windows (ma3 and ma2 for panel B and C; Z chromosome and ma4 for panels E and F). The Y-
axis position of oxidative phosphorylation (OxPhos) genes in panels B and C represents the summed ASSL of all sites in the respective gene (positive = support for
nuclear tree; negative = support for mitochondrial tree). Summed ASSL values over 10 kb windows above and below 0 in panels B-C and E-F show support for the
nuclear species tree or the alternative topology, respectively. The recent stratum (Rec. Strat.) and pseudoautosomal region (PAR) of the Z chromosome are shown in
panel E. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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patterns of concordance are consistent with a scenario of introgression
of the mitochondria and subsequent coevolution of nuclear-encoded
mitochondrial gene alleles to match the introgressed mitochondrial
genome. Our findings likely reflect the strong coevolutionary trajec-
tories of nuclear- and mitochondrial-encoded oxidative phosphorylation
proteins (Barreto et al., 2018; Ben Slimen et al., 2018; Gershoni et al.,
2010; Morales et al., 2015; Piccinini et al., 2021; Sunnucks et al., 2017;
Zhou et al., 2020), which has also been suggested to have occurred in
other systems based on phylogenetic evidence similar to what we
observed in our study (Formaggioni et al., 2022).

Our analyses of introgression and reticulate evolution suggest that
introgression is a widespread phenomenon within this group and likely
contributes to genome-wide variation in gene trees. Phylogenetic net-
works from PhyloNet and NANUQ both indicate the existence of re-
ticulations towards the tips and base of the tree, suggesting the roles of
both recent (and likely ongoing) and ancient introgression events (Fig. 5;
Supplementary Fig. S9). PhyloNet also identified reticulation events
consistent with evidence of introgression among these lineages from
prior studies, including evidence of contemporary introgression be-
tween C. viridis and C. scutulatus (Glenn and Straight, 1990; Pook et al.,
20005 Schield et al., 2019; Zancolli et al., 2016), and among members of
the C. oreganus group (Myers, 2021; Nikolakis et al., 2022; Schield et al.,
2019b; Smith and Mackessy, 2016). Interestingly, tests for reticulations
using quartet trees in NANUQ indicate that most reticulation signatures
for the C. oreganus group are concentrated on the Z chromosome, sug-
gesting high levels of introgression on this chromosome. This is consis-
tent with evidence that the Z chromosome harbors a distinct,
alternative, but real phylogenetic history compared to autosomes that
may be driven in large part by introgression across the Z.

Relevant to our inferences of introgression and reticulation, our
analyses also suggest that the taxon C. L abyssus may represent a pop-
ulation derived from hybridization between C. concolor and C. lutosus
(Fig. 5); alternatively, this signal could reflect historical introgression in
the Intermontane Clade. These three taxa comprise the Intermontane
Clade, within which we observed substantial genome-wide topological
heterogeneity. These findings shed new light on the origins of this
population and highlights the potential for such whole-genome data for
identifying complex evolutionary scenarios involving introgression.

Genome-wide, recombination rate tends to be inversely correlated
with topology weights for the coalescent species tree (Fig. 4C), indi-
cating that high recombination areas tend to harbor greater gene tree
diversity and signal of alternative trees. Generally, this is consistent with
the fact that recombination acts to break up haplotypes, disrupting
linkage and enabling a greater maintenance of ancestral polymorphism,
which influences gene tree estimation. Considering the strong evidence
for widespread introgression in this group, it is also notable that high
recombination regions are expected to be more prone to introgression
(Martin et al., 2019). Elevated gene tree variation in higher recombi-
nation regions may therefore also be the result of a greater density of
introgressed alleles at detectable frequencies. We also find evidence for
specific, narrow genomic regions which show dramatic shifts in topol-
ogy weights (as well as site-specific likelihoods), indicating strong sup-
port for an alternative tree. These regions, some of which exhibit high
recombination rates (Fig. 4A), may have undergone adaptive intro-
gression (Martin and Van Belleghem, 2017). Together, our results
highlight how introgression, recombination, and natural selection
impact variation in the evolutionary history across regions of the
genome, with downstream impacts on phylogenetic inference at
genomic scales.

4.3. The phylogeny of the Western Rattlesnake species complex and future
studies to address taxonomy

The taxonomy of the Western Rattlesnake species complex has been
controversial and unstable for several decades (Campbell and Lamar,
2004; Davis et al., 2016; Douglas et al., 2002; Pook et al., 2000). High
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levels of phenotypic variation (Smith and Mackessy, 2016; Watson et al.,
2019; Zancolli et al., 2016) combined with widespread hybridization
(Meik et al., 2008; Nikolakis et al., 2022; Pook et al., 2000; Schield et al.,
2019b) have played major roles in the phylogenetic instability of this
group, and, not surprisingly, have made species-level relationships and
taxonomy challenging to resolve. Recent studies have elevated many
subspecies to species status, recognizing C. scutulatus, C. viridis,
C. oreganus, C. cerberus, C. helleri, C. concolor, and C. lutosus as distinct
lineages (Davis et al. 2016). Other studies have suggested the recogni-
tion of some populations as subspecies (e.g., C. v. nuntius as a subspecies
of C. viridis, C. h. caliginis as an insular population of C. helleri, and C. L
abyssus as a stunted form of C. lutosus; (Davis et al., 2016; Pook et al.,
2000).

Although we find evidence of conflicting phylogenetic signals to
varying extents across the genome, we find that most of the nuclear
genome supports a single majority species tree (i.e., the nuclear tree
with all chromosomes; Fig. 1C, D; Supplementary Figs. S1, S3). We also
find that the nuclear coalescent versus concatenated trees differ only
slightly in their placement of C. L abyssus, which based on reticulation
analyses appears to be derived from hybridization between C. lutosus
and C. concolor (Fig. 5; Supplementary Fig. S9). This finding is also not
surprising, considering that the ranges of C. lutosus and C. concolor
extend to the northern and eastern sides of the Grand Canyon, and
“abyssus” is the name applied to all Western Rattlesnakes within the
Grand Canyon mostly because of geographic province. Based on our
findings, we suggest that C. L abyssus be considered a hybrid population
of C. lutosus and C. concolor, rather than a distinct subspecies or a syn-
onym of another taxon. We do note, however, that our analyses are
based on only two samples, and additional samples that confirm the
hypothesis that “abyssus” is indeed a hybrid population would be useful
to verify our conclusions. Aside from this case, it is notable that our
inferences of relationships among major lineages do generally support
the current taxonomy, and further indicate varying levels of recent and/
or historical introgression among lineages has occurred. Future studies
that incorporate additional (and more geographically dispersed) sam-
pling per lineage would be important for understanding the range-wide
extent of such introgression, and for informing decisions for further
taxonomic revisions. Over the past decades, as we have collected greater
resolution molecular datasets, we have found that hybridization is far
more pervasive in nature than traditionally assumed (Payseur and Rie-
seberg, 2016), which will require reconsideration of how we incorporate
degrees of hybridization into practical species delimitation (Abbott
et al., 2013; Harrison and Larson, 2014). However, despite clear signals
of hybridization we observe in Western Rattlesnakes, our findings also
indicate that these lineages retain substantial portions of their divergent,
unique genomes, which argues strongly for their recognition as distinct
taxa.

As the size of molecular datasets become increasingly larger, the
challenges of understanding how to interpret conflicting phylogenetic
signal have increased by similar orders of magnitude. Our results
demonstrate an extreme example of such conflict, with disparate to-
pologies recovered from different genomes (mitochondrial vs. nuclear),
different chromosomes, and from distinct regions of the same chromo-
somes. Our findings highlight the value in dissecting the sources of such
conflicts to understand their distribution across large datasets and pro-
vide insight into why such conflict may exist. In our case, these con-
flicting phylogenetic signals appear to represent evidence of past
introgression and may relate to signatures of selection, including those
related to cytonuclear incompatibilities. Importantly, these approaches
to dissect different signals also provided more insight into the primary
underlying species tree (e.g., the tree supported by the majority of the
genome), rather than be misled by other patterns and processes from
disparate evolutionary histories present in some regions of the genome.
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5. Conclusion

In this study, we highlight the power and the challenges of using
whole genomes for inferring evolutionary histories. We show that whole
genomes may not provide a single simple answer about the evolutionary
history of a particular radiation, but instead can provide many well-
supported and biologically meaningful conclusions about complex
events associated with the evolutionary history of species. Our results
support that introgression and natural selection have contributed to a
mosaic of phylogenetic signal and evolutionary histories in this group of
snakes. This complexity, together with substantial phenotypic and
ecological variation among Western Rattlesnake lineages, has un-
doubtedly contributed to disagreement regarding relationships within
this group as well as broad taxonomic instability. It is evident that future
taxonomic decisions will be most effective if they embrace, rather than
ignore, the variation and complexity within this species complex.

6. Data statement

Raw shotgun genomic sequencing read data are available on the
Sequence Read Archive (SRA) under Project PRINA1150930 and
PRJNA1137891; all sample information can be found in Supplementary
Table S1. Mitochondrial reference genome is available on GenBank
(accession number: PV035282); GenBank accession numbers of indi-
vidual mitochondrial genes for all samples are available in Supple-
mentary Table S3. Code and input files for all analyses can be found on
Github (https://github.com/jbernst) and Zenodo (DOI: 10.5281/
zenodo.14774372).
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