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1  |  INTRODUC TION

Snake venoms are of broad interest to many fields of biology and 
human health. Medically, snakebite envenomation is a neglected 
human health crisis that annually contributes to over 100,000 

human deaths and potentially half a million additional cases of 
venom-induced morbidity worldwide (Gutiérrez et  al.,  2017). 
Pharmacologically, snake venoms are a rich source of bioactive 
proteins, presenting further immense potential for drug discovery 
(Mohamed Abd El-Aziz et al., 2019). Evolutionarily and ecologically, 
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Abstract
Snake venoms are complex mixtures of toxic proteins that hold significant medical, 
pharmacological and evolutionary interest. To better understand the genetic diversity 
underlying snake venoms, we developed VenomCap, a novel exon-capture probe set 
targeting toxin-coding genes from a wide range of elapid snakes, with a particular 
focus on the ecologically diverse and medically important subfamily Hydrophiinae. 
We tested the capture success of VenomCap across 24 species, representing all major 
elapid lineages. We included snake phylogenomic probes in the VenomCap capture 
set, allowing us to compare capture performance between venom and phylogenomic 
loci and to infer elapid phylogenetic relationships. We demonstrated VenomCap's 
ability to recover exons from ~1500 target markers, representing a total of 24 known 
venom gene families, which includes the dominant gene families found in elapid ven-
oms. We find that VenomCap's capture results are robust across all elapids sampled, 
and especially among hydrophiines, with respect to measures of target capture suc-
cess (target loci matched, sensitivity, specificity and missing data). As a cost-effective 
and efficient alternative to full genome sequencing, VenomCap can dramatically ac-
celerate the sequencing and analysis of venom gene families. Overall, our tool offers 
a model for genomic studies on snake venom gene diversity and evolution that can 
be expanded for comprehensive comparisons across the other families of venomous 
snakes.
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snake venoms offer a model system to study the origins of biochem-
ical novelties, the molecular basis of adaptation and other facets 
of the relationship between genotype, phenotype, ecology and 
macroevolution (Almeida et al., 2021; Dowell et al., 2016; Holding 
et al., 2016; Holding et al., 2021; Mason et al., 2022).

Venoms have evolved independently in many organisms (e.g. 
bees, fish, mammals, reptiles, snails, spiders). Although snake ven-
oms are among the better-characterized animal venoms due to their 
abundance and medical relevance, there are still major gaps in our 
understanding of their diversity, evolution and function. Venomous 
snakes inhabit every continent except Antarctica, as well as marine 
habitats in the Indian and Pacific oceans. The majority of medically 
significant species belong to the families Elapidae (e.g. cobras, mam-
bas, kraits, coral snakes, Australo-Papuan elapids, sea snakes) and 
Viperidae (e.g. true vipers and pit vipers), which are diverse and 
globally distributed (405 elapid and 396 viperid species; Uetz, 2024). 
Both families possess efficient venom delivery systems, includ-
ing fangs with hollow venom canals at the front of their mouths, 
ducts connecting the fangs to paired venom glands where venom 
is produced and stored, and associated venom delivery muscu-
lature (Mackessy,  2022). While elapid and viperid venoms are the 
most well studied, venoms are present across advanced snakes in 
the superfamily Colubroidea. Because snake venoms are used for 
both feeding and defence, they are subject to strong selection pres-
sures, driving the evolution of a remarkable diversity of venom com-
ponents and venom systems that we have yet to fully understand 
(Casewell et al., 2020; Tasoulis & Isbister, 2023).

Snake venoms are complex mixtures primarily comprising toxic 
proteins and peptides encoded by a variety of gene families. Over 
60 protein families have been identified in snake venoms (Tasoulis 
& Isbister, 2017). Despite the complexity and importance of these 
venoms, our understanding of their genetic underpinnings remains 
incomplete. Estimates suggest that more than 20,000 different tox-
ins may be found just among elapid and viperid venoms, yet only 
a few thousand have been characterized (Laustsen et  al.,  2016). 
Researchers have begun to utilize genomics-era technologies to bet-
ter examine the genetic basis of snake venoms, which is revealing the 
diversity of toxin-coding genes, their evolution and their functions 
(Rao et al., 2022). However, studies of this nature are still limited.

Understanding the genetic basis of snake venom diversity re-
mains challenging. While numerous studies have examined snake 
venoms through transcriptome sequencing of venom glands 
(Brahma et al., 2015; Modahl et al., 2020), these data often repre-
sent only a subset of the toxin-coding genes present in a snake's ge-
nome (Margres et al., 2021). For example, venom composition can 
vary within an individual or species due to a variety of factors, such 
as age or geographic location (Hogan et al., 2024; Smith et al., 2023). 
Defining venom toxins solely from venom gland transcriptomes 
is also difficult without comparative data from other tissue types 
(Reyes-Velasco et  al.,  2015). Further, transcriptomic research on 
snake venoms is limited by the availability of fresh, venom gland-
derived RNA samples, which are hard to obtain due to species rarity, 
remote field collection sites, and the dangers involved in sampling. 

Consequently, these samples are not readily available for most ven-
omous snake species.

Alternatively, genome-based sequencing approaches can un-
cover the full spectrum of toxin-coding genes in a snake's genome 
using non-venom gland derived tissue (e.g. Li et al., 2021; Margres 
et al., 2021). Genetic material from many venomous snake species is 
available from research collections for such studies. However, ob-
taining high-quality, full genome data remains relatively expensive 
and time-consuming to analyse, and thus, such data are currently 
available for only a few species of snakes (Pinto et  al.,  2023; Rao 
et al., 2022; Roberts et al., 2024; Tan, 2022).

Exon-capture is a targeted genome sequencing method that 
can significantly enhance our ability to uncover the genetic diver-
sity underlying snake venoms. This approach uses probes (or ‘baits’) 
developed from existing genomic resources to selectively target 
and sequence specific loci from a wide range of species, offering a 
more cost-effective and faster alternative to full genome sequenc-
ing (Gnirke et al., 2009). Although various probe-based targeted se-
quencing methods have been developed for evolutionary genomic 
research on snakes, most have been designed primarily for phylog-
enomic purposes (e.g. Karin et al., 2020; Pyron et al., 2014; Singhal 
et al., 2017; Streicher & Wiens, 2016). Exon-capture techniques have 
been successfully employed to study the diversity of toxin-coding 
genes in other venomous animals, such as cone snails (Phuong & 
Mahardika, 2018). However, these approaches have not been widely 
applied to snake venoms; to our knowledge, only a single study has 
applied this approach to snakes, but the focus was on a single venom 
gene family from one pit viper species (Margres et al., 2017).

Here, we develop a novel exon-capture probe set designed to tar-
get toxin-coding genes from a diverse lineage of venomous snakes. 
This probe set aims to serve as a new sequencing toolkit for uncov-
ering venom gene diversity, thereby enhancing our understanding 
of the genetic basis of snake venoms. Our design focuses on the el-
apid snake subfamily Hydrophiinae, which includes over 200 species 
of Australian and Melanesian terrestrial elapids (e.g. death adders, 
taipans, tiger snakes) and ‘true’ sea snakes, of which many are of 
medical importance and known for producing some of the deadli-
est toxins in the world (Sutherland & Tibbals, 2001). We focus on 
hydrophiines for several reasons: (1) hydrophiines are species-rich 
and ecologically diverse, representing over half of all elapid diversity 
(207 of 405 total elapid species; Uetz, 2024); (2) their venoms hold 
significant medical and pharmacological interest due to their impli-
cations in snakebite treatment and drug discovery (Earl et al., 2012; 
Johnston et  al.,  2017); (3) existing genomic and/or transcriptomic 
resources for a variety of hydrophiine species are available, which 
are essential for developing a comprehensive venom gene probe set; 
(4) the full genomic underpinnings of hydrophiine venom has been 
comprehensively analysed in only a few species (Li et al., 2021; Peng 
et  al.,  2020), and the venoms of many remain entirely unstudied. 
Although this probe set is developed with a focus on hydrophiines, 
we also test its capture success across a broad phylogenetic range 
of elapid lineages. We demonstrate the utility of this probe set for 
studying venom genes within the entire elapid family and discuss its 
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potential expansion to include other families of venomous snakes 
using the methodologies detailed here.

2  |  MATERIAL S AND METHODS

2.1  |  Marker selection and probe design

To target genes that prior studies have shown to code for tox-
ins in hydrophiine venoms, we used the following genome- and 
transcriptome-based approaches, detailed more thoroughly in 
the following paragraphs: (1) we collected all known hydrophiine 
venom toxin markers available on GenBank from traditional Sanger 
sequencing studies; (2) we used the venom gland transcriptome 
annotator, ToxCodAn, to predict toxins from hydrophiine venom 
gland transcriptomes following the published pipeline in Nachtigall 
et al. (2021); (3) we used the toxin protein sequence database from 
ToxCodAn to extract toxin markers from available hydrophiine 
genomes; and (4) we used the toxin gene annotations from a de-
tailed study on sea snake genomes (Li et al., 2021) as an additional 
database to extract toxin markers from other genomes. We used 
this multifaceted approach to create a comprehensive database of 
hydrophiine venom toxin genes (and venom-related genes) to base 
our probe set on, by utilizing as many hydrophiine venom gland 
transcriptomes, full genomes and traditionally generated venom 
gene data as possible. We conducted all data processing and other 
analyses in R using customized scripts with the following R pack-
ages: GENOMICRANGES (Lawrence et al., 2013), SEQINR (Charif & 
Lobry, 2007) and APE (v5.0; Paradis & Schliep, 2019).

First, we collected all known hydrophiine toxin markers from 
GenBank derived from venom gene sequencing studies that uti-
lized traditional cDNA cloning and Sanger sequencing techniques 
(e.g. Chatrath et  al.,  2011; Doley et  al.,  2008; Earl et  al.,  2006; 
Gong et al., 2000; Paiva et al., 2014; Richards et al., 2011; St Pierre 
et al., 2006; St Pierre et al., 2008; St Pierre, Birrell, et al., 2007; St 
Pierre, Fischer, et al., 2007; St Pierre, Masci, et al., 2005; St Pierre, 
Woods, et  al.,  2005; Welton & Burnell,  2005). All nucleotide se-
quences for each hydrophiine genus that matched the search terms, 
tissue type = ‘venom gland’ and molecule type = ‘mRNA’, were ex-
tracted and clustered together into groups of sequence identity 80% 
or higher using CD-HIT-EST (Li & Godzik, 2006). We then aligned the 
sequences on a marker-by-marker basis with the program MAFFT 
v7.312 (auto and default parameters; Katoh & Standley,  2013). 
Finally, we generated consensus sequences of these alignments to 
create a final set of markers to design the probes from.

For transcriptome-based venom marker selection, we used 
the ToxCodAn pipeline (Nachtigall et  al.,  2021) to predict toxins 
from assembled hydrophiine venom gland transcriptomes that 
were available on GenBank's Transcriptome Shotgun Assembly 
(TSA) database at the time (Table 1). This included venom gland 
transcriptomes from the following 12 species: Acanthophis wellsi, 
Brachyurophis roperi, Cacophis squamulosus, Denisonia devisi, 
Echiopsis curta, Furina ornata, Hemiaspis signata, Hoplocephalus 

bungaroides, Pseudonaja modesta, P. textilis, Suta fasciata and 
Vermicella annulata. The first eleven of these transcriptome as-
semblies were based on a single study, and from which only the 
assembled toxin transcripts they predicted were uploaded to the 
GenBank TSA database (Jackson et al., 2013). We processed these 
transcripts through the ToxCodAn pipeline to confirm toxin an-
notations, and toxin sequences from each species were retained. 
For P. textilis, the full transcriptome assembly was available on 
GenBank, which we processed through ToxCodAn, and retained 
sequences identified as toxins, putative toxins and uncharacter-
ized transcripts (i.e. transcripts that did not correspond to any 
known proteins in the package's toxin or non-toxin databases, and 
retained for novel toxin discovery). Using the predictions from the 
transcriptomes, we aligned from each sample the same predicted 
toxins using MAFFT. We filtered out any taxa that were 40% or 
more divergent from the consensus sequence of the alignment, 
as these were likely misalignments or incorrectly assigned toxins. 

TA B L E  1 Genomic resources used for venom exon selection.

Species
Genomic 
resource type NCBI accession

Emydocephalus ijimae Genome GCA_004319985.1

Hydrophis curtus Genome GCA_019472885.1

Hydrophis cyanocinctus Genome GCA_019473425.1

Hydrophis hardwickii Genome GCA_004023765.1

Hydrophis melanocephalus Genome GCA_004320005.1

Laticauda laticaudata Genome GCA_004320025.1

Notechis scutatus Genome GCA_900518725.1

Pseudonaja textilis Genome GCA_900518735.1

Acanthophis wellsi Venom gland 
transcriptome

PRJNA189680

Brachyurophis roperi Venom gland 
transcriptome

PRJNA189681

Cacophis squamulosus Venom gland 
transcriptome

PRJNA189682

Denisonia devisi Venom gland 
transcriptome

PRJNA189683

Echiopsis curta Venom gland 
transcriptome

PRJNA189684

Furina ornata Venom gland 
transcriptome

PRJNA189685

Hemiaspis signata Venom gland 
transcriptome

PRJNA189686

Hoplocephalus bungaroides Venom gland 
transcriptome

PRJNA189687

Pseudonaja modesta Venom gland 
transcriptome

PRJNA189688

Pseudonaja textilis Venom gland 
transcriptome

PRJNA274608

Suta fasciata Venom gland 
transcriptome

PRJNA189689

Vermicella annulata Venom gland 
transcriptome

PRJNA189690
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Finally, we created a consensus sequence from each alignment to 
be used later for probe design.

For genome-based venom marker selection, we collected 
hydrophiine genomes with the goal of extracting venom toxin 
genes (and venom related genes) using a snake toxin protein se-
quence database. We downloaded all hydrophiine genomes that 
were available on GenBank at the time, with the addition of one 
Laticauda genome, the closely related, sister lineage to all hy-
drophiines (Table  1). In total, this included the following eight 
genome assemblies: Emydocephalus ijimae, Hydrophis curtus, H. 
cyanocinctus, H. hardwickii, H. melanocephalus, L. laticaudata, 
Notechis scutatus and P. textilis. To identify venom toxin genes in 
each of these genomes, we used the snake toxin protein sequence 
database from ToxCodAn. This database was developed from cu-
rated toxin protein sequences from Uniprot (https://​www.​unipr​
ot.​org/​), and protein sequences from published and unpublished 
transcriptome assemblies from a wide range of venomous snake 
clades (Viperidae, Elapidae, Colubridae and Dipsadidae; Nachtigall 
et  al.,  2021). Using the database of proteins, we used BLAST to 
match the proteins to our database of genomes with the ‘-tblastn 
-task tblastn-fast’ function for computational tractability. We fil-
tered the BLAST results to keep matches that were 60% or greater 
percent identity, and 12 or more amino acid matches (36 nucle-
otides), and ensured each protein matched in length by at least 
35% or greater to each genome target. Because the toxin database 
contained amino acid sequences for just the coding region of each 
gene (i.e. without introns), exons were identified by large gaps be-
tween separate BLAST matches for the same gene. We extracted 
the final matches from the genomes and created alignments with 
MAFFT. Finally, we generated consensus sequences to create a 
final set of markers that would be used for downstream probe 
design. We note that these markers have abundant paralogues, 
which is expected of toxin genes, and we did not distinguish them 
here as we desired to capture these paralogues and would sort 
through them bioinformatically after sequencing.

Finally, we used the venom-associated gene annotations 
(venom toxin genes and venom related genes) from a detailed 
genome study on two sea snake species (Hydrophis curtus and H. 
cyanocinctus; Li et al., 2021), which used a separate toxin protein 
database that they developed from the Swiss-Prot, InterPro and 
Pfam databases, as well as the manually reviewed sequences from 
the animal toxin annotation project (http://​www.​unipr​ot.​org/​
progr​am/​Toxins). We first used the annotations from this study 
to extract the exons from the two genomes (H. curtus and H. cy-
anocinctus). Because the annotated gene/exon names were not 
consistent between species, to find the homologous sequences, 
we extracted the exons from one genome and used BLAST on 
the other genome (‘with the -blastn -task dc-megablast’ function). 
We filtered the BLAST results to keep matches that were 60% 
or greater percent identity, and 50 or more nucleotide matches, 
and ensured each protein matched in length by at least 35% or 
greater to each transcriptome or genome target. We kept the best 
remaining BLAST match for each exon, choosing the match with 

the highest bitscore, a metric that combines length and similarity 
of match, so the most similar and longest matches will be selected. 
We next used the genomic match coordinates and BEDTOOLS 
(Quinlan & Hall, 2010) intersect command to find overlapping re-
gions between the opposing genome matches and their already 
existing toxin gene annotations (e.g. H. curtus matched to H. cya-
nocinctus, intersect H. curtus matches on H. cyanocinctus with H. 
cyanocinctus annotations) to ensure our exon matches fall within 
the gene annotations. We kept matches that overlapped with the 
toxin annotations and kept the unique matches between the two 
genomes. Finally, we again used BLAST (‘with the -blastn -task dc-
megablast’ function) to match these sea snake venom-associated 
genes to the P. textilis genome and kept matches to be used for 
downstream probe design using the P. textilis sequence.

After we identified candidate toxin genes and exons from these 
different sources, we wanted to ensure that we did not have du-
plicates of the same genomic regions. To remove these duplicates, 
we concatenated all the final venom marker sets together and 
used CD-HIT-EST to cluster the markers and remove duplicates 
at a 95% similarity threshold. After these initial filtration steps of 
the matches, a final candidate venom marker set of 1975 exons re-
mained (Figure 1a; Table 2).

We used the final sets of consensus sequences to design a my-
Baits custom bait library (Arbor Biosciences, Ann Arbor, MI), using 
120mer baits to best capture sequences with greater than 5% diver-
gence from the probes. Target exons <120 bp were expanded using 
flanking intron sequence from the P. textilis genome to match the 
bait length. We separated the target markers into individual 120 bp 
baits using 4X tiling which resulted in 17,181 baits. To increase cap-
ture success, we then filtered these baits by keeping only those 
with: (1) no repetitive sequences based on the RepeatMasker soft-
ware package (http://​www.​repea​tmask​er.​org); (2) no more than ten 
matches to genomic regions in the P. textilis genome; (3) at most, ten 
matches to genomic regions in the P. textilis genome with a calcu-
lated melting temperature of 62.5–65°C and four matches with a 
melting temperature above 65°C, and fewer than two passing baits 
on each flank; and (4) no matches with BLAST to other baits (using a 
70% similarity criterion). After filtration, 16,107 baits remained.

To target additional markers for phylogenetic purposes, we 
combined our venom marker baits with baits from another se-
quence capture probe set that was specifically designed for snake 
phylogenomics. Full details on marker selection, probe design and 
capture success for this snake phylogenomic probe set is discussed 
elsewhere (Weinell et  al., 2024). Briefly, this probe set targeted 
3129 single-copy loci comprising three marker types: (1) 1894 
exons, (2) 907 ultraconserved elements (UCEs) and (3) 328 double-
digest RADseq-like loci (ddRAD-like). The exons were selected by 
matching available snake transcriptomes from a wide phylogenetic 
spectrum to the Thamnophis sirtalis genome to find shared orthol-
ogous, single-copy exons. The UCEs were selected from a subset 
of previously identified UCEs shared among a wide range of snake 
lineages (Streicher & Wiens, 2016). The ddRAD-like markers were 
designed from the Thermophis baileyi genome using an in silico 
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ddRAD approach to identify restriction-enzyme recognition sites for 
SbfI and EcoRI restriction enzymes, to select single-copy loci. In total, 
20,020 baits were developed to target these 3129 phylogenomic 
markers. We combined the 20,020 phylogenomic marker baits with 
the newly designed 16,107 baits targeting the 1975 venom markers, 
which totaled 36,127 baits for 5104 markers.

2.2  |  Sequencing

2.2.1  |  Sampling

We sequenced 24 elapid species in total, which included 15 hy-
drophiine species (ingroup) and 9 non-hydrophiine elapid species 
(outgroup), representing a wide phylogenetic breadth of lineages 
from across the family. See Table 3 for a detailed list of samples.

2.2.2  |  Library preparation and sequencing

Genomic DNA was extracted from liver or muscle tissue samples 
using a Qiagen® DNeasy Blood and Tissue Kit. The resultant 
DNA was quantified using a Qubit® fluorometer, and approxi-
mately 1000 ng total DNA per sample was shipped to Daicel Arbor 
Biosciences for library preparation, capture and sequencing. Prior 
to library preparation, the genomic DNA samples were quantified 
with fluorescence and up to 4 μg was then taken to sonication 
with a QSonica® Q800R instrument. After sonication and SPRI 
bead-based size-selection to modal lengths of roughly 300 bp, 
up to 500 ng of each sheared DNA sample were taken to Illumina 
Truseq-style sticky-end library preparation. Following adapter 
ligation and fill-in, each library was amplified for 6 cycles using 
unique combinations of i7 and i5 indexing primers, and then quan-
tified with fluorescence. For each capture reaction, 125 ng of 8 

F I G U R E  1 Graphical overview of the VenomCap probe set content and capture results for one species. (a) VenomCap target marker 
content broken down by marker type (middle), and the major (left) and minor (right) components of elapid venoms for the venom-related 
gene families included in the probe set. Number of exons targeted indicated next to each marker category or gene family abbreviation; 1975 
exons targeted in total. (b) VenomCap capture results for one of the representative species we sequenced (Toxicocalamus loriae) lacking prior 
venom information. The number of exons captured is indicated next to each marker category or gene family abbreviation.

(a) VenomCap probe set marker content

(b) VenomCap capture results for Toxicocalamus loriae

major venom gene families minor venom gene families
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libraries were pooled, and subsequently enriched for targets using 
the myBaits® v 3.1 protocol. Enrichment incubation times ranged 
from 18 to 21 h. Following enrichment, library pools were ampli-
fied for 10 cycles using universal primers and subsequently pooled 
in equimolar amounts for sequencing. Samples were sequenced 
on an Illumina HiSeq 3000 with 150 bp paired-end reads with 96 
samples sequenced per lane of sequencing.

2.3  |  Data processing

2.3.1  |  Read processing

We used the R package PhyloProcessR (Hutter et al., 2022; https://​
github.​com/​chutt​er/​Phylo​ProcessR) for filtering adapter contamina-
tion, assembling contigs and exporting alignments. Prior to process-
ing raw reads, Illumina sequence data were de-multiplexed using the 
software bcl2fastq (Illumina Corp). Next, raw reads were cleaned 
of adapter contamination, low-complexity sequences and other 
sequencing artefacts using the program FASTP (modified settings: 
length_required = 30, complexity_threshold = 30; Chen et al., 2018). 
Adapter-cleaned reads were then matched to a database of common 
contaminants (bacterial, human skin, ultra-pure water contamina-
tion and other common bacteria; Laurence et  al.,  2014) and other 
genomes (Caenorhabditis, Drosophila) to ensure that no contamina-
tion persisted in our final dataset (for GenBank Accession Numbers 
of reference genomes, see tab S3 in Hutter et  al.,  2022). We de-
contaminated the adapter-cleaned reads with the program BWA 
(bwa-mem, default settings; Li & Durbin, 2009) by matching cleaned 
reads to each reference contaminant genome (reads removed if they 
matched >95% similarity). Next, we normalized reads using the pro-
gram ORNA (Durai & Schulz, 2019). Prior to assembly, we merged 
paired-end reads using FASTP.

2.3.2  |  Assembly

Merged singletons and paired-end reads were assembled de novo 
using the program SPADES v.3.15 (Bankevich et  al.,  2012), which 
runs BAYESHAMMER (Nikolenko et  al.,  2013) error correction on 
the reads internally. Data were assembled using several different 

TA B L E  2 Venom-related gene families targeted by the 
VenomCap probe set. Categorizing the major components of elapid 
venoms follows Tasoulis and Isbister (2017).

Gene family Abbreviation
Exons 
targeted

Component 
of elapid 
venom

Three-finger toxin 3FTx 43 Major

Phospholipase A2 PLA2 110 Major

Snake venom 
metalloproteinase

SVMP 65 Major

Snake venom serine 
protease

SVSP 96 Major

Cysteine-rich secretory 
protein

CRISP 101 Major

Flavin monoamine oxidase 
(L-amino acid oxidase)

LAAO 24 Major

Kunitz peptide KUN 63 Major

C-type lectin CTL 74 Major

Natriuretic peptide NP 11 Major

β-nerve growth factor NGFb 6 Major

Venom factor (venom 
complement C3 homologue)

VF 24 Minor

Platelet-derived growth 
factor/vascular endothelial 
growth factor

VEGF 66 Minor

Acetylcholinesterase/
type-B carboxylesterase

AChE 121 Minor

5′-nucleotidase 5NUC 18 Minor

Glycosyl hydrolase 56/
hyaluronidase (venom 
spreading factor)

HYAL 30 Minor

Nucleotide 
pyrophosphatase/
phosphodiesterase

PDE 104 Minor

Phospholipase B-like PLB 24 Minor

Vespryn/ohanin VESP 3 Minor

Cystatin CYST 20 Minor

Translationally controlled 
tumour protein

TCTP 9 Minor

Snake waprin WAP 13 Minor

Phospholipase A2 inhibitor PLI 50 Minor

Kazal-type serine protease 
inhibitor

KSPI 4 Minor

AVIT (prokineticin) AVIT 6 Minor

Ficolin lectin/veficolin FIC 31 Minor

AB hydrolase superfamily/
lipase family (lysosomal acid 
lipase and phospholipase 
A1)

LIP 183 Minor

Multicopper oxidase family MCO 101 Minor

Peptidase S9B family/
dipeptidyl peptidase IV 
subfamily

DPP-IV 67 Minor

Endothelin/sarafotoxin EDN-SRTX 10 Minor

Gene family Abbreviation
Exons 
targeted

Component 
of elapid 
venom

Glucagon (exendin) Exendin 5 Minor

Cathelicidin CATH 4 Minor

Calmodulin family/
calglandulin subfamily

CAL 13 Minor

non-venom genes 249

uncharacterized transcripts 227

TA B L E  2 (Continued)
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k-mer values (21, 33, 55, 77, 99, 127), in which orthologous contigs 
resulting from the different k-mer assemblies were merged.

2.3.3  |  Annotation of phylogenetic markers

The assembled contigs were matched against the reference marker 
sequences used to design the probes with BLAST (dc-megablast). 
Contigs were discarded if they failed to match ≥30% of the refer-
ence marker, and contig matches fewer than 50 bp were removed. 
Contig matches to reference markers were discarded if more than 
one contig matched to the marker and were overlapping. For non-
overlapping matches to the same reference marker, we merged these 
contigs by joining them together (Ns inserted in matching positions). 
The final set of matching contigs was labelled with the name of each 
marker, followed by each sample's unique institutional identifier (i.e. 

the corresponding museum voucher catalogue number), and assem-
bled in a single file to be parsed out separately for multiple sequence 
alignment in the next step.

2.3.4  |  Annotation of VenomCap markers

To annotate VenomCap markers, which consist of paralogues, 
modifications were made to the annotation script above (option: 
retain-paralogues = TRUE). This option retains markers from sam-
ples that had duplicate matches to the VenomCap target marker set, 
to preserve the paralogues. Next, the longest match was retained 
for alignments for summary statistic collection. To collect summary 
statistics for gene families, the R function from PhyloProcessR ‘gen-
eFamilyStats’ was used, where an input file with the gene family in 
the first column and the markers from the VenomCap set of markers 

TA B L E  3 Sample information and sequence capture statistics.

Species Sample ID
Cleaned 
reads

Gigabases 
sequenced

Contigs 
assembled

Megabases 
assembled

Phylogenomic 
loci recovered

VenomCap 
targets matched

VenomCap 
contigs 
recovered

Acanthophis laevis LSUMZ 98537 12,638,820 1.89 45,191 29.18 2806 1500 1860

Aipysurus duboisii ABTC 72288 10,715,594 1.60 36,153 21.62 2765 1498 1611

Aspidomorphus muelleri LSUMZ 91868 14,581,580 2.18 45,943 29.36 2737 1505 2688

Brachyurophis incinctus ABTC 102798 8,718,004 1.31 34,156 20.85 2734 1499 2278

Bungarus fasciatus* LSUMZ 4845 9,615,564 1.44 22,830 15.11 2660 1463 2218

Bungarus multicinctus* LSUMZ 15945 11,095,224 1.66 35,891 23.95 2791 1500 2679

Cacophis churchilli ABTC 82294 8,919,574 1.34 27,250 17.07 2703 1487 1820

Calliophis bivirgatus* LSUMZ 6522 11,206,454 1.68 38,508 25.31 2748 1490 2714

Demansia rimicola ABTC 77027 12,779,464 1.92 46,774 29.98 2728 1513 2666

Demansia vestigiata LSUMZ 98522 12,334,480 1.85 40,804 25.68 2716 1492 2496

Dendroaspis polylepis* LSUMZ 2734 10,012,962 1.50 30,051 20.26 2754 1459 2215

Elapsoidea nigra* LSUMZ 2381 9,390,080 1.41 30,334 20.17 2748 1483 1969

Elapsoidea sundevallii* LSUMZ 6687 10,466,572 1.57 32,206 21.02 2749 1510 2826

Hemiaspis signata ABTC 6591 9,375,812 1.41 28,589 20.80 2724 1501 2066

Hydrophis macdowelli ABTC 101326 11,992,898 1.79 44,404 28.04 2738 1493 1739

Laticauda cf. colubrina* CAS 236329 11,883,314 1.78 36,628 23.65 2750 1479 2016

Micruroides euryxanthus* LSUMZ 14737 10,775,862 1.62 30,542 19.93 2730 1484 2545

Naja nigricollis* LSUMZ 20269 8,577,756 1.29 27,340 19.30 2745 1462 2272

Notechis scutatus MCZ 14229 9,420,308 1.41 26,569 17.33 2713 1503 2395

Oxyuranus scutellatus LSUMZ 94345 12,838,540 1.92 41,460 27.17 2790 1493 1655

Pseudechis australis MCZ R 195407 9,004,684 1.35 36,978 23.18 2738 1504 2652

Pseudonaja textilis LSUMZ 90637 10,690,176 1.60 33,711 23.99 2764 1501 1720

Simoselaps anomalus MCZ 14397 13,157,814 1.97 49,350 32.00 2776 1505 2046

Toxicocalamus loriae CCA 17794 12,813,848 1.92 44,646 29.88 2783 1487 2584

Note: ‘VenomCap targets matched’ corresponds to the number of unique targets in the VenomCap probe set with at least one contig 
match (out of 1975 total target exons). ‘VenomCap contigs recovered’ corresponds to the total number of contigs that match VenomCap 
targets, which accounts for duplicate matches due to paralogues. Outgroup elapids denoted with asterisks next to species name, all others 
Hydrophiinae.
Abbreviations: ABTC, Australian Biological Tissue Collection; CAS, California Academy of Sciences; CCA, Chris Austin field catalogue (Louisiana State 
University); LSUMZ, Louisiana State University Museum of Natural Science; MCZ, Museum of Comparative Zoology.
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in the second column was created to associate the markers with 
their gene family. To create a match database, the VenomCap mark-
ers were BLASTed against each sample contigs. For each gene fam-
ily, the number of copies was estimated by filtering out matches that 
were less than 50 bp long, less than 80% of the length of the marker, 
and had less than 75% match similarity. Markers were also discarded 
if they had more than 100 matches, as these were likely regions with 
substantial off-target capture. Finally, results were summarized on a 
per sample basis (number of gene families, mean number of copies, 
total targets matched, percent of total targets and base pair length 
summaries) and a per marker basis (unique matches to VenomCap 
markers ignoring duplicates, matches that include duplicates and 
base pair length summaries).

2.3.5  |  Alignments for phylogenomics

For phylogenetic rooting purposes, we included data from an out-
group colubrid species (Boiga irregularis) that was sequenced for an-
other project using just the phylogenomic probe set and processed 
the same as above. Next, the annotated phylogenomic markers were 
aligned on a marker-by-marker basis using MAFFT local pair align-
ment (settings: max iterations = 1000; ep = 0.123; op = 3; −adjust-
direction). We screened each alignment for samples ≥40% divergent 
from consensus sequences, which were almost always incorrectly 
assigned contigs. Alignments were retained if they included 19 or 
more taxa (>75% of samples), had ≥500 bp length, and each sample 
covered the alignment by at least 35% of the bp. Alignments were 
externally trimmed resulting in alignments in which at least 50% of 
the samples have sequence data at both alignment ends. The align-
ments were next filtered by removing samples that consisted of 50% 
gaps or more and had less than 60 bp of data. Columns with 50% 
gaps or more were also removed. Finally, the gene datasets were 
internally trimmed using the program trimAl (automatic1 function; 
Capella-Gutierrez et al., 2009).

2.4  |  Capture evaluation

2.4.1  |  Sensitivity

Sample ‘sensitivity’ represents the proportion of bases in post-
assembly contigs that overlap with the target markers in the probe 
set for a given sample. To determine sample sensitivity, we used 
BLAST to align the target markers for each probe set (VenomCap 
and phylogenetic markers) with contigs derived from the respec-
tive sample. Sensitivity was then calculated on a per-target-marker 
and per-sample basis by dividing the length of the target marker se-
quence by the extent of matching region within the sample contig, 
and then averaging across all markers for a sample. We used Welch's 
t-tests to compare sensitivity between: (1) the ingroup and outgroup 
samples for the VenomCap data only and (2) VenomCap versus phy-
logenetic probe sets.

2.4.2  |  Specificity

Sample ‘specificity’ represents the proportion of cleaned reads 
that map to the target markers in the probe set for a given sample. 
To determine sample specificity, we generated an indexed refer-
ence based on the target markers for each probe set (VenomCap 
and phylogenetic markers) and aligned the processed reads 
from individual samples using BWAv0.712 (utilizing the func-
tions bwa index and bwa mem; Li & Durbin,  2009). SAMTOOLS 
(Li et al., 2009) was used to facilitate conversion between differ-
ent file formats (via functions view and fastq) and to quantify the 
count of reference-aligned processed reads, enabling specificity 
calculations. We used Welch's t-tests to compare specificity be-
tween (1) the ingroup and outgroup samples for the VenomCap 
data only and (2) the two probe sets.

2.4.3  | Missing data

We used two approaches to evaluate the extent of missing data in 
our capture results: (1) We assessed missing marker data by quanti-
fying the percentage of markers absent for a sample across all align-
ments of target markers captured; and (2) We assessed missing base 
pair data by quantifying the percentage of base pairs absent for a 
sample (excluding indels) in the alignments trimmed to the target 
marker length and used the mean value of all the markers for a given 
sample. We used Welch's t-tests to compare missing data between: 
(1) the ingroup and outgroup samples for the VenomCap data only 
and (2) the two probe sets.

2.4.4  |  Depth of coverage

To calculate sequencing depth of coverage for each sample, we cre-
ated a reference for the set of assembled contigs targeted by a probe 
set and mapped the cleaned reads to them using BWA (‘bwa-mem’ 
function). Exact duplicate reads were removed using PICARD (http://​
broad​insti​tute.​github.​io/​picard/​). We then computed the per-base 
overlap of reads with contig base pairs using SAMTOOLS (‘depth’ 
function). We standardized coverage values across samples by using 
reads per kilobase per million (RPKM), enabling comparisons among 
samples with varying sequencing efforts by scaling based on gene 
length and mapped reads. Coverage was calculated across all tar-
geted markers for each sample, which exhibited positive skewness so 
median values were calculated. We used a Welch's t-test to compare 
coverage between both probe sets (VenomCap and phylogenetic).

2.4.5  |  Genetic distance

To evaluate whether capture success was impacted by genetic dis-
tance from the probe set, we performed linear regressions between 
the measures of capture success (target loci matched, sensitivity, 
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specificity and missing data) and genetic distance. Genetic distance 
for each sample was calculated using uncorrected pairwise distance 
between a captured marker and the corresponding marker sequence 
the probes were created from, and the mean was then computed 
across markers for each sample. We performed two separate linear 
regressions for each metric of capture success to evaluate our results 
among: (1) all elapid samples and (2) the ingroup only (Hydrophiinae).

2.5  |  Phylogenetics

Using just the phylogenomic markers, we concatenated the gene 
alignments described above into a single alignment for maximum 
likelihood (ML) phylogenetic analyses. We used IQ-Tree v.2.0 (Minh 
et al., 2020) to estimate phylogenetic trees from the concatenated 
alignment. We used models of molecular evolution identified via 
ModelFinder (Kalyaanamoorthy et  al.,  2017) built into IQ-Tree, 
which identified an optimal partitioning scheme and best model for 
each partition. We assessed support for the resulting topology using 
1000 ultrafast bootstrap replicates; values above 95% were consid-
ered well supported (Minh et al., 2013).

3  |  RESULTS

3.1  |  Read and assembly statistics

Across the 24 genomic samples that were enriched and sequenced 
for the combined VenomCap and snake phylogenomic sequence 
capture probe sets, we recovered an average of 10,958,558 cleaned 
reads (range: 8,577,756–14,581,580 cleaned reads, Table  3) con-
taining a mean of 1.64 Gb (Gigabases) sequenced in total (range: 
1.29–2.18 Gb, Table 3) per sample. Assemblies resulted in an average 
of 36,096 contigs (range: 22,830–49,350 contigs, Table 3), with an 

average of 23.54 Mb (Megabases) assembled in total (range: 15.11–
32 Mb, Table 3) per sample.

3.2  |  Capture evaluation

3.2.1  |  Target loci recovered

For the VenomCap probe set, we assessed the number of tar-
gets matched (number of unique targets in the probe set with at 
least one contig match) and total contigs recovered (total number 
of contigs that match VenomCap targets, which accounts for du-
plicate matches due to paralogues). Assembled contigs matched 
an average of 1492 (76%) of the 1975 exons that were targeted 
by the VenomCap probe set (range: 1459–1513 targets matched, 
Table  3). On average, we found that the ingroup samples (all hy-
drophiines) matched a significantly higher number of VenomCap 
target exons than the outgroup elapid samples (ingroup mean: 1499 
targets matched, outgroup mean: 1481 targets matched; t = 2.868, 
df = 9.641, p = .017; Figure  2). Including duplicate matches due to 
paralogues, the total number of contigs recovered that matched 
VenomCap targets averaged 2239 across all samples (range: 1611–
2826 contigs recovered, Table  3). We recovered representative 
exons from 24 of 32 venom gene families that were targeted by the 
VenomCap probe set (Table 4). For the snake phylogenetic probe 
set, we recovered an average of 2745 loci (88%) per sample of the 
3129 loci that were targeted (range: 2660–2806 loci, Table 3).

3.2.2  |  Sensitivity

The mean sensitivity (the proportion of bases in post-assembly contigs 
that overlap with the target markers in the probe set) was measured 
across all markers per sample for both probe sets. For the VenomCap 

F I G U R E  2 Effect of genetic distance on capture success for the VenomCap probe set. (left) Scatterplot of genetic distance from the 
probe set and total target loci matched. Points represent species, ingroup hydrophiines (red) and outgroup elapids (blue). Regression lines 
and corresponding p and R2 values coloured by analysis (black = all species, red = ingroup only). (right) Boxplots comparing total target loci 
matched between ingroup and outgroup samples (colours and y-axis match the scatterplot, and p value indicated from a Welch's t-test).
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TA B L E  4 Total number of contigs recovered for each of the venom gene families captured using the VenomCap probe set.

Species 3FTx PLA2 SVMP SVSP CRISP CTL KUN LAAO NP NGFb 5NUC AChE

Acanthophis laevis 96 125 37 296 61 197 165 41 3 2 9 2

Aipysurus duboisii 71 37 24 268 90 208 143 18 5 1 9 2

Aspidomorphus muelleri 82 186 98 367 355 409 327 17 4 2 9 4

Brachyurophis incinctus 109 114 38 432 90 305 219 36 3 4 7 2

Bungarus fasciatus 181 151 34 322 111 210 377 18 2 2 7 2

Bungarus multicinctus 231 72 45 353 78 551 357 22 1 2 5 1

Cacophis churchilli 124 60 24 306 49 219 188 16 2 2 9 0

Calliophis bivirgatus 263 146 53 329 93 190 699 25 0 4 4 2

Demansia rimicola 93 238 227 325 163 402 189 20 5 3 7 2

Demansia vestigiata 92 134 101 361 120 557 167 16 4 3 14 2

Dendroaspis polylepis 368 28 43 331 69 226 327 13 1 1 7 4

Elapsoidea nigra 82 129 39 305 138 193 268 23 0 2 6 0

Elapsoidea sundevallii 299 321 46 389 213 233 266 22 1 3 10 2

Hemiaspis signata 143 147 56 348 165 193 237 38 2 4 9 2

Hydrophis macdowelli 88 91 26 261 83 217 194 21 2 2 11 1

Laticauda cf. colubrina 233 125 17 275 63 176 368 16 1 2 5 2

Micruroides euryxanthus 284 212 58 391 352 270 199 15 0 2 5 1

Naja nigricollis 289 84 79 290 210 254 189 46 1 2 8 4

Notechis scutatus 102 340 37 306 221 281 236 42 6 2 6 2

Oxyuranus scutellatus 80 84 18 275 61 159 154 30 6 2 5 2

Pseudechis australis 67 507 83 310 87 314 306 62 7 2 11 4

Pseudonaja textilis 86 110 19 267 69 210 161 30 6 2 11 2

Simoselaps anomalus 99 82 51 443 75 209 149 27 7 2 8 2

Toxicocalamus loriae 345 91 16 284 132 294 281 21 2 3 9 2

Species CATH CYST DPP-IV FIC HYAL KSPI PDE TCTP VEGF VESP VF WAP

Acanthophis laevis 17 5 1 36 2 1 1 6 0 3 1 6

Aipysurus duboisii 19 7 1 34 4 1 1 4 1 3 1 3

Aspidomorphus muelleri 19 6 1 41 4 2 1 6 1 3 4 6

Brachyurophis incinctus 19 6 1 53 3 3 1 8 0 4 1 9

Bungarus fasciatus 17 7 1 65 3 2 1 4 1 3 4 18

Bungarus multicinctus 17 7 1 100 3 3 1 4 1 3 5 8

Cacophis churchilli 17 7 1 40 4 1 1 4 1 3 3 5

Calliophis bivirgatus 21 9 1 74 3 2 1 7 1 6 2 36

Demansia rimicola 28 9 2 83 2 2 1 4 1 6 2 9

Demansia vestigiata 12 9 1 55 3 6 1 5 1 3 3 7

Dendroaspis polylepis 16 7 1 50 2 2 1 9 1 3 3 6

Elapsoidea nigra 16 9 1 70 3 5 1 4 0 3 4 7

Elapsoidea sundevallii 24 10 1 102 3 3 1 6 1 4 3 9

Hemiaspis signata 16 13 1 39 5 1 1 8 0 6 3 6

Hydrophis macdowelli 13 6 1 24 6 1 1 4 1 3 1 6

Laticauda cf. colubrina 15 7 1 37 2 1 1 8 1 3 1 6

Micruroides euryxanthus 21 7 1 61 4 5 1 7 1 3 3 9

Naja nigricollis 27 9 1 56 4 1 1 4 1 3 5 6

Notechis scutatus 28 6 1 56 3 2 3 4 1 3 1 8

Oxyuranus scutellatus 13 4 1 31 3 2 1 4 1 3 1 5

Pseudechis australis 22 7 1 36 3 3 1 5 0 3 1 9

Pseudonaja textilis 15 4 1 39 4 2 1 4 1 3 2 5

Simoselaps anomalus 14 6 1 38 6 2 1 5 0 3 1 7

Toxicocalamus loriae 22 10 1 71 5 7 1 7 1 3 1 12
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probe set, mean sample sensitivity was 92.6% (range: 91.5%–93.9%). 
We found no significant difference between mean sample sensitivity 
when comparing ingroup and outgroup samples for the VenomCap 
data (t = 0.956, df = 17.281, p = 0.352; Figure 3a). For the phylogenetic 
probe set, mean sample sensitivity was 96.5% (range: 95.6–97.0%). 
When comparing probe sets, we found that mean sample sensitivity 
was significantly higher in the phylogenetic probe set compared to 
VenomCap (t = −25.244, df = 31.213, p < .001; Figure 3a).

3.2.3  |  Specificity

The mean specificity (the proportion of cleaned reads that map to 
the target markers in the probe set) was measured across all mark-
ers per sample for both probe sets. Overall, for each sample, ap-
proximately half of the reads mapped to the VenomCap markers, 

a quarter of the reads mapped to the phylogenomic markers, and 
a quarter of the reads were unmapped. For the VenomCap probe 
set, mean sample specificity was 52.8% (range: 47.1%–56.1%). We 
found no significant difference between mean sample specificity 
when comparing ingroup and outgroup samples for the VenomCap 
data (t = 0.002, df = 18.99, p = .999; Figure  3b). For the phyloge-
netic probe set, mean sample specificity was 26.6% (range: 22.3%–
29.7%). When comparing probe sets, we found that mean sample 
specificity was significantly higher in VenomCap compared to the 
phylogenetic probe set (t = 51.627, df = 45.602, p < .001; Figure 3b). 
However, we note that our measures of specificity are not scaled 
by the number of baits used in each probe set, which differ, and 
thus are not fully comparable. Furthermore, for researchers inter-
ested in utilizing this probe set, we also note that specificity will 
likely vary depending on whether the VenomCap probe set is se-
quenced alone or combined with another probe set as we do here.

F I G U R E  3 Sequence capture evaluation for the following metrics: (a) Sensitivity, the proportion of bases in assembled contigs that 
overlap with the target markers in the probe set. (b) Specificity, the proportion of cleaned reads that map to the target markers in the probe 
set. (c) Missing markers, the percentage of missing loci per sample across target marker alignments. (d) Missing bases, the percentage of 
missing base pairs per sample across all trimmed alignments of target markers captured. For the VenomCap probe set, we evaluated the 
effect of genetic distance (left scatterplots) and compared sampling groups (middle-coloured boxplots) for each metric of capture success. 
Scatterplots represent the metric's relationship with a sample's genetic distance from the probe set (red points: Ingroup Hydrophiinae; blue 
points: Outgroup elapids), with regression lines and corresponding p and R2 values coloured by analysis (black: All species; red: Ingroup 
only). Middle boxplot colours correspond to scatterplot points, with the same y-axis; p value indicated from a Welch's t-test. Right boxplots 
(grayscale) compare the two probe sets using all samples; p value indicated from a Welch's t-test.

(d)

(c)

(b)

(a)
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3.2.4  | Missing data

We measured the percentage of missing (1) markers and (2) base 
pairs per sample across all trimmed alignments of target markers 
captured for both probe sets. (1) For the VenomCap probe set, 
mean missing marker data per sample was 9.3% across all sam-
ples (range: 7.8%–11.7%). The outgroup elapid samples had a 
significantly higher percentage of missing markers compared to 
the ingroup hydrophiines for the VenomCap capture data (in-
group mean: 8.7%, outgroup mean: 10.4%; t = −4.445, df = 10.278, 
p = .001; Figure 3c). For the phylogenetic probe set, mean missing 
marker data per sample was 7.3% across all samples (range: 5.1%–
10.4%). When comparing probe sets, we found that the mean pro-
portion of missing markers from all alignments was significantly 
higher in the VenomCap data compared to the phylogenetic probe 
set (t = 5.9296, df = 45.999, p < .001; Figure  3c). (2) Missing base 
pair data in the VenomCap capture results averaged 7.8% across 
all samples (range: 6.5%–8.8%). We found no significant differ-
ence between mean missing base pair data when comparing in-
group and outgroup samples for the VenomCap data (t = −0.973, 
df = 17.757, p = 0.344; Figure 3d). For the phylogenetic probe set, 
mean missing base pair data per sample was 3.5% across all sam-
ples (range: 3.0%–4.4%). When comparing probe sets, we found 
that mean proportion of missing base pairs from all alignments was 
significantly higher in the VenomCap data compared to the phylo-
genetic probe set (t = 27.035, df = 31.198, p < .001; Figure 3d).

3.2.5  |  Depth of coverage

We measured sequencing depth of coverage across targeted mark-
ers using RPKM to enable comparison across samples and probe 
sets (i.e. raw ‘X’ coverage is not directly comparable because it is not 
scaled by sequencing effort). For the VenomCap data, the median 
sequencing coverage across all samples was 1029.4 RPKM (range: 
845.8–1215.2 RPKM; Table S1). The ingroup hydrophiines had sig-
nificantly higher coverage compared to the outgroup elapid sam-
ples for the VenomCap capture data (ingroup mean: 1074.6 RPKM, 
outgroup mean: 954.0 RPKM; t = 4.399, df = 18.542, p < .001). For 
the phylogenetic capture results, the median sequencing coverage 
across all samples was 375.5 RPKM (range: 354.6–407.7 RPKM; 
Table S2). When comparing probe sets, we found that median cover-
age per sample was significantly higher in the VenomCap data com-
pared to the phylogenetic data (t = 35.832, df = 23.874, p < .001).

3.2.6  |  Genetic distance

For the VenomCap capture data, we assessed the relationship be-
tween capture results and genetic distance from the probe set to 
evaluate how the probe set performed across the phylogenetic 
breadth of our full dataset (all elapids) and only the samples from 
our ingroup clade of interest (Hydrophiinae). We found a significant 

negative relationship between the total target loci matched and 
genetic distance for the full dataset (R2 = 0.19, p = .033; Figure  2), 
but a nonsignificant relationship between these two variables for 
the ingroup only (R2 = 0.022, p = .598; Figure  2). We also found a 
significant negative relationship between sample sensitivity and 
genetic distance for both datasets (full dataset: R2 = 0.225, p = .019; 
hydrophiine only: R2 = 0.304, p = .033; Figure  3a). The relationship 
between sample specificity and genetic distance was nonsignificant 
for both datasets (full dataset: R2 = 0.002, p = .859; hydrophiine only: 
R2 = 0.006, p = .788; Figure 3b). We found a significant positive rela-
tionship between the percentage of missing marker data and genetic 
distance for the full dataset (R2 = 0.433, p < .001; Figure 3c), but a 
nonsignificant relationship between these two variables for the in-
group only (R2 = 0.033, p = .517; Figure 3c). We found a significant 
positive relationship between the percentage of missing base pair 
data and genetic distance for both datasets (full dataset: R2 = 0.218, 
p = .022; hydrophiine only: R2 = 0.289, p = .039; Figure 3d).

3.3  |  Phylogenetics

After trimming and filtering the phylogenomic markers, a total of 
2624 loci, with an average length of 1407 bp, were retained for phy-
logenetic analysis of the concatenated dataset. The resulting phy-
logeny was well-supported, with 100% bootstrap support values 
across all nodes (Figure  4). Evolutionary relationships among the 
sampled elapid species align well with previous phylogenomic stud-
ies that included major elapid lineages (Burbrink et al., 2020; Das 
et al., 2024). However, these studies did not comprehensively sample 
hydrophiines. Prior phylogenetic analyses focusing on hydrophiines 
were mostly based on Sanger sequencing data (Keogh et al., 1998; 
Lee et al., 2016; Sanders et al., 2008; Strickland et al., 2016). Our 
results are largely consistent with these earlier topologies, but our 
large data set provides much stronger support for the relationships 
among the hydrophiine lineages we sampled (Figure 4).

4  |  DISCUSSION

This paper introduces the VenomCap probe set, a novel tool freely 
available for efficiently capturing and sequencing the exonic regions 
of venom genes across elapid snakes. We showcase the probe set's 
effectiveness in capturing exons from multiple venom gene families 
across 24 elapid species, including those lacking prior venom infor-
mation (Figure 1b). Importantly, this method solely relies on genomic 
DNA from museum tissue samples, eliminating the need for costly 
and difficult to acquire venom gland-derived RNA. Below, we as-
sess our sequence capture results in the context of overall capture 
success, capture success across our phylogenetic breadth of sam-
pling, and a comparison between targeted marker types (VenomCap 
versus phylogenomic probe sets). While our primary focus dur-
ing probe set design was on the Elapidae, particularly the diverse 
Hydrophiinae, we discuss its adaptability for expansion to include 
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other snake lineages, newly identified venom genes, or customiza-
tion for specific sequencing needs.

4.1  |  Overall capture success

A high percentage of our sequencing reads were on target to the 
probe sets used here (overall mean specificity = 79.4%), indicat-
ing a higher target enrichment success than other studies that use 
similar approaches (Hutter et al., 2022; Phuong & Mahardika, 2018; 
Portik et al., 2016). This was largely driven by the high proportion of 
mapped reads to the VenomCap target markers (VenomCap mean 
specificity = 52.8%). We attribute this result to a combination of 
the following factors. First, we used a high tiling density (4x) for the 
VenomCap probe set. A higher tiling density increases the probabil-
ity of capturing a target marker, and most phylogenomic probe sets 

typically use lower tiling schemes (e.g. 2x) as a trade-off to include 
more loci for a given bait kit size (Andermann et al., 2020; Tewhey 
et al., 2009). Next, we used a consensus sequence-based approach 
when designing the VenomCap probe set. Previous studies have 
shown that probes designed from consensus sequences, or similar 
approaches that incorporate sequence information from multiple lin-
eages into probe design, can increase sample specificity and improve 
capture success across a wider phylogenetic breadth compared to 
probes designed from a single genome (Beaudry et al., 2021; Hugall 
et  al.,  2016; Hutter et  al.,  2022). Finally, given that venom genes 
can exhibit particularly high copy numbers (Margres et al., 2017), a 
higher proportion of mapped reads would be expected compared to 
phylogenomic probe sets based on single-copy loci.

In addition to the high proportion of mapped reads, a high 
percentage of bases in the assembled contigs overlapped 
with the VenomCap probe set as a whole (VenomCap mean 

F I G U R E  4 VenomCap capture results in a phylogenetic context. Ultrametric maximum likelihood phylogeny of elapid samples sequenced 
based on the concatenated alignment of 2624 loci captured by the phylogenomic probe set (excludes VenomCap loci). All nodes recovered 
with 100% ultrafast bootstrap support. Barplots correspond to VenomCap results, depicting the total contigs recovered for 10 of the major 
venom gene families in elapid venoms. Rightmost bars for NP and NGFb gene families are difficult to visualize as they recovered ~3 and ~2 
loci, respectively, on average (see Table 4).
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sensitivity = 92.6%). Thus, reads were not only on target, but they 
effectively captured most of the bases targeted by the VenomCap 
probe set. In total, these data contained representative exons from 
24 of the 32 venom gene families that were targeted (Tables 2 and 
4). An inspection of the eight venom gene families that were tar-
geted but not captured revealed that many of the baits targeting 
these loci had suboptimal GC content (below 40% or above 60%) 
for target enrichment, which may have limited their capture suc-
cess (Benjamini & Speed, 2012). Nevertheless, we were still able to 
capture the 10 most prevalent venom gene families found in elapid 
venoms (Tables 2 and 4; Figures 1 and 4; Tasoulis & Isbister, 2017). 
We also uncovered substantial variation in the number of contigs 
recovered for many of these gene families (Table  4; Figure  4), in-
cluding those known to have high copy numbers within elapids (Li 
et al., 2021; Zhang et al., 2022). Although this is likely indicative of 
gene copy number variation, we urge readers not to over interpret 
these results until future studies can assess them in more detail.

4.2  |  Genetic divergence from probes

VenomCap's success in capturing target loci across a diversity of 
elapid snake lineages sheds light on the utility of this tool for com-
parative genomic studies. Across all sequenced elapids, our find-
ings reveal a significant negative relationship between the number 
of VenomCap target loci recovered and genetic distance from the 
probe set (Figure 2). This result is expected given that a species' ge-
netic distance from the design markers is known to be one of the 
biggest limiting factors of sequence capture success (Andermann 
et al., 2020), and we included all the major elapid lineages, which are 
estimated to have initially diverged over 25 Ma (Burbrink et al., 2020; 
Lee et al., 2016). Nevertheless, the magnitude of this decay in loci re-
covered with increasing genetic distance was relatively minor—out of 
~1500 targeted loci recovered, the more distantly related outgroup 
samples recovered only 18 fewer loci on average than the ingroup 
hydrophiine clade that was used for probe design. Furthermore, 
within the ingroup hydrophiines, which are estimated to have ini-
tially diverged in the early to mid-Miocene (Burbrink et al., 2020; Lee 
et al., 2016), genetic distance did not significantly predict the number 
of target loci recovered. This suggests a robustness of the VenomCap 
probe set within hydrophiines, which we attribute to the broad phy-
logenetic spectrum of hydrophiine genomic resources used for exon 
selection and our consensus sequence-based probe design. These 
results suggest that VenomCap's efficiency might vary depending on 
the evolutionary divergence of the targeted taxa from the hydrophi-
ine clade, but overall, the probe set performs well at capturing the 
targeted markers across a broad phylogenetic spectrum of elapids.

4.3  |  Molecular marker type

Comparing our capture results between the VenomCap and snake phy-
logenomic probe sets also offers insights into the impact of molecular 

marker type on capture efficiency. VenomCap is unique when com-
pared to most phylogenomic target capture approaches, which are 
designed to capture single-copy loci that are sufficiently conserved 
to be recovered across many divergent taxa (Andermann et al., 2020). 
Paralogous loci and genes under strong diversifying selection are 
generally filtered out during marker selection and design of these 
probe sets. Venom genes, on the other hand, are known for high lev-
els of duplication and loss (Dowell et al., 2016; Giorgianni et al., 2020; 
Zhang et al., 2022), as well as rapid molecular evolution due to strong 
selection pressures (Gibbs & Rossiter, 2008; Li et al., 2021; Shibata 
et al., 2018), which could reduce capture success. As expected, given 
these differences between the targeted marker types, our capture re-
sults indicate that the phylogenomic probe set performs significantly 
better than VenomCap in having lower levels of missing data across 
alignments (both missing markers and missing base pairs; Figure  3), 
and higher capture rates for the proportion of overall loci and bases 
targeted by the probe set (Table 3; Figure 3). This result is likely due to 
the higher turnover of venom genes leading to the absence of loci in 
certain taxa (i.e. gene loss or our inclusion of genes that are unique to 
select lineages used in marker selection) or strong positive selection on 
certain exons that would increase sequence divergence and decrease 
the likelihood of capturing it across divergent lineages. Nevertheless, 
the average amount of missing data across shared VenomCap markers 
is still quite low (<10% for both missing markers and base pairs across 
alignments), and we were also able to recover many loci from gene 
families that are noted for rapid molecular evolution (e.g. three-finger 
toxins; Li et al., 2021; Zhang et al., 2022).

4.4  |  Limitations and probe set customization

Although VenomCap's ability to rapidly capture venom gene se-
quences across many taxa provides an important step forward for 
snake venom research, our approach does have its limitations. For 
example, as noted by Phuong and Mahardika  (2018), the venom 
genes sequenced using an exon-capture approach will ultimately be 
limited to those that were targeted by the probe set. Thus, our ap-
proach will fail to capture completely novel venom genes, venom 
genes that were not available from the venomic resources used at 
the time of our marker selection, or venom genes that are too di-
vergent from our baits. Fortunately, the ever-increasing availability 
of high-quality snake genomes (Pinto et al., 2023) and venom gland 
transcriptomes will continue to identify new markers that can be in-
corporated into the VenomCap probe set. Better genomic resources, 
coupled with new automated venom gene annotators such as 
ToxCodAn (Nachtigall et al., 2021) or ToxCodAn-Genome (Nachtigall 
et  al.,  2024), will facilitate easy customization of the VenomCap 
probe set to include new markers or markers for a specific snake 
clade of interest. Although we demonstrate that VenomCap suc-
cessfully captures many of the targeted markers across Elapidae, 
for researchers interested in applying it to non-hydrophiine elap-
ids, we recommend expanding the probe set by incorporating more 
genomic resources from their clade of interest to make it more 
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comprehensive. The same approach could easily be used to further 
expand VenomCap to include other venomous snake families.

Another limitation of VenomCap involves the annotation of 
venom genes from short-read, exon-capture data. First, for genes 
that have undergone extensive duplication, it will be difficult to 
assign exons to gene models without a reference genome, unless 
exons are physically linked on the same contig. Linked-read se-
quencing approaches (e.g. Marks et  al.,  2019) could prove useful 
for addressing this issue, provided that gene copies are far enough 
apart on a chromosome or on different chromosomes. However, du-
plicated venom genes are often arranged in tandem repeat clusters 
on a chromosome (Giorgianni et al., 2020). More likely, evolutionary 
inferences using VenomCap data will need to be carried out on an 
exon-by-exon basis in the absence of a close reference genome to 
accurately define full genes. Another issue will involve distinguish-
ing toxin coding loci from non-toxin paralogues, along with assess-
ing whether the captured exons are functional. In the absence of 
expression data, this will likely rely on homology- or phylogenetic-
based approaches to identify sequence similarity with known toxin-
coding genes, as well as verifying an open reading frame. This can 
still be limited by the high turnover of venom genes which frequently 
leads to the presence of pseudogenes and orphan exons, which lose 
function but retain high sequence identity with toxin-coding genes 
(Dowell et  al.,  2016; Giorgianni et  al.,  2020; Zhang et  al.,  2022). 
Ultimately, any venomic sequencing strategy will depend on the 
research question, and no single approach will fit all. We consider 
the wealth of new sequence data for comparative venom genomics, 
which VenomCap has the potential to rapidly generate, to far out-
weigh any of its limitations.

Finally, to guide researchers in planning studies using the 
VenomCap probe set, it is important to address cost considerations 
and synthesis options. Costs can vary widely based on factors such 
as the chosen provider, the number of samples, the bait kit size, 
and whether lab work is conducted in-house or outsourced. As a 
result, providing a precise cost estimate here would be challenging. 
However, we emphasize the accessibility of the markers and baits, 
which are freely available on the VenomCap GitHub page. This 
open-access resource allows researchers to synthesize the probe set 
with any provider that meets their needs, and it offers the flexibil-
ity to perform library preparation and capture in their own labora-
tories or outsource these tasks if preferred. Additionally, it offers 
the versatility to customize the bait kit to fit different objectives. 
Researchers can choose to synthesize only the venom markers, in-
tegrate additional probe sets like the snake phylogenomic markers 
used in this study, or modify the venom baits in other ways to align 
with their specific project goals.

5  |  CONCLUSION

VenomCap is a new tool enabling targeted sequencing of snake 
venom genes across a diverse array of elapid species. It facilitates 
the rapid and cost-effective exploration of venom gene diversity, 

allowing for new lines of comparative genomic research on venom 
gene composition and molecular evolution. It is the first approach 
of its kind to be broadly tested across an entire venomous snake 
family. We demonstrate its target capture efficiency across the 
Hydrophiinae used to design the probe set, and the Elapidae as 
a whole. Currently, we are working on expanding our VenomCap 
sequencing effort across hydrophiines to test evolutionary hy-
potheses on the ecological drivers of venom gene evolution. 
However, continued refinement and customization of the probe 
set, with increases in genomic resources, hold promise for further 
expanding VenomCap to include more venomous snake lineages. 
With improved sequencing technologies, the true complexity of 
genetic diversity underlying snake venoms can now be revealed, 
and VenomCap offers a versatile tool to catalyse advances in this 
endeavour.
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