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Proteotranscriptomic Analysis and Discovery
of the Profile and Diversity of Toxin-like

Proteins in Centipede*s
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Yun Zhangt1**$f, and Wen-Hui Leet 1t

Centipedes are one of the oldest venomous animals and
use their venoms as weapons to attack prey or protect
themselves. Their venoms contain various components
with different biomedical and pharmacological properties.
However, little attention has been paid to the profiles and
diversity of their toxin-like proteins/peptides. In this study,
we used a proteotranscriptomic approach to uncover the
diversity of centipede toxin-like proteins in Scolopendra
subspinipes mutilans. Nine hundred twenty-three and
6,736 peptides, which were separately isolated from
venom and torso tissues, respectively, were identified by
ESI-MS/MS and deduced from their transcriptomes. Fi-
nally, 1369 unique proteins were identified in the pro-
teome, including 100 proteins that exhibited overlapping
expression in venom and torso tissues. Of these proteins,
at least 40 proteins were identified as venom toxin-like
proteins. Meanwhile, transcriptome mining identified
~10-fold more toxin-like proteins and enabled the charac-
terization of the precursor architecture of mature toxin-like
peptides. Importantly, combined with proteomic and tran-
scriptomic analyses, 25 toxin-like proteins/peptides (neuro-
toxins accounted for 50%) were expressed outside the
venom gland and involved in gene recruitment processes.
These findings highlight the extensive diversity of centipede
toxin-like proteins and provide a new foundation for the
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medical-pharmaceutical use of centipede toxin-like pro-
teins. Moreover, we are the first group to report the gene
recruitment activity of venom toxin-like proteins in centi-
pede, similar to snakes. Molecular & Cellular Proteomics
17: 10.1074/mcp.RA117.000431, 709-720, 2018.

Centipedes are one of the oldest and important groups of
excellent predatory arthropods, with a fossil record spanning
420 million years (1). They comprise ~3300-3500 centipede
species distributed worldwide and most provinces of China
(2). The body length of adult centipedes ranges from 4 to 300
mm, and venom glands are located in the first pair of limbs (3).
The venom is used not only to paralyze and Kill prey but also
for defense against predators (4). Human injuries caused by
centipede stings are also frequently reported. Symptoms of
the stings include intense local pain, redness, swelling, su-
perficial necrosis, chills, fever, and weakness. Serious sec-
ondary infections have even been reported to lead to human
death (5). Although a report of a lethal centipede bite has not
been reported in humans, their bites kill earthworms, snails,
amphibians, reptiles, and even rats (6, 7). Thus, the venoms of
centipedes contain diverse components with a variety of func-
tions, providing an efficient way to rapidly paralyze prey.
However, the centipede is still regarded as a neglected group
of venomous animals and little is known about the protein/
peptide toxins in centipedes.

Centipede venoms serve as a rich reservoir containing di-
verse components with a variety of functions. Centipede ven-
oms are rich source of structurally and pharmacologically
diverse peptides (8-10). Centipede venoms contain large
amounts of non-protein components, such as biogenic
amines (11, 12), polysaccharides and lipids (13). Meanwhile,
some enzymes are identified as protein components of cen-
tipede venom, such as serine proteases, endopeptidases,
carboxypeptidases, esterases and acid or basic phospha-
tases (14, 15). In recent studies, centipede toxins have at-
tracted increasing attention because of their excellent chem-
ical and pharmacological activities, particularly as ion channel
inhibitors and other neurotoxins (16-19). Some specific toxins
and several antimicrobial peptides were also identified in cen-
tipede venom (17, 20-22). These venom peptides have re-
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markable chemical, thermal and biological stability, enabling
researchers to utilize their desirable functions for therapeutic
use.

However, biochemical and pharmacological research of
centipedes have lagged well behind studies of other venom-
ous animals, such as snakes, spiders, and scorpions (10).
Complete venom peptide or protein sequences and pharma-
cological data are available for an even smaller number of
species (9, 10). Similarly, venom complexity must be further
confirmed using new strategies of large-scale sequencing of
broad array of centipede venoms, providing new putative
proteins and enabling results to be compared among species
(2, 16, 23). Therefore, a fully integrated approach that com-
bines transcriptomics and peptidomics/proteomics seems
essential for understanding the venom composition, venom
maturation and venom production mechanisms. Here, using
an in-depth proteotranscriptomic analysis (combined pro-
teomic and transcriptomic analysis) of centipede venoms and
torso tissues, we described the protein/peptide composition
of the dissected venom gland and torso of Scolopendra sub-
spinipes mutilans. We also present the first complete com-
parative analysis of the protein content and toxin-like pro-
teins/peptides distribution in the venom gland and torso,
based on our RNA-Seq data and MS datasets. We finally
provide an overview of toxin production from the torso to the
venom gland, initially highlighting the extensive and surprising
phenomenon of the toxin-like protein gene recruitment proc-
ess in centipede. This result provided foundational evidence
supporting the gene recruitment hypothesis for venom toxin in
which toxin gene recruitment is linked to the functional con-
straints of the recruited proteins (24-26).

EXPERIMENTAL PROCEDURES

Animals and Ethics—Adult S. mutilans (both sexes) were collected
from Hubei province in China. All centipede (S. mutilans) studies were
reviewed and approved by the Animal Care and Use Committee of the
Kunming Institute of Zoology of the Chinese Academy of Sciences.

Chemicals— Acetonitrile (ACN)', methanol (MeOH), dichlormeth-
ane, trifluoroacetic acid (TFA) were purchased as HPLC or LC-MS
grade from Carl Roth (Karlsruhe, Germany). Dithiothreitol (DTT), acetic
acid, trypsin (sequencing grade) were purchased from Sigma-Aldrich
(Sigma-Aldrich).

Venom Collection—The pool of crude venom was obtained after
stimulating the venom glands in the first pair forceps of centipedes
with a 3 V alternating current, as described in our previous report (16).
Venom secretions were freeze-dried and stored at —20 °C until fur-
ther use.

RNA Extraction and Sequencing—\Venom gland and torso tissues
(285 mg, torso tissue from 3-10 body segments) were preserved in
liquid nitrogen until RNA extraction. The detailed RNA extraction and
cDNA library construction methods were reported in our previous
studies (27, 28). cDNAs prepared from venom gland and torso tissues
of S. mutilans were sequenced using lllumina HiSeq™ 2000.

Venom and Torso Sample Preparation—\Venom were dissolved in
500 pl of 25 mm NH,HCO, buffer, and then applied to an ultrafiltration

" The abbreviations used are: ACN, acetonitrile; MeOH, methanol;
TFA, trifloroacetic acid; DTT, dithiotreitol;FDR, false discovery rate.

tube with a 3 kDa cut-off. The low molecular weight (<3 kDa) fraction
was collected after ultrafiltration and desalinated prior to peptidomic
analysis. The desalination procedure: the collected peptides were
desalted on C18 Cartridges (Empore™ SPE Cartridges C18 (standard
density, GE), bed I.D.7 mm, volume 3 ml, Sigma) and concentrated by
vacuum centrifugation. Other supernatants with molecular weights
greater than 3 kDa were separated on SDS-PAGE gels. Torso tissues
were grinded in liquid nitrogen. Then, the homogenate of the tissue
was divided into two parts. Extraction buffer (0.25% acetic acid and
protease inhibitor mixture) was added to one half and then disrupted
using a sonicator (Hielscher Ultrasound Technology, Germany) for 6
cycles on ice. Clear supernatant, which was collected after centrifu-
gation at 20,000 X g for 15 min at 4 °C, was applied to an ultrafiltra-
tion tube with a 30 kDa cut-off. Filtrates were desalinated (the same
to above desalination procedure) prior to the peptidomic analysis.
SDT lysis buffer (4% SDS and 0.1 m DTT in 0.1 m Tris-HCI, pH 7.6) was
added to the other sample of torso tissue, incubated for 15 min at
95 °C, ultrafiltrated, and the supernatant was collected after centrifu-
gation, as described above.

Samples were further separated on a 12% gel next to a protein
ladder (Thermo, ref. 26614) using SDS-PAGE. Gels were fixed with
50% ethanol/10% acetic acid, stained with Gelcode Blue Stain
(Thermo ref. 24592) and destained with MilliQ water (Millipore) (Fig. 1).
Six bands were excised from each lane for in-gel digestion with
trypsin. After extraction with 100% acetonitrile, samples were desal-
inated (the same to above desalination procedure), freeze-dried and
stored at —80 °C until the subsequent ESI-MS/MS analysis.

Transcriptome Analysis—De novo transcriptome assembly was
performed with the short-read assembly program SOAP de novo-
Trans (http://soap.genomics.org.cn/) using the default parameters.
The program combined reads with certain lengths of overlap and
connected paired-end reads to form contigs. Further assembly of
contigs from each sample was performed by sequence splicing and
removing redundant sequences using the sequence clustering soft-
ware TGICL (29), resulting in the generation of the longest possible
non-redundant unigenes. TGICL parameters were identical to the
parameters used in our previous study (27).

HPLC Fractionation—Candidate fractionation of samples after in-
gel digestion was performed using an EASY-nLC HPLC system
(Thermo Fisher Scientific) equipped with a binary rapid separation
nano flow pump and ternary loading pump. Mobile phase eluent A
consisted of 0.1% TFA (aqueous) and mobile phase eluent B con-
sisted of ACN/ddH,O/TFA 90/10/0.08% (v/v/v). The sample was
added to the Thermo Scientific EASY loading column (2 cm X 100
um, 5 um -C18) by the auto-sampler and then to the analytical
column (75 um X100 mm, 3 um -C18). The flow rate was set to 250
nL/min. Peptide separation on the column was achieved with linear
stepwise gradients (0'-5% B, 5'-5% B, 12.5'-20% B, 62.5'-70% B,
63.5'-99% B, 65'-99% B, 66'-5% B and 72'-5% B). Fractions of
1.25 ml (5 min) each, starting at 20% eluent B, were collected and
lyophilized.

Mass Spectrometry—The Q Exactive instrument (Thermo Finnigen)
was operated in the data-dependent mode to automatically switch
between full scan MS and MS/MS acquisition. The survey of full scan
MS spectra (m/z 300-1800) was acquired in the Orbitrap with a
resolution of 70,000 (m/z 200) after accumulation of ions to a 3 x 10°
target value based on predictive automatic gain control (AGC) from
the previous full scan. Dynamic exclusion was set to 15 s. The 10
most intense multiply charged ions (z = 2) were sequentially isolated
and fragmented by higher-energy collisional dissociation (HCD) with a
fixed injection time of 60 ms and a resolution of 17,500 (m/z 200) for
the MS2 scanning method. Typical mass spectrometric conditions
were: spray voltage, 2 kV; no sheath and auxiliary gas flow; heated
capillary temperature, 250 °C; normalized HCD collision energy,
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27 eV; and underfill ratio, 0.1%. The MS/MS ion selection threshold
was set to 1 X 10° counts.

Data Processing—The RAW data files were processed with Pro-
teome Discoverer (Thermo Scientific, Version 1.4). Generated peak
lists were searched against our transcriptome database (79,380 en-
tries) using Mascot software version 2.2. Trypsin was chosen as the
enzyme, with 2 missed cleavages allowed. The MS/MS search criteria
were: peptides tolerance of 20 ppm for MS, and 0.1 Da for MS/MS
mode. Carbamido methylation of cysteine was set as a static modi-
fication, and methionine oxidation was set as a dynamic modification.
High confidence peptides were used for protein identification, result-
ing in a false discovery rate (FDR) threshold (FDR = 0.01). Only unique
peptides with high confidence were used for protein identification.

Experimental Design and Statistical Rationale—The experimental
design and statistical rationale for each of the experiments conducted
in this work have been described in each subsection and workflow is
shown in Fig. 1. Venoms were collected from three hundred fifty
centipedes. Torso tissues were collected from twelve centipedes.
Protein extraction was made based on produced biological tripli-
cates. Proteins contained at least one unique peptide with FDR =
0.01 during protein identification (see above). To compare the abun-
dances of phosphopeptides between the control and treatment
samples, label-free quantification was performed with a minimum of
1.5-fold changes to determine the differentially-expressed phos-
phopeptides. In addition, the Student’s t test was employed to iden-
tify significant changes between the control and treatment sample
among the three biological replicates. p values <0.05 were consid-
ered to be significant. Quantitative real-time PCR (qPCR) was con-
ducted using five biological and three technological replicates. Com-
parative gene expression analysis set p values < 0.05 with the level of
statistical significance.

Quantitative Real-Time PCR—

Total RNA Isolation and cDNA Synthesis—\Venom gland and torso
RNA was extracted using the Eastep® Super Total RNA Extraction kit
(Promega) according to the manufacturer’s instructions. RNA sample
concentration and quality was determined using the GENEQUANT
100 (Classic, GE). Using primer-blast designed specific primers of
toxin-like genes, amplicon lengths varied from 200-300 bp and
primer lengths between 18-22 bp (supplementary Data).

Quantitative Real-Time PCR—The quantitative real-time PCR as-
say was validated using Light Cycler 480 platforms (Roche Diagnos-
tics Corp., Indianapolis, IN), and SYBR® Premix Ex Taq™ Il (Tli
RNaseH Plus) (TaKaRa Biotechnology (Dalian) Co., Ltd., China). The
final master mix (10 ul) comprised 5 ul of SYBR enzyme mix, 2.5 ul of
PCR-grade water, 1 ul of each primer (at 10 um working concentra-
tion), then 0.5 ul of template (cDNA from venom gland and torso) was
added to the master mix in order to give a final reaction volume of 10
wul. The cycling conditions used were pre-incubation 95 °C for 4 min,
followed amplification by 45 cycles of 95 °C for 5 s, 60 °C for 30 s,
melting curve by 95 °C for 1 s, 65 °C for 15 s and 95 °C for every 5 °C,
and a final cooling step of 40 °C for 30 s. Specificity of PCR reactions
was verified by melting curve analysis of each sample amplified
product. Samples were run in triplicates. For each primer a melting
curve of the PCR product was also performed to ensure the absence
of artifacts. Expression values were normalized using an endogenous
beta-actin.

Data and Bioinformatics Analysis— All unigenes from our centipede
database were annotated using BLASTX and searched against known
databases, as described in our previous reports (27, 28). Briefly, the
analytical method is described below. Unigenes were aligned to a
higher priority database and annotated with given descriptions, which
were not aligned to lower priority database. The Gene Ontology (GO)
annotation was performed using Blast2Go (30) software suite v2.5.0.
In these searches, the BLASTX cut-off was set to 1e ®. For the GO

mapping process, validated settings were used with a threshold of
1e7®, an annotation cut-off of “45” and a GO weight of “20.” Each
annotated sequence was assigned to detailed GO terms.

Comparative Expression Analysis—RNA-Seq data for each tissue
(venom gland and torso) were aligned using Bowtie (31) version 0.12.7
and TopHat (32) version 2.0.6 for mapping. Gene expression values
were calculated from the expected number of fragments per kilobase
of transcript sequence per millions base pairs sequenced (FPKM) (33).
We separately calculated the FPKM values for genes from each tissue
using Rseq (34). GraphPad Prism version 5.0 (La Jolla, CA) and R
version 3.3.2 software were used to plot the graphs and perform
statistical analyses.

RESULTS

Isolation of Venom Gland and Workflow of the Analysis
Approach—Venom glands and torso tissues were isolated
from the centipede S. mutilans using the protocol described in
our previous study (Liu et al., 2012). We first carefully selected
healthy adult centipedes (n = 350) with no injury to dissect
venom glands from their first pair of limbs. We used a 3 V
alternating current to stimulate the venom gland and improve
the coverage of proteomes by ensuring the inclusion of a
greater number of toxin. Torso tissues were dissected from
body segments 3-10, which were separate from all gut tis-
sues. Next, the isolated venom gland and torso tissues were
further processed (Fig. 1). A portion of each sample was used
in the SDS-PAGE analysis to obtain the proteome. The torso
tissue had a more complex banding pattern than the venom
gland, which contained highly abundant proteins. Protein
bands from venom gland and torso tissues were excised for
in-gel digestion and subjected to ESI-MS/MS analysis. The
other portion of each sample was used to extract RNA and
perform an RNA-Seq analysis of the transcriptome.

Identification of Venom Gland and Torso Transcriptome—
cDNAs prepared from venom gland and torso tissues of S.
mutilans were sequenced using lllumina HiSeq™ 2000. After
sequencing and cleaning the low-quality reads, we acquired
49,594,752 clean reads from the venom gland and 48,655,060
clean reads from the torso tissue (Fig. 1). Using the Trinity
program for the de novo assembly of clean reads into contigs,
148,700 and 165,060 contigs were separately generated from
these two tissues, respectively. Finally, the transcriptome
data consisted of 70,380 putative gene objects (all unigenes)
ranging from 100 bp to 27,384 bp, with an average length of
290 bp. The size of unigenes larger than 500 bp was 21,647.
The largest unigenes contained 27,661 bp, and the N50 of
unigenes was 562 bp (Table S1). Notably, 18,566 of the
70,380 (26.4%) unigenes had CDS matches with the direction
that possessed significant similarity (cut-off E-value of 1E-6)
with best-hit blast results. Moreover, 2429 of 70,380 (3.5%)
CDS sequences produced by the ESTScan program were not
able to be aligned to known databases. Finally, 20,995 uni-
gene sequences had complete CDS (supplemental Fig. S1).

Identification of Venom Gland and Torso Proteome—We
initially compared our proteome (1369 proteins and 7661 pep-
tides) with previously reported centipede proteomes to as-
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Fic. 2. Comprehensive profiles of the centipede proteome. A, Comparison of previously reported centipede proteomes to the proteome

described in our study. The numbers of detected proteins/peptides in previous studies are shown. B, Venn diagram comparing identified and
shared peptides/proteins from S. mutilans between our proteome and the proteome reported by Rong et al. C, The plot shows the molecular
weights of proteins identified in the proteomes from centipede venom and torso tissues. The red or blue dots depict different proteins from
venom and torso tissues, separately. D, Histogram displaying the number of peptides matched to proteins. The x axis illustrates the number
of identified peptides. The primary y axis indicates the number of identified proteins (bars). The right y axis represents the percent (lines).

sess the comprehensiveness of our centipede proteome (Fig.
2A). Three previous studies profiled the proteomes of venoms
from S. dehanii, S. mutilans and S. viridis. 79, 192, and 149
peptides/proteins were identified from the above species,
respectively. Of these studies, the study by Rong et al. re-
ported the largest peptidome of 192/79 peptides/proteins
identified from the venom of S. mutilans using LC-MS/MS
analysis. The comparison of our venom proteome with the
largest previous venom proteome of this centipede showed
that the 39 previously reported proteins were also detected in
our proteome (Fig. 2B). Additionally, our proteome identified
126 proteins that were not detected in the previous venom
proteome (2). Based on these data, our proteome represents
the most comprehensive proteome of S. mutilans to date.
Among our venom and torso proteomes, 73% of identified
proteins had a molecular weight of less than 50 kDa (Fig. 2C).
Thus, centipedes contain much smaller functional molecules
as our expected. Based on the peptide detection, 32% of
proteins were comprised of one unique peptides. 14% of

proteins were comprised of two unique peptides. 8.5%
of proteins were comprised of three unique peptides. 8.1% of
proteins were comprised of four unique peptides. 5.1% of
proteins were comprised five unique peptides. 24.8% of pro-
teins were comprised of at least six unique peptides or more
(Fig. 2D). The more enriched peptides were assembled to
proteins leading to a more comprehensive proteome.
Identification of Common Proteins in Venom Gland and
Torso Tissues—An in depth proteotranscriptomic analysis
was performed to determine the proteome of venom and
torso tissues. One thousand three hundred sixty-nine unique
proteins were identified in the venom and torso tissue pro-
teomes. Among these identified proteins, 1204 unique pro-
teins were identified in torso tissue and 165 unique proteins
were identified in the centipede venom. Remarkably, 100
unique proteins were identified as overlapping proteins (pro-
teins determined in each sample) in venom and torso (Fig. 3A).
We performed functional annotation analyses of these iden-
tified proteins to obtain additional insights into these unique

Fic. 1. Workflow for the isolation and proteomic and transcriptomic analyses of the centipede. The centipede Scolopendra subspinipes

mutilans was used for proteomic and transcriptomic analyses. Venoms and torso tissues were processed individually and subjected to
SDS-PAGE followed by in-gel digestion. Then, samples were analyzed in a separate ESI-MS/MS assay. For the transcriptomic analysis, venom
glands, not venoms, and torso tissues were used for high-throughput sequencing. The functional analysis was combined with proteomic and
transcriptomic data.
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proteins. Firstly, the full sequence of proteins was deter-
mined by transcriptomic and peptidomic analyses and a
database search. Then, all sequences were submitted to the
Nr database and annotated with functional descriptions
(supplemental Table S2). Secondly, a functional enrichment
analysis was performed on each unique protein assigned
one or more GO terms, such as “signaling,” “reproduction,”
and “organelle” (Figs. 3B and supplemental Fig. S2). The
enriched GO terms were divided into “Biological process,”
“Molecular function,” and “Cellular component.” As shown
in the venom GO enrichment analysis (Fig. 3B and supple-
mental Table S3), most venom proteins were related to
“catalytic activity” (40%) and “binding” (34%) in the “Mo-
lecular function” term. Regarding the “Biological process”
term, most venom proteins were enriched in “metabolic
process” (42%).

Identification of Overlapping Proteins Between Venom and
Torso Tissue—Fortunately, using the proteomic analysis, 100
unique proteins were identified as overlapping proteins ex-
pressed in both venom and torso tissues (Fig. 3A and sup-
plemental Table S4). These proteins were not only identified
by the transcriptomic analysis that provided information about
gene expression but peptides were also detected using ESI-
MS/MS-based identification. Of these proteins, 66% were low
molecular weight proteins (<50 kDa). In addition to cellular/
organelle skeleton proteins and enzymes, 40% of proteins
were toxin-like proteins. Next, we examined the expression of
these proteins among venom gland and torso tissues using
the transcriptomic data. Overlapping proteins were differen-
tially expressed in venom gland and torso tissues. Three
clusters of differentially expressed proteins were identified
(Fig. 3C). The first cluster was comprised constitutive proteins
(skeleton proteins or enzymes) with moderate expression in
venom gland and torso tissues. Remarkably, proteins belong-
ing to the second cluster were expressed at higher levels in
the venom gland than in torso tissues, most of which were
venom toxin-like peptides or secreted proteins, such as neu-
rotoxins and venom allergens. The third cluster included con-
stitutive proteins expressed in the centipede torso tissue,
such as glycoproteins of the cellular membrane. Among the
highly expressed overlapping proteins, in addition to cellular
components and catalytic enzymes, 40% of proteins were
determined to be toxin-like proteins (Table I). Most toxin-like
peptides were neurotoxins and ion channel inhibitors that had
been previously identified in S. mutilans and the other spe-
cies, such as txkla_scomu, tx6a_scomu, and neurotoxin 3,
among others.

Identification of Centipede Toxin-like Proteins in the Pro-
teome—As expected, transcripts for at least 366 toxin-like

proteins were identified in our transcriptome database (Fig.
4A and zsisupplemental Table S5). At least 18 kind of toxin-
like proteins were identified using the transcriptomic analysis.
Among these transcripts, most putative toxins were alpha-
latrocrustotoxins (47, 12.8%) and ion channel inhibitors (36,
9.8%). However, only 40 unique proteins representing
known toxins were identified in the centipede proteome. Of
course, more proteins with unknown function were identi-
fied as toxins. Most known toxins were inhibitors of ion
channel proteins, such as K* and Ca®" channel inhibitors,
in addition to toxins with unknown functions (Fig. 4B). These
results were consistent with recent studies on the centipede
S. mutilans.

Interestingly, among the 40 identified toxin-like proteins, 25
putative toxins (over-toxins) were overlapping proteins de-
tected in venom and torso tissues by ESI-MS/MS. In the
comparison of detected peptide fragments, 2 or more pep-
tides were identified for 90% of overlapping toxins-like pep-
tides in venom and torso, and 10 or more peptides were
identified for 10 putative toxins (Fig 5A). Using the gene ex-
pression analysis, most overlapping toxin-like peptides (90%)
were expressed at higher levels in the venom gland than in
torso tissues (Figs 5B, supplemental Figs. S3 and S4). These
data from the combined proteomic, transcriptomic, and qRT-
PCR gene expression analyses provided the first sound evi-
dence that some centipede toxins were recruited from tissues
outside the venom gland.

Furthermore, one or more detected peptides were aligned
to their full protein sequence from each class of determined
toxin-like proteins. Based on the peptide alignment, the de-
tected peptides were 100% similar to their full sequence
deduced from transcriptome (Fig. 6). Moreover, when more
peptides were detected for a toxin-like protein, then a longer
protein sequence was assembled. Importantly, we also iden-
tified 15 toxin-like proteins/peptides that were specifically
expressed in the venom (Table Il). Among these proteins,
trypsin, the K* channel inhibitor and vy-glutamyltranspepti-
dase-1 were only expressed in venom gland according to the
transcriptomic analysis, and short reads were not detected for
these genes in the sequencing analysis. In addition, similar to
venom proteases, phosphatases, and several ion channel
inhibitors, these putative toxins were not overlapping toxins,
as peptides were not detected in both tissues using our
comprehensive proteomic analysis and sequences were not
detected by gRT-PCR.

DISCUSSION

Centipede venom is a rich source of toxins with different
pharmacological properties, like other animal venoms. As one

Fic. 3. Comparison of the venom and torso proteomes. A, Venn diagram representing the overlapping proteins from the venom and torso
tissues. B, Functional annotation of proteins identified in venom. One hundred sixty-five proteins from venom were annotated with GO (Gene
Ontology) terms and enriched for biological process, molecular function and cellular component. C, Heat map of 100 overlapping proteins
showing differences in expression among venom gland and torso tissues.
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TABLE |
Toxin-like proteins/peptides identified from the proteome of the centipede, S. mutilans

Sequence name Sequence description S?g::tr;]ce Aﬁiﬁsgn E-Value MW (kDa)  Calc. pl
CL18110Contig1  alkaline phosphatase 464 gi 926637143  8.39E-148 50.96 6.30
CL49379Contig1  cathepsin b 330 gi 31872149 2.22E-162 36.64 6.74
CL50955Contig1  cathepsin c 432 gi 675369694 0 48.77 6.65
CL37522Contig1  cathepsin d 382 gi 336454162  6.55E-179 41.95 7.83
CL50333Contig1  cathepsin | 335 gi 501293796  3.07E-159 37.29 6.54
vg_contig_t204 y-glutamyltranspeptidase 1-like 40 gi 926653374  2.58E-07 4.03 7.99
CL50454Contig1  iron zinc purple acid phosphatase-like protein 424 gi 193624668 0.00E+00 49.21 6.20
CL3629Contig1 k™ channel inhibitor 4 78 gi 392295737  6.59E-48 8.684 7.69
CL49825Contig1  legumain-like 408 gi 321469736  1.03E-173 46.16 6.37
CL49890Contigt  paramyosin 871 gi 42559470 0 102.28 5.73
CL14374Contigl  phospholipase membrane associated 147 gi 306755927  1.74E-50 16.83 6.49
CL5057Contig1 prosaposin isoform x1 677 gi 321471690 2.65E-125 75.98 4.92
CL50315Contig1  serine protease inhibitor 369 gi 344252156  3.32E-66 41.81 6.30
CL13661Contig1  serpin b3 isoform x1 349 gi 260797582  2.34E-66 39.37 5.20
CL3130Contig1 serpin b4-like 374 gi 532074526  9.05E-73 42.26 5.40
CL8089Contig1 trypsin 227 gi 2853182 1.45E-50 25.99 5.29
vg_contig_t422 trypsin partial 38 gi 403311423 1.59E-06 4.27 11.05
CL65823Contig1  tx6a_scomu 68 gi 657193247  2.46E-23 7.77 7.55
CL7323Contig1 txk1a_scomu 74 gi 586946312  1.96E-42 8.57 7.61
CL18341Contig!  txk1c_scomu 70 gi 586946314  9.29E-34 8.35 5.38
vg_contig_t38 txk1e_scomu 65 gi 586946316  2.54E-38 7.53 7.64
CL10512Contig1  txk3a_scomu 84 gi 586946319  7.69E-53 9.81 5.77
CL38532Contig!  txk3a_scomu 83 gi 586946319  4.49E-15 9.69 8.76
CL44425Contig1  txo2a_scomu 76 gi 586946322  3.52E-48 8.46 4.78
CL12576Contig1  neurotoxin 3 58 gi 586946326  5.60E-05 6.68 9.66
CL2527Contig2 neurotoxin 3 77 gi 586946326  7.55E-36 8.88 8.57
CL44123Contig1  neurotoxin 4 64 gi 586946327  2.08E-23 6.96 8.41
CL61661Contig1  neurotoxin 5 56 gi 586946328 2.11E-32 6.07 5.76
CL48983Contigl  Unknown function 142 gi 675390069 1.97E-05 16.50 8.37
CL6342Contig1 Unknown function 225 gi 926644759  7.44E-11 25.27 5.80
CL54258Contigt  Unknown function 71 gi 240247657  5.89E-06 7.50 4.98
CL18961Contigl  Unknown function 207 gi 241641704  8.63E-08 23.42 9.48
CL22748Contigl  Unknown function 200 gi 926644759 2.93E-14 23.20 5.02
CL2349Contig1 Unknown function 175 gi 648215761  2.12E-05 19.98 6.49
CL37757Contigl  Unknown function 192 gi 926636983  4.65E-05 21.78 6.40
CL838Contig1 venom allergen partial 189 gi 675367593  8.49E-36 20.77 8.87
CL49773Contigt  venom carboxylesterase-6-like 510 gi 817190507 4.01E-80 57.95 5.20
CL7422Contig2 venom protease-like 352 gi 817060716  1.82E-75 38.16 6.52
CL52994Contig1  serine protease 211 gi 672349346  2.49E-136 23.55 4.78
CL9350Contig1 zinc metalloproteinase 312 gi 321475779  8.43E-08 34.98 8.24

of oldest venomous arthropods, centipede venoms have re-
cently been shown to display good biomedical and pharma-
cological activities for drug development (2, 16, 17, 19, 23).
However, no papers or methods have focused on venom
diversity and toxin recruitment by combining high throughput
proteomic and transcriptomic analyses using ESI-MS/MS and
RNA-Seq technology. In this study, we thus searched and
determined proteins expressed in or outside the venom gland.
We used our established approach to search for proteins by
(1) investigating the comprehensive proteomes of venom and
torso tissues using ESI-MS/MS; (2) investigating the compre-
hensive transcriptomes of S. mutilans sequences from venom
gland and torso tissues; (3) selecting all overlapping proteins
in venom and torso tissues to determine toxin diversity; and

(4) performing a toxin recruitment analysis that combined the
expression and alignment of overlapping proteins and venom-
specific proteins. Using our approach, we identified at least
25 toxin-like proteins/peptides that exhibited overlapping ex-
pression in venom gland and torso tissues. The patterns of
toxins gene expression provided evidence for venom gene
recruitment in centipede.

Previous studies have reported the proteomes of centipede
species, particularly S. mutilans (2). However, to our knowl-
edge, no studies have systematically identified numerous tox-
in-like proteins/peptides and their expression profiles. In
particular, a comprehensive transcriptome of centipede as-
sembled de novo by RNA-Seq technology and compared with
a cDNA library has not been reported (16, 23). In this study,
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Fic. 4. Identification of venom toxins in centipede proteomes and transcriptomes. A, Pie chart of venom toxin-like proteins/peptides
identified in the centipede transcriptome. Three hundred sixty-six venom toxin-like proteins/peptides were identified using the transcriptomic
analysis. B, Pie chart of venom toxin-like proteins/peptides identified in the centipede proteome. Forty proteins were venom toxin-like proteins

identified by ESI-MS/MS.
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Fic. 5. The profiles for overlapping toxin-like proteins/peptides expressed in venom and torso tissues from the centipede. A,
Comparison of overlapping putative toxins with one or more detected peptides in venom and torso tissues by ESI-MS/MS. B, Heat map of gene
expression profiles for overlapping putative toxins identified in the proteome. Deduced venom toxins were expressed in the torso tissue in

addition to the venom gland.

almost 50% of the proteins detected by Rong et al. were
identified in our peptidome/proteome and confirmed to be
expressed in our transcriptome. High throughput ESI-MS/MS
and RNA-Seq technology provided a powerful platform to
investigate the novel proteins and the diversity of venoms,
particularly the low abundance peptides/proteins that are not
detected using conventional methods (35). Seven thousand
six hundred sixty-one unique peptides were identified by ESI-

MS/MS. This number is 6-fold higher than the number of
proteins that were ultimately identified using our approach.
Namely, one detected protein was identified from at least 6
peptides in our proteome data set. Meanwhile, using a tran-
scriptomic analysis, more than 400 toxin-like proteins/pep-
tides were shown to be expressed in this centipede. Com-
pared with the transcriptomic results, only 40 toxin-like
proteins/peptides were identified in proteome of this centi-
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Fic. 6. Alignment of detected peptides and transcripts for four toxin-like proteins. Peptides separately detected in venom and torso
tissues were aligned to the complete sequence of toxin-like proteins. Different peptides for the toxins were detected in each tissue and were
100% like the precursor identified in the transcriptome. Each toxin-like protein was colored with yellow background.

TaBLE Il
Toxin-like proteins/peptides specific-expressed in the venom gland of S. mutilans

Sequence Accession

Sequence name Sequence description Peptides E-Value MW (kDa) Calc. pl FPKM

length Number
CL12576Contig1  neurotoxin 3 4 58 gi 586946326 5.60E-05 6.68 9.66  4944.86
CL18110Contig1  alkaline phosphatase 7 464 i 926637143 8.39E-148 50.96 6.30 71.03
CL18341Contigl K" channel inhibitor 1 70 gi 586946314 9.29E-34 8.35 5.38 70.95
CL3629Contig1 K* channel inhibitor 4 1 78 gi 392295737 6.59E-48 8.68 7.69 6059.87
CL44425Contigl  Ca?* channel inhibitor 2 76 gi 586946322 3.52E-48 8.46 4.78 9079.74
CL48983Contigt  Unknown function 7 142 gi 675390069 1.97E-05 16.50 8.37 1137.33
CL49773Contigl ~ venom carboxylesterase-6-like 3 510 gi 817190507 4.01E-80 57.95 5.20 63.82
CL49825Contig1  legumain-like 1 408 gi 321469736 1.03E-173 46.16 6.37 109.76
CL50454Contig1  iron zinc purple acid phosphatase- 2 424 gi 193624668 0.00E+00 49.21 6.20 41.87
like protein
CL61661Contig1  neurotoxin 5 1 56 gi 586946328 2.11E-32 6.069 5.76 22786.04
CL7323Contig1 K" channel inhibitor 1 74 gi 586946312 1.96E-42 8.57 7.61 2111.82
CL7422Contig2 venom protease-like 1 352 gi 817060716 1.82E-75 38.16 6.52 47.38
vg_contig_t204 y-glutamyltranspeptidase 1-like 1 40 gi 926653374 2.58E-07 4.08 7.99 408.92
vg_contig_t38054 K" channel inhibitor 2 65 gi 586946316 2.54E-38 7.53 7.64 0.00
vg_contig_t422523 trypsin partial 1 38  gi403311423 1.59E-06 4.27 11.05 0.91
pede. Thus, most putative toxins may be expressed at low Furthermore, several toxin-like proteins exhibited overlap-
levels in venoms. Overall, centipede venom unexpectedly ping expressed in venom gland and torso tissues. Most toxin-
contains a variety of toxin-like proteins/peptides. like proteins were expressed at higher levels in the venom
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gland than in the torso tissue. Additionally, some toxin-like
proteins were enriched in the torso tissue. Thus, venom gene
recruitment was observed in centipede, based on their pat-
terns of transcript expression and peptides detected in the
proteome. Researchers have hypothesized that toxin genes
display a recruitment process in snake venom (24, 25). Venom
gene homologs in snakes were recently shown to be ex-
pressed in many different tissues outside of the oral glands
(26, 36). Compared with venom gland-specific expression
putative toxins, most neurotoxins and ion channel inhibitors
from centipede displayed extraordinarily higher levels of ex-
pression in venoms than in torso tissues. Thus, our study is
the first to report that venom genes were recruited from
outside of the centipede venom gland using transcriptomic
and proteomic approaches. Additionally, like neurotoxins and
ion channel inhibitors, numerous homologs of transcripts or
peptides/proteins with different sequences were identified.
This result provided evidence that these toxin genes had
undergone a gene duplication process in centipede that re-
sulted in the expansion of multilocus venom gene families.
This process was consistent with a similar phenomenon ob-
served in snakes in previous reports (36, 37).

Finally, the centipede is a traditional Chinese medicine that
has been applied over two thousand years in China (38). In
addition to centipede toxin-like proteins/peptides, our results
also reveal that additional active molecules are expressed in
venom gland and torso tissues. Our results hint that the use of
the whole dried centipede body is the proper medication
(Pharmacopeia of the Peoples’ Republic of China 1992). Im-
portantly, our data provide important clues for methods to
improve the application of centipede as a traditional Chinese
medicine.
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