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A B S T R A C T   

Crotamine, myotoxin a and homologs are short peptides that often comprise major fractions of rattlesnake 
venoms and have been extensively studied for their bioactive properties. These toxins are thought to be 
important for rapidly immobilizing mammalian prey and are implicated in serious, and sometimes fatal, re
sponses to envenomation in humans. While high quality reference genomes for multiple venomous snakes are 
available, the loci that encode myotoxins have not been successfully assembled in any existing genome assembly. 
Here, we integrate new and existing genomic and transcriptomic data from the Prairie Rattlesnake (Crotalus 
viridis viridis) to reconstruct, characterize, and infer the chromosomal locations of myotoxin-encoding loci. We 
integrate long-read transcriptomics (Pacific Bioscience’s Iso-Seq) and short-read RNA-seq to infer gene sequence 
diversity and characterize patterns of myotoxin and paralogous β-defensin expression across multiple tissues. We 
also identify two long non-coding RNA sequences which both encode functional myotoxins, demonstrating a 
newly discovered source of venom coding sequence diversity. We also integrate long-range mate-pair chromatin 
contact data and linked-read sequencing to infer the structure and chromosomal locations of the three myotoxin- 
like loci. Further, we conclude that the venom-associated myotoxin is located on chromosome 1 and is adjacent 
to non-venom paralogs. Consistent with this locus contributing to venom composition, we find evidence that the 
promoter of this gene is selectively open in venom gland tissue and contains transcription factor binding sites 
implicated in broad trans-regulatory pathways that regulate snake venoms. This study provides the best genomic 
reconstruction of myotoxin loci to date and raises questions about the physiological roles and interplay between 
myotoxin and related genes, as well as the genomic origins of snake venom variation.   

1. Introduction 

Identifying the sequence, structure, and genomic locations of genes 
that encode snake venom proteins can provide valuable insight for 
reproducing these proteins in vivo, for understanding cis-regulatory se
quences that regulate their expression, and for understanding the ge
netic variation and origins of these loci. The accumulation of 
increasingly high-quality reference genomes for venomous snakes has 
substantially expanded such knowledge (Margres et al., 2021; Schield 
et al., 2019; Suryamohan et al., 2020), although the genic structure and 
chromosomal location of some critical components of snake venoms 

remain poorly resolved. Because many loci that make up snake venom 
are derived from multi-gene families, which often occur in tandemly 
duplicated arrays (Hargreaves et al., 2014; Schield et al., 2019; Sur
yamohan et al., 2020; Wong and Belov, 2012), even highly contiguous 
genomes fail to assemble and annotate completely all venom-encoding 
loci and their relevant cis-regulatory sequences. Several confounding 
factors, including transposable element insertions within and around 
venom families (Cardoso et al., 2010; Dowell et al., 2018; de LM 
Junqueira-de-Azevedo and Ho, 2002), and short coding regions that can 
be associated with heterozygous structural variation, pose additional 
challenges to their assembly. 
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It is important to point out that the term ‘myotoxin’ has been used in 
the literature to describe multiple unrelated snake venom proteins. 
These include polypeptides from snake venoms with similar effects on 
smooth muscle, such as phospholipase A2s from Bothrops and other 
crotaline snakes (Gutiérrez and Lomonte, 1995; Lomonte et al., 1990; 
Maraganore et al., 1984; Yoshizumi et al., 1990), and cardiotoxins from 
Naja (Fletcher et al., 1996; Lachumanan et al., 1998; Ownby et al., 
1993), although the sequences themselves are unrelated to rattlesnake 
myotoxins. Here, we use the term ‘myotoxin’ exclusively to refer to the 
short, 42 to 45 residues long, positively charged, cysteine-rich peptides 
found in rattlesnake venoms. To date, no myotoxin loci have been 
unambiguously identified in an assembled genome (Margres et al., 2021; 
Rádis-Baptista et al., 2003; Schield et al., 2019). 

Myotoxins interact with voltage-gated potassium channels and 
sarcoplasmic reticulum calcium pumps to induce both short-and long- 
term paralysis by inhibiting hind leg movement, as well as causing tissue 
necrosis through non-enzymatic processes, which together rapidly 
immobilize prey (Mebs and Ownby, 1990; Ownby, 1998; Rizzi et al., 
2007; Utaisincharoen et al., 1991; Yount et al., 2009). Because of its 
capacity to permeabilize and cross cell membranes (Hayashi et al., 2008; 
Rádis-Baptista and Kerkis, 2011), myotoxins are frequently studied for 
their pleiotropic pharmacological and bioactive properties, including as 
anti-cancer therapeutics (Campeiro et al., 2018; Hayashi et al., 2012; 
Kerkis et al., 2014), trans-membrane molecule transporter (de Carvalho 
Porta et al., 2020), and broad-spectrum antimicrobial (Costa et al., 
2014; Oguiura et al., 2011; Passero et al., 2007). In human envenom
ation, myotoxins are likely responsible for spastic muscle contractions 
and fasciculations (Keyler et al., 2020; Mackessy et al., 2003). Rattle
snake myotoxin expression and the degree to which it comprises a major 
fraction of venom can vary substantially within and between species 
(Bober et al., 1988; Hofmann et al., 2018; Margres et al., 2017; Rokyta 
et al., 2011, 2012; Schield et al., 2019). This includes being either pre
sent or undetectable in venom protein profiles (Boldrini-França et al., 
2010; Schenberg, 1959; Straight et al., 1991). Myotoxin content also 
exhibits ontogenetic shifts in some lineages, with expression generally 
being higher in adults (Colis-Torres et al., 2021; Durban et al., 2017; 
Hofmann et al., 2018; Saviola et al., 2015), and myotoxin-encoding gene 
copy-number polymorphism has been reported in C. d. terrificus and 
C. adamanteus (Margres et al., 2017; Oguiura et al., 2009). 

Most current knowledge of myotoxin sequence diversity comes from 
homologous peptides identified from the venom of several rattlesnake 
species including C. durissus (Laure, 1975), C. viridis (Cameron and Tu, 
1977; Griffin and Aird, 1990), C. oreganus (Bieber et al., 1987; Maeda 
et al., 1978), C. adamanteus (Samejima et al., 1991), and C. horridus 
(Allen et al., 1996). To date, the only description of the genic architec
ture of any myotoxin is that of crotamine from C. d. terrificus, which is 
approximately 1.8 kb in length and contains three exons, separated by a 
long and a short intron (Oguiura et al., 2005; Rádis-Baptista et al., 
2003). Exon 1 primarily encodes a signal peptide, while the mature toxin 
is encoded by exons 2 and 3. Accordingly, exon 1 is typically highly 
conserved, while exons 2 and 3 exhibit the most variation across species 
(Oguiura et al., 2005). The mature, secreted peptide is between 42 and 
45 residues, making myotoxins among the smallest of all snake venom 
peptides (Almeida et al., 2017). 

Rattlesnake myotoxins are closely related, both structurally and 
phylogenetically, to β-defensins – a vertebrate gene family of cell 
penetrating peptides that are a conserved component of the innate im
mune system (Rádis-Baptista and Kerkis, 2011; Shafee et al., 2016; 
Wong and Belov, 2012; Xiao et al., 2004). The structure of crotamine has 
demonstrated that, despite low sequence similarity with mammalian 
β-defensins, three-dimensional conservation indicates shared functions 
that involves interaction with and destabilization of cell membrane 
phospholipids (Coronado et al., 2013; Whittington et al., 2008; Yount 
et al., 2009). The presence of multiple myotoxin variants and copy 
number variation in some rattlesnake species (Margres et al., 2017; 
Oguiura et al., 2009) is consistent with expectations that rattlesnake 

myotoxin arrays also share a similar tandemly duplicated structure to 
that of β-defensins (Schutte et al., 2002; Xiao et al., 2004; Zou et al., 
2007) and other major snake venom gene families. 

Ambiguous inferences of myotoxin identity have previously made 
characterizing the genes that encode them, their chromosomal location, 
and other features of their architecture a challenge. An early study used 
fluorescence in situ hybridization (FISH) of probes designed from 
Neotropical Rattlesnake (C. d. terrificus) crotamine sequences and 
identified a single putative locus on chromosome 2 (Rádis-Baptista et al., 
2003). Recently, a chromosome-level assembly of C. v. viridis (hereafter 
referred to as CroVir3.0; NCBI: GCA_003400415.2; Schield et al., 2019) 
identified several major venom gene clusters, but failed to find an un
ambiguous and complete myotoxin locus. Myotoxin loci were similarly 
absent from the chromosome-level Tiger Rattlesnake (C. tigris) assembly 
(NCBI: GCF_016545835; Margres et al., 2021). In both assemblies, the 
genomic location of myotoxin was inferred to be on chromosome 1. In 
either case, inferences of the chromosomal location of the myotoxin 
locus derived from FISH and genomic studies are contradictory, sug
gesting two competing chromosomal locations. It has therefore 
remained a largely open question where the myotoxin genes are located 
in viper genomes, and how their genomic architecture may resemble, or 
differ from, that observed in other major gene families. 

Here, we focus on myotoxins in C. v. viridis, a species for which 
myotoxins are the single most abundant venom component, at least in 
populations that have been previously studied (Saviola et al., 2015; 
Schield et al., 2019). Extensive genomic resources are available for this 
species, making it a valuable model for studying snake venom in a va
riety of contexts (Perry et al., 2020, 2022; Schield et al., 2019, 2020). 
Here, we conduct analyses of existing and newly generated genomic 
datasets, along with detailed assessment of unassembled genomic read 
data, to resolve the genomic sequence of myotoxin-encoding loci and to 
characterize the structure and chromosomal location of these loci in the 
C. v. viridis genome. We also incorporate data from Pacific Biosciences’ 
long-read isoform sequencing (hereafter ‘Iso-Seq’) and Illumina short 
read RNA-seq to estimate transcript abundance across venom gland and 
non-venom gland tissues, as well as Dovetail Genomics’ Omni-C chro
matin conformation sequencing to infer the location of myotoxin in the 
genome. Despite being absent from prior genome assemblies, we find 
evidence that multiple myotoxin-encoding loci are present in the C. v. 
viridis genome, and infer that these loci are located on chromosomes 1, 2 
and 4. We also identify key regulatory features of the myotoxin gene 
based on chromatin accessibility data and identify long non-coding 
RNAs (lncRNA) related to myotoxins, and conduct phylogenetic ana
lyses to understand the relationship between newly described β-defen
sin-like genes from C. v. viridis (Cvv BDLs) and myotoxin. Finally, we 
conduct analyses to infer copy number variation at the myotoxin locus 
using population sampling of re-sequenced genomes. This detailed 
characterization of the genomic structure, alternative 
myotoxin-encoding genes, regulatory architecture, and copy number 
variation of myotoxins provides valuable and diverse insight into this 
enigmatic toxin gene family. 

2. Methods and materials 

2.1. Long read Iso-Seq data generation and analysis 

All tissues utilized in this study were sampled in accordance with 
protocol 2004D-SM-S-23 (S.P Mackessy) approved by the University of 
Northern Colorado Institutional Animal Care and Use Committee and 
under scientific collecting permits from Colorado Parks and Wildlife 
(21HP0974 to S.P Mackessy). We sampled right venom gland tissue from 
an adult female C. v. viridis from the same population as the CroVir3.0 
genome animal (Weld Co., Colorado; see Schield et al., 2019). Prior to 
extraction, tissue was snap-frozen in liquid nitrogen for storage at 
−80 ◦C. Total RNA was extracted from the sample using Trizol reagent 
(Life Technologies, Carlsbad, CA, USA, No. 15596–026) and was 
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sequenced on a PacBio Sequel II System (Novogene, CA, USA). Raw long 
reads were quality filtered using the Pacific Bioscience’s SMRT Link 
v10.1 Continuous Long Read Iso-Seq workflow using default settings. 
We used the reference-free collapsing method CD-HIT-EST (Huang et al., 
2010) using default settings (90% threshold). 

Myotoxin a containing sequences were identified from Iso-Seq data 
using blast (Altschul et al., 1997). To assess whether identified myo
toxins play a functional role in both the reference (Schield et al., 2019) 
and Iso-Seq transcriptomes (i.e., are a major component of venom), one 
day post-extraction venom gland reads were mapped to both tran
scriptomes using kallisto v0.46.2 (Bray et al., 2016). In both datasets, 
the highest expressed transcript were myotoxin a sequences from their 
respective transcriptomes (Supplementary Fig. S1). For additional de
tails, see the Supplementary Methods. 

2.2. Generation of 10x genomics linked-read assembly 

Linked-read assembly data was generated in a separate study 
(Schield et al., In Press) and was used here to identify scaffolds con
taining myotoxin exons. In brief, liver tissue from an adult female C. v. 
viridis from the same population as the CroVir3.0 genome animal (Weld 

Co., Colorado) was sampled and snap-frozen in liquid nitrogen for 
storage prior to DNA extraction. High molecular-weight DNA was 
extracted and a 10x Genomics Chromium library was prepared for 
linked read sequencing on an Illumina NovaSeq 6000 using 150 bp 
paired-end reads. The final assembly contained 148,816 scaffolds and 
had a scaffold N50 of 37.83 kb. Using the reference myotoxin transcript 
as a blast query (see Section 2.1), a single 1.3 kb myotoxin containing 
scaffold was identified using blast that contained exons 1 and 2 identical 
to the reference transcript but lacking exon 3. This scaffold was used for 
the extension protocol described below. 

2.3. Extension of the myotoxin gene 

Reads from four previously generated short-insert paired-end li
braries (Schield et al., 2019) were quality trimmed using Trimmomatic 
v0.39 with the settings LEADING:20 TRAILING:20 MINLEN:32 AVGQ
UAL:30 (Bolger et al., 2014). The bbduk.sh and reformat.sh scripts from 
the BBtools suite (https://sourceforge.net/projects/bbmap/) were used 
to capture reads in silico. PriceTI (Ruby et al., 2013) was then used to 
perform sequence extension. The resulting 2076 bp sequence, hereafter 
called the ‘myotoxin 10x-extended scaffold’ (Fig. 1A; Supplementary 

Fig. 1. Myotoxin is not present in current rattlesnake assemblies. A) A comparison of myotoxin coding sequences from Crotalus species indicates that annotated 
sequences from the genomes of C. tigris and C. v. viridis are not myotoxins, but rather closely related sequences. Blastn of myotoxin subsequences finds several regions 
of homology on chromosome 1, and other regions throughout the CroVir3.0 with homology to intron 1. B) A comparison of three independently derived inferences of 
myotoxin loci from a truncated 10x Genomics scaffold containing exons 1 and 2, but not 3, the paired-end read extended C. v. viridis myotoxin locus, and C. d. 
terrificus crotamine. Numbers above regions of the alignment indicate average pairwise Kimura-adjusted nucleotide distances, represented as differences per 100 
nucleotides. Because the 5′ UTR of the 10x Genomics scaffold was truncated, two separate distance comparisons were calculated. Where distances are not noted, no 
nucleotide differences exist across sequences. 
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Fig. S2B), was aligned to the C. d. terrificus crotamine gene (NCBI: 
AF223946.1) and inspected for major inconsistencies (Fig. 1B). Because 
of its similarity to both the C. d. terrificus sequence and myotoxin Iso-Seq 
model 1 from the Iso-Seq set, which was the highest expressed transcript 
in one day post-extraction RNA-seq reads (Supplementary Fig. S1), we 
use the term ‘venom-associated myotoxin’ to refer to this sequence. 

2.4. Analysis of short-read mRNA-seq for multiple tissues 

RNA-seq libraries from multiple C. v. viridis tissues were previously 
generated (Schield et al., 2019, BioProject PRJNA477004) and were 
used here to explore the expression of myotoxin models across a diverse 
set of tissues. The myotoxin 10x-extended scaffold described above, as 
well as myotoxin Iso-Seq models 2 and 3, were added to the existing 
CroVir3.0 genome and annotation as they represent distinct loci in the 
genome. RNA-seq reads were mapped to the genome using STAR 
v.2.7.8a (Dobin et al., 2013) and reads mapped to individual features 
were counted using featureCounts v.2.0.1 (Liao et al., 2014). All counts 
were normalized using DESeq2 v1.34.0 (Love et al., 2014), and 
expression heatmaps were created using pheatmap (Kolde, 2015) in R 
v4.1.2 (R Core Team, 2021). BAM files were then filtered using the 
‘NH:1’ flag to retain only uniquely mapped reads and BAM density plots 
were created using the karyoploteR package (Gel and Serra, 2017) with 
splice junctions inferred from STAR. 

2.5. Integration of existing and new long-range contact-based mate-pair 
data 

Here, we used Hi-C, Chicago and Omni-C libraries (Supplementary 
Table S2) to identify chromosomal contact points of myotoxin in the 
CroVir3.0 assembly. Reads from all libraries were trimmed using 
Trimmomatic (Bolger et al., 2014) with settings described for analyses 
above. Reads matching 31-mers of myotoxin exon two were captured 
from these datasets following the protocols described above. Matching 
reads were then mapped to the genome using bwa-mem v0.7.17 with the 
option -5SP -T0 to skip mate rescue and pairing (Li, 2013). Read density 
was visualized in R using karyoploteR. Cvv BDL exons were masked from 
the CroVir3.0 C. v. viridis genome assembly using bedtools maskfasta 
(Quinlan and Hall, 2010). 

Using the Omni-C data, a more formal approach was used to deter
mine contact frequency between the myotoxin 10x-extended scaffold 
(see section 2.3) and the CroVir3.0 genome assembly. For more details 
on the methods used, see the Supplementary Methods. 

2.6. Identifying and characterizing Cvv BDLs in the C. viridis genome 
assembly 

In brief, blastn (Altschul et al., 1997) and blat (Kent, 2002) were used 
to identify sequences homologous to myotoxin in the C. v. viridis genome 
using the reference myotoxin transcript sequence (Schield et al., 2019) 
as the initial query. We next used Hmmer v.3.3.2 (Finn et al., 2011) to 
search a six-frame translation of the C. v. viridis genome using the Pfam 
β-defensin profile (PF00711) and a custom protein profile generated 
from the above described BDLs. β-defensin nucleotide sequences from 
colubrids (de Oliveira et al., 2018) and other vipers (Correa and 
Oguiura, 2013), as well as myotoxin sequences from rattlesnake species 
(Rádis-Baptista et al., 1999; 2003; Rokyta et al., 2011; Supplementary 
Table S1) were aligned to Cvv BDLs 1–6. A phylogeny was then esti
mated using IQ-TREE (Nguyen et al., 2015). For additional details, see 
the Supplementary Methods. 

2.7. Characterization of myotoxin-like RNAs 

To identify open reading frames in myotoxin Iso-Seq models 2 and 3, 
we used ORFfinder (www.ncbi.nlm.nih.gov/orffinder) with default 
settings. Blastp was used to identify sequences homologous to ORFs. The 

single best-hit transposable element (TE) was identified using blastn, 
searching ORF sequences against a reference library of squamate TEs 
(Pasquesi et al., 2018). We then used a one-way tblastn search to identify 
homologous coding ORF sequences in the CroVir3.0 assembly with a 
stringent e-value cutoff of 1e−30. In the case of the vomeronasal-like 
ORFs, the four non-identical ORFs were queried together, and where 
overlap occurred in the subject, the result with the higher bit score was 
retained. Putative signal peptides were identified from myotoxin Iso-Seq 
models using SignalP 6.0, with settings for “Eukarya” and “Slow” model 
to predict cleavage sites more accurately (Teufel et al., 2022). ORF 
coding potential for myotoxin Iso-Seq models 2 and 3 was calculated 
using CPC2 (Kang et al., 2017). 

2.8. Generation of genome resequencing data for multiple individual C. v. 
viridis, and estimation of myotoxin genomic copy number variation and 
expression 

We generated high-coverage whole genome resequencing data for 7 
adult C. v. viridis individuals sampled from three populations (South 
[Texas, New Mexico], Mid [Colorado], and North [Montana, Colorado]; 
Supplementary Table S3) following previously detailed methods 
(Schield et al., 2020, 2021). In brief, we assessed copy number in two 
ways. We first used CNV-seq (Xie and Tammi, 2009) to determine if 
there was significant copy number variation between individuals. We 
then used custom scripts to estimate absolute copy number at myotoxin 
loci (github.com/drewschield/venom_population_genomics). For addi
tional details on copy number variation analyses, see the Supplementary 
Methods. 

To assess myotoxin expression in individuals, matching right venom 
gland RNA-seq samples for the individuals for which high-coverage 
genomes were generated were extracted at the same time as the other 
RNA-seq extractions performed for this study and following the same 
protocols (see section 2.1). RNA-seq reads were mapped to the Iso-Seq 
transcriptome using kallisto v0.46.2 (Bray et al., 2016) and abundance 
files were imported and scaled by library size and read length in R (R 
Core Team, 2021) using tximport (Soneson et al., 2015). 

2.9. Structure modelling 

Homology modelling was performed with the C. d. terrificus crot
amine (PDB: 1Z99, Fadel et al., 2005) template using the MODELLER 
package (Eswar et al., 2008) within UCSF Chimera (Pettersen et al., 
2004). RMSD values were calculated in Chimera by superimposing 
structures to the template using the ‘best-aligned chain’ option and 
adjusting sequences to include the same number of atoms across struc
tures. Predictive modelling for signal peptides was performed using 
homomer complex prediction with AlphaFold2 (Jumper et al., 2021), 
using ColabFold (https://github.com/sokrypton/ColabFold). Surface 
electrostatic properties for soluble proteins were calculated using the 
Adaptive Poisson-Boltzmann Solver software pipeline (Jurrus et al., 
2018), and surface hydrophobicity and electrostatic charge were 
modelled on top of structures using Chimera. 

2.10. Assessing chromatin state and transcription factor footprints using 
ATAC-seq data 

To better characterize transcription factors involved in regulating 
myotoxin expression in venom tissue, ATAC-seq reads derived from 
venom gland and skin tissue were mapped to the myotoxin 10x- 
extended scaffold. Venom ATAC-seq read libraries were generated for 
a separate study (see Perry et al., 2022), and skin ATAC-seq were 
generated for this study following the same protocol. Briefly, data were 
processed following the Harvard Informatics ATAC-seq best-practices 
pipeline (github.com/harvardinformatics/ATAC-seq) and wiggletools 
1.2.1 (github.com/Ensembl/WiggleTools) was used to calculate the 
mean normalized ATAC-seq density across samples. A 100 bp region 
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approximately 90 bp upstream of the start codon was identified as an 
ATAC-seq peak in venom tissue and was scanned for transcription factor 
binding sites using a filtered JASPAR motif matrix of binding sites for 
transcription factors upregulated during venom production (Perry et al., 
2022) using Ciiider (Gearing et al., 2019). Predicted transcription factor 
binding sites were plotted onto the myotoxin 10x-extended scaffold 
using karyoploteR (Gel and Serra, 2017). 

3. Results 

3.1. Rattlesnake genomes lack myotoxin loci 

Currently, the most complete nucleotide sequence of a myotoxin 
gene is from C. d. terrificus (Rádis-Baptista et al., 2003), although tran
scripts and peptides from several other species and subspecies have also 
been identified. A myotoxin transcript was also identified from a de novo 
Illumina RNA-seq assembly of the venom gland of a C. v. viridis (Schield 
et al., 2019). A preliminary blast search of CroVir3.0 using the C. v. 
viridis transcript and C. d. terrificus crotamine yielded no significant hits. 
Although CroVir3.0 includes an annotated myotoxin locus on chromo
some 1 based on the best-blast search hit of a whole coding transcript, 
the CroVir3.0 genome assembly does not contain the canonical myo
toxin exon 2 sequence. Comparing the currently annotated myotoxins 
from CroVir3.0 and C. tigris to myotoxin sequences from other rattle
snake species derived from proteomic and transcriptomic data indicates 
that neither locus is correctly annotated (Fig. 1A). 

3.2. Identification of a myotoxin-containing scaffold from 10x genomics 
linked-read genome sequencing 

Given preliminary evidence rattlesnake genome assemblies lack an 
intact myotoxin, we generated new linked-read sequencing data from 
10x Genomics to develop an independent inference of genome assembly 
from an individual from the same population as the CroVir3.0 genome 
animal (Weld Co., Colorado). These data were assembled, and a 1.3 kb 
myotoxin-containing scaffold that shared homology to C. d. terrificus 
crotamine was isolated. Using this scaffold, we performed a round of 
scaffold extension using raw Illumina paired-end genomic reads to 
generate a 2 kb extended scaffold (see section 2.3), which was confirmed 
to share a high sequence similarity with crotamine at both introns and 
exons (Fig. 1B). This scaffold (hereafter ‘myotoxin 10x-extended scaf
fold’) represents the first assembled myotoxin locus in the genome of 
C. v. viridis. 

3.3. Comparing the myotoxin 10x-extended scaffold to the CroVir3.0 
genome assembly 

Previous studies have come to contradictory conclusions regarding 
the myotoxin locus or loci (Margres et al., 2021; Rádis-Baptista et al., 
2003; Schield et al., 2019). In addition to using existing sequences to 
investigate the chromosomal location of myotoxin in C. v. viridis, we 
searched for patterns of homology using subsequences of the myotoxin 
10x-extended scaffold (introns, exons, UTRs) to the existing CroVir3.0 
assembly to further investigate its absence in the genome (Fig. 1A). 
Although no regions of homology to exon 2 were found, we did find 
several hits to intron 1 across multiple chromosomes, most of which 
were on regions of chromosome 1. Blast hits to the 5’ UTR, exon 1 and 
intron 2 were also primarily to regions of chromosome 1. 

The myotoxin signal peptide, with the exception of 3 residues on 
exon 2, is encoded entirely on exon 1, and is highly conserved across 
several myotoxins and myotoxin-related genes (Correa and Oguiura, 
2013). As a result, it can be used as a marker for confirming the presence 
of myotoxins and paralogous genes. Searching for exon 1 returned hits to 
regions on CroVir3.0 chromosome 2, a chromosome of interest given 
evidence from previous FISH experiments for a presumed myotoxin on 
chromosome 2 of C. d. terrificus (Rádis-Baptista et al., 2003). There are 

five regions of CroVir3.0 chromosome 2 with homology to myotoxin 
intron 1 and one sequence highly similar to the myotoxin signal peptide 
(6 mismatches, e-value 1.84e−16; Supplementary Fig. S3; Supplemen
tary Table S4). While not definitive, this raises the possibility that FISH 
probes designed using the entirety of the myotoxin gene, including in
trons and signal peptide, as was the case in the original experiment by 
Rádis-Baptista et al. (2003), could potentially lead to off-target hy
bridization caused by non-specificity of the probe. For example, these 
probes may have led to hybridization with off-target loci, or to loci that 
share some homology (e.g., with the signal peptide exon or intron 1) 
with a subsequence of the probe. 

3.4. Evidence for myotoxin-like RNAs with unique properties encoded on 
chromosomes 2 and 4 

To investigate potential splice and sequence variation of myotoxin 
transcripts, we generated a set of C. v. viridis venom gland transcripts 
using Pacific Bioscience’s continuous long-read isoform-sequencing 
(Iso-Seq). From this transcript set, we identified three different 
myotoxin-related RNAs from C. v. viridis that included exons 2 and 3, 
which encode the mature peptide (Fig. 2A). One of these myotoxin Iso- 
Seq transcripts (myotoxin Iso-Seq model 1) is a coding sequence match 
to a previously identified transcript derived from an Illumina-based 
short-read mRNA-seq data from the C. v. viridis venom gland tran
scriptome (Schield et al., 2019) and also represents the most abundant 
myotoxin-like transcript sampled from 1 day post-extraction venom 
gland tissue (Supplementary Fig. S1). The two other Iso-Seq myotox
in-like RNAs (myotoxin Iso-Seq models 2 and 3) lack a canonical signal 
peptide, yet have high coding potential (Fig. 2B and C; Supplementary 
Table S5). General properties of these two sequences strongly suggest 
that they belong to a class of non-coding RNA with coding potential, 
often called ‘mRNA-like lncRNA’ or ‘ppcRNA’ (see section 4.6). Notably, 
the nucleotide sequences of exons 2 and 3 are identical across all three 
Iso-Seq models, though upstream regions in each of the three models are 
highly divergent (Fig. 2A), suggesting that models 2 and 3 likely 
represent independent loci. Interestingly, predicted structure modelling 
of the longest alternative signal peptide (from myotoxin Iso-Seq model 
2) demonstrates a high level of structural similarity to the canonical 
myotoxin signal peptide (Fig. 2D). Though the peptides are of different 
lengths, hydrophobic core regions are present in both structures, as well 
as an identical number of coils in the alpha-helix region. 

Several aspects of the structure of myotoxin Iso-Seq models 2 and 3 
differentiate them from all previously described venom genes. For 
example, the intronic region of myotoxin Iso-Seq model 2 contains open 
reading frames (ORFs) that share homology with a region of a type-2 
vomeronasal receptor (V2R) from C. adamanteus (NCBI: KAG6539740) 
and which have been duplicated resulting in five copies in tandem 
(Fig. 2B, Supplementary Fig. S4). Additionally, a 19 residue long coding 
sequence near the 5’ end of the transcript is predicted to act as a signal 
peptide (P[cleavage site] = 0.97, L[signal peptide] = 0.99; Supple
mentary Fig. S5A). Using tblastn, we identified a single region on 
chromosome 2 with a high density of sequences homologous to the V2R 
ORFs (67 sequences across 1.8 Mb, mean e-value < 1e−30, mean subject 
length = 254 bp). Interestingly, we also found this region had an 
abundance of LINE elements compared to the rest of the assembled 
genome and found that a subsequence of a C. v. viridis CR1 LINE is ho
mologous to the V2R ORFs (Fig. 2B; Supplementary Figs. S4, S6). 

Like myotoxin Iso-Seq model 2, model 3 also contained a 5’ ORF, 
with homology to a histocompatibility antigen (HCA) subunit from 
C. tigris (NCBI: XP_039204351; Supplementary Fig. S4). Similar again to 
model 2, the first 23 residues of this ORF is predicted to be a signal 
peptide (P[cleavage site] = 0.95, L[signal peptide] = 0.99; Supple
mentary Fig. S5A). Although the predicted signal peptides in myotoxin 
Iso-Seq models 2 and 3 differ in their cleavage site, their sequences are 
highly similar, varying only in the length of the hydrophobic core. A 
tblastn search for homologous ORFs in CroVir3.0 resulted in two 

S.S. Gopalan et al.                                                                                                                                                                                                                              

rridsoftware:KAG6539740
rridsoftware:XP_039204351


Toxicon 216 (2022) 92–106

97

significant blast hits to a region on chromosome 4 (e-value < 1e−30). 
This transcript also contains a sequence approximately 1000 bp up
stream of the start of exon 2 which appears to be derived from a ca
nonical myotoxin exon 1. Relaxed constraint on the exon is evident, 
which has allowed a nonsense mutation to occur at amino acid position 
13, rendering it non-functional pseudoexon (Fig. 2C). The putative 
signal peptides identified in myotoxin Iso-Seq models 2 and 3 were also 
found in several other transcripts from our Iso-Seq set (Fig. 2A, Sup
plementary Table S6), including other HCA-associated sequences and a 
crotasin-like coding sequence (identified by blast similarity to crotasin; 
NCBI: AF250212). Crotasin is a putative β-defensin primarily expressed 
in the pancreas and closely related to crotamine (Fry, 2005; 
Rádis-Baptista et al., 2004; Yount et al., 2009). 

3.5. β-Defensin-like genes form a tandem array on C. v. viridis 
chromosome 1 

We identified 12 previously unannotated sequences on chromosome 
1, and one on chromosome 2 with homology to human β-defensins, 
which we refer to as C. v. viridis β-defensin-like sequences (Cvv BDLs). 
All 13 Cvv BDLs have a conserved six cysteine motif, important for di
sulfide bridge formation in vertebrate defensins and myotoxins (Fadel 
et al., 2005; Ganz and Lehrer, 1994; Oguiura et al., 2011; Whittington 
et al., 2008; Zou et al., 2007). The 12 Cvv BDL sequences on chromo
some 1 are organized in two discrete clusters of 6 Cvv BDLs each 
(Fig. 3B, Supplementary Fig. S7; Supplementary Table S4). Within the 
first of these clusters, tandem duplication is apparent and supported by 
the presence of two identical copies of Cvv BDL 3 located approximately 
800 bp apart in the CroVir3.0 assembly. A second cluster of Cvv BDLs 
(β-defensin-like 7 through 12) was identified approximately 3 Mb 

Fig. 2. Characterization of alternative myotoxin transcripts. A) Structure of the myotoxin Iso-Seq models are shown with lengths in base pairs of each feature 
noted above. Coloured shading is used to represent sequences which are highly divergent. Splice junctions are denoted with an upside down ‘V’, and fused exons with 
a dashed line. Figure is not to scale. Iso-Seq sequences which contain alternative signal peptides are shown in the alignment to the right, with N (N-terminal), H 
(hydrophobic) and C (C-terminal) residues annotated by SignalP (Teufel et al., 2022). B) Myotoxin Iso-Seq model 2 contains five V2R ORFs and a putative signal 
peptide in the intron 1 region. ORF tblastn hits are shown on a region of chromosome 2, which also corresponds to a local pileup of Omni-C myotoxin-derived reads, 
as well as a peak in annotated squamate LINEs. C) Myotoxin Iso-Seq model 3 contains a pseudoexon likely derived from a once functional myotoxin signal peptide, as 
well as an alternate signal peptide housed within a histocompatibility antigen ORF. ORF tblastn hits on chromosome 4 correspond with a pileup of Omni-C myotoxin 
derived reads. D) Predicted structures of the canonical myotoxin signal peptide and the alternative signal peptide from myotoxin Iso-Seq model 2 show conservation 
of alpha-helix coil structure, important for cell surface membrane interaction. The hydrophobic core (shown in red shading) of the alternate signal peptide is slightly 
longer which suggests differences in the rate of myotoxin peptides produced by the two RNAs. 
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upstream of the first cluster on chromosome 1. A comparison of the 
sequences from the two clusters indicates major divergence and lack of a 
conserved signal peptide, possibly a result of in silico gene loss obscuring 
intermediate duplicates. A reconstruction of the gene tree of snake 
β-defensins, myotoxins and Cvv BDLs supports these novel sequences 
belonging to the β-defensin family (Fig. 3A). While β-defensins from 
colubrids and rattlesnake myotoxins cluster into discrete clades, Cvv 
BDLs are distributed across the phylogeny with other non-myotoxin 
β-defensins. We did not include Cvv BDLs 7–12 in phylogenetic anal
ysis due to an inability to determine homologous sites accurately (see 
section 2.6). 

The predicted three-dimensional structures of Cvv BDL peptides are 
very similar to that of crotamine (mean RMSD 1.64 Å, σ = 0.39), despite 
low primary sequence identity (Supplementary Fig. S8). Though all 
peptides are stabilized by three disulfide bonds, Cvv BDLs are predicted 
to lack a secondary alpha helix present in myotoxins. This suggests there 

is a structural difference between toxic and non-toxic peptides, differ
entiating those used for venom (myotoxins) and those for innate im
munity (β-defensins). 

3.6. Evidence that the venom-associated myotoxin locus is located within 
a β-defensin cluster on chromosome 1 

Considering established findings that myotoxins are descendants of 
β-defensin genes, and that several β-defensin genes are found on pri
marily on chromosome 1, we hypothesized that the myotoxin locus is 
likely adjacent. To test this, we used three types of long-range mate-pair 
chromatin contact datasets to help highlight the chromosomal location 
of the canonical venom-associated myotoxin locus (Supplementary 
Figs. S2A, S9; see section 2.5). Using this approach, we identified a locus 
of interest within the first β-defensin-like cluster in the genome (con
taining Cvv BDLs 1–6). To reduce spurious genomic mappings (i.e., 

Fig. 3. β-defensin-like genes form an array on chromosome 1. A) A rooted phylogeny of snake β-defensins, myotoxins and Cvv BDLs indicates Cvv BDLs are similar to 
β-defensins from both rear-fanged and front-fanged snakes. Cvv BDLs are highlighted with red bars and C. d. terrificus crotasin with a green bar. Node labels represent 
ultrafast bootstrap with 1000 replicates supported in over 70% of trees. Tree is rooted using a β-defensin sequence from Anolis carolinensis with homology to 
crotamine (Dalla Valle et al., 2012). B) 6 β-defensin-like genes are found on chromosome 1 with signal peptides (shown as coloured dots). Exon 2 sequences are 
shown in the outlined box below with the conserved six-cysteine pattern labelled with asterisks. 

S.S. Gopalan et al.                                                                                                                                                                                                                              



Toxicon 216 (2022) 92–106

99

myotoxin exon reads aligning to Cvv BDL exons), we performed the 
mapping step again with Cvv BDL exon 2 sequences masked, which did 
not result in any major read mapping pileups elsewhere in the genome 
(Supplementary Fig. S9; Supplementary Table S2). Instead, reads mostly 
mapped to non-coding regions flanking exon two, such as introns and 
UTRs, reinforcing the sequence similarity of these elements across 
β-defensin-like genes and myotoxins. An additional filtering step to 
retain mappings with 0 edit distance (identical matches between read 
and subject) did not result in major pileups elsewhere, though the 
magnitude of some peaks were reduced (Supplementary Fig. S10). A 
more formal analysis using inferences of chromosomal contact from 
Omni-C data was also performed to identify regions of the myotoxin 
gene which were physically associated with regions of the genome 
(Supplementary Figs. S11, S12). This analysis again reinforced that the 
region on chromosome 1 containing Cvv BDLs 1–6 was frequently in 
contact the myotoxin gene, which strongly supports the adjacency of the 
myotoxin locus with paralogous BDLs. 

3.7. Multi-tissue mRNA analysis reveals myotoxin expression outside the 
venom gland 

To investigate expression patterns of myotoxin and myotoxin-like 
RNAs in different tissues, we used a previously generated Illumina- 
based, multi-tissue RNA-seq dataset of 32 RNA-seq libraries generated 
from 18 different tissues and tissue states from C. v. viridis (Schield et al., 
2019). We estimated RNA expression using genome annotations that 
included the myotoxin 10x-extended scaffold (representing the corre
sponding gene for the Iso-Seq transcript model 1 RNA), myotoxin 
Iso-Seq models 2 and 3, as well as all newly described Cvv BDLs. We 

found all myotoxin Iso-Seq models were expressed in venom gland tis
sues even after accounting for multi-mapped reads (Fig. 4A see section 
2.4). Myotoxin Iso-Seq model 1 was the highest expressed transcript in 
venom tissues, and along with other highly expressed venom transcripts, 
also exhibited significant upregulation in venom tissues compared to 
other body tissues (log2 fold change >0, BH-adjusted p-value < 0.05; 
Fig. 4B), highlighting its importance in venom expression. Myotoxin 
Iso-Seq model 1 was also moderately expressed in several body tissues at 
levels higher than that of other venom genes and other highly expressed 
Cvv BDLs (Fig. 4C, Supplementary Fig. S13). Cvv BDL 8 and 9 especially 
are highly expressed in nearly all sampled non-venom tissues, especially 
the kidney and liver. In other mammals including humans, β-defensin 
expression in these organs has been reported (Froy et al., 2005; Schröder 
and Harder, 1999; Zhao et al., 1996), underscoring the likely analogous 
role played by CVV BDL 8 and 9 here. 

RNA-seq expression support the usage of the alternative signal pep
tide of myotoxin Iso-Seq model 2 in lung tissue, a sample in which 
expression of this sequence was greater than either Iso-Seq models 1 or 3 
(Fig. 4A, D). A junction spanning exon 1 and the remaining two exons 
was supported by the presence of the canonical GT-AG splice motif on 
either end of sequence (Burset et al., 2000). This finding represents new 
evidence of myotoxin-related RNAs being expressed in tissues not nor
mally associated with venom secretion and the utilization of 
non-canonical signal peptides, with potentially different physiological 
properties and functions. 

Fig. 4. RNA-seq analysis of alternative myotoxin Iso-Seq models. A) Normalized expression heatmap of three myotoxin Iso-Seq models, the three most highly 
expressed venom genes in C. v. viridis (Dalla Valle et al., 2012), and 12 novel C. v. viridis β-defensin-like genes. B) Log2 fold change of venom associated genes shows 
upregulation between venom- and non-venom tissues. BH-corrected p-values < 0.05 indicated with asterisk. C) DESeq2 normalized counts of RNA reads mapped to 
the longest exons of venom associated genes in non-venom tissues. D) A non-canonical myotoxin RNA (Iso-Seq model 2) is spliced in lung tissue. Top panel shows 
canonical splicing of myotoxin in unextracted venom gland tissue. The canonical splice junction GT-AG is shown in red. 
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3.8. Myotoxin 5’ UTRs contain several venom-critical transcription factor 
binding sites 

In a previous study, Assay for Transposase-Accessible Chromatin 
(ATAC)-seq chromatin accessibility data for C. v. viridis venom glands 
were generated (Perry et al., 2022), and skin tissue ATAC-seq was 
generated for this study following the same protocols. Here, we used this 

data to explore differences in chromatin structure and infer relevant 
transcription factor (TF) binding sites for the reconstructed myotoxin 
locus generated from paired-end reads (myotoxin 10x-extended scaf
fold, see section 2.3). We find evidence for a promoter region with open 
chromatin in venom gland tissue approximately 90 bp upstream of the 
start codon in this sequence (Fig. 5A). Within the open chromatin region 
of the promoter in venom gland tissue, we find several transcription 

Fig. 5. Myotoxin transcription factor binding site and copy number variation analyses. A) ATAC-seq data from venom and skin tissues mapped to the myotoxin 
10x-extended scaffold highlight differential chromatin accessibility at the myotoxin promoter region (shown as a grey bar). The promoter contains several binding 
sites for transcription factors known to be important for venom regulation, as well as several which are directly involved in the ERK and UPR pathways (Perry et al., 
2022). B) Myotoxin copy number varies greatly across the sampled range of C. v. viridis (N = 7). The inset figure shows copy number proxy is highest in individuals 
(N = 3, points collapsed) in the Denver, Colorado area north of highway I-70, and decreases in populations south and further north of this landmark. CV1087 (Weld 
Co., Colorado) acted as the reference specimen for CNV-seq analysis. Bar plot shows number of myotoxin copies in each genome as well as the respective fraction of 
venom gland RNA reads represented by myotoxin (in green) in pie charts to the left. 
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factor (TF) binding sites that were previously identified as key factors in 
the regulation of venom in C. v. viridis, including ELF5, EHF, NR4A2, 
TBX3, SREBF2, JUN, DDIT3, ATF4 and NFIX (Fig. 5A; Perry et al., 2022). 
Consistent with conclusions from Perry et al. (2022) that UPR- and 
ERK-related TFs coordinate snake venom gene expression, multiple TFs 
predicted to bind the myotoxin promoter are associated with ERK and 
UPR signaling pathways (Fig. 5A). Together, these analyses suggest that 
myotoxin is regulated by the same overarching pathways as other major 
venom gene families in snakes, and that cis-regulatory elements driving 
myotoxin expression have been similarly co-opted to be responsive to 
ERK and UPR signaling. 

3.9. Myotoxin gene copy number and expression estimation and variation 
across individuals 

Quantitative changes in expression can be achieved simply by tan
dem duplication, which can increase expression severalfold (Loehlin and 
Carroll, 2016). Under expectations that this process drives expression 
changes in myotoxin, we examined evidence that myotoxin expression 
has been influenced by copy-number variation (CNV) at its locus by 
analyzing whole genome resequencing data from adult C. v. viridis in
dividuals spanning its range (N = 7). We find evidence of significant 
CNV (p-value < 0.05) at the canonical myotoxin locus in five pairwise 
comparisons between individuals from different geographic populations 
(Fig. 5B). Significantly lower copy number is apparent for individuals 
from southern (Texas, New Mexico) and far northern (Montana) pop
ulations when compared to the reference central Colorado population 
(Supplementary Table S3). Additionally, geographic distance, and the 
associated genetic distances, alone does not predict difference in myo
toxin copy number between individuals (Supplementary Fig. S14). In 
contrast to myotoxin, significant CNV at any Cvv BDL gene was found in 
only 2 comparisons. 

Because CNV-seq does not compute absolute values for copy number, 
we also compared relative read depth for the three myotoxin models to 
calculate a copy number proxy (see section 2.8) We find that absolute 
copy number varies substantially and generally correlates with results 
from CNV-seq. Venom-associated myotoxin copy number is highest in 
individuals near Denver, Colorado north of highway I-70 and decreases 
in southern and more northern populations (Fig. 5B). Copy number es
timations for the two myotoxin-like RNAs (myotoxin Iso-Seq model 2 
and 3) are consistent with there being one or no copies in each indi
vidual, suggesting they belong to a different, rapidly evolving class of 
RNA. 

We used individually matched venom gland RNA-seq to compare the 
relative contribution of myotoxin to the whole expression profile which 
we compared to absolute copy number. We find that myotoxin copy 
number is not correlated with myotoxin expression. The fraction of 
venom gland RNA-seq reads is highly variable across individuals (<1%– 
71%), even for those sampled from the same location. When expressed, 
myotoxin makes up a significant fraction of the venom gland RNA-seq 
reads per individual, upwards of a quarter of all transcripts. We also 
find preliminary evidence of major differences in myotoxin composition 
between northern and southern sides of Denver, Colorado, perhaps 
representing a barrier to gene flow. 

4. Discussion 

4.1. A new genomic context for understanding viperid venom myotoxins 

Our findings provide multiple sources of evidence that the primary 
myotoxin venom toxin is encoded on chromosome 1 in rattlesnakes and 
helps clarify previous contradictory inferences of its genomic location. 
Our results also highlight the expectation that modern genome assem
blies are likely to fail in completely assembling this locus due to its 
structural complexity and multi-copy nature. We estimate that the 
venom-associated myotoxin is commonly present at up to 30 or more 

copies in some individual C. viridis, although this does not necessarily 
correlate with a concomitant increase in gene expression in venom 
glands, at least in our limited sampling of individuals. The expression of 
myotoxin in several body tissues, combined with structural similarity to 
physically adjacent and highly expressed β-defensins on chromosome 1, 
suggest that this myotoxin may also play minor secondary functional 
roles outside of venom. We also discovered additional novel myotoxin- 
encoding RNA (which we believe represent lncRNAs, as discussed 
below) that are predicted to produce peptides identical to the canonical 
myotoxin, except for alternate signal peptides distinct from the canon
ical venom myotoxin which may affect the rate of secretion or play other 
roles (von Heijne, 1990). These lncRNA also appear to encode non-toxin 
ORFs related to vomeronasal receptors and histocompatibility antigens, 
suggesting a broader relationship between non-toxin polycistronic RNA 
and venom genes, though the exact functions of these sequences remain 
unknown. 

4.2. Identification of the primary venom myotoxin on chromosome 1 

We find multiple corroborative lines of evidence indicating that the 
primary venom myotoxin locus is found adjacent to six Cvv BDLs (C. v. 
viridis β-defensin-like peptides) on chromosome 1. It is notable that this 
inferred location corresponds with the general location of annotations of 
this locus in two available rattlesnake genomes (Margres et al., 2021; 
Schield et al., 2019), although these inferences were based solely on 
shared homology between myotoxin blast queries and assembled BDLs 
in those genome assemblies (as these genome assemblies lack an actual 
myotoxin locus). While we find no evidence that myotoxins are present 
in any form on chromosome 2 in C. v. viridis, the possibility remains that 
recent, lineage-specific translocations could have dissociated myotoxin 
from non-venom paralogs in some species. Indeed, we do find a Cvv BDL 
on chromosome 2, which lends some support to this explanation. 

In addition to extremely high expression levels in the venom gland, 
we find evidence that this venom-association myotoxin is also expressed 
at lower levels in the rictal gland, pancreas, lung, skin, and spleen, and at 
levels comparable to highly expressed Cvv BDLs in the pancreas and 
lung. This observed expression pattern could be explained by ‘leaky 
expression’ (de LM Junqueira-de-Azevedo et al., 2015; Ramsköld et al., 
2009), where a tolerable level of non-functional expression outside the 
primary organ occurs as a result of changes in the location of expression 
over time. Moderate levels of expression in non-venom tissues supports 
the model of subfunctionalization from an ancestral, ubiquitously 
expressed Cvv BDL, followed by a restriction of expression to the venom 
gland, which, given its rattlesnake specificity (Bober et al., 1988), has 
presumably occurred within the last ~12 million years (Castoe et al., 
2009; Reyes-Velasco et al., 2015). Interestingly, the antimicrobial ac
tivity of myotoxin against several pathogens is comparable to that of 
human β-defensins in-vitro (Yount et al., 2009), supporting the hypoth
esis that myotoxin may play a similar physiological role (analogous to 
Cvv BDLs 8 and 9) in non-venom tissues. This multi-tissue expression 
pattern further suggests that myotoxin-expressing venomous snakes are 
largely immune to the autotoxicity of myotoxin, which is also consistent 
with the hypothesis that these peptides represent a mammalian-targeted 
component of venom (Mackessy and Saviola, 2016) 

4.3. Myotoxin loci pose challenges for conventional genome assembly 

While medical and pharmacological relevance of rattlesnake myo
toxins has been long recognized, little was previously known about the 
genes that encode them or their genomic location. We show that modern 
genome assemblies are prone to excluding these loci in final assemblies 
primarily due to a high degree of similarity between the non-coding 
regions of myotoxins and β-defensins, and likely due to the recent evo
lution of the array that also appears to encode many duplicated copies of 
this locus in C. v. viridis. Though the partially assembled Cvv BDL array 
presents as two discrete clusters in the C. v. viridis CroVir3.0 genome 
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assembly, we expect these clusters are likely incomplete and are larger 
than reconstructed in the genome assembly. An estimate using mean 
gene densities within each cluster and extrapolating across the inter
vening sequence suggests as many as 70 myotoxin-β-defensin paralogs 
exist on chromosome 1 that have not been assembled. In this assembly, 
the paralogs found on either end of each array are most divergent, which 
we posit is a result of physically intermediate copies having been 
collapsed into one of the two clusters during assembly. Further com
plications for accurate assembly of these loci arise from their very short 
gene length which may compound assembly errors (Meader et al., 2010; 
Phillippy et al., 2008). By integrating multiple ‘-omics’ approaches that 
bypass read assembly, we find evidence for multiple loci that encode 
myotoxin and myotoxin-related RNA located on three different macro
chromosomes in the C. v. viridis genome. 

Though multiple myotoxin protein forms are found in rattlesnake 
venoms, we identified only a single major transcript of myotoxin in C. v. 
viridis, based on our long-read transcriptome Iso-Seq data. Prior studies 
have described a secondary myotoxin using protein fractionation from 
C. v. viridis venom, referred to as “myotoxin 2” (Griffin and Aird, 1990), 
although it is present at very low concentrations compared to the pri
mary myotoxin, called “myotoxin a” (Saviola et al., 2015). It remains 
unknown if there is a secondary locus that encodes myotoxin 2, or if this 
represents an alternate transcript or protein cleavage product, or 
perhaps a slightly distinct duplicated paralog of the primary myotoxin a 
locus in some individuals. 

4.4. Myotoxin copy number and expression variation in rattlesnakes 

Many other snake venom gene families show evidence for gene 
duplication, especially in cases where those families make up a sub
stantial fraction of the venom (Margres et al., 2017; Oguiura et al., 2009; 
Schield et al., 2019; Suryamohan et al., 2020). Supported by indepen
dent analyses of copy number variation (CNV), we find evidence that the 
primary venom myotoxin locus in C. v. viridis similarly exhibits CNV 
consistent with previous inferences of copy number variation in 
myotoxin-encoding loci in C. d. terrificus and C. adamanteus (Margres 
et al., 2017; Oguiura et al., 2009). For example, we find that individual 
C. v. viridis from populations in central Colorado (near Denver, north of 
interstate 70) possess the greatest number of copies, with copy number 
decreasing in more northern and southern populations. In contrast to 
this primary multi-copy myotoxin locus, we find little evidence of CNV 
across individuals for the nearby Cvv BDL loci, which have broadly 
similar genomic structure, suggesting that CNV is particularly elevated 
for the myotoxin venom locus that is not observed in adjacent 
non-venom BDL paralogs. 

Interestingly, copy number appears to be decoupled from venom 
transcript abundance across the small set of C. v. viridis individuals 
examined, which contrasts with previous findings of a correlation be
tween copy number and protein expression in previous studies of 
myotoxin a in a different rattlesnake species (Margres et al., 2017). This 
finding in C. v. viridis suggests that differential regulation of the myo
toxin locus in the venom gland, perhaps by ncRNA or chromatin 
accessibility, or possibly due to cis-regulatory element variation not 
detected here, also contribute substantially to myotoxin expression in 
venom. From our population-scale sampling, we find that myotoxin 
comprises a wide range of overall venom gland transcript abundance 
across individuals, from as little as <1% of the venom gland tran
scriptome to over 70% in some individuals, which at the high end rep
resents one of the most highly expressed (by percentage) single 
transcripts reported in any vertebrate tissue. The extreme degree to 
which observed expression varies between individuals suggests that the 
rapid accumulation of gene copies might not necessarily be adaptive in 
all cases and could instead be a byproduct of stochastic processes such as 
drift (Aird et al., 2017; Nozawa et al., 2007). This may occur if a lethal 
dose is achieved at a certain fraction of expression, beyond which 
additional expression has neutral or minimal effects on venom function 

and lethality, which may also explain why individuals from the same 
population can vary in the degree of myotoxin expression, where prey 
composition is likely not a factor. 

4.5. Venom myotoxins share conserved regulatory architecture with other 
venom genes 

Recent studies of snake venom regulation have characterized path
ways and transcription factors responsible for orchestrating venom 
expression but have lacked incorporation of myotoxin because this locus 
was not characterized at the time of this work (Perry et al., 2022). Using 
ATAC-seq chromatin accessibility data, we identified the myotoxin 
promoter approximately 90 bp upstream of the start codon and show 
that the chromatin accessibility of this promoter is elevated during 
venom production (post extraction) in venom gland tissue. Using this 
ATAC-seq data, we identified putative binding sites in this open chro
matin region for TFs that directly linked to ERK-signaling, and other TFs 
involved in the UPR (unfolded protein response) – the two pathways 
identified as central regulators of snake venom expression (Perry et al., 
2022). This finding implies an evolutionarily recent recruitment of these 
pathways for the regulation of myotoxin that directly link it to the broad, 
conserved regulatory architecture governing other snake venom gene 
families. However, the details of other cis-regulatory features that 
contribute to myotoxin regulation, such as the location and evolutionary 
origins of enhancers, remain unknown due to the poor resolution of 
contiguous sequences in myotoxin-encoding regions. Future studies 
using long-read sequencing would help address these remaining ques
tions by building more contiguous genomic alignments for these regions 
that would be important for further resolving regulatory features asso
ciated with myotoxins. 

4.6. Myotoxin-encoding lncRNA located on chromosomes 2 and 4 

To date, no studies have identified long non-coding RNAs (lncRNA) 
associated with snake venom genes. LncRNA form an independent class 
of ncRNA and are key components for the regulation of eukaryotic gene 
expression. Along with being both transcriptional activators and re
pressors, lncRNA can also directly modify chromatin and scaffold pro
tein complexes (Chen, 2016; Sun et al., 2018). From the venom gland 
Iso-Seq data, we identified two additional myotoxin-encoding RNA 
transcripts (myotoxin Iso-Seq models 2 and 3) that we predict are 
located on chromosomes 2 and 4, respectively. Surprisingly, exons 2 and 
3 of these myotoxin Iso-Seq models are identical at the nucleotide level 
to the venom-associated myotoxin locus on chromosome 1, suggesting 
either strong purifying selection maintains this sequence homology 
across genetically unlinked loci, or possibly that ectopic gene conversion 
may have played a role in maintaining sequence identity. Strong pur
ifying selection is consistent with the otherwise highly conserved nature 
of myotoxin orthologs within and between species. For example, only 
three nonsynonymous substitutions across 195 positions differentiate 
the C. v. viridis myotoxin Iso-Seq model 1 from C. d. terrificus crotamine 
(Supplementary Fig. S15), and myotoxin paralogs from different poly
morphic individuals of the same species are frequently identical (Mar
gres et al., 2017), suggesting that functional myotoxin sequences are 
generally subject to very strong constraint. Because the mature peptide 
is encoded solely on exons 2 and 3, all myotoxin Iso-Seq models would 
theoretically produce identical secreted peptides after cleavage of the 
signal peptide sequence. The discovery of these additional 
myotoxin-related loci on distinct chromosomes, and evidence of their 
broad patterns of expression across tissues, raises the question of what 
the functions of these RNA may be. 

The ORF content and low expression of myotoxin Iso-Seq models 2 
and 3 suggest that they belong to a subclass of lncRNA with coding 
potential (Wu et al., 2014), contrary to the suggestion of them being 
‘non-coding’. Indeed, recent evidence has accumulated describing small, 
upstream ORFs transcribed from lncRNA that encode physiologically 
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relevant micropeptides with a range of functions (Andrews and Roth
nagel, 2014; Bazzini et al., 2014; Cai et al., 2021; Payre and Desplan, 
2016; Razooky et al., 2017; Robinson et al., 2020; Zeng and Hamada, 
2018). Some lncRNAs can be polyadenylated and spliced like mRNA, 
suggesting they can be recovered and sequenced from standard poly(A) 
enrichment library preparation protocols, such as those used in this 
study (Guttman et al., 2009; Sun et al., 2018). While both myotoxin 
lncRNAs lack canonical signal peptides, novel ORFs that appear to 
encode signal peptides have arisen in their place. A comparison of the 
predicted structures of the novel and canonical signal peptides illus
trates remarkable similarity between these uniquely derived structures 
(Fig. 2D). Despite the primary sequences being unrelated, the structural 
similarity of these peptides implies the potential retention of their 
secretory capacity, as each would produce identical secondary struc
tures with hydrophobic cores needed for membrane docking (von 
Heijne, 1990). It is possible these two lncRNAs encode functionally 
distinct myotoxins using alternative signal peptides which are expressed 
in specific tissues or tissue states, which may or may not be relevant to 
venom. We also found a homologous signal peptide sequence encoded 
on the 3′ end of a transposable element (TE) from a Squamate TE library 
(Pasquesi et al., 2018; Supplementary Table S3), which raises the pos
sibility that the origins of this alternative peptide sequence may TE 
insertion related. The putative location of myotoxin Iso-Seq model 2 on 
chromosome 2 corresponds to the largest LINE element hotspot (in terms 
of regional density) in the genome (Fig. 2B), lending some support to 
this theory. 

Given the notable absence of nonsense mutations and high coding 
potential (Supplementary Table S5) of the non-myotoxin ORFs encoded 
on these putative lncRNAs, it is likely that multiple micropeptides may 
also be produced from these sequences, though this has yet to been 
confirmed empirically by proteomic data. Eukaryotic polycistronic RNA 
were first described in flour beetles (Tribolium sp.) and were proposed to 
belong to a new class of RNA termed polycistronic peptide coding RNA 
(ppcRNA), whose ‘hallmark’ is the repetition of a coding peptide (Savard 
et al., 2006). Consistent with this description, myotoxin Iso-Seq model 2 
contains a repeated ORF, although this feature is not shared with 
myotoxin Iso-Seq model 3 (Fig. 2B). Because of the apparent inconsis
tency in the naming convention of these types of RNAs and their 
structural description, we opt to refer to them as lncRNA though their 
exact designation and function remain unclear. Interestingly, these 
lncRNA do not appear to be associated with the extreme structural and 
copy number variation observed for the venom-associated myotoxin, 
and they are expressed at particularly low levels in venom gland tissue, 
suggesting alternative roles not related directly to encoding venom 
toxins. Their origins are also not yet clear, but a possible explanation for 
how such unrelated peptide-encoding ORFs may have originated on 
different chromosomes may involve the activity of retroelements, 
leading to the duplication of retro-transcribed mRNA copies of the 
myotoxin toxin-encoding locus. 

It important to note that high-throughput annotation pipelines used 
to characterize lncRNA based on coding potential alone will discard 
sequences with the unique features described here for these lncRNAs. 
This highlights the importance of performing a broader and more 
exhaustive appraisal of different classes of lncRNA in future tran
scriptomic studies to fully characterize ncRNA diversity, particularly 
those involved in the regulation of venom. While other non-coding RNA, 
specifically miRNA, have been implicated in venom regulation previ
ously (Durban et al., 2013, 2017), this example represents the first 
lncRNA associated with snake venom systems. Our findings add to the 
impressive functional repertoire of lncRNA, not only as 
chromatin-modifying and transcript-binding sequences akin to other 
classes of ncRNA, but also as a potential distinct source of coding 
sequence variation for a fitness-critical adaptation. 

5. Conclusions 

Despite ongoing advancements in the contiguity and completeness of 
genome assemblies, myotoxins have not been characterized or correctly 
assembled in existing snake genomes. As a result, our understanding of 
the genomic structure, variation, and regulation of these genes has 
lagged far behind other more well-studied snake venom gene families. 
Here, we make progress bridging this gap by identifying the sequence of 
myotoxin-containing loci, and identifying their chromosomal locations, 
and relationships to adjacent β-defensin genes. We also conduct the first 
broad analyses of patterns of myotoxin gene expression across tissues, 
provide new evidence for extreme copy number variation across pop
ulations, and identify cis-regulatory elements and associated transcrip
tion factors involved in the expression of the primary venom myotoxin 
locus. Our findings also demonstrate that myotoxin is regulated by the 
same core trans-regulatory architecture as other snake venom gene 
families. Considering myotoxins are thought to be primarily a 
rattlesnake-specific venom toxin family, they provide a notable example 
of recent functional convergence of ERK and UPR pathway co-option to 
regulate a venom gene family, compared to other venom gene clusters 
that adopted this regulatory architecture more anciently in the common 
ancestor of viperids or earlier. We also find intriguing but still poorly 
understood relationships between the primary venom-encoding myo
toxin and remarkably similar yet distinct lncRNA, which may play roles 
in venom regulation or other physiological processes. This finding rep
resents the first evidence that lncRNAs may play roles in venom regu
lation and highlights the degree to which both small and long ncRNAs 
have generally received minimal attention in the regulation of venom, 
despite their demonstrated importance in eukaryotic gene regulation. 
Additional detailed reconstruction of myotoxin loci and careful rean
notation, perhaps using 3rd generation long-read sequencing ap
proaches, would be valuable for understanding the evolutionary 
genomic origins and mechanisms leading to the neofunctionalization of 
β-defensins and other myotoxin-related paralogs. 
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