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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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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 × 10-9 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/lh3/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 PLA2) 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 bcftools 
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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% 

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

 





Article in Press

BMC Genomics

https://doi.org/10.1186/s12864-026-13357-8

Fig. 2  Branch-based excess of introgression (fb) inferred by Dsuite. Excess introgression is shown at the (A) genome-wide 
scale and (B-D) for toxin-gene regions containing PLA2, SVMPs and SVSPs. Values and legend colors represent the branch-
specific fb statistic, summarizing excess introgression associated with each phylogenetic branch. Although not shown, Echis 
omanensis was used as an outgroup. Note that legend may vary between figures
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