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Abstract

Understanding the molecular mechanisms underlying phenotypic differentiation is central to evolutionary biol-
ogy. Yet most traits are shaped by complex, polygenic architectures, making links between genomic change
and phenotype difficult to resolve. Venom provides an advantageous model for genotype—phenotype research
because it is produced in a specialized secretory tissue, governed by a modular regulatory system, and largely
composed of proteins from a limited set of recurrent toxin gene families. In parallel, genomics enables recon-
struction of species evolutionary histories and detection of structural variation within and between species.
Here we used whole genome sequencing data from 27 individuals to investigate the evolutionary history of
the three species of the desert viper genus Cerastes (C. cerastes, C. gasperettii and C. vipera), a group of
arid-adapted Palearctic snakes. Whole genome produced broadly concordant inferences of population structure,
phylogenomic relationships, and introgression, with previous studies based on genome-wide datasets, although
whole genomes provided finer resolution. Conservation genomic analyses further revealed pronounced genomic
consequences of long-term isolation in relict Arabian populations of C. cerastes. We also detected extensive
interspecific and intraspecific structural variation across major toxin gene regions, suggesting that genomic
structural changes may contribute to variation in venom composition. These findings indicate that structural
variation is consistent with previously reported differences in venom composition among Cerastes. Overall,
our study underscores the value of integrative genomic approaches for disentangling the multiple evolutionary
processes shaping complex adaptive traits such as venom.
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Background

Identifying the molecular pathways underpinning phenotypic differentiation is crucial to understanding how spe-
cies evolve, and therefore linking variation in genotype to phenotype [1, 2]. Several mechanisms have been
proposed to drive genetic variation [3, 4], including structural changes in the genome as well as changes in gene
regulation (such as transcriptional regulation or epigenetics) [5—11]. However, structural variants can also have
an impact on the genome, with potential phenotypic consequences [12—14]. Structural variation is defined as
large-scale differences in the structure of DNA, including deletions, duplications, insertions, inversions, and
translocations of genomic segments [15]. Structural variation has been mostly studied in humans, as they can
cause genomic disorders [15—17]. However, recent studies in non-model organisms have suggested a major role
in adaptation and speciation [18-20]. Among structural variation mechanisms, gene duplications and deletions
play an important role in phenotypic variation [8, 21-25]. Whilst gene duplication can increase gene dosage as
well as neo- and/or subfunctionalization, gene deletions can lead to partial or complete loss of coding or regula-
tory regions, potentially resulting in reduced gene function, altered regulation, or in some cases complete gene
loss and gene rearrangements [26, 27]. In addition to structural variation, regulatory evolution represents a major
and often dominant driver of phenotypic diversity, particularly in venom systems. Changes in gene expression,
mediated by transcriptional regulation, chromatin accessibility, and epigenetic modifications, have been shown
to play a central role in shaping venom composition and its ecological variation across snake lineages [5, 6, 11,
27]. Nevertheless, most phenotypic traits arise from complex pathways involving multiple genes [28], making the
link between genomic changes, including structural changes, and polygenic traits an ongoing unresolved issue.

Venom is a complex phenotype in which diverse gene families give rise to its protein composition [29, 30].
Its study serves as an effective system for mapping the relationships between genotypic and phenotypic varia-
tion [11, 31, 32]. Venomous organisms include multiple animal groups such as cnidarians, molluscs, arthropods,
squamates, and even mammals [29, 30, 33]. Among those, snakes are the fundamental model system in venom
research, being one of the most life-threatening animal groups to humans [34]. Snake genes that encode venom
arose through gene duplication of non-toxin paralogs followed by neo- and/or subfunctionalization, as well as
venom gland-specific expression [29, 30, 35]. Additional tandem duplication events often occurred and expanded
the number of toxin genes for each family, making them the main components of snake venom [22, 36]. How-
ever, deletions impacting venom genes have also been reported (e.g [8, 21, 22, 37]). For that, intraspecific and
interspecific venom variation provides an excellent opportunity to study genomic changes at shallow scales of
evolutionary divergence [10, 31, 36].

In parallel, genomic approaches allow a plethora of analyses to characterize the evolutionary history of species
[38, 39]. Species may experience different evolutionary trajectories, with an impact on phenotypic traits, includ-
ing venom [8, 13, 40]. For that, characterizing the evolutionary history of species is also important when studying
phenotypic variation. In fact, the rise of genomics has led to an increase in the number of high-quality reference
genomes available for venomous species in the last years [8, 32, 41-45], allowing the study of species’ evolution-
ary history and venom from a genomic perspective.

Snakes from the family Viperidae are one of the most commonly studied venomous groups [29, 30, 36].
However, studies on viperids are highly biased towards the Crotalinae subfamily, which contains rattlesnakes
and other pit vipers (subfamily Crotalinae, e.g. [8, 32, 41]). The Viperinae subfamily, with some of the most
medically relevant genera such as Echis, Daboia or Bitis, have been historically less studied (especially from a
genomic perspective) most likely due to the difficulty of sampling in remote regions as well as their large dis-
tributions [46]. Within Viperinae, the genus Cerastes is starting to emerge as a genomic system to study venom
evolution [42]. It is a small monophyletic group of medically important venomous snakes [47—50] adapted to
arid conditions [51-53] and widely distributed across the Sahara Desert and the Arabian Peninsula [52, 54, 55].
While C. vipera and C. cerastes are mostly present in North Africa (although the latter is also found in southwest-
ern Arabia), C. gasperettii is exclusively found in Arabia. Although proteomic studies in Cerastes are limited,
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interspecific variation has been observed [42, 56-59]. In C. gasperettii, Snake Venom Serine Proteases (SV.SPs)
and Snake Venom Metalloproteinases (SVMPs) together comprise more than half of the venom composition [42].
Other toxins present in lower proportions include Phospholipases A, (PLA,), L-amino-acid oxidases (LA40),
C-type lectins (CTL) and disintegrins (DISI). Cerastes cerastes displays a similar venom profile to C. gasperet-
tii, although only SVMPs account for more than half of its venom. However, significant intraspecific variation,
particularly in SVMPs, SVSPs, CTLs and LAAOs has been reported [56—59]. Lastly, venom characterization in C.
vipera is limited to a single study, which revealed lower venom complexity compared to C. cerastes [56]. While
proteomic studies have advanced our understanding of venom composition and variation in this genus, genomic
data can also provide complementary insights into the evolution and diversification of venom [60].

In this study, we aimed to investigate the evolutionary history, genome-wide diversity, and venom evolution of
the genus Cerastes. To this end, we generated whole-genome resequencing data for 27 samples covering most of
the geographic range of the three species within the genus, along with one outgroup (Echis omanensis) (Table 1).
We reconstructed the evolutionary history of the genus using population genomics and phylogenomics analyses,
estimated standard conservation genomics parameters to assess genome-wide diversity and inbreeding via Runs
of Homozygosity (ROHs), and studied fluctuations in population effective size through time as well as historical
gene flow. Finally, once we characterized the evolutionary histories of each species, we focused on the main toxin
families to study their evolutionary dynamics and identify intra- and interspecific structural variation. Overall,
our work provides insights into the evolutionary history of Cerastes, its conservation status, and the genomic
mechanisms shaping viper venom variation.

Table 1 All individuals sampled in this study, with their corresponding species name, id and coverage levels. Individuals
with high-coverage (>25x) are shown in bold (as well as their genome-wide heterozygosity is indicated) and individuals
used for PSMC analysis are underlined

Species Code 1D Coverage Heterozygosity Country
Cerastes cerastes cerastes 1 12,953 29.0498 0.0026 Chad

Cerastes cerastes cerastes 2 BEV10313 11.2182 Morocco
Cerastes cerastes cerastes 3 9059 11.4745 Morocco
Cerastes cerastes cerastes 4 9076 10.5075 Western Sahara
Cerastes cerastes cerastes 5 92 9.90682 Egypt

Cerastes cerastes cerastes 6 CCC 27.4703 0.0042 Mauritania
Cerastes cerastes cerastes 7 SPM0002585 12.29 Egypt

Cerastes cerastes cerastes 8 SPMO000783 9.81 Algeria
Cerastes cerastes cerastes 9 A20487 6.66 Israel

Cerastes cerastes hoofieni 10 CN15035 26.0386 0.0013 Saudi Arabia
Cerastes cerastes hoofieni 11 CN15888 9.35198 Yemen
Cerastes cerastes hoofieni 12 JIR250 9.2771 Yemen
Cerastes vipera 13 17V080 25.3617 0.005 Western Sahara
Cerastes vipera 14 BEV10185 26.8555 0.0035 Algeria
Cerastes vipera 15 BEV9125 27.1994 0.004 Morocco
Cerastes vipera 16 Al17272 1.67 Israel

Cerastes vipera 17 SPM3923 6.33 Morocco
Cerastes gasperettii gasperettii 18 AO141 11.8433 Oman

Cerastes gasperettii gasperettii 19 BEV10077 30.1788 0.0022 Kuwait
Cerastes gasperettii gasperettii 20 CN15045 27.0268 0.0025 Saudi Arabia
Cerastes gasperettii gasperettii 21 CN15650 11.8272 Saudi Arabia
Cerastes gasperettii gasperettii 22 CN2698 30.5271 0.0024 Oman

Cerastes gasperettii gasperettii 23 CN3856 11.079 Oman

Cerastes gasperettii gasperettii 24 CN3923 10.6037 Oman

Cerastes gasperettii gasperettii 25 CG1 78.21 0.0024 United Arab Emirates
Cerastes gasperettii cf. mendelssohni 26 A17182 7.37 Israel

Echis omanensis 27 CN11991 18.5953 United Arab Emirates
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Materials and methods
Data collection

A total of 27 samples representing the distribution range of C. cerastes (including nine C. c. cerastes and three C.
c. hoofieni), C. gasperettii (eight C. g. gasperettii and one individual for the putative subspecies C. g. mendels-
sohni) and five C. vipera were included in this study (Fig. S1 and Table 1). Cerastes boehmei was not included as
it has been recently synonymized within C. vipera [50]. From those, a total of 15 individuals were the same ones
used in [48]. In addition, we included one individual of Echis omanensis as an outgroup. Samples consisted of
tail tips or scale clips collected during previous field expeditions, preserved in absolute ethanol, and stored at — 20
°C until processing. Genomic DNA was extracted using the MagAttract HMW Kit (Qiagen) following the manu-
facturer’s instructions. Then, Illumina libraries were prepared and were paired-end sequenced on an Illumina
NovaSeq 6000 (2 x 150 bp) following the manufacturer’s protocol and obtaining around 15 to 20 Gb of raw data
for medium-coverage samples and between 50 and 60 Gb of raw data for high-coverage samples. Additionally,
[llumina reads for one high-coverage sample (CG1) were obtained from [42].

Data processing

Raw reads for each of the 27 samples (26 Cerastes and one E. omanensis) were filtered, and adapters removed
with fastp v.0.23.3 [61]. A minimum base quality score was set to 30, and adapter detection for paired-end
sequencing was activated, with a required fragment length of 50 bp. Trimming of poly-G/X tails and correc-
tion in overlapped regions were specified. All other parameters were set as default. Filtered sequences were
visually explored with FastQC v.0.12.1 [62] to ensure data quality and absence of adapters. Filtered reads were
mapped against the Arabian horned viper (Cerastes gasperettii) reference genome (GenBank assembly acces-
sion: JAZHBS000000000; [42]) with bwa-mem v0.7.17 [63]. Mapped reads were sorted with Samtools v1.9 [64].
Duplicated reads were marked and removed with PicardTools v.2.28.0 [65] and only uniquely mapped reads with
mapping quality higher than 30 were kept. We downsampled high-coverage samples aiming for an average of 10x
coverage, to have similar coverage levels of medium-coverage samples. SNP calling was carried out with Haplot-
ypeCaller from GATK 4.1.7 [66] with BP_resolution and split by chromosome. For each chromosome, individual
genotypes were joined using CombineGVCFs with convert-to-base-pair-resolution and the GenotypeGVCFs tool
was then applied to include non-variant sites. Finally, the whole dataset split by chromosome was concatenated
with beftools concat [67] keeping only the autosomes. Then, we split the dataset in two, one containing only high-
coverage samples (dataset 1) and a second one with medium-coverage samples that included the downsampled
high-coverage samples (dataset 2). Then, we filtered the raw datasets by excluding variants matching at least one
of the following criteria: Quality by Depth (QD) < 10, Mapping Quality (MQ) < 50, Fisher Strand test (FS) > 10,
StrandOddsRatio (SOR) > 4, MQRankSum < — 5 && MQRankSum > 5 and ReadPosRankSum < — 5 && Read-
PosRankSum > 5. Later, dataset 2 was filtered using vcftools v.0.1.16 [68] with a minimum variant quality of 30,
removing indels, keeping only biallelic SNPs, allowing 10% missing data and filtering for minor allele frequency
(MAF) of 0.001, filtering out monomorphic sites and keeping only variable positions. Repetitive regions were
identified from the softmasked Arabian horned viper reference genome and removed. A third dataset was created
(dataset 3) for population genetic analyses keeping only unlinked SNPs through beftools [67] using a maximum
value of R?=0.5.

Population structure analyses

We performed a Principal Component Analysis (PCA) with dataset 3 using Plink v1.9 [69]. Visualization of
results from these analyses was performed with R v.3.6.3 [70] and the R package ggplot2 [71].
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Genomic phylogeny

We reconstructed the phylogenomic relationships of all samples (including the outgroup) using only autosomal
chromosomes selected from bam files with the view function from Samtools v1.9 [64]. These bam files were
used to generate individual pseudohaploid consensus sequences with ANGSD v.0.933 [72] taking a consensus-
based sampling approach (-doFasta 3) in non-overlapping sliding windows of 1 Mbp. Maximum likelihood trees
for each window along the Arabian horned viper reference genome were calculated with IQ-TREE2 v.2.4.0 [73]
applying a GTR + I+G substitution model, with the Oman saw-scaled viper (Echis omanensis) sample as an
outgroup. Windows where one individual had > 50% missing data were removed, leaving a total of 1,105 non-
overlapping windows. A maximum clade-credibility tree was created with TreeAnnotator v2.6.4. from BEAST2
v2.6.6 [74]. We tested the effect of window size by repeating the analyses for smaller window sizes (500 Kbp)
and similar topologies were obtained.

Demographic history

We inferred the demographic history of our samples with the Pairwise Sequential Markovian Coalescent (PSMC
v.0.6.5) software [75] for which we used three high-coverage samples (individuals underlined in Table 1). Het-
erozygous positions were obtained from bam files with Samtools v1.9 and data were filtered for low mapping (<
30) and base quality (< 30). Minimum and maximum depths were set at half and double the average coverage for
each sample, respectively. Only autosomal data were considered. A rate of 2.4 x 10” substitutions/site/generation
and a generation time of 3 years were used, following [42, 76, 77]. Other parameters were set as default. For each
sample, 10 bootstraps were calculated. Final results were plotted with the psmc_plot.pl function from PSMC
(https://github.com/Ih3/psmc).

Gene flow analyses

We ran the ABBA-BABA test, as implemented in Dsuite [78] to test for gene flow among the different species
of Cerastes following previous research using genome-wide markers [48]. For this analysis, we used the filtered
VCF file containing the outgroup (31.10 million SNPs across 27 individuals), with the Oman saw-scaled viper
as outgroup. We explored possible introgression between C. gasperettii with C. vipera and both subspecies of C.
cerastes, as well as between C. vipera with C. c. cerastes. Finally, in order to delve into the evolution of venom
for this group, we created a unique dataset for each of the three main toxin families (SVMP, SVSP and PLA,) and
explored if introgression occurred within those regions, using the same methodology as described above. For
that, we created a new VCF containing only SNPs present in the genomic region for each of the three main toxin
families. To reduce potential biases associated with paralogous sequences and mapping ambiguity in structurally
variable regions, only uniquely mapped reads with quality higher than 30 were retained for downstream analy-
ses. In addition, repetitive regions identified in the reference genome were excluded from all datasets used for
D-statistic analyses. These filtering steps collectively reduce the inclusion of reads originating from non-unique
genomic locations and therefore mitigate, although do not fully remove, the impact of paralogous gene copies in
highly duplicated gene families.

Genomic diversity and ROHs

We used dataset 1 to calculate average genome heterozygosity for high-coverage individuals. We generated non-
overlapping sliding windows of 100 Kbp for the Arabian horned viper reference genome and took only sites (both
variant and invariant) with site quality higher than 30 (QUAL field in a VCF file from GATK). Only windows
containing more than 60,000 unfiltered sites were considered. ROHs were calculated per individual based on the
density of heterozygous sites in the genome using the implemented Hidden Markov Model (HMM) in beftools
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roh function [79] with —AF-dfit 0.4 (following [80]) on the filtered dataset. The minimum ROH length threshold
of 100 Kbp was selected to reduce the detection of spurious short homozygous tracts potentially arising from
linkage disequilibrium, genotyping errors, or uneven sequencing coverage, and to ensure robustness given the
sequencing depth of the dataset. This threshold is consistent with previous population genomic studies in non-
model organisms with comparable coverage [81, 82]. The Phred score threshold of 70 was used to retain only
high-confidence ROH calls supported by reliable genotype likelihoods and to minimize false positives in HMM-
based inference. We kept ROHs with a Phred Score of at least 70 and with a minimum length of 100 Kbp. Finally,
following [81], we split the ROHs per length in short (< 500 Kbp), medium (> 500 Kbp and < 1 Mbp) and large
(> 1 Mbp). Visualization for all analyses was carried out with ggplot2 [71].

Identify genomic regions under introgression

Following the approach of [45], we investigated in detail the strongest signal of introgression detected between
C. vipera and C. cerastes by exploring the local window topologies across the genome. To do so, we selected two
high-coverage individuals per species and/or subspecies (n = 7, as there was only one high-coverage individual
was available for C. c. hoofieni) and phased the dataset using Beagle v.5.4 [83]. We then calculated Neighbor-
Joining trees in non-overlapping sliding windows containing at least 50 SNPs using PhyML v3.3 [84]. This anal-
ysis was implemented using the script phyml_sliding_windows.py (https://github.com/simonhmartin/genomics
_general). We calculated complete topology weighting with the resulting local trees in TWISST v.18 [85]. Local
topologies where the introgressed pattern was fully supported, i.e., (Echis, (C. gasperettii,(C. c. hoofieni,(C. c.
cerastes, C. vipera)))), were highlighted across the genome.

Interspecific venom variation

We analyzed coverage variation in venom-coding genes by selecting nine high-coverage individuals (mean
genome-wide coverage > 20x) and comparing the coverage read-depth profiles across intronic and exonic regions
for the main toxin families (i.e., SVMPs, SVSPs and PLA,s). Only uniquely mapped reads with a mapping qual-
ity higher than 30 were retained. We converted the mapped files into bedgraph and plotted the coverage levels
on the specific genes using Spark v.2.6.1 (https://github.com/harbourlab/SparK). Summary plots were produced
with ggplot2 [71] in R [70]. In addition, we used CNVnator v.0.4.1 [86] to identify putative duplications and dele-
tions affecting toxin gene families with a bin size of 100 bp, which allowed us to complement the coverage-based
analysis with explicit detection of structural variants. Read depth normalization was performed internally by
CNVnator, which estimates copy number from read depth normalized to the genome-wide average coverage after
GC correction. For duplications, we retained events overlapping toxin gene regions with a minimum length of
1,000 bp, a normalized read depth (RD) > 1.5, an RD p-value <1 x 107°, a t-test p-value < 1 x 107, and a q0 value
(fraction of zero-mapping reads, used to filter repetitive regions) < 0.3. Filtering criteria for deletions were identi-
cal except for RD < 0.7. The RD p-value assesses the statistical significance of coverage deviations relative to
the genomic background, whereas the t-test p-value evaluates the significance of coverage shifts at the predicted
CNYV boundaries. The genomic location of each CNV was determined by intersecting CNV coordinates with the
toxin gene annotations, allowing us to classify events as overlapping exonic, intronic, or intergenic regions.

Toxin phylogenies

We used phylogenetic inference to study the evolutionary history for the main groups of toxins (i.e., SVMPs,
PLA,s, and SVSPs; [42, 56-58]. For the three main toxin families, we selected available toxin genes and their
non-toxin paralogs from the consensus sequences generated from uniquely mapped reads of the high-coverage
samples in this study. We complemented the dataset with other genes from venomous snake species provided in
[42] and containing data from [21, 22, 41]. Following [22], we built a phylogeny for each of the toxin groups
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using PhyML v3.3 [84], implementing the Dayhoff substitution model and validating our inferred tree with
aBayes support.

Results
Population structure

We generated whole genome resequencing data for a total of 26 individuals representing the three studied Ceras-
tes species, along with one outgroup. One individual (A17272) was excluded due to low coverage. The retained
samples exhibited coverage levels ranging from 6.33x to 78.21x (Table 1). The final dataset included representa-
tions of all currently recognized taxa within the genus. With this genomic dataset, we investigated the population
structure of the genus Cerastes, using a PCA with a total of 1.36 million polymorphic positions, after LD pruning
(Fig. 1A). PC1, explaining 17% of the total genomic variation, separated C. gasperettii from C. cerastes and C.
vipera whilst PC2, with a total of 10.4% of the total variation, split C. cerastes from C. vipera. These axes likely
capture genome-wide patterns of divergence among species, potentially reflecting a combination of phylogenetic
history and accumulated genetic differences across multiple loci rather than specific gene families. Interestingly,

C. cerastes individuals from Western Sahara clustered closer to C. vipera (consistent with introgression results,
see below).

Genomic phylogeny

To explore the evolutionary relationships of Cerastes from a genomic perspective, we inferred the phylogenomic
relationships of the genus using a total of 1,105 non-overlapping 1-Mbp sliding windows, covering around 70%

Genomic population structure, demographic history and phylogenetic relationships of the genus Cerastes
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Fig. 1 A Genomic PCA for the three species within the genus Cerastes, using more than 1.36 M SNPs. B Genomic phylog-
eny for the genus Cerastes, using Echis omanensis as an outgroup. Branches with support values higher than 85 are indicated
by black circles. C Demographic history for the three species of Cerastes. Vertical grey lines are indicative of the Last glacial
and Penultimate glacial periods
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of the whole genome. Our resulting phylogenomic tree showed three well-supported clades, one for each spe-
cies. Results did not show any geographical clustering for C. gasperettii or C. vipera. However, we report three
different clusters for C. cerastes (Fig. 1B). Cluster one contained individuals from North-Western Africa (C. c.
cerastes), cluster two contained individuals from North-Eastern Africa, including the two samples from the Sinai
Peninsula (C. c. cerastes) and the third cluster contained the Arabian populations (C. c. hoofieni). Some intraspe-
cific polytomies were present, especially within C. gasperettii, but most were resolved when using a lower sliding
window threshold (Fig. S2).

Demographic history

When studying the changes in effective population size across time for all three species, we found a similar trend
between C. cerastes and C. vipera (Fig. 1C), as we recovered high levels of effective population size in the past
(>1 Million years ago (Mya)) with a constant decline towards the present. On the other hand, for C. gasperettii
the demographic history remained relatively constant between 10 and 1 Mya, followed by several population
expansions and contractions in the last 400 Kya (Fig. 1C).

Introgression

Introgression analyses revealed gene flow between C. c. cerastes and C. vipera (Fig. 2A). Additionally, our
whole-genome resequencing data indicated introgression between the Arabian subspecies C. c. hoofieni and the
Arabian C. gasperettii, as well as between the latter and the ancestral C. cerastes lineage (Fig. 2A), However,
only the signal involving C. c. cerastes and C. vipera was associated with a substantial f4 ratio estimate (around
0.053 with C. c. cerastes as P2 and C. vipera as P3), whereas the remaining comparisons yielded values close
to zero, indicating either very limited introgressed ancestry or signals that are statistically detectable but quan-
titatively negligible (Table S1). When introgression was assessed after splitting C. ¢. cerastes into geographic
groups, a larger number of significant comparisons emerged (Fig. S3). However, as in the species level analysis,
the only comparison with an f4-ratio exceeding 1% involved C. vipera and the western populations of C. c.
cerastes (Table S2). An additional significant signal was detected between the East African populations of C. c.
cerastes and C. c. hoofieni, but this pattern is best interpreted as a sampling artifact, since C. c¢. hoofieni originates
from East Africa and is therefore expected to share more alleles with those populations than with western ones in
the absence of recent introgression. Interestingly, we did not identify signals of introgression when focusing spe-
cifically on the venom-coding genes, except for the PLA, gene family, where introgression was observed between
C. c. hoofieni and C. vipera with around 40% of the sites being introgressed (Fig. 2 and Tables S3-5). Although
these two taxa are allopatric and genome-wide analyses did not support gene flow between them, the PLA, signal
is consistent with similar copy number variation (CNV) observed for this gene in both species (see below). When
investigating the specific genomic regions exhibiting signals of introgression between C. cerastes and C. vipera,
we observed sparse and scattered patterns of introgression across the genome (Fig. S4).

Genomic diversity and inbreeding

Overall, we observed relatively high levels of genome-wide genetic diversity across the three Cerastes species,
especially when compared to reported genomic diversity levels in other venomous snake species (Fig. 3A). How-
ever, patterns of genetic diversity differed depending on the level of comparison (individual versus species-level
summaries). At the intraspecific level, Cerastes cerastes exhibited substantial variation among the individuals.
One individual from Mauritania (code CCC) showed relatively high levels of genomic diversity, comparable
to other congenerics. However, other two individuals showed lower diversity levels, the specimen from Chad
(12953) showed intermediate diversity, and the Arabian individual (CN15035) exhibited the lowest genomic
diversity recorded across the entire genus. In contrast, Cerastes vipera showed relatively little intraspecific
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Genome-wide and toxin specific introgression for the Cerastes genus

Genomic Introgression
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Heterozygosity and ROHs for the Cerastes genus
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variation between individuals, but higher average genomic diversity across sampled individuals compared to
the other species. Cerastes gasperettii displayed intermediate and relatively homogeneous levels of genomic
diversity among individuals. ROHs varied considerably among species and geographic groups. Populations of
C. c. cerastes from Western Africa exhibited the lowest levels of ROHs, which were predominantly short ROHs
(Fig. 3B). In contrast, two individuals from Northeastern Africa had around 40% of their genomes composed
of short ROHs, suggesting a historical population bottleneck. A similar signal was detected in C. c. hoofieni,
although with a higher proportion of medium and long ROHs, consistent with possible recent inbreeding due
to geographic isolation. Individuals of C. vipera showed low to moderate levels of ROHs, with no evident geo-
graphic variation among samples, while C. gasperettii individuals shared a similar ROHs profile regardless of
geographic origin, with the exception of a single individual from the Sinai Peninsula.

Interspecific venom variation

To explore structural variation in the toxin-encoding genes for the main venom families, we compared the differ-
ent coverage levels within the main toxin regions for the three species in order to identify duplication or deletion
events (Fig. 4 and Tables S6-8 and S10-11). Coverage levels for PLA, showed an important drop for PLA,-gC
within C. vipera (Fig. 4). Interestingly, this drop of coverage was also observed in C. ¢. hoofieni but it was absent
from C. c. cerastes (Fig. 4 and Table S6). A region between PLA,-gC and PLA,g-2 F also showed drops of cov-
erage in both C. vipera and C. cerastes, but we could not identify any specific gene or transposon element. For
SVMPs, we observed constant coverage levels for almost all SVMPs (mainly 2, 8, 9, 10, 11, 12, 13 and including
their non-toxic paralog ADAM?28). However, there was a mild drop of coverage in SVMP]I in C. c. hoofieni when
compared to C. c. cerastes and the rest of the studied species. There was another drop of coverage for SVMPs
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Coverage variation in the main toxin gene families for the Cerastes genus
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3,4,5, 6 and 7 in both C. cerastes and C. vipera compared to C. gasperettii (Fig. 4 and Table S7). Interest-
ingly, we noticed average coverage levels for all the studied species in SVMPI2, a new gene recently found in
C. gasperettii [42]. We observed an increase of coverage specific to C. c. cerastes (not present in C. c¢. hoofieni)
between SVMP7 and SVMPS8 (Fig. 4 and Table S8). Blast search identified it as a Bov-B LINE retrotransposon,
and although the query coverage was low, the percentage of identity was high (Table S9). Overall, intraspecific
coverage differences were not found for C. gasperettii. Finally, SVSPs showed lower coverage levels in SVSPI,
SVSP2, SVSP3 and SVSP4 of C. cerastes and C. vipera when compared with C. gasperettii (Fig. 4). Interestingly,
there seemed to be an increase of coverage for the region between SVSP7 and SVSPS (unidentified by blast), as
well as within SVSPS for some individuals of C. gasperettii (Fig. 4). To complement the coverage-based analyses,
we performed read-depth CNV detection using CNVnator across all individuals. CNVnator identified putative
copy-number events overlapping toxin gene regions, including both duplications and deletions affecting intronic
and exonic segments (Tables S6-8 and S10-11). Within the SVMP cluster, duplications were detected only in
C. c. cerastes, whereas deletions were detected in all studied species and in multiple individuals. For the SVSP
gene family, a single duplication event was detected in C. gasperettii, while deletions were identified in C. c.
cerastes, C. gasperettii, C. vipera, and C. c. hoofieni. In the PLA, cluster, CNVnator detected deletions in all spe-
cies, including multiple individuals per taxon. However, these putative CNVs were consistent with the observed
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read-depth patterns, although we acknowledge that complex toxin loci may still be affected by mapping ambigu-
ity and collapsed paralogous regions.

Toxin phylogenies

We obtained similar results for the main toxin groups (i.e., SVMPs, SVSPs and PLA,) as was previously reported
for C. gasperettii [42]. Within PLA,, we reported as outgroups a clade containing both non-toxic PLA4,-g2E and
PLA,-g2F (Fig. S5). We also found monophyly for all other PLA, groups reported in previous studies: PLA,-gC,
PLA,-gB, PLA,-gK, PLA,-gD and PLA,-gA [21, 42, 87]. For most of our samples, we reported the two groups
previously found in C. gasperettii: PLA ,-gD and PLA ,-gC. However, for C. vipera and C. c. hoofieni, the putative
PLA,-gC genes were not found within the other PLA,-gC. Lastly, the putative PLA ,-gD gene for one C. cerastes
sample (12953) clustered within the PLA4,-gC group. Within SVMPs, we reported a supported clade comprising
ADAM?28 peptides, the non-toxic paralogous gene for this toxin family (Fig. S6). We also found a second clade
of orthologous toxins present both in elapid and viperid families. Interestingly, SVMPI2 gene (a gene uniquely
found so far in C. gasperettii) was found in all individuals, with the sample of E. omanensis found as an exter-
nal group. Finally, our phylogenetic inference analysis for SV'SPs showed two groups, both containing Cerastes
genes (Fig. S7). The most basal group mostly contained Crotalinae genes, although there was the presence of
some Viperinae species and two of our studied genes (SVSPI and SVSP7) (Fig. S7). The second group was highly
expanded in true vipers and most of our studied genes were located there, although support was low.

Discussion

In this study, we used whole-genome sequencing data for 27 samples to investigate the different evolutionary his-
tories of the three species of the genus Cerastes. This group of arid-adapted Palearctic vipers, distributed across
North Africa and Arabia, represents a valuable model to study diversification in desert environments and across a
transcontinental range, while also being of medical relevance. Our work represents one of the first to use whole-
genome data within the true vipers (see also [45]), a group of medically important snakes such as the genera
Echis, Daboia or Bitis for which genomic data have historically been limited or lacking. Our results are consistent
with previous population structure findings using genome-wide data and further support a revised phylogenomic
relationship for the genus Cerastes (see [48]). Moreover, we applied standard conservation genomic analyses to
characterize patterns of genetic variation, revealing the lowest genome-wide heterozygosity and high ROHs in
the geographically isolated Arabian populations of C. c. hoofieni. Finally, we investigated the evolutionary his-
tory of venom for the three studied species as well as the differences in structural variation within the main toxin
gene families, suggesting that genomic variation might be promoting phenotypic changes. Overall, our study
highlights the value of genomic data for investigating patterns of venom evolution, providing a foundation for
future work on the underlying mechanisms.

Evolutionary history of the genus Cerastes

Cerastes gasperettii showed marked genomic differentiation from both C. cerastes and C. vipera (Fig. 1A), con-
sistent with findings based on reduced-representation genome-wide data [48]. Notably, fine-scale genomic data
employed here identified some C. cerastes samples from Western Africa closer to C. vipera, in agreement with
evidence of introgression (see below). Whole-genome phylogenomic analyses further supported C. gasperettii as
the external clade within the genus (Fig. 1B), also revealing low differentiation within C. gasperettii. In line with
mitochondrial evidence [88], we detected a high genomic similarity between C. g. gasperettii and the putative
subspecies C. g. mendelssohni (sample A17182). Within C. cerastes, we identified three different lineages, as pre-
viously described [48]. Two individuals from the Sinai Peninsula (samples A20487 and SPM0002585) grouped
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with the Eastern African samples of C. cerastes, while C. c. hoofieni remained a distinct, geographically isolated
taxon confined to the Tihama desert in southwestern Arabia.

Demographic reconstructions based on PSMC analyses suggested recent population declines in all three
Cerastes species (Fig. 1C), although these inferences are derived from a limited number of high-coverage indi-
viduals and should be interpreted as indicative of long-term trends rather than precise species-wide histories.
The population expansion observed in C. gasperettii may be consistent with favorable conditions during the last
glacial periods [42], whereas the inferred steady decline in C. cerastes and C. vipera may be attributed to long-
term reductions in climatic suitability (for C. cerastes, see [53]). Interestingly, a broad convergence in effective
population size between C. cerastes and C. vipera around 7 Mya aligns with previous speciation estimates (Fig.
1C; [48]). We also detected ancestral introgression between C. cerastes and C. vipera (Fig. 2A). A weaker signal
of gene flow was observed between the two Arabian taxa, C. c. hoofieni and C. gasperettii (Fig. 2A), despite their
current allopatric distribution. While these two taxa are separated by the Asir Mountains of Saudi Arabia and
Yemen [55], sporadic dispersal events by C. gasperettii towards the Tihama region may have facilitated occa-
sional introgression. With WGS data we detected more signals of introgression than previously detected [48],
highlighting the intricate evolutionary history of this genus.

Analysis of venom-coding genes revealed limited evidence of introgression across the genus, with the excep-
tion of PLA, gene family. Here, we found introgression between C. vipera and C. c. hoofieni, consistent with the
reduced coverage for the coding-gene PLA,-gC in taxa groups (Figs. 2B and 4). As both species are allopatric,
this pattern should be interpreted cautiously and may alternatively reflect convergent evolution, retained ances-
tral variation, incomplete lineage sorting or mapping artifacts rather than ongoing gene flow. Although stringent
filtering of uniquely mapped reads and repetitive regions reduces the influence of paralogous sequences, gene
families such as PLA, remain challenging in short-read based analyses due to their frequent duplication and
high sequence similarity among copies. Consequently, introgression signals detected in toxin-associated regions
should be interpreted with caution, as they may reflect a combination of true historical gene flow and residual
mapping ambiguity across duplicated loci. Further venom characterization and long-read data in C. ¢. hoofi-
eni is needed to determine whether genomic similarities are phenotypically expressed. Using the C. gasperettii
reference genome, we mapped the specific regions introgressed between C. cerastes and C. vipera, identifying
a scattered and episodic pattern of introgression through the genome (Fig. S4), suggestive of ancient hybridiza-
tion events. Altogether, our whole-genome resequencing data reinforce prior findings based on ddRAD-seq [48],
supporting the utility of genome-wide data for inferring evolutionary relationships and population structure in
non-model organisms, particularly in the absence of a reference genome.

Although our whole-genome dataset includes 27 Cerastes individuals, several analyses, particularly those
requiring high-coverage genomes (e.g., demographic inference, runs of homozygosity, heterozygosity estimates,
and toxin-gene copy number variation), were conducted on smaller subsets of samples. In addition, some taxa and
geographic lineages, such as C. c. hoofieni, are represented by relatively few individuals. Therefore, these results
should be interpreted with caution, as uneven sampling and differences in sequencing coverage may influence the
accuracy and generality of the inferred demographic patterns and genomic variation.

Conservation genomics of horned and sand vipers

Standard conservation genomic analyses (i.e., genome-wide heterozygosity and ROHs) revealed notable dif-
ferences among the three Cerastes species (Fig. 3). In particular, the Arabian representative of C. c. hoofieni
showed the lowest genome-wide heterozygosity recorded across the whole genus, with elevated ROHs. This pat-
tern suggests that the Arabian population has experienced prolonged periods of limited gene flow, likely due to
geographic and ecological barriers, which has led to the accumulation of homozygosity over time. Such isolation
may have important implications for their adaptive potential and conservation, as reduced genetic diversity could
increase susceptibility to environmental change and stochastic events. Both C. vipera and C. gasperettii did not
show high intraspecific variation in relation to heterozygosity and ROHs. However, one C. gasperettii sample
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(A17182) from the Sinai Peninsula showed around 60% of the genome under ROHs, comparable to C. cerastes
individuals from the same region (SPM0002585 and A20487). The Sinai Peninsula represents the geographical
convergence zone of all three Cerastes species and is characterized by restricted accessibility from both Africa
and Arabia. This geographic positioning likely contributes to elevated isolation and limited gene flow. The high
levels of ROHs in C. gasperettii from Sinai may reflect not only geographic isolation but also possible anthro-
pogenic barriers. Recent studies have demonstrated the impact of urban areas on species inbreeding, which can
increase rapidly under strong anthropogenic pressures (e.g [89]). Notably, the C. gasperettii individual sampled
from Sinai was located near the coast and possibly close to urbanized areas, which could further hamper disper-
sal. Unfortunately, the C. vipera sample collected in the Sinai Peninsula was unsuccessfully sequenced, but we
encourage future studies to focus on the role of this peninsula in the isolation and inbreeding of this C. vipera
population as well as how recent urban development may affect gene flow and long-term viability in these periph-
eral populations.

Venom evolution

Using whole-genome resequencing data, we investigated the evolutionary history and structural variation of
the main toxin families in the genus Cerastes (Fig. 4 and Fig. S5-7), supported by available phenotypic venom
data from previous proteomic studies [42, 56—59]. Geographic variation in venom composition has only been
described in C. cerastes, with significant variation mainly in SVMPs, SVSPs, CTLs and LAAOs (see [57]).
Proteomic data are scarce for the other two species. To our knowledge, the only study providing proteomic data
for C. vipera [56] indicated a simpler venom composition compared to C. cerastes, with differences mainly in
SVMPs and PLA,. Notably, two different PLA, toxin peptides were present within C. cerastes, whereas no such
variation was observed in C. vipera. For C. gasperettii, no data are available regarding geographic or ontogenetic
variation, although one venom proteome has been published [42], and other functional properties of its venom
have been studied [90, 91].

We observed a significant reduction in coverage levels of the PLA,-gC gene in C. vipera and C. c. hoofieni
(Fig. 4 and Table S6), located in both CDS and intergenic regions. Phylogenetic analyses also supported this
result, as PLA,-gC sequences from these two taxa did not show homology with the rest of the clade (Fig. S5) and
exhibited high levels of missing data. Previous proteomic results from [56] already reported two distinct PLA,
sequences in C. cerastes, but not in C. vipera, suggesting that structural variation may contribute to this pheno-
typic variation. Given that PLA, toxins are major venom components involved in diverse biological activities,
including membrane disruption and prey immobilization [92], changes in PLA, gene content may potentially
influence venom phenotype. Interestingly, some intraspecific phenotypic venom variation has also been reported
in C. c. cerastes [93], suggesting that the absence of one of the two PLA, peptides seems a variable trait within
both species. Future genomic and proteomic data, especially from C. c. hoofieni, may help to disentangle the
origin of this phenotypic variation.

For SVMPs, the toxins from all three Cerastes species clustered together with previously identified SVMPs
from the C. gasperettii genome (Fig. S6; [42]). However, we did not find toxin groups clustering with class P-I
SVMPs, even though proteomic data report their presence in C. cerastes [58]. On the other hand, class P-11
SVMPs were found in C. gasperettii but have not been detected through proteomics in the other two species.
These differences could be explained by the variation in coverage for the SVMP genes 3, 4, 5, 6 and 7, as we
found differences in coverage levels for C. cerastes and C. vipera (Fig. 4 and Tables S7 and S8). SVMPs are the
most common toxin family for both C. cerastes and C. vipera and this toxin family is known for fragmenting
themselves and creating new genes [22]. Interspecific variation within Cerastes could have originated from a
putative fragmentation of some of the aforementioned genes. Interestingly, coverage data for the SVMP12 gene
was found within the three species of the genus Cerastes, suggesting that this new gene is present in all Cerastes
species. Moreover, we observed a duplication event within two SVMP genes in C. cerastes, where a Bov-B LINE
retrotransposon was identified (Table S8-9). These types of retrotransposons have been studied within snakes
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and have been suggested as promoters of gene copy number variation [94]. The presence of this retrotransposon
in proximity to SVMP genes suggests a potential mechanism for generating structural variation in toxin genes,
which could contribute to functional diversification within the venom repertoire. Such duplications may facilitate
the rapid evolution of venom components, and highlight the dynamic role of mobile genetic elements in shap-
ing snake genomes. However, with our data we cannot establish any direct mechanistic involvement in toxin
diversification.

Finally, we did not recover new groups for SVSPs when studying the evolutionary history of C. cerastes and C.
vipera (Fig. S7), as all genes were orthologous between Cerastes species. Conversely, we did observe significant
coverage differences in toxin-coding SVSP genes 2, 3, 4 and 5, with both C. cerastes and C. vipera presenting
low or even absent coverage levels (Fig. 4 and Tables S10 and S11). These findings are consistent with proteomic
studies, as SVSPs are significant components of the venom for C. cerastes and C. vipera [57] but they are not the
main component as in C. gasperettii [42], in line with a putative decrease in the number of gene copies.

Venom systems evolve through multiple interacting mechanisms, including transcriptional regulation, ontoge-
netic expression shifts, epigenetic modulation, post-transcriptional processes, ecological selection, and stochastic
variation [11, 27, 31, 32, 35, 36, 41]. Although our study does not include gene regulatory information (i.e.,
expression data as RNA-seq or epigenetics), our CNV results are consistent with previously reported venom dif-
ferences and may represent candidate genomic mechanisms underlying phenotypic variation in venom composi-
tion within Cerastes. However, the use of a single reference genome (C. gasperettii) may introduce reference
bias, particularly in more divergent lineages such as C. vipera, which could affect the detection and interpretation
of structural variation in highly repetitive toxin gene families. In particular, reduced coverage in toxin loci may
reflect mapping divergence, paralog collapse, repetitive sequence structure, or assembly limitations of the refer-
ence genome, rather than true gene absence or copy-number change.

The development of high-quality reference genomes for C. cerastes and C. vipera, together with additional
transcriptomic or proteomic data, will be critical to fully understand the genomic basis of venom evolution within
this genus.

Conclusions

Whole-genome sequencing data for a total of 26 individuals confirmed the previously reported phylogenomic
relationships within the genus Cerastes using genome-wide data. Our analyses revealed evidence of ancient
introgression between C. c. cerastes and C. vipera, identifying the genomic regions where such introgression
persists. Additionally, we characterized the genomic status of the three species within the genus, highlighting
a low genome-wide heterozygosity and high ROHs for the isolated Arabian populations of C. c. hoofieni. We
also investigated interspecific structural variation in the main toxin gene families within the genus Cerastes
and integrated these genomic patterns with their evolutionary history of the genus and existing proteomic data.
Our whole-genome data suggests that structural variation in toxin genes is widespread across Cerastes spe-
cies and may contribute to differences in venom composition. Altogether, this study demonstrates the utility of
whole-genome data to disentangle evolutionary, demographic, and functional processes in non-model venomous
snakes. We encourage future research to further explore venom evolution and population history using integrated
genomic, transcriptomic and proteomic approaches.
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