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ARTICLE INFO ABSTRACT

Scorpion envenoming by species in the genus Tityus is hereby reported from rural locations in the Amazonian
province of Morona Santiago, southeastern Ecuador. Twenty envenoming cases (18 patients under 15 years of
age) including one death (a 4-year-old male) were recorded at the Macas General Hospital, Morona Santiago,
between January 2015 and December 2016 from the counties of Taisha (n = 17), Huamboyo (n = 1), Palora
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i?orplonism (n = 1), and Logrono (n = 1). An additional fatality from 2014 (a 3-year-old female from Nayantza, Taisha
Tl.tylyuui obscurus county) is also reported. Leukocytosis and low serum potassium levels were detected in most patients. We

observed a significant negative correlation between leukocytosis and hypokalemia. Scorpions involved in three
accidents from Macuma, Taisha County, were identified as genetically related to Tityus obscurus from the
Brazilian Amazonian region based on comparison of mitochondrial DNA sequences encoding cytochrome oxi-
dase subunit I. These cases, along with previously reported envenoming from northern Manabi, reinforce the
notion that scorpionism is a health hazard for children in Ecuador and emphasizes the need to supply effective
antivenoms against local species, which are not currently available. The genetic affinity of the Ecuadorian
specimens with T. obscurus may underlay toxinological, clinical, and venom antigenic relationships among
Amazonian scorpions that deserves further exploration for designing therapeutic strategies to treat scorpionism
in the region.

identified as the main endemic area of scorpionism in South America
(Chippaux and Alagén, 2008). Estimates for the region range from 30 to
60 cases per 100,000 inhabitants in French Guiana to over 200 cases

1. Introduction

Envenoming by scorpions can be life threatening, particularly in

children under 10 years of age depending, among other factors, on the
species involved (Amitai, 2005). Scorpion stings are common in tropical
and sub-tropical regions, with an estimated 1.2 million stings per year
and over 3500 deaths, mainly in children (Chippaux and Goyffon,
2008). Lethality is associated with the rapid distribution of low mole-
cular mass scorpion toxins, which mostly affect voltage-gated ion
channels located in excitable and immune cells (Amitai, 2005).

The Amazon region, with an area ca. 7 million km? has been

per 100,000 inhabitants in scorpionism hotspots in the Para state of
western Brazil, and southwestern Amazonas, Mato Grosso, Tocantins,
and Maranhao states (Costa et al., 2016; Chippaux and Goyffon, 2008;
Hui Wen et al., 2015; Pardal et al., 2014b). Compared to eastern
Amazonia, where scorpionism has been documented clinically, tax-
onomically, and epidemiologically (Benmosbah et al., 2013; Pardal
et al., 2014b; Torrez et al., 2015), little is known about scorpion sting
incidence and the species responsible for scorpionism in northwestern
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Fig. 1. Map of Ecuador and the Amazonian region of South America indicating scorpion envenoming localities described in this work and sampling sites for phylogenetic studies. (A)
Localities in the Ecuadorian province of Morona Santiago (red dots, map locations in brackets): (1) Palora (01°4203.9”S, 77°58705.3”W), (2) Huamboya (01°56745.1°S, 077°59°22.4"), (3)
Tayuntsa (02°58’24.0”S, 77°55’20.0”), (4) Cuchaentza (02°0716.3”, 077°51’50.0”"W), (5) Kutsuka (02°30’27.9S, 77°31°06.9”W), (6) Macuma (02°09’53.6”S, 077°39’32.8”W), (7) Taisha
(02°2022.0”S, 77°27’37”W), (8) Pumpuentza (02°28’39.7’S, 77°20’00.9”W), (9) Nayantza (02°51’48.9”S, 77°29’02.8”W). Provincial capital of Macas is shown as a white dot. (B)
Localities elsewhere in Ecuador and Latin America where samples were obtained for phylogenetic analyses (orange dots): Panama (T. asthenes: Barro Colorado Island), Ecuador (T.
asthenes: Viche, Esmeraldas), Brazil (T. obscurus (map locations in brackets): (1) ToW6 (Santarém, Curua-Una): 02°62799.2”S, 54°59'86.1'W); (2) ToW7 (Santarém, Santarém):
02°42’58.5’S, 54°71'77.4'W; (3) Tow8 (Santarém, Planalto): 02°35'69.2”S, 54°43'18.2”W; (4) ToW9 (Santarém, Terra Preta): 02°41’54.5”S, 54°38’45.1”W; (5) TowW10 (Santarém,
Tabocal): 02°34’48.5”S, 54°43’56.4”W; (6) ToEl (Belém, Outeiro): 01°16’38.2”N, 48°26’27.0"W; (7) ToE2 (Belém, Icoaraci): 01°1970.02”S, 48° 27/24.4”W; (8) ToE3 (Belém,
Maracangalha): 01°25’13.2”S, 48°28’81.2”W; (9) ToE4 (Belém, Val-de-Cans): 01°23’55.6”S, 48°29’0.30”W; (10) ToE5 (Belém, Terra Firme): 01°27’15.0”S, 48°26’58.7”W. Purple area:
approximate distribution of T. obscurus in Brazil and French Guiana. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Amazonia, particularly in the countries sharing this area, which com-
prises 14% of the Amazon Basin (i.e. Ecuador, Colombia, and Peru).

Most medically important species in South America belong to the
buthid genus Tityus (Borges and Graham, 2016). The genus is the most
diverse group of scorpions in South America (Lourenco, 2002a). In
eastern Amazonia, T. obscurus, T. metuendus, and T. silvestris have been
attributed to human casualties (Hui Wen et al., 2015; Monteiro et al.,
2016; Pardal et al., 2014a; Queiroz et al., 2015). Our team described
scorpionism cases attributed to Tityus asthenes from the western Ecua-
dorian province of Manabi (Borges et al., 2015). Recent health reports,
however, suggest that the Amazonian province of Morona Santiago
(which represents 9% of the area of Ecuador, i.e. 25.690 km?) has the
highest scorpion sting incidence in the country, with 180 cases recorded
in 2016 (Ministerio de Salud Publica de Ecuador, 2016).

In this work, we provide the first report on the severity of scor-
pionism cases from Morona Santiago. We document scorpion sting ac-
cidents, including two deaths, from victims representing four counties
that received care at the Macas General Hospital (Macas, Morona
Santiago) during 2015 and 2016. Most of the individuals stung were
members of the Shuar, an ethnic group indigenous to Ecuador and Peru.
Phylogenetic analyses of mitochondrial cytochrome oxidase one (COI)
sequences suggest that the scorpions responsible for severe stings in
Morona Santiago belong to the Tityus obscurus group, which contains
species responsible for severe scorpionism elsewhere in the Amazon
Basin. These findings will help elucidate the geographical distribution
of scorpionism and noxious scorpions in the Amazon.

2. Patients and methods
2.1. Patients

Our study was conducted in the emergency department (ED) of
Macas General Hospital, Macas, Morona Santiago, Ecuador, over a two-
year period from January 2015 to December 2016. The hospital is a 70-
bed second level center that serves the southeastern region of Ecuador,

particularly Taisha County of the Morona Santiago province.

We retrospectively studied all charts of patients presented to the ED
during the study period for scorpion stings and recorded epidemiolo-
gical and clinical manifestations at admission. Epidemiological data
included the patient’s age and sex, the date of the sting, and site of the
sting on the body. Clinical manifestations included presence of local
pain, tachycardia, vomiting, tachypnea, fever, paraesthesia, nausea,
swelling, somnolence, salivation, dysarthria, sweating, dyspnoea,
headache, muscle fasciculation, myalgia, convulsions, cyanosis, and
bradycardia. After clinical examination upon admission, blood was
sampled for determination of paraclinical parameters comprising glu-
cose, urea, creatinine, potassium and sodium serum levels, leukocyte
and neutrophil counts (see Appendix A for individual case character-
istics).

The envenoming severity was initially classified according to the
Scorpion Consensus Expert Group (Khattabi et al., 2011). Briefly, mild
envenoming cases (Class I) are characterized by local symptomatology
including pain at the sting site, edema, paresthesia, emesis, and mod-
erate tachycardia. Moderate envenoming cases (Class II) show mani-
festations that are not life threatening such as sialorrhea, diaphoresis,
somnolence, hypo- and hypertension, tachycardia, tachypnea, and ab-
dominal pain. Severe envenoming (Class III) includes life-threatening
manifestations as cardiac insufficiency, respiratory and neurological
failure.

The scorpions involved in three accidents in the village of Macuma
(cases B, H, and P; 9-, 3- and 5-year-old children respectively) (see
Appendix A) were brought to the hospital and preserved in absolute
ethanol for molecular identification (see molecular methods section).

2.2. Statistical methods

Single and multiple regression analyses were performed to identify
relationships between symptoms and signs, severity, and altered la-
boratory parameters using the R software package (https://www.r-
project.org/). For all analyses, we recorded R? with a = 0.05. Outliers
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Fig. 2. Frequency of anatomical location of scorpion stings in the 20 cases recorded from
Morona Santiago in this work.

in regression analyses were identified using the Tukey’s honest sig-
nificance test implemented in R.

2.3. Molecular methods

DNA was extracted from the three specimens responsible for acci-
dents in Macuma, two T. obscurus individuals collected at different lo-
calities in the state of Pard, Brazil [classified according to Lourenco and
Leguin (2008)], and from T. asthenes individuals collected at Barro
Colorado Island, Panama (09°09’28”N, 79°50’49”W) and Viche, Es-
meraldas province, Ecuador (00°38’57”N, 79°32’31”W) that were
identified according to Lourenco (2000) (see Fig. 1 and Appendix B for
localities). DNA was obtained from muscle tissue derived from pedi-
palps according to Borges et al. (2010). Amplification and sequencing of
the nucleotide sequence encoding the C-terminal portion of cytochrome
oxidase subunit I (COI hereafter) was performed according to Borges
et al. (2010) using primers C1-J-2183 (5-CAACATTTATTTTGATTTT-
TTGG-3’), and COIKG-R2 (5-GATATTAATCCTAAAAAATGTTGAGG-
3’). Amplification and sequencing of 16S ribosomal RNA (16S herein-
after) sequences was performed using primers LR-J-12887 (5’-CGATT-
TGAACTCAGATCA-3") (Simon et al.,, 1994), and a scorpion-specific
reverse primer (5-GTGCAAAGGTAGCATAATCA-3’) (Gantenbein et al.,
1999). Amplified fragments were bidirectionally sequenced using an
Applied Biosystems 3130 Genetic Analyzer DNA sequencer as pre-
viously described (Borges et al., 2010). Sequences generated for this
study were deposited at GenBank under the accession numbers
MF466176-MF466180 and are listed, together with other sequences
utilized in this work, in Appendix B.

2.4. Phylogenetic analyses

We inspected the phylogenetic position of the Tityus specimens in-
volved in the accidents from Macuma, Morona Santiago, by generating
a mitochondrial phylogeny using Bayesian inference (BI). We combined
16S and COI sequence data from previous studies (species from
Panama, Brazil, and Venezuela) with new sequence data generated in
this study (see Appendix B). This resulted in 51 different Tityus samples
representing all major Tityus subgroups (sensu Fet and Lowe, 2000;
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Lourenco, 2006). A single Zabius fuscus sample (Ojanguren-Affilastro
et al., 2017) was included as an outgroup. Consensus sequences were
aligned independently for both loci in Geneious v. 7.1.7 (Biomatters
Ltd., Auckland, New Zealand) using MUSCLE (Edgar, 2004), checked
for accuracy by eye, and trimmed to minimize missing characters. The
resulting alignments were 330 bp in length for 16S and 542 bp for COL.
We determined the best-fit model of nucleotide substitution for each
alignment (gene partition) with MEGA v. 7.0.21 (Kumar et al., 2016)
using the Bayesian Information Criterion (GTR + G for 16S and HKY
+ G for COI). We did not use I + G models because they have been
demonstrated to be highly correlated (Jia et al., 2014). We con-
catenated the alignments in Geneious and uploaded them to the CIPRES
Science Gateway with a Bayes block specifying the appropriate sub-
stitution models and partitioning scheme (by gene). We conducted BI
analyses using MrBayes 3.2.2 (Ronquist et al., 2012) ran for 40 million
generations with four chains (one cold, three heated). Model para-
meters were unlinked across character partitions with sampling every
4000 generations. We adjusted the heating parameter until state-swap
frequencies fell between 10% and 70% (temp = 0.05), and discarded
the first 25% of trees as burn-in. Convergence of Markov chains was
verified using Tracer 1.6 (Rambaut et al., 2014).

3. Results
3.1. Epidemiological data

Twenty patients between 1 and 40 years old were admitted to the
ED with a history of a scorpion sting from different localities within the
northeastern section of Morona Santiago from the following counties:
Taisha (n = 17), Huamboya (n = 1), Palora (n = 1), and Logrofio
(n = 1) (Appendix A). Cases from Taisha county were from the villages
of Macuma (11 cases), Taisha (2 cases), Kusutka (1 case), Cuchaentza (1
case), Nayantza (1 case), and Pumpuentza (1 case). Remaining cases
were from Tayuntza, Logrofno county (1 case), Huamboya, Huamboya
county (1 case), and Palora, Palora county (1 case). These localities are
shown in Fig. 1 (see legend for geographical coordinates). None of the
patients presented previous medical history. In our case series, one
resulted in death (a 4-year-old male from Nayantza) (see below for
description of the case). An additional fatal case (a 3-year-old female
also from Nayantza), recently identified by us as dating from 2014, is
also presented (see below) but was not included in our analyses.

According to the age range, the number of patients examined was as
follows: 15 (1-15 years old), 2 (16-30 years old), and 3 (31-45 years
old). Most patients were males (13/20). The majority of stings took
place within the home (13/20). The mean time elapsed between the
sting and hospital admission was 8.3 + 6.2 h (range 2-30 h). Fig. 2
shows the anatomical location of the stings, with a moderate pre-
dominance of feet (9/20) as the main affected site, followed by the
gluteal region (3/20) and hands (3/20).

Of the total number of patients, one was classified as Class I, 18
patients as Class II (including 14 children, median = 5.4 + 3.9 years
old), and one case as Class III (a 4-year-old male) which proved fatal. As
most of our cases were classified as Class II on the scale of Khattabi et al.
(2011), and since we sought to determine whether a correlation existed
between severity, age, and clinical parameters, an alternative scale of
severity (local severity scoré hereinafter) was explored. The local se-
verity score is based on the sum of signs and symptoms presented by
each case at admission (see Appendix A). Thus, a patient presenting 9
signs and symptoms was classified as more severe than a patient with a
score of 2.

3.2. Clinical and paraclinical data
Frequency of signs and symptoms presented by the 20 patients is

shown in Fig. 3. All patients presented with local pain. Tachycardia
(15/20) and vomiting (12/20) were the second most frequent
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Fig. 3. Frequency of signs and symptoms presented by the 20 cases of
scorpion sting recorded from Morona Santiago.
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Table 1

Paraclinical parameters presented on admission by patients stung by Tityus sp. in Morona
Santiago, Ecuador. *Individuals with available serum glucose and potassium levels were
15/20 and 14/20, respectively.

Parameter n/N Median Range
Glycemia > 110 mg/dL 10/15* 172.6 117-309
Leukocyte count > 10,000 per mm3 19/20 17,560 10,350-32,460
Neutrophils (%) > 70% 14/20 83.1 75.6-89.6
Serum Potassium < 3.5 mEq/L 9/14* 2.95 2.50-3.25

manifestations. The paraclinical data presented on admission are
summarized in Table 1. Leukocyte count was elevated in most cases
(19/20), with significant neutrophilia (above 70%) in 14 patients.
Hyperglycemia (> 110 mg/dL) was detected in 10 patients (serum
glucose data were available for 15 patients), whereas hypokalemia
(< 3.5mEq/L) was detected in nine patients (serum potassium were
data available for 14 patients). Serum creatinine, sodium, and urea
levels were unremarkable in all individuals. A negative correlation was
found between age of patients and their degree of severity (evaluated
by the local severity score) (R? = 0.29, p < 0.05) (outlier = case C,
see Appendix A). A negative correlation was also found between leu-
kocyte levels and hypokalemia for the 14 patients from whom serum
potassium values were available (R®> = 0.38, p < 0.05; out-
lier = case J, see Appendix A). Although glucose levels were altered in
10 out of 15 patients, we did not find a significant correlation between
leukocytosis and hyperglycemia (Appendix A).

At admission, all patients were hydrated with saline solution (0.9%),
and treated with paracetamol or tramadol as analgesic, and metoclo-
pramide hydrochloride as antiemetic. No patients received scorpion
antivenom, as it is not available in Ecuador (Borges et al., 2015).

3.3. Fatal envenoming case 1

A 4-year-old male from Nayantza, Taisha County, Morona Santiago,
with no previous medical history, was stung by a scorpion on the dorsum
of right foot 8 h before being admitted to the Nayantza Health Center on
01/22/2016 (patient T, Appendix A). The patient complained of pain at
the sting site (intensity 7 on the 1-10 Visual analog scale for pain) and
experienced multiple episodes of emesis. He was treated with Para-
cetamol (150 mg orally) and transferred by air to Macas General Hos-
pital where was admitted at 13H00. On physical examination, the

patient was restless and presented algic facies, tachycardia (138 bpm),
blood pressure of 98/60 mmHg, tachypnea (33 rpm), 99% blood oxygen
saturation, and normal breath sounds. The abdomen was soft, depres-
sible, and painless to palpation. Neurological examination was un-
remarkable. Laboratory parameters indicated hyperglycemia (309 mg/
dL), hypokalemia (2.86 mEq/L), and leukocytosis (31,710 cells/mm?),
with 68.2% neutrophils. Serum urea, uric acid, creatinine, bilirubin,
AST, ALT, and alkaline phosphatase levels were within normal range.
The patient was treated with potassium chloride (25 mEq), Paracetamol
(150 mg orally), Tramadol (25mg intravenously), and diazepam
(4.5 mg intravenously). Shortly after admission and considering the re-
spiratory insufficiency (Class III envenoming), the patient was trans-
ferred to the intensive care unit presenting irritability, 90% blood
oxygen saturation, peripheral cyanosis, and cough with pink, frothy
sputum. Despite sustained oxygen supply, the patient underwent cardio-
respiratory failure; advanced cardiopulmonary resuscitation maneuvers
were then performed but the patient was pronounced dead at 23HO00.

3.4. Fatal envenoming case 2

A 3-year-old female from Nayantza, Taisha County, Morona
Santiago, with no previous medical history, was stung by a scorpion in
right gluteus 6 h before being admitted to the Nayantza Health Center
on 03/31/2014. The patient presented with intense pain at the sting
site, multiple episodes of emesis of bilious aspect, and paresthesia in
both legs. She was transported by air to Macas General Hospital where
she was admitted at 18H30. On physical examination, the patient
presented erythema of 3 cm diameter at the site of sting, was drowsy
and irritable, presented algic facies, dry skin, tachycardia (126 bpm),
tachypnea (34 rpm), and 98% blood oxygen saturation. Laboratory
parameters indicated hyperglycemia (253 mg/dL), thrombocytosis
(656,000 cells/mm®), leukocytosis (24,500 cells/mm3), with 81.6%
neutrophils. Patient was hydrated with saline solution (0.9%), and
given ampicillin (700 mg), tramadol (25 mg intravenously), and me-
toclopramide hydrochloride (10 mg). Six hours after admission the
patient presented sialorrhea, multiple episodes of emesis, fluctuating
blood oxygen saturation (60-90%), dyspnea, peripheral cyanosis, and
generalized tonic-clonic seizures. She underwent cardio-respiratory
failure. Advanced cardiopulmonary resuscitation maneuvers were per-
formed including endotracheal intubation, which resulted in abundant
pink, frothy sputum, but the patient was pronounced dead at 01HOO on
04/01/2014.
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3.5. Identification of scorpions associated with accidents in Macuma,
Taisha County, Morona Santiago

Specimens associated with human stings in Macuma, Morona
Santiago (male scorpion responsible for case P is shown in Fig. 4), were
initially classified as Tityus sp. based on the presence of 15 oblique rows
of granules on the dentate margins of the pedipalp-chela fixed and
movable fingers (Lourenco, 2002b; Stahnke, 1972). Given the lack of
synapomorphies in this genus (Fet and Lowe, 2000), and the con-
siderable diversity of the Ecuadorian scorpion fauna (Brito and Borges,
2015), we resorted to a molecular study to objectively identify this new
medically important Tityus population. Amplified DNA fragments en-
coding COI from all three analyzed specimens from Macuma rendered
an identical 542 bp-long nucleotide sequence which was deposited in
GenBank with the accession number MF466178. COI sequences were
also obtained from T. asthenes populations from Panama and Ecuador
and from T. obscurus populations inhabiting northwestern Brazil (see
Fig. 1 and Appendix B). BI analyses were performed with these se-
quences, together with COI and 16S sequences retrieved from GenBank
that represent other Tityus groups in Latin America (Borges et al., 2010;
Ojanguren-Affilastro et al., 2017). This allowed generation of the
phylogeny depicted in Fig. 5.

The BI analysis revealed a highly structured phylogeny for genus
Tityus (Fig. 5). The majority of species were strongly supported as
monophyletic, but T. nororientalis, T. zulianus (both from Venezuela),
and T. asthenes (from Panama and Ecuador) were paraphyletic. The COI
sequence retrieved from the Macuma specimens involved in human
envenoming fell within a clade consisting of T. obscurus populations
from Brazil. Support for the T. obscurus clade was 100% (1.0 posterior
probability), indicating that the Macuma specimens clearly belongs to
this group, which is genetically divergent from the clade containing T.
asthenes and T. pachyurus from the Pacific coastline rainforests of
Ecuador, Colombia, and Panama. Within clade uncorrected p-distances
were 0.070 for the T. asthenes/T. pachyurus clade and 0.061 for the T.
obscurus clade, whereas the between clade distance was 0.153.

Fig. 4. Male Tityus sp. from Macuma, Morona Santiago, responsible for envenoming case
P described in this work.
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4. Discussion

Ecuador is part of the region exhibiting the highest alpha-diversity
for scorpions in the world, which also encompasses Southern Colombia,
the Northeast region of Peru, and the Upper Amazon region of Brazil
(Lourenco and Ythier, 2013). Despite this diversity, epidemiology and
clinical consequences of scorpion stings have been largely overlooked
in Ecuador and northwestern Amazonia in general. As previously
mentioned, preliminary efforts have been made to correlate human
incidents and the precise geographical distribution of the scorpion taxa
involved, particularly Tityus (Brito and Borges, 2015; Lourenco, 2011).
This study contributes to these efforts to map the risk areas for scor-
pionism in the Amazon Basin by describing the first envenoming cases
from Amazonian Ecuador and assessing genetic relationships among
Tityus populations in the basin responsible for severe envenoming.

Our results confirm previous findings by Ecuadorian health autho-
rities that scorpion envenoming is prevalent in the Amazonian province
of Morona Santiago (Ministerio de Salud Publica de Ecuador, 2016),
and demonstrates that scorpionism is a health hazard for children
within the Shuar community, the main ethnic group inhabiting the
province. The majority (85%) of envenoming cases admitted to Macas
General Hospital, the main health center in Morona, come from Taisha
County. However, we suspect that scorpionism cases are significantly
underreported in Taisha County considering that the Shuar believe that
stings by the local “black” scorpion (identified by us as belonging to the
T. obscurus group, see below) are irredeemably fatal, and thus few cases
make it to local health centers. This belief, together with the difficult
local topography (access to Macas is almost exclusively by plane), has
probably contributed to the significant delay in hospital admission
(8.3 = 6.2 h). Therefore, we believe that there is an urgent need for
appropriate scorpion antivenoms to the remote communities of Morona
Santiago.

Based on our local severity scale, the significant negative correlation
found between the age of patients and the degree of severity (albeit
with a weak association, R = 0.29) is reminiscent of previous studies
elsewhere, which suggest that scorpionism is most common in children
younger than 10 (Bouaziz et al., 2006). The two deaths from Taisha
County clearly demonstrate the lethality of the region’s scorpion fauna.

General manifestations in scorpion sting victims from Morona
Santiago are characteristic of stimulation of the autonomic nervous
system, including adrenergic (e.g. tachycardia) and cholinergic (e.g.
gastrointestinal alterations) manifestations. These effects are similar to
those previously described for Tityus envenoming from Ecuador and
elsewhere in South America (Borges et al., 2015; De Sousa et al., 1995;
Gomez et al., 2010; Izquierdo and Rodriguez Buitrago, 2012; Pucca
et al., 2014). Facilitation of cholinergic and cathecolaminergic neuro-
transmitter release is a known consequence of the depolarizing action
of low molecular mass scorpion neurotoxins (Amitai, 2005). Hy-
perglycemia (> 110 mg/dL) was detected in 10 cases (out of 14 pa-
tients), and blood glucose levels were two to three times higher in the
described fatal cases. This result was probably due to the sympathetic
nervous system activation and release of catecholamines, which can
directly stimulate glycogenolysis by the liver (Murthy and Hase, 1994).
Leukocytosis (> 10,000 cells/mm®) was also present in the majority of
cases (19/20) and usually associated with neutrophilia. This could re-
sult from an inflammatory syndrome elicited by the release of in-
flammatory mediators from both targeted tissues and immune cells
affected by scorpion toxins, and is associated with poor prognoses
(Bouaziz et al., 2006). Interestingly, the thrombocytosis detected in our
fatal envenoming case 2, is a condition that has been previously asso-
ciated with scorpion envenoming severity in children from Turkey, and
is possibly explained through the action of cathecolamines on a-adre-
nergic receptors of platelets. Alternatively, thrombocytosis could be a
result of myocardial ischemia (Caglar et al., 2015). In our particular
case, however, a possible pre-existing essential thrombocythemia
cannot be ruled out.
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Fig. 5. Consensus tree depicting the results of a phylogenetic analysis of concatenated 16S and COI sequence data generated using MrBayes 3.2.2 (Ronquist et al., 2012). Values at nodes

indicate posterior probabilities. Tityus cf. obscurus from Morona Santiago is in boldface type.

The negative correlation found between leukocyte levels (a known
predictor of scorpion envenoming severity) and serum potassium levels
in 14 of our patients was statistically significant (although weakly as-
sociated, R? = 0.38). This suggests that hypokalemia is also related to
envenoming severity in these patients, confirming previous findings
from children stung by Centruroides spp. in Mexico (Osnaya-Romero
et al., 2016). In this study, the percentage of patients with hypokalemia
at admission was statistically greater in symptomatic individuals, and
hypokalemia correlated with elongation of the QT interval in electro-
cardiograms (Osnaya-Romero et al., 2016). The effect of the scorpion
venom on electrolytes has been proposed to be associated with transient
changes on sodium and potassium pumps (Bucaretchi et al., 2014). As
hypokalemia increases the vulnerability to ventricular fibrillation
(Pezhouman et al., 2015), these data agree with previous reports on
abnormalities found in scorpion-envenomed children, such as ar-
rhythmias and electrolyte alterations in the absence of hemodynamic
compromise (Bucaretchi et al., 2014). Additional studies are needed to
determine whether hypokalemia is related to plasma concentrations of
potassium channel-specific toxins present in soluble Tityus venoms from
Morona Santiago.

A major finding of this work is the significant phylogenetic affinity
of scorpions involved in accidents from Macuma (Taisha County) with

known populations of T. obscurus located approximately 6,600 km west
in the Amazon Basin of northwestern Brazil (Figs. 1 and 5). This result
suggests that species related to the medically important T. obscurus may
be distributed across the basin. This finding was not anticipated given
the supposedly cis/trans Andean distribution of T. asthenes in Ecuador
(Lourenco, 1995), a species that has been involved in scorpionism cases
from northern Manabi, west of the Andes (Borges et al., 2015). How-
ever, the high endemicity of scorpions in Ecuador (Brito and Borges,
2015) led us to examine the phylogenetic placement of scorpions as-
sociated with these accidents among other Tityus spp., particularly bona
fide populations of T. asthenes from Central America (Panama) and
South America (Esmeraldas province, Ecuador). Our results confirmed
the Morona population as divergent from T. asthenes and the related
species T. pachyurus (uncorrected p-distance = 0.153). Additional
phylogenetic structure within the T. obscurus clade suggests that the
scorpions from Macuma represent a new species. A formal taxonomic
description of this new taxon is in preparation, which we treat in this
work as Tityus cf. obscurus.

Our BI analysis revealed a highly structured phylogeny for the genus
Tityus, containing taxa that represent all subgenera associated with
accidents in South and Central America; i.e. Tityus (Tityus), Tityus
(Archaeotityus), and Tityus (Atreus) (Lourenco, 2006) (Fig. 5). Taxa
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within the Atreus subgenus (Tityus spp. from Venezuela, Panama, and
Brazil) strongly grouped according to their geographic origin, con-
firming previous results that suggested that geography through vicar-
iance had a major role to play in diversification of the genus (Borges
et al., 2010). The T. obscurus clade in particular (including the new
species from Ecuador) was highly structured, hinting at a possible
species complex. Previous taxonomic assessments have indicated the
grouping of Amazonian scorpions with males exhibiting extremely long
and slender pedipalps and elongated and thin chelae into a single,
“Tityus asthenes” species complex (i.e. T. asthenes, T. obscurus, T. ne-
matochirus, T. antioquensis, T. apiacas, T. asthenes, T. brazilae, T. de-
doslargos, T. matthieseni, T. nematochirus, T. obscurus, T. oteroi, T. unus,
and T. vaissadei) (Kovarik et al., 2013). We now provide genetic evi-
dence that T. obscurus does not belong to a “Tityus asthenes” complex, as
the presumed complex actually represents at least two divergent
lineages that should not be treated as a single monophyletic group.
Future work should be directed at elucidating the evolutionary re-
lationships and the possibility of shared venom components among
Tityus spp. in the putative T. obscurus species group across the Amazon
Basin. Venom gland transcriptomic studies should prove useful in
identifying peptide sequences from the venom of Ecuadorian popula-
tions and related Amazonian species, including even the atypical venom
molecules difficult to characterize by conventional methods, as in other
venoms from the genus Tityus (Almeida et al., 2012; de Oliveira et al.,
2015). Neurological manifestations are common in stings by T. obscurus
inhabiting western Pard state, Brazil, with scarce autonomic effects
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(Pardal et al., 2014b). Cerebellar-muscular manifestations in en-
venoming cases from this region are not significantly reduced by the
scorpion antivenom manufactured against T. serrulatus, a species in-
habiting southeastern Brazil (Torrez et al., 2015). In our patient series,
albeit small, ataxia was detected in 3/20 patients, a neurological
manifestation that warrants further analysis. Given our results, anti-
genic affinities among the venoms of Amazonian scorpions in the T.
obscurus group deserve to be explored further using transcriptomic and
proteomic approaches. These data could then be used for designing
therapeutic strategies to treat scorpionism across Amazonia. Antivenom
therapy is the central treatment for severe scorpion envenoming, and
wider availability in Amazonia could save lives, especially those of
children in rural communities like the villages in Morona Santiago.
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Individual characteristics of the 20 cases of scorpion envenoming from Morona Santiago, Ecuador, presented in this study. *Cases are ordered chronologically as they were admitted.
**Local severity score is defined as the sum of symptoms and signs recorded at admission. **Envenoming severity according to Khattabi et al. (2011). N/A, Data not available.

Cases* Location Age (years) Time elapsed between accident Leukocytes (cells/ Serum potassium Glucose (mg/  Local severity Envenoming
and admission (hours) mm?) (mEq/L) dl) score** severity***

A Taisha 1 4 11,850 3.78 108 6 I
B Macuma 9 5 28,700 2.74 N/A 4 I
C Macuma 40 6 14,280 2.98 122.1 5 11
D Tayuntsa 38 11 11,440 3.25 132 3 I
E Macuma 5 30 13,170 N/A 88 6 11
F Kutsuka 4 4 14,800 3.13 178 6 I
G Macuma 12 20 11,100 N/A 96 7 I
H Macuma 3 6 16,080 2.95 164 8 1T
I Taisha 20 6 12,600 3.04 117 4 I
J Macuma 2 2 16,900 5.05 83 4 11
K Macuma 3 7 10,350 3.84 138 7 11
L Pupuentza 2 7 23,200 3.11 140 7 I
M Macuma 33 12 8,580 N/A 94 2 I
N Macuma 22 7 10,490 3.77 N/A 3 I
(0] Palora 14 12 24,700 3.74 N/A 6 I
P Macuma 5 8 31,170 N/A 309 5 i
Q Macuma 3 8 14,870 N/A N/A 3 11
R Cuchaentza 6 3 32,460 2.5 N/A 3 11
S Huamboya 6 2 10,690 N/A N/A 3 1I
T Nayantza 4 6 24,800 2.86 253 9 11
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Locality data and GenBank accession numbers for taxa used in Fig. 5. Accession numbers beginning with “AY” were from Borges et al. (2010), with “KY” were from (Ojanguren-
Affilastro et al., 2017), “DQ” (T. sanarensis) from Borges et al. (2006), and “KC” (T. tenuicauda) from (Cornejo-Escobar et al., 2013). Numbers MF466176 to MF466180 represent
new data generated for this study. See legend of Fig. 1 for geographical coordinates of T. obscurus populations in Brazil.

Species Sample ID 16S COI

Tityus arellanoparrai (Venezuela) T._arellanoparrai_20 AY586777.1 AY586805.1

Tityus asthenes (Panama) T._asthenes PAN - MF466176

Tityus asthenes (Ecuador) T._asthenes_ESM - MF466177

Tityus bahiensis (Brazil) T._bahiensis KY674453.1 -

Tityus boconoensis (Venezuela) T._boconoensis AY586763.1 AY586791.1

Tityus clathratus (Venezuela) T._clathratus_24 AY586782.1 AY586782.1

Tityus confluens (Argentina) T._confluens KY674456.1 -

Tityus discrepans (Venezuela) T._discrepans_SA219 AY586770.1 -

Tityus discrepans (Venezuela) T._discrepans_SA119 AY586769.1 -

Tityus discrepans (Venezuela) T._discrepans_19 - AY586796.1

Tityus falconensis (Venezuela) T._falconensis_6 - AY586792.1

Tityus falconensis (Venezuela) T._falconensis_JA6 AY586765.1 -

Tityus falconensis (Venezuela) T._falconensis_SL6 AY586764.1 -

Tityus funestus (Venezuela) T._funestus AY586758.1 -

Tityus gonzalespongai (Venezuela) T._gonzalezspongai_ MN18 AY586776.1 AY586803.1

Tityus gonzalespongai (Venezuela) T._gonzalezspongai_MN28 - AY586804.1

Tityus imei (Venezuela) T._.imei_5 AY586766.1 AY586793.1

Tityus isabelceciliae (Venezuela) T._isabelceciliae AY586768.1 AY586795.1

Tityus nematochirus (Venezuela) T._nematochirus_BA123 AY586756.1 AY586788.1

Tityus nematochirus (Venezuela) T._nematochirus_BA223 AY586757.1 -

Tityus neoespartanus (Venezuela) T._neoespartanus AY586771.1 AY586797.1

Tityus nororientalis (Venezuela) T._nororientalis. SB10 AY586772.1 AY586798.1

Tityus nororientalis (Venezuela) T._nororientalis MO14 AY586773.1 AY586799.1

Tityus nororientalis (Venezuela) T._nororientalis BA12 AY586774.1 AY586800.1

Tityus nororientalis (Venezuela) T._nororientalis_SL9 AY586775.1 -

Tityus cf. obscurus (Ecuador) T._cf_obscurus_Morona_1 - MF466178

Tityus obscurus (Brazil) T._obscurus_ToE1 JX196960.1 MF466179

Tityus obscurus (Brazil) T._obscurus_ToE2 JX196969.1 -

Tityus obscurus (Brazil) T._obscurus_ToE3 JX196961.1 -

Tityus obscurus (Brazil) T._obscurus_ToE4 JX196962.1 -

Tityus obscurus (Brazil) T._obscurus_ToE5 JX196963.1 -

Tityus obscurus (Brazil) T._obscurus_ToW6 JX196964.1 -

Tityus obscurus (Brazil) T._obscurus_ToW7 JX196965.1 -

Tityus obscurus (Brazil) T._obscurus_ToW8 JX196966.1 -

Tityus obscurus (Brazil) T._obscurus_ToW9 JX196967.1 MF466180

Tityus obscurus (Brazil) T._obscurus_ToW10 JX196968.1 -

Tityus pachyurus (Panama) T._pachyurus AY586753.1 AY586786.1

Tityus paraguayensis (Argentina) T._paraguayensis KY674459.1 KY674499

Tityus perijanensis (Venezuela) T._perijanensis_21 AY586754.1 AY586787.1

Tityus perijanensis (Venezuela) T._perijanensis_22 AY586755.1 -

Tityus pittieri (Venezuela 17) T._pitttieri_17 AY586767.1 AY586794.1

Tityus pococki (Venezuela) T._pococki_LP - AY586790.1

Tityus pococki (Venezuela) T._pococki_LP3 AY586761.1 -

Tityus pococki (Venezuela) T._pococki MC3 AY586762.1 -

Tityus sanarensis (Venezuela) T._sanarensis_8 - DQ117483.1

Tityus serrulatus (Brazil) T._serrulatus AY586780.1 JNO018155.1

Tityus soratensis (Bolivia) T._soratensis KY674460.1 -

Tityus tenuicauda (Venezuela) T._tenuicauda - KC846138.1

Tityus zulianus (Venezuela) T._zulianus_EG2 AY586759.1 -

Tityus zulianus (Venezuela) T._zulianus_MB - AY586789.1

Tityus zulianus (Venezuela) T._zulianus_MB2 AY586760.1 -

Zabius fuscus (Argentina) Zabius_fuscus KY674464.1 -
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