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ABSTRACT

The Tityus serrulatus scor pion is considered the most
dangerous scorpion in Brazil and is responsible for
several cases of human envenomation annually. In
this study, we performed transcriptome profiling of
the T. serrulatus venom gland. In addition to tran-
scripts with housekeeping functions, such as those
related to protein synthesis, energy supply and struc-
tural processes, transcripts from thirty-five families
of venom peptides or proteins were identified. These
transcripts included three new complete sequences of
toxins and more than a dozen putative venom gland
proteing/peptides. The venom gland transcriptome
profile was verified by comparison with the previ-
ously determined proteomic profile. In conclusion,
this transcriptome data provides novel insights into
the putative mechanisms underlying the venomous
character of T. serrulatus. The collected data of scor-
pion transcripts and proteing/peptides described
herein may be an important resource for identifying
candidate targets of molecular therapies and preven-
tative measures.
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1. INTRODUCTION

In 2007, the World Health Organization (WHO) offi-
cialy designated human envenomation by scorpion sting
as a neglected public health issue and recommended ur-
gent international action with a focus on the tropical re-
gions where these venomous animals are abundant. In
Brazil, scorpion stings have been recognized a serious
public health threat for many decades; yet, the annual
incidence of accidental stings remains high, with more
than 50,000 cases reported in 2010 [1]. The most fre-
guent culprit among the cases of human envenomation
by Brazilian scorpions is the Tityus serrulatus of the
Buthidae family [2,3]. As such, this species (known

OPEN ACCESS

commonly as the Brazilian yellow scorpion) has been the
subject of extensive research efforts to isolate and char-
acterize its toxins and other venom components for po-
tential clinical benefit [4-13].

Analyses of T. serrulatus venom have revealed a com-
plex mixture of functionally diverse molecules, including
neurotoxins, proteases, hyaluronidases, and hypotensins
[3-14]. Of these, the neurotoxins are believed to play a
key role in the pathogenesis of scorpionism through their
interactions with sodium channels and potassium chan-
nels (as reviewed by Cologna et al. [3]). However, to
gain a more in-depth and comprehensive understanding
of the molecular components of the 7. serrulatus venom
gland, the gene expression profiling is necessary.

Transcriptomic analyses of the scorpion venom gland
have been performed recently for species belonging to
various scorpion families, including Buthidae (7. stig-
murus and Centruroides noxius), Scorpiopidae (Scor-
piops margerisonae and S. jendeki), Scorpionidae
(Pandinus cavimanus and Heterometrus petersii), luridae
(Hadrurus gertschi), and Liochelidae (Opisthacanthus
cayaporum) [15-26]. Transcriptomes have provided im-
portant insights into the biological processes that are
taking place inside venom gland cells [15,18,19,26], as
well as identified new genes and expression patterns that
form the basis of functional genomics studies [27,28].
Such data for the venom glands of different species re-
presents a resource of potential toxinological and clinical
relevance [29,30].

In the current study, the molecular complexity of T.
serrulatus venom was investigated by transcriptome pro-
filing of the venom gland. This approach identified the
main cellular components and revealed new putative
venom constituents, some of which may be candidate tar-
gets of new therapeutic strategies to help promote the
health of sting victims.

2. MATERIAL AND METHODS
2.1. Library Construction

A cDNA library was constructed from active venom
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glands of 60 T. serrulatus scorpions that had been milked
two days prior to the RNA extraction, as previousy de-
scribed [31].

2.2. Expressed Sequence Tag (EST) Sequencing,
Data Processing, and Bioinformatic Analysis

For large-scale DNA sequencing (EST generation), ran-
dom clones were grown in antibiotic selective medium
for approximately 18 h. The plasmid DNA was then iso-
lated using the standard alkaline lysis method and se-
guenced on an ABI 3130 sequencer with reagents from
the BigDye Sequencing Kit (Applied Biosystems Inc.,
Foster City, CA, USA) and the standard M13 forward or
reverse primers.

The resultant trace files of the sequenced clones were
applied to the Phred program for base calling and quality
scoring using a Phred score cut-off value of 20 [32]. The
nucleotide sequences corresponding to vector, adaptors,
and Escherichia coli DNA, and any short transcripts
(<100 pb) were removed by the SeqClean program [33]
(http://compbio.dfci.harvard.edu/tgi/software). The final
sequences were deposited in GenBank under accession
IDs JK731601-JK732954. The TGICL program [34] was
used to assemble high-quality ESTs into contigs (over-
lapping ESTs that together represent a consensus se-
quence). Any ESTs without significant similarity to any
other ESTs were classified as singlets. Considering the
diversity of scorpion toxins, those clusters putative to
encode venom peptides were re-examined manualy to
pick out individual different isoforms. The electrophero-
gram of each putative isoform was visually inspected to
confirm the sequencing quality in the polymorphic re-
gion.

To annotate the contigs, the set of contigs plus singlets
(collectively designated as “uniques’) were searched
against the UniProt database [35] (March 2011) using the
BLASTx [36] (e-values < 1 x 10™°) and nr database
using BLASTx (e-values < 1 x 10™°) in the BLAST2GO
program [37]. Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis [38] was aso perfor-
med. The toxin nomenclature was assigned according to
the recommendations of King et al. [39] and Cologna et
al. [3].

Amino acid sequence of the transcripts was deduced
using the open reading frame (ORF) Finder program
(http://www.ncbi.nlm.nih.gov/projects/gorf/). Subsequen-
ty, the Seed Server (unpublished, Guedes et al.) was used
to search for venom component orthologs. Briefly, the
Seed Server methodology uses a protein of interest to
group homologues by means of Seed Linkage software
[40] and UniRef50 Enriched KEGG Orthology (UEKO)
clusters built with the procedure described by Fernandes
et al. [41]. The sequences used for alignment analysis
were retrieved from the UniProt database and the aign-
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ment was performed by webPrank [42] and visualised by
the Jalview program [43]. Peptide signal prediction was
carried out for putative venom components by using the
SignalP 4.0 program [44].

3.RESULTS
3.1. EST Sequencing and Clustering

A tota of 1629 high-quality ESTs were generated from
the T. serrulatus venom glands. The average length of
these ESTs was 421 bp. TGICL-based clustering of the
1629 ESTs yielded 185 contigs (= 1171 ESTs). The
average length of these contigs was 625 pb. Four-hund-
red-and-fifty-eight ESTs showed no significant similarity
to any other ESTs in the database and were identified as
singlets.

3.2. T. serrulatus Venom Gland Transcript
Profile

The BLASTx searches against the UniProt database
indicated that among the 643 uniques (185 contigs and
458 singlets), 54% (348 uniques representing 1259 ESTS)
encoded precursors of known proteins. The remaining 46%
(295 uniques representing 370 ESTs) had e-vaues >1 x
10" and were thus designated as having no match.
These no-match transcripts may represent new proteins
or peptides.

Cellular localisation and function analyses classified
the uniques- and ESTs-deduced products into 10 catego-
ries; the distributions of which are shown in Figures 1(a)
and (b). The most frequently represented functiona
categories among the cellular components in T serrula-
tus venom gland were: Protein synthesis and processing,
structural function, and energy supply.

3.3. Housekeeping Genes

When considering only the ESTs that presented simila-
rity with sequences in the database, about 40% of ESTs
were related to cellular components. KEGG analysis (cor-
roborated with manual annotation; Table 1) indicated
that the most frequently represented pathways were also
involved in protein synthesis and processing (ribosome
and protein processing in the endoplasmic reticulum),
structural processes (cardiac muscle contraction—impor-
tant to venom release; regulation of actin cytoskeleton),
and energy supply (oxidative phosphorylation). The
automated KEGG pathway analysis and manua annota-
tion method yielded similar but not identical results, like-
ly due to the different rules of each approach used to
categorize the transcript products.

By manual annotation, the most frequently represented
functional categories were protein synthesis and pro ces-
sing (37 ESTs coding ribosomal proteins), eukaryotic
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Figure 1. Molecular characteristics of the T. serrulatus venom gland transcriptome. (a) Relative proportion of each category
in the uniques. “Venom” includes transcripts encoding toxins and other secreted components previously described in scorpion
venom. “Mitochondrial” and “Nuclear” categories comprise ESTs coding conserved proteins located in these cellular organ-
eles. “Protein trandation and processing” contains transcripts encoding, for instance, ribosomal protein, disulfide-isomerase,
and other proteinsrelated to protein synthesis. “ Sructural components’ includes mainly cytoskeleton proteins, such as actin,
myosin, and tubulin. “ Transport” comprises transcripts encoding proteins involved in intracellular trafficking, such as the
copper transport protein. “Predicted or uncharacterized protein” includes ESTs similar to previously described sequences
that have no functional assessment. “Extracellular” comprises transcripts encoding extracellular proteins that are, for in-
stance, found in the extracellular matrix, such as fibronectin. “ Other cellular components’ includes ESTs encoding cellular
componentsthat were not included in any of the other categories; (b) Distribution of ESTsin the same categories described in
(a); (c) Relative proportion of uniques encoding different classes of venom components; (d) Abundance of transcriptsin the
main peptide/protein families of T. serrulatus venom from Table 2.

Table 1. The most well represented KEGG pathways in the

trangdlation initiation (11 ESTS), elongation factors (seven
T. serrulatus transcriptome.

ESTs), disulfite isomerases (four ESTS), and heat shock
proteins (HSPs; four ESTs). Seven ESTs encoded pep-

KEGG Pathway

Annotated tides that were related to degradation through the ubig-
ESTs L . .
Entry Name uitin-proteasome system. These transcripts might play a
1 03010 Ribosome ” role in ensuring th_at mlsfolde_d or otherwise abnormal
proteins are recognised and eliminated, or may regulate
2 00190 Oxidative phosphorylation 16 various molecular pathways in the venom gland, as sug-

gested by Rendén-Anayaet al. [26].

3 04141 Protein processing in endoplasmic reticulum 9 . .
P 9 P Several transcripts expressed in the venom gland of 7.

4 04260 Cardiac muscle contraction 9 serrulatus were identified as structural components,
5 04974 Protein digestion and absorption 5 which may be mvolveql in the_ mai ntenan<_:e of gland
structure and/or contractile activity that mediates venom
6 03013 RNA transport 4 release. In particular, transcripts were found that encoded
7 04010 MAPK signalling pathway 4 actin (16 ESTs), tr_oponin (11 ESTy), myosin_ (eight
_ _ ESTs), apha tubulin (seven ESTs), paramyosin (15
8 04810 Regulation of actin cytoskeleton 4 ESTs), and five other ESTs specifically related to cyto-

9 04910 Insulin signalling pathway 4 skeleton organisation.
The synthesis of venom is considered an energetically

10 04972 Pancreatic secretion 4

costly process. About 5% of the ESTs (8% of uniques)
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aligned with mitochondrial proteins encoded by nuclear
DNA. The mgjority of these transcripts were related to
energy production; in particular transcripts were found
that encoded cytochrome c oxidase (17 ESTs), NADH-
ubiquinone oxidoreductase (15 ESTs), ATP synthase (11
ESTs), and cytochrome b (6 ESTS).

3.4. ESTsRelated to Venom Components

Five-hundred-and-ninety-four of the ESTs comprised 51
clusters and coded for 35 different families of peptides or
proteins related to venom components (T able 2). Except
for the incomplete sequences (indicated by asterisks in
Table 2), all transcripts had signal peptides. The most
abundant and diverse venom transcripts (Figures 1(d)-(e))
encoded neurotoxins (sodium channel toxins or NaTxs
and potassium channel toxins or KTxs). In addition, a
wide variety of transcripts encoded secreted peptides and
proteins. The components that were abundantly express-
ed included the Pape peptide, similar to bradikinin-po-
tentiating peptide or BPP (UniProt 1D: P86821), antim-
icrobia peptide (AMP), metalloproteases (zinc metallo-
proteases [UniProt ID: P85842] plus antareases [UniProt
ID: P86392]), non-toxic protein NTXP (TSNTxP; UniProt
ID: O77463), anionic peptide and hypotensin (UniProt
IDs: P84189 and P86824); however, phospholipase A2,
hyaluronidase (UniProt ID: P86821), allergen (UniProt
ID: P85840) and some cysteine-rich peptides were less
frequently expressed.

3.5. New Venom Componentsof T. serrulatus

Although T serrulatus venom has been extensively stu-
died, the current transcriptome analysis revealed at least
three complete sequences of new potential toxins and
more than a dozen new venom components (Table 2).
The complete sequence of some of these are detailed be-
low and presented in Figures 2-5. It is important to note
that till other new venom components may be repre-
sented by those sequences that were designated as no-
match (see the Discussion for more detail).

3.5.1. Sodium Channel Toxins

Three of the known major NaTxs of 7. serrulatus venom,
Tsl, Ts2 and Ts3, were found in the current transcript-
tome analysis. Although the Ts5 toxin was not found in
this study, a probable new NaTx that is similar to Tsb
(P45659; identity = 86%) was found (designated as Ts17,;
U-BUTX-Tsla). Figure 2(a) shows the alignment of the
Ts17 sequence with Ts3 (UniProt 1D: P01496), Ts5, and
other orthologs. In addition, five ESTs matched signifi-
cantly with the U1-buthitoxin-Hjla (identities = 63%), a
predicted NaTx derived from Hottentotta judaicus, and the
T. serrulatus sequence was named Ts18 (U-BUTX-Tslb)
(Figure 2(b)).

Copyright © 2012 SciRes.

Table 2. ESTs and contigs of T. serrulatus venom compo-
nents.

T. serrulatus
Venom components

ESTs Contigs
Na’ channel toxins
Tsl (8-BUTX-Tsla) [P15226] 33 2
Ts2 (6-BUTX-Tsla) [P68410] 36 1
Ts3 (6-BUTX-Tslb) [P01496] 10 2
Ts17 (U-BUTX-Tslb) [new] 9 1
Ts18 (U-BUTX-Tslc) [new] 5 1
K* channel toxins
Ts8 (k-BUTX-Ts1) [P69940] 73 1
Ts15 (k-BUTX-Ts2) [P86270] 7 2
Ts6 (A-BUTX-Tslb) [P59936] 5 1
Ts7 (k-BUTX-Tsla) [P46114] 4 2
Ts16 (U-BUTX-Tsla) [P86271] 1 1
Ts19 (U-BUTX-Tsl1d) [new] 41 1
Other components
Pape peptide or BPP-like [P86821] 138 1
AMPs [new] 59 2
Ponericin-W-like of L. mucronatus [new] 40 1
Antarease* [P86392] 29 7
TSNTxP or Ts4 [O77463] 26 1
Anionic peptide [new] 18 1
Hypotensin 1 or Ts14 [P84189] 11 1
Hypotensin-like [P86824] 10 1
Zinc Metalloproteases* [P85842] 7 3
Similar to glycine-rich protein L. mucronatus [new] 6 3
Tspep3 or Ts13 [POC176] 4 1
Similar to venom neuropeptide-3
of Buthus eupeus [new] 3 1
Cysteine-rich peptide [new] 3 1
Similar to TsPep2 or Ts12 [POC175] 2 1
Hyaluronidase* [P85841] 2 2
Similar to venom toxin-like peptide of B. eupeus [new] 2 1
Phospholipase A2* [new] 2 1
Similar to cysteine-rich peptide of Camponotus 2 1

Sfloridanus* [new]
Similar to cysteine-rich peptide of Hottentotta
Jjudaicus* [new]
Tspepl or Ts11 [POC174]
Allergen* [P85840]
Similar to lipolysis-activating peptide 1-alpha chain of
L. mucronatus* [new]
Similar to venom protein of B. eupeus* [new]
Similar to secreted protein of Opisthacanthus
cayaporum [new]

T
N

3.5.2. Potassium Channel Toxin

Among the KTxs identified in T. serrulatus venom, Tsb,
Ts7, T8, Ts15 and Ts16 had been previously identified.
However, the Ts9 was not found in this study. The po-
tassium channel toxin beta-KTx 2 (UniProt 1D: P69940)
had been previoudly identified by proteomic analysis and
deposited as peptide fragment [30]; however, our analy-
sis identified its precursor (designated as Ts19; U-
BUTX-Ts1c) and its orthologs (Figure 2(c)).
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3.5.3. Other components hypotensins.

Second only to the neurotoxins, the Pape peptide was
the most highly expressed transcript in the 7. serrulatus
venom gland transcriptome. The Pape peptide (UniProt
ID: P86821) was previously identified by proteomic

The category “other components’ included non-neuro-
toxic venom components that had been previously de-
scribed for T serrulatus as well as potential new venom

components harbouring signal peptides and/or showing analysis and deposited as a peptide fragment [30]. The
similarity to venom constituents of other scorpion spe- complete sequence of the peptide precursor and i

cies (Table 2). However, more evidence is needed 10 orthologs are shown in Figure 3. While the signal pep-
confirm the occurrence of these protein and/or peptide in tide is highly conserved among these peptides, the N-ter-

T. serrulatus venom. It is p0$ ble that the eXpr on of minal region is moderately conserved and the C-terminal
some of these secreted components is restricted to the region shows very little conservation.

venom gland (for example, secreted components in con- Sequences of AMPs and anionic peptides were abun-
nective tissue of this organ). Here, we summarize the  dant in the venom gland transcriptome of 7. serrulatus,
data of new sequences for highly-expressed transcripts, indicating that these components may play important

including the Pape peptide, AMPs, anionic peptides, and roles in the function of this organ. The complete se-

. signal peptide

<
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Figure 2. Sequence alignments of NaTxs ((a) and (b)) and KTx (c). (a) The translated sequence of Tsl7 and orthologs. For
comparison, the paralogous sequences of Ts3 and Ts5 are also presented. The UniProt 1D and the corresponding scorpion
species are indicated; (b) The Ts18 from the T. serrulatus cDNA library and the related sequence of U1-buthitoxin-Hjla from
Hottentotta judaicus, a predicted NaTx [22]; (c) Complete sequence of Ts19 (KTxs) and ortholog alignment. The UniProt I1Ds
and cor responding scor pion species from genus Tityus, Mesobuthus, Lynchas, Buthus are indicated. The deposited fragment of
the potassium channel toxin beta-KTx 2 is presented for comparison. The signal peptide (green arrow) and cleavage sites are
shown for Ts17 (between 19 - 20 amino acid resides), Ts18 (between 21 - 22 amino acid resides) and Ts19 (25 - 26 amino acid
resides). Black arrows indicate sequences identified in the current study. Dots represent gaps introduced to improve align-
ment.

Pape peptide < signal peptide > < mature peptlde >
= Pape peptide T serrulatus 10 . 20 , 30 . . 90
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P83312 P. schlechteri - - - - - - - - <o oo oo LGSFL KBLLEBBS- - - - - - - <]

Figure 3. Alignment of the Pape peptide with its orthologs. The black arrow indicates the sequence identified in the current
study and P86821 is the Pape peptide previously identified. The signal peptide (green arrow) and the cleavage site (between
22 - 23 amino acid resides) are shown. The UniProt ID and the corresponding scorpion species are indicated. Dots represent
gapsintroduced to improve alignment.
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guences of these venom components are shown in Fig-
ure 4. Three different sequences coded an AMP highly
similar to the putative AMP of T. costatus (Figure 4(a)).
In addition, two ponericin-like sequences were found and
presumed to be antimicrobia peptide (Figure 4(b)). In
this study, 18 ESTs encoded the same sequence of ani-
onic peptide (Figure 4(c)). Anionic peptides have been
previously reported as highly expressed and conserved
among the Buthidae scorpion species [17,23]. Although
the function of these peptides remains unknown [45],
some researchers have suggested that they might play
antimicrobial activity [46] or an important role in pH
balance, since neurotoxins are basic peptides [18,22].
Hypotensins were identified in 7. serrulatus venom
gland transcriptome. These random-coiled linear peptides
are characterized by the bradykinin-potentiating peptide

215

amino acid signature [13]. Of the three sequences in the
UniProt database (hypotensin-1, UniProt ID: P84189;
hypotensin-2, UniProt 1D: P84190; hypotensin-like pep-
tide, UniProt ID: P86824), the complete sequence of
hypotensin-like and hypotensin-1 precursors were identi-
fied (Figureb).

4. DISCUSSION

4.1. Transcriptome Profiling Has Provided
Comprehensive

Information of venom glands, accelerate the discov-
ery of their peptides and proteins [47]. Currently, 12
studies in the publicly available literature have re-
ported data of the venom glands from various scor-
pion species [15-26]. The study described herein not
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only provides the first transcriptome data for the T.
serrulatus venom gland but aso the largest transcript
catalogue for scorpion venom glands obtained by Sanger
sequencing to date. This work also focused on the dis-
covery of new genes (using the EST approach) which
when added to the larger databases will allow for better
anchoring of transcriptomic short reads generated by
most of the next-generation sequencing (NGS) platforms.

In this study, 35 different peptide families, coded by
594 ESTs, were identified as related to venom com-
ponents. Previous proteomic analysis of T. serrulatus
venom [14,30] has identified many toxins, in addition,
venom components that have since been isolated and
studied individually [4-9,13]. The Animal Toxin Annota-
tion Program (UniProt) [48], which annotates the se-
creted proteins in animal venoms, has already identified
32 peptides/proteins in T. serrulatus venom. The current
transcriptome analysis identified three precursors of po-
tential new toxins (Ts17, Ts18, and Ts19) and more than
a dozen new venom components in 7. serrulatus. How-
ever, this list is certainly not exhaustive, since a large
number of sequences without matches (295 uniques re-
presenting 370 transcripts) were found. We intend to
continue to explore the entire dataset to identify other
new venom components and to verify the biological
function and clinical relevance in envenomation for any
promising factors.

Some of the venom components previously identified
were not identified by the current transcriptome analysis,
such as Peptide T (UniProt ID: Q9TWR4), Ts5 (UniProt
ID: P45659) and apha amylase (UniProt ID: P85843).
However, the absence of venom components at the trans-
cript level is not a surprising observation. In fact, a pre-
vious study in C. moxius indicated that the powerful
pyrosegquencing platform, producing over three million
reads, was unable to detect the entire panel of known
toxins [26]. Some hypotheses to explain the transcript
absence are: 1) The transcriptomic analysis performed
did not provide complete coverage; 2) Toxin genes were
down-regulated at the time of RNA extraction or had
undergone microRNA-mediated degradation during pro-
cessing, as suggested by Rendén-Anaya et al. [26]; and 3)
the venom protein/peptide had undergone post-trans-
lational modifications that significantly differentiated it
from the intact form, as described by Pimenta et al. [14].

Considering the previously reported protein/peptide
compositions of 7. serrulatus venom [3,14,30], we ex-
pected to find to a high level of neurotoxin expression.
Indeed, NaTxs, the main agents responsible for the toxic
effects of T. serrulatus envenomation [49], presented
high expression; in particular, this was observed for Tsl
and T<2. In the current study, NaTx represented about
6% of the total transcripts. However, transcriptome
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analysis of another scorpion Brazilian species, T. stig-
murus, venom gland [25], showed lower expression
levels of NaTxs (1.3% of thetotal transcripts). The higher
expression of NaTxs in 7. serrulatus may be related to
the higher lethality of this scorpion, as compared to T.
stigmurus [25]. KTxs also represented a high number of
ESTsin T. serrulatus, representing about 8% of the total
transcripts. Specifically, Ts8 and Ts19 were responsible
for the higher expression level. However, the overall ex-
pression level of KTxsin T. serrulatus was lower than in
T. stigmurus, for which KTxs represented 13.5%. The
differences in expression level of NaTxs and KTxs
between T. serrulatus and T. stigmurus may be species-
specific or reflect the differences of transcriptional pro-
files for active and resting venom glands. The 7. stig-
murus CDNA library was performed for resting venom
glands [25], while the current study used active venom
glands.

Another important finding from the current study is
the robust expression of some particular components,
such as the Pape peptide, AMPs, anionic peptide, and
metalloproteases. Although further analysisis required to
uncover the precise functions of these venom compo-
nents in the active venom gland of 7. serrulatus, their
observed abundance suggests an important role in the
biological function of this species’ venom gland. Indeed,
the Pape peptide and a peptide similar to Ponericin-L1
and Ponericin-L2 were identified in the previous proteo-
mic study of 7. serrulatus venom performed by Rates et
al. [30]. The current transcriptome anaysis identified
precursors of both peptides. Interestingly, the Pape pep-
tide represented 8.5% of the total transcripts. This pep-
tide was similar to the BPP found in other scorpion spe-
cies and Parabutoporin, an antimicrobial peptide identi-
fied in Parabuthus schlechteri (Figure 3). Despite its
higher expression level, the function of the Pape peptide
in 7. serrulatus venom remains unknown. Besides the
Ponericin-like peptide, sequence similar to AMP was
found. Various AMPs have been previoudly identified in
the venom of several scorpion species [15,18,19] and
appear to be highly expressed in the S. jendeki [18], H.
petersii [20], 1sometrus maculatus [23] and T. stigmurus
[26] species. While no consensus has yet been reached
about the precise functions of AMP in scorpion venom, it
is theorized they may act as protectants against bacterial
infection or potentiators of neurotoxin action [50]. The
demonstrated antibacterial activities of AMPsin animals,
plants, and insects have indicated their potential for use
as antimicrobial agents [46,50-52]. Hence, the AMPs
described in the current study might represent potential
candidates for anti-infective drugs.

Morgenstern et al. [22] showed a higher abundance of
proteases and metalloproteases in the resting venom

OPEN ACCESS



E. R. Alvarengaet al. | Open Journal of Genetics 2 (2012) 210-220 217

gland of the Buthidae scorpion. All animals used in the
present study had been milked prior to the mRNA
extraction, yet the expression level of metalloproteases
was as high as some of the NaTx and KTx sequences.
Prosdocimi et al. [53] found a similar high expression of
metalloproteases (astacin family) in the Gasteracantha
cancriformis spider’s spinning gland transcriptome, and
suggested that these proteins may play a role in the
remodelling processes of silk fibre deposition. A higher
expression of these proteases was aso observed in the L.
mucronatus Venom, suggesting that these proteins might
play a central role in scorpion venom as well [21]. In-
deed, several antarease members of the metalloprotease
family have been purified from the 7. serrulatus venom
gland and shown to selectively cleave the essentia
SNARE protein within mammalian pancrestic tissue; it
has been suggested that this function may be responsible
for the pancreatitis that develops in some patients follow-
ing scorpion envenomation [54]. Alternatively, the me-
talloproteases may play a specific non-toxic role in the
scorpion’s venom gland. A large number of fragments
derived from larger peptides have been found by the
proteomic studies of venom glands [14,30]. It appears
that different fragments derived from the same peptide
might have distinct biological functions [55]. Hence, we
speculate that the protease-mediated fragmentation may
act to exponentialy increase the diversity of venom
peptides and their biological targets.

The scorpion’s venom is mainly used for prey capture
and defence. The venom gland is a complex organ where
alarge number of substances are synthesized. Transcrip-
tomic tools have accelerated the description of venom
components, greatly expanding the publicly available
sequence databases. A large diversity of venom compo-
nents were found using this approach: NaTxs, KTxs, scor-
pines, calcines, AMPs, BPPs, anionic peptides, pro-
teases, glycine-rich peptides, phospholipases, lectins,
hypotensins [15-26]. In the current transcriptome study—
the first of its kind to examine the active venom gland of
T. serrulatus—several of these components were found
as well as several new components, including potential
toxins, AMPs, and cysteine-rich peptides. Another im-
portant finding was the surprisingly high transcription
levels of some non-neurotoxic components, such as the
Pape peptide, AMPs, anionic peptides, metalloproteases,
and hypotensins. Overall, this analysis provides a novel
and more comprehensive insight into the venom arsenal
of T. serrulatus. These data may act as an important re-
source for future investigations of the evolution of the
scorpion venom arsenal, envenomation mechanisms, and
discovery of bioactive peptides and proteins.

5. CONCLUSION

This work represents a step towards better understanding
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the gene expression profile of the active 7. serrulatus
venom gland, expanding our knowledge of its peptide
and protein content. The transcriptome analysis reveaed
at least three new precursors of toxins and more than a
dozen potential venom components. Besides the more
common toxins (NaTx and KTx), some transcripts, such
as the Pape peptide, metalloproteases, AMPs, anionic
peptides, and hypotensins, presented high expression
level. The functions of these components may help to
advance our understanding of the biological and mole-
cular processes of the venom gland. The gene expression
profile of the venom gland agreed with the activated state
of this organ and reveadled the activities of protein
synthesis and processing and energy supply. Some
potential bioactive proteing/peptides (such as Ts17, Tsl8,
Ts19, and AMPs) described in this work may be an
important resource for the investigation and characteriza-
tion of molecules applicable in pharmaceutical research
and biotechnology.
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