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Abstract



Scorpionism is a global health concern with estimates of over 1 million annual
envenomation cases, resulting in over 3,000 deaths each year, mostly amongst children
below the age of 15 years old from rural communities in developing countries. Although all
scorpions are venomous, those responsible for severe envenomations represent less than 2%
(<50 taxa) of all known scorpion species. Little is known about the drivers of scorpion
venom potency. One widely held view is that smaller scorpions with less well-developed
chelae possess the most potent venoms. While this perception is often used as a guide for
medical intervention, it has yet to be tested in a formal comparative framework. Here we use
a phylogenetic comparative analysis of 36 scorpion species to test whether scorpion venom
potency, as measured using LDso, is related to scorpion body size and morphology. We find
a positive relationship between LDso and scorpion total length, supporting the perception
that smaller scorpions possess more potent venoms. We also found that, independent of body
size, scorpion species with long narrow chelae have higher venom potencies compared to
species with more robust chelae. These results not only support the general perception of
scorpion morphology and potency but also the presence of an ecology trade-off with
scorpions either selected for well-developed chelae or more potent venoms. Testing patterns
of venom variations in scorpions contributes to both our ecological understanding and our
ability to address the global health burden of scorpionism. We hope that our findings will
help nonexperts, including children, to identify medically significant scorpions occurring in
their vicinity, so a relevant treatment plan can be administered to the victim in case of

envenomation.



CHAPTER 1.

General Introduction.



1.1 — Scorpions

Extant scorpions (Chelicerata: Arachnida: Scorpiones) form a monophyletic clade of medium
to large (12 mm for Microtityus waeringi to 210mm for Hadogenes troglodytes) terrestrial
arthropods characterised by an elongated body divided into two tagmata: the prosoma, and the
opisthosoma. The opisthosoma is further divided into a mesosoma and the metasoma. The
prosoma bears a set of eight simple eyes (ocellis), and six pairs of appendages. From proximal
to distal, these are: 1) a pair of pincer-like three-segmented chelate chelicerae, involved in
tearing morcels of prey and bring them to the mouth; 2) a pair of large pincer-like pedipalps
involved in courtship, digging, prey acquisition and defence; and 3) four pairs of walking legs
of increasing length along the anterior to posterior axis. The mesosoma consists of seven
segments bearing ventrally four pairs of book lungs and spiracles, and a pair of broom-like
sensory organs, the pectines. The metasoma consists of an additional five articulated segments
and a distal venom-injecting apparatus, the telson. The latter contains a pair of venom glands
in the proximal vesicle, extending distally into a sharp needle-like appendage called the acuelus,
from which venom is secreted via a pair of subterminal openings in the cuticle connected to the
venom glands via two parallel cuticular ducts.

At present there are still many gaps in the knowledge of the systematic classification
of scorpions; however, there seems to be a broad pattern derived from published cladograms
that recognises an early diverging basal group, the Palacoscorpionina, a more derived lineage
Mesoscorpionina and a sister group known as Neoscorpiones (Howard, Edgecombe et al.
2019). Scorpions form the third most speciose order of arachnids and are arguably the only
extant arachnid lineage with a continuous fossil record dating back from the early Silurian, as
suggested by the recent discovery of the Palaeozoic scorpion Parioscorpio venator
(Llandovery, Telychian; c. 437.5-436.5 Ma) (Wendruff, Babcock et al. 2020). This
exceptionally preserved specimen may slightly predate Dolichophonus loudonensis (438.5—
433.4 Mya) and present a mixture of archaic and novel characters. Of their marine Eurypterid
ancestors, P. venator (as figure 1 (a)) retained several apomorphies, including the presence of
compound eyes, a higher number of mesosomal sternites compared to extant scorpions (seven
in Eurypterids and P. venator and five in extant scorpions), and pincer-like pedipalps. Unlike
Euryperid, P.venator possessed an articulated metasoma comprising five segment as in
modern scorpions, equipped with a distal telson. Although the venom glands and the aculeus

did not preserve, the typical vesicle-shaped telson suggest that P.venator possessed a

functional venom system. Mesoscorpions were large scorpions (300—700 mm in length)



which first appeared in the Devonian and seemed to persist into the Mesozoic (Howard,
Edgecombe et al. 2019). They were recognised as a distinct lineage by evidence of a more

derived coxo-sternal region with coxapophyses as exhibited by extant scorpions and showed

the first direct evidence for book lungs which is evident in the species Palaeoscorpius

devonicus as seen in figure 1(b) (409 - 403 Mya) (Kuehl, Bergmann et al. 2012).

Neoscorpions are divided into two clades, the Palaeosterni and Orthosterni. While

Orthosterni first appears in the Carboniferous and contains the scorpion crown group, Palaeosterni,
is restricted to the Carboniferous (Howard, Edgecombe et al. 2019).

Neoscorpions are characterized by the posterior location of the median eyes, the reduction of
lateral eye lenses, and the development of strong walking legs as in Uintascorpio halandrasorum

(53.5-48.5 Mya) seen in figure 1(c) and present-day scorpions.

Figure 1; Fossil record represented by three evolving scorpions groups; (a)
Palaeoscorpionina represented by the species Parioscorpio venator (b) Mesoscorpionina by
Palaeoscorpius devonicus and (c) Neoscorpiones represented by an extant species

Uintascorpio halandrasorum

The more recent taxonomy of scorpions can also be explored through the evolution of
mammal-specific toxins. During the Cenozoic Period approximately 700 million years ago, as
some reptile lineages go extinct and small burrowing mammals radiate, some scorpion taxa

evolved mammal-specific toxins as a defence mechanism against the increasing numbers of



predatory rodents with whom they compete for space and resources (Lourencgo and Velten 2021,
Barncard 2022).

Approximately 2,600 extant species of scorpions are currently distributed into 23
families present throughout temperate and tropical regions on all continents. Scorpions are most
diverse and abundant in hot, dry climates, including North Africa, Northern Mexico, and the
Middle East. Traditionally, scorpion taxonomy has been based on morphology, with little to no
input from genetic data. As a result, it is very likely that many cryptic species have yet to be
identified. The family Buthidae is the most speciose and widespread by far, currently
comprising 96 genera and 1297 species (approximately 50% of all known species). With the
notable exception of Hemiscorpius lepturus (Family Hemiscorpiidae) all most medically
significant scorpions belong to the family Buthidae.

Although all scorpions are venomous, only approximately 50 extant species have the
potential to seriously harm or kill human. Buthids that are most commonly associated with
medically important envenomations belong to the genera Androctonus, Buthus, and Leiurus in
North Africa and the Middle East; Centruroides and Tityus in the America; Mesobuthus in Asia

and Parabuthus in Sub-Saharan Africa (Quintero-Hernandez, Jiménez-Vargas et al. 2013).

1.2 — Scorpionism

Scorpionism is a major public health concern in many countries, especially in Central
America, South America, North Africa, the Middle East and in India (El Hidan, Touloun et
al. 2015). Scorpionism is defined by localised or systemic symptomatic manifestations
resulting from a scorpion sting (Desoubeaux, Leperlier et al. 2014). An estimated 1.2 million
scorpion stings occur globally every year, 3,250 of which result in death (Adawi, Adawi et al.
2016, El Khchine, Sriti et al. 2019). However, these figures do not include the suspected
undocumented cases of envenomation that occur particularly in rural areas; the exact figures
are most likely higher. According to Ward et al., (2018), the highest density of medically
significant scorpions is found in Iran, Saudi Arabia and Morocco in the Old World and
Mexico, Brazil and Venezuela in the New World. Iraq, Saudi Arabia and Jordan bear the
highest number of documented scorpion stings worldwide (Amr et al., 2021). Arguably,
severe scorpionism impacts disproportionally the most vulnerable populations, i.e. children
below the age of 15 years old, from poor, rural communities in specific geographical
hotspots, usually in developing nations. Contrary to Snakebite, scorpionism is not on the list
of the Neglected Tropical Diseases established by the World Health Organisation. As a result,

funding for further research, remediation plans and social outreach is not available. This is



critical, as these very same hotspots rarely possess the adequate medical infrastructures to
treat severe cases of scorpionism, provide antivenom serotherapy and the necessary live
support systems. In this context, further action to provide the pubic with accurate information
on scorpions their epidemiology is of the utmost relevance.

The severity of scorpion envenomation depends on several factors involving both the
scorpions themselves and the victim, including venom composition and the volume injected
(Santos, Silva et al. 2016). Scorpions have been shown to be able to control their venom
usage depending on the foreseeable threat (van der Meijden, Coelho et al. 2015). Moreover,
the volume of venom available to a scorpion will also depend on its recent usage as venom
glands can take between hours and weeks to replenish their venom stores after previous
encounters (Campolina Rebello Horta, Chatzaki et al. 2016). The victim’s age, weight, body
part being stung and whether the victim is immunodeficient are all factors impacting the
severity of the envenomation syndrome (Santos, Silva et al. 2016). For example, children
under the age of 15 and elderly people are particularly at risk because of their comparatively
weaker immune system (EI Hidan, Touloun et al. 2015, Santos, Silva et al. 2016). Children
are also under higher threat due to their smaller size, as the ratio between the volume of
venom injected and the victim’s body weight is an essential factor (EI Hidan, Touloun et al.
2015). Furthermore, children may also develop more serious medical outcomes relating to
envenomation as symptoms may develop faster the closer the sting is to the head or torso of
the victim (EI Khchine, Sriti et al. 2019).

Scorpion envenomation affects the body in many ways with symptoms ranging from
local pain to critical systemic manifestation and death. The most common clinical features of
scorpion envenomation are localised pain from non-lethal species occurring in approximately
90% victims (reference). More medically significant species may induce systemic effects
such as fever, sweating, and hypertension, and vomiting. Those symptoms are present in
roughly 10% of all victims (Abroug, ElAtrous et al. 1999, Isbister and Bawaskar 2014).
Scorpion venom that consists of peptide toxins that target variety of voltage-gated sodium,
potassium, calcium or chloride ion channels in neuronal cells, and in cardiac, smooth and
skeletal muscle cause the most serious harm and, in some cases, death. Cardiorespiratory
manifestations, including hypertension, myocardial dysfunction, tachycardia cardiogenic
shock and pulmonary oedema, are the leading causes of lethality (Abroug, ElAtrous et al.
1999, Santos, Silva et al. 2016). In some cases, neurological symptoms occur in response to
the stimulation of the peripheral nervous system, leading to muscle coordination malfunction

and difficulty breathing (Isbister and Bawaskar 2014). Cytotoxic syndrome has been reported



from the envenomation of Hemiscorpius lepturus in West Asia; the sting does not show
initial symptoms but leads to haemolysis and necrosis due to an inflammatory response to the
toxin (Petricevich 2010). The composition and proportion of toxins in scorpion venom varies
between species and within different populations of the same species. Venom variations may
be driven by difference in prey availability and predator type.

Scorpion envenomation can be treated using two approaches: symptomatic treatment
and specific serotherapy. Symptomatic treatment involves the administration of medication in
response to the symptoms observed (Aboumaad, Tiger et al. 2014). The medications
commonly used include anti-cholinergic drugs, anticonvulsants, antiemetics, antipyretics,
diuretics and vasodilators (Aboumaad, Tiger et al. 2014). Serotherapy consists of the use of
antivenom which is composed of antibodies against specific toxins. Serotherapy is considered
the most effective treatment for scorpion envenomation, however the administration of an
antivenom is not risk-free, and can lead to severe anaphylaxis (Ismail 1994). Additionally,
antivenom supply remains sparse in areas where it is most needed, resulting in long travel
journeys for the victims, which further delay the administration of the treatment (Santos,
Silva et al. 2016). Scorpion antivenom exist in polyvalent and monovalent forms (Mukherjee
2020). Monovalent or species specific antivenoms are composed of antibodies that target the
venom profile of a single species or population. Polyvalent antivenom are produced to target
an array of venoms (Santos, Silva et al. 2016), but their efficiency is sometimes limited.
Species-specific antivenom is the preferred and optimal medical treatment but given
realworld conditions where species may not be identified, polyvalent antivenom is
subsequentially used (Mukherjee, 2020). The identification of scorpions is an essential
epidemiological tool to determine the best treatment plan. This is an issue in areas where the
colour of a scorpion is not sufficient to determine whether the scorpion is a medically
significant species or not. For example, in Morocco, Androctonus amoreuxi, A. australis and
A. morroccanus, all of which possess extremely potent venom and are yellow in colour are
regularly misidentified for the less venomous scorpion Buthus occitanus (aka also a yellow
scorpion) which is a widespread species across North Africa and parts of Southern Europe .
The use of traditional treatments persists, especially in rural areas within Morocco
(Aboumaad, Tiger et al. 2014). Traditional methods include, the application of a tourniquet,
scarification of the envenomation site and the suction of the venom with the mouth (Touloun,
Boumezzough et al. 2012). These methods can be potentially dangerous for the patient: the
use of a tourniquet can result in tissue damage and limb amputation while scarification can

lead to infections (Touloun, Boumezzough et al. 2012). These aggressive methods are often



coupled with the administration of alternative treatment such as covering the envenomation
site with liquid cooking gas, raw meat, chopped garlic or natural honey. Sometimes, the
scorpions responsible for the sting is crushed and spread as a crude paste over the stung area
(Touloun, Slimani et al. 2001). Oral medicines such as tea containing amber, salt and honey
are also administered (Touloun, Boumezzough et al. 2012). Despite having access to medical
facilities, traditional treatment is commonly used by farming communities because of
traditional beliefs (Touloun, Slimani et al. 2001). However, in remote rural areas where
scorpionism is highest, most victims have no access to serotherapy and therefore rely on
traditional remedies (Touloun, Slimani et al. 2001).

Our lack of epidemiological understanding of the distribution and density of scorpion
species and the lack of biochemical and immunological studies on scorpion venom are among
the main reasons why scorpionism is such a major concern (Aboumaad, Tiger et al. 2014). As
a result, victims are often treated symptomatically. It is essential to use symptomatic
treatment coupled with antivenom therapy to minimize the number of deaths (ref). Better
knowledge of scorpion ecology, distribution and envenomation syndromes would certainly

prevent many fatalities.

1.3 Scorpion defensive behaviour

The most notable morphological features of a scorpion are their pedipalps and the
metasoma that bears their venomous stinger. The fact that scorpions possess two methods of
defence makes them distinct from other arthropods (Van Der Meijden, Lobo Coelho et al. 2013,
Coelho, Kaliontzopoulou et al. 2017, Simone and Meijden 2021). The interspecific
morphological variations of these two features are likely linked to specific defensive behaviour
(Van der Meijden, Koch et al. 2017). A scorpions pedipalp ends in two segments, the fixed
finger (manus) and the moveable finger (tarus) that make up the chela which together act as a
lever system. Pinching force depends on the muscle volume in the moveable finger which can
be noticeable by the overall thickness of the chela (van der Meijden, Kleinteich et al. 2012,
Simone and Meijden 2021). The traditional consensus is that scorpions that rely predominately
on their pedipalps to capture prey and defend against predators have thicker chelae (van der
Meijden, Kleinteich et al. 2012).
In contrast, scorpions that depend on using their venom for prey capture and defence against
predators generally possess a thick metasoma. The relative length and girth of the metasoma

has been long connected to venom potency; however, this has never been demonstrated. The



thickness of the metasoma may also be linked to the increase in musculature acquired for fast

defensive behaviour, including strike speed (Coelho, Kaliontzopoulou et al. 2017)

Scorpion venom is composed of a complex mixture of components including mucoproteins,
lipids, nucleotides, free amino acids, amines, heterocyclic compounds, enzymes and peptides,
notably neurotoxic peptides (Quintero-Hernandez, Jiménez-Vargas et al. 2013). Venom
composition - and therefore potency - varies between species (Evans, Northfield et al. 2019).
For example, venom produced by members of the genus Androctonus contain toxins which
target the mammalian neuronal and muscle functions; it can therefore be deadly to humans
(Bosmans, Martin-Eauclaire et al. 2008, Campos, Chanda et al. 2008, Martin-Eauclaire,
Bosmans et al. 2014). In contrast, members of the genus Buthus are less dangerous to humans
than Androctonus species (Martin-Eauclaire, Bosmans et al. 2014). However, Buthus venom
remains medically important, capable of producing systemic symptoms and in some cases,

death (Touloun, Slimani et al. 2001).



Moroccan Buthus atlantis. | Photo by John Dunbar

Scorpion species with smaller body sizes and
narrower chelae have the highest venom
potency.
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2.1 — Introduction

Despite the global burden of scorpionism, there is surprisingly very little understood
regarding the ecology and evolution of scorpions and their venom. Such a gap in
understanding and data can lead to inaccurate treatment of scorpion envenomation, through
misidentification of species (Mohammed-Geba, Obuid-Allah et al. 2021) or the misuse of
antivenoms (Khatony, Abdi et al. 2015). Furthermore, understanding the ecology and
evolution of venoms can aid in predicting envenomation risk and their treatment, such as
demonstrated by efforts relating to snakebite (Murray, Martin et al. 2020). Ecological factors
have been linked to severe scorpionism including climatic variations, venom metering and the
overall morphology of the scorpion (Chippaux, Williams et al. 1991, Vaucel, Larréché et al.
2021). Understanding the ecological and evolutionary drivers of scorpion venom potency not
only contributes to our fundamental understanding of these species but also to our ability to
address the global burden of scorpionism.

The concept that larger scorpions have less potent venom compared to smaller
scorpions is a widely held view that has been popularised by references in cultural sources
such as Indiana Jones. Apart from its use in popular fiction, this concept is also used as a
general medical guidance in many countries where scorpionism is an issue, as most scorpions
are difficult to identify on a species level by non-experts (Miiller, Modler et al. 2012,
Lourengo 2016) and the size of a scorpion is often used to determine if a patient needs urgent
medical assistance (Van Der Meijden, Lobo Coelho et al. 2013, Lourengo 2016, Coelho,
Kaliontzopoulou et al. 2017, Lourenco 2020). Support for this general concept can be found
in the high median lethal dosage values (LDso), indicating venoms of lower potency, reported
for larger species of scorpions such as Hadrurus arizonensis and Heterometrus laoticus
(Bergman 1997, Kovatik 2004). However, the use of such general rules should be used with
caution. For example, in Morocco, black scorpions are often considered as the most lethal
species (Touloun, Slimani et al. 2001) despite evidence that the colour of scorpions does not
relate to lethality and is usually determined by habitat (Abdel-Rahman, Omran et al. 2009).
However, unlike colour, body size may have a clearer potential mechanistic relationships to
venom potency.

Scorpions possess two main means to capture prey and dissuade predators; their
venomous stinging apparatus and their pedipalps (Evans, Northfield et al. 2019). While
present in all scorpions, their use varies across species following a trade-off pattern (Van Der
Meijden, Lobo Coelho et al. 2013). Species which primarily rely on venom, such as many

species within Buthidae, often have long slender chelae (Santos, Silva et al. 2016, Evans,
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Northfield et al. 2019), while species with more powerful chelae, such as Opistopthalmus
glabrifrons, typically have comparatively less developed stinging apparatus with a smaller
metasoma, or less potent venom (Lourenco 2020). From an evolutionary perspective such a
pattern may emerge as larger species that rely more on mechanically prey capture or avoiding
predators may have less selection pressures on the potency of their venoms. Interestingly, not
only has size been used as a medical indicator in envenomation cases (El-Abd Ahmed,
Hassan et al. 2018), the size of the pedipalps has been used to determine the lethality of
scorpions (Newlands 1969, Evans, Northfield et al. 2019). However, despite popular support
for these patterns, they have yet to be tested using phylogenetic comparative methods.

Here we use LDso potency values and morphology data to test the commonly held
belief that larger scorpions with more powerful chelae are comparatively less potent than
smaller species. We predict that smaller species with narrower chelae and larger telsons will

have lower LDso values indicating higher venom potency.

2.2 - Materials and Methods
To test our hypothesis, we collated data on venom potency and morphological features from
the available literature. We performed an initial Web of Science search for scorpion potency

9% ¢ 1Y

and morphology data using the search terms of: “scorpion(s)”, “scorpion venom”, “scorpion

9% ¢

venom potency’,

SN 1Y

medically significant scorpions”, “lethality”, “median lethal dose”,

EE 1Y CE 1Y 2 <6 2% 6

“scorpion LDso”, “pedipalp measure”, “total body size”, “chela size”, “chela length”, “chela
width”, “telson measure”, “telson length” and “telson width”. Further citations within key
sources were also used in conjunction with the search terms.

For venom potency we used median lethal dose (LDso) that were administered by intravenous
(IV), subcutaneous (SC), intraperitoneal (IP) or intramuscular (IM) routes. We only included
dried venom LDso values which reported the test species body mass and converted all units to
mg of dried venom to kg of test subject.

For morphological measurements we used scorpion total body size (mm) and the
length and width (mm) of the chela and telson from reported values and from diagrams and
photos where scale bars were present. For measurements for the length of the chela we used
maximum distance from the tip of the tarsus (a) to the base of the tibia, where it meets the
distal end of the patella (b). the width of the chela was measure at the widest points of the
tibia (c and d) (Fig 3). For the telson, the length was measured as the maximum distance
between the base of the vesicle (e) to the distal end of the aculeus (f) and the width was

measured at the widest point of the vesicle (between the points g and £4).
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Figure 3. Measurements taken from diagrams and photos with scale bars. X shows
measurements for the length (a to b) and width (c to d) of the chela. Y show the length (e to f)
and width (g to /) of the telson. (a) represents the distal point where the pedipalpal patella
meets the tibia; (b) is the most distal point of the pedipalpal tibia; (c) and (d) are the widest
dorsoventral points on the pedipalpal tibia; (e) is the posterior end of the venom vesicle, (f) is

the distal end of the aculeus; (g) and (%) are the widest dorsoventral points of the telson.

As morphological measures were not available for Centruroides limpidus we used
values available from Centruroides ruana. These were described to have identical
morphological features as each other.

For the analysis, we logio transformed LDso and body size values as they resulted in a
more normal distribution of model residuals. As body size is expected to be related to the
length and width of both the chela and telson, we used length-width ratios to give mass
independent indices of their morphology. As short thick chelae are associated with delivering
higher forces compared to long think chelae (Van Der Meijden, Herrel et al. 2010, van der
Meijden, Kleinteich et al. 2012), we divided the length of each chela length by its width. This
chela ratio hence ranged from high values representing long thin chelae to low values
representing short thick chelae. For the telson we also divided the telson length by its
dorsoventral width to give values ranging from high values representing narrow elongated
telsons, that are expected to be associated with a less developed telson (van der Meijden and
Kleinteich 2017), to lower values representing more bulbus telson which are expected to be

associated with more developed use of venom (van der Meijden and Kleinteich 2017).
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To test our hypotheses, we fitted Bayesian phylogenetic mixed models (BPMM) using
the MCMCglmm package (Hadfield 2010) in R version 4.0.4 (Team 2016). We controlled for
pseudoreplication due to shared ancestry between species by using the animal term and the
phylogenetic relationships of scorpions from our dataset using a phylogeny from the Open
tree of life project (Hinchliff, Smith et al. 2015). The animal term uses a distance matrix of
the phylogenetic distance between species to control for the expected similarity in trait values
(Hadfield 2010). We calculated the relative variance attributable to the animal term as h2
(Hadfield and Nakagawa 2010) which can be interpreted in a similar fashion to the
phylogenetic lambda value. A h2 value close to 1 indicates a Brownian model of trait
evolution while a value close to zero indicates independence between trait values (Hadfield
and Nakagawa 2010).We fit all models using standard non-informative priors with the
burnin, thinning and number of iterations determined to ensure effective sample sizes
exceeded 1000 for all parameter estimates. We tested for convergence using the Gelman-
Rubin statistic over three separate chains (Brooks and Gelman 1998).

In our model we included logio (LDso) as the response variable with logio(body
length), chela ratio and telson ratio as independent variables. We also controlled for the effect

of route of injection by including it as a fixed factor (SC, IM, IV, IP).

2.3 — Results
Our dataset consisted of 36 scorpion species with 83 measures of LDso. The lethality of
species within the dataset ranges from 0.08 mg/kg™! for the Arabian fat tailed scorpion
Androctonus crassicauda, to 1800 mg/kg™! for the rock scorpion Hadogenes granulatus. The
median body size was 72.6mm with a range from 40.5mm for the bark scorpion Centruroides
noxius to 200 mm for H. granulatus. The chela ratio, which is the maximum width of the
chela diveded by its maximum length, ranged from 1.5 to 6.2 with the most robust chelae
found in large-clawed scorpian, Scorpio _maurus, and the red scorpion, Rhopalurus junceus,
with the most slender chelae found in the deathstalker Leiurus quinquestriatus.

We found that the body length was positively related to LDso, with the larger
scorpions associated with less potent venoms (Figure 1, Table 1). The significant slope
between logio body length and logio LDso found in our analysis corresponds to a change in

LDso of 44.7 mg/kg™! across the 159 mm range of body length in our dataset (Figure 2, Table
1).
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log10 LD50

1.6 1.7 1.8 1.9 20 2.1 2.2 2.3

log10 body length

Figure 1. Relationship between logio total length (mm) and logio LDso (mg/kg) for 83 measures of LDso across
36 species. The fitted line highlights the significant positive relationship between logio total length and logio LDso,

adjusted for the median chelae ratio value of 4.

Table 1. Main models testing the role of body size and morphology on LDso. The Modes () and 95%
credibility intervals (Lower CI and Upper CI) of the posterior distributions are given for all fixed and random
terms in a model with logio of LDso as the response variable. Fixed terms include the continuous factors logio of
scorpion total length, the ratio of Chela length to width (Chela Ratio) and the ratio of Telson length to width
(Telson Ratio). Categorical fixed terms include the LDso method of injection (subcutaneous (SC), intravenous
(IV), intraperitoneal (IP) and intramuscular (IM)) with SC as the baseline. The random terms associated with
phylogenetic relatedness (Phylogeny (h?)), intraspecific variation (Species) and residual variation (Residual) are
also presented. Significant values, which are highlighted in bold, are deemed to be those with 95% of the posterior
estimate above or below zero. For more detail on the parameters used see the Materials and Methods.

The model has 83 LDso measures for 36 species.

B Lower CI Upper CI
Fixed Terms
Intercept -3.05 -5.74 -0.10
Logio body length (mm)  2.40 0.99 3.82
LDso methodsc
14 0.04 -0.19 0.28

IP 0.29 -0.13 0.74
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M 0.10 -0.83 1.02
Chela Ratio -0.23 -0.35 -0.10
Telson Ratio -0.03 -0.15 0.09

Random Terms

Phylogeny (h?) 0.60 0.25 0.87
Species 0.01 0.00 0.46
Residuals 0.26 0.10 0.49

For morphological traits we found a significant negative relationship between logio LDso and
chelae ratio, with species possessing more slender chelae associated with lower logio LDso
values (Figure 2, Table 1). Our results show that increasing the chelae ratio by one unit
results in a 0.23 decrease in logio LDso. Across the full range of chelae ratios in our dataset

this corresponds to approximately an order of magnitude decrease in LDso (Figure 2, Table

).
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Figure 2. Relationship between Chelae and logio LDso (mg/kg) for 83 measures of LDso across 36 species. The

fitted line highlights the significant positive relationship between chelae ratio value and logio LDso adjusted for

the median logio total length value of 72.6mm.

For telson ratio and for the methods of injection for LDso test we found no significant relationship to logio LDso.
The phlogenetic signal associated with LDso was moderate to high in the analysis with a h2 of 0.60, with little

variation associated within species (Table 1).
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2.4 — Discussion

Here we find strong support for the widely held perception that larger scorpions with more
robust chelae are less potent than small species with thin chelae. These results follow general
observations that the most potent scorpion venoms are recorded in smaller species, such as
the bark scorpion Centruroides noxius or the Brazilian yellow scorpion Tityus serrulatus.
Conversely, the highest LDso values, and hence the least potent scorpion venoms, are often
found in some of the largest scorpion species. For example, in our data the largest species, the
rock scorpion Hadogenes granulatus, is associated with the least potent venom. Similarly,
species with robust, well developed chelae, such as the Israeli gold scorpion, Scorpio maurus,
were also associate with some of the least potent venoms. More potent venoms were found in
species with narrow chelae such as the South African thick tail scorpion Parabuthus
transvaalicus.

From an ecological perspective, these results support the patterns expected to arise
from an evolutionary trade-off in investment between systems which can play similar
defensive and predatory roles (van der Meijden, Kleinteich et al. 2012, Van Der Meijden,
Lobo Coelho et al. 2013). For prey capture, scorpions are observed to either primarily rely on
mechanically capturing and subduing their prey with their pedipalps or only using them in a
support role with their venom primarily carrying out the function of incapacitation (Williams
1987, Edmunds and Sibly 2010, Simone, Garcia et al. 2018). Such a trade-off is particularly
apparent in species with wide chelae that can produce larger crushing forces but have less
developed metasoma, such as in the rock scorpion Hadogenes granulatus.

Interestingly, we did not find a correlation between the shape of the telson, which
houses the venom glands, and venom potency. This highlights that, while they may be an
evolutionary trade-off between chelae development and venom potency, this trade-off is not
linked to the telson morphology. Instead, this suggests a reduced selection on maintaining
high levels of potency in larger species with robust chelae but not on the ability to deliver
venom. While snake species which no longer utilize venom for predation are found to have
both reduced potencies and in some case are no longer able to deliver venom (Li, Fry et al.
2005), this does not seem to be the case in scorpions. This retained ability to deliver venoms
in scorpion species which no longer use venom for predation likely points to the important
defensive function of scorpion venoms. However, while our results do not support a trade-off
in telson morphology with venom potency other features of scorpion delivery system may be
associated with this trade-off, such as the metasoma. For example, (Lourengo 2020) links the

thickness of the metasoma with venom potency. This may perhaps highlight the role of how
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frequently venom is used by a species, with species relying on venom for predation require
more well-developed metasoma.

Our results highlight how ecological drivers can select for venom potency. However,
the functional abilities of scorpion venoms are far more complex than the relatively
onedimensional measure of lethality using LDso. For example, it would be predicted that
species with less developed metasomas, such as the rock scorpion, may retain venoms
primarily for defensive purpose with such venoms no longer selected for lethality but for
other attributes such as inducing pain (Niermann, Tate et al. 2020). Conversely, while LDs
measures may be more appropriate to capture the functional ability of species which primarily
rely on venom to incapacity prey, other measures, such as time to incapacitate, may be more
ecologically relevant for future studies (Pekar, Liznarova et al. 2018). Furthermore, more
ecologicallyrelevant test that reflect each scorpion species diet may allow more detailed
analysis of the drivers of scorpion venoms and composition (Richards, Barlow et al. 2012,
Healy, Carbone et al. 2019). Studies have indicated some level of prey specificity in scorpion
venom (Van der Meijden, Koch et al. 2017), however, very few studies have tested scorpion
venoms against the typical targets encountered. Using such ecological relevant test subjects
and functionally relevant measures of venoms will allow more detailed analysis of the drivers
of scorpion venom variations.

Our results also support the use of general scorpion morphology as broad indicator for
assessing the potential potency of a species. Such general indicators, particularly for clearly
identifiable features, such as pedipalp size, may aid in envenomation cases where a species
has not been identified, an issue common in many tropical and sub-tropical regions (Nejati,
Saghafipour et al. 2018). However, caution in using such general rules should be used as
there is a large degree of variation in potency across the general patterns found in our
analysis. For example, Scorpio maurus and Androctonus crassicauda are relatively similar
sized species, yet despite Androctonus crassicauda being slightly larger, it is orders of
magnitude more potent compared to Scorpio maurus. Hence, the use of these general
indicators should be firmly based on more regional specific information regarding the likely
species that may be associated with an envenomation event (El Hidan, Touloun et al. 2018).
While potency is often the primary focus on understanding scorpionism risk, understanding
the link between scorpion ecology and venom composition, and their associated
envenomation symptoms (Ward, Ellsworth et al. 2018) is also likely to aid in developing
medical intervention approaches. Testing fundamental patterns associated with the drivers of

variation in scorpion venoms will not only allow for a clearer understanding of the ecology



and evolution of venoms in scorpions, but also provided a clearer path in how to address the

global issue of scorpionism.
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Discussion and Conclusion.



20

3.1 General Discussion

Scorpionism is considered a neglected public health issue by World Health Organisation
(WHO) (Organization 2007). Over one million people suffer from scorpion envenomation
every year and approximately 3,000 victims, mostly children below the age of 15, die from
scorpion envenomation each year. In severe envenomation cases, the identification of the
scorpions at the species level may be essential to administer the correct treatment. A simple
rule such as "bigger is better" can really help people, especially children identify a dangerous
scorpion from a not-so-dangerous one.

Our research aimed to demonstrate the validity of a commonly held concept that the
bigger the scorpion the less dangerous it is to humans. Demonstrating the support for such
generally held beliefs has important consequences for medical treatment as they can be used
as a simple tool that can aid non experts distinguish between highly toxic scorpions from
species of scorpions that are less life threatening. Such aids can hence act as the first step to
lowering the fatalities from scorpionism.

Misidentification is one of the leading causes of the inefficient treatment of the many
complications caused by highly toxic scorpions. The severity of clinical symptoms and
complications from scorpion envenomation depends on two main factors: the victim’s
characteristics (e.g., age, size, health condition) and the characteristics of the scorpion species
that is responsible for the envenomation (e.g. the species, venom potency) (Dehghani,
Kamiabi et al. 2018). Therefore, to obtain the optimum results for treating a scorpion sting the
accurate identification of the scorpion species is essential. The identification of certain
species has proven to be not a simple task as one of the most commonly used identifying
measure is their colour (Leeming 2019). While the colour of a scorpion is important to note, it
is not a defining feature. For example, both Androctonus and Buthus species bear the same
sand-like yellow colour but their venoms are vastly different, both in composition and
potency (Touloun, Slimani et al. 2001). Our aim was to provide an additional tool for
nonexperts to distinguish a highly venomous scorpion from a non-medically significant one
by linking scorpion morphology to venom potency.

However, this tool must be used with caution as while we find a significant
relationship between morphology and venom potency there is a lot of variation around this
trend, likely relating to other drivers for venom potency. For the victim to be able to describe
to a healthcare worker where they were (geographically) stung, the colour of the scorpion and

of course the overall size of the scorpion and whether it possess thick or slender pincers will
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more accurately identify a dangerous scorpion and the correct treatment can be given.
Information on geographical distribution for each species of medically significant scorpion is
instrumental. This information could lead to the production of polyvalent or monovalent
antivenoms and to distribute such antivenoms to the areas where they would be most likely
used (Bavani, Saeedi et al. 2021). The development and the distribution of very simple,
areaspecific morphological keys where scorpionism is most prevalent could be a very
efficient tool to help diagnose envenomations. Overall, a better knowledge of the ecology of
scorpions, their spatial distribution, and behaviour, coupled with access to species-specific
antivenom for the timely care of people who suffer a scorpion sting, would reduce the global
impact scorpionism.

Other possible studies that we could have added to this investigation is by including
the equivalent venom volume measures to our analysis. The production and storage of
protein-rich venom has extreme metabolic costs. Therefore, the regulation of the amount of
venom depending on the expected threat is very important especially for species that survive
in extreme ecosystems on scarce resources (Inceoglu, Lango et al. 2003, Healy, Carbone et al.
2019). The knowledge of venom yields and understanding the factors influencing them is
essential to understand how a species uses their venom in defensive situations and may prove
to be another useful tool for the medical community. The volume of venom a species
produces likely influences the severity of the effects of scorpion stings. In previous studies on
the comparison between body length and venom yield in other animals such as centipedes and
snakes a positive correlation was found (de Roodt, Dolab et al. 1998, Cooper, Fox et al. 2014,
Healy, Carbone et al. 2019). In snakes particularly vipers their venom yield and the severity
of envenomation positively related to their body length. Therefore, bigger snakes tend to be
more venomous than smaller ones which is the opposite for scorpions. Snakes’ morphological
features have also been studied to examine correlations with venom potency. For example,
the width of a snake’s head has been found to positively correlate with their toxicity. The
snakes venom gland evolved from its salivary gland situated in their head, the size of the
venom gland varies between species (Post, Puschhof et al. 2020). There is great variation in
the size of a snakes venom gland, for example many species of Viperidae have elongated
venom glands that even reach the base of their skull (Coimbra, Dobson et al. 2018). Enlarged
venom glands allows a snake to deliver a large amount of venom during envenomation. De
Roodt, (1998) discussed in their paper how the length of a snake could be used as a tool to
estimate the amount of venom produced by a snake during envenomation very much like

what we have suggested for scorpion species.
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Defensive trade-offs influence morphological divergence and rates of diversification
in evolution, and they are evident in so many animals under the pressure of predation. For
example, ants have various defensive features for example, stings, spines, chemical defenses,
and large eyes which are most likely energetically costly which is why a trade-off usually
occurs. The most common ant’s defensive trade-off is evident between the presence of a sting
and a combination of traits including large eyes and spines (Blanchard and Moreau 2017).
Although in scorpions we could not establish a correlation between the shape of the telson
and LDs values, it would still be worthwhile to investigate whether there is an evolutionary
trade-off between venom potency and the thickness and length of the metasoma. Indeed, a
more robust metasoma could correlate with venom potency to support a faster and stronger
striking maneuver. At a glance it seems that buthids do possess a more muscular, thicker
metasoma than other members of other families; in fact, members of the deadly genus
Androctonus are colloquially known as fat-tailed scorpions (Van Der Meijden, Lobo Coelho
et al. 2013).

Phylogenetic comparative methods allow us to explore the history of the evolution
and diversification of species (Cornwell and Nakagawa 2017). A better knowledge of the
evolution of various scorpion groups, especially the medically most significant species, may
prove to be another useful tool in tackling the medical concern of scorpionism, and then in
turn lead to better treatment of scorpion envenomation (Lourenco 2018). Further comparisons
can be explored to add to this study including patient symptoms or pain responses against
LDso. Scorpions are known to regulate how much venom they inject depending on the threat

this could be explored further also.

3.2 Conclusion

My main objective when carrying out my research paper was to contribute to the general
knowledge of scorpions for non-specialists who are faced with the impacts of scorpionism
every day. It is evident that scorpions are an extremely diverse ancient group of animals
whether it’s between their morphological structures or their venom composition and potency.
Our work proved that the popular belief stating bigger scorpions are less venomous than
smaller ones is in fact true and can be considered when identifying dangerous scorpions. The
number of fatal scorpion envenomation’s can be minimized by the rapid administration of
antivenoms in cases where the victim has been stung by a medically significant species. The

correct identification of such species is paramount.
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R Script

This document outlines the code used to run the analysis in Forde et al 2022.

First we need to load the packages we need for the analysis. This includes the
“MCMCglmm” package which will carry out the phylogentic bayesian
analysis. More information on this package can be found in the course notes
(http://www2.uaem.mx/r-
mirror/web/packages/MCMCglmm/MCMCglmm.pdf)

The other package we need is the “hdrcde” which we use to caluclate mode
values. Next we need the “caper” package to uplaod the phylogeny and finally
we need “scatterplot3d” for the 3D plot.

#These packages need to be install the first time it is run
#install.packages(hdrcde)
#install.packages(MCMCglmm)
#install.packages(caper) #install.packages(scatterplot3d)

library(MCMCglmm)
library(hdrcde) library(caper)
library(scatterplot3d)

Now we will upload the csv file with the data, which contains the LD50 data
and the morphology data.

LD50 data <- read.csv("S1 data.csv",

nn
> 9

T

Next we upload the phylogeny that matches the data using the read.tree
function.

scorpian_phylo <- read.tree ("S4 phylogeny")

Since we don’t need all the data in the uploaded dataseet we will subset it to
just the variables we are intrested in. We also need to create a colunm called
‘animal’ that is just a dublicate of the species colunm for MCMCglmm to
match up with the phylogeny.
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#create the animal variable
LD50 data$animal <- LD50_ data$species

#only include the variables we want
LD50 size method <- LD50 data[,c("species",
"animal",
"body size median mm",
"Id50 mg kg",
"Id50 method",
"telson length mm”",
"telson_width mm",
"chela length mm",
"chela width mm")]
We can now calculate the telson and chela ratios using the length and width
data.

#Calculate Telson_ratio
LD50 size method$Telson ratio <- LD50 size methodS$telson length mm/
LD50 size method$telson width mm

#Calculate Chela_ratio
LD50 size method$Chela ratio <- LD50 size method$chela length mm/
LD50 size method$chela width mm

#Removing NA
LD50 size method no na <- na.omit(LD50 size method)

#Set it so that sc is the baseline for the levels

LD50 size method no na$ld50 method <- factor(LD50 size method no na$ld50 method,
C(HSCH’HiVH,llilnﬂ,ﬂip"))

We will use a Baysian modelling approach to incorporate the phylogeny. To do

this we need a prior. Here we set it to be uniformative where we have no prior

expectation of the vaules of any of the parameters in the model.

prior <- list(R = list( 1, 0.002),

list(G 1 =list( 1, nu=0.002, 0, 1073),

list( 1, nu=0.002, 0, 10°3)
)

Now we run the model. We use MCMCglmm to run a multiple regression with
log10 of LD50 as the response variable and log10 of body mass, the methods
of venom injection and both the telson and chela ratios as explanitory
variables. To control for multple measures per species a random effect terms
“species” was included. To account for non-independence due to common
descent across species we include the phylogeny using the “animal” term.
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We run the model for 240000 iternation with a burn-in of 40000 and a thinning
of 100. We ran two independent chains to ensure convergance on the

parameter values.

Mod 1 <- MCMCglmm(log10(1d50 mg kg) ~

log10(body size median_mm)

+1d50 _method
+ Telson_ratio
+ Chela_ratio,
~ animal + species,
scorpian_phylo$phy,

LD50 size method no na,

F)

c("gaussian"),
240000,
40000,

100,
prior,

Mod 2 <- MCMCglmm(log10(1d50 mg kg) ~

log10(body size median_mm)

+1d50 _method
+ Telson_ratio
+ Chela_ratio,

~ animal + species,

scorpian_phylo$phy,
LD50 size method no na,
c("gaussian"), 240000,
100, 40000, prior,
F)

summary(Mod 1)

it

## Iterations = 40001:239901

## Thinning interval = 100

## Sample size = 2000

it

## DIC: 109.7605

it

## G-structure: ~animal

it

H post.mean 1-95% CI u-95% CI eff.samp

## animal ~ 0.2031 2.071e-09  0.5523 2000

s
H ~species



H

H post.mean 1-95% CI u-95% CI eff.samp
## species 0.206 1.729e-06  0.5567 2000
H

## R-structure: ~units

H

#Ht post.mean 1-95% CI u-95% CI eff.samp ##
units  0.2248 0.108 0.3741 2000
H

## Location effects: logl0(1d50 mg kg) ~ log10(body size median_mm) + 1d50 method +
Telson_ratio + Chel ##

fr post.mean 1-95% CI u-95% CI eff.samp pMCMC
## (Intercept) -4.81473 -8.39583 -1.68313 2000 0.004 **
H 3.24199 1.56797 4.99058 2000 <5e-04
log10(body size median_mm) ok

## 1d50_methodiv -0.03677 -0.34477 0.28561 2000 0.805
## 1d50_methodim 0.09600 -1.04712 1.34920 2000 0.875
## 1d50 _methodip 0.17188 -0.36018 0.72700 2000 0.519
## Telson_ratio 0.04141 -0.15318 0.20268 2000 0.627
## Chela_ratio -0.25543 -0.40268 -0.11077 2000 0.005 **
HH ---

## Signif. codes: 0 ****> 0.001 ***> 0.01 °*> 0.05°. 0.1 1

We then test whether the chains converged using gelman.diag. If the values
depart from 1 they indicate that converngance has not been met based on a
potential scale reduction factor (see ?gelman.diag) for more details.
chain_list <- mcmec.list(Mod_1$Sol, Mod_2$Sol) gelman.diag(chain_list)

## Potential scale reduction factors:

i

H Point est. Upper C.L.
## (Intercept) 1 1.01
#it 1 1.01

log10(body size median_mm)

##1d50 methodiv 1 1.00
##1d50 methodim 1 1.01
##1d50 methodip 1 1.01
## Telson_ratio 1 1.00
## Chela ratio 1 1.00
H

## Multivariate psrf

H

##1.01

We can now plot the results.These are the “raw” graphs, with illustrations
added outside of R using inkscape. Note also that as we are plotting 2D graphs



we plot the graph at the median value of the other significant independent

factor.
First we plot body body size
plot(log10(1d50 mg kg)~ logl0(body size median mm),
LD50 size method no na,
16, "n", "log10 LD50", "log10 body

length")

abline(hdr(Mod_1$Sol[,1])$mode +
median(LD50_size method no na$Chela ratio)*
hdr(Mod_18$Sol[,7])$mode,
hdr(Mod_18Sol[,2])$mode)

(’()_

log10 LD50

1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3

log10 body length

and next the Chela ratio

plot(log10(1d50 mg kg)~ Chela ratio,
LD50 size method no na,
16, lln"’
"log10 LD50",
"Chela ratio")

abline(hdr(Mod_1$Sol[,1])$mode +
median(log10(LD50 size method no na$body size median mm))*
hdr(Mod_1$Sol[,2])$mode, hdr(Mod_1$Sol[,7])$mode)
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log10 LD50

A0 ()
We can also plot the 3D graph with both variables included to visualise the
joint distribution of the model we fit.

td_data <- data.frame(
logl0(LD50 size method no na$body size median mm
LD50 size method no na$Chela ratio,
logl0(LD50 size method no na$ld50 mg_ kg))

s3d <- scatterplot3d(td data,
16, 60,
TRUE)

my.Im <- Im(td_data$Logl10 LD50 ~ td data$Logl0 Body length
+td_data$Chela ratio)
s3d$plane3d(my.Im)
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We can also test that the ratios and body size are not correlated.

#GLM

body chela_ mod <- glm(log10(body size median mm) ~ Chela_ratio,
LD50 size method no na,
c("gaussian"))

summary(body chela mod)

Ht H#

Call:

## glm(formula = log10(body size median mm) ~ Chela_ratio, family = c("gaussian"),
##  data=LDS50 size method no na)

Ht

## Deviance Residuals:

it Min 1Q Median 3Q Max
## -0.26495 -0.09329 -0.03182 0.09569 0.42617
Ht

## Coefficients:

H Estimate Std. Error t value Pr(>[t|)

## (Intercept) 1.879379 0.042716 43.997 <2e-16 ***
## Chela_ratio -0.001575 0.011051-0.143 0.887

H ---

## Signif. codes: 0 ****> 0.001 ***> 0.01 °*> 0.05°.” 0.1 > ° 1 ##
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## (Dispersion parameter for gaussian family taken to be 0.01885519) ##
#Ht Null deviance: 1.1317 on 61 degrees of freedom ##

Residual deviance: 1.1313 on 60 degrees of freedom

## AIC: -66.285

s

## Number of Fisher Scoring iterations: 2

and plot it.
plot(logl0(body size median mm) ~ Chela ratio,
LD50 size method no na,
16, "n", "log10
body length (mm)", "Chela
ratio") abline(body chela mod)
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hela ratio Next we test that the telson ratio and
body size are not correlated.

#GLM

body telson_mod <- glm(loglO(body size median mm) ~ Telson _ratio,
LD50 size method no na,
c("gaussian"))

summary(body_telson_mod)

#it ##
Call:

## glm(formula = log10(body size median_mm) ~ Telson_ratio, family = c("gaussian"), ##

data =LD50 size method no na)
it

## Deviance Residuals:
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it Min 1Q Median 3Q Max
## -0.26630 -0.08738 -0.03074 0.09231 0.41957
H

## Coefficients:

H Estimate Std. Error t value Pr(>|t|)

## (Intercept) 1.903213  0.042318 44.974 <2e-16 ***
## Telson_ratio -0.009516 0.012495 -0.762 0.449
Ht ---
## Signif. codes: 0 ****> 0.001 ***> 0.01 °*> 0.05°.” 0.1 > 1
it
## (Dispersion parameter for gaussian family taken to be 0.018681) ##
fr Null deviance: 1.1317 on 61 degrees of freedom
## Residual deviance: 1.1209 on 60 degrees of freedom
## AIC: -66.86njhhjy
it
## Number of Fisher Scoring iterations: 2
and plot that
plot(logl0(body size median_ mm) ~ Telson_ratio,
LD50 size method no na,

16, "n", "log10
body length (mm)", "Telson
ratio") abline(body telson mod)
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log10 body length (mm)

36

™
q T °
N
N
° °
g_
- o o ®
(\i— o o
® ® ° ®
o _ s ° °
A —®
» ° °
o | ° oo ° o °
— ° L ° °
°
° °
N~
< | e
°
®
© | °
= | I I I I |
1 2 3 4 5 6
Chela ratio

I"#$%&'(+*Relationship between Chela ratio and log» body length demonstrating no
significant relationship between the variables ( Slope =-0.002, p = 0.89 for 62
observations for 36 species).
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