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Abstract

Scorpion venoms have been studied for decades, leading to the identification of hundreds of different toxins with medical
and pharmacological implications. However, little emphasis has been given to the description of these arthropods from
cellular and evolutionary perspectives. In this report, we describe a transcriptomic analysis of the Mexican scorpion
Centruroides noxius Hoffmann, performed with a pyrosequencing platform. Three independent sequencing experiments
were carried out, each including three different cDNA libraries constructed from RNA extracted from the whole body of the
scorpion after telson removal, and from the venom gland before and after venom extraction. Over three million reads were
obtained and assembled in almost 19000 isogroups. Within the telson-specific sequences, 72 isogroups (0.4% of total
unique transcripts) were found to be similar to toxins previously reported in other scorpion species, spiders and sea
anemones. The annotation pipeline also revealed the presence of important elements of the small non-coding RNA
processing machinery, as well as microRNA candidates. A phylogenomic analysis of concatenated essential genes evidenced
differential evolution rates in this species, particularly in ribosomal proteins and proteasome components. Additionally,
statistical comparison of transcript abundance before and after venom extraction showed that 3% and 2% of the assembled
isogroups had higher expression levels in the active and replenishing gland, respectively. Thus, our sequencing and
annotation strategies provide a general view of the cellular and molecular processes that take place in these arthropods,
allowed the discovery of new pharmacological and biotechnological targets and uncovered several regulatory and
metabolic responses behind the assembly of the scorpion venom. The results obtained in this report represent the first
high-throughput study that thoroughly describes the universe of genes that are expressed in the scorpion Centruroides
noxius Hoffmann, a highly relevant organism from medical and evolutionary perspectives.
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Introduction of extant scorpions, has been proposed to be one of the most
ancient or basal families [2]. Cladistic and phylogenetic analysis
suggested that they arose ~350 million years ago [3,4] and, after a
physical separation upon the partition of the Africa-South
America continents (~150 My ago), several speciation events
gave rise to different genus such as Buthus, Mesobuthus, Parabuthus,
Hottentotta, Leturus and Androctonus in Africa and Asia, and Tityus and
Centruroides in South and North America, respectively [5]. In
Mexico, the medically important scorpions that belong to the
genus Centruroides are distributed along the states of the Pacific
coast; among these, Centruroides noxius Hoffmann (from and then,
simply abbreviated C. noxius) has been identified as the most
dangerous species in the country (LD5, of 3.8 pug venom per 20 g
mouse wt) [6]. In this context, it becomes clear that at the
molecular and morphological levels, the venom glands of these

For decades, the study of venomous animals has focused on the
isolation and biochemical characterization of specific venom
components that have medical or biotechnological importance.
Indeed, scorpions have been extensively studied under this optic,
which has lead to the identification of hundreds of different
transcripts encoding toxic peptides, and peptides with neurotoxic
activities that are important not only in medical terms, but have
been used as pharmacological tools to understand the function of
different ion channels [1]. However, scorpions are not only
interesting organisms only because of their toxin diversity, but also
because they represent the most ancient terrestrial animals that
fossil records have identified. About 2000 species have been
described around the world, which also implies that scorpions are
extremely well adapted arthropods that have managed to survive

oA ‘ % ; ) arthropods have evolved over the past 400 million years giving as
in different environmental conditions. Buthidae, the largest family

aresult, a complex toxic arsenal that is efficiently used for prey and
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defence. Unfortunately, the evolutionary relevance of scorpions
has been scarcely analyzed over the years.

Different “omic” approaches have become a very powerful
strategy for understanding the complexity of venomous animals;
transcriptomics in particular, has been widely used to explore the
transcriptional diversity of venom glands of several scorpion
species. Except for the analysis of ESTs derived from “resting” or
“replete” venom glands of the buthid scorpion Hottentota judaicus
[7], the rest of the reported transcriptomes of scorpions from the
Buthidae, Scorpionidae, Euscorpiidae, Caraboctonidae, Liocheli-
dae and Iuridae families have shared a methodological principle:
the RNA was collected from the venom glands 2 to 5 days after
venom extraction by electric stimulation, implying that the gland is
engaged in regenerating its venom, which can be referred to as
“active” or “replenishing” state [8-12]. The high proportion of
toxin-like transcripts identified in these reports (from 30 to 78% of
the total ESTs) has emphasized the specialized role of the venom
glands in the production of toxin peptides, unfortunately, the small
number of tags generated by Sanger sequencing as well as the use
of telson-specific RNA for random EST screening have restricted
the identification of other cellular processes and molecular
dynamics that take place in these organisms (reviewed by [13]).
In addition to these limitations, little scorpion genomic informa-
tion is available: the genome size, gene content, intron/exon
complexity and the genomic intra-inter species variation are
important aspects that remain unknown. Under these circum-
stances, it becomes essential to consider new sequencing platforms
that have been proved to be excellent tools in the study of the
transcriptional and genomic universe of non-model organisms.
Indeed, new sequencing technologies allow us not only to measure
in qualitative terms the diversity of genes (genomic DNA or ESTs),
but they also give us the possibility of making quantitative
comparisons of the transcriptional profiles under different
conditions, tissues or treatments.

In this report, we take advantage of the qualitative and
quantitative capacities of the 454-pyrosequencing platform in
order to conduct a global transcriptomic analysis of the Mexican
scorpion (. noxius that aimed to understand important biological
and evolutionary aspects of these ancestral arthropods. The
analysis included the construction of cDNA libraries from different
origins (body and telson under two different treatments), a de novo
assembly that provided bona fide arthropod scaffolds, a general
annotation of the assembled sequences, the identification of toxin
families, a phylogenetic reconstruction that aimed to get new
insights into the evolution of this species, and the statistical
comparison of the transcriptional abundance of different genes
before and after venom extraction.

Materials and Methods

cDNA Library Construction

Nine cDNA libraries were constructed for this analysis. Three of
them with RNA extracted from the body after telson removal of a
single (. noxius scorpion, and the rest of the libraries with RNA
extracted from the telson of 20 individuals in two different
conditions: in an active state of the venom gland (the telson was
removed five days after venom extraction with electric stimulation)
and replenishing state (no milking was performed before telson
removal). Total RNA was extracted with TRIZOL (Invitrogen).
cDNA synthesis was performed with 3.5 pug of total RNA using
Message Amp-II kit (Ambion) following the protocol as recom-
mended by manufacturers. The first strand cDNA synthesis was
primed with T7 oligo(d'T) primers. After a second strand cDNA
synthesis reaction, 5-10 ng of synthesized double stranded cDNA
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were amplified by in vitro transcription and the resulting 5-7 pg
of antisense RNA (aRNA) were purified using Qiagen RNAeasy
columns (Qiagen). A second round of cDNA synthesis was
performed using the aRNA as template. First and second strand
cDNA synthesis were as described above except that random
nonamers (Amersham) were used at the first strand synthesis stage.
This procedure yielded about 4 pg of cDNA that were purified
using the DNA Clear Kit for cDNA purification (Ambion). cDNA
was nebulyzed to obtain fragments of 200-700 bp before
sequencing.

454 Sequencing and Assembly

Approximately 3 pg of sheared cDNA of each library were used
for 454 sequencing. The cDNA samples were end-repaired and
adapter ligated according to [14]. Streptavidin bead enrichment,
DNA denaturation and emulsion PCR were also done according
to procedures previously described [14]. Three independent
sequencing runs were performed using the GS20, GS-FLX and
FLX-Titanium systems. Each of them included three cDNA
libraries, one from the body without telson, one from active telsons
and the third one from resting telsons. Altogether, these runs
resulted in a total number of 3 008 049 reads of variable lengths,
spanning form 100 up to 450 bp. Unique identifiers were assigned
to the reads according to the library and 454 system from which
they were obtained. Raw sequencing data are archived under
accession number SRP010317 in the NCBI Sequence Read
Archive (SRA, http://www.ncbinlm.nih.gov/Traces/sra). Acces-
sion codes by 454 sequencing system are SRX115875.4;
SRX115901.2 and SRX115902.2. A global de novo assembly of
the reads was performed using Newbler 2.5 with the default
parameters for EST analysis.

Qualitative Analysis of the Assembled Sequences

The assembled isotigs were blasted against NCBI-NR, the
Drosophila melanogaster protein collection reported in FlyBase and
the toxins deposited in ToxProt (http://www.expasy.ch/sprot/
tox-prot/tox-prot_stat.html). The cut-off criteria were: e-value
<le—04, identity percentage >30% and coverage >30%.
HMMER and SignalP were used to find conserved protein
domains and signal peptides for the putative venom secreted
components. The blastp outputs were also used to obtain the gene
ontologies with Blast2Go [15].

The collection of hairpin precursors and mature microRNAs
(www.mirbase.org) was formatted into a nucleotide database in
order to look for small non-coding RNAs within the assembled
transcripts and singlets using blastn. The cut-off criteria were set as
follows: e-value <le—02 and identity percentage >80% and
hairpin precursor coverage >35%.

A taxonomic profile of the transcriptome was obtained with
MEGAN [16,17] in order to quantify the number of arthropod
non-specific assembled sequences.

Phylogenomics

Toxin-like isotigs were aligned with other toxin peptides from
different scorpion species using Clustalw [18]. The corresponding
phylogenies were constructed with Maximum Likelihood (PhyML
[19]), running 1000 bootstrap replicates.

Two different sets of peptide sequences of coding eukaryotic
genes were constructed: (1) 150 genes from 27 distant eukaryotic
species; (2) 60 genes from 59 arthropod species (the Gls of the
arthropod coding sequences were taken from Rieger and
collaborators [20]). Individual genes were aligned with MUSCLE
[21] and low quality regions removed using GBlocks with default
parameters [22]. The resulting protein alignhments were concat-
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enated to generate a single amino acid matrix for each data set
that, for the eukaryotic group consisted of 23,685 amino acid
positions and 9,926 for the arthropod specific group. The
phylogenies of individual and concatenated orthologues were
constructed with PhyML [19], performing 1000 bootstrap
replicates and using the LG and JT'T models, respectively, which
were selected after an evaluation of the amino acid alignments
with ProtTest [23].

Statistical Analysis

The reads obtained after the pyrosequencing runs can be easily
discriminated by treatment (active/resting telson) using the
identifiers they were assigned, which makes it possible to calculate
the exact number of reads from each ¢cDNA library that overlap in
the 1sotigs. Since the isotigs are considered by the assembler as
splicing variants of a single gene, it was necessary to quantify the
number of reads per isogroup to avoid redundancy and
overestimation of the actual read content for both telson
conditions. Therefore, all the reads aligning to each isogroup
were summarized and introduced into a matrix that was used as a
contingency table to perform a Fisher test using R. The resulting
p-value measures the minimum false positive rate that is incurred
when calling that test significant. In a similar way, the g-value
gives each hypothesis test a measure of significance in terms of a
certain error rate. However, the g-value measures the minimum
false discovery rate that is incurred when calling that test
significant, which means that it measures the expected proportion
of false positives among the tests previously found to be significant.
Because of this important difference, the p-values obtained after
the Fisher test were evaluated with the R module “QVALUE”
[24].

Results and Discussion

Sequencing and Assembly

The global assembly using Newbler 2.5 resulted in 26,672
isotigs, grouped in almost 19,000 isogroups (Table 1) that
represent over 80% of the total reads obtained after 3 runs of
454 pyrosequencing. The average length of the isotigs was 950 nt,
and 19,543 of them were >500 bp long. It is also interesting to
notice that 93% of the assembled isotigs had open reading frames
>100 nt long, which translates into 16,823 isogroups (89%) or
unique genes with ORFs. The remaining 7% of the isotigs that did
not show predicted ORFs was also analyzed. The average length
and depth of this type of isotigs is 268.5 bp and 18.4 reads,
respectively, which shows that these are short sequences with low
coverage. Intriguingly, around 1% of these transcripts were read
several times (from 100 up to 10,000 reads deep) in the telson and
the body of the scorpion and thus, they represent putative non-
coding long RNAs. Unfortunately, until now no common
structural features have been identified in long non-coding RNAs.
Some other ESTs without predicted ORFs could also be
artefactual sequences and 351 isotigs could even be considered
chimeric splicing variants since they belong to isogroups that
contain isotigs with open reading frames.

In biological terms, thinking of the isogroups as unique genes
and taking into account the number of genes identified in
Drosophila melanogaster and Ixodes scapularis (15 and 25 thousand,
respectively), we might be close to the range of arthropod gene
content, although this number will have to be validated in future
studies. On the other hand, the biological interpretation of the
number of isotigs and isogroups leads to the observation that 39%
of the assembled sequences are composed by more than 2 contigs
or exons, and that surprisingly only 17% of the isogroups have
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Table 1. Assembly statistics.

Raw sequences
Resting telson 1249 489
Active telson 981 028
Body 777 532
Total Reads 3 008 049

Assembly
Assembled 2 477 532
Singlets 424 134
Repeats 3 894

Isotigs 26 672
avgContigCnt 2.1
largestContigCnt 16
numberWithOneContig 16 257
avglsotigSize (bp) 950
N50IsotigSize (bp) 1287

Isogroups 18 979
avglsotigCnt 14
numberWithOnelsotig 15 557

doi:10.1371/journal.pone.0043331.t001

splicing variants. It has been reported that 70-95% of the human
genes undergo alternative splicing [25] and almost 40% of the fruit
fly genes are spliced at early developmental stages [26]. Therefore,
these splicing events in (. noxius seem to be abnormally small. The
actual number of genes with splicing variants will have to be
analyzed once genome data are available and the intron/exon
content quantified.

Over 400 thousand reads (14% of the total amount of produced
sequences) were classified as singlets after the global assembly
(Table 1). Eighty five percent of these sequences correspond to
telson specific reads and most of them (50% of the total number of
singlets), were generated with the GS20 system. The singlet
average length is 127 (=103) bp and 53% of them are <100 bp
long. This high proportion of short singlets can be due to
sequencing artefacts that could result in low quality sequences or
might also imply that the coverage of telson EST's has not reached
an optimal level and thus, there are still unassembled short
transcripts that could in fact have gland specific expression since
they did not overlap with body extracted reads.

Having ¢cDNA libraries constructed with RNA from different
origins, we were able to discriminate between genes that are
specifically expressed in the telson, the body or ubiquitously, by
analysing the read composition of the assembled isotigs. Most of
the transcripts (73%) are present in both, the telson and the body
of the scorpion, whereas only 3,5% of the isotigs showed body
specific expression and 23,8% telson specific expression.

Transcript Annotation

The annotation strategy using NCBI-NR, the D. melanogaster
protein collection and the toxin peptides from ToxProt, revealed
that 51% of the isogroups with open reading frames had significant
hits in at least one of the databases (Fig. 1A). Thus, it is likely that
there is a significant number of scorpion-specific genes that had
not been discovered so far. The fact that such a large proportion of
sequences had no significant similarities in the databases might
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Figure 1. Homology based annotation. The isotigs were blasted against NCBI-NR, Flybase and ToxProt (eval <1e—05, identity >30%, coverage
>30%); the intersection of the significant hits is shown in A. Gene Ontologies were also obtained using Blast2Go; general biological processes
represented in the transcriptome of C. noxius are shown in the legend of chart in B.
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also be due to intergenic or pervasive transcription, which has
been widely observed in other eukaryotes [27,28].

Among the annotated transcripts, three important components
of the microRNA processing machinery, Dicer, Drosha and
Argonaute (Ago), were identified. Two isogroups showed 80%
identity to dicer-1 from 1. scapularis and aligned in two different
regions at the C-terminus, which may correspond to two partial
sequences of the same transcript that do not contain overlapping
sequences. The same situation was observed for Drosha, in which
two 1sogroups covered 90% of the protein sequence but could not
overlap because of the lack of a 66 bp sequence. Additionally, two
isogroups showed significant similarity to Ago proteins; one of
them displayed 53% identity and 36% coverage of Agol
(LD36719p from D. melanogaster), and the second one had 50%
identity and 54% coverage of Ago3 from H. sapiens. Having
detected some of the main components of this pathway, it was
necessary to evaluate the presence of putative microRNAs in our
collection of assembled transcripts and singlets. The isotigs without
open reading frame, those with ORFs but no significant blast hits
and the singlets were blasted against a database of hairpin
precursors and mature microRNAs (http://www.mirbase.org/).
Surprisingly, several potential candidates (3 isogroups and 93
singlets) with identity values >80% to different microRNAs from
other species were identified. Notably, 84% of these sequences
covered more than 60% of the stem loops and they also contained
mature microRNAs within the hairpin positions (Table 2 and
Table S1). Taken together, these results indicate that the use of
microRNAs as a post-transcriptional control mechanism is widely
distributed among eukaryotes, from basal or ancient clades up to
recently diverged taxa.

A functional mapping of the gene ontologies against the KEGG
metabolic pathways revealed that, in qualitative terms, most of the
cukaryotic metabolic processes were identified in the transcrip-
tome of C. noxius. These processes are particularly represented by
1sotigs of ubiquitous expression, body specific isotigs and singlets.

Since the body specific RNA was obtained from a macerate of
the whole scorpion, the cDNA libraries could potentially include
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some bacterial or viral sequences from symbiotic or parasitic
organisms. Therefore, knowing the proportion of non-specific
scorpion sequences was an important control of the quality of the
assembly. Even though some bacterial and viral sequences where
identified, they were classified as singlets, which means that the
assembled isotigs are bona fide eukaryotic sequences (Fig. SI).
Although the cDNA construction was performed using oligo(dT)
primers, it is possible that some of the non-eukaryotic sequences
contain polyA tracts that were amplified in the first step of the
cDNA synthesis. Some Actinobacteria, Flavobacteria, Firmicutes
(Bactllus and  Clostridium) and Proteobacteria were the most
abundant clades, which is consistent with other reports where
the same bacterial classes are present in the digestive tracts of
insects and ticks [29,30].

Phylogenomic Analysis

Molecular phylogenies were traditionally constructed with
ribosomal sequences, mitochondrial DNA or single orthologous
genes, and they often yielded contradictory results. However, the
concatenation of large sets of genes has been shown to reconstruct
more accurately the evolutionary history of organisms [31]. The
molecular phylogeny of Arthropoda in particular, has been
difficult to resolve. Several attempts to overcome this incongruence
have used different sets of orthologous genes, but the number of
species considered for those analyses has also been limited. In this
report, we used a collection of orthologous genes from 59
arthropod species amplified and analyzed by Regier and
collaborators [20]. The concatenate of the supergene includes 58
different genes from Hexapoda, Myriapoda, Arachnida, Xipho-
sura and Pycnogonida taxa, and from Onychophora, H. sapiens
and C. elegans as the outgroup species; after removal of low quality
alignment regions, the supergene consists of 9,926 amino acid
positions. In parallel, a set of 150 essential eukaryotic genes was
extracted from 27 more distant species, including, mammals,
amphibians, fish, plants, yeast and some arthropods. In this case,
the resulting alignment consists of 23,685 amino acid positions.
This approach had the aim of studying how the resulting
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topologies would be altered by adding the C. noxius coding
sequences, and to analyze possible differential evolution rates
within this species. The phylogenetic trees for both data sets were
obtained with maximum likelihood, and they are shown in figure 2
(see Table S2 and Table S3 for full names of species considered in
the concatenates).

Several conclusions can be addressed from the resulting trees.
First of all, our topologies agree with the taxonomic classification
of the organisms: in the arthropod specific context (Fig. 2B), C.
noxius is grouped with Hadrurus arizonensis and Heterometrus spinifer,
two scorpion species that belong to the Caraboctonidae and
Scorpionidae families, respectively. Most of the tree bifurcations
agree with the results described by Reiger and collaborators [20],
however, our ML tree favours a more basal placement of
Pycnogonida, instead of grouping Euchelicerata and sea spiders
within the Chelicerata clade. Using 454 sequenced ESTs from the
Emperor scorpion Pandinus imperator, Roeding and collaborators
conducted a similar phylogenomic analysis in order to elucidate
the evolutionary relationships between arthropods [32]. The tree
topology derived in that report differs from the phylogeny shown
in figure 2B in two aspects: (1) it suggests a closer relationship of
Myriapoda and Chelicerata, whereas our study (as the one by [20])
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Table 2. Putative microRNAs.
hairpin
Scorpion Sequence Name microRNA-hairpin %id e-value coverage mature microRNA %id Aln bp e-value
GXU3QYMO7H17KM ppy-mir-566 87 4E—-17 98,9 hsa-miR-5585-3p 100 17 4E—03
FXLSL4BO1BPRPE gga-mir-3533 86 2E—13 97,6 rno-miR-196¢ 100 14 7E—02
isotig03213 gga-mir-3533 86 1E—-12 97,6 rno-miR-196¢ 100 14 4E—01
GXTJ2BIO7TH1UZ8 ppy-mir-1273 92 9E—30 91,3 hsa-miR-1273 g-3p 100 16 1E—02
GXU3QYMO6G2YF3 ppy-mir-1273 93 5E—26 81,7 hsa-miR-1273f 95 19 7E—02
GXTJ2BIO1ATJ35 hsa-mir-3927 98 3E-21 79,2 hsa-miR-3927 100 22 4E—06
ETFUWZZ02GED74 ptr-mir-566 86 3E-11 75,5 mml-miR-665 100 14 6E—02
ptr-miR-665 100 14 6E—02
hsa-miR-665 100 14 6E—02
EUKA23202H0XZD isc-mir-96 89 9E—15 71,6 isc-miR-96 95 22 3E-04
ppy-miR-96 95 21 1E-03
GXU3QYMO5FQ6UF gga-mir-3533 88 2E-11 69,4 rno-miR-196¢ 100 14 4E—02
EUKA23201B1490 isc-mir-96 87 1E—-10 68,6 isc-miR-96 95 22 3E—04
ppy-miR-96 95 21 1E—03
eca-miR-96 95 21 1E—03
GXTJ2BIO3DMAEW ppy-mir-1273 86 1E-10 68,3 hsa-miR-1273e 100 16 1E—-02
bfl-miR-2013 100 13 8E—01
EUKA23202JL9NO ppy-mir-1273 93 1E-22 67,3 hsa-miR-1273 g-3p 94 18 6E—02
EUC08LDO1C4EUE mmu-mir-1905 87 8E—09 66,3 mcv-miR-M1-3p 100 14 7E—02
GXTJ2BI08JJID5 mmu-mir-1905 87 7E—09 66,3 mcv-miR-M1-3p 100 14 5E—02
isotig06511 isc-mir-275 91 3E-13 62,7 nlo-miR-275 96 23 4E—04
ngi-miR-275 96 23 4E—04
nvi-miR-275 96 23 4E—04
isc-miR-275 96 23 4E—-04
dpu-miR-275 96 23 4E—-04
dya-miR-275 96 23 4E—04
dwi-miR-275 96 23 4E—04
Fifteen scorpion sequences (isotigs and singlets) showing significant identity to hairpins and mature microRNAs are displayed in this table. For the complete list of
microRNA candidates, see Table S1.
doi:10.1371/journal.pone.0043331.t002

strongly supports Mandibulata (Pancrustacea plus Myriapoda); (2)
Pycnogonida species were included in the Euchelicerata clade.
Some arthropod species showed long branches, but none of them
corresponded to the included scorpion species, P. imperator and
M. gibbosus, which had very poor sequence coverage (more than
70% missing positions in the alignment). This comparison reflects
that the inferences that can be made from phylogenomic analyses
are sensitive to the selection of data, although in general terms,
congruent phylogenies can be recovered. In the eukaryotic data set
(Fig. 2A), C. noxwus is correctly grouped within the Arthropoda
clade (that includes D. melanogaster, A. aegipty and A. mellifera), and
the branch length comparison is in agreement with the divergence
timing between different taxa: Chelicerata has a more basal
placement over Hexapoda, mammals are closer in terms of
evolutionary rates, and yeasts are placed at the bottom of the tree.

The second important consideration is that, in both cases,
C. noxius displayed long-branch lengths that could reflect differen-
tial rates of evolution in some of the scorpion genes. In order to
examine which where the coding sequences giving rise to this
observation, the individual tree topologies of each gene were also
analyzed. In most cases, the topologies supported with large
bootstrap values the partitions between scorpions in the arthropod
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Transcriptome Analysis of Centruroides noxius

Figure 2. PhyML phylogenies with two independent amino acid datasets show long branch lengths for C. noxius. A. Tree topology of
eukaryotic essential genes obtained from distant species. C. noxius is grouped with other arthropods (insects) as highlighted in red. B. Arthropod
specific tree, where C. noxius is grouped with other Chelicerata (red), together with two scorpion species from Caraboctonidae and Scorpionidae
families. Color code: blue, Hexapoda; purple, Crustacea; pink, Oligostraca; orange, Myriapoda; red, Chelicerata; green, Pycnogonida; black, outgroups
(Onychophora; H. sapiens and C. elegans). See Table S2 and Table S3 for full names of the species. LG (A) and JTT (B) models were used, and 1000
bootstrap pseudoreplicates were performed. Bootrstrap support values >500 are shown in both trees.

doi:10.1371/journal.pone.0043331.g002

data set, and the arthropod partition in the eukaryotic dataset
(Fig. S2). Other topologies however, grouped C. noxius with more
distant organisms with low statistical support (Fig. S2). For both of
these cases, the average branch length of the trees were calculated
and compared to the branch length of C. noxius (Fig. S3 and
Fig. S4). Even though important differences in branch lengths
were expected to be associated to those topologies with taxonomic
inconsistencies (which could have implied non-phylogenetic signal
in the data), it was observed that C. noxius differed notably from the
average tree length in only a few cases in both types of trees. Some
examples of these divergent genes in the eukaryotic and arthropod
specific data sets correspond to ribosomal proteins, aminoacyl-
tRNA synthases, proteasome components and splicing factors
(Fig. S3 and Fig. S4). It is also intriguing that most of these
transcripts represent mitochondrial sequences. A previous report
by Davila and collaborators, in which the mitochondrial genome
of Centruroides limpidus was sequenced and analyzed, revealed that
this species has some important differences compared to Mesobuthus
gibbosus, a buthid scorpion, and other spiders [33]. Particularly, the
tRNAs showed structural characteristics (loops of variable sizes,
poorly paired aminoacyl acceptor stems) that deviate from the
classical cloverleaf structure. Together with these observations, it is
possible that the variations in the branch lengths of the topologies
we observed, might respond to different ribosomal features and
tRNA positioning in the ribosomes that are particular to the genus
Centruroides.

These gene-specific variations were buffered in the multigene
analysis, showing that stochastic natural error naturally vanishes
when more coding sequences are taken into account.

Telson Specific Toxin Families

Several toxin families have been biochemically characterized in
the venom of different Buthidae scorpions [1]. Among the most
abundant and medically relevant toxins are the ionic-channel
specific toxins, with different affinities for Na*, K*, Ca* and C1~
channels. In the particular case of C. noxius, the sodium and
potassium channel toxins have been described in our research
group. They include some mammal-specific (Cn2—4 and Cn6-9)
and insect-specific (Cnl, 5, 10-12) NaTxs [34,35], the slotoxin,
noxiustoxin, cobatoxin and Erg-toxins, these belonging to the KTx
family [36-40].

The present study allowed us to identify other possible toxin
types. Using blast results, signal peptide prediction and a
phylogenetic analysis, which is a powerful strategy to address
interesting questions not only related to the reconstruction of
evolutionary relationships between species, but also, to predict the
function of uncharacterized proteins and establish orthology and
paralogy relationships between homologous genes, it was possible
to obtain 72 different toxin-like isogroups. They represent only
0.4% of the total number of assembled transcripts and include
lonic-channel specific toxins, antimicrobial peptides, enzymes,
such as metalloproteases, hyaluronidase and phospholipases
(Table 3), and other putative venom components whose function
has not been described yet. Nevertheless, the presence of the
corresponding peptides in the venom and their function will need
to be addressed experimentally.

PLOS ONE | www.plosone.org

One of the most distinctive characteristics of Buthidae scorpions
1s the wide collection of NaTxs they express in their venom glands,
which account for almost 10% of the protein content of some
crude venoms (reviewed by [41]). This family can be divided into 2
different subfamilies according to the site of the channel they bind:
alpha toxins (a-NaTx) bind voltage-independently at site-3 of
sodium channels and inhibit the inactivation of the activated
channels, thereby blocking neuronal transmission. On the other
hand, beta toxins (B-NaTx) bind voltage-independently at site-4 of
sodium channels and shift the voltage of activation toward more
negative potentials thereby affecting sodium channel activation
and promoting spontaneous and repetitive firing. In this study, 22
new putative NaTxs with variable identity values to other NaTxs
of different species were obtained, and 5 of the already studied
peptides were observed at the transcriptional level. From the
phylogenetic analysis of these transcripts (Fig. 3A), several
conclusions can be drawn. First, it is interesting to notice that
even though the biochemical profile of C. noxius venom shows that
only toxin Cnl2 clearly belongs to the o subfamily [35], there are
other assembled transcripts that are grouped in the o clade (blue
branches) together with o-NaTxs from C. sculpturatus, M. martensi,
P. granulatus and L. mucronatus. In the case of the B type, only the
Cnl, 2, 4 and 10 toxins were obtained with identity values >90%,
however, other branches in the topology showed assembled isotigs
that are closely related to Cn5 and Cngtll from C. noxius, CssIX
from C. suffusus suffusus, Cell8 from C. elegans and Hjla and Hjlb
from H. judaicus. Another interesting clade of the topology is
conformed by transcripts similar to lipolysis activating factors
(LVPs), which share similarities with NaTx but display heterodi-
meric structures. These toxins were identified for the first time in
the venom of B. occitanus [42], and were found to be abundant
components of the venom of L. mucronatus [8]. Several isotigs were
grouped in this clade (green branches of the topology), sharing 30
40% identity with LVPs form B. occitanus, M. martensi and
L. mucronatus.

In contrast to the sodium channel specific toxins, those that
block potassium channels showed less variability in their primary
structure. Only the already known noxiustoxins and cobatoxins
from the alpha subfamily and the Ergl and 2 toxins from the
gamma subfamily were successfully identified. However, from the
phylogenetic analysis illustrated in figure 3B, it becomes clear that
there are assembled transcripts similar to other o-KTx from
M. martensu, C. suffusus and 7. costatus, sharing from 36 to 92%
identity. It was interesting as well to notice for the first time in a
Centruroides species, the presence of beta-type K'Tx (scorpine-like
and KIK toxins), which had only been described in the venoms of
species from the families Scorpionidae, Caraboctonidae and
several buthid genus, such as Tityus, Mesobuthus, Androctonus
and Lychas [43—45]. This implies that B-KTxs are widely
distributed in the Buthidae family.

In the above-mentioned cases (NaTxs and KTxs), it was not
possible to detect the whole collection of toxins that are already
known in this scorpion species but this is not a surprising
observation. It has been reported that some major components of
the crude venoms of scorpions such as H. judaicus [7] and H. gerstchi
[46] cannot be detected at the transcriptional level, even after
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Table 3. Toxin families identified in Centruroides noxius.

Transcriptome Analysis of Centruroides noxius

Toxin Family Isogroups Reads %identity Known/New
lon channel specific toxins Sodium Channel* 27 7150 41-100% 12/22
Potassium Channel* 15 9459 40-100% 10/8
Calcium Channel 2 801 45-70% 0/2
Others LVP1 4 2845 31-45% 0/4
Zinc Metalloproteases Antarease 7 5050 40-60% 0/7
Astacin-like
VMP
Phospholipase PLA2 1 5 50% 0/1
Protease inhibitors Kunitz-like 4 606 50-70% 0/4
Serin-Proteases Salivary gland secreted Ser-Proteases 3 282 50% 0/3
Lipase Colipase domain 1 230 60% 0/1
Antimicrobial peptides Porine 1 6 60-78% 0/1
Other venom components Venom insulin-like growth factor 2 2012 30-40% 0/2
binding protein
Hyaluronidase 1 15 70% 0/1
Venom Allergen 1 26 66% 0/1
Toxin-like peptide 1 1262 60% 0/1
Neurotoxins 2 552 78% 0/2
TOTAL 72 30301 22/60

The isogroups are composed of telson specific reads.

doi:10.1371/journal.pone.0043331.t003

using specific primers for PCR amplification. In this regard, most
of these peptides are stable due to the presence of disulfide bridges
and other conformational characteristics, it is thus possible that
once the genes are expressed and the toxins reach a certain
concentration in the venom proteome, the genes are down-
regulated and are no longer traceable with our experimental
strategy. It is also possible that some of these transcripts undergo
degradation directed by microRNAs, which is a common
eukaryotic strategy to control RNA abundance and whose basic
components were successfully identified in C. noxius as mention in
previous sections. RNA extraction in shorter periods after scorpion
milking might be useful to identify rapidly down-regulated genes
that are not present at the time of collection of RNAs for cDNA
libraries construction.

The phylogenetic analysis of metalloprotease-like transcripts
(Fig. 3C) showed that there could be three different types of
such enzymes in the venom of C. noxius. One of them, the
antarease, has been recently described in another buthid
scorpion, Tityus serrulatus, and its function seems to be related
to the cleavage of v-SNARE proteins, affecting the correct
vesicle trafficking in the cells [47]. In this study, five isogroups
were found to share >50% identity with this enzyme; each
isogroup was composed of several putative splicing variants that
are highlighted in red in figure 3C. Whether these transcripts
are different enzymes or just antarease isoforms will have to be
validated. The second metalloprotease (green branch) was
identified in the venom of Mesobuthus eupeus but has not been
functionally characterized and, the last type is the astacin-like
metalloproteases (blue branch). This has been identified in the
venom of different Loxosceles spiders, and has also been
implicated in the wrapping of silk fibbers in Latrodectus spiders
[48]. The role during envenomations of this family of proteins
has not been elucidated yet, however, it is possible that
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*Toxin families previously characterized in the venom of this species. 22/27 NaTx and 8/15 KTx isogroups represent new putative toxin genes.

metalloproteases together with other enzymes such as hyaluron-
idases and protease inhibitors may work as diffusion factors for
small neurotoxins; they might facilitate extra-oral digestion of
preys or could also be used within the venom glands to process
other venom components.

Telson Differential Expression

The comparison of the transcriptional profile of the venom
glands in resting state of a buthid scorpion, H. judaicus, and several
other transcriptomic analyses performed collecting RNA from
active venom glands (reviewed by [13]), revealed interesting
features about toxin expression. Indeed, during resting states the
transcript abundance of toxins appeared to be significantly
reduced compared to other species from the same family in
replenishing states; some low abundance decommissioned toxin-
like transcripts (unlikely to be translated or secreted) were
identified and intriguingly, the proliferation of protease transcripts
was also observed. In this scenario, a huge amount of information
regarding toxin diversity has been generated but has also restricted
our knowledge on other cellular processes, metabolic pathways or
regulatory networks that might have differential expression before
and after venom extraction.

The construction of c¢cDNA libraries in two venom gland
conditions of the same species, allowed us, for the first time, to
directly compare the abundance of the whole transcriptional
universe in the telson before and 5 days after venom extraction
(Table S4). The statistical validation with Fisher and Q tests
revealed that 3% and 2% of the isogroups were preferentially
expressed during the active or resting states, respectively (Fig. 4A).
Among these unique transcripts, 16 toxin-like isogroups were more
abundant in the active state, whereas only 8 isogroups were more
represented in the resting state. This result agrees with previous
observations regarding the toxin profile in the venom glands, and
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Transcriptome Analysis of Centruroides noxius

Figure 3. Maximum likelihood phylogenies of three different
types of toxin-like transcripts from C noxius and other
scorpion/spider species taken from ToxProt (bolds). A. Sodium
channel modifiers; beta type transcripts are highlighted in red, alpha
type in blue and LVPs in green. B. Potassium channel blockers; alpha
type transcripts are highlighted in red, beta type in green, gamma type
in blue. C. Metalloproteases; venom metalloprotease-like isotigs are
highlighted in green, astacin-like in blue and antarease-like in red. 1000
bootstrap pseudoreplicates were performed. Supported bifurcations
(bootstrap values >500) are shown.
doi:10.1371/journal.pone.0043331.g003

indicates that the toxin genes expressed in resting states might
contribute to the maintenance of basal concentrations of certain
toxins in the venom. It was interesting to notice that none of the
toxin-like isogroups with differential expression corresponded to
the Cn2 toxin, the most toxic peptide of this species. The
biological implications of these observations may be that, if CGn2 is
such an important toxin for the scorpion survival then it needs to
be rapidly restored in the venom and thus, five days after venom
extraction the abundance of this transcript is sufficient to keep the
required concentration of the protein. Another possibility is that
given the fact that Cn2 has specificity for mammals and these are
not common preys or predators of scorpions, the regeneration of
this toxin is not a priority in the venom gland.

The rest of the isogroups with differential abundance that had
similarity to other proteins in NR-NCBI, where mapped against
the KEGG pathway database (Fig. 4B). In the active state, there is
a high representation of carbohydrate, lipid and amino acid
metabolism, a fact that corroborates the high metabolic cost of
venom regeneration previously measured in Parabuthus transvaalicus
[49]. A large proportion of proteasome components are also
present in this condition, which might reflect that the venom gland
needs a high quality control of the peptides it produces in order to
attain its basal state. Considering venom extraction by electric
stimulation as a source of environmental stress, it is not surprising
to see the proteasome components highly expressed, since they are
a good example of genes that are overexpressed under stress
conditions, rather than repressed [50]. Additionally, it has to be
mentioned that a growing number of recent studies have
implicated some proteasome components in transcriptional
regulation by establishing a specific protein interaction network
of the transcription initiation factors at the upstream sequence of
promoters that seems to be essential for the formation of the pre-
initiation complex (both in proteolysis dependent and independent
manners) [51,52]. Genome-wide location analyses in yeast have
revealed the proteasome’s preference for highly transcribed genes,
including those involved in protein translation, glycolisis and lipid
metabolism among others [51]. This regulatory capacity of the
proteasome, together with the overexpression of its components
and the KEGG categories preferentially expressed under telson
activity, suggest that a similar mechanism could be taking place in
the scorpion. Intriguingly, no transcription factors appear to be
preferentially expressed under this telson condition however, the
proteasome abundance could be overcoming this observation.
Taking together the amino acid metabolism and the aminoacyl-
tRNA biosynthesis categories, it is clear that there is an elevated
translational activity, probably related to the regeneration of the
peptide components of the venom. Under resting conditions
(Fig. 4B), there is a higher representation of transcripts related to
environmental information processing, which include membrane
transport and signal transduction pathways. In contrast to the
active state, under resting conditions there seems to be more
endo/exocytosis events, peroxisomal and lysosomal activities,
which are reflected in the high percentage of sequences under
the transport and catabolism category.

August 2012 | Volume 7 | Issue 8 | e43331



Aminoacyl-tRNA
biosynthesis (1.5
RNA degradation ||

[i51) \

Transcriptome Analysis of Centruroides noxius

Resting Telson
400 isoaroups

8 tx-like isogroups
*VMP (2)

*CaTx (1)

*KTx (1)

*NaTx (3)

*VIGFBP (1)

RNA degradation 1
0.5 |
Protein export ||
(1.6) \
Nucleotide ||
M ism (2.1)

Protein export
(1.9

[Transporl and
Nucleotide
9)

Catabolism (7.2))

Environmental
Information
Processing (6.4))

Cell
Communication
{7.2)

Carbohydrate
b 19.8)

|

Cell Motility (1.1)]/
@s)/;
Metabolism of |/
Cofactors and |
Vitamins (3.4)
';{:IiEensome [
Cell Growth and | |
Death 23) |/

Prote:

Ami yl-tRNA
| biosynthesis (0)

| Transport and
P Catabolism (24,2)

Cell Matility t!.Z)l-
Proteasome (0.2}

Metabolism of
Cofactors and | |
Vitamins 2.1) |/

f

Cell Growth and
Death (4.6)
Ubiquitin
mediated

proteolysis (3.9)

e

Ubiquitin ( /

mediated |/
proteolysis (3} |
e

Energy
Metabolism (4.4)] YT ——
. Environmental
Clycan Information

Biosynthesis and Processing {(12.7)

Energy f
Metabolism (3.4} |

Metabolism (3.5)

Glycan { .xgmhiolic.i |
liosynthesis and | | |
Metabolism (5.3)| / Indll{nata_"l;nllsm J

Xenobiotics |/ | e
Biodegradation | |
and Metabalism | /| |
— ,-‘f‘ Metabalism of | |
i Other Amino

Amino Acid c

Menbull:m{?.s}l Acids 3.5)_ |/

Metaballsm of Active Telson
Other Amino
Acids (8)

Amino Acid
Metabolism 3.2)] /|

‘| Carbohydrate
Metabolism (5.5)

[Ribosome 6.5}/
Lipid Metabolism
(.9

Resting Telson

Figure 4. Differential transcriptional abundance observed in active and resting telson conditions. A. Number of isogroups showing
differential expression validated with Fisher and Q tests (4<<0,05). The intersection in the graph indicates those isogroups that are equally expressed
in both conditions. B. Functional classification of the isogroups in A that have significant blast hits on NCBI-NR. The numbers in brackets represent the
percentages over the total number of isogroups preferentially expressed in active or resting conditions.

doi:10.1371/journal.pone.0043331.g004

Nevertheless, it is important to mention that 80% of the
isogroups with differential transcriptional abundance had no
significant identity to any other protein in NR-NCBI. This is an
intriguing observation that indicates that important regulatory
and functional differences might be given by genes of unknown
function that should be carefully analyzed in the future.

Conclusion

Even though the divergence timing of scorpions places them as
interesting model organisms for evolutionary inferences, transcrip-
tomic and proteomic studies performed over the years have mainly
focused on the characterization of venom components. High-
throughput sequencing platforms offer the possibility of generating
thousands of sequences that have rapidly helped us to study the
genomic organization of a wide range of species, and have
substantially improved our understanding on phylogenetic and
functional relationships between gene families. In this scenario, we
took advantage of the 454 pyrosequencing system to analyze

PLOS ONE | www.plosone.org

different aspects of the transcriptome of the Mexican scorpion C.
noxius. Our sequencing and annotation strategies gave us a general
view of the cellular and molecular processes that take place in
these arthropods, revealing interesting features such as the
presence of microRNAs and the small RNA processing machinery.
It was possible to identify new toxin families specifically expressed
in the telson of the scorpion that represent new pharmacological
and biotechnological targets for future applications, and reflect the
molecular complexity of the scorpion venoms. The phylogenomic
analysis of concatenated coding genes uncovered important
differences in evolution rates of specific sets of genes and, by
means of a quantitative analysis of the transcriptional profiles of
two different telson conditions (active and resting), several
regulatory and metabolic responses were detected.

This massive effort to describe the molecular complexity of a
scorpion species will need to be complemented with future studies
at the genomic level, as well as functional validation of the gene
families described along this report.
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Supporting Information

Figure S1 Taxonomic profile of the transcriptome.
Arthropod specific sequences are highly represented by assembled
1sotigs (left), whereas some bacterial species are present among the
singlets (right).

(TIFF)

Figure S2 Bootstrap support of the scorpion (arthro-
pod dataset) and arthropod (eukaryotic dataset) par-
titions in the individual tree topologies. Positive percent-
ages represent those topologies in which C. noxius was
successfully grouped with other scorpions or arthropods;
negative values imply that C. noxius was grouped with more
distant organisms.

(TIFF)

Figure S3 Branch length of the individual tree topolo-
gies from the arthropod dataset. The average length and the
branch length of C. noxius are indicated.

(TIFF)

Figure S4 Branch length of the individual tree topolo-
gies from the eukaryotic dataset. The average length and
the branch length of C. noxwus are indicated.

(TIFF)

References

1. Possani LD, Becerril B, Delepierre M, Tytgat J (1999) Scorpion toxins specific
for Na*-channels. Eur J Biochem 264: 287-300.

2. Soleglad ME, Fet V (2003) High-level systematics and phylogeny of the extant
scorpions (Scorpiones: Orthosterni). Euscorpius 11: 1-175.

3. Jeyaprakash A, Hoy MA (2009) First divergence time estimate of spiders,
scorpions, mites and ticks (subphylum: Chelicerata) inferred from mitochondrial
phylogeny. Exp Appl Acarol 47: 1-18.

4. Pisani D, Poling LL, Lyons-Weiler M, Hedges SB (2004) The colonization of
land by animals: molecular phylogeny and divergence times among arthropods.
BMC Biol 2: 1.

5. Fet V, Gantenbei B, Gromov AV, Lowe G, Lourengo WR (2003) The first
molecular phylogeny of Buthidae (Scorpiones). Euscorpius 4: 1-10.

6. Licea AF, Becerril B, Possani LD (1996) Fab fragments of the monoclonal
antibody BCF2 are capable of neutralizing the whole soluble venom from the
scorpion Centruroides noxius Hoffmann. Toxicon 34: 843-847.

7. Morgenstern D, Rohde BH, King GF, Tal T, Sher D, et al. (2011) The tale of a
resting gland: transcriptome of a replete venom gland from the scorpion
Hottentotta judaicus. Toxicon 57: 695-703.

8. Ruiming Z, Yibao M, Yawen H, Zhiyong D, Yingliang W, et al. (2010)
Comparative venom gland transcriptome analysis of the scorpion Lychas
mucronatus reveals intraspecific toxic gene diversity and new venomous
components. BMC Genomics 11: 452.

9. Kozminsky-Atias A, Bar-Shalom A, Mishmar D, Zilberberg N (2008)
Assembling an arsenal, the scorpion way. BMC Evol Biol 8: 333.

10. D’Suze G, Schwartz EF, Garcia-Gomez BI, Sevcik C, Possani LD (2009)
Molecular cloning and nucleotide sequence analysis of genes from a cDNA
library of the scorpion Tityus discrepans. Biochimie 91: 1010-1019.

11. Ma Y, Zhao R, He Y, Li S, Liu J, et al. (2009) Transcriptome analysis of the
venom gland of the scorpion Scorpiops jendeki: implication for the evolution of the
scorpion venom arsenal. BMC Genomics 10: 290.

12. Ma Y, Zhao Y, Zhao R, Zhang W, He Y, et al. (2010) Molecular diversity of
toxic components from the scorpion Heterometrus petersii venom revealed by
proteomic and transcriptome analysis. Proteomics 10: 2471-2485.

13. Quintero-Hernandez V, Ortiz E, Rendon-Anaya M, Schwartz EF, Becerril B, et
al. (2011) Scorpion and spider venom peptides: Gene cloning and peptide
expression. Toxicon 58: 644-663.

14. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, et al. (2005) Genome
sequencing in microfabricated high-density picolitre reactors. Nature 437: 376
380.

15. Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, et al. (2005) Blast2GO:
a universal tool for annotation, visualization and analysis in functional genomics
research. Bioinformatics 21: 3674-3676.

16. Huson DH, Auch AF, Qi J, Schuster SC (2007) MEGAN analysis of
metagenomic data. Genome Res 17: 377-386.

17. Mitra S, Rupek P, Richter DC, Urich T, Gilbert JA, et al. (2011) Functional
analysis of metagenomes and metatranscriptomes using SEED and KEGG.
BMC Bioinformatics 12 (Suppl 1): S21.

18. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007)
ClustalW and ClustalX version 2. Bioinformatics 23: 2947-2948.

PLOS ONE | www.plosone.org

Transcriptome Analysis of Centruroides noxius

Table S1 Putative microRNAs.
DOC)

Table S2 Eukaryotic species considered for the phylo-
genomic analysis shown in figure 2A.

(DOC)

Table S3 Arthropod species considered for the phylo-
genomic analysis shown in figure 2B.
DOC)

Table S4 Read counts and expression specificity (ubiq-
uitous, telson or body) for each isogroup.

(XLS)

Acknowledgments

The technical assistance of Fredy I. Coronas Valderrama, Nohemi
Carreras (RNA extraction and purification) and Araceli Fernandez
(bioinformatic analyses) is also acknowledged.

Author Contributions

Conceived and designed the experiments: MRA LD LDP AHE. Performed
the experiments: MRA. Analyzed the data: MRA LD AHE. Contributed
reagents/materials/analysis tools: LDP AHE. Wrote the paper: MRA
AHE.

19. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, et al. (2010) New
Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies:
Assessing the Performance of PhyML 3.0. Syst Biol 59: 307-321.

20. Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, et al. (2010) Arthropod
relationships revealed by phylogenomic analysis of nuclear protein-coding
sequences. Nature 463: 1079-1083.

21. Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res 32: 1792-1797.

22. Talavera G, Castresana J (2007) Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence alignments.
Syst Biol 56: 564-577.

23. Darriba D, Taboada GL, Doallo R, Posada D (2011) ProtTest 3: fast selection of
best-fit models of protein evolution. Bioinformatics 27: 1164-1165.

24. Storey JD, Taylor JE, and Siegmund D (2004) Strong control, conservative point
estimation, and simultaneous conservative consistency of false discovery rates: A
unified approach. J R Stat Soc B 66: 187-205.

25. Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, et al. (2008)
Alternative isoform regulation in human tissue transcriptomes. Nature 456: 470~
476.

26. Hansen KD, Lareau LF, Blanchette M, Green RE, Meng Q, et al. (2009)
Genome-wide identification of alternative splice forms down-regulated by
nonsense-mediated mRNA decay in Drosophila. PLoS Genet 5: ¢1000525.

27. Dinger ME, Amaral PP, Mercer TR, Mattick JS (2009) Pervasive transcription
of the eukaryotic genome: functional indices and conceptual implications. Brief
Funct Genomic Proteomic 8: 407-423.

28. Jacquier A (2009) The complex eukaryotic transcriptome: unexpected pervasive
transcription and novel small RNAs. Nat Rev Genet 10: 833-844.

29. Rudolf I, Mendel J, Sikutova S, Svec P, Masarikova J, et al. (2009) 16S rRNA
gene-based identification of cultured bacterial flora from host-seeking Ivodes
ricinus, Dermacentor reticulatus and Haemaphysalis concinna ticks, vectors of vertebrate
pathogens. Folia Microbiol (Praha) 54: 419-428.

30. Wang H, Jin L, Zhang H (2011) Comparison of the diversity of the bacterial
communities in the intestinal tract of adult Bactrocera dorsalis from three different
populations. J Appl Microbiol 110: 1390-1401.

31. Jeffroy O, Brinkmann H, Delsuc F, Philippe H (2006) Phylogenomics: the
beginning of incongruence? Trends Genet 22: 225-231.

32. Roeding F, Borner J, Kube M, Klages S, Reinhardt R, et al. (2009) A 454
sequencing approach for large scale phylogenomic analysis of the common
emperor scorpion (Pandinus imperator). Mol Phylogenet Evol 53: 826-834.

33. Davila S, Pifiero D, Bustos P, Cevallos MA, Davila G (2005) The mitochondrial
genome sequence of the scorpion Centruroides limpidus (Karsch 1879)
(Chelicerata; Arachnida). Gene 360: 92—-102.

34. Ramirez-Dominguez ME, Olamendi-Portugal T, Garcia U, Garcia C, Arechiga
H, et al. (2002) Cnl1, the first example of a scorpion toxin that is a true blocker
of Na(+) currents in crayfish neurons. J Exp Biol 205: 869-876.

35. del Rio-Portilla F, Hernandez-Marin E, Pimienta G, Coronas FV, Zamudio FZ,
et al. (2004) NMR solution structure of Cnl12, a novel peptide from the Mexican
scorpion Centruroides noxius with a typical beta-toxin sequence but with alfa-like
physiological activity. Eur J Biochem 271: 2504-2516.

August 2012 | Volume 7 | Issue 8 | e43331



36.

37.

38.

39.

40.

41.

42.

43.

44.

Nieto AR, Gurrola GB, Vaca L, Possani LD (1996) Noxiustoxin 2, a novel K+
channel blocking peptide from the venom of the scorpion Centruroides noxius
Hoffmann. Toxicon 34: 913-922.

Gurrola GB, Rosati B, Rocchetti M, Pimienta G, Zaza A, et al. (1999) A toxin to
nervous, cardiac, and endocrine ERG K* channels isolated from Centruroides
noxius scorpion venom. FASEB J 13: 953-962.

Garcia-Valdés J, Zamudio FZ, Toro L, Possani LD (2001) Slotoxin, aKTx1.11,
a new scorpion peptide blocker of MaxiK channels that differentiates between
alfa and alfa+beta (betal or beta4) complexes. FEBS Lett 505: 369-373.
Corona M, Gurrola GB, Merino E, Cassulini RR, Valdez-Cruz NA, et al. (2002)
A large number of novel Ergtoxin-like genes and ERG K+-channels blocking
peptides from scorpions of the genus Centruroides. FEBS Lett 532: 121-126.
Pardo-Lopez L, Garcia-Valdés J, Gurrola GB, Robertson GA, Possani LD
(2002) Mapping the receptor site for ergtoxin, a specific blocker of ERG
channels. FEBS Lett 510: 45-49.

Rodriguez de la Vega RC, Possani LD (2005) Overview of scorpion toxins
specific for Na+ channels and related peptides: biodiversity, structure—function
relationships and evolution. Toxicon 46: 831-844.

Soudani N, Gharbi-Chihi J, Srairi-Abid N, Yazidi CM, Planells R, et al. (2005)
Isolation and molecular characterization of LVPI lipolysis activating peptide
from scorpion Buthus occitanus tunetanus. Biochim Biophys Acta 1747: 47-56.
Diego-Garcia E, Schwartz EF, D’Suze G, Gonzalez SA, Batista CV, et al. (2007)
Wide phylogenetic distribution of Scorpine and long-chain beta-KTx-like
peptides in scorpion venoms: identification of “orphan” components. Peptides
28: 31-37.

Diego-Garcia E, Abdel-Mottalebb Y, Schwartz E, Rodriguez de la Vega RC,
Tytgat J, et al. (2008) Cytolytic and K channel blocking activities of b-KTx and

PLOS ONE | www.plosone.org

12

46.

47.

48.

49.

50.

Transcriptome Analysis of Centruroides noxius

scorpine-like peptides purified from scorpion venoms. Cell Mol Life Sci 65: 187—
200.

. Conde R, Zamudio FZ, Rodriguez MH, Possani LD (2000) Scorpine, an anti-

malaria and anti-bacterial agent purified from scorpion venom. FEBS Lett 471:
165-168.

Schwartz E, Diego-Garcia E, Rodriguez de la Vega RC, Possani LD (2007)
Transcriptome analysis of the venom gland of the Mexican scorpion Hadrurus
gertschi (Arachnida: Scorpiones). BMC Genomics 2007, 8: 119.

Fletcher PL Jr, Fletcher MD, Weninger K, Anderson TE, Martin BM (2010)
Vesicle-associated membrane protein (VAMP) cleavage by a new metallopro-
tease from the Brazilian scorpion Tityus serrulatus. J Biol Chem 285: 7405-7416.
Trevisan-Silva D, Gremski LH, Chaim OM, da Silveira RB, Meissner GO, et al.
(2010) Astacin-like metalloproteases are a gene family of toxins present in the
venom of different species of the brown spider (genus Loxosceles). Biochimie 92:
21-32.

Nisani Z, Dunbara S, Hayesa WK (2007) Cost of venom regeneration in
Parabuthus transvaalicus (Arachnida: Buthidae). Comp Biochem Physiol A Mol
Integr Physiol 147: 509-513.

Aiken CT, Kaake RM, Wang X, Huang L (2011) Oxidative stress-mediated
regulation of proteasome complexes. Mol Cell Proteomics 10: R110.006924.

. Auld KL, Brown CR, Casolari JM, Komili S, Silver PA (2006) Genomic

association of the proteasome demonstrates overlapping gene regulatory activity
with transcription factor substrates. Mol Cell 21: 861-871.

. Malik S, Shukla A, Sen P, Bhaumik SR (2009) The 19 s proteasome subcomplex

establishes a specific protein interaction network at the promoter for stimulated
transcriptional initiation in vivo. J Biol Chem 284: 35714-35724.

August 2012 | Volume 7 | Issue 8 | e43331



