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Abstract

Background

Except for the northern region, where the Amazonian black scorpion, T. obscurus, repre-

sents the predominant and most medically relevant scorpion species, Tityus serrulatus, the

Brazilian yellow scorpion, is widely distributed throughout Brazil, causing most envenoming

and fatalities due to scorpion sting. In order to evaluate and compare the diversity of venom

components of Tityus obscurus and T. serrulatus, we performed a transcriptomic investiga-

tion of the telsons (venom glands) corroborated by a shotgun proteomic analysis of the

venom from the two species.

Results

The putative venom components represented 11.4% and 16.7% of the total gene expres-

sion for T. obscurus and T. serrulatus, respectively. Transcriptome and proteome data

revealed high abundance of metalloproteinases sequences followed by sodium and potas-

sium channel toxins, making the toxin core of the venom. The phylogenetic analysis of

metalloproteinases from T. obscurus and T. serrulatus suggested an intraspecific gene

expansion, as we previously observed for T. bahiensis, indicating that this enzyme may be

under evolutionary pressure for diversification. We also identified several putative venom

components such as anionic peptides, antimicrobial peptides, bradykinin-potentiating pep-

tide, cysteine rich protein, serine proteinases, cathepsins, angiotensin-converting enzyme,

endothelin-converting enzyme and chymotrypsin like protein, proteinases inhibitors, phos-

pholipases and hyaluronidases.

Conclusion

The present work shows that the venom composition of these two allopatric species of

Tityus are considerably similar in terms of the major classes of proteins produced and
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secreted, although their individual toxin sequences are considerably divergent. These differ-

ences at amino acid level may reflect in different epitopes for the same protein classes in

each species, explaining the basis for the poor recognition of T. obscurus venom by the anti-

serum raised against other species.

1. Background

With more than 200 described species distributed in Central America and South America,

genus Tityus (Koch, 1836), family Buthidae, contains the greatest number of species among

the 13 extant scorpion families recognized to date [1]. Over 50,000 cases of scorpionism were

registered in Brazil in 2015 with 77 deaths [2–5]. In Brazil, this genus is mainly represented by

the medically important species T. serrulatus, T. bahiensis, T. obscurus and T. stigmurus. While

T. serrulatus is widely distributed in Brazil, being responsible for most accidents by scorpions

in the country and thus, intensively studied, Tityus obscurus is only found in the northern

region, where it ranks as the second leading agent of accidents by venomous animals in the

state of Pará, in the Amazon region [6–8]. Tityus obscurus (Gervais, 1843) is known as the

Amazonian black scorpion and is synonym of T. cambridgei Pocock (1897) and Tityus paraen-
sis Kraepelin, 1896 [7]. In general, clinical manifestations of Tityus obscurus sting include local

pain, erythema, and effects on the autonomous nervous system such as hypertension, tachycar-

dia, sweating and sialorrhea and it is particularly fatal for infant victims [9,10]. T. obscurus
sting also causes neurological manifestations such as ataxia, dysmetria and symptoms

described as “electrical shock”, which causes muscular contraction of the body [10,11]. Never-

theless, there are some differences between symptoms described in accidents with animals

from different locations [9]. Tityus serrulatus is popularly known as the yellow scorpion and

since it causes most accidents [5], the envenoming by this scorpion is the most studied [12,13].

Envenomation may present local pain, sweating, nauseas, tachycardia, tachypnea, hyperten-

sion, and in severe cases cardiac failure, lung edema, convulsions and coma [6].

Scorpion venom, in general, contains a variety of molecules, and its neurotoxins are the

major compounds responsible for the symptoms of envenomation [14]. Some of the toxins,

particularly those that modulate ion channel activity [6], are classified according to their affin-

ity to ion channels. They may act as toxic depressants or excitatory molecules for arthropods,

and they may also be toxic to mammals. Neurotoxins are involved in capturing prey and acting

as defense against predators [15–17]. Other classes of venom components have different activi-

ties and functions such as antimicrobial peptides, bradykinin-potentiating peptide, hypoten-

sins, anionic peptides, metalloproteinases, serine proteinases and proteinases inhibitors.

T. serrulatus venom has been extensively studied, mainly the sodium and potassium chan-

nel toxin [12,13,18,19]. Other components with low molecular mass such as hypotensins,

antimicrobial peptides, bradykinin-potentiating peptides and high molecular mass such as

enzymatic components like hyaluronidases, serino proteinases, metalloproteinase and protein-

ase inhibitors were also detected in T. serrulatus venom through biochemical isolation, tran-

scriptomic and proteomic approaches [20–30].

Specifically regarding T. obscurus venom, there are few reports available on ion channel

neurotoxins, and most studies have described potassium and sodium channel toxins through

biochemistry and protein sequencing analysis. Batista and colleagues [31,32] have character-

ized the first potassium (Tc1) channel toxin using amino acid sequencing and mass spectrome-

try from T. obscurus venom. Later, a proteomic study of the soluble part of T. obscurus venom
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was performed after the separation of 60 different compounds by high-performance liquid

chromatography (HPLC); 26 components had the N-terminal sequenced by Edman´s degra-

dation and 5 were entirely sequenced [33]. This study did not elucidate all the venom compo-

nents separated by HPLC; they focused on the ion channel peptides that are the toxic fraction

responsible for the most important envenomation symptoms and affect the excitable and non-

excitable cells.

The arsenals of toxins present in scorpion venoms have been described mostly for toxins

obtained from the transcriptomes of venom glands or from venom proteomes [30,34–44]. In

recent years, there is a growing tendency to combine transcriptome and proteome studies for

characterizing scorpion venoms [45–53], but rarely are both approaches used at the same time

for Tityus scorpions. A recurrent problem of transcriptome-only based characterizations of

scorpion venom glands is the inherent uncertainty in distinguishing transcript coding real

venom proteins from those coding endophysiological proteins acting inside the venom gland

or in the surrounding tissues of the telson or secreted to the hemolymph [54]. On the other

hand, proteomic characterizations by spectrometric analysis are quite dependent on species-

specific sequence databases for matching MS spectral profiles. If unspecific datasets are used,

the identification profile may be biased towards common or conserved components, which

could be particularly problematic for species with long-time divergence, such as scorpions.

The present work shows the transcriptomic profiles of the venom glands from the scorpions

Tityus obscurus and T. serrulatus based on high-throughput sequencing of its cDNAs, corrobo-

rated by the proteomic identification of the proteins and peptides secreted into the venom

from T. obscurus and T. serrulatus.

2. Results and discussion

2.1 Transcriptomic profile of venom gland components

Sequencing the venom gland transcriptome of T. obscurus and T. serrulatus resulted in 102,428

and 165,646 high-quality filtered reads. Assembling using Newbler software produced 4,280

and 5,282 isotigs that represent putative transcripts (S1 Table). We performed an automatic

search using a BlastX alignment tool and an annotation using Blast2GO [55], in order to assign

putative venom components, cellular components, hypothetical proteins and non identified

sequences (Fig 1A and 1B). The global expression profile of the sample was calculated using

the CLC Genomics Workbench by counting the reads mapped back to the isotigs and normal-

izing the count according to the RPKM (reads per kilobase per million reads mapped) conver-

sion [56] in order to remove biases inherent in the sequencing approaches, such as the length

of the RNA species and the sequencing depth of sample.

T. obscurus had 70.24% and T. serrulatus 57.89% of transcripts coded for cellular compo-

nents, whereas hypothetical proteins/peptides accounted for 3.37% (T. obscurus) and 3.43%

(T. serrulatus). In T. obscurus and T. serrulatus some sequences (14.97% and 21.99%, respec-

tively) had no hit in Blast searches, possibly representing specific transcripts of this species (Fig

1A and 1B). The putative venom components from T. obscurus represented 11.42% and T. ser-
rulatus 16.69% of the expression level of the transcripts, which could be grouped into 17 and

18 categories of encoded proteins, respectively (Fig 1C and 1D). The expression levels of tran-

scripts coding for putative venom components were lower than other scorpion transcriptome

analysis [34,42,48], though very similar to T. bahiensis transcriptome sequenced using the

same approach [43].

We checked if the high expression of transcripts coding for cellular proteins could be

related to the fact that those transcripts are larger, on average, than toxin transcripts, and thus

biased by the higher production of sequencing reads from longer RNAs during NGS library

Proteomic, transcriptomic, Tityus obscurus and T. serrulatus
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preparation. We noticed, however, that the RPKM normalization efficiently applied corrected

this bias by improving the expression values of shorter transcripts (blue bars in S1 and S2 Figs)

and reducing them in larger transcripts. Accordingly, among the largest transcripts, many are

highly expressed and many have low expression. In fact, some transcripts coding for muscle

specific and metabolism marker proteins such as cytochrome oxidase, myosin and actin were

very abundant, thus indicating that muscle cell transcripts influence the transcriptional profile

of the telson. Nevertheless, we previously noticed the possibility that the 454 library prep pro-

tocol causes some loss of very small transcripts, such as those of short neurotoxins, thus con-

tributing to a possible underestimation of venom components [43].

The use of telsons removed 48 hours after venom extraction is the standard for transcrip-

tomic analysis [36,45,57] as there is evidence that this is the peak of mRNA production

[58,59]. In the transcriptome of the venom gland from Centruroides noxius, also performed by

454, the authors reported that the resting gland expression profile was lower in contrast to the

replenishing gland [60]. Luna-Ramı́rez and colleagues (2015) [44] recently analyzed the tran-

scriptomic profile of Urodacus yaschenkoi scorpion using an Illumina platform and described

210 transcripts coding for 111 unique venom compounds, which is in agreement with the 228

and 235 transcripts found for T. obscurus and T. serrulatus, respectively (S2 and S3 Tables).

The Transcriptome Shotgun Assembly projects were deposited at the DDBJ/EMBL/GenBank

under the accession GEMQ00000000 (T. obscurus) and GEUW00000000 (T. serrulatus). The

Fig 1. Transcripts from the venom gland of Tityus obscurus and Tityus serrulatus. Functional classification of the transcripts (A) T. obscurus
and (B) T. serrulatus. Relative proportion of each category of venom components. The value between parentheses indicates the number of

isotigs in each category. Categories in red are those with peptides identified by proteomic analysis (C) T. obscurus and (D) T. serrulatus.

https://doi.org/10.1371/journal.pone.0193739.g001
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versions described in this paper are the first version, GEMQ01000000 (T. obscurus), and

GEUW01000000 (T. serrulatus).

2.2 The proteomic identification of Tityus venom components

Our proteomic analysis for the two Tityus species identified peptides that mapped onto isotigs

coding for miscellaneous putative venom components (S4 and S5 Tables), such as sodium and

potassium channel toxins, metalloproteinases, hyaluronidase, cysteine-rich protein, and tryp-

sin-like protein. The proteomic analysis also detected other protein classes unexpected in

venom such as angiotensin-converting enzyme and endothelin-converting enzyme, whose

roles in the venom are unclear (Fig 1C and 1D- conserved venom components). It is important

to note that we considered a protein identification even if only one peptide-spectrum match

was obtained, since part of the proteins expected in the venom (such as ion channel toxins) are

small. However, those cases are marked in red in Supplementary S4 and S5 Tables and the

images of individual spectra are provided in the tables.

Mass-spectrometry-based proteomics has allowed the identification of new venom compo-

nents of several scorpions [29,46,49,54,61–68], especially ion channel modulating peptides

from T. serrulatuswith amino acids sequenced. Enzymes with gelatinolytic activity [24], metal-

loproteinase [25,26] and proteinase inhibitors [27] have also been described and had their

amino acid sequence resolved. In a mass fingerprint approach of toxic fractions (low molecular

masses) from venom of T. serrulatus, Pimenta et al. (2001) [29] detected sodium and potas-

sium channel toxins and unknown peptides (molecular masses ranging from 2500 to 7500

Da). In 2008, Rates and colleagues [40] accessed T. serrulatus venom peptidomics, identifying

around 28 peptides as fragments from Pape proteins, scorpion-like, potassium channel toxins,

hypotensins and novel peptides with no identification in the Swiss-Prot database.

Other venom components of T. serrulatus scorpions had their amino acid sequences eluci-

dated as antimicrobial peptides [40], hypotensins [20], C-type natriuretic peptide [69], hyal-

uronidase [70], metalloproteinase [25,26], non-disulfide-bridged peptides with angiotensin-

converting enzyme inhibitor activity [27], neprilysin-like enzyme inhibitor [71] and angioten-

sin-converting enzyme-like peptidase [72]. Batista and colleagues (1998) [73] first described T.

obscurus venom components and during the following years described 3 potassium channel

and 22 sodium channel toxins based on mass spectrometry approach and physiological analy-

sis [31–33,74,75]. In 2012, Guerrero-Vargas [17] and colleagues described 15 more sequences

of sodium channel toxins based on cDNA sequencing and mass spectrometry analysis.

We also detected some components in our proteomic analysis that we identified as contam-

inants of the venom gland, such as carbonic anhydrase, alpha-2-macroglobulin, myostatin,

peptidylglycine alpha-amidating monooxygenase, nucleoredoxin-like and transferrin. These

putative components have lower expression levels, with the exception of transferrin, which

had high expression level in the transcriptomic analysis. Peptides that mapped hemocyanins,

carcinolectin and tachylectin were also detected in proteomics. However, these components

are known “contaminants” that are present in the venom mixture [54,76] and were not repre-

sented in Table 1 or in Fig 1C and 1D. Table 1 summarizes the putative venom components

detected based on transcriptomic and proteomic evidence for T. obscurus and T. serrulatus.

2.3 The ion channel toxins

Potassium channel acting peptides are one of the most studied types of scorpion toxins and

they are particularly well known in this species. Here we report on 33 and 23 isotigs with simi-

larities with known potassium channel toxins from T. obscurus and T. serrulatus, respectively,

and they represent 10.43% and 13.11% of the putative toxins. There are 13 different groups of
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putative potassium channel toxins in these transcriptomes. The first group showed similarities

with the potassium channel toxin from T. serrulatus (P86822); the second group is similar to

potassium channel toxin from T. serrulatus (P69940); the third group containing one T. serru-
latus isotig was similar to the potassium channel toxin BmTxKS4 from Mesobuthus martensii
(Q5F1N4); the fourth group showed similarities with two isotigs of T. serrulatus that were sim-

ilar to T. serrulatus TsPep2 (P0C175); the fifth group of T. obscurus isotigs showed similarities

to a potassium channel toxin from T. discrepans (P0C1X6); the sixth group was a T. serrulatus
isotig similar to KTx8 from Lychas mucronatus (A9QLM3); the seventh group contains the

potassium channel toxin from T. discrepans (P84777); the eighth group is composed of five iso-

tigs from T. serrulatus, similar to alpha-KTx 4.5 from Tityus costatus (Q5G8B6); the ninth

group involves one isotig that probably is the precursor of the potassium channel toxin alpha-

KTx 18.1 (P60211) described from T. obscurus; the tenth, eleventh and twelfth are probably the

precursors of the potassium channel toxins KTx 12.1, KTx 21.1 and Ts16 from T. serrulatus
(P59936, P86270, P86271); and we also detected an identical isotig of T. serrulatuswith KTx

Table 1. Putative venom components detected in this work based on transcriptomic and proteomic evidence for T. obscurus and T. serrulatus.

Number of

transcripts

T. obscurus/T.

serrulatus

Number of transcripts

with proteomic evidence

T. obscurus/T. serrulatus

Putative activity Putative conserved domain detected Known/

New

T.

obscurus

Known/

New

T.

serrulatus
2/1 1/0 Angiotensin converting

enzyme like

GluZincin super family 0/2 0/1

3/3 - Anionic peptide - 0/3 0/3

1/1 - Anticoagulant peptide Trypsin Inhibitor-like cysteine-rich domain 0/1 0/1

8/12 - Antimicrobial peptide - 0/8 0/12

2/5 - BPP-like peptide - 0/2 0/5

1/2 - Chitinase GH18_chitinase-like super family 0/1 0/2

1/4 - Ctenitoxin-like Thyroglobulin type I repeats 0/1 0/4

10/12 3/3 Cysteine-rich protein, allergen

V5/Tpx-1-related

SCP-like extracellular protein domain 0/10 0/12

1/8 1/0 Endothelin-converting

enzyme-like

Peptidase family M13 includes neprilysin 0/1 0/8

1/4 1/3 Hyaluronidase Glyco_hydro_56, hyaluronidase 0/1 0/4

0/5 0/2 Hypotensin - 0/0 3/2

7/3 0/1 Insulin-like growth factor-

binding protein

Insulin growth factor-binding protein homologues 0/7 0/3

46/50 27/22 Metalloproteinase Zinc-dependent metalloprotease, M12, the astacin-like

proteases and the adamalysin/reprolysin-like proteases

0/46 7/43

16/16 2/1 Other proteinases (serine and

cysteine proteinases)

Trypsin-like serine protease, Clip or disulphide knot domain,

Cathepsin B group; Cathepsin_D_like; Cysteine protease,

C1A family

0/16 0/16

4/3 - Pancreatic lipase-like protein Pancreatic lipase-like enzymes. 0/4 0/3

4/6 1/0 Phospholipase A2 Phospholipase A2 0/4 0/6

4/1 - Phospholipase C Pleckstrin homology-like domain and EF-hand, calcium

binding motif

0/4 0/1

0/1 - Phospholipase D Phospholipase D 0/0 0/1

33/23 1/6 Potassium channel toxin This family includes scorpion potassium channel toxins with

4 conserved cysteine

1/32 6/17

15/18 1/1 Proteinase inhibitors Serine Proteinase Inhibitors (serpins), or Kunitz, Kazal type

or metalloproteinase inhibitors

0/15 0/18

48/24 3/7 Sodium channel toxin Scorpion toxin-like domain. This family contains both

neurotoxins and plant defensins.

9/39 9/15

https://doi.org/10.1371/journal.pone.0193739.t001
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4.2 (P56219). Until now only three potassium channel toxins have been described for T.

obscurus: Tc1 [31], Tc30 and Tc32 [74]. Fig 2 provides an alignment of an unique isotig with a

high coverage sequence representing these groups. The proteomic analysis confirmed a pre-

dicted peptides for 7 isotigs (1 and 6 from T. obscurus and T. serrulatus, respectively), and the

sequences of the peptides are indicated in S4 and S5 Tables.

We sequenced 48 and 24 transcripts (12.59% and 11.93% of putative toxins) that have simi-

larities with sodium channel toxins from T. obscurus and T. serrulatus, respectively, including

the sequences deposited in Genbank for both species. T. obscurus venom has lower toxicity

(LD50 = 3.13 mg/kg) than T. serrulatus (LD50 = 0.99 mg/kg), but it can induce lethal activity

[77]. The symptoms and behavioral effects in mice and rats were more intense at higher doses,

but the envenoming in mice was less severe and non-convulsive compared to T. serrulatus
[77]. The lower similarity of T. obscurus amino acid sequences with known toxins could

explain differences in effects than those promoted by T. serrulatus venom, besides the symp-

toms described as “electrical shock” that occur only with T. obscurus venom. These data sug-

gests that T. obscurus toxins could act in a specific ion channel. Therefore, this venom could be

a good source for screening potential specific ion channel modulators.

Our transcriptomic analysis revealed different types of sequences, those that were identical

to previously described T. obscurus toxins To5 and To13 (Tobs 04181 and Tobs04206)

and other transcripts showing distinct levels of similarities with the described T. obscurus tox-

ins (groups second to sixth and eighth to eleventh of Fig 3). For T. serrulatus, our transcrip-

tomic analysis showed sequences that were identical to previously described T. serrulatus
(TserPR02663 and TserPR00153). The first group in Fig 3 has one isotig that is 69% identical

to a Ts1—insect toxin from T. serrulatus (P15226). In the eighth group, we show three

sequences from T. serrulatus (TserPR02016 and TserSP05583) and the isotig TserPR02686

is probably the precursor of Toxin-5. We also detected one sequence from T. obscurus
(Tobs01046) with similarities to Toxin-5 from (P01496). Fig 3 provides an alignment of a

unique isotig with a high coverage sequence representing these groups; the identity of each

sequence with the known sequence reference is indicated. The proteomic analysis detected

peptides that mapped to 3 isotigs from T. obscurus. For T. serrulatus, we detected peptides that

mapped to 7 isotigs; the sequences of the peptides are shown in S4 and S5 Tables.

2.4 Metalloproteinases

Among the enzymatic components related to putative toxins, the metalloproteinases repre-

sented 43.22% and 30.71% of the total putative venom components of T. obscurus and T. serru-
latus, respectively (Fig 1C and 1D). Likewise as we previously described for T. bahiensis [43],

the metalloproteinases were the most abundant component identified in T. obscurus and T.

serrulatus transcriptome. These results were also observed for venom glands transcriptomes

from T. serrulatus [30] and for Hottentotta judaicus [37]. However, the relationship between

these high levels of metalloproteinase expression has not yet been demonstrated in transcrip-

tomes and the levels of proteins present in the venom. The proteomic analysis revealed a high

number of peptides mapping to putative metalloproteinase transcripts.

Metalloproteinases have been identified in many animal venoms, being proteolytic enzymes

whose activity is dependent on divalent ions, commonly a Zn2+ at the catalytic center. These

enzymes may disrupt the cell matrix and the process of clotting blood or hemolymph. T.

obscurus venom can cause lung damage characterized by the presence of red blood cells in the

parenchyma [77]. The metalloproteinases found in this venom could contribute to these

effects. The metalloproteinases from snake venom are multidomain enzymes known to be

involved in inhibition of platelet aggregation, inflammation, apoptosis and hemorrhage [78].

Proteomic, transcriptomic, Tityus obscurus and T. serrulatus
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Fig 2. Alignment of amino acid sequences of putative potassium channel toxins from T. obscurus (Tobs) and T. serrulatus (Tser) with

known toxins from Tityus scorpions. Variations in gray scale indicate levels of sequence conservation. The percentages of identity compared

to the top sequence are indicated at the end of the alignment. The symbol (-) represents gaps to improve the alignment. The CxxxC and CxC

motifs are indicated in red and the putative signal peptide is underlined. (A) shows the alignment of identical and similar sequences from T.

obscurus and T. serrulatus, (B) shows identical and putative precursor sequences of T. obscurus and T. serrulatus. P86822—Ktx 2 from T.

serrulatus, P69940—TsTXK-beta from T. serrulatus, Q5F1N4—potassium channel toxin BmTxKS4 from Mesobuthus martensii, P0C175—
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In arthropods, metalloproteinases have been reported for many animal classes. Tityus serrula-
tus venom was described as proteolytic and its metalloproteinases were shown to be involved

in pancreatic disturbances [25,79,80]. The metalloproteinases found here were shown to be

Zn2+-dependent and related to vertebrate ADAM enzymes, a subtype of metzincin proteinases

[26,43]. Carmo and colleagues (2014) [26] characterized metalloproteinases from T. serrulatus
presenting activity in a fibrinogenic assay. Mature sequences of antarease-like enzymes were

reported for other Tityus scorpions by Ortiz and co-workers (2014) [81] and we recently

described several metalloproteinases from T. bahiensis [43]. The T. obscurus and T. serrulatus
sequences, like other scorpion metalloproteinases, are shorter than typical ADAM enzymes

and lack other domains such as the disintegrin present in snake venom metalloproteinases and

cysteine-rich domains present in snake and acari metalloproteinases. Consequently, there is a

possibility that this kind of metalloproteinase from scorpions might have evolved from an Ara-

chnida type of ADAM-like ancestor [26,43] by losing the extra domains (disintegrin and cyste-

ine-rich) in a similar trend towards simplification that is believed to have occurred with the

PI-type metalloproteinases from snake venoms [82].

The phylogenetic reconstruction of Tityus metalloproteinases (Fig 4) showed that this

group of scorpion metalloproteinases has the same phylogenetic origin and probably come

from a gene duplication event. Scorpion metalloproteinases might be a sister clade of known

metalloproteinases from Acari. Inside the scorpion clade, there are two major groups of metal-

loproteinases: one is more closely related and represents the majority of Tityus metalloprotei-

nases (T. bahiensis, T. fasciolatus, T. obscurus, T. pachyurus T. serrulatus, and T. trivittatus) and

the other contains sequences from Mesobuthus. The T. obscurus (Tobs) and T. serrulatus
(Tser) sequences are distributed together with other Tityus species showing a high diversity of

this group. The presence of at least ten putative paralogues can be observed in the phylogeny,

represented by the grouping of orthologues from different species of the genus and one clade

containing only two T. obscurus sequences. Thus, the diversity of metalloproteinase genes

probably might have occurred during the speciation process, since some types of sequences

are distributed in the Tityus genus and others are restricted to one species (Fig 4). The align-

ment used to generate the tree is presented in S3 Fig. The proteomic analysis revealed peptides

that mapped to 27 and 22 isotigs of metalloproteinase transcripts from T. obscurus and T. ser-
rulatus, respectively (S4 and S5 Tables).

2.5 Other venom components

Besides the major venom components, the transcriptomic profile of T. obscurus lead to the

identification of antimicrobial peptides, anionic peptides, anticoagulant proteins, bradykinin-

potentiating peptide, cysteine-rich secretory peptides, phospholipases A2 and C, lipases, pro-

teinase inhibitors, serine and cysteine proteases, metalloproteinases and hyaluronidase. The

proteome profile detected peptides matching isotigs coding for proteinases and proteinases

inhibitors, hypotensins, hyaluronidases, CRISPs, ACE and ECE-like, serine proteinases and

cathepsin-like.

We identified two angiotensin-converting enzyme-like molecules (ACE-like) in T. obscurus
transcriptome (Tobs00978 and Tobs01141) and one in the T. serrulatus (TserSP00939). In

scorpion transcriptomes, an ACE-like molecule was first described by Morgenstern and col-

leagues (2011) [37] from Hottentotta judaicus venom gland. Recently, Cajado-Carvalho and

TsPep2 T. serrulatus, P0C1X6—potassium channel toxin from T. discrepans, A9QLM3—KTx8 from Lychas mucronatus, P84777—potassium

channel toxin from T. discrepans, Q5G8B6—alpha-KTx 4.5 from Tityus costatus, P60211—potassium channel toxin alpha-KTx 18.1 from T.

obscurus, P59936, P86270, P86271 are potassium channel toxins KTx 12.1, KTx 21.1 and Ts16 from T. serrulatus, respectively.

https://doi.org/10.1371/journal.pone.0193739.g002
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Fig 3. Alignment of the amino acid sequences of putative sodium channel toxins from T. obscurus (Tobs) and T. serrulatus (Tser) with known toxins from

Tityus scorpions. Variations in gray scale indicate levels of sequence conservation. The percentages of identity compared to the top sequence are indicated at the end

of the alignment. The symbol (-) represents gaps to improve the alignment. The putative signal peptide is underlined; the conserved cysteine residues are indicated in

red; (A) shows the alignment of identical and similar sequences from T. obscurus and T. serrulatus, (B) shows identical sequences of T. obscurus and T. serrulatus.
P15226—insect toxin Ts1 from T. serrulatus; P84688—Toxin To7 from T. obscurus; P84685—Toxin To6 from T. obscurus; H1ZZH7—Toxin To8 from T. obscurus;
P60213—Toxin To3 from T. obscurus; H1ZZI0—Toxin To11 from T. obscurus; P60214—Toxin To1 from T. obscurus; P01496—Toxin-5 from T. serrulatus; H1ZZI3—

Toxin To14 T. obscurus; H1ZZI2—Toxin To13 T. obscurus; P60212—toxin To2 from T. obscurus; O77463—Ts4 from T. serrulatus; H1ZZI4—Toxin To15 from T.

obscurus; P84693—Toxin To5 from T. obscurus.

https://doi.org/10.1371/journal.pone.0193739.g003
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Fig 4. Bayesian phylogenetic analysis of putative metalloproteinases. The sequences from T. obscurus (Tobs) and T.

serrulatus (Tser) obtained in this study and sequences from other scorpions, Arthropods (arachnida) and vertebrates

are indicated and referred to their GenBank accession numbers. The colors in the cladogram represent 10 putative

groups of paralogues from metalloproteinases shared between the Tityus genus. Vertebrates, Arthopods and scorpions

are indicated. NP055080—ADAM 28 isoform 1 Homo sapiens, XP001233496—ADAM 28 isoform X1 Gallus gallus,
Q5XUW8—Snake venom metalloproteinase insularinase-A, Q90392—Snake venom metalloproteinase atrolysin-C
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coworkers (2016) [72] isolated and characterized an ACE-like sequence from T. serrulatus
venom that showed high similarities with T. serrulatus and T. obscurus ACE-like sequence.

However, the ACE-like expression level is much lower than that of antarease-like metallopro-

teinases and in the proteomic results we identified 1 peptide that mapped to ACE-like isotig

Tobs01141 (S4 Table).

The remaining conserved venom component is composed of those isotigs with high simi-

larity with putative proteins sequenced from venom glands of other scorpions but not well

characterized. Table 1 presents the list of venom components detected in the transcriptome

and proteome of T. obscurus and T. serrulatus, including those not related to toxic functions.

2.6 Tityus obscurus venom components are not recognized by anti-Tityus
serrulatus venom serum

The eletrophoretic profile of T. obscurus venom revealed a major band below 14.4 kDa and the

other components between 31.0 and 66.2 kDa, the T. serrulatus venom components had quite

a different profile. Many components are located below 14.4 kDa in both venoms but signifi-

cant differences were shown between these two venoms (Fig 5A).

The effectiveness of Brazilian anti-scorpionic serum (anti-T. serrulatus, produced by the

Butantan Institute) has been demonstrated in neutralizing the most common Tityus species,

such as T. serrulatus, T. bahiensis, T. stigmurus and T. costatus [83]. However, Amaral and

Rezende (2000) [84] demonstrated that clinical symptoms and venom composition can change

in different geographical regions for some Tityus species from South America, consequently

affecting the efficacy of the antivenom.

The western blotting analysis of these venoms using a horse anti-Tityus serrulatus serum

(Fig 5B) showed that T. obscurus venom components are not antigenically similar to T. serrula-
tus. These results are in consistent with the differences in clinical symptoms of these venoms

[84,85], and with the transcriptome and proteome results described in this paper. As discussed

for Tityus species from Venezuela [86], differences in cross reactivity of anti-Tityus serrulatus
serum supports the regional sets of venom components, and the antigenic epitopes diverge

considerably between unrelated Tityus species. It could result from the geographic location of

this species, Amazon region, allowing the divergence of toxin repertories with distinct anti-

genic epitopes.

3. Conclusion

In conclusion, this work reports the first high-throughput sequencing of transcripts from

venom glands of the Amazonian scorpion Tityus obscurus, corroborated by a proteomic identi-

fication of the proteins from their venom and by a comparison with T. serrulatus transcrip-

tome and proteome. The omics analysis of both species led to the identification of not only

new versions of the expected ion channel toxins but also different sorts of components such as

Crotalus atrox, BAE72663—metalloproteinase partial from Haemaphysalis longicornis, AAZ39661—salivary gland

metalloproteinase Rhipicephalus microplus, JAA93001—putative ADAMTS Cupiennius salei, JAB68845—putative

ADAMTS 7 Ixodes ricinus, ABR20110—venom metalloprotease-1 Mesobuthus eupeus, ABR20111—venom

metalloprotease-2Mesobuthus eupeus, P86392—venom metalloproteinase antarease from T. serrulatus, P85842—

venom metalloproteinases from T. serrulatus, A0A076L876, A0A076LAV6, A0A076LAV7, A0A076L316, A0A076L339,

A0A076L882, A0A076L7Z5, A0A076L3I0 and A0A076L332—metalloserrulases from T. serrulatus, V9Z9A3- venom

metalloproteinase antarease-like from T. serrulatus, V9Z548 and V9ZAX6 –Venom metalloproteinase antarease-like

from T. pachyurus, V9ZAY0—Venom metalloproteinase antarease-like from T. trivittatus, V9Z7R6—Venom

metalloproteinase antarease-like from T. fasciolatus, JK483842, JK483742, JK483774—are Tityus stigmurus, similar to

antarease, AHE40588 and AHE40589 are T. serrulatus antarease-like, JAG85190, JAG85190 and JAG85200 are putative

venom metalloproteinase from T. bahiensis.

https://doi.org/10.1371/journal.pone.0193739.g004
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metalloproteinases, IGFP-like, proteinases (serine and cysteine) and proteases inhibitors. A

myriad of low abundance proteins, some of which are probably not toxins, were also identified

in the proteomes and complement the venom composition. Although we expected great differ-

ences in the composition of both venoms due to dietary and geographic divergence between

them, the general profiles were in fact quite similar between them. Differences, however, exist

at the amino acid level between the versions of the proteins in each of these species and for

other species of the genus previously investigated, indicating that this could be the basis of the

poor recognition of T. obscurus venom by the antiserum compared to other species. The high

abundance of a simplified form of ADAM-like metalloproteinases in either the transcriptomes

and in the venom proteomes seems to be a rule in the genus, reinforcing the importance of

understating the biological role of this component as well as its contribution to the envenom-

ing syndrome.

4. Methods

Biological samples

Tityus obscurus specimens were captured in the region between Belterra and Santarém munici-

palities in Pará state (3˚10’18.95"S; 55˚ 1’8.57"O) and Tityus serrulatus specimens were cap-

tured in Altair municipality in São Paulo state (20˚26’42.22"S; 49˚ 6’7.59"O). The genetic

material was accessed under license of the Conselho de Gestão do Patrimônio Genético

(CGEN, license # 010803/2013-0) and maintained at the Arthropod Laboratory of the Butan-

tan Institute. The Tityus serrulatus venom was supplied by the Venom Commission of the

Butantan Institute. Both venoms were collected by electrical stimulation of the telson of

mature scorpions (a pool of 80 Tityus obscurus individuals and a pool of more than a hundred

individuals of Tityus serrulatus) and were lyophilized immediately after extraction and kept at

–20 ˚C. Before use, the venom was dissolved as described by [87]. Briefly, 1.5 mg of each

venom was dissolved in 0.2 mL of ultrapure water, centrifuged at 10.015 g, 4 ˚C for 10 minutes.

Fig 5. Differences between Tityus serrulatus (Ts) and Tityus obscurus (To) venom. (A) 1D SDS-PAGE of 30μg of

each venom, stained with Coomassie Brilliant Blue R. (B) Western blotting using horse anti-Tityus serrulatus venom

serum. Immunostained western blotting showing that anti-Tityus serrulatus venom serum did not recognize all toxins

from Tityus obscurus (To) venom. Ts venom was used to compare the two venoms and as a positive control in Western

blotting assay.

https://doi.org/10.1371/journal.pone.0193739.g005
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The precipitate was resuspended twice under the same conditions and the supernatants were

pooled, resulting in the crude soluble venom without mucus. Protein concentration was deter-

mined by the Bradford assay using bovine albumin as standard and the solutions were kept at

−20 ˚C.

mRNA sequencing

Six telsons were pooled from males and females of Tityus obscurus individuals and fifteen tel-

sons were pooled from females of T. serrulatus, 48 hours after being milked by electrical stimu-

lation. The protocol followed the same methodologies that our group used for T. bahiensis
[43]. For total RNA isolation, the telsons were ground into a powder in liquid nitrogen and

homogenized in Polytron1 Tissue Homogenizer. Total RNA was extracted with TRIZOL

Reagent (Invitrogen, Life Technologies Corp.) and mRNA was prepared with magnetic beads

with an oligo (dT) using Dynabeads1 mRNA DIRECT kit (Invitrogen, Life Technologies

Corp., Carlsbad, CA, US). mRNA was quantified by Quant-iT™ RiboGreen1 RNA reagent and

Kit (Invitrogen, Life Technologies Corp.). Integrity of mRNA was evaluated in a 2100 Bioana-

lyzer, picochip series (Agilent Technologies Inc., Santa Clara, CA, US). Five hundred nano-

grams of mRNA were used for fragmentation using ZnCl2 solution at 70 ˚C for 30 seconds.

Random primers were used to synthesize the first strand of cDNA using a standard cDNA

Synthesis System (Roche Diagnostics). The cDNA was then subjected to fragment end-repair

followed by adaptor ligation using a cDNA Rapid Library Prep kit (Roche Diagnostics). Purifi-

cation of the cDNA fragments was carried out with Agencourt AMPure XP beads (Beckman

Coulter Inc.). Emulsion PCR amplification of the cDNA library was performed according to

the manufacturer’s instructions applying two molecules of cDNA per bead (Roche Diagnos-

tics). Beads with clonally amplified cDNA library were selected and deposited in a picotiter

plate for pyrosequencing using Titanium Sequencing Chemistry (Roche Diagnostics) with 200

flow cycles, in a GS Junior 454 Sequencing System (Roche Diagnostics), following the manu-

facturer protocols.

Bioinformatic analysis

The analysis followed the same pipeline that our group used for T. bahiensis [43]. The total

read dataset was used to construct a consensus de novo assembly with the Newbler v2.7 GS

Assembler (Roche, Diagnostics, Indianapolis, IN, US) using the “cDNA option”. Ribosomal

RNA sequences from Arachnids were downloaded from the GenBank and reads mapping to

the rRNA were excluded from the assembly by using the filter option during assembly. A New-

bler assembler also removed adaptors in the first step. A minimum overlap length of 95% of

the read and a minimum overlap identity of 90% were set, with the other parameters set as the

software default. Assembled isotigs were subjected to a Blast search against GenBank (NR and

TSA database) and UniProt database with the alignment tool BlastX (E-value < 10−6) to iden-

tify similar sequences. The assembled sequences were automatically annotated using Blast2Go

[55] using the default parameter settings to assign gene ontology terms (molecular function,

cellular component, biological process) to each sequence. Toxin categories were attributed

manually based on Blast best hits. Final manual curation of relevant isotig sequences was

undertaken to improve the quality and to extend some of the assembled cDNAs.

The raw data generated in this project was deposited in the GenBank BioProject

section under the accession code PRJNA260533 and BioSample SAMN03381142 and

SAMN04563605. This Transcriptome Shotgun Assembly project was deposited at DDBJ/

EMBL/GenBank under the accession GEMQ00000000 and GEUW00000000. The version

described in this paper is the first version, GEMQ01000000 and GEUW01000000.
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Expression values were accessed by the RPKM (reads per kilobase per million mapped

reads), calculated by using RNA-Seq function of CLC Genomics Workbench 5.5.1 software.

The nucleotide sequences of each individual toxin were translated into amino acid sequences

and aligned by ClustalW [88] using default parameters, manually edited using Seaview [89]

and, for presenting figures Boxshade (http://www.ch.embnet.org/software/BOX_form.html)

was used. The identity percentages were calculated using SIAS server (http://imed.med.ucm.

es/Tools/sias.html).

RNA-seq database

To assist in the identification of potential coding regions within reconstructed transcripts, a

TransDecoder software, version 2.0.1 (http://transdecoder.sourceforge.net/), was used with

minimum protein length of 20. The transcript containing the coding candidate sequences

were aligned by BLASTp [90] against the database Uniprot/Swissprot proteins and non-redun-

dant (NR) NCBI to assess the protein description with cutoff value of 1e-05, and according to

the criterion with longer protein similarity. The analysis of PFAM domains retained for the

assembled and annotated proteins were identified with a hmmsearch tool in the software pack-

age hmmer3 [91], against a PFAM domains database [92]. The TransDecoder may predict

more than one coding sequence candidate by transcript and only one candidate per transcript

was selected, and the priority order of a UniPro- tKB/TrEMBL, Pfam database and NR-NCBI

was used for annotating and selecting the best candidate for each transcript.

Proteomic approach

The analyses were performed on a LTQ-Orbitrap Velos ETD (Thermo Fisher Scientific Inc.

Waltham, MA, USA) coupled with Easy nanoLC II (Thermo Fisher). The peptides were sepa-

rated on a C18RP column on a 70-minute gradient. The instrumental conditions were checked

using 50-fmol of a tryptic digest of a BSA as standard. Briefly, 10μl of sample were injected

into a Thermo Easy-nLC Velos with a C18 reverse phase column. A linear gradient from 1 to

95% solvent B was performed over 77 minutes at flow rate 300 nL/min, where solvent A was

0.1% formic acid and solvent B was 0.1% formic acid in acetonitrile. The other chromatogra-

phy parameters used in the analysis of peptides were detailed in supplementary material S6.

Analyses of enzyme-digested samples were performed in a LTQ-Orbitrap Velos mass spec-

trometer (Thermo Scientific, Bremen, GA, USA) coupled to an Easy-nLC II (Thermo Fisher

Scientific, Bremen, GA, USA). The mass spectrometer was operated in DDA mode in which

full MS scan was acquired in the m/z range of 100–1300 followed by MS/MS acquisition using

high collision dissociation (HCD) of the seven most intense ions from the MS scan. MS spectra

were acquired in the Orbitrap analyzer at 60,000 resolution (at 400 m/z) whereas the MS/MS

scans were acquired in the linear ion trap. The isolation window for precursor ions was set to 2

m/z, the minimum count to trigger events (MS2) was 15,000 cps. Normalized collision energy

was set to 35%. Enzyme-digested samples were analyzed in duplicate. The other MS/MS

parameters used in the acquisition of peptides were detailed in supplementary material S1

Methods.

The raw data from MS/MS were converted using the MSconvert software, version 3.0.6398

[93] into mgf a mascot generic file. We merged the output files with the two technical repli-

cates. The mgf file and the predicted database were used in Mascot (Matrix Science, London,

UK; available at: http://www.matrixscience.com) search. Mascot search were set up to search

peptides in the predicted databases (3591 and 3977 sequences from T. obscurus and T serrula-
tus, respectively), combined with 245 sequences of common contaminants. A reverse version

of all sequences (decoy) was also included in the database. Enzyme specificity was set to trypsin
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and at least two missed cleavages were allowed. A false discovery rate (FDR) of 1.0%, p-value<
0.01 and e-value< 0.05 were required for identifications, the score values were also observed.

The identified isotigs were selected and grouped as proteins with peptide evidence. The

remaining Mascot search parameters used in the analysis of peptides were detailed on supple-

mentary material S1 Methods.

Phylogenetic analysis

We selected the mature protein sequences of the putative metalloproteinases without the signal

peptide to be used in Prottest 2.4 [94]. Prottest selected the model of protein evolution that best

fit in the sequence alignment; WAG with site heterogeneity model gamma plus invariant sites

(G+I). The Bayesian analyses were carried out using Markov chain Monte Carlo (MCMC)

implemented in BEAST 1.7.5 package [95]. We ran four independent MCMC searches using

distinct randomly generated starting trees. Each run consisted of 50-million generations, and

trees were sampled every 1,000 generations. Convergence was inspected in Tracer v1.5 [95]. All

runs reached a stationary level after 10% BurnIn with a large effective sample size. Trees

obtained after the BurnIn step were used to generate a maximum clade credibility tree with

TreeAnnotator v1.7.5 [95], using a majority rule. The resulting tree was visualized and edited

using FigTree v1.4.0 (unpublished, available at http://tree.bio.ed.ac.uk/software/figtree).

SDS-PAGE and western blotting analysis

This assay was performed with venom from Tityus serrulatus and Tityus obscurus. The proteins

of the venoms (30 μg of protein) were denatured in sample buffer [96] for 5 minutes at 100˚C

and separated by SDS-polyacrylamide gel (running gel 12%) electrophoresis. The gel was

stained with Coomassie Brilliant Blue R or the proteins were electrophoretically transferred

onto nitrocellulose membranes. Nonspecific binding sites were blocked with 5% nonfat milk

in PBS for 1 hour at room temperature. Membranes were then incubated with horse anti-

Tityus serrulatus venom serum (1:1000) produced by the Instituto Butantan for therapeutic

use, composed by F(ab’)2 immunoglobulin fragments capable of neutralizing at least 7.5 MLD

(Minimum Lethal Dose in guinea-pigs) of reference venom of Tityus serrulatus for 2 hours at

room temperature. After washing with PBS containing 0.2% tween-20, the membranes were

probed with HRP-conjugated secondary antibodies (1:10.000, Sigma-Aldrich, St. Louis, MO

USA) for 30 minutes at room temperature. Immunoreactive protein bands were visualized

using an enhanced chemiluminescence detection system (SuperSignal West Pico Substrate,

Thermo Fisher Scientific, Bremen, Germany). Protein bands were detected with a ChemiDoc

XRS photodocumentation system using Quantity One software (Bio-Rad, Hercules, CA).

Supporting information

S1 Table. Table describing the results of Newbler assembled sequences for T. obscurus and

T. serrulatus.

(PDF)

S2 Table. Annotation table describing the putative venom components, RPKM and blastX

results from T. obscurus.

(XLSX)

S3 Table. Annotation table describing the putative venom components, RPKM and blastX

results from T. serrulatus.

(XLSX)
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S4 Table. Table describing the peptides detected by MS/MS and mapping to transcripts,

from T. obscurus.

(XLSX)

S5 Table. Table describing the peptides detected by MS/MS and mapping to transcripts,

from T. serrulatus.

(XLSX)

S1 Fig. Tityus obscurus isotig expression according to the isotig lengths. Isotigs annotated as

cellular components and putative venom components. The RPKM values are represented by

blue bars and refer to the scale on the left axis. The reads per isotig values are represented by

red bars and refer to the scale on the right axis. Isotig lengths are indicated by the brown line

and refers to the scale in the left axis.

(TIF)

S2 Fig. Tityus serrulatus isotig expression according to the isotig lengths. Isotigs annotated

as cellular components and putative venom components. The RPKM values are represented

by blue bars and refer to the scale on the left axis. The reads per isotig values are represented

by red bars and refer to the scale on the right axis. Isotig lengths are indicated by the brown

line and refers to the scale in the left axis.

(TIF)

S3 Fig. Alignment of the amino acid sequences of putative metalloproteinase domains

from T. obscurus (Tobs) and T. serrulatus (Tser), other scorpions, arachnids and verte-

brates metalloproteinase. Variations in gray scale indicate levels of sequence conservation.

The percentages of identity compared to the top sequence are indicated at the end of the

alignment. The symbol (-) represents gaps to improve the alignment. A pink line indicates

the metal binding site. NP055080—ADAM 28 isoform 1 Homo sapiens, XP001233496—

ADAM 28 isoform X1 Gallus gallus, Q5XUW8—Snake venom metalloproteinase insulari-

nase-A, Q90392—Snake venom metalloproteinase atrolysin-C Crotalus atrox, BAE72663—

metalloproteinase partial from Haemaphysalis longicornis, AAZ39661—salivary gland

metalloproteinase Rhipicephalus microplus, JAA93001—putative ADAMTS Cupiennius
salei, JAB68845—putative ADAMTS 7 Ixodes ricinus, ABR20110—venom metalloprotease-1

Mesobuthus eupeus, ABR20111—venom metalloprotease-2 Mesobuthus eupeus, P86392—

venom metalloproteinase antarease from T. serrulatus, P85842—venom metalloproteinases

from T. serrulatus, A0A076L876, A0A076LAV6, A0A076LAV7, A0A076L316, A0A076L339,

A0A076L882, A0A076L7Z5, A0A076L3I0 and A0A076L332—metalloserrulases from T.

serrulattus, V9Z9A3- venom metalloproteinase antarease-like from T. serrulatus, V9Z548

and V9ZAX6—Venom metalloproteinase antarease-like from T. pachyurus, V9ZAY0—

Venom metalloproteinase antarease-like from T. trivittatus, V9Z7R6—Venom metallopro-

teinase antarease-like from T. fasciolatus, JK483842, JK483742, JK483774—are Tityus
stigmurus similar to antarease, AHE40588 and AHE40589 are T. serrulatus antarease-like,

JAG85190, JAG85190 and JAG85200 are putative venom metalloproteinase from T. bahien-
sis.
(TIF)

S1 Methods. Material and methods used on proteomic approach for both species:

Chromatographic conditions, MS/MS detection parameters and Mascot search parame-

ters.
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