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Abstract

Many venom proteins have presumably been convergently recruited by taxa from diverse
venomous lineages. These toxic proteins have characteristics that allow them to remain
stable in solution and have a high propensity for toxic effects on prey and/or poten-
tial predators. Despite this well-established convergent toxin recruitment, some toxins
seem to be lineage specific. To further investigate the toxic proteins found throughout
venomous lineages, venom proteomics and venom-gland transcriptomics were performed
on two individual red bark centipedes (Scolopocryptops sexspinosus). Combining the
protein phenotype with the transcript genotype resulted in the first in-depth venom
characterization of S. sexspinosus, including 72 venom components that were identified
in both the transcriptome and proteome and 1,468 nontoxin transcripts identified in the
transcriptome. Ten different toxin families were represented in the venom and venom
gland with the majority of the toxins belonging to metalloproteases, CAPS (cysteine-rich
secretory protein, antigen 5, and pathogenesis-related 1 proteins), and [-pore-forming
toxins. Nine of these toxin families shared a similar proteomic structure to venom pro-
teins previously identified from other centipedes. However, the most highly expressed
toxin family, the adamalysin-like metalloproteases, has until now only been observed in
the venom of snakes. We confirmed adamalysin-like metalloprotease activity by means
of in vivo functional assays. The recruitment of an adamalysin-like metalloprotease into
centipede venom represents a striking case of convergent evolution.
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1 Introduction

Convergent recruitment of homologous toxic proteins has occurred in venoms of taxa
throughout the animal kingdom. (Fry et al., 2009a,b; Casewell et al., 2013; Undheim
et al., 2014a). Venom proteins are typically recruited from proteins that are secreted,
have high solubility and stability, and influence physiological homeostasis (Fry et al.,
2009b). These shared characteristics lead to a propensity for toxic effects. Cysteine-
rich secretory protein, antigen 5, and pathogenesis-related 1 protein domains (CAPs)
exemplify this convergent recruitment into animals venoms. CAPs have been identified
in both vertebrate and invertebrate venoms, spanning the venoms of insects, cephalopods,
scorpions, centipedes, cone snails, and snakes (Fry et al., 2009a,b). Although CAPs share
a highly conserved domain structure, this protein family has a diverse set of functions
including proteolytic activity, protease inhibition, and ion-channel regulation (Gibbs
et al., 2008). The stable structure of this protein family along with the large breadth of
ancestral activity have allowed CAPs to be ubiquitously recruited into venom glands as
a toxin.

Centipede venoms characterized to date contain toxins from similar protein fami-
lies as those identified in many other venomous taxa, including CAPs, hyaluronidase
(HYLA), phospholipase Ay (PLA2), serine proteases (SPs), and various neurotoxic pep-
tides (Fry et al., 2009a,b; Yang et al., 2012; Undheim et al., 2015; Hakim et al., 2015;
Ward and Rokyta, 2018). Centipede venoms also contain unique toxin families unknown
in other venomous animals. These toxins include scoloptoxins (SLPTXs) and a class of
proteins with a common set of domains of unknown function (DUFs) (Yang et al., 2012;
Undheim et al., 2014a; Hakim et al., 2015; Undheim et al., 2015; Ward and Rokyta,
2018). Although a rich diversity of novel toxins have been identified in centipedes, most
of the research in centipede venoms has focused on a single family, Scolopendridae, in
the order Scolopendramorpha (Liu et al., 2012; Gonzélez-Morales et al., 2014; Undheim
et al., 2014a, 2015; Ward and Rokyta, 2018).

To elucidate potential unexplored venom diversity in a non-scolopendrid species, we
characterized the venom-gland transcriptome and venom proteome of the red bark cen-
tipede (Scolopocryptops sexspinosus, Figure 1). Scolopocryptops sexspinosus belongs to
the family Scoloprocryptopidae (92 currently recognized species) and makes up approx-
imately 12% of the order Scolopendramorpha, which are the largest and most com-
monly recognized centipedes (Undheim et al., 2015; Bonato et al., 2016). Most of the
venom research to date has focused on the family Scolopendridae (Undheim et al., 2015);
we provide the first in-depth characterization of a centipede venom from the family
Scolopocryptopidae. Scolopocryptops sexspinosus is a common centipede that occurs
primarily in the eastern United States, ranging from as far north as Ontario, Canada,
to Florida, and as far west as Nebraska and Texas (Figure 1; Shelley, 2002). Two inde-
pendent venom-gland transcriptomes of S. sexspinosus were sequenced and quantitative
mass spectrometry was conducted on their venoms to provide an in-depth venom char-
acterization of a scolopocryptopid centipede. This venom characterization revealed the
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identity and function of a new, highly expressed toxin family for centipedes.

2 Materials and Methods

2.1 Centipedes, venoms, and venom-glands

Two individuals of S. sexspinosus were collected in northern Florida in Madison and
Leon counties and labeled C0142 and C0184, respectively. Venom and venom-glands
were collected from each specimen as described by Ward and Rokyta (2018). Centipedes
were briefly anesthetized in CO4, and venom was extracted through electro-stimulation
of the forcipules resulting in a muscle contraction releasing the venom. Venom was then
collected in LC/MS grade water, lyophilized, and stored at -80°C until further use. Four
days following venom extraction, venom-glands were removed under a stereomicroscope
and stored in RNAlater (Qiagen). The extracted venom-glands were stored at 4°C for
24 hours, then stored at -80°C until RNA extraction.

2.2 Transcriptome sequencing

RNA extraction was performed as previously described (Rokyta and Ward, 2017; Ward
et al., 2017; Ward and Rokyta, 2018). Venom-gland tissue was first homogenized in
500 pL Trizol using a 20-gauge needle and syringe. An additional 500 ul of Trizol
was added to completely dissolve any remaining tissue. The Trizol solution with the
homogenized tissue was then transfered to phase lock heavy gel tubes (5Prime) and
mixed with 200 uL of chloroform. The tubes were then centrifuged at 12,000xG for 20
minutes to isolate RNA from the DNA and other cellular components. RNA was then
precipitated with the addition of isopropyl alcohol, and the pellet was rinsed with 75%
ethanol. RNA was resuspended in H,O, and the quality and concentration was verified
using a Total RNA 6000 Pico Bioanalyzer chip (Agilent Technologies) according to the
manufacturer’s instructions. Approximately 116 ng and 227 ng of RNA were isolated
from C0142 and C0184, respectively. RIN scores are not typically used to asses quality
of invertebrate RNA because of the comigration of 28s rRNA fragements with the 18s
rRNA (Paszkiewicz et al., 2014). Therefore, RNA quality was determined based on the
presence of the double peak of the 28s rRNA fragments in relation to the 18s rRNA.
mRNA was isolated from 90-100 ng total RNA using the NEBNext Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs). To achieve a fragment size of ap-
proximately 370 base pairs, a fragmentation step of 15.5 minutes was used, consistent
with methods previously described (Rokyta and Ward, 2017; Ward et al., 2017; Ward and
Rokyta, 2018). Fragmented mRNA was immediately used to construct a cDNA library
by using the NEBNext Ultra RNA Library Prep Kit with the High-Fidelity 2X Hot Start
PCR Master Mix and Multiplex Oligos for Illumina (New England Biolabs) according to
the manufacturer’s instructions. Agencourt AMPure XP Purification Beads were used
throughout the cDNA purification steps. To determine the quality, concentration, and
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average length of the cDNA libraries, each library was analyzed using a High Sensitivity
DNA Bioanalyzer Kit (Agilent Technologies). The total cDNA yield for C0142 was 18
ng (20 pL of 4.0 nM) with an average fragment size of 391 bp, and the total cDNA yield
for C0184 was 158 ng (20 uL of 34.6 nM) with an average fragment size of 406 bp. To
find the amount of amplifiable cDNA, KAPA PCR was performed by the Florida State
University Molecular Cloning Facility. The amplifiable concentration for each sample
was 14.7 nM and 62.1 nM for C0142 and C0184, respectively. Equal concentrations of
amplifiable cDNA of these two libraries and were pooled with other libraries into one
sample to be run on the same Illumina sequencing lane. The quality, concentration, and
average base pair length of the pooled sample was then verified utilizing a High Sensitiv-
ity DNA Bioanalyzer Kit (Agilent Technologies), and KAPA PCR was used again to find
the amplifiable concentration of the pooled sample. The pooled sample was sequenced
by the Florida State University College of Medicine Translational Laboratory using an
Mlumina HiSeq 2500 using a 150 paired end read format.

2.3 Proteomics

Proteomic analysis was performed as previously described (Rokyta and Ward, 2017;
Ward et al., 2017; Ward and Rokyta, 2018). Protein concentrations of each venom
sample were quantified using the Qubit Protein Assay Kit with a Qubit 1.0 Fluorometer
(Thermo Fisher Scientific). Five micrograms of whole venom was trypsin digested for
mass spectrometry utilizing the Calbiochem ProteoExtract All-in-One Trypsin Digestion
Kit (Merck, Darmstadt, Germany). Prepared samples were dried in a speedvac, and held
at -20°C until mass-spectrometry analysis.

LC-MS/MS analysis of the digested venom peptides was performed by Florida State
University College of Medicine Translational lab. Samples were run in triplicate on a
Thermo Q Exactive HF mass spectrometer used in conjunction with a Dionex Ultimate
3000 RSLCnano System. The Q Exactive HF mass spectrometer was used in data-
dependent mode controlled by Thermo Excalibur 3.1.66 (Thermo Scientific) software.
Data analysis of the raw files was performed using Proteome Discover 1.4 with Sequest
HF as the search engine. Proteome Discover searched through custom FASTA data files
to discover peptides and used percolator to validate the peptides (Spivak et al., 2009).
Identities of proteins and peptides were validated using Scaffold (version 4.3.4, Proteome
Software Inc., Portland, OR, USA) software with the protein and peptide thresholds set
to 1% false discovery rate and the minimum number of peptides set to one.

To determine the protein abundances, known concentrations of three highly-purified
recombinant Fscherichia coli proteins were included with each sample. Comparing the
known concentrations of the E. coli proteins to the normalized spectra counts obtained
from Scaffold, we calculated conversion factors based on the slope of the best fit line.
Spectra counts for each individual protein identified in Scaffold were then converted to
a concentration using the conversion factors obtained. The final concentration of each
protein was obtained based on the average concentration among the three replicates.
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2.4 Transcriptome assembly and analysis

Analysis and assembly of the transciptomic data was performed as previously described
(Rokyta and Ward, 2017; Ward et al., 2017; Ward and Rokyta, 2018). Trascriptomic
data generated from 150 paired-end sequencing was filtered with Illumina quality filter-
ing. Because Illumina sequencing is heavily biased toward the smallest fragments in the
library, a target distribution of approximately 250 base pairs would mean that the final
sequenced insert size is, on average, smaller allowing for sufficient 3’ read-pair overlap.
Paired reads were then merged using PEAR version 0.9.6 (Zhang et al., 2014) and used in
the ensuing analyses. The primary transcriptome assembly was generated with DNAStar
NGen version 12.3.1 with 10 million merged reads under default settings. Only contigs
with at least 200 reads were retained. Multiple search strategies were employed to iden-
tify and annotate toxins as we did not expect to find many toxin homologs searching the
available public databases. To be conservative in the assignment of transcripts as venom
genes, only contigs that were identified in both the transcriptome and proteome were
considered toxins for further analysis. The first two strategies used TransDecoder version
2.0.1 (Haas and Papanicolaou, 2016), and the mass-spectrometry results. TransDecoder
was used to create a database of predicted protein sequences, with a minimum sequence
of 50 amino acids, from each transcriptome assembly. Each database was then used
to search against the mass-spectrometry results. These results were then filtered using
Scaffold Viewer version 4.6.0 with the protein and peptide false discovery rate set to 1.0%
and the minimum number of peptides set to one. To not omit any peptides, a protein
database was also created via Transdecoder that included all proteins and peptides of
at least 50 amino acids from the six possible reading frames in each contig. Results
were then filtered in Scaffold as described above, excluding all of the contigs found in
the first strategy. The third strategy attempted to identify toxins based on homology,
by using the transcripts generated by NGen in a BLASTX search (version 2.2.30+)
against the UniProt animal toxins database (downloaded on November 16, 2015; Jungo
et al., 2012). Full length transcripts were annotated if they matched against a known
toxin with at least 80% length coverage and had an e-value of less than 0.0001. The
fourth strategy utilized a BLASTX search of all of the reads generated by NGen against
the National Center for Biotechnology Information (NCBI) non-redundant (unr) protein
database (downloaded on November 13, 2015). This analysis created a general database
of toxin and non-toxin transcripts. Full length transcripts were included if they matched
90% of the length a known protein and had an e-value of less than 0.0001. The fifth
strategy utilized the de novo assembler Extender (Rokyta et al., 2012) to ensure that no
high abundance transcripts were missed, by assembling a transcriptome starting from
1,000 random reads as seeds. Random reads were extended using all of the reads if they
had an exact match of 120 nucleotides for extension, and if they had phred qualities of
>30. The contigs were then searched against the UniProt animal toxins database using
BLASTX.

To generate a consensus transcriptome, annotated contigs from the five different
search strategies were combined for each individual. Exact duplicates in the dataset
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were then removed utilizing cd-hit-est version 4.6 (Li and Godzik, 2006) on coding se-
quences. To screen for chimeric sequences or other coverage anomalies, reads were then
merged with PEAR version 0.9.6 (Zhang et al., 2014) and aligned using bwa version
0.7.12 (Li, 2013), retaining reads only if there were no mismatches relative to the refer-
ence. Alignments were then screened for coverage anomalies that included regions of no
coverage and/or multimodal coverage distributions.

A final quality-control step was performed on the assembled transcripts, because the
two S. sexspinosus RNA-seq libraries were sequenced alongside other RNA-seq libraries
from different species. Reads from each library, sequenced in the same lane as the two
S. sexspinosus, were merged with PEAR version 0.9.6 (Zhang et al., 2014). These reads
were then aligned against the coding sequences in the combined transcriptome using
bwa version 0.7.12 (Li, 2013). Transcripts were considered contaminants, if there were
differences in the full length consensus sequence, and if their abundance was >100x for
another library in comparison to the two S. sexspinosus libraries. Contaminants were
subsequently removed from the final transcriptome dataset.

Due to the scarcity of proteomically confirmed venom proteins, six additional tran-
scriptome assemblies utilizing a proteomic-driven annotation were employed for each
individual (Ward and Rokyta, 2018). Raw reads were first processed and screened for
cross-leakage due to demuliplexing and k-mer distributions from each individual were
compared against the distributions of other samples that were run in the same lane.
57-mer distributions were generated using jellyfish version 2.2.6 (Marcais and Kingsford,
2011). Reads were removed if >25% of their length was comprised of 57-mers that had
distributions 500 x more abundant in another sample than in S. sexspinosus. Trim Ga-
lore! (Krueger, 2015) was used for adapter and quality trimming with a quality threshold
set to a phred of 5 (MacManes, 2014), and we removed any trimmed reads less than 75
nucleotides in length. Reads were merged with PEAR version 0.9.10 (Zhang et al., 2014)
utilizing default settings. The first assembly method used was a replicate run of Extender
(Rokyta et al., 2012), using 1,000 random seeds with a minimum phred of 30, an overlap
of 120 nucleotides, 20 replicates, and using only the merged reads with a minimum phred
of 20. This assembly was independent of the first Extender run. Because Extender uses
random seeds, the two runs could generate different results. The second and third meth-
ods used BinPacker version 1.0 (Liu et al., 2016) and Trinity version 2.4.0 (Grabherr
et al., 2011), respectively, using merged and unmerged reads with a k-mer size of 31, and
treating all reads as unpaired. The fourth assembly was run using SOAPdenovo-trans
version 1.03 (Xie et al., 2014) with merged reads, unmerged reads treated as pairs, and
a k-mer size of 127. The fifth assembly was generated with SeqMan NGen version 14.0
using both the merged and unmerged reads, treating all as unpaired. The last assembly
method was rnaSPAdes version 3.10.1 (Bankevich et al., 2012) with k& = 127, using both
the merged and unmerged reads, with the unmerged reads treated as paired. Amino-acid
sequences from all of the possible reading frames were extracted using the getorf function
from EMBOSS version 6.6.0.0 (Rice et al., 2000) with a minimum size of 90 nucleotides
and only retained the open reading frames that contained both a start and a stop codon.
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The output from each assembly was then clustered to remove exact duplicates using
cd-hit version 4.6 (Li and Godzik, 2006) with a sequence identity threshold of 1.0. Each
assembly method was then converted into a database and used to search against the
mass-spectrometry results as described above.

The final transcriptome for S. sexspinosus was achieved by merging the initial con-
sensus transcriptome for each individual with the additional six assembly approaches.
Transcripts were then clustered and analyzed using only coding sequences in cd-hit-est
using a global sequence identity of 0.98. Using all of the merged reads for each indi-
vidual, transcriptome abundances were estimated with RSEM (Li et al., 2011) version
1.2.28 utilizing the alignments from bowtie2 (Langmead and Salzberg, 2012) version
2.3.0. All of the transcriptome and proteome abundances were centered logratio trans-
formed (Aitchison, 1986) as described in (Rokyta et al., 2015). This transformation is
comparable to a log transformation for linear analyses and does not change rank-based
analyses. SignalP version 4.1 was used to determine signal peptides using the default
settings (Petersen et al., 2011). Toxin family identification and naming was obtained
by searching annotated toxins against previously reported centipede toxins in the NCBI
transcriptome shotgun assembly (TSA) database. Because of the number of assembly
methods and clustering steps involved in generating the final consensus transcriptome,
we performed a BLASTN search to determine which assembly method had assembled
each final toxin. We used the final consensus transcriptome to search against all of
the contigs from each assembly only accepting matches with full length coverage and a
99% sequence identity. This allowed us to determine which final toxin sequences were
generated under each assembly method.

2.5 Reversed-phase high performance liquid chromatography

Reversed-phase high performance liquid chromatography was performed on one venom
sample from each individual (Ward et al., 2018; Ward and Rokyta, 2018). Approximately
7 ug of venom was injected onto an Aeris 3.6 ym C18 column (Phenomenex, Torrance,
CA) using 0.1% trifluoroacetic acid (TFA) in water for solvent A and 0.06% TFA in
acetonitrile for solvent B, on a Waters 2695 Separations Module with a Waters 2487
Dual A Absorbance Detector. The sample gradient started at 10% B for five minutes
with flow rate of 0.2 mL/min, and then changed from 10% B to 55% B over 110 minutes,
followed by a wash step of five minutes at 75% B and ten minutes at 10% B.

2.6 Enzymatic activity

Metalloprotease activity of the S. sexspinosus venom was tested using the gelatin fluores-
cein conjugate substrate (Thermo Fisher Scientific, US) from adapted methods previously
described (Knittel et al., 2016). Crotalus adamanteus venom served as a positive control
because of its high metalloprotease activity (Margres et al., 2016). For the assay, venom
samples were incubated with 100 pug/mL of gelatin fluorescein conjugate with 50 ug of S.
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sexspinosus or 20 ug of the C. adamanteus venoms in the reaction buffer (50 mM Tris-
HCI, 50 mM CaCl,, 1.5 M NaCl, pH 7.6). The assay was performed in the absence and
presence of 1,10-Phenanthroline (inhibitor of metalloproteases) or phenylmethylsulfonyl
fluoride (inhibitor of serine proteases). All reactions were carried out at 25°C and mon-
itored every three minutes over an hour using a SpectraMax M2 fluorometer (Molecular
Devices) at AEM 495 nm and AEX 535 nm. The specific activity of three independent
experiments was expressed in relative fluorescence units (RFU/min/ug).

2.7 Hemorrhagic activity

The hemorrhagic activity was based on the method described by Kondo et al. (1960)
modified by Gutiérrez et al. (2005). Swiss mice of both sexes (18-20 g body weight)
were obtained from Instituto Butantan animal house. The procedures used during the
experiments were approved by the Animal Use and Ethic Committee (CEUAIB) of the
Instituto Butantan (Protocol 67080408/17). They are in accordance with COBEA guide-
lines and the National law for Laboratory Animal Experimentation (Law No. 11.794, 8
October 2008). For the assay, 30 ug of S. sexspinosus venom and 10 ug of C. adaman-
teus venom was injected intradermally into the dorsal skin of mice both in the absence
and presence of 1,10-Phenanthroline. All the samples were incubated for 30 minutes at
37°C either in solution or with 50 uM of 1,10-Phenantroline prior to injection. After
1h, the mice were euthanized in a CO, chamber and the dorsal skin was removed. The

hemorrhagic area was measured in mm?.

2.8 Data availability

The raw transcriptome reads were submitted to the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under BioProject PRJNA340270,
BioSamples SAMN10423647 (C0142) and SAMN10423648 (C0184), and SRA accessions
SRR8188017 and SRR8188018 for C0142 and SRR8188015 and SRR8188016 for C0O184.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset
identifier PXD011714. The assembled transcripts were submitted to the NCBI Tran-
scriptome Shotgun Assembly database. This Transcriptome Shotgun Assembly project
has been deposited at DDBJ/ EMBL/GenBank under the accession GHBZ00000000.
The version described in this paper is the first version, GHBZ01000000.

3 Results and Discussion

3.1 Venom-gland transcriptomes

For individual C0142, 12,697,799 read pairs remained after Illumina quality filtering,
and 10,300,282 of those were merged. The resulting merged reads had an average length
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of 168 base pairs. Merged reads were assembled into the primary C0142 transcriptome
and consisted of 3,585 contigs from NGen supported by 6,869,596 reads. Through the
MS-directed analysis, 46 unique coding sequences were annotated using TransDecoder
and all possible open reading frames (ORFs). Seventy-four unique coding sequences were
annotated using BLASTX hits to the UniProt toxins database, and 1,160 unique coding
sequences were annotated using BLASTX hits to the NCBI nr database. Using the
Extender assembly, another 14 unique coding sequences were annotated by performing
a BLASTX search of the UniProt animal toxins database. After screening for duplicates
and chimeras, 887 unique coding sequences were identified for C0142.

For individual C0184, 19,186,565 read pairs remained after Illumina quality filter-
ing, and 15,985,989 of those were merged. The resulting merged reads had an average
length of 171 base pairs. Merged reads were then assembled into the primary C0184
transcriptome and consisted of 3,830 contigs from NGen supported by 7,234,572 reads.
Through the MS-directed analysis, 49 unique coding sequences were annotated using
TransDecoder and all possible ORFs. Sixty-two unique coding sequences were annotated
using BLASTX hits to the UniProt toxins database, and duplicates from C0142 were
excluded. We annotated 1,428 unique coding sequences using BLASTX hits to the NCBI
nr database. Using the Extender assembly, another 23 unique coding sequences were an-
notated by performing a BLASTX search of the UniProt animal toxins database. After
screening for duplicates and chimeras, 1,191 unique coding sequences were identified for
C0184.

A proteomic-driven annotation using six additional assemblies for each individual was
completed because of the dearth of publicly available proteomically confirmed centipede
toxins. As described in the methods, raw reads were processed, filtered, and merged.
46 unique coding sequences for C0142, and 38 unique coding sequences for C0184 were
annotated only using merged reads from Extender. Then using the other assemblies with
unpaired reads, 42 (C0142) and 39 (C0184) unique coding sequences were annotated
from the BinPacker assembly, 39 (C0142) and 37 (C0184) unique coding sequences were
annotated from the Trinity assembly, and 42 (C0142) and 37 (C0184) unique coding
sequences were annotated from the SeqMan NGen assembly. Then treating merged
and unmerged reads as paired, 15 (C0142) and 23 (C0184) unique coding sequences were
annotated from the SOAPdenovo-trans assembly, and 36 (C0142) and 29 (C0184) unique
coding sequences were annotated from the rnaSPAdes assembly. Utilizing six different
assemblies resulted in a combined total of 68 and 57 unique coding toxin sequences for
C0142 and C0184, respectively.

The final consensus transcriptome consisted of 1,540 unique protein-coding tran-
scripts and was utilized for all subsequent transcript-abundance and LC-MS/MS analy-
ses. Transcripts were separated into two categories: toxins and nontoxins. Seventy-two
toxin transcripts were identified in the proteome of one or both S. sexspinosus. An
overview of which toxins were assembled using each assembly method is shown in Figure
2. Each assembly method assembled an average of 39 toxins for both C0142 and C0184,
with SOAPdenovo-trans producing the lowest number of final toxin sequences (20 for

10
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C0142 and 24 for C0184) and NGen producing the highest (50 for C0142 and 52 for
C0184). These transcripts accounted for 733,945.84 and 712,844.36 transcripts per mil-
lion (TPM) for the mapped reads of C0142 and C0184, respectively. The 1,468 nontoxin
transcripts identified in S. sexspinosus accounted for 266,054.20 and 287,155.47 TPM of
the total mapped reads for C0142 and C0184, respectively. These nontoxin transcripts
likely encode for proteins that are essential for proper cell function and protein produc-
tion, but have a low probability of encoding for proteins with toxic functions because
they were not detected in proteome.

3.2 A common set of centipede toxins

Even with the limited sampling of centipede venoms, a common set of toxins is emerging
that includes fS-pore-forming toxins (SPFTxs), CAPs, M12A proteases, SPs, SLPTXs,
PLA2s, HYLA, low-density lipoprotein receptor class A repeat domain proteins (LDLA),
and DUFs (Undheim et al., 2015). All of these proteins were detected in the venom-gland
transcriptome and venom proteome of S. sexspinosus.

BPFTxs are non-enzymatic proteins that constitute a major component of centipede
venoms (Undheim et al., 2014a, 2015; Ward and Rokyta, 2018). Most of the pore-
forming toxins identified in S. sexspinosus contain a domain similar to aerolysin toxin, a
FPFTx found in bacteria, anemones, and hydras (Sher et al., 2005; Moran et al., 2012;
Dal Peraro and Van Der Goot, 2016). Ten different SPFTxs were identified as toxins in
S. sexspinosus (Table 1). They constituted 13.4% and 10.6% of the toxin transcriptome,
and 11.5% and 12.8% of the proteome of C0142 and C0184, respectively. The specific
targets and function of SPFTxs in centipede venoms is still unknown, but it has been
hypothesized that SPFTxs act to produce edema and myotoxicity (Malta et al., 2008;
Undheim et al., 2014a).

The CAP family of proteins is extensively distributed in animal venoms (Gibbs et al.,
2008; Fry et al., 2009b). This protein family has also been shown to be an abundant
component of centipede venoms (Rates et al., 2007; Liu et al., 2012; Undheim et al.,
2014a, 2015; Ward and Rokyta, 2018). Based on the phylogeny generated by Joshi and
Karanth (2011), Undheim et al. (2014a) divided CAPs into three different classes based
on their recruitment into centipede venom. CAP1 was recruited prior to the split of
Notostigmophora and Pleurostigmophora, CAP2 prior to the division of Scolopendridae,
and CAP3 within the genus Scolopendra. All of the CAPs identified in S. sexspinosus
belong to the class CAP1, which is consistent with the classes described in Undheim et al.
(2014a) as S. sexspinosus belongs to the family Scolopocryptopidae which is basal to all
of the other families in Scolopendramorpha (Joshi and Karanth, 2011). Four transcripts
were identified (Table 1) and constituted 10.5% and 2.7% of the toxin transcriptomes of
the C0142 and C0184, respectively. CAPs were also abundant in the proteomes of C0142
and C0184 (14.9% and 17.4%, respectively). The activity of CAP1 is still unknown.

Four different classes of proteases were identified as toxins in S. sexspinosus:
adamalysin-like metalloprotease (discussed below), M12A peptidases, M13 peptidases,
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and SPs (Table 1). Besides adamalysins, the M12A proteases were the most abundant
with eight unique proteins representing 7.1% and 6.4% of the total toxin transcriptome
and 12.8% and 15.1% of the proteome for C0142 and C0184, respectively. M12A pro-
teases are astacin-like metalloendoproteases that are a major component of centipede
venoms (Undheim et al., 2014a, 2015; Ward and Rokyta, 2018). The role of these pro-
teases in centipedes is yet to be determined. All of the M12A proteases contained a CUB
domain. A single M13 peptidase, or neprilysin-like peptidase, was identified in both indi-
viduals and contained a peptidase family M13 domain. This protein does not constitute
a large part of the transcriptome or proteome (<1.0% for C0142 and C0184). Six SPs
were detected in the toxin transcriptome and the proteome of S. sexspinosus including
both S1 and S8 proteases (Table 1). Five of the SPs were identified as S1 proteases
and contained a trypsin-like serine protease domain and matched to other previously
identified centipede toxins. The last SP (Peptidase-1) was an S8 protease. This protease
contained an S8 pro-domain, a peptidase S8 family domain, and a proprotein convertase
P-domain. The SPs accounted for 1.3% and 2.0% of the toxin transcriptome and 0.4%
and 3.3% of the proteome for C0142 and C0184, respectively. The function for SPs in
centipede venom is still unknown, but it has been hypothesized that they could function
in the activation of other toxins (Undheim et al., 2015).

Scoloptoxins (SLPTXs) are a structurally diverse group of proteins that contains
families of centipede toxins characterized as cysteine rich peptides that exhibit a broad
range of functions (Yang et al., 2012; Undheim et al., 2014a,b, 2015; Rong et al., 2015).
Five different SLPTXs were identified in S. sexspinosus (SLPTX1, SLPTX4, SLPTX15,
ProtCwla, SLPTX-1, Table 1). All five SLPTXs were identified in the transcriptome
of both individuals, but ProtCwla (An SLPTX identified from the proteome of Cor-
mocephalus westwoodi by Undheim et al., 2014a) and SLPTX4 were only detected in
the proteome of C0184. SLPTXs accounted for 11.3% and 53.7% of the toxin transcrip-
tome and 1.1% and 3.7% of the proteome for C0142 and C0184, respectively. Three of
the SLPTXs identified were grouped into SLPTX families based on sequence similarity
(SLPTX1, SLPTX4 and SLPTX15). Two SLPTXs showed sequence similarities with
SLPTXs with no family designation (ProtCwla and SLPTX-1), but based on their cys-
teine rich configuration and molecular mass (Undheim et al., 2015), they were grouped
into SLPTX families SLPTXS8 and SLPTX4 respectively.

PLA2s are commonly recruited into animal venoms, and have a variety of differ-
ent functions that are described in greater detail in other studies (Fry et al., 2009b).
PLA2s have been characterized in other centipedes (Gonzales-Morales et al., 2009; Liu
et al., 2012; Undheim et al., 2014a), including verification of PLA2 enzymatic activity
(Gonzales-Morales et al., 2009; Malta et al., 2008). One transcript was found in both
the transcriptome and proteome of each individual S. sexspinosus (Table 1).

One hyaluronidase (HYAL) was identified both transcriptomically and proteomically
in both individual S. sexspinosus. HYAL activity has been observed in centipedes (Malta
et al., 2008), and HYALs are generally considered spreading factors in venomous organ-
isms because of their ability to hydrolyze glycosaminoglycans that are distributed in a
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variety of tissues and the extracellular matrix of predators and prey (Girish et al., 2004;
Undheim et al., 2014a, 2015; de Oliveira-Mendes et al., 2019). The HYAL identified in
S. sexspinosus may function in a similar role.

LDLAs are an abundant component of centipede venom, but their function is still
undetermined (Liu et al., 2012; Undheim et al., 2015; Smith and Undheim, 2018; Ward
and Rokyta, 2018). The diversity of LDLAs seen in other centipedes is repeated in S.
sexspinosus, as six different LDLAs were identified (Table 1). LDLAs accounted for 5.8%
and 6.0% of the total toxin transcriptional output for C0142 and C0184, respectively and
4.5% of the total proteomic output for both individuals. LDLA-3 was absent in both
the transcriptome and proteome of C0184 and LDLA-6 was absent from the proteome
of C0142 (Table 2).

An additional family of toxins found in centipedes are proteins that contain a domain
of unknown function (DUF) (Undheim et al., 2014a, 2015). In S. sezspinosus four DUFs
were identified that all contained DUF3472 and DUF5077 domains (Table 1). DUFs
were responsible for 5.3% and 0.9% of the total toxin transcriptional output and 7.1%
and 4.8% of the proteomic output for C0142 and C0184, respectively.

Ten other proteins were identified in the transcriptome and proteome of S.
sexspinosus. These proteins consisted of S-amyloid, protein BAT5 (BATS5), chorion per-
oxidase (Chorionperoxi), Coatomer subunit 5 (CoatomerB), fumarylacetoacetase, gol-
gin subfamily A member 2 (GolginA2), leucine-tRNA ligase (LeutRNALiga), mitogen-
activated protein kinase kinase kinase 15 (MAPK15), neutral a-glucosidase AB (Neu-
tralphaglucosiAB), and rho guanine nucleotide exchange factor 7 (RhoGuanExchafact7).
These proteins were only identified in a single individual with two of them (BAT5 and
RhoGuanExchaFact7) only being identified in one of the three proteomic replicates (Ta-
ble 2). Because all ten proteins displayed low expression in both the proteome and toxin
transcriptome of both individuals (< 0.01%), these proteins are most likely not toxins.
These proteins likely contribute to the general cell maintenance and protein production in
the venom gland and could have leaked into the venom prior to venom gland extraction.

Eleven proteins were generically classified as venom proteins (VPs) due to no de-
tectable sequence homology to any known toxins. VPs found in S. sexspinosus accounted
for 8.8% and 13.1% of the toxin transcriptional output and 2.5% and 5.2% of the pro-
teomic output for C0142 and C0184, respectively (Figure 3). VP-1 and VP-9 both shared
sequence homology with uncharacterized proteins from Rehm et al. (2014) in the TSA
database, with VP-1 having a 61% sequence identity to Scolopendra subspinipes de-
haani, and VP-9 having a 42% sequence identity to Lithobius forficatus. VP-3, VP-10
and VP-12 all matched to Unchar-06 protein from S. subspinipes, and Scolopendra al-
ternans (Undheim et al., 2014a; Smith and Undheim, 2018) and shared above an 88%
sequence identity to each other. The other VPs (VP-2, VP-4 — VP-8) did not match to
any centipede proteins in the TSA database. VP-9 was the only VP to include a con-
served domain, a carbonic anhydrase family domain. Three VPs (VP-8 — VP-10) were
only detected in C0184 and VP-12 was only detected in the proteome of C0142 (Table
2). VP-12 was not accounted for in the transcriptome of either individual, probably due

13



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

to the similarity between VP-3, VP-10, and VP-12 (> 93% similarity). The similarity
between these three toxins could have led to some of the reads being misassigned to
either VP-3 or VP-10 making it so VP-12 did not receive any reads. Each VP included
a signal peptide of 19-23 amino acids.

3.3 Adamalysin-like metalloproteases

Metalloproteases are an integral venom component in many venomous lineages, including
centipedes (Malta et al., 2008; Undheim et al., 2014a, 2015). Centipede zinc-dependent
metalloproteases described so far are limited to the M12A proteases or astacin-like metal-
loendoproteases (Undheim et al., 2014a, 2015; Ward and Rokyta, 2018). M12A proteases
were identified in S. sezspinosus (see above), however, the major class of toxins detected
in S. sexspinosus belongs to the M12B metalloproteases, also known as the adamalysins.
Based on domain structure, the adamalysins found in S. sexspinosus venom are struc-
turally similar to snake venom metalloproteases (SVMPs) and, to our knowledge, are the
first to be reported in any centipede lineage. Five different adamalysins were detected
in both the transcriptome and proteome of each individual S. sezspinosus (C0142 and
C0184, Table 1). All adamalysins in S. sexspinosus contained a signal peptide of 18 or
26 amino acids, 22 or 23 cysteine residues, and had molecular weights of 65.4 kDa-65.7
kDa (Table 1).

SVMPs have been extensively characterized and are organized into three classes
(SVMP I, SVMP II, SVMP III) based on the presence of additional nonprotease domains
(Fox and Serrano, 2005, 2008). SVMPs I, II and IIT are classified based on the presence
of a metalloprotease domain (I), with the addition of a disintegrin domain (II), and a
cysteine rich domain (III) (Figure 4). Four of the adamalysins (MP-1, MP-2, MP-5, MP-
8) detected in S. sexspinosus do not resemble any of the SVMPs classifications, based on
the presence and absence of additional nonprotease domains following the metallopro-
tease domain (Fox and Serrano, 2008). MP-4 however, does resemble SVMP I as it only
consists of a signal peptide and a metalloprotease domain. The remaining adamalysins
all contained an additional cysteine-rich domain following the metalloprotease domain
(Figure 4). This domain pattern is not seen in any of the SVMP classifications, but has
been seen by Ali et al. (2014) in the salivary glands of ticks. Adamalysins constituted
35.7% and 3.0% of the total toxin transcriptome and 44.3% and 31.6% of the total pro-
teome for C0142 and CO0184, respectively. The high expression of adamalysins in the
venom of S. sexspinosus points toward this convergently recruited toxin having an im-
portant ecological function. However, the function of these proteins in tick secretions or
centipede venoms has yet to be investigated.

The structure and function of SVMPs has been explored extensively, providing a
robust framework for describing evolution of these toxins (Seals and Courtneidge, 2003;
Takeda, 2016; Kini, 2018). One mechanism describing the neofunctionalization of SVMPs
is the loss of domains following duplication of the ancestral gene (Casewell et al., 2011).
The loss of domains seen in the SVMP I and SVMP II have only been identified in the
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snake family Viperidae. Venoms from this family have an extensive array of different
SVMPs, that have evolved through positive selection (Fox and Serrano, 2005; Rokyta
et al., 2011). The adamalysins in S. sexspinosus venom have also presumably undergone
domain loss from the ancestral adamalysin proteins as they do not have the disintegrin
domain and one protein does not contain the disintegrin and the cysteine rich domain
(MP-4). The loss of these domains and neofunctionalization of the adamalysins could
be associated with ability of the toxin to diffuse faster into different tissues because of
its smaller size (Doley and Kini, 2009), while retaining the higher activity that has been
seen with the extra domains in SVMP III (Takeda, 2016).

3.4 Functional verification of adamalysins

The enzymatic capacity of a highly expressed adamalysin-like metalloprotease observed
in the transcriptome and proteome of S. sexspinosus venom was measured by gelatin
hydrolysis. Gelatin is a denatured form mainly from type I collagen, and this assay
is a common method for examining the metalloprotease activity in different venoms
(Feitosa et al., 1998; Camacho et al., 2016; Margres et al., 2016). Metalloproteases are
the main enzymes in snake venom responsible for extracellular matrix protein degrada-
tion, especially collagen and laminin (Baldo et al., 2010; Freitas-de Sousa et al., 2017).
Scolopocryptops sexspinosus venom was able to hydrolyze gelatin as shown in Figure
5, however the activity was not abolished when incubated with the metalloprotease in-
hibitor. Venom activity was only quenched with the addition of the serine protease
inhibitor. This suggests that the serine proteases have enzymatic function in the venom
of S. sexspinosus but that the adamalysins are not active against this substrate. How-
ever, it has been shown that in vitro catalytic activity of an SVMP on synthetic substrate
shows reduced activity even when the same toxin was shown to be highly hemorrhagic
in vivo (Freitas-de Sousa et al., 2017). Thus, we evaluated the ability to induce hem-
orrhage in vivo with S. sexspinosus venom. Scolopocryptops sexspinosus venom showed
hemorrhagic activity alongside a positive control of C. adamanteus venom (Figure 6).
The venoms were further treated with a metalloprotease inhibitor that abolished all of
the activity for S. sexspinosus venom and C. adamanteus venom (Figure 6), demonstrat-
ing that this activity is induced by adamalysins found in the venom of S. sexspinosus.
The catalytic effects of SVMPs in snake venom lead to the induction of hemorrhage,
apoptosis of endothelial cells, and pro-inflammatory action in envenomated predators or
prey (Moura-da Silva et al., 2007). Hemorrhage is the main activity induced by SVMPs
and is mainly related to the hydrolysis of capillary basement membrane components
(principally collagen IV and laminin). These components are involved in capillary sta-
bility and cell anchorage (Shannon et al., 1989), reduction of the basement membrane
weakens hemodynamic forces and contributes to capillary distension and consequent ex-
travasation (Gutiérrez et al., 2005). To date, no reports have been published about the
symptoms caused from §. sexspinosus envenomations. Thus, future work should study
the effects of these toxins, especially in the context of animal ecology, due to the high
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abundance of adamalysins in S. sexspinosus venom.

3.5 Transcript and protein abundances across individuals

Venom-gland transcript abundance comparison between the two individuals showed a
strong correlation for nontoxin transcripts (Spearman’s rank correlation p = 0.88, Pear-
son’s rank correlation coefficient R = 0.86, and R? = 0.74; Figure 7). The toxin tran-
scripts from each individual were also positively correlated (Spearman’s rank correlation
p = 0.46, Pearson’s rank correlation coefficient R = 0.44, and R? = 0.19; Figure 7).
Seven of the outliers in Figure 7 (8-PFTx-2, LDLA-3, pM12A-1, pM12A-8, ProtCwla,
S1-4, and VP-8) were only present in the proteome of one individual but not the other
(Table 2).

Venom proteomic comparison between the two individuals showed strong agreement
(Spearman’s rank correlation p = 0.83, Pearson’s rank correlation coefficient R = 0.81,
and R? = 0.65; Figure 8), with 48 of the 72 toxins detected in both proteomes. The 24
toxin proteins that were proteomically detected in one individual and completely absent
from the other are described in Table 2. Ten of these corresponded to proteins with low
transcriptomic and proteomic abundances (less than 0.1%) that are likely proteins used
for cellular processes unrelated to venom function (discussed below). The remaining 14
proteins were a $-PFTx, a DUF, two LDLAs, three M12As, a SP, two SLPTX, and four
VPs. Eight of these proteins showed low expression levels, and six of the toxins (5-PFTx-
2, DUF3472-4, LDLA-3, pM12A-1, pM12A-8, and VP-8) showed moderate abundances.
Five of the six toxins that were moderately expressed in one individual, and not at
all in the other, were also identified as outliers in the transcriptome comparison. The
difference between the two individuals could be attributed to intraspecific variation as
the high correlation between the nontoxin transcriptomes, the toxin transcriptomes, and
the proteomes, suggests that this is a biological rather than technical, variation.

The reversed-phase high-performance liquid chromatography (RP-HPLC) chro-
matograms help visualize the complexity of the venom described by the proteomes and
transcriptomes of S. sexspinosus (Figure 9). Most of the peaks appear to be consistent
between the two individuals, with some variation seen in the relative absorbance and
different number of peaks. The majority of this variation is seen in peaks at ~20-40
minutes. Additional variation can be seen around 60 minutes, where C0184 has two
different peaks not seen in C0142. The profiles reflect some of the proteomic differences
discussed above.

3.6 Transcript versus protein abundance estimates

A positive correlation is observed for both C0142 and C0184 when comparing the tran-
scriptomic abundances with the proteomic abundances within each individual (Fig-
ure 10). C0142 shows a strong positive correlation (Spearman’s rank correlation p = 0.78,
Pearson’s rank correlation coefficient R = 0.79, and R? = 0.62). C0184, however, did
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not have as strong of a correlation between the transcriptome and proteome abundances
(Spearman’s rank correlation p = 0.57, Pearson’s rank correlation coefficient R = 0.48,
and R? = 0.23). Three individual proteins in C0184 (SPFTX-11, pM12A-3, and S1-5),
were detected at low levels in the transcriptome, but were detected at moderate levels
in the proteome (Figure 10). These three proteins shared 80-96% similarity with other
proteins in their respective families and were indicated as possible outliers in a Cook’s
distance test of the regression. Removing these three low abundance proteins changes the
correlation (Spearman’s rank correlation p = 0.65, Pearson’s rank correlation coefficient
R =0.7, and R* = 0.50).

Although several explanations have been hypothesized for differences between tran-
scriptomes and proteomes, differences should be considered technical or methodological
unless otherwise ruled out (Rokyta et al., 2015; Ward and Rokyta, 2018). One po-
tential explanation for the differences observed between transcriptomic and proteomic
abundances is the timing of mRNA production in the venom gland following venom
extraction (Morgenstern et al., 2011; Ward et al., 2018). One study investigated the
timing of mRNA and protein production in the venom gland of snakes and noted that
mRNA production was highest between three and seven days after venom extraction
(Currier et al., 2012). However, significant individual variation was observed in the tim-
ing of mRNA production and in the relative abundance of toxin family transcripts. This
type of variation could account for the differences observed between the transcriptomes
of C0142 and C0184. The two individual S. sexspinosus show a strong agreement on
the proteomic level, but not on the transcriptomic level (Figures 7,8). This discrep-
ancy could indicate a difference in the timing of mRNA production and the amount
of mRNA toxin expression in C0184, even though both individuals had their venom
glands removed four days following venom extraction. Venom from a fully regenerated
venom gland was comparable between C0142 and C0184, strengthening the argument
for variable transcriptomic expression. Figure 7 shows that the three proteins that were
considered outliers (SPFTX-11, pM12A-3, and S1-5) contribute to the low correlation of
the transcript and protein abundances in C0184, and they are also considered outliers in
the transcriptome comparison between C0142 and C0184. The proteins showing a low
abundance in the transcriptome of C0184 may have resulted from a biological difference
associated with the timing of mRNA production prior to venom gland removal.

4 Conclusions

Through an in-depth venom characterization of S. sexspinosus we identified and de-
scribed 72 complete toxins through linking the protein phenotype with the transcript
genotype, representing the first venom characterization of a scolopocryptopid centipede.
Toxin families identified included: [-PFTx, CAPs, M12A peptidases, SPs, M13 pepti-
dases, SLPTXs, PLA2s, LDLAs, HYALs, DUFs, VPs and adamalysins. Adamalysin-like
metalloproteases have previously been detected in snake venoms alone, and those de-
tected in S. sexspinosus displayed a unique domain structure that is unlike those found
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in snakes (SVMPs). The domain structure in the adamalysins in S. sexspinosus could
represent a neofunctionalization of this toxin family. However, functional assays suggest
that the adamalysins in S. sexspinosus retain some of the same enzymatic activity as
the SVMPs. Adamalysins were the most highly expressed protein family identified in
the proteome, constituting nearly half of the proteomic abundance for both individual
S. sexspinosus. The recruitment of adamalysins into the centipede venom identified here
represents a striking case of molecular convergent evolution.
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«s Figure Legends

Figure 1. A) Dorsal view of a S. sexspinosus from Northern Florida. Scolopocryptops
sexspinosus can reach a maximum of 69 mm in length and 4 mm in width. B) Range map
of S. sexspinosus. Points indicate where individuals C0142 and C0184 were collected.
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Figure 2. A heat map is shown displaying which assembly method assembled each toxin.
Contigs from each assembly that showed a full length sequence and shared a 99% sequence
identity to a toxin from the final consensus transcriptome are displayed as a dark rectan-
gle. Abbreviations: BP—BinPacker, Ex—Extender, NG—NGen, SDT—SOAPdenovo-
trans, SPA—rnaSPAdes, Tri—trinity, BAT5—protein BAT5, BPFTx—/-pore form-
ing toxin, CAP—cysteine-rich secretory protein, antigen 5, and pathogenesis-related
1 protein domains, Chorionperoxi—chorion peroxidase, CoatomerB—Coatomer sub-
unit #, DUF—domain with unknown function, GolginA2—golgin subfamily A member
2, HYAL—hyaluronidase, LDLA—Ilow-density lipoprotein receptor Class A repeat do-
main, LeutRNALiga—Ileucine-tRNA ligase, MAP15—mitogen-activated protein kinase
kinase kinase 15, MP—adamalysins (M12B metalloproteases), NeutralphaglucosiAB—
neutral a-glucosidase AB, Peptidase-1—S8 serine protease, Peptidase-2—M13 pep-
tidase, PLA2—phospholipase Ay, pM12A—peptidase M12a, ProtCwla—scoloptoxin,
RhoGuanExchafact7—rho guanine nucleotide exchange factor 7, S1—S1 serine protease,
SLPTX-—scoloptoxins, VP—venom protein.
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Figure 3. Class level abundance comparisons for the venom-gland transcriptome
and venom proteome of C0142 were consistent. The venom proteome of C0142 and
C0184 also showed a similar pattern of expression. However, class level abundances
for the transcriptome and proteome of C0184 are not consistent. The expression of
SLPTXs is 53.7% in the transcriptome, yet only accounts for 3.7% in the proteome.
The expression of adamalysins is not very consistent accounting for 3.0% of the tran-
scriptome and changing to 31.6% of the proteome. Abbreviations: Bamyloid— (-
amyloid, BAT5—protein BAT5, BPFTx—/(-pore forming toxin, CAP—cysteine-rich se-
cretory protein, antigen 5, and pathogenesis-related 1 protein domains, Chorionperoxi—
chorion peroxidase, CoatomerB—Coatomer subunit g, DUF-—domain with unknown
function, GolginA2—golgin subfamily A member 2, HYAL—hyaluronidase, LDLA—Ilow-
density lipoprotein receptor Class A repeat domain, LeutRNALiga—Ileucine-tRNA lig-
ase, MAP15—mitogen-activated protein kinase kinase kinase 15, NeutralphaglucosiAB—
neutral a-glucosidase AB, RhoGuanExchafact7—rho guanine nucleotide exchange factor
7, SLPTX—scoloptoxins, SP—serine protease VP—venom protein.
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Figure 4. A schematic representation of adamalysin-like metalloproteases. The top
three structures represent the snake venom metalloproteases (SVMPs). The bottom
structure represents the different domain structure of four of the adamalysin-like pro-
teins in S. sexspinosus. One adamalysin in S. sexspinosus, MP-4, has a domain structure
similar to SVMP 1. Abbreviations: SP—signal peptide, ZnMP—Zinc-dependent metal-
loprotease domain, DIS—disintegrin domain, Cys—ADAM Cysteine-Rich Domain.
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Figure 5. Enzymatic properties of S. sexspinosus venom compared against venom from
C. adamanteus (positive control). Enzymatic activity from each venom was measured
through the amount of degraded gelatin fluorescein substrate every minute over a period
of three hours. Venom samples were incubated with and without two inhibitors, metal-
loprotease inhibitors (O) and serine protease inhibitors (P). The maximum rate of the
reaction (Vy,.x) was calculated for each sample in relative fluorescence units per minute.
These values were then corrected for the amount of venom (pug) utilized. The average
of three samples per venom are shown along with the 95% confidence intervals. Our
positive control (C. adamanteus) displayed a high rate of reaction for the gelatin sub-
strate that was quenched completely when inhibited by metalloprotease inhibitors and
lowered slightly with serine protease inhibitors. Scolopocryptops sexspinosus also showed
a high rate of reaction however, metalloprotease inhibitors did not change the activity
but serine protease inhibitors quenched the activity of this venom. Abbreviations: C.
adam—C. adamanteus venom, S. sexs—S. sexspinosus venom

30



400 —

o~ N

£

£ 300 —

©

m p—

P —

<

_9200—

(@)]

©

& _

=

g100—

()

I _

0 - ]

[ [ [ [ [ I
© © ® ©® o W
S S 1 ® > =
3 0% % B B 0
2 2 x B

Figure 6. Inhibition of hemorrhagic activity induced by venom from Scolopocryptops
sexspinosus (S. sexs) and Crotalus adamanteus (C. adam). 30 pg of S. sexspinosus
venom and 10 pg of C. adamanteus venom were incubated for 30 minutes with 50 uM
of 1,10-Phenantroline (O) at 37 °C and injected by intradermal route into the dorsal
skin of mice. After one hour, the animals were euthanized and the dorsal skin was
removed. Results are expressed as a mean of replicated experiments. Insert shows the
hemorrhagic area of A) C. adamanteus venom, B) C. adamanteus venom and inhibitor,
C) S. sexspinosus venom, D) S. sexspinosus venom and inhibitor, E) injection with
inhibitor, and F) injection with saline.

31



Nontoxins Toxins

n=1468 n=72 . ProlC\n’lla’/
p =0.88 0=0.46 e
R=0.86 . R=0.44 oVPs
R2=0.74 - R?=0.19 pMi2A-8e - Be .
_ . . | _: ~ e ® o
© ° ° »d, L © ke 7'.;I\II-I?2L:-15 Vfol;e;’nida!e;z oo 0','.MP—1
- S1-4 ,5,4,_2. e ® oe - _ZOMP-S
. oS L4 L’ R ..o . ",
. L7 VP-2
farny L . o
g ° o ° . e CAF:—[:,!UF3472-1
— o® .
8 ° 7 -.. ° Y e
~ . o °
= ° : ° .
(@] .
° . @ BPFTx-11
’ ‘ 051-5
o BPFTx-2
| i o _|
i i © BPFTx-10
, o pM12A-3
o . o 7 oLDLA-3
\ T T T T T
-5 0 5 -5 0 5
clr(C0142) clr(C0142)

Figure 7. Venom-gland transcript abundance comparison between C0142 and C0184
for the nontoxins was highly correlated, while the transcript comparison for the tox-
ins between the two individuals was less correlated. The dashed lines in the toxins
plot represent the 99th percentile of differences between the two nontoxin measures.
Labeled points outside the dashed line represent toxins with unusually different expres-
sion levels relative to the nontoxins and were considered outliers. Abbreviations: clr—
centered logratio transformation, n—number of transcripts, p—Spearman’s rank corre-
lation coefficient, R—Pearson’s correlation coefficient, R?*——coefficient of determination,
BPFTx—/f-pore forming toxin, CAP—cysteine-rich secretory protein, antigen 5, and
pathogenesis-related 1 protein domains, DUF—domain with unknown function, HYAL—
hyaluronidase, LDLA—low-density lipoprotein receptor Class A repeat domain, MP—
adamalysins (M12B metalloproteases), Peptidase-2—M13 peptidase, pM12A—peptidase
M12A, ProtCwla—scoloptoxin, SLPTX-—scoloptoxins, S1-—S1 serine protease, VP—
venom protein.
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Figure 8. A venom proteomic comparison between the two individuals of S. sexspinosus
(C0142 and C0184) showed good agreement for proteins detected in both venom pro-
teomes. Table 2 shows the proteomic presence/absence differences between the two in-
dividuals, with only eight toxins (5-PFTX-2, DUF3472-4, LDLA-3, pM12A-1, pM12A-8
and VP-8) showing a moderate abundance difference between the two individuals. Abbre-
viations: clr—centered logratio transformation, n—number of proteins, p—Spearman’s
rank correlation coefficient, R—Pearson’s correlation coefficient, R*—coefficient of deter-
mination, BPFTx—/-pore forming toxin, CAP—cysteine-rich secretory protein, antigen
5, and pathogenesis-related 1 protein domains, DUF—domain with unknown function,
Hyal—hyaluronidase, LDLA—Ilow-density lipoprotein receptor Class A repeat domain,
MP—adamalysins (M12b metalloproteases) pM12A—peptidase M12a, Peptidase-1—
S8 serine protease, Peptidase-2—M13 peptidase, PLA2—phospholipase A, SLPTX—
scoloptoxins, S1—S1 serine protease, VP—venom protein.
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Figure 9. A reversed-phase high-performance liquid chromatography spectrum is shown
for a venom sample from each individual S. sexspinosus, demonstrating the complexity
of the venom. The dashed line indicates the elution gradient used, shown as a percentage
of solution B.

34



Co142 Co0184
n=>56 o o © | n=63
p=0.78 p=0.57
R=0.79 e R=0.48 o
o o RE=062 . 4 Re=0.23 e 4
o 3: ot pMi2a-3 eBPFTx-11 R ..,' Y. ¢
—_ i o 2 . —_ ° *S1-5 . "t
€ . £ o N
% o — . . . . . ® e % . .
pud L . P, ° oo
= ° ¢ © e’ & - ° o.
= . ] d )
(__) (\Il — . o [&] ) . °
ITe) L]
3 ) .. .. I
< 4.~ ’
I
o
T T T T ‘|_ T T T I
-4 -2 0 2 -10 -5 0 5
clr(mRNA) clr(mRNA)
Figure 10. Transcript and protein abundances were positively correlated, but the

agreement in individual C0184 was weaker compared to C0142. The weak correlation
in C0184 could be attributed to the timing of mRNA expression in the venom gland
following venom extraction. This timing bias would influence the transcriptome of one
individual yet leave the proteomic evidence consistent among both individuals leading
to a low correlation in C0184 and a higher correlation for C0142. Proteins identified as
potential outliers using a Cook’s distance test of regression are labeled. The line of best fit
for each individual is indicated by a dashed line. Abbreviations: clr—centered logratio
transformation, n—number of transcripts, p—Spearman’s rank correlation coefficient,
R—Pearson’s correlation coefficient, R*—coefficient of determination, BPFTx—3-pore
forming toxin, pM12A—peptidase M12a, S1—S1 serine protease.
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Table 1. Toxins identified and proteomically confirmed in the venom of
Scolopocryptops sexspinosus.

Signal Precursor  Cysteine MW C0142 C0184 C0142 C0184

Toxin  peptide (aa) (aa) Residues  (kDa) TPM TPM fmol fmol
B-PFTx-1 20 326 5 33.9 35,818.07 12,699.72 1,053.17 374.02
B-PFTx-2 22 344 5 36.5 10,396.53 0.74 687.49 -
B-PFTx-3 17 330 5 35.5 7,871.28 3,695.34 1,978.73  1,687.44
B-PFTx-4 17 333 5 35.7 8,233.93 20,163.89 2,369.94  2,767.86
B-PFTx-5 22 344 5 36.6  11,550.57  20,226.04  1,472.66 1,963.53
B-PFTx-6 27 345 5 35.8 22,119.27 8,371.62 2,083.44 775.53
B-PFTx-7 22 344 5 36.4 30.27 8,110.92 260.93 628.85
[-PFTx-8 21 332 3 34.7 1,564.21 2,144.22 25.37 16.27
B-PFTx-10 21 332 3 34.6 43.40 0.28 21.41 14.77
B-PFTx-11 17 333 5 35.7 699.84 2.33 1,197.24  1,134.78
B-amyloid 22 655 15 73.5 76.89 59.39 - 5.83
BATS5 - 546 7 61.2 29.46 26.49 - 3.04
CAP1-1 22 231 9 22.9 22,645.16 4,773.01 5,146.91  4,732.68
CAP1-2 18 231 10 23.4 18,215.00 8,198.09 4,796.01  4,520.54
CAP1-3 18 231 10 23.8 2,565.31 176.76 173.83 10.21
CAP1-4 18 231 10 23.4 33,334.74 5,940.57 4,339.56  3,399.41
Chorionperoxi 19 801 20 87.1 36.34 32.36 31.23 -
CoatomerB - 952 18 106.9 36.64 26.15 — 7.38
DUF3472-1 26 428 1 44.4 7,891.46 245.79 1,719.75  1,006.78
DUF3472-2 25 427 2 44.3 19,324.82 3,850.90 1,948.00 1,600.87
DUF3472-3 25 426 1 44.3 10,589.39 1,460.71 1,512.70 917.74
DUF3472-4 25 427 1 44.4 1,020.42 1,197.04 1,661.44 -
Fumarylacetoacetase - 420 7 46.9 161.79 124.43 - 4.51
GolginA2 — 826 4 94.9 33.43 25.81 - 11.56
Hyal 21 371 5 40.5 2,497.87 2,342.45 690.04 825.13
LDLA-1 17 204 8 21.7 14,111.43 5,188.64 534.10 272.82
LDLA-2 17 203 8 21.8 11,775.20 5,252.18 1,151.71 412.47
LDLA-3 18 195 8 20.5 7,188.71 — 1,142.44 —
LDLA-4 18 192 8 19.9 8,418.64 23,244.45 1,430.42  2,055.78
LDLA-5 18 194 8 20.2 37.08 7,586.01 57.42 449.59
LDLA-6 18 192 8 20.4 1,001.80 1,427.36 - 72.76
LeutRNALiga - 1,172 19 134.7 41.56 31.85 - 19.03
MAPK15 - 1,309 24 148.9 15.06 16.95 9.72 -
MP-1 26 611 23 65.6 71,639.70 4,782.90 11,996.48 6,124.06
MP-2 18 609 22 65.7 28,919.34 2,605.83 2,906.19  1,038.48
MP-4 18 607 22 65.7 12,518.85 1,639.04 1,776.18 638.30
MP-5 26 611 23 65.4 111,038.32 3,956.78  13,931.60  7,043.95
MP-8 26 611 23 65.4 38,046.66 8,079.08 12,303.69  8,223.20
NeutralphaglucosiAB 18 915 5 103.9 44.26 36.66 13.67 -
Peptidase-1 27 698 9 74.7 2,589.61 3,448.28 21.40 40.05
Peptidase-2 19 730 10 81.9 434.65 5,511.94 148.20 271.61
PLA2 21 161 10 16.2 1,991.97 2,921.10 23.32 26.79
pM12A-1 19 418 14 45.1 26.65 6,133.77 - 1,554.26
pM12A-2 22 426 14 46.3 12,720.19 3,913.00 3,895.17  1,656.50
pM12A-3 19 413 14 44.3 13,288.45 0.11 1,893.20 777.09
pM12A-4 19 416 14 44.5 6,967.39 11,363.99 2,691.29  2570.72
pM12A-5 22 426 14 46.0 15,056.29 6,020.37 3,540.04  1,744.35
pM12A-6 20 421 14 45.7 1,270.27 195.62 375.36 38.26
pM12A-7 22 428 12 46.3 1,209.91 1,816.79 31.14 -
pM12A-8 19 419 14 44.9 1,914.33 16,321.30 - 2,642.45
ProtCwla 19 219 6 24.1 4,527.07  227,991.32 - 348.76
RhoGuanExchaFact7 - 600 11 68.4 21.90 14.12 3.97 -
S1-1 18 267 10 28.4 966.74 2,604.80 95.41 120.34

S1-2 20 274 11 28.5 252.69 3,151.41 46.89 1,010.16

S1-3 18 274 10 29.0 4,934.69 2,921.94 128.86 215.49
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12.0
4.0
5.8
6.5
7.8
17.6
9.4
8.5
9.5
7.5
9.7
30.9
17.5
17.5

0.32
581.28
27,486.89
3,616.27
2,079.38
45,514.80
345.41
7,868.70
3,621.79
2,208.32
7,212.75
2,582.21
40,342.36
30.45
127.77
571.64

2,350.09
1.23
90,778.45
1,659.83
2,778.93
59,915.29
6,318.63
651.87
4,217.22
6,727.25
20,285.28
10,067.75
9,358.68
34,121.38
191.79
1,348.05

116.89
442.48
124.98
522.93

21.49
379.30
220.48
136.27
155.97
971.73
391.88

136.60

388.49
647.03
935.21
179.55

39.98

1,193.78

309.74

71.16
223.98
401.62
304.09
968.32
213.73
1,234.27
7.38
41.52

Cysteine residues and molecular weights were determined using ExPASy ProtParam (Gasteiger et al., 2005) and do not
include signal peptides. Abbreviations: BAT5—protein BAT5, BPFTx—f-pore forming toxin, CAP—cysteine-rich

secretory protein, antigen 5, and pathogenesis-related 1 protein domains, Chorionperoxi—chorion peroxidase,

CoatomerB—Coatomer subunit 8, DUF—domain with unknown function, GolginA2—golgin subfamily A member 2,
HYAL—hyaluronidase, LDLA—low-density lipoprotein receptor Class A repeat domain, LeutRNALiga—leucine-tRNA
ligase, MAP15—mitogen-activated protein kinase kinase kinase 15, MP—adamalysins (M12b metalloproteases),
NeutralphaglucosiAB—neutral a-glucosidase AB, Peptidase-1—S8 serine protease, Peptidase-2—M13 peptidase,
PLA2—phospholipase As, pM12A—peptidase M12a, ProtCwla—scoloptoxin, RhoGuanExchafact7—rho guanine

nucleotide exchange factor 7, S1—S1 serine protease, SLPTX-—scoloptoxins, VP—venom protein.
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Table 2. Presence/absence differences in the two venom proteomes.

C0142 C0184 Average
Protein rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 C0142 Co0184
B-amyloid - - - 12.94 4.56 - - 5.83
BAT5 - - - - 9.12 - - 3.04
B-PFTx-2 681.30 659.39 721.79 - - - 687.49 -
Chorionperoxi 29.61 35.64 28.44 - - - 31.23 -
CoatomerB - - - 8.61 4.56 8.98 - 7.38
DUF3472-4 | 1,724.03 1,663.26 1,597.03 - - - | 1,661.44 -
Fumarylacetoacetase - - - - 4.56 8.98 - 4.51
GolginA2 - - - 30.16 - 4.51 - 11.56
LDLA-3 | 1,131.54 1,176.14 1,119.64 - - — | 1,142.44 -
LDLA-6 - - - 68.93 72.97 76.37 - 72.76
LeutRNALiga - - - 34.49 9.12 13.49 - 19.03
MAPKI15 - 17.79 11.35 - - - 9.72 -
NeutralphaglucosiAB 23.70 5.95 11.35 - - - 13.67 -
pM12A-1 - - - | 1,490.92 1,537.03 1,634.83 - 1,554.26
pM12A-7 29.61 29.69 34.12 - - - 31.14 -
pM12A-8 - - — | 2,546.63 2,658.98 2,721.75 - 2,642.45
ProtCwla - - - 344.72 355.75 345.81 - 348.76
RhoGuanExchaFact7 - 11.90 - - - - 3.97 -
S1-4 - - - 392.10 351.19 422.18 - 388.49
SLPTX4 - - - 43.10 31.93 44.93 - 39.98
VP-8 - - - | 1,249.61 1,240.57 1,212.64 - 1,234.27
VP-9 - - - 8.61 4.56 8.98 - 7.38
VP-10 - - - 43.10 41.05 40.42 - 41.52
VP-12 136.27 148.53 125.01 - - - 136.60 -

ss6  QQuantities are given in fmol. Abbreviations: BAT5—protein BAT5, BPFTx—/-pore forming toxin,

ss7  Chorionperoxi—chorion peroxidase, CoatomerB—Coatomer subunit 8, DUF—domain with unknown
sss  function, GolginA2—golgin subfamily A member 2, LDLA—low-density lipoprotein receptor Class A
sso repeat domain, LeutRNALiga—Tleucine-tRNA ligase, MAP15—mitogen-activated protein kinase kinase

890 kinase 15, NeutralphaglucosiAB—neutral a-glucosidase AB, pM12A—peptidase M12a,
891 ProtCwla—scoloptoxin, RhoGuanExchafact7—rho guanine nucleotide exchange factor 7, S1—S1
892 serine protease, SLPTX—scoloptoxins, VP—venom protein.
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