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Abstract

The Western nose-horned viper (Vipera ammodytes ammodytes) is the most venomous snake in Europe, known for its
potent venom and the danger it poses to humans. To better understand the genetic architecture behind its venom
composition and ecological adaptations, we assembled a high-quality de novo chromosomal-level genome for this
species. Using a combination of PacBio and lllumina sequencing, we achieved a 131x coverage, surpassing previous
snake genome assemblies. Our analysis revealed a substantial expansion of olfactory receptor genes, which may be
linked to the species' adaptation to high-altitude and cold environments. Furthermore, we identified 112 venom-related
genes across 15 families, with notable tandem duplications in snake venom metalloproteinases (SVMPs), shedding light
on the molecular evolution of its venom. Transposable elements, particularly LINEs, were abundant, suggesting ongoing
genomic activity. This assembly provides crucial insights into the evolutionary dynamics of venomous snakes and offers a
valuable resource for comparative genomics, antivenom research, and development of venom-derived therapeutics.

1. Introduction

Snakes are a highly diverse and widespread lineage of reptiles comprising more than 3,500 species'. They are distributed
across all continents except Antarctica and are found in a wide variety of ecosystems thanks to their remarkable
evolutionary adaptations. These adaptations encompass thermosensitive labial or loreal pits, which aid in predation and
thermoregulation. For venomous species, adaptations also involve the evolution of sophisticated venom delivery
structures and a biochemical arsenal including peptides and proteins known as toxins that enables the subjugation of
prey through molecular mechanisms™2. In particular, the extreme diversification and specialization of snake venoms are a
prime example of highly dynamic, adaptive evolution driven by strong selection pressures (e.g., dietary specialization and
prey resistance to toxins)3~®. These unique traits make snakes ideal model organisms for evolutionary biology studies.

Despite scientific interest in genomics in general, snakes were largely left out of the widespread diffusion of genomics-
based evolutionary research until recent years. To date, whole genomes are available for only ~ 60 snake species, most of

)7,8

which belong to the two main venomous families, Elapidae (cobras, mambas, sea snakes, kraits, etc.)’® and Viperidae

(vipers)®~"". Nonetheless, genomics approaches to venom evolution studies in snakes have already yielded intriguing
findings, such as the differences in chromosomal location between toxin gene families and the dynamics of the gene
regulatory network influencing the expression of toxin genes. Such discoveries underscore the rich potential of genomics
as a tool to shed light on the evolutionary history and functional features of snake venom.

To contribute to the recent surge in snake genomics studies, we present here the reference genome and transcriptome of
the Western nose-horned viper (Vipera ammodytes ammodytes), found from northeastern Italy to western Bulgaria'. V.

ammodytes ammodytes is considered the most venomous snake in Europe’314

, mainly because of the presence of potent
neurotoxic phospholipases A, (PLA,s), known as ammodytoxins, that are abundant in its venom'%~17. Venom variation
and extensive genetic differentiation are documented in different subspecies of V. ammodytes (V. ammodytes
ammodytes included), with multiple previous studies describing the venom transcriptome and proteome of this viper in
detail’”~"°. Our present in-depth study thus allows for a comprehensive comparative analysis of the V. ammodytes
ammodytes venom profile at the genomic and transcriptomic levels, respectively. Furthermore, this is to our knowledge
the best quality genome available for a true viper (subfamily Viperinae), as all other viper genomes reported thus far
belong to pit vipers (subfamily Crotalinae)?®?" or Fea's vipers (subfamily Azemiopinae)?2.or has limited coverage

compromising the quality of the annotation (i.e., V. berus berus and V. latastei)?>?*. The phylogenetic gap filled by the V/
ammodytes ammodytes genome will thus enable further investigation into the evolution of key functional traits in vipers,
which are at the root of the remarkable diversification and evolutionary success of this snake family.

2. Results
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2.1 Genome sequencing, assembly, and annotation
2.1.1 Sequencing

To achieve high-quality sequencing of the whole V. ammodytes ammodytes genome, DNA fragments prepared from
dissected liver tissue of an adult male specimen collected in the wild in Slovenia were sequenced both on a PacBio Sequel
and on an lllumina HiSeq X-Ten platforms. In total, 160.1 giga base pairs (Gb) PacBio long reads (mean length: 16,900
base pairs (bp)) and 119.5 Gb of paired-end Illumina short reads (read1: 150 bp; read2: 150 bp) were generated (Table ST,
Table S2).

2.1.2 Assembly and scaffolding

The estimated size of the V. ammodytes ammodytes genome based on k-mer analysis is 1.61 Gb. The initial assembly
was carried out with Nextdenovo (v2.5.0) 2° assembler on the PacBio reads, followed by NextPolish (v1.4.0)%° to increase
the accuracy of single bases from Illumina data. Subsequently, Purge_dups (v1.2.5)%” was used to purge the draft genome
from redundancy and yielded a de novo assembled genome at the scaffold level with 262 contigs weighing 1.55 Gb and a
contig N50 of 45.9 Mb (Table 1 and Table S3). To annotate the assembled genome at the chromosomal level, we used
RaGO0?8 to anchor our de novo assembly to the Lataste's viper (Vipera latastei) genome (NCBI accession:
GCA_02494585.1) as a reference. The V. latastei genome was chosen due to its phylogenetic relation and the similar
genome size to that of V. ammodytes ammodytes (Table S4). The pairing produced a predicted chromosomal-level
assembly comprising 18 pseudo-chromosomes (due to the primary comparison with V. /atastei as reference mapping
species which are in the same family and possess 18 chromosomes) ranging from 6.79 Mb to 352.46 Mb (Fig. 1 and
Table S5). They correspond to the actual 21 chromosomes composed of 10 macrochromosomes (Chr1(1a + 1b), Chr2(2a
+2b), Chr3(3a + 3b), Chr4, Chr5, Chr6, and Chr7)), one sex chromosome (Chr18), and ten microchromosomes, the latter
also denoted below as (pseudo-)chromosomes (Chr) 8 to 17 (Fig. 1). The presumed real number of chromosomes of V.
ammodytes ammodytes would therefore be 21 pairs (2n = 42) based on its previously determined diploid karyotype of V.
ammodytes is 2°. The chromosome mapping covered 99.96% of the scaffolds, (see Table 1 and Table S3 for a full report
on the quality and size of the genome). Likewise, the predicted chromosome lengths are generally between 0.58 and
8.24% shorter in V. ammodytes ammodytes than in V. latastei reference (Table S6).
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Table 1
V. ammodytes genome assembly statistics and comparisons to other snakes.

V. ammodytes C. tigris C. viridis 0. hannah N. naja
ammodytes
[0. bungarus]*

Assembly size, Gb 1.55/1.55 1.61/1.59 1.34 1.66 1.79
Number of scaffolds 261/24 4228/160 7,043 296,399 1,897
Scaffold N50, Mb 45.9/210.48 2.11/207.72 179.89 0.23 223.35
Number of contigs 261 4,228 166,667 816,633 13,066
Contig N50, Mb 45.90 2.110 0.015 0.004 0.300
GC content, % 40.7 39.9/39.8 - 40.6 40.5
Protein-coding genes 20,775 18,240 17,352 18,506 23,248
venom protein-coding 158 51 92 232 139
genes
BUSCO 97.1% 98.45% 75.40% 67.17% 76.41%

For V. ammodytes, de novo assembly statistics are shown on the left, and RaGOO assembly statistics are shown on
the right with bold font (where appropriate). * Due to the latest taxonomic revision O. hannah was split in two different

species, being O. bungarus the species used for this analysis®*.

To assess the quality and completeness of the assembly, we evaluated four indicators addressing the conservation of
ancestral sequences and the GC content and distribution: (1) 98% of the sequenced short paired-end reads can be
mapped back to the assembled genome, indicating that most of the repetitive sequences were assembled; (2) The single-
peak distribution of sequencing depth as a function of GC content (Fig S1) suggests that this assembly has no
contamination and no redundancy; (3) GC content distribution is similar to those of the V. Jastasteiand N. naja genomes
(Fig S2); and (4) Genome completeness analysis with Benchmarking Universal Single-Copy Orthologs (BUSCO) showed
that 97.1% of the de novo assembled genome was matched onto the Vertebrata gene set (n = 3,354, v5.2.2) (Table S7),
similar to other recent squamate genomes®°~34. These objective findings underline the high quality of the whole genome
assembly for V. ammodytes.

2.1.3 Genome annotation

After masking repeat sequences with the RepeatMasker program?3°, we predicted 20,775 protein-coding genes. We
performed a BUSCO completeness study to check whether the predicted ORFs correspond to a complete assembly.
Briefly, the BUSCO completeness score for the ORFs of V. ammodytes ammodytes was 86.5% using the Vertebrata gene
set (n = 3,354, v5.2.2), with a duplication score of 4.9% (Table S8). The V. ammodytes ammodytes BUSCO score is
comparable to other published snake genomes allowing further comparative evolutionary analysis. To analyze the
potential function of the proteins encoded by the predicted ORFs, we mapped protein sequences of the predicted genes to
KEGG®®, Swiss-Prot®’, InterPro®®, and TrEMBLS3 databases. This preliminary annotation assigned functions to these
genes, generating a function annotation percentage of 96.59% (Table S9).

2.2 Transposable elements expansion

The newly sequenced V. ammodytes ammodytes genome was annotated using de novo prediction and homology-based
methods. The results show that 53.75% of the V. ammodytes ammodytes genome is annotated as transposable elements
(TEs) consisting of 4.29% DNA transposons, 41.87% Long Interspersed Nuclear Elements (LINEs), 1.93% Short
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Interspersed Nuclear Elements (SINEs), and 14.35% Long Terminal Repeats (LTR). Some of the TEs were classified within
two or more categories (Fig. 1 and Table 2).

Table 2
Transposable-element sequences annotated in the V. ammodytes genome.
ltems Repbase TEs TE proteins De novo Combined
TEs
Type Length(Bp) %in Length(Bp) %in Length(Bp) %in Length(Bp) %in
genome genome genome genome

DNA 44,089,502 2.85 4,422,643 0.29 24,907,933 1.61 66,352,486 4.29
LINE 219,270,988 14.19 188,554,801 12.20 486,278,036  31.46 647,118,082 41.87
SINE 26,678,643 1.73 0 0.00 3,580,206 0.23 29,861,221 1.93
LTR 33,823,512 2.19 52,335,264 3.39 181,716,713  11.76 221,841,537 14.35
Other 34,439 0.00 0 0.00 0 0.00 34,439 0.00
Unknown 0O 0.00 0 0.00 3,493,092 0.23 3,493,092 0.23
Total 310,971,951 20.12 245,044,378 15.85 660,002,210 42.70 830,756,940 53.75

The TE content in the genome of V. ammodytes is higher than other snake species for which genome annotation data are
publicly available, ranging between 33 and 48% (Table S10). In particular, a large proportion of LINEs in the TE landscape
of V. ammodytes ammodytes distinguishes it from other venomous snakes. (Fig. 1, Fig. 2 and Table S10). Even though V.
ammodytes ammodytes genome shares a wave of TE expansion with other venomous snake genomes (N. naja and V.
latastel) (Fig. 2), the more recent expansion of TEs seen in venomous snakes appears to have started in the lineage
leading to V. ammodytes ammodytes and V. latastei. The peak observed among the most recent elements implies that
this expansion is probably ongoing. Detailed studies of TE expression in V. ammodytes ammodytes would provide more
insights into how TEs have shaped the genome evolution.

2.3 Gene family expansion
2.3.1 Gene family analysis among reptiles

Taking advantage of the genomic information available for other snake species, we performed a comparative genomic
analysis to identify expansions and contractions of gene families in the newly assembled genome of V. ammodytes
ammodytes. We compared the gene families of V. ammodytes to those of seven other venomous snake species
(Deinagkistrodon acutus, Protobothrops mucrosquamatus, Crotalus tigris, Bungarus multicinctus, Naja naja, Notechis
scutatus, and Pseudonaja textilis) and three non-venomous snake species ( Thermophis baileyi, Thamnophis elegans, and
Python bivittatus), with the last non-venomous (P, bivittatus) as an outgroup. Statistical cluster analysis of homologous
genes showed that the distribution of single and multicopy orthologs in V. ammodytes ammodytes was comparable to
other species. However, the number of genes annotated as unique paralogs were higher in V. ammodytes ammodytes
than in any other species, except for the T. baileyi (Fig S2). The CAFE method®® was used to determine which gene
families expanded or contracted across the species’ phylogeny, with 311 gene families displaying significant expansion (p
< 0.05), while 1,395 gene families displayed significant contraction (Fig. 3). As expected, due to their shared evolutionary
history, venom-related gene family expansions, and ecological adaptations, V. ammodytes ammodytes, D. acutus, P
mucrosquamatus, and C. tigris (all vipers) were placed in a separate branch from other species (Fig. 3). Based on eight
reference time points from the TimeTree database*’, we estimated V. ammodytes ammodytes divergence time to be 37.4
(33.8-42.8) million years ago.
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Functional enrichment analysis of the 311 expanded gene families were conducted with functional pathway (also known
as Kyoto Encyclopedia of Genes and Genomes (KEGG)) and specific biochemical functions (also known as Gene Ontology
terms (GO)) enrichment analyses revealed that 207 gene families with 71 significant GO terms and 23 KEGG pathways
were significantly enriched (adjusted p < 0.01), respectively (Fig S5-S8). The results indicate that the enriched GO terms of
biological processes (BPs) include regulation of RNA metabolic process (G0:0051252), regulation of biosynthetic process
(G0:0009889), regulation of gene expression (GO:0010468), among others (Fig S6). GO enrichment and KEGG pathway
analysis were performed on 1,395 contracted genes in V. ammodytes ammodytes (Fig S7 and Fig S8) and the enriched GO
terms of BPs related to G-protein coupled receptors (GPCRs) signaling pathway (G0:0007186), signal transduction
(G0:0007165), and single organism signaling (G0:0044700) (Fig S8).

2.3.2 Olfactory receptors

An analysis of gene family expansion and construction in the V. ammodytes ammodytes genome revealed that the most
notable changes in terms of GO terms occurred in chemosensory GPCRs. Vertebrates primarily use four prominent
multigene families of GPCRs to detect odors: olfactory receptors (ORs), trace amine-associated receptors (TAARS),
vomeronasal type-1 receptors (V1Rs), and vomeronasal type-2 receptors (V2Rs)*'.

To assess the proportion of each category within venomous snakes, we compared the newly sequenced data from V.
ammodytes ammodytes (an ambush predator with poor eyesight and no thermal sensing) with Crotalus tigris (it marks its
territory by leaving scent trails and using pheromones), Naja naja (an elapid that hunts actively rather than by ambush and
relies more on eyesight than any viper),Python bivittatus (pythons can use the odor cues, as well as the visual and thermal
cues provided by the infrared-sensitive pits on their snout scales and labial scales, to detect approaching prey) and
Thermophis baileyi (also known as the hot spring snake, is currently the snake known to survive at the highest altitudes; it
skillfully uses its excellent sense of smell and vision to locate prey). The number of TAAR genes in the five snake species
V. ammodytes ammodytes, C. tigris, P, bivittatus, N. naja, and T. baileyi are 3, 6, 7, 3, and 6, respectively; whereas the V1R
genes are absent in V. ammodytes ammodytes, present in two copies in C. tigris, and occur in one copy each in P
bivittatus, N. naja, and T. bailey***3. Olfactory-related GPCR genes were identified in the genome of V. ammodytes
ammodytes with assemblies at the chromosome level. However, V. ammodytes ammodytes possessed a contracted
family of V2Rs in comparison to the other four snakes (374 copies in C. tigris, 261 copies in P, bivittatus, 203 copies in N.
naja, 124 copies in T. baileyiand only 73 copies in V. ammodytes). Although an expansion occurred in the repertoire of
ORs genes in V. ammodytes ammodytes compared to N. naja (151 vs. 30 copies), it still shows a significant contraction
compared to the other three snake species (374 copies in C. tigris, 616 copies in P, bivittatus, and 326 copies in T. baileyi)
(Fig. 4).

2.3.3 Evolutionary stability of TRP channel genes involved in thermal
sensing

The transient receptor potential (TRP) channel family is a multimodal signal detector that has been shown to respond to
physical and chemical stimuli such as temperature, pressure, and toxic substances**™#®. TRP genes were identified in the
five snake genomes assembled at the chromosomic level (26 genes in V. ammodytes ammodytes, 28 in C. tigris, 44 in P
bivittatus, 38 in N. najaand 24 in T. baileyi) (Fig. 4,). One notable member of the TRP family is TRPA1 (transient receptor
potential ankyrin 1), a calcium ion channel protein reported as the infrared receptor that responds to changes in
temperature in pit vipers. Each of the five snake species have one TRPA1 gene in their genome, and no expansion or
contraction in this gene family was detected in the genomes of the five snake species (Fig. 4).

2.4 Venom gene family analysis

Venom is a remarkable evolutionary adaptation of venomous snakes, allowing them to subdue prey chemically rather than
physically. The toxin genes of V. ammodytes have been widely studied from the proteomics perspective’*'°. However,
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previous research on V. ammodytes venom was carried out without a high-quality complete genome for this species.
Therefore, our goal was to characterize all venom genes in V. ammodytes and compare the entire genome with a venom
gland transcriptome to provide an essential background for the evolution of venom in V. ammodytes ammodytes and the
Viperidae snake family.

Our results reveal 112 toxin gene homologs from 15 gene families in the genome of V. ammodytes ammodytes, including
20 snake venom metalloproteinases (SVMPs), 19 snake C-type lectin-like proteins (snaclecs), 11 secreted phospholipases
A, (sPLA,s), 11 serine protease inhibitors (Kunitz-type) (SPi), nine snake venom serine proteases (SVSPs), seven 5*-
nucleotidases (5Nase), seven L-amino acid oxidases (LAAOs), six metalloproteinase inhibitors (MPi), five hyaluronidases
(Hyal), four cystatins, four cysteine-rich secretory protein (CRISP), three natriuretic peptides (NPs), three venom nerve
growth factors (VNGFs), two vascular endothelial growth factors (VEGFs) and one veficolin (Fig. 5 and Table S11).

To determine the chromosomal location of all toxin genes in the V. ammodytes ammodytes genome, we analyzed the
mapping results of the scaffolded assembly and compared the position of V. ammodytes ammodytes toxin genes to the
orthologous toxin genes in V. /atastei. Toxin genes are dispersed throughout 15 of the 18 pseudo-chromosomes, spanning
across macrochromosomes (Chr1(1a + 1b), Chr2(2a + 2b), Chr3(3a + 3b), Chr4, Chr5, Chré, and Chr7), sex chromosome Z,
and microchromosomes (Chr8, Chr9, Chr10, Chr13, Chr14, Chr16, and Chr17).

2.4.1 Genomic landscape of sPLA,s

sPLA,s are an important component in the venom of V. ammodytes ammodytes'>* . In general, these highly diverse

toxins are relatively small (13-19 kDa), Ca?*-dependent, and highly stable enzymes with 5-8 disulfide bonds*&~°C.
Although sPLA,s are very similar in structure, they show various pharmacological effects, including myotoxicity,
neurotoxicity, cardiotoxicity, and anticoagulant activity*&°7.

In terms of chromosomal location, 11 sPLA,s genes were found on six chromosomes. More specifically,

microchromosome 10 (Chr17) contained 5 genes; Chr 4 contained 2 genes; Chr (1a + 1b), 5, 13 and 14 (the latter two
being michrochromosomes) contained one gene each (Fig. 6).

2.4.12 Genomic landscape of SVMPs

The SVMPs are a diverse group of enzymes divided into the three subclasses P-lll (comprising a metalloproteinase
domain, a disintegrin domain, and a cysteine-rich domain), P-Il (metalloproteinase and disintegrin domain), and P-I

(metalloproteinase domain only)®2. SVMPs are known to display a wide range of toxic activities in the cardiovascular
system, including hemorrhage, platelet aggregation/disruption, fibrinolysis, and prothrombin activation®°253,
Interestingly, two main distinct groups of SVMPs gene tandem duplication events were found in V. ammodytes
ammodytes. More precisely, 10 out of 20 of the SVMP genes identified in the genome of V. ammodytes ammodytes are
found in the same orientation located on contig 132 of Chr8, nine SVMP genes in the same orientation on contig 63 and
one SVMP gene (VAMM20782) in the reverse orientation are located on Chr1, whereas the remaining one gene
(VAMM20790) is present on Chr14 (Fig. 7).

2.4.3 Divergence of SVMPs

The SVMP family is one of the most diverse and important toxin families in snakes and also constitutes a relatively large
part of the V. ammodytes genome (Fig. 5). To explore the evolutionary relationships within the SVMP family, we
constructed an evolutionary tree using the protein sequences of the SVMPs genes from several species including
Deinagkistrodon acutus, Protobothrops mucrosquamatus, Crotalus tigris, Bungarus multicinctus, Naja naja, Notechis
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scutatus, Pseudonaja textilis, Thermophis baileyi, Thamnophis elegans, Python bivittatus and V. ammodytes. 78 SVMPs
genes were identified across the genomes of the 11 snakes and classified into four clades. At this point, we should
mention that it is still to be confirmed in the future if all these proteins are expressed in snake venom glands or (also)
elsewhere.

It has been observed that V. ammodytes has more SVMP gene copies than the other ten snake species in the assembly.
The numbers of SVMP genes identified were as follows: D. acutus (four), P mucrosquamatus (six), C. tigris (four), B.
multicinctus (five), N. naja (six), N. scutatus (two), P, textilis (twelve), T. baileyi (three), T. elegans (nine), P, bivittatus (nine)
and V. ammodytes ammodytes (twenty). According to the phylogenetic tree grouping results of these 11 snakes (Fig. 6). It
is noteworthy that clade | contains only one gene from P, bivittatus; clade Il comprises three genes, one each from P,
bivittatus, N. naja, and V. ammodytes ammodytes; clade Il consist of 17 genes, with five from P, bivittatus, eight from V.
ammodytes ammodytes, three from D. acutus, and one from N. scutatus. The remaining 57 SVMP genes are part of clade
IV. These findings highlight substantial amplification and diversity in SVMP gene counts across different snake species.

SVMPs from various snake species are grouped into distinct clades, suggesting that different SVMP genes may fulfill
unique biological functions, with notable differences in branch numbers. It may also be hypothesized that these branches
are associated with distinct functions. Genomic analysis of the V. ammodytes ammodytes SVMP family revealed that all
nine SVMP genes belonging to clade Il and Ill are clustered on Chr1 (Fig. 6), but their expression in venom glands is still to
be confirmed. In contrast, ten of the remaining 11 SVMP genes, which belong to clade IV, appear capable of being
expressed in venom glands as precursors of different mature toxins. This distribution suggests evolutionary and
functional diversification within the V. ammodytes ammodytes SVMP gene family, offering valuable insights into their
potential roles in the snake’s defense mechanisms.

In the non-venomous colubrid snake T. elegans, nine SVMP genes were identified, all within clade IV. In contrast, in the
elapid species P textilis, 11 SVMP genes were observed, with all the genes in clade IV. These findings do not align with the
evolutionary relationships among the snake species (Fig. 3), suggesting that SVMP genes may play a key role in snake
evolution. Although the number of SVMP genes is relatively low in the remaining venomous snakes, their persistence
throughout these species' evolutionary history, and their potential roles in development and response to environmental
stress are noteworthy.

3. Discussion

V. ammodytes ammodytes is one of the most widespread and dangerous snakes within Europe, producing a venom rich in
4

both proteolytic and neurotoxic components®, as well as in compounds that interfere with hemostasis'*.
In this study, we utilize a high-quality, chromosome-level de novo genomic assembly of Vipera ammodytes ammodytes to
address critical gaps in our understanding of the genetic architecture underlying its venom composition and its
evolutionary dynamics. While previous research has extensively documented the proteomic and transcriptomic profiles of
V. ammodytes ammodytes venom, our work provides a comprehensive genomic perspective that enables a deeper
exploration into the genetic variations and evolutionary pressures shaping venom genes. This genomic approach not only
enhances our understanding of venom evolution but also paves the way for the discovery of bioactive compounds and the
development of more effective antivenoms. By integrating genomic data with existing proteomic and transcriptomic
insights, we can begin to unravel the complex interplay between gene regulation, venom composition, and functional
adaptation in this species.

3.1 Chemosensory gene regulation
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Snakes have evolved an intricate chemosensory system consisting of both the main olfactory bulb and the accessory
vomeronasal organs, which together facilitate the detection of a wide range of odorants®>°®. This sophisticated system
relies on the coordinated action of various GPCR families, including ORs, TAARs, V1Rs, and V2Rs, which are expressed in
the olfactory epithelium and serve as principal chemosensors. In our study, by using comparative genomics and
bioinformatics, we identified significant genetic contraction within V. ammodytes ammodytes that likely extend to true
vipers more broadly. Notably, we observed that the expansion of SINEs and LTRs correlates with the diversification of ORs
and V2Rs gene families, suggesting that these transposable elements have played a crucial role in shaping the
chemosensory capabilities of vipers (Fig. 4). This genetic expansion likely contributes to the ecological adaptability and
predator-prey interactions of V. ammodytes ammodytes, providing new insights into the molecular mechanisms
underlying sensory evolution in snakes.

3.1.1. Vomeronasal receptor (VR) genes

Compared to snakes such as the C. tigris and N. naja, the significant contraction of the V2R genes in true vipers suggests
that this contraction may correspond to their phenotype of poor vision and lack of heat-sensing capabilities. This finding
aligns with the preponderant role of the vomeronasal system in snake physiology, particularly its use in processing
chemical cues to relocate incapacitated prey after envenomation, a behavior known as strike-induced chemosensory

searching (SICS)>’.

There is a notable divergence in V2R gene copy numbers between V. ammodytes ammodytes, C. tigris, P, bivittatus, N.
naja, and T. baileyi. Although C. tigris and V. ammodytes ammodytes are both members of the Viperidae family, C. tigris
possesses loreal thermoreceptors—a trait characteristic of pit vipers but absent in true vipers like V. ammodytes. The
dramatic disparity in V2R gene copy numbers between these two species (73 in V. ammodytes ammodytes vs. 374 in C.
tigris) suggests that pit vipers may highly rely on vomeronasal sensing and thermoreception to prey targets®°8. This
hypothesis is further supported by the observation that the elapid N. naja, which also lacks loreal pits, has 203 V2R genes
and relies on visual cues to actively hunt. Additionally, high V2R gene counts have been identified in species such as the
Burmese python (Python bivittatus, which has labial thermoreceptors and 261 V2R genes)®? the common garter snake
(Thamnophis sirtalis, a colubrid)®?, and entirely aquatic sea snakes (Hydrophis curtus and H. cyanocinctus)*?, supports
the idea that V2R gene expansion occurred early in the evolution of modern snakes. This pattern aligns with previous

studies and suggests a possible secondary contraction of this gene family in pit vipers®’.

However, this genetic evidence contrast with observations in live animals, as C. tigris has been as a model for most
studies on SICS in snakes to date and clearly relies extensively on the vomeronasal organ for predation similar to other pit
vipers assessed thus far®’. Therefore, it appears that expansions and contractions in gene copy numbers do not
necessarily result in enhanced or reduced functionality or relevance of sensory organs at the organismal level. Further
research that integrates field observations, laboratory experiments with live animals, and genomic analysis across a
broader range of species and populations will be crucial in uncovering the genetic and ecological evolution of
vomeronasal sensing in snakes.

3.1.2. Olfactory receptor (OR) genes

The distribution of OR genes in V. ammodytes ammodytes, C. tigris, P. bivittatus, N. naja, and T. baileyi differs from the
typical pattern observed in OR gene copy numbers. This difference may be attributed to the fact that V. ammodytes
ammodytes is an ambush predator with poor eyesight, unlike N. naja. Interestingly, the colubrid T. baileyi, which is visually
oriented active forager like N. naja, also presents remarkably higher OR genes. This suggests that multiple episodes of OR
gene family contraction may have occurred in colubrids, elapids, and pit vipers, possibly driven by the increasing
importance of vision and thermosensation..
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However, the presence of fully functional olfactory systems in N. naja and the high number of OR genes in P, bivittatus®>®!

(which has thermosensitive organs, although not homologous) compared to V. ammodytes ammodytes suggests caution
in making broad statements about gene expansion or contraction across entire lineages. Instead, OR genes may have
undergone clade-specific episodes of expansion or contraction in response to particular selection pressures, reflecting a
global trend observed in vertebrates®'. This is further supported by the extensive loss of OR genes in sea snakes, whose
heavily aquatic lifestyle largely excludes them from exposure to volatile odorants, relying instead on chemical stimuli

detected by the accessory olfactory system (i.e., tongue and vomeronasal organs)*%62.

3.2. Venom genes

Although snake venom composition varies geographically and even between individuals, due to a complex interplay of
environmental factors, dietary habits, and biogeographic history, the mechanisms underlying this variation at the genetic
level remain largely unknown for many species®3~°. In the present study, the genetic architecture and differential
selection regimes underlying the evolution of V. ammodytes venom were elucidated. Among the 112 toxin genes that we
identified in V. ammodytes, particularly SVMPs, snaclecs, SVSPs, sPLA,s, and LAAOs (Fig. 4) were found to exhibit
widespread duplication (Fig. 5). The SVMPs, in particular, have undergone substantial expansion within the Viperidae
family and have been incorporated into the venom as a primary class of effector toxins.

Our phylogenetic reconstruction reveals the significant diversification and distinct evolutionary paths these toxins have
taken (Fig. 7). The distribution and diversity of SVMP genes across different snake species highlight the complexity of
venom evolution and suggests the potential functional specialization within SVMP gene families. The unique genomic
distribution patterns observed in V. ammodytes ammodytes along with variations in SVMP gene numbers and types
between venomous and non-venomous snakes underscore the need for further research into the functional roles of
SVMPs in venom and their broader biological significance. Among the SVMPs genes identified, the gene with the ID
VAMM20789 can be considered as a newly discovered gene. Actually, it has been confirmed at the protein level to lack the
typical metalloproteinase domain, but possessing a truncated disintegrin-like/cysteine-rich domains. Its complete gene
coding sequence could not be previously confirmed due to the lack of a reference genome, which prevented accurate
classification. Utilizing incomplete genomic data, we have recently confirmed that this gene (tentatively named VaaMPIII-
3) is unique due to the absence of the metalloproteinase domain in its coding sequence and should be classified into a
new P-llle subclass®’. sPLA,s are another crucial toxin family of toxins in viperid snake venoms and also show an

expansion in V. ammodytes ammodytes (Fig. 4 and Fig. 5).

It may be possible to expand the repertoire of effective chemical weapons to kill and capture prey by having an abundance
of different toxin gene copies within a gene family®8%°. Thus, rapid diversification of toxin genes can provide genetic
resources in response to variations in prey availability for V. ammodytes ammodytes. Therefore, natural selection seems
to be a major driving force behind toxin gene evolution to maintain, enhance, and generate a wide variety of venom
components. Overall, the pattern described herein for V. ammodytes ammodytes is consistent with the widely accepted
birth-and-death dynamic of venom gene evolution in snakes, with extensive duplication and neo- or subfunctionalization of
the resulting new gene copies following recruitment in the venom apparatus’?~7°.

Our chromosome-level genome assembly data for V. ammodytes ammodytes obtained (Fig. 1) using next-generation
sequencing technologies also provides a valuable resource for exploring the evolution of snakes, as well as enabling
venom-driven drug discovery.

3.3 Limitations of the study

It must be noted that only the genome and transcriptome of a single V. ammodytes ammodytes specimen were
sequenced for this study, which precludes any inference of intraspecific variation, sexual dimorphism, and/or ontogeny in
gene regulation and expression. Furthermore, the chromosome mapping described herein was not performed de novo but
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instead over the existing scaffold of the V. /atastei genome, which could result in certain mismatches and inaccurate
alignments. Lastly, although we have identified members of the toxin gene family in the genome of V. ammodytes, we
have not explored their expression through proteomic analysis for the venom of the particular individual used for this
study, forcing us to rely on previous proteomic characterizations of V. ammodytes ammodytes. Since post-transcriptional
modifications are common in the process of toxin expression, some toxin genes may not be translated into proteins and
therefore do not function as toxins when secreting venom. Therefore, our toxin gene expression profile may differ from the
actual mixture of V. ammodytes ammodytes venom. Moreover, the study used only one venom gland that had been milked
for venom. Thus, the current data are not suitable for time-series gene expression analysis, and more replicate
experiments are needed for future research of this kind.

Nevertheless, we believe that our V. ammodytes ammodytes genome will provide a valuable resource also for
comparative studies on the evolution of viperid snakes and snakes in general. Moreover, we are confident that the
comprehensive characterization of V. ammodytes ammodytes based on a sequencing approach can play an essential role
in promoting antivenom development and contributing to the establishment and enrichment of databases used for the
high-throughput discovery of bioactive molecules. Ultimately, the new insights revealed by the V. ammodytes ammodytes
genome highlight how further decoding other venomous snake genomes will be critical to understanding the evolution of
highly adaptive functional traits such as the venom apparatus, the olfactory system, and thermosensitive organs.

4. Materials and Methods
4.1 Data and code availability

The raw sequencing data and assembled genomes that support the findings of this study have been deposited into CNGB
Sequence Archive (CNSA)’® of China National GenBank Database (CNGBdb)””, https://db.cngb.org/cnsa/ with accession
number CNP0002260 and NCBI in BioProject ID is PRINA1177245. This paper does not report the original code of the
bioinformatic analysis.

4.2 Sample collection

After obtaining permission from the Slovenian Ministry of Environment and Spatial Planning, an adult male specimen of V.
ammodytes was captured in the wild in the northwestern region of Slovenia, near the town of Jesenice. Two days after
milking, the snake was dissected, some of its organs (liver, heart, venom gland, and skeletal muscles) immediately frozen
in liquid nitrogen and stored at - 80 °C until use.

4.3 DNA extraction and whole-genome sequencing.

High molecular mass (> 100 Kb) genomic DNA of V. ammodytes was isolated from frozen liver tissue using MegalLong™
purification kit (G-Biosciences, Saint Louis, USA) according to a modified procedure. In short, the deeply frozen liver was
carefully ground in a mortar in the presence of liquid nitrogen and cell nuclei isolated using the manufacturer’s protocol.
After incubation of the liver cell nuclei with proteinase K, instead of using the provided dialysis cups, DNA sample was
dialyzed overnight using Spectra/Por 2 dialysis tubing (with a molecular weight cut-off of 12-14 kDa; Spectrum
Laboratories, San Francisco, USA) against 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA with three replacements of the buffer.
Isolated genomic DNA was finally stored at 4 °C. The purified DNA concentration was measured using NanoDrop (Thermo
Fisher Scientific) and Qubit 2.0 (Invitrogen) instruments.

Whole genome sequencing for de novo assembly was performed using 18-Cell single molecule, real-time (SMRT)
sequencing and Sequencing Chemistry 2.0 kit (PacBio Sequel System, RRID: SCR 017989) by BGI-Wuhan Sequencing
Center, generating 19.7 million reads with a total length of 199 Gb. DNA was also sequenced using paired end 150 bp
(PE150) reads utilizing an lllumina HiSeq X-TEN (lllumina HiSeq X Ten, RRID: SCR 016385) at the BGI-Wuhan Sequencing
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Center. Paired-end libraries with insert sizes of 410 and 670 bp and mate-pair libraries with insert sizes of 2, 5, 10, and 20
Kb were constructed, following a standard protocol provided by lllumina, achieving ~131x coverage.

4.4 RNA isolation and transcriptome sequencing

Total RNAs from the VG (venom gland), LH (liver and heart mix), and MB (muscle and bone mix) tissues of V. ammodytes
were extracted using TRIzol reagent (Invitrogen). With an Agilent 4200 Bioanalyzer (Agilent) and RNA 6000 Nano LabChip
Kit (Agilent), total RNA contents were determined using electrophoresis and quantification. Then, using the MGIEasy RNA
Directional Library Prep Kit (MGI Tech), 1 pg of polyA-enriched RNA was used to construct the sequencing library for
MGIseg-2000. Finally, paired-end sequencing was performed on the MGISEQ-2000 sequencing platform, following the
manufacturer’s instructions, yielding PE150 reads.

4.5 Genome assembly and annotation

Genome assembly. The draft genomes of V. ammodytes ammodytes were assembled by Nextdenovo (v2.5.0)?° software
with PacBio sequencing data. In the genome polishing stage, NextPolish (v1.4.0)%°

accuracy of single bases by two rounds of short reads. Redundancy removal of genomes was performed by Purge_dups

was mainly used to improve the

(v1.2.5)%’, and genome assembly improvement, resulted in a de novo assembled genome at the scaffold level. The de
novo assembled genome was provided as input, with other parameters left at their default setting. Genome assembly

completeness was assessed by using BUSCO”8 (v5.2.2) with vertebrata_odb10 data set. The genome assembly has been
submitted to NCBI under the BioProject PRNJA1177245.

Repeat Regions Prediction. Transposable elements (TEs) and other repetitive elements were identified using a
combination of homology-based and de novo approaches. For the homology-based approach at both the DNA and protein

levels, the genome assembly was aligned to the known repeat database REPBASE (v21.01) using RepeatMasker’®
(v4.0.5), RepeatProteinMask and Tandem Repeats Finder (TRF)8 (v4.07b). For the de novo-based approach,

RepeatModeler®® (v2.0) and LTR_retriever were used to construct a de novo repeat library. We found that the V.
ammodytes genome contained 53.75% TEs. Long Interspersed Nuclear Elements (LINEs) accounted for most TEs,
occupying about ~ 42% of the genome. All repetitive elements were masked for gene annotation.

Annotation of protein-encoding genes. We combined homology-based, de novo, and transcriptome-based methods to
predict assembled gene content. In a homology-based approach, GeneWise®' (v2.4.1) was used to map 4 closely related
or high-quality protein sequences, including Protobothrops mucrosquamatus, Deinagkistrodon acutus, Gloydius
shedaoensis, and Crotalus tigris, available in the NCBI database, to the assembled genome with an E-value cutoff of 1e-5.
In the de novo method, we ran the repeat-masked genome using Augustus®? (v3.0.3). In the transcriptome-based method,
transcripts were assembled using StringTie®? (v1.3.3b) based on clean RNA-seq data. The final protein-coding gene set
was generated using the MAKER (v3.01.03)%* pipeline by combining high-quality homology-based, de novo, and RNA-seq
supported genes. Based on the above methods, 20,775 genes were annotated in the genome.

Annotation of gene function. Functional annotations of protein-encoding genes were carried out using BLAST (e-value cut-
off of 1e-5) against publicly available databases, including the Swiss-Prot3’, TTEMBL®’, Gene ontology (G0)® terms, and
the KEGG3® database. InterProScan (v5.52-86.0)%° was used to predict domains and motifs. 96.21% of the genes in the
gene sets of this species were fully annotated in the five databases as mentioned above. In addition, noncoding RNA
(ncRNA) genes, including miRNA, tRNA, snRNA, and rRNA, were predicted in the assembled genome. tRNA genes were
identified using tRNAscan-SE®” (v1.3.1). snRNA and miRNA genes were detected by searching the reference genome
sequences against the content of the Rfam database (Release 12.0) using BLAST.

4.6 Phylogenetic analyses
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Homologous genes of 11 species (Python bivittatus, Vipera ammodytes ammodytes, Deinagkistrodon acutus,
Protobothrops mucrosquamatus, Crotalus tigris, Thermophis baileyi, Thamnophis elegans, Bungarus multicinctus, Naja
naja, Notechis scutatus, and Pseudonaja textilis) were determined by performing all-to-all BLASTP analysis by using
amino acid sequences with the parameter of “e-value 1e-5". We identified 1,084 single-copy genes shared by these 11
species for constructing the maximum-likelihood phylogenetic tree by IQTREE®® (v1.6.12). For gene family expansion
analysis, we identified 12,200 gene families in the above-mentioned 11 genomes and used CAFE®? (v4.2.1) to detect gene
family expansion and contraction. KEGG and GO enrichment analysis on expanded gene families were performed by R
script with the cut-off adjusted p value < 0.05.

For the construction of phylogenetic trees, assembly of ten other species (B. multicinctus, C. tigris, D. acutus, N. naja, N.
scutatus, P mucrosquamatus, P, textilis, P bivittatus, T. elegans, and T. bailey/) downloaded from a previously published
paper (Table S12, along with the genome of V. ammodytes, were used to identify single copy orthologous genes obtained
from the TreeFam®® pipeline. Then, alignment was performed with default parameters by using software MUSCLE. A
super-gene was assigned to each species based on the gene alignment results. In the third step, both maximum likelihood
with PhyML°? program and Bayesian methods were used with a GTR + gamma model with MrBayes®' program to
construct phylogenetic trees, which displayed identical topology structures. Finally, divergence times between species
were estimated using the MCMCTREE program in the PAML®? (v4.7) package and using fossil time constraints from
TimeTree database (http://www.timetree.org) to calibrate a Bayesian relaxed-molecular clock model. B. multicinctus - C.
tigris (~ 35.3-76.9 million years ago), B. multicinctus — N. naja (~ 19.8—36.2 million years ago), B. multicinctus - N.
scutatus (~ 18.4-34.6 million years ago), B. multicinctus — P, bivittatus (~ 72.8-93.5 million years ago), B. multicinctus —
T. elegans (~ 26.9-88.9 million years ago), C. tigris — D. acutus (~ 18.4—64.0 million years ago), C. tigris - P
mucrosquamatus (~ 11.7-26.5 million years ago) and C. tigris — V. ammodytes (~ 33.6—45.5 million years ago).

4.7 Gene family analysis

Genes were considered species-specific when there were more than two genes within an orthogroup defined by

OrthoFinder, and all of them originated from one species®®. The specific genes of V. ammodytes were identified by a
hypergeometric analysis involving GO and KEGG annotations as genes that were over-represented (adjusted p < 0.05). The
gene family expansion analysis was performed using CAFE3® (v4.0) with p-values less than 0.05 when FDR correction was
used, as well as the phylogenetic tree and divergence time analysis for the eleven species. On each branch of the tree,
expanded and contracted gene families were detected by comparing the cluster size of each branch to the maximum-
likelihood cluster size of its ancestral node. Gene family expansion is indicated by a smaller ancestral node, while a larger
ancestral node indicates family contraction. In addition to calculating the overall p-value (p- value of family-wide in CAFE3?
(v4.0) based on Monte Carlo resampling) of each branch and node, exact p-values (Viterbi method in CAFE®® (v4.0)) of
each significant overall p-value (< 0.01) were also calculated. A significant expansion or contraction of a gene family was
defined as a p-value of less than 0.01.

4.8 Accelerated evolution and positive selection analysis

From the OrthoFinder®® (v2.2.7) results described above, single copy gene families were selected for identifying positively
selected genes and genes with high rates of molecular evolution. We first identified the quickly evolving genes using
CODEML'’s branch model in PAML®? (v4.7), with V. ammodytes ammodytes gene set as the foreground branch and the
other species as background branches. Assuming the null hypothesis, the u value of each branch was equal, and
assuming the alternative hypothesis, the foreground branch did not have the same u value as the background branch.
Following, the Bonferroni correction was applied to the orthologous groups, and the likelihood ratio test (LRT) was
performed. Genes were considered with quick evolution if their u value on the foreground branch was more significant
than their background branches and when the corrected p-value was less than 0.05.
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Using CODEML's branch-site model in PAML®? (v4.7) to test for potentially positively selected genes, V. ammodytes
ammodytes was used as foreground branches and other species as background branches. It was hypothesized that the w
values for each site on each branch were =< 1, whereas it was alternatively hypothesized that the w values for V.
ammodytes ammodytes on the foreground branch were > 1. Next, a likelihood ratio test was conducted: the null
distribution was a mixture of c2 distributions with 1 degree of freedom and a point mass at zero. The p-values calculated
based on this mixture distribution were further corrected for multiple testing through an FDR test with Bonferroni
correction. As a result of the Bayes empirical Bayes inference, the positively selected genes should meet the requirements
of a corrected p-value < 0.05 and contain at least one positively selected site with a posterior probability (> 0.95).

4.9 Evolutionary analysis of SVMPs family

Based on 11 snake genomes listed in Table S12, a phylogenetic analysis of SVMPs was conducted as one of the most
abundant and diverse toxins in snakes. To investigate the genetic diversity and evolutionary patterns of the SVMPs, we
identified 78 SVMPs genes from the 11 snakes. Using the Bayesian information criterion, phylogenetic trees were
constructed from these alignments using the maximum likelihood method with JTT + | + G4 as a best-fit protein
substitution model in IgTREE (v1.6.6) with the SVMPs full proteins. All phylogenetic trees were tested with 1,000
bootstrapping replicates. Genome pairwise similarity sequences were calculated using a maximum composite likelihood
model.
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Figure 1

Chromosomal assembly of V ammodytes ammodytes genome using C. viridis chromosomal assembly as reference.
Circos plot of V. ammodytes genome assembly showing sizes (each single scale represents 15 Mb) of 18 pseudo-
chromosomes, corresponding to a complete set of the presumed 21 chromosomes. Tracks (outer to inner circles)
indicate the following: A, Location of toxin genes; B, Gene density at 500 Kb bins (gene numbers per Mb; minimum O,
maximum 87; darker color indicates more genes); C, DNA transposon ratios; D, Retrotransposon ratios; E, GC content
(window size of 100 Kb bins). The outer circle represents the chromosome length of V. ammodytes, with units in MB. The
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assembly based on C. viridis distribution is composed by 17 autosomes (7 macro-, 11 micro-) and a sexual chromosome

(Chr 2).
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Figure 2

Distribution of divergence rate of each type of transposable elements (TEs) in the genome of four snakes (P, bivittatus, N.
naja, V. latastei and V. ammodytes ammodytes) based on same analysis. Y-axis represents genome coverage for each
type of TEs (i.e., DNA transposons, SINE, LINE and LTR retrotransposons), and X-axis represent sequence divergence rate.
The divergence rate was calculated between the identified TEs in the genome using a homology-based method and the
consensus sequence in the Repbase database.
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Figure 3

Phylogenetic tree with timescale indicating divergence times. Green indicates the numbers of significantly expanded gene
families (+) and brown represents the contracted gene families’ numbers (-). Pie charts indicate proportions of expanded
(green), contracted (reddish brown), and other (light red) gene families of each node. Timescale bar at the bottom shows

the divergence time.
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Figure 4

Number of gene copies for olfactory receptors and thermal sensing channels for V. ammodytes amodytes, C. tigris, P.
bivittatus, and T. baileyi. Olfatory receptors include include olfactory receptors (ORs) trace amine-associated receptors
(TAARs), vomeronasal type-1 receptors (V1Rs), and vomeronasal type-2 receptors (V2Rs) TRP channel genes involved in
thermal sensing include transient receptor potential ankyrin 1 (TRPA1).

Page 23/26



s LAAOSs
6.25% 6.25%
SVSPs =

8.04% MPi
) 5.36%

Hyal

SPi

15.18%
sPLA2s
9.82%

snaclecs SVMPs
16.96% 17.86%

— 7

Venom genes identified in the genome of V. ammodytes

VNGFs

4.46% 2.68%
VEGFs
1.79%
Hifib

Veficoli

CRISP 0.89%

3.57%

Cystatin
3.57%

Figure 5

Summary of the venom genes of V. ammodytes. Pie chart displays the percentage of venom genes identified in the
genome of V. ammodytes. There are 112 venom coding genes identified for 15 protein families in its genome. SVMPs,
Snaclec, sPLAZ2s, SPj, and SVSPs are the five major toxin families, accounting for more than 60% of the total toxin genes in

the V. ammodytes ammodytes venom (62.5 %).
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Figure 6

Syntenic regions of the V. ammodytes ammodytes containing sPLA, and SVMP genes.
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Figure 7

Evolutionary tree of the SVMPs gene family in ten snakes. Maximum likelihood tree for 78 SVMP genes. Different colors
indicate different tree clades.
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