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Abstract.—Scorpions constitute a charismatic lineage of arthropods and comprise more than 2500 described species. Found
throughout various tropical and temperate habitats, these predatory arachnids have a long evolutionary history, with a
fossil record that began in the Silurian. While all scorpions are venomous, the asymmetrically diverse family Buthidae
harbors nearly half the diversity of extant scorpions, and all but one of the 58 species that are medically signiﬁcant to
humans. However, the lack of a densely sampled scorpion phylogeny has hindered broader inferences of the diversiﬁcation
dynamics of scorpion toxins. To redress this gap, we assembled a phylogenomic data set of 100 scorpion venom gland
transcriptomes and genomes, emphasizing the sampling of highly toxic buthid genera. To infer divergence times of venom
gene families, we applied a phylogenomic node dating approach for the species tree in tandem with phylostratigraphic
bracketing to estimate the minimum ages of mammal-speciﬁc toxins. Our analyses establish a robustly supported phylogeny
of scorpions, particularly with regard to relationships between medically signiﬁcant taxa. Analysis of venom gene families
shows that mammal-active sodium channel toxins (NaTx) have independently evolved in ﬁve lineages within Buthidae.
Temporal windows of mammal-targeting toxin origins are correlated with the basal diversiﬁcation of major scorpion
mammal predators such as shrews, bats, and rodents. These results suggest an evolutionary model of relatively recent
diversiﬁcation of buthid NaTx homologs in response to the diversiﬁcation of scorpion predators. [Adaptation; arachnids;
phylogenomic dating; phylostratigraphy; venom.]

Venom is a complex mixture of bioactive compounds
secreted in specialized animal organs and used to disrupt
biochemical and physiological processes in target organisms (Casewell et al. 2013; King and Hardy 2013). Across
Metazoa, venoms have evolved over 100 times, often
in tandem with specialized structures for production
and delivery (Schendel et al. 2019). Among arthropods,
one of the most notorious venomous groups is scorpions. Scorpion envenomation causes nearly an order of
magnitude greater fatalities worldwide than snakebites,
and particularly so in developing and rural subtropical
regions. Intensive functional study of speciﬁc peptides
has uncovered signiﬁcant biomedical applications in
scorpion venom, such as the identiﬁcation of antimicrobial and antitumor agents, ﬂuorescent “tumor paint,”
and transport molecules for molecular cargo (e.g., Veiseh
et al. 2007; Rapôso 2017).
A major dimension of scorpion diversity is found
in their venoms, which are rich in molecules with a

broad array of biological targets, such as ion channel
toxins (Na+ , K+ , Cl− , and Ca2+ ), mucopolysaccharides,
and enzymes (Froy et al. 1999; Possani et al. 1999; Cao
et al. 2013). All scorpions are venomous and thought
to possess insect-targeting ion channel toxins, which
facilitate prey capture (e.g., Gordon et al. 2007). These
toxins are stabilized by various types of folds, such as
the cysteine-stabilized -helix and -sheet (CS), the
disulﬁde-directed beta-hairpin (DDH), and the inhibitor
cystine knot (ICK). Intriguingly, both the extant diversity
of scorpions, as well as the toxicity of their venom to
mammals, is asymmetrically distributed. Of the nearly
2500 described scorpion species, ca. 1200 are members
of Buthidae (“thick-tailed scorpions”; Fig. 1), one of
22 extant scorpion families. Buthids include nearly all
signiﬁcantly venomous scorpion species, as well most
of the known molecular diversity of scorpion venom
(Santibáñez-López et al. 2019a). Salient components of
the buthid venom cocktail are ion channel toxins that
1
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Mammalian Predators and Mammal-Active Sodium Channel Toxins

Page: 1

1–9

Copyedited by: YS

2

MANUSCRIPT CATEGORY:

Systematic Biology

SYSTEMATIC BIOLOGY

speciﬁcally target mammalian ion channels; these are
inferred to function as antipredator deterrents (Niermann et al. 2020). Such neurotoxins operate by blocking
action potentials at nerve synapses, precipitating symptoms of neurotoxicosis such as intense pain, hypersalivation, muscle spasms, asphyxia, and paralysis (Wang
et al. 2011). Groups like Androctonus, Buthus, Centruroides,
Hottentotta, Leiurus, Parabuthus, and Tityus all contain
multiple highly toxic and medically signiﬁcant species
known for the potency of their neurotoxins (Santos et al.
2016; Niermann et al. 2020).
Surprisingly, evolutionary relationships of medically relevant scorpions remain poorly understood. The
higher-level molecular phylogeny of buthids was ﬁrst
inferred using a 296-bp fragment of 16S rRNA sampling
17 species, with limited resolution of basal relationships
(Fet et al. 2003). Most subsequent molecular phylogenetic
studies of buthids used Sanger-sequenced data sets to
address relationships of derived groups, often within
speciﬁc geographic terranes (e.g., Ojanguren-Afﬁlastro
et al. 2017; Suranse et al. 2017). Mitochondrial phylogenies of medically signiﬁcant buthids have not yielded
support for basal relationships (Borges and Graham
2014), whereas phylogenomic studies of scorpions have
mostly focused on the systematically complex Iurida
(Sharma et al. 2015, 2018; Santibáñez-López et al. 2018,
2019a, 2019b, 2020).
The lack of a robust and densely sampled molecular
phylogeny of scorpions has hindered understanding
of the origins of mammal-active toxins. It was previously thought that ancient divergences of buthid
toxins reﬂected biogeographic divisions between Old
World and New World Buthidae, implying divergences
exceeding 180 Myr in age (Froy and Gurevitz 2003). These
ancient age estimates are at odds with the distribution
of mammal-active toxins in both the Paleotropics and
the Neotropics—how would a toxin diversify to target
mammal ion channels millions of years before the
appearance of the targets?
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To close these knowledge gaps, we assembled a
phylogenomic data set of 100 scorpion terminals, with
transcriptomic data derived from resting venom glands,
together with fossil-calibrated estimation of divergence
times. Within Buthidae, we emphasized sampling of
highly toxic species from the southwestern United States,
the Neotropics, and the Middle East. Leveraging a
large body of biochemical and functional literature, we
mapped the known bioactivity of toxins onto multifamily gene trees of scorpion venom peptides. Here,
we show that Buthidae is a surprisingly young lineage
that diversiﬁed in the Cretaceous; mammal-active toxins of buthids have originated independently in ﬁve
major clades, contemporaneously with diversiﬁcation
windows of major mammalian predators of scorpions.

MATERIALS AND METHODS
Extended
methods
are
provided
in
the
Supplementary Text available on Dryad at
http://dx.doi.org/10.5061/dryad.m0cfxpp25.
Species Sampling and Phylogenomic Analyses
Scorpions were hand collected in Brazil, Egypt, Israel,
and the United States, commonly with the aid of ultraviolet (405 nm) lighting. A subset of well-studied species
was obtained through captive breeding programs maintained by us and colleagues in the scorpion venomics
community. This was required for the manipulation
of live animals to drain venom glands and proﬁle
transcription levels during venom synthesis. Milking
and dissection of venom glands, RNA extraction, library
construction, and paired-end transcriptome sequencing
on the Illumina HiSeq 2500 platform were performed
for 43 species. New data sets were combined with 56
RNA-Seq data sets we generated previously, as well as
one genome (Centruroides sculpturatus; Schwager et al.
2017; Santibáñez-López et al. 2018). Twenty outgroup

Downloaded from https://academic.oup.com/sysbio/advance-article/doi/10.1093/sysbio/syac021/6554541 by University of Wisconsin-Madison Libraries user on 28 March 2022

FIGURE 1. Exemplars of scorpion diversity. Top row (Buthidae): Buthus israelensis and Androctonus crassicauda (R. Livne); Buthacus leptochelys
(J. Ove Rein); Centruroides meisei and Tityus serrulatus (B. Myers). Bottom row (Iurida): Belisarius xambeui (G. Giribet); Palaeocheloctonus pauliani
and Opistophthalmus carinatus (J. Ove Rein); Hadrurus obscurus and Anuroctonus bajae (C. Santibáñez-López). All photographs published with
permission.
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Divergence Time Estimation
Divergence time estimation was computed on Matrix 1
(selected for its number of genes and high completeness)
using codeml and MCMCtree (both part of the PAML
v. 4.8 software package; Yang 2007; dos Reis and
Yang 2019), implementing a likelihood approximation of
branch lengths using a multivariate normal distribution.
The tree topology inferred from Matrix 2 (selected for
a balance of completeness, matrix size, and high nodal
support) was used as the input tree and calibrated using
ﬁfteen fossil placements (Supplementary Text available
on Dryad and Table S5 of the Supplementary material
available on Dryad). Four Bayesian inference chains were
run for 2.5 M postburnin generations (burnin of 25,000
generations). Fossils used to inform the dating consisted
of six ingroup and nine outgroup node calibrations. All
calibrations were implemented either as a soft minimum
only, or as a soft minimum and soft maximum ages.
Fossil calibrations and implementation are provided in
Table S5 of the Supplementary material available on
Dryad.

Evolution of Scorpion Toxins
Homologs of CS, ICK, and DDH from scorpion
venom were retrieved from the complete data set used in
our previous scorpion venomics analyses (SantibáñezLópez et al. 2018; Santibáñez-López et al. 2019a), as
well as UniProt. These peptides are thought to be
homologous (Norton and Pallaghy 1998; SantibáñezLópez and Possani 2015) (Table S6 of the Supplementary
material available on Dryad).
To test relationships of toxin homologs, gene trees
were inferred using IQ-TREE for the entire data set
(1353 CS-ICK scorpion toxins, with 41 DDH scorpion
toxins as outgroups), and for each of the four main
clades recovered: (i) sodium channel toxins (NaTx); (ii)
potassium channel toxins (KTx); (iii) chlorine channel
toxins (ClTx); and (iv) calcins. To accommodate possible
nonhomology of CS and ICK/DDH peptides (an
alternative interpretation of protein folds; Zhang et al.
2017), we ran a separate family of analyses, wherein relationships between CS were inferred independently of
ICK and DDH homologs. Tree inference heuristics were
identical to the analysis above.
To test for the signature of common versus independent evolution of bioactivity in venom genes, comparative
analyses between subclades recovered within NaTx
included searches for repetitive motifs in their mature
peptide using Multiple Em for Motif Elicitation (MEME
v. 5.1; Bailey et al. 2015), using the gene family tree
inferred above as the input. As gene trees can often
lack sufﬁcient signal in short peptides like toxins, we
separately analyzed the mature peptide of the two main
clusters within the NaTx (Aah2-like and Cn2-like) using
CLANS clustering (Frickey and Lupas 2004). Poorly
connected networks of sequences that shared a speciﬁc
bioactivity were inferred to constitute independent
evolutionary gains of a given molecular function.
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species were including in the analysis, spanning tetrapulmonates, pseudoscorpions, harvestmen, and three
horseshoe crabs, following recent updates to chelicerate
phylogeny (Ontano et al. 2021; Ballesteros et al. 2022).
Collecting, vouchering, and accession data are provided
in Tables S1–S4 of the Supplementary material available
on Dryad.
Orthologous loci were drawn from Markov Cluster
Algorithm clustering of 3534 orthogroups computed
from a larger analysis of Chelicerata and outgroup taxa
(Ballesteros and Sharma 2019). Untrimmed alignments
were used to produce a hidden Markov proﬁle using
hmmerbuild from hmmer v.3.2.1 (Mistry et al. 2013). Each
proteome/transcriptome of the species of interest was
then searched (hmmersearch) for matches against the
collection of proﬁles, with an expectation threshold
of e < 10−20 ; for cases with more than one hit per
locus, the sequence with the best score was selected.
Clustering of putative orthologs was tested by comparing each orthogroup’s constituent sequences with
the proteome of Drosophila melanogaster and removing
from orthogroups any sequences with mismatching
functional annotations (Ballesteros et al. 2022). Gene
trees were constructed using IQ-TREE v.1.6 (Nguyen
et al. 2014) using ModelFinder Plus (Kalyaanamoorthy
et al. 2017) for automated model ﬁtting. Alignments
and/or gene trees were visually inspected for chimeric
transcripts or paralogous sequences, as evidenced by
large numbers of mismatches in alignments, in tandem with anomalously long root-to-tip distances (> 5×
average patristic root-to-tip distance). Such anomalous
sequences typically corresponded to data-poor legacy
data sets (e.g., the genome of Mesobuthus martensii) and
were discarded. Inclusion of the pyrosequenced genome
of M. martensii and Sanger-sequenced EST libraries
from other buthid species was trialed separately from
main analyses, due to the amount of missing data
incurred.
Three matrices were assembled with minimum taxon
occupancy thresholds: Matrix 1 (at least 115 species),
Matrix 2 (at least 109 species), and Matrix 3 (at least
103 species). Phylogenetic inference of concatenated
matrices was computed with IQ-TREE, implementing
the best-ﬁtting amino acid substitution model per
partition. Nodal support values (ultrafast bootstrap
replicates [BS]; gene and site concordance factors [gCF,
sCF]) were calculated using IQ-TREE. Given the large
number of short, shallow internodes we encountered
in Buthidae, species tree estimation was also performed
using the coalescent summary method implemented in
ASTRAL III (Mirarab and Warnow 2015), which can infer
shallow-level relationships effectively in the presence of
incomplete lineage sorting. Maximum likelihood (ML)
gene trees were used as inputs to ASTRAL. Finally, we
explored tree inference using site heterogeneous models
(CAT+GTR+ ) using the software PhyloBayes-mpi v.1.8
(Lartillot et al. 2013) for Matrix 1; these runs failed to
converge after 35 weeks of continuous computation and
are not reported.
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independent rates model. Both clock models recovered
comparable inferences of basal scorpion diversiﬁcation,
with a split between Buthida and Iurida dating to the
Carboniferous-Permian (291–320 Ma; highest posterior
density [HPD] interval: 247–352 Ma) (Fig. 2). The
diversiﬁcation of Buthidae was estimated to span the
end-Jurassic to the Early Cretaceous (95% HPD: 105–
161 Ma). Divergences within major buthid clades fell
within the Late Cretaceous to Paleogene, excepting the
Buthus group, wherein most divergences were estimated
to occur in the Neogene.

RESULTS
Phylogenomic Analysis
Three phylogenomic matrices were constructed, spanning 192–660 loci (53,333–185,631 aligned amino acid
sites), using taxon minimum occupancy thresholds of
103, 109, and 115 terminals per locus (88.0%, 91.4%,
and 94.1% complete, respectively). All matrices exhibited desirable properties with respect to phylogenomic
biases, such as low saturation levels and long-branch
scores (Figs. S1–S3 of the Supplementary material
available on Dryad). ML analyses of concatenated data
sets consistently recovered, with maximal nodal support,
the monophyly of scorpions, and the established basal
split between Buthida (consisting of Buthidae, Chaerilidae, and Pseudochactidae) and Iurida (the remaining
scorpion families) (Sharma et al. 2015). Matrices 2
and 3 recovered Lychas variatus as the sister group
of the remaining buthids (BS: 87–95%; gCF: 75.2–
78.9; sCF: 74.0–74.1 sCF), whereas Matrix 1 recovered
a nested placement of L. variatus with weak nodal
support (BS: 72%; gCF: 13.0; sCF: 32.1; Figs. S4–S6
of the Supplementary material available on Dryad).
All three data sets recovered with maximal support
four major clades within the buthids, consisting of
(i) the largely Palearctic “Buthus group,” (ii) Ananteris
+ Babycurus, (iii) the “Uroplectes group,” and (iv) the
“Tityus group” (Fig. S7 of the Supplementary material
available on Dryad; Supplementary Data available on
Dryad). Relationships between these groups across
all supermatrix analyses supported the sister group
relationship of the Tityus and Uroplectes groups, with
this lineage in turn sister group to (Ananteris + Babycurus). Relationships within Iurida closely reﬂected
tree topologies reported in our previous works and
are not discussed further herein (Sharma et al. 2015,
2018; Santibáñez-López et al. 2019a, 2019b; SantibáñezLópez et al. 2020). Relationships reconstructed under
the multispecies coalescent using ASTRAL were largely
congruent, excepting the placement of Lychas, which was
also unsupported (posterior probability [PP] = 0.47–0.80
across analyses; Fig. S8 of the Supplementary material
available on Dryad).
Molecular Dating
Divergence times were inferred under two models
of rate evolution, a correlated rates model and an

[17:36 25/3/2022 Sysbio-OP-SYSB220021.tex]

Evolution of Venom Peptides
Putative CS and ICK venom components were
identiﬁed in 100 terminals (N = 605) and were complemented with additional sequences from the UniProt
databases (N = 789). Using gene tree reconstructions, we
documented 1353 CS-ICK peptide homologs spanning
151 scorpion species in 19 families (from which 48%
were buthids; Table S6 of the Supplementary material
available on Dryad). ML analysis of the 1353 CSICK matrix and 41 DDH sequences as outgroups (399
amino acid sites) recovered a gene family tree subdivided
into three major clades: (i) NaTx; (ii) calcins; and (iii)
KTx, including the nested ClTx (Figs. S9 and S10 of
the Supplementary material available on Dryad). Our
results revealed that calcins are phylogenetically restricted to iurids (Figs. S9 and S11 of the Supplementary
material available on Dryad), whereas ClTx is restricted
to a subset of Old World buthids (Figs. S9 and S12 of
the Supplementary material available on Dryad). ML
analysis of CS only recovered the independent origin
of NaTx and KTx, in agreement with our topology
recovered using the combined data set, as well as
previous studies (Zhang et al. 2017). Similarly, ML
analysis of ICK-DDH reﬂected dynamics reconstructed
elsewhere (Smith et al. 2011; Santibáñez-López et al.
2018).
To reconstruct the evolutionary dynamics of these
homologs, we leveraged a large body of literature
documenting biochemical and functional properties of
these peptides, where known (e.g., Possani et al. 1999;
Gordon et al. 2007; Smith et al. 2011; Gao et al. 2013),
mapping these onto the gene family tree (Fig. 3). Peptide
functions were classiﬁed following the characterization
in Uniprot. A complete list of functional properties
mapped onto the tree is provided in Table S6 of the
Supplementary material available on Dryad.
Within NaTx, mammal-active toxins were recovered
as eight derived clusters within three main groups: (i)
Acra3-like; (ii) Aah2-like; and (iii) Cn2-like (Figs. 3a,b).
The Aah2-like gene family was found exclusively in
Buthida (mostly from Old World Buthids) and encodes
for peptides that are arthropod-active, insect- and
mammal-active, and mammal-active (Fig. 3b). In contrast, within the Cn2-like gene family, we found one
cluster restricted to Iurida and six clusters exclusively
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To infer the ages of mammal-speciﬁc toxins, we
employed a phylostratigraphic bracketing approach,
which consists of estimating ages of genes from the
chronogram of the species tree; ages of the most inclusive
clades of taxa are used as minimum age estimates
for gene age. Divergence times for scorpion mammal
predators such as Herpestidae (Carnivora), Chiroptera,
Eulipotyphla, and Rodentia were retrieved from two
analyses of mammal diversiﬁcation times (Meredith
et al. 2011; Upham et al. 2019) for comparison with the
inferred ages of mammal-active toxins.
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in Buthida. Among these, two clusters with mammalactive targets were found uniquely in Centruroides and
Tityus. Our search for motifs with MEME (Bailey et al.
2015) showed a short nonunique motif of 10 amino acids
(GXXCWCXXLPD) for members of the Aah2-like gene
family, and no speciﬁc motif for members of the Cn2-like
gene family (Figs. S13–S19 of the Supplementary material available on Dryad). More speciﬁcally, no conserved

[17:36 25/3/2022 Sysbio-OP-SYSB220021.tex]

or repetitive motifs were found in the mammal-active
toxins of either the Aah2 or Cn2 gene families (Fig. S19 of
the Supplementary material available on Dryad). Given
the short sequence length of NaTx, we also assessed
patterns of relatedness between the 661 mature peptide
sequences from our data set using CLANS clustering
(Frickey and Lupas 2004). Consistent with the gene tree
analyses, this approach recovered eight separate groups
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FIGURE 2. Chronogram of scorpion relationships derived from ML analysis of 192 loci (53,333 amino acid sites). Nodal support metrics
are provided in Supplementary material available on Dryad. Node ages are computed in a time-calibrated analysis using 15 fossil calibrations.
Yellow bars depict 95% credibility intervals of node ages, whereas red bars depict 95% credibility intervals for the most toxic buthids. Inset:
Posterior distribution of node ages corresponding to mammal-active toxin origins (red), compared to the posterior distribution of the four major
mammal orders (blue) that include major scorpion predators. Mammal order ages from Upham et al. (2019).
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of peptides with afﬁnity for mammalian ion channels
(Fig. 3c).
To infer the age of mammal-active genes, we employed
a phylostratigraphic bracketing approach, using the stem
age of the most inclusive buthid clade containing a
given mammal-active toxin as a proxy for the minimum
estimated gene age. Stem ages of Centruroides, Tityus,
Parabuthus, and the node uniting Hottentotta with the
remaining Buthus group scorpions thus implied the
earliest diversiﬁcation of mammal-speciﬁc toxins in a
temporal window spanning. 20-83 Ma (Fig. 2, inset;
Fig. S20 of the Supplementary material available on
Dryad).
DISCUSSION
Contemporaneous Diversiﬁcation of Buthid Mammal-Active
Toxins and Mammalian Predators of Scorpions
Previous genomic resources sampling scorpion
venom diversity, as well as the ensuing inferences of
scorpion toxin evolution, have focused on data from
mostly medically signiﬁcant species, such as Leiurus
quinquestriatus, Androctonus australis, and Centruroides
sculpturatus (e.g., Froy et al. 1999; Schwager et al. 2017).

[17:36 25/3/2022 Sysbio-OP-SYSB220021.tex]

We focused herein on comparative analyses sampling
venom gene expression broadly across scorpion phylogeny, toward characterizing the evolutionary dynamics
that precipitated scorpion toxicity to mammals. We
also endeavored to increase high-quality transcriptomic
resources for medically signiﬁcant species in Androctonus, Centruroides, and Tityus. Through these data
sets, we discovered that certain classes of toxins are
phylogenetically restricted; as examples, chlorotoxins
occur only in Old World Buthidae; scorpines occur in
all families except Buthidae; and calcins are restricted to
Iurida (Fig. S9 of the Supplementary material available
on Dryad).
Fossil-based phylogenomic dating recovered a surprisingly young age for the basal diversiﬁcation of
Buthidae in the Late Mesozoic, contrary to previous
conjectures of a pre-Jurassic age of buthids that were
grounded in biogeographic patterns (Froy and Gurevitz
2003). We inferred eight independent origins of NaTx
with known speciﬁcity for mammalian targets spanning ﬁve separate buthid lineages, with three of these
occurring in genera sampled with multiple terminals.
Phylostratigraphic bracketing of these toxins’ origins
recovered age estimates broadly overlapping the basal
diversiﬁcation dates of several mammal orders that
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FIGURE 3. Evolutionary analyses of the sodium channel toxin family (NaTx). a) Alluvial plot summarizing the activity of the NaTx found
in scorpion venom (center) of each parvorder (left), and their subtype (right). Numbers represent the total transcripts and/or peptides found in
our transcriptomic analyses and UniProt. b) NaTx activity (inner bars) plotted onto the NaTx gene tree subdivided into seven subclades (four
well-known plotted onto the alluvial plot in (a)). In gray: transcript clades with unknown function. Circles on nodes represent inferred ancestral
bioactivity. c) 3D CLANS clustering of the mature peptide amino acid sequence. Colors correspond to NaTx activity. Red dotted lines show eight
clusters that include at least one peptide with known mammal ion channel activity.
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Ananteris, Tityus, Charmus, Isometrus, and Uroplectes
groups), with the Paleartic Buthus groups comprising
the sister lineage of the remaining Buthidae. The present
study recovered many of the groupings within Buthidae
that were established on the basis of trichobothrial
characters (sensory setae on the pedipalps). Our results
accord precisely with the morphological conception of
the Buthus group, the Uroplectes group, and the Tityus
group. Some analyses additionally recovered the basally
branching placement of the Buthus group, albeit weakly
(Figs. S4 and S7 of the Supplementary material available
on Dryad).
Our results differed with morphological delimitations
of buthid relationships only with respect to the composition of the two groups that were also poorly resolved
by the morphological data in that study (the Isometrus
and Ananteris groups; Fet et al. 2005). One lineage not
sampled herein using transcriptomic data is the enigmatic Charmus group, which is geographically restricted
to the Indian subcontinent, southeast Asia, and parts of
East Africa. A separate analysis we performed—in which
we combined Matrix 2 with available Sanger-sequenced
data for some buthid lineages as well as a pyrosequenced
genome for M. martensii—also revealed that Charmus is
part of the group that includes the Malagasy endemic
genus Grosphus and the southern African Parabuthus
and Uroplectes (Fig. S7 of the Supplementary material
available on Dryad). These outcomes vindicate the
interpretation and utility of trichobothrial arrangements
established by Fet et al. (2005) for inferring shallow-level
relationships within scorpion families.

Implications for Buthid Systematics
The systematic history of scorpions was previously
dominated by morphological analyses, with marked
contention between competing interpretations of homologies and cladistic practices. Intensive surveys of trichobothrial position by Fet et al. (2005) were previously used
to delimit six major groups of scorpions (the Buthus,
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include scorpion predators (Fig. 2). These mammalactive buthid NaTx were nested within a cluster of NaTx
that target arthropod tissues across all scorpions (Fig. 3).
The relatively young ages of highly toxic buthid
scorpions, in addition to the derived position of toxin
genes with an afﬁnity for mammalian ion channels
in the broader tree of insect-targeting toxins (e.g., the
position of the phaiodotoxin-like clade, Fig. 3), point
to the cooption of scorpion mammal-targeting toxins
from insect-targeting ancestral peptides, reﬂecting the
derivation of an antipredator defensive adaptation from
peptides previously used to target prey, as evidenced
by intermediate peptides with dual afﬁnities (e.g.,
Gordon et al. 2007). Similar dynamics have recently been
revealed in the highly venomous Australian funnel-web
spiders, wherein -hexatoxins exhibit high evolutionary
conservation, reﬂecting a defensive role for deterring
vertebrate predators (Herzig et al. 2020). By contrast to
these spiders, molecular signatures of selection revealed
no consistent pattern of amino acid sequence evolution
across groups of scorpion mammal-active toxins, consistent with the inference of independent evolutionary
origins of antivertebrate defensive peptides (Fig. S19 of
the Supplementary material available on Dryad).
Notably, counter-adaptations to scorpion venom are
known to occur in some scorpion predators. For
example, the grasshopper mouse Onychomys torridus
exhibits reduced sensitivity to pain caused by the sting
of the Arizona bark scorpion C. sculpturatus (Rowe
et al. 2013). The mechanism of this counter-adaptation
was shown to be amino acid variants of a voltagegated Na+ channel in O. torridus that have evolved to
selectively bind C. sculpturatus toxins, blocking action
potential propagation. Parallel evolution of resistance to
the venom of C. sculpturatus via modiﬁcation of Na+ ion
channels has also been suggested in the bat Antrozous pallidus (Hopp et al. 2017). Comparable molecular dynamics
underlying the evolution of resistance to snake venom
have evolved several times in snake predators, such as
mongooses, honey badgers, and hedgehogs (Barchan
et al. 1992; Drabeck et al. 2015; Holding et al. 2016; Khan
et al. 2020).
Given the diversity of Buthidae and the molecular
complexity of their venoms, broader phylogenetically
informed surveys of venom gland transcriptomics may
uncover additional origins of mammalian-targeting
toxin functions in scorpions. Venom gland transcriptomic databases sampling poorly studied species may
also offer additional targets for beneﬁcial biomedical
applications that are not represented among established
scorpion biomedical research programs.
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