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Over the past decade, the increasing availability and 
decreasing cost of genome sequencing technologies have 
led to significant advancements in our understanding of the 
evolution, variation and function of reptile venoms. This 
includes multiple annotated genomes for venomous rep-
tile species as well as countless public data sets of venom 
gene sequences, gene expression data, and data availabil-
ity from a growing diversity of species. These genomic 
resources have provided new insight into reptile venoms, 
and the continuing development of additional genomic 
resources and related data sets holds promise for contin-
ued advancement of our understanding of reptile venom 
systems. Here, we present an overview of currently avail-
able genomic resources for the study of reptile venoms, 
discuss genomic approaches used to study reptile venoms, 
and highlight recent advances in our understanding of how 
venom evolves and functions in reptiles based on genomic 
data. We also discuss ongoing progress and future work 
that will be important for closing major gaps in our current 
understanding of the genomic basis of venom variation, 
evolution and regulation.
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3.1  INTRODUCTION

In 2019, the World Health Organization (WHO) and Wellcome 
Trust announced a large-scale strategy for researching and 
advancing the treatment of snakebite, which the WHO defines 
as a major neglected tropical disease (Hand, 2019). A primary 
aim of this initiative is to develop more effective, sustainable 
and affordable treatments for snakebite – a goal that has his-
torically proved challenging, due in part to variation in venom 
composition and biological activity within and among species. 
Leveraging recent advancements in genomic technologies and 
the decreasing cost of genome sequencing holds promise for a 
fast, economical and powerful means by which to understand 
better the variation in venom within and among venomous 
reptile species, as well as the factors that drive this variation. 
However, despite recent advancements in our understanding 
of the genomic basis of reptile venoms, there remain sev-
eral key challenges in linking genomes to venoms. Perhaps 
the largest gap in our knowledge currently is precisely how 
genomic sequences direct the regulation of venom genes to 
produce varying amounts of distinct venom proteins that 
together constitute complex venom cocktails within a spe-
cies, population or individual. Furthering our understanding 
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of the genomic basis and regulation of venom in venomous 
reptiles, and how this translates to medically relevant pheno-
types, is thus a major priority for current and future research 
efforts. In this chapter, we highlight available venomous rep-
tile genomes and key insights into venoms and venom evolu-
tion that these genomes have delivered, provide an overview 
of modern genomic technologies and their value for the study 
of reptile venoms and toxins, and describe a selection of major 
discoveries that reptile genomes have facilitated over the past 
decade that frame the future roles of genomics in understand-
ing reptile venoms.

At the time of publication of the first edition of the 
Handbook of Venoms and Toxins of Reptiles (Mackessy, 
2010a), no reptile genomes, venomous or otherwise, were 
available. While the gene and protein sequences of major 
venom components were known through traditional sequenc-
ing technologies and proteomics, the lack of any substantial 
genomic context for understanding reptile venoms meant that 
many questions regarding the evolution, diversity and func-
tion of venoms remained vastly unanswered and largely inac-
cessible. Over the past decade, the time and cost associated 
with sequencing, assembling and annotating genomes have 
decreased substantially with the development of more efficient 
and accessible genomic technologies. These advancements 
have made it feasible to sequence and assemble the genomes 
of nontraditional model organisms for a variety of research 
purposes (Ellegren, 2014), including the study of venoms and 
toxins. At the publication of this edition, around 28 squamate 
reptile genomes are publicly available, including 17 venom-
ous reptiles (National Center for Biotechnology Information 
[NCBI] genome database; Figure 3.1). Studies leveraging 
these genomes have already greatly advanced our understand-
ing of reptile venoms, providing insight into long-standing 

questions about the evolution, function and diversity of reptile 
venoms and toxins, and raising even more questions for future 
study (e.g., Vonk et al., 2013; Yin et al., 2016; Shibata et al., 
2018; Perry et al., 2019; Schield et al., 2019b).

The first non-avian reptile genome, that of the Green Anole 
(Anolis carolinensis), was published in 2011 by Alföldi et al. 
(2011). While this is not a venomous species, this genome pro-
vided the first broad insight into the structure, function and 
evolution of a reptile genome and effectively brought reptiles 
into the age of genomics. Two years later, the genomes of the 
King Cobra (Ophiophagus hannah; Vonk et al., 2013) and the 
Burmese Python (Python bivittatus; Castoe et al., 2013) were 
published, providing the first genomic perspectives on venom 
gene evolution in a venomous reptile, as well as the first non-
venomous snake genome that could be used to compare and 
contrast genomic features to contextualize venom evolution 
(e.g., Reyes-Velasco et al., 2015). Over the next several years, 
additional genome assemblies of venomous reptiles were pub-
lished, including that of the Five Pace Viper (Deinagkistrodon 
acutus; Yin et al., 2016), the Habu (Protobothrops flavoviri-
dis; Shibata et al., 2018), the European Adder (Vipera berus; 
NCBI BioProject: PRJNA170536), the Komodo Dragon 
(Varanus komodoensis; Lind et al., 2019), and the rear-fanged 
Common Gartersnake (Thamnophis sirtalis; Perry et al., 
2019). Genomes for a sampling of non-venomous squamates 
have also been sequenced, representing such divergent spe-
cies as the Boa Constrictor (Boa constrictor; Bradnam et al., 
2013), the Bearded Dragon (Pogona vitticeps; Georges et al., 
2015), and Schlegel’s Japanese Gecko (Gekko japonicus; Liu 
et al., 2015). While the availability of the first genomes of 
venomous squamates has proved valuable for initial genomic 
studies of reptile venoms and toxins, the utility of these 
resources has been limited, because these early genome 

FIGURE 3.1 Overview of available squamate genome resources. (A) Number of publications found in Google Scholar searches (accessed 
September 15, 2019) including terms “snake venom,” “lizard venom,” or “reptile venom” over time (blue) along with the number of publica-
tions citing one or more reptile genome publications (red). Relevant reptile genomes are shown at their approximate date of publication. (B) 
Comparison of genome assembly and annotation quality of currently available reptile genomes. Chromosome-level assemblies are desig-
nated by bolded species names.
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assemblies were only assembled into partial fragments rather 
than complete chromosomes and were in some cases rela-
tively poorly annotated.

In 2019, the genome of the Prairie Rattlesnake (Crotalus 
viridis) became the first reptile genome to be assembled to 
the level of full chromosomes, providing the most complete 
resource for the genomic study of reptile venoms to date 
(Schield et al., 2019b). This genome was used to investigate 
the evolution of squamate genome structure at multiple scales 
(including chromosomes, GC content and repeat content), sex 
chromosome evolution and dosage compensation in snakes, 
and venom gene family evolution and regulation – several of 
these topics are discussed in detail later in this chapter. Soon 
after, a chromosome-level assembly was published for the 
Indian Cobra (Naja naja; Suryamohan et al., 2020), providing 
genome-wide insight into venom genes in an elapid and pro-
viding the first opportunities for powerful comparative stud-
ies of venom at a genome scale between divergent venomous 
snake lineages. As genomic technologies continue to advance 
in capabilities and decrease in cost, additional high-quality 
chromosome-level genome assemblies will no doubt become 
available for venomous and non-venomous reptiles, provid-
ing an unprecedented set of resources to catalyze progress 
towards understanding the genomic context, evolution and 
function of reptile venoms.

3.2  THE GENOMIC CONTEXT 
FOR REPTILE VENOMS

3.2.1  WHAT A “COMPLETE GENOME” IS, AND 
WHY THEY ARE NOT CREATED EQUAL

As for other eukaryotes, reptile nuclear genomes consist of 
varying numbers of chromosomes, each of which consists of 
a single long molecule of DNA ranging from several million 
to a few hundred million nucleotides. Despite many advances, 
there exists no genome sequencing technology capable of 
sequencing an entire eukaryotic chromosome as a single con-
tinuous sequence. Instead, all available genome sequencing 
approaches entail sequencing much smaller pieces of frag-
mented chromosomal DNA and then computationally infer-
ring how these pieces “fit back together” to reconstruct the 
entire genome sequence. This computational inference is 
made massively more challenging by the abundance of repeti-
tive DNA, low complexity DNA, and duplicated DNA typical 
of eukaryotic genomes in general (Charlesworth et al., 1994) 
and reptilian genomes in particular (Organ et al., 2008; Castoe 
et al., 2011; Tollis and Boissinot, 2011; Pasquesi et al., 2018). 
Accordingly, there is surprisingly little universal meaning or 
value to simply having a “complete genome” – instead, each 
available genome is associated with its own degree of com-
pleteness and accuracy based on the quality of the computa-
tional reassembly of fragmented sequences, and the relative 
degree to which this reassembly was able to reconstruct an 
inference of the genome. In other words, no genomes are cre-
ated equal, no “complete genomes” are in fact complete, and 
many “complete genomes” do not contain all the sequences 

and genomic information that would be potentially relevant 
for studying venom and venom systems. In the following, we 
highlight some key characteristics that are useful for better 
understanding the relative variation in quality, completeness 
and utility of various reptile genomes available, and relate 
these features to what questions can, and cannot, be addressed 
effectively with genomes of varying quality.

Numerous features of genome quality, contiguity and 
annotation can be used to estimate the utility of a genome for 
a given set of questions. For example, relatively incomplete 
and highly fragmented genomes are typically more than suffi-
cient to provide accurate estimates of genomic repeat content 
or nucleotide composition. Moderately complete and well-
assembled genomes are typically more useful for analysis of 
gene content and coding sequences but often lack the infor-
mation to study hard-to-annotate and/or multi-copy genes 
(i.e., most venom gene families) and regulatory elements (e.g., 
King Cobra genome; Vonk et al., 2013). However, analyses 
of multi-gene families, regulatory elements, and large-scale 
analyses of chromosome synteny (i.e., homology) typically 
require high-quality genome assemblies. Moreover, analyses 
of protein-coding genes require accurate genome annotation, 
and the quality and completeness of gene annotations depend 
on the quality of input gene models to predict genes, as well as 
the quality and contiguity of the genome assembly, leading to 
variation in gene annotation quality among genomes, in some 
cases independent of the quality of their assembly.

Available snake and lizard genomes vary considerably in 
genome completeness and genome assembly contiguity and 
thus, vary in utility for addressing various questions, espe-
cially questions relevant to venom gene content, structure, 
regulation, and evolution. As shown in Figure 3.1b, there are 
examples of squamate genomes that have high-quality and 
highly complete annotations based on BUSCO (Simão et al., 
2015) single-copy gene completeness but that have highly 
fragmentary genome assemblies (e.g., Protobothrops flavo-
viridis; Shibata et al., 2018 and Deinagkistrodon acutus; Yin 
et al., 2016). These metrics suggest that these genomes contain 
a highly complete set of protein-coding genes, although the 
relative order, orientation and chromosomal location of clus-
ters of genes are poorly known, and that regulatory sequences 
in intergenic regions are likely incomplete. Others have high 
assembly quality with intermediate annotation quality (e.g., 
Crotalus viridis (Schield et al., 2019b) and Python bivittatus 
(Castoe et al., 2013; Dudchenko et al., 2017, 2018) – highly 
contiguous genome assemblies typically do not have low-
quality annotations.

Early snake genomes (e.g., Ophiophagus hannah; Vonk 
et al., 2013) were highly fragmentary, limiting our ability to 
study venom in a genomic context. Indeed, venom-encoding 
regions of most available snake genomes are very poorly 
assembled, due in part to the difficulty in reconstructing 
venom gene regions using short-read and mate-pair sequenc-
ing libraries. In recent years, sequencing and assembly tech-
nologies have made major strides to enable chromosome-level 
genome assemblies for venomous snakes, including the Prairie 
Rattlesnake (Crotalus viridis; Schield et al., 2019b) and the 



32 Handbook of Venoms and Toxins of Reptiles 

Indian Cobra (Naja naja; Suryamohan et al., 2020). While the 
ability to develop such complete and powerful resources for 
venomous snakes is exciting in itself, the availability of these 
data has also begun to illustrate new and more complex ques-
tions that may now be addressed with access to high-quality 
chromosomal genomes, including questions related to the 
evolution and regulation of venom.

3.2.2  THE STRUCTURAL AND EVOLUTIONARY CONTEXT 
FOR VENOM IN SQUAMATE REPTILE GENOMES

In addition to their value for studying the evolution and reg-
ulation of venom, squamate reptile genomes also provide a 
rich comparative resource for understanding key features of 
vertebrate genome biology. A fundamental unit in genomics 
is genome size, or the amount of DNA in a cell, as genome 
size in part determines the amount of sequencing required 
to assemble a genome. Because genome size is impacted by 
various aspects of genome structure, it is also a useful coarse 
metric for comparing differences between lineages and for 
inferring the sources that drive these differences (e.g., segmen-
tal duplications and transposable elements). Most estimates 
of squamate genome sizes come from non-sequence-based 
estimation methods (e.g., Feulgen density, static flow cytom-
etry, and flow cytometry, the last being the currently favored 
method; see Shaney et al., 2014 for a detailed review). The 
average haploid flow cytometry–based genome size estimate 
for squamates (n = 90) is 1.9 Gbp, and this is also the aver-
age estimate of genome sizes across snakes – these estimates 
place squamate genome sizes between the larger and more 
variable genome sizes of mammals and amphibians, and the 
consistently smaller genomes of birds (Janes et al., 2010).

Even prior to sequencing reptile genomes, karyotypes and 
chromosomal structure were fairly well characterized for a 
number of species, establishing that variation in chromosome 
number and arrangement is much greater in reptiles than in 
mammals (Organ et al., 2008). Squamates possess anywhere 
between 27 and 51 (2n) chromosomes, with lizards exhibiting 
the greatest variation in chromosome number (Olmo, 2005). 
Snakes have comparatively conserved karyotypes, with a 
typical karyotype of 2n = 36 (8 macrochromosome pairs and 
10 microchromosome pairs; Olmo, 2005; Matsubara et al., 
2006; Srikulnath et al., 2009; Janes et al., 2010). Much of the 
variation in squamate genomes is manifested in the number 
of microchromosomes within the genome of a given species. 
Microchromosomes are comparatively smaller than macro-
chromosomes (e.g., less than 30 Mbp) but can be numerous, 
thereby increasing the number of independently sorting link-
age groups within the genomes of reptiles. Microchromosomes 
also possess distinctive features across birds and squamates, 
including higher gene density, GC content, and recombina-
tion rates than macrochromosomes (McQueen et al., 1996, 
1998; Hillier et al., 2004; Backström et al., 2010; Warren et 
al., 2010; Alfoldi et al., 2011; Schield et al., 2019b).

While characterizing variation in squamate chromosome 
number and arrangement has been feasible for some time using 
cytogenetic methods, the availability of chromosome-level 

squamate genomes has allowed us only recently to explore 
chromosomal synteny (i.e., homology) at unprecedented 
resolution. Using a k-mer-based “chromosome painting” 
technique (McKenna et al., 2016), we explored nuclear chro-
mosomal synteny between the Chicken (Gallus gallus), Green 
Anole (Anolis carolinensis), Burmese Python (Python bivit-
tatus) and Prairie Rattlesnake (Crotalus viridis). In agreement 
with previous published studies (Alfoldi et al., 2011; Schield et 
al., 2019b), these analyses indicate that there are large regions 
of macrochromosomes that have been stable over hundreds of 
millions of years (Figure 3.2), especially among the squamate 
species. For example, differences in the number of macro-
chromosomes between lizard and snake species appear to be 
due to only a small number of fusion or fission events (e.g., 
Anolis Chromosome 3 is syntenic with contiguous regions of 
Crotalus chromosomes 4 and 5). This also emphasizes the 
remarkable degree of conserved synteny among snake macro-
chromosomes. Indeed, rearrangements between snake chro-
mosomes are concentrated mainly within microchromosomes 
(Figure 3.2).

Squamate genomic composition is also dynamic at a finer 
scale, demonstrating major shifts in GC-isochore structure 
(Alfoldi et al., 2011; Fujita et al., 2011; Castoe et al., 2013; 
Perry et al., 2019; Schield et al. 2019b) and repeat element 
content across lineages (Castoe et al. 2013; Adams et al. 
2016; Pasquesi et al. 2018). Vertebrate genomes typically 
contain relatively high fractions of repetitive elements, and 
squamate genomes stand out among vertebrates because 
they show extremely high variation in genomic repeat ele-
ment composition among lineages and species. Additionally, 
in contrast to bird and mammal repeat element landscapes, 
which are dominated by a relatively narrow diversity of 
transposable element (TE) families and types that appear to 
be recently active in the genome (e.g., LINE1 and SINE in 
mammals and CR1 and ERV in birds), squamate genomes 
possess a more even and diverse representation of major TE 
families (Janes et al., 2010; Alfoldi et al., 2011; Castoe et 
al., 2013; Vonk et al., 2013; Perry et al., 2019; Schield et al. 
2019a), most of which appear to be recently active (Ruggiero 
et al., 2017; Pasquesi et al., 2018; Figure 3.3). Comparative 
analyses have also demonstrated extensive variability in 
total genomic TE content even between closely related liz-
ard and snake species, a level of variation that is unprec-
edented based on studies of mammals and birds (Pasquesi et 
al., 2018), suggesting that TE activity has played a particu-
larly important role in shaping variation in genome structure 
and content among squamate lineages. Several studies have 
also shown that TEs further shape the structure of squa-
mate genomes by sometimes harboring small microsatellite 
sequences on their tails, which some TE families may dis-
tribute and amplify across the genome as these TE families 
expand and replicate. Indeed, although such “microsatellite 
seeding” by specific TE types has in general been poorly 
characterized in vertebrates, snake genomes provide the 
most extreme example of large-scale recurrent microsatel-
lite seeding by TEs of any vertebrates studied (Castoe et al., 
2011; Pasquesi et al., 2018), begging the question of what the 
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functional and evolutionary consequences of such extreme 
microsatellite expansion may be in snake genomes.

3.2.3  VENOM GENE CLUSTER STRUCTURE, AND 
WHY VENOM GENES ARE DIFFICULT TO 
ASSEMBLE AND IDENTIFY ACCURATELY

One of the most confounding aspects of venom prior to the 
availability of genome resources was the arrangement of 
venom genes in the genome. Moreover, because venom gene 
families can include potentially numerous paralogs (i.e., mul-
tiple copies of a gene family), it is often difficult to infer the 
actual number of genes in the genome, even with data from 
transcriptomes or proteomes, due to many potential alterna-
tive splice variants of genes and potential post-translational 
modifications (Wong and Belov, 2012; Casewell et al., 2014). 
With advances in genomic resources for snakes, the pre-
vailing body of evidence for the mechanism of evolution of 
venom gene families is that they tend to evolve by tandem 
duplication, whereby an initial duplication event of a “house-
keeping” (non-venom) gene results in a novel gene copy under 
reduced selective constraint. This new copy may then undergo 
neofunctionalization or subfunctionalization and experience 
recruitment for venom gland gene expression, or it may fail 
to become functional and instead, become a pseudogene 
(Casewell et al., 2011, 2013; Wong and Belov, 2012; Vonk et 
al., 2013; Reyes-Velasco et al., 2015). Continued duplication 

events of sub- or neofunctionalized gene paralogs may then 
result in the expansion of the venom gene family.

Venom gene accumulation through tandem duplication 
in discrete genomic regions (tandem arrays) has been shown 
previously for particular venom gene families (e.g., phos-
pholipase A2s: Lynch, 2007; Ikeda et al., 2010; Dowell et 
al., 2016 and snake venom metalloproteinases: Dowell et 
al., 2018). Based on the addition of recent chromosome-
level snake genome assemblies, we now know that tandem 
venom gene arrays (and tandem duplication mechanisms) 
are essentially the rule for the evolution and expansion of 
venom gene families (Schield et al., 2019b; Suryamohan et 
al., 2020). These include several of the best-characterized 
venom gene families, which also make up the bulk of most 
snake venoms and include the best-characterized bioac-
tive components (i.e., snake venom metalloproteinases, 
snake venom serine proteases, phospholipase A2s, three-
finger toxins, cysteine-rich secretory proteins, L-amino 
acid oxidases, C-type lectins and others). Indeed, there are 
relatively few venom gene families that are not organized 
into discrete tandem arrays (e.g., natriuretic peptides and 
hyaluronidases), and these components also do not gener-
ally contribute substantially to venom composition within 
venomous snakes, nor is their biological relevance in venom 
well understood (Mackessy, 2010a). The organization of 
venom gene families into tandem arrays has intriguing 
implications for understanding not only the evolutionary 

FIGURE 3.2 Chromosomal synteny among reptile genomes. Results of “chromosome painting” analysis to identify homologous stretches 
of chromosomes among reptile genomes. For each species, horizontal bars represent individual chromosomes (chromosome numbers are 
labeled at the left of each panel). The results shown here depict pairwise analyses between the Prairie Rattlesnake (Crotalus viridis) and the 
other three species. The legend at the bottom also shows the colors corresponding to rattlesnake chromosomes. Matching colors between 
the rattlesnake and other species represent genomic regions with common ancestry. (These results are redrawn from Schield et al. (2019a), 
with the addition of new analysis of the Burmese Python.)
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FIGURE 3.3 Repeat landscapes of squamate genomes and identification of transposable elements (TEs) in venom regions. (A) Results 
for TE copy divergence analyses showing profiles of genomic TE accumulation through time. Histograms report, for each species, the 
percent of the genome (y-axis) for each species corresponding to TEs belonging to different major families clustered according to the CpG-
corrected Kimura 2-parameter distance (K-value from 0 to 60; x-axis) from each TE consensus sequence. Low K-values represent more 
recent transposition events, as inserted copies have higher similarity to their consensus, whereas higher K-values correspond to TE copies 
that through time have accumulated more mutations and are therefore symptomatic of past amplification instances. Analyses reveal that TE 
families (DNA elements, LINEs, SINEs and LTRs) have been recently accumulating in venomous snakes, a pattern that sharply contrasts 
with mammal and bird genomes as well as with non-venomous snakes (e.g., Python bivittatus). (B) The phospholipase A2 (PLA2) region of 
the Prairie Rattlesnake genome, depicting PLA2 gene structure, along with genomic tracks showing positions of annotated TEs. The dotted 
boxes emphasize the positions of the two Tc-Mariner elements that are very recently duplicated and are harbored within two genes of the 
PLA2 gene family. SINEs = short interspersed nuclear elements, LINEs = long interspersed nuclear elements, LTRs = long terminal repeats, 
SSRs = short sequence repeats.
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origins of venom genes but also how the regulation of these 
genes has evolved.

Venom gene clusters bear the hallmarks of an evolutionary 
history that includes duplication events, rearrangements, and 
associations with other genetic elements (i.e., TEs and microsat-
ellites). As described earlier, the genomes of venomous snakes 
are made up largely of TEs, and venom gene clusters are no 
exception. In fact, the snake venom metalloproteinase, serine 
protease and phospholipase A2 regions of the Prairie Rattlesnake 
genome are enriched for the presence of recently active TEs. 
Specifically, the snake venom metalloproteinase gene cluster is 
made of roughly 56% TEs, while the immediate genomic back-
ground is made up of only 37% TEs. The phospholipase A2 clus-
ter shows an even more extreme increase in TE density compared 
with the immediate genomic background (i.e., 21.04% versus 
8.91%). CR1 LINEs are among the most common TE families in 
all major venom gene regions of the Prairie Rattlesnake and have 
also contributed to TE-driven seeding of microsatellites within 
these regions. These elements have also been found in associa-
tion with venom genes in several other snake species (Ikeda et 
al., 2010; Dowell et al., 2016), suggesting that TEs and associated 
microsatellites may play a role in shaping venom gene duplica-
tion and rearrangement, possibly by facilitating increased rates of 
local ectopic recombination (Castoe et al., 2011). Indeed, within 
each of the major venom gene clusters in the Prairie Rattlesnake 
genome, there are copies of TEs of the same length and rela-
tive age within or proximal to closely related venom gene homo-
logs (e.g., PLA2-A and PLA2-B; Figure 3.3b), consistent with 
duplication events that have duplicated both venom genes and 
surrounding TEs together. Despite the apparent associations 
between venom genes, frequent tandem duplication of venom 
genes, and TEs, what specific roles TEs (and microsatellites) may 
have played in the evolution of venom clusters remains an open 
and intriguing question.

Despite the intriguing biology of venom gene clusters, the 
complexity of the organization and evolutionary history of tan-
dem duplication of venom gene families, combined with close 
associations with repeat elements, leads to venom clusters being 
among the most difficult regions of the genome to assemble. For 
example, even in genomes that are reasonably well assembled 
for most sets of genes, venom gene clusters may remain highly 
fragmented and poorly assembled (e.g., Vonk et al., 2013). 
However, recent advances in genome sequencing and assem-
bly technology have resulted in well-assembled and annotated 
venom gene regions for several venomous snakes, providing a 
jumping-off point for further investigation into the architecture 
of venom gene regions and their associations with TEs.

3.2.4  WHERE ARE VENOM GENES 
LOCATED IN THE GENOME?

Chromosome-level snake genome assemblies have also 
allowed us to identify accurately the genomic location of 
venom gene families to specific regions of chromosomes for 
the first time (Figure 3.4). In the Prairie Rattlesnake, these 
analyses indicate that venom genes are found on almost all 
autosomes (i.e., non-sex chromosomes) but are especially 

enriched on very small (e.g., 5–22 Mbp) microchromo-
somes (Schield et al., 2019b). Similar analyses in the Habu 
(Protobothrops flavoviridis) genome identified a large num-
ber of microchromosome-linked venom genes (Shibata et al., 
2018). Interestingly, available evidence suggests that there 
tends to be a bias in the characteristics of venom gene fami-
lies and where they are located – venom gene families with 
numerous paralogs that contribute substantially to venom 
composition generally tend to be located on microchromo-
somes. For example, in the Prairie Rattlesnake, the snake 
venom metalloproteinase (SVMP), serine protease (SVSP) 
and phospholipase A2 (PLA2) gene families are each encoded 
within discrete regions of three distinct microchromosomes. 
These three families are therefore genetically unlinked from 
one another, meaning that SVMP, SVSP and PLA2 alleles 
sort independently of one another in rattlesnake populations. 
Among the few contrary examples to this trend of high-copy 
venom gene families being located on microchromosomes, in 
the Indian Cobra, the major three-finger toxin gene cluster is 
localized to telomeric regions of macrochromosomes (mostly 
chromosome 3; Suryamohan et al., 2020).

The chromosomal location of venom gene regions is of 
particular interest because different regions of the genome 
have distinctive composition (i.e., gene content, repeat con-
tent, proportion GC bases, etc.) and possess fundamentally 
distinct evolutionary characteristics. As described earlier for 
avian and squamate microchromosomes, rattlesnake micro-
chromosomes are known to have high gene density, GC con-
tent, genetic diversity, and recombination rates compared with 
macrochromosomes (Schield et al., 2019b, 2020). Telomeric 
regions of macrochromosomes also have high recombination 
rates. Because recombination acts to break up associations 
between alleles, higher recombination rates are predicted to 
allow natural selection to act more efficiently on genes (Otto 
and Barton, 1997; Cutter and Payseur, 2013). It is notable that 
several expanded venom gene families in these divergent ven-
omous snake species are localized to genomic regions with 
high recombination, as such frequent recombination may in 
part contribute to the efficacy of natural selection that has 
been demonstrated in snake venom genes (e.g., Daltry et al., 
1996; Juárez et al., 2008; Axel et al., 2009; Wong and Belov, 
2012). Future studies using whole-genome data from venom-
ous reptile populations will be useful for investigating the 
roles of recombination and selection in the evolution of snake 
venom.

3.3  REGULATION OF VENOM GENES –  
THE BLACK BOX LINKING THE 
GENOME WITH VENOM

3.3.1  TOWARDS AN UNDERSTANDING 
OF VENOM REGULATION

The majority of studies of reptile venoms have focused pri-
marily at either the level of genes (i.e., what genes are present, 
how they have evolved, and at what levels they are expressed) 
or the secreted venom itself (i.e., what proteins make up 
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FIGURE 3.4 The genomic location and organization of snake venom genes. (A) Chromosomal locations of venom gene families in the 
Prairie Rattlesnake. Ideograms corresponding to individual chromosomes are arranged in a circle. For macrochromosomes, inferred relative 
positions of centromeres are shown as black circles. Inner rings within the circle correspond to the proportion of GC bases (GC%), propor-
tion of bases made up by repeat elements (Repeat %), and the density of genes (GD) in 100 kb genomic windows. For GC% and Repeat%, 
regions with values greater than the genome-wide median are shown in red. For reference, microchromosomes are chromosomes 9–18. (B) 
Organization and regulation of the snake venom metalloproteinase (SVMP) gene family cluster. The top panel depicts gene expression in 
TPM across all of chromosome 9; the SVMP region is outlined by the dotted lines. The panels below are zoomed to the SVMP cluster and 
immediately surrounding regions of chromosome 9, showing the degree of Hi-C chromatin contacts (dark blue = low, yellow = high), the 
arrangement of topological association domains (TADs), and the arrangement of SVMP and non-venom genes within the region (SVMP 
genes are highlighted in red). (Panel (a) redrawn from Schield et al., 2019b.)
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venoms, and what the biological activities of these proteins 
are). Remarkably few studies have investigated the mecha-
nisms that regulate expression of venom genes and the degree 
to which this regulation contributes to the evolution and 
variation of venom phenotypes (e.g., Kerchove et al., 2004, 
2008; Luna et al., 2009; Hargreaves et al., 2014; Schield et 
al., 2019a). The “black box” that is the regulation of venom 
therefore represents a major gap in our understanding of rep-
tile venoms, and a better understanding of what is contained 
within this black box will allow us to link our understanding 
of genomic variation directly to venom variation.

3.3.2  GENOMES ADD VALUE TO TRANSCRIPTOMIC 
AND PROTEOMIC DATA

Numerous studies of venom have leveraged transcriptomic data 
(Rokyta et al., 2011, 2012, 2013; Hargreaves et al., 2014), where 
all mRNA transcripts in a given tissue (e.g., venom gland) are 
sequenced to infer the protein-coding content of venom (and 
also of the genome to some extent) and the relative degree of 
expression of genes. Transcriptomic studies are far less expen-
sive and computationally more feasible than whole-genome 
sequencing and assembly and are thus practical in systems that 
lack established genome resources. Accordingly, transcriptomic 
studies across a broad representation of venomous species have 
substantially contributed to our understanding of venom com-
position and tissue-specific gene expression (Casewell et al., 
2009; Rokyta et al., 2012, 2013; Vonk et al., 2013).

While transcriptomic studies quantify the result of some 
aspects of venom gene regulation, they are unable to provide 
meaningful substantial insight into the mechanisms that drive 
this regulation, such as regulatory regions (i.e., promoters and 
enhancers) and features of chromatin structure and organiza-
tion. The typical structure of a venom gene cluster can also 
make it difficult to infer information accurately, such as the 
number of paralogs of a given venom gene family, from tran-
scriptome data. Based on transcriptome sequences, for exam-
ple, it might be difficult to discern the distinction between 
multiple alleles at the same venom locus, alternative splice 
forms derived from the same venom gene, or transcripts 
derived from multiple recently duplicated (and thus simi-
lar) venom genes. Accordingly, in the absence of reference 
genomes for the same or closely related species, there is some 
ambiguity in translating venom protein diversity to transcript 
diversity and ultimately, to inferences of the diversity of 
venom genes that are encoded in the genome. However, as the 
cost of whole-genome sequencing continues to decrease, and 
new genomic resources are produced for a greater diversity of 
species, the value of transcriptomic data for studying aspects 
of venom expression and variation, by linking it to genome 
data, will undoubtedly increase in the future.

3.3.3  UNDERSTANDING THE FACTORS THAT DIRECT 
THE REGULATION OF VENOM PRODUCTION

The few existing experimental studies of venom gene regu-
lation have provided evidence that venom production in 

Bothrops jararaca is triggered by the stimulation of α- and 
β-adrenoceptors and the subsequent activation of the ERK 
signaling pathway (Kerchove et al., 2004, 2008). The tran-
scription factors nuclear factor kB (NF-kB) and activating 
protein 1 (AP-1) have also been implicated as having roles in 
stimulating venom gene expression (Luna et al., 2009). Yet, it 
remains unknown whether these signaling mechanisms drive 
gene expression across multiple species or to what degree other 
mechanisms are involved. More recently, the transcription 
factors GRHL1, a component of the ERK signaling cascade, 
and multiple nuclear factor (NFI) transcription factors were 
implicated in venom gene regulation in the Prairie Rattlesnake 
based on the upregulation of these transcription factors during 
venom production and the presence of predicted binding sites 
for these transcription factors near a large number of venom 
genes (Schield et al., 2019b). Notably, however, the binding 
sites for these transcription factors were not unique or even 
statistically overrepresented in venom gene regions, suggest-
ing that while they may be involved, the expression and activ-
ity of these transcription factors is likely not entirely sufficient 
to drive venom gene regulation, and that these represent only 
the first steps towards understanding mechanisms that control 
venom expression. Additionally, this study did not find evi-
dence for upregulation of NF-kB or AP-1 transcription factors 
in the Prairie Rattlesnake, which may indicate that distinct 
or perhaps nuanced regulatory mechanisms have evolved in 
divergent lineages of venomous reptiles.

Beyond transcription factors, recent studies also highlight 
the importance of chromatin structure – the open/closed state 
of regions of the genome together with its three-dimensional 
shape – in the regulation of venom (Schield et al., 2019b). This 
study found that venom gene clusters tend to inhabit distinct 
topologically associated domains (TADs), which are regions 
of the genome that exhibit an elevated degree of physical 
interaction within the region yet limited interaction outside 
the domain, that apparently regulate venom gene expression 
by isolating active gene expression to genes within the TAD 
(Figure 3.4b). These findings suggest that venom regulation 
is a tightly controlled process involving transcription factors 
and physical regulation of chromatin to direct transcription of 
venom genes precisely. Future studies to investigate further 
the role of three-dimensional chromatin structure may pro-
vide additional insight into the role of chromatin organization 
in driving venom gene regulation and aid in the discovery of 
other transcription factors and regulatory elements that are 
vital for better understanding the links between the genome 
and the regulation of venom production.

3.4  POPULATION-LEVEL STUDIES OF 
VENOM VARIATION AND EVOLUTION

3.4.1  POPULATION-LEVEL SAMPLING OF 
VENOMOUS REPTILE GENOMES

The increasing feasibility of genome sequencing for multiple 
individuals within a species to address questions related to 
the variation and evolution of venom represents an exciting 
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and emerging area of research. These population genomic–
style datasets will, for the first time, enable the evaluation of 
long-standing hypotheses and predictions about venom evolu-
tion, finally to be tested with appropriate robust population-
level sampling of genomic data. Examples of such prominent 
and long-standing questions are those related to the precise 
patterns of natural selection that may drive the diversity of 
venom gene alleles and how these patterns of natural selec-
tion may be shaped by environmental factors, local prey abun-
dance, and the evolution of venom resistance in prey (Fry and 
Wuster, 2004; Casewell et al., 2012, 2013).

The precise patterns of natural selection acting on venom 
gene regions have yet to be thoroughly analyzed in a robust 
population genomic framework, although recent studies 
leveraging data from multiple venomous snakes have begun 
paving the way towards a more thorough understanding of 
venom evolution and have raised new questions regarding the 
evolutionary forces that drive venom variation. For example, 
Aird et al. (2017) analyzed whole-genome resequencing data 
for 20 Taiwan Habu (Protobothrops mucrosquamatus) indi-
viduals and a single Sakishima Habu (P. elegans) to estimate 
sorting and fixed genetic variation within and between these 
two species. They compared trends in coding variation in 
venom genes and housekeeping genes and found evidence for 
a greater proportion of amino acid substitutions fixed by natu-
ral selection and a reduction in selective constraint on venom 
genes. The authors did not, however, analyze signatures of 
selection at linked sites, perhaps because of the fragmen-
tary nature of the P. mucrosquamatus genome, leaving open 
the questions of exactly what modes of selection operate on 
individual venom genes and how natural selection on venom 
influences broader patterns of genetic diversity (e.g., via selec-
tive sweeps that may reduce diversity in regions linked to 
venom loci). In a separate study on a closely related species, 
Shibata et al. (2018) also identified signatures of selection on 
venom genes in the P. flavoviridis genome based on an excess 
of non-synonymous variants in venom genes relative to their 
non-venom homologs. While their study did not include data 
from populations, a comparison between venom and non-
venom genes with shared ancestry is notable, as non-venom 
homologs are by their nature on distinct evolutionary trajecto-
ries from venom genes.

Other studies have approached the question of natural selec-
tion on venom variation using population sampling in a geo-
graphic context, including studies focused on populations of the 
Mojave Rattlesnake (Crotalus scutulatus). Different Mojave 
Rattlesnake populations have strongly differentiated venoms –  
“type A” populations possess a potent neurotoxin encoded 
by two phospholipase A2 subunits (Mojave toxin; MTX) and 
have relatively low metalloproteinase activity (Glenn et al., 
1983; Mackessy, 2008). By contrast, “type B” populations 
have hemorrhagic venom with high metalloproteinase activ-
ity – type A and type B are also referred to as “type II” and 
“type I” venoms, respectively. Type A and B populations are 
scattered throughout the geographic distribution of the species 
(Strickland et al., 2018), and intermediate “A+B” phenotypes 
are sometimes observed in contact zones between type A and 

B populations, making the Mojave Rattlesnake a particularly 
valuable system for investigating the evolutionary forces and 
selective pressures driving venom variation.

Two recent studies combined genomic, transcriptomic 
and proteomic data from Mojave Rattlesnake populations 
to investigate the geographic composition of venom in fine 
detail and also to identify the determinants of A and B pheno-
types in nature. The first, by Strickland et al. (2018), explored 
venom variation throughout the entire distribution (including 
sampling of populations throughout Mexico). The authors 
characterized individuals as having type A, B or A+B venom 
phenotypes and then compared venom variation with an array 
of biotic and abiotic factors. They found that variation in the 
A versus B venom phenotypes occurs at a much finer evolu-
tionary scale than previously identified, with the occurrence 
of type A, B and A+B venoms in each of the major clades 
identified by Schield et al. (2019b), with the exception of C. s. 
salvini, which only has type A venom. They also determined 
that type A+B individuals are comparatively rare, occurring 
in regions of contact between type A and B population clus-
ters, and concluded that the fine scale of fixation for A or B 
venom phenotypes is a likely result of strong divergent local 
selection for alternative hemorrhagic or neurotoxic venom 
strategies. In the second study, Zancolli et al. (2019) focused 
on the lineage of Mojave Rattlesnakes that occupies regions 
of western New Mexico, southern Arizona and southern 
California. They inferred that venom variation is not associ-
ated with population structure or diet composition but instead 
with environmental heterogeneity, and most notably with tem-
perature (this pattern was also observed by Strickland et al., 
2018). They also concluded that the fine scale of geographic 
variation in venom is the likely result of strong differential 
selective regimes, and that the lack of evidence for an asso-
ciation between diet and venom may be due to more nuanced 
predatory–prey arms race dynamics (Zancolli et al., 2019).

3.4.2  THE RELEVANCE OF HYBRID ZONES 
FOR STUDYING VENOM

Hybrid zones provide a unique and valuable opportunity to 
study how the exchange of genetic material facilitates the 
inheritance of and interactions among traits (Barton and 
Hewitt, 1989), including venom. Hybridization between ven-
omous snake lineages has been well documented, including 
between species with varying degrees of genetic divergence 
and remarkably different venom phenotypes (Zancolli et al., 
2016; Schield et al., 2017, 2019b; Harrington et al., 2018). A 
major question relevant to studying hybrid zones, for exam-
ple, is whether lineages may acquire new venom components 
or alternative venom phenotypes by hybridizing with lin-
eages with distinct venom properties. Zancolli et al. (2016) 
addressed this by examining a narrow hybrid zone between 
type A Mojave Rattlesnakes (Crotalus scutulatus) and the 
Prairie Rattlesnake (C. viridis), which has hemorrhagic type 
B venom. They found hybrid individuals that possessed both 
hemotoxic venom components from the Prairie Rattlesnake 
and the neurotoxic MTX from the Mojave Rattlesnake. 



39Applications of Genomics for Studying Reptile Venoms 

Interestingly, they found no evidence of MTX in the parental 
Prairie Rattlesnake population and proposed that introgres-
sion of this potent neurotoxin may not be advantageous (i.e., 
may be selected against). In contrast to these findings, Dowell 
et al. (2018) found evidence that phospholipase A2 and metal-
loproteinase gene regions of neurotoxic Southern Pacific 
Rattlesnakes (C. oreganus helleri) were likely acquired via 
hybridization with Mojave Rattlesnakes. It is unclear, how-
ever, how relevant the potential for introgression between 
these species is to the venom composition of natural popula-
tions, as most populations of C. o. helleri possess multiple 
expressed metalloproteinases in their venoms (Mackessy, 
2010b; Sunagar et al., 2014).

Lab-based studies have also demonstrated expression of 
mixed venom phenotypes within hybrid offspring. In one such 
example, Smith and Mackessy (2016) crossed a male type I (B) 
Southern Pacific Rattlesnake with a type II (A) female Mojave 
Rattlesnake and quantified venom expression over time, find-
ing that hybrids expressed venom proteins apparently derived 
from parental venom cocktails, with the male offspring pro-
viding the strongest evidence of co-expressed type I and II 
venoms, while the female offspring exhibited decreasing 
levels of metalloproteinase activity over time. These patterns 
could suggest sex-biased effects and/or ontogenetic shifts in 
venom throughout the lifespan of hybrid offspring and may 
also indicate variation in the inheritance of venom components 
and their coevolved mechanisms of regulation that depend on 
genome-wide contexts and dosage effects.

An intriguing pattern from the previously mentioned 
studies examining natural hybrid zones is the relatively low 
number of individuals expressing both parental venom phe-
notypes and the lack of penetrance of the presumably adap-
tive neurotoxin in adjacent populations (e.g., Zancolli et al., 
2016; Strickland et al., 2018). This pattern is notable, because 
it would seem that expressing both venom phenotypes would 
confer an evolutionary advantage for securing diverse prey 
and/or securing prey more effectively. One explanation may 
be that there are constraints on venom composition imposed 
by coevolutionary interactions with other regions of the 
genome that regulate venom or prevent auto-toxicity. Indeed, 
hybrid fitness and venom phenotypes may depend greatly on 
the co-inheritance of venom alleles with these factors, lead-
ing to the comparatively rare cases of hybrids that are able to 
express both parental phenotypes. For example, in the case 
of neurotoxic Southern Pacific Rattlesnakes (Dowell et al., 
2018), genomic regions that have coevolved with the neuro-
toxic phospholipase A2 haplotype were likely also inherited 
during hybridization with the Mojave Rattlesnake.

Together, access to hybrid zones between parental lineages 
with divergent venoms, recent methodological advances for 
studying hybrid zones (e.g., Gompert and Buerkle, 2011; 
Derryberry et al., 2014; Schumer et al., 2018; Martin et al., 
2019), and the overall increase in genomic sequencing capa-
bilities enabling population genomic sampling collectively 
hold promise for illuminating new paradigms and surprising 
interactions that dictate the inheritance, expression, and evo-
lution of venom.

3.5  CONCLUSIONS

Despite substantial progress in forging connections between 
the genome, venom genes, their transcripts, and venom pro-
teins and their effects, there are still substantial advances to be 
made with the availability of genomic resources for venomous 
reptiles. One fundamental step forward would be the avail-
ability of chromosome-level and well-assembled genomes 
for multiple diverse venomous squamates to provide multiple 
complete genome references in which venom genes, along 
with their genomic context, can be directly linked to venom 
gene transcripts, venom proteins, and patterns of evolution 
that drive difference in venom composition. Accordingly, 
the writing of this chapter corresponds with a major transi-
tion in the roles of genomics in studying venom, as the field 
moves from gaining the first glimpses of venomous reptile 
genomes toward having access to far more complete and 
useful genomes and new capabilities to sample genomes at 
the scale of populations. The impacts of this transition will 
undoubtedly represent a fundamental shift in our abilities to 
address long-standing questions about venoms in ways we 
have outlined in this chapter and probably even more ways 
that are difficult to envision creatively at this point.
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