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Abstract

We present a molecular phylogenetic analysis including a survey for overlooked phenotypic characters.
Based on both analysis and characters a new cave-dwelling species is described: Zityus (Tityus) spelaeus
sp. nov. from the Russao II cave, Posse, state of Goids, Central Brazil. Characters such as the glandular
regions of the female pectinal basal piece and basal middle lamellae of pectines, and the distribution of
the ventral setae of telotarsi I-IV proved to be useful to constructing the taxonomy of species and species
groups of Zityus. The new species is a member of the Tityus trivittatus species-group of Tityus (Tityus) and
can be readily recognized by the immaculate coloration pattern and the more developed glandular region
on the female pectinal basal piece. In addition, we provide a discussion of the phylogenetic relationships
observed within Zityus, on the relevance of the new phenotypic characters to the modern taxonomy of the
genus Tityus, and to the records of Brazilian cave scorpions.
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Introduction

Among the Neotropical buthid genera, 7ityus C. L. Koch, 1836 represents the most
diverse genus, with more than 220 species (Francke and Stockwell 1987; Fet and Lowe
2000; Lourenco 2006; Souza et al. 2009; Lourenco 2015). The distribution of the
genus is broad, ranging from Dominican Republic to Central Argentina (Francke and
Stockwell 1987; Armas and Antin 2004; Souza et al. 2009). 7ityus contains several
species that have been considered dangerous to humans due to their potent venoms
and involvement in scorpionism (Lourengo 2011, 2015; Borges and Graham 2016).
Nevertheless, despite their richness, wide distribution, and medical importance, a de-
tailed phenotypic study of 7Zityus species is lacking, rendering the genus as one of
the most taxonomically problematic in the order (Junior 1932; Fet and Lowe 2000;
Souza et al. 2009; Ojanguren-Affilastro et al. 2017b; Moreno-Gonzélez et al. 2019;
Ojanguren-Affilastro et al. 2021).

Great challenges need to be overcome before the taxonomy of 7izyus can be fully
resolved. Currently, the genus is one of the most difficult groups to work with, in view
of the large number of species that are phenotypically similar, and the ineffectiveness of
the somatic characters used to delimit species-groups. For example, Lourengo (2006)
proposed the following five subgenera based on coloration; total size; degree of dilation
of the basal middle lamellae of the female pectines; shape of the subaculear tubercle,
and development of the fulcra of the pectines: Zityus (Archaeotityus) Lourenco, 2006,
Tityus (Atreus) Gervais, 1843, Tityus (Brazilotityus) Lourengo, 20006, Tityus (Caribeti-
tyus) Armas & Marcano Fondeur, 1992, and Zizyus (Tityus) Koch, 1836. Ever since,
the monophyly of these groups has not been rigorously tested in a phylogenetic frame-
work, and informal taxonomic categories, such as species-groups, are still prevalent
(e.g., Borges et al. 2010; Ojanguren-Affilastro et al. 2017b).

Species-level distinctions are also problematic in 77#yus. For the most part, species
are defined based on the following characters: i) total body size; ii) coloration pattern;
iii) pectinal tooth number; iv) number of oblique rows in the movable finger of pedi-
palp chela; v) morphometric ratios (particularly in males); vi) development and array
of carinae of metasoma and pedipalp, and vii) shape of the subaculear tubercle (e.g.,
Lourengo 1984, 2002a, 2002b). However, some of these somatic characters, especially
the meristic and morphometric characters, frequently overlap among different species,
which makes it difficult to set species boundaries (e.g., Prendini 2001; Teruel and
Garcia 2008a, 2008b; Moreno-Gonzilez et al. 2019).

The problems mentioned above, added to the fact that some species were described
based on juveniles (e.g., 7 adisi Lourengo & Pézier, 2002; 1. canopensis Lourengo &
Pézier, 2002), are worsened by the fact that there are few taxonomic publications in-
cluding thorough phenotypic descriptions that incorporate genotypic data, compara-
tive diagnoses, and imaging of different character states (e.g., pictures under UV light).

There have been a few modern taxonomic revisions of 77zyus. For example, recent-
ly, Moreno-Gonzélez et al. (2019) tested traditional (e.g., pectinal tooth and movable
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finger denticle row counts; morphometric ratios) and new (e.g., glandular region in
the pectinal basal piece of females and metasomal macrosetae) phenotypic characters
to distinguish among Colombian species of Tityus (Archaeotityus). On the other hand,
few phylogenies have included a small number of terminals of Zizyus (e.g., Borges et
al. 2010; Borges and Graham 2016; Ojanguren-Affilastro et al. 2017a; Ojanguren-
Afhlastro et al. 2021) and several terminals only once (e.g., Romdn et al. 2018). These
studies have either used Sanger sequences only or analyzed morphological characters
together with Sanger sequences (e.g., Esposito et al. 2017, 2018). Ojanguren-Afhlastro
et al. (2017b) used integrative taxonomy and different sources of evidence, such as
Sanger sequences, phenotypic characters, and karyotypes, to support the description of
a new species: Zityus curupi Ojanguren-Affilastro, Adilardi, Cajade, Ramoarez, Cecca-
relli & Mola, 2017 from Northeastern Argentina. More recently, Ojanguren-Afhilastro
et al. (2021) used phenotypic characters and a molecular phylogeny, based on Sanger
sequences, to redescribe T7tyus trivittatus Kraepelin, 1898 and to describe a new species
from Argentina: Zityus carrilloi Ojanguren-Affilastro, 2021. However, these efforts are
far from sufficient and more contributions incorporating phenotypic and genotypic
evidence are urgently needed to improve our current knowledge of Zizyus.

Cave scorpions

How to classify subterranean organisms based on their restriction/adaptation to the
cave habitat has been a matter of debate for a long time (see Trajano and Carvalho
2017 for a review of the most used classification of subterranean organisms). The most
popular classification follows Schiner (1854), as emended by Racovitza (1907). It en-
compasses three categories: trogloxenes, troglophiles, and troglobites. More recently,
Trajano (2012) added metapopulation concepts to the Schiner-Racovitza system as
follows: a trogloxene source is a population in epigean habitats using subterranean
resources; a troglophile source population occurs both in epigean and hypogean habi-
tats, and there is gene flow between habitats; a troglobite source population inhabits
exclusively subterranean habitats.

Arachnids (except Solifugae and Thelyphonida) are common in subterranean
environments. Cave-dwelling taxa can be found among Acari, Amblypygi, Araneae,
Opiliones, Palpigradi, Pseudoscorpiones and, to lesser extent, Ricinulei, Schizomida
and Scorpiones (Trajano 1987; Pinto-da-Rocha 1995; Reddell 2012). Few species
of scorpions inhabit subterranean habitats compared to other groups mentioned
above, but all those scorpions are top predators (Volschenk and Prendini 2008;
Reddell 2012).

Troglobitic scorpions are globally rare (Volschenk and Prendini 2008; Sissom and
Reddell 2009; Lourengo and Duhem 2010; Reddell 2012; Lourengo and Pham 2013;
Gallao and Bichuette 2016). Volschenk and Prendini (2008) redefined the concept
of a troglobitic scorpion to species that are restricted to caves and exhibit remarkable
troglomorphisms. The following are commonly recognized troglomorphic scorpion
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features: i) reduction or absence of ocelli (median and/or lateral); ii) absence of pedal
spurs (prolateral and retrolateral); iii) reduction of pigmentation and sclerotization; and
iv) attenuation of legs, pedipalps, and telson vesicle (Volschenk and Prendini 2008).
Under this definition, a large proportion of the scorpion species previously recorded to
be cave inhabitants fall into the trogloxene or troglophile categories (Lourengo 1981;
Lourenco and Francke 1985; Volschenk and Prendini 2008).

Buthidae, the largest scorpion family (~1263 species) (Rein 2021), has few re-
cords from subterranean habitats (Volschenk and Prendini 2008; Gallao and Bichuette
2016; Prendini et al. 2021), whereas the buthid genus 77zyus, the most diverse scorpion
genus, has only nine species recorded from caves: Zizyus (Tityus) blaseri Mello-Leitao
1931 (Brazil) [probably troglophilel; Tityus (Tityus) confluens bodoquena Lourengo,
Cabral & Ramos, 2004 (Brazil) [troglophile]; Zityus (Tityus) demangei Lourengo 1981
(Ecuador) [probably trogloxene]; Zityus (Tityus) jussarae Lourengo, 1988 (Ecuador)
[trogloxenel; Tityus (Tityus) grottoedensis Botero-Trujillo & Flérez, 2014 (Colombia)
[probably troglophile]; Zizyus (Atreus) magnimanus Pocock 1897 (Venezuela) [troglo-
phile or trogloxenel; Zityus (Tityus) monaguensis Gonzalez-Sponga 1974 (Venezuela)
[troglophile or trogloxene]; Tityus (Atreus) obscurus Gervais 1843 (Brazil) [probably
accidental], and Zizyus (Tityus) stigmurus (Thorell 1876) (Brazil) [majority of records
probably accidental, but with troglophile populations in caves of the state of Ser-
gipe (M.E. Bichuette pers. comm.)] (Gonzdlez-Sponga 1974; Lourengo 1981; Tra-
jano 1987; Trajano and Moreira 1991; Pinto-da-Rocha 1995; Lourenco et al. 1997,
2004; Volschenk and Prendini 2008; Lourengo and Duhem 2010; Botero-Trujillo and
Flérez 2014). Recently, Prendini et al. (2021) classified 7. grottoedensis as trogloxene,
and 7. demangei, 1. magnimanus and 1. monaguensis as accidental. However, there are
scarce field observations on the dependence on and use of subterranean habitats by
most 1ityus species.

In this contribution, we present a phylogenetic hypothesis including a survey for
overlooked phenotypical characters. Based on both analysis and characters a new cave-
dwelling species is described: 7izyus spelaeus sp. nov. from Russao II cave, Posse, state of
Goids, Central Brazil. Also, we discuss the phylogenetic relationships observed within
Tityus, on the relevance of the new phenotypic characters in the modern taxonomy of
the genus, and to the records of Brazilian cave scorpions.

Materials and methods

Materials

The type-material of the new species is housed in the Laboratério de Estudos Subterra-
neos (LES/UFSCar), Sio Carlos, Brazil (Curator: Dr. Maria E. Bichuette), in the Mu-
seu de Zoologia da Universidade de Sao Paulo (MZSP), Sao Paulo, Brazil (curator: Dr.
Ricardo Pinto-da-Rocha), and the Cryo Collection of the Laboratory of Evolution and
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Systematics of Arachnids (IBALCC-RPDR), Instituto de Biociéncias, Universidade de
Sao Paulo, Sio Paulo, SB, Brazil (IB-USP). Other materials are listed in Appendix 1.
According to Lourenco (2019) the type material of Zityus acutidens Mello-Leitao,
1933 (MNR] 27781); Tityus blaseri Mello-Leitao, 1931 (MNR] 11282); Tityus the-
lyacanthus Mello-Leitao, 1933 (MNR] 11280); Zityus uniformis Mello-Leitao, 1931
(MNR] 7041), and Tityus jeanvellardi Lourengo, 2001 (MNR] 7135) were destroyed
during the fire that in 2018 consumed the Museu Nacional/ Universidade Federal do
Rio de Janeiro (MNR]). However, about half of the type materials of 77#yus had been
requested on loan, by the first and second authors in 2016 and survived the fire. This
loan included all the aforementioned species except for 7" uniformis, in addition to the
following species: 7ityus aba Candido, Lucas, de Souza, Diaz & Lira-da-Silva, 2005
(MNR] 7655); Tityus carvalhoi Mello-Leitao, 1945 (MNR] 7043); Tityus dasyurus ful-
vipes Mello-Leitao, 1945 (MNR] 7051); Tityus evandroi Mello-Leitao, 1945 (MNR]
7049); Tityus intermedius iophorus Mello-Leitao, 1931 [= Tityus thelyacanthus| (MNR]
11280); Tityus kuryi Lourenco, 1997 (MNR] 7035); Tityus maranhensis Lourengo,
de Jesus Junior & Limeira-de-Oliveira, 2006 (MNR] 11212); Tityus martinpaechi
Lourengo, 2001 (MNR] 7077); Tityus munozi Lourenco, 1997 (MNR] 7036, 7136),
and 7ityus nematochirus Mello-Leitao, 1941 (MNR] 7052). Other types of Tityus spe-
cies not mentioned here and belonging to the MNR] were destroyed during the fire.

Morphology

Specimens were studied under a Leica MZ75 stereomicroscope with an ocular mi-
crometer. Z-stack pictures under white light and UV light were taken using a Leica
MC 170 HD camera. Habitus pictures were taken under white light using a Nikon
D3300 digital camera and a 65 mm lens. For Scanning Electron Microscopy (SEM)
imaging, a pectine was dissected and cleaned in distilled water with neutral detergent
by ultrasound for one minute. After cleaning, the pectine was washed with distilled
water and dehydrated via an ethanol concentration gradient (70%, 80%, 90%, 96%,
and 100%), giving it 5-15 min in each concentration. Dehydration was completed
under critical point drying with the pectine mounted onto a SEM stub using copper
tape, after which it was sputter-coated with gold. Stubs were photographed using a
Zeiss DSM 940 at Imaging Laboratory of the Instituto de Biociéncias, Universidade
de Sao Paulo, SP, Brazil (IB-USP). General parameters of pictures were edited with
GIMP 2.10 (http://www.gimp.org/), whereas the plates were made with INKSCAPE
1.1 (hetp://www.inkscape.org/).

General terminology follows Stahnke (1970) and Sissom et al. (1990), except for
metasoma and pedipalp carination (Prendini 2000, 2003a), cheliceral dentition in
Buthidae (Vachon 1963), trichobothrial notations (Vachon 1974, 1975), nomencla-
ture of the lateral eyes (Loria and Prendini 2014), sternum shape (Soleglad and Fet
2003), and notation of the ventrosubmedian macrosetal count on the leg telotarsi
(Francke 1977). Classification for subterranean species follows Trajano (2012).
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Abbreviations

Pedipalp carinae:

D  digital; DMA dorsomarginal; ES  external secondary;
DE dorsoexternal; DS  dorsal secondary; VE  ventroexternal;

DI  dorsointernal; IM  internomedian; VI  ventrointernal;

DM dorsomedian; EM externomedian; SA  secondary accessory.

Mesosoma, metasoma, and telson carinae:

DL dorsolateral; ML  median lateral; VM  ventromedian;
DSM dorsosubmedian; VL ventrolateral; VSM ventrosubmedian.
Others:

L length; H height W width.

Taxon sampling

The ingroup taxa comprised 31 terminals of 20 described species of Zizyus (Table 2).
Sequences for 16 terminals were generated for the first time for this study, whereas
sequences for 15 other terminals were retrieved from Genbank (Table 2). The type spe-
cies of three out of five 7izyus subgenera were included in the analysis: 7ityus (Archaeo-
tityus) (i.e., Tityus clathratus); Tityus (Atreus) (i.e., Tityus forcipula), and Tityus (Tityus)
(i.e., Tityus bahiensis). The taxon sampling was based on the unpublished results of
the first author’s Ph.D. dissertation (Moreno-Gonzilez 2021) and intend to test the
phylogenetic placement of Zityus spelaeus sp. nov. The tree was rooted using Isometrus
maculatus (DeGeer 1778) following Esposito et al. (2017, 2018).

Collection of genotypic characters

We extracted genomic DNA from leg tissues using the protocol of Fetzner (1999)
and kept voucher specimens in the IBALCC-RPDR. Extractions were quantified us-
ing a Thermo Scientific Nanodrop spectrophotometer. Genomic DNA was used as
a template to amplify four loci (12S rRNA, 16S rRNA, 28S rRNA, and COI) us-
ing universal primers (Table 1) and the protocol described by Pinto-da-Rocha et al.
(2014): PCR reactions had a volume of 25 pL = 13.95 uL Milli-Q H20, 5 uL. PCR
buffer (Fermentas), 2 pL MgCl2, 1 pL dNTPs (80 uM) (Fermentas), 1 pL primer
(0.4 uM) of each primer, and 0.05 pL GoTaq DNA polymerase (Fermentas). To
amplify 28S, we added 1.25 pL dimethyl sulfoxide (DMSO) to the final solution.
We conducted PCR reactions in an Eppendorf Mastercycler gradient thermal cycler
with the following set-up (temperature/ time): 95 °C/ 5 min (initial denaturation),
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Table 1. List of primers used to amplify DNA sequences of Tityus species. Abbreviations: F forward

R reverse T temperature.

Locus Primer Sequences Direction Annealing (T, Reference

°C)
COI  LCO1490-jj2 5’- CHA CWA AYC AYA ARG AYATYG G F 49.3-62.0 Astrin et al. (2016)
COI  HCO2198-jj2 5’- ANA CTT CNG GRT GNC CAA ARA ATC A R 57.9-66.7 Astrin et al. (2016)
128 128ai 5’- AAA CTA GGA TTA GAT ACC CTATTAT F 52.3 Kocher et al. (1989)
128 128bi 5’- AAG AGC GAC GGG CGATGT GT R 64.6 Kocher et al. (1989)
12§ 12So0p2r 5 CCCTTA AAY YTA CTT TGT TAC GAC C R 50 Pinto-da-Rocha et al. (2014)
168 16Sbr 5’- CTC CGG TTT GAA CTC AGA TCA F 57.7 Simon et al. (1994)
168 16S_F 5- CGATTT GAA CTCAGATCA F 49.3 Gantenbein et al. (1999)
168 16Sbr_mod 5’- GTG CAA AGG TAG CAT AAT CA R 53.7 Gantenbein et al. (1999)
28S 28Sa (Sad3) 5’- GAC CCG TCT TGA AAC ACG GA F 60.3 Whiting et al. (1997)
28S 28Srd5b 5’- CCA CAG CGCCAGTTCTGCTTAC R 64.2 Schwendinger and Giribet (2005)
28S 28SBout 5’- CCC ACA GCG CCA GTT CTG CTT ACC R 68 Schulmeister (2003)

followed by 35 cycles of 95 °C/ 30s (denaturation), 30s at different temperatures for
each set of primers (annealing) (see Table 1), and 72 °C/ 60s (extension), ending with
72 °C/ 7 min (final extension) and an infinite hold of 4 °C (cooling). For specimens
and markers that did not amplify, we used Phusion High-Fidelity DNA Polymerase
Taq (Finnzymes), following the manufacturer’s protocol for 1 pL. DNA extract. For
COI degenerated primers, we used a touch-down PCR with the parameters proposed
by Astrin et al. (2016).

PCR amplifications were checked using electrophoresis of agarose gel (2% aga-
rose). Positive amplifications were purified using Agencourt Ampure XP (Beckman
Coulter), then quantified using a Thermo Scientific NanoDrop spectrophotometer.
We prepared sequencing reactions with the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems), precipitated PCR products with sodium acetate, and
sequenced using an ABI PRISM 3100 Genetic Analyzer/HITACHI (Applied Biosys-
tems). Sequence editing (e.g., primer trimming) and contiguous sequence generation
were made on ABI files using Geneious R11 (http://www.geneious.com). Consensus
sequences were checked against the NCBI nucleotides database using the BLAST al-
gorithm to detect for possible contaminations. Sequences without contamination were
grouped into FASTA files separated by loci, and then inspected to detect potential
reverse complemented sequences.

Phylogenetic analysis

Sequence alignment

Ribosomal gene and intron sequences (12S rDNA, 16S rDNA, and 28S rDNA) were
aligned using the E-INS-i algorithm of MAFFT (Katoh and Standley 2013). Protein-
coding gene sequences (Cytochrome ¢ Oxidase I- COI) were aligned using the L-INS-i
algorithm. The COI alignment was translated and inspected for stop codons using
Geneious R11 (http://www.geneious.com). A single concatenated matrix composed of
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Table 2. List of terminals, voucher specimens, and sequences (GenBank accession numbers indicated)
used in the phylogenetic analysis of Zizyus. (*) Sequence already available on GenBank before the outset
of this study. Abbreviations: NA, not applicable.

Species Subgenus Voucher 128 16S 28S CcoI
Tsometrus maculatus (DeGeer, 1778) NA AMNH LP 1798 KY981825.1* KY981921.1* KY982111.1* KY982207.1*
Tityus argentinus Borelli, 1899 Tityus MACN Ar 35705 NA KY674452*  KY674474*  KY674493*
Tityus bahiensis (Perty, 1833) Tityus IBALCC RPDR 00281 OK493267  OK493246  OK493233  OK561906
Tityus blaseri Mello-Leitao, 1931 Tityus IBALCC RPDR 00027 OK493254  OK493248  OK493221  OK561901
Tityus blaseri Mello-Leitao, 1931 Tityus IBALCC RPDR 00114  OK493256  OK493238  OK493223  OK561904

Tityus brazilae Lourengo & Eickstedt, 1984 Tityus IBALCC RPDR 00168 OK493258 OK493239 0OK493225 OK561902
Tityus brazilae Lourengo & Eickstedt, 1984 Tityus IBALCC RPDR 00169 OK493259  OK493250 OK493226 OK561894
Tityus brazilae Lourengo & Eickstedt, 1984 Tityus IBALCC RPDR 00199 0OK493262  OK493242  OK493228 OK561907

Tityus carrilloi Ojanguren-Affilastro, 2021 Tityus MACN Ar 35713 NA KY674461*  KY674483*  KY674501*
Tityus carvalhoi Mello-Leitdo, 1945 Tityus MACN Ar 35708 NA KYG674455%  KY674477*  KY674495*
Tityus charreyroni Vellard, 1932 Tityus IBALCC RPDR 00112 OK493255 OK493237 (0OK493222  OK561903
Tityus clathratus C. L. Koch, 1844 Archaeotityus TBALCC RPDR 00192 OK493261  OK493241 NA OK561895
Tityus confluens Borelli, 1899 Tityus MACN Ar 35709 NA KYG674456*  KY674478*  KY674496*
Tityus curupi Ojanguren-Affilastro et Tityus MACN Ar 35693 NA KY674422%  KY674430*  KY674438*
al. 2017

Tityus curupi Ojanguren-Affilastro et Tityus MACN Ar 35694 NA KY674423*  KY674431*  KY674439*
al. 2017

Tityus curupi Ojanguren-Affilastro et Tityus MACN Ar 35695 NA KYG674424*  KY674432*  KY674440*
al. 2017

Tityus curupi Ojanguren-Affilastro et Tityus MACN Ar 35723 NA KY674421*  KY674429* KY674437*
al. 2017

Tityus curupi Ojanguren-Affilastro et Tityus MACN Ar 35724 NA KY674457*  KY674479* KY674497*
al. 2017

Tityus forcipula (Gervais, 1843) Atreus IBALCC RPDR 00256 OK493264 OK493251 0OK493230 OK561898
Tityus obscurus (Gervais, 1843) Atreus IBALCC RPDR 00236 OK493263 OK493243 0OK493229  OK561905
Tityus panguana Kovarik et al. 2015 Tityus IBALCC RPDR 00268 0OK493265 OK493244 OK493231  OK561908
Tityus potameis Lourenco & Giupponi, Tityus IBALCC RPDR 00275 OK493266 OK493245 OK493232 OK561899
2004

Tityus sastrei Lourengo & Flérez, 1990 Atreus IBALCC RPDR 00382 0OK493268 OK493252  OK493234 OK561897
Tityus serrulatus Lutz & Mello, 1922 Tityus IBALCC RPDR 00016  OK493253  OK493247  OK493220  OK561900
Tityus soratensis Kraepelin, 1912 Tityus MACN Ar 35712 NA KY674460* KY674482* KY674500*
Tityus spelaeus sp. nov. Tityus IBALCCRPDR 00116 OK493257 OK493249  OK493224 NA
Tityus stigmurus (Thorell, 1876) Tityus IBALCC RPDR 00170 OK493260  OK493240 OK493227 OK561896
Tityus uruguayensis Borelli, 1901 Tityus MACN Ar 35714 NA KY674425% KY674433* KY674442*
Tityus uruguayensis Borelli, 1901 Tityus MACN Ar 35715 NA KY674462*  KY674484* KY674502*
Tityus uruguayensis Borelli, 1901 Tityus MACN Ar 35716 NA KYG674426%  KY674434* KY674443*
Tityus uruguayensis Borelli, 1901 Tityus MACN Ar 35717 NA KY674427*  KY674435*  KY674444*
Tityus uruguayensis Borelli, 1901 Tityus MACN Ar 35718 NA KY674428*  KY674436*  KY674445*

all sequences was created using SequenceMatrix (Vaidya et al. 2011) and exported as a
NEXUS file. The final file was visualized and edited in Geneious R11, where leading
and trailing gaps were substituted by ‘N’ since they most probably corresponded to
differential sequencer reading starting and ending points.

Tree search

Tree search was conducted in IQTREE using the maximum likelihood (ML) criterion
(Minh et al. 2020), with the command line: “igzree -s matrix.nex -st DNA -spp parti-
tions.nex -pre matrix.nex -m MFP -bb 1000 -ninit 1000 -nt 3”. Molecular evolution
models were selected for each partition based on the BIC value criterion. Ultrafast
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Bootstrap values were calculated in IQTREE after 1000 replications. Tree files were
edited with Figtree v1.4.4 (https:/github.com/rambaut/figtree/) and INKSCAPE 1.1
(htep://www.inkscape.org/).

Results

Phylogenetic relationships

The tree log-likelihood score was -12896.086. The best-fit models per molecular
partition were TIM2+F+G4 (12S), TIM2+F+1+G4 (16S), TNe+R2 (28S), and
TIM+F+I+G4 (COI). Based on the phylogenetic hypothesis that was obtained
(Figs 1-3), the subgenus 77tyus (Tityus), as currently defined, is polyphyletic and
composed of at least three main lineages: one lineage includes the species-groups
1. bahiensis (ultrafast bootstrap value (Ubst)= 74), 1. stigmurus (Ubst= 100), and
1 trivittatus (Ubst= 50), a second lineage corresponds to the 77 bolivianus species-
group (Ubst= 41), and a third lineage is that of the species 77 sastrei (Figs 1-3).
In order to arrive at a monophyletic Tizyus (Tityus), it will be necessary to remove
the 77 bolivianus species-group from this subgenus and transfer 7. sastrei to Tityus
(Atreus) (Figs 1-3). We transferred 7. sastrei to Tityus (Atreus), but think that ad-
ditional data are needed to propose an appropriate subgeneric designation of the
1" bolivianus species-group.
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Figure |. Phylogeny of 7ityus representatives from South America obtained by analysis of DNA se-
quences (12S rDNA, 16S rDNA, 28S rDNA, and Cytochrome ¢ Oxidase I- COI). Maximum likelihood
tree (Log-likelihood= -12896.086), showing species-groups and subgenera. Values on nodes correspond
to ultrafast-bootstrap (Ubst) values.
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Figure 2. Phylogeny of Tityus representatives from South America obtained by analysis of DNA sequenc-
es (128 rDNA, 16S rDNA, 28S rDNA, and Cytochrome ¢ Oxidase I- COI), showing the distribution of
the characters states of the ventral setae of telotarsi I-IV (orange: an irregularly distributed tuft of setae
(type I); turquoise: two ventro-submedian rows of setae (type II)) across different Z7tyus subgenera and
species-groups. Boxes on branches and associated values correspond to ultrafast-bootstrap (Ubst) values.
Observations= Tityus (Tityus) spelaeus sp. nov. is marked in bold.

Tityus (Archaeotityus) was recovered as the sister group (Ubst= 63) of a clade
containing three Tityus (Tityus) species-groups (1. bahiensis, T. stigmurus, and
1. trivittatus species-groups). On the other hand, a new species here described, 77zyus
(Tityus) spelaeus sp. nov., was recovered as a member of the 7. trivittatus species-
group (Ubst= 87) and is closely related to 7 carrilloi, T. carvalhoi, and T. confluens
(Figs 2, 3). Similarly, 7ityus (Atreus) was recovered as polyphyletic with one clade
composed of 7. (Atreus) forcipula, T. (Atreus) sastrei, and 1. (Atreus) obscurus (Ubst=
98), and another clade composed of 7 (Atreus) brazilae (Ubst= 100) which is nested
inside the 77 bahiensis species-group (Figs 1-3). Therefore, to make Tityus (Atreus) a
monophyletic group, 7. brazilae is here formally transferred to the 7. bahiensis species-
group of Tityus (Tityus) (Figs 2, 3). Finally, the 7" bolivianus species-group appeared
as the sister group (Ubst= 98) of the clade composed of Tityus (Atreus) (Figs 2, 3).
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Figure 3. Phylogeny of Tityus representatives from South America obtained by analysis of DNA se-
quences (12§ rDNA, 16S rDNA, 28S rDNA, Cytochrome ¢ Oxidase I), showing distribution of the
characters states exhibited by the female basal pectinal piece (orange: GR absent; grey: medium-sized GR;
turquoise: relatively large GR; blue: very large GR) across different Zizyus subgenera and species-groups.
Boxes on branches and associated values correspond to ultrafast-bootstrap (Ubst) values. Observations=
Tityus (Tityus) spelaeus sp. nov. is marked in bold. Abbreviations= GR, glandular region.

Phenotypic characters

Ventral setae of telotarsi I-IV

We observed that the distribution of the ventral setae of telotarsi I-IV in Ziyus can ex-
hibit two states: i) an irregularly distributed tuft of setae (type I) (Figs 2, 4C, D, G, H)
or ii) two ventro-submedian rows of setae (type II) (Figs 2, 4A, B, E, F, I-L) (Table 3).
According to our phylogenetic hypothesis (Fig. 1) and a comprehensive total evidence
analysis (e.g., Moreno-Gonzélez 2021), the distribution of ventral macrosetae on telo-
tarsi is highly homoplastic (Figs 2, 4; Table 3). For example, species-groups such as 7
bahiensis, 1. bolivianus [in part: 1. panguanal, T forcipula, T. stigmurus, and 1. trivittatus,
and the species 7. sastrei share ventral setation type II on telotarsi I-IV (Fig. 2; Table 3).
Other species-groups such as 7. bolivianus, 1. clathratus, and T. obscurus exhibit ventral
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Table 3. Phenotypic characters useful for the taxonomy of Zizyus. (***) Species here transferred to the
indicated subgenus; ventral macrosetae distribution on telotarsi I-IV: Type I= tuft of irregularly distrib-
uted macrosetae. Type II= two discrete ventrosubmedian rows of macrosetae. Abbreviations: BML, basal
middle lamellae; D, dilated; NA, not applicable; ND, not dilated; PBE, pectinal basal piece.

Species Subgenus Species Telotarsal Females

Group setae PBP gland BML
Isometrus maculatus (DeGeer, 1778) NA NA Type I Absent ND
Tityus argentinus Borelli, 1899 Tityus T bolivianus ~ Type Absent D= semicircular
Tityus bahiensis (Perty, 1833) Tityus T bahiensis ~ Type Il First 2/3 of the anterior region ND
Tityus blaseri Mello-Leitao, 1931 Tityus T. bahiensis Type I More than first 2/3 of the ND

anterior region
Tityus brazilae Lourengo & Eickstedt, 1984*** Tityus T bahiensis ~ Type Il First 2/3 of the anterior region ND
Tityus carrilloi Ojanguren-Affilastro, 2021 Tityus T trivittatus ~ Type Il First 2/3 of the anterior region ND
Tityus carvalhoi Mello-Leitao, 1945 Tityus T trivittatus ~ Type Il First 2/3 of the anterior region ND
Tityus charreyroni Mello-Leitao, 1933 Tityus T. bahiensis Type II  First 2/3 of the anterior region ND
Tityus clathratus C. L. Koch, 1844 Archaeotityus T clathratus Typel First anteromedian third ND
Tityus confluens Borelli, 1899 Tityus T. trivittatus ~ Type Il First 2/3 of the anterior region ND
Tityus curupi Ojanguren-Affilastro et al. 2017 Tityus T bolivianus ~ Type I Absent D-= suboval
Tityus forcipula (Gervais, 1843) Atreus T. forcipula Type I Absent D= suboval
Tityus obscurus Gervais, 1843 Atreus T obscurus Type 1 Absent D= semicircular
Tityus panguana Kovaiik et al. 2015 Tityus 1. bolivianus ~ Type Il Absent D= semicircular
Tityus potameis Lourengo & Giupponi, 2004 Tityus T trivittatus ~ Type Il First 2/3 of the anterior region ND
Tityus sastrei Lourengo & Flérez, 1990*** Atreus NA Type I Absent D= semicircular
Tityus serrulatus Lutz & Melo, 1922 Tityus T stigmurus Type I First anteromedian third ND
Tityus soratensis Kraepelin, 1912 Tityus T. bolivianus ? Absent D= semicircular
Tityus spelaeus sp. nov. Tityus T trivittatus ~ Type 11 More than first 2/3 of the ND
anterior region

Tityus stigmurus (Thorell, 1876) Tityus T stigmurus Type I First anteromedian third ND
Tityus trivittatus Kraepelin, 1898 Tityus T trivittatus Type Il First 2/3 of the anterior region ND
Tityus uruguayensis Borelli, 1901 Tityus T bolivianus Typel Absent D= semicircular

setation type I on telotarsi I-IV (Fig. 2; Table 3). Morphological variations of this char-
acter were not observed within the same species or species-group (except for 7. panguana
in the 77 bolivianus species-group, which exhibited ventral setation type II). However,
both Tityus (Atreus) and Tityus (Tityus) exhibited the two character states (Fig. 2).

Development of pectinal basal piece and basal middle lamellae of female pectines

The pectinal basal piece of female exhibits the following character states within the ex-
amined terminals of 7izyus: i) absence of glandular region (Figs 3, 5E, E 6A, B; Table 3);
ii) presence of a relatively large glandular region, occupying a large area of anterior two
thirds of the anteromedian region (Figs 3, 5A, B; Table 3); iii) presence of a medium-
sized glandular region, occupying the anterior third, but absent from the anterolateral
margins (Figs 3, 5C, D, 6C, D; Table 3), and iv) presence of a very large glandular re-
gion, occupying beyond the anterior two thirds of the medial region (Figs 3, 6E, F; Table
3). According to our phylogenetic hypothesis (Fig. 1) and a comprehensive total evidence
analysis (e.g., Moreno-Gonzélez 2021), the character states exhibited by the glandular
region of the female pectinal basal piece are highly homoplastic (Figs 3, 5, 6; Table 3).
However, it is noteworthy that in some Zizyus (Atreus) (i.e., Tityus forcipula see
Fig. 5E, F and 7. obscurus see Fig. 6A, B species-groups and 7. sastrei) and in the
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Tityus bolivianus species-group, both of which lack a glandular region on the female
pectinal basal piece (Fig. 3; Table 3), exhibit dilated middle basal lamellae with
glandular regions in the female pectines (Table 3). Conversely, Tizyus (Archacotityus)
(i.e., T clathratus species-group) (Figs 3, 5C, D) and Tizyus (Tityus) (i.e., T. bahien-
sis (Fig. 5A, B), 1. stigmurus (Fig. 6C, D), and 1. trivittatus (Fig. 6E, F) species-
groups) present well-developed glandular regions on the female pectinal basal piece
(Fig. 3; Table 3), but do not exhibit dilatation of the middle basal lamellae of the
female pectines (Table 3). Finally, it is worth mentioning that males of Zizyus spe-
cies do not exhibit glandular regions on the pectinal basal piece, with the exception
of some species of the 7. androcottoides species-group (i.e., 1. rebierei- also females).

Taxonomy

Family Buthidae C. L. Koch, 1837

Genus Tityus C. L. Koch, 1836

Tityus C. L. Koch 1836: 33.

Subgenus Tityus (Tityus) C. L. Koch, 1836
Tityus (Tityus): Lourengo (2006): 57, 58, 60, figures 3—6, 10-13, 22.

Type species. Scorpio bahiensis Perty, 1833 by monotypy.

Comments. This subgenus currently includes, among others, all species assigned
to the 7 bahiensis Mello-Leitao, 1945; 1. bolivianus Kraepelin, 1895; 1. stigmurus
Mello-Leitao, 1945, and 1 trivittatus Mello-Leitao, 1945 species-groups, according
to the classification proposal of Lourengo (2006). In addition to 7. brazilae Lourenco
& Eickstedt, 1984, here transferred to this subgenus (see Discussion). On the other
hand, Tityus sastrei Lourengo & Flérez, 1990 belongs to 7izyus (Atreus) and is excluded
from Tityus (Tityus) (see Discussion). Finally, according to previous hypotheses and
our data, the 77 bolivianus Kraepelin, 1895 species-group forms an independent clade
outside 77tyus (Tityus), but additional studies, including the study of the type species
of this group, are required to propose a formal taxonomic decision.

Tityus spelaeus sp. nov.
http://zoobank.org/3AESD4EG-C2F1-47A7-9768-046B09B2FF48
Figures 1-8; Tables 3-5

Type material. BraziL: State of Goids: Holotype. Adult female from Posse, Russio
II cave, 14°05'05.3"S, 46°23'07.1"W, 01.iv.2007, R. Pinto-da-Rocha leg. (MZSP
74633). Paratypes. Four adult female paratypes, same data as the holotype (MZSP
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Figure 4. Tizyus C. L. Koch, 1836, telotarsi IV, showing ventral macrosetac A, C, E, G, I, K white light
B,D, F, H, ), L UV light A, B Tityus (Tityus) brazilae Lourenco & Eickstedt, 1984 (type II) (MZSP
75619) C, D Tityus (Archaeotityus) clathratus C. L. Koch, 1844 (type I) (MZSP 31468) E, F Tityus
(Atreus) forcipula (Gervais, 1843) (type II) (MZSP) G, H Tityus (Atreus) obscurus Gervais, 1843 (type I)
(MNRJ 07610) 1, } Tityus (Tityus) serrulatus Lutz & Mello, 1922 (type II) (MZSP 28205) K, L Tityus
(Tityus) spelaeus sp. nov. (MZSP 74633) (type II). Observations = telotarsi I-IV ventral setae distribution:

#

Type I = tuft of irregularly distributed setae. Type II = two discrete ventrosubmedian rows of setae. Scale
bars: 500 pm.

74634); eight adult females, same locality as the holotype, 23.iv.2015, J. E. Gallao &
C. C. de Paula leg. (LES/UFSCar 14668; LES/UFSCar 14669; LES/UFSCar 14670;
LES/UFSCar 14671; LES/UFSCar 14672; LES/UFSCar 14673); four adult females,
same locality as the holotype, 01.iv.2007, R. Pinto-da-Rocha et al. (MZSP 52228,
52229, 52230, 52231).

Etymology. The species epithet is a derivative form of the Greek noun, onhouov
(Latin: caverna), which means cave, in reference to the subterranean habitat where
Tityus spelaeus has an established population. It is a noun in apposition.

Diagnosis. (Based on female). This species belongs to the Tityus trivittatus species-
group (Figs 2, 3). Among members of the group distributed in Brazil (7" carvalhoi
Mello-Leitao, 1945; 7. charreyroni Vellard, 1932; 1. confluens Borelli, 1899; T. fasciola-
tus Pessoa, 1935; 1. jeanvellardi Lourengo, 2001; 7. karaja Lourengo, 2016; 1. rupestre
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Figure 5. 7ityus C. L. Koch, 1836, female pectinal basal piece and basal middle lamellae of the pectines,
showing glandular regions A, C, E White light B, D, F UV light A, B Tityus (Tityus) brazilae Lourengo &
Eickstedt, 1984 (MZSP 75619) €, D Tityus (Archaeotityus) clathratus C. L. Koch, 1844 (MZSP 31468)
E, F Tityus (Atreus) forcipula (Gervais, 1843) (MZSP). Abbreviations: BML, basal middle lamellae; GR,
glandular region. Scale bars: 500 pm.

Lourengo, 2019; 7. sylviae Lourengo, 2005, and 7. trivittatus Kraepelin, 1898), Tityus
spelaeus sp. nov. can be readily recognized. Tityus spelaeus sp. nov.; 1. carvalhoi; T char-
reyroni; 1. confluens; 1. fasciolatus; 1. rupestre, and T. trivittatus share a subaculear tu-
bercle small, and acute, pointing towards the tip of the aculeus (Fig. 12A). In contrast,
1 jeanvellardi; 1. karaja, and T sylviae exhibit a small and coarse subaculear tubercle
that points either towards the tip of the aculeus (7. sylviae) or towards the middle of
the aculeus (7. jeanvellardi and T. karaja).

On the other hand, Tityus spelaeus sp. nov. and 1. sylviae share a very large glan-
dular region occupying beyond the anterior two thirds of the medial region of the
pectinal basal piece of female pectines (Figs 6E, F, 11). In 7. carvalhoi; T. charreyroni;
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Figure 6. Tityus C. L. Koch, 18306, female pectinal basal piece and basal middle lamellae of the pectines,
showing glandular regions A, C, E White light B, D, F UV light A, B Tityus (Atreus) obscurus Gervais,
1843 (MNR]J 07610) C, D Tityus (Tityus) serrulatus Lutz & Mello, 1922 (MZSP 28205) E, F Tityus
(Tityus) spelaeus sp. nov. (MZSP 74633). Abbreviations: BML, basal middle lamellae; GR, glandular
region of the pectinal basal piece. Scale bars: 500 pm.

1 confluens; T. fasciolatus, and T. trivittatus (females of 1. jeanvellardi; 1. karaja and 1.
rupestre are unknow) the glandular region occupies a large area of anterior two thirds of
the anteriomedian region of the pectinal basal piece of female pectines (e.g., Fig. 5A, B).
Finally, Zizyus spelaeus sp. nov. and 7. karaja can be readily distinguished from 7. car-
valhoi; 1. charreyroni; 1. fasciolatus; T. jeanvellards; T rupestre; T sylviae, and 1. trivittatus,
based on the presence of residual spots on tergites (Figs 7, 13), and having the carapace
(Figs 7, 8A) and chericeral manus immaculate (Fig. 8A). In contrast, 7. charreyroni; 1T
confluens; 1. fasciolatus; 1. jeanvellardi; T rupestre; T. sylviae, and T, trivittatus have the
carapace and tergites moderately covered with brownish spots and the cheliceral manus
with reticulations (except 7 jeanvellardi that exhibit a cheliceral manus immaculate).
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Figure 7. Tityus (Tityus) spelaeus sp. nov., female holotype (MZSP 74633) A dorsal view B ventral view.
Scale bars: 10 mm.

Remarks. In an unpublished comprehensive phylogenetic analysis of Zizyus
(Moreno-Gonzélez 2021), the Tityus trivittatus species-group was one of the most
morphologically homogeneous species-groups of the genus. In fact, no somatic char-
acter of the morphological matrix (-164 chars) was optimized as a synapomorphy in
the nodes within the clade representing the 7Zityus trivittatus species-group. Instead,
those nodes were solely supported by unambiguous molecular synapomorphies. It is
worth mentioning that, although coloration patterns presented high levels of homo-
plasy, they also showed significant differences at the species level, and the diagnosis
of Tityus spelaeus sp. nov. is based on this background knowledge. Nonetheless, ad-
ditional studies including molecular and phenotypical evidence of poorly described
species from the Central region of Brazil are required to untangle the phylogeny of
this cryptic species complex.

On the other hand, 7ityus karaja Lourengo, 2016 was described based on a single
male collected in 1929 in the region that corresponds to the northern portion of the
state of Goids, Brazil. According to the brief description of Lourenco (2016), Zizyus
karaja could share a similar body coloration pattern to that of 7 spelaeus. However,
given that the male of 7. karaja is almost a hundred years old, the coloration needs to
be corroborated with fresh specimens. Despite this, according to Lourenco’s (2016: fig.
5) illustration, the subaculear tubercle of 7. karaja is conical, small, and coarse, point-
ing towards the middle of the aculeus, whereas in 7. spelaeus sp. nov. it points towards
the tip of the aculeus (Fig. 12A).
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Figure 8. Tityus (Tityus) spelaeus sp. nov., female holotype (MZSP 74633), carapace, dorsal view A white
light B UV light. Scale bars: 2 mm.

Description. Based on the female holotype (MZSP 74633). Male unknown.

Total length. Female: 53.52 mm (measurements in Table 4).

Coloration. General pattern (in ethanol 70%) (Fig. 7): light yellow, without
variegated pigmentation. Carapace (Figs 7A, 8A): light yellow; lateral and median eyes,
surrounded by black variegated pigments. Chelicerae (Figs 7A, 8A): coxa and hand
light yellow, without pigments; fingers, dark reddish-brown. Mesosoma, coxosternal
region, pedipalps, legs (Fig. 7A, B): all light yellow. Metasoma (Fig. 7A, B): segments
light yellow, progressively becoming darker towards the telson. Telson (Fig. 7A, B):
dark yellow; aculeus dark reddish-brown. Live coloration pattern (Fig. 13A—C) similar
to that of preserved specimens, except for mesosoma with a faint brown median stripe
crossing all tergites, telson light reddish-brown, pedipalp chela fingers and metasomal
segments [V-V dark reddish-brown.

Morphology. Carapace (Fig. 2B): densely covered with fine granulation and few
coarse granules; anterior margin with deep median notch; anterior median carinae
only feebly marked over anterior 1/3; central lateral, central median, lateral ocular,
posterior, posterior median and superciliary carinae, all well-marked; and furrows
(anterior median, anterior marginal, central transverse, lateral ocular, supercialiary,
posterior transverse, posterior lateral and posterior marginal), all well-marked; ocular
tubercle well-marked, located on the anterior half of carapace; median eyes separated
by about 0.53 ocular diameters; with three pairs of lateral eyes and two pairs of lateral
micro-ocelli.
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Chelicerae (Fig. 8B): dentition characteristic of the family Buthidae (Vachon
1963), densely covered with setae over the internal and ventral surfaces.

Pedipalps: Chela, short and slender (female, L/W= 5.5). Orthobothriotaxic pat-
tern Type A, femur with alfa configuration (hand: Eb3:Eb2:Eb1:Esb:Est:Et, fixed fin-
ger: eb:esb:est:et:db:dt:it). Femur (Fig. 9A) with five carinae: VI, DI, DE, and VE
crenulate, EM serratocrenulate, complete and pronounced, with intercarinal areas
densely covered with fine granulation and few coarse granules. Patella (Fig. 9B, C)
with seven carinae: VI, VE, DI, DE, and EM complete and crenulate; DM incomplete
and crenulate; IM complete and serratocrenulate, with a short spiniform granule near
the segment base; with intercarinal areas densely covered with fine granulation. Chela
(tibia) (Fig. 10A—C) with eight carinae: VI, VE, D, DS, DMA, IM, and ES, complete
and crenulate; SA, incomplete and crenulate, only present on the anterior half of the
hand. Pedipalp movable and fixed fingers without basal lobe (Fig. 10A). Movable fin-
ger with 17-17 rows.

Coxosternal region (Fig. 7B): Sternum with posterior depression, outer ridge,
and apical button, well-marked; sclerite covered with fine granulation, and few setae,
except for the coxapophyses I-1I, which are smooth; genital operculum longitudinally
divided, composed of two sub-triangular plates.

Pectines (Fig. 11). Pectinal basal piece sub-rectangular and covered with a large
and raised glandular region occupying beyond the anterior two thirds of the antero-
median region (Figs 6E, E 11A, B; Table 3); pectinal tooth count of 19-22. Marginal
lamellae, median lamellae, and fulcra moderately covered with setae (Fig. 5C). Basal
middle lamellae, not dilated (Figs 6E, E 11C). Pectinal tooth peg sensillae rectangular
in cross-section, with a narrow distal openning (Fig. 11D, E).

Legs: Carinae present; intercarinal areas with sparse fine granulation; ventral telo-
tarsal macrosetae acute and fine, arranged in two ventrosubmedian rows (Fig. 4K, L);
telotarsi, counts of ventral macrosetae in the left (L) and right (R) legs on prolateral
(pro) and retrolateral (retro) rows of legs I to IV (L (pro/retro) R (pro/retro)): 7/6 717:
717 717:9/8 9/10: 10/10 9/11. Claws short and symmetrical.

Mesosoma: Tergites I-VI, moderately covered with fine granulation and few coarse
granules; pre-tergites well defined, with median carina visible on the posterior margin
of the post-tergites; tergite VII with DSM and DL carinae complete and crenulate, and
median carina composed of a crenulate anteromedian eminence present on the ante-
rior half of the post-tergite. Sternites densely covered with fine granulation; sternites
HI-VI with a pair of elliptic spiracles on the posterior half, which are progressively
larger; sternite V with a hyaline subtriangular area on the posterior margin; sternite VI
with VSM carinae crenulate, present on posterior half; sternite VII with VSM and VL
carinae crenulate, present on posterior two thirds.

Metasoma (Fig. 12C, D): Segments II-V short and robust (L/W ratio: II= 1.9;
[I=1.9; IV=2.0; V= 2.5); segment V not incrassate (Fig. 12C). Segments I-II (Fig.
12C, D) with 10 complete carinae, parallel to one another and crenulate (paired
DSM, DL, ML, VL, and VSM), ML of segment II represented by coarse granules

on posterior two thirds, intercarinal areas densely covered with fine granulation;
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Table 4. Measurements (mm) of Zizyus spelacus sp. nov.

Structure  Measure
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Total length - 53.52 51.29 57.89 51.06 51.70 48.30 49.64 51.41 49.90 57.98 53.69 53.84 54.19 54.40 50.75 52.02 54.29
Carapace length  6.00 5.84 640 5.68 568 557 557 571 557 645 583 598 6.06 620 557 573 6.07
Carapace anterior 4.08 3.76 432 3.84 3.84 371 357 386 371 3.33 3.08 3.09 3.13 328 289 3.01 3.10
width
Carapace posterior 6.64 648 7.12 624 624 6.00 557 629 571 653 6.09 6.08 610 632 584 592 621
width

Carapace eyediam- 045 048 048 045 045 040 040 043 047 047 044 044 046 043 040 041 043
cter

Carapace in- 0.53 050 0.55 0.48 048 047 047 050 053 0.54 053 049 054 055 054 047 059
terocular
distance
Carapace ocular 120 128 136 120 120 113 1.17 120 1.17 126 121 124 121 123 113 118 1.19
diada
width
Tergite [ length  1.12 1.08 1.08 1.00 1.00 1.00 107 100 087 124 116 118 1.16 114 109 101 117
Tergite IT length 144 128 152 124 124 127 127 127 1.00 150 132 144 142 135 123 131 141

Tergite 111 length 1.76 1.60 1.88 1.56 1.68 147 173 160 167 188 177 1.68 1.61 1.68 164 167 176
Tergite IV length 220 2.00 232 208 204 1.87 200 207 193 235 216 220 201 210 1.94 200 2.06
Tergite V length 232 220 2.60 228 224 207 220 220 233 252 244 234 233 228 219 228 238
Tergite VI length  2.68 240 2.84 244 252 227 240 240 253 274 256 258 248 251 244 247 256
Tergite VII length  3.88 3.96 420 3.80 3.84 3.60 3.80 4.07 3.80 4.60 4.09 4.06 4.05 4.11 401 383 428
Mesosoma total 15.40 14.52 16.44 14.40 14.56 13.53 14.47 14.60 14.13 16.83 15.50 15.48 15.06 15.17 14.54 14.57 15.62
length
(tergites)
Metasoma I length 355 355 375 355 355 330 350 3.60 350 4.00 3.67 3.63 3.66 3.71 3.49 3.56 3.84
Metasoma [ width 285 285 295 235 285 250 270 290 270 299 283 279 2.83 286 278 276 285
Metasoma I height  2.60 2.65 265 285 285 240 250 250 250 283 262 262 266 270 243 250 2.63
Metasoma II length 455 440 4.80 4.35 450 420 430 450 430 497 457 4.67 4.69 471 432 457 4.64
Metasoma II width 275 270 3.05 220 275 240 260 270 260 3.02 275 282 284 289 269 272 277
Metasoma II height 275 270 295 270 285 240 250 260 250 273 254 245 251 259 244 248 2.60
Metasoma Il length 520 5.00 5.50 4.90 5.00 470 4.80 500 490 544 519 510 528 521 468 496 5.05
Metasoma [T~ width ~ 2.85 2.70 3.20 225 2.80 240 270 270 260 3.09 277 279 283 288 267 279 295
Metasoma IIl  height 290 2.60 3.00 2.85 285 240 240 250 260 281 253 254 260 263 252 250 258
Metasoma IV length 575 550 650 550 560 520 540 560 550 625 588 581 580 587 551 579 5.82
Metasoma IV width ~ 2.85 275 325 225 285 250 260 280 260 3.10 277 277 287 287 268 277 286
Metasoma IV height  2.85 250 3.12 285 285 230 240 250 240 277 255 251 249 264 259 251 258
Metasoma V. length  6.83 6.57 7.74 670 676 6.00 6.10 650 630 724 674 667 693 692 643 6.58 6.84
Metasoma V. width 2,93 2.60 325 286 293 230 250 260 240 291 257 258 259 263 249 257 259
Metasoma V' height 273 254 3.12 280 2.86 230 240 260 240 269 282 250 248 258 241 251 261
Metasoma length  25.88 25.02 28.29 25.00 25.41 18.70 19.30 20.20 19.60 27.90 26.05 25.88 26.36 26.42 24.43 25.46 26.19

Telson vesicle  3.84 3.77 423 377 377 340 340 370 350 3.57 341 338 346 351 333 337 343
length

Telson vesicle 221 1.95 228 195 195 1.80 1.90 2.00 190 210 196 193 205 211 1.88 1.89 2.03
width

Telson vesicle  2.15 2.08 228 208 202 1.80 190 2.00 190 217 201 200 210 212 190 197 211
height

Telson aculeus  2.80 267 299 267 267 250 2.60 270 260 268 254 253 263 256 252 249 257
length

Telson total 624 592 676 598 6.05 580 550 590 570 680 631 650 671 6.61 621 626 641

length
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Metasoma+ total 32.12 30.93 35.05 30.98 31.46 29.20 29.60 31.10 30.20 34.70 32.36 32.38 33.07 33.03 30.64 31.72 32.60

Telson length

Femur length 6.18 598 6.70 6.18 6.11 5.60 5.80 6.00 590 6.96 6.46 651 676 672 639 641 6.61

Femur width 150 156 1.76 1.69 156 140 150 150 150 1.75 156 1.61 1.62 1.64 154 1.60 1.60

Patella length 676 670 728 644 657 6.00 6.00 620 630 6.68 6.10 6.12 6.54 631 578 6.01 6.21

Patella width 208 202 202 208 202 180 190 200 190 212 1.88 193 201 200 185 190 1.94

Chela lengrh 11.50 11.10 13.00 11.57 10.50 10.40 10.60 11.20 10.90 12.26 11.28 11.25 11.75 11.77 10.79 11.08 11.63

Chela width 2,60 2.00 247 234 210 180 200 2.00 190 232 204 196 206 208 190 2.01 202

Chela heigh[ 210 210 273 221 210 1.80 2.00 210 200 210 181 185 192 195 184 1.82 193

Chela movable 8.00 7.20 897 7.80 7.20 7.00 7.00 7.40 730 829 7.62 7.61 801 802 7.45 751 7.99

finger
length

Chela fixed 6.80 640 7.67 6.89 620 620 6.10 6.60 6.40 7.07 6.55 674 7.05 691 6.17 689 6.92

ﬁnger
length

Chela palm 4,00 3.80 4.68 4.16 390 340 3.70 3.70 3.70 4.14 4.11 4.09 4.16 4.15 3.92 4.03 4.03

length

segments I1I-1V (Fig. 12C, D) with eight complete carinae, parallel to one another
and crenulate (paired DSM, DL, VL, and VSM), intercarinal areas densely covered
with fine granulation; segment V (Fig. 12C, D) with five complete carinae, crenulate
(VM, paired DSM, and VL: DSM carinae feebly marked), intercarinal areas
moderately covered with fine granulation and few coarse granules. Segments II-IV
(Fig. 12C) with DSM carinae feebly marked, composed of evenly sized granules,
without enlarged distoterminal granule.

Metasomal macrosetae: Segments I-IV each with two pairs of VSM macrosetae
(2/2): pair of VSM1 located on the anterior third, and pair of VSM2 located near
posterior margin of segment; and with two pairs of VL macrosetae (2/2): pair of VL1
located near anterior margin of segment, and pair of VL2 located on posterior two
thirds of segment. Segment V with two pairs of VSM macrosetae (2/2), two pairs of
VL macrosetae (2/2), and a single pair of ML macrosetae (1/1); pairs of VSM1 and
VL1 located near anterior margin of segment; pair of VL2 located on posterior two
thirds of segment, and pair of MLI located dorsolaterally behind the DSM carinae
near posterior margin of segment; anal arch with two pairs of setae on the intercrestal
area: one pair of VSM macrosetae (1/1) and one pair of VL macrosetae (1/1).

Telson (Fig. 12A, B): Vesicle suboval, not elongated (L/H= 1.8), dorsal surface
smooth, lateral surfaces with shallow longitudinal furrow; with VM, paired VSM, VL,
and DL carinae, vestigial. Subaculear tubercle large, conical, with spiniform apex di-
rected towards the distal region of the aculeus (Fig. 12A); subaculear tubercle with ven-
tral pair of small, rounded granules, pointing towards the basal portion of the aculeus;
aculeus strongly curved, shorter than vesicle and with ventral groove.
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Figure 9. Tityus (Tityus) spelaeus sp. nov., female holotype (MZSP 74633), right pedipalp segments

A femur, dorsal view B, C patella B dorsal view C external view. Scale bars: 1.5 mm.

Variability (females). Morphometrics. Total length (including telson): 48.30—
57.98 mm (n= 17, mean= 52.70, standard deviation (SD)= 2.66). Chela L/W ratio:
4.42-5.78 (n= 17, mean= 5.44, SD= 0.37). Metasomal segment I L/W ratio: 1.24—
1.51 (n= 17, mean= 1.30, SD= 0.06). Metasomal segment V L/W ratio: 2.31-2.68 (n=
17, mean 2.52, SD= 0.12). Telson vesicle L/H: 1.63-1.89 (n= 17, mean= 1.76, SD=
0.09). Meristics. Pectinal tooth count: 19-22 (n= 34, mode= 20). Number of movable
finger oblique granular rows: 16-18 (n= 34, mode= 18). Metasomal macrosetae count:
(n=17): 2/2 VSM and 2/2 VL macrosetae on segments I-1V, 3/3 VSM and 2/2 VL
macrosetae on segment V. However, one specimen (LES/UFSCar 14668) lost VSM1
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Figure 10. Tityus (Tityus) spelaeus sp. nov., female holotype (MZSP 74633), chela A external view

B dorsal view C ventral view. Scale bar: 3 mm.

on segment I, a second specimen (LES/UFSCAR 14669) lost VL1 on segment II, and
a third specimen (LES/UFSCAR 014673) lost one VSM1 on segment 1. Variation in
the count of telotarsal ventrosubmedian setae is presented in Table 5.

Natural history. Russio II cave is formed by limestone (a karstified type of rock),
located in Posse municipality, the northeastern state of Goids, Central Brazil. This
karst region is part of the Bambui geomorphological group, the large geomorphologi-
cal group in Brazil, occurring in states of Bahia, Goids, Minas Gerais, and Tocantins.
Russao II cave is inserted on the Cerrado morphoclimatic domain (Ab’Saber 1977),
and the climate is tropical semi-humid (Nimer 1979). There is a stream crossing the
cave although there are no surface drainages nearby (Tencatt and Bichuette 2017).
Russao II cave is located on private property, and in addition surface habitats are under
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Figure | 1. Tizyus (Tityus) spelacus sp. nov., female paratype (MZSP 74633) genital area and pectines A geni-
tal operculum and pectinal basal piece B closeup of the pectinal basal piece, showing cuticular pores on glan-
dular region C right pectine D peg sensillae, distribution E closeup of a peg sensilla. Scale bars: 800 pm (A);
60 pm (B); 1000 pum (C); 20 pm (D); 3 pm (E).
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Figure 12. Tityus (Tityus) spelaeus sp. nov., female holotype (MZSP 74633), metasoma and telson
A, B telson A lateral view B ventral view €, D metasoma C lateral view D ventral view. Scale bars: 2 mm

(A,B); 5mm (C, D).
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Table 5. Variation in the number of macrosetae of the ventrosubmedian setal rows on telotarsi I-IV across
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paratypes of Tityus spelaeus sp. nov. Abbreviations: L, left leg; Pl, prolateral row; Rl, retrolateral row; R, right leg.

Telotarsus MZSP 74634 (1) MZSP 74634 (2) MZSP 74634 (3) MZSP 74634 (4)
L(PI/R]) R(PI/RI) L(PI/RY) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/R])
1 8/7 8/7 6/7 8/6 817 7/8 6/7 6/7
1 718 8/7 8/8 8/9 8/8 718 8/8 8/7
I 8/8 718 8/7 8/9 10/8 8/9 6/8 8/7
v 10/10 10/10 10/10 - 9/12 10/9 10/10 10/11
Telotarsus MZSP 52228 MZSP 52230 MZSP 52229 MZSP 52231
L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI)
1 6/6 - 7/8 716 716 717 6/7 6/8
II 717 718 717 817 9/6 717 8/7 718
I 917 8/8 718 8/7 716 10/8 6/6 8/8
v - 10/12 10/11 9/8 10/10 11/10 10/8 10/10
Telotarsus LES 14668 LES 14669 LES 14670 LES 14671
L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI)
1 8/7 817 8/9 8/8 9/8 6/7 8/8 9/9
II 817 8/7 10/9 9/8 9/8 10/7 9/9 8/8
I 8/8 9/8 9/10 9/9 9/8 8/8 99 9/9
v 11/11 11/10 10/11 10/11 10/10 10/10 12/12 10/11
Telotarsus LES 14672 LES 14673-1 LES 14673-2 LES 14673-3
L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI) L(PI/RI) R(PI/RI)
1 9/8 8/8 8/8 8/8 8/9 9/8 8/8 9/9
I 9/8 8/8 8/9 8/8 10/9 9/8 8/8 8/8
11 9/9 10/9 9/9 8/8 9/9 10/10 9/9 9/8
v 10/11 11/12 11/10 11/10 12/12 11/12 12/11 11/12

impact from pollution through the discharge of domestic sewage, deforestation of sur-
roundings for cattle pasture, and small mining projects (Tencatt and Bichuette 2017).
Russio I cave, like other caves in the region, has no legal protection under Brazilian
environmental laws. The cave has a significant amount of bat guano piles and a large
cricket population that is preyed upon by scorpions. In the aphotic zone of Russio 11
cave, the temperature was 30.04 °C, the relative humidity of the air was 72.02%.
This species was studied in the past by Outeda-Jorge et al. (2009) who reported
a litter size of two scorpionlings, but under laboratory conditions (Fig. 13A—C), an-
other two females had a litter of four scorpionlings, and both females were fed upon
their litter (Fig. 13A, B). The population of Tityus spelacus sp. nov. at the Russdo cave is
well-established (Fig. 8A, B). During a one-hour-long visit to the cave in 2007, more
than 20 live scorpions were observed on the ground and walls (Fig. 14A, B). In an-
other two-hour visit in 2015, 32 individuals were counted, both adults and juveniles.

Discussion

Phylogenetic patterns within Tityus

Our phylogenetic results (Figs 1-3) are similar to those of previous studies (i.e., Ojan-
guren-Affilastro et al. 2017a). In our analysis using molecular evidence, we found that
Tityus (Tityus) is polyphyletic and 7Zityus (Atreus) is paraphyletic (Figs 1-3). This agrees
with previously published 7izyus phylogenies, which found discrepancies in the sub-
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Figure 13. Tityus (Tityus) spelacus sp. nov., female paratypes under laboratory conditions A, B female

paratype with scorpionlings A feeding upon scorpionlings B litter on female’s back € specimens feeding
on a cricket.

generic classification of the genus proposed by Lourenco (2006). In the molecular
phylogeny of Ojanguren-Affilastro et al. (2017a), which incorporated 18 7izyus termi-
nals representing three subgenera, Tityus (1ityus) was found to be polyphyletic, with
one clade containing 7. bahiensis, T. stigmurus, and 1. trivittatus species-groups as the
sister group of Zityus (Archaeotityus), and another clade consisting of the 7 bolivianus
species-group as the sister group of Zizyus (Atreus). Our results are highly consistent
with those results (Figs 1-3), since we also recovered 7ityus (Tityus) (here including 77
brazilae) as the sister group of Tityus (Archaeotityus), and Tityus (Atreus) (here includ-
ing 7. sastrei) as the sister group of the 7. bolivianus species-group [referred to as Tityus
(Tityus)- 1. bolivianus species-group in Ojanguren-Affilastro et al. (2017a)].

More recently, Romdn et al. (2018) analyzed 51 terminals of 26 species [including
22 Tityus (Atreus) species] and recovered the 7. obscurus species-group as paraphyletic.
However, their study had a problem, because Romdn et al. (2018) mixed up members
of the 7" androcotroides species-group with members of the 7. 0bscurus species-group. In
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Figure 14. Habitat of Tizyus (Tityus) spelacus sp. nov. in the Russao cave A inside landscape of the cave
B females on the cave walls.

reality, Romdn et al. (2018) recovered a monophyletic 7. obscurus species-group and a
polyphyletic 7" androcottoides species-group (mostly composed of Venezuelan species).
In our hypothesis, Zityus (Atreus) was recovered as monophyletic upon transferal of
Tityus (Tityus) sastrei to Tityus (Atreus) (Figs 1-3).

Finally, other aspects were not challenged by several authors, such as the consensus
about Tityus (Archaeotityus) (i.e., 1. clathratus species-group) being the sister clade of
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the remaining groups of Zizyus. Indeed, this notion was discussed and supported by
several authors during the last 75 years (Mello-Leitao 1945; Lourenco 1999, 2002a,
2002b; Borges et al. 2010). Some have assumed without any phylogenetic support that
the small size, large subaculear tubercle, and cryptic coloration patterns of Zityus (Ar-
chaeotityus) scorpions are plesiomorphic character states (e.g., Lourenco 1999). Nev-
ertheless, the phylogenetic analysis of Ojanguren-Affilastro et al. (2017a) recovered
Tityus (Archaeotityus) as the sister group of a clade composed of some Zizyus (Tityus)
terminals, not the sister group of all 77#yus subgenera, something that we also recovered
in our results (Figs 1-3). Likewise, Borges et al. (2012) found a close relationship be-
tween the toxin composition of the 7 clathratus and T. stigmurus species-groups. Based
on a comprehensive phylogenetic analysis of Tityus (Archaeotityus) carried (Moreno-
Gonzdlez 2021) and the results of this investigation, Zityus (Archaeotityus) cannot be
considered as the sister clade of other 77zyus subgenera or species-groups, as previously

believed.

On the position of Tityus brazilae Lourengo & Eickstedt, 1984

In the original description of Tityus brazilae Lourenco & Eickstedt, 1984 the species
was associated with Zizyus costarus (Karsch, 1879) (referred to as Zityus dorsomacu-
latus Lutz & Mello, 1922) mainly due to the similar coloration pattern of the body
of both species (Lourenco and Eickstedt 1984). However, Lourenco and Eickstedt
(1984) also mentioned that the slender and elongated male pedipalp of 7 brazilae is
very common among some Amazonian species such as 7ityus obscurus Pocock, 1897.
Lourencgo (2002b: 167) argued: “The fact I have included 7izyus brazilae in the Tityus
asthenes species-group, may surprise some readers because this species presents a pat-
tern of pigmentation which excludes it from the group of dark or blackish scorpions.
I based my decision, however, on the general morphology of the species and on the
type of sexual dimorphism it displays.” Lourengo (2006) ended up including Z7zyus
braziliae in the subgenus Tityus (Atreus).

It is worth mentioning that the slender and elongated shape of the male pedipalp
has been demonstrated to be a highly homoplastic character state that evolved inde-
pendently at least four times within 7izyus (Moreno-Gonzdlez, 2021). For this reason,
the shape of the male pedipalp must be used with caution and used in conjunction
with other morphological characters and molecular data, such as those proposed in this
paper, to correctly classify Tityus species into species-groups.

For example, the position of Tityus brazilae into the Tityus obscurus species-group
(previously the Tityus asthenes species-group) of the subgenus Zizyus (Atreus) is contra-
dicted by our molecular and morphological evidence (e.g., Figs 1-3). In fact, Tityus bra-
zilae exhibits some character states shared by all members of the Zizyus bahiensis species-
group of the subgenus Zizyus (Tityus) (plus all the members of the Zizyus stigmurus and
Tityus trivittatus species-groups) such as: i) ventral macrosetae of telotarsi I-IV distrib-
uted in two ventrosubmedian rows (type II) (Fig. 4A, B), ii) basal middle lamellae of
female pectines not dilated and without glandular regions (Fig. 5A, B), and iii) female
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pectinal basal piece with a well-developed glandular region (Fig. 5A, B). In contrast, all
the members of the Zityus obscurus species-group exhibit: i) telotarsi I-IV ventral mac-
rosetae irregularly distributed in a tuft (type I) (Fig. 4G, H), ii) basal middle lamellae
of female pectines dilated (subcircular) and with glandular regions (Fig. 6A ,B), and iii)
female pectinal basal piece without glandular region whatsoever (Fig. 6A, B).

On the position of the Tityus bolivianus species-group and Tityus sastrei
Lourengo & Florez, 1990

Lourengo (20006) assigned all the species of the Tityus bolivianus species-group and
the species Zityus sastrei to the subgenus Tityus (Tityus). This decision was based on a
combination of morphological characters that, according to Lourengo (2006), allow
the diagnosis of 7ityus (Tityus): i) total body length between 50-80 mm, ii) coloration
pattern pale yellow to dark brownish frequently with confluent or longitudinal spots,
iii) pectines with 15-26 teeth, iv) movable finger with 15-18 dorsal oblique rows of
granules, and v) subaculear tubercle frequently acute.

Given the results of our phylogenetic analysis, previous hypotheses (Ojanguren-
Affilastro et al. 2017a), and the phenotypic characters explored in this paper (i.e., the
ventral macrosetae of telotarsi, the female pectinal piece glands, and the basal mid-
dle lamellae of female pectines), it seems that the Zizyus bolivianus species-group and
Tityus sastrei are not part of Tityus (Tityus) (Figs 2, 3). According to our observations,
Tityus (Tityus) presents well-developed glandular areas in the pectinal basal piece of
females (e.g., Figs 3, 5A, B, C, D, 6C, D, E, F; Table 3) and do not exhibit dilation
and glandular region in the basal middle lamellae of female pectines (e.g., Figs 3, 5A,
B, C, D, 6C, D, E, F; Table 3). Whereas, in terminals such as members of the Zizyus
bolivianus group and in Tityus sastrei, glandular areas are absent in the pectinal basal
piece of females (e.g., Fig. 3; Table 3) and the basal middle lamellae of female pectines
are always dilated and exhibit glandular areas (Table 3). Consequently, Zityus sastrei
was transferred to Zityus (Atreus), whereas the Tityus bolivianus species-group awaits
for an appropriate subgeneric designation based on a broader phylogenetic analysis of
Tityus (i.e., Moreno-Gonzalez, 2021)

Phenotypic characters

Distribution of ventral setae of telotarsi I-IV

The leg telotarsi ventral setation has been a very commonly used phenotypic charac-
ter to define genera and/or assist species diagnoses in families such as Bothriuridae,
Chactidae, Diplocentridae, and Vaejovidae (e.g., Lourenco 2002a, 2002b; Prendini
2003b; Mcwest 2009). However, it has been a neglected morphological character in
the taxonomy of all the New World buthid genera, including 77zyus. For instance, after
being used in an identification key of Zizyus species presented by Kraepelin (1895),
the distribution of the ventral macrosetae of the telotarsi was never again used for spe-



Novel evidence contribute to the taxonomy of 7ityus and a new species 63

cies identification. In fact, very few descriptions of Zityus species have described the
distribution of the ventral macrosetae of telotarsi I-IV (e.g., Ojanguren-Afhilastro et
al. 2017b), and none have implemented existing interspecific variations into modern
taxonomic diagnoses or identification keys.

It is particularly interesting to note that the 77tyus species that have ventral setae
tufts on the telotarsi, for instance members of the Zizyus (Archaeotityus) or the 1. 0b-
scurus species-group of Tityus (Atreus), tend to be more strongly associated with vegeta-
tion and trees, and some are more prone to climb up to the top of the trees. On the
contrary, species with two ventrosubmedian rows of setae, for instance some members
of Tityus (Atreus), such as species in the 7. forcipula species-group and 7. sastrei, have
a stronger association with bark, lower vegetation, rotten logs, and soil in general, but
not with the canopy. However, after a SEM survey of the ventral setal distribution of
telotarsi I-IV across different species of 7izyus (Moreno-Gonzélez, 2021), no signifi-
cant differences were found in the ultrastructure of the setae from tufts (type I) or the
ventrosubmedian rows (type II). Both setae have a striated surface and no other obvi-
ous modifications, much like setae from other body regions.

This previously ignored morphological character has sometimes been proved useful to
assist taxonomic delimitations, even outside the genus Zizyus. For example, Esposito et al.
(2017, 2018) included the ventral setae of telotarsi in their morphological matrix, although
they did not use it to assist the diagnoses of Centruroidinae genera. However, according to
our observations, the distribution of the ventral macrosetae of telotarsi do not significantly
vary between legs or species of the same species-group, nor are these sex- or maturity de-
pendent, thus representing an informative characters for the recognition of Centruroidinae
genera: type I in Centruroides Marx, 1890, Physoctonus Mello-Leitao, 1934, and Rhopalurus
Thorrell, 1876; type I in Heteroctenus Pocock, 1893, Jaguajir Esposito, Yamaguti, Souza,
Pinto-da-Rocha & Prendini, 2017, Ischnotelson Esposito, Yamaguti, Souza, Pinto-da-
Rocha & Prendini, 2017, and Zroglorhopalurus Lourengo, Baptista & Giupponi, 2004.
For this reason, we consider it is important to incorporate this character into the diagnoses

of New World buthid taxa.

The basal piece and basal middle lamellae of the female pectines

The sexual dimorphism of the basal pectinal piece and the glands that it sometimes
carries are characters that have been neglected in the taxonomy of 7izyus. Here we con-
tinued the exploration of the pectinal piece morphology started by Moreno-Gonzilez
etal. (2019), including additional species-groups and subgenera of Zizyus.

The glandular region of the pectinal basal piece of female has far too often been an
overlooked morphological character in taxonomic and systematic contributions deal-
ing with buthid taxa. Moreno-Gonzdlez et al. (2019) suggested, for the first time,
that the presence of a glandular region on the pectinal basal piece of female is a useful
character for the recognition of Tityus (Archaeotityus). In the present contribution, we
discovered that the evaluation of the morphology of the pectinal basal piece of females
helps make taxonomic decisions at the species and species-group levels. In the analyzed
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terminals of 7izyus, we detected four character states for the presence and development
of the glandular region on the basal piece (see Results). Those character states were very
congruent with the topology (Fig. 3) (i.e., Moreno-Gonzdlez 2021). For this reason,
we consider that the pectinal basal piece provides valuable information, and we urge
all incoming species descriptions to incorporate a detailed description of this structure
and to use it in the construction of comparative taxonomic diagnoses when relevant.

On the other hand, the dilatation exhibited by the basal middle lamellae of the fe-
male pectines has been a widely used character in the taxonomy of 7ityus (e.g., Louren-
¢0 2000, 2002a, 2002b). It is worth noting that, when these lamellae are dilated, there
is no glandular region in the pectinal basal piece, except in the 7" androcottoides species-
group of Tityus (Atreus). In this group, the basal pectinal piece may bear a glandular
region in both sexes (e.g., 7 rebierei), something not previously reported in any other
study. It is possible that these glandular regions could play a crucial role in chemical
communication, but specific studies are needed to evaluate this hypothesis.

Cuticular (exocrine) glandular regions are a very common feature in a broad spec-
trum of arthropod groups (e.g., Coleoptera, Hemiptera, Hymenoptera, Isoptera, Lepi-
doptera, and Orthoptera) (Costa-Leonardo et al. 2009; Schiestl 2010; Richard and
Hunt 2013; Pelosi et al. 2014; Blomquist et al. 2020). However, in Zityus species, the
glandular function of these regions, present on the pectinal basal plate and basal mid-
dle lamellae of the female pectines, and the sternites of both sexes, remains unexplored.
Nevertheless, all these regions exhibit a high density of cuticular pores when compared
to other body parts (e.g., Fig. 11A, B), which leads us to think that they may secrete
chemicals. But again, more studies are required to corroborate this hypothesis.

On cave-dwelling scorpions from Brazil

Species of two scorpion families occur in Brazilian caves, Bothriuridae Simon, 1880
and Buthidae (Trajano 1987; Trajano and Moreira 1991; Gnaspini and Trajano 1994;
Pinto-da-Rocha 1995; Cordeiro et al. 2014). Few specimens of Bothriuridae have been
recorded in Brazilian caves, with Bothriurus araguayae Vellard 1934 having been re-
corded from caves in the states of Sao Paulo (Iporanga municipality) and Minas Gerais
(Itacarambi municipality), and Zhestylus aurantiurus Yamaguti and Pinto-da-Rocha,
2003 from one granitic cave in the state of Sao Paulo (Bichuette et al. 2017). Consider-
ing their burrowing habits, coupled with the few records in caves, Bothiuridae species
probably are accidental fauna in subterranean habitats.

Representatives of Buthidae are more found in Brazilian caves, with at least eight
species having been recorded, belonging to the genera 7Zityus and Troglorhopalurus
(Lourengo et al. 1997; Esposito et al. 2017). One undoubtedly troglobitic species,
Troglorhopalurus translucidus Lourengo, Baptista and Giupponi 2004, is known from
sandstone caves in Chapada Diamantina, state of Bahia. Two other species are prob-
ably accidental, Tityus (Atreus) obscurus and Ischnotelson peruassu Esposito, Yamaguti,
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Souza, Pinto-da-Rocha and Prendini 2017, each with records from caves in the states
of Pard (Altamira region) and Minas Gerais (Itacarambi region), respectively (authors,
pers. obs.). Some other species are troglophiles, such as Zizyus (Tityus) blaseri which
lives in caves and epigean habitats in the state of Goids, Zizyus (Tityus) confluens Borelli
1899 in caves and epigean habitats in the states of Mato Grosso and Mato Grosso do
Sul, Tityus (Tityus) stigmurus (Thorell 1876) which is widely distributed in northeast-
ern Brazil with facultative cave populations in the state of Sergipe and the new spe-
cies here described, Zityus (Tityus) spelaeus sp. nov. The biospeological classification of
Troglorhopalurus lacrau (Lourenco and Pinto-da-Rocha 1997) remains contentious due
to it having cave populations in the state of Bahia and one epigean record (of its junior
synonym Rhopalurus brejo Lourengo, 2014) from Crato in the state of Ceard (Esposito
et al. 2017). Based on those records, Esposito et al. (2017) classified Troglorhopalurus
lacrau as a troglophile, a classification also followed by Prendini et al (2021).

As expected, troglophilic populations are found more often inside caves than in
epigean habitats due to differences in the dynamics of species. They are generally more
numerous in subterranean habitats (Trajano and Carvalho 2017) and, for that reason,
collecting in epigean habitats to find troglophilic populations with low densities on the
surface is advisable (Trajano and Carvalho 2017).

Troglophiles and trogloxenes are both found in epigean and subterranean environ-
ments, and, since individuals can move between them, it is not easy to distinguish
between these two categories. One strong piece of evidence for troglophilic popula-
tions is the presence of individuals of all ages distributed along with the subterranean
environment throughout different annual cycles (Bichuette and Trajano 2006; Trajano
and Carvalho 2017). In both visits to Russio II cave (2007 and 2015), we found indi-
viduals of 7. spelaeus sp. nov. of different ages, including juveniles of the second instar
and pregnant females, distributed in all terrestrial zones of the cave, which signal that
the new species is a troglophile.

No individuals of 7 spelaeus sp. nov. have been found in the epigean habitat to
date. However, Tityus spelaeus sp. nov., does not show any troglomorphisms, such as
elongated appendices, reduction of visual organs, low degree of sclerotization or depig-
mentation. The use of clues like troglomorphisms to assume that a species is troglobitic
become valid when analyzed within a phylogenetic framework, which can show that
these features are autapomorphic states of troglobites (Trajano and Carvalho 2017).
So, we believe that the new scorpion described here is a troglophile, and it is notewor-
thy that the surroundings of the Russao II cave are severely modified for cattle pastures
and urban growth (Tencatt and Bichuette 2017).

Also, it is worth mentioning that troglophiles are not less adapted to subterra-
nean environment than troglobites in what is considered a continuum of cave adapta-
tion (Trajano and Carvalho 2017), just as troglobites do not represent an evolution-
ary dead-end, with some known cases of endogenous scorpions having evolved from
troglobitic ancestors (Prendini et al. 2010).
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adult female, Belém-Brasilia highway km 91, 15.viii-20.x.1959 (MZSP 8743).
SRI LANKA: adult male and adult female, Wellawaya, 24.ii.2000, D. Huber
(AMCC [LP 1798])

Tityus annae Lourengo, 1997: BraziL, state of Paraiba/ Pernambuco: adult female
(holotype), 1895, Gounelle (MNHN-RS-0818).

Tityus argentinus Borelli, 1899: ARGENTINA, Salta province: two adult females, Cali-
legua National Park- Aguas Negras section [Parque Nacional de Calilegua- Sec-
cional Aguas Negras], 23°45'38.16"S, 64°51'0.79"W, 7.xii.2008, A. Ojanguren-
Affilastro & C. I. Mattoni (UFMG 15906).
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RPPN Cachoeira Cerraddo, Sao Roque de Minas, -20.22797, -46.3869, 2.v.2014,
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Jorge & E. Marques (IBALCC-RPDR 00027, 00114).
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Yamaguti, T. Porto & M. B. da Silva IBALCC-RPDR 00199). State of Sergipe:
adult male, Serra de Itabaina National Park [Parque Nacional Serra de Itabaina],
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(IBALCC-RPDR 00112); adult female, Piranhas, 20.iv.2008 (UFMT 00340).
State of Mato Grosso: adult female and four juveniles, urban area, Pontal do
Araguia, 27.iv.2007, Neivander (UFMT 00343); adult female, same locality data,
14.v.2007, Neivander (UFEMT 00338); adult female, Jodo de Barro, Torixoreu,
2010, Silvana (UFMT 00341).

Tityus clathratus C. L. Koch, 1844: BraziL, state of Roraima: adult male and 10
adult females, Alto Alegre, 3°00'10"N, 61°18'08"W, 10.xi.2008, H. Yamaguti
& R. Pinto-da-Rocha (MZSP 31468); adult female, Amajari, Vila Tepequém,
11.xi.2008, H. Yamaguti & R. Pinto-da-Rocha (IBALCC-RPDR 00192).

Tityus confluens Borelli, 1899: BraziL, state of Mato Grosso do Sul: adult female,
Gruta Pitangueiras, Bonito, 22.x.2002, E. Trajano et al., pitfall- 40 m away from
the entrance (MZSP 23943).

Tityus costatus (Karsch, 1879): BraziL, state of Minas Gerais: adult female, Fazenda
Montes Claros, 19°47'S, 42°8'W, iv.2001, W. J. Cassimiro (UFMG 4088); adult
female, same locality, 18.xi.2000, W. J. Cassimiro (UFMG 4077); adult female,
same locality data, 18.ix.1999, W. P. Martins (UFMG 4081). State of Espirito San-
to: adult male, Biological Reserve Cérrego do Veado [Reserva Biologica Cérrego
do Veado], 18°21.280'S, 40°08.165"W, 13.vi.2011, H. Yamaguti et al. Leg., pitfall
(MZSP 42883). State of Rio de Janeiro: adult female, Mangaratiba, viii.2017, D.
Alvarez (MZSP).
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Tityus forcipula (Gervais, 1843): CoLoMBIA, Risaralda department: three adult males
and two adult females, Santuario, San Rafael Plains Natural Regional Park (Planes
de San Rafael), 5°7'34"N, 76°0'26.4"W, 2158 m a.s.l., 17.x.2012, J. A. Moreno
(MZSP). Valle del Cauca department: adult female, Yumbo, Dapa, Bocatoma del
Acueducto, 17-18.viii.2016, ]J. A. Moreno (IBALCC-RPDR 00256).

Tityus gasci Lourengo, 1981: FrRencH GuiaNa: adult male (holotype), South of
French Guiana, 1975, J. . Gasci (MNHN-RS-7921). Tityus nelsoni Lourenco,
2005: BRAZIL, Amazonas state: adult female (paratype) and adult male (holotype),
Sio Gabriel da Cachoeira, 5-30.iii.1992, E. Soares (MNHN-RS-8619, MNHN-
RS-8618).

Tityus obscurus Gervais, 1843: Brazir: state of Pard: three adult males and two
adult females, posto 8- sismografo, Altamira, 14.iv.2009 (MNR] 07610). state of
Amapd: juvenile, Oiapoque—Tumucumaque, Saur Maripa, 17.iii.2015, D. Chirivi
& J. Murienne (IBALCC-RPDR 00236).

Tityus panguana Kovafik, Teruel, Lowe & Friedrich, 2015. PEru, Madre de Dios
department: adult male, Erika Lodge, Rio Alto, 30 min on boat from Atoleya,
7-8.xii.2004, J. A. Ochoa IBALCC-RPDR 00268).

Tityus pintodarochai Lourengo, 2005: BraziL, state of Parand: adult female (holo-
type), Vilha Velha National Park [Parque Estadual de Vilha Velha], 28.i.1973, ].
Garzoni (MNHN-RS-6567).

Tityus potameis Lourengo & Giupponi, 2004. Braziw, state of Espirito Santo: adult
female, Sooretama Biological Reserve [Reserva Biologica Sooretamal, trilha da sede,
19°03'23.5"S, 40°08'51.7"W, 02.vi.2011, H. Yamaguti IBALCC-RPDR 00275).

Tityus raquelae Lourengo, 1987: BRAZIL, state of Pard: adult male and adult female
(paratypes), Tefé, Mathan (MNHN-RS-0825).

Tityus rionegrensis Lourengo, 2006: BraziL, state of Amazonas: adult male (holo-
type), between Sao Gabriel da Cachoeira and "Pico da Neblina’, Rio Negro region,
ii.1970, Rain Forest, in canopy, J. Lacroix (MNHN-RS-8643).

Tityus sastrei Lourengo & Flérez, 1990. Coromsia, Valle del Cauca department:
adult female, Buenaventura, via al mar, Pericos Natural Reserve [Reserva Natural
Pericos], 8.xii.2018, J. A. Moreno & N. Herrenio (IBALCC-RPDR 00382).

Tityus serrulatus Lutz & Melo, 1922: BraziL, state of Bahia: two adult females,
between Mucugé and Igatu, 22.i.2007, C. Mattoni, R. Pinto-da-Rocha & H.
Yamaguti (MZSP 28205). State of Minas Gerais: adult male, Cavernas do Peru-
acu National Park [Parque Nacional Cavernas do Peruagu], Janudria, -15.12383,
-44.24111, 4-25.i.2009, R. S. Recoder & M. Teixeira Jr. (IBALCC-RPDR
00016); adult female, Grande Sertao Veredas National Park [Parque Nacional
Grande Setdo Veredas], 15°11'12.1"S, 45°42'39.9"W, 6.ii.2018, D. Alvarez, man-
ual capture (IBALCC-RPDR 003306).

Tityus spelaeus Moreno-Gonzilez, Pinto-da-Rocha & Gallao, 2021. Brazi, state
of Goids: adult female, Posse, Russio II cave, 1.iv.2007, R. Pinto-da-Rocha et al.
(IBALCC-RPDR 00116).
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Tityus stigmurus (Thorell, 1876) Brazii, state of Pernambuco: adult female, Triunfo,
9.vii.2009, R. Pinto-da-Rocha, C. Bragagnolo & M. B. da Silva IBALCC-RPDR
00170); adult female, Vitéria de Santo Antao, 08°07'S, 35°23"W, 28.v.2008, H.
Yamaguti, W. Porto & M. B. da Silva IBALCC-RPDR 00218); adult male, Exu,
07°26'44"S, 39°44'21"W, 1.vi.2008, H. Yamaguti, W. Porto & M. B. da Silva
(IBALCC-RPDR 00219);

Tityus sylviae Lourengo, 2005: BraziL, state of Amazonas: adult female (paratype),
Jat National Park [Parque Nacional do Jau], Seringalzinho, pitfall, together with
Tityus dinizi and Tityus silvestris, 01°52'34"S, 61°35'15"W, 1-8.viii.2001, I. Ghi-
zoni Jr. (MNHN-RS-8620).

Tityus trivittatus Kraepelin, 1898. BraziL, state of Sao Paulo: one adult male, Lin-
hares, Fazenda Cupido, 2.x.1944, Schubart (MZSP 21775). State of Parand: two
females, Palmeira, xii.1852, Schubart (MZSP 21768).
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