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ABSTRACT 
 
 

Crotoxin and its homologs (hereafter all referred to as CTx) is a highly lethal 

heterodimeric beta-neurotoxin found in pitvipers (Crotalinae) and is the main driver of 

neurotoxic venom phenotypes (Type II). In contrast, hemorrhagic venom phenotypes (Type I) 

are characterized by high snake venom metalloproteinase expression and low toxicity. Although 

many rattlesnake species have been classified as either Type I or Type II, population level 

variation in venom phenotype has also been documented in several species. The presence or 

absence of CTx is the main component of this variation in venom phenotype and has been most 

widely studied in large-bodied lowland rattlesnakes (Crotalus scutulatus, C. helleri, and C. 

horridus). While it has been suspected to be in C. lepidus, a small-bodied montane rattlesnake, 

there has been no genetic confirmation. We used genomics and transcriptomics to test for the 

presence, distribution, and evolution of CTx in C. lepidus. We genomically and 

transcriptomically confirmed the presence and expression of CTx in C. lepidus and found it in 17 

out of 104 samples across their range. CTx presence was not significantly associated with 

longitude, latitude, subspecies, or elevation. However, we did identify several climatic variables 

associated with CTx presence, including ones that have been identified in previous studies on 

CTx expression providing insights on the phylogenetic distribution of CTx across rattlesnakes, 

the variation in crotoxin expression, and highlighting environments to which CTx may be locally 

adapted. Our results likely support previous hypotheses of an ancestral origin for crotoxin 

followed by independent sorting in lineages; therefore, future studies should focus on testing for 

the presence of CTx in other species of montane rattlesnakes. 



 iii 

DEDICATION 
 
 

For those that couldn’t be here. 



 iv 

ACKNOWLEDGMENTS 
 
 

I liked my 8-week trial of Clemson so much I came back for my Master’s. First, I would 

like to thank my advisor and committee members. Dr. Parkinson, thank you for supporting me in 

this project, and for playing an integral role in my path to research. When I started as a summer 

REU intern, I wanted to get my DVM. Instead, this fall I will be pursuing a PhD, with a 

bioinformatic toolbox. I would like to thank my thesis committee, Dr. Richards, and Dr. Saski, 

for their patience and encouragement during this process. I would also like to thank Dr. Mark 

Margres, Dr. Darin Rokyta, and Dr. Kenny Wray for donating data to my project so that I could 

fully investigate these questions. I would also like to thank Dr. Victoria Corbin and Dr. Mike 

Sears for organizing the REU program in 2018 that served as the preliminary data for my 

Master’s project.  

Second, I would like to thank the Parkinson Lab for their incredible support and wealth of 

knowledge. Dr. Ed Myers, Dr. Rhett Rautsaw, Tristan Schramer, and Ramses Alejandro Rosales-

Garcia, your scientific knowledge and emotional support during my time at Clemson have been 

immeasurable. Thank you for your encouragement during every step of this project. I would also 

like to thank Dr. Andrew Mason, for showing me the ropes during my REU program and helping 

to set me on this track.  

I would like to thank my friends, both here at Clemson for making these last two years 

memorable and fun. My mother and brother, who have listened to me talk about snakes for 

hours, thank you. I would also like to thank my partner, Savannah, for being the best rubber duck 

a girl could ask for. 



 v 

TABLE OF CONTENTS 
 
 

Page 
 

TITLE PAGE .................................................................................................................... i 
 
ABSTRACT .................................................................................................................... ii 
 
DEDICATION ............................................................................................................... iv 
 
ACKNOWLEDGMENTS ............................................................................................... v 
 
LIST OF TABLES ........................................................................................................ vii 
 
LIST OF FIGURES ....................................................................................................... vii 
 
CHAPTER 
 
 I. INTRODUCTION ......................................................................................... 1 
 
   Genes and Adaptation .............................................................................. 1 
   Rattlesnakes and Crotoxin ....................................................................... 2 
   Study Species ........................................................................................... 7 
   Objective ................................................................................................ 10 
 
 II. IS CROTOXIN PRESENT AND EXPRESSED IN 
   CROTALUS LEPIDUS .......................................................................... 11 
 
   Introduction ........................................................................................... 11 
   Materials and Methods .......................................................................... 12 
   Results ................................................................................................... 21 
   Discussion .............................................................................................. 34 
 
 III. SPATIAL DISTRIBUTION AND ORIGINS OF CROTOXIN IN 
   CROTALUS LEPIDUS .......................................................................... 38 
 
   Introduction ........................................................................................... 38 
   Materials and Methods .......................................................................... 39 
   Results ................................................................................................... 45 
   Discussion .............................................................................................. 47 
  
 
REFERENCES .............................................................................................................. 51 



 vi 

LIST OF TABLES 
 
 

Table Page 
 

1 Sample table for all genome and transcriptome samples 
including locality information, venom type, and sequencing 
statistics ..................................................................................................... 13 
 

2 Differential Expression results of PLA2-gA2 and PLA2-gB2 
along environmental and geographic variables. Values =< 
0.05 were considered significant and bolded. ........................................... 28 
 

3 Toxins that were significantly differentially expressed along 
the axis of CTx+/-. Toxins in red were more highly expressed 
in CTx+ individuals, and beige in CTx- individuals. We see 
that each venom phenotype had an associated PLA2-gA1. ....................... 28 
 

4 Sequence Capture samples with locality information and 
venom type ................................................................................................ 40 
 

5 Shows how different data types support different origin 
hypotheses ................................................................................................. 45 
 

6 D-statistic values for each introgression trial, first looking at 
CTx+ C. scutulatus, CTx- C. scutulatus, and C. tigris. A Z 
score of |3| would have an alpha of 0.05. All trials have near 
equal ABBA vs. BABA site patterns, indicating no gene flow ................. 47 

 
 



 vii 

LIST OF FIGURES 
 
 

Figure Page 
 

1. From Margres et. al (2021), shows the PLA2 arrays in different 
species of Crotalus. Comparing Type I and Type II individuals of 
the same species and shows differing PLA2 haplotypes depending 
on venom phenotype ............................................................................................ 4 
 

2. From Strickland, Smith, et. al (2018), shows the distribution of 
individuals with (Type A) and without (Type B) crotoxin in C. 
scutulatus throughout the range ........................................................................... 6 

 
3. The distribution of C. lepidus subspecies, C. l. lepidus (pink), C. l. 

klauberi (green), and C. l. maculosus (orange). Made using 
VenomMaps (Rautsaw et al. 2022) ..................................................................... 9 

 
4. Phylogeny of PLA2-g gene family using sequences found in 

Dowell et al. (2016) made in IQTree. Light blue represents PLA2-
gB1, turquoise represents PLA2-gK, dark green PLA2-gB2, dark 
yellow PLA2-gC, light yellow PLA2-gA2, and pink PLA2-gA1. 
Highlighted sequences are C. lepidus samples, those of which 
without a sample ID are from the consensus transcriptome. C. 
lepidus samples with a sample ID are from that sample’s genome. 
We genomically and transcriptomically confirm the presence of 
both crotoxin subunits (PLA2-gA2 and PLA2-gB2), in addition to 
three alleles of PLA2-gA1, and one PLA2-gK and PLA2-gB1.  ...................... 19 

 
5. Full PLA2 region arrays comparing regions from Dowell et al. 

(2016; 2018). Black represents the conserved OTUD3 and MUL1 
regions bracketing the PLA2 region. Dark blue represents PLA2-E, 
light blue represents PLA2-gB1, turquoise represents PLA2-gK, 
dark green PLA2-gB2, dark yellow PLA2-gC, light yellow PLA2-
gA2, pink PLA2-gA1, burgundy PLA2-D, and grey PLA2-F. Red 
lines represent Type II individuals, blue lines type I. Bolded arrows 
are the crotoxin subunits. The first array is the Dowell et al. (2016) 
hypothesized ancestral pitviper. Comparatively, Type II C. lepidus 
individuals are very similar to the hypothesized ancestral pitviper 
and contain a unique arrangement of the PLA2-E/PLA2-
gB1/PLA2-gK. Type I C. lepidus individuals differ from other 
Type I species through loss of the PLA2-gB1 and PLA2-gC.  ......................... 20 
 
 
 
 



 viii 

List of Figures (Continued) 
 
Figure Page 

 
6. Barplot showing comparative toxin family expression RSEM 

results across transcriptome individuals. Overall, PLA2s were 
among the highest if not the highest expressed toxin family. In 
individuals that expressed crotoxin, crotoxin made up half of the 
total PLA2 expression. Other highly expressed toxin families 
included CTLs, SVMPs, and SVSPs ................................................................. 23 

 
7. Barcharts showing individual toxin expression RSEM results for 

each transcriptome sample. First three rows are C. l. klauberi 
(pictured top), bottom two rows are C. l. lepidus (pictured bottom). 
For all samples, PLA2s were the highest single expressed toxin. 
Samples that expressed crotoxin expressed each subunit in near 
equal amounts at high rates. Other high, individually expressed 
toxins include BPPs, CTLs, and SVMPs ........................................................... 24 
 

8. Comparative toxin expression between genome samples CLP1932 
(CTx-) and CLP2201 (CTx+). Gray points show nontoxin 
expression with the solid and dashed lines representing the linear 
regression and 95% confidence intervals, respectively. The CTx+ 
individual has higher expression of crotoxin, SVMPs and CTLs. 
The CTx- sample has higher expression of separate CTLs and  
separate BPPs .................................................................................................... 26 

 
9. Comparative toxin expression between samples, with dashed lines 

representing 95% confidence intervals for linear regressions. Gray 
points show nontoxins. Panel A shows CTx+ samples from the 
same locality CLP2201 and CLP2202. Panel B shows CTx+ 
samples from different localities, CLP2201 and CLP2258. Panel C 
shows CTx- samples from same localities, CLP1993 and MM0245. 
Panel 4 shows CTx- samples from different localities, CLP1932 
and MM0245. Overall samples from the same locality had more 
similar venom profiles than samples with the same venom type 
from different localities ..................................................................................... 27 

 
10. High Performance Liquid Chromatography (HPLC) comparisons 

of the CTx+ C. lepidus, C. tigris (CTx+ from Margres et. al 
(2021)), and CTx- C. lepidus. There are two peaks in the CTx+ C. 
lepidus, just have 60 minutes and before 80 minutes, that do not 
aign with the CTx- C. lepidus sample. Due to the amino acid 
hydrophobicity changes, they could be the crotoxin subunits, even 
if they do not align with C. tigris peaks ............................................................ 31 

 



 ix 

List of Figures (Continued) 
 
Figure Page 

 
11. The hydrophobicity of PLA2-gA2 alignments in (A) C. lepidus, 

(B) C. scutulatus, (C) C. horridus, and (D) C. tigris. Top shows 
hydrophobicity values at nonsynonymous sites, with a score of 1 
meaning very hydrophobic, and a score of 0 meaning hydrophilic. 
Underneath is the nonsynonymous amino acid residues in 
alignment against the consensus. Overall, the C. lepidus sequence 
is less hydrophobic than other identified crotoxin acidic subunits .................... 32 
 

12. The hydrophobicity of PLA2-gB2 alignments in (A) C. lepidus, 
(B) C. scutulatus, (C) C. horridus, and (D) C. tigris. Top shows 
hydrophobicity values at nonsynonymous sites, with a score of 1 
meaning very hydrophobic, and a score of 0 meaning hydrophilic. 
Underneath is the nonsynonymous amino acid residues in 
alignment against the consensus. Overall, the C. lepidus sequence 
is less hydrophobic in the first 50 residues, and slightly more 
hydrophobic in the remaining residues .............................................................. 33 

 
13. Map of all C. lepidus samples. Black dots represent transcriptomic 

and SeqCap samples that were CTx-. Red symbols represent CTx+ 
samples, with transcriptome samples being circles, and SeqCap 
squares. Numbers represent the number of CTx+ samples in each 
locality  ............................................................................................................... 44 
 

 
 

 



 1 

CHAPTER ONE 

INTRODUCTION 

Genes and Adaptation 

Phenotypes are one of the most visible products of selection. Researchers have been able 

to watch traits shift in real time as selection acts (Price et al. 1984), they have been ensnared by 

genetic and physical changes (Labonne and Hendry 2010; Lamichhaney et al. 2018). When 

unique traits emerge, they become the subjects of interest and scrutiny (Green et al. 2010; Ryder 

et al. 2021). This leads to more discoveries and a better understanding of the natural world (Slon 

et al. 2018; Liu et al. 2021; Mahadevan et al. 2021). A trait can also be of particular interest 

when traits are differentially expressed between or within populations of a single clade. For 

example, biofluorescence has been found in 105 different genera across the phylogeny of extant 

ray finned fishes (Sparks et al. 2014). Since the initial discovery of biofluorescent fish (Harvey 

1921), more studies have built upon that knowledge, discovering different molecular 

mechanisms (Guarnaccia et al. 2021) leading to the same phenotype and its different ecological 

functions (Salih et al. 2000; Tsutsui et al. 2016). 

Phenotype is ultimately controlled by genotype. Genes can originate through duplication 

events (Carretero-Paulet and Fares 2012), be maintained through positive (Chang and Duda 

2012) or purifying (Carretero-Paulet and Fares 2012) selection, or lost through deletion events 

(Dowell et al. 2016). For example, conotoxin, a neurotoxin found in marine cone snails evolved 

through duplication events and neofunctionalization, offering redundancy and opportunities for 

beneficial mutations (Chang and Duda 2012). Genes are further controlled by differential genetic 

architecture, including the number of loci and effect size (Flint and Mackay 2009). The more 

complex the trait, the more genes involved for a single phenotype, the more likely that each loci 
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contributes a small amount of phenotypic variation seen (Flint and Mackay 2009). However, 

there can be a small number of loci that contribute a significant amount to the phenotypic 

variation (Robertson 1967; Flint and Mackay 2009). Epigenetic controls of expression can also 

regulate phenotype. Methylation and chromatic accessibility can allow or block access to genes, 

regulating their expression (Margres, Rautsaw, et al. 2021). Regulating expression allows a gene 

to still be present in the genome but not expressed, which can be especially useful in response to 

changing environments (Schlichting and Pigliucci 1995).  

Rattlesnakes and Crotoxin 

Snake venoms are complex phenotypes composed of varying abundances of many 

different proteins. An individual species’ venom may contain anywhere between 10 to 70+ 

different toxins (Mackessy 2008; Mackessy 2010; Holding et al. 2021). Variation in snake 

venom composition is largely due to factors related to diet and predation (Holding et al. 2016; 

Rokyta et al. 2017; Holding et al. 2021). Venom is frequently categorized into two types in 

pitvipers: Type I and Type II. Type I venoms are considered highly hemotoxic, featuring high 

expression of the snake venom metalloproteinase (SVMP) gene family (Mackessy 2010). In 

short, they cause profuse bleeding and tissues degradation and are less lethal in small quantities. 

In contrast, Type II venoms have low to no SVMP expression, but high expression of certain 

phospholipase A2s (PLA2s) which result in highly neurotoxic effects (Mackessy 2010). 

Comparatively, Type II venoms are more lethal than their Type I counterparts. Other toxin 

families are also present in varying degrees in either phenotype. Snake venom serine proteinases 

(SVSPs) interfere with hemostatic systems, and can be present in both venom phenotypes 

(Mackessy 2010). C-type lectins (CTLs) are more common in Type I phenotypes and target 
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blood cells and other plasma components (Mackessy 2010). Bradykin-potentiating peptides 

(BPPs) cause pain and immobilization, and can be present in either phenotype (Mackessy 2010).  

Crotoxin (CTx) is a heterodimeric PLA2 that is responsible for the high lethality 

associated with Type II venoms (Mackessy 2010). Originally characterized in Crotalus durissus 

(Slotta and Fraenkel-Conrat 1939) crotoxin homologs have been found in multiple species, and 

given a variety of names such as canebrake toxin in Crotalus horridus (Rokyta et al. 2013), 

concolortoxin in C. concolor (Aird and Kaiser 1985), and crotoxin in C. helleri and C. tigris 

(French et al. 2004; Calvete et al. 2012; Franco-Servín et al. 2021). For the purposes of this 

thesis, “crotoxin” will refer to all homologs across species. This beta-neurotoxin has two 

subunits, the acidic subunit (PLA2-gA2) acts as a chaperon for the basic subunit (PLA2-gB2) 

(Hendon and Fraenkel-Conrat 1971; Faure et al. 2011; Whittington et al. 2018). Individually, the 

basic subunit is mildly toxic but when found in tandem with the acidic chaperone results in high 

lethality. Crotoxin works presynaptically to cause immobilization via disruption of nerve cells. 

Medically, this results in respiratory paralysis, paresthesia, and muscle twitching 

(Gopalakrishnakone et al. 1980; Massey et al. 2012; Neri-Castro et al. 2019). Crotoxin is most 

commonly seen in the New World pitvipers. It is hypothesized to be ancient in origin and is 

found in the Old World pitviper genus Gloydius which is the sister group  to the New World 

radiation  (Wüster et al. 2008; Yang, Guo, et al. 2015; Alencar et al. 2016; Dowell et al. 2016; 

Whittington et al. 2018). Crotoxin is further hypothesized to have evolved via PLA2 gene 

duplication, evolving ancestral basic and acidic subunits. These ancestral subunits originally only 

weakly interacted, and were thought to be mildly toxic. A single large-effect mutation in the 

ancestral acidic subunit is hypothesized to allow for proteolytic processing by SVSPs already 

present in the venom. This single mutation led to episodic, diversifying selection in the ancestral 
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basic subunit, to capitalize on the new form of the acidic subunit. Upon dimerization, both 

subunits are hypothesized to have gone through purifying selection (Whittington et al. 2018). In 

terms of gene expression adaptations, it has been found that transcripts of the acidic subunit are 

present at double the numbers of the basic subunit, which would allow for the highest utilization 

of the basic subunit (Whittington et al. 2018). While the PLA2 gene family is conserved in 

pitvipers, duplications, deletions, and differential expression of individual PLA2 genes facilitates 

diversification and variation (see Figure 1). 

 
 
 
 

 

Figure 1. From Margres et. al (2021), shows the PLA2 arrays in different species of Crotalus. 
Comparing Type I and Type II individuals of the same species and shows differing PLA2 
haplotypes depending on venom phenotype. 
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Crotoxin was thought to only be found within the rattlesnakes (genus Crotalus) in the 

New World; however, it has now been described in several other pitviper genera (Sistrurus 

(Calvete et al. 2012), Ophryacus (Neri-Castro et al. 2019), Bothriechis (Fernández et al. 2010), 

and Gloydius (Yang, Yang, et al. 2015)). Additionally, there is inter- and intraspecific variation 

in crotoxin expression, resulting in a single species being polymorphic for a venom phenotype. 

This intraspecific variation in crotoxin is best studied in the crotoxin homolog found in Crotalus 

scutulatus called Mojave toxin (Glenn and Straight 1989; Strickland, Mason, et al. 2018; 

Strickland, Smith, et al. 2018). The northern distribution of C. scutulatus has large swaths of a 

Type II phenotype, with isolated Type I populations. Further south in the distribution, C. 

scutulatus has a mostly Type I expression with isolated Type II. In a third region, the pattern 

switches again (see Figure 2). Strickland, Smith, et al. (2018) determined that local selective 

pressures play a role in maintaining both phenotypes within the species. However, C. scutulatus 

is not the only species with variable venom phenotype. C. horridus (Rokyta et al. 2013; Margres, 

Wray, et al. 2021),  C. concolor (Aird and Kaiser 1985), and C. helleri (French et al. 2004; 

Franco-Servín et al. 2021) are known to have populations that express a crotoxin homolog in a 

typically Type I expressing species. Much of the research regarding variable phenotypes has 

been done in large-bodied, lowland clade of rattlesnakes that are abundant and medically 

important. Venom variation within smaller montane rattlesnake species generally has not been 

studied, largely because human envenomation is rare.  
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Figure 2. From Strickland, Smith, et. al (2018), shows the distribution of individuals with (Type 
A) and without (Type B) crotoxin in C. scutulatus throughout the range. 
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Study Species 

The Rock Rattlesnake (Crotalus lepidus) is a montane rattlesnake found in the American 

Southwest as well as north-central Mexico. There are three subspecies, C. l. lepidus, C. l. 

klauberi, and C. l. maculosus (Figure 3). Crotalus l. lepidus makes up the eastern distribution of 

the species, found in desert rocky outcrops and arroyos (Mata-Silva et al. 2018). Crotalus l. 

klauberi is found on the western half of the distribution, typically being found in the rocky 

outcrops of pine forest slopes (Holycross et al. 2002). The third subspecies, C. l. maculosus, has 

a small range at the junction of the Mexican states of Durango, Sinaloa, and Nayarit, occupying 

pine oak forests (Tanner et al. 1972; Armstrong and Murphy 1979). Overall, the species can be 

found at elevations of 200-2930m (Holycross et al. 2002). In parts of Arizona and New Mexico, 

in the range of C. l. klauberi, the species is found in the Madrean Sky Islands. The Madrean Sky 

islands are a mountain range of isolated pine forest peaks, separated by lowland desert. This 

drastic change in habitat type is caused by dramatic changes in elevation. Over the course of 10 

miles, the elevation can drop by 1000 feet. Thus, montane species can be physically close to their 

lowland counterparts.  

Crotalus lepidus is widely considered to have Type I venom across all subspecies 

(Martínez-Romero et al. 2013; Saviola et al. 2017). However, Rael et al. (1992) showed that 

venom from some individuals of C. lepidus were reactive to the crotoxin antibody CSS12, and 

had significantly lower LD50s, indicating a higher lethality and supporting potential crotoxin 

expression in this species. These CSS12 reactive individuals were all represented by the 

subspecies C. l. klauberi in Chihuahua, Mexico as well as some individuals in Cochise County, 

Arizona, and Hidalgo County, New Mexico. Other studies have shown significant venom and 
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lethality variation by subspecies and locality in C. lepidus (Forstner et al. 1997; Martínez-

Romero et al. 2013; Rivas et al. 2017). 
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Figure 3. The distribution of C. lepidus subspecies, C. l. lepidus (pink), C. l. klauberi (green), 
and C. l. maculosus (orange). Made using VenomMaps (Rautsaw et al. 2022). 
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Objective 

Here, I propose to test for the presence, distribution, and origin of a crotoxin homolog in 

C. lepidus using both transcriptomic and genetic data. First, (Q1) I will use venom gland 

transcriptomes to test for the presence and expression of crotoxin and use phylogenetics to 

confirm its identity. Second, (Q2) using both transcriptomic and hybrid enrichment genomic 

data, I will analyze the spatial distribution of crotoxin in C. lepidus and test if subspecies, 

location, or various environmental factors are associated with its presence. Finally, (Q3) I will 

test if crotoxin’s presence in C. lepidus is a result of i) independent origin via convergent 

evolution, ii) evolution of a shared ancestral crotoxin form, or iii) hybridization with another co-

distributed species with crotoxin. The spatial distribution and origin analyses will help to further 

illuminate the evolutionary history of this complicated trait, in addition to having implications 

for the severity and treatment of snake bites across the range of C. lepidus. 
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CHAPTER TWO 

IS CROTOXIN PRESENT AND EXPRESSED IN CROTALUS LEPIDUS 

Introduction 

Phospholipase A2s are a large gene family with five main isoforms present in Crotalus 

(Dowell et al. 2016; Dowell et al. 2018; Whittington et al. 2018). It is hypothesized that each 

PLA2 paralog arose through a series of duplications with the basic isoforms evolving first, 

followed by the acidic (Dowell et al. 2016; Whittington et al. 2018). Within the basic isoforms, 

PLA2-gKs are characterized by a myotoxic Asp to Lys substitution at position 49 known as 

Asp49Lys (Lomonte et al. 2009; Lomonte and Rangel 2012). Duplications led to the evolution of 

the basic isoforms PLA2-gB1 and PLA2-gB2, both of which are mildly toxic and the latter being 

the basic crotoxin subunit (Dowell et al. 2016; Whittington et al. 2018). Additional duplication 

events have also led to the acidic isoforms, PLA2-gA1 and PLA2-gA2, the latter being the 

crotoxin chaperone subunit (Whittington et al. 2018). These duplications allowed for mutations 

to accumulate and neofunctionalization to occur. Crotoxin expression requires both PLA2-gB2 

and PLA2-gA2 subunits to be present. Additionally, the key mutation that facilitated proteolytic 

cleavage of the acidic subunit was a proline to serine substitution at site 127. This substitution 

led to purifying selection, as the two subunits’ interaction resulted in the neurotoxic phenotype 

we associate with Type II venoms (Whittington et al. 2018). If these two requirements are met, 

then the presence of crotoxin can be confirmed genetically. Although crotoxin’s presence can be 

confirmed with sequence data, these genes can be nonfunctional, by failing to be transcribed into 

mRNA or translated into proteins. Therefore, transcriptomic expression data and proteomics are 

necessary to confirm crotoxin presence and expression in the venom. Our goal was to 

genomically and transcriptomically confirm the presence of crotoxin in C. lepidus through gene 



 12 

annotation, multiple sequence alignment, and phylogenetic inference. We also used proteomics 

to confirm expression of crotoxin in the venom. 

Materials and Methods 

Sampling 
 

For the transcriptomics and genomics work, we collected samples between June and 

August from 2012 to 2021, following the guidance set by ASIH (Beaupre et al. 2004), University 

of Central Florida IACUC (#13-17W; #16-17W), and Clemson University Animal Care and Use 

Committee (Animal Use Protocol 2017-067; 2020-067). We collected snakes from the field 

while hiking or road-cruising in appropriate habitats under the following permits: Arizona (AZ 

SCP# SP673390; SP735619), Texas (TX SCP# SPR-0390-029; SPR-0713-098), and Mexico 

(MX OFICIO NUM. SGPA/DGVS/01090/17; OFICIO NUM. SGPA/DGVS/2190/19). In total, 

we collected ten samples: six C. l. klauberi and four C. l. lepidus (Table 1). 

Transcriptomic and Genomic Sequencing 
 

To extract venom, we restrained snakes by coaxing them into open-ended tubes. Snakes 

were then allowed to move through the tube, exposing their head at the opposite end. The snake 

was then presented with a parafilm-covered cup to bite and deposit venom. We transferred 

venom to cryotubes, vacuum dehydrated or lyophilized, and stored at -20C. To euthanize snakes, 

we used sodium pentobarbital or MS222 four days after venom extraction when transcription in 

the venom gland was at its peak (Rotenberg et al. 1971). We extracted venom glands along with 

heart, liver, pancreas, muscle, and kidney tissue and immediately transferred them into RNAlater 

(Thermo Fisher Scientific, Waltham, MA, USA). We briefly stored samples at 4C before long-

term storage at -80C. We preserved specimens in formalin and deposited in museums.
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Table 1. Sample table for all genome and transcriptome samples including locality information, venom type, and sequencing statistics. 
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We extracted RNA using a standard Trizol extraction protocol following Rokyta, Wray 

and Margres (2013). Briefly, RNAlater-preserved tissue samples were thawed, minced, and 

placed in Trizol. We used chloroform to isolate RNA in lysed cells and then purified the 

samples. RNA was quantified using a Qubit RNA BR Assay (Thermo Fisher Scientific, 

Waltham, MA, USA) and quality checked on a BioAnalyzer RNA Pico chip (Agilent 

Technologies, Santa Clara, CA, USA). 

 For cDNA library preparation, we used the NEBNext Ultra RNA Library Prep Kit 

(E7530S) (NEB, Ipswich, MA, USA) with the Poly(A) mRNA Magnetic Isolation Module 

(E7490S) (NEB, Ipswich, MA, USA). We isolated mRNA from equal parts of the left and right 

venom glands. Following mRNA isolation and cDNA synthesis, we targeted an insert size of 

400bp with a fragmentation time of 13.5 minutes and 14 PCR cycles to yield the desired cDNA 

concentration. We purified cDNA using 1.8X Agencourt AMPure XP Beads and determined 

concentrations using a Qubit DNA BR Assay (Thermo Fisher Scientific, Waltham, MA, USA). 

We checked DNA quality using a Bioanalyzer with a DNA HS kit according to the 

manufacturer’s protocols (Agilent Technologies, Santa Clara, CA, USA). Florida State 

University Molecular Cloning Facility performed KAPA qPCR to determine amplifiable 

concentrations. KAPA results were used for final concentration and pooling to ensure equal 

representation of each library. Pooled DNA sample concentration and quality were determined 

using the Qubit HS DNA Kit and Bioanalyzer, with an additional round of KAPA PCR before 

sequencing. Libraries were sequenced with 150 bp paired-end reads on an Illumina HiSeq 2500 

of Florida State University College of Medicine Translational Science Laboratory. 
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We sequenced two draft genomes for C. lepidus, one CTx- individual (CLP1932) and one 

CTx+ individual (CLP2201). For the CTx- individual, we extracted DNA from ethanol-

preserved blood using a phenol-chloroform extraction and sequenced using a hybrid approach. 

We prepared short-read Illumina libraries using the TrueSeq DNA PCR-Free Library Prep kit 

(Illumina, San Diego, CA, USA). We then sequenced 150 bp PE reads on a NovaSeq 6000 at the 

Translational Science Laboratory in the College of Medicine at Florida State University. The 

University of Delaware Sequencing and Genotyping Center performed library preparation and 

PacBio Continuous Long Read (CLR) Sequencing on four Sequel Single-Molecule Real-Time 

(SMRT) cells. For the CTx+ individual, we extracted DNA using a Monarch HMW DNA 

Extraction Kit (NEB, Ipswich, MA, USA). The University of Delaware Sequencing and 

Genotyping Center performed PacBio HiFi Sequencing on 1.5 Sequel II SMRT Cells. 

Transcriptome Processing and Analysis 
 

We processed venom gland transcriptomes following the ToxCodAn guide (Nachtigall et 

al. 2021). Briefly, we first used Trim Galore v0.6.6 

(https://github.com/FelixKrueger/TrimGalore)  to trim reads and PEAR v0.9.10 (Zhang et al. 

2014) to merge paired-end reads. Next, we used Extender (Rokyta et al. 2012), SeqMan NGen 

v14.0 (DNAStar, Inc., Madison, WI, USA), and Trinity v2.9 (Haas et al. 2013) with default 

settings to assemble the transcriptomes following recommendations by Holding et al., (2018). 

We removed redundancy by clustering assemblies at 100% sequence identity using cd-hit-est 

v.4.8.1 (Li and Godzik 2006; Fu et al. 2012). We then used ToxCodAn v1.0 (Nachtigall et al. 

2021) to identify and annotate toxin sequences in the assembly and CodAn v1.0 (Nachtigall et al. 

2021) to identify additional nontoxin coding sequences followed by blast to annotate these 

sequences from the UniProt animal database (Bateman et al. 2021). ChimeraKiller v. 0.7.3 
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(https://github.com/masonaj157/ChimeraKiller) was used to remove chimeric sequences. All 

samples were checked for internal stop codons and then clustered using cd-hit-est v.4.8.1 at 98% 

to reduce redundancy caused by allelic variation. To make a consensus transcriptome for C. 

lepidus, we combined all individual’s transcriptomes and clustered at 97%. 

We used Bowtie2 v2.4.1 (Langmead and Salzberg 2012; Langmead et al. 2019) and 

RSEM v1.3.3 (Li and Dewey 2011) to calculate the expression of genes in the venom gland. The 

data were then imported and plotted in R v4.0.2 (R CoreTeam 2021) using ToxCodAn plotting 

functions. We used DESeq2 v1.30.0 (Love et al. 2014) to test for differential expression across 

subspecies, longitude, latitude, crotoxin positivity, elevation, and the 19 WorldClim variables 

(Fick and Hijmans 2017). Additionally, we calculated total SVMP, PLA2, and CTL expression 

for each sample and then tested for total expression differences between CTx+ and CTx- 

individuals using a Student’s T-test.  

Genome Assembly and Analysis 
 

We performed a hybrid Illumina + PacBio assembly for the CTx- genome using 

MaSuRCA v. 3.2.8 with default settings (Zimin et al. 2017). For the CTx+ genome sequenced 

with PacBio HiFi, we used hifiasm v.0.16.1-r375 with default settings (Cheng et al. 2021). For 

both genomes, we used EDTA v1.9.9 for transposable element annotation and repeat masking 

(Xu and Wang 2007; Gremme et al. 2013; Xiong et al. 2014; Smith and Hubley 2015; Ou and 

Jiang 2018; Ou et al. 2019; Shi and Liang 2019; Su et al. 2019; Zhang et al. 2022). We annotated 

each genome using Funannotate v1.8.9 (https://github.com/nextgenusfs/funannotate). Briefly, we 

used the Funannotate ‘train’ module to perform a genome-guided Trinity v.2.5.1 assembly of 

RNA-Seq data generated from the heart, muscle, pancreas, liver, and kidney tissues and followed 

this with a PASA assembly with a maximum intron length set to 30,000 bp (Haas et al. 2003; 
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Campbell et al. 2006; Grabherr et al. 2011; Haas et al. 2013). Next, we used the Funannotate 

‘predict’ module to predict genes with Augustus v3.2.1 (Stanke et al. 2008) and GeneMark-

ES/ET (Ter-Hovhannisyan et al. 2008), followed by consensus generation with EvidenceModeler 

(Haas et al. 2008). We used the training results and our de novo assembled consensus venom-

gland transcriptome as transcript evidence for gene prediction evidence and the 

UniProt/SwissProt database (04/2021) as protein evidence. We refined gene and UTR 

annotations using the Funannotate `update` module, which re-performs genome-guided Trinity 

v2.5.1 assembly of the RNA-Seq data and PASA assembly. Kallisto (Bray et al. 2016) is used to 

estimate expression and Funannotate, then uses this information to filter the most likely PASA 

gene models. Finally, we performed functional annotation with InterProScan5 (Jones et al. 

2014), followed by the Funannotate ‘annotate’ module with annotations pulled from PFAM 

(Mistry et al. 2021), InterProScan5, EggNog (Huerta-Cepas et al. 2019), UniProtKB, MEROPS 

(Rawlings et al. 2018), CAZyme (Cantarel et al. 2009), and GO ontology (Ashburner et al. 2000; 

Carbon et al. 2021). 

PLA2 Gene Family Evolution 
 

We estimated the expression of annotated genes using HiSat2 v2.2.1 (Kim et al. 2019) 

and StringTie v2.2.1 (Pertea et al. 2015). We defined the region between OTUD3 and MUL1 as 

the putative PLA2 array and manually checked Funannotate annotations by mapping our 

consensus transcriptome with minimap2 (Li 2018; Li 2021). We manually curated the PLA2 

region by identifying exon boundaries following the minimap2 alignments. To identify the genes 

in the PLA2 region, we extracted and translated the coding DNA sequence (CDS). We aligned 

the translated CDS regions with sequences from Dowell et al. (2016) using mafft v7.47 (Katoh 

and Standley 2013), trimmed with trimal v1.4.1 (Capella-Gutiérrez et al. 2009), and then re-
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aligned. We then used IQ-TREE v2.2.0 to infer a maximum likelihood phylogeny with the 

substitution model selected via ModelFinder and 1000 Ultrafast bootstrap replicates to test nodal 

support (Minh et al. 2020).  

We aligned the crotoxin subunits identified in Whittington, Mason and Rokyta (2018) 

with the C. lepidus subunits in Geneious 2020.2.4 (https://www.geneious.com) using a 

translation alignment with ClustalW (Thompson et al. 1994) to test for the serine mutation at 

position 127. We used a custom R script to graph the hydrophobicity differences between 

crotoxin subunits, using hydrophobicity values as designated by Geneious. 

High-Performance Liquid Chromatography 
 

We used reversed-phase High-Performance Liquid Chromatography (HPLC) to test for 

proteomic confirmation of crotoxin. The crotoxin subunits have identifiable peaks, especially 

when compared to other taxa with a known presence of crotoxin, like C. tigris (Margres, 

Rautsaw, et al. 2021). HPLCs were run on a Shimadzu Prominence HPLC system, according to 

Margres et al. (2021). 15ug of venom protein was placed into an Aeris 3.6 um C18 Column 

(Phenomenex, Torrace, CA, USA) using a detection wavelength of 220nm. All samples had a 

flow rate of 0.2nL min for 125 minutes. HPLCs were compared between C. lepidus individuals 

to see if there were different profiles between CTx+ and CTx- individuals. C. tigris and C. 

scutulatus were used for comparisons to check for crotoxin presence, as crotoxin peaks should 

align between species. 
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Figure 4. Phylogeny of PLA2-g gene family using sequences found in Dowell et al. (2016) made in 
IQTree. Light blue represents PLA2-gB1, turquoise represents PLA2-gK, dark green PLA2-gB2, dark 
yellow PLA2-gC, light yellow PLA2-gA2, and pink PLA2-gA1. Highlighted sequences are C. lepidus 
samples, those of which without a sample ID are from the consensus transcriptome. C. lepidus samples 
with a sample ID are from that sample’s genome. We genomically and transcriptomically confirm the 
presence of both crotoxin subunits (PLA2-gA2 and PLA2-gB2), in addition to three alleles of PLA2-gA1, 
and one PLA2-gK and PLA2-gB1. 
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Figure 5. Full PLA2 region arrays comparing regions from Dowell et al. (2016; 2018). Black 
represents the conserved OTUD3 and MUL1 regions bracketing the PLA2 region. Dark blue 
represents PLA2-E, light blue represents PLA2-gB1, turquoise represents PLA2-gK, dark green 
PLA2-gB2, dark yellow PLA2-gC, light yellow PLA2-gA2, pink PLA2-gA1, burgundy PLA2-
D, and grey PLA2-F. Red lines represent Type II individuals, blue lines type I. Bolded arrows 
are the crotoxin subunits. The first array is the Dowell et al. (2016) hypothesized ancestral 
pitviper. Comparatively, Type II C. lepidus individuals are very similar to the hypothesized 
ancestral pitviper and contain a unique arrangement of the PLA2-E/PLA2-gB1/PLA2-gK. Type I 
C. lepidus individuals differ from other Type I species through loss of the PLA2-gB1 and PLA2-
gC. 
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Results 

We assembled two C. l. klauberi genomes; one individual from the Huachuca mountains 

which was CTx- (CLP1932), and one from the Chiricahuas which was CTx+ (CLP2201). For the 

CTx- individual we sequenced four PacBio Sequel CLR SMRT cells totaling >4.4 M reads and 

46.1 Gbp (29x coverage) as well as >345 M 150bp reads on an Illumina NovaSeq S4 flow cell 

(32x coverage). The resulting genome had a N50 of 2 Mbp and 3,394 contigs (Table 1) The 

CTx+ genome was generated using 1.5 PacBio Sequel II HiFi SMRT cells totaling >2.3 M reads 

and 31.9 Gbp (20x coverage) with a final assembly N50 of 15 Mbp from only 1,082 contigs 

(Table 1).  

Both genomes were annotated and the PLA2 region was defined as the section between 

OTUD3 and MUL1 (Dowell et al. 2016). Minimap2 alignments of the respective transcriptomes 

facilitated additional manual curation of gene annotations. These CDS regions were then 

extracted and used to infer a phylogeny of the entire PLA2 gene family, including all data from 

Dowell et al. (2016), which allowed us to identify and annotate each PLA2 homolog (Figure 4). 

We confirm the genomic presence of both crotoxin subunits in the C. lepidus genome of sample 

CLP2201 and determine that CTx+ and CTx- individuals have distinct gene composition and 

gene order (Figure 5). Additionally, the composition and order are different compared to other 

Crotalus species that have variable expression of crotoxin (Figure 5). The PLA2 arrangement in 

the CTx+ individual contained a translocation of the acidic and basic crotoxin unit, in addition to 

the retention of the PLA2-gK (Figure 5). The CTx+ individual also had novel gene structure, 

with the PLA2-gK and PLA2-E sharing their second exon, resulting in an embedded parallel 

structure (Figure 5). The PLA2-E and PLA2-gB1 had a nested parallel structure, with the PLA2E 
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surrounding the PLA2-gB1 (Figure 5). The CTx- individual is missing both crotoxin subunits, 

PLA2-gB1, and a PLA2-gC (Figure 5). 
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Figure 6. Barplot showing comparative toxin family expression RSEM results across 
transcriptome individuals. Overall, PLA2s were among the highest if not the highest expressed 
toxin family. In individuals that expressed crotoxin, crotoxin made up half of the total PLA2 
expression. Other highly expressed toxin families included CTLs, SVMPs, and SVSPs. 
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Figure 7. Barcharts showing individual toxin expression RSEM results for each 
transcriptome sample. First three rows are C. l. klauberi (pictured top), bottom two 
rows are C. l. lepidus (pictured bottom). For all samples, PLA2s were the highest 
single expressed toxin. Samples that expressed crotoxin expressed each subunit in 
near equal amounts at high rates. Other high, individually expressed toxins include 
BPPs, CTLs, and SVMPs. 
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We assembled 10 venom gland transcriptomes from six C. l. klauberi and four C. l. 

lepidus found throughout the American Southwest and Mexico (Figures 6 and 7). Only four C. l. 

klauberi individuals expressed crotoxin (CLP2201, CLP2202, CLP2258, CLP2908) while the 

remaining six samples did not (CLP1932, CLP1993, CLP2268, CLP2346, KW1748, MM0245). 

PLA2s were the highest expressed toxin family for eight individuals and a PLA2 was the most 

highly expressed gene in all ten individuals. For C. l. lepidus, the highest expressed toxin 

families were PLA2s, SVMPIIIs, and SVSPs. In addition to these toxin families, C. l. klauberi 

also highly expressed BPPs and CTLs (Figures 6 and 7). Importantly, if crotoxin was found in C. 

l. klauberi, then PLA2 expression made up ~50% of the total venom expression on average, with 

crotoxin specifically being 50 – 66% of the total PLA2 expression. In individuals without 

crotoxin, PLA2s were still the highest expressed toxin family, accounting for ~33% of the 

overall venom expression.  

In addition to crotoxin, several other PLA2s were also expressed including three alleles 

of PLA2-gA1, one PLA2-gK, and one PLA2-gB1. Individuals who were CTx+ had expression 

of a specific PLA2-gA1 (PLA2-3), another gA1 was associated with CTx- individuals. 

Differential expression results showed that crotoxin expression was significantly associated with 

C. l. klauberi (PLA2-gA2 p = 3.7e-04; PLA2-gB2 p = 3.5e-07). Expression was not, however, 

associated with elevation, latitude, or longitude (Table 2). When we tested to see if there was 

differential expression of crotoxin with environmental variables, only Minimum Temperature of 

Coldest Month (BIO6) was significant for PLA2-gB2 (p = 0.047). Looking at differential 

expression of all toxins, several CTLs, SVMPs, and SVSPs were associated with C. l. klauberi, 

and two CTLs were associated with C. l. lepidus (S.Table 1). Longitude was not a significant 

axis, and latitude was only significant for SVSP-4.  
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Figure 8. Comparative toxin expression between genome samples CLP1932 (CTx-) and 
CLP2201 (CTx+). Gray points show nontoxin expression with the solid and dashed lines 
representing the linear regression and 95% confidence intervals, respectively. The CTx+ 
individual has higher expression of crotoxin, SVMPs and CTLs. The CTx- individual has higher 
expression of separate CTLs and separate BPPs.  
 
  

Nontoxins : 4888 R2 = 0.52 p < 2.2e-16

Toxins : 92 R2 = 0.23 p = 1e-06

0.0

2.5

5.0

0.0 2.5 5.0
CLP1932

C
LP

22
01

toxin_class
3FTx

BPP

CRISP

CTL

Cystatin

HYAL

KUN

LAAO

LIPA

MYO

NGF

NUC

PDE

PLA2

PLA2-CTx

PLB

SVMPII

SVMPIII

SVSP

TCTP

VDP4

VEGF



 27 

 

Figure 9. Comparative toxin expression between samples, with dashed lines representing 95% 
confidence intervals for linear regressions. Gray points show nontoxins. Panel A shows CTx+ 
samples from the same locality CLP2201 and CLP2202. Panel B shows CTx+ samples from 
different localities, CLP2201 and CLP2258. Panel C shows CTx- samples from same localities, 
CLP1993 and MM0245. Panel 4 shows CTx- samples from different localities, CLP1932 and 
MM0245. Overall samples from the same locality had more similar venom profiles than samples 
with the same venom type from different localities. 
 
  

Nontoxins : 4888 R2 = 0.59 p < 2.2e-16
Toxins : 92 R2 = 0.74 p < 2.2e-16

0.0

2.5

5.0

0.0 2.5 5.0
CLP2201

C
LP

22
02

toxin_class
3FTx

BPP

CRISP

CTL

Cystatin

HYAL

KUN

LAAO

LIPA

MYO

NGF

NUC

PDE

PLA2

PLA2-CTx

PLB

SVMPII

SVMPIII

SVSP

TCTP

VDP4

VEGF

A
Nontoxins : 4888 R2 = 0.45 p < 2.2e-16
Toxins : 92 R2 = 0.38 p = 7.9e-11

0

2

4

6

0.0 2.5 5.0
CLP2201

C
LP

22
58

toxin_class
3FTx

BPP

CRISP

CTL

Cystatin

HYAL

KUN

LAAO

LIPA

MYO

NGF

NUC

PDE

PLA2

PLA2-CTx

PLB

SVMPII

SVMPIII

SVSP

TCTP

VDP4

VEGF

B

Nontoxins : 4888 R2 = 0.31 p < 2.2e-16
Toxins : 92 R2 = 0.49 p = 7.1e-15

0

2

4

6

0 2 4 6
MM0245

C
LP

19
93

toxin_class
3FTx

BPP

CRISP

CTL

Cystatin

HYAL

KUN

LAAO

LIPA

MYO

NGF

NUC

PDE

PLA2

PLA2-CTx

PLB

SVMPII

SVMPIII

SVSP

TCTP

VDP4

VEGF

C
Nontoxins : 4888 R2 = 0.44 p < 2.2e-16
Toxins : 92 R2 = 0.24 p = 6.3e-07

0.0

2.5

5.0

0.0 2.5 5.0
MM0245

C
LP

19
32

toxin_class
3FTx

BPP

CRISP

CTL

Cystatin

HYAL

KUN

LAAO

LIPA

MYO

NGF

NUC

PDE

PLA2

PLA2-CTx

PLB

SVMPII

SVMPIII

SVSP

TCTP

VDP4

VEGF

D



 28 

 

  

CTx Associated with: pvalue (gA2 / gB2) Slope: pvalue
Latitude - 0.96 / 0.95 - 0.29

Longitude - 0.72 / 0.23 - 0.13
Subspecies C. l. klauberi 3.7e-04 / 3.5e-07 - 0.74
Elevation - 0.99 / 0.99 - 0.10

Bio_3 - 0.84 / 0.76 0.077 0.02
Bio_4 - 0.99 / 0.99 -0.003 0.05
Bio_5 - 0.99 / 0.72 -0.189 0.04
Bio_6  - / Negative 0.28 / 0.047 0.020 0.83
Bio_8 - 0.99 / 0.99 -0.228 0.03

Bio_10 - 0.99 / 0.99 -0.246 0.01
Bio_18 - 0.99 / 0.99 0.011 0.02
Bio_19 - 0.70 / 0.29 0.027 0.00

Presence
Independent Variable

Expression

Avg Type I Avg Type II
CTL-10 2589 0 -29.04 1.0E-17
CTL-20 0.530 643 10.63 1.3E-02
CTL-23 0.548 265 9.30 8.3E-03
CTL-4 10852 123 -6.26 3.4E-03
CTL-5 9778 0 -30.00 1.9E-21

PLA2-1 (gA1) 103244 0.555 -17.46 5.9E-13
PLA2-3 (gA1) 95.7 121406 10.89 3.3E-12
PLA2-4 (gB2) 8.32 114338 13.92 5.1E-32
PLA2-5 (gA2) 25.3 109293 12.66 8.1E-19

Expression
Gene log!DESeq2 padj

Table 2. Differential Expression results of PLA2-gA2 and PLA2-gB2 along environmental and geographic 
variables. Values =< 0.05 were considered significant and bolded. 

Table 3. Toxins that were significantly differentially expressed along the axis of CTx+/-. Toxins in red 
were more highly expressed in CTx+ individuals, and beige in CTx- individuals. We see that each 
venom phenotype had an associated PLA2-gA1.  
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Other toxins were significantly co-expressed with crotoxin (Table 3), for example there 

was higher expression of two CTLs, and PLA2-3 in individuals with crotoxin, and higher 

expression of three different CTLs and PLA2-1without crotoxin. PLA2-1 and PLA2-3 are both 

PLA2-gA1s, implying haplotypes specific to crotoxin positivity. The third PLA2-gA1 (PLA-2) 

was mainly seen in C. l. klauberi individuals in Mexico. As a whole, in individuals without 

crotoxin, there is significantly higher expression of SVMPs (p = 0.04758) and CTLs (p = 

0.01048), and in CTx+ individuals there is significantly higher expression of PLA2s (p = 

0.00483).  

We compared the transcriptomes of both genome specimens (Figure 8) and found that 

both expressed the same number of toxins (n = 55). As expected, based off the crotoxin 

differential expression analyses, the CTx+ individual had more PLA2s expressed, and there were 

differences in which PLA2s were present in the venom gland transcriptome. The CTx+ 

individual expressed more SVMPs and CTLs, whereas the CTx- individual expressed more, 

although different, CTLs. We also performed comparisons for six select individuals (Figure 9). 

In Figure 9A which features CTx+ samples from the same region, nearly all toxins are expressed 

at similar rates, with few exceptions. In Figure 9B which features CTx+ samples from different 

regions, the highest divergence is in CTL and SVMP expression. Additionally, the individual 

from Mexico expressed more BPPs, and had higher expression of the dual expressed CTx. 

Looking at the CTx- individuals in Figure 9C (same region) and Figure 9D (different region), 

most of the venom variation centers on difference in SVMP, CTL, and SVSP expression. In 

Figure 9C with individuals from the same region, the only toxin that was expressed highly in 

CLP1993, but not expressed in MM0245 was a PLA2. Compared to the CTx+ individuals from 

the same area, there was more significant venom variation in the CTx- individuals, with 



 30 

generally higher expression of the toxin in CLP1993. In Figure 9D, there is a large amount of 

venom variation, similar with the CTx+ individuals from different regions. Venom variation was 

largely due to differences in SVSP, CTL, and BPP expression. Overall, venom expression was 

more similar among individuals from the same area and CTx+ individuals have less variation.  

The amino acid alignment of the acidic subunit (PLA2-gA2) shows the key serine 

mutation at 127 for neurotoxicity. High performance liquid chromatography (HPLC) (Figure 10) 

reveals unique peaks within the CTx+ samples that are absent in the CTx- samples. While peaks 

do not directly align with C. tigris peaks, mutations that change the type of amino acid could 

change how the venom would elude in a column. Reverse phase HPLCs rely on primarily 

hydrophobicity, and changes in the hydrophobicity of the amino acid could change that elution 

time (Hanai and Smith 1999). Van der Waals forces can also play an important role in retention 

and elution. The C. lepidus subunits consist of amino acids that are largely less hydrophobic. 

Figures 11 and 12 show how the hydrophobicity changes for nonsynonymous mutations in the 

acidic and basic crotoxin subunit respectively. 
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Figure 10. High Performance Liquid Chromatography (HPLC) comparisons of the CTx+ C. 
lepidus, C. tigris (CTx+ from Margres et. al (2021)), and CTx- C. lepidus. There are two peaks 
in the CTx+ C. lepidus, just have 60 minutes and before 80 minutes, that do not aign with the 
CTx- C. lepidus sample. Due to the amino acid hydrophobicity changes, they could be the 
crotoxin subunits, even if they do not align with C. tigris peaks. 
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Figure 11. The hydrophobicity of PLA2-gA2 alignments in (A) C. lepidus, (B) C. scutulatus, (C) 
C. horridus, and (D) C. tigris. Top shows hydrophobicity values at nonsynonymous sites, with a 
score of 1 meaning very hydrophobic, and a score of 0 meaning hydrophilic. Underneath is the 
nonsynonymous amino acid residues in alignment against the consensus. Overall, the C. lepidus 
sequence is less hydrophobic than other identified crotoxin acidic subunits. 
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Figure 12. The hydrophobicity of PLA2-gB2 alignments in (A) C. lepidus, (B) C. scutulatus, (C) 
C. horridus, and (D) C. tigris. Top shows hydrophobicity values at nonsynonymous sites, with a 
score of 1 meaning very hydrophobic, and a score of 0 meaning hydrophilic. Underneath is the 
nonsynonymous amino acid residues in alignment against the consensus. Overall, the C. lepidus 
sequence is less hydrophobic in the first 50 residues, and slightly more hydrophobic in the 
remaining residues. 
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Discussion 

Using genome sequencing and transcriptomics we find that crotoxin is present and 

expressed in several C. lepidus individuals. This is the first genomic and transcriptomic 

confirmation of crotoxin in a montane rattlesnake. We also recover unique PLA2 arrays for C. 

lepidus further illustrating the evolutionary history of this toxin family in the species. This 

expands the range of the trait geographically and taxonomically. This confirmation opens further 

exploration of the types of environments crotoxin could be a local adaptation to, and the 

opportunity to test for selection across different taxa and biomes. The phylogenetic expansion 

allows further opportunities to test existing hypotheses of crotoxin origin, like the ancestral 

pitviper hypothesis. 

Our main goal was to identify which PLA2s were present in C. lepidus, both in the 

genome and transcriptome. We accomplished this using genomic and transcriptomic sequencing, 

and phylogenetic inference using previously identified PLA2 sequences. We detected both PLA2 

subunits (PLA2-gA2 and PLA2-gB2) necessary to form crotoxin, placed basal to previously 

characterized Crotalus crotoxin subunits in the PLA2 phylogeny.  

Surprisingly, the subunits of crotoxin are expressed in near equal proportion, instead of in 

a 2:1 basic to acidic ratio (Table 3). The 2:1 ratio was initially hypothesized to exist to ensure 

there was enough PLA2-gB2 chaperone for the active PLA2-gA2 to bind to, maximizing 

neurotoxic effects (Whittington et al. 2018). While our study does not go into the neurotoxic 

effects of C. lepidus venom, previous studies have shown low LD50 values in individuals that 

were reactive to a Mojave Toxin antibody (average 0.395 ug/g (Rael et al. 1992)). Individuals 

that were not reactive to the Mojave Toxin antibody had an average LD50 of 9.50 ug/g (Rael et 

al. 1992). In comparison, C. scutulatus CTx+ samples have LD50s ranging from 0.34 mg/kg to 
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2.6 mg/kg (Massey et al. 2012). CTx- samples had LD50s greater than 2.9 mg/kg. C. lepidus 

samples from Rael et al. (1992)  had a lethality comparable to C. scutulatus, which suggests no 

loss of efficiency. Like in Strickland, Mason, et al., (2018) we also identified CTLs significantly 

differentially expressed between CTx+ and CTx- individuals.  Venom evolves as a response to 

local adaptation (Gibbs and Mackessy 2009; Holding et al. 2016). There are similarities between 

CTx+ C. lepidus and C. scutulatus venoms (mainly PLA2 expression), and similarities between 

CTx- C. lepidus and C. scutulatus venoms (mainly SVMP and CTL expression) that could 

suggest a similar selection pressure acting on both. Further research into both the ecology and 

selection pressures of the two species, and the evolutionary histories of each toxin family would 

be needed to find any overlap in circumstances.  

The PLA2-gE in the CTx+ genome offers a novel opportunity to examine newly 

discovered parallel nested gene structure. We are confident that the gene is present in the genome 

and is not a chimeric effect of the assembly or annotation process. The gene was expressed in the 

transcriptome at an average TPM of 653.377. When examining the alignment between different 

species, the first two CDS regions, accounting for 39% of the gene, are more similar to PLA2-

gKs. The last two CDS regions are conserved throughout several species. It was surprising that 

the PLA2-gK was retained in the CTx+ individual as well and would mean that a myotoxic 

PLA2 may also be expressed in addition to crotoxin. The retention could be related due to 

divergent evolutionary histories when large and small-bodied rattlesnakes diverged, or due to the 

unique genetic structure of the CTx+ array. We propose two possible hypotheses regarding how 

the PLA2-E/PLA2-gB1/PLA2-gK translocations could have evolved: transposable element 

rearrangement or recombination. There are several transposable elements between the PLA2-E 

and PLA2-gB1 in other species (Dowell et al. 2016). There could have been a rearrangement, 
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taking the region right before the start of the PLA2-E and transferring it to the other side of the 

PLA2-gB1. Non-allelic homologous recombination (NAHR) between misaligned regions could 

have also contributed to the arrangement seen in C. lepidus. NAHRs can cause structural 

variations such as inversions and translocations through the process of repairing double stranded 

breaks using the homologous region of a sister chromatid (Robberecht et al. 2013; Parks et al. 

2015). The repetitive tandem duplications of the PLA2 region could, therefore, induce errors 

during recombination, allowing for novel rearrangements. 

For both hypotheses, additional sequencing of more individuals would help confirm the 

CTx+ and CTx- PLA2 genomic arrays. Specifically, the presence of PLA2-gK throughout CTx+ 

individuals, and the position of PLA2-gB1 in CTx- individuals, since our CTx- genome sample 

was unique in its’ absence of that gene. The retrotransposons identified in other Crotalus species 

(Dowell et al. 2016), especially those between the PLA2-E and PLA2-gB1 could play a role in 

disrupting genes, immediately making them nonfunctional. Disruption of regulatory elements of 

toxin genes could put the gene under relaxed selection pressures (Feschotte 2008). Transposable 

elements have been hypothesized to have caused co-opted regulation of venom genes (Perry et 

al. 2022), so disruption of gene regulatory elements is a possibility. To further investigate the 

potential role of NAHR, a program like detect-NAHR (Parks et al. 2015) could be used to 

identify signals of NAHR in all variable expression species. This would allow for genus-wide 

comparisons of variational points, which are indicative of NAHR. NAHRs are a particularly 

attractive candidate as they allow for gene conversions, which could explain the embedded 

parallel structure of PLA2 genes in C. lepidus in addition to deletions and duplications (Parks et 

al. 2015). NAHR has resulted in deletions and hybrid genes in inbred soybean lines (Cho et al. 

2019). In human IgG receptors, NAHR is responsible for a high copy number variation, and a 
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rare chimeric gene variant (Nagelkerke et al. 2015). To see the role of NAHR in viperids would 

be a difficult feat, as delineating breakpoints would likely require inbred lines or a large sample 

size, however if there is consistency across species with the same gene arrays in intronic SNPs, 

that could be a region potentially containing a breakpoint. 
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CHAPTER THREE 
 

SPATIAL DISTRIBUTION AND ORIGINS OF CROTOXIN IN C. LEPIDUS 
 

Introduction 

Within a species, crotoxin expression can be variable among populations. Crotalus 

scutulatus is a prominent example of how a single species can have variable expressions of a 

specific venom phenotype. Although C. scutulatus is thought to be a Type II species, there are 

Type I and hybrid individuals across its range (Glenn and Straight 1989; Strickland, Mason, et al. 

2018; Strickland, Smith, et al. 2018; Zancolli et al. 2019). Strickland, Smith, et al. (2018) 

hypothesized that local selection favored one venom phenotype over another in specific sub-

populations, resulting in a species wide variable expression phenotype. Crotoxin expressing 

(CTx+) and crotoxin absent (CTx-) individuals occupied different niches, specifically along axes 

of temperature and rainfall. These environmental variables could be correlated with prey types or 

other circumstances that could facilitate directional selection. Crotalus horridus is another 

species with variable expression of crotoxin and CTx+ individuals are more commonly found 

along the western and southern parts their range (Glenn et al. 1994; Rokyta et al. 2013; Margres, 

Wray, et al. 2021). While local selection drivers have not been studied in relation to crotoxin’s 

expression in C. horridus, it is known to be present in only certain parts of the distribution. 

Similar phenomena could be occurring in C. lepidus. Spatial analyses will identify the 

distribution of this trait across the species’ range. If crotoxin is localized or distributed 

throughout, this would have implications on the origin of crotoxin in the species in addition to 

the severity of snakebites in the area. To understand the distribution of crotoxin in C. lepidus we 

will combine our transcriptome dataset (Q1) with a large hybrid enrichment or sequence capture 

dataset. This will increase the breadth of my data set, and we can test specifically for genomic 
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presence of crotoxin across their range. With both the sequence capture and transcriptome data, 

we will perform logistic regressions along latitude, longitude, elevation, and environment to test 

for correlations with presence/absence of crotoxin. 

It is hypothesized that crotoxin is an ancestral trait in pitviper venoms (Dowell et al. 

2016; Whittington et al. 2018). However, it is rarely documented in montane rattlesnake species 

(Rael et al. 1992; Martínez-Romero et al. 2013; Saviola et al. 2017), and our previous chapter 

was the first to establish the genomic presence of crotoxin. Through a combination of the PLA2 

phylogeny, spatial distributions, and a Patterson’s D statistic, we tested to see if crotoxin is a 

result of i) independent origin, ii) hybridization with crotoxin-harboring congeners C. scutulatus 

or C. tigris, or iii) ancestral origin.  

Materials and Methods 

Sampling 
 

Collaborators Mark Margres, Kenny Wray, Darin Rokyta, and members of the Parkinson 

lab collected ninety-six C. lepidus samples throughout Texas (Permit #SPR-0713-098), New 

Mexico (Permit #3571), Arizona (Permit #SP677954; #SP706039; #SP735619), and Mexico 

(OFICIO NUM. SGPA/DGVS/03562/15) following the guidance set by Florida State 

University’s IACUC (protocols #0924 and #1333) and University of Central Florida’s IACUC 

(#13-17W; #16-17W) to generate the sequence capture data. Before individuals were released, 

they collected blood/tissue (Table 4). One sample, KW1748, was also collected for transcriptome 

processing. 
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Table 2. Sequence Capture samples with locality information and venom type. 
SamƉle ID SƵbƐƉecieƐ Venom TǇƉe CoƵnƚǇ Sƚaƚe SamƉle ID SƵbƐƉecieƐ Venom TǇƉe CoƵnƚǇ Sƚaƚe
KWϭϳϰϴ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PecoƐ TeǆaƐ KWϮϭϮϭ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆн Caƚoƌce San LƵiƐ PoƚoƐi
KWϮϬϱϵ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ KWϮϭϮϮ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ EdǁaƌdƐ TeǆaƐ
KWϮϬϳϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн Hidalgo Neǁ Meǆico KWϮϭϮϯ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ EdǁaƌdƐ TeǆaƐ
KWϮϬϳϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн Hidalgo Neǁ Meǆico KWϮϭϮϰ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PƌeƐidio TeǆaƐ
KWϮϬϳϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϮϱ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PecoƐ TeǆaƐ
KWϮϬϳϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн Hidalgo Neǁ Meǆico KWϮϭϮϲ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PecoƐ TeǆaƐ
KWϮϬϳϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϮϳ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ HƵdƐƉeƚh TeǆaƐ
KWϮϬϳϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϮϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϬϳϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϮϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϬϴϬ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ KWϮϭϯϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ LƵna Neǁ Meǆico
KWϮϬϴϭ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ KWϮϭϯϭ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico
KWϮϬϴϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϯϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico
KWϮϬϴϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϯϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Gƌanƚ Neǁ Meǆico
KWϮϬϴϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϯϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Gƌanƚ Neǁ Meǆico
KWϮϬϴϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϯϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Socoƌƌo Neǁ Meǆico
KWϮϬϴϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн Hidalgo Neǁ Meǆico KWϮϭϯϴ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ HƵdƐƉeƚh TeǆaƐ
KWϮϬϴϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϯϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Sieƌƌa Neǁ Meǆico
KWϮϬϴϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϬ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ
KWϮϬϵϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϬϵϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico
KWϮϬϵϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico
KWϮϬϵϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico
KWϮϬϵϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϭϰϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ LƵna Neǁ Meǆico
KWϮϬϵϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ El PaƐo TeǆaƐ KWϮϭϰϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϬϵϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ El PaƐo TeǆaƐ KWϮϭϱϭ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Gƌanƚ Neǁ Meǆico
KWϮϬϵϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ HƵdƐƉeƚh TeǆaƐ KWϮϭϱϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Sieƌƌa Neǁ Meǆico
KWϮϬϵϵ CƌŽƚaůƵƐ ůeƉidƵƐ CTǆͲ KWϮϭϱϰ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ
KWϮϭϬϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ HƵdƐƉeƚh TeǆaƐ KWϮϭϵϴ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ
KWϮϭϬϭ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϮϬϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Gƌanƚ Neǁ Meǆico
KWϮϭϬϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico KWϮϮϭϲ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PƌeƐidio TeǆaƐ
KWϮϭϬϯ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Teƌƌell TeǆaƐ KWϮϮϭϳ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ PƌeƐidio TeǆaƐ
KWϮϭϬϰ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Teƌƌell TeǆaƐ KWϮϮϭϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϭϬϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico KWϮϮϭϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϭϬϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Dona Ana Neǁ Meǆico KWϮϮϮϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϭϬϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ PinoƐ ZacaƚecaƐ KWϮϮϮϭ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн Hidalgo Neǁ Meǆico
KWϮϭϬϴ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ PinoƐ ZacaƚecaƐ KWϮϮϮϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϭϬϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ PinoƐ ZacaƚecaƐ KWϮϮϮϯ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Val Veƌde TeǆaƐ
KWϮϭϭϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ MeǌƋƵiƚal DƵƌango KWϮϮϮϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Hidalgo Neǁ Meǆico
KWϮϭϭϭ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ MeǌƋƵiƚic JaliƐco KWϮϮϮϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ Gomeǌ Palacio DƵƌango
KWϮϭϭϮ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ AhƵalƵlco de Meƌcado JaliƐco KWϮϮϮϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ VieƐca CoahƵila
KWϮϭϭϯ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ AhƵalƵlco de Meƌcado JaliƐco KWϮϮϮϵ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ MaƚamoƌoƐ CoahƵila
KWϮϭϭϰ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Aƌambeƌƌi NƵeǀo Leon KWϮϮϯϬ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ CochiƐe Aƌiǌona
KWϮϭϭϱ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆн Caƚoƌce San LƵiƐ PoƚoƐi KWϮϮϯϮ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Jeff DaǀiƐ TeǆaƐ
KWϮϭϭϲ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆн Caƚoƌce San LƵiƐ PoƚoƐi KWϮϮϯϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн CochiƐe Aƌiǌona
KWϮϭϭϳ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Caƚoƌce San LƵiƐ PoƚoƐi KWϮϮϯϲ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆͲ CochiƐe Aƌiǌona
KWϮϭϭϴ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆн Caƚoƌce San LƵiƐ PoƚoƐi KWϮϮϯϳ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн CochiƐe Aƌiǌona
KWϮϭϭϵ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Caƚoƌce San LƵiƐ PoƚoƐi MMϬϭϬϰ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн CochiƐe Aƌiǌona
KWϮϭϮϬ CƌŽƚaůƵƐ ůeƉidƵƐ ůeƉidƵƐ CTǆͲ Caƚoƌce San LƵiƐ PoƚoƐi MMϬϭϬϱ CƌŽƚaůƵƐ ůeƉidƵƐ kůaƵbeƌi CTǆн CochiƐe Aƌiǌona

Ύnoƚ inclƵded in enǀioƌnmenƚal analǇƐeƐ
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Probe Design and Sequence Capture 
 
 Sequence capture probes and hybrid enrichment data used herein were generated by Mark 

Margres and Darin Rokyta (FSU) and generously shared with us for this work. This probe set 

design and methods were described in Margres, Bigelow, et al. (2017).  In short, they designed 

120 bp probes for toxins (94 long exons, 112 short exons; see below), nontoxins (n =200), 

anchored loci (n = 348) and anonymous (short n = 829; long n = 240) loci, which included 

probes for the main toxin families. The probes were designed using sequences from venom-gland 

transcriptomes and low coverage genomes of other pitviper species (C. adamanteus, Agkistrodon 

piscivorus, Sisturus miliarius, C. horridus (one with Type I venom, one with Type II)). This 

probe set specifically included probes that hybridized to PLA2 gene regions and were used to 

capture the PLA2 genes from the 96 C. lepidus samples. Although toxins (including PLA2s) 

evolve rapidly (Casewell et al. 2013; Dowell et al. 2016; Holding et al. 2016), previous studies 

have shown that the flanking regions around PLA2s in the genome consist of conserved domains 

facilitating the capture of these loci (Dowell et al. 2016; Margres, Bigelow, et al. 2017). These 

conserved domains are what the sequence capture probes were based on. The Center for 

Anchored Phylogenomics at Florida State University performed the target capture (Lemmon et 

al. 2012; Prum et al. 2015; Margres, Wray, et al. 2017; Margres, Bigelow, et al. 2017).  

Briefly, The Center for Anchored Phylogenomics at FSU used an Omega Bio-tek 

E.Z.N.A Tissue DNA Kit (Omega Bio-Tek Inc, Norcross, GA, USA) to extract DNA from blood 

or tissue samples.  The Center for Anchored Phylogenomics at FSU used a Covaris E220 

Focused-ultrasonicator with Covaris microTUBES (Covaris, Woburn, MA, USA) to sonicate 

each DNA sample to the desired length of 175-325bp. The Center for Anchored Phylogenomics 

at FSU used a Beckman-Coulter Biomek FXp liquid handling robot to perform library 
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preparation and indexing with SPRIselect beads (0.9x ratio of bead to sample volume; Beckman-

Coulter, Brea, CA, USA) for a size-selecting step after the repairing of blunt-ends (Margres, 

Bigelow, et al. 2017). An Agilent Custom SureSelect Kit (Agilent Technologies, Santa Clara, 

CA, USA), utilizing the 57,292 probes, was used to isolate and enrich regions of interest. These 

libraries were pooled in equal amounts. Florida State University College of Medicine 

Translational Science Laboratory sequenced the libraries with 150bp paired-end reads on an 

Illumina HiSeq 2500. Raw sequencing reads were provided to us for the C. lepidus  samples and 

we used Trim Galore v0.6.6 to trim reads and PEAR v0.9.10 to merge paired-end reads 

(https://github.com/FelixKrueger/TrimGalore) (Zhang et al. 2014). We used BWA-MEM and GATK 

following the Best Practices For Variant Calling With The GATK (see https://github.com/njm-

data/GatkSNPS) using HaplotypeCaller with the PLA2s from the C. lepidus consensus 

transcriptome (generated in Chapter Two) as the reference (Li and Durbin 2009; McKenna et al. 

2010). Genotyping was done using GenotypeGVCF, variants were filtered out with a filter of 

"QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0" 

(https://github.com/njm-data/GatkSNPS). If a sequence capture sample had alignment matches to 

both PLA2-gA2 and PLA2-gB2 (the genes that code for both subunits of CTx), it was considered 

positive for the presence of crotoxin. 

Spatial Analyses 
 
 We examined the spatial relationship of crotoxin presence to test for a relationship 

between crotoxin presence and latitude or longitude to see if there was directionality in the trait 

and as a proxy for subspecies. Strickland, Smith, et al. (2018) previously hypothesized that 

isolated crotoxin populations arise due to local adaptation. To see if local adaptation played a 

role, we tested to see if crotoxin presence is associated with a specific elevation or environmental 
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variables and compared them to the environments of other variable expression species (Fick and 

Hijmans 2017). We removed one sequence capture sample that did not have location data. We 

used the R packages “rgdal” (Bivand et al. 2021), “raster” (Hijmans 2021), and “tidyjson” 

(Stanley and Arendt 2020) to extract and organize environmental raster data for each C. lepidus 

sample, and used the “stats” packages to run all binary logistic regressions (R CoreTeam 2021). 

All figures were plotted in ggplot2 (Wickham 2016).  

Patterson’s D  
 
 We tested for introgression between C. lepidus and C. scutulatus, and C. tigris to assess 

the possibility of crotoxin being present in C. lepidus via introgression. Patterson’s D, an 

introgression metric, was calculated in R using admixr (Petr et al. 2019) using transcriptomes of 

C. lepidus, C. scutulatus, C. tigris, and Sistrurus (S.Table 2) (Green et al. 2010; Strickland, 

Smith, et al. 2018; Strickland, Mason, et al. 2018; Holding et al. 2021; Margres, Rautsaw, et al. 

2021). Specifically, we aligned RNA-Seq data from all species to nontoxins found in the C. 

lepidus transcriptome as a reference using BWA-MEM. We then called SNPs using the 

previously described GATK pipeline. We used eigensoft to convert the SNP vcf file to the 

eigenstrat format (Patterson et al. 2006; Price et al. 2006). The eigenstrat formatted SNPs were 

used as the input for admixr, with three separate tests being performed. Tests one and two 

examined whether CTx+ or CTx- C. scutulatus samples were hybridizing with C. lepidus 

samples. Test three examined if C. tigris was hybridizing in place of C. scutulatus. In all three 

tests, Sisturus acted as the outgroup. 

 

  



 44 

 

 
Figure 13. Map of all C. lepidus samples. Black dots represent transcriptomic and SeqCap 
samples that were CTx-. Red symbols represent CTx+ samples, with transcriptome samples 
being circles, and SeqCap squares. Numbers represent the number of CTx+ samples in each 
locality. 
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Results 

Spatial Analyses 
 

Of the 96 SeqCap samples, it was determined that 13 possessed crotoxin (Table 4). We 

combined the SeqCap data with the transcriptomic data to perform the following spatial analyses, 

bringing our total samples to 105, and 17 with crotoxin present (Figure 13). 

Binary logistic regressions showed no significant association between crotoxin presence 

and latitude, longitude, elevation, or subspecies (Table 2). Regressions using WorldClim data 

yield significant results for BIO3 (Isothermality, pvalue = 0.0235), BIO4 (Temperature 

Seasonality, pvalue = 0.0463), BIO5 (Max Temp Warmest Month, pvalue =0.0440), BIO8 

(Mean Temp Wettest Quarter), BIO10 (Mean Temp Warmest Quarter, pvalue = 0.0127), BIO18 

(Precipitation Warmest Quarter, pvalue = 0.0199), and BIO19 (Precipitation Coldest Quarter, 

pvalue = 0.00193) (S.Table1).  

Evolutionary origins 
 
Table 3. Shows how different data types support different origin hypotheses. 
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In the case of an independent origin, or convergent evolution, crotoxin would require 

Crotalus to have lost crotoxin in the montane lineage (Table 5). The montane and lowland 

lineages split ~11 million years ago (Holding et al. 2021), and crotoxin has not been previously 

confirmed in the montane species. We would expect the C. lepidus crotoxin subunits to form a 

monophyletic cluster separate from the crotoxin subunits from the lowland rattlesnakes in the 

PLA2 phylogeny. Spatially CTx+ individuals will be present regardless of the distribution of the 

lowland species and will be extremely localized to account for the mutation occurring in the 

recent past. While the C. lepidus crotoxin subunits were generally basal to Crotalus identified 

subunits, the spatial distribution does not support this hypothesis. Crotoxin is wildly distributed 

throughout the range, not localized to a small area.  

 Our second hypothesis on crotoxin origin in C. lepidus was by a hybridization event with 

either C. scutulatus or C. tigris, taxa known to possess crotoxin and are co-distributed. Both 

lowland species express crotoxin and are found in the desert surrounding the Madrean Sky 

Islands. While C. lepidus is found in the pine forests at higher elevation, the distance between the 

habitat is short. In the PLA2 phylogeny, the C. lepidus crotoxin subunits would be expected to be 

sister to the subunits from the species they introgressed from. Introgression has been 

hypothesized as the source of crotoxin in C. helleri originating from C. scutulatus, and Sistrurus 

catenatus from C. horridus (Rokyta et al. 2015; Dowell et al. 2018). We would have also 

expected crotoxin to only occur in the lower elevations, along potential contact zones, and be 

dependent on neighboring C. scutulatus or C. tigris ranges. Crotalus lepidus crotoxin was basal 

within Crotalus in the maximum likelihood phylogeny, and its overall presence was not tied to a 

specific elevation range. We performed a Patterson’s D to assess gene flow between populations 

by testing for deviations in incomplete lineage sorting. Using previously published 
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transcriptomes from Sistrurus tergeminus, S. catenatus, S. miliarius, C. scutulatus, and C. tigris 

(see table S.Table 2 (Holding et al. 2021)) We assessed gene flow using Sistrurus as the 

outgroup, testing for historical admixture between CTx+/CTx- C. lepidus individuals and CTx+ 

C. scutulatus, CTx- C. scutulatus, and C. tigris. No gene flow was found (Table 6).  

Table 4. D-statistic values for each introgression trial, first looking at CTx+ C. scutulatus, CTx- 
C. scutulatus, and C. tigris. A Z score of |3| would have an alpha of 0.05. All trials have near 
equal ABBA vs. BABA site patterns, indicating no gene flow. 

 

 Our final hypothesis was an ancestral origin of crotoxin. For an ancestral origin we would 

have expected the C. lepidus crotoxin subunits to be basal to existing Crotaline subunits to match 

the ancestral PLA2 array recovered in C.lepidus, which they were. Spatially we would have 

expected crotoxin to be distributed regardless of other species and be more widespread than 

when compared to the convergent evolution hypothesis. Since the species has such a large range, 

and venom is locally adaptive and subject to local selection pressures, there should be multiple 

opportunities for the trait to be under selection. Lack of gene flow would add additional support 

to the ancestral origin hypothesis. With the Patterson’s D statistic, we found no support for gene 

flow, and the near equal amounts of ABBA vs. BABA site patterns support ILS. 

Discussion 

Our goal was to investigate the spatial distribution of crotoxin throughout the range of C. 

lepidus. Through spatial analyses and tests of gene flow, we are able to make inferences on the 

evolutionary history of crotoxin in montane rattlesnakes. We confirm the presence of crotoxin 

throughout the range of C. lepidus and identify environmental variables associated with the 

genomic presence of the trait (Figure 13, Table 2, Supp table 1). We found no evidence of gene 

W X Y Outgroup Zscore BABA ABBA nsnps
CTx+ C. lepidus CTx- C. lepidus CTx+ C. scutulatus Sisturus -0.951 250 261 85800
CTx+ C. lepidus CTx- C. lepidus CTx- C. scutulatus Sisturus -0.26 249 252 85784
CTx+ C. lepidus CTx- C. lepidus C. tigris Sisturus 0.036 251 251 85750
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flow between C. lepidus and codistributed CTx+ species, thus we hypothesize that ancestral gene 

segregation and selection are responsible for maintaining crotoxin in C. lepidus and the distinct 

venom phenotypes across Crotalus. 

While the C. lepidus Type I and Type II venom types do not group  as distinct clusters as 

in Strickland, Smith, et al. (2018), there are clusters of Type I and Type II individuals throughout 

the range of C. lepidus. The three individuals from San Luis Potosi are the only C. l. lepidus 

individuals that are CTx+, and the farthest to the south and east. While the transcriptome dataset 

had crotoxin being expressed at significantly higher levels in C. l. klauberi, that association is not 

true in our larger joint transcriptome and SeqCap analyses. This is due to the transcriptome 

dataset being only ten individuals and representing a smaller part of the overall species range.  

Additionally, this exhibits the importance of combining datatypes for the largest extent to better 

understand the evolutionary trends.  

In previous studies with C. scutulatus BIO1; BIO4; BIO8, BIO9; BIO11, BIO12, BIO15, 

BIO17, and BIO19 were significant indicators of crotoxin presence (Strickland, Smith, et al. 

2018). In C. horridus BIO4; BIO6; BIO8; and BIO18 were significantly correlated with crotoxin 

presence. Both studies hypothesized that CTx+ individuals had different niches and hypothesized 

that CTx presence could be a local adaptation to prey. Crotalus scutulatus and C. horridus 

predominantly prey on birds and small mammals (Platt et al. 2001; Zancolli et al. 2019; Margres, 

Wray, et al. 2021), and have been documented preying on lizards (Hamilton and Pollack 1955; 

Zancolli et al. 2019). Crotalus lepidus preys predominately on small mammals and lizards, while 

neonates also eat centipedes (Beaupre 1995; Holycross et al. 2002). Venom composition and 

prey type are closely intertwined (Holding et al. 2016; Holding et al. 2021), prey type is also 

closely associated with gape size, as snakes are gape limited predators (Shine 1991). While it is 
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highly likely that prey type plays a role in the local selection factors that select for crotoxin 

presence, it is unlikely to be the same exact species due to the influence of gape size. 

Environment plays a major role in local adaption as a driver of selection (Li et al. 2018; 

Tobler et al. 2018; Albecker et al. 2021 Mar 2). The BIO4 (Temperature Seasonality) and BIO8 

(Mean Temperature of Wettest Quarter) WorldClim values for C. scutulatus and C. horridus 

with known Type I vs Type II venom types were added to the C. lepidus data for analysis, t-tests 

revealed that both were significant (p = 2.3xe-4 and 1.84xe-14 respectively). When we expanded 

our analysis to all WorldClim variables, 13 of the 20 variables were significant, including 

variables that were not significant in any single species study. This could suggest an overarching 

environment factor that selects for the presence of crotoxin across Crotalus. A meta-analysis of 

climatic and prey type availability across variable expression species could provide useful insight 

in what factors could be exhibiting a selection pressure for crotoxin. While we have identified 

significantly correlated variables, how they are acting as selective pressures is still unknown. 

Ancestral origin is supported by the literature, as the ancestral North American pitviper is 

hypothesized to have had crotoxin (Dowell et al. 2016; Whittington et al. 2018). In the PLA2 

phylogeny, the C. lepidus crotoxin subunits would be basal to the lowland clade and would be 

present throughout the distribution. This wide distribution of crotoxin would be irrespective of 

the lowland species and would be consistent with crotoxin being an ancestral trait. The data so 

far support both parts of this hypothesis, the C. lepidus subunits are basal in the phylogeny, and 

can be found in both C. l. lepidus and C. l. klauberi. The lack of hybridization with C. tigris or C. 

scutulatus is additional data supporting this hypothesis. 

 Our CTx+ C. lepidus has a PLA2 array most similar to Dowell et al’s (2016) 

hypothesized ancestral pitviper. Further genomic research into other montane species would help 
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illustrate their PLA2 composition, shed light on the small-bodied lineage in comparison with the 

large-bodied. Body size alone would impact the selection pressures each group faces due to gape 

size caused differences in diet, in addition to environment. As most small-bodied rattlesnakes are 

associated with montane habitats, and large-bodied rattlesnakes are associated with lowlands.  

We hypothesize that crotoxin has been maintained through a combination of ancestral 

gene segregation and local selection. Ancestral gene segregation would have facilitated crotoxin 

to have persisted in New World ancestral pitvipers as they diverged from Old World pitvipers 

~25MYA (Wüster et al. 2008; Alencar et al. 2016), and in subsequent radiations throughout the 

New World. Out of 22 genera of pitvipers, there are six genera that have crotoxin in at least one 

species (Bothriechis (Fernández et al. 2010), Crotalus (Hendon and Fraenkel-Conrat 1971), 

Gloydius (Yang, Yang, et al. 2015), Lachesis (Damico et al. 2005; Damico et al. 2012), 

Mixcoatlus (Neri-Castro et al. 2020), Ophryacus (Neri-Castro et al. 2019), and Sistrurus (Calvete 

et al. 2012)). From there, local selection factors would have maintained crotoxin as a venom 

component. Venom is highly adaptive and responsive to selection pressures (Gibbs and Rossiter 

2008). Individual toxin genes are lost if not expressed (Strickland et al. in prep), indicating an 

emphasis on a stream-lined venome. Independent loss events are hypothesized to explain the 

varied presence of crotoxin in Crotalus (Dowell et al. 2016), they could also explain variation 

across the pitviper phylogeny as well. Future studies that thoroughly investigate the PLA2 

presence across New World Pitvipers in addition to local selection pressure where crotoxin is 

and is not found can demystify both the evolution of how crotoxin originated and initially spread 

in this clade, and how it continues to be maintained.  
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