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Short Communication 

Molecular data do not support the traditional morphology-based groupings 
in the scorpion family Buthidae (Arachnida: Scorpiones) 
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A B S T R A C T   

The family Buthidae represents an early-diverging and most species-rich lineage of extant scorpions, but its 
internal phylogenetic relationships are still poorly understood. The family is traditionally divided into six 
morpho-groups; however, the monophyly of some of them remains unclear. We combined multilocus sequence 
data with extensive taxon sampling to reconstruct the phylogenetic relationships among Buthidae and assess the 
validity of the morphology-based groupings. We recovered a monophyletic Buthus group as a sister clade to all 
the remaining Buthidae. We also found support for the monophyly of the Tityus group, but the remaining 
morpho-groups were recovered as para-/polyphyletic. Our results also suggest that some genera are in need of a 
taxonomic revision.   

1. Introduction 

The family Buthidae represents an early-diverging group of extant 
scorpions (Sharma et al., 2015, 2018) that successfully adapted to a 
broad-spectrum of terrestrial ecosystems. Buthids are the most diversi-
fied lineage within the entire order Scorpiones; with 1259 species par-
celed into 95 genera (Rein, 2021), they comprise nearly half of the 
global scorpion diversity. Owing to its cosmopolitan distribution and 
medical importance (Chippaux and Goyffon, 2008), Buthidae occupies 
the forefront of both public and scientific interest among arthropods (e. 
g., Furtado et al., 2020; Santibáñez-López et al., 2022; Šťáhlavský et al., 
2020). The backbone of intra-familial classification of Buthoidea 
(Buthidae and Microcharmidae; Fet et al., 2005), which distinguishes six 
morpho-groups [i.e., Ananteris, Buthus, Charmus, Isometrus, Uroplectes 
and Tityus groups], relies mainly on trichobothrial patterns and has 
never been fully tested with molecular data. The extraordinary richness 
combined with difficult accessibility of some taxa precluded a compre-
hensive assessment of the family’s phylogeny (Borges and Graham, 
2016; Ojanguren-Affilastro et al., 2017; Santibáñez-López et al., 2022). 
Contemporary molecular studies thus focused on specific taxonomic 
questions (e.g., Sousa et al., 2011; Pedroso et al., 2013; Esposito et al., 

2018; Fet et al., 2018; Cain et al., 2021; Klesser et al., 2021) and 
biogeographic hypotheses testing (e.g., Fet et al., 2003; Shi et al., 2013; 
Esposito and Prendini, 2019). The traditional morphological grouping 
was supported by molecular data in the case of the Buthus and Tityus 
groups (e.g., Borges and Graham, 2016; Ojanguren-Affilastro et al., 
2017; Santibáñez-López et al., 2022), including the subfamily Centrur-
oidinae (Esposito and Prendini 2019). However, the validity and 
composition of the remaining morpho-groups is unclear. 

We combine extensive taxon sampling comprising over half of buthid 
generic diversity and multilocus sequence data (two mitochondrial and 
two nuclear genes) to: i) reconstruct the phylogenetic relationships 
among Buthidae, ii) assess the validity of morphology-based groupings. 

2. Material and methods 

2.1. Taxon sampling and laboratory protocols 

The dataset assembled for this study contains 228 terminals, each 
representing a distinct species from 52 genera of Buthidae and the six 
major morpho-groups (Ananteris, Buthus, Charmus, Isometrus, Uroplectes 
and Tityus groups) defined by the distinct positions of femoral and 
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patellar trichobothria (Fet et al., 2005). For this study we generated new 
sequences for 105 species belonging to 41 genera. Data for the 
remaining 123 species were obtained from GenBank (Table S1). Nine 
species from the families Bothriuridae, Chaerilidae and Iuridae, repre-
senting the two main scorpion clades Buthida and Iurida (Sharma et al., 
2015), were used as outgroups. Pseudochactidae, considered a sister 
group of Buthidae (e.g., Santibáñez-López et al., 2022), were not 
included in our analyses due to sample unavailability and poor sequence 
representation in GenBank. 

Genomic DNA was extracted from leg muscle tissue following 
Aghová et al. (2019) using the Genomic DNA Extraction Kit (Geneaid). 
Partial fragments of mitochondrial genes 16S rRNA (16S), cytochrome 
oxidase 1 (CO1) and nuclear genes 18S rRNA (18S) and 28S rRNA (28S) 
were amplified using primers and PCR conditions listed in Table S2. PCR 
products were purified with Gel/PCR DNA Fragments Extraction Kit 
(Geneaid) and bidirectionally sequenced at Macrogen Inc. (Amsterdam, 
The Netherlands). Chromatograms were assembled and edited in 
Geneious v. 11 (Kearse et al., 2012). Obtained consensus sequences were 
deposited in GenBank (Table S1). 

2.2. The dataset and phylogenetic analyses 

The four genetic markers were aligned independently using MAFFT 
v. 7 (Katoh and Standley, 2013) with the default settings. We applied 
Gblocks (Castresana, 2000) to all genes to remove difficult-to-align re-
gions and ragged ends. The CO1 alignment was checked for the presence 
of stop codons. First, we inferred gene trees for the gene fragments 
included in the dataset (mtDNA – concatenation of CO1 and 16S, 18S, 
28S) using ML with settings described below in order to detect potential 
conflict in gene tree topologies (Figs. S3, S4, S5). We analyzed the 
resulting concatenated matrix, comprising 3711 nucleotides (bp): 16S 
(318 bp), CO1 (631 bp), 18S (1752 bp), 28S (1010 bp) and 66% data 
completeness, with both maximum likelihood (ML) and Bayesian 
inference (BI) approaches. The ML analysis was conducted in RAxML v. 
7.3 (Stamatakis, 2006), with 100 random addition replicates and branch 
support estimated from 1000 bootstrap pseudoreplications. The dataset 
was partitioned by gene with the GTRGAMMA evolutionary model 
applied to all partitions selected in PartitionFinder 2 (Lanfear et al., 
2012). The Bayesian analyses were run in BEAST 2.5.2 (Bouckaert et al., 
2014) with a similar partitioning scheme as for the ML analysis. The only 
difference is that the protein coding CO1 was further partitioned by 
codon. We used the reversible-jump based method (Bouckaert et al., 
2013) with four gamma-distributed rate categories (α = 0.2, β = 5.0) to 
estimate the best evolutionary models for the partitions. All partitions 
were set to evolve under the relaxed clock model with lognormal dis-
tributions of the rate parameters, with the mean = 0 and standard de-
viation = 1. The among-lineage rate heterogeneity parameters were 
assumed to have exponential distributions with the mean = 1. We 
applied the Yule process tree prior with a uniform birth rate prior 
(lower: 0, upper: 1000). We ran the analysis five independent times for 
2 × 108 generations with parameter and tree sampling every 4 × 104 

generations (resulting in a set of 5000 posterior trees from each run). All 
phylogenetic analyses were run remotely on the CIPRES Science 
Gateway (Miller et al., 2010). Nodes with bootstrap values (bs) ≥ 70 in 
ML and Bayesian posterior probability (pp) ≥ 0.95 in the BI were 
considered strongly supported. Additionally, we conducted approxi-
mately unbiased (AU) (Shimodaira, 2002), Shimodaira-Hasegawa (SH) 
(Shimodaira and Hasegawa, 1999) and Kishino-Hasegawa (KH) (Kishino 
and Hasegawa, 1989) topology tests to evaluate alternative position of 
Lychas (Ojanguren-Affilastro et al., 2017; Santibáñez-López et al., 2022) 
within the buthid phylogeny. 

3. Results and discussion 

3.1. Multilocus phylogeny questions the validity of morphology-based 
groupings 

Our taxon sampling encompassed the six morphology-based groups 
within Buthidae, defined by: (i) the pattern of trichobothria d1, d3 and d4 
(α- vs. β-configuration) on the pedipalp femur, and (ii) relative positions 
of trichobothrium d2 and the dorsointernal carina (dorsal vs. internal), 
on the pedipalp femur; (iii) the relative positions of trichobothrium d3 
and the dorsomedian carina (DMc) (internal vs. external) on the pedi-
palp patella; and (iv) the presence or absence of tibial spurs (Fet et al., 
2005). Both ML and BI analyses (Fig. 1, Figs S1, S2) recovered two main 
clades within Buthidae: (i) the Old World Buthus group (bs = 99, pp = 1), 
herein represented by 23 genera (out of 46 described Old World genera); 
(ii) and a clade formed by the remaining Buthidae (albeit supported only 
by the BI analysis; bs = 20, pp = 1), represented here by 29 genera (out 
of 49 remaining buthid genera). The family-level split is in an agreement 
with the phylogeny based on morphological characters (Fet et al., 2005) 
and reflects the differing chromosomal position of 18S rRNA gene 
clusters, which is interstitial in the Buthus group and terminal in the 
remaining buthid taxa (Šťáhlavský et al., 2020). 

The molecular phylogenetic analyses performed on Buthidae to date 
either lacked a sufficiently broad taxon sampling to resolve this split 
(Ojanguren-Affilastro et al., 2017; Santibáñez-López et al., 2018, 2022) 
or employed only uninformative molecular markers (Fet et al., 2003; 
Borges and Graham, 2016). The family-level division recovered in our 
results contradicts the position of Lychas as a lineage sister to all the 
remaining buthids (Santibáñez-López et al., 2022) and seems to be more 
in line with the previous analyses performed on datasets with a limited 
taxon sampling (Santibáñez-López et al., 2018). However, the topology 
tests (AU = 0.06, SH = 0.064, KH = 0.064) did not statistically reject (p 
= 0.05) the alternative constrained topology (i.e., Lychas as a lineage 
sister to all the remaining buthids, Santibáñez-López et al., 2022). Given 
that the topology of Lychas differed dramatically depending on the size 
of the genetic dataset (Santibáñez-López et al., 2022), it is obvious that 
the actual phylogenetic position of the genus is still to be confirmed. 

Our results thus provide further support for the division of Buthidae 
into the two main clades and validate the existence of the Old World 
Buthus group (bs = 99, pp = 1). On the other hand, the remaining 
morphological groups defined by Fet et al. (2005) were not recovered in 
our results except for the Neotropical Tityus group (bs = 79, pp = 1), 
comprising all South and Central American buthid genera except 
Ananteris and Microananteris (Esposito et al., 2018). Several lines of 
evidence previously suggested the monophyly of the Tityus group, 
including morphological (e.g., Fet et al., 2005), genetic (e.g., Ojanguren- 
Affilastro et al., 2017), and genomic data (Santibáñez-López et al., 
2022), and it thus appears to be indisputable. The division of the Tityus 
group into subfamilies Centruroidinae and Tityinae (e.g., Esposito et al., 
2017, 2018) was not supported in our analyses; however, the topology 
suggests such organization to a certain degree (Fig. 1). Interestingly, 
Microtityus was placed with low support among lineages that belong to 
the subfamily Centruroidinae (Esposito et al., 2018), despite the fact that 
this genus has a different morphology compared to all other genera in 
that subfamily (e.g., it lacks the diagnostic supernumerary granules on 
the pedipalp fingers, the main synapomorphy for the subfamily) (e.g., 
Francke et al., 2014). 

The Ananteris, Isometrus, Charmus, and Uroplectes morpho-groups 
were recovered as para- and polyphyletic in our results (Fig. 1), which 
is at odds with previous studies (Borges and Graham, 2016; Ojanguren- 
Affilastro et al., 2017; Santibáñez-López et al., 2022). However, these 
studies sampled only a limited number of taxa, which could have biased 
the outcome. Both the Ananteris and Isometrus groups and the Charmus 
and Uroplectes groups, respectively, were separated by the position of 
femur trichobothrium d2 (Fet et al., 2005). Interestingly, if this character 
was omitted from the analysis, the two collapsed nodes (Ananteris +
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Isometrus) group, and (Charmus + Uroplectes) group, would be consistent 
with our phylogeny. This suggests that the d2 position is either equivocal 
or homoplasious, as discussed by Fet et al. (2005). Our results thus 
demonstrate the necessity to reevaluate and redefine the characters used 
for higher level groupings within the family Buthidae. 

3.2. Validity and status of Buthidae genera 

Our taxonomic sampling (Table S1) allowed us to identify some 
potentially non-monophyletic genera of Buthidae, and thus highlighted 
the necessity for their revision. In particular, the extensive sampling of 
the Buthus group lends credence to the validity of certain Old World 
buthid taxa, specifically Aegaeobuthus and Gint (Kovařík, 2019; Zhang 
et al., 2020). 

We found support for the monophyly of the recently described 
genera Aegaeobuthus and Olivierus. The Aegaeobuthus species were 
removed from Mesobuthus based on morphological characters such as 
distinctive sexual dimorphism and the presence of ventrolateral carinae 
on metasoma IV in Aegaeobuthus (Kovařík, 2019). In our analyses, the 
independent status of Aegaeobuthus is supported by its position as a sister 
lineage to the morphologically distinct genus Compsobuthus (Fig. 1; bs =
77, pp = 0.99) instead of Mesobuthus. Similarly, we found support for the 
independent status of Olivierus, another genus that was removed from 
synonymy under Mesobuthus by Kovařík (2019). Both genera form 
reciprocally monophyletic clades in our analyses (Fig. 1; bs = 80, pp =
1). The genus Gint also formed a monophyletic clade (bs = 94, pp = 1), 

further supporting its separation from Buthacus by Kovařík et al. (2013). 
These findings highlight the need for more extensive and more careful 
outgroup sampling in scorpion phylogenies. The genera defined by 
traditional morphological characters may comprise remotely related 
lineages, which thus may bias downstream phylogeny-based analyses (e. 
g., Shi et al., 2013). Our results also bring into question the status of 
Microbuthus and Orthochirus that were recovered as para- and poly-
phyletic, respectively. Unfortunately, limited taxon sampling of these 
genera and their closest relatives and low support of many nodes in this 
part of the phylogeny prevents us from drawing reliable taxonomic 
conclusions. 

Taxonomic sampling of the genera formerly placed in Ananteris, 
Isometrus, Charmus, and Uroplectes morpho-groups is, in most cases, 
limited to one or two representatives per genus, which prevents us from 
conclusive reevaluation of their status. However, our results question 
the position of Lychas, which was inferred as a lineage that is a sister to 
all other buthids (Santibáñez-López et al., 2022). This may, however, be 
a result of the genetic sampling. The phylogenetic position of Lychas 
varied in the Santibáñez-Lopez et al. (2022) paper depending on the 
number of genes included in analysis and on the method applied (ML 
versus BI). Although Lychas was in our results nested deep in the buthid 
tree close to Reddyanus, Isometrus and Janalychas, the topology tests 
conducted here could not rule out the possibility of Lychas being at the 
base of buthids (see above). Apparently, extensive sampling of taxa 
needs to be combined with extensive sampling of genes to infer the 
position of Lychas with certainty. 

Fig. 1. Phylogeny of the buthid scorpions resulting from the Bayesian analysis of 228 species from 52 genera. Terminals are color-coded according to their dis-
tribution in the zoogeographic realms (Holt et al., 2013) as shown on the map at the bottom. Assignment of genera to traditionally recognized morpho-groups is 
colored in grayscale. Dots on the branches denote support values of Bayesian posterior probabilities (pp) and Maximum likelihood bootstraps (bs). 
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The Tityus group has received extensive taxonomic attention, 
including molecular phylogenetic analyses (e.g., Borges et al., 2010; 
Ojanguren-Affilastro et al., 2017; Esposito et al., 2018), which resulted 
in the widely accepted delineation of genera, except for Tityus (e.g., 
Lourenço, 2006; Ojanguren-Affilastro et al., 2017). Our results 
confirmed the monophyly of all sampled genera (Fig. 1), except for 
Tityopsis and Chaneke, as these genera were each represented by only 
one terminal. The genus Tityus represents the most diversified and 
geographically widespread lineage of the family. Its distribution and 
morphological variability led some authors to further partition the 
genus into five subgenera (Lourenço, 2006); however, their validity has 
never been confirmed by molecular analyses (Ojanguren-Affilastro 
et al., 2017). The presence of several well differentiated clades that are 
consistently recovered within Tityus that might be interpretable at least 
as subgenera indicates that a more systematic approach with broader 
sampling is needed to resolve the taxonomy of this genus. 

4. Conclusion 

Our study provides the most comprehensive reconstruction of the 
phylogenetic relationships of buthid scorpions to date. We confirm that 
the traditionally recognized Buthus and Tityus morpho-groups form well 
supported clades, but the remaining four morpho-groups (Ananteris, 
Charmus, Isometrus, Uroplectes) do not. Our results thus demonstrate the 
necessity to reevaluate the characters used for higher level groupings 
within the family Buthidae, and in some cases, also those for delimita-
tion of genera in the Buthus group. 
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