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a b s t r a c t

cDNA libraries are increasingly being used for high-throughput interrogation of animal
venomes. Most previous studies have focused on discovery of new venom toxins, whereas
the dynamics of toxin transcription and associated cellular processes have received much
less attention. Here we provide, for the first time, an analysis of a transcriptome from the
venom gland of a scorpion (Hottentotta judaicus) that is not actively engaged in regener-
ating its venom. We demonstrate a low abundance of toxin-encoding transcripts coupled
with a previously unobserved proliferation of protease sequences. Additionally, we iden-
tified several low abundance, toxin-like sequences that may represent decommissioned
toxins that are unlikely to be translated. These sequences are not evenly distributed across
all toxin families, but rather appear more frequently in transcripts related to a-toxins and
b-toxins that are known to target voltage-gated sodium channels. The transcriptomic
profile of the replete venom gland is very different to that obtained previously from
scorpion venom glands actively engaged in venom regeneration, and it highlights our lack
of knowledge as to how the dynamics of transcription changes as the gland progresses
from venom regeneration to a “resting” state. This study therefore provides an important
foundation for future studies into the dynamics of transcription in the venom glands of
scorpions and other venomous animals.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Like many other venomous organisms, most scorpions
depend completely on their venom apparatusdthe stinger
(telson) and venom glanddto survive. They use their
venom to catch prey, defend themselves against predators,
and even for intraspecific communication (Polis, 1990).

Most studies of scorpion venoms have focused on the
identification and characterization of various toxins, often
because of their medical, pharmacological and industrial
importance (e.g., see (Mamelak and Jacoby, 2007; Wulff
et al., 2007; Chippaux and Goyffon, 2008; Lokeshwar and
Selzer, 2008; Remijsen et al., 2010; Zhao et al., 2010)).
This has resulted in the identification and functional char-
acterization of hundreds of toxins, and for many of these
the relationship between their structure and function has
been characterized in detail during the past six decades.
The combination of proteomic approaches (e.g.,
(Nascimento et al., 2006; Batista et al., 2007)) and tran-
scriptomic methods (e.g., (Schwartz and Diego-Garcia,
2007; Zhao et al., 2010)) has revealed that scorpion
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venom is immensely complex, often containing many
hundreds of proteins (Rodriguez de la Vega et al., 2010).

During the past decade, the availability of large-scale
DNA sequencing has facilitated the identification of many
toxin-like peptides, greatly accelerating the pace of toxin
discovery (Schwartz and Diego-Garcia, 2007; Kozminsky-
Atias et al., 2008; D’Suze et al., 2009; Ma et al., 2009,
2010; Silva et al., 2009; Zhao et al., 2010). The use of
cDNA libraries has also provided an opportunity for a more
holistic investigation of scorpion venomes; for example, it
has provided an opportunity to compare the relative
abundance of toxin transcripts, thereby allowing an
assessment of the relative importance of the various venom
components. Moreover, the rapid increase in the number of
available scorpion toxin sequences (King et al., 2008), as
well as the number of species for which sequence infor-
mation is available, facilitates investigation of the molec-
ular evolution of the scorpion toxin proteome (Zhu et al.,
2004a, 2010; Kozminsky-Atias et al., 2008; Tian et al.,
2008; Weinberger et al., 2010). However, current method-
ology suffers from a major problem, as there is a tendency
to interpret every novel family of protein sequences as
a “venom peptide”, without at least confirming their
appearance in the secreted venom. Indeed, it was recently
demonstrated that some of these protein families are not
seen in the proteome at detectable levels (Ma et al., 2010),
advocating for a more conservative analysis of tran-
scriptomic data.

The aforementioned cDNA libraries were all produced
from scorpion venom glands that were actively engaged in
the process of venom regeneration. In contrast, the aim of
the research presented here was to characterize, for the
first time, the transcriptomic profile of a “replete” scorpion
venom gland that was not actively engaged in regenerating
venom. This venom gland presented a unique tran-
scriptomic profile that comprised a low abundance of toxin
transcripts and a previously unobserved proliferation of
protease sequences.

2. Methods

2.1. Animals and venom collection

Hottentotta judaicus specimens were collected from
Southern Galilee near the village of Bir el-Maksur. The
animals were housed in the laboratory under constant
conditions. Scorpions were fed every 21 days with crickets
and watered every 14 days. Prior to library construction,
a single scorpion was starved for 14 days before the telson
was removed, and it was not stimulated to produce venom
during this period of time.

2.2. cDNA library construction

Total RNAwas extracted from the venom gland and a tail
fragment of the same scorpion using the RNeasy Mini Kit
(QIAGEN). Double-stranded cDNAs were synthesized from
1 mg of total RNA using the SMART cDNA synthesis kit
(Clontech). A subtracted cDNA library was prepared from
the double-stranded cDNA fragments using the PCR Select

cDNA Subtraction Kit (Clontech) according to the manu-
facturer’s instructions.

Double-stranded cDNA fragments were purified using
the PCR Purification Kit (QIAGEN), cloned into the pCR2.1-
TOPO vector and transfected into Escherichia coli SURE cells.
1152 randomly chosen cDNA clones were cultured over-
night, and plasmid DNA was isolated using a standard
alkaline lysis protocol. The cDNA inserts were sequenced
from both ends with T7 and M13RP primers, respectively,
using a 96-capillary 3730XL DNA analyzer (Applied Bio-
systems) according to the manufacturer’s instructions.

2.3. Sequence analysis

Sequences were assembled at a stringency of >98% into
contigs using DNASTAR Lasergene software (DNASTAR, Inc.,
USA). The library was composed of 604 clones. After
removal of low quality sequences, 537 high quality clones
were left, composed of 189 singlets and 94 contigs. These
sequences underwent BLAST and annotation (Gene
Ontology, InterPro and Kegg) using Blast2Go (Conesa et al.,
2005). All other analyses were performed using CLC Main
Workbench (CLC bio, Denmark). Toxin nomenclature is as
suggested by King et al. (2008). Nucleotide sequences
obtained in this work have been deposited in GenBank
(accession numbers HQ288054–HQ288209 and
HQ906937–HQ906945) and DbEST (accession numbers
HS977518–HS977546). Where information is available,
toxins are identified by either their UniProt (up) or Gen-
Bank (gb) accession numbers.

3. Results

3.1. Transcriptome of replete venom gland from Hottentotta
judaicus

We analyzed a subtracted cDNA library constructed
from the venom gland of a specimen of the Israeli buthid
scorpion H. judaicus (Hj) (Arachnida: Scorpiones: Buthidae)
that had not been milked or induced to produce venom for
two weeks; we refer to this as a “replete” venom gland. All
previously constructed scorpion venom gland cDNA
libraries were obtained from recently milked specimens
where the gland was actively engaged in venom regener-
ation; we refer to this as a “regenerating” venom gland.
Previous analyses of regenerating venom glands from
buthid scorpions (i.e., members of the Buthidae family)
have yielded transcriptomes dominated by transcripts
encoding peptide toxins (defined as toxins smaller than
10 kDa) (see Table 1) (Kozminsky-Atias et al., 2008; D’Suze
et al., 2009; Zhao et al., 2010). In contrast, the tran-
scriptome of the replete venom gland from H. judaicus
contained a much lower abundance of toxin transcripts
(24% of total transcripts) (Fig. 1a, Table 1) than found in the
transcriptome of regenerating venom glands from other
buthids (44–78% of total transcripts). Indeed, the level of
toxin transcripts was even lower than found in regenerat-
ing venom glands of non-buthid scorpions (36–44% of total
transcripts) (Schwartz and Diego-Garcia, 2007; Ma et al.,
2009, 2010; Silva et al., 2009) which are less reliant than
buthids on their venom, as they use their pedipalps more
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extensively for prey capture (Polis, 1990). Moreover, the
low abundance observed is likely to be a significant over-
estimate of the actual proportion of toxin transcripts.
Unlike previously constructed scorpion venom gland cDNA
libraries, the library used here was constructed using an
RNA subtraction protocol in order to enrich for transcripts
specific to the venom gland and to reduce the proportion of
“housekeeping” transcripts commonly found in other
tissues (Diatchenko et al., 1996).

The other categories of transcripts found in the library
can be divided into functionally annotated housekeeping-
related components (i.e., those with an associated gene
ontology (GO) term) and those whose function is unknown
(no GO terms). Analysis of the functionally annotated

components reveals two main transcript populations: (i)
transcripts encoding proteases. These transcripts comprise
a few high-copy transcripts that represent w16% of the
library (Fig. 1a,b). Notably, protease transcripts have never
been described before in such abundance in any scorpion
venom gland cDNA library; (ii) other housekeeping tran-
scripts, representing w25% of the library. These transcripts
(Supp. Fig. 1) have relatively low abundance and are each
represented by very few clones. They may be the result of
transcriptional variability due to the subtraction process
rather than being uniquely transcribed in the venom gland.

The last group of transcripts are unique in that have
never been described before or are not affiliated to any
function. These transcripts make up 37% of the library, an
amount similar to the level of unique transcripts found in
most other scorpion venom gland cDNA libraries. SignalP
and TMHMM analyses revealed that most proteins encoded
by these transcripts (59%) are predicted to be either
secreted or have a transmembrane domain.

In the following sections we will focus our attention on
toxin-encoding transcripts, as they have been the focus of
previous studies of scorpion venom gland cDNA libraries.

3.2. Toxin-like sequences

3.2.1. Sodium channel toxins
One of the major differences between buthid and non-

buthid scorpion venoms is the abundance and dominance

Table 1
Relative weight of protein families in various venom-derived cDNA
libraries.

Hj Boia Td Lm Sja Oc Hga

Toxins & venom peptides 24% 78% 50% 55% 42% 36% 44%
Cellular proteins 39% n/ab 13% 21% 34% 39% 26%
Unknown & hypothetical 37% n/ab 37% 29% 24% 25% 30%

The abbreviations used are: Hj, Hottentotta judaicus (this study); Boi,
Buthus occitanus Israelis (Kozminsky-Atias et al., 2008); Td, Tityus dis-
crepans (D’Suze et al., 2009); Sj, Scorpiops jendeki (Ma et al., 2009); Lm,
Lychas mucronatus (Zhao et al., 2010). Oc, Opisthacanthus cayaporum (Silva
et al., 2009); Hg, Hadrurus gertschi (Schwartz and Diego-Garcia, 2007).

a Does not include non-ORF sequences.
b Data not available.

Fig. 1. Distribution of venom gland transcripts. Schematic showing the absolute quantity (a) and the relative proportion (b) of each category of transcript. Both
the total number of clones and the number of unique transcripts is provided. “Unknown” refers to transcripts that yielded no obvious sequence homologs through
BLAST analysis. “Hypothetical” indicates sequences that show homology to previously described transcripts encoding proteins whose function is not known.
“Venom peptides” are venom-related sequences that have no known toxic activity. (c) Histogram showing the abundance of various transcripts; the number of
clones obtained for each transcript is indicated. The functional affiliation of each component is indicated by the color codes.
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of so-called “long-chain” sodium channel toxins (NaScTxs)
in buthid venoms compared with the almost complete lack
of them in non-buthid scorpions. This has been empha-
sized quantitatively in transcriptomic analysis of buthid
venoms (Kozminsky-Atias et al., 2008; D’Suze et al., 2009).

Surprisingly, the abundance of NaScTx transcripts in the
cDNA library from the replete venom gland fromH. judaicus
is relatively low (Fig. 2). The majority of toxin transcripts in
replete venom gland transcriptome are potassium channel
toxins (KScTxs), which is uncharacteristic of buthid
venoms.Moreover, the relative proportion of the twomajor
classes of NaScTxs, namely the a scorpion toxins
(aNaScTxs) and b scorpion toxins (bNaScTxs), is unusual.
These two toxin classes occur in a ratio of 60:40
(aNaScTx:bNaScTx) in a library constructed from the
regenerating venom gland of Buthus occitanus israelis (Boi),
which occurs in an adjacent geographical area (Kozminsky-
Atias et al., 2008). In contrast, aNaScTx transcripts are
under-represented in the transcriptome of the replete
venom gland from H. judaicus; only w20% of all toxin
transcripts encode aNaScTxs and the aNaScTx:bNaScTx
ratio is 24:76.

Other toxin classes found in the transcriptome of the
replete venom gland include modulators of ryanodine
receptors (RyRs) and chloride channels, and other putative
venom peptides including Cysteine Rich Secretory Proteins
(CRISPs) and antimicrobial peptides (Fig. 2). The category of
“putative venom peptides” refers to disulfide-rich and non-
disulfide bridged peptides that are commonly associated
with venom, but are not known to be toxic; a full list of
these peptides can be found in Supplementary Table 1.

3.2.2. Abundance of previously identified H. judaicus toxins
Eight different toxins have been previously isolated and

characterized from the venom of H. judaicus; all of these
toxins modulate either voltage-gated sodium (NaV) chan-
nels or RyRs. Of these eight known toxins, we detected
transcripts for five, namely BjIT2 (up:P24336), cardiotonic
peptide (up:Q2TSD9), BjTx2 (up:P83406), BjaIT

(up:Q56TT9) and BjV (Tal, T. and Ben-Shaanan, T., unpub-
lished results). Two of these (BjIT2, BjTx2) were more
abundant, each comprising w3.5–5.5% of total toxin tran-
scripts. The toxins for which we could not identify corre-
sponding transcripts were BjxtrIT (up:P56637) and Bja2
(gb:GQ335455), both NaScTxs, as well as BjTx1
(up:P83405), a homolog of BjTx2. Intriguingly, BjxtrIT is
considered to be a major component of the venom,
comprising w1% of the dry weight of the crude milked
venom (Froy et al., 1999), yet no transcripts encoding this
toxin were identified in the H. judaicus cDNA library. In
contrast, two other aNaScTxs, which have not previously
been described, appear in higher abundancedsix and four
clones eachdrepresenting 4.2% and 2.8% of the total toxin
transcripts, respectively. Both are homologs of a toxins that
bind to site 3 on NaV channels. In total, six novel NaScTx
transcripts were detected (Supplementary Table 1), most of
which belong to the b depressant toxin family (Possani
et al., 1999).

3.2.3. Potassium channel toxins
The majority of toxin transcripts in the H. judaicus cDNA

library (42 clones representing 18 distinct toxin sequences)
encoded KScTxs, belonging to eight distinct families
(Fig. 3). Most of these transcripts (26 clones, five distinct
toxins) represented three families of toxins that modulate
the activity of small-conductance, calcium-activated
potassium (KCa) channels (aKTx5, aKTx8, and aKTx14).
While data as to their role in the venom’s toxicity is scarce
(Romi-Lebrun et al., 1997; Basis et al., 2005), their abun-
dance in the venom warrants further investigation. One of
the most potent known insecticidal toxins isolated from
spider venom is a potent blocker of insect KCa channels
(Gunning et al., 2008), which suggests that the putative KCa
toxins in H. judaicus venom may play an important role in
insect predation.

3.2.4. Ryanodine receptor toxins
The action of scorpion venoms on RyRs has been attrib-

uted almost exclusively to toxins with an inhibitor cystine
knot (ICK) motif, a protein scaffold that is relatively rare in

Fig. 2. Relative proportion of different categories of toxin transcripts in the
H. judaicus venom gland transcriptome. The cDNA library contained 124
toxin-encoding sequences that have been divided into various functional
classes. The NaV channel toxins (NaScTx) have been further divided into
three major subcategories, namely a toxins, b depressant toxins, and puta-
tive b toxins.

Fig. 3. Relative proportion of transcripts encoding different classes of
potassium channel toxins. The vast majority (86%) of the transcripts
encoding potassium channel toxins (KTx) are a toxins, with only 5%
belonging to the long chain b toxin class. The three dominant KTx families
are aKTx-5, aKTx-8, and aKTx-14. These toxin classes are associated with
activity on small-conductance, calcium-activated potassium (KCa) channels.
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scorpion venoms but which dominates the venom pepti-
dome of spiders (Pallaghy et al., 1994; King et al., 2002).
However, RyR activity has in fact been previously demon-
strated for toxins containing the cysteine-stabilized ab
(CSab) motif, which is much more common in scorpion
venom peptidomes (Zhu et al., 2004b). This is especially
interesting as the majority of putative RyR toxins in the
transcriptome of the replete venom gland from H. judaicus
contain the CSab scaffold and not the ICK motif. These
results emphasize the need for further investigation of the
biological role of RyR toxins in scorpion venom, as well as
the relative contribution of the ICK andCSab scaffolds to this
pharmacology.

3.3. “Decommissioned” toxins

In most research on venom gland transcriptomes,
sequences that lack open reading frames (ORFs) have been
largely ignored, as have transcripts that do not conform to
typical scorpion toxin scaffolds. However, our data shows
that the H. judaicus venom gland cDNA library contains
a significant fraction of toxin transcripts (18 of 142 clones,
mostly low abundance) with mutations that may lead to
a loss of function or result in them not being translated at
all. These sequences are not distributed equally between
toxin families, but rather are concentrated in the non-
depressant NaScTx family; indeed, we predict that half of
the aNaScTx and the non-depressant bNaScTx transcripts
will not be translated intomature toxins. Three examples of
such sequences, represented by six, two and two clones
respectively are discussed below.

3.3.1. U3m-Buthitoxin-Hj1adskipped stop codon
The most abundant sequence encoding an a-like

sodium channel toxin (6 clones) is a distant ortholog of
TsNTxP (up:O77463) from the scorpion Tityus serrulatus
(Guatimosim et al., 1999) (Fig. 4, see assembly in
Supplementary Fig. 1). This is a partial transcript that lacks
most of the signal sequence but contains the complete
mature toxin sequence, thus allowing a comparison with
other toxins. The transcript of this toxin, which we termed

U3m-Buthitoxin-Hj1a (U3m-BUTX-Hj1a; gb:HQ288091)
based on the rational nomenclature proposed by King et al.
(2008), appears to have an additional C-terminal “tail” of 14
amino acid residues. The calculated molecular mass of
8793/9087 Da (depending on the start of the mature toxin
sequence) makes U3m-BUTX-Hj1a the heaviest NaScTx
described to date. The additional amino acids may be
caused by loss of a conserved stop codon found in other,
similar toxins, probably though a G/A substitution in
nucleotide position 209, which alters the TGA stop codon to
a Trp-encoding TGG codon. U3m-BUTX-Hj1a is quite distinct
from other scorpion toxins, with the highest level of iden-
tity being 51% and 52% to AaH6 (up:P56743) (Hassani et al.,
1999) from Androctonus australis hector and TsVI/TsNTxP
(Marangoni et al., 1990; Guatimosim et al., 1999) from T.
serrulatus. While the differences between this toxin and its
closest relatives do not predict a priori loss of function, it is
intriguing that the peptides most similar to U3m-BUTX-
Hj1a either have low or no demonstrated toxicity.

3.3.2. U1m-BUTX-Hj1cdaccumulation of mutations
U1m-BUTX-Hj1c (gb: HQ288099) is an example of

a heavily mutated toxin sequence (Fig. 5; see assembly in
Supplementary Fig. 2). CSab toxins from scorpion venom
have a highly conserved cystine scaffold comprising three
strictly conserved disulfide bridges, with some toxins
having an additional, less conserved disulfide-bridge (most
NaScTx, gKTx, and chloride channel toxins). This motif can
be identified from the primary structure by the presence of
two distinct motifs, CX3C and CXC, where X denotes any
amino acid. The CX3C motif is not present in the amino acid
sequence of U1m-BUTX-Hj1c whereas the CXC motif is
retained. However, a protein BLAST reveals high homology
with a three-disulfide bNaScTx from Androctonus crassi-
cauda, called Acra III-2 (up:P0C299), and its homologs
(Caliskan et al., 2006). However, the sequence similarity is
limited to the C-terminus of the protein, from position 36
onwards, with 66% identity and 72% similarity (Fig. 5). The
positions 30 to this section have a considerably lower
similarity to the Acra toxins, and in fact, the protein
structure is lost completely; based on the alignment, three

Fig. 4. Loss of stop codon in U3m-BUTX-Hj1a results in a long C-terminal tail. U3m-BUTX-Hj1a aligned with a group of weakly active or non-toxic peptides from A.
australis (North Africa) and T. serrulatus (South America). Note that U3m-Buthitoxin-Hj1a contains 14 additional C-terminal residues (starting at the point marked
by the arrow) compared to the other sequences due to the loss of a stop signal. In contrast, the core region of the mature toxin is highly homologous with the
other toxin sequences.
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cysteines have been lost, most probably due to point
substitutions: C22/Y22 (TGT/TAT), C31/S31
(TGC/TCC), and C35/S35 (TGC/TCC). Additionally, the
sequence has completely lost its reading frame, with the
signal peptide unidentifiable due to multiple stop codons.
Essentially, this sequence has undergone a series of dele-
terious mutations, accompanied by probable structural
degradation occurring over a very long time.

3.3.3. km-BUTX-Hj1cdloss of signal peptide coding sequence
km-BUTX-Hj1c (gb: HQ288097; Fig. 6; see assembly in

Supplementary Fig. 3) is an ortholog of aKTx 8.2
(up:Q9U8D2), a toxin from the scorpion Mesobuthus mar-
tinseii (Romi-Lebrun et al., 1997; Wu et al., 1999) that
targets KCa channels. Transcripts encoding two isoforms of
this toxin were observed in this cDNA library, one with
eight clones (k-BUTX-Hj1a) and one with two clones (km-
BUTX-Hj1c) (Fig. 3C). k-BUTX-Hj1a (gb:HQ288061) and
k-BUTX-Hj1c are clearly paralogs but the rarer transcript
encoding k-BUTX-Hj1c lacks a 20-residue segment corre-
sponding to most of the signal peptide. A comparison
between the known genomic organization of aKTx8.2 (Wu
et al., 1999) and the transcript encoding k-BUTX-Hj1c
suggests that the missing segment corresponds to exon 1.
Moreover, the sequence of themature k-BUTX-Hj1a toxin is
identical to that of k-BUTX-Hj1c, with the only difference
between them being the lack of this exon. Thus, it appears
that k-BUTX-Hj1c has lost most of the sequence encom-
passed in exon 1, including the whole coding sequence and
a part of the 50 untranslated region (UTR), making it
unlikely to be processed during translation.

4. Discussion

4.1. The unique transcriptional profile of a replete venom
gland

The transcriptome of the replete venom gland from H.
judaicus is clearly different from that described previously
for regenerating venom glands from other buthid scor-
pions: the relative abundance of toxin transcripts is low,

and most of the toxin transcripts encode KV/KCa toxins.
Additionally, most of the transcripts encoding KV/KCa toxins
belong to the aKTx5, aKTx8 and aKTx14 families; the role
of these toxins in the venom remains to be elucidated as
they act on ion channels that are not considered critical for
the insecticidal activity of the venom.

Taken together, these observations tend to suggest that
H. judaicus does not possess highly potent venom but
rather is similar to non-buthids in relying more on physical
subjugation of its prey using its pedipalps. In fact, contrary
to this supposition, although H. judaicus venom is not fatal
towards vertebrates, it is highly potent against arthropods
that are its natural prey (Zlotkin et al., 1978, 1982). There-
fore, other explanations must be sought for the unusual
pattern and distribution of transcripts in the cDNA library
of the replete venom gland.

One possible explanation is that the venom gland
transcriptome does not reflect the actual composition of
the venom. In this scenario, the most active “core peptides”
are more abundant in the venom itself than in the cDNA
library. A difference in protein profile between the scorpion
venom transcriptome and proteome has already been dis-
cerned (Ma et al., 2010), and it is plausible that there may
be differences in both the range and quantity of toxins.

An alternative hypothesis is that the transcriptome does
indeed reflect the venom content of H. judaicus or, more
likely, a specific H. judaicus population. Population varia-
tion in the venom content in venomous animals has been
identified previously, even between populations living
within a short distance from one another (Abdel-Rahman
et al., 2009). This hypothesis can be tested through addi-
tional sampling of H. judaicus venom gland transcriptomes,
including comparison of venom gland transcriptomes from
different sub-populations. If true, one wonders what
environmental pressures (most likely prey or predators)
could drive the unusual patterns of transcript abundances
shown here, especially the bias for KV/KCa channel versus
NaV channel toxins.

A third, and perhaps most likely, hypothesis stems from
the fact that the H. judaicus specimen from which the
venom gland was collected was starved for w3 weeks and

Fig. 5. Loss of structurally important cysteine residues in the N-terminal region of U1m-BUTX-Hj1a. Alignment of the primary structure of U1m-BUTX-Hj1a with
Acra toxins from Androctonus sp. The N-terminal region of the H. judaicus sequence (i.e., residues 1–36) is highly mutated relative to the Acra toxins, leading to
loss of structural cysteines at the sites indicated by the dark circles. In contrast, the C-terminal region shows a high level of sequence identity with the Acra toxins
and the structurally important cysteine residues, indicated by the pale circles, are conserved in this region.
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wasn’t milked prior to the extraction of the mRNA. In
contrast, most venom gland cDNA libraries have been
produced from scorpions 2–5 days after milking in order to
enrich for venom-related transcripts. Thus, the H. judaicus
transcriptome presented here may be representative of
a “resting” or replete venom gland, compared to the
“regenerating” venom gland represented by other cDNA
libraries. This hypothesis is consistent with the relatively
low level of toxin transcripts compared to those involved in
cellular metabolism; the observed level of toxin transcripts
in the H. judaicus library was lower than previously
obtained from regenerating venom glands from both
buthid and non-buthid scorpions (Table 1), even after
enrichment. In this regard, it is possible that the difference
in transcript abundance between the KV/KCa and NaV
channel toxins may not reflect the ratio of these two classes
of peptides in the venom, but rather the transcript levels
necessary to maintain the venom gland in a “ready to act”
state. It is possible that the KV/KCa channel toxins are less
stable than the NaV channel toxins and thus incur a higher
steady-state turnover, which in turn necessitates a higher
level of mRNA transcripts in order to maintain the desired
concentration of toxins in the venom.

Resting venom glands have been the focus of structural
research on this tissue and it has been shown that even
resting glands maintain a certain level of protein transport
into secretory vacuoles via secretory vesicles (Keegan and
Lockwood, 1971). Moreover, research on regeneration of
spider venomhas revealed that regeneration of toxicity and
protein is a time-dependent process that is most probably

reliant on gradual transcription of toxin components
(Boevé et al., 1995). Quantitative analysis of scorpion
venom gland transcriptomes before and during venom
regeneration should provide significant insight into the
mechanism and dynamics of toxin transcription.

The uniquely high abundance of protease transcripts in
theH. judaicus cDNA librarymay provide additional hints as
to underlying causes of the unusual transcriptomic profile.
While there is no evidence for high abundance of serine
proteases and metalloproteases in scorpion venom, these
proteins play important functions in the every day cellular
processes such as cell signaling, cell adhesion, invasion and
motility, and wound healing (Jones and Riley, 2005). The
abundance of these transcripts is a curious observation, but
further work is needed to determine whether their rela-
tively high abundance is a general phenomenon for resting
venom glands, or whether they are simply a reflection of
the physiology or health of the specific scorpions used for
this study.

4.2. Decommissioned toxins

Research on scorpion venoms has revealed an extensive
occurrence of toxin paralogs (Valdez-Cruz et al., 2004;
Strugatsky et al., 2005; Zhijian et al., 2006). This phenom-
enon is explained by a model whereby progenitor toxin
genes were duplicated multiple times followed by strong
positive selection (Zhu et al., 2004a). While this might
explain the path of birth of new toxins, there is very little
evidence as to the path of toxin “death”. Li and co-workers

Fig. 6. Loss of 30 coding sequence and UTR in k-BUTX-Hj1b. Nucleic acid alignment of transcripts encoding k-BUTX-Hj1a and k-BUTX-Hj1c with transcripts
encoding aKTx8.2 from Mesobuthus martensii and Tx203 from Buthus occitanus israelis. Although the mature toxin region of k-BUTX-Hj1c is identical to that of k-
BUTX-Hj1a, the k-BUTX-Hj1c transcript lacks most of exon 1, which encodes most of the signal peptide, thus preventing translation. The arrows indicate the start
points of the 30 UTR and exons 1 and 2.
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(Li et al., 2005) studied toxin “death” in the degenerating
venom secreting system of a snake that gradually shifted its
diet from fish to fish eggs. They suggested that the observed
truncation of a three-finger toxin (a major component in
the venom of sea snakes (Fry et al., 2003)) which led to
elimination of this toxin activity from the venom resulted
from a loss of selection pressure caused by the dietary
switch. However, loss of selection pressure can occur even
in a functional venom gland. Differences in prey and
geographical location (Daltry et al., 1996; Barlow et al.,
2009; Casewell et al., 2009) are likely to lead to different
selection pressures (or lack thereof) on different toxins in
the venom. Some toxins may lose selection pressure as
a result of such changes, allowing the accumulation of
deleterious mutations that would have otherwise been
purified.

The same thing may occur during gene duplication
(Sollod et al., 2005; Zhijian et al., 2006). When a duplicated
toxin gene suffers deleterious mutations, it can be either
purified if it affects the fitness of the scorpion, or if it has
lost selection pressure it can continue to accumulate
mutations over time. Some of these toxin transcripts may
maintain an ORF yet undergo a series of mutations leading
to loss of function due to changes in either the composition
of the sequence or through additions and deletions of the
sequence; these toxins are referred to as “disabled toxins”.

Other sequences, known as “expressed pseudogenes”,
may be transcribed into mRNA that cannot be translated
due to loss of an ORF or other translation and processing
signals. Expressed pseudogenes constitute a higher degree
of toxin “decommissioning” than disabled toxins since
disabled toxins may still appear in the venom even though
they might not contribute to its activity. In this study we
presented three examples of transcripts encoding decom-
missioned toxins. Two of these appear to be pseudogenes
as they contain no ORF due to the presence of a premature
stop codon or the loss of start signal. This phenomenon is
not unique to our library; several similar sequences have
been presented in previous studies (Fazal et al., 1989;
Martin-Eauclaire et al., 2005), although their anomalous
features were not further elaborated. These pseudogenes
and disabled toxins may provide a “snapshot” of the
process of toxin death, and this may explain the presence of
such transcripts in venom gland cDNA libraries. Moreover,
identification of toxin clades that are rich or poor with such
sequences may provide “smoking gun” evidence of the
pathway of toxin evolution (Fleishman et al., 2003).

5. Conclusions

We have presented here, for the first time, the tran-
scriptome of a replete scorpion venom gland. The tran-
scriptional profile of the replete venom gland is uniquely
different from previously described transcriptomes from
regenerating scorpion venom glands. Surprisingly, the
replete venom gland maintains a low level of toxin tran-
scription that is presumably designed to facilitate a low
level of toxin production, transport, and storage. Our results
indicate that analysis of scorpion venom gland tran-
scriptomes before and during the process of venom
regeneration should provide important insights into the

mechanism and dynamics of toxin transcription. Moreover,
the identification of pseudogenes and deactivated toxins in
these transcriptomes may provide a snapshot of the
process of toxin decommissioning and death during scor-
pion venom evolution.
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