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Abstract

Scorpion venom compositions have been subject to much scientific scrutiny over the years,
but certain aspects of scorpion venom chemistry and how ecological interactions alter their evolution
remain poorly described or understood. This is especially true of Australian scorpions, partly because
Australian venom research has historically often prioritised the many more-toxic Australian animals,
but also many Australian species belong to families that have not been thoroughly examined in
general. Studies performed by toxinologists often focus on isolation/characterisation of peptide
neurotoxins to understand specific activities, and many do not evaluate complete venom
compositions or consider variation between samples. Conversely, experiments performed by
evolutionary ecologists studying trophic interactions between scorpions and their prey/predators are
frequently not complemented with high-resolution molecular analyses. By combining
evolutionary/ecological theories with cutting edge molecular techniques, a much deeper level of
knowledge can be obtained as to how venoms are shaped on both long- and short-timescales, which
can have applications in a clinical, commercial, and research environment. This thesis contains
experiments that were executed specifically to shed light on understudied areas of scorpion venom
research, and fill knowledge gaps to help understand the diversity and function of scorpion venoms
from both a molecular and ecological standpoint. Key knowledge gaps addressed include: i) venom
optimisation in scorpions, ii) intraspecific variation in venom compositions, iii) the ‘sexual stings’
performed by male scorpions during courtship, iv) non-peptide small molecule constituents of
scorpion venoms, and v) comparisons of chemical composition and use of ‘prevenom’ versus the full

venom complement.

i) The use of venom has associated energetic and ecological costs, and there is evidence that
venomous organisms balance these costs and optimise their venom use via different evolutionary
and behavioural mechanisms associated with their ecology. Chapter 1 contains a literature review
focussed on how scorpions can minimise the costs, whilst maximising the benefits, associated with

venom use in different contexts.

ii) There is currently little knowledge of how scorpion venom composition changes over the
course of a scorpion’s life span. The experiments performed in Chapter 2 show both ontogenetic and
intersexual differences occur in marbled scorpion (Lychas variatus) venoms. By raising scorpions
from birth to adulthood, ontogenetic shifts were observed both in the presence of specific
molecules, and in the relative proportion of molecules in different molecular weight classes at the
different life-stages. To the best of my knowledge, this is the first time ontogenetic variation has

been demonstrated to occur in scorpion venoms using a proteomic approach. Furthermore, sex-



specific molecules were identified, and some were additionally associated with ontogeny, only

appearing in the venom of adult males.

iii) ‘Sexual stings’ occur when male scorpions sting the female during courtship. Although
sexual stings have been observed in the mating rituals of many species, the role of this unusual
behaviour is still not understood. In Chapter 3, adult male-specific venom components were isolated
and characterised from L. variatus venoms, to evaluate if males have venom components that may
be specifically involved in sexual stinging. Three novel peptides were isolated: Lvarl, Lvar2, and
Lvar3; which are two novel tetrapeptide-amides and a novel hexapeptide-amide unlike any known
scorpion venom peptides, and structurally more similar to cell signalling molecules than neurotoxins.
All three exhibited no activity on a suite of Nay and Ky channels tested, nor caused toxicity in crickets
or affected the behaviour of female scorpions in in vivo bioassays. The structural novelty and
observed lack of toxicity suggests they are not typical toxins, and if they are involved in sexual stings
they could have effects which are not directly observable (e.g., hormonal modulation of the female).
However, future work is necessary to elucidate their activity and confirm their potential role in

sexual stings.

iv) Little is known about the identity and function of specific non-peptide small molecules in
scorpion venoms, despite their general presence in scorpion venoms being widely known. Chapter 4
contains an assessment of the non-peptide small molecule constituents of Hormurus waigiensis
venom, and shows that adenosine, adenosine-monophosphate, glutamic acid, aspartic acid, and
citric acid were all present. These molecules are all non-toxic, but may have auxiliary functions in the
venom, for example improving the spread of toxins at the injection site. Although these results
provide one of the most comprehensive assessments of small molecule constituents in a single
scorpion species at present, it remains unknown how prevalent and diverse small molecules are in

the venoms of other scorpion species.

v) There is strong evidence that scorpions vary their defensive behaviours in response to
different perceived threats. In Chapter 5 threat perception and defensive response was assessed in
desert scorpions (Urodacus yaschenkoi), with an extended chemical analysis of visually clear,
opalescent, and milky venom secretions. The initial clear venom secretions of scorpions, termed
‘prevenom’, are chemically simplistic in some species. It has been suggested that prevenom may
have evolved to control venom expenditure in low-threat encounters with predators, avoiding
wasting a full complement of toxins when not required. Although prevenoms have been documented
in a number of species, there have been few chemical analyses comparing it to venom, and past

analyses have been performed in closely related buthid scorpions. Examination of defensive



behaviours in U. yaschenkoi showed that the scorpions increased their defences towards persistent
attackers irrespective of attack rate, and more so to attackers that repeated attacks at a faster rate.
Chemical analysis of individual venom samples produced showed that U. yaschenkoi prevenom is
more chemically simplistic and contains fewer numbers of peptides >5000 Da than milky venom. This
suggests that U. yaschenkoi prevenom will likely require less time and energy to replenish than main
venom, providing evidence to support the idea that prevenom has evolved as a cost reducing

mechanism in this species.

By considering the evolutionary and ecological processes that explain observed chemical
differences in venom compositions, and supporting ecological and behavioural studies with venom
composition analyses, the results presented in this thesis provide new evidence that builds on past
studies, spanning multiple fields of research, and highlights new avenues for future investigations to

be made.
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Introduction

Australia is a land famous for its many deadly animals. Some of the world’s most venomous
animals such as the taipan snake (Oxyuranus microlepidotus), funnel-web spider (Atrax robustus),
cone snail (Conus geographus), blue-ringed octopus (Hapalochlaena spp.), box jellyfish (Chironex
fleckeri/Carukia barnesi), and stonefish (Synanceia horrida) all call this country home (Wiener,
1957;Wiener, 1959;Broad et al., 1979;Currie, 1994;Fenner and Carney, 1999;Dutertre et al.,
2014;Lago et al., 2015). Even highly venomous plants exist in Australian rainforests, such as gympie-
gympie (Dendrocnide moroides), the stings of which cause excruciating and long-lasting pain (Gilding
et al., 2020). There is, however, one clear exception to the Australian rule: scorpions. Australian
scorpions are comparatively innocuous, and none cause deadly envenomation under normal
circumstances. The most toxic species belong to the genus Lychas, with the majority of stings
inducing localised pain and swelling (Isbister et al., 2003;lsbister et al., 2004). A combination of their
relatively low toxicity, secretive lifestyle, and the small number of people living in rural Australia
makes scorpion envenomation a relatively insignificant public health issue within the country. On
the contrary, deadly species of scorpions exist in other regions of the world, and in some countries
scorpion envenomation is a significant public health issue (Chippaux and Goyffon, 2008;Isbister and

Bawaskar, 2014;Jean-Philippe et al., 2020;Lacerda et al., 2022).

As some scorpion species pose potential risk to human life, there is clear motivation to
understand scorpion venom chemistry to improve treatment of sting victims. Additionally, there has
been continual growth in the interest in venoms as sources of bioactive molecules which can be
used as biochemical tools or developed into bioinsecticides or pharmaceuticals (Fox and Serrano,
2007;King, 2011;Klint et al., 2012;Windley et al., 2012;0rtiz et al., 2015;Herzig et al., 2020). Scorpion
venoms are complex mixtures showing great diversity both between and within species, thereby
making them excellent candidates for biodiscovery research (Ortiz et al., 2015), regardless of their
risk to human life. Furthermore, scorpions use their venoms for both prey capture and defence and
can therefore be models for studying various evolutionary and ecological processes (Polis et al.,
1989;Gangur et al., 2018). Better understanding scorpion venom chemistry, and the underlying
processes that drive compositional diversity, is therefore important for several lines of research, and
can have applications in a clinical and commercial setting. Despite its importance, knowledge gaps
remain in several aspects of scorpion venom research, such as the venom compositions of many
neglected scorpion species, and fully understanding the ways that different evolutionary and
ecological processes shape scorpion venom compositions. The investigations included within this

thesis are focussed on aspects of scorpion venom research where ambiguity remains, aiming to gain



a greater overall understanding of scorpion venom compositions, and the ecological processes that

shape them.

Scorpions — An Overview

Scorpions are ancient venomous taxa, having roamed the earth for over 400 million years
(Laurie, 1900;Dunlop and Selden, 2009). They have a widespread distribution globally, being found
on all continents except Antarctica. Currently more than 2500 species are recognised, with roughly
half belonging to a single family: Buthidae (Rein, 2022). Buthidae is not only the largest family, but
also contains every species that has the potential to cause dangerous envenomation in humans

(Santos et al., 2016).

Scorpions have evolved venoms to assist in both capturing prey and defending against
predators, which they deliver using their highly mobile metasoma and specialised stinging apparatus
(Polis et al., 1989;van der Meijden and Kleinteich, 2017). As they use venom in both offensive and
defensive contexts, scorpions experience evolutionary selective forces associated with both their
prey and predators (Lima and Dill, 1990;Tian et al., 2008;Weinberger et al., 2009). These selective
forces are, at least in part, responsible for driving the large interspecific (between species) and
intraspecific (within species) variation observed in their venom compositions (Omran and McVean,
2000;Isbister et al., 2004;Abdel-Rahman et al., 2009;Ruiming et al., 2010;Sunagar et al., 2013;Miller
et al., 2016;Ward et al., 2018;0lguin-Pérez et al., 2021). In addition to normal venom usage in prey-
capture and defensive contexts, male scorpions frequently sting the female during courtship, and
selection pressures associated with this poorly understood behaviour may also be responsible for

driving diversity in venom compositions (Peretti, 2014;0lguin-Pérez et al., 2021).

What are Scorpion Venoms?

On a molecular level, scorpion venoms are complex mixtures containing many components
that act in combination to induce toxicity (Inceoglu et al., 2003;Nascimento et al., 2006;Newton et
al., 2007;de la Vega et al., 2010). These include salts, organic small molecules, and proteinaceous
molecules ranging from small peptides to large and structurally complex enzymes (de la Vega et al.,
2013;Cid-Uribe et al., 2020;Delgado-Prudencio et al., 2022). The venom mixture changes as it is
continually released from the sting; the initial venom appears clear and contains a low
peptide/protein concentration, and the later secretions become opaque-white and contain a high

peptide/protein concentration (Yahel-Niv and Zlotkin, 1979;Inceoglu et al., 2003). Additionally, a



study on Parabuthus leiosoma found that there was large variation in the venom composition of

consecutive stings (Sarhan et al., 2012).

Very few species have been subject to in-depth proteomic and transcriptomic studies that
attempt to characterise the full set of venom components in a single species, and the vast majority
of species remain entirely unstudied. To gain the most robust insights into whole venom
composition/complexity, a combination of proteomic and transcriptomic/genomic approaches is
required. High-throughput proteomics usually requires a sequence database to match peptide
fragments against (Song et al., 2012;Cid-Uribe et al., 2020), and transcriptomic studies overlook non-
peptide small molecule venom constituents, whilst additionally lacking information regarding any
post-translational modifications present in the mature peptides (Delgado-Prudencio et al., 2019). A
proteomic analysis of Tityus serrulatus revealed that a large proportion of the venom components
are fragments of larger venom peptides/proteins, stressing the importance of combined approaches
to understand the mechanisms that explain compositional diversity (Rates et al., 2008;de la Vega et

al., 2013).

The Components of Scorpion Venoms

Peptides are the most abundant and diverse group of molecules in scorpion venoms, and are
responsible for the majority of toxic effects (Possani et al., 2000;de la Vega et al., 2013;Cid-Uribe et
al., 2020). Broadly speaking, scorpion venom peptides can be split into those that are structurally
stabilised by disulfide bonds, and others that lack disulfide bonds (linear peptides) (Zeng et al.,
2005;Sunagar et al., 2013;Almaaytah and Albalas, 2014;Cid-Uribe et al., 2020). Historically, the
disulfide-bonded peptides have been the focus of research, as these include the most toxic
molecules, and equally their high selectivity makes them of interest as biochemical tools (de la Vega

and Possani, 2005;Dutertre and Lewis, 2010).

The best-known toxin family from scorpions is the CS-a/p peptides, characterised by their
cysteine-stabilised a/p scaffold. CS-a/p peptides were traditionally split into the short chain toxins
(<45 residues) and the long chain toxins (>55 residues), with short-chain toxins blocking K* channels
and long chain toxins modulating Na* channels in different ways (de la Vega et al., 2013). Other
disulfide bridge-containing peptides belong to structural families less commonly recorded in
scorpions. Some adopt an inhibitory cystine knot (ICK motif), similar to those common in spider and
cone snail venoms (Zhu et al., 2003;Daly and Craik, 2011). The scorpion ICK toxins, or calcines, act
agonistically on intracellular calcium release channels (Ryanodine Receptors, RyR) (Fajloun et al.,

2000;Gurrola et al., 2010;de la Vega et al., 2013). These molecules have the ability to cross cell



membranes without causing lysis, which makes them useful as a possible mechanism for
intracellular drug delivery (Poillot et al., 2010;de la Vega et al., 2013). Another scorpion peptide
group of great interest to researchers consists of chlorotoxin, originally described from Leiurus
quinquestriatus (DeBin et al., 1993), and structurally related toxins which interact with CI- channels
(Cid-Uribe et al., 2020). Chlorotoxin binds to tumour cells, and is able to cross the blood-brain
barrier, which means it can be conjugated with a fluorescent tag to act as a ‘tumour-paint’ or can be
used to target delivery of anti-tumour agents (Lyons et al., 2002;Veiseh et al., 2007;Sun et al.,
2008;Huang et al., 2011;Dardevet et al., 2015). With advances in high-throughput proteomics and
sequencing in the last decade, and as new species are studied, scorpion venom peptides with novel
and exciting frameworks continue to be discovered. For example, the peptidergic scorpion toxin
WaTx from Urodacus manicatus that activates transient receptor potential channel TRPA1 (King et
al., 2019), and U;-LITX-Lwla from Hormurus waigiensis that has a disulfide-directed hairpin (DDH)
motif which has shed light on the evolution of the abundant ICK motif (Smith et al., 2011;Smith et

al., 2013b).

Far less is known about the scorpion venom peptides that lack disulfide bonds. These linear
peptides are often relatively small, typically 13-56 amino acids in length, showing a diverse range of
sequences and activities (Almaaytah and Albalas, 2014). Although researchers have historically
focussed on disulfide-rich scorpion venom peptides, recent full-venom analyses demonstrate that
the venom of different species can be dominated by the smaller peptides <3000 Da (de la Vega et
al., 2013). The majority of linear scorpion peptides adopt a cationic amphipathic a-helical structure,
and can be active on numerous biological targets that can lead to antimicrobial, anticancer,
haemolytic, anti-inflammatory, immune-modulatory and bradykinin potentiating activities

(Almaaytah and Albalas, 2014).

In addition to peptides, proteins and small molecules are also present in scorpion venoms.
Scorpion venom proteins are typically enzymes, and can include hyaluronidases, phospholipases,
metalloproteases and sphingomyelinases, transferases, and lyases (de la Vega et al., 2013;Delgado-
Prudencio et al., 2022). Whilst not usually having a direct toxic effect, venom enzymes can have
important roles within the venom such as helping spread toxins (Bordon et al., 2015) or be involved

in post-translational modification (Delgado-Prudencio et al., 2019).

The organic small molecules in scorpion venoms have often been overlooked by researchers,
and despite their presence frequently being reported in literature, very few have been
characterised. Those presently documented in the venoms of different scorpion species belong to

various classes of molecule, and include an alkaloid (Banerjee et al., 2018), two 1,4-benzoquinone



derivatives (Carcamo-Noriega et al., 2019), adenosine (Thien et al., 2017;Tran et al., 2017), citric acid
(Fenton et al., 1995), spermidine (Arjunwadkar and Reddy, 1983) and 5-hydroxytryptamine
(serotonin) (Adam and Weiss, 1959).

Neglected Areas of Scorpion Venom Research

Historically, most scorpion venom research was performed to better understand venom
activity and therefore improve first aid or sting treatment of highly toxic species. For this reason,
research was often biased towards members of the family Buthidae, which all dangerous species
belong to (Santos et al., 2016). However, more recently there has been a shift in motivation to study
venoms, and now a large portion of venom research is focussed on the biodiscovery of novel
molecules with activities that can be harnessed as biochemical probes, pharmaceuticals, or
bioinsecticides (King, 2011;Klint et al., 2012;Smith et al., 2013a). The growth of this field has brought
fresh interest in the more obscure scorpion families, as it is known they can be sources of
completely new peptide scaffolds, for example the disulfide-directed hairpin (DDH) scaffold of U;-
LITX-Lwla (Smith et al., 2011;Smith et al., 2013b).

In addition, there has been past focus on the characterisation of the peptide venom
constituents, as these are the most abundant/diverse molecules in the venom, are responsible for
the main toxic effects, and their chemical properties make them favourable candidates for
development as biochemical tools/pharmaceuticals. This has meant that there is a lag in
understanding the other molecules in the venom, in particular the organic small molecules.
Remarkably little is known about the identity, abundance, and function of small molecules in
scorpion venoms, despite their presence being widely documented. This is surprising, as not only are
small molecules known to play important functional roles in the venoms of other venomous
organisms (McCormick and Meinwald, 1993;Aird, 2002;2005;Palma and Nakajima, 2005), there is

also the potential for venom-based small molecule drug discovery (Wilson et al., 2017).

Although intraspecific variation in scorpion venoms is reported in numerous species,
compositional differences have mainly been linked to geographic and sexual variation (Omran and
McVean, 2000;Abdel-Rahman et al., 2009;De Sousa et al., 2010;Rodriguez-Ravelo et al.,
2013;Estrada-Gomez et al., 2014;Miller et al., 2016;Uribe et al., 2017;Carcamo-Noriega et al.,
2018;Ward et al., 2018). It is less clear if other factors, such as life-stage (ontogeny), affect scorpion
venom compositions in similar ways to other venomous taxa (Herzig et al., 2004;Alape-Girén et al.,

2008;Cipriani et al., 2017;Santana et al., 2017). One study on Centruroides vittatus identified



ontogenetic changes in toxin gene expression and venom toxicity (McElroy et al., 2017), but more

work is required to understand if scorpion venoms show ontogenetic variation in a wider context.

Two curious aspects of venom use that appear to be to be unique to scorpions are 1) the
existence of ‘prevenom’, and 2) the involvement of venom in courtship. Firstly, several species have
been documented to produce clear ‘prevenom’ followed by milky venom (Yahel-Niv and Zlotkin,
1979;Gopalakrishnakone et al., 1995;Abdel-Rahman et al., 2009), but few chemical comparisons
between them have been made (Yahel-Niv and Zlotkin, 1979;Inceoglu et al., 2003;Sarhan et al.,
2012). The prevenom of Parabuthus transvaalicus and Parabuthus leiosoma was found to be more
simplistic than milky venom (Inceoglu et al., 2003;Sarhan et al., 2012), and it has been suggested
prevenom has evolved as a way to avoid wasting chemically complex venom when facing less
threatening predators (Inceoglu et al., 2003;Nisani and Hayes, 2011;Nisani et al., 2012;Lira et al.,
2017). However, most studies on scorpion venom composition fail to account for the differences
between prevenom and venom. Moreover, the prevalence of prevenom in a taxonomically diverse

range of species has not been assessed, nor have chemical comparisons been performed.

Furthermore, the ‘sexual stings’ performed by male scorpions during courtship are one of
the most mysterious aspects of scorpion venoms. Despite its behavioural novelty piquing the
interest of biologists, the role played by the sexual sting has still not been confirmed. Several
speculated functions include directly subduing the female to prevent predation, to indirectly
improve mating success via hormonal modulation, or acting as an honest indicator of fitness by the
male (Inceoglu et al., 2003;Peretti, 2014;0Ilguin-Pérez et al., 2021). It was only recently shown that
sexual stings involve venom transference in Megacormus gertschi (Olguin-Pérez et al., 2021), but
whether males control the venom they inject into females, or if they possess molecules in their

venom specifically involved with sexual stinging remains to be discovered.

Scope of the Thesis

Chapter 1 reviews the literature presently available on the mechanisms evolved by scorpions
to optimise their venom use and outlines the ecological aspects of venom use in scorpions. Venom
production/maintenance requires both energy and time, and consequently there are both metabolic
costs associated with venom replenishment, and time post-expulsion when an animal may be left
with reduced defences or ability to hunt (Hayes et al., 2002;McCue, 2006;Nisani et al., 2007).
Organisms optimise their venom use by balancing these costs against the survival benefits venom

provides, and past reviews have discussed the literature available in both snakes and spiders (Hayes



et al., 2002;Hayes, 2008;Morgenstern and King, 2013;Cooper et al., 2015). This chapter provides an

exhaustive and up to date overview covering all aspects of venom optimisation in scorpions.

Chapter 2 contains an investigation into intraspecific (within-species) venom variation in
marbled scorpions (Lychas variatus), specifically studying ontogenetic and interspecific differences.
A past study identified changes in toxin gene expression and toxicity associated with ontogeny in C.
vittatus (McElroy et al., 2017), but to the best of my knowledge ontogenetic venom variation has not
previously been thoroughly examined in scorpions using a proteomic approach. As scorpions have
slow growth rates, it can be difficult to study ontogenetic changes across their complete lifespan.
Though some species take several years to reach maturity (Shorthouse and Marples, 1982), others
are comparatively fast growing. Members of the genus Lychas have relatively fast growth rates, such
as Lychas tricarinatus which reaches maturity in 220 days (Seiter and Stockmann, 2017), therefore
Lychas spp. make excellent study species for experiments relating to ontogeny. | raised L. variatus
from birth to adulthood and show that, like other scorpion species, L. variatus have sex-specific
venom components. Additionally, ontogenetic shifts in venom composition were detected as both
changes in the presence of specific molecules at the different life stages, but also changes in the
relative proportions of molecules in different size classes. Furthermore, several molecules were
identified that were unique to the venom of adult males, demonstrating that intraspecific variation
in scorpion venoms can be associated to the interaction of multiple factors. To the best of my
knowledge, this is the first evidence of sex-specific molecules in scorpion venoms that are

additionally linked to a specific life stage.

Chapter 3 builds upon the findings of the previous chapter and includes the isolation and
characterisation of three novel adult male-specific L. variatus venom components. Adult male-
specific molecules were of particular interest, as in addition to using their venom in a conventional
prey-capture and defensive context, the courtship of many species includes the male stinging the
female (Olguin-Pérez et al., 2021). The experiments show the three adult male-specific molecules in
L. variatus are structurally unlike typical scorpion venom components and display closer structural
similarity to neuropeptides and hormones than neurotoxins. This chapter includes thorough
discussion as to their potential role in the venom, focussing on their possible involvement in sexual

stinging behaviours.

Chapter 4 tackles two areas of scorpion venom chemistry that are lacking data: non-buthid
species and small molecule venom constituents. Hormurus waigiensis was selected for this study as
relatively few investigations have been made into hormurid scorpion venoms, and none have

previously focussed on small molecule venom constituents. By investigating the small molecules



present in H. waigiensis venomes, fresh insight is gained into how scorpion venoms function as
complex mixtures of molecules working in combination to induce toxic effects. Five small molecules
are isolated and characterised from the venom of H. waigiensis, which | believe may be the most
currently identified from any single scorpion species. The five molecules are all non-toxic, and likely
function within the venom as accessory molecules; for example, by acting to increase the

effectiveness of other venom components.

In Chapter 5, | return to the evolutionary and ecological theories discussed in Chapter 1, and
assess how scorpions adapt their defensive behaviours in response to perceived threat to optimise
venom use. In addition, | make the first chemical comparisons of prevenom and milky venom in
Urodacus yaschenkoi. Experiments were performed on U. yaschenkoi as these large and robust
scorpions produce relatively large volumes of venom, allowing for chemical analysis to be performed
on individual sting samples. Scorpions can control their energetic investment in their defences via
multiple mechanisms, such as by dry stinging, varying the volume of venom injected per sting, and
controlling the composition of venom they deliver (prevenom versus venom). | show that in U.
yaschenkoi both persistent attacks and more frequent attacks induce a greater defensive response
per attack. | additionally show that U. yaschenkoi prevenom is more chemically simplistic and
contains a lower relative proportion of larger peptides (>5000 Da) than main milky venom. The
combined results of the behavioural study and chemical analysis of prevenom provide evidence to

support the hypothesis that prevenom has evolved as a cost reducing mechanism in U. yaschenkoi.

The results presented in this thesis provide novel insights into the venom chemistry and
ecology of Australian scorpion species. Whilst they contribute to filling some knowledge gaps in
scorpion venom research, they also highlight that there is still much to learn about the ecological

and evolutionary processes underlying the variability in venom composition and venom use.
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1.1. Abstract

Scorpions use venoms as weapons to improve prey capture and predator defence, and these
benefits must be balanced against costs associated with its use. Venom costs involve direct energetic
costs associated with the production and storage of toxins, and indirect fitness costs arising from
reduced venom availability. In order to reduce these costs, scorpions optimise their venom use via
evolutionary responses, phenotypic plasticity, and behavioural mechanisms. Over long timescales,
evolutionary adaptation to environments with different selection pressures appears to have
contributed to interspecific variation in venom composition and stinger morphology. Furthermore,
plastic responses may allow scorpions to modify and optimise their venom composition as pressures
change. Optimal venom use can vary when facing each prey item and potential predator
encountered, and therefore scorpions display a range of behaviours to optimise their venom use to
the particular situation. These behaviours include varying sting rates, employing dry stings, and
further altering the volume and composition of venom injected. Whilst these cost-reducing
mechanisms are recognised in scorpions, relatively little is understood about the factors that
influence them. Here, we review evidence of the costs associated with venom use in scorpions and

discuss the mechanisms that have evolved to minimise them.
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1.2. Introduction

Venomous organisms inject chemical cocktails into their predators and prey in order to
disrupt normal biological functioning in their target (Fry et al., 2009;Casewell et al., 2013). These
chemical weapons are often rich in proteins, peptides, and small molecules (Inceoglu et al.,
2003;Escoubas et al., 2008;Calvete et al., 2009;Fry et al., 2009;Villar-Briones and Aird, 2018). Whilst
venom provides survival benefits by aiding in prey capture and predator defence, the benefits come
with costs. These costs are two-fold, involving direct energetic costs associated with production and
storage of toxins (McCue, 2006;Nisani et al., 2007;Nisani et al., 2012), and further indirect costs
associated with a reduced capacity to capture prey or defend when supplies are depleted. Whilst
these costs have different types of impacts on venomous animals, the methods to reduce these
costs can overlap. It has been proposed that due to costs associated with venom use, organisms will
meter/optimise the volume of venom they inject in order to use their venom as economically as
possible in different situations (Hayes et al., 2002;Wigger et al., 2002;Hayes, 2008;Morgenstern and
King, 2013). Research into optimal venom use has primarily focussed on snakes (Hayes, 1995;Hayes
et al., 2002;Young et al., 2002;Hayes, 2008), spiders (Wigger et al., 2002;Wullschleger and Nentwig,
2002;Hostettler and Nentwig, 2006;Nelsen et al., 2014;Cooper et al., 2015) and scorpions (Edmunds
and Sibly, 2010;Nisani and Hayes, 2011;Lira et al., 2017), with the latter being the focus of this

review.

Scorpions utilise venom to both capture prey and defend against predators, which can
include organisms with very different physiologies and susceptibility to venom components (Gangur
et al., 2017;van der Meijden et al., 2017). Over 400 million years of evolution (Dunlop and Selden,
2009) have led scorpions to develop a wide range of mechanisms that help minimise the costs of
venom use. Successful prey capture and predator defence will ultimately affect a scorpion’s
evolutionary fitness, and therefore selection on venom composition and concentration is generally
influenced by both prey and/or predators (Tian et al., 2008;Weinberger et al., 2009;Gangur et al.,
2018). As selection pressures vary between environments, so will optimal investment in venom
(Gangur et al., 2018). Scorpions adapted to different ecological niches often show large differences
in venom composition (de la Vega et al., 2010) and stinger morphology (van der Meijden et al.,
2013;van der Meijden and Kleinteich, 2017), and this likely reflects responses to different selection

pressures.
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1.3. The Costs of Venom Use in Scorpions

1.3.1. Direct

Research on the energetic demands of venom use have focussed on costs of production,
rather than maintenance, as it is difficult to measure the energy used in maintaining and storing
toxins experimentally. Nisani et al. (2007) showed that after depleting the venom glands of
scorpions (Parabuthus transvaalicus), metabolic rates increased by 39% during the first three days of
regeneration. A later study (Nisani et al., 2012) found milked P. transvaalicus had on average a 21%
higher metabolic rate than un-milked scorpions during the first eight days of regeneration, but in
this second study the rate did not rise as high during the first three days (Nisani et al., 2007).
Metabolic rates fluctuated throughout the experiment, and the authors suggested this likely
reflected the asynchronous regeneration of toxins (Nisani et al., 2012). Whilst differences were
observed between the studies, both identify a large increase in metabolic rate above baseline levels,
indicating that in scorpions venom production is an important energetic expense (Nisani et al.,
2007;Nisani et al., 2012). These studies also likely underestimate total energetic costs, as venom
regeneration can take longer than eight days to complete (Carcamo-Noriega et al., 2019).
Furthermore, scorpion venom varies between species in complexity, toxins utilised, and volume
stored and injected (de la Vega et al., 2010;Sunagar et al., 2013;van der Meijden et al., 2015); all of
which alter energy requirements. Energetic costs are also calculated against the baseline metabolic
rate, which is likely to vary between species adapted to different ecological niches. Furthermore, as
scorpions are ectotherms their metabolic rate will vary with environmental conditions, as Nime et al.

(2013) showed scorpion activity is positively correlated with temperature.

1.3.2. Indirect

Indirect costs are associated with the ecological limitations arising from depleted venom
supplies, such as increased predation risk or reduced ability to capture prey. Scorpions can store a
limited volume of venom (van der Meijden et al., 2015), and regeneration of toxins can take at least
two weeks to be complete (Carcamo-Noriega et al., 2019), reducing the ability to use venom for prey
capture and predator defence until venom supplies are restored. Ecological costs of venom
depletion cannot easily be quantified, as they will vary widely between species and environments
with fluctuating selection pressures. Nonetheless, evaluation of behavioural changes that arise when
venom stores are depleted may serve as evidence of ecological costs. Such a behavioural response
has yet to be reported in scorpions, but some spiders with depleted venom supplies will adapt their
hunting behaviour to target easily caught prey, as has been found in the wandering spider

Cupiennius salei (Wullschleger and Nentwig, 2002). Scorpions and spiders often share many of their
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natural predators and prey items, therefore the ecological costs of venom depletion in both
organisms may bear some similarity. Comparable behaviours in scorpions might include a switch to

smaller prey that can be successfully captured with only the pedipalps while venom is replenishing.

14 The Evolution of Optimal Venom Use

Compared with other venomous taxa, scorpions are unusual in that they possess two main
weapons: their stinging apparatus and their pedipalps. Species vary in their relative investment in
these two weapons depending on their ecological niche, leading to the great morphological diversity
in scorpion stinging apparatus and pedipalps seen between species (Figure 1.1) (van der Meijden et
al., 2013). Burrowing species, such as members of the family Scorpionidae, are often sit-and-wait
predators (Hadley and Williams, 1968;Bub and Bowerman, 1979;Shachak and Brand,
1983;Shivashankar, 1994), and possess large pedipalps that can be used to dig, grab passing prey,
and block predators from entering their burrow (van der Meijden et al., 2010). Large pedipalps are
often accompanied by a small stinging apparatus. Small tail size may be due to a trade-off in
investment between pedipalps and stinging apparatus (van der Meijden et al., 2013), or a reduced
tail may simply improve mobility in the confines of a burrow. Vagrant scorpion species, such as many
members of the family Buthidae, have no permanent residence and forage more actively (Hadley
and Williams, 1968). This group of scorpions generally rely more heavily on their sting to capture
prey and defend themselves, and have evolved powerful and highly mobile tails (Warburg,
1998;Coelho et al., 2017). Many of these scorpions have developed potent venom, and the family
Buthidae contains all species with medically significant stings (Santos et al., 2016). Buthids often
possess small pedipalps, suggesting an evolutionary trade-off between pedipalps and stinging
apparatus may be present (van der Meijden et al., 2013), and/or small pedipalps may improve
mobility and energetic efficiency while actively foraging. The evolution of potent venom in buthids
may further have reduced the advantages that large pedipalps provide, making them energetically

unfavourable.
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Figure 1.1 Morphological comparison of four Australian scorpions. A) Australobuthus
xerolimniorum (Buthidae) B) Lychas buchari (Buthidae) C) Hormurus waigiensis (Hormuridae) D)
Urodacus sp. (Urodacidae). A. xerolimniorum and L. buchari are more vagrant and active foragers, and
have evolved relatively small chelicerae and thick powerful tails. H. waigiensis and Urodacus sp. are
burrowing species, and have evolved larger chelicerae and smaller stinging apparatuses. Photographs

by Edward Evans.
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1.5. Behavioural Mechanisms to Optimise Venom Use

Optimal use of venom will vary between each interaction with prey and predators,
influenced by the size and identity of the prey/predator. This has led scorpions to evolve a range of
behavioural mechanisms allowing them to optimise their venom use when facing specific prey

(Edmunds and Sibly, 2010) and under particular levels of threat (Nisani and Hayes, 2011).

1.5.1. The ‘Decision’ to Sting

To reduce the costs associated with unnecessary venom use, scorpions adapt their hunting
strategies to the particular prey items targeted (Simone et al., 2018), and are less likely to use
venom when capturing small or easily subdued prey (Rein, 1993;Edmunds and Sibly, 2010). Spiders
appear to target the injection of their venom towards the thorax or head of prey items to maximise
venom efficiency (Wigger et al., 2002;Carlson et al., 2014). However, to our knowledge it is not
known if scorpions seek to apply stings to an optimal location, or if an optimal sting location even
exists, as one study on Bothriurus bonariensis found that sting location did not affect the time taken

to subdue prey (Simone et al., 2018).

Both the size and activity of prey items can influence a scorpion’s choice to sting, as
Parabuthus liosoma, Parabuthus pallidus and Hadrurus spadix sting larger and more active prey
items more frequently (Rein, 1993;Edmunds and Sibly, 2010). Rein (1993) observed that the
scorpions did not use their sting immediately when encountering prey, but would rather grab with
their pedipalps and apply stings if the prey continued to struggle, presumably to minimise venom
use whilst ensuring predation success. Ontogenetic changes in stinging behaviour can also be used
to optimise venom use. Older Paruroctonus boreus and Pandinus imperator use their larger
pedipalps to overpower prey and sting less often, avoiding using venom (Cushing and Matherne,

1980;Casper, 1985).

In addition to trade-offs between the use of venom and pedipalps for prey capture, there
may be trade-offs in venom use and mobility when avoiding predation, as faster scorpions appear
less likely to sting predators (Carlson et al., 2014;Miller et al., 2016). For example, female
Centuroides vittatus scorpions that are heavier and less mobile, are more likely to sting a potential
predator than males, which are more likely to sprint to safety (Carlson et al., 2014;Miller et al.,
2016). Furthermore, within each sex, sprint speed decreases and sting rate increases with mass,
indicating that higher rates of aggression are associated with reduced mobility (Carlson et al.,
2014;Miller et al., 2016). Through fleeing, the males and smaller scorpions are not only able to avoid
being eaten, but they also save their venom supply for future encounters and do not need to expend

energy regenerating toxins, thus reducing ecological and energetic venom costs.
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Unlike other scorpions, seven species of Parabuthus spray venom defensively, which may
cause irritation to the sensitive tissues, such as eyes, of predators (Newlands, 1974;Nisani and
Hayes, 2015). P. transvaalicus defensively spray when presented with both air-flow and touch
stimuli simultaneously, suggesting the behaviour may be optimised towards high-threat scenarios
where defensive tactics must be implemented before a predator gets close enough to sting (Nisani
and Hayes, 2015). These scorpions are often attacked by predators such as grasshopper mice, which
disarm scorpions by biting off their tails, and therefore place their face in close proximity to the
telson (Nisani and Hayes, 2015). Compared with injection, sprayed venom has a higher risk of
missing its target, likely increasing the costs of venom necessary to deter predators. However, these

costs are likely offset by the advantage of deterring predators while the predator is still at a distance.

1.5.2.  ‘Dry’ Stings

Scorpions can still avoid venom use when stinging in defensive encounters by employing
‘dry’ stings, where no venom is injected. Scorpions readily utilise dry stings in defensive situations
(Nisani and Hayes, 2011;Lira et al., 2017;Rasko et al., 2018). The factors that determine whether
venom is injected in a sting, however, are currently unclear. In P. transvaalicus, dry stinging
behaviour is correlated with threat level, with the scorpions employing dry stings more frequently
when the threat level is low (Nisani and Hayes, 2011). Additionally, this study suggests P.
transvaalicus, when induced to sting multiple times in succession, use dry stings more frequently
early in the stinging sequence and are more likely to inject venom as the threat persists (Nisani and
Hayes, 2011). The combination of these results provides evidence that scorpions use dry stings in
low threat situations to optimise their venom use. In contrast to the findings by Nisani and Hayes
(2011) studies on dry stinging behaviour in other scorpion species have produced differing results.
Lira et al. (2017) presented Tityus stigmurus with the same ‘low-threat’ and ‘high-threat’ stimuli
described by Nisani and Hayes (2011), and found no correlation between dry sting rate and threat
level. Furthermore, it has been shown that repeated simulated attacks against Hadrurus arizonensis
lead to an increase in dry sting rate, despite venom remaining in the gland (Rasko et al., 2018). This
latter result seems counter-intuitive, as scorpions might be expected to increase their defensive
investment as a threat persists. Whilst the studies investigating the factors influencing dry stinging
behaviour in scorpions are limited, the evidence supports the idea that at least some scorpion
species utilise dry stings as a means to optimise their venom in defensive contexts (Nisani and
Hayes, 2011), while others may not (Lira et al., 2017;Rasko et al., 2018). Further research should aim
to identify whether interspecific differences are truly occurring, or if methodological differences
between the studies are responsible for the observed differences. Furthermore, it is not currently

known if scorpions utilise dry stings as a tactic to save venom when capturing prey, as spiders use
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dry bites (Malli et al., 1998;Wigger et al., 2002). Spiders, however, have the ability to masticate their
prey with their fangs, but the dry sting of a scorpion provides comparatively little aid in the
incapacitation of prey. It is therefore unlikely that scorpions use dry stings to save venom when

targeting prey.

1.5.3. Volume Injected

While scorpion stinging behaviour involves a dichotomy between dry stings versus stings
with venom injected, scorpions also have the ability to vary the volume of venom they inject, both
within each sting and through the application of multiple stings (Nisani and Hayes, 2011;van der
Meijden et al., 2015). P. transvaalicus injected twice as much venom per single sting in high-threat
situations compared with low-threat situations, indicating scorpions may use this tactic to vary their
defensive investment in response to perceived threat level. The defensive sprays of P. transvaalicus
display variable duration and flow rate suggesting the volume expelled could be controlled by
contraction of the venom gland, but it is not currently known the volume sprayed is influenced by

threat level (Nisani and Hayes, 2015).

The volume injected in single stings may be limited by morphological constraints, or the time
that the aculeus is pierced into the target (van der Meijden et al., 2015). When scorpions are faced
with repeated attacks from predators, they will continue to defensively sting as the attacks continue.
Experiments into the defensive investment of scorpions in response to predation threat suggest that
scorpions will repeatedly sting predators as the threat persists (Lira et al., 2017), but it is unclear
whether the investment per attack increases or decreases with sting number (Nisani and Hayes,
2011;Rasko et al., 2018). Targeting prey, scorpions often hold on with their pedipalps and judiciously
apply stings as the prey continues to struggle (Casper, 1985;Rein, 1993). The rate of stings increases
with both prey size and activity (Edmunds and Sibly, 2010), suggesting that scorpions are being

frugal with their venom, and only apply extra stings as necessary.

1.5.4. Composition Injected

In addition to reducing venom costs by metering the volume of venom they inject, scorpions
are able to alter the composition of venom injected into their target and avoid unnecessarily
injecting costly venom components. Scorpion venom is heterogenous and changes in composition as
it is expelled from the aculeus (Figure 1.2). As the venom is secreted from the aculeus tip, the initial
expulsion is a clear liquid, followed by an opalescent liquid, and finally turns milky coloured and
viscous (Yahel-Niv and Zlotkin, 1979). These different secretions also vary in toxicity (Yahel-Niv and
Zlotkin, 1979). Inceoglu et al. (2003) found that the initial clear secretion in P. transvaalicus

constituted around 5% of the total venom volume within the gland, and they termed this
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‘prevenom’. Prevenom and main milky venom have distinct compositions and modes of action in
both invertebrate and vertebrate targets (Inceoglu et al., 2003). The different mode of actions of
prevenom and main venom may act together to induce greater toxicity, in a similar way to the toxin
cabals employed by cone snails which target different pathways simultaneously (Olivera et al.,
1999;Inceoglu et al., 2003). P. transvaalicus prevenom was found to contain six-times less peptide
and protein concentration compared to the main venom, but a sixteen-fold higher potassium (K*)
salt concentration (Inceoglu et al., 2003). The authors suggested this extremely high K*
concentration causes large and rapid depolarisation of nerves in the target, causing quick paralysis in
insects and pain in vertebrates (Inceoglu et al., 2003). Prevenom not only contains a much lower
peptide/protein concentration, but a comparatively simplistic composition (Inceoglu et al., 2003). It
is therefore expected that prevenom is metabolically cheaper to produce than the main venom, as
K* salt likely requires less energy to be replenished than peptides requiring production and folding
(Inceoglu et al., 2003). The relative costs of prevenom versus main venom have not been calculated
experimentally, but in P. transvaalicus prevenom components appear to regenerate quickly and at
little metabolic cost compared with other toxins (Nisani et al., 2012). Prevenom may therefore have
evolved as a mechanism to avoid injecting larger volumes of peptide rich mixtures, thereby
minimising both metabolic and ecological costs of depletion, although this connection is difficult to

test experimentally (Nisani et al., 2012).

By using prevenom first, scorpions can save their main peptide-rich venom for high-threat
situations or when initially low-threat situations escalate. This hypothesis is supported by evidence
that the composition of venom (prevenom vs main venom) scorpions inject is context dependent. In
low-threat situations, scorpions are able to avoid injecting their metabolically ‘expensive’ mixtures
of toxins, by injecting only prevenom (Nisani and Hayes, 2011). P. transvaalicus inject their main
venom more frequently in high-threat situations, and in later stings when induced to sting
repeatedly at both low and high threat levels (Nisani and Hayes, 2011). Furthermore, in low-threat
situations, T. stigmurus injected prevenom in all trials, but when faced with the high-threat
treatments most of the scorpions injected their main milky venom secretion (Lira et al., 2017). The
use of prevenom in low threat situations not only minimises metabolic costs but also reduces
ecological costs, as prevenom appears to regenerate faster than the main venom components

(Nisani et al., 2012).
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Figure 1.2 From (A-D)-consecutive venom secretions collected from Hormurus waigiensis

during one milking event using electrostimulation of the venom gland. (A) The initial secretion is
relatively clear, containing the compositionally simple prevenom. (B) The secretion changes from clear
to milky (C,D). The later venom secretions are comparatively opaque and white, representing the

peptide/protein rich mixture. Photograph by Edward Evans.
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1.6. Adaptive Plasticity

Recent evidence suggests scorpions can modify their venom composition in response to
predator exposure (Gangur et al., 2017). Repeated periodical encounters with a surrogate vertebrate
predator (a taxidermied mouse) over a six week period led Hormurus waigiensis to appear to
produce a higher relative abundance of some vertebrate specific toxins used in defensive situations,
and a lower relative abundance of certain toxins specific to their invertebrate prey (Gangur et al.,
2017). This study provided the first evidence for adaptive plasticity in venom compositions, and
suggested it has evolved as a mechanism to allow for the optimisation of venom use (Gangur et al.,
2017). Modification of venom composition in response to environmental pressures could allow
scorpions to further optimise venom use in different environments. In environments with few
predators, scorpions may not require large quantities of defensive toxins, but as predator
abundance increases so does the need to defend themselves. Therefore, ability to plastically change
venom composition can allow scorpions to prioritise their resources and minimise the costs of
venom use. It is currently unclear what environmental cues (e.g. olfactory) led to the plastic
response observed by (Gangur et al., 2017). Furthermore, it is unclear if the response was targeted
specifically at the presence of the mouse, or if it was a uniform response to increased predation

pressure.

Unlike the response from simulated top-down predation pressure, Gangur et al. (2017) did
not identify changes in venom composition in response to a scavenging versus predacious diet,
where venom is not required for prey capture. This may be due to the unpredictable nature of
scavenging, and the potential need to kill prey in the future, regardless of current carrion availability.
Alternatively, venom may need to be maintained for its defensive function. In contrast, it may also
be that experimental conditions do not represent the bottom-up pressures experienced in the wild,
as crickets may be more easily subdued that natural prey items. H. waigiensis is a burrowing species
that has evolved large pedipalps and a small stinging apparatus, and further studies should evaluate
whether more active species that rely more heavily on their sting to capture prey respond differently

to a changing diet.
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1.7. Conclusions and Future Directions

Scorpions experience direct costs associated with the production and storage of toxins, and
indirect costs associated with impaired ecological function when their venom is depleted. Optimal
venom use minimises these costs, maximising the survival benefit venom provides. On the broadest
scales, optimal venom investment has contributed to the divergence of stinger morphology and
venom compositions between species adapted to different environments (Tian et al., 2008;Sunagar
et al., 2013;van der Meijden et al., 2013). Optimal venom use can be influenced by factors such as
prey/predator identity, and scorpions therefore utilise a suite of behavioural tactics to minimise
waste. These include varying sting frequency, employing dry stings, and further controlling the
volume and composition of venom injected (Nisani and Hayes, 2011). Scorpions may also plastically
adapt their venom composition (Gangur et al., 2017), allowing them to optimise venom use as
selection pressures change. Whilst the presence of these mechanisms and behaviours are well
documented, the factors influencing them are poorly understood. Current knowledge of venom
optimisation has generally relied upon correlative research, where the selective forces driving the
correlations are inferred, rather than directly measured. There is evidence of each, venom costs,
benefits for prey capture and predator defence, and behavioural and trait phenotypes that appear
to reduce these costs and maximise benefits. However, there is little direct evidence tying changes
in phenotypes to changes in costs or benefits to describe a mechanistic link. Controlled selection
experiments or phylogenetic studies that consider species interactions can help describe links
between selection and evolutionary response in arms races (Pimentel, 1968;Kursar et al., 2009;Toju
et al., 2011;Betts et al., 2018), and may help better describe how observed venom optimisation
mechanisms have evolved. Future work is needed to investigate whether observed changes are due
to adaptive responses or physiological limitations, the extent that these mechanisms are influenced

by the environment, and how widespread they are across different scorpion species.
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Chapter 2. Ontogenetic and Intersexual Differences in the Venom Composition of

Marbled Scorpions (Lychas variatus)

2.1. Abstract

The chemical composition of venom varies not only between different species, but also
within species. Many factors are known to act in combination to cause within-species (intraspecific)
variation in venom compositions, including sex, locality, life-stage, seasonality, and environmental
conditions such as temperature. Despite being a relatively well-studied venomous taxon, and some
species being dangerously toxic to humans, relatively little is known regarding how scorpion venoms
can vary within species, and the factors that drive variation. Scorpions display large regional and
sexual differences in their venom compositions, but the influence of other factors have not been
thoroughly investigated. In this study | examined intraspecific variation in marbled scorpion Lychas
variatus venoms, and found they display both ontogenetic shifts and intersexual differences in
composition. Of 579 molecule masses identified, 18 were unique to the venom of young (second-
third instar) scorpions, 4 to medium (fourth instar), and 26 to adult (fifth-sixth instar) scorpions.
Interestingly, 65 were uniquely shared between the small and medium scorpions, and 113 between
the medium and large, suggesting a transitional change in the venom composition associated with
size. Differences were also observed in the relative proportion of molecules in each sample
belonging to different molecular weight classes. Per sample, fourth instar venoms contained the
highest number of small toxins (500-2500 Da) and the lowest number of large toxins (5000-9000 Da).
Additionally, sex-specific venom components were identified. 16 molecules appeared only in male
venoms, whilst 115 were unique to female venoms. Furthermore, male venoms contained lower
relative proportions of molecules in the 2500-5000 Da range. The findings of this study highlight the
need to better understand drivers of intraspecific venom variation in scorpions, as it could provide
new avenues for biodiscovery of unstudied molecules. Furthermore, ontogenetic and intersexual
differences in their venoms will affect overall activity, and therefore in some species age/sex may be
important to consider when treating sting victims or when selecting appropriate animals for

antivenom production.
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2.2. Introduction

The toxins produced by venomous organisms show great structural and functional diversity
across the natural world (Fry et al., 2009;Casewell et al., 2013;Herzig et al., 2020a). Venoms are
usually mixtures of toxins, displaying large compositional diversity between species (interspecific),
and between members of the same species (intraspecific)(Casewell et al., 2020;Yu et al., 2020).
Intraspecific variation in venom composition can be very large and is often associated with the
ecology of the animals (Andrade and Abe, 1999;Barlow et al., 2009;Cipriani et al., 2017;Casewell et
al., 2020;Herzig et al., 2020b).

As venoms have predominantly evolved for prey capture and predator defence, they can be
under strong selective pressure, driving diversification between populations experiencing different
prey/predators (Duda and Palumbi, 1999;Tian et al., 2008;Sunagar et al., 2016;Gangur et al., 2018;Yu
et al., 2020). Additionally, the production and maintenance of venoms has energetic costs, and
balancing of these costs against the survival benefits provided by venom in different environments
can further drive diversification (Wigger et al., 2002;Morgenstern and King, 2013;Evans et al., 2019).
Understanding the drivers of intraspecific venom variation is important, as compositional differences
can directly impact the activity of the venom and possibly affect the symptoms experienced by
envenomated patients (de Haro et al., 2002;0liveira et al., 2013) or affect industrial processes that
utilise venoms as a resource material, such as antivenom production (Fry et al., 2003;Senji Laxme et
al., 2021). For example, the presence of the most human-toxic component of the Sydney funnel web
(Atrax robustus) venom, 6-ACTX-Ar1a, is associated with the maturation of males (Herzig et al.,
2020b), which may lead to differences in the severity of envenomation associated with spiders of
different sex/age. Additionally, if antivenoms are produced using animals from a specific population,
they may be ineffective when treating envenomation by an animal from another population with a
different venom composition (Gillissen et al., 1994;Fry et al., 2003;Senji Laxme et al., 2021). It can
therefore be instrumental within both clinical and industrial settings to fully understand how venom

can vary between members of the same species.

Intraspecific variation in venoms is caused by a complicated network of biotic and abiotic
factors, and venoms are seen to vary with geography (Winter et al., 2010;Cologna et al., 2013;Chang
et al., 2015), sex (Rash et al., 2000;Furtado et al., 2006;Herzig et al., 2008), life-stage (ontogeny)
(Andrade and Abe, 1999;Deslippe and Guo, 2000;Escoubas et al., 2002;McElroy et al., 2017;Santana
et al., 2017;Avella et al., 2022), seasonality (Keegan et al., 1960;Junior et al., 2010), individuality
(Duran et al., 2020), stage of venom regeneration (Pimenta et al., 2003;Nisani et al., 2012), and

environmental conditions such as temperature (O'Hara et al., 2018;Sachkova et al., 2020).
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Compositional variation can involve differences in the relative abundance of molecules, or
differences in the presence/absence of specific toxins, both of which can impact the activity/toxicity
of the venom as a whole (Oliveira et al., 2013). In certain regions of the world, highly toxic scorpion
species cause many human deaths each year (Chippaux and Goyffon, 2008), and gaining a greater
understanding of how scorpion venoms vary between individuals could provide insights that help
optimise first aid, or selection of specific individuals for antivenom production. In addition, scorpion
venoms are of interest to researchers for the biodiscovery of novel biochemical tools or
pharmaceuticals, and intraspecific variability may provide insights into previously missed molecular

candidates (King, 2011;Sunagar et al., 2014;Fry et al., 2015;0rtiz et al., 2015;Santana et al., 2017).

Scorpion venoms show large compositional differences between populations and the sexes.
Venom divergence between scorpion populations may partly be due to genetic drift, but also local
adaptation in different environments (Omran and McVean, 2000;Newton et al., 2007;Rodriguez-
Ravelo et al., 2013;Estrada-Gomez et al., 2014;Carcamo-Noriega et al., 2018). Sex-related differences
in scorpion venoms appear to be common across species, including in complexity (Abdel-Rahman et
al., 2009), the relative abundance of toxins (Schwartz et al., 2008;Rodriguez-Ravelo et al., 2015), and
the presence of sex-specific toxins (Yamaji et al., 2004;0zkan et al., 2011;Uribe et al., 2017). Both
regional and sexual variation in scorpion venoms has been demonstrated to affect toxicity (De Sousa
et al., 2010;0liveira et al., 2013), and therefore these factors may be important to consider in a
clinical setting or when selecting animals for antivenom production, as is known for snakes (Fry et

al., 2003;Casewell et al., 2013).

The impact of other factors on intraspecific variability in scorpion venoms have been less
well studied, but it has been reported that the venom toxicity and toxin gene expression in striped
bark scorpions (Centruroides vittatus) varies across the different life-stages (McElroy et al., 2017).
Ontogenetic shifts are observed in the venoms of other well-studied venomous taxa such as spiders
(de Andrade et al., 1999;Escoubas et al., 2002;Herzig et al., 2004;Herzig, 2010;Santana et al., 2017)
and snakes (Madrigal et al., 2012;Garcia-Osorio et al., 2020), but have not been widely examined in
scorpions. Ontogenetic changes in venoms are often associated with the ecology of the animals,
arising for example, from a shift in diet as the animal grows (Cipriani et al., 2017), or a change in
exposure to predators at a particular life stage (Herzig et al., 2020b). A study by Gangur et al. (2017)
demonstrated that the venom composition of Hormurus waigiensis scorpions showed plasticity in
response to exposure to a taxidermied mouse, providing strong evidence that scorpion venoms are
shaped by their predators. As geography and sex have large impacts on scorpion venom
composition, other factors likely also affect their predator/prey interactions and may contribute to

venom variability. Sexual dimorphism in scorpions may be linked to sexual differences in
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hunting/defensive strategy (Miller et al., 2016), particularly when there are sexual size differences
that lead to different prey types being targeted. Indeed, Pandinus imperator (Scorpionidae) and
Paruroctonus boreus (Vaejovidae) show ontogenetic shifts in hunting strategy, with smaller
scorpions stinging prey items more frequently (Cushing and Matherne, 1980;Casper, 1985), and such
differences could lead to compositional changes in the venom under different optimisation

mechanisms (Evans et al., 2019).

In this study | tested whether marbled scorpions (Lychas variatus) display ontogenetic shifts
in their venom composition, and whether sexual differences are present. | raised captive born L.
variatus to adulthood, collected venom samples at different life stages, and performed liquid
chromatography/mass spectrometry (LC/MS) analyses to identify compositional differences

between the samples.

2.3. Materials and Methods

2.3.1. Scorpion Collection and Husbandry

Wild female scorpions were collected from a single rainforest population in the Cairns region
(Queensland, Australia), and gave birth to captive-born young. Adult scorpions were housed
individually in round plastic food containers (11 cm diameter: 8.5 cm height) with 3-5cm depth
substrate (coco-fibre/sand mixture). They were stored at 25 °C in a temperature-controlled room
with no light source. Captive-born scorpions were separated from the mother once they had
moulted to second instar (12) and housed in small, round plastic containers (6 cm diameter: 3 cm
height). Once they had moulted to the fourth instar (14), they were moved into the same sized
containers as adults. Male L. variatus attained their adult size at fifth instar (I5), whilst some females
additionally moulted to sixth instar (16). | was uncertain if females were sexually mature at 15, but for
the analysis | considered that fifth and sixth instar (15-6) females were adult. A cricket was offered to
the scorpions once a week, and uneaten food items were removed after 1-3 days to minimise stress.
Females that had recently given birth and still had young on their backs were not provided with food
items at this stage, as the introduction of a cricket caused great disturbance to the mother and

offspring.

2.3.2. Venom Extraction

Scorpions were restrained onto a sponge using parafilm, and a square-wave stimulator
(Arthur H. T. Thomas Co. Scientific Apparatus, Philadelphia, PA, USA) was used to electrostimulate

the venom glands and extract venom into a pipette tip. Young scorpions (12-3) were stimulated using
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15V DC current, 0.5 ms pulse duration, 1 pulse/sec frequency, and the voltage was raised to 20 V for
older scorpions (14-6). Individual scorpion venom samples were suspended in 10 pL of Type 1 water
(T1W) and stored at -20 °C prior to further analysis. Not all scorpions were milked at successive
instars, as repeated electrostimulation of the venom gland can reduce the survivorship of scorpions
(Czaykowsky, 2020). A total of 84 venom samples were collected, belonging to 35 individual
scorpions. The number of samples representing each instar was as follows: 12 =17,13 = 15, 14 = 23, 15

=21,16=8.

2.3.3. Liquid Chromatography/Mass Spectrometry (LC/MS)

Individual scorpion venoms were analysed by LC/MS using a Shimadzu LCMS-2020 mass
spectrometer combined with a Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan). As the
quantity of venom produced by each scorpion depended on its size, crude samples (venom in 10 plL
T1W) were diluted based on the scorpion’s instar and made up to 10 pL with TIW prior to LC/MS
analysis. As 12 and 13 scorpions produced very small quantities of venom, the approximately 10 pL
crude samples were not diluted. For 14 scorpions 5 plL of sample was combined with 5 uL T1W for

injection, and for 15-6 scorpions 3 pL of the stored sample was combined with 7 uL TIW.

Each 10 pL preparation was injected onto a reversed-phase high performance liquid
chromatography (RP-HPLC) column (Phenomenex Aeris 3.6 um PEPTIDE XB-Cis 100 A, 2.1 x 150 mm;
Phenomenex, Torrence, CA, USA) by a Shimadzu SIL-20ACHT autosampler, with the column oven at
30 °C. A 1% gradient of solvent B (90% acetonitrile [ACN; OPTIMA LCMS grade, Thermo Fisher
Scientific, Scoresby, VIC, Australia]/0.09% formic acid [FA; Sigma-Aldrich, St. Louis, MO, USA]/H,0)
against solvent A (solvent A: 0.1% FA) was run (0-60 % solvent B) for 60 min at a flow rate of 0.250
mL/min using Shimadzu LC-20AD pumps. UV absorbance was monitored at 214 nm and 280 nm by a
Shimadzu SPD-20A detector. Mass spectra were collected in positive ion mode with the following
settings: scan range of m/z 250-2000, detector voltage of 1.15 kV, nebulizing gas flow of 1.5 L/min,
drying gas flow of 3.0 L/min. Shimadzu LabSolutions v5.96 software (Shimadzu, Japan) was used to
collect and analyse data. Mass lists for each sample were created by manually scanning through
each peak and using the Shimadzu multi-charge ion analysis tool, and all mass lists were combined

into a dataset containing the presence/absence of all toxin masses observed.

2.3.4. Data Analysis

All subsequent analysis was carried out in R version 4.0.5 (R Core Team, 2021), and data
visualisation performed with the ggplot2 package (Wickham, 2016). The presence/absence dataset

of all molecules recorded across the samples was subset by removing molecules present in less than
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four samples and below 500 Da in mass. This threshold was selected as molecules present in less
than four samples were either rare within the venoms or present below the detectable threshold in
other samples. Additionally, molecules under 500 Da were removed as these often coeluted early

and were difficult to accurately record across samples.

Overall chemical composition was analysed using non-metric multidimensional scaling
(NMDS) ordinations based on Jaccard dissimilarity matrices, to visualise the effect of instar and sex.
The best NMDS ordination was selected based on the optimal stress value, when adding an
additional dimension (K) failed to reduce the stress by 0.05. To conduct statistical inference tests
that align with NMDS visualisations, | performed permutational multivariate analysis of variance
(PERMANOVA) with sex and instar as fixed effects, and the Jaccard distance matrix created from the
raw (unscaled) data as response variables using the vegan package (Oksanen et al., 2020). As 19
samples were from scorpions that deceased before they attained a size where their sex could be
determined, the combined effects of sex and instar were tested on a subset dataset with unsexed
scorpions removed. The significance of each term was evaluated sequentially in the order instar, sex,
instar x sex. The unsexed scorpions were mostly individuals that died at a small size, hence many of
the removed samples belonged to small scorpions. | therefore also tested the effect of instar alone
on a distance matrix created using the full dataset that included these scorpions for which sex could
not be determined. Using NMDS score outputs rather than raw data allowed evaluation of a more
simplified matrix, allowing evaluation of sex and instar effects with a multivariate analysis of
variance (MANOVA). The effect of instar and sex were tested together on scorpions that had their
sex determined, but again as some samples belonged to unsexed scorpions for which sex
identification data was missing, the effect of instar was additionally tested separately on the full set
of samples. Univariate linear mixed models (LMMs) were then performed to test the effect of instar
and sex on each NMDS score using the Ime4 R package (Bates et al., 2015). As some of the samples
belonged to the same scorpion (some scorpions were only milked once, whilst others were milked
up to five times at different instars), the identity of the scorpions was included as a random factor in
the model (as a random intercept) to account for variation in venom composition between

individuals.

The presence/absence of specific molecules associated with sex and ontogeny was
calculated and visualised using Venn diagrams produced using the VennDiagram R package (Chen
and Boutros, 2011). The effect of instar and sex on chemical complexity (total molecules per sample)
was evaluated using LMMs that incorporated the scorpion identity as a random factor. Due to the

large number of unsexed samples belonging to small scorpions, and no male scorpions moulting to
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sixth instar, the effect of instar alone was again tested on the complete set of samples. Post-hoc

Tukey tests were performed to make pairwise comparisons between specific instars.

Ontogenetic differences were further characterised in the relative proportion of molecules
belonging to different toxin families, by binning molecules into mass ranges based loosely on those
of typical scorpion venom toxin families. The selected ranges were small molecules/small peptides
(<2500 Da), medium peptides (2500-5000 Da), large peptides (5000-9000 Da), and very large
peptides/proteins (>9000 Da). These were selected as <2500 Da would largely represent small
molecules and non-disulfide-bridged peptides (NDBPs)(Zeng et al., 2005;Almaaytah and Albalas,
2014), 2500-5000 Da would largely represent short-chain toxins acting on K*, CI"and Ca%* channels
(Possani et al., 2000;de la Vega et al., 2003;de la Vega and Possani, 2004;Cid-Uribe et al., 2020),
5000-9000 Da would include long-chain toxins targeting Na* channels (Gordon et al., 1998;de la Vega
and Possani, 2005), and >9000 Da would contain all other larger peptides/proteins (Delgado-
Prudencio et al., 2022). For each sample, the relative proportion of molecules belonging to each size
class was calculated, and generalised linear mixed models (GLMMs) were used to assess differences
between samples associated instar and sex using the glmmTMB R package (Brooks et al., 2017). A
combination of Gaussian, beta, and gamma distributions were tested for each molecular size class,
and the distribution that best fit the data was selected (measured by the lowest AIC value). Post-hoc
pairwise Tukey comparisons were then performed to evaluate differences between specific instars

and sex using the multcomp package in R (Hothorn et al., 2008).
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2.4. Results

2.4.1. Overall Composition

A total of 1418 different molecules were recorded across all samples based on the manually
created mass lists, and these data were reduced by removing molecules present in less than four
different samples and under 500 Da in size. With these conditions, 579 molecules were identified in
the venom of L. variatus. An NMDS ordination revealed that the chemical composition of these
samples appeared to be associated with instar, as colouring the samples by instar showed clustering
along the NMDS1 axis (Figure 2.1). Clustering was not visibly associated with sex. The final model (K

= 3) had a stress value of 0.1295 (Supplementary Materials 2.1).

A PERMANOVA on the Jaccard distance matrix describing raw, unscaled data identified that
differences in overall venom composition (i.e., presence/absence of all compounds) were
significantly associated with instar, sex, and the interaction between the two (instar p = 0.001, sex p
=0.002, instar x sex p = 0.002)(Table 2.1). MANOVAs performed to test the effect of instar and sex
on the output scores of NMDS dimensions 1 through 3 for each scorpion also showed that instar,
sex, and their interaction variable described significant variation in the overall venom composition of
the samples (instar p < 0.0001; sex p = 0.0268; instar x sex p = 0.0018)(Table 2.2). A MANOVA was
additionally performed on the full dataset showing a significant effect of instar on NMDS1-3 (instar p

< 0.0001)(Table 2.2).

In addition to multivariate analysis, univariate LMMs were used to test the effect of instar
and sex on the scores of NMDS1-3. Instar significantly described the variation in NMDS1 (Table 2.3).
Instar and the interaction between sex and instar significantly described differences in NMDS3

(Table 2.3).
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Figure 2.1 Non-metric multidimensional scaling (NMDS) analysis comparing the composition of

Lychas variatus venom across 84 samples containing 579 different venom components. a) The values
of NMDS1 and NMDS2 plotted for each sample, showing clustering across different instars. The
samples are coloured by instar (12-6, light blue-dark blue) b) NMDS1 and NMDS2 values of the 579
molecules plotted. For simplicity, the labels for the molecules associated with each arrow are not

presented. Preliminary analysis did not reveal any pattern in the grouping of molecules.
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Table 2.1 Statistical outputs of PERMANOVAs testing the effect of instar and sex performed on
distance matrices generated using Jaccard distributions from raw, unscaled data. The subset dataset
had 19 unsexed scorpion samples removed, but these samples were included in the full dataset to test

the effect of instar.

Dataset Variable DF SumofSqs R? F value p (>F)
Subset Instar 4 2.4329 0.1549 2.8959 0.001
(unsexed Sex 1 0.4453 0.0284 2.1202 0.002
removed) Instar x Sex 3 1.0633 0.0677 1.6875 0.002
Residual 56 11.7617 0.7490
Total 64 15.7032 1.0000
Full Instar 4 3.0356 0.1476 3.4207 0.001
(unsexed Residual 79 17.5267 0.8524
included) Total 83 20.5623 1.0000
Table 2. 2 Statistical outputs of MANOVAs performed testing the effect of instar and sex on the

NMDS scores. The subset dataset had 19 unsexed scorpion samples removed, but they were included

in the full dataset to test the effect of instar alone.

Dataset Variable DF; Pillai Approx F value Num DF Den DF p (>F)
Subset Instar 4 1.0612 7.6625 12 168 <0.0001
(unsexed  Sex 1 0.1553 3.3083 3 54 0.0268
removed) Instar x 3 0.4275 3.1018 9 168 0.0018
Sex
Residuals 56
Full Instar 4 0.9135 8.6469 12 237 <0.0001
(unsexed  Residuals 79
included)
Table 2.3 Statistical output of linear mixed models testing the effect of instar and sex on the
scores of NMDS1-3.
Type Il tests of fixed NMDS1 NMDS2 NMDS3
effects
DF; Den DF Fvalue p (>F) Den DF Fvalue p (>F) Den DF F value p (>F)
Instar 4 48.9820 16.1357 <0.0001 | 46.56706 0.2470  0.9100 46.3046 18.7676  <0.0001
Sex 1 27.0919  0.4145 0.5251 | 22.359 03774  0.5452 24.2184  1.2232 0.2800
Instar x
So 3 47.2589  1.0006 0.4009 | 44.39907 1.9723 0.1319 443712 9.8546  <0.0001
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2.4.2. Group Differences

2.4.2.1. Sex

To evaluate how chemical composition is associated with age and sex, the presence/absence
of specific molecules in each group was compared. A total number of 464 molecules were identified
from the venoms of males, and 563 from female venoms. 16 molecules were only observed in the
male venoms, whilst 115 were unique to females (Figure 2.2). Of the 16 that were male-specific, 12
were additionally specific to adults (I15). No molecules were specific to 16 females, and only 5 were
specific to 15/6 female samples. The adult male-specific venom components are of particular
interest, as adult males of many scorpion species use their venom to sting the females during

courtship.

Females

Total =579

Figure 2. 2 Compositional comparison of male (blue) and female (pink) Lychas variatus venom.
Of the total 579 compounds analysed, 563 were observed in the females (16 male specific
components) and 464 were observed in male venoms (115 female specific components). The majority

of molecules (448) were not sex-specific.
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2.4.2.2. Instar

The total number of toxins per sample (chemical complexity) increased with instar (Figure
2.3a), suggesting that young scorpions may have more simplistic venom than older scorpions. It may
also be an artefact of small scorpions producing small volumes of venom, and therefore some
molecules may have been present below the level of detection of the LC/MS system. A LMM
incorporating the scorpion’s identity for each sample as a random factor showed differences in the
mean venom components detected were significantly described by instar (Fs,50.124 = 5.0978, p =
0.0016), but not sex (F1,2088s = 0.1052, p = 0.7480); however, the instar by sex interaction did
describe significant differences in the mean (Fs 43637 = 2.8102, p = 0.049). The significant interaction
of instar and sex may be due to there only being one male 12 sample, and/or the presence of only
female 16 samples, but adult (I5) male samples also contained on average fewer molecules than 15
female samples (Figure 2.4). However, testing each instar separately, there was no significant effect
of sex detected on the mean total number of molecules per sample. As unsexed samples were not
incorporated in this model, a LMM was used to test the effect of instar alone which also showed
that the mean number of molecules per sample was significantly associated with instar (Fs,75.49s =
14.621, p = 6.901e-09). Pairwise Tukey tests on the output of this model showed that |12 samples on
average contained significantly fewer molecules than 14 (p < 0.001), 15 (p < 0.001) and 16 (p < 0.001).
Likewise, I3 samples contained fewer than 14 (p < 0.001), 15 (p = 0.0033) and 16 (p = 0.0.1953)(Figure
2.3a).

Interestingly, the total diversity of the toxins observed at each instar across the different
samples was highest in the fourth instar (Figure 2.3b). This could in part be due to 14 being
represented by the most samples tested (23), but this would not explain the lower toxin diversity
observed for 15 scorpions (21 tested). The large toxin diversity recorded across the 14 samples
suggests there might be a transition in venom composition from young scorpions (12-3) to sub-
adult/adult scorpions (I15-6), with medium scorpions possessing a mixture of the two. Ontogenetic
differences were observed across 242 of the 579 molecules studied; 18 were specific to small (12-3)
scorpions, 4 were only observed in medium (14) scorpions, whilst 26 were unique to large (15-6)
scorpions. Although the number of molecules specific to each size group was relatively low, a large
number of molecules were shared between the size groups supporting the idea of a transitional
change. Small and medium scorpions shared 65 molecules that were absent in large individuals,
whilst medium and large scorpions shared 113 molecules that were absent in small individuals. A
comparatively low number (16) were shared between small and large scorpions that were not

observed in medium scorpions. The large similarity of small/medium and medium/large compared
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with small/large supports the idea of a transitional change in venom composition as the scorpions

grow larger (Figure 2.5).

2001 @)
) ‘
Q.
£ 150 -
©
[
o}
L
(2]
C
R
2
= 100 -
k]

50 -

2 3 4 5 6
Instar

500 -
@
Q
g 450 -
©
(]
s
[2])
C
=
o
= 400 -
S
ke

350 -

2 3 4 5 6
Instar
Figure 2.3 Chemical complexity of Lychas variatus venom associated with different instars. a)

Boxplot showing the total number of toxins identified in each sample at each instar, irrespective of
molecule identity. The 14, 15 and |6 samples contained significantly higher numbers of molecules than
12 scorpions. b) The total number of different toxins identified across all venom samples at each instar.
The greatest toxin diversity was observed in medium sized (14) scorpion venoms. The total number of

different molecules observed at each instar were: 12 = 348, 13 = 385, 14 =519, |15 = 451, |16 = 345.
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Figure 2. 4 Boxplot showing the total number of different toxins identified in each sample for

male and female Lychas variatus venom samples. Samples belonging to scorpions that had not had

their sex determined are not included.
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T

Small (12-3) Medium (14)
Total = 579 Large (15-6)
Figure 2.5 Venn diagram showing the shared presence of molecules across small (12-3), medium

(14) and large (15-6) Lychas variatus scorpions. 337 molecules were shared across all size groups. 18
molecules were unique to small scorpions, 4 to medium scorpions, and 26 to large scorpions. Small
and medium scorpions shared 65 molecules which were not observed in adult venoms, whilst medium
and large scorpions shared 113 molecules which were not observed in small scorpions. The large
number of molecules shared between small/medium and medium/large suggests a transitional
change in venom composition from small to large scorpions. Equally, only a relatively small number
(16) of molecules were shared between small and large scorpions that were not found in the medium

sized venomes.
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2.4.3. Toxin Family Analysis

Having shown that venom composition changes across the life stages, it was of interest to
determine whether the proportion of molecules belonging to different toxin families within the
venom also changed. A general linear mixed model showed instar significantly altered the mean
ratio of molecules sized 500-2500 Da (y*(df = 4) = 14.983, p = 0.0047), but no difference was
associated with sex. Post-hoc pairwise Tukey tests identified the means of 14 samples were
significantly different to 15 samples (z = -3.726, p = 0.0018) and the comparison between 14 and 16
was close to the significance threshold (z =-2.679, p = 0.0548). As there were no significant
differences between the sexes detected, the effect of instar alone was tested on the full set of
samples. This reaffirmed that differences in the relative proportion of molecules 500-2500 Da were
associated with instar (x*(df = 4) = 15.471, p = 0.0031), and pairwise comparisons identified
significant differences between 14 and 15 (z =-3.879, p < 0.001), and 14 and |16 (z =-2.752, p = 0.0456)
samples. These results indicate the venoms of 14 scorpions contained a significantly higher

proportion of small molecules/peptides (500-2500 Da) than I5 and 16 scorpions (Figure 2.6a).

The relative proportion of medium peptides (2500-5000 Da) between the samples was also
tested using a general linear mixed model, and both instar (y*(df = 4) = 12.6192, p = 0.0133) and sex
(x?(df = 4) = 4.0453, p = 0.0443) described significant variation in the model. Pairwise Tukey tests
identified that the mean proportion of medium peptides in 13 (z=2.987, p =0.0230), 14 (z=3.394, p
=0.0061), 15 (z=2.770, p = 0.0432), and 16 (z = 3.093, p = 0.0166) were all significantly higher than 12
samples. 12 scorpion venoms therefore contained a significantly lower proportion of molecules
2500-5000 Da than the other instars. Additionally, male venoms overall contained significantly lower
proportions of molecules in this molecular weight range than female venoms (z =-2.043, p =
0.0411). Interestingly however, when including unsexed samples, the differences in the mean were
no longer significant between the instars, presumably because some second instar scorpions that
had high numbers of medium peptides did not survive long enough to have their sex determined, or
due to additional variability in sex that is left unexplained from not including the “sex” parameter.

However, further research would be needed to evaluate this further.

The proportion of large peptides (5000-9000 Da) in the samples was best described using a
generalized linear mixed model with a gamma distribution and log link function. Differences were
associated with instar (*(df = 4) = 22.1289, p = 0.0002), but did not occur between the sexes.
Pairwise comparisons identified significant differences between 12 and 14 samples (z=-3.796, p =
0.00132), and between 14 and 15 samples (z = 4.733, p < 0.001). This shows that the venoms of the 14

scorpions contained a significantly lower proportion of large peptides (5000-9000 Da) than I12 and 15
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scorpions (Figure 2.6c), irrespective of sex. This was supported by another generalised linear mixed
model with a gamma distribution on the full set of samples. Again, differences in the proportion of
molecules 5000-9000 Da was described by instar (y?(df = 4) = 26.237, p < 0.0001), and post-hoc

comparisons showed significant differences between 12 and 14 (z =-4.266, p < 0.001), and between

14 and I5 (z=5.189, p < 0.001).

Differences in the proportion of very large peptides/proteins (>9000 Da) was not associated
with instar or sex when tested with a general linear mixed model. For modelling these very large
molecules, a Gaussian distribution was selected as some samples contained zero molecules in this

size class, therefore a beta or gamma distribution could not be used.
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Figure 2.6 Relative proportion of the number of venom components in each Lychas variatus

venom sample belonging to different molecular weight classes: Small molecules/peptides (500-2500
Da), medium peptides (2500-5000 Da), large peptides (5000-9000 Da), and very large
peptides/proteins (>9000 Da). A total of 84 samples are included, including samples belonging to

unsexed scorpions.
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2.5. Discussion

The results of this study show that the venom composition of marbled scorpions (L. variatus)
display changes associated with ontogeny and sex. The presence/absence of molecules within the
venom was closely associated with instar, with small scorpions and large scorpions possessing
different molecules in their venoms. The 65 molecules shared between small (12-3) and medium (14)
scorpions that were absent in large scorpions (15-6), and the 115 shared between medium and large
that were absent in small scorpions, is evidence of a transitional change in venom composition as
the scorpions grow. It was also identified that differences in the venom of male and female
scorpions could also be associated with ontogeny. Of the 16 male-specific molecules observed, 12
were unique to adult (15) scorpions. To my knowledge, these data provide the first evidence of
intersexual differences in scorpion venoms linked to ontogeny and exemplifies how intraspecific
drivers of venom variation can be complex, showing chemical differences may be associated with a

combination of factors.

Ontogenetic shifts in venoms are widely reported in venomous taxa, particularly in well-
studied groups such as snakes and spiders. As venoms are used to capture prey or defend against
potential predators, changes in venom composition at different life stages may be linked with
changes in diet (Mackessy, 1988;Daltry et al., 1996;Andrade and Abe, 1999;Gibbs et al., 2011;Chang
et al., 2015;Cipriani et al., 2017), or changes in exposure to predators (Gangur et al., 2017;Herzig et
al., 2020b). For example, the juveniles of many brown snake species (Pseudonaja spp.) shift from
predominantly targeting reptiles to incorporating mammals in their diet as they grow, and this
corresponds to a shift in their venom composition and activity (Shine, 1977;Jackson et al.,
2016;Cipriani et al., 2017). Alternatively, defensive use of venom may explain ontogenetic changes in
composition. A stark example of this is observed in adult male Sydney funnel-web spiders (Atrax
robustus), where, upon maturing, males leave their web and roam in search of a female. This change
in behaviour exposes them to a higher risk of predation, and has been suggested that this leads to
the expression of 6-ACTX-Arla within their venom thereby improving their defences (Herzig et al.,
2020b). It is unclear if dietary-change or predator exposure drive the observed ontogenetic shift in L.
variatus venom, but as scorpions use their venom heavily in both prey-capture and defensive
contexts, it is possible that both may be partly responsible. Ontogenetic changes in venom toxicity
and toxin gene expression have been previously documented in C. vittatus, but no data has been

gathered for other scorpion species.

Like most scorpion species, L. variatus is a generalist predator that will consume a diverse

range of invertebrate prey items in the wild (Polis and McCormick, 1986). This includes members of
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the Lepidoptera, Orthoptera, Hemiptera, Blattodea, Hymenoptera, Dermaptera, and Araneae
(personal observation). In this study, L. variatus were raised solely on a diet of A. domesticus of
varying sizes, as it has been shown in T. serrulatus that the captive diet of scorpions can influence
venom composition (Pucca et al., 2014). Different sized scorpions are known to adopt different prey-
capture and defensive strategies (Cushing and Matherne, 1980;Casper, 1985;Polis et al.,
1989;McReynolds, 2012;Miller et al., 2016;Lira et al., 2020), and therefore selection may act to
favour different venom compositions for different sized scorpions. If L. variatus are also employing
different hunting/defensive strategies as they grow, this may explain the observed ontogenetic

shifts in their venom composition.

In addition to the observed ontogenetic differences in the presence/absence of specific
molecules in L. variatus venom, the venoms of small scorpions appeared to be more simplistic.
Fewer molecules per sample were identified in small (12 and 13) scorpions than medium-large (14-6)
scorpions (Figure 2.3a). As scorpion venoms are complex mixtures containing many peptides, they
are energetically costly to produce (Nisani et al., 2007), and limited resource availability may explain
the lower chemical complexity observed in the small scorpions. For example, it has been
documented in some snakes that venom composition can increase in complexity as they grow
(Alape-Girén et al., 2008). 12 and 13 scorpions produced extremely small volumes of venom, and the
fewer molecules observed may additionally be attributed to some molecules being present below
the detectability threshold of the Shimadzu LC/MS system. To confirm if the venom of young
scorpions is truly more simplistic, future work is required using pooled venom samples or using a

more sensitive instrument.

By collating molecules into molecular weight classes that approximately correspond to
known scorpion toxin families, ontogenetic differences in relative numbers of different types of
molecules in the venom were observed. Overall, molecules in the size ranges 2500-5000 Da and
5000-9000 Da made up the greatest number of the venom components per sample, and only a small
number were >9000 Da (Figure 2.6). |14 venoms contained the highest relative numbers of small
molecules/peptides (500-2500 Da), significantly higher than the 15 and 16 scorpions.
Correspondingly, 14 venoms contained the lowest relative numbers of large peptides (5000-9000
Da), significantly lower than 12 and I5 venoms. The relative number of medium peptides (2500-5000
Da) appeared to steadily increase from 12-16 (Figure 2.6b), and pairwise comparisons on a subset of
samples that did not include unsexed scorpions showed |2 samples contained significantly lower
numbers than the other instars. Although the difference between the instars is relatively small, the
relative number of molecules in each molecular weight class was associated with ontogeny and

demonstrates that the venom undergoes broad-scale changes as the scorpions grow.
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The greatest overall toxin diversity was observed across the 14 samples (Figure 2.3b). Whilst
this appears to be associated with 14 samples containing a mixture of venom components present in
both smaller and larger scorpions (Figure 2.5), it is also important to consider sampling effects. 14
samples were the most numerous (12 =17, 13 =15, 14 = 23,15 = 21, |6 = 8), and the different number
of replicates between the instars could also partially explain differences in the overall toxin diversity

observed.

Many scorpion species are reported to display intersexual differences in their venom
compositions (Yamaji et al., 2004;Schwartz et al., 2008;Abdel-Rahman et al., 2009;0zkan et al.,
2011;Rodriguez-Ravelo et al., 2015;Uribe et al., 2017), and | also identified sex-specific venom
components in L. variatus. Female venoms contained 115 molecules that were not observed in any
of the male samples, whilst 16 molecules were unique to male samples. Additionally, male venoms
contained significantly lower relative numbers of components in the 2500-5000 Da range. Sexual
differences may arise if males and females are consistently using their venom in different ways, for
example targeting different prey items or encountering different predators, as toxin genes will
experience different selective forces between the sexes (Ward et al., 2018). Many scorpion species,
including L. variatus, are sexually dimorphic in body size (McLean et al., 2018). Size differences can
affect motility, and it has been demonstrated in some scorpions than males and females adopt
different defensive strategies (Carlson et al., 2014;Miller et al., 2016). Male and female L. variatus
may also adopt different prey-capture/defensive strategies associated with their different

morphologies, and selection may drive the observed differences in their venom compositions.

Intersexual differences in scorpion venoms may also be associated with sexual stinging
behaviours. The courtship of many scorpion species involves the male stinging the female, and
although it has recently been shown that venom is injected in sexual stings, it remains unknown if
males inject a specific set of molecules or their complete venom mixture (Olguin-Pérez et al., 2021).
The underlying mechanisms of this unconventional use of venom are poorly understood, and it is not
presently known if it is an attempt by the male to reduce the risk of predation by the female, an
indicator of fitness, or perhaps increasing mating success by another mechanism (Inceoglu et al.,
2003;Jiao and Zhu, 2010;Peretti, 2014;0lguin-Pérez et al., 2021). Regardless of the sexual sting’s
function, the use of venom in this context is unique to adult males, therefore selection may lead to
differences between males and females, potentially also at this specific life-stage. Of the 16 male-
specific components identified, 12 were additionally unique to adult males, suggesting their identity
is worth investigating as candidates to be involved in this behaviour. Whilst 12 of the 16 male-
specific molecules were additionally unique to adults (I5), only 5 of the 115 female-specific

molecules were unique to 15-6 female scorpions. The comparatively large number of adult male
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specific molecules suggests that they may fulfil a specific function in the venom at this life stage.
Furthermore, of the 12 adult male specific molecules, 6 had masses below 800 Da. This is smaller
than most currently known scorpion venom peptides and further suggests they may not be typical
toxins. The breeding biology of L. variatus has not been studied, therefore it is currently unknown if
the courtship of this species involves a sexual sting, but sexual stinging behaviours have been
observed in Lychas spinatus besti which is currently considered a junior synonym of L. variatus
(Koch, 1977;Kovarik, 1997;Newton, 2008;Kovarik, 2019). To identify if these adult male specific
molecules might be involved in sexual stinging, future work is necessary to isolate, characterise, and

test the activity of these venom components.

There is currently only a small body of research studying intraspecific variation in scorpion
venoms, despite its potential importance in clinics, industry, and research. Although L. variatus is not
considered dangerous to humans, with stings usually causing localised pain (Isbister et al., 2004),
ontogenetic and intersexual differences may equally occur in other scorpion species that cause
significant envenomation. Intersexual differences in overall venom toxicity have been documented
in Tityus nororientalis and C. vittatus (De Sousa et al., 2010;Miller et al., 2016), and venom toxicity
has been linked to ontogeny in C. vittatus (McElroy et al., 2017). The results of these studies suggest
that the sex and age of a scorpion could therefore affect the severity of sting victims and may be an
important consideration when treating envenomated patients. Additionally, intraspecific variability
in snake venoms is known to impact the effectiveness of antivenoms (Kalita et al., 2018;Sousa et al.,
2018;Tan et al., 2020), and this will likely translate to the effectiveness of scorpion antivenoms.
Gaining a better understanding of the drivers of scorpion venom variation could therefore be useful
when selecting the most appropriate animals/venoms for use in antivenom production.
Furthermore, scorpion venoms provide a large resource of bioactive molecules which are of interest
in biodiscovery research (Ortiz et al., 2015), and the results of this study indicate that incorporating
animals of different age and sex may greatly increase the total number of molecules available for

screening.



55

2.6. Conclusions and Future Directions

The venoms of L. variatus display ontogenetic and sexual differences in their venom
composition, but the underlying explanation for these differences remains elusive. Without knowing
the structure/activity of the toxins specifically associated with the observed differences, it is difficult
to conclude why these differences occur. For example, in spiders it has been suggested the
expression of toxins with known activities at different life-stages may be linked with their ecology
(de Andrade et al., 1999;Herzig et al., 2004;Herzig et al., 2020b). Similar selection pressures may
drive variation in L. variatus venoms but understanding changes in specific toxins/venom activity
would be necessary to draw conclusions as to why the observed compositional differences occur. It
may therefore be beneficial to target future research towards scorpion species which have well-

studied venom compositions, or highly toxic species with specific toxins of interest.
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Chapter 3. Love stings? Novel Short Amidated Peptides from the Venom of Adult Male

Marbled Scorpions (Lychas variatus)

3.1. Abstract

Sexual stinging occurs where adult male scorpions of many species use their venom to sting
the female during courtship, and currently the underlying molecular mechanisms are unknown. |
investigated if adult male marbled scorpions (Lychas variatus) have additional venom components
that could be attributed to sexual stinging using a combination of LC/MS, RP-HPLC, MALDI-TOF and
NMR techniques. | identified two novel tetrapeptide-amides Lvarl (HLPH-NH,) and Lvar2 (HLPR-
NH.), and a hexapeptide-amide Lvar3 (VFPRPY-NH,) which were specific to the venom of adult
males. These peptides were absent in the venom of females and immature males. Their small size
and lack of disulfide bonds indicates these molecules are unlike typical scorpion toxins and may have
a different function within the venom. | found these molecules are not toxic in domestic crickets,
and do not affect the behaviour of female scorpions (L. variatus). In addition, they were not active
on a collection of Nay and Ky channels tested. The combination of their structural novelty, specificity
to adult male venoms, and apparent lack of toxicity towards insect prey supports the idea that these
molecules are not typical venom toxins and are strong candidates to be involved in sexual stinging,

suggesting future studies are needed to determine their role in mating.
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3.2. Introduction

Venoms have evolved in most incidences to incapacitate potential prey or to defend against
potential predators (Schendel et al., 2019), for example by causing pain or paralysis. There are,
however, unusual cases where venom is used in a less-typical way; for example against competitors
(Arbuckle, 2017;Nekaris et al., 2020), or as a part of courtship. ‘Sexual stinging’ behaviours have
been documented in at least 20 scorpion species belonging to six families (Olguin-Pérez et al., 2021),
and consist of the male carefully stinging a female usually before initiating the courtship dance,
when a pair of scorpions lock pedipalps and the male attempts to manoeuvre the female on top of a

spermatophore he has deposited.

Despite its importance in mating, the function of sexual stinging remains unclear. It has been
suggested that sexual stings may act as a mechanism to stimulate the female (Inceoglu et al., 2003),
subdue her and reduce the predation risk towards the male (Jiao and Zhu, 2010), or perhaps
improve reproductive success by other mechanisms such as influencing mate choice (Olguin-Pérez et
al., 2021). It was recently shown that sexual stings involve the transfer of venom, rather than being a
purely ritualistic behaviour (Olguin-Pérez et al., 2021); however, it remains unknown if a specific set
of molecules are injected rather than all the toxins. For example, as scorpions can control expulsion
of their venom from the gland (Nisani and Hayes, 2011), males could inject chemically simplistic
‘prevenom’, thereby reducing the exposure of the female to the main toxic components of the
venom (Inceoglu et al., 2003). Scorpions possess highly complex venoms which can contain
hundreds of different molecules (Batista et al., 2006), but it is unknown if there are specific

components associated with sexual stinging behaviour.

Scorpions display complicated courtship behaviours which have been well-described in a
number of species (Tallarovic et al., 2000;Bricefio and Bonilla, 2009;Jiao and Zhu, 2010;Toscano-
Gadea, 2010). Courtship typically can be broken down into three stages: initiation, the courtship
dance or “promenade a deux”, and insemination (Zizzari et al., 2014;0lguin-Pérez et al., 2021). A
range of behaviours are involved with each stage, such as vibrating their bodies, gripping pedipalps,
clubbing with their metasoma, massaging the chelicera, rubbing with their legs, and sexual stinging
(Alexander, 1959;Peretti and Carrera, 2005). Sexual stings, although observed in several species, do
not typically feature in the courtship of all scorpion species (Peretti and Carrera, 2005;Chantall-
Rocha and Japyassu, 2017), but have been observed to occur as frequently as 14 times in a single
Hadrurus arizonensis mating event (Tallarovic et al., 2000), and in Bothriurus buecherli each sting can
last 35.2 min (Toscano-Gadea, 2010), indicating at least for some species it is a very important part

of courtship (Polis, 1990;Peretti, 2014;0livero et al., 2019;0lguin-Pérez et al., 2021). Interspecific
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variation is reported in the sting frequency, sting duration, and location of the sting (Tallarovic et al.,
2000;Toscano-Gadea, 2010;0lguin-Pérez et al., 2021), implying that the underlying mechanism may

not be uniform across all species.

Identifying if venom components have a role in mating is difficult because male and female
venom may differ for several reasons. Intersexual differences in venoms have been documented in a
diverse range of venomous animals (Herzig et al., 2008;Binford et al., 2016;Lopes-Ferreira et al.,
2016;Sarhan et al., 2017;Nystrom et al., 2019), and could be attributed to a wide range of biological
or ecological factors such as differential hunting strategies or predator exposure between the sexes
(Miller et al., 2016;Herzig et al., 2020). Scorpions display intersexual differences in both the relative
abundance of venom constituents, and the presence of different molecules within their venom
(Abdel-Rahman et al., 2009;De Sousa et al., 2010;0zkan et al., 2011;Rodriguez-Ravelo et al.,
2015;Uribe et al., 2017), and such differences have been reported to impact the toxicity of male and
female venoms (De Sousa et al., 2010;Miller et al., 2016). Many scorpion species display sexual
dimorphism (Carrera et al., 2009;McLean et al., 2018), and it is likely that this could lead to
compositional differences in venom if it affects their hunting strategy or ability to escape predation.
For example, females often have larger/stockier abdomens as they have greater reproductive
investment due to egg production, whilst males are frequently more slender and often exhibit
longer tails (McLean et al., 2018). Such morphological differences can affect the motility of
scorpions, and may influence the hunting/defensive strategies employed by the sexes (Carlson et al.,
2014;Miller et al., 2016;Gonzalez-Gémez et al., 2019). When male and female scorpions are
consistently employing different hunting and defensive strategies, and/or are consistently exposed
to different prey and predators, over time their venoms may have diverged due to optimisation
under different pressures (Wigger et al., 2002;Morgenstern and King, 2013;Evans et al., 2019). In
addition to this, it is unknown if intersexual differences in scorpion venom composition could be
attributed to sexual stinging, and if males have unique molecules to solely serve a function

associated with this behaviour.

Adult male scorpions differ from both subadult males and females in that they can use their
venom for sexual stinging, in addition to prey capture and defence. Therefore, in this study |
investigated adult-male specific molecules present in the venom of marbled scorpions (Lychas
variatus), to identify any that may be involved in sexual stinging. The breeding biology of L. variatus
is not documented, including whether sexual stinging occurs in this species. However, sexual stinging
has previously been reported in Lychas spinatus besti (Newton, 2008), which is currently considered
synonymous with L. variatus (Koch, 1977;Kovarik, 1997;2019). | isolated and characterised three

novel peptides (Lvarl, Lvar2, and Lvar3) which were only observed in the venom of adult male L.
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variatus, are much smaller than most known scorpion venom toxins, and are structurally unlike
other small scorpion peptides. Synthetic versions of the peptides were produced for bioactivity

testing in female scorpions, in crickets, and across a suite of ion channels.

3.3. Materials and Methods

3.3.1. Scorpion Collection and Husbandry

Wild scorpions were collected from a single rainforest population in the Cairns region
(Queensland, Australia), and additionally wild-caught females gave birth to captive born young.
Adult scorpions were housed individually in round plastic food containers (11 cm diameter: 8.5 cm
height) with 3-5cm depth substrate (coco-fibre/sand mixture). They were stored at 25 °Cin a
temperature-controlled room with no light source. Captive born scorpions were separated from the
mother once they had moulted to second instar (I12) and housed in small, round plastic containers (6
cm diameter: 3 cm height). Once they had moulted to the fourth instar (14), they were moved into
the same sized containers as adults. A cricket was offered to the scorpions once a week, and
uneaten food items were removed after 1-3 days to minimise stress. Females that had recently given
birth and still had young on their backs were not provided with food items at this stage, as |

experienced the introduction of a cricket caused great disturbance to the mother and offspring.

3.3.2. Venom Extraction

Scorpions were restrained onto a sponge using parafilm, and a square-wave stimulator
(Arthur H. T. Thomas Co. Scientific Apparatus, Philadelphia, PA, USA) was used to electrostimulate
the venom glands and extract venom into a pipette tip. Young scorpions (12-3) were stimulated using
15V DC current, 0.5 ms pulse duration, 1 pulse/sec frequency, and the voltage was raised to 20 V for
older scorpions (14-6). Individual scorpion venom samples were suspended in 10 plL of Type 1 water

(T1W) and stored at -20 °C prior to further analysis.

An additional 20 wild-caught adult male (15) scorpions were milked and pooled together in
20 uL TIW. Venom was extracted from these scorpions a total of four times with intervals of 3-5
weeks to allow for recovery and venom replenishment. These four samples were further pooled
together to produce one concentrated sample containing venom from a total of 80 milking events.

This concentrated sample was used for molecule isolation and characterisation.
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3.3.3. Liquid Chromatography/Mass Spectrometry (LC/MS)

To identify molecules of potential interest, individual scorpion venoms were analysed by
liguid chromatography/mass spectrometry (LC/MS) using a Shimadzu LCMS-2020 mass spectrometer
combined with a Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan). As the quantity of
venom produced by each scorpion depended on its size, crude samples (venom in 10 uL TIW) were
diluted based on the scorpion’s instar and made up to 10 pL with TIW prior to LC/MS analysis. As 12
and I3 scorpions produced very small quantities of venom, the approximately 10 pL crude samples
were not diluted. For 14 scorpions 5 uL of sample was combined with 5 uL T1W for injection, and for

I5-6 scorpions 3 pL of the stored sample was combined with 7 uL TIW.

Each 10 pL preparation was injected onto a reversed-phase high performance liquid
chromatography (RP-HPLC) column (Phenomenex Aeris 3.6 um PEPTIDE XB-Cis 100 A, 2.1 x 150 mm;
Phenomenex, Torrence, CA, USA) by a Shimadzu SIL-20ACHT autosampler, with the column oven at
30 °C. A 1% gradient of solvent B (90% acetonitrile [ACN; OPTIMA LCMS grade, Thermo Fisher
Scientific, Scoresby, VIC, Australia]/0.09% formic acid [FA; Sigma-Aldrich, St. Louis, MO, USA]/water)
against solvent A (solvent A: 0.1% FA) was run (0-60 % solvent B) for 60 min at a flow rate of 0.250
mL/min using Shimadzu LC-20AD pumps. UV absorbance at 214 nm and 280 nm was recorded by a
Shimadzu SPD-20A detector. Mass spectra were collected in positive ion mode with the following
settings: scan range of m/z 250-2000, detector voltage of 1.15 kV, nebulizing gas flow of 1.5 L/min,
drying gas flow of 3.0 L/min. Shimadzu LabSolutions v5.96 software (Shimadzu, Japan) was used to
collect and analyse data. Mass lists for each sample were created by manually scanning through
each peak and using the multi-charge ion analysis tool. These mass lists were compared to identify

molecules of interest that were specific to adult male venoms.

3.3.4. Reversed-Phase High Performance Liquid Chromatography (RP-HPLC)

Pooled adult male venom was fractionated using reversed-phase high performance liquid
chromatography (RP-HPLC) to isolate the molecules of interest identified from the LC/MS results.
The sample was line-loaded onto a semi-preparative Cis column (Phenomenex Jupiter 250 x 10 mm,
10 um, 100 A) and a 0.5% gradient of solvent B (90% acetonitrile/0.05% TFA) in solvent A (0.05%
TFA) was run at a flow rate of 3 mL/min for 120 min. A total of 384 fractions were collected. Three
molecules were selected for further analysis as they had low molecular weights, were present in

reasonably high quantities, and eluted in relatively pure RP-HPLC fractions.
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3.3.5. Matrix-Assisted Laser Desorption lonization Time-Of-Flight (MALDI-TOF) Mass Spectrometry

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry
was performed on RP-HPLC fractions using a SCIEX TOF/TOF 5800 MALDI (SCIEX, Framingham, MA,
USA) to identify fractions containing the molecules of interest. Fractions were spotted onto a 384-
well stainless-steel target plate using 0.5 pL of sample and 0.5 plL of a—cyano-4-hydroxycinnamic acid
(CHCA; Sigma-Aldrich, St. Louis, MO, USA) matrix, and calibration was undertaken using Calibration
Mix Solution 2 (SCIEX, Framingham, MA, USA). Each spot was analysed using reflector positive mode
(scan range m/z 450-600 and m/z 600-4500, averaged over 2000 laser shots) to identify the fractions
containing the molecules of interest. Tandem-MS (MS/MS) was performed in 1 kV positive ion
mode, both with/without collision-induced dissociation (CID). Spectra were averaged over 2000
shots. The fragmentation pattern was used to manually de novo sequence the molecules and
elucidate their structure. Fractions predominantly containing the molecules of interest were pooled

prior to further analysis.

3.3.6. NMR Spectroscopy

The fractions of interest were analysed using a Bruker Avance Il 600MHz NMR spectrometer
(Bruker, Billerica, MA, USA) equipped with a cryoprobe. Lyophilised venom fractions were dissolved
in 90% H,0/10% D,0 (Cambridge Isotope Laboratories, Woburn, MA, USA). Two-dimensional *H-H
TOCSY, *H-'H NOESY, *H-1*N HSQC, and H-13C HSQC spectra were collected using standard Bruker
pulse sequences. All experiments were run at 290K with an interscan delay of 1 s and spectra were
referenced to external 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS; Cambridge Isotope
Laboratories). Mixing times of 80 ms (TOCSY) and 200-250 ms (NOESY) were used. Spectra were
analysed in Topspin v3.6.1 (Bruker, Billerica, MA, USA) and CcpNMR v3 (Skinner et al., 2016). The
spectra were studied for characteristic peak shifts and NMRseq techniques were used (Wilson and

Daly, 2018) to confirm the sequences of the molecules calculated from the MS/MS data.

3.3.7. Peptide Synthesis and Purification

The three peptides identified and named Lvarl, Lvar2 and Lvar3 were synthesised using
solid-phase fluorenylmethyloxycarbonyl (Fmoc) chemistry-based peptide synthesis using Rink amide
(Auspep) resin on a 0.1 and 0.2 mmole scale. The amino acids (Novabiochem) were activated by
mixing for 15 min with O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HCTU, Iris Biotech GmbH) and N,N-diisopropylethylamine (DIPEA, Auspep) in
dimethylformamide (DMF, Auspep). Deprotection of the N-terminal was achieved by adding 20%
piperidine (ChemSupply) in DMF for 5 min, draining, and then repeating for 5 min in the same

solution. Lvarl and Lvar3 were assembled manually, whilst Lvar2 was assembled with the aid of a
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Protein Technologies PS3 synthesiser (Gyros Protein Technologies, Sweden). A double coupling
method was used in the assemblage of Lvar3 peptide. The peptides were cleaved from the resin by
swirling the resin for 2 hours in a mixture of 95% trifluoroacetic acid (TFA, Auspep), 2.5%
triisopropylsilane (TIPS, Sigma-Aldrich) and water. The TFA was then evaporated off using nitrogen
gas, and the cleaved peptides were precipitated using ice-cold diethylether, dissolved into 50%
acetonitrile/water/0.05% TFA, and then lyophilised using a ScanSpeed 40 speed vacuum
concentrator (LaboGene, Lillergd, Denmark). The lyophilised peptides were then dissolved into
water and purified using RP-HPLC with a C;5 preparative column (Phenomenex Jupiter 250 x 21.2
mm, 10 um, 300 A) with the buffers described in section 2.4. A 1% gradient of solvent B (0-60%) was
used, and fractions were collected manually based on 214nm absorbance. MALDI-TOF mass
spectrometry and LC/MS was then used to analyse the fractions to identify masses and identify
which fractions should be pooled using the relevant methods described in section 2.4. 40 ulL of the
final pooled peptide samples were then analysed by RP-HPLC equipped with an analytical column
(Agilent Eclipse Plus Cis, 100 x 4.6 mm, 3.5 um) to test purity. To confirm the synthetic peptides had
the same retention times as their native counterparts, coelutions were performed using HPLC by
injecting each synthetic peptide separately and in combination with the native peptides at a
proportion of ~2:1. Each synthetic peptide was then subject to MALDI-TOF MS/MS following the
methods described in section 2.5 to ensure they showed the same fragmentation pattern as their

native counterparts.

3.3.8. Scorpion and Cricket Bioassay

The activities of the three peptides were tested in wild-caught adult female L. variatus
scorpions and adult female domestic brown crickets (Acheta domesticus) purchased commercially
(PETstock, Australia). To determine a biologically relevant quantity of each peptide for injection, the
amount of Lvarl, Lvar2, and Lvar3 in the venom of male scorpions was estimated using LC/MS and
comparing the areas (214nm absorbance) of the peaks containing each of the three peptides. Serial
dilutions of the synthetic peptides and eight male venoms were run using the LC/MS methods
described in section 2.3. The 214 nm peak areas of the serial dilutions of the synthetics were used to
produce standard curves, and the areas of peaks containing each peptide within the male venoms
were compared against the standard curve to estimate the quantity of each present. The maximum
value estimated to be in the male venom was then doubled to select a high, but biologically relevant

dose for injection.

Each synthetic peptide was dissolved separately into Ringer’s solution (112mM NaCl, 2mM
KCl, 2mM CaCl2 and 10mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Life
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Technologies Corporation, Grand Island, NY, USA) (Nisani et al., 2012)) so that a 1 plL injection of the
final preparations contained 0.451 ug of Lvarl, 0.761 ug Lvar2, and 0.437 ug Lvar3 respectively.
Ringer’s solution was used as a negative control in both crickets and female scorpions. Crude
Urodacus yaschenkoi venom was used as a positive control in female scorpions. The toxicity of crude
adult male L. variatus venom was tested in female scorpions by drawing freshly collected venom
directly into the needle of a syringe pre-loaded with insect saline immediately prior to injection of 1
pL. A positive control was also performed in crickets using a pooled sample containing 20 adult male
L. variatus venoms suspended in 50 uL TIW. 1 uL of this mixture was drawn into the needle of a
syringe preloaded with insect saline immediately before injection into the cricket. Each peptide was
tested in eight female scorpions and eight crickets. Ten female scorpions each were injected with U.
yaschenkoi venom and insect saline. Crude male L. variatus venom was tested in ten female

scorpions. Eight crickets each were injected with insect saline and L. variatus venom.

1 plL injections were made using a 100 pL SGE syringe (Trajan Scientific and Medical, Vic,
Australia) and a hand microapplicator (Burkard Scientific, UK). Scorpions were restrained on a petri
dish using parafilm and injected deep into the mesosoma, by entering the needle at the posterior
end and inserting it towards the cephalothorax. Crickets were carefully held and injected into the
ventral side of the pronotum. Following injection, scorpions were placed into a large food container
(24 cm length: 21.5 cm width: 10.5 cm height) and their behaviour monitored at 1 min, 3 min, and 5
min time points. At these points they were touched repeatedly with forceps to elicit a defensive or
flight response, otherwise they remained motionless. Scorpion behaviour after injection was
classified as normal (unhindered flight response or rapid defensive behaviour), slow (slow-paced
flight response, delayed defensive response, or coordination impeded by spasms), or paralysed
(uncontrollable spasming or movement fully impeded). Crickets were placed into round plastic
containers (6 cm diameter; 3 cm height) post-injection and their righting response was tested at the
same time points by flipping the container and observing the ability of the cricket to right itself. If
crickets were unable to right themselves after 10 sec they were considered immobilised, whereas
those unable to after 30 sec were considered paralysed. Crickets able to quickly right themselves

were deemed unaffected.

A permutation-based chi-squared test was used to test whether injection of the three
compounds and the negative control (insect saline) had any effect on scorpion or cricket behaviour
within 5 min post-injection in R version 4.0.5 (R Core Team, 2021). This nonparametric approach
used Monte Carlo simulation with 10,000 permutations to calculate p values, because the expected
number of crickets paralysed was low for any of the treatments evaluated, invalidating the chi

square approximation in the Pearson chi squared test that relies on large sample sizes.
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3.3.9. lon Channel Bioassay

lon channel assays were performed by Steve Peigneur using synthetic Lvarl, Lvar2 and Lvar3
following protocols described in detail previously (Peigneur et al., 2019a;Peigneur et al., 2019b). For
the expression of Ky channels (rkv1.1, rky1.2, hKy1.3, rkyv1.4, rky1.5, rKy1.6, rKy2.1, hKy10.1, hERG,
and Shaker IR) and Nay channels (rNav1.2, rNay1.4, hNay1.5, mNay1.6, hNay1.7, hNay1.8, BgNay1,
VdNay1) in Xenopus laevis oocytes, the linearised plasmids were transcribed using the T7 or SP6
MMESSAGE-mMACHINE transcription kit (Ambion). In total, 50 nL of cRNA (1 ng/nL) was injected
into oocytes, which were incubated in ND96 solution containing 96 mM NaCl, 2 mM KCI, 1.8 mM
CaCl2, 1 mM MgCl2, and 5 mM HEPES (pH = 7.4), supplemented with 50 mg/L gentamycin sulfate.
Recordings were performed using a Geneclamp 500 amplifier (Molecular Devices) controlled by a
pClamp data acquisition system (Axon Instruments); bath solution was ND96. Voltage and current
electrodes were filled with 3 M KCI. Resistances of both electrodes were kept between 0.7 and 1.5
MQ. Elicited currents were sampled at 1 kHz and filtered at 0.5 kHz (for potassium currents) or
sampled at 20 kHz and filtered at 2 kHz (for sodium currents) using a four-pole low-pass Bessel filter.
Leak subtraction was performed using a-P/4 protocol. Currents were evoked by a 100 ms (Nay) or
500 ms (Kv) depolarization to the voltage corresponding to the maximal activation of the channels in
control conditions from a holding potential of -90 mV. Data were sampled at 500 Hz and filtered at
200 Hz. Peak current amplitude was measured prior to and following the incubation of the peptide.

All data were obtained in at least three independent experiments.
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3.4, Results

3.4.1. Isolation of Molecules of Interest

A total of 84 samples (6 adult males: 78 female/juvenile scorpions) were subjected to LC/MS
analysis to identify peaks and molecules only present in adult male scorpions. For illustration, LC/MS
analysis of two 15 sibling scorpions (one male, one female) from the same clutch and raised in
captivity under identical conditions display compositional differences indicated by the
presence/absence of specific peaks (Figure 3.1). By comparing mass lists generated for each sample,
a total of 12 molecules were found to be unique to adult males (Table 3.1). Molecules observed in
less than three samples were not considered, as those appearing in just one or two samples may

have been erroneously identified, or present below detectable levels in most samples.

RP-HPLC was then performed on a pooled sample of adult male venom (Figure 3.2). The
LC/MS and RP-HPLC data were used in combination to select three molecules for further analysis as
they i) had low molecular mass ii) were present in sufficiently high quantities and iii) eluted in
relatively clean RP-HPLC peaks (Figure 3.2). The selected molecules of interest had masses of 501.3
Da, 520.3 Da, and 776.4 Da, and were present in at least five out of six adult male venoms tested
(Table 3.1) but not detected in the 78 female/juvenile samples tested. RP-HPLC fractions containing

the molecules of interest were pooled.
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Figure 3.1 LC/MS trace of adult (I5) male and female (15) Lychas variatus venom (Phenomenex

Aeris 3.6 um PEPTIDE XB-C18 100 A column; flowrate 0.25mL/min; solvent A H,0/0.1% FA, solvent B
90% ACN/H,0/0.09% FA; 0-45% solvent B in 45min; scan range m/z 250-2000, detector voltage 1.15
kV, nebulizing gas flow 1.5 L/min, drying gas flow 3.0 L/min). The two scorpions were siblings from the
same clutch, raised in captivity under identical conditions. Male venom is represented by the blue
trace and female venom in pink. Clear differences between the traces are present in the shaded area

from approximately 4-5.5 min.
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Table3.1 Mass (Da) of molecules present only in adult male Lychas variatus scorpion venoms,
identified by LC/MS analysis. The total number of samples they were identified within is shown. 82
samples were tested (adult males n = 6, other scorpions n = 76) and only molecules observed in at

least four samples included.

Reconstructed mass (Da) Presence in samples (n=6)

501.3
520.3
621.4
640.0
776.4
790.4
3853.6
4024.1
4390.2
4400.2
5278.9
5986.5

APhouppuUuioooo O
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Figure 3. 2 Reversed-phase high performance liquid chromatography (RP-HPLC) chromatogram

of pooled adult male Lychas variatus venom (Phenomenex Jupiter® Cis column; 250 x 10 mm, 10 um,

100 A; 3mL/min flowrate; solvent A H,0/0.05% TFA, solvent B 90% ACN/H,0/0.045% TFA; 0.5%

gradient solvent B (0-60% B; 120 min), absorbance at 214 nm). Peaks containing molecules of interest

are highlighted in pink (501.3 Da), blue (520.3 Da) and yellow (776.4 Da).
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3.4.2. Characterisation of Molecules of Interest

MS/MS fragmentation in combination with 2D-NMR was used to characterise the primary
structure of each molecule by manual de novo sequencing and NMRseq techniques (Wilson and
Daly, 2018). The sequence determined, and name assigned to the three molecules (501.3 Da = Lvar1,
520.3 Da = Lvar2, and 776.4 Da = Lvar3) is summarised in Table 3.2. The RP-HPLC peak containing
Lvarl at 21.650 min made up 1.6% of the total peak area of the chromatogram (Figure 3.2). MALDI-
TOF MS analysis on the corresponding fraction identified the [M + H]* of Lvarl as 502.2604 m/z
(Figure 3.3). MS/MS fragmentation on this precursor mass showed a fragmentation pattern
corresponding to the sequence HLPH-NH, (Figure 3.3). NOESY and TOCSY NMR spectra obtained for
this fraction contained peaks with chemical shifts that provided support for the sequence
determined; however, the inter-residue peaks were not strong enough to elucidate the sequence
from NMR data alone (Supplementary Materials 3.1). The Lvar2 RP-HPLC peak at 22.156 min,
accounted for 2.67% of the total peak area of the chromatogram (Figure 3.2). MALDI-TOF MS
analysis on these fractions identified the [M + H]* of Lvar2 as 521.3096 m/z (Figure 3.4). MS/MS
fragmentation of this mass showed a fragmentation pattern corresponding the sequence HLPR-NH;
(Figure 3.4). TOCSY NMR spectra supported this elucidated sequence (Supplementary Materials 3.2).
The inter-residue peaks in the NOESY spectra were not sufficiently strong to determine the primary
sequence of the peptide without the MS/MS fragmentation pattern. The MS spectra for Lvar2
showed a different isotope distribution for the [M + H]* ion compared to the other two peptides and
suggests another molecule one mass unit larger than 521.3096 m/z may also be present (Figure 3.4),
possibly corresponding to a C-terminal acid form of Lvar2. The Lvar3 RP-HPLC peak at 41.907 min
accounted for 4.77% of the total peak area of the chromatogram (Figure 3.2). The [M + H]* of Lvar3
was found to be 777.3743 by MALDI-TOF MS (Figure 3.5), and MS/MS fragmentation of this
precursor ion showed a fragmentation pattern for the sequence VFPRPY-NH, (Figure 3.5). The b; ion
was only just detectable in the spectra displayed in Figure 3.5 but was more easily observed when
collision-induced dissociation (CID) was used. Spectra collected with CID were less clear overall, and
therefore not presented. 2D NMR experiments confirmed the sequence VFPRPY-NH,. Peaks were
observed in the TOCSY and NOESY 2D NMR spectra supported this sequence, with some sequential
interaction between the amino acids evident through the NOESY inter-residue peaks. The assigned
TOCSY spectrum is presented without the NOESY spectrum for ease of visualisation (Supplementary

Materials 3.3).
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Table 3.2 Observed ion ([M+H]+), theoretical monoisotopic mass, sequence, and name assigned
to the three adult male specific peptides (Lvarl, Lvar2, and Lvar3) calculated using 2D NMR and
MALDI-TOF MS/MS analysis.

Observed mass [M+H]*  Theoretical monoisotopic  Peptide sequence Name
mass (Da)

502.2604 501.270 HLPH-NH Lvarl

521.3096 520.312 HLPR-NH> Lvar2

777.3743 776.422 VFPRPY-NH: Lvar3
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Figure 3.3 MALDI-TOF MS and MS/MS spectra with calculated sequence of Lvarl. a) MALDI-TOF

MS spectrum of native Lvarl [M+H]* 502.2604 m/z. The [M+Na]* (524.2391 m/z) and [M+K]* (540.2151

m/z) adducts are also visible within the spectrum. The top-right inset is an expanded view of the

spectrum between 500.0-507.0 m/z. b) MALDI-TOF MS/MS fragmentation on a RP-HPLC fraction

containing native Lvarl with a precursor [M+H]* 502.26 m/z. The fragment ions and elucidated

sequence (HLPH-NH,) are displayed in the top-right panel.
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MALDI-TOF MS and MS/MS spectra with calculated sequence of Lvar2. a) MALDI-TOF

MS spectrum of native Lvar2 [M+H]* 521.3096 m/z. The [M+Na]* (543. 3142 m/z) and [M+K]*

(559.2721 m/z) adducts are also visible within the spectrum. The top-right inset is an expanded view

of the spectrum between 518.0-598.0 m/z. b) MALDI-TOF MS/MS fragmentation on a RP-HPLC

fraction containing native Lvar2 with a precursor [M+H]* 521.309 m/z. The fragment ions and

elucidated sequence (HLPR-NH,) are displayed in the top-right panel.
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Figure 3.5 MALDI-TOF MS and MS/MS spectra with calculated sequence of Lvar3. a) MALDI-TOF
MS spectrum of native Lvar3 [M+H]* 777.3743 m/z. The [M+Na]* (799.3629 m/z) and [M+K]* (815.3356
m/z) adducts are also visible within the spectrum. The top-right inset is an expanded view of the
spectrum between 774.0-782.0 m/z. b) MALDI-TOF MS/MS fragmentation on a RP-HPLC fraction
containing native Lvar3 with a precursor [M+H]* 777.364 m/z. The fragment ions and elucidated

sequence (VFPRPY-NH,) are displayed in the top-left panel.
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3.4.3. Chemical Synthesis

Synthetic versions of Lvarl, Lvar2, and Lvar3 were synthesised using Fmoc-based solid-phase
peptide synthesis. Synthetic peptides were required for activity testing as L. variatus is a small
scorpion and collection of sufficient native material is not feasible. Synthetic Lvar1, and Lvar3
coeluted with the native toxins using analytical RP-HPLC indicating the synthetic molecule was the
same as the native (Supplementary Materials 3.4-3.5). Coelution of Lvar2 was not possible due to
instability and degradation of the native material. MS/MS performed on the three synthetic
molecules showed the same MS/MS fragmentation pattern as the counterpart native molecules

(Supplementary Materials 3.6-3.8).

3.4.4. Scorpion and Cricket Bioassay

Injection of 1 plL containing 0.451 pg Lvarl, 0.761 pg Lvar2, and 0.437 pg Lvar3 had no
clearly discernible toxic or behavioural effects on adult female scorpions (x> = 4.4785, df = NA, p =
0.2730) and crickets (x* = 6.4, df = NA, p = 0.2291) during 5 min post-injection (Figure 3.6). Of the
eight female scorpions injected with Lvarl, none displayed symptoms following injection except one
female appeared slower than normal at 3 min following injection. As her behaviour appeared normal
at the 1 min and 5 min time points, it is unlikely that this was associated with Lvarl activity.
Additionally, all eight crickets injected with Lvarl were unaffected. None of the eight female
scorpions injected with Lvar2 showed signs of abnormal behaviour at 1 min, 3 min, nor 5 min
following injection. Two out of the eight crickets became paralysed in one of their back legs
following injection of Lvar2, but this was witnessed in past bioassay work, appearing to be a side-
effect of the injection method in crickets, perhaps caused by damaging a nerve with the needle. Two
out of the eight female scorpions injected with Lvar3 appeared slow at the 1 min, 3 min and 5 min
timepoints following injection, however the other six appeared unaffected following the injection.
Given the low number of scorpions affected, it is more likely that their behaviour was impacted by
damage caused by the needle during injection rather than Lvar3 activity. It was noted that one of
these scorpions was difficult to catch and restrain, and therefore exhaustion likely explained her
slow behaviour post injection. In a positive control using crude U. yaschenkoi venom, seven out of
ten female L. variatus displayed either spasming or complete paralysis, whilst three appeared
unaffected. Crude male L. variatus was also tested in ten adult females. Following injection, one
became paralysed, two appeared to be slow, whilst seven displayed no symptoms. Male L. variatus
venom caused paralysis in all eight crickets injected. A negative control of ringer’s solution had no

effect on ten female L. variatus injected, nor eight crickets (Figure 3.6).
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Figure 3.6 Results of in vivo bioassays performed with synthetic peptides and crude venom in a)
female scorpions (Lychas variatus), and b) adult female crickets (Acheta domesticus). Lvarl, Lvar2,
Lvar3, and crude adult male L. variatus venom were tested in both crickets and female scorpions.
Female scorpions were additionally injected with crude Urodacus yaschenkoi venom as a positive

control due to the observed lack of toxicity of male L. variatus venom.
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3.4.5. lon Channel Assay

2 ug of synthetic Lvarl, Lvar2 and Lvar3 showed no activity against the suite of ion channels
tested in patch-clamp assays. Ky subtypes included rKy1.1, rky1.2, hKy1.3, rky1.4, rky1.5, rKy1.6,
rkv2.1, hKy10.1, hERG, and Shaker IR. Nay subtypes included rNay1.2, rNay1.4, hNay1l.5, mNayl.6,
hNay1.7, hNay1.8, BgNay1, VdNayl.

3.5. Discussion

To identify if male venoms contained molecules that may be specifically involved in sexual
stinging, | examined L. variatus venoms for molecules that were only present in adult males, and
that did not appear to be structurally related to typical venom peptides that are known to vary
between the sexes. With these criteria, Lvarl, Lvar2, and Lvar3 were selected as potential
candidates. The molecules were isolated and characterised, and found to be two tetrapeptide-
amides (Lvarl and Lvar2) and a hexapeptide-amide (Lvar3) structurally unlike previously
characterised scorpion venom peptides. These molecules were found to be non-toxic towards
crickets, and not to be active upon a suite of Na, and K, channel subtypes. The combination of their
structural novelty, apparent lack of toxicity in crickets, and presence only within adult male venoms,

makes them strong candidates to be involved in sexual stinging.

The function of sexual stinging in scorpions remains an open debate, and at present the
underlying chemical mechanisms are unknown. It has been suggested sexual stings could serve to
supress predation of the male during courtship (Inceoglu et al., 2003;Lira et al., 2018), though
females can appear to be non-aggressive during and in response to sexual stings (Jiao and Zhu,
2010;0livero et al., 2019), and sexual cannibalism may not be particularly prevalent in scorpions
(Peretti et al., 2008). Sexual stings could serve an anti-predation function, but they may alternatively
improve reproductive success by another mechanism, for example by increasing the receptiveness
of the female by chemical signalling or immunostimulation (Olguin-Pérez et al., 2021). Venom
transference from male to female could improve mating success via multiple mechanisms, for
example by providing antimicrobial protection from specific venom peptides or by modulating
reproductive hormones (Olguin-Pérez et al., 2021). Chemical signals are known to affect female
receptiveness during the courtship of scorpions (Peretti, 1997;0livero et al., 2015), and if venom
transference is occurring in sexual stings they could act as another avenue of chemical
communication. Additionally, as sexual stings are performed prior to mating, they could serve as
honest indicators of male fitness (Olguin-Pérez et al., 2021). Interestingly, the duration of sexual

stings in Bothriurius bonariensis was found to be positively correlated to the body condition of the
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female, suggesting sexual stinging could be associated with mate choice (Olivero et al., 2019). If
sexual stinging impacts mate choice, selection acting upon genes coding for venom peptides
involved in this behaviour could contribute to the large intersexual venom variation observed across
different scorpion species (Peretti, 2014;Sentenska et al., 2017;Ward et al., 2018;0lguin-Pérez et al.,

2021), and may explain the presence of Lvarl, Lvar2, and Lvar3 only in adult males.

Lvarl, Lvar2 and Lvar3 do not appear to be structurally similar to typical scorpion venom
toxins. Scorpion venoms contain a mixture of structurally diverse molecules, many of which are
disulfide-bonded peptides that act upon ion channels (Possani et al., 2000;Zhijian et al., 2006;Cid-
Uribe et al., 2020), and whilst non-disulfide-bonded peptides (NDBPs) are also present (Zeng et al.,
2005;de la Vega et al., 2010;Valdez-Veldzquez et al., 2013;Almaaytah and Albalas, 2014;Harrison et
al., 2014) there are few examples of NDBPs as small as Lvarl, Lvar2, and Lvar3. Small NDBPs often
have similar properties to neuropeptides — a diverse group of small proteinaceous molecules
secreted by neurons and involved in cell signalling (Hokfelt et al., 2000;Burbach, 2011). An example
is FMRFamide (Phe-Met-Arg-Phe-NH,), a tetrapeptide-amide like Lvarl and Lvar2, which is a
member of closely related and highly conserved family of neuropeptides present in different phyla
involved in feeding and reproduction (Price and Greenberg, 1977;Walker et al., 2009;Quillet et al.,
2016). Cell-signalling molecules such as neuropeptides, neuropeptide-like molecules, and hormones
are important venom constituents in a taxonomically diverse range of animals, including cone snails
(Cruz et al., 1987;Robinson et al., 2017), snakes (Stewart et al., 1971), varanid lizards (Fry et al.,
2010), wasps (Konno et al., 2016;Arvidson et al., 2019;Nihei et al., 2021), spiders (McCowan and
Garb, 2014), centipedes (Undheim et al., 2015), and are also present in the defensive secretions of
frogs (Montecucchi et al., 1984;Gozzini et al., 1985;Bowie and Tyler, 2006). Neuropeptide-like
molecules have also been characterised from scorpion venoms, but presently there are few

examples. At the time of writing, a search of the UniProt database (https://www.uniprot.org/) shows

29 scorpion venom peptides ten amino acids in length or less, four of which are under seven amino

acids long, displaying both structural and functional diversity.

The known scorpion venom peptides under ten amino acids in length exhibit a diverse range
of activities. The smallest known scorpion peptides, and closest in size to Lvarl and Lvar2, includes
two tetrapeptides found in Pandanus imperator venom named tetrapandins (Shalabi et al., 2004).
Tetrapandin 1 (LWSG) and tetrapandin 2 (LWKT) are known to interact with store-operated channels
to mediate store-operated Ca?* entry (Shalabi et al., 2004). A tetrapeptide with a similar sequence to
tetrapandin-2 called tetrascorpin-1, AaTs-1, was also recently characterised from Androctonus
australis venom (Aissaoui-Zid et al., 2021). AaTs-1 (IWKS) was shown to enhance expression of

tumor suppressor protein p53 and the G-coupled formyl-peptide receptor FPRL-1, likely leading to
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inhibition of store-operated Ca?* entry (Aissaoui-Zid et al., 2021). Whilst the AaTs-1 and the
tetrapandins appear to be structurally and functionally related, a different tetrapeptide [des-Arg?]-
proctolin (YLPT) from Tityus serrulatus venom has close sequence similarity to the insect
neuropeptide proctolin (RYLPT) (Duzzi et al., 2016). [des-Arg!]-proctolin inhibits both human
neprilysin and neprilysin-like enzymes in cockroaches, suggesting a possible role in both defensive
and predatory stings. The difference in the activities of these known tetrapeptides show that,
although Lvarl and Lvar2 are of equal size, their activity is unlikely to be correlated as their
sequences are unrelated. Other activities of these small peptides include a pentapeptide KEILG from
Tityus serrulatus venom that inhibits thimet oligopeptidase (EP24.15) activity (Carvalho et al., 2013),
whilst peptides 7.1 (RLRSKGKK), 7.2 (RLRSKG) and 8 (KIWRS) from Tityus serrulatus were found to
modulate macrophage responses to increase IL-6 production and inhibit angiotensin-converting
enzyme (Pucca et al., 2016). Additionally, BmK-YA (YGGYMNPA-NH;) described from Buthus
martensii shows sequence similarity to enkephalin, and interacts with opioid G-coupled protein
receptors (Zhang et al., 2012). This functional diversity demonstrates that, without observing
sequence similarity of Lvarl, Lvar2, and Lvar3 with other known small peptides, it is not possible to
predict their activity or mechanism of action. A search of the NeuroPep database

(http://isyslab.info/NeuroPep) showed that Lvarl, Lvar2, and Lvar3 do not share close sequence

similarity to currently known neuropeptides. Additionally, many closely related neuropeptides share
C-terminal motifs; for example, the RFamides present in cone snail and wasp venoms end in a C-
terminal RF (Maillo et al., 2002;Robinson et al., 2015;Konno et al., 2016). The three novel peptides
reported here, however, all differ at the C-terminal. Lvarl (HLPH-NH,) and Lvar2 (HLPR-NH,) are

identical except for their C-terminal residue, whilst Lvar3 (VFPRPY-NH) is overall different.

Lvarl, Lvar2, and Lvar3 showed no activity against a suite of sodium and potassium voltage-
gated ion channels, which are common targets for conventional scorpion disulfide-bonded peptides
(Cid-Uribe et al., 2020). This lack of activity is not surprising, given the large structural difference
between the novel peptides and conventional scorpion neurotoxins. Additionally, the peptides
appeared to be non-toxic towards crickets in in vivo assays, with no clear response observed after
intrathoracic injection. This suggests that the molecules may not be present in the venom to aid in
the incapacitation of insect prey; however, this cannot be ruled out until the mode of action of these

molecules is established.

As the novel male-specific molecules show close resemblance to cell-signalling molecules
rather than neurotoxins, and additionally appear to be non-toxic in crickets, this supports the
hypothesis they could be involved in sexual stinging. | therefore tested these molecules in adult

female scorpions, but there was no significant or discernible effect on their behaviour post-injection.
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This suggests that if these molecules are indeed involved in sexual stinging, they either have an
effect which is not directly observable, or they do not alter behaviours outside of the context of
courtship. The method used to test female behaviour might not capture changes that are closely
tied to receptiveness in courtship. For example, if these molecules were making a female more
receptive to a male’s advances and making her movements appear slow, it may only be observed in
the presence of a male or during the act of courtship. The females’ behaviour post-injection was
tested by touching the scorpions with forceps (as they otherwise remained motionless), and this
likely to be interpreted as a threat by the female (in addition to being restrained for injection).
Behavioural responses under these conditions may therefore not reflect those in response to a
sexual sting in the absence of threat. It is also possible that the method of injection was not effective
to elicit a response. The location of sexual stings appears to be important, with some species always
stinging in the joint of the pedipalp (Olguin-Pérez et al., 2021), while others frequently inject into the
mesosoma (Lira et al., 2018). As | injected the molecules deep into the abdomen of the females, this
may not have been the most appropriate location for the molecules to have an effect. As L. variatus
are small scorpions, deep injection was required to reduce the risk of the leaking haemolymph
washing out the injected peptides when the needle was withdrawn. The expulsion of haemolymph
suggests that injection via needle is likely more invasive than a sexual sting, as it was recorded that
no haemolymph was emitted during or after the sexual stings of Bothriurus buecherli, despite
insertion of the aculeus into the female appearing intense (Toscano-Gadea, 2010). Pilot controls
with a shallow injection of crude U. yaschenkoi venom showed little to no effect, indicating that the
venom had been washed out when the needle was withdrawn. With a deeper injection, the
effectiveness of the positive control was 70% (Figure 3.6). Although measures were taken to reduce
the amount of haemolymph leaking, such as loosely restraining the scorpions with parafilm and
withdrawing the needle slowly, it is possible that leaking haemolymph may still have washed some
of the peptides out, which could explain the lack of observable effect. Interestingly, whilst injection
of crude U. yaschenkoi venom caused toxicity in the females, the majority of scorpions injected with
crude male L. variatus venom appeared unaffected, suggesting male venom may not have toxic
effects in the females, but future work is required to test this. Unfortunately, it is near impossible to
test the effect of crude male venom and the isolated molecules under conditions that would
accurately mimic those during courtship in a natural setting. Understanding if these molecules are
truly involved in sexual stinging would likely require knowledge of their molecular targets and

activities.

Although it has recently been demonstrated that sexual stings can involve venom injection

(Olguin-Pérez et al., 2021), it is not known if there is controlled transference of a specific set of



89

molecules. Despite P. transvaalicus not typically using a sexual sting (Olivero et al., 2019), Inceoglu et
al. (2003) first suggested the low toxicity, but paralytic, prevenom of P. transvaalicus could be
injected in sexual stings to avoid causing toxic effects in the female. Data collected from the sexually
stinging species Euscorpius alpha also suggests there may be some association between sexual stings
and prevenom, with large differences observed in the venom gland morphology of males and
females, including the types and proportions of secretory cells present (Sentenska et al., 2017).
Almost 90% of the secretory cells in male venom glands were type A cells containing no protein
granules, compared to less than 25% type A cells in female glands (Sentenska et al., 2017). The
authors suggest, but have not confirmed, that type A secretory cells may produce prevenom,
following the assumption that prevenom of E. alpha likely contains a lower protein concentration
akin to P. transvaalicus prevenom (Inceoglu et al., 2003;Sentenska et al., 2017). Type A cells were
also only distally located in female E. alpha venom glands, possibly explaining why prevenom
appears first when venom is expelled from the aculeus (Sentenska et al., 2017). As Lvar1, Lvar2 and
Lvar3 were characterised from venom collected via electrostimulation, the peptides may be present
in either or both prevenom/main venom. Future examination of the presence of these molecules in
both natural defensive stings, and within prevenom versus milky venom may shed more light on

their role in sexual stinging, and additionally on the role of prevenom in sexual stings.

An alternative explanation for the appearance of these molecules in the venom of adult
males is that they may be hormones involved in maturation that have either made their way into the
venom naturally, or have leaked into the venom expelled during milking because of cell damage.
Preliminary LC/MS analysis on the haemolymph of both an adult male and female L. variatus and did
not reveal the presence of these peptides at a detectable level, but this was not sufficiently in-depth

to confirm their absence.
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3.6. Conclusions and Future Directions

Three novel peptides were isolated from L. variatus venom, that appeared only in the
venom of adult males. Their very small size and unique sequences sets them apart from known
scorpion venom peptides, and they are structurally more like cell-signalling molecules than typical
scorpion toxins. These results show that at the concentration tested these molecules are not toxic to
crickets, did not affect the behaviour of female L. variatus, and had no activity on a suite of Nay and
K, channels at the concentration tested. The synthesis of these results suggests the molecules may
serve a function in sexual stinging, but at present their involvement in this behaviour cannot be

confirmed.

If Lvarl, Lvar2, and Lvar3 are involved in sexual stinging, the observed lack of effect on
female behaviour suggests they could serve an immunomodulatory function, act as an indicator of
fitness, or modulate hormones associated with female receptiveness or reproduction. Future work
could test this by investigating the effect of Lvarl, Lvar2, and Lvar3 on the endocrine system of
female scorpions, by monitoring hormone levels in the haemolymph before and alter injection of
venom peptides. Additionally, identifying the molecular targets of these peptides will ultimately help
understand if their activity translates to a role in sexual stinging. In a wider context, screening the
venoms of other scorpion species (particularly those documented to sexually sting) for other
structurally related peptides, and adult male-specific components, could help improve our

understanding of sexual stinging behaviours in scorpions.
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Supplementary Materials 3.1 TOCSY 2D NMR spectrum of a HPLC fraction of crude adult male

Lychas variatus venom containing Lvarl. Vertical orange lines represent peak interactions in the amide

region (top-left), and blue lines represent interactions between the protons in the proline (top-right).
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Supplementary Materials 3.2 TOCSY 2D NMR spectrum of a HPLC fraction of crude adult male
Lychas variatus venom containing Lvar2. Vertical orange lines represent peak interactions in the amide

region (top-left), and blue lines represent interactions between the protons in the proline (top-right).
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Supplementary Materials 3.3 TOCSY 2D NMR spectrum of a HPLC fraction of crude adult male

Lychas variatus venom containing Lvar3. Vertical orange lines represent peak interactions in the amide

region (top-left), and for valine 1 (top-right). Blue and red lines represent interactions between the

protons in proline 3 and proline 5 respectively (top-right). Not all proline peaks are labelled for

simplicity.
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Supplementary Materials 3.4 Reversed-phase high performance liquid chromatography (RP-HPLC)
chromatogram showing coelution of synthetic and native Lvarl (Agilent Eclipse Plus Cis, 100 x 4.6 mm,
3.5 um; 1ImL/min flowrate; solvent A H,0/0.05% TFA, solvent B 90% ACN/H,0/0.045% TFA; gradient
solvent B (0-8% B 0-8 min; 8-14% B 8-32 min; 14-0% B 32-35 min), absorbance at 214 nm). Native

Lvarl is plotted in pink, synthetic in blue, and the coelution in yellow.
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Supplementary Materials 3. 5 Reversed-phase high performance liquid chromatography (RP-HPLC)
chromatogram showing coelution of synthetic and native Lvar3 (Agilent Eclipse Plus Cis, 100 x 4.6 mm,
3.5 um; 1ImL/min flowrate; solvent A H,0/0.05% TFA, solvent B 90% ACN/H,0/0.045% TFA; gradient
solvent B (0-20% B 0-20 min; 20-30% B 20-60 min; 30-90% B 60-62 min; 90% B 62-67 min; 90-0% B 67-
70 min), absorbance at 214 nm). Native Lvar3 is plotted in pink, synthetic in blue, and the coelution in

yellow.
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4.1. Abstract

Despite scorpion stings posing a significant public health issue in particular regions of the
world, certain aspects of scorpion venom chemistry remain poorly described. Although there has
been extensive research into the identity and activity of scorpion venom peptides, non-peptide small
molecules present in the venom have received comparatively little attention. Small molecules can
have important functions within venoms; for example, in some spider species the main toxic
components of the venom are acylpolyamines. Other molecules can have auxiliary effects that
facilitate envenomation, such as purines with hypotensive properties utilised by snakes. In this
study, we investigated some non-peptide small molecule constituents of Hormurus waigiensis
venom using LC/MS, reversed-phase HPLC, and NMR spectroscopy. We identified adenosine,
adenosine monophosphate (AMP), and citric acid within the venom, with low quantities of the
amino acids glutamic acid and aspartic acid also being present. Purine nucleosides such as adenosine
play important auxiliary functions in snake venoms when injected alongside other venom toxins, and
they may have a similar role within H. waigiensis venom. Further research on these and other small
molecules in scorpion venoms may elucidate their roles in prey capture and predator defence, and
gaining a greater understanding of how scorpion venom components act in combination could allow

for the development of improved first aid.
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4.2. Introduction

Scorpion envenomation poses a significant public health issue in certain areas of the world,
particularly in northern Saharan Africa, South and East Africa, the Near- and Middle-East, southern
India, Mexico, Brazil, and within the Amazonian basin (Chippaux and Goyffon, 2008). Although the
effects of scorpion venom can be severe when injected by a scorpion, individual venom components
can have a wide range of positive applications in medicine when administered in a controlled way
(Ahmadi et al., 2020). Past research into scorpion venoms has primarily focused on peptide
constituents, as these molecules display the greatest diversity within the venom, are often
responsible for the greatest toxic effects, and have the largest potential for development of
therapeutics or bioinsecticides (Possani et al., 1999;King, 2011;Smith et al., 2013a;0rtiz et al., 2015).
However, scorpions possess complex venom containing a mixture of proteins, peptides, small
molecules, and salts (Inceoglu et al., 2003). Whilst non-peptide small molecules are often reported
to be present within scorpion venom, and despite being known to play important roles in the venom
of different taxa (Aird, 2002;Daly and Wilson, 2018;Villar-Briones and Aird, 2018), the identities and
functions of small molecules in scorpion venom remain poorly described. Identifying the small
molecules present in scorpion venoms may allow a greater understanding of how scorpion venoms
function, have evolved, and may help improve treatment of stings. Additionally, certain venom-
derived small molecules may have applications as therapeutics (Wilson et al., 2017). At present, only
a very small number of non-peptide small molecules (<1 kDa) have been confidently characterised
from scorpion venoms, including an alkaloid described from Megacormus gertschi (Banerjee et al.,
2018), two 1,4-benzoquinone derivatives from Diplocentrus melici (Carcamo-Noriega et al., 2019),
adenosine from Heterometrus laoticus (Thien et al., 2017;Tran et al., 2017), and citric acid from
Centruroides sculpturatus (Fenton et al., 1995). Other published material identified the presence of
spermidine in the venom of Palamneus phipsoni (Heterometrus phipsoni) (Arjunwadkar and Reddy,
1983;Francke, 2019), and 5-hydroxytryptamine (serotonin) in Leiurus quinquestriatus and Buthotus
minax (Hottentotta minax) (Adam and Weiss, 1959;Francke, 2019); however, no definitive data were
collected, and therefore re-examination of these venoms with modern analytical techniques would
help to confirm their presence. Furthermore, free amino acids, nucleotides, lipids, amines,
heterocyclic compounds, and inorganic salts are reportedly present in scorpion venoms (Dai et al.,
2002;Luna-Ramirez et al., 2015;0rtiz et al., 2015), but their specific molecular compositions and

functions remain generally unknown.

Venomous organisms commonly possess low-molecular weight non-peptide molecules
within their venom (Daly and Wilson, 2018;Villar-Briones and Aird, 2018). The identities and

functions of the low-molecular weight non-peptide molecules found in different organisms may
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provide insights into those that may be found in scorpions. Spiders are one of the most closely
related groups of venomous organisms to scorpions, and are also one of the most widely studied
groups of venomous animals. Different spider species possess a large range of small molecules
within their venom, including acylpolyamines and polyamines (Skinner et al., 1990;McCormick and
Meinwald, 1993;ltagaki et al., 1997;Hisada et al., 1998;Palma and Nakajima, 2005;Wilson et al.,
2017); alkaloids (Cesar et al., 2005;Marques et al., 2005;Saidemberg et al., 2009); nucleosides,
nucleotides, and analogues (Chan et al., 1975;Savel-Niemann, 1989;Horni et al., 2001;Rodrigues et
al., 2004;Taggi et al., 2004;Schroeder et al., 2008); and free-amino acids (Schanbacher et al.,
1973;Savel-Niemann, 1989), alongside other molecules that have been subject to less intensive
study (Escoubas et al., 2000;Vassilevski et al., 2009;Kuhn-Nentwig et al., 2011). Given that scorpions
use their venom against similar predators and prey to spiders, the small molecules they possess may

be similar to those found in spiders.

Small molecules can act directly as toxins within venom, have facilitatory roles that increase
the overall toxicity or effectiveness of the venom, or alternatively have functional roles linked to the
maintenance of toxins within the venom gland (Yoshioka et al., 1992;0dell et al., 1999;Aird,
2002;Gomes et al., 2011). For example, polyamines in the venom of spiders in the genus Nephila are
sufficiently toxic towards insects to directly aid in the incapacitation of prey (Yoshioka et al., 1992).
Alternatively, nigriventrine from the Brazilian armed spider (Phoneutria nigriventer) can induce
convulsions in mammals, and therefore help the spider to defend against predators (Gomes et al.,
2011). Whilst such molecules directly contribute to venom toxicity when targeting prey or potential
predators, some small-molecule venom constituents do not induce a toxic effect when injected into
a target organism, but can still play an important role within venom by acting in conjunction with
toxins to facilitate envenomation or incapacitation of the target (Aird, 2002;2005). For example,
purine nucleosides such as adenosine, guanosine, and inosine are present within a wide range of
elapid and viperine snake venoms, and whilst these molecules generally have very low toxicity and
are naturally present within the target organism, injection of high concentrations alongside other
toxins can improve the overall effectiveness of the venom by facilitating envenomation and
incapacitation (Aird, 2002;2005). Aird (2002) explains that snake venom has three primary modes of
action against prey—immobilisation by hypotension, immobilisation by paralysis, and digestion—
and that the suite of small molecules injected have key roles in all three functions. As the body of
research investigating the small molecule constituents of snake venoms is expanding, there is
growing understanding that non-toxic small molecules can play important auxiliary roles within
venoms, and future research should aim to elucidate the complex interactions that occur during

envenomation (Villar-Briones and Aird, 2018). In addition to these functions as toxins or facilitators
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of toxins, small molecules can have functions within the venom gland associated with maintenance
and production of toxins. For example, citrate, which can inhibit the action of venom proteins within
the gland, may be in the venom to prevent self-harm (Francis et al., 1992;Fenton et al., 1995;0dell et
al., 1999). As scorpion venoms contain a suite of uncharacterised small molecules, it is possible that
some may induce toxicity directly, have auxiliary effects that increase overall venom toxicity, or have

functions associated with the production and storage of toxins.

In this study, we investigated some of the small molecule compositions of Australian
rainforest scorpion (Hormurus waigiensis) venom using reversed-phase high-performance liquid
chromatography (RP-HPLC), liquid chromatography/mass spectrometry (LC/MS), and nuclear
magnetic resonance (NMR) spectroscopy. H. waigiensis is a burrowing scorpion that is widely
distributed across Southeast Asia, the Pacific, New Guinea, and Australia (Koch, 1977). Within
Australia, it is found in tropical and sub-tropical forests along the eastern coast from northern New
South Wales to Cape York, with reports of populations also present in the Northern Territory and
Western Australia (Monod and Volschenk, 2004). Stings from this species are considered mild, with
the venom causing moderate pain and swelling (Isbister et al., 2004). Presently just one toxin, ¢-
liotoxin-Lw1la (¢-LITX-Lw1a), has been characterised from H. waigiensis (Smith et al., 2011;Smith et
al., 2013b). The toxin ¢-LITX-Lw1la was the first scorpion toxin reported to adopt a disulfide-directed
B-hairpin (DDH) structure and may provide a missing link explaining how the three-disulfide inhibitor
cystine knot (ICK) motif has evolved in scorpions (Smith et al., 2011;Smith et al., 2013b). The
remaining constituents of H. waigiensis venom have not been characterised. Scorpion venom
research has historically been skewed towards medically significant species, all of which belong to
the family Buthidae (Santos et al., 2016). H. waigiensis is a member of the family Hormuridae, which
has been subject to far fewer investigations by toxinologists. Given the structural novelty of ¢-LITX-
Lwla, H. waigiensis venom may contain other molecules with significant structural differences to

those present in more thoroughly studied Buthid venoms.

4.3. Materials and Methods

4.3.1. Scorpion Collection

Scorpions were collected from rainforest sites in the vicinity of Kuranda (QLD, Australia), and
kept on the premises of Minibeast Wildlife, Kuranda. The scorpions were housed in plastic food
containers with substrate and a piece of bark, and kept at ambient temperature. Prior to milking,

individuals had been maintained in captivity for less than one year.
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4.3.2. Venom Extraction and Purification

Venom samples were collected from H. waigiensis using a square-wave stimulator (Arthur H.
T. Thomas Co. Scientific Apparatus, Philadelphia, PA, USA) to electrostimulate the venom gland at
25V DC, 0.5 ms pulse duration, at a frequency of 1 pulse/sec. The samples were pooled into 20 pL of
MilliQ water and stored at —20 °C. Pooled samples collected on two separate dates were further
pooled prior to analysis. A further five scorpions (two male and three female) were milked and the

samples were stored separately in 30 pL of MilliQ water for LC/MS analysis.

Crude pooled venom was fractionated by reversed-phase HPLC (RP-HPLC) using a
Phenomenex Jupiter” C1s column (250 x 10 mm, 10 pm, 100 A; Phenomenex, Torrence, CA, USA).
Fractionation of the venom components was achieved using a linear gradient of two mobile phases:
H»,0/0.05% trifluoroacetic acid (TFA; Auspep, Tullamarine, VIC, Australia) (solvent A) and 90%
acetonitrile (ACN; Sigma-Aldrich, St. Louis, MO, USA)/H,0/0.045% TFA (solvent B). Separation used a
gradient of 0-60% solvent B in 120 min, 60—90% solvent B in 5 min, 90% solvent B for 10 min, and
90-0% solvent B in 5 min, at a flow rate of 3 mL/min. The venom component elution was monitored

at 214 nm and 280 nm, and 0.5 min fractions were collected.

4.3.3. Liquid Chromatography/Mass Spectrometry (LC/MS)

Five individual scorpion venom samples and serial dilutions of adenosine and adenosine
monophosphate (AMP) standards were analysed by liquid chromatography/mass spectrometry
(LC/MS) using a Shimadzu LCMS-2020 mass spectrometer coupled to a Shimadzu Prominence HPLC
system (Shimadzu, Japan) to allow quantitation of these molecules within the venom. A small
amount of pooled venom was also analysed by LC/MS to observe the composition and determine
the molecular weights of the molecules present. Then, 8 uL of the individually stored venom samples
were injected in triplicate, 5 uL of the adenosine and AMP serial dilutions were injected in triplicate,
and 10 pl of pooled venom (3 uL in 7 puL MilliQ water) was injected. The samples were injected via
an autosampler (Shimadzu SIL-20ACy7) onto a reversed-phase high-performance liquid
chromatography (HPLC) column (Phenomonex Aeris 3.6 um PEPTIDE XB-C18 100 A; Phenomenex,
Torrence, CA, USA) at 30 °C. Solvent delivery (solvent A: 0.1% formic acid (FA; Sigma-Aldrich, St.
Louis, MO, USA)/water; solvent B: 90% acetonitrile (ACN; OPTIMA LCMS grade, Thermo Fisher
Scientific, Scoresby, VIC, Australia)/0.09% formic acid/water) was via Shimadzu LC-20AD pumps at a
flow rate of 0.250 mL/min. Samples were eluted with a 1% gradient (0-60% solvent B, 60 min; 6090—
% solvent B, 5 min; 90% solvent B, 5 min; 90-0% solvent B, 5 min; 0% solvent B, 10 min), and the UV
absorbance was observed at 214 nm and 280 nm on a Shimadzu SPD-20A detector. Mass spectra

were collected in positive ion mode over a scan range of m/z 130-2000 and negative mode with a
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scan range of m/z 200-2000, with a detector voltage of 1.15 kV, nebulizing gas flow of 1.5 L/min, and
drying gas flow of 3.0 L/min. Data were collected and analysed using the Shimadzu LabSolutions
v5.96 software (Shimadzu, Japan). The 280 nm peak areas for the peaks containing adenosine and
AMP, both in the individual venom samples and serial dilutions, were exported and analysed further
in R version 3.6.1 (R Core Team, 2021). The peak areas for standard samples and venom samples run
in triplicate were averaged prior to further analysis. A linear model was fit to the serial dilution data
to produce a standard curve, which was used to predict the quantity of adenosine and AMP in the 8
uL injection of each venom sample. These quantities were then divided by eight and multiplied by
thirty to provide an estimate of the quantity contained within the whole venom samples. As the
crude venoms were suspended in 30 uL of water, the total volume would be slightly greater than 30
uL; therefore, we calculated a slight underestimate of the quantity of adenosine and AMP contained

within the venom.

4.3.4. Mass Spectrometry and NMR Analysis

NMR spectra were recorded at 290 K on a Bruker Avance Ill 600 MHz spectrometer (Bruker,
Billerica, MA, USA) equipped with a cryoprobe. Samples were dissolved in 90% H,0/10% D,0 (v/V)
(100 uM). D,0 (99.9%) was obtained from Cambridge Isotope Laboratories, Woburn, MA, USA, for
'H NMR measurements. Spectra were referenced to the water signal. Two-dimensional spectra
included TOCSY, NOESY, DQF-COSY, HSQC, HMBC, and HSQC-TOCSY. TOCSY and NOESY mixing times
of 80 ms and 500 ms, respectively, were used. Spectra were analysed using Topspin v3.6.1(Bruker,

Billerica, MA, USA).

High-resolution mass spectrometry (MS) was performed using a SCIEX TOF/TOF™ 5800
MALDI (SCIEX, Framingham, MA, USA) and a SCIEX TripleTOF 6600 (SCIEX, Framingham, MA, USA)
mass spectrometers. Matrix-assisted laser desorption ionisation mass spectrometry (MALDI-MS)
samples were spotted on 384-well stainless steel target plates using 0.5 pL of sample and 0.5 pL of
either a—cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich, St. Louis, MO, USA) matrix (7.5 mg/mL
in 50% ACN/0.1% TFA) or a 2,5-dihydroxybenzoic acid (DHB; Sigma-Aldrich, St. Louis, MO, USA)
matrix (10 mg/mL in 50% ethanol/0.1% TFA). Calibration was performed before spectra collection
for each sample using Calibration Mix Solution 2 (SCIEX, Framingham, MA, USA). Spectra were
acquired in reflector positive ion mode from m/z 200 to 400, and averaged over 2000 laser shots.
Tandem-MS (MS/MS) was performed in 1 kV positive ion mode with collision-induced dissociation
(CID) and averaged over 2000 shots. Samples were manually infused to the SCIEX TripleTOF 6600
mass spectrometer equipped with a DuoSpray lon Source using the syringe pump and a 1 mL 4.61

mm i.d. Hamilton syringe (Reno, NV, USA) at a flow rate of 5 uL/min. Data acquisition was performed
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with Analyst® TF 1.7.1 software (SCIEX, Framingham, MA, USA). Product ion mass spectra were
collected in positive ion mode with an accumulation time of 500 ms and a mass range of m/z 100 to
400. The source temperature was 470 °C, the curtain gas was set to 45 psi, the ion source gas 1 and
2 were set to 40 and 50 psi respectively, and the ion-spray voltage floating set to 4.9 kV. MS/MS
data were collected on manually selected product ions under the same conditions with an

accumulation time of 250 ms and a mass range of m/z 20 to 350.

4.4, Results

4.4.1. Venom Collection and Fractionation

Crude venom pooled from ~15 venom extractions of H. waigiensis scorpions was
fractionated using RP-HPLC with a Cis semi-preparative RP-HPLC column, and 30 sec fractions were
collected (see Figure 4.1). A small sample of the pooled venom (3 uL) was also subjected to liquid
chromatography/mass spectrometry (LC/MS) analysis, which provided a venom mass profile and

identified the presence of a number of small molecules in early eluting peaks.

4.4.2. NMR Analysis of RP-HPLC Fractions

Fractions collected from 5.5 to 23 min were analysed by one-dimensional *H NMR
spectroscopy to observe the presence of small molecules, typified by sharp peaks and an absence of
or minimal peaks in the amide region (see Figures 4.2-4.5). Fractions corresponding to the RP-HPLC
peaks highlighted in dark blue and red in Figure 4.1 appeared to be relatively clean and produced
good signal-to-noise ratios in the *H NMR spectra. Therefore, these fractions were selected for
further analysis by two-dimensional NMR spectroscopy and the structures were elucidated based on
correlations observed in the HMBC, HSQC, and COSY spectra. The dark blue peak highlighted in
Figure 4.1 represented 1.28% of the total peak area within the 214 nm RP-HPLC chromatogram and
was shown to contain glutamic acid and aspartic acid (see Figure 4.2). The red peak (Figure 4.1)
represented 7.68% of the total peak area within the 214 nm RP-HPLC chromatogram and contained
adenosine (see Figure 4.3). AMP (see Figure 4.4) was present within the light blue peak, which
represented 2.42% of the total peak area of the RP-HPLC chromatogram (Figure 4.1). Fractions
collected in the pink coloured region (Figure 4.1) contained citric acid, although as it does not have
an absorbance profile at 214 nm nor 280 nm, it was not observed in the RP-HPLC chromatogram and
was characterised based on NMR data (Figure 4.5). The green peak representing 0.33% of the total
peak area of the 214 nm RP-HPLC chromatogram (Figure 4.1) contained a molecule with a mass 1 Da

greater than adenosine, suggesting it may be inosine; however, we were unable to confirm its
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identity due to its low abundance and coelution with adenosine. A molecule was also observed with
the mass of inosine monophosphate (IMP); however, low abundance and coelution with AMP on the

RP-HPLC system prevented us from confirming its identity.

4.4.3. High-Resolution Mass Spectrometry

High-resolution mass spectrometry data collected using a SCIEX TripleTOF 6600 (SCIEX,
Framingham, MA, USA) and SCIEX TOF/TOF™ 5800 MALDI (SCIEX, Framingham, MA, USA) were
consistent with and confirmed the elucidated structures. For the dark blue peak fraction, [M + H]*
ions were observed at m/z 148.0350 and m/z 134.0187, confirming the presence of glutamic acid
(147.053158 Da) and aspartic acid (133.037508 Da). For the red peak fraction, a [M + H]* ion was
observed at m/z 268.0783, confirming the presence of adenosine (267.096741 Da). Using a
precursor ion of m/z 268.1, the red peak fraction showed a strong ion at m/z 136.0827
corresponding to adenine following fragmentation and cleavage of the ribose. For the light blue
peak fraction, an [M + H]* ion was observed at m/z 348.0649, confirming the presence of AMP
(347.063084 Da). Using a precursor ion of m/z 348.06 on this fraction showed an ion at m/z

136.1006, which also corresponded to adenine following fragmentation and cleavage of the ribose.

4.4.4. Adenosine Quantitation by LC/MS

Five adult scorpions were milked individually to estimate the quantities of adenosine and
AMP contained within the total venom by comparing the LC/MS 280 nm absorbance peak areas
against those of a serial dilution of standards run under identical chemical conditions. All five
scorpion venoms contained adenosine. Quantities of approximately 4.462 ug and 2.448 ug were
present within the two male venoms; and 4.555 ug, 2.016 ug, and 5.808 ug were present within the
female venoms. The abundance of AMP displayed greater variation between individuals and was
absent from two of the female scorpions at detectable levels. The estimated quantity of AMP within
the whole venoms of the two males were 0.682 ug and 2.778 ug, while the single female venom
contained 0.318 pg. It is important to note that these values are slight underestimates of the true
guantity contained within the venom gland. By comparing the volumes of venom collected in the
pipette tip against set volumes of water, we estimated that each scorpion produced between 1.5 L
and 3.5 pL during milking, and therefore an average milking contained roughly 2.5 uL of venom. This
indicates that the values calculated from 30 ulL of the sample are slight underestimates of the true

total, but this variation is small in comparison to the large differences observed between individuals.



115

3000 r100
3000

2000

80

-
o
o
o

2000

Absorbance,,, = (mAU)

-]
o

0 5 10 15 20 [
Time (min)

% Solvent B

Absorbance,,, (mAU)
3

1000

20

Time (min)

Figure4.1 Reversed-phase high performance liquid chromatography (RP-HPLC) chromatogram
of pooled crude Hormurus waigiensis venom (Phenomenex Jupiter® Cig column; 250 x 10 mm, 10 um,
100 A; 3 mL/min flow rate; solvent A H,0/0.05% TFA, solvent B 90% ACN/H,0/0.045% TFA; 0-60%
solvent B in 120 min, 60-90% solvent B in 5 min, 90% solvent B for 10 min, and 90-0% solvent B in 5
min; absorbance at 214 nm). The inset shows an expanded view of the highlighted area in the full
chromatogram. The fractions of interest and corresponding peaks in the chromatogram are
highlighted in dark blue (glutamic acid and aspartic acid), red (adenosine), and light blue (adenosine
monophosphate), respectively. The pink section shows the fractions containing citric acid. The fraction

highlighted in green is likely to be inosine. The dashed line shows the solvent B gradient.
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Figure 4. 2 Chemical structure and 1D NMR spectrum of a fraction from Hormurus waigiensis
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Figure 4.5 Chemical structure and 1D NMR spectrum of a fraction from Hormurus waigiensis

venom containing citric acid. The assignments were derived based on one-dimensional NMR spectra

of a citric acid standard.
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4.5. Discussion

Adenosine, AMP, citric acid, glutamic acid, and aspartic acid were all found to be present
within the venom of H. waigiensis. Molecules were also observed with masses corresponding to
inosine and IMP; however, we were unable to confirm their identity due to low abundances and

coelution with adenosine and AMP, respectively.

4.5.1. Adenosine

Adenosine has been previously identified within the venom of the scorpion Heterometrus
laoticus (Thien et al., 2017;Tran et al., 2017), and is a known constituent of other arthropod venoms,
including those belonging to the spiders Haplopelma lividum and Latrodectus menavodi (Horni et al.,
2001;Moore et al., 2009), the wasp Cyphononyx dorsalis (Konno et al., 2001), and the ant
Pseudomyrmex triplarinus (Hink et al., 1989). Inosine was also found to be present within the venom
of L. menavodi (Horni et al., 2001) and other spider species, including Parawixia bistriata (Rodrigues
et al., 2004), Cyriopagopus hainanus (Selenocosmia huwena) (Yimin et al., 1995), Loxosceles reclusa
(Geren et al., 1975), and six more species (venoMS). Purine nucleosides such as adenosine and
inosine are common constituents of elapid and viperine snake venoms and are thought to play
important accessory roles in helping snakes envenomate and incapacitate their prey (Aird,
2002;2005;Laustsen, 2016;Villar-Briones and Aird, 2018). Adenosine has a wide range of
physiological effects in mammalian targets, including inducing vasodilation, causing increased
vascular permeability, increasing blood coagulation time, and inhibiting neurotransmitter release
(Aird, 2002;Thien et al., 2017). The effects of inosine are not so well understood, but it is also known
to increase vascular permeability and induce hypotension through selective binding with mast cell A;
receptors (Tilley et al., 2000), as well as having vasodilatory properties (Juhasz-Nagy and Aviado,
1977); reviewed in (Aird, 2002)). Aird (2002) provides an overview of the large body of literature
studying the physiological effects of adenosine and inosine in mammalian targets, and summarises
how these properties may translate to a functional role within a venom. For example, by inducing
vasodilation and increasing vascular permeability venomous organisms may improve their systemic

envenomation of the target (Aird, 2002;2005;Laustsen, 2016;Villar-Briones and Aird, 2018).

Whilst the effects of adenosine and inosine in mammalian targets are relatively well
understood, scorpions do not solely utilise their venom to defend against mammals (Evans et al.,
2019). Unlike elapid and viperid snakes, which frequently target vertebrates, scorpions
predominantly hunt invertebrates, although in certain environments they are known to take small
vertebrates such as blind snakes (McCormick and Polis, 1982). Whilst Aird (2002) discusses the role

of adenosine and inosine in snake venoms that target mammalian prey, it is unclear how closely this
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translates to scorpions aiming to incapacitate invertebrate prey. Purinoreceptors evolved at an early
date, and therefore structural similarities exist between the receptors that vertebrates and
invertebrates possess (Burnstock, 1996). It is, therefore, possible that adenosine will interact with
invertebrate and vertebrate purinoreceptors in similar ways (Burnstock, 1996;Aird, 2002), but
morphological differences between them may lead to different overall effects. For example, insects
and mammals have distinctly different circulatory systems, and therefore the hypotensive effects
induced by adenosine in mammals may not directly translate to an insect model. It is, however,
likely that other effects of adenosine, such as reducing the release of neurotransmitters, may be
more closely paralleled between insects and mammals (Aird, 2005). IMP induces delayed paralysis
when injected into termites, but it remains untested whether inosine would have the same effect
(Aird, 2005). Because H. waigiensis scorpions generally attack invertebrate prey but have to defend
themselves against vertebrates, their venom contains components effective specifically against
vertebrates and invertebrates, as well as components against both (Gangur et al., 2017). It is
currently unclear whether adenosine facilitates the envenomation and incapacitation of
invertebrate prey when injected alongside other venom components, or whether it is more heavily
involved in defence against vertebrates. It could also function within the venom to aid capture of
small vertebrate prey in environments with low invertebrate prey abundance (McCormick and Polis,

1982).

4.5.2. AMP

In addition to adenosine, we identified AMP within the venom of H. waigiensis. Similar to
adenosine, AMP has hypotensive properties, and therefore could act in a similar way to facilitate
envenomation in mammalian aggressors (McCormick and Polis, 1982). Aird (2005) found that only a
small number of snake venoms contained AMP compared with adenosine, but stated that the
presence of purine monophosphates within venoms is unsurprising due to the hypotensive effects
they share with free purines. We are unaware of previous reports of AMP, adenosine diphosphate
(ADP), or adenosine triphosphate (ATP) from scorpion venoms; however, they are present within
different tarantula venoms, including those belonging to H. lividum, Lasiodora sp., Aphonopelma sp.,
and Aphonopelma hentzi (Dugesiella hentzi and Eurypelma californicum) (Chan et al., 1975;Savel-
Niemann, 1989;Moore et al., 2009;Nentwig, 2012;Horta et al., 2013). Unlike adenosine, which binds
to P1 receptors, ADP and ATP bind to P2 receptors (Burnstock, 2007), with evidence suggesting that
they also have auxiliary roles alongside toxins within venom (Chan et al., 1975;Horta et al., 2013). As
with adenosine, ADP and AMP possess hypotensive properties and may fulfil a similar auxiliary
function within the venom (Aird, 2002;Horta et al., 2013). On the other hand, ATP is less vasodilatory

and can lead to hypertension (Gillespie, 1934;Aird, 2002), and therefore may function differently
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within the venom. However, Chan et al. (1975) showed that ATP works synergistically with the
specific toxins to increase toxicity towards mice. It is possible that adenosine and AMP may act in a
similar way to increase the overall toxicity of scorpion venom. To test this, future work could
perform a bioassay injecting adenosine and AMP alongside other venom toxins, looking for
synergistic or auxiliary effects. Of the five scorpions we tested, the whole venoms contained
between 2.016 pg and 5.808 pg of adenosine. Intravenous injection of much lower quantities (0.1
ug) in mice induced hypotension (Gillespie, 1934), while topically applied 10> M adenosine solution
increased vascular permeability in hamster cheek pouches (Gawlowski and Duran, 1986). This
suggests that it is likely that the quantity of adenosine contained within the venom is large enough

to elicit such effects at the site of injection.

4.5.3. Citric Acid/Citrate

Citric acid or citrate is a common constituent of venoms, present within spider, snake, bee,
wasp, ant, and scorpion venoms (Fenton et al., 1995;0dell et al., 1999;Kuhn-Nentwig et al., 2011). Its
presence within spider venoms is particularly well documented, having been recorded from at least
48 species belonging to 16 families (Kuhn-Nentwig et al., 2011). Despite the common occurrence of
citrate within venomes, its role is not fully understood, and it may serve multiple functions. One
proposed function of venom citrate is the inhibition of toxins within the venom gland, thereby
preventing self-harm (Francis et al., 1992). As citrate can act as a chelator and form strong
complexes with divalent metal ions such as Ca%*, Mg#, and Zn%, it can inhibit venom proteins that
are dependent on these metal ions (Francis et al., 1992). Citrate, therefore, inhibits venom proteins
such as calcium-ion-dependant phospholipase A, (PLA;) neurotoxins and myotoxins, as well as zinc-
ion-dependant venom metalloprotease haemorrhagic toxins (Odell et al., 1999;Kuhn-Nentwig et al.,
2011). For example, it has been demonstrated experimentally that honey bee (Apis mellifera) venom
PLA; is at least partially inhibited by citrate (Fenton et al., 1995), and that the citrate concentration
present within the fer-de-lance snake (Bothrops asper) venom is high enough to likely completely
inhibit PLA; and 5'-nucleotidase activity, whilst partially inhibiting (75%) phosphodiesterase activity
(Francis et al., 1992). Scorpion venoms can contain both PLA; proteins (Krayem and Gargouri, 2020)
and metalloproteases (Ortiz et al., 2014) within their venom; therefore, citrate may act as an
inhibitor of these toxins within the venom gland. One study found that dried Arizona bark scorpion
(Centruroides sculpturatus) venom contained 7.77 + 1.2% citrate, but the extent that citrate is
present in the venoms of different scorpion species remains unknown (Fenton et al., 1995). It is,
therefore, important to test more scorpion venoms for the presence of citrate, particularly those
well known to contain PLA; or metalloproteases, to identify if this is its primary function within

scorpion venom. Other proposed functions of citric acid within the venom gland include having
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direct antimicrobial effects or enhancing the effects of antimicrobial molecules (Lee et al.,
2001;Kuhn-Nentwig et al., 2011). Furthermore, it has been suggested that in spiders citric acid may
be present to counter cationic peptides and acylpolyamines within the venom gland (Kuhn-Nentwig
et al.,, 2011). At the time of writing no acylpolyamines have been characterised from scorpion
venoms, but cationic peptides are present (Moerman et al., 2002;Willems et al., 2002;Gao et al.,
2010). It is likely that citrate has multiple functions within the venom gland of scorpions, but
additionally it may have a role once injected into the target organism. An example of this has been
demonstrated with the cardiotoxin A3 (CTX A3) from the Taiwan cobra (Naja atra), where heparin-
sulphate-mediated cell retention of CTX A3 is citrate dependant (Lee et al., 2005). However, it is
currently unknown if citrate acts in conjunction with any scorpion toxins within an envenomated

organism.

4.5.4. Free Amino Acids

Free amino acids have been widely reported from snake venoms (Bieber, 1979;Villar-Briones
and Aird, 2018) and spider venoms (Schanbacher et al., 1973;Savel-Niemann, 1989;Kuhn-Nentwig et
al., 2004), but to our knowledge their possible functions within the venoms remain unknown. We
found aspartic acid and glutamic acid to be present within H. waigiensis venom, but these molecules
were only present in low abundance (Figure 4.1). The fraction containing glutamic acid and aspartic
acid contained other small molecules at lower abundance, indicated by the presence of extra peaks
within the NMR spectra (Figure 4.2), but we were unable to characterise these molecules. A cocktail
of amino acids is naturally found in body fluids and can be released from degrading cells, and these
molecules may not have a function contributing to the toxicity of the venom. However, if this was
the case we might expect to see a more diverse range of amino acids present within the venom. It is
possible that other amino acids are present within the venom of H. waigiensis and we were only
able to identify aspartic acid and glutamic acid as we were able to attain the cleanest NMR spectra
for these molecules, but the presence of these same amino acids in spider venoms suggests they
may have some specific function. In tarantulas, glutamic acid has been found in the venom of H.
lividum, and in two separate studies both aspartic acid and glutamic acid were identified from A.
hentzi (Schanbacher et al., 1973;Savel-Niemann, 1989). Furthermore, NMR screening has shown that
aspartic acid is found within the venom of the spider Pisaura mirabilis, while glutamic acid is a
common component of many different araneomorph spider venoms (Schroeder et al., 2008).
Glutamic acid, or the conjugate base glutamate, is an important neurotransmitter in the central
nervous system (Olive et al., 2019), and injection in certain parts of the body will likely disrupt the

nervous system. More work is required to explain the presence of these molecules in venom.
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4.6. Conclusions and Future Directions

Whilst scorpion venoms have been subject to intensive study, research has been heavily
skewed to focus on peptide venom constituents. Members of the family Buthidae have also been
subject to more intensive study than other scorpion families, as Buthidae contains all medically
significant species (Santos et al., 2016). H. waigiensis belongs to the family Hormuridae (Monod and
Prendini, 2015), which has received comparatively little attention from researchers. It may be that
members of this family and other neglected families also utilise small molecules within their venom
arsenals. To our knowledge, adenosine has previously been reported from just one other scorpion
species, H. laoticus, which belongs to the family Scorpionidae (Tran et al., 2017). Scorpions show
great toxin diversity between species, and the presence of adenosine in two scorpion species
belonging to different families suggests that it may be more commonly utilised by other species.
Furthermore, to our knowledge this study provides the first direct evidence of nucleotides (AMP)
and specific amino acids within a scorpion venom. Our investigation highlights that the small
molecules contained within H. waigiensis venom are similar to those found in other closely and
distantly related venomous organisms, suggesting that such molecules may have important
functions in the venoms of a wide range of organisms. Future work should aim to investigate the
extent that small molecules are utilised by different scorpion species, paying particular attention to
understudied families. Characterising the suite of small molecules within scorpion venoms will help
us gain a greater understanding of the biochemical mechanisms involved in scorpion envenomation.
This understanding may allow for the development of improved and optimised treatment of
scorpion envenomation, or allow facilitation or modulation of the action of developed scorpion-
venom-derived therapeutics and bioinsecticides. Furthermore, the abundance and diversity of small-
molecule venom constituents in different species of scorpions remains largely unstudied, and

uncharacterised bioactive molecules could have potential applications in pharmacology.
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Chapter 5. You Get What You Deserve: Effect of Threat Level and Repetitive Attacks on

the Defensive Stinging Behaviours of the Desert Scorpion (Urodacus yaschenkoi)

5.1. Abstract

Scorpions adapt their defensive behaviours in different contexts, which can allow them to
use their venom more efficiently and effectively. For example, they can ‘dry’ sting without injecting
venom. This can help avoid wasting venom, which requires both time and energy to replenish. |
studied the defensive behaviours of Urodacus yaschenkoi in response to a repeated attack sequence
under low- and high-threat (attack frequency) treatments. In response to each attack, | recorded if a
scorpion attempted to sting, if a dry sting was performed, and whether the venom appeared clear,
opalescent, or milky, which | assigned to a level of defensive investment. Under both threat
treatments defensive investment increased as the threat persisted. Defensive investment per sting
was greater in high- versus low-threat treatments and increased at a faster rate across the sting
sequence under high-threat. | additionally analysed all stings using liquid chromatography/mass
spectrometry (LC/MS) to test for compositional differences between venom that was visually clear,
opalescent, or milky. The analysis showed clear samples contained the fewest molecules, whilst
milky samples contained the most. The majority of molecules were shared between clear,
opalescent, and milky samples, but some were unique to each visual classification. A large number
were shared between clear/opalescent and opalescent/milky, which suggests a compositional
change from clear to milky. Finally, my analysis showed that clear samples contained the highest
proportions of small peptides 1000-2500 Da, whilst milky samples contained the highest proportions
of large peptides (>5000 Da). The lower proportion of large, energetically expensive, toxins in the
clear samples provides evidence that the initial clear venom secretions may have evolved as a cost-

reducing mechanism.
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5.2. Introduction

Many organisms participate in chemical warfare against their prey or predators by
producing toxins that act as poisons or venoms. Whilst poisons must typically contact or be ingested
by a predator, venoms are injected into either prey or potential predators (Wister, 2010;Casewell et
al., 2013;Nelsen et al., 2014b;Jared et al., 2021). Venom can often serve a dual function for an
animal, assisting in both prey-capture and defensive contexts. The use of venom can be considered
an extremely successful evolutionary trait, with ~15% of the currently described animal species
being venomous (Holford et al., 2018). Over 2500 of these species comprise scorpions (Rein, 2022),
which, having evolved over 400 million years ago, are one of the oldest venomous lineages (Dunlop
and Selden, 2009). Scorpions possess complex venom mixtures (de la Vega et al., 2010) and a highly
mobile and specialised stinging apparatus (van der Meijden et al., 2013;van der Meijden and
Kleinteich, 2017), which they frequently use against both prey and potential predators (Gangur et
al., 2018;Simone and Meijden, 2021).

There is a large amount of evidence to suggest that scorpions, like other venomous animals,
control expenditure of their venom when facing different prey and predators, optimising efficiency
of their venom use (Hayes et al., 2002;Cooper et al., 2015;Evans et al., 2019;Nelsen et al., 2020). This
often involves assessment of a potential prey or predator in each situation, to calculate the
appropriate response. For example, some scorpions have been observed to sting smaller, more
easily subdued prey items less frequently (Rein, 1993;Edmunds and Sibly, 2010), and a study on the
defensive behaviours of Parabuthus transvaalicus found they injected over twice the volume of
venom per sting in high versus low threat encounters (Nisani and Hayes, 2011). By controlling the
use of venom in different situations, scorpions can avoid wasting their venom unnecessarily. This is
advantageous, as the replenishment of venom toxins requires energy, but also time when the
scorpion could be left with reduced defences (Nisani et al., 2007;Nisani et al., 2012;Carcamo-Noriega
et al., 2019a). Metabolic costs of venom replenishment appear to be high in scorpions, with one
study on P. transvaalicus recording a 39% increase in metabolic rate during the first 72 h of venom

regeneration (Nisani et al., 2007).

Scorpions modulate their defensive behaviours on multiple levels, which allows them to vary
their level of defensive investment in different scenarios. Firstly, when encountering a potential
predator they can choose to act defensively or flee (Miller et al., 2016). If a defensive stance is taken,
they can deliver a ‘dry’ sting, which may scare off a potential threat without using venom (Nisani and
Hayes, 2011;Lira et al., 2017;Rasko et al., 2018). When a venomous sting is performed, scorpions can

control the volume of venom they inject, which will affect their energetic investment (Nisani and
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Hayes, 2011;van der Meijden et al., 2015;Evans et al., 2019). An additional level of complexity arises
when considering how the volume injected affects the composition injected, as larger injections may
also include different types of molecules. It was first observed in Leiurus quinquestriatus that the
initial venom expelled is clear, and becomes opalescent as it is continued to be released, finally
turning milky and viscous (Yahel-Niv and Zlotkin, 1979). This visual change corresponded to changes
in both the composition and toxicity of the venom (Yahel-Niv and Zlotkin, 1979). An in-depth analysis
of P. transvaalicus venom found the initial clear secretion, ‘prevenom’, contained a six-fold lower
peptide/protein concentration, and a sixteen-fold higher concentration of potassium salt (K*) than
the milky secretion, whilst still effectively paralysing invertebrates and causing pain in vertebrates
(Inceoglu et al., 2003). As prevenom is likely sufficient for many interactions scorpions have with
their prey and predators, it has been proposed it may have evolved as a metabolically inexpensive
way for them to use their venom without committing to the use of their full, metabolically
expensive, toxin arsenal (Inceoglu et al., 2003;Nisani and Hayes, 2011;Nisani et al., 2012;Evans et al.,
2019). Although sequential changes from clear to milky have been observed in other species of
scorpion (Gopalakrishnakone et al., 1995;Abdel-Rahman et al., 2009;Lira et al., 2017;Evans et al.,
2019), only a small number of studies have examined chemical differences. One experiment with
Parabuthus leiosoma similarly found the first sting contained the lowest protein concentration and
fewest protein bands, and also documented large compositional variation throughout the series of
nine stings tested (Sarhan et al., 2012). Sequential changes in the visual characteristics of scorpion
venoms appear to be widespread across taxonomically distant species in different families
(Gopalakrishnakone et al., 1995;Abdel-Rahman et al., 2009;Lira et al., 2017;Evans et al., 2019), but it
is unknown if heterogenous venom compositions are ubiquitous in scorpions, and how comparisons

made in one species translate to others.

Studies on scorpion defensive behaviours support the notion that prevenom has evolved as
a cost reducing mechanism, and that scorpions vary their defensive investment based on levels of
threat (Nisani and Hayes, 2011;Lira et al., 2017). When faced with repetitive attacks under low- and
high-threat treatments, P. transvaalicus (Buthidae) produced milky venom earlier in the sting
sequence under high-threat (Nisani and Hayes, 2011). Similarly, a later study performed using the
same threat treatments found Tityus stigmurus (Buthidae) only produced milky venom under high-
threat, with only prevenom produced in the low-threat treatment (Lira et al., 2017). Whilst these
studies show that two species of buthid scorpions modulate the use of prevenom and milky venom
when faced with different defensive scenarios, it remains unknown if other species behave in a

similar way, particularly those in other families.
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The Australian desert scorpion Urodacus yaschenkoi (Scorpiones: Urodacidae) is a large and
robust species, with a widespread distribution in arid regions of Australia (Koch, 1977;Shorthouse
and Marples, 1982). Although the venoms of many Australian scorpions are poorly described, U.
yaschenkoi venom has been subject to proteomic and transcriptomic analysis (Luna-Ramirez et al.,
2013;Luna-Ramirez et al., 2015); however, no comparison has been made between clear and milky
venom secretions. In this study | examined the defensive behaviours of U. yaschenkoi in response to
repetitive attacks in low- versus high-threat encounters. | tested defensive investment in response
to each attack, by documenting if a sting response was elicited, if a dry sting was performed or
venom was injected, and whether the venom appeared clear/opalescent/milky. Each sting was
collected, and individually analysed by liquid chromatography/mass spectrometry (LC/MS) to test for
differences in chemical complexity and composition associated with the three visual classifications

of the venom.

5.3. Methods

5.3.1. Scorpion Husbandry

Fourteen desert scorpions (U. yaschenkoi) were purchased from a commercial collector
(Thargomindah Man Productions (Varsity Lakes, QLD, Australia)). All scorpions were housed in
plastic containers (22 cm length x 14.5 cm width x 14.5 cm height) containing ~10 cm depth of
substrate (coco-fibre and sand mix) and kept in darkness inside a temperature-controlled room (25
°C). The scorpions were offered one adult cricket every 1-2 weeks, and uneaten prey were removed.

They were maintained under these conditions for eight months before trials began.

5.3.2. Defensive Stinging Trial

Scorpions were exposed to a sequence of six simulated attacks under either high- or low-
threat treatments, to elicit a defensive response. The ‘attacks’ were identical under high- and low-
threat conditions but were performed at a faster rate in the high-threat condition. Each scorpion
was randomly assigned into two groups at the beginning of the experiment, and in each trial half the
scorpions were exposed to each threat condition. A total of four trials were performed, so that each

scorpion experienced the two threat treatments twice.

Trials were performed mid-afternoon to late evening in a temperature-controlled room (25
°C). The room was kept in darkness, but a red light was used for illumination. Scorpions were
selected in a random order for each trial, gently removed from their container using a plastic cup,

placed into an empty plastic storage container arena (24 cm length x 21.5 cm width x 10.5 cm
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height), and left to acclimatise for 15 min. The scorpion was then subject to six ‘attacks’, simulated
by briefly touching/pressing a parafilm covered plastic cup held with forceps onto the dorsal
mesosoma. This ‘attack’ was kept constant across trials as touching different parts of a scorpion can
elicit different responses (Nelsen et al., 2020). Scorpions were exposed to high- and low-threat
treatments as described by (Nisani and Hayes, 2011), and thereafter used by (Lira et al., 2017). Half
of the scorpions were exposed to a ‘high-threat’ situation (each attack separated by 5 sec), and the
other half were exposed to ‘low-threat’ (attacks separated by 5 min). In most cases the attack
stimulus elicited a stinging response into the cup, and if venom was produced it was pipetted off the
parafilm and the inside of the cup, suspended in 10 pL of Type 1 water (T1W) water, and stored at -
20 °C. For each attack in the sequence, it was documented whether the scorpion attempted to
defensively sting the cup or not, and whether it was a dry sting or if venom was injected.
Additionally, when venom was expelled into the cup it was noted whether it appeared clear,
opalescent (slightly opaque white), or milky (very opaque white) in appearance. A small number of
stings were categorised as clear/opalescent or opalescent/milky when it was difficult to assign them

to a specific category, particularly in instances when a very small volume of venom was produced.

The second trial was performed 14 days after the first, which followed the exact same
method, with each scorpion experiencing the same threat treatment as in the first trial. After this,
the scorpions were then kept under normal husbandry conditions for 6 weeks, and the above
method repeated for each scorpion under the opposite threat conditions. Therefore, every scorpion
was exposed to both the low and high threat condition two times each across the four trials. The

only exception was three individuals that died between trials.

5.3.3. Liquid Chromatography/Mass Spectrometry (LC/MS)

To test for compositional differences between each sting, the collected samples were
analysed individually using liquid chromatography/mass spectrometry (LC/MS) with an Eksigent
ekspert nanoLC 415 system coupled to a SCIEX TripleTOF 6600 equipped with a DuoSpray lon Source
(SCIEX, Framingham, MA, USA). Due to the sensitivity of the instrument, and the large variation in
the amount of venom produced between each sting, | standardised the amount of venom injected
into the LC/MS. 1 pL of the samples were each diluted in 20 uL T1W, and 3 ulL of these mixtures
were injected into the LC/MS. Chromatography was performed with a Ciscolumn (Trajan ProteCol
C18 250 mm x 300 pm, 3um, 200 A), in an oven set at 40 °C. Solvent A used was: H,0/0.1% formic
acid (FA); and B: acetonitrile (ACN)/0.1% FA. Flow rate was set at 4 uL/min, with the following
solvent gradient: 0-1 min/3-3% B; 1-20 min/3-80% B; 20-27min/80-80% B; 27-28min/80-3% B; 28-35

min/3-3% B. TOF-MS was performed, and spectra collected in positive mode with an accumulation
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time of 250 ms and a scan range of 250-2000 m/z. The source temperature was set to 300 °C, the
ion-spray voltage floating field set to 5 kV, and the declustering potential set to 60 V. Curtain gas was
set at 30 psi, ion source gas 1 at 25 psi, and ion source gas 2 at 30 psi. Data acquisition was

performed with Analyst® TF 1.7.1 software (SCIEX, Framingham, MA, USA).

5.3.4. Data Processing/Analysis

5.3.4.1. Data selection

Prior to analysis, data were removed from sting sequences where the experimental
conditions had varied. For example, in three simulated attack sequences, the scorpions were able to
grab hold of the cup with their pedipalps and stung the cup repeatedly. Retrieving the cup from the
scorpion involved a tussle that would likely have been perceived as an extra threat, therefore the
data collected for these sequences were not included. However, the venom samples collected in
each sequence prior to the one where the scorpion grabbed the cup were included in the LC/MS
analysis. Additionally, in four attack sequences the scorpions missed the cup with one or more of
their stings (three scorpions missed one sting each, one missed two stings). The data for these
sequences were not included in the behavioural analysis, but the venom samples collected for the

other stings were analysed by LC/MS.

During the experiment, three of the fourteen scorpions died between trials, two of which
succumbed in the six-week gap between trial two and three. These animals appeared to behave
normally in trials prior to their death, therefore the data collected in the first two trials were
included. The third scorpion died between trial three and four, but it was noted in trial three that its
behaviour was sluggish — atypical of U. yaschenkoi which usually acts defensively in an alert and
twitchy fashion. This scorpion also had only produced clear stings in the first two trials, and it was
therefore deemed that this scorpion may have been affected by illness, and the data collected for

this scorpion was therefore not included in any of the behavioural analysis.

5.3.4.2. Behavioural analysis

All statistical analyses were performed in R version 4.0.5 (R Core Team, 2021). The defensive
behaviours observed were each assigned a value as a measure of defensive ‘investment’. Defensive
investment was assigned based on previous work in other scorpion species that showed milky
venom contains a higher concentration of peptides/proteins than clear venom, and therefore likely
require greater investment of energy and time to replenish (Inceoglu et al., 2003;Nisani et al., 2012).
The following values of defensive investment were assigned to each behaviour: no attempt to sting =

0, dry sting = 1, sting with clear venom = 2, sting with opalescent venom = 3, and sting with milky
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venom = 4. Samples that were recorded as clear/opalescent or opalescent/milky were assigned
values of 2.5 and 3.5 respectively. As each scorpion was tested twice under each threat condition,
the defensive investment in response to each attack in the sequence for each scorpion under the
two threat levels was averaged across the trials. For scorpions with viable data collected in only one
attack sequence, the single values were used. Defensive investment was then analysed using a
general linear mixed model (LMM) with the Ime4 R package (Bates et al., 2015), to test the effect of
attack sequence as a continuous fixed effect, and threat level as a categorical fixed effect, on
defensive investment. Scorpion identity was incorporated into the model as a random factor with a
random intercept. | additionally tested for non-linear responses by incorporating polynomial
variables into the model, and the model that best fit the data was selected by comparing Akaike

information criterion (AIC) values.

5.3.4.3. LC/MS analysis

LC/MS data was processed using the LCMS peptide reconstruct function in the Bio Tool Kit
package for PeakView 2.2.0 software (SCIEX, Framingham, MA, USA). This tool was used to automate
mass lists for each sample based on the following parameters: Retention time = 5-22 min,
approximate peak width = 15 sec, minimum intensity (counts) = 5, mass tolerance = 0.1 Da, and
maximum charge = 10. The generated mass lists were then output for analysis in R (R Core Team,

2021).

The auto-generated mass lists frequently contained duplicates of molecules with the
same/similar mass. Additionally, many were present with one mass unit difference where the
automation had also picked isotope peaks to reconstruct the parent mass. | worked under the
assumption that molecules with similar masses and retention times were the same, and therefore
processed each sample using an algorithm using a ‘for loop’ in R to remove duplicate molecules. This
algorithm identified molecules within £1.5 Da of each other and eluted within a £30 sec retention
time window. When these conditions were fulfilled, the mean of the two masses was calculated, and
both values in the list reassigned as the mean of the two. Additionally, any values previously
averaged with the value being averaged were reassigned the new mean value. After this algorithm
had averaged all similar masses in the list and assigned them the mean values, exact replicates were
removed from the list. This code was executed on each sample independently to remove duplicates

of molecules in each mass list produced by the PeakView software.

The algorithm described above resulted in a mass list for each sample, which were then
combined to obtain a master mass list. As masses in the lists for each sample were similar but not

exactly the same as in other samples, another algorithm similar to the one described above was
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used to remove duplicates from the master list. The masses of molecules within a +1.5 Da and a +1
min retention time window were averaged, and the two values replaced with the mean. Any values
in the list previously averaged with the same mass were also assigned the new mean value. Exact
duplicates were removed from the list. As the master list contained many rows prior to the removal
of duplicates (>36000 molecules in all the lists combined) some molecules remained in the output
list with very similar masses and retention times. Repeating the same algorithm on the reduced list

further removed duplicated molecules and produced a list of 4821 masses.

The mass list of all molecules found across all samples was used to generate a 4821
(molecules) x 210 (samples) matrix describing the presence or absence of each molecule in each
sample. This was generated using another algorithm that read down the mass lists for each sample
and checked against the master list for molecules within £1.5 Da and 1 min retention time
windows. If these criteria were met, the molecule was considered present in the sample, otherwise
it was considered absent. This presence/absence matrix was finally subset by removing molecules
that were present in less than four samples, as these molecules were likely to be rare, in low
abundance, or possibly erroneously calculated/generated in the automation process. This final

matrix contained 1938 molecules.

The presence/absence matrix of molecules was analysed to test whether chemical
complexity was associated with the visual characteristics of the venom sample using general LMMs.
A model that included scorpion identity and trial as random effects with random intercepts was used
to directly test the effect of visual classification on the chemical complexity of the samples, and
pairwise Tukey tests performed to compare between groups using the multcomp R package
(Hothorn et al., 2008). Additionally, a LMM incorporating visual classification and sting number in
the sequence as fixed effects, and scorpion and trial as random effects was used to compare the
effects of visual classification of samples when attack sequence was accounted for in the model. |
additionally tested how chemical complexity per sting responded to repeated attacks and threat
level irrespective of its visual classification with a LMM that included sting number, threat level, and
sting number x threat level as fixed effects, and scorpion identity with a random intercept. Trial
number was not included as a random effect in this model, as the structure of the model became

too complex.

Compositional differences associated with clear, opalescent and milky samples were
visualised using Venn diagrams created with the VennDiagram R package (Chen and Boutros, 2011).
Finally, | compared the relative abundance of molecules in different size classes between clear,

opalescent, and milky venoms. Samples that were found to contain zero molecules (n = 2) were not
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included in the analysis. Molecules were split into molecular weight bins <1000 Da, 1000-2500 Da,
2500-5000 Da, 5000-8500 Da, and >8500 Da. These bins were selected based on molecular weight
groups that loosely correspond to known families of scorpion toxins. <1000 Da would mostly contain
small molecules and small linear peptides (Shalabi et al., 2004;Banerjee et al., 2018;Carcamo-
Noriega et al., 2019b;Evans et al., 2020), 1000-2500 Da would include non-disulfide bonded peptides
(Zeng et al., 2005;Almaaytah and Albalas, 2014), 2500-5000 Da would represent short-chain toxins
(Possani et al., 2000;de la Vega and Possani, 2004), 5000-9000 Da would largely represent long-chain
toxins (de la Vega and Possani, 2005), and >9000 Da would contain all larger peptides/proteins
(Luna-Ramirez et al., 2013;Delgado-Prudencio et al., 2022). Visualisation of data was performed

using the ggplot2 R package (Wickham, 2016).

5.4, Results

5.4.1. Defensive Investment

The level of defensive investment exhibited by U. yaschenkoi, as measured using sting
responses, dry sting rates, and the visual representation of the venom samples, increased with
repeated attacks (Figure 5.1). Defensive investment was higher in response to each attack under the
high-threat treatment, and additionally increased at a faster rate across the attack sequence when
compared against the low-threat treatment (Figure 5.1). A LMM testing the effect of attack number,
threat level, and attack number x threat level showed that attack number described significant
variation in the mean defensive investment (F1,122.0s = 96.4433, p < 0.0001), increasing as the attack
sequence progressed (Figure 5.1). Threat level did not describe significant variation in the model (F;,
122.86 = 0.3125, p = 0.5772), but defensive investment was significantly described by the interaction of
attack number x threat level (Fy, 122.0s = 7.9005, p = 0.0058), showing that as sting sequence
progressed, the defensive investment increased at a faster rate in the high threat treatment (Figure
5.1). Under both high and low threat, the mean investment in response to each attack appeared to
respond in a curvilinear fashion when plotted, plateauing in the later stings (Figure 5.1). Addition of
a quadratic term (sting?) to a LMM to test if investment responded in a non-linear fashion showed
the curvilinear model had a higher AIC value than models with only linear terms, suggesting it is a

less-good fit of the data.
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Figure 5.1 Mean defensive response of Urodacus yaschenkoi per simulated ‘attack’ in the

sequence (n = 6) under low- and high-threat (attack frequency) treatments. The level of defensive
response assigned to each behaviour was as follows: no sting = 0; dry sting = 1; clear venom = 2;
clear/opalescent venom = 2.5; opalescent venom = 3, opalescent/milky venom = 3.5; milky venom =
4. In the high-threat treatment attacks were separated by 5 sec, and under the low-threat treatment
the interval was 5 min. Data collected under the high-threat condition is plotted in pink, and low-
threat in blue. The plotted lines represent a linear mixed model incorporating threat condition, sting
number, and their interaction as fixed effects, and scorpion identity as a random effect. Error bars

represent the standard error of the mean.



141

5.4.2. Chemical Complexity

LC/MS analysis showed the mean number of molecules (chemical complexity) per individual
sting sample increased from clear, to opalescent, to milky venom (Figure 5.2). Variation in mean
chemical complexity was significantly described by the visual classification (LMM: Fs, 19067 = 30.932, p
< 0.0001), and pairwise Tukey tests identified significant differences between both clear and
opalescent samples (z=6.612, p < 0.001), and opalescent and milky samples (z=5.392, p < 0.001).
As visual classification was correlated with number in the attack sequence, it was not incorporated
in the previous model, but a second model was fit that included visual classification to identify any
effects on chemical composition that were not correlated with changes in the visual characteristics
of the venom. In this case, chemical complexity was significantly associated with visual classification
(Fa, 18757 = 5.3730, p = 0.0004), whilst sting number did not describe significant variation in the model
(F1,187.74 = 0.0188, p = 0.8911), and neither did their interaction (Fs, 1s7.70 = 1.2092, p = 0.3083),

suggesting that the visual representation of the venom was representative of chemical complexity.

When considering changes in chemical composition over repeated stings, sting order
described a significant amount of variation in chemical complexity (F1, 15053 = 26.9611, p < 0.0001),
whilst threat level did not (F11s7.96 = 0.3534, p = 0.5529), but the interaction of sting number x threat
level was significant (F1, 18727 = 4.7823, p = 0.0300). As the attack sequence progressed, the number
of molecules per sample increased at a steady rate in the high-threat treatment, whereas in the low-
threat treatment the mean chemical complexity per sting stayed relatively constant (and low) until

increasing at sting number five (Figure 5.3).



142

(0]
2 400
E B
©
w
@
Q- o
[2]
o 0 '
3 o
o 8
Q0
o °
£
c 200 - i
[}
Q
E ‘
0 J |
Clear Clear/ Opalescent Opalescent / Milky
Opalescent Milky
Visual classification of venom sample
Figure 5. 2 Box and whisker plot showing chemical complexity (total molecules) in each Urodacus

yaschenkoivenom sample associated for each visual classification of sample. The number of molecules
per sample is correlated with the visual classification, with chemical complexity increasing from clear-

opalescent-milky. Data points plotted represent outliers.
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Figure 5.3 Mean chemical complexity (total molecules) of Urodacus yaschenkoi venom samples

collected in response to each simulated ‘attack’ in the sequence (n = 6) under low- and high-threat
treatments. In the high-threat treatment attacks were separated by 5 sec, and under the low-threat
treatment the interval was 5 min. Data collected under the high-threat condition is plotted in pink,

and low-threat in blue. Error bars represent the standard error of the mean.
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5.4.3. Compositional Comparisons

The chemical composition between clear, opalescent, and milky venoms was described by
assessing the number of molecules shared between each visual classification, based on the
generated molecular weight lists. Most molecules (1189/1938) that were present in more than three
samples were shared across clear, opalescent, and milky samples (Figure 5.4). Only a small number
of molecules were unique to each visual classification; 22 molecules only appeared in clear samples,
28 were only in opalescent samples, and 14 were only documented in milky samples. Whilst the
number unique to each visual classification was relatively low, many molecules were shared
between only clear and opalescent samples (290 molecules), and only opalescent and milky samples
(313). Clear and milky samples shared 82 molecules that were absent in opalescent. Whilst milky
venom contained the most molecules per sample, opalescent venom contained the greatest
diversity of molecules across the samples. As most molecules in clear and milky samples were
additionally also detected in the opalescent samples, it suggests that a transitional change in venom
composition occurs from clear to milky. It also shows that although clear samples contained fewer
molecules on average, they contain components that were not detected in the complex milky
samples. In addition, this evaluation when combined with the result that clear venom samples
contain on average fewer molecules suggests that while a large number of different molecules can
be present in clear venom, the probability of observing each molecule in clear venom samples is

lower than in opalescent or milky samples.

Comparisons made between molecules present in more than five samples, and ten samples,
showed a similar pattern as described above, but with fewer molecules representing each group
(Supplementary Materials 5.1). This provides further support for the notion that opalescent venom

is a transitionary phase between clear and milky venoms and contains a mixture of both.
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Figure 5.4 Venn diagram of molecules shared between clear, opalescent, and milky Urodacus
yaschenkoi venom samples. Only molecules present in more than three samples were included in the
analysis, and only samples that were confidently assigned to clear, opalescent or milky (no interim
classifications e.g. clear/opalescent). The analysis identified a total of 1938 potential different
molecules present in more than three different samples, the majority of which (1189) were shared
across the different visual classifications. 22 molecules were only recorded from clear, 28 from
opalescent, and 14 from milky samples. 290 molecules were uniquely shared between clear and

opalescent, and 313 between opalescent and milky, and 82 between milky and clear samples.
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5.4.4. Toxin Families

| further examined differences between clear, opalescent, and milky samples, by visualising
the relative number of molecules in each venom sample belonging to different molecular weight
classes. Of the 208 venom samples, three were not included as they were found to contain zero
molecules in the previous analysis. As venoms changed from clear to milky, the largest relative
differences were observed in the proportion of molecules in the mass ranges 1000-2500 Da, 5000-
9000 Da, and > 9000 Da (Figure 5.5). Clear venoms contained the highest relative proportions of
molecules 1000-2500 Da, whilst milky venoms contained the highest proportions of larger peptides
>5000. Thus, milky venoms were typically characterised by having a higher relative preponderance

of larger peptides.
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Figure 5.5 Boxplot showing the proportion of molecules in different molecular weight classes
associated with the visual classification of Urodacus yaschenkoi venom samples. Molecules were
binned into size groups of <1000 Da, 1000-2500 Da, 2500-5000 Da, 5000-9000 Da, and >9000 Da. Milky
venoms contained the greatest proportions of molecules in the weight classes 5000-9000 and >9000
Da. Correspondingly, clear venoms contained the highest proportions of smaller peptides 1000-2500

Da.
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5.5. Discussion

U. yaschenkoi displayed an increased level of defensive investment (as measured by
attempted sting rate, dry sting rate, and whether expelled venom appeared clear, opalescent, or
milky) in response to persistent attacks by predators, independent of the rate of repeated attacks
(low- versus high-threat treatment). Defensive investment was overall higher in response to the
high-threat treatment, which simulated a more aggressive predator by repeating attacks more
rapidly. Additionally, under the high-threat treatment defensive investment in response to
successive attacks increased at a faster rate between attacks in the sequence than in low-threat
treatments (Figure 5.1). The best fit model described a linear increase of defensive investment as
the attack sequence progressed. However, if a longer attack sequence was tested, defensive
investment may not continue to increase in a linear fashion beyond six attacks as they would
presumably inject full venom complements when the stimulus is sufficiently intense and/or

prolonged.

A level of defensive 'investment’ was first assigned to the defensive responses based on
previous studies that have demonstrated in other species that clear venom is lower in protein
concentration than milky venom (Inceoglu et al., 2003;Sarhan et al., 2012). Clear venom is secreted
first, and is thought to be a metabolically ‘cheap’ mixture that can be used initially, allowing milky
secretions that likely require more energy and time to replenish to be saved for encounters with
prey or predators that require more venom (Inceoglu et al., 2003;Nisani and Hayes, 2011;Nisani et
al., 2012). This study contains the first comparison of clear versus milky U. yaschenkoi venom
composition and provides more evidence that prevenom, an injection of fewer molecules, has likely
evolved as a cost reducing mechanism in scorpions. Clear U. yaschenkoi samples contained the
fewest toxins per sample, and a lowest relative proportion of larger peptides (>5000 Da). The larger
chemical complexity and proportion of large, complex peptides >5000 Da in milky venoms suggests
that their replenishment will presumably require more time and energy (Nisani et al., 2012), and the

use of milky venom in defensive context will correlate to greater defensive investment.

The combination of these behavioural and chemical analyses shows U. yaschenkoi adapt
their defensive behaviours in response to aggressors, modulating their venom use in a way that
appears to allow them to avoid wasting their chemically complex milky venom when facing less
aggressive predators, and turn to its use when facing more frequent and persistent attackers. The
venom optimisation hypothesis proposes that animals will be frugal in their use of venom and avoid
using it in situations that do not necessitate its use, as only a limited quantity of venom can be

stored, and replenishment requires both energy and time (Hayes, 1995;Wigger et al., 2002;Pimenta
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et al., 2003;Hayes, 2008;Morgenstern and King, 2013;Nelsen et al., 2014a;Cooper et al., 2015). In
scorpions, the metabolic costs of venom production appear to be relatively high (Nisani et al., 2007),
and they can control expenditure of their venom via multiple behaviours when facing different prey
and predators (Cushing and Matherne, 1980;Rein, 1993;2003;Nisani and Hayes, 2011;Carlson et al.,
2014;Nisani and Hayes, 2015;Miller et al., 2016;Lira et al., 2017;Rasko et al., 2018;Evans et al.,
2019;de Albuquerque and de Araujo Lira, 2021). The results of my study provide the first evidence of
venom optimisation in U. yaschenkoi, as the early stings in the sequence were more chemically
simplistic, with complexity increasing as the attacks persisted. In addition, when the observed
defensive behaviours were assigned a value of defensive investment ranging from no sting response
(0) to milky venom injection (4), the overall defensive investment in response to each attack was
higher in response to both persistent and more frequent attacks. The lower defensive investment
associated with early defensive responses and low-intensity attacks suggests that U. yaschenkoi are

being frugal in their venom use when facing less-threatening aggressors.

The few studies that have thoroughly investigated how scorpions modulate their defensive
use of venom in response to different threats show contrasting results, suggesting different species
may respond to predation risk in different ways (Nisani and Hayes, 2011;Lira et al., 2017;Rasko et al.,
2018). Under high-threat experimental conditions, P. transvaalicus injected on average over twice as
much venom per sting, dry stung less frequently, and injected chemically complex milky venom
earlier in repetitive sting sequences when compared to low-threat treatments (Nisani and Hayes,
2011). This is indicative of an increased defensive investment in response to more intense and
persistent threats. Correspondingly, Lira et al. (2017) found that in high-threat experimental
conditions, T. serrulatus injected milky venom more frequently (low-threat conditions only elicited
clear venom expulsions), whilst no significant difference in the rate of dry stings was recorded
between the threat levels (Lira et al., 2017). My findings suggest U. yaschenkoi responds to threats
in similar ways to P. transvaalicus and T. serrulatus, by investing more heavily in its defences under
high threat, and in response to threat persistence. Similarly, behavioural studies specifically
investigating sting rates have shown Tityus pusillus responded to attacks performed at a faster rate
by stinging more often (de Albuquerque and de Araujo Lira, 2021), and Vaejovis carolinianus more
frequently performed stings as attacks were repeated (Nelsen et al., 2020). On the contrary, the
opposite was recorded in a study on Hadrurus arizonensis defensive behaviour (Rasko et al., 2018).
In response to a sequence of ten attacks, simulated by pressing a latex covered tube onto the
prosoma for 5 sec, H. arizonensis were found to dry sting more frequently, and inject lower volumes
of venom per sting as the attack sequence progressed (Rasko et al., 2018). The apparent reduction in

defensive investment may be due to fatigue, the simulated attack may not have been sufficiently
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vigorous/representative of a natural predation attempt, or the ineffectiveness of early stings may
prevent the scorpion from persisting in this means of defence (Rasko et al., 2018). Depletion of the
venom supply is unlikely to have been the explanatory factor, as it was found that on average the
scorpions only used 7.9% of their total venom supplies in each trial (Rasko et al., 2018). It would be
beneficial to know if the venom expelled was clear or milky, as the reduced volume of venom
produced in later stings may have been balanced with an increase in peptide/protein concentration.
The study by Rasko et al. (2018) highlights that much is still to be learnt about the defensive
behaviours of different scorpion species, and observations made in one species may not be

representative of others.

The chemical comparisons of clear versus milky U. yaschenkoi venoms made in this study are
the first of their kind in this species. Although successive visual changes from clear to milky have
been documented in the venoms of different scorpion species (Yahel-Niv and Zlotkin,
1979;Gopalakrishnakone et al., 1995;Inceoglu et al., 2003;Abdel-Rahman et al., 2009;Nisani and
Hayes, 2011;Lira et al., 2017;Evans et al., 2019), only a small number of studies have investigated
how visual changes correspond to chemical composition and toxicity (Yahel-Niv and Zlotkin,
1979;Inceoglu et al., 2003;Nisani et al., 2012;Sarhan et al., 2012). The most rigorous analyses of clear
and milky venom secretions have previously been performed in two members of the family
Buthidae: P. transvaalicus and P. leiosoma (Inceoglu et al., 2003;Sarhan et al., 2012). The organism in
the current study, U. yaschenkoi, is a member of the Urodacidae, distantly related to Parabuthus
spp., and to my knowledge this study is the first to assess the chemical composition of prevenom in
any urodacid scorpion species. The observed chemical simplicity and lower proportion of large
(>5000 Da) peptides in U. yaschenkoi prevenom appears to mirror the low protein concentration of
P. transvaalicus and P. leiosoma prevenom (Inceoglu et al., 2003;Sarhan et al., 2012), and given the
two species belong to different scorpion families, it is likely that chemically simplistic prevenom may
be widespread in scorpions. It is important to note, that as the same volume of each U. yaschenkoi
sample was analysed using LC/MS, and they were processed with the same parameters, the lower
chemical complexity observed in clear samples could also have arisen if the clear stings were

consistently lower in volume or peptide concentration.

Whilst the majority of molecules appeared in clear, opalescent and milky samples, a small
number were only recorded from each visual classification. Of the 1938 masses detected in the
analysis that were present in more than three samples, 22 were only present in clear samples, 28
only in opalescent, and 14 only in milky samples. Clear and opalescent samples shared 290 masses
that were absent in milky samples, whilst opalescent and milky samples shared 313 that were not

detected in the clear samples. As opalescent samples independently shared a large number of



150

molecules with both clear and milky it suggests that the opalescent venoms contained a mixture of
clear and milky venoms. Clear and milky samples contained 82 masses that were absent in
opalescent samples, a surprisingly large number if opalescent venom is a transitionary phase from
clear to milky. However, this analysis was run with a relaxed threshold that included all molecules
present in more than three samples. If a molecule present in low concentration was just detected in
four samples, it could be chance that it was only observed in clear and milky samples. Tightening the
threshold to compare only molecules present in over five and ten samples drastically reduced the
total molecules in each class, but the greatest number was still shared between clear/opalescent
and opalescent/milky (apart from those shared between all visual classifications)(Supplementary

Materials 5.1).

Overall, molecules in the mass groups 1000-2500 Da and 2500-5000 Da constituted the
largest proportion of U. yaschenkoi venom (Figure 5.5). This is similar to the observations of Luna-
Ramirez et al. (2013), who reported most molecules fell in the weight classes 1000-2000 Da and
4000-6000 Da. Comparison of clear, opalescent, and milky samples also revealed differences in the
relative proportions of molecules in different size classes which have not been examined in past
studies. Milky U. yaschenkoi venoms contained the highest proportion of large peptides (5000-9000
Da), followed by opalescent, with clear samples containing the lowest. Although the overall
proportion of molecules >9000 Da was low in all samples, they constituted a greater proportion of

milky samples than clear samples.

A total of 1938 molecules were identified in the analysis when incorporating all molecules
present in more than three samples, which is many more than the 274 identified in a past analysis of
U. yaschenkoi venom by Luna-Ramirez et al. (2013). The automated analysis of the LC/MS data may
have generated an overestimate of the true number of different molecules within the venom, as
some peaks automatically picked by the LC/MS software may correspond to adducts. Additionally,
some molecules may be duplicated where masses were additionally reconstructed from isotope
peaks of ions. Although | reduced the number of duplicated molecules in the mass lists by assuming
molecules with similar masses and retention times were the same, some may still be present if
molecules fell outside of the threshold for averaging (for example, if a molecule eluted over a long
period of time). Whilst the most complex sample contained 709 molecules, variation in the venom
composition of individual scorpions also likely contributed to the overall toxin diversity. When the
list of molecules was restricted to those present in over five, and over ten samples, the total number
fell to 1411 and 805 respectively. If the overall molecular weight lists generated do overestimate the
total number of different molecules present in the venom samples, it should not impact the

comparisons made between the samples, as all data was processed under the same method.
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5.6. Conclusions and Future Directions

U. yaschenkoi responded to predation risk in a similar way to past studies on P. transvaalicus
and T. serrulatus (Nisani and Hayes, 2011;Lira et al., 2017). The scorpions responded to repeated
attacks, and more frequent attacks, with greater levels of defensive investment; measured through
sting response rate, dry sting rate, and whether expelled venom appeared clear, opalescent, or
milky. LC/MS analysis of the venom revealed that the milky venom secretions were more complex
than the clear ‘prevenom’. Additionally, the milky samples contained a higher proportion of peptides
>5000 Da, which will likely require more energy and resources to replenish than smaller peptides
(Nisani et al., 2012). These results provide strong evidence that U. yaschenkoi control use of their
venom when facing different predators, saving their more ‘expensive’ milky venoms for situations

that necessitate its use.

The magnitude of the costs associated with venom use are very difficult to calculate
experimentally. Measuring changes in metabolic rate during venom regeneration provides insight
into the energetic costs of replenishment, though large differences have been observed in different
organisms (Nisani et al., 2007;Pintor et al., 2010;Smith et al., 2014). On the other hand, the fitness
costs associated with reduced ability to capture prey or defend against potential predators whilst
venom supplies are depleted are almost impossible to measure in natural settings. However, in
future studies, a potential avenue to examine venom costs could be to follow behavioural studies
such as this with starvation treatments applied to measure the additive effects of venom use and
starvation on mortality rates. For example, if future experiments are performed with similar
methods to these behavioural trials, following up with a starvation event would enable future

researchers to test if larger defensive investment had direct impacts on survivorship.
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5.7. Supplementary Materials

I
a) Clear Opalescent b) Clear Opalescent

698

Total = 1411 Milky Total = 805 Milky

Supplementary Materials 5. 1 Venn diagrams of the molecules shared between clear, opalescent,
and milky Urodacus yaschenkoi venom samples. a) Analysis included molecules present in more than
five samples, totalling 1411 molecules. b) Analysis included molecules present in more than ten

samples, totalling 805 molecules.
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Overall Summary and Future Directions

The experiments included in this thesis were performed to gain a greater overall
understanding of scorpion venom chemistry in neglected species/families, to further our knowledge
of less well-characterised molecular classes within scorpion venoms, and additionally reveal new
insights as to how scorpion venoms are shaped by ecological processes. Furthermore, scorpion
venoms possess several unique properties which are poorly described/understood, specifically the
role of venom in mating and the presence of chemically simplistic ‘prevenom’, and these topics were
both examined in Australian species. By combining ecological and behavioural studies with high-
resolution molecular analyses, the experiments undertaken add a new depth to past research. For
example, past analytical studies characterising small molecules frequently do not thoroughly discuss
how the observed activities could translate to a role within the whole venom in the context of prey
capture/predator deterrence, and additionally behavioural/ecological studies often do not attempt
to describe the underlying biochemical mechanisms at play. In each chapter of the thesis, |
attempted to bridge the gap between the fields of biochemistry and ecology, to gain the most

comprehensive understanding of the results of each individual experiment in a wider context.

Drivers of Venom Variation

There is still much to learn about the complex interaction of ecological and evolutionary
processes on venom variability, and the results reported in Chapter 2 reinforce this point. Though
scorpion venoms are well-known to display both geographic and intersexual variation (Omran and
McVean, 2000;Newton et al., 2007;Rodriguez-Ravelo et al., 2015;Miller et al., 2016;Carcamo-Noriega
et al., 2018), the effects of other factors that cause variation in other venomous taxa are not as well-
described in scorpions (Keegan et al., 1960;Andrade and Abe, 1999;Herzig et al., 2004;Nisani et al.,
2012;Santana et al., 2017;Duran et al., 2020;Sachkova et al., 2020). The results of Chapter 2
demonstrate that Lychas variatus show ontogenetic shifts in their venom compositions, both
relating to the presence of specific molecules at particular life stages, and changes in the relative
proportion of molecules in different molecular weight classes. Furthermore, the identification of
adult male-specific components exemplifies the complex nature of intraspecific variation, as
intersexual variation can be further affected by ontogeny. Much research currently being
undertaken on scorpion venoms is performed focussing on biodiscovery of molecules with useful
activities (Veiseh et al., 2007;King, 2011;0rtiz et al., 2015), and the results from this thesis
demonstrate that considering factors such as the age and sex of animals may significantly increase

the number of potential molecular candidates. Additionally, future examination of dangerously
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venomous species could identify if the most toxic components vary among the different life stages
or the sexes. Understanding the drivers of variation in medically important species may illuminate
avenues to improve medical treatment of sting victims, but also be useful to select optimal animals

used for antivenom production.

As the results of Chapter 2 show, it can be difficult to isolate and understand the
mechanisms promoting intraspecific venom variation, particularly without experimental
manipulation of individual factors to evaluate their effect, and especially when the interaction of
different factors may have unpredictable effects. Future work should aim to focus not only on ‘how’
scorpion venoms vary, but additionally ‘why’ they vary. For example, are differences observed
between populations due to local adaptation or genetic drift? Whilst | discuss why L. variatus may
show ontogenetic change in Chapter 2, for example due to a change in pressures associated with

prey or predators, future work is required to fully understand the processes driving ontogenetic

changes in scorpion venoms.

Sexual Stinging

Perhaps the least well-understood, and in my opinion most fascinating, aspect of venom
usage in scorpions relates to its involvement in mating: sexual stinging. Sexual stings vary between
species in their presence, duration, and location of the sting; suggesting that there are likely to be
differences in the underlying biochemical mechanisms in different species (Tallarovic et al.,
2000;Peretti and Carrera, 2005;Toscano-Gadea, 2010;0lguin-Pérez et al., 2021). Speculative
functions of sexual stings include subduing the female to prevent predation of the male, hormonal
modulation of the female, chemical signalling, voiding past mating events, or acting as an honest
indicator of male fitness (Inceoglu et al., 2003;Jiao and Zhu, 2010;Peretti, 2014;0lguin-Pérez et al.,
2021); however, the ‘true’ function has not been confirmed. A recent study showed for the first time
that the sexual stings of Megacormus gertschi involve venom transference, but it is still a mystery if
a specific set of molecules (e.g., prevenom) are injected, or a complete set of toxins (Olguin-Pérez et
al., 2021). Sexual dimorphism in the venom gland of a sexually stinging species, Euscorpius alpha,
suggests that prevenom may have a role in sexual stings (Sentenska et al., 2017), but future work is

necessary to support this idea.

The three novel peptides | labelled Lvarl, Lvar2, and Lvar3 isolated from L. variatus were
selected as candidates to possibly function in sexual stings as they were only observed in the venom
of adult males, were much smaller than most scorpion venom peptides, and were found to be

structurally more similar to neuropeptides (cell-signalling molecules) than known scorpion toxins.
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The lack of toxicity observed in both crickets and L. variatus females injected with the three
peptides, and the absence of activity observed on the Nay and Ky channels tested, suggest that they
may not be conventional toxins evolved for prey capture/defence. Whilst these peptides provide an
exciting lead into molecules with possible functions in sexual stinging, confirmation of this role
would require more information elucidating their molecular targets and activities. The three
peptides possess similar properties to neuropeptides, but they do not share similar sequences to
those characterised in past studies. If future research is performed aiming to isolate and investigate
if particular venom components have roles specifically associated with sexual stinging,

neuropeptide-like venom components are an avenue worth exploring.

Non-Proteinaceous Small Molecules

The small molecule components of scorpion venoms largely remain a mystery, but the
results presented in Chapter 4 represent a significant step forward in understanding the types of
small molecules that can be present in scorpion venoms. Prior to the publication of Chapter 4, very
few non-peptide small molecules had been described from the venom of any scorpion species.
These studies were performed across numerous species, and typically only identified few molecules
per species (Adam and Weiss, 1959;Arjunwadkar and Reddy, 1983;Fenton et al., 1995;Tran et al.,
2017;Banerjee et al., 2018;Carcamo-Noriega et al., 2019). Although organic small molecules are
frequently reported to be constituents of scorpion venoms (Ortiz et al., 2015;Ahmadi et al., 2020),
there is a distinct lack of published work attempting to identify what they are. It is likely that the
venoms of most scorpions contain small molecules, and researchers have simply not identified
them; but it is also possible that Hormurus waigiensis (the study organism in Chapter 4) and other
hormurid scorpions could contain more (or less) than members of other families. Since the
publication of Chapter 4, other studies have been published reinforcing the idea that small
molecules are likely important constituents of scorpion venoms. Analysis performed in Hottentotta
saulcyi showed that non-proteinaceous small molecules were abundant within the venom, and
specifically lipids constituted ~1.2% of the dry weight (Ghezellou et al., 2022). As future work is
performed characterising the non-peptide small molecules of scorpions, it will not only help
understand how venoms have evolved to act as combinational attacks on biological systems, but
also will provide another avenue for biodiscovery of novel molecules with useful activities. It remains
to be investigated if the few small molecules that have already been characterised provide a good
representation of the composition within other scorpion species, or if there is significant variation

occurring within the order Scorpiones. It is also possible that intraspecific variation, such as
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ontogenetic shifts discussed in Chapter 2, have further impacts on the presence and/or abundance
of small molecules in scorpion venoms. The small molecules identified in Chapter 4 were isolated
from a pooled sample containing the venom of multiple adult H. waigiensis, and future analysis of
individual venoms could identify if ontogenetic or intersexual differences occur in the

presence/abundance of these molecules.

Threat-Perception and Modulation of Venom Use

The results presented in Chapter 5 identify that the initial clear venom secretions
(prevenom) of Urodacus yaschenkoi is more chemically simplistic and contains a lower proportion of
large peptides (>5000 Da) than the subsequent opalescent and milky venom secretions. This finding
is very similar to comparisons made between clear and milky Parabuthus transvaalicus and
Parabuthus leiosoma venom (Inceoglu et al., 2003;Sarhan et al., 2012). It is surprising that, despite
being observed to occur in numerous scorpion species, few compositional comparisons have been
made between clear and milky scorpion venom secretions (Gopalakrishnakone et al., 1995;Inceoglu
et al., 2003;Abdel-Rahman et al., 2009;Lira et al., 2017;Evans et al., 2019). With modern LC/MS
techniques requiring very small quantities of venom, it would be relatively easy to assess prevenom
and venom in a wide range of species. A future assessment made across a taxonomically broad
range of species would make it evident if the prevenom of different species differs to the venom in a
general manor, or if each species has its own special differences. For species that have currently
been examined, prevenoms appear to be chemically simplistic yet still effective at targeting both
invertebrate and vertebrate systems (Inceoglu et al., 2003;Sarhan et al., 2012). This has led to the
idea that they may have evolved as a metabolically cheap mixture to use in low-threat encounters
with predators or against easily subdued prey (Inceoglu et al., 2003;Nisani and Hayes, 2011). Past
studies assessing the use of prevenom in defensive contexts and the results presented in Chapter 5
provide data to support this idea. The controlled use of prevenom versus venom in response to
different threats is perhaps the strongest evidence to point towards prevenom having evolved as a
method to avoid using more chemically complex venom unnecessarily; therefore, if future studies do
make compositional comparisons between prevenom and venom in new species, supporting these
analyses with behavioural studies assessing how these species use prevenom in different contexts

will be invaluable in confirming or contradicting prevenom’s proposed function.

Another approach for future studies would be to examine how certain factors, such as sex or
ontogeny, may affect threat perception and the use of prevenom versus venom. The size of

scorpion, either associated with ontogeny or sexual dimorphism, may affect the relative costs of
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venom use, and therefore could lead to different defensive strategies being adopted. The
experiments in Chapter 5 were performed on unsexed adult U. yaschenkoi, but past studies have
shown that there can be differences in the defensive behaviours of different sized (adult versus
juvenile) and sexed scorpions (Miller et al., 2016;Lira et al., 2020). Future studies could build upon
the results of Chapter 5 to now determine if juvenile U. yaschenkoi display different, or similar,
modulation of their venom in response to predators. Alternatively, as L. variatus show ontogenetic
variation in their venom composition (Chapter 2), it could be tested if they display ontogenetic
differences in their defensive behaviours associated with venom use. U. yaschenkoi was selected as
a study organism in Chapter 5 as the large volumes of venom it produces allowed for individual
stings to be analysed separately. However, as LC/MS instruments become increasingly sensitive, it

may be possible to evaluate single stings even in small scorpion species such as L. variatus.

Final Words

By applying behavioural, ecological, and evolutionary theories to chemical analyses of
venom it is possible to not only describe ‘how’ venom composition varies, but additionally gain
understanding of the processes driving this variation. For example, the reported geographic and
intersexual differences observed in numerous studies could arise in response to many different
factors as discussed in this thesis. Understanding these processes is not simply interesting from a
theoretical standpoint, but it can have direct impacts in clinical, commercial and research settings.
Whilst the experiments presented in this thesis fulfil the initial aim of filling knowledge gaps in
understudied aspects of scorpion venoms, plenty of new questions have arisen from the project.
Some questions are as simple as: how do the results translate to other species of scorpion? Whilst
others are more complex, such as: do neuropeptide-like molecules have roles in sexual stings? There
is ultimately still much to learn about many aspects of venom use in scorpions, but | hope that the
experiments presented in this thesis inspire future research to answer the new and remaining

questions.
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