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well understood. Here, we performed a transcriptome analysis of the venom glands from
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two scorpion species, Chaerilus tricostatus and Chaerilus tryznai. Fourteen types of venom
peptides were discovered from two species, 10 of which were shared by both C. tricostatus
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and C. tryznai. Notably, the venom components of Chaerilidae were also found to contain

Scorpion venom arsenal

four toxin types (NaTx, β-KTx, Scamp and bpp-like peptides), previously considered to be

Transcriptome analysis

specific to Buthidae. Moreover, cytolytic peptides were the most abundant toxin type in

Molecular diversity

C. tricostatus, C. tryznai and the family Euscorpiidae. Furthermore, 39 and 35 novel atypical

Molecular recruitment

venom molecules were identified from C. tricostatus and C. tryznai, respectively. Finally, the

Peptidome evolution

evolutionary analysis showed that the NaTx, β-KTx, and bpp-like toxin types were recruited
into the venom before the lineage split between Buthidae and non-Buthidae families. This
study provides an integrated understanding of the venom components of the scorpion family
Chaerilidae. The family Chaerilidae has a specific venom arsenal that is intermediate between
Buthidae and non-Buthidae, which suggests the dynamic evolution of scorpion venom components from Buthidae to non-Buthidae species.
Biological Significance
This work gave a first overview of the venom components of Chaerilidae scorpions, and
discovered large numbers of new toxin molecules, which significantly enriches the molecular
diversity of scorpion venom peptides/proteins components. Based on phylogenetic analysis
we speculated that the NaTx, β-KTx and bpp-like toxin type genes were recruited into venom
before the lineage split between Buthidae and non-Buthidae. By Comparing the toxin types
and abundance of the Buthidae, Chaerilidae and non-Buthidae families, we found that
the family Chaerilidae has a specific venom arsenal that is intermediate Buthidae and
non-Buthidae, which suggests the dynamic evolution of scorpion venom components from
Buthidae to non-Buthidae species.
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Introduction

Scorpions are among the most ancient animals on Earth.
Scorpions use their venom glands for defense and immobilizing
prey, which has been important for their successful survival for
more than 400 million years [1]. Scorpion venom contains a large
variety of biologically active components that could potentially
be a rich source for drug design and development [2]. It has been
assumed that approximately hundreds of thousands of distinct
polypeptides are present in the approximately 2000 known
scorpion species in the world [3]. However, only approximately
1% of these polypeptides are currently known, and the remaining
part has an important potential for research and development.
Proteomic and transcriptomic approaches can be used to
profile the venom toxin composition and discover that the
general compositions of scorpion venoms vary among different
families, genera, species and individuals [4–7]. Previously, most
studies focused on the venoms of the family Buthidae due to
their medical importance. However, the toxin types and abundances from non-Buthidae families are distinct from those of the
Buthidae family. Recently, increased attention has been paid to
the non-Buthidae families because several classes of venom
peptides and proteins from non-Buthidae scorpions were shown
to possess unique primary sequences and biological activities
[8–10].
Transcriptome analysis of the venom gland is a powerful
approach in obtaining large novel toxin molecules and can
provide insight into the venom components of a scorpion
species [11]. Comparative venom gland transcriptome analysis
was used to reveal the intraspecific diversity of venom components [7]. Furthermore, some recent investigations comparing the venom gland transcriptome of different scorpion
families and an evolutionary analysis of toxin sequences have
provided insight into the evolution of the scorpion venom
arsenal [12]. However, the evolutionary clues of some toxin
types are not clearly understood because of the absence of
transcriptomic data on different scorpion lineages, particularly
non-Buthidae scorpions.
The extant scorpions can be phylogenetically divided into
13 families based on a cladistic morphological analysis [13,14].
The family Chaerilidae which distributes in the South and
Southeast of Asia is phylogenetically and morphologically
differentiated from the family Buthidae. The developmental
processes of Chaerilidae scorpions have been reported to be
more similar to those of Buthidae than those of non-Buthidae
scorpions [15]. Whether the venom components of Chaerilidae
scorpions tend to be similar to those of Buthidae or nonButhidae scorpions is worthy of investigation. However, nothing
is currently known regarding Chaerilidae venom components.
In this study, an EST approach was used to review the venom
gland transcriptome of two Chaerilidae scorpions, Chaerilus
tricostatus and Chaerilus tryznai. We identified a total of 14 known
toxin types in the venom of these two scorpion species, 10
of which were shared by both species. Additionally, 39 and 35
atypical toxin molecules were discovered from C. tricostatus and
C. tryznai, respectively. This study provides the first profile of
the venom components from the family Chaerilidae. A comparison of the venom components from the Buthidae and
non-Buthidae families showed that Chaerilidae has a specific

venom arsenal that is intermediate between the Buthidae and
non-Buthidae families. A phylogenetic analysis suggested that
three toxins, NaTx, β-KTx and bpp-like peptides, were recruited
into the venom before the lineage split between Buthidae and
non-Buthidae (except for Pseudochactidae). Our study reveals
the evolutionary track of the scorpion venom arsenal from the
Buthidae to non-Buthidae families.

2.

Materials and methods

2.1.

cDNA library construction

Eight specimens of C. tricostatus were collected from Motuo
County, Tibet, and 14 specimens of C. tryznai were collected from
Bomi County, Tibet. The scorpion venom glands were extracted
by electrical stimulation 2 days before RNA isolation [16]. Total
RNA was extracted with TRIZOL Reagent (Invitrogen, Carlsbad,
CA, USA), and then a FastTrack 2.0 mRNA Isolation Kit
(Invitrogen) was used to purify the mRNA. The cDNA libraries
were constructed from 0.1 μg of mRNA using a Creator SMART
cDNA Library Construction Kit (Clontech Laboratories, Palo Alto,
CA). The cDNA inserts were digested by restriction enzymes SfiIA
and SfiIB and were then directionally cloned into the plasmids
pDNR-LIB. The recombinant plasmids were transformed into
electrocompetent Escherichia coli DH5α (Invitrogen).

2.2.

Sequencing

The two cDNA libraries from the venom glands of the
Chaerilidae scorpions C. tricostatus and C. tryznai were plated
onto a Luria Broth (LB) culture medium containing 30 μg/ml
of chloramphenicol and then cultured overnight. Random
colonies were selected to obtain an unbiased overview of the
venom gland transcriptome. The plasmid DNA was then
isolated using the alkaline lysis method after the overnight
culture. The purified plasmids were single-pass sequenced on
ABI 3730 automated sequencers (Applied Biosystems, Foster
City, CA, USA).

2.3.

Bioinformatics analysis

The trace files of sequenced clones were subjected to the Phred
program, in which the cutoff Phred score was established at 40
[17]. High-quality sequences were processed on the EGassembler
website, http://egassembler.hgc.jp/, with the default parameters
[18]. Adaptor and vector sequences were removed using Cross_
Match software. We discarded sequences shorter than 100 bp
after removing the PolyA tail. The obtained sequences were
deposited into the dbEST and assembled into clusters using the
program CAP3.
Each cluster was annotated by searching for it against the
SWISS-PROT (http://www.expasy.org/tools/blast/) and GenBank
NCBI (http://www.ncbi.nlm.nih.gov/blast) databases using BLAST
algorithms with an e-value cut-off established at <e−4. After the
BLAST search, the unmatched clusters were further identified for
open reading frames using the ORF Finder (http://www.ncbi.nlm.
nih.gov/projects/gorf/). Considering the diversity of scorpion
toxins, clusters putatively encoding venom peptides were
re-examined manually to determine the individual different
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The sequences used for the alignment and phylogenic
analyses were retrieved from the SWISS-PROT database
(http://www.expasy.org/tools/blast/). The sequence alignment
was performed using Clustal_X 1.83 software, manually
adjusted [20] and then viewed using Jalview software [21].
The phylogenic analysis was performed using the neighbor
joining method implemented in MEGA5 [22]. In the process of
tree construction, the poisson method was used as substitution model. The reliability of the neighbor-joining tree was
estimated by bootstrap analysis with 1000 replicate data sets,
and the bootstrap values supporting each cluster were shown
at the nodes.

expected value of <e−4 for confident homologue detection. In
total, 105 clusters (578 ESTs) from C. tricostatus and 102 clusters
(375 ESTs) from C. tryznai are homologous with the existing
peptides or proteins, whereas 137 additional clusters (306 ESTs)
from C. tricostatus and 111 clusters (237 ESTs) from C. tryznai
show no homology (Table 1). Among the matched sequences, 82
clusters (544 ESTs) from C. tricostatus and 71 clusters (331 ESTs)
from C. tryznai were found to be secretory peptides and proteins.
For the non-matched sequences, the longest ORFs were
generally predicted and screened for possible signal peptides.
We then observed 39 clusters (196 ESTs) from C. tricostatus and
39 clusters (111 ESTs) from C. tryznai that were thought to
possess a signal peptide. These clusters were considered to
be completely new toxins that had not been discovered in
other scorpion lineages. In addition, 45 clusters (47 ESTs) from
C. tricostatus and 31 clusters (31 ESTs) from C. tryznai do not have
ORFs. The distribution of the ESTs from these two scorpions is
depicted in Fig. 1.

3.

Results

3.3.
Molecular characterization of toxins from Chaerilidae
venom

3.1.

EST sequencing and clustering

isoforms. All clusters were reviewed for the presence of signal
peptides using the SignalP 3.0 program (http://www.cbs.dtu.dk/
services/SignalP/) [19].

2.4.

Alignment and phylogenic analyses

The C. tricostatus cDNA library had a 3.5 × 106 cfu/ml titer with
more than 97% recombination efficiency, and the C. tryznai
cDNA library had a 1.2 × 106 cfu/ml titer with more than 95%
recombination efficiency. Neither library was amplified; therefore, their clone number rates for different toxin types reflect
the actual abundance of transcripts in the original biological
samples [23,24]. After random sequencing, 900 (C. tricostatus)
and 650 (C. tryznai) electropherograms were submitted to a
bioinformatics analysis to remove the vector and poor-quality
sequences. We then obtained 884 high-quality ESTs from the
C. tricostatus venom gland cDNA library and 612 high-quality ESTs
from the C. tryznai venom gland cDNA library. After processing
using the EGassembler online bioinformatics service [18], the 884
ESTs from C. tricostatus formed 242 clusters of unique sequences,
including 162 singletons and 80 contigs consisting of two or
more ESTs, whereas the 612 ESTs from C. tryznai were assembled
as 114 singletons and 72 contigs.

The two venom gland cDNA libraries share 10 known toxin
types, and each library contains two known toxin types alone.
The molecules of the known toxin types are encoded by 425
ESTs (56 clusters) in C. tricostatus and 249 ESTs (56 clusters)
in C. tryznai. They account for approximately 46% of the
C. tricostatus venom gland transcripts and 40% of the C. tryznai
venom gland transcripts (Fig. 1). The majority are new toxin
molecules identified by this initial investigation of Chaerilidae
venoms.
Except for these known toxin types, several clusters
encoding novel venom peptide types were also obtained and
were classified as atypical possible toxins. We obtained 39
atypical possible toxin molecules from C. tricostatus and 35
from C. tryznai. The toxin molecules are encoded by 276 ESTs
in C. tricostatus and 169 ESTs in C. tryznai, and each accounts
for 32% (C. tricostatus) and 33% (C. tryznai) of the venom gland
transcripts. The rates of atypical possible toxin in C. tricostatus
and C. tryznai are larger than those in any other scorpion
species investigated.

3.2.

3.3.1.

Similarity searches and EST annotation

To functionally classify these unique sequences, we compared
the consensual cluster sequences against the SWISS-PROT
and GenBank NCBI databases using BLAST algorithms with an

NaTx (toxins specific for sodium channels)

NaTx are 6500–8500 Da (58–76 residues) polypeptides packed
by 3 or 4 disulfide bridges, and they share a common structure
called the CSαβ-motif, in which two disulfide bridges covalently link a segment of the α-helix with one strand of the

Table 1 – Distribution of 242 clusters from the venom gland transcriptome of C. tricostatus and 213 clusters from C. tryznai.
Category

Matching sequences
Similar to venom peptide transcripts
Not similar to venom peptide
transcripts
Non-matching sequences
Total

Chaerilus tricostatus
Secretory
(clusters/
ESTs)

Non-secretory
(clusters/
ESTs)

77 (526)
5 (18)

23 (34)

39 (196)
121 (740)

53 (63)
76 (97)

Chaerilus tryznai
Non ORF
(clusters/
ESTs)

45 (47)
45 (47)

Secretory
(clusters/
ESTs)

Non-secretory
(clusters/
ESTs)

67 (326)
4 (5)

31 (44)

39 (111)
110 (442)

41 (95)
72 (139)

Non ORF
(clusters/
ESTs)

31 (31)
31 (31)
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Fig. 1 – Relative proportion of each category of transcripts from the venom glands of C. tricostatus and C. tryznai. (A) Relative
proportion of each category of the 884 transcripts from the venom gland of C. tricostatus. (B) Relative proportion of each category
of the 612 transcripts from the venom gland of C. tryznai. The “known toxin types” include transcripts that encode for NaTx,
α-KTx, β-KTx, LVPs, cytolytic peptides, scamp, bpp-like peptides, anionic peptides, glycine-rich peptides, lysozymes, SPSV,
La1-like peptides, 8C-toxin and TIL peptides. The “atypical toxin types” contain transcripts encoding for small peptides that do
not currently match with known sequences and have a single peptide, which is a sign of a secretory protein. The “cellular
processes” include transcripts that encode for proteins involved in cellular processes. The “unknown function” includes
transcripts that are similar to previously described sequences with no functional assessment. “No match” includes the ESTs
that do not match with currently known sequences in the NCBI database. “No ORF” includes the ESTs with non-identified open
reading frames.

β-sheet structure [25]. NaTx are widely characterized in
Buthidae scorpions, but only one peptide, phaiodotoxin, has
been discovered in the non-Buthidae scorpion Anuroctonus
phaiodactylus (Iuridae) [26]. One putative NaTx transcript
(Ctricontig80) was obtained from the venom gland cDNA
library of C. tricostatus (Fig. 2A). This transcript is encoded by 1
cluster (1 contig, 3 ESTs) and has a 40% identity to BmKα1 from
the scorpion Mesobuthus martensii [27]. Ctricontig80 has an 85
amino acid residue precursor with a single peptide of 23
amino acid residues packed by three pairs of disulfide bridges.
A neighbor joining method was used to analyze the NaTx
sequences and construct a NaTx evolutionary tree to further
investigate the evolutionary track of NaTx in the scorpion
lineages. The phylogenetic tree was rooted using a plant
defensin as the outgroup because scorpion neurotoxins are
paralogous genes of defensins [28,29]. Ctricontig80 is clustered
in the clade with the 3-disulfide-bridge toxin Birtoxin [30]. We
observed that the NaTx from Buthidae and non-Buthidae
scorpions diverged from a common progenitor that was
similar to Mesotoxin, which was reported to be a possible
progenitor sodium channel toxin isolated from the scorpion
M. martensii [31] (Fig. 2B). Therefore, NaTx were recruited into

the venom before the lineage split between buthids and
chaerilids, which imply that NaTx is an old toxin in scorpion
venom.

3.3.2. α-KTx (α subfamily of toxins specific for potassium
channels)
α-KTx is the most commonly observed toxin in all currently
studied scorpions [32]. α-KTx typically possesses 25 to 45
amino acid residues and is reticulated by three or four
disulfide bridges [33]. Six clusters (1 contig and 5 singletons,
21 ESTs) from the venom gland cDNA library of C. tricostatus
and 5 clusters (2 contigs and 3 singletons, 15 ESTs) from
C. tryznai are encoded for α-KTx (Supplementary Fig. S1).
All of these toxins have 3 disulfide bridges and are new
α-KTx members because they possess less than 50% identity
to their homologous proteins. The transcript Ctricontig12
from C. tricostatus is identical to the transcript Ctrycontig68
from C. tryznai, as well as to Ctricontig46 (from C. tricostatus) and
Ctrysingleton2908 (from C. tryznai). It is noteworthy that
Ctrycontig54 and Ctrysingleton3182 are completely new toxin
molecules that show no homology after the BLAST searches.
According to the sequence similarity and disulfide bridge
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Fig. 2 – Sequence alignment and evolution analyses of NaTxs from the Chaerilidae venom. (A) Sequence alignment of NaTxs
from the venom gland of C. tricostatus. Ctri is the cluster from C. tricostatus. P58752 is birtoxin from the scorpion P. transvaalicus,
Q5MJPG is phaiodotoxin from the scorpion A. phaiodactylus, Q9GYX2 is BmKα1 and ABJ09780 is a sodium channel toxin,
both from the scorpion M. martensii. (B) Phylogenetic analysis of NaTx from scorpion venom. A plant defensin-like protein is
used to root the phylogenetic tree.

pattern, α-KTx is divided into several subfamilies. Using an
analysis identical to one that was previously reported [34,35],
the majority of the transcripts belong to the α-KTx15
subfamily, including Ctricontig12, Ctricontig18, Ctricontig19,
and Ctrisingleton9577 from C. tricostatus and Ctrycontig68,
and Ctrysingleton2654 from C. tryznai. Transcript Ctricontig29
belongs to the α-KTx23 subfamily. The remaining 4 transcripts
at least form 2 new α-KTx subfamilies.

3.3.3. β-KTx (β subfamily of toxins specific for potassium
channels)
β-KTxs were once called the “orphan peptides” because of
the poor knowledge of their functions [36]. These long-chain
toxins have 59–75 amino acid residues stabilized by three
disulfide bridges. A putative α-helical N-terminus and a Cys-rich
C-terminus with the consensus signature of a CSαβ-motif are the
characteristics of this toxin [37]. β-KTx has been demonstrated to
possess cytolytic, antimicrobial and K+ channel-blocking activities [38]. We obtained 3 clusters (2 contigs and 1 singleton, 54
ESTs) encoding β-KTxs from the venom gland cDNA library of
C. tricostatus and 3 clusters (2 contigs and 1 singleton, 50 ESTs)
from the venom gland cDNA library of C. tryznai (Fig. 3A). Based on
an analysis similar to one previously described [35], Ctrycontig44,
Ctrysingleton2350, Ctricontig27 and Ctrisingleton9164 belong to
the β-KTx1 group, whereas Ctrycontig51 and Ctricontig13 are

new members of the β-KTx2 group. It is noteworthy that the
transcript Ctrycontig51 from C. tricostatus has a sequence that is
identical to the Ctrycontig13 transcript from C. tryznai.
β-KTxs are almost exclusively identified from Buthidae
scorpions, whereas their homolog scorpine-like peptides are
exclusively discovered from non-Buthidae scorpions [9,39].
We only observed β-KTx, rather than scorpine-like peptides,
in the Chaerilidae venoms. The data imply that Buthidae may
have a closer genetic relationship with Chaerilidae compared
to other non-Buthidae families. Additionally, a phylogenetic
analysis showed that β-KTx from Buthidae and non-Buthidae
scorpions (except for Pseudochactidae) diverged from a
common progenitor (Fig. 3B), which indicates that β-KTx was
recruited into the venom before the lineage split between the
buthids and chaerilids.

3.3.4.

Cytolytic peptide

The cytolytic peptide precursors consist of a signal peptide,
mature peptide and C-terminal propeptide with a typical
processing signal (Gly-Lys-Arg) [40]. The first cytolytic peptide,
IsCT, was isolated from the venom of the scorpion Opisthacanthus
madagascariensis [41]. Cytolytic peptides have been demonstrated
to possess antimicrobial and hemolytic activities [42,43]. We
observed 22 clusters (14 contigs and 8 singletons, 132 EST)
encoding the cytolytic peptide precursors in the venom gland
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Fig. 3 – Sequence alignment and evolution analyses of β-KTxs from scorpion venom. (A) Sequence alignment of β-KTxs. Ctris
are the clusters from C. tricostatus, and Ctrys are the clusters from C. tryznai. Q0GY45 is the potassium channel toxin TtrKIK
from the scorpion T. trivittatus. D9U2A7 is β-KTx7 from the scorpion L. mucronatus. (B) Phylogenetic analysis of β-KTxs from
scorpion venoms. An insect defensin is used to root the phylogenetic tree.

transcriptome of C. tricostatus and 27 clusters (17 contigs and 10
singletons, 115 ESTs) in the venom gland transcriptome of
C. tryznai (Fig. 4A). Notably, we discovered that 9 clusters in
C. tryznai and 6 clusters in C. tricostatus had more than one typical
processing signal (Gly-Lys-Arg) (Fig. 4B). These transcripts may
generate alternative processing at the protein level, which
possibly contributes to the diversity of the cytolytic peptides
in these two scorpion species. The cytolytic peptides were
most often observed in non-Buthidae scorpions and had a low
abundance in the venom gland transcriptome of Buthidae
scorpions [10]. The cytolytic peptides account for 14% of the
C. tricostatus transcripts and 18% of the C. tryznai transcripts,
which are the highest abundances in the venom gland
transcriptomes of the two Chaerilidae scorpions. Such results
were also observed in the Euscorpiidae scorpion Scorpiops jendeki
and Scorpionidae scorpion Heterometrus petersii [9,10]. These data
possibly suggest that the non-Buthidae families (except for
Pseudochactidae) have a closer genetic relationship with
Chaerilidae than with Buthidae.

3.3.5.

Scamp (short cationic antimicrobial peptides)

Previously, scamp were only characterized in the venom of
the family Buthidae. Scamp are short peptides possessing a
conserved proline in the seventh amino acid residue and a

lysine in the C-terminal region of the mature peptide [44],
and they belong to the family of cationic host defense peptides
[45]. We discovered 8 clusters (7 contigs and 1 singleton, 89
ESTs) encoding scamp precursors from the venom gland cDNA
library of C. tricostatus and 6 clusters (2 contigs and 4 singletons,
15 ESTs) from C. tryznai (Fig. 5A). The two scorpion species
C. tricostatus and C. tryznai have some highly homologous
scamp transcripts. Ctricontig75 from C. tricostatus is identical
to Ctrysingleton3170 from C. tryznai. Ctricontig5 and Ctricontig4
from C. tricostatus are only a few amino acid residues different
from Ctrysingleton2008 and Ctrycontig39 in C. tryznai. These
data are the first report of scamp in non-Buthidae scorpions.
We can see that scamp from chaerilids and buthids were
clustered into an individual clade by phylogenetic analysis
(Fig. 5B). There are two possible explanations for this result. One
is that scamp genes may be recruited into the Chaerilidae and
Buthidae families, respectively. The other is that the scamp
genes had been recruited into venom before the lineage split
between Buthidae and Chaerilidae, but lost in other nonButhidae families. The discovery of scamp, which was previously thought to be specific to buthids, in Chaerilidae venom
also indicates that the venom components of chaerilids are
more similar to those of buthids, suggesting a closer genetic
relationship between Buthidae and Chaerilidae.
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Fig. 4 – Molecular characterization of the cytolytic peptides from the venom glands of C. tricostatus and C. tryznai. (A) Sequence
alignments of the cytolytic peptides. Ctris are the clusters from C. tricostatus, and Ctrys are the clusters from C. tryznai. Q9GQW4
and Q6JQN2 are BmKn1 and BmKn2, respectively, from the scorpion M. martensii. (B) Alternative protein processing signals
(Gly-Lys-Arg) of the cytolytic peptides.

3.3.6.

Bpp-like (bradykinin-potentiating peptide like) peptide

Until recently, bpp-like peptides were only observed in
the venom of Buthidae scorpions, except for the family
Caraboctonidae [46]. The primary structure of the scorpion
bpp-like peptide has a putative N-terminus antimicrobial
region and a putative bradykinin-potentiating C-terminus
region. Therefore, bpp-like peptides were inferred to have
bradykinin-potentiating peptide and antimicrobial activities.
The BmKbpp (identified from M. martensii) was also shown to
be a multifunctional peptide with antimicrobial, immune-

regulatory and bradykinin-potentiating activities [47]. Two
clusters (1 contig and 1 singleton, 33 ESTs) and 1 cluster
(1 contig, 12 ESTs) encoding bpp-like peptides were observed in
the venom gland cDNA libraries of C. tricostatus and C. tryznai,
respectively (Fig. 6A). According to a sequence alignment
analysis, the bpp-like peptides of two Chaerilidae scorpions
(Ctricontig73 and Ctrycontig23) are highly homologous (>90%)
but have low similarities to the bpp-like members of Buthidae
scorpions (<50%). Bpp-like peptides from buthids possess an
extra Arg-Arg-Arg tail at the C-terminal end of the precursor,
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Fig. 5 – Sequence alignment and evolution analyses of scamp from the Chaerilidae venoms. (A) Sequence alignments of the
scamp. Ctris are the clusters from C. tricostatus, and Ctrys are the clusters from C. tryznai. Q718F4 is BmKb1 and Q2M591 is
BmKb2, both from the scorpion M. martensii. (B) Phylogenetic analysis of the scamp. ABY26705, GT029142, GT028857 and
GT028840 are all from the scorpion L. mucronatus.

which must be removed in the processing step [48]. However,
this tail does not appear in the bpp-like peptides from
Chaerilidae venom. A phylogenetic analysis showed that a
common progenitor of bpp-like peptides diverged into two
individual clades: Caraboctonidae- bpp-like peptides and
Chaerilidae- and Buthidae-bpp-like peptides (Fig. 6B). The
bpp-like genes were then independently duplicated in buthids
and chaerilids, which resulted in the various bpp-like genes in
buthids and chaerilids, whereas the Caraboctonidae bpp-like
gene had few duplications.

3.3.7.

C. tricostatus than in C. tryznai, too. Therefore, the anionic peptides
from the two Chaerilidae scorpions had an identically abundant
pattern to scamp. Anionic peptides are acidic venom peptides
while scamp are alkaline venom peptides. We speculate that,
because of the high expression of scamp in C. tricostatus, the
anionic peptides in C. tricostatus have to highly express for
balancing the pH value of scorpion venom liquid, considering
that the abundances of the other toxin types were similar
between C. tricostatus and C. tryznai. So these data may provide
additional evidence that anionic peptides play an important role
in balancing the pH value of scorpion venom liquid.

Anionic peptide

An anionic peptide is a type of acidic venom peptide that is rich in
aspartate and glutamate [9] and was previously observed in both
the Buthidae and non-Buthidae families [7,9,49]; acidic venom
peptides have been speculated to play an important role in
balancing the pH value of scorpion venom liquid [7]. We observed
2 contigs encoding anionic peptides from the venom gland cDNA
libraries of C. tricostatus and C. tryznai (Supplementary Fig. S2).
However, the abundance of these toxins was different between
the two Chaerilidae scorpions. The anionic peptides have higher
expression in C.tricostatus (71 ESTs) than in C. tryznai (13 ESTs).
Coincidentally, the abundance of scamp was much higher in

3.3.8.

LVPs (lipolysis activating peptides)

LVPs are long-chain toxins with 7 cysteines packed by an
interchain disulfide bridge, and they possess the ability to
activate lipolysis [50]. Two clusters (2 contigs, 14 ESTs) that
encode LVPs were characterized from the venom gland cDNA
library of C. tryznai (Supplementary Fig. S3). The sequence
alignments are slightly different between the primary sequence
structures of the LVPs from chaerilids and buthids. The LVPs
from C. tryznai have a long N-terminus, whereas the LVPs from
buthids have a long C-terminus. Considering that LVPs are
highly homologous with NaTx and there is a close genetic link
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Fig. 6 – Sequence alignment and evolution analyses of bpp-like peptides from Chaerilidae venom. (A) Sequence alignments of
the bpp-like peptides. Ctris are the clusters from C. tricostatus, and Ctry is the cluster from C. tryznai. Q9Y0X4 is BmKbpp from
the scorpion M. martensii, and P0C8L3 is the bpp-like peptide from the scorpion H. gertschi. (B) Phylogenetic analysis of the
bpp-like peptides. A snake bpp Q7T1M3 is used to root the phylogenetic tree.

between LVPs and NaTx [51], the discovery of LVPs in
Chaerilidae venom also confirmed the existence of NaTxs in
chaerilids.

3.3.9.

Other known toxin types

In addition to the toxin types described above, six toxin types
with low abundance were characterized from the venom
glands of the two Chaerilidae scorpions, including Lal-like
peptides, glycine-rich peptides, serine proteases from scorpion venom (SPSV), lysozymes, 8C-toxin and trypsin inhibitor
like (TIL) peptides. We observed 1 singleton encoding La1-like
peptide from the venom gland cDNA libraries of C. tricostatus
and C. tryznai (Supplementary Fig. S4). This toxin is widely
spread in Buthidae and non-Buthidae scorpions. This toxin was
initially observed from the venom of the scorpion Liocheles
australasiae [8], and its biological function was unknown until
recently. Glycine-rich peptide is a glycine predominant peptide
that was initially characterized from scorpion venom by our
group [7]. In this study, we obtained 6 clusters (2 contigs and 4
singletons, 11 ESTs) encoding for glycine-rich peptides from
C. tricostatus and 2 clusters (1 contig and 1 singleton, 4 ESTs)
from C. tryznai (Supplementary Fig. S5). Additionally, 2 clusters
(2 singletons, 2 ESTs) from C. tricostatus and 4 clusters (2 contigs
and 2 singletons, 7 ESTs) from C. tryznai are encoded for SPSVs.
SPSVs are thought to participate in the post-translational processing of venom peptides and to increase tissue permeability
to facilitate the spread of other toxins [52]. SPSVs have been
reported to be a highly expressed in the venom gland
of the euscorpiid scorpion S. jendeki [9]. Furthermore, 2 clusters
(2 contigs, 4 ESTs) encoding for lysozymes were discovered in
C. tricostatus, and 2 clusters (2 singletons, 2 ESTs) were discovered
in C. tryznai (Supplementary Fig. S6). Lysozymes have been found

in the venom of Tityus stigmurus and S. jendeki [4,9]. 8C-toxin is
a new toxin-like peptide that is well packed by 4 disulfide
bridges and was initially identified by our group [7]. 8C-toxin
shares a similar Cys pattern to the spider toxin μ-2Aaga_15 [53]
(Supplementary Fig. S7). One cluster (1 contigs, 4 ESTs) in
C. tricostatus is encoded for 8C-toxin. Finally, one transcript
encoding TIL peptide was discovered in the venom gland of
C. tryznai. TIL peptides were previously isolated from buthids
and non-buthids [9,54]. Although TIL peptides in the venom of
mosquitoes possess antimicrobial or serine protease inhibitory
activities [55,56], the biological function of this toxin type in
scorpion venom remains to be resolved in future studies.

3.3.10. Atypical possible toxin types
A few atypical toxin were characterized from the two venom
gland libraries of C. tricostatus and C. tryznai according to their
low molecular weights, high expression levels, appearance in
both scorpion species and signal peptides. Because of the
wide diversity of scorpion venoms, it is common to observe
some atypical possible toxins in the transcriptome of the
venom gland. The functions of these toxin molecules are
noteworthy because they are a potential resource for molecular design and drug development.
Thirty-nine atypical possible toxin molecules in C. tricostatus
and 35 in C. tryznai were obtained (Supplementary Tables S1–S2).
Among all of the atypical possible toxin molecules, two are
noteworthy for their high expression in both C. tricostatus and
C. tryznai. Clusters Ctricontig58 (17ESTs) and Ctricontig74
(14ESTs) in C. tricostatus and Ctrycontig5 (2ESTs) in C. tryznai
encode for a novel toxin (Chaertoxin1) (Fig. 7A). The other
novel venom peptide (Chaertoxin2) identified is encoded by 3
clusters (2 contigs and 1 singleton, 15 ESTs) in C. tricostatus and 3
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Fig. 7 – Molecular characterization of two atypical toxin types from Chaerilidae venoms. (A) Sequence alignment of
Chaertoxin1. (B) Sequence alignment of Chaertoxin2. Ctris are the clusters from C. tricostatus, and Ctrys are the clusters from
C. tryznai. (C) Disulfide bridge assignments of α-KTx, CaTx, Chaertoxin1 and Chaertoxin2. “C” represents cysteines, and “X”
represents random amino acids.

clusters (2 contigs and 1 singleton, 5 ESTs) in C. tryznai (Fig. 7B).
Both Chaertoxin1 and Chaertoxin2 are short-chain toxins with
3 disulfide bridges, but they display a unique assignment of
disulfide bridges (− C-C-CC-C-C and -C-CX(8)CC-C-C) (Fig. 7C).
Their unique pattern of disulfide bridges is completely
different from those of α-KTx (− C-CXXXC-C-CXC-) and CaTx
(−C-CX(5)CC-C-C-), which are also short-chain toxins with 3
disulfide bridges. The sequence alignment among Chaertoxin1,
Chaertoxin2 and CaTx is shown in Supplementary Fig. S8.
These novel toxins have no homolog in the public database, and
their biological functions remain to be explored.

4.

Discussion

Scorpion venoms are complex mixtures of hundreds of
thousands of distinct peptides and proteins that offer a
tremendous resource for drug design and development.
Recent studies have used transcriptome or proteome approaches to explore the complexity of venom components
[11,57]. Currently, 24 known types of venom peptides and
proteins have been identified by analyzing the venom gland
transcriptome. In this study, we discovered a total of 14
known toxin types from the venom glands of Chaerilidae
scorpions, C. tricostatus and C. tryznai, including NaTx, α-KTx,
β-KTx, LVPs, cytolytic peptides, scamp, bpp-like peptides,
anionic peptides, glycine-rich peptides, lysozymes, SPSVs,
La1-like peptides, 8C-toxin and TIL peptides. Among these
toxin types, 10 are present in both C. tricostatus and C. tryznai,
whereas each scorpion species has two known toxin types

alone (NaTx and 8C-toxin for C. tricostatus and LVPs and
TIL peptides for C. tryznai) (Fig. 1). The absent toxin types
contain κ-KTx, CaTx, ClTx, ponericin-like peptides, opistoporinlike peptides, salivary proteins, PLA2, diuretic peptides,
metalloproteases and acid phosphatase. In addition, we also
observed 39 atypical toxin molecules from the venom gland
transcriptome of C. tricostatus and 35 from C. tryznai. These
atypical toxin molecules may be exclusive toxin types that only
belong to the family Chaerilidae.
Among the 14 known toxin types from the two chaerilids,
the majority are common between the two scorpion species,
and their abundances are also similar. However, there
are some differences between the venom compositions
of the two scorpion species. NaTx and 8C-toxin are specific
to C. tricostatus, whereas LVP and TIL peptides are specific to
C. tryznai. The scamp and anionic peptides are highly expressed
in the venom gland of C. tricostatus, but the abundance in
C. tryznai venom is much lower. These results reflect the
diversity of scorpion venom compositions between different
species within a genus, which is consistent with a previous
report of several species of the genus Tityus [4].
Based on the previous and current data from the scorpion
venom gland transcriptomes, the toxin types and abundances
are largely different between the Buthidae and non-Buthidae
families [8]. It is common to observe NaTx, β-KTx, scamp and
bpp-like peptides in Buthidae venoms, whereas these four
toxin types are nearly absent in non-Buthidae venoms [12].
Moreover, the abundances of the toxins also differ between
Buthidae and non-Buthidae venoms. NaTx and KTx are highly
abundant in Buthidae venoms but cytolytic peptides seldom
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occur, whereas the most abundant toxin type in non-Buthidae
venoms is typically cytolytic peptides. It is notable that we
discovered four toxins (NaTx, β-KTx, scamp and bpp-like
peptides) that were specific to Buthidae from the venoms of
Chaerilidae scorpions. Comparing the toxin types of the
Buthidae, Chaerilidae and non-Buthidae families, we observed that the Chaerilidae toxin types are more similar to
those of Buthidae than to the others (Fig. 8A). However, we
compared the abundance of venom components from the two
Chaerilidae scorpions with data from the Buthidae scorpions
Tityus discrepans [58], Lychas mucronatus [7] and non-Buthidae
scorpions Hadrurus gertschi [46], H. petersii [10], and S. jendeki
[9]. The results indicate that Chaerilidae scorpions demonstrate high AMP expression but low neurotoxin expression
(Fig. 8B). Therefore, the venom components of Chaerilidae
scorpions not only contain the toxin types that were
previously observed exclusively in buthids but also contain
highly expressed toxin types previously characterized in
non-buthids. Chaerilidae appear to have a specific venom
arsenal that is intermediate between the Buthidae and
non-Buthidae families. All of these data imply that
Chaerilidae has a genetic relationship that is intermediate
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between Buthidae and non-Buthidae families, which is
consistent with a report that the developmental processes of
Chaerilidae were more similar to Buthidae than to
non-Buthidae scorpions [15].
A recent study by our group on the origin of scorpion toxin
genes suggested that toxin genes are recruited into the venom
arsenal in a manner similar to how they are recruited into
snake venoms [12,59,60]. Our previous study speculated about
the evolutionary clues of some toxins by comparing the
venom gland transcriptomic data of Buthidae with those of
Euscorpiidae. Because of the large genetic distance between
the toxin sequences from buthids and euscorpiids, the
recruitment timing of some toxin types currently remains
ambiguous. An investigation of the venom gland transcriptome
of chaerilids could provide a large number of new toxin
sequences that may be genetically close to those from buthids,
such as NaTx, β-KTx and bpp-like peptides. Based on phylogenetic analysis, we speculated that the NaTx, β-KTx and bpp-like
genes were recruited into venom before the lineage split
between Buthidae and non-Buthidae (Fig. 8C). After their
recruitment into the venom, these genes were largely duplicated in buthids but not in chaerilids [61,62]. The few toxin genes in

Fig. 8 – Molecular characters and dynamic evolution of the scorpion venom components from Buthidae to non-Buthidae.
(A) Comparison of toxin types of the Buthidae, Chaerilidae and non-Buthidae families. NaTx, β-KTx, scamp and bpp-like
peptides are specific to buthids and chaerilids, whereas cytolytic peptides are mostly observed in chaerilids and non-buthids.
α-KTx, La1-like peptides, anionic peptides, SPSV and lysozymes are shared by all families. (B) Comparison of the abundance of
venom components from Buthidae, Chaerilidae and non-Buthidae families. “Neurotoxins” include the transcripts encoding for
NaTx, KTx, ClTx and CaTx. “AMPs” represent the transcripts encoding for antimicrobial peptides, mainly including cytolytic
peptides, scamp, bpp-like peptides and anionic peptides. “Others” is the transcripts encoding for other known toxin types.
(C) Recruitment patterns of NaTx, β-KTx and bpp-like toxin types into the scorpion venom arsenal. The phylogenetic tree of
scorpions follows the results of Soleglad and Fet (2003) and was shown without branch length. NaTx, β-KTx and bpp-like
peptides were recruited into the venom before the lineage split between buthids and chaerilids.
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chaerilids may lose in other scorpion lineages, such as Iuridae,
Scorpionidae and Euscorpiidae. Therefore, the NaTx, β-KTx and
bpp-like peptides are extremely diverse in Buthidae venoms but
are nearly absent in other scorpion lineages.

5.

[6]

Conclusion

Using a transcriptome analysis of the venom glands of two
scorpions C. tricostatus and C. tryznai, we provide an overview
of Chaerilidae venom composition. In total, 14 known toxin
types were observed in the venoms of Chaerilidae scorpions,
which contain four toxin types (NaTx, β-KTx, bpp-like peptide
and scamp) that were previously believed to be specific to
buthids. In addition, 39 and 35 atypical toxin molecules
were discovered in C. tricostatus and C. tryznai, respectively. A
phylogenetic analysis indicated that NaTx, β-KTx and
bpp-like peptides were recruited into the venom before the
lineage split between Buthidae and non-Buthidae, except for
Pseudochactidae. In conclusion, Chaerilidae scorpions possess a specific venom arsenal that is intermediate between
the Buthidae and non-Buthidae families, which reveals the
dynamic evolution of scorpion venom components from
Buthidae to non-Buthidae.
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