ACTA
AMAZONICA | hitp//dxdoiorg/10.1590/1809-4392202202441

Interpopulational genetic diversity in the medically
important scorpion Tityus obscurus (Scorpiones: Buthidae)

from northeastern Brazilian Amazonia

Pedro Pereira de Oliveira PARDAL"®, Johne Souza COELHO", Joaquim Martins da SILVA',
Bruno Rafael Ribeiro ALMEIDA?, Hipdcrates Menezes CHALKIDIS?, Adolfo BORGES*, Edna Aoba Yassui ISHIKAWA?,
Cristovam Guerreiro DINIZC, Guilherme da Cruz SANTOS-NETO®°, Mauro André Damasceno de MELO?®

" Universidade Federal do Pard, Ntcleo de Medicina Tropical, Laboratério de Entomologia Médica e Animais Peconhentos, Av. Generalissimo Deodoro 92, 66055-240
Belém, Pard, Brazil

2 Instituto de Educacdo, Ciéncia e Tecnologia do Para, Campus Itaituba, R. Universitario s/n, 68183-300 ltaituba, Para, Brazil

3 Unama Faculdade da Amazonia, Laboratério de Pesquisas Zooldgicas, R. Rosa Vermelha 335, 68010-200 Santarém, Pard, Brazil

* Center for the Development of Scientific Research (CEDIC), Manduvira 635, Asuncion, Paraguay

* Universidade Federal do Pard, Nucleo de Medicina Tropical, Laboratério de Biologia Molecular e Celular, Av. Generalissimo Deodoro 92, 66055-240 Belém, Para, Brazil

® Instituto Federal de Educagao, Ciéncia e Tecnologia do Para, Campus Braganca, Laboratério de Biologia Molecular e Neuroecologia, R. dos Braganganos s/n, 68600-
000 Braganca, Pard, Brazil

* Corresponding author: pepardal@ufpa.br; “/ https://orcid.org/0000-0002-4405-281X
ABSTRACT

Scorpion envenoming is considered a public health problem in Brazil. A recent study described a variation in the clinical
outcome of envenoming by Tityus obscurus in two populations separated by 850 km in the northeastern Amazon region. Our
aim was to evaluate whether such clinical and toxinological variations are associated with underlying differences in genetic
diversity between these two 7. obscurus populations. We obtained DNA from five individuals of each population, in the
municipalities of Belém and Santarém, located east and west of the state of Pard, Brazil, respectively. Gene regions encoding
mitochondrial DNA (mtDNA) markers cytochrome oxidase subunit I (COI) and ribosomal 16S RNA (16S) were amplified
and sequenced. Phylogenetic analyses were performed using maximum likelihood (ML) and Bayesian inferences (BA) for both
molecular data (COI and 16S). The sampled 7. obscurus populations corresponded to two distinct mtDNA lineages (genetic
distance COI, P = 0.08 t0 0.13; 16S P = 0.10 to 0.11) with no shared mutations between groups and well supported by ML
and BA inferences. Based on the divergence values found between eastern and western populations (COI, 0.07 to 0.12; 168,
0.10), our study confirms the genetic heterogeneity of 7. obscurus populations within the state of Pard, which correlates with
observed venom and clinical differences, and reinforces the need for mapping the distribution of haplotypes throughout the
geographic range of 7. obscurus, to aid in future epidemiological, toxinological, and evolutionary studies.
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Tityus obscurus (Scorpiones: Buthidae) do nordeste da Amazdnia brasileira
RESUMO

O envenenamento por escorpioes é considerado um problema de sadde publica no Brasil. Um estudo recente descreve a
variagio do quadro clinico de envenenamento por 7Tityus obscurus em duas populagoes separadas por uma distdncia de 850
km no nordeste da Amazénia. O objetivo deste estudo foi avaliar se tais variagdes clinicas e toxicoldgicas estdo associadas a
diferencas subjacentes na diversidade genética entre essas duas populagoes de 7. obscurus. Obtivemos DNA de cinco individuos
de cada populagao nos municipios de Belém e Santarém, localizados a leste e oeste do estado do Pard, Brasil, respectivamente.
Regides génicas que codificam marcadores de DNA mitocondrial (mtDNA) citocromo oxidase subunidade I (COI) e RNA
ribossémico 16S (16S) foram amplificadas e sequenciadas. As andlises filogenéticas foram realizadas por mdxima verossimilhanga
(ML) e inferéncia Bayesiana (BA) para ambos os dados moleculares (COI e 16S). As populacées de 7. obscurus amostradas
corresponderam a duas linhagens distintas de mtDNA (distincia genética COI P = 0,08 a 0,13; 16S, P = 0,10 a 0,11) sem
mutagdes compartilhadas entre os grupos, e bem corroboradas por inferéncias ML e BA. Com base nos valores de divergéncia
encontrados entre as populagées oriental e ocidental (COI, 0,07 2 0,12; 168, 0,10), nosso estudo confirma a heterogeneidade
genética das populagoes de 7. obscurus no estado do Pard. Os resultados sdo congruentes com as diferengas observadas no
quadro clinico dos acidentes e toxicidade do veneno, e reforcam a necessidade de mapear a distribuicio de haplétipos em
toda a distribuicio geogréfica de 7. obscurus, para auxiliar em futuros estudos epidemioldgicos, toxinolédgicos e evolutivos.
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INTRODUCTION

Up to January 2021, 2433 known scorpion species
have been reported worldwide (Dupré 2021). In Brazil, the
scorpion diversity is high, with about 131 known species
belonging to 23 genera and four families: Bothriuridae,
Buthidae, Chactidae and Hormuridae (Lourenco 2002;
2017). The genus Tityus represents the most widely spread
buthid group, responsible for the majority of severe and fatal
scorpion envenoming cases in South America (Chippaux and
Goyffon 2008; Borges ez al. 2021).

In 2021, a total of 149,677 scorpion envenoming cases
were registered in Brazil, with 228 accidents leading to death,
of which 71 were reported from the Amazon region (Brasil
2022). Scorpionism is considered a health problem in Brazil
associated with poverty and the lack of access to effective
antivenoms in remote regions, together with the ability of
some medically significant species to invade urban areas, being
children and the elderly the most vulnerable groups (Chippaux
and Goyffon 2008; Amado ez /. 2021).

Tityus obscurus, Gervais 1843 is an 8 to 10 cm-long,
dark scorpion frequently associated with envenomings in
the Brazilian Amazon region, especially in the states of Pard
and Amapd (Lourencgo and Leguin 2008). The species is
widely distributed in South America, from French Guiana
to northern Brazil (states of Pard and Amapd) (Lourengo ez
al. 2019; Martins et al. 2021). The type and magnitude of
clinical manifestations associated with scorpion envenoming
are related, among other factors, to the amount of venom
injected and inflammatory mediators released thereof (Abroug
et al. 2020). Current classification of envenoming severity
includes three groups of cases: mild, moderate and severe
(Brasil 2001). A recent study involving scorpion envenoming
cases by two populations of 7. obscurus from eastern and
western Pard showed that clinical manifestations and severity
differed significantly between these areas, suggesting an
underlying geographical variation in 7. obscurus venom
toxicity and composition across Pard (Pardal er al. 2014;
Torrez et al. 2015). Further investigation of these variations
between 7. obscurus populations should ideally be based on
the evaluation of their genetic divergence, to explore the
existence of a putative 7. obscurus species complex, as has
been suggested previously based on morphological evidence
(Lourengo et al. 2019). Other species complexes have been
described for similarly amply distributed scorpions, such as the
Australian Urodacus yaschenko (Luna-Ramirez ez al. 2017) and
the Afro-Mediterranean Buthus occitanus (Klesser et al. 2021).
Significantly, variation in scorpion venom composition has
been shown to generally increase with geographical distance in
the case of amply distributed scorpion species in the African
genera Parabuthus, Uroplectes and Opistophthalmus (Schaffrath
et al. 2018). A study to evaluate genetic variability of
toxinologically divergent populations of Amazonian scorpions
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of medical importance, such as 77 obscurus, would clearly
benefit the understanding of their public health importance as
risk maps could be defined using a multidisciplinary approach.

Though mtDNA markers have been used previously in
systematic studies of scorpions (Gantenbein et a/. 2001;
Borges et al. 2010; Ojanguren-Affilastro ez al. 2017), their
potential for elucidating genetic diversity in Amazonian
scorpion species still remains unclear, particularly in the case
of Tityus species associated with severe/lethal cases (Borges
et al. 2021). Therefore, this study was designed as the first
attempt to evaluate the genetic diversity among medically
significant 7. obscurus populations inhabiting Pard state, Brazil,
and relationship with the regional clinical and toxinological
variations observed in previous studies.

MATERIAL AND METHODS
Study Area

Samples (n = 5 individuals per site) were collected in
two different sites located in the state of Pard, Brazil: two
females, one male and two juveniles from Belém (01°27°217S,
48°30°14”W), and five males from Santarém (2024°52”S,
54042’36”W). Both sites are 850 km apart from each other
and are separated by the Xingu and Tocantins rivers (Figure 1).

Species identification

All individuals were identified as 7. obscurus at the
Laboratory of Medical Entomology and Venomous
Arthropods at the Nucleus Tropical Medicine of Federal
University of Pard (LEMAP/NMT/UFPA), based on their
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Figure 1. Location of Paré state in Brazil (small map), and outline of Para state
showing the location of the two sampling sites: municipality of Santarém (west)

and municipality of Belém (east) where Tityus obscurus were collected. This figure
is in color in the electronic version.
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morphological characteristics (Lourengo 2002; Lourengo
and Leguin 2008). To confirm their identity further,
samples were sent to Instituto Butantan (Sio Paulo), where
their classification as 7Tityus obscurus was assertained based
on current taxonomic keys (Lourengo and Leguin 2008)
(Figure 2). All samples were preserved in 70% ethanol, and
are deposited at the UFPA Arachnological Collection, with
the numbers 381, 359, 360, 362, 391 LEMAP/NMT/UFPA
(eastern scorpions) and 393, 364, 377, 378 and 379 LEMAP/
NMT/UFPA (western scorpions).

This study was conducted in strict accordance with
the ethical recommendations for the use and management
of animals in research, and was approved by the ethics
committee on research involving human beings (medical
ethics committee) of the Nucleus of Tropical Medicine at
Universidade Federal do Pard-UFPA (license # 038/2007) and
by the Brazilian Environmental Institute (Instituto Brasileiro

do Meio Ambiente e dos Recursos Naturais Renovaveis —
IBAMA) (SISBIO license # 11727-2).

Figure 2. Tityus obscurus collected from the eastern population (A — male; B —
female) and the western population (C — male; D — female) in Para state, Brazil.
This figure is in color in the electronic version.

DNA extraction, amplification and sequencing

DNA was extracted from tissue obtained from the
pedipalps of each sampled specimen using Qiagen Kit
(GENTRA® - Generation” Capture Column™ Kirt)
according to the manufacturer’s recommendations.
Fragments of mtDNA were amplified using primers
16SF (5°- CGATTTGAACTCAGATCA-3’
designed by Gantenbein ¢z a/. 1999) and LR-]-
12887 (5’-GTGCAAAGGTAGCATAATCA-3’;
Simon et al. 1994) for the 16S rRNA gene. For COI
amplification the following primers were used: C1-J-
2183 (5’-CAACATTTATTTTGATTTTTTGG-3’;
Simon et al. 1994) and COIKG-R2 (5’-
GATATTAATCCTAAAAAATGTTGAGG-3’; Tanaka ez al.
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2001). All primers were synthesized by Operon Technologies
(USA).

PCR conditions for 16S consisted of an initial denaturation
step at 94°C for 5 min; 30 cycles of 45 sec at 94°C, 45 sec
at 48°C and 45 sec at 72°C, followed by a final extension at
72°C for 10 min. COI amplification was performed with the
following amplification cycles: denaturation at 94 °C for 5
min; four cycles of denaturing at 94 °C for 30 s, annealing at
48 °C for 30 s, and extension at 72 °C for 1 min; 29 cycles
of denaturation at 94 °C for 30 s, annealing at 52 °C for 30
s, extension at 72 °C for 1 min; a final extension at 72 °C for
5 min (Borges ez al. 2010).

Amplified PCR products were purified using ExoSAP-IT'
(Amersham Pharmacia Biotech. Inc., Piscataway, NJ, USA).
Sequencing was performed on a MegaBace 750 automated
sequencing platform using BigDye Terminator v3.1 Cycle
Sequencing Kit according to the manufacturer’s protocols.

Sequence alignment and edition of COI and 16S fragments
were performed with BioEdit 7 (Hall 1999) and ClustalX 1,82
(Thompson et al. 1997). Nucleotide sequences obtained in this
study were deposited in GenBank under accession numbers
JX196960 — JX196969. The species Centruroides vittatus
(Say, 1821) (GenBank sequences COI - EU404118.1; 16S
- EU499946.1) was used as outgroup. GenBank sequences
of 7. obscurus Morona (COI - MF466178.1), T asthenes
(COI - MF466177.1), T. perijanensis (COI - AY586787.1;
16S - AY586754.1) and T. clathratus (COI - KY982266.1;
16S - KY981980.1) were used to improve the robustness of
the phylogenetic arrangement. A saturation test was performed
using the software DAMBE 4.2.13 (Xia and Xie 2001).
Haplotype and nucleotide diversity were identified by DnaSP
4.0 (Rozas er al. 2003) and levels of genetic distance (Kimura
Two-Parameters — K2P and P distances) were estimated by
the software MEGA 6.0.6 (Tamura ez 2/. 2013).

Phylogenetic analyses were performed with PhyML 3.1
(Guindon and Gascuel 2003) for the maximum likelihood
(ML) method, and MrBayes 3.2 (Ronquist ez a/. 2012) for a
Bayesian analysis (BA). The ML analysis was performed using
1000 bootstrap replicates, and using frequencies, gamma shape
and transition/transversion rates set by user according to the
parameters of the Akaike Information Criterion correction
(AICc). For the Bayesian analysis, Monte Carlo Markov
Chains were used with a parameter of 10° generations,
the initial heated chain set to 0.2 and a burn-in of 3000,
determined by preliminary runs. The software MODELTEST
3.07 (Posada and Crandall 1998) was used for choosing the
best mutation model applied in ML and BA analyses, using
the AICc criterion and Bayesian Information Criterion (BIC),
respectively. The best choice of model was the Hasegawa—
Kishino—Yano, HKY (Hasegawa ez a/. 1985) for ML and for
BA. A haplotype network was performed with Haploviewer
(Salzburger ez al. 2011), in order to establish the relationship
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between the different haplotypes, taking into account only
variable sites using parsimony algorithms.

RESULTS

521-bp and 364-bp long fragments were obtained
after partial sequencing of amplified COI and 16S genes,
respectively, in the sampled populations of 7. obscurus. Sample
ToW5 from western Pard did not amplify for COI (Table 1).
After analysis of the COI sequences, the western population
exhibited four haplotypes, with two polymorphic sites and
values of 0.8000 and 0.0019 for haplotype and nucleotide
diversity, respectively. The eastern population presented five
haplotypes, with 24 polymorphic sites and values of 1.000 and
0.0255 for haplotype and nucleotide diversity, respectively.
After analysis of the 16S sequences, the western population
presented four haplotypes, with three polymorphic sites and
values of 0.7000 and 0.0033 for haplotype and nucleotide
diversity, respectively. The eastern population exhibited
five haplotypes, with five polymorphic sites and values of
1.000 and 0.0071 for haplotype and nucleotide diversity,
respectively. No evidence of shared mutations was observed
between eastern and western 7. obscurus populations regarding
these genes. The network based on COI and 16S genetic
markers showed that the haplotypes are divided in two
haplogroups, with no shared haplotypes, and separated by 38
and 34 mutations for COI and 16S sequences, respectively.
H7 was the only 16S haplotype observed in two individuals
from the western group (Figure 3).

The K2P distance matrix showed the existence of two
groups, with COI values across individuals ranging from
0.00 to 0.04 within populations, and from 0.08 to 0.13
between the eastern and western groups (Table 1). Similarly,
the K2P distance for 16S across individuals ranged from 0.00
to 0.01 observed within each population and from 0.10 to
0.11 between the eastern and western groups (Table 1). The
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P distance matrix exhibited COI values across individuals
ranging from 0.01 to 0.04 inside populations and from 0.07 to
0.12 between the eastern and western groups, also equivalent
to P distance for 16S across individuals varying from 0.00
to 0.03 inside populations and exhibiting 0.10 between the
eastern and western groups (Table 2). Tree topologies obtained
by maximum likelihood (ML) and Bayesian (BA) methods
with COI and 168 mitochondrial fragments were similar, and
clearly showed the existence of divergence between the eastern
and western 7. obscurus groups (Figure 4 and 5) forming two
independent groups.

DISCUSSION

The genetic divergence between the eastern and western
T. obscurus populations in Pard state, Brazil, uncovered
in this study offers further proof of the existence of a 7.
obscurus species complex in Amazonia. According to Almeida
et al. (2017), chromosomal diversity among 7. obscurus
populations inhabiting the region analyzed in our study may

Figure 3. Haplotype network for the two populations of Tityus obscurus,
performed for COI (A) and 165 (B) sequences obtained from the east and west
of Pard state, Brazil.

Table 1. K2P genetic distance between two populations of Tityus obscurus (T.0.) from the west and east of Pard state (Brazil) and Centruroides vittatus (C.v.) obtained
from mitochondrial 165 (below the diagonal) and COI (above the diagonal) sequences. NA — non-amplified sample.

To.East To.East To.East To.East To.East To.West To.West To.West To.West To.West cv.
ToE1 ToE2 ToE3 ToE4 ToE5 ToW1 ToWw2 ToW3 ToW4 ToW5

Tobscurus EastToEl - 0.00 0.00 0.00 0.13 0.11 0.13 0.08 NA 021
T obscurus East ToE2 000 0.00 0.00 0.13 0.11 0.13 0.08 NA 0.21
T obscurus East ToE3 0.01 001 - 0.00 0.13 0.11 0.13 0.08 NA 021
T obscurus East ToE4 0.00 0.01 001 0.13 0.11 0.13 0.08 NA 0.21
T obscurus East ToE5 0.01 0.01 0.00 QI 0.13 0.11 0.13 0.08 NA 0.21
T obscurus West ToW1 0.1 0.11 0.11 o1 011 e 0.02 0.01 0.04 NA 0.27
T obscurus West ToW2 0.11 0.11 0.11 0.11 000 = 0.02 0.03 NA 0.26
T obscurus West Tow3 0.11 0.11 0.11 0.11 0.00 000 - 0.04 NA 0.27
T. obscurus West Tow4 0.10 0.10 0.10 0.10 0.01 0.01 001 - NA 0.26
T obscurus West ToW5 0.11 0.11 0.1 0.11 0.00 0.00 0.00 001 NA
C.vittatus 0.27 0.27 0.27 027 030 030 031 030 030  —
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have contributed to their reproductive isolation. The extent
of mtDNA divergence between the eastern and western 7.
obscurus lineages found by us exceeds estimates of interspecific
divergence reported for other scorpion groups. In this sense,
pairwise distances based on K2P for COI and 16S between
the 7. obscurus eastern and western groups (COI = 0.08 to
0.13; 16S,,, = 0.10 to 0.11) are higher than those observed
between species of the genus Mesobuthus (COI,,, = 0.05 to
0.08) (Mirshamsi ez 2/. 2010), and similar to those observed
in different species of the genus Euscorpius (16S,,, = 0.04 to
0.12) (Soleglad and Fet 2003). The values of 16S pairwise
distances (P distance) across different lineages of Centruroides
exilicaudavaryed from 0.01 to 0.15 (Gantenbein ez a/. 2001),
i =0.10). The
same was observed for different species of the genus Euscorpius,
with 16S divergence varying from 0.04 to 0.12 (Soleglad

resembling our values for 7. obscurus (16S
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T
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Figure 4. Phylogenetic tree constructed through maximum likelihood (ML) for
Tityus obscurus from the west (T obscurus West 1to 4) and east (T obscurus East 1 to
5) of Para state (Brazil) and sequences from T. obscurus and species from GenBank
based on COI. Bayesian posterior probabilities and bootstrap percentages are
shown above and below the branches, respectively.
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and Fet 2003), similarly to our results. COI and 16S in both
pairwise distances (K2P and P distance) between the eastern
and western groups exhibited half of the divergence observed
when compared to the far related Centruroides vittatus. This
species was chosen as outgroup because Centruroides, together
with Zabius, is paraphyletic with respect to Zityus (Esposito
et al. 2018). Taken together, the above observations suggest
the existence of a complex of species or subspecies related to

T. obscurus, which deserves further research.

The mtDNA divergence observed between the regional
lineages of 7. obscurus, evidenced in our tree topologies and
haplotype network may be a consequence of isolation by
geographic or ecological barriers. The existence of 34 - 38
mutations (16S and COJ, respectively) separating these groups
without shared haplotypes supports this hypothesis. A priori,

T.obscurus_JX196969
Tobscurus3_East
T.obscurus5_East
T.obscurus4_East
Tobscurus1_East
T.obscurus2_East
T.obscurus1_West

T.obscurus2_West

T.obscurus3_West
T.obscurus5_West

T.obscurus4_West

T _KY981980

T,

C.vittatus_EU499946.1

0.2

Figure 5. Phylogenetic tree performed by maximum likelihood (ML) for Tityus
obscurus from the west (7. obscurus West 1 to 4) and east (7. obscurus East 1to 5)
of Paréa state (Brazil) and sequences from T. obscurus and species from GenBank
based on 165S. Bayesian posterior probabilities and bootstrap percentages are
shown above and below the branches, respectively.

Table 2. P genetic distance between two populations of Tityus obscurus (T.0.) from the west and east of Pard state (Brazil) and Centruroides vittatus (C.v.) obtained from
mitochondrial 16S (below the diagonal) and COI (above the diagonal) sequences. NA — non-amplified sample.

To.East To.East To.East To.East To.East To.West T.o.West To.West To.West To.West .
ToE1 ToE2 ToE3 ToE4 ToE5 ToW1 ToW2 ToW3 ToW4 ToW5

Tobscurus EastToEl ~ ——— 0.00 0.02 0.02 0.02 0.12 0.10 0.12 0.08 NA 0.18
T obscurus East ToE2 000 0.02 0.02 0.02 0.12 0.10 0.12 0.08 NA 0.18
T obscurus East ToE3 0.01 Qo1 = 0.04 0.00 0.11 0.10 0.11 0.1 NA 0.18
T obscurus East ToE4 0.00 0.01 001 0.00 0.12 0.10 0.12 0.08 NA 0.18
T obscurus East ToE5 0.01 0.01 0.00 QI e 0.1 0.10 0.11 0.07 NA 0.18
T obscurus West ToW1 0.10 0.10 0.10 0.10 010 0.02 0.01 0.04 NA 0.22
T obscurus West ToW2 0.10 0.10 0.10 0.10 0.10 00Y = 0.02 0.03 NA 0.22
T obscurus West Tow3 0.10 0.10 0.10 0.10 0.10 0.03 000 0.04 NA 0.22
T. obscurus West Tow4 0.10 0.10 0.10 0.10 0.10 0.01 0.01 0ol = NA 0.22
T obscurus West ToW5 0.10 0.10 0.10 0.10 0.10 0.00 0.00 0.00 001 NA
C. vittatus 023 023 0.23 0.22 0.23 0.25 0.25 0.25 0.24 025 @ =—
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genetically differentiated populations of 7. obscurus could
have originated by vicariance, through the fragmentation of
its ancestral distribution by barriers represented by the Xingu
and Tocantins rivers, promoting geographic isolation and
reducing gene flow between scorpion populations (Ceccarelli
et al. 2017). The process of genetic differentiation in 7.
obscurus may also have been influenced by other biogeographic
factors such as environmental heterogeneity and isolation
by distance, (Santorelli ez a/. 2018; Dambros et al. 2020)
since our two populations are separated by 850 km. Tityus
obscurus is widely distributed throughout the Amazon region,
and both populations analyzed in this study occupy several
microhabitats, such as canopy in floodplain (igapd) forests,
leaf sheaths of Arecaceae palms, and litter in terra firme
forests (Martins et al. 2021). In Alter do Chao, municipality
of Santarém (western population), the forest vegetation
(especially floodplain forests) forms a mosaic with savannah
areas, which is not observed in Belém (eastern population),
increasing the environmental heterogeneity of this region
(Magnusson et al. 2008). This habitat disruption limits
the dispersal of scorpions adapted to forest environments
(Lourengo 2002). This mosaic pattern may reflect historical
events, such as processes of contraction and expansion of
the vegetation cover of the Amazon forest during climate
changes in the last ice ages, which resulted in small forest
fragments, for which it is suggested that a certain rate of
speciation/extinction occurred (Rocha and Kaefer 2019).
This phenomenon contributed to the emergence of inter- and
intrapopulational morphological variations in some 7izyus
species inthe Amazon (Lourengo 2018). These ecological and
biogeographical factors, associated with the low vagility of
scorpions (Lourenco 2015), may have played an important
role in the cryptic genetic differentiation of 7. obscurus.

The genetic divergence observed at the molecular level
correlates with the previous clinical findings reported by
Pardal ¢t al. (2014). The symptom referred to by patients as
“electric body shock” was reported as related to accidents with
T. obscurus in northern Brazil and this clinical manifestation
was associated to envenoming cases occurring solely in western
Pard (Santarém). Symptoms such as myoclonus, difficulty in
ambulation, and strong muscular contractions, are all totally
absent in envenoming cases from eastern Pard (Belém), which
suggests compositional and physio-pathological variations in
the toxicity of 7 obscurus venom from different areas of the
Brazilian Amazon basin (Pardal ez al. 2014; Borges ez al. 2021).
Similar cases of association between genetic differentiation
and venom variation have been reported for other scorpion
species (Abdel-Rahman ez a/. 2009; Borges ez a/. 2020). Once
identified and mapped using genetic tools, knowledge of the
distribution of these two groups could lead to more specific
therapeutic interventions using region-specific strategies in
future envenoming cases.

220 VOL. 53(3) 2023: 215 - 222

Pardal et al. Interpopulational genetic diversity in Tityus obscurus

As suggested by Torrez ez al. (2015), further characterization
of the unique venom activity at the cerebellar level associated
with western populations of 7. obscurus is necessary, especially
because the severity of this manifestation requires the use of
benzodiazepines even after the antivenom administration.
The antivenom produced in Brazil against Tityus serrulatus
(Lutz & Melo, 1922), the species responsible for the most
severe accidents in southeast Brazil, does not recognize
the low molecular mass of the neurotoxic fraction of 7T
obscurus nor neutralizes significantly its hyaluronidase
activity (Guerra-Duarte et al. 2019). The synergistic action
of low molecular mass neurotoxins (which alter the gating
mechanism of various ion channels) and the connective-
tissue degrading hyaluronidase activity are responsible for
the systemic effects of 7ityus venoms (Abroug ez al. 2020).
The approach proposed here could be instrumental for
evaluating the actual distribution of the medically important
western 1. obscurus population, and for estimating the overall
genetic structure of the 7. obscurus complex, which possibly
underlies the existence of diversity gradients for venom toxic
and immunogenic components. In this sense, the recent
finding that Tityus cisandinus (Lourengo and Ythier 2017)
from Amazonian Ecuador is genetically related to 7. 0bscurus
from Brazilian Amazonia, as its envenoming syndrome also
includes neurological alterations (Romadn ez a/. 2018; Borges
et al. 2021). This indicates that a combined approach using
clinical, phylogenetic, and toxinological tools should prove
rewarding in the study of 7izyus diversity in the Amazon Basin.

CONCLUSIONS

The results obtained in the present study based on
mitochondrial DNA correlate with previous findings,
demonstrating clinical and toxinological heterogeneity
between Amazonian 7. obscurus populations. Our findings
reinforce the need for mapping the distribution area of 7
obscurus haplotypes in Pard, which should help the design
of region-specific therapeutic tools to treat scorpionism in
the area.

ACKNOWLEDGMENTS

We thank Dr. Denise Maria Cindido from Laboratério
de Artrépodes at Instituto Butantan, Sao Paulo, for species
identification and Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq) for the financial support
(proc. # 455885/2014-1).

REFERENCES

Abdel-Rahman, M.A.; Omran, M.A.A.; Abdel-Nabi, I.M.; Ueda,
H.; McVean, A. 2009. Intraspecific variation in the Egyptian
scorpion Scorpio maurus palmatus venom collected from different

biotopes. Toxicon, 53: 349-359.



ACTA
AMAZONICA

Abroug, F.; Ouanes-Besbes, L.; Tilouche, N.; Elatrous, S. 2020.
Scorpion envenomation: state of the art. Intensive Care Medicine,

46: 401-410.

Almeida, B.R.R.; Milhomem-Paixio, S.S.R.; Noronha, R.C.R.;
Nagamachi, C.Y.; Costa, M.J.R.D.; Pardal, P.P.O.; Coclho,
J.S.; Pieczarka, J.S.2017. Karyotype diversity and chromosomal
organization of repetitive DNA in Tityus obscurus (Scorpiones,
Buthidae). BMC Genetics, 18: 35. doi.org/10.1186/s12863-
017-0494-6

Amado, T.F.; Moura, T.A.; Riul, P.; Lira, A.F.A.; Badillo-Montano,
R.; Martinez, P.A. 2021. Vulnerable areas to accidents with
scorpions in Brazil. Tropical Medicine & International Health,
26:591-601.

Borges, A.; Bermingham, E.; Herrera, N.; Alfonzo, M.].; Sanjur,
O.1. 2010. Molecular systematics of the neotropical scorpion
genus 7Zityus (Buthidae): the historical biogeography and venom
antigenic diversity of toxic Venezuelan species. Toxicon, 55:

436-54.
Borges, A.; Graham, M.R.; Candido, D.M.; Pardal, PPO. 2021.

Amazonian scorpions and scorpionism: integrating toxinological,
clinical, and phylogenetic data to combat a human health crisis
in the world’s most diverse rainfores. Journal of Venomous Animals
and Toxins including Tropical Diseases, 29: €20210028.

Borges, A.; Lomonte, B.; Angulo, Y.; Patino, H.A.; Pascale, ].M.;
Otero, R.; er.al. 2020. Venom diversity in the Neotropical
scorpion genus Tityus: Implications for antivenom design
emerging from molecular and immunochemical analyses across
endemic areas of scorpionism. Acta Tropica, 204: 105346.

Brasil. 2001. Manual de diagndstico e tratamento de acidentes por
animais peconhentos. Ministério da Saide/Fundacio Nacional
de Satde. Brasilia. (https://www.icict.fiocruz.br/sites/www.
icict.fiocruz.br/files/Manual-de-Diagnostico-e-Tratamento-
de-Acidentes-por-Animais-Pe--onhentos.pdf). Accessed on 20
May 2022.

Brasil. 2022. Acidentes por animais peconhentos — Notificagoes
registradas no Sistema de Informacio de Agravos de notificacio.
Ministério da Satde/ Data-SUS. Brasilia. (http://tabnet.datasus.
gov.br/cgi/tabcgi.exe?sinannet/cnv/animaisbr.def). Accessed on
20 Mar 2022.

Ceccarelli, ES.; Pizarro-Araya, J.; Ojanguren-Affilastro, A.A. 2017.
Phylogeography and population structure of two Brachistosternus
species (Scorpiones: Bothriuridae) from the Chilean coastal
desert - the perils of coastal living. Biological Journal of the
Linnean Society, 120: 75-89.

Chippaux, J.P.; Goyffon. M. 2008. Epidemiology of scorpionism:
a global appraisal. Acta Tropica, 107: 71-79.

Dambros, C.; Zuquim, G.; Moulatlet, G.M.; Costa ER.C,;
Tuomisto, H.; Ribas, C.C.; ez al. 2020. The role of environmental
filtering, geographic distance and dispersal barriers in shaping the
turnover of plant and animal species in Amazonia. Biodiversity
and Conservation, 29: 3609-3634.

Dupré, G. 2021. Checklist of scorpions’ taxa 1758-2020. Arachnides,
100: 1-112.

Esposito, L.A.; Yamaguti, H.Y.; Pinto-da-Rocha, R.; Prendini,
L. 2018. Plucking with the plectrum: Phylogeny of the New
World buthid scorpion subfamily Centruroidinae Kraus, 1955

221 VOL. 53(3) 2023: 215 - 222

Pardal et al. Interpopulational genetic diversity in Tityus obscurus

(Scorpiones: Buthidae) reveals evolution of three pecten-sternite
stridulation organs. Arthropod Systematics and Phylogeny, 76:
87-122.

Gantenbein, B.; Fet, V.; Barker, M.D. 2001. Mitochondrial DNA
reveals a deep, divergent phylogeny in Centruroides exilicauda
(Wood, 1863) (Scorpiones: Buthidae). In: Fet, V.; Selden,
P.A. (Ed.). Scorpions. In Memoriam Gary A. Polis. The British
Arachnological Society, Burnham Beeches, p.235-244.

Gantenbein, B.; Fet, V;; Largiader, C.R.; Scholl, A. 1999. First
DNA phylogeny of Euscorpius Thorell, 1876 (Scorpiones,
Euscorpiidae) and its bearing on taxonomy and biogeography

of this genus. Biogeographica, 75: 49-65.

Guerra-Duarte, C.; Horta, C.C.R.; Oliveira-Mendes, B.B.R.;
Magalhies, B.E; Costal-Oliveira, E; Stransky, S.; ez al. 2019.
Determination of hyaluronidase activity in Zityus spp. Scorpion
venoms and its inhibition by Brazilian antivenoms. 7Zoxicon,

167: 134-143.

Guindon, S.; Gascuel, O. 2003. A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Systematic

Biology, 52: 696-704.

Hall, T.A. 1999. BioEdit: A user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symposium Series, 41: 95-98.

Hasegawa, M.; Kishino, H.; Yano, T. 1985. Dating of the human-ape
splitting by a molecular clock of mitochondrial DNA. Journal
of Molecular Evolution, 22: 160-174.

Klesser, R.; Husemann, M.; Schmitt, T.; Sousa, P; Moussi, A.;
Habel, J.C. 2021. Molecular biogeography of the Mediterranean
Buthus species complex (Scorpiones: Buthidae) at its southern
Palacarctic margin. Biological Journal of the Linnean Society,

133: 166-178.

Lourengo, W.R. 2002. Scorpions of Brazil. Les editions de I'If Paris,
Paris, 320p.

Lourengo W.R. 2015. Scorpion diversity and distribution; past
and present patterns. In: Gopalakrishnakone, P; Possani, L.E;
Schwartz, E.; Rodriguez de la Vega, R. (Ed.). Scorpion Venoms.
Toxinology, v.4., Springer, Dordrecht, p.3-23.

Lourenco, W.R. 2017. Description of a new species of Opisthacanthus
Peters (Scorpiones: Hormuridae) from Suriname/Brazil border
with some biogeographic considerations. Acta Bioldgica
Paranaense, 46: 9-22.

Lourengo, W.R. 2018. The evolution and distribution of noxious
species of scorpions (Arachnida: Scorpiones). Journal of Venomous
Animals and Toxins including Tropical Diseases, 24: 1-12.

Lourengo, W.R.; Leguin, E.A. 2008.The true identity of Scorpio
(Atreus) obscurus Gervais, 1843 (Scorpiones, Buthidae).
Euscorpius, 75: 1-9.

Lourenco, W.R.; Rossi, A.; Wilmé, L. 2019. Further clarifications on
species of Tityus C. L. Koch, 1836, subgenus Atreus Gervais, 1843
(Scorpiones: Buthidae), from Amazonia, with the description of
a new species. Rivista Aracnologica Iraliana, 21: 11-25.

Lourenco W.R.; Ythier E. 2017. Description of Tityus (Atreus)
cisandinus sp. n. from Ecuadorian Amazonia, with comments on
some related species (Scorpiones: Buthidae). Arachnida. Rivista
Aracnologica Italiana, 15: 18-34.



ACTA
AMAZONICA

Luna-Ramirez, K.; Miller, A.D.; Rasié¢, G. 2017. Genetic and
morphological analyses indicate that the Australian endemic
scorpion Urodacus yaschenkoi (Scorpiones: Urodacidae) is a
species complex. Peer Journal, 5: €2759.

Magnusson, W.E.; Lima, A.P; Albernaz, A.L.K.M; Sanaiotti, T.M.;
Guillaumet, J.L. 2008. Composigio floristica e cobertura vegetal
das savanas na regido de Alter do Chao, Santarém-PA. Brazilian

Journal of Botany, 31: 165-177.

Martins, J.G.; Santos, G.C.; Procépio, R.E.L.; Arantes, E.C.;
Bordon, K.C.E. 2021. Scorpion species of medical importance
in the Brazilian Amazon: a review to identify knowledge gaps.
Journal of Venomous Animals and Toxins including Tropical
Diseases, 20: ¢20210012.

Mirshamsi, O.; Sari, A.; Elahi, E.; Hosseinie, S. 2010. Phylogenetic
relationships of Mesobuthus eupeus (C.L. Koch, 1839) inferred
from COI sequences (Scorpiones: Buthidae). Journal of Natural
History, 44: 2851-2872.

Ojanguren-Affilastro, A.A.; Adilardi, R.S.; Cajade, R.; Ramirez,
M.].; Ceccarelli, F.S.; Mola, L.M. 2017. Multiple approaches
to understanding the taxonomic status of an enigmatic new
scorpion species of the genus 77zyus (Buthidae) from the
biogeographic island of Paraje Tres Cerros (Argentina). PLoS
ONE, 12: e0181337.

Pardal, PP.O.; Ishikawa, E.A.; Vieira, J.L.; Coelho, ].S.; Dérea, R.C.;
Abati, PA.; ezal. 2014. Clinical aspects of envenomation caused
by Tityus obscurus (Gervais, 1843) in two distinct regions of Pard
state, Brazilian Amazon basin: a prospective case series. Journal
of Venomous Animals and Toxins including Tropical Diseases, 20:
3. doi:10.1186/1678-9199-20-3.

Posada, D.; Crandall, K.A. 1998. MODELTEST: testing the model
of DNA substitution. Bioinformatics, 14: 817-818.

Rocha, D.G.; Kaefer, I.L. 2019. What has become of the refugia
hypothesis to explain biological diversity in Amazonia? Ecology
and Evolution, 9: 4302-4309.

Romdn, JP; Garcfa, E; Medina, D.; Vésquez, M.; Garcfa, J.; Graham.;
MR, Romero-Alvarez, D.; Pardal, PPO.; Ishikawa, EAY.; Borges,
A.2018. Scorpion envenoming in Morona Santiago, Amazonian
Ecuador: molecular phylogenetics confirms involvement of the
Tityus obscurus group. Acta Tropica, 178: 1-9.

Ronquist, E; Teslenko, M.; Van der Mark, P; Ayres, D.L.; Darling,
A.; Hoéhna, S.; et al. 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model
space. Systematic Biology, 61: 539-542.

Rozas, J.; Sdnchez-DelBarrio, ].C.; Messeguer, X.; Rozas, R. 2003.
DnaSP, DNA polymorphism analyses by the coalescent and
other methods. Bioinformatics, 19: 2496-2497.

222 VOL. 53(3) 2023: 215 - 222

Pardal et al. Interpopulational genetic diversity in Tityus obscurus

Simon, C.; Frati, F.; Beckenbach, A.; Crespi, B.; Liu, H.; Flook,
P. 1994. Evolution, weighting, and phylogenetic utility of
mitochondrial gene sequences and a compilation of conserved
polymerase chain reaction primers. Annals of the Entomological

Society of America, 87: 651-701.

Salzburger, W.; Ewing, G.B.; Von Haeseler, A. 2011. The
performance of phylogenetic algorithms in estimating haplotype
genealogies with migration. Molecular Ecology, 20: 1952-1963.

Santorelli, S.; Magnusson, W.E.; Deus, C.P. 2018. Most species are
not limited by an Amazonian River postulated to be a border
between endemism areas. Scientific Reports, 8: 2294. doi.
org/10.1038/s41598-018-20596-7

Schaffrath, S.; Prendini, L.; Predel, R. 2018. Intraspecific venom
variation in southern African scorpion species of the genera
Parabuthus, Uroplectes and Opistophthalmus (Scorpiones:
Buthidae, Scorpionidae). Zoxicon, 144: 83-90.

Soleglad, M.E.; Fet, V. 2003. High-level systematics and phylogeny
of the extant scorpions (Scorpiones: Orthosterni). Euscorpius,
11: 1-56.

Tanaka, H.; Roubik, D.W.; Kato, M.; Liew, F.; Gunsalam, G. 2001.
Phylogenetic position of Apis nuluensis on northern Borneo and
phylogeography of A. cercana as inferred from mitochondrial
DNA sequences. Insectes Sociaux, 48: 44-51.

Tamura, K; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. 2013.
MEGAG: Molecular Evolutionary Genetics Analysis version 6.0.
Molecular Biology and Evolution, 30: 2725-2729.

Thompson, J.D.; Gibson, T.].; Plewniak, E; Jeanmougin, E; Higgins,
D.G. 1997. The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by quality
analysis tools. Nucleic Acids Research, 25: 4876-4882.

Torrez, P.P.Q.; Quiroga, M.M.M.; Abati, P.A.M.; Mascheretti,
M.; Costa, W.S.; Campos, L.P.; et al. 2015. Acute cerebellar
dysfunction with neuromuscular manifestations after scorpionism
presumably caused by Tityus obscurus in Santarém, Pard/Brazil.

Toxicon, 96: 68-73.
Xia, X.; Xie, Z. 2001.DAMBE: software package for data analysis

in molecular biology and evolution. Journal of Heredity, 92:
371-373.

RECEIVED: 18/08/2022
ACCEPTED: 06/04/2023
ASSOCIATE EDITOR: Izeni P. Farias

DATA AVAILABILITY

The nucleotide sequences obtained in this study were deposited in
GeneBank under accession numbers JX196960 — JX196969, and can be
accessed at https://www.ncbi.nlm.nih.gov/nucleotide/.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



