Okinawa Institute of Science and Technology
Graduate University

Thesis submitted for the degree

Doctor of Philosophy

The Evolutionary Genetics of Venoms:
How Nature Created the Perfect Chemical
Weapon

by

Agneesh Barua

Supervisor: Alexander S. Mikheyev
Co-Supervisor: Vincent Laudet

June 161 2022



Declaration of Original and Sole Authorship

I, Agneesh Barua, declare that this thesis entitled “The evolutionary genetics of venoms: How
nature created the perfect chemical weapon” and the data presented in it are original and my
own work.

I confirm that:

® No part of this work has previously been submitted for a degree at this or any other
university.

® References to the work of others have been clearly acknowledged. Quotations from the
work of others have been clearly indicated, and attributed to them.

® In cases where others have contributed to part of this work, such contribution has been
clearly acknowledged and distinguished from my own work.

None of this work has been previously published elsewhere, with the exception of the
following:

o Barua A, Koludarov I, Mikheyev AS. Co-option of the same ancestral gene family
gave rise to mammalian and reptilian toxins. BMC Biology. 2021;19: 268.

o Barua A, Mikheyev AS. An ancient, conserved gene regulatory network led to the
rise of oral venom systems. Proceedings of the National Academy of Sciences USA.
2021;118:2021311118

o Barua A, Mikheyev AS. Toxin expression in snake venom evolves rapidly with
constant shifts in evolutionary rates. Proceedings of the Royal Society B: Biological
Sciences. 2020;652;287:20200613.

o Barua A, Mikheyev AS. Many Options, Few Solutions: Over 60 Million Snakes
Converged on a Few Optimal Venom Formulations. Molecular Biology and Evolution.
2019;36:1964-74.

® Authorization of release has been obtained from all co-authors.

Date: 161 June 2022

Signature: (/4?& L M/KK /i%,me(



Abstract

Venomous animals have fascinated humans for millennia. How nature shaped a simple
biological secretion into a potent chemical weapon is a testament to evolution’s power and
versatility. However, the early origins and genetic mechanisms of venom evolution are not
clearly understood. Venoms consist of proteinaceous cocktails where each protein can be
mapped to a specific gene; I utilized this genetic tractability to uncover the molecular and
genetic mechanisms behind its evolution. Using a combination of quantitative genetics,
transcriptomics, and phylogenetics, I have identified specific mechanisms that led to the origin
of oral venoms in mammals and reptiles. Oral venoms originated from an ancient conserved
gene regulatory network whose primary role was maintaining cellular homeostasis during
increased protein production. This ancient system could tolerate high protein loads, facilitating
the parallel recruitment of various diverse protein families into the ancient venom. Venom
complexity then increased by sequence and copy number variation of toxins. High copy
numbers contributed to this system’s phenotypic flexibility, allowing it to further diversify
through changes in evolutionary rates and by altering the combinations of toxins used. These
features enabled evolution to refine venom cocktails to form optimal formulations. I provide
the first unified and deep evolutionary model describing the early steps in forming a venom
system and show how millions of years of evolution produced venom phenotypes in extant
lineages. All chapters of this thesis have been peer-reviewed and published.
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Nomenclature

Metavenom network: The metavenom network represents groups of housekeeping genes
whose expression is tightly associated with venom genes. The network primarily consists of
genes involved in the UPR and ERAD pathways, functioning to maintain cellular homeostasis
during periods of high protein load. This thesis, and its respective publication, provides the
first description and characterization of this network which was later confirmed to be a feature
of diverse venom systems across the animal kingdom [1,2].

Toxipotent: We introduce this term to describe lineages of ancient kallikreins that possessed
a biochemical activity capable of producing a toxic effect when injected into another animal.
This ancient lineage represents the ancestral states of KLK1, SVL, and SVSP toxins found in
extant venomous mammals and reptiles, respectively.
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Introduction

Genetics and the evolution of complex traits

John Maynard Smith, one of the pioneers of evolutionary theory, was fascinated by the bee
orchid. This seemingly inconspicuous flower had evolved petals that resembled and even
smelled like a female bee. Males bees would be attracted to these flowers and try to mate.
Rather than successfully copulating with the flower, the males were instead covered with pollen.
When the male bees moved to another flower, they would transfer the carried pollen and aid in
cross-pollination. John Maynard Smith wondered how nature could produce something so
complex and utterly unexpected. Indeed, this puzzle is at the heart of genetics and evolutionary
biology. The intricate shape of the bee orchid is an example of a complex trait.

The origins of specific adaptations with a simple genetic basis have been described in wild
populations of animals like mice, lizards, and birds [3—5]. In some, the effects of particular
mutations have also been functionally verified [6,7]. However, a single gene coding for a
specific trait is the exception rather than the rule; most traits in nature are complex traits.
Complex or quantitative traits are controlled by many genes and are influenced by the
environment. The study of complex traits is vital to our understanding of biology and has
several practical applications. For example, body shape and body size are complex traits, and
studying their evolution will help us understand how novelties arise in form and function. Like
diabetes and cancer, most diseases are also complex traits whose genetic characterization is
paramount in developing new therapies. Due to their importance, complex traits have been
extensively studied, and through the advancements in next-generation sequencing, our
understanding of the genetic underpinnings of complex traits has improved manifold. Despite
this, the way complex traits first arise and evolve is still largely a mystery.

The early 2000s saw an extensive debate regarding the mechanistic origins of complex traits
and adaptations. Proponents of evo-devo regarded cis-regulatory changes as the most important
evolutionary force behind the origin of new traits [8]. Whereas evolutionary geneticists
implored that more direct genetic changes like gene duplication, alternate splicing, or
recruitment of coding domains were the primary forces driving the formation of new traits [9].
The scales have shifted in favor of both theories throughout the years, resulting in a stalemate.
A feature uniting this dichotomy of verisimilitude is the importance of gene expression,
specifically gene expression variation. The evo-devo framework postulates that mutations in
cis-regulatory regions can produce the differences in timing or location of gene expression
needed to form evolutionary innovations [8]. However, as pointed out by proponents of
evolutionary genetics, genetic variation in cis-regulatory regions is not the only way to alter
gene expression. Gene duplication increases gene dosage [9,10]. Indeed, gene expression
variation is responsible for forming many traits and has been well studied.

Gene expression variation and adaptation

Gene expression is closely tied to various aspects of animal biology, such as physiological and
ecological states. In honey bees, the differences in gene expression influence their role in the
colony. Non-reproductive worker bees have a higher expression of genes involved in
metabolism, foraging behavior, visible light detection, and synaptic transmission. In contrast,



fertile workers have a higher expression of oogenesis-related genes [11]. The alternate
expression profiles suggest that non-reproductive worked bees play a greater role in energy-
intensive and high-risk behaviors like foraging; contrastingly, the reproductive females restrict
themselves to brooding activities [11]. Gene expression variation not only influences complex
traits like behavior but can produce phenotypic diversity that increases adaptive potential. In
plants, gene expression variation alters signaling pathways that affect multiple processes to
produce diverse phenotypes [12]. By changing signaling pathways without affecting normal
circadian rhythms, gene expression variation can overcome the constraints imposed by
pleiotropy and produce novel phenotypes [9,12]. The above examples align with the idea that
changes in gene expression are brought about by naturally occurring allelic variation; however,
changes in non-coding regions can also influence gene expression and produce advantageous
phenotypes.

In northern European populations of Drosophila melanogaster, a deletion in the non-coding
region of the MtnA gene leads to increased gene expression imparting a higher resistance to
oxidative stress [13]. This is an instance where a modification in the cis-regulatory region
impacts gene expression leading to an adaptive advantage. Adaptive advantage due to cis-
regulatory variation is not restricted to only Drosophila. Cis-regulatory expression quantitative
trait loci for Adam17 and Bcat2 genes were associated with variations in body mass in mice
[14]. A deletion in the cis-regulatory region for SWSI opsin gene and multiple deletions in
trans-regulatory regions contribute to visual diversity in African cichlids [15]. Interestingly,
cis-regulatory variations have also been linked to changes in protein abundance, thereby acting
as a source of phenotypic variation in humans [16].

The functional relevance of gene expression variation is easy to determine for large-effect
alleles; however, establishing functional relevance gets more complicated when traits comprise
many genes of minor effects [17]. Furthermore, unlike gene sequences whose evolution can be
compared and tested against a well-developed null model, several features like transcriptomic
noise, a weak mutation-gene expression relationship, and the absence of ancestral gene
expression information have prevented the formulation of efficient models for gene expression
[18]. The evolution of complex phenotypes is no doubt complicated, and the discordance
between genotype and phenotypes poses an added challenge. Given this situation, traits with
high genetic tractability, i.e. traits whose genetic origins can be clearly traced, can offer
valuable insight into how phenotypes originate and the genetic mechanisms driving their
evolution.

Venom and its unique features

Venoms and venomous animals have fascinated humans for millennia, and for good reason.
“Is it venomous?” is an age-old question humans and other animals had to answer quickly to
survive. Venoms are biological substances produced by an organism that comprise toxins that
cause an adverse physiological effect when injected into other organisms; they are produced
by or stored in specialized organs and are delivered through external injury. Venoms have
independently evolved at least a hundred times throughout the animal kingdom to accomplish
several functions such as predation, defense, and feeding [19]. Venoms are also highly
convergent traits. Several protein (toxins) families were convergently recruited into the venoms
of animals as diverse as snakes, scorpions, spiders, shrews, cone snails, and sea anemones
[20,21]. The various toxins in venom have unique biochemical functions and often work in an
agonistic manner, causing a cascade of physiological reactions that subdue the envenomed
animal [20]. Although proteins form the main bioactive component in venoms, they are just



one class of molecules present in venom. Apart from proteins, venoms comprise small peptides,
salts, organic molecules like polyamines, and neurotransmitters [20,22—-24]. In addition to
being biochemical cocktails, venoms also have a strong ecological component. As venom
primarily functions when injected into another, an interaction between organisms is vital,
without which a venomous context ceases to exist [25].

As a trait, venom has several useful features that make it an ideal system to study complex trait
evolution. First, venom activity is primarily determined by the composition of venom.
Therefore, venom is a complex trait whose phenotype depends on several genes coding for
different proteins. Defensive venoms like those in fish and insects have low complexity and
often exhibit a single activity causing localized pain [21]. By contrast, venoms used for
predation are highly complex, with a myriad of biochemical activities [21] Individual
components in the venom and their relative abundance influence the biochemical activity of
the venom. For example, venoms of elapids like cobras and kraits are predominantly neurotoxic
owing to the presence of three-finger toxins (TFTx) which bind the nicotinic acetylcholine
receptor. In contrast, the major component of viper venoms like Phospholipase A2 (PLA2) and
snake venom metalloprotease (SVMP) makes it hemotoxic and often leads to necrosis in their
prey [26]. (One of the chapters of this thesis delves more deeply into the taxonomic distribution
of toxin families and its implication for venom evolution).

Second, the individual components that make up the venom can be traced to distinct genetic
loci [27-30]. This degree of genetic tractability helps overcome the discordance between
genotype and phenotype, enabling researchers to classify venom as a polygenic phenotype and
linking changes in venom activity to genetic changes at specific loci. The high genetic
tractability also makes it possible to trace specific genetic modifications that increase the
adaptive potential of venoms. For instance, intragenic deletions and domain loss (membrane-
tethering domain, cysteine-rich domain, and disintegrin domain) in viperid SVMPs accelerated
the evolution of novel paralogs and gave rise to the three major classes of secreted SVMP
toxins [31,32]. The ancestor of rattlesnakes possessed a specialized heterodimeric neurotoxin
that got independently deleted in lineages like the Eastern and Western Diamondback
rattlesnakes; in contrast, the Mojave rattlesnake retained the neurotoxic gene while losing the
PLA2 myotoxin gene [33]. These studies show how specific genetic changes in toxin gene loci
can explain venom activity in different species.

Third, venoms primarily evolve through changes in gene expression, especially in snakes.
Studies revealed a substantial concordance between mRNA and toxin protein levels in the
venom, implying that post-transcriptional mechanisms have a minor role in the phenotypic
variation of snake venoms [34,35]. Furthermore, the expression of highly abundant toxins is
typically conserved between closely related species, although there is evidence suggesting that
more abundant proteins tend to evolve rapidly in a microevolutionary time scale [29,36,37].
While the link between gene expression and venom variation is clear in snakes, it is not as
straightforward in other animals. For example, spiders show highly divergent patterns of toxin
gene expression where the expression of venom gland biased genes is not more conserved than
the expression of more broadly expressed gene families [38]. Additionally, protein sequence
variations were high in venom gland specific transcripts, and positive selections did not appear
to be preferentially higher in venom gland biased genes [38]. Lacking a centralized venom
system, cnidarians offer unique insights into how venom systems can function and evolve.
Cnidarians show an impressive degree of spatial and ontogenetic heterogeneity in the
expression of venom toxins [39—41]. For instance, different tissues in Nematostella modulate
the expression of various toxins in response to other biotic interactions [40]. It has also been
hypothesized that differences in regulatory variation alter toxin expression levels to generate
multiple unique venom profiles [41]. The above examples show that (while there are



exceptions) gene expression variation is a major mechanism that produces variability in venom
systems, thereby acting as an important target for natural selection.

In summary, the compositional nature of the venom phenotype, high genetic tractability, and
importance of gene expression variation makes venom an ideal trait to study the molecular
mechanisms that cause complex trait evolution. With the advent of the high-throughput
sequencing era, the genomes of many venomous animals have been sequenced, providing
unprecedented insight into their biology. The surge in large scale genomic data has opened up
entirely new research directions and have enabled researchers to answer questions that
previously seemed impossible.

Evolution of venom

Historically, most research on venom evolution focused on individual toxin families. Research
on individual toxins have provided a treasure trove of knowledge into the ways evolution
shapes venoms and have laid the conceptual foundations for future studies to decipher the
molecular origins of venom systems as a whole.

One of the most essential aspects of venom evolution is forming the tissue system that produces
venom. A central paradigm in the evolution of venom systems is that toxin proteins are
recruited into specialized venom-secreting cells [20]. Therefore, it is crucial to understand the
distinct origins of various venom systems. The developmental origins of venom systems are
highly diverse. In hymenopteran (wasps, ants, and bees), venom glands are believed to have
originated from a sexual accessory gland in ancestral hymenopterans, owing to its striking
homology to the ovipositor [42]. Unlike in hymenopterans, venom systems of spiders,
scorpions, and centipedes evolved from specific groups of cells that formed internalized glands
in the chelicerae (fangs), telson (tail-segment), and forcipules (modified legs), respectively [43].
In snakes, the venom system typically consists of a gland that produces venom and a delivery
system comprising musculature and hollow fangs [44,45]. Fangs in snakes, especially in
colubrids, have undergone multiple periods of loss due to dietary shifts and prey capture mode
[46]. Several studies supported that front and rear fangs are homologous and likely evolved
from a rear-fanged ancestor [45—47]. However, the development and evolution of the venom
gland in snakes is not very clear. Early evidence suggested that venom glands evolved from
salivary glands owing to their shared origin from oral epithelial tissue [48]. An alternative
hypothesis proposed that venom glands in snakes originated from the pancreas, primarily
supported by the expression of a microRNA (miR-375) [49]. More evidence is needed to verify
this hypothesis, especially considering miR-375 has activity in diverse tissues, not only the
pancreas [50]. A recent study successfully cultured snake venom gland organoids that
propagated in response to factors that promote mammalian salivary tissue proliferation,
implying a developmental origin similar to salivary glands [51]. One of the chapters of this
thesis offers insight into the gene regulatory networks of snake venom glands and helps resolve
their evolutionary origins. Developmental origins of venom apparatus can also vary between
life stages, where the formations of different types of venom systems coincide with transitions
in life-cycle. In Hydra, cnidocytes originate from interstitial cells found throughout the mid-
gastric regions of the endoderm; these interstitial cells differentiate into the cnidocytes from
within a post-Golgi vesicle [52,53]. The starlet sea anemone N. vectensis possesses three kinds
of cnidocytes that develop at varying densities between the planula and early polyp stage [47].
Venom glands may develop differently in cone snails depending on whether the cone snails
feed at the early larval stage. Conus anemone develops venom glands from the ventral
glandular region of the foregut if the typically non-feeding larval stage consumes prey [54].



Venom systems have unique developmental dynamics, which are only just being realized. The
many unanswered questions, the advent of genomic resources, and the development of new
model organisms set the stage for new and exciting discoveries in evo-devo of venom systems.

Venom’s exceptional genetic tractability provides an excellent opportunity to investigate the
relationship between natural selection, genetics, and molecular processes that generate
diversity in complex traits. Many toxins in venom evolve through the ‘birth and death’ process
of gene evolution, mediated by gene duplication [21]. Gene duplication is one of the most
widespread mechanisms leading to genetic novelty [55]. Although several models describe
evolution after gene duplication, it is believed venom evolution follows Onho’s model of
neofunctionalization [55,56]. The main principle behind neofunctionalization is the loss of
selective constraint followed by the acquisition of a new function [56]. After gene duplication,
the original copy (or one of the copies) maintains its original function. At the same time, the
other is free to evolve, accumulate variation, alter its expression, and eventually develop a new
role. Non-toxin physiological genes undergo gene duplication, after which one of the copies is
recruited into the venom system; once a part of the venom system, additional gene duplication
can occur, resulting in large multi-locus gene families encoding a variety of toxins [21]. Recent
genomic studies provided an in-depth look into the chromosomal arrangements and structural
genetics of toxin genes. The importance of gene duplication was highlighted in studies that
observed the prevalence of toxins in genes on microchromosomes of snakes, which are highly
prone to recombination and producing gene copies [57,58].

Following gene duplication, toxins experience accelerated rates of evolution and positive
selection [59]. Indeed, positive selection appears to be ubiquitous among venomous animals,
including snakes, scorpions, spiders, and cone snails [21]. Positive selection also
predominantly acts on surface-exposed amino acid residues [60,61]. Restricting selection (or
variation) to surface-exposed residues has two critical features. First, it ensures that the
structural core of the protein is preserved, ensuring stability. Second, changes in surface-
exposed residues can produce new and increased affinities to receptors, thereby increasing
toxin activity and producing novel effects. Although positive selection is the primary force
behind venom evolution, genetic drift acts as a combinatorial force, especially in snake venom
[29].

Another fascinating feature of venoms is that they are highly convergent. Several protein
families have been convergently recruited for venom use in numerous lineages [20].
Interestingly, some venom proteins are also recruited by hematophagous insects that use them
in their feed secretions, having much of their neurotoxicity and hematotoxicity in common with
venoms [20]. Convergent evolution usually occurs at two levels. There is a high degree of
convergence at the level of biochemical targeting, where venom targets the primary
physiological process and tissues accessible via the bloodstream [21]. The other level of
convergence occurs in the molecules selected for use as toxins. At least fourteen unique protein
families have been convergently recruited into the venoms of taxa as diverse as cnidarians,
cephalopods, fish, reptiles, and insects. For instance, PLA2s has been recruited into the venoms
of cephalopods, cnidarians, insects, snakes, and scorpions, while Kunitz-type toxins were
independently recruited into venoms of reptiles, cone snails, spiders, and cnidarians [20]. The
diversity of venomous lineages and the high degree of convergence has prompted a recent
interest in understanding the degree of convergence in biological components beyond just the
toxins [62]. Questions regarding the convergence of both venomous and non-venomous
components is one of the focus areas of this thesis.



Thesis outline

Despite the incredible diversity of venomous animals, venom systems in snakes are the most
well studied. The preference for studying the venom system in snakes is primarily due to its
medical importance. Indeed, envenomation through snake bites affects almost 1.5 million
people a year, which prompted the World Health Organization to classify snakebite as a
neglected tropical disease [63]. There is substantial next-generation sequencing data available
from snakes, including high-quality genomes and RNA-seq of venom glands, allowing large-
scale comparative analysis of venom evolution. Although this thesis primarily focuses on the
evolutionary genetics of venom in snakes, the results can be extrapolated to any oral venom
system in tetrapods. Additionally, the mechanistic insights can be used to understand the ways
complex traits can evolve, improving our understanding of the ways evolution created diversity
in form and function.

The first chapter of this thesis looks at the origin of oral venom systems in snakes. Rather than
focusing on toxins in the venom, we instead characterized the gene regulatory network of the
entire venom gland. Studying the non-venom components of the venom system provided
information on the biological processes associated with venom expression. We go on to
compare the gene expression of this network in salivary tissues from other amniotes to identify
any conserved patterns in expression. Lastly, we show how components of this network
experienced higher rates of selection in venomous snakes, highlighting their role in venom
evolution. Chapter two explores the origin of one of the most ubiquitous venom components
in vertebrates, serine proteases. We traced the evolutionary history of kallikreins and serine
proteases using genomic and phylogenetic approaches to reveal a common origin. Because of
their wide distribution across vertebrates and the presence of an already potent vasodilatory
activity, salivary kallikreins were likely one of the first salivary components to become co-
opted into the vertebrate oral venom system. Chapter three provides a macroevolutionary
perspective by estimating the tempo and mode of evolution of the snake venom phenotype. We
show how evolution has constantly changed the venom phenotype through shifts and alteration
to the combination of toxins used to formulate the venom. We provide a link between molecular
evolution and macroevolutionary processes that worked together to shape extant venom
phenotypes. Lastly, the conclusion of the thesis combines the results from all chapters to
propose a unified deep-evolutionary model of venom evolution and provides new conceptual
frameworks for future research directions.



Chapter 1

The beginning - An ancient, conserved gene regulatory
network led to the rise of oral venom systems.

This chapter has been published as:
o Barua A, Mikheyev AS. An ancient, conserved gene regulatory network led to the
rise of oral venom systems. Proceedings of the National Academy of Sciences USA.
2021;118:2021311118. (Appendix I)

Introduction

How oral venom systems originated is still poorly understood. Most studies typically focus on
the evolution of toxins comprising venom. However, using toxins present in modern-day
animals to trace the evolutionary origins of venom systems is challenging; toxins tend to evolve
rapidly, have complex expression patterns, and were typically incorporated into the venom
system after it was formed. Instead, we focused on the gene regulatory network associated with
venom production in snakes.

Gene regulatory networks (GRNs) aim to identify interacting genes based on a common
expression profile [64]. Gene co-expression networks are widely used to construct GRNs
because of their reliability in capturing biologically relevant interaction between genes, as well
as their high power in reproducing known protein-protein interactions [65,66]. Genes are
identified using clustering methods (like hierarchical clustering) and placed into “modules”
[67]. Comparing the expression profiles of modules across taxa can identify pivotal drivers of
phenotypic change and identify the earliest targets of natural selection [68,69].

Summary of results

We used a gene co-expression network characterized from the venom gland of Protobothrops
mucrosquamatus to identify the genes associated with venom production. We term this
network the “metavenom network”. The metavenom network comprises genes involved in the
unfolding protein response (UPR) and endoplasmic reticulum-associated degradation (ERAD)
pathways. This network was unique to the venom gland as module preservation (a metric to
assess the conservation of network structure) was high for venom glands, like that from cobra,
and low for other tissues in snakes.

UPR and ERAD pathways were highly conserved across taxa. To check whether the
metavenom network was also conserved, we compared gene expression of metavenom
orthologs from different tissues in various taxa. The expression patterns of orthologs between
the venom gland in snakes and the salivary glands in mammals were surprisingly well
conserved. The metavenom network modules were significantly preserved in mammalian
salivary glands but not in tissues like the kidney. This suggests that while mammalian salivary
and snake venom glands have diverged considerably, they still share a common regulatory
core.

Several genes in the metavenom network belonged to gene families with several gene copies.
Increasing gene copy number is crucial in bringing about evolutionary novelty, especially in
venom systems. We determined whether gene families evolved more rapidly in venomous
lineages than in other taxa in our dataset. Our results showed that gene families not only



evolved more rapidly in lineages leading to venomous snakes, but they had also undergone
more significant expansions as compared to other taxa. Gene copies that experienced
significant expression were involved in protein ubi