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Abstract 

Venoms have traditionally been studied from a proteomic and/or transcriptomic perspective, often overlooking the true genetic com- 
plexity underlying venom production. The recent surge in genome-based venom resear c h (sometimes called “venomics”) has proven 

to be instrumental in deepening our understanding of venom evolution at the molecular level, particularly through the identifica- 
tion and mapping of toxin-coding loci across the broader chromosomal ar c hitecture . Although venomous snakes are a model sys- 
tem in venom resear c h, the number of high-quality r efer ence genomes in the gr oup r emains limited. In this study, we present a 
chr omosome-r esolution r efer ence genome for the Ara bian horned viper Cerastes gasperettii (NCBI: txid110202), a venomous snake na- 
ti v e to the Arabian Peninsula. Our highly contiguous genome (genome size: 1.63 Gbp; contig N50: 45.6 Mbp; BUSCO: 92.8%) allowed 

us to explore macrochromosomal rearrangements within the Viperidae family, as well as across squamates. We identified the main 

highl y expr essed toxin genes within the venom glands comprising the v enom’s cor e, in line with our pr oteomic r esults. We also com- 
par ed micr osyntenic changes in the main toxin gene clusters with those of other venomous snake species, highlighting the pi v otal 
role of gene duplication and loss in the emergence and di v ersification of snake v enom metallopr oteinases and snake venom serine 
proteases for C. gasperettii . Using Illumina short-read sequencing data, we reconstructed the demographic history and genome-wide 
heterozigosity of the species, revealing how historical aridity likely drove population expansions. Finally, this study highlights the im- 
portance of using long-read sequencing as well as chr omosome-lev el r efer ence genomes to disentangle the origin and di v ersification 

of toxin gene families in venomous snake species. 

Ke yw ords: toxin evolution, gene synteny, genomics, transcriptomics, venom 
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Bac kgr ound 

The rise of genomics in non-model organisms has led to an in- 
crease in the number of high-quality r efer ence genomes av ail- 
able in recent years [ 1–6 ]. Advances in sequencing technologies 
hav e catal yzed the study of se v er al complex tr aits fr om a genomic 
perspectiv e, suc h as color ation, domestication, or v enom, among 
others [ 3 , 7–10 ]. Among these, venom genomic research has been 

particularly important in enhancing our understanding of the ori- 
gin, evolution, and dynamics of this medically relevant trait [ 11–
14 ]. Venom is a potentially lethal coc ktail ric h in pr oteins and 

peptides (from now on r eferr ed to as “toxins”) whic h ar e activ el y 
secreted by specialized venom glands [ 11 , 15 ]. Toxins can have 
different effects depending on their type, interactions with other 
molecules, and the organism in which they are introduced, with 

conv er gent outcomes in different taxa [ 15 , 16 ]. Historically, venom 

r esearc h has primaril y been conducted using proteomic and tran- 
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criptomic a ppr oac hes (see [ 7 ] and r efer ences ther ein). The iden-
ification of venom toxins and the characterization of their evo-
ution using r efer ence genomes is a recent and novel field [ 17 ].
r e vious works hav e shown that c hanges in gene r egulation can
esult in the activation and deactivation of venom-coding genes 
t all taxonomic le v els and within the same individual [ 2 , 16 , 18 ,
9 ]. This suggests that transcriptomic and proteomic data are crit-
cal for studying venoms in conjunction with well annotated refer-
nce genomes to disentangle the complete number and biochem- 
cal nature of the toxins an individual can potentially transcribe
 7 ]. Ultimately, the study of venom genomics may yield evolution-
ry insights into antivenom or drug discovery, as it enables the
dentification of unexpressed toxin-coding genes . T hese genes , of-
en overlooked by transcriptomic or proteomic approaches un- 
ess ontogeny analyses or in-depth venom expression studies 
re performed, may target unique physiological pathwa ys . Such
 Open Access article distributed under the terms of the Cr eati v e Commons 
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iscoveries could lead to nov el ther a pies for human illnesses in-
luding but not limited to cancer [ 11 , 20–22 ]. Unexpressed toxin-
oding genes are particularly noteworthy because they may repre-
ent e volutionary “r eservoirs” of bioactiv e molecules . T hese genes
ould encode toxins with unique mechanisms of action, offering
ntapped potential for drug discovery or therapeutic innovation. 

Venom has e volv ed independentl y in m ultiple gr oups including
nidarians , molluscs , arthropods , squamates , and e v en mammals
 11 , 15 ]. Venomous snakes are one of the most life-threatening
nimal groups to humans [ 23 ] and, therefore, a medically rele-
ant model system in venom research. Venomous snakes are a
iv erse gr oup with mor e than 600 species [ 24 ], in whic h v enom
as e volv ed with the objective of immobilizing and digesting their
r ey [ 25 ]. Mor e than 370 species of v enomous snake hav e been
lassified as of medically important by the World Health Orga-
ization (WHO) due to their potential se v er e effects on humans
 26 ]. Snakebite is considered a neglected tropical disease, with
nnual mortality exceeding 100,000 victims worldwide [ 23 , 27 ].
he most medically important venomous snake families ar e Ela p-

dae , Viperidae , and Atractaspididae [ 28 ], although within Colubri-
ae ( sensu lato ) there are certain medically important venomous
pecies as well [ 29 ]. Envenomation by certain members of these
amilies can result in a range of pathologies, spanning neurotoxic,
emoto xic, and/or cytoto xic effects de pending on the n umber and
omposition of to xins. Neuroto xic venoms primarily target the
entral nervous system and are mainly composed of small pro-
eins including three-finger to xins (3FTs), snak e venom phospho-
ipases A 2 group I (SV-G 

I -PLA 2 ), or dendrotoxins, and are usually
ssociated with elapid snakes [ 30 ]. Conversely, hemotoxic and cy-
otoxic venoms generally are comprised of large enzymatic pro-
eins and protein complexes, including snake venom metallopro-
eases (SVMPs), serine proteases (SPs) or snake venom phospholi-
ases A 2 group II (SV-G 

II -PLA 2 ), and are typically associated with
iperid snakes [ 28 , 31 , 32 ]. Although these historical classifications
av e pr ov en to be somewhat useful for tr eating env enomations
edicall y, r ecent studies have revealed that the presence of these

oxins are not exclusive to specific snake families [ 33 ]. 
Vipers (family Viperidae) are a monophyletic lineage of ven-

mous snakes found across Eurasia, Africa, and America [ 34 ],
nd hav e r eceiv ed extensiv e r esearc h attention primaril y due to
heir medical r ele v ance [ 35–39 ]. The majority of venom studies
n this gr oup hav e primaril y been inv estigated using a pr oteomic
 ppr oac h, with earl y v enom work being highl y motiv ated by the
edical field, with a limited number of studies employing ge-

omic a ppr oac hes (but see [ 2 , 3 , 5 , 40–42 ]. Sequencing efforts
o obtain high-quality r efer ence genomes hav e mainl y focused
n pitvipers (Crotalinae subfamily, 11 reference genomes, NCBI
ast accessed 13 March 2024), especially within the Crotalus ( n = 6)
enus , and ha v e focused on the study of v enom e volution [ 2 , 3 ,
 , 43 , 44 ]. Other viperids have also been sequenced (although in
o w er numbers) from both Azemiopinae and Viperinae subfam-
lies (one and four, r espectiv el y) [ 41 , 45 , 46 ]. Curr entl y, r efer ence
enomes ar e onl y av ailable for 16 viper species out of the total 387
otal species via the NCBI genomic database [ 24 ]. Vipers display
xtensiv e v ariation in v enom composition between and within
enera [ 47 , 48 ] and even intraspecifically [ 49 , 50 ]. Such differences
r e most likel y due to the high diversity of venom genes and their
ifferent effects on prey, but are also, at least in some cases, the
 esult of intr ogr ession with r elated species [ 19 , 49 , 50 ]. This pr o-
ides an extraordinary opportunity to study tr ait e volution both
t inter- and intraspecific levels. 

Native to the Arabian Peninsula, the Arabian horned viper
 Cerastes gasperettii , family Viperidae) is a venomous snake cur-
 entl y r ecognized within the highest medical importance cate-
ory (WHO; accessed Jul y, 2024). Extending fr om the Sinai Penin-
ula to southwestern Iran in the north and r eac hing as far as
emen and Oman in the south, its distribution is widespread
 Supplementary Fig. S1 ). Found mainly in sandy habitats, this
rid-ada pted gr ound-d welling snak e with gener alist r equir e-
ents [ 51–53 ] is one of the most common venomous snakes found

n Arabia and is responsible for occasional snakebite envenoma-
ions [ 54–56 ]. 

In this study, we present a high-quality c hr omosome-le v el r ef-
r ence genome assembl y for C. gasperettii (NCBI: txid110202), be-
ng one of the first within the Viperinae subfamily. Our highly con-
iguous genome showcases a high le v el of similarity at the c hr o-

osome le v el within the Viperidae famil y with some minor r e-
rrangements with elapids . Moreo ver, combining genomics , tran-
criptomics , and proteomics , we c har acterized the main toxins
ound in its venom and the location of those toxins in the genome,
omparing their evolutionary history and gene copy number vari-
tion with those of other venomous species. We deciphered its
dequate le v els of genetic div ersity. Finall y, we r econstructed the
emogr a phic history for the species, r e v ealing how historical in-
reases in aridity likely drove population expansions. Overall, the
enomic r esources gener ated in this study pr ovide an essential
 efer ence r esource for forthcoming studies on v enom e volution. 

ethods 

ampling 

hree adult specimens (two females and one male) of C. gasperettii
asperettii were used for this study ( Supplementary Table S1 ).
lood was extr acted onl y fr om a single female individual (the
eterogametic sex, sample CG1) to obtain high-molecular-weight

HMW) genomic DNA (gDNA). We anesthesized the individual, ex-
racted blood from the heart, and stored this in ethanol and EDTA.
or each of the 3 individuals, we extracted 12 different tissues, in-
luding the venom gland, which was stored in RNAlater until RNA
xtraction ( Supplementary Table S1 and Supplementary Fig. S2 ).
efor e dissections, v enom was extr acted and snakes w ere allo w ed
o r ecov er for 4 days to maximize the venom gland transcription.

e onl y extr acted the left v enom gland per individual because
r e vious r esearc h within the same family has shown that both
enom glands provide indistinguishable results [ 57 ]. 

N A extr action, libr ary prepar a tion and 

equencing 

e extr acted gDNA fr om the blood of a female individual (CG1
n Supplementary Table S1 ) using the Ma gAttr act HMW Kit (Qi-
 gen, German y) following the manufacturer’s protocols without
odifications . T hen, we sequenced a total of two 8 M SMRT HiFi

ells in a Sequel II PacBio machine, aiming for a ∼30 × of cover-
 ge, at the Univ ersity of Leiden. Hi-C libr aries wer e pr epar ed using
he Omni-C kit (Dovetail Genomics), following the manufacturer’s
rotocol and using blood stored in EDTA, at the National Cen-
er for Genomic Analyses (CNAG), in Barcelona, Spain. The library
as paired-end sequenced on a NovaSeq 6000 (2 × 150 bp) fol-

owing the manufacturer’s protocol for dual indexing and aiming
or a cov er a ge of ∼60 ×. Finall y, we sequenced short-r ead whole-
enome data of the same individual using a NEB Ultra II FS DNA
it; the library was paired-end sequenced on a NovaSeq 6000 (2 ×
50 bp) at the Core sequencing platform from the New York Uni-
ersity of Abu Dhabi, aiming for ∼70 × depth of co verage . 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
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RN A extr action, libr ary prepar a tionm and 

sequencing 

We extr acted RNA fr om the same 3 individuals described above 
( Supplementary Table S1 and Supplementary Fig. S2 ). RN A w as 
isolated using a HighPurity Total RNA Extraction Kit (Canvax, Val- 
ladolid, Spain). We selected a total of 35 samples ( Supplementary 
Table S2 ). RN A libraries w ere prepared with the VAHTS Universal 
V8 RNA-seq Library Prep Kit, and being strand-specific, were se- 
quenced on a NovaSeq 6000 (2 × 150 bp) aiming for an av er a ge of 
40 M read pairs per sample ( Supplementary Table S2 ), but we first 
sequenced the r efer ence individual and subsequentl y the other 
2 samples . Moreo ver, we sequenced one 8 M SMRT HiFi cell on a 
Sequel II PacBio machine containing 2 Iso-seq HiFi libraries at the 
University of Leiden: one containing only the venom gland, and 

the second library being a pool of 8 high-quality tissues (brain,
kidne y, li ver, gallblad der, spleen, tongue , pancreas , and o vary). 

Genome assembly and scaffolding 

Quality control of HiFi and Illumina reads was performed us- 
ing FastQC ( RRID:SCR _ 014583 ) v.0.12.1 [ 58 ] and adapters were re- 
moved with cutadapt ( RRID:SCR _ 011814 ) v.4.9 [ 59 ]. In order to ini- 
tiall y explor e the genome size, heterozygosity levels, and cov er a ge 
data, we generated a k -mer profile with Meryl ( RRID:SCR _ 026366 ) 
v.1.4.1 [ 60 ], using the raw HiFi reads and default parameters, and 

visualized it with GenomeScope2 ( RRID:SCR _ 017014 ) v.2.0.1 [ 61 ].
Then, we assembled the genome following the VGP assembly 
pipeline v.2.0 [ 62 ]. PacBio HiFi reads were assembled into contigs 
using the software Hifiasm ( RRID:SCR _ 021069 ) v.0.21.0 [ 63 ], pro- 
ducing primary and alternate assemblies. We used purge_dups 
( RRID:SCR _ 021173 ) [ 64 ] to r emov e ha plotypic duplicates fr om the 
primary assembly and added them to the alternate assembly.
Then, we scaffolded the resulting haplotypic assembly using the 
Hi-C data with SALSA2 (Salsa, RRID:SCR _ 022013 ) v.1 [ 65 ], with 

default parameters. Following the VGP assembly pipeline [ 62 ],
manual curation was performed with Pretext ( RRID:SCR _ 022024 ) 
v.0.2.5. Br eaks wer e not manuall y cr eated and we joint contings 
on ga ps pr e viousl y identified by SALSA2 (Salsa, RRID:SCR _ 022013 ).
We used the ∼78 × Illumina data to polish the assembly with 

one round of Pilon ( RRID:SCR _ 014731 ) v.1.24 [ 66 ]. The mitochon- 
drial genome was obtained with GetOrganelle ( RRID:SCR _ 022963 ) 
v.1.7.7.1 [ 67 ], using the available mitochondrial genome of several 
Echis species ( E. coloratus, E. carinatus , and E. omanensis ) to seed 

the assembly (NCBI: SRX18902082, SRX18902083, SRX18902084, 
r espectiv el y). 

Genome assembly quality evaluation 

Quality assessment and general metrics for the final assem- 
bl y wer e estimated with both QUAST (Quast, RRID:SCR _ 011228 ) 
v.5.1.0 [ 68 ] and gfastats ( RRID:SCR _ 026368 ) v.1.3.8 [ 69 ]. Possible 
contaminations were evaluated with BlobToolKit (Blobtools, RRID: 
SCR _ 017618 ) v.4.4.0 [ 70 ] using the NCBI taxdump database. We 
also used MitoFinder v.1.4.2 [ 71 , 72 ] to confirm that the mito- 
chondrial genome was absent in the assembled nuclear r efer ence 
genome. Completeness of the genome assembly was assessed 

with BUSCO (Busco, RRID:SCR _ 015008 ) v.5.3.0. against the saurop- 
sida_odb10 database ( n = 7,480). 

Genome annotation 

First, we identified re petiti ve elements using RepeatModeler 
( RRID:SCR _ 015027 ) v.2.0.3 [ 73 ] for de novo predictions of repeat 
families. To annotate genome-wide complex repeats, we used Re- 
peatMasker ( RRID:SCR _ 012954 ) v.4.1.3 [ 74 ] with default settings 
o identify known Tetr a poda r epeats pr esent in the cur ated Rep-
ase database [ 75 ]. Then, we ran 3 iter ativ e r ounds of Repeat-
asker to annotate the known and unknown elements identi- 

ed by RepeatModeler in order to maximize the known elements 
t the expense of diminishing the unkno wn elements. Later, w e
oft-masked the genome for simple repeats. We used GeMoMa 
GeMoMa, RRID:SCR _ 017646 ) v.1.9 [ 76 ] to annotate protein-coding
enes, combining both the RNA-seq data generated in this study
s described above (already mapped in to our new assembly) as
ell as annotations from 6 other squamate genomes already pub-

ished: Crotalus adamanteus [ 2 ], Crotalus tigris [ 3 ], Ophiophagus han-
ah [ 17 ], Naja naja [ 6 ], Crotalus ruber [ 42 ] and Crotalus viridis [ 5 ]. We
uality c hec ked and r emov ed the ada pters of the RNA-seq data
sing fastp v.0.23.3 [ 77 ], as well as mapped the transcriptomic
ata to our new reference genome with Hisat2 ( RRID:SCR _ 015530 )
.2.2.1 [ 78 ]. Additionally, we also removed the adapters for the Iso-
eq data with fastp ( RRID:016962 ) v.0.23.3 [ 77 ] and mapped the
ong-r ead tr anscriptomic data to our ne w r efer ence genome with
bmm2 ( RRID:SCR _ 025549 ), colla psing ma pped r eads into unique

soforms with isoseq3 and annotating with GeneMarkS-T (Gen- 
Mark, RRID:SCR _ 011930 ) v.5.1 [ 79 ]. We combined both annota-
ions (GeMoMa and GeneMarkS-T) with TSEBRA [ 80 ]. We BLASTp
blastp, RRID:SCR _ 001010 ) our predicted proteins to a Uniprot pro-
ein database for a total of 10 species ( C . gasperettii , C. vipera , C.
erastes , Anolis carolinensis , C. viridis , C. tigris , C. ruber , C. adaman-
eus , O. hannah and N. naja ). Sim ultaneousl y, we r an Inter pr oscan
.5.72 [ 81 ] on our pr edicted pr oteins . T hen, we combined both
unctional annotations with AGAT v.1.4.1 [ 82 ]. Finally, as toxin-
oding gene families are known to occur in large tandem arrays
nd the number of paralogs can be underestimated in particular
ene families [ 5 ], we performed additional annotation steps for
oxin genes: Following [ 3 ], we used a combination of empirical an-
otation in FGENESH + (FGENESH, RRID:SCR _ 011928 ) [ 83 ], as well
s manual annotation using RNA-seq and Iso-seq alignments; the 
ormer identified all genes regardless of expression, whereas the 
atter was used to explicitly identify expressed toxins. 

hromosome-le vel anal yses 

hr omosomal synten y was explor ed between our ne w
 hr omosome-le v el r efer ence genome for the Arabian horned
iper together with the Eastern diamondback rattlesnake ( C.
damanteus ) [ 2 ], the Indian cobra ( N. naja ) [ 6 ], and the brown
nole ( Anolis sagrei ) [ 84 ] using MCscan ( RRID:SCR _ 017650 ) v.1.4.23
 85 ]. Pr otein sequences fr om eac h of the 3 venomous snakes
er e extr acted using AGAT v.1.2.1 [ 82 ] and wer e pairwise aligned
ith LAST [ 86 ], implemented in the JCVI python module [ 87 ].
 first alignment was used between the 3 species to identify
 hr omosomes assembled in the r e v erse complement, whic h wer e
orrected using SAMtools faidx (samtools, RRID:SCR _ 002105 ) 
.1.18.1 [ 88 ] using both options r e v erse-complement and mark-
trand. Gene annotations for the new reference (with the 
orr esponding r e v ersed c hr omosomes) wer e annotated using
eMoMa v.1.9 [ 76 ], and MCscan was rerun. The last 4 scaffolds

14, 15, 16, and 17) from A. sagrei were removed because no
rthologous groups were found. 

ranscriptomics 

fter adapter trimming and quality control using fastp v.0.23.3 
 77 ], we mapped our RNA-seq reads to the reference genome of
. gasperettii using Hisat2 ( RRID:SCR _ 015530 ) v.2.2.1 [ 78 ]. Gene ex-
r ession r aw counts per gene acr oss all samples wer e calculated
ith StringTie ( RRID:SCR _ 016323 ) [ 89 ]. Initial exploration of our
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r anscriptomic data r e v ealed a clear batc h effect for one of the
 samples ( Supplementary Fig. S4 ), due to the low mapping of
hat sample to our r efer ence genome . T her efor e, we decided to
 emov e individual CG1 from future RNA-seq analyses . Moreo ver,
o av oid pseudoreplication, w e also r emov ed the accessory gland
rom individual CG009 due to its high similarity with the venom
land, suggesting that the venom gland rather than the accessory
land was sampled ( Supplementary Fig. S4 ). Differential expres-
ion anal yses wer e carried out with the DESeq2 pac ka ge ( RRID:
CR _ 015687 ) v.1.42.0 [ 90 ] from R v.4.4.2 [ 91 ]. Prior to analysis, genes
ith < 10 counts across all samples were filtered out. For compar-

sons, we defined 2 gr oups: v enom glands v ersus all other tissues.
ESeq2 uses a negative binomial generalized linear model to es-

imate differences in gene expression, and the P -v alues wer e ad-
usted for multiple testing using the Benjamini–Hoc hber g method
o control the false discovery rate. Genes with an adjusted P -value
 0.01 and a fold change (FC) > 2 were considered significantly dif-

er entiall y expr essed. Finall y, we identified the highl y expr essed
enes found in the venom gland as well as the toxins uniquely
xpressed in the venom gland (following [ 6 ]) which were defined
s: (1) genes expressed in the venom gland (transcripts per mil-
ion (TPM) > 500), (2) differ ential upr egulated genes with a FC > 2
omparing venom glands with all other tissues, and (3) unique to
enom glands (TPM < 500 in all other tissues). 

roteomics 

 bottom-up mass spectrometry (MS) strategy [ 92 ] was used
o c har acterize the v enom of C. gasperettii . Briefly, the v enom
roteome (pooled from individuals CN6134 and CN6135, both
rom the United Arab Emirates (UAE); Supplementary Table S1 )
as submitted to r e v erse-phase high-performance liquid c hr o-
atogr a phy decomplexation follo w ed b y SDS-PAGE analysis in

2% polyacrylamide gels run under non-reducing and reducing
onditions. Protein bands were excised from Coomassie Brilliant
lue-stained gels and subjected to automated in-gel reduction
nd alkylation on a Genomics Solution Pr oGest Pr otein Digestion
orkstation. Tryptic digests were submitted to MS/MS analysis

n a nano-Acquity UltraPerformance LC (UPLC) equipped with a
EH130 C 18 (100 μm × 100 mm, 1.7 μm particle size) column in-

ine with a Waters SYNAPT G2 high-definition mass spectrometer.
oubl y and tripl y c har ged ions wer e selected for CID-MS/MS. Fr a g-
entation spectr a wer e matc hed a gainst a customized database

ncluding the bony vertebrates taxonomy dataset of the NCBI
onr edundant database (r elease 258, 15 October 2023) plus the
pecies-specific venom gland transcriptomic and genomic pro-
ein sequences gathered in this w ork. Sear c h par ameters wer e as
ollo ws: enzyme: trypsin (tw o-missed cleav a ge allo w ed); MS/MS

ass tolerance for monoisotopic ions: ±0.6 Da; carbamidomethyl
ysteine and oxidation of methionine were selected as fixed
nd v ariable modifications, r espectiv el y. Assignments with signif-
cance protein score threshold of P < 0.05 (Mascot score > 43)
ere taken into consideration, and all associated peptide ion hits
er e manuall y v alidated. Unmatc hed MS/MS spectr a wer e de novo

equenced and manually matched to homologous snake toxins
vailable in the NCBI nonredundant protein sequences database
sing the default parameters of the BLASTP program. 

ocal synteny analyses 

o explore toxin genomic organization across (sub)families, we
sed BLASTn, incor por ating both to xin and nonto xin paralogs to

dentify the genomic location of SVMPs , SVSPs , and PLA 2 toxin
amilies, across the genome of C. gasperettii , C. adamanteus , N. naja
nd A. feae . We excluded A. feae for SVSP and SVMP local synteny
nalyses because those families were not assembled onto a single
ontig in the A. feae genome . T hen, we aligned those regions us-
ng Mafft [ 93 ]: for SVMPs in CHR8:16.506.135 to CHR8:17.374.029,
or SVSPs in CHR9: 17.531.416 to CHR9:17.788.049 and for PLA 2 

n CHR17:7.882.542 to CHR17:7.916.827 Each species was an-
otated within the MSA using its own annotation as a refer-
nce in Geneious Prime 2023.0.4. Results were plotted using the
ggenomes pac ka ge [ 94 ] fr om R v.4.4.2 [ 91 ]. 

oxin phylogenies 

e used phylogenetic inference to study the evolutionary his-
ory for the main groups of toxins (i.e., SVMPs and SVSPs), which
ere the most abundant in the proteome of C. gasperettii , as well
s PLA 2 because this family has been widely studied within the
iperidae family [ 12 , 41 ]. For the 3 main toxin families, we se-

ected available toxin genes as well as nontoxin paralogous genes
r om v enomous species; we also included other nontoxin paral-
gous genes from nontoxic species (for details, see Supplemen-
ary Datasets for the 3 main toxins). When nuclear sequences
 ere obtained, w e translated CDS to protein sequence, and then
r otein sequences wer e aligned with Mafft ( RRID:SCR _ 011811 ) v.7
 93 ]. Follo wing [ 13 ], w e built a phylogen y for eac h of the toxin
roups with the translated CDS sequences, as explained above, us-
ng Phyml ( RRID:SCR _ 014629 ) v.3.3 [ 95 ], implementing the Dayhoff
ubstitution model and validating our inferred tree with aBayes
upport. 

emographic history 

e inferred the demographic history of C. gasperettii by imple-
enting the Pairwise Sequential Markovian Coalescent (PSMC)

oftware ( RRID:SCR _ 017229 ) v.0.6.5 [ 96 ] on the short-read whole-
enome data. Heterozygous positions were obtained from bam
les with the Samtools v.1.9 mpileup function [ 97 ], and data were
ltered for low mapping ( < 30) and base quality ( < 30). Minimum
nd maximum depths were set at a third (27 ×) and twice (156 ×)
he av er a ge cov er a ge. Onl y autosomal c hr omosomes wer e consid-
red. We used a squamate mutation rate of 2.4 × 10 −9 substitu-
ions/site/generation and a generation time of 3 y ears, follo wing
 98 , 99 ], r espectiv el y. A total of 10 bootstr a ps wer e calculated, plot-
ing the final results with the psmc_plot.pl function from PSMC. 

enomic di v ersity 

e downloaded Illumina data for Bothrops jar ar aca (SRR13839751
rom [ 40 ], Crotalus viridis (SRR19221440; [ 5 ]), Naja kaouthia
SRR8224383; [ 100 ]), N. naja (SRR10428156; [ 6 ]) and Sistrurus
er geminus (SRR12802282; [ 101 ]). T hen, we filtered for quality
Phr ed scor e: 30) and r emov ed ada pters with fastp v.0.23.3 [ 77 ].
rimming of poly-G/X tails and correction in overlapped regions
ere specified. All other parameters were set as default. Fil-

ered sequences were visually explored with FastQC (fastQC, RRID:
CR _ 014583 ) v.0.12.1 [ 58 ] to ensure data quality and absence of
da pters. C. gasperettii filter ed r eads wer e ma pped a gainst the ne w
 efer ence genome of C. gasperettii using the bwa mem algorithm
bwa, RRID:SCR _ 010910 ) v.0.7.17 [ 102 ]. B. jar ar aca , C. viridis , and S.
ergeminus were mapped against the C. viridis [ 5 ] reference genome
nd N. naja and N. kaouthia were mapped against the N. naja
 efer ence genome [ 6 ]. Ma pped r eads wer e sorted with Samtools
 RRID:SCR _ 002105 ) v,1.9 [ 97 ] and duplicated r eads wer e marked
nd r emov ed with Picar dTools (Picar d, RRID:SCR _ 006525 ) v,2.28.0
 103 ]. Reads with mapping quality < 30 were discarded. SNP calling
as carried out with HaplotypeCaller (GATK, RRID:SCR _ 001876 )

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_015687
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_011811
https://scicrunch.org/resolver/RRID:SCR_014629
https://scicrunch.org/resolver/RRID:SCR_017229
https://scicrunch.org/resolver/RRID:SCR_014583
https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_002105
https://scicrunch.org/resolver/RRID:SCR_006525
https://scicrunch.org/resolver/RRID:SCR_001876
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v.4.1.3.0 [ 104 ], with BP_resolution and split by c hr omosome. For 
eac h c hr omosome, individual genotypes wer e joined using Com- 
bineGVCFs with conv ert-to-base-pair-r esolution, and the Geno- 
typeGVCFs tool was then applied to include non variant sites . Fi- 
nall y, for eac h individual, the whole dataset split by c hr omo- 
some was concatenated with bcftools concat (bcftools, RRID:SCR _ 
005227) [ 88 ], k ee ping only the autosomes . T hen, for each sample ,
we used the raw dataset to calculate av er a ge genome heterozy- 
gosity. We generated nonoverlapping sliding windows for each 

of the r efer ence genomes and included only sites (both variant 
and invariant) with site quality > 30 (QUAL field in a VCF file 
fr om GATK). Onl y windows containing mor e than 60,000 unfil- 
tered sites were considered. Visualization was carried out with gg- 
plot2 ( RRID:SCR _ 014601) [ 105 ] in R v.4.4.2 [ 91 ]. 

Results and Discussion 

Genome assembly and annotation 

We generated a high-quality chromosome-level assembly for C. 
gasperettii by combining PacBio HiFi (65 Gbp of data), Hi-C (96 
Gbp of data), and Illumina data (135 Gbp of data) (Fig. 1 and 

Supplementary Fig. S3 ). First, we de novo assembled the HiFi reads 
into 1,018 contigs (N50 = 45.7 Mbp; longest contig: 149.99 Mbp).
Then, using the proximity ligation data (i.e., Hi-C), we scaffolded 

the genome into 319 scaffolds (N50 = 111.38 Mbp; largest scaf- 
fold: 345.38 Mbp). After manual curation, the scaffolding param- 
eters of our genome were improved (N50 = 214.14 Mbp; largest 
scaffold: 361.99 Mbp), containing 99.44% of the genome present 
in 19 scaffolds or pseudoc hr omosomes (7 macro-, 10 micro-, Z 

and W sex c hr omosomes; Table 1 and Fig. 1 B). The total genome 
length was 1.63 Gb, similar to other venomous snakes [ 3 , 5 , 6 ,
17 ] (Table 1 ), with a contig N50 of 45.6 Mbp, ∼3.3 times more 
contiguous than the N. naja genome [ 6 ], ∼228 times more con- 
tiguous than the A. sagrei genome [ 84 ], but 0.67 times less con- 
tiguous than the r ecentl y published C. adamanteus genome [ 2 ],
making it one of the most contiguous c hr omosomal squamate 
genomes assembled to date (Table 1 ). We assessed the complete- 
ness of the assembly using BUSCO [ 106 ] with the sauropsida gene 
set ( n = 7,480). Upon e v aluation, we successfull y identified 92.8% 

of the genes (91.4% single-copy, 1.4% duplicated), while the re- 
maining genes were fragmented (1%) or missing (6.2%; Fig. 1 ).
For the de novo assembly, GC content and repeat content were 
37.87% and 43.63%, r espectiv el y. The r e petiti v e landsca pe was 
dominated by r etr oelements (30.25%), with a majority of LINEs 
(21.25%) ( Supplementary Table S3 ). Finally, we annotated 27,158 
differ ent pr otein-coding genes within our assembl y, with a total 
of 194 putative toxins or toxin-paralog genes. Toxin genes were 
found in both macro- and microchromosomes (Fig. 1 ), and were 
found on individual contigs. Finally, we also found a battery of 
3FTxs and m yoto xin-lik e genes, but the y wer e not r epr esented in 

our proteome and RNA-seq dataset (see below). 

Genomic architecture highly conserved among 

vipers 

Whole-genome synteny comparisons sho w ed similarity between 

C. gasperettii and C. adamanteus , with lar ge syntenic bloc ks both 

within macro- and microchromosomes (Fig. 2 ). Some chromoso- 
mal r earr angements wer e observ ed between viperids and elapids,
as pr e viousl y discussed by [ 6 ], with a fission of c hr omosome 4 in N.
naja to form c hr omosomes 5 and 7 in vipers, and a fusion of c hr o- 
mosomes 5 and 6 in N. naja to form c hr omosome 4 in vipers. In- 
ter estingl y, se v er al c hr omosomal r earr angements betw een lizar ds 
nd snakes have occurred: we found several fission events in the
. sagrei genome, including one fission from chromosome 2 that
riginates the current Z chromosome in snakes (Fig. 2 ). 

oxins uniquely expressed in the venom glands 

ur analyses of multitissue transcriptomic data (23 samples from 

 individuals covering 13 different tissues) reported a total of
3,178 expressed genes (TPM > 1). A heatmap of the 2,000 most
ariable genes reported unique upregulated genes for each of the
nalyzed tissues ( Supplementary Fig. S5 ). The venom gland tran-
criptome contained a total of 7,237 genes expressed (TPM > 500),
ncluding a total of 65 putative toxin genes. From those, we did
ot detect any 3FTxs and/or m yoto xin-lik e gene transcripts. Dif-

erential gene expression analyses revealed a total of 161 genes
33 putati ve to xin genes) that were differentially upregulated (FC
 2 and 1% false discov ery r ate) in venom glands compared to
ther tissues (Fig. 3 A and Supplementary Figs S6 and S7 ). Finally,
 total of 10 toxin genes ( CRISP2 , SVMP9 , SVMP10 , SVSP8 , SVSP7 ,
VSP5 , CTL14 , CTL15 , SVSP4 , and SVMP13 ) wer e uniquel y expr essed
n the venom gland, encoding for the minimal core venom effector
Fig. 3 A) [ 6 ], and in line with the main toxins found within the pro-
eome (Fig. 3 B), although some differ ences wer e observ ed (suc h
s the absence of PLA 2 within the highly expressed genes), possi-
ly due to individual venom differences . T hese 10 genes , together
ith other SVMPs , SVSPs , and C-type lectins (CTLs), were highly

xpressed in the venom gland and form the core toxic effector
omponents of the v enom. Tar geting the cor e toxins together with
ther w ell-kno wn modulators of venom may help manufacture
f synthetic antivenom treatments and improve neutralization 

ests of current antivenoms [ 6 ]. Ho w ever, more transcriptomic
ata should be incor por ated to correct for potential ontogenetic
nd geogr a phical v ariation in v enom composition in C. gasperettii
 18 , 107 ]. 

VSPs and SVMPs as main toxins 

enom proteomics identified SVSPs and SVMPs as the most abun-
ant toxin families within the venom of C. gasperettii , with 37.38%
nd 22.19% of the venom being composed by peptides from those
 families, r espectiv el y (Fig. 3 B); the dominance of these 2 toxin
amilies is consistent with pr e vious r esearc h on the same genus
 108 , 109 ]. Other toxin families identified were DISI (12.74%),
TL (7.25%), PLA 2 (5.47%), cysteine-ric h secr etory pr oteins (CRISP;
.34%) or L-amino acid oxidase (LAAO; 1.71%) (Fig. 3 B). We did not
etect any 3FTx or m yoto xin-lik e pe ptides within the proteome. 

VMPs 

e analyzed the evolution of venom of the most abundant venom
oxin groups (i.e., SVMPs and SVSPs, as well as PLA 2 ). After a thor-
ugh manual curation, we used comparative genomics to eval- 
ate the number and position of those genes in comparison with
he Indian cobra ( N. naja ), the Eastern diamondbac k r attlesnake ( C.
damanteus ), and Fea’s viper ( Azemiops feae ). We reported a total of
3 fully contiguous tandem array SVMPs for C. gasperettii (Fig. 4 A),
ext to the nontoxic paralogous gene ADAM28 and flanked by the
EFL and NEFM nontoxic genes. Micr osyntenic anal yses sho w ed
ene copy number variation between the studied species (Fig. 4 A).
v er all, we can see an expansion in the number of SVMPs within

he Viperidae famil y, particurlarl y in C. adamanteus (22 copies
nique to vipers and 10 lineage-specific copies) but also in C.
asperettii (12 copies unique to vipers and 1 lineage-specific copy)
Fig. 4 A). Then, we reconstructed the evolutionary history of this
oxin family (Figs 4 B and Supplementary Fig. S8 ). Phylogenetic

https://scicrunch.org/resolver/RRID:SCR_
https://scicrunch.org/resolver/RRID:SCR_
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
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Figure 1: (A) Reference genome for C. gasperettii , including BUSCO score, GC content, cov er a ge le v el, and the main toxins found within the genome. 
Macr oc hr omosomes ar e shown in light or ange; micr oc hr omosomes ar e shown in bright or ange. Sex c hr omosomes ar e shown in gr ay. DIS: disintegrins; 
HYAL: hyaluronidases; LAAO: L-amino acid oxidase; CRISP: cysteine-rich secreted proteins; CTL: C-type lectins. (B) HiC contact map for the 
macr oc hr omosomes (abov e), including the sex c hr omosomes (Z and W), and micr oc hr omosomes (below). 

Table 1: Comparison of our new reference genome for C. gasperettii with other high-quality squamate genomes. Best value per category 
is shown in bold 

C. gasperettii C. adamanteus N. naja A. sa gr ei 

Genome size 1.63 Gbp 1.69 Gbp 1.79 Gbp 1.92 Gbp 
Number of scaffolds 221 27 1,897 3,738 
Scaffold N50 214.14 Mbp 208.9 Mbp 223.35 Mbp 253.58 Mbp 
Scaffold L50 3 3 3 4 
Contig N50 45.6 Mbp 67.5 Mbp 13.06 Mbp 0.2 Mbp 
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nalyses for this toxin group reported a highly supported clade

omprising ADAM28 peptides, the nontoxic paralogous gene . T he
econd clade of orthologous to xin-pe ptides were found within
oth elapid and viperid families (including species from Crotali-
ae and Viperinae subfamilies in viperids; Supplementary Fig. S8 )
s well as 2 SVMPs from A. feae . Interestingly, we report a new
oxin-coding gene within C. gasperettii with a different evolution-
ry history, as it did not share orthology with any other gene
Fig. 4 B). This new gene likely arose from a duplication event of
VMP13 , within the group of SVMP MDC1 toxins ( Supplementary
ig. S8 ). Our discovery of a novel SVMP gene in C. gasperettii adds
o the growing body of work on the dynamic evolution of venom
ystems. Similar gene expansions and duplications have been ob-
erved in other species, such as PLA 2 toxin-coding genes found
n the venom of A. feae [ 41 ], highlighting the lineage-specific na-
ure of venom evolution. The gene we identified, possibly arising
rom an SVMP13 duplication, does not share orthology with genes
n other species, suggesting the presence of hidden toxin diver-
ity in venom systems . T his disco very highlights the importance
f using genomics in studying venom evolution, as this putatively
oxic gene was not found to be differ entiall y upr egulated in the
enom gland or recovered in the proteome (Fig. 3 ). More genomic
ata will indicate if SVMP12 is unique for the Viperinae subfamily,
he Cerastes genus, or if it is only found in C. gasperettii . All other

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
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Figure 2: Chr omosome-le v el anal yses for one Ela pidae ( N. naja ), one Crotalinae ( C. adamanteus ), and one Viperinae ( C. gasperettii ) species, with A. sagrei 
as the outgroup. The 4 smallest scaffolds (14, 15, 16, and 17) of A. sagrei were removed because no orthologous groups were found with other species. 
Borders of regions showing evidence for chromosomal rearrangements are shown in black. Estimates for branch times obtained from TimeTree.org 
based on div er gence times between Iguania and Ser pentes, Ela pidae and Viperidae, and Crotalinae and Viperinae, r espectiv el y. 

Figure 3: Main toxins found in both the transcriptome and proteome of C. gasperettii . (A) Transcriptomic results with genes upregulated and 
exclusiv el y found in the venom gland for both individuals. Each column represents a different tissue type per sample. Rows show the different genes, 
and colors correspond to different expression levels. VG: venom gland; EY: eye; OV: ovary; LI: liver; LU: lung; PA: pancreas; SP: spleen; GB: gallbladder; 
HE: heart; KI: kidney; LI: liver; BR: brain; TO: tongue; TE: testis. (B) Proteomic results of venom composition for a pool of 2 individuals of C. gasperettii . 
The pie chart displays the r elativ e abundances of the toxin families found in the proteome of the C. gasperettii venom. PDE, phosphodiesterases. 
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clades were unique to viperids (and some exclusive only to crotal- 
ids), except for a clade composed by SVMPs unique to elapids, as 
pr e viousl y discussed in [ 6 ]. Inter estingl y, one of the toxins ( SVMP8 ) 
was not a class P-III SVMP, as it clusters within the MAD-4/5 
clade (class P-II SVMP), contrary to the proteomic results where all 
SVMPs were categorized within the class P-III (Fig. 3 B). Although 

there has been a clear expansion of the SVMP family within the 
rotalus genus, our results suggest that the origin of that expan-
ion was at the beginning of the Viperidae family, as most of the
r oups ar e also pr esent within the Viperinae subfamil y. 

LA 2 

egar ding PLA 2 , w e report 2 tandem r epeat v enom genes for
. gasperettii within the non-toxic PLA 2 -g2E and PLA 2 -g2F array
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Figure 4: (A) Local synteny analyses for the SVMP toxin family in N. naja , C. adamanteus , and C. gasperettii . Different colors indicate orthologous genes 
unique to C. gasperettii , crotalids, true vipers, or elapids. ADAM28 (right) as well as flanking genes (left) are also indicated. (B) Phylogeny of SVMPs. Bold 
type indicates groups that contained SVMPs from C. gasperettii ; purple indicates the gene is exclusively found in C. gasperettii . (C) Local synteny 
analyses for PLA 2 in N. naja , A. feae , C. adamanteus , and C, gasperettii . Nontoxic PLA 2 and flanking genes are also shown. (D) Phylogeny of the PLA 2 gene 
family, with 2 non-toxic PLA 2 s as outgroups. Some samples that did not fit in any category have been removed. For a complete phylogeny see 
Supplementary Fig. S9 . Note that PLA 2 -gK is present in the phylogeny but not in the local synteny analyses, as any of the studied species contains it. 
(E) Local synteny analyses for SVSPs for C. adamanteus and C. gasperettii . Flanking genes are also shown. (F) Phylogeny for SVSPs with a nontoxic 
outgroup. For the 3 different phylogenies the groups that contained toxins from C. gasperettii are highlighted in bold. 
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Fig. 4 C), flanked by OTUD3 and MUL1 nontoxic genes, as pr e vi-
usl y r e ported in other species [ 3 , 12 , 41 ]. The n umber of ven-
mous PLA 2 s in C. gasperettii w as lo w er than in A. feae and C.
damanteus . Phylogenetic results for PLA 2 genes sho w ed a fully
upported clade containing both nontoxic PLA 2 -g2E and PLA 2 -
2F as outgroups (Fig. 4 D and Supplementary Fig. S9 ). We also
ound all other PLA 2 groups reported in previous studies: PLA 2 -
C , PLA 2 -gK , PLA 2 -gB , PLA 2 -gD , and PLA 2 -gA [ 12 , 41 ]. The 2 genes
or our target species clustered in different groups (Fig. 4 D and
upplementary Fig. S9 ). The first PLA 2 was a PLA 2 -gD , which is a
roup of PLA 2 s exclusively found in true vipers (subfamily Viperi-
ae). The second one was a PLA 2 -gC which is more ancestral
s it is also found in other pitvipers and nonvenomous snakes
uch as pythons [ 12 ]. The genomic results are consistent with the

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
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Figure 5: (A) Genome-wide diversity for 6 different venomous snakes: B. jar ar aca , C. gasperettii , C. viridis , N . kaouthia , N . naja , and S. tergeminus . (B) PSMC 

anal ysis r ecov ering the ancient demogr a phic history of C. gasperettii . Generation time w as set to 3 y ears and the substitution rate to 2.4 × 10 −9 per site 
per year. Shaded lines r epr esent 10 bootstr a p estimates. Two last glacial periods are shown with gray lines. 
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proteomics, indicating that specific duplications of PLA 2 toxin- 
coding genes have not occurred in C. gasperettii . 

SVSPs 

We found 8 different SVSPs within the genome of C. gasperettii ,
flanked by RBM42 and GRAMD1A nontoxic genes (Fig. 4 E). For this 
toxin family, we were only able to compare the results with C.
adamanteus . We were unable to confidently determine the loca- 
tion of SVSPs in the N. naja genome (se v er al r egions matc hed our 
venomous SVSP genes as well as the flanking genes). Mor eov er, A.
feae was also not compared because SVSPs were not assembled in 

a single contig. Phylogenetic results sho w ed 3 clades, with 2 con- 
taining C. gasperettii genes (Fig. 4 F and Supplementary Fig. S10 ).
Group 1 was mainly present within Crotalus , although there was 
the presence of some true vipers species, but not in C. gasperettii 
( Fig. S10 ). Group 2 contained 6 genes within C. adamanteus and 

only 2 for C. gasperettii . Interestingly, Group 3 was expanded in 

C. gasperettii (Fig. 4 E) with a total of 6 copies, while 4 were found 

within C. adamanteus . Most of the toxins included in the analy- 
ses for true vipers were also found in Group 3 ( Supplementary 
Fig. S10 ), indicating a possible expansion of this group of toxins in 

true vipers (or gene losses in pit vipers). Ov er all, our high-quality 
c hr omosome-le v el r efer ence genome has shed light on the evo- 
lution of the main toxin-coding gene families, indicating a com- 
pelling correlation between the abundance of toxin-coding genes 
and the pr e v alence of these toxins in the venom of C. gasperettii . 

Glacial periods drove population expansions of 
C. gasperettii 
The Arabian horned viper ( C. gasperettii ) is a widespread species,
categorized as “Least Concern” by the IUCN [ 109 ]. Genome-wide 
diversity was in line with its conservation status, as it sho w ed 

similar heter ozygosity le v els compar ed to other v enomous snakes 
(Fig. 5 A). Ho w e v er, mor e individuals should be sampled along its 
distribution to verify that similar heterozygosity levels are found 

acr oss its r ange. PSMC anal yses sho w ed se v er al population ex- 
pansions and contractions in the last 400 k y a, whilst the effective 
population size of C. gasperettii remained relatively constant from 

1 until 10 Mya (Fig. 5 B). Inter estingl y, population expansions wer e 
oincident with the last glacial and penultimate glacial periods 
gray lines on Fig. 5 B), with a large population increase during the
enultimate glacial period (1.94–1.35 mya) (Fig. 5 B). In fact, during
lacial periods, the global sea le v el dr opped ar ound 150 m, expos-
ng the floor and the sand to the wind, which promoted aridifi-
ation in the Arabian Peninsula and potentiall y incr eased habitat
uitability for the species [ 110 , 111 ]. PSMC results may vary de-
ending on the generation time as well as the mutational rate
pecified. The absence of species-specific data for this analyses 
ay bias our results, although it is a general consensus in the

iter atur e when inferring demogr a phic anal yses suc h as ours in
nakes (e.g., [ 5 ]). 

onclusions 

ur high-quality c hr omosome-le v el r efer ence genome for C.
asperettii sho w ed that c hr omosomal arc hitectur e is highl y con-
erv ed between Cr otalinae and Viperinae subfamilies, and differs
r om ela pid genomes by a small number of c hr omosomal r ear-
angements. We also found the genomic coordinates of the main
oxin-encoding genes, highlighting gene duplication as the main 

river in the evolution of SVMP and SVSP toxins. We identified a
ew SVMP toxin-coding gene, showcasing the importance of us- 

ng high-quality r efer ence genomes (combined with other -omic
ec hniques) for thor oughl y c har acterizing toxin-encoding genes.
inally, this is a new and important resource for a large clade
ith fe w r efer ence genomes av ailable. Futur e genomic studies fo-

using on Old World viper evolution will benefit greatly from this
 esource, whic h will help unveil the origin and diversification of
 enom and serv e as an essential genomic tool for further venomic
tudies on the subfamily Viperinae. 

dditional Files 

upplementary Fig. S1. Distribution map for the studied species 
. gasperettii with the location of our samples. Countries where the
pecies is present are indicated. JO: Jordan; SA: Saudi Arabia; YE:
emen; OM: Oman; UAE: United Ar ab Emir ates; IQ: Ir aq; IR: Ir an;
U: Kuwait; QA: Qatar. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf030#supplementary-data
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upplementary Fig. S2. Drawing of an Arabian horned viper de-
icting all the tissues sampled for RNA-seq analyses. 
upplementary Fig. S3. Histogr am fr om GenomeScope showing
he frequency of reads in relation with their co verage . 
upplementary Fig. S4. Heatmap for the 2,000 most variable
enes within our 3 samples, showing a clear batch effect of sam-
le CG1 (possibly due to differences in sequencing time) as well
s a high similarity between the putative accessory gland and the
 enom gland. Eac h column r epr esents a differ ent sampled tissue.
he 3 different samples are depicted with different colors at the
op of the heatma p. Abbr e viations ar e as follows: G. bladder: gall-
ladder; V. gland: venom gland. 
upplementary Fig. S5. Heatmap for the 2,000 most variable
enes for both samples, reporting highly expressed genes unique
or each tissue type. Each column represents one tissue sampled
er individual. Expr ession le v els wer e normalized. Te: testis; Ov:
vary; G .b .: gallbladder; Sp: spleen; V.G .: venom gland. 
upplementary Fig. S6. Heatmap for the 161 upregulated genes
ound in the venom gland of C. gasperettii transcriptome includ-
ng the 65 putativ e expr essed toxins for both venom gland sam-
les. Each column represents one tissue sampled per individ-
al. VG: venom Ggland; Ki: kidney; GB: gall bladder; Lu: lung; Sp:
pleen; He: heart; Li: liv er; P a: pancr eas; To: tongue; T e: T estis; Ov:
vary. 
upplementary Fig. S7. Heatmap for the venom gland transcrip-
ome for the 65 putative expressed toxins for both venom gland
amples. Eac h column r epr esents one tissue sampled per individ-
al. VG: venom Ggland; Ki: kidney; GB: gall bladder; Lu: lung; Sp:
pleen; He: heart; Li: liv er; P a: pancr eas; To: tongue; T e: T estis; Ov:
vary. 
upplementary F ig. S8. Maximum-likelihood ph ylogeny for SVMP
enes and its non-toxic paralog (ADAM28). Genes for C. gasperettii
re highlighted in bold. Toxin groups are identified following pre-
ious categorizations. Asterisks indicate if C. gasperettii genes are
resent in that specific group. Branch support with aBayes values
 90 are depicted as circles. 
upplementary F ig. S9. Maximum-likelihood ph ylogeny for PLA 2 ,
ith the 2 nontoxic genes as outgroups (PLA 2 -2F and PLA 2 -2E).
sterisks in group labels indicate if C. gasperettii genes are present

n that specific gr oup. Br anc h support with aBayes values > 90 are
epicted as circles. 
upplementary F ig. S10. Maximum-likelihood ph ylogeny for
VSPs, with 1 sample from Thamnophis elegans as outgroup. As-
erisks in group labels indicate if C. gasperettii genes are present
n that specific gr oup. Br anc h support with aBayes values > 90 are
epicted as circles. 
upplementary Table S1. Individuals sampled in this study with
heir sex, sampling coordinates, and data sequenced. 
upplementary Table S2. Id, tissue type and number of reads se-
uenced per sample. 
upplementary Table S3. Different types of re petiti ve elements
asked within the genome. 

upplementary Table S4. Abundances for the different toxin fam-
lies identified in the proteome of C. gasperettii . 
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