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Abstract

Scorpions are ancient and historically renowned for their potent venom. Traditionally, the systematics of this group of arthro-
pods was supported by morphological characters, until recent phylogenomic analyses (using RNAseq data) revealed most of the
higher-level taxa to be non-monophyletic. While these phylogenomic hypotheses are stable for almost all lineages, some nodes
have been hard to resolve due to minimal taxonomic sampling (e.g. family Chactidae). In the same line, it has been shown that
some nodes in the Arachnid Tree of Life show disagreement between hypotheses generated using transcritptomes and other
genomic sources such as the ultraconserved elements (UCEs). Here, we compared the phylogenetic signal of transcriptomes vs.
UCEs by retrieving UCEs from new and previously published scorpion transcriptomes and genomes, and reconstructed phyloge-
nies using both datasets independently. We reexamined the monophyly and phylogenetic placement of Chactidae, sampling an
additional chactid species using both datasets. Our results showed that both sets of genome-scale datasets recovered highly simi-
lar topologies, with Chactidae rendered paraphyletic owing to the placement of Nullibrotheas allenii. As a first step toward
redressing the systematics of Chactidae, we establish the family Anuroctonidae (new family) to accommodate the genus
Anuroctonus.
© 2023 Willi Hennig Society.

Introduction

Scorpions constitute a charismatic lineage of arthro-
pods that probably originated in the Ordovician
(~470 Myr; Santib�a~nez-L�opez et al., 2022), and today
comprise nearly 2750 described species (Rein, 2022).
These animals have successfully survived multiple mass
extinctions and colonized different tropical, temperate
and cold habitats. While a basally branching placement
of scorpions within Arachnida (often with Opiliones)
was generally recovered by cladistic analyses of mor-
phology (Weygoldt and Paulus, 1979; Wheeler and
Hayashi, 1998; Giribet et al., 2002; Shultz, 2007), phylo-
genomic analyses (Sharma et al., 2014a; Ballesteros and

Sharma, 2019; Ballesteros et al., 2022) and developmen-
tal data (Sharma et al., 2014b; Nolan et al., 2020;
Ontano et al., 2021) support scorpion placement as part
of Arachnopulmonata (the sister group of Tetrapulmo-
nata, forming a clade of taxa that ancestrally bore book
lungs). More recently, rare genomic changes recovered
Scorpiones as the sister group of Pseudoscorpiones
(forming the clade Panscorpiones), a result consistent
with both phylogenomic analyses based on dense taxo-
nomic sampling and the systemic paralogy of genes and
miRNAs resulting from shared genome duplication
(Ontano et al., 2021; Ballesteros et al., 2022).
Closely paralleling the placement of scorpions

among arachnids, the internal phylogeny of the group
has advanced significantly in the past 10 years, but is
often at odds with morphological hypotheses. Histori-
cally, scorpion classification and phylogenetic
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relationships among scorpion groups were based pri-
marily on a subset of morphological character systems,
namely, trichobothrial patterns, sternum shape and the
anatomy of the hemispermatophore (Sissom, 1990;
Soleglad and Fet, 2003; Prendini and Wheeler, 2005;
Monod et al., 2017). Tests of relationships using
Sanger data were limited to analyses at the level of
family, genus or regional fauna (e.g. Fet et al., 2003;
Prendini et al., 2003; Gonz�alez-Santill�an and Pre-
ndini, 2015; Santib�a~nez-L�opez et al., 2017a; Loria
et al., 2022; Parmakelis et al., 2022; �Stundlov�a
et al., 2022). Two competing hypotheses classified scor-
pions into either four parvorders (Soleglad and
Fet, 2003) or 18 families (i.e. Prendini and
Wheeler, 2005), with both systems placing different
genera among families based on alternative putative
synapomorphies. Nevertheless, basic elements of these
classification schemes were largely congruent; as exam-
ples, the southeast Asian family Chaerilidae was held
to be basally branching within Iurida, and Bothriuri-
dae was understood to be closely related to (or part
of) Scorpionoidea, the group that exhibits katoiko-
genic development (Soleglad and Fet, 2003; Codding-
ton et al., 2004).
The first scorpion phylogenomic analysis, based on

RNAseq data for 25 exemplars, revealed discordance
with traditional morphological systematics, with
Chaerilidae invariably recovered as closely related to
Buthidae and Pseudochactidae, and Bothriuridae
recovered as distantly related to Scorpionoidea
(Sharma et al., 2015). Various superfamilies were
recovered as non-monophyletic, suggesting broader
discrepancies with the traditional classification. This
work emended the higher-level classification of scor-
pions to comprise two parvorders: Buthida Soleglad
and Fet, 2003 (with three superfamilies) and Iurida
Soleglad and Fet, 2003 (comprising four superfam-
ilies). In the wake of these outcomes, scorpion system-
atics witnessed rapid proliferation of genomic data
across its taxonomic breadth, with the goal of revising
the relationships of the group. Recent phylogenomic
analyses have recovered some traditional higher-level
relationships with support (i.e. among superfamilies),
but others were non-monophyletic (Santib�a~nez-L�opez
et al., 2018, 2019a, 2020, 2022; Sharma et al., 2018;
Fig. 1). Ten superfamilies are currently recognized and
a robust backbone phylogeny now exists for scorpion
relationships (Santib�a~nez-L�opez et al., 2022, Table 1),
with better resolution for families like Vaejovidae,
Buthidae and Iuridae (Santib�a~nez-L�opez et al., 2018,
2022; Parmakelis et al., 2022; �Stundlov�a et al., 2022).
Among these superfamilies, phylogenetic relation-

ships within Chactoidea remain obscure. Chactoidea,
as defined by Soleglad and Fet (2003), is comprised of
four families: Chactidae, Euscorpiidae, Superstitionii-
dae and Vaejovidae. Although Prendini and

Wheeler (2005) rejected Soleglad and Fet’s (2003) clas-
sification, the first scorpion phylogenomic analysis
revalidated Chactoidea and assigned eight families:
Caraboctonidae, Chactidae, Euscorpiidae, Scorpiopi-
dae, Superstitioniidae, Troglotayosicidae, Typhochacti-
dae and Vaejovidae. Recent phylogenomic analyses
later restricted Chactoidea to three families: Chactidae,
Euscorpiidae and Scorpiopidae, as Vaejovidae was
transferred to its resurrected superfamily Vaejovoidea
(Santib�a~nez-L�opez et al., 2019a), followed by the res-
toration of superfamilies Caraboctonoidea and
Hadruroidea to accommodate Caraboctonidae and
Hadruridae (Santib�a~nez-L�opez et al., 2020). However,
the phylogenetic position and composition of Chacti-
dae sensu stricto has not been tested, as only one
exemplar of the family Chactidae (Brotheas granulatus
Simon 1877) has been included in these analyses. Scor-
pions of this family, which harbours 205 species, are
distributed in South America, with a single species
found in North America [Nullibrotheas allenii
(Wood, 1863) in Baja California, Mexico; Santib�a~nez-
L�opez et al., 2019a].
It has been shown that some nodes in the Tree of

Life are difficult to resolve regardless of the amount of
input data (e.g. Philippe et al., 2011; Alda
et al., 2019). Moreover, the choice of genomic markers
for phylogenetic inference, which is influenced by
sequencing costs and tissue availability, is well under-
stood to impact phylogenetic outcomes (Karin
et al., 2020; Alda et al., 2021). While shotgun sequenc-
ing of transcriptomes offers numerous advantages for
phylogenomic study (such as the ability to test orthol-
ogy and design matrices suited to specific phylogenetic
investigations), this strategy is constrained by high
technical demands for tissue preservation and quality.
For field collection of species endemic to challenging
environments (e.g. deep caves and deserts), obtaining
high-quality RNA may be difficult or unfeasible. A
promising workaround is the use of ultraconserved ele-
ments (UCEs), which are robust to DNA degradation
and can be used with dried or ethanol-preserved speci-
mens (e.g. Blaimer et al., 2016; Derkarabetian
et al., 2019). Phylogenomic hypotheses generated using
UCEs and exons (transcriptomes) generally agree, but
several studies have shown disagreement between these
topologies, especially at recalcitrant nodes with low
phylogenetic signal (e.g. Bossert et al., 2019; Kulkarni
et al., 2020; Alda et al., 2021). Within arachnids, a
notable example is the case of Symphytognathoidea, a
clade of miniaturized spiders that was proposed on the
basis of morphological data. While not recovered by
phylotranscriptomic analyses, this group was recovered
as monophyletic with strong support by UCE datasets
(Kulkarni et al., 2020). These results were interpreted
to mean that the phylogenetic signal in UCE datasets
may be more congruent with morphological data,
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suggesting superior performance in comparison with
phylotranscriptomic matrices.
This inference bears directly on the higher-level sys-

tematics of scorpions, whose broad-scale revisions
have been based entirely upon mRNA sequencing. It
is therefore necessary to interrogate the phylogenetic
signal of different genomic datasets to test their power
and congruence in resolving scorpion relationships.
Compared with other arachnids (i.e. spiders and har-
vestmen), tests of UCE performance are few within
scorpions. Starrett et al. (2017) designed a probe set to
explore the utility of these genomic markers and tested
these for five scorpion species. Their UCE topology
disagreed with the exon-based analysis of Sharma
et al. (2015) for three out of four higher-level (i.e.
above genus-level) nodes. While limited in scope, these
results suggest that scorpion phylogeny may parallel

the case of Symphytognathoidea, with different data-
sets recovering incongruent topologies, an outcome
that could heavily impact the recent reclassification of
scorpions (Sharma et al., 2015; Santib�a~nez-L�opez
et al., 2018, 2019a, 2020).
To compare the phylogenetic signal of transcrip-

tomes vs. UCEs, we recovered UCEs from published
and newly sequenced transcriptomes and genomes
(Table 2), and reconstructed phylogenies using both
datasets independently. We separately tested the reso-
lution of the traditional Chactoidea and Chactidae
using phylogenomic analyses of both data types. The
major addition to this analysis was the sampling of the
chactid genus Nullibrotheas Williams, 1974, which we
anticipated to be recovered as the sister group to
Brotheas C.L. Koch, 1837 and to stabilize this node of
the phylogeny. Here, we show that both sets of

Fig. 1. Historical hypotheses of chactoid scorpion relationships based on morphology (Soleglad and Fet, 2003; Coddington et al., 2004) and
genomic datasets (Santib�a~nez-L�opez et al., 2020). Photographs of live habitus of Nullibrotheas allenii (top) and Anuroctonus pococki bajae (bot-
tom). Photographs by C. Santib�a~nez-L�opez.
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genomic markers recovered highly similar topologies,
with all current superfamilies and other major relation-
ships recovered as monophyletic. However, Chactidae

was invariably rendered paraphyletic owing to the
placement of Nullibrotheas in all analyses. Therefore,
we undertake taxonomic actions to redress the system-
atics of Chactidae.

Methods

Taxon sampling

Specimens were collected with the aid of ultraviolet lamps at night
from two localities in Baja California Sur (Mexico), one locality in
Argentina and one in Chile (Table 2). Scorpions were dissected into
RNAlater solution (Ambion), and their brains, legs and telsons were
removed for sequencing. Total RNA was extracted and sequenced,
followed by transcriptome assembly, using previously described pro-
tocols (e.g. Sharma et al., 2015; Santib�a~nez-L�opez et al., 2022). Tran-
scriptomes previously published by us were included for outgroup
sampling (Sharma et al., 2014a, 2015, 2018; Table 3). New terminals
in this analysis consisted of the chactid Nullibrotheas alleni and two
species of the bothriurid genus Urophonius Pocock, 1893
[U. brachycentrus (Thorell, 1876) and U. granulatus Pocock, 1898].

Matrix assembly and analysis

Orthologous loci were drawn from Markov Cluster Algorithm
clustering of 424 loci computed from our previous analysis of scor-
pions (Santib�a~nez-L�opez et al., 2022). Untrimmed alignments were
used to produce a hidden Markov profile using hmmerbuild from
hmmer v. 3.2.1 (Mistry et al., 2013). Our newly sequenced transcrip-
tomes then were used as query to search (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 preferred. Then, each corresponding
sequence was appended to the locus FASTA file aggregating the
putative orthologs found in each species. Then, one phylotranscrip-
tomic matrix (Matrix AAm1, 424 partitions) was assembled.

For assembly of UCE matrices, the FASTA files of transcriptomes
were converted to a 2-bit format using faToTwoBit (Kent, 2002),
and then recovered using PHYLUCE v.1.7 (Faircloth, 2016). The
resulting FASTA files were then matched to the sequences from the
Spider2Kv1 probe (Kulkarni et al., 2020). Nucleotide sequences from
UCEs were assembled, aligned using MAFFT v.7.4 (--auto --
anysymbol --quiet; Katoh and Standley, 2013) and trimmed using

Table 1
High-level classification of scorpions proposed by Sharma
et al. (2015) and modified by Santib�a~nez-L�opez et al. (2019a,b, 2020)

Order Scorpiones Koch 1837
Suborder Neoscorpionina Thorell & Lindstr€om 1885
Infraorder Orthosterni Pocock 1911
Parvorder Buthida Soleglad and Fet 2003
Superfamily Buthoidea Koch 1837
Family Buthidae Koch 1837

Superfamily Chaeriloidea Pocock 1893
Family Chaerilidae Pocock 1893

Superfamily Pseudochactoidea Gromov 1998
Family Pseudochactidae Gromov 1998

Parvorder Iurida Soleglad and Fet 2003
Superfamily Bothriuroidea Simon 1880
Family Bothriuroidea Simon 1880

Superfamily Caraboctonoidea Kraepelin 1905
Family Caraboctonidae Kraepelin 1905
Family Superstitioniidae Stanhke 1940

Superfamily Chactoidea Pocock 1893
Family Chactidae Pocock 1893
Family Euscorpiidae Laurie 1896
Family Scorpiopidae Kraepelin 1905
Superfamily Iuroidea Thorell 1876
Family Iuridae Thorell 1876

Superfamily Hadruroidea Stahnke 1974
Family Hadruridae Stahnke 1974

Superfamily Scorpionoidea Latreille 1802
Family Diplocentridae Karsch 1880
Family Hemiscorpiidae Pocock 1893
Family Hormuridae Laurie 1896
Family Rugodentidae Bastawade et al. 2005
Family Scorpionidae Latreille 1802
Family Urodacidae Pocock 1893

Superfamily Vaejovoidea Thorell 1876
Family Vaejovidae Thorell 1876

Incertae sedis
Family Belisariidae Lourenc�o 1998
Family Heteroscorpionidae Kraepelin 1905
Family Troglotayoscidae Lourenc�o 1998
Family Typhlochactidae Mitchell 1971

Table 2
Localities of newly sequenced scorpions

Species Locality/region of origin Latitude Longitude Date Collector

Sequence Read
Archive
BioProject

Urophonius
brachycentrus

10 km south of Viedma,
R�ıo Negro Providence,
Argentina

�40°53052.3100 �72°38033.9700 August
2021

A. Ojanguren-Affilastro, H.
Iuri, L. Piacentini

PRJNA922548

Urophonius
granulatus

Entrance to Torres del
Paine National Park,
Magallanes Region,
Chile

�51°33046.3400 �72°38033.9700 March
2019

A. Ojanguren-Affilastro, J.
Pizarro-Araya, F. Alfaro-
Kong, J. Calder�on, A. Castex

PRJNA922548

Nullibrotheas
allenii

Mexico: Near el
Pescadero, La Paz, Baja
California Sur, Mexico

23°21057.0600 �110°5052.6500 August
2019

M. Graham, R. Jones, J.
Idjadi, C. Santib�a~nez-L�opez

PRJNA922548
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trimAl v.1.2 (-fasta -gappyout; Capella-Guti�errez et al., 2009) to
obtain 1950 selected loci. Three matrices were assembled with mini-
mum taxon occupancy thresholds: Matrix 1 (UCEm1 with at least
57 species per locus), Matrix 2 (UCEm2 with at least 64 species per
locus) and Matrix 3 (UCEm3 with at least 77 species per locus).
Phylogenetic analysis, model selection and nodal support of each
locus were performed using the procedure indicated below. In con-
trast to the transcriptome-based dataset, UCE concatenated matrices
were analysed as one partition using ModelFinder constraining the
search to the GTR model only. Parsimony analyses of matrices
AAm1 and UCEm3 were conducted using TNT v. 1.6 (Goloboff
and Catalano, 2016) with 100 jackknife replicates.

Gene trees were constructed using IQ-TREE v. 2.0.6 (Minh
et al., 2020a) and ModelFinder Plus (Kalyaanamoorthy et al., 2017),
for automated model fitting, with nodal support estimated using
ultrafast bootstrapping (Hoang et al., 2018), and gene and site con-
cordance factors (gCf and sCF; Minh et al., 2020b). Alignments

and/or gene trees were visually inspected for chimeric transcripts or
paralogous sequences as some mismatches have been observed before
(Santib�a~nez-L�opez et al., 2022). The phylogenetic inference of matrix
AAm1 was computed with IQ-TREE, implementing the best-fitting
amino acid substitution model per partition, and nodal support
using ultrafast bootstrapping. To infer shallow-level relationships in
the presence of incomplete lineage sorting, species tree estimation
was also performed using the gene trees and the coalescent summary
method implemented in ASTRAL III (Mirarab and Warnow, 2015).

Gene properties and tree metrics

To explore information content and identify potential biases in
our matrices, we analysed our four datasets using Phykit v. 1.5.0
(Steenwyk et al., 2021) and the R script genesortR (Mongiar-
dino, 2021). Metrics compared across loci in our matrices consisted
of the number of sites per locus, the number of sites without gaps,
the number of parsimony informative sites per locus, the mean long
branch score, the average patristic distances, levels of saturation,
root-to-tip variance, compositional heterogeneity (for our amino acid
set only), Robinson–Foulds similarity and average bootstrap sup-
port. To assess topological differences between trees, we used the
information metric of Kendall and Colijn (2016) as implemented in
the R package TreeSpace (Jombart et al., 2017). To show the varia-
tion between our recovered topologies, we projected the metrics of
Kendall and Colijn (2016) onto a multidimensional scaling plot using
TreeSpace. Since our trees had similar structures, we summarize the
content of the UCE analyses into a single ‘consensus tree’ using
the function of medTree (TreeSpace). The information content of the
individual gene alignments (424 exon loci, and 531 UCE loci) and
the four matrices (AAm1, UCEm1, 2 and 3) were evaluated using
the four-cluster likelihood mapping (Strimmer and Von Haese-
ler, 1997) as quartets in IQ-TREE (�lmap All). We tested the posi-
tion of Nullibrotheas with respect to three taxa: Brotheas, Scorpiops
and Euscorpiidae.

Results

Phylogenomic analyses

One amino acid matrix (AAm1, with 424 genes and
114 315 amino acids; from Santib�a~nez-L�opez
et al., 2022) and three UCE phylogenomic matrices
spanning 149–531 loci (117 649–357 956 nucleotides)
were constructed. Assessment of phylogenomic biases
included mean long branch scores and the number of
parsimony informative sites, as shown in Figs S1–S5.
Maximum likelihood (ML) analysis of the

concatenated amino acid dataset recovered, with maxi-
mal nodal support, the monophyly of scorpions, the
established basal split between the two parvorders
(Buthida + Iurida) and the majority of the relation-
ships among and monophyly of the superfamilies
(Fig. 2a). Superfamily Caraboctonoidea was not recov-
ered as monophyletic using these loci, as previously
shown (Santib�a~nez-L�opez et al., 2022). Relationships
between groups within Buthidae were consistent with
those reported previously, with Lychas variatus (Thor-
ell, 1876) as the sister group of the remaining buthids.
Within the superfamily Bothriuroidea, Cercophonius

Table 3
Revised higher level classification of extant scorpions. Taxa of ques-
tionable monophyly are indicated with asterisks. Taxa of unknown
phylogenetic position based on phylogenomic data are indicated with
question marks

Order Scorpiones Koch 1837
Suborder Neoscorpionina Thorell & Lindstr€om 1885
Infraorder Orthosterni Pocock 1911
Parvorder Buthida Soleglad and Fet 2003
Superfamily Buthoidea Koch 1837
Family Buthidae Koch 1837
Family Ananteridae Kraepelin 1908

Superfamily Chaeriloidea Pocock 1893
Family Chaerilidae Pocock 1893

Superfamily Pseudochactoidea Gromov 1998
Family Pseudochactidae Gromov 1998

Parvorder Iurida Soleglad and Fet 2003
Superfamily Bothriuroidea Simon 1880
Family Bothriuroidea Simon 1880

Superfamily Caraboctonoidea Kraepelin 1905
Family Caraboctonidae Kraepelin 1905
Family Superstitioniidae Stanhke 1940

Superfamily Chactoidea Pocock 1893
Family Anuroctonidae Santib�a~nez-L�opez,

Ojanguren-Affilastro, Graham & Sharma new family
Family Chactidae Pocock 1893
Family Euscorpiidae Laurie 1896
Family Scorpiopidae Kraepelin 1905

Superfamily Iuroidea Thorell 1876
Family Iuridae Thorell 1876

Superfamily Hadruroidea Stahnke 1974
Family Hadruridae Stahnke 1974

Superfamily Scorpionoidea Latreille 1802
Family Diplocentridae Karsch 1880
Family Hemiscorpiidae Pocock 1893
Family *Hormuridae Laurie 1896
Family Rugodentidae Bastawade et al. 2005
Family *Scorpionidae Latreille 1802
Family Urodacidae Pocock 1893

Superfamily Vaejovoidea Thorell 1876
Family Vaejovidae Thorell 1876

Incertae sedis
Family *Belisariidae Lourenc�o 1998
Family? Heteroscorpionidae Kraepelin 1905
Family Troglotayosicidae Lourenc�o 1998
Family? Typhlochactidae Mitchell 1971
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Peters, 1861 [C. squama (Gervais 1843),
C. queenslandae Acosta 1990, C. sulcatus Kraepelin
1908] was recovered as the sister taxon to Urophonius
[U. brachycentrus (Thorell 1876) and U. granulatus
Pocock 1898] and not to Centromachetes Lonnberg
1897, as previously inferred (Sharma et al., 2018).
Lastly, N. allenii was recovered as the sister taxon to
Scorpiops sp. (Scorpiopidae) across analyses, rendering
Chactidae (represented by B. granulatus) paraphyletic
(Fig. 2a). All other relationships agreed with previous
topologies.

Maximum likelihood analyses of the concatenated
UCE datasets recovered, with maximal nodal support,
the monophyly of the two parvorders. Matrices
UCEm1 and UCEm2 (531 and 394 loci respectively)
recovered Chaerilidae as a sister taxon to the clade
comprising Buthidae and Pseudochactidae (Fig. 2b,
Fig. S6). In contrast, the ML analysis of UCEm3 (149
loci) recovered Chaerilidae as a sister taxon to Pseudo-
chactidae, as also seen in our AAm1 topology
(Fig. S7). Within Buthidae, all three matrices recov-
ered the monophyly of the “Buthus”, “Uroplectes” and

Fig. 2. (a) Maximum likelihood (ML) tree topology recovered from the analysis of 424 amino acid loci (AAm1; log
Likelihood = �3 317 472.22). (b) ML tree topology recovered from the analysis of 531 UCE loci (UCEm1; lnL = �5 782 225.20). Site (top) and
gene (bottom) concordance factors are indicated near the selected branches on both topologies.
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“Tityus” groups, and the paraphyly of the “Ananteris”
group (owing to the exclusion of L. variatus) as shown
previously (Santib�a~nez-L�opez et al., 2022; �Stundlov�a
et al., 2022). Unlike in our AA1m topology, the three
UCE matrices recovered the monophyly of Carabocto-
noidea (Caraboctonus Pocock 1893 + Superstitionia
Stahnke 1940). Further, as in our AAm1 topology,
N. allenii was recovered as the sister taxon to the
genus Scorpiops Peters 1861 (Scorpiops sp.) in all UCE
datasets, rendering Chactidae non–monophyletic. All
analyses (AA and UCEs) recovered the polyphyly of
Hormuridae (within Scorpionoidea), and the relation-
ship between Uroctonus mordax Thorell 1876 and Beli-
sarius xambeui Simon 1879 (Fig. 2, Figs S6 and S7).
Lastly, parsimony analyses of AAm1 and UCEm3
recovered highly similar topologies to those mentioned
above (Fig. 3).
Species tree analyses of the amino acid loci (424)

recovered the monophyly of both parvorders, the
monophyly of the superfamilies and similar relation-
ships within superfamilies as in our ML analysis of the
AAm1 matrix (Fig. S8). Nullibrotheas allenii was
recovered as a sister taxon to Scorpiops sp., but unlike
in the ML topologies, B. granulatus was recovered as
a sister taxon to Euscorpiidae (genera Euscorpius
Thorell 1876, Plesiochactas Pocock 1900 and Megacor-
mus Karsch 1881), and not as the sister group to
N. allenii and Scorpiops sp. Similarly, species tree ana-
lyses of the UCE loci (149, 394, and 531) recovered
similar topologies to those mentioned before with the
following exceptions. The Astral trees from the 531
and 394 loci trees recovered N. allenii as a sister taxon
to Scorpiops sp., and B. granulatus as the sister taxon
to Euscorpiidae (Figs S9 and S10). In contrast, the
Astral tree from the 149 loci trees recovered
B. granulatus as the sister taxa to the clade comprising
N. allenii and Scorpiops sp. All analyses recovered the
relationship between U. mordax and B. xambeui, but
the phylogenetic position of this clade changes in each
topology (Fig. S11).
While the ML and species coalescent analyses of both

datasets (AA and UCEs) showed a large degree of con-
gruence (Fig. 4a–c), the multidimensional scaling of
topological tree space of phylogenetic analyses recov-
ered three tree clusters (Fig. 4c). All trees recovered
from UCEs (ML and Astral) are clustered together, sug-
gesting that they are more similar to each other whereas
the AA Astral topology is the most different of all trees.
Since all UCE trees were very similar, they were summa-
rized into a “consensus” tree using treespace, and then
compared with the AAm1 tree (Fig. 4b,c).
To assess gene overlapping across the data types, we

retrieved the longest sequence from each of the 660
gene partitions from Santib�a~nez-L�opez et al. (2022),
created a database and performed translated BLAST
searches (tBLASTn) with the longest sequence from

each of the 531 UCE loci. Of 531 UCEs, 44 loci
retrieved hits with 90–100% identity and E-values
lower than 1e�102, suggesting little overlap between
these two types of datasets (Fig. 4d).

Quartet likelihood mapping

The quartet likelihood mapping to test the phyloge-
netic position of Nullibrotheas as either sister taxa to
Scorpiops, Brotheas or Euscorpiidae using all
concatenated matrices (AAm1, UCEm1-3) recovered
the quartet (Nullibrotheas + Scorpiops), which was
consistent with the ML and Astral results, with 100%
frequency (Fig. 5a,b,e). Sampling of quartets across
424 individual exons and 531 individual UCE loci sup-
ported this quartet with <50% (38% and 20% respec-
tively; Fig. 5c,d,f,g), 38% (AA) and 46% (UCEs) non-
informative quartets (Fig. 5).

Discussion

Phylogenetic position of Nullibrotheas allenii and the
status of Anuroctonus Pocock, 1893

Previous scorpion phylogenomic analyses rejected
the monophyly of Chactidae based on the position of
the Nearctic species Anuroctonus phaiodactylus
(Wood, 1863) and U. mordax, both members of sub-
family Uroctoninae (sensu Soleglad and Fet, 2003; but
see Prendini and Wheeler, 2005). In recent phyloge-
nomic analyses, U. mordax has been recovered as a
sister taxon to B. xambeui as the superfamily incertae
sedis, and A. phaiodactylus has been consistently recov-
ered as the sister taxon to all species within Chactoi-
dea (e.g. Santib�a~nez-L�opez et al., 2020). These results
suggested that Chactidae could be a diphyletic lineage
comprising two subfamilies (Brotheinae and Chacti-
nae). Under this scenario, only one representative of
the family Chactidae has been included in previous
phylogenomic analyses: the Neotropical species Broth-
eas granulatus (a member of the subfamily Brothei-
nae). Thus, the sampling of additional Chactidae was
necessary to revise the Chactidae and assess the place-
ment of Anuroctonus Pocock, 1893.
Contrary to our expectations, our topologies consis-

tently recovered N. allenii as the sister taxon to Scor-
piops sp., recapitulating the recurring result that the
morphology-based classification of scorpions does not
agree with genome-scale phylogenies. Our results
refute the inclusion of genus Nullibrotheas and Broth-
eas within a monophyletic Chactidae (Fig. 5a–g), as
previously suggested (Soleglad and Fet, 2003; Prendini
and Wheeler, 2005). This placement suggests that the
subfamily Brotheinae probably merits elevation to
family rank in future revisions of Chactidae.
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One of the most enigmatic scorpion genera is Anuroc-
tonus, as stated by its complicated systematic history.
Originally, this species was described as Centrurus phaio-
dactylus by Wood (1863) from the “Utah Territory”
USA, and later transferred to Anuroctonus and placed
in the subfamily Iurini of family Iuridae (Pocock, 1893).
Later, this genus was transferred to subfamily Vejovini
of family Scorpionidae by Kraepelin (1894), to the sub-
family Uroctoninae within Vaejovidae (B€ucherl, 1971),

to the subfamily Hadrurinae within Vaejovidae
(Stahnke, 1974), and as a member of the superfamily
Chactoidea (Francke and Soleglad, 1981). In more
recent years, Anuroctonus was a member of Uroctoninae
within family Chactidae (Soleglad and Fet, 2004), and
lastly, as member of family Iuridae (Prendini and
Wheeler, 2005). While these subfamilies and families
have been revised previously (e.g. Sharma et al., 2015;
Santib�a~nez-L�opez et al., 2019a, 2020), the position of

Fig. 3. Most parsimonious tree topologies recovered from the analysis of 424 genes (AAm1; Length = 530 327; Consistency Index = 0.431;
Retention Index = 0.744) and 149 UCE loci (UCEm3; L = 465 305; CI = 0.267; RI = 0.670). Topologies are split into the two parvorders:
Buthida (in orange) and Iurida (purple). Circles on nodes indicate <70% of jackknife nodal support.

8 C. E. Santib�a~nez-L�opez et al. / Cladistics 0 (2023) 1–15

 10960031, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cla.12551 by Prashant Sharm

a - U
niversity O

f W
isconsin - M

adison , W
iley O

nline L
ibrary on [04/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Anuroctonus remained as incertae sedis in Chactoidea.
Here, we propose the creation of family Anuroctonidae
(a new family, see the section below) to accommodate
the genus Anuroctonus. This family is diagnosed by
small denticle(s) on the base of the ventral edge of the
cheliceral movable finger, developed dorsal and ventral
pedipalp patellar spurs, pedipalp trichobothrial pattern
type “C” (Vachon, 1974), with neobothriotaxy on the
patella and chela surfaces (type Ch3 as defined by
Soleglad and Fet, 2003), sternum type II (subpentago-
nal), lateral ocelli type 3A (Loria and Prendini, 2014)
and the “twofold” spermatophore type (Monod
et al., 2017).

Congruence between phylogenomic datasets reaffirms
the modern classification of scorpions

In many ways, the decade-long predominance of
higher-level scorpion phylogeny by phylotranscrip-
tomic datasets has fulfilled numerous promises and
unlocked new dimensions of scorpion biology.

Beyond facilitating the inference of deep phylogenetic
relationships, transcriptomic datasets offered excep-
tional insights into the composition and evolution of
toxins in resting venom gland tissues (e.g. He
et al., 2013; Sunagar et al., 2013; Santib�a~nez-L�opez
et al., 2016a, 2017b, 2018, 2019b, 2022; D�ıaz
et al., 2023). Transcriptome data have revealed evi-
dence for ancient, shared genome duplication in ara-
chnopulmonates, a vital discovery in the placement of
Scorpiones in the chelicerate Tree of Life (Schwager
et al., 2017; Nolan et al., 2020; Ontano et al., 2021).
Additionally, the data facilitated the developmental
genetic study of patterning genes during scorpion
embryogenesis (Sharma et al., 2014b; Setton and
Sharma, 2018; Sharma, 2018). Despite these insights,
the era of phylogenetic investigation using transcrip-
tome data has now passed its zenith. With the back-
bone phylogeny of the order well resolved, the
aforementioned challenges and costs of mRNA
sequencing make this strategy unattractive for the
purposes of phylogenetic inference alone.

Fig. 4. (a–d) Tree topologies from the analysis of the AAm1 matrix (ML and coalescent species methods) and the median UCE tree differ in the
position of multiple taxa within the superfamily Chactoidea (a, b). (c) Multidimensional scaling plot of topological tree space of the different
phylogenetic analysis conducted here using the Kendall and Colijn (2016) method. (d) Venn diagram showing the overlap of 44 exons (out of
660) with 44 UCE loci (out of 531). These 44 exons/UCE loci were between 90 and 100% identical with E-values lower than 1e�102.
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Ultraconserved elements offer a solid workaround
for approaching phylogenetic questions, and especially
so as a function of their efficacy with degraded tissues
and aging collections (Blaimer et al., 2016; Derkarabe-
tian et al., 2019). Assessment of UCE effectiveness var-
ies across arachnid orders. In the case of spiders and
harvestmen, results have been promising (Kulkarni
et al., 2020; Derkarabetian et al., 2021), whereas tests
of UCE datasets with Parasitiformes have yielded
unusual outcomes, such as Opiliones and Ricinulei
being nested within the parasitiforms (Van Dam
et al., 2019). This result strongly conflicts with mor-
phological data, a previous generation of Sanger-based

molecular phylogenetic inferences, and phylotranscrip-
tomic and genomic approaches (Giribet et al., 2002;
Shultz, 2007; Sharma et al., 2014a; Leite et al., 2018;
Gainett et al., 2021; Ballesteros et al., 2022). In the
case of scorpions, efforts to leverage UCEs to infer
scorpion relationships were limited to a seven-taxon
proof-of-concept study by Starrett et al. (2017), with
results that were largely incongruent with
phylotranscriptomics.
Here, we compared the performance of UCE data-

sets to phylotranscriptomic counterparts for 126 scor-
pion taxa. We found that regardless of occupancy
threshold, and lack of gene overlap between data

Fig. 5. (a) Quartet likelihood mapping of the three alternative topologies to test the position of Brotheas and Nullibrotheas. The right column (b
and e) shows the results from the concatenated matrix (AAm1 and UCEm1 respectively) with the respective percentage of the informative
regions of the map. The centre column (c and f) aggregates the mapping of all quartets analysed in 424 (c, AAm1) and 531 (f, UCE) loci, with
the summary distribution of the proportion of the informative areas shown in d (AAm1) and g (UCEm1).
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types, higher-level relationships were highly congruent
across analyses; the only nodes that exhibited discrep-
ancies between analyses were those splits that were
already known to be unstable in phylotranscriptomic
matrices (e.g. the placement of Lychas; the position of
Uroctonus with respect to Hadrurus and Hoffmanniha-
drurus). These outcomes contrast with the case study
of Symphytognathoidea by Kulkarni et al. (2020), who
recovered the miniaturized spiders as a clade with sup-
port, contrary to exon-based analyses. A possible
explanation for this discordance may be related to het-
erogeneous rates of evolution, with miniaturized taxa
often exhibiting accelerated substitution rates in com-
parison with larger-bodied outgroups (e.g. Roxo
et al., 2017; but see also Rainford et al., 2016). Dispar-
ities of evolutionary rate and generation times are
especially pronounced in spiders, with large-bodied
species often taking years to reach sexual maturity
(e.g. many mygalomorphs), whereas small-bodied ente-
legyne groups reproduce several times per year (e.g.
Elgar, 1995; Huber, 2005; Mason et al., 2018). For
such taxa, nucleotide-based analyses may be more
prone to saturation and rate heterogeneity effects than
amino acid-based analyses, owing to the smaller alpha-
bet of nucleotide sequences. Consistent with this inter-
pretation, we found no discordance between UCE and
exon datasets and their attendant analyses in this
study, which probably reflects the long generation
times and comparable evolutionary rates across the
scorpion Tree of Life.
These results validate recent efforts to reframe and

reclassify scorpions, as part of efforts to render con-
stituent taxa monophyletic and reduce reliance upon
morphological characters that are uninformative or
homoplastic (Sharma et al., 2015; Santib�a~nez-L�opez
et al., 2018, 2019a). Furthermore, our work provides a
first set of comprehensive UCE datasets for inference
of scorpion relationships, with broad sampling across
the order, which we anticipate will prove a valuable
resource for elaboration and expansion for study of
derived clades.

Outstanding goals for scorpion phylogeny

In the wake of the rapid influx of genome-scale datasets
into scorpion systematics over the past decade, several
basic questions about the shape of the scorpion Tree of
Life have been resolved and appear insensitive to the type
of phylogenetic loci analysed. We add the caveat that the
UCEs we explored are almost entirely from coding
regions of transcriptomes, owing to the dearth of high-
quality genomes spanning the order Scorpiones at the
time of this writing. Beyond testing new marker types and
targeting key missing taxa to enrich our understanding of
scorpion relationships, we identity four salient inquiries
as high-value targets for scorpion phylogenetic studies

that may be facilitated by the establishment of our UCE
datasets:

1. Systematic assessment of Chactidae. The taxonomic
action taken herein only partly resolves the non-
monophyly of Chactidae, as we never obtained
Nullibrotheas and Brotheas as sister groups across
our analyses. While the taxonomic sampling of
chactids is minimal in this study, the strong sup-
port for this outcome hints at the likely non-
monophyly of Chactidae as presently defined and
reflects a recurring pattern in scorpion phyloge-
nomics, wherein a result established by a smaller
dataset is robustly recovered by the addition of tips
to the tree. Prominent examples include the dissolu-
tion of Scorpionoidea sensu Sissom (1990)
(Bothriuridae + the remaining scorpionoids) and
Chactoidea sensu Sissom (1990) (chactids and vae-
jovids forming a clade) (Sharma et al., 2015;
Santib�a~nez-L�opez et al., 2018, 2019a). Future inves-
tigations must target Chactas and other key Neo-
tropical genera to assess the internal relationships
of this putative family.

2. Biogeography of Bothriuridae. As in the case for
scorpion systematics, only a handful number of
families, genera or species have been explored for
biogeographic study using molecular datasets (e.g.
Bryson et al., 2013; Monod and Prendini, 2015;
Graham et al., 2017; Esposito and Prendini, 2019;
Borges et al., 2020; Parmakelis et al., 2022). The
relationships of Bothriuridae are especially compel-
ling from the perspective of comparative biogeogra-
phy, because these scorpions exhibit a temperate
Gondwanan distribution, occurring in Australia,
southern South America and southern Africa
(Sharma et al., 2018). Available molecular data for
Bothriuridae, including Sanger data, are missing
for much of the diversity of the South American
fauna, and entirely missing for the African
bothriurid genera Lisposoma and Brandbergia, ren-
dering an incomplete biogeographic reconstruction
for this scorpion superfamily. Sampling of the tran-
scriptomes of many of these groups is hindered by
their rarity and their restriction to very specific and
remote habitats (e.g. Brandbergia). We anticipate
that the historical biogeography of bothriurids can
finally be explored with genome-scale datasets
through UCE sequencing of preserved museum
specimens.

3. The root of Buthidae. Buthidae encompasses half
the diversity of extant species and the large major-
ity of medically significant species, making this
family enormously significant for biological investi-
gations beyond taxonomy. Recent molecular stud-
ies have recovered support for some of the buthid
groups delimited by Fet et al. (2005) based on
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morphology, such as the Buthus group and Tityus
group; other groups were not supported (Santib�a~n-
ez-L�opez et al., 2022; �Stundlov�a et al., 2022). The
major discrepancy between recent densely sampled,
Sanger-based studies (228 exemplars; �Stundlov�a
et al., 2022) and more sparsely sampled,
transcriptome-based studies (32 exemplars;
Santib�a~nez-L�opez et al., 2022) pertains to the root
of the buthid tree. A four-gene Sanger dataset and
some exon-based matrices (the densest dataset of
Santib�a~nez-L�opez et al., 2022) both recover the
Buthus group as the sister group to the remaining
buthids, but support for a clade composed of the
remaining buthids was mixed in both studies.
Future efforts to understand the evolution of
venoms within this group must resolve the root of
Buthidae with confidence.

4. Missing families and the evolution of troglobitism.
Testing the phylogenetic validity and position of
Heteroscorpionidae, Rugodentidae, Troglotayosici-
dae and Typhlochactidae remains an outstanding
objective for higher-level scorpion phylogeny. To
our knowledge, no molecular data are available
for these groups. The troglobitic members of
Typhlochactidae are especially intriguing from the
perspective of morphology, but may be phyloge-
netically misplaced, owing to convergent patterns
of evolution incurred by adaptations to life in
darkness. Prendini et al. (2010) suggested that
troglomorphism in endogean species might have
evolved from obligate troglobitic typhlochactids.
Unfortunately, this hypothesis has not been tested
using molecular data. UCE data from troglobitic
species could potentially uncover the evolutionary
history of these morphological traits, along with
elucidating the biogeography histories of these
animals, as many of these species display disjunct
distributions in cave systems (Santib�a~nez-L�opez
et al., 2014).

Taxonomy

Family ANUROCTONIDAE Santib�a~nez-L�opez,
Ojanguren-Affilastro, Graham et Sharma new family

Type genus . Anuroctonus Pocock, 1893 by present
designation.

Diagnosis. Neobothriotaxy type Ch3 (Soleglad and
Fet, 2003), with 18–25 (external surface) and 10–19
(ventral surface) trichobothria on the pedipalp patella.
Lateral ocelli type 3A (Loria and Prendini, 2014).
Twofold spermatophore type with a capsule with a
short protruding sperm duct (Monod et al., 2017).

Composition. This family includes only one genus
(Anuroctonus) and the species A. phaiodactylus and
A. pococki (with two subspecies: A. pococki poccocki,
A. pococki bajae).

Distribution. This species is restricted to California,
Nevada and Utah in the USA, and in northern Baja
California, Mexico.
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