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Abstract16

Scorpion venoms have long been studied for their peptide discovery potential, with mod-17

ern high-throughput venom-characterization techniques paving the way for the discovery18

of thousands of novel putative toxins. Research into these toxins has provided insight into19

the pathology and treatment of human diseases, even resulting in the development of one20

compound with Food and Drug Administration (FDA) approval. Although most of this21

research has focused on the toxins of scorpion species considered medically significant22

to humans, the venom of harmless scorpion species possess toxins that are homologous23

to those from medically significant species, indicating that harmless scorpion venoms24

may also serve as valuable sources of novel peptide variants. Furthermore, as harmless25

scorpions represent a vast majority of scorpion species diversity, and therefore venom26

toxin diversity, venoms from these species likely contain entirely new toxin classes. We27

sequenced the venom-gland transcriptome and venom proteome of two male Big Bend28

scorpions (Diplocentrus whitei ), providing the first high-throughput venom characteri-29

zation for a member of this genus. We identified a total of 82 toxins in the venom of30

D. whitei, 25 of which were identified in both the transcriptome and proteome, and 5731

of which were only identified in the transcriptome. Furthermore, we identified a unique,32

enzyme-rich venom dominated by serine proteases and the first arylsulfatase B toxins33

identified in scorpions.34
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1 Introduction35

As the cause of over 1.2 million stings in humans annually (Chippaux and Goyffon, 2008),36

scorpions and their venoms have been under scientific investigation for more than 20037

years (Lourenço, 2014). The use of modern transcriptomic and proteomic techniques38

for characterizing scorpion venoms has led to the discovery of thousands of novel pu-39

tative toxins, including antimicrobial (AMPs) and anticancer peptides, cysteine rich se-40

cretory proteins (CRISPs), ion-channel modulating toxins, non-disulfide bridge peptides41

(NDBPs), peptidases, proteases, phospholipases (PLA2s), as well as many with unknown42

functions (Quintero-Hernández et al., 2015; Santibáñez-López et al., 2016; Rokyta and43

Ward, 2017; Romero-Gutierrez et al., 2017; Batista et al., 2018; Cid-Uribe et al., 2018;44

Ward et al., 2018b; Grashof et al., 2019; Valdez-Velázquez et al., 2020). Ion-channel45

toxins, AMPs, and/or NDBPs typically comprise the more abundant and diverse venom46

proteins, with most proteases, peptidases, and other enzymes and proteins observed at47

lower abundances and diversity (Cid-Uribe et al., 2020), although this may not always be48

the case (Santibáñez-López et al., 2017; de Oliveira et al., 2018). Research on the func-49

tion and biochemistry of these novel toxins has helped improve our understanding of the50

pathology and development of treatments for multiple human diseases, such as autoim-51

mune disorders (Valverde et al., 2004; Huang et al., 2017; Tanner et al., 2017), cancers52

(Rui et al., 2005; Yamada et al., 2021), and vascular diseases (Song et al., 2005). To53

date, one scorpion venom-derived compound has received FDA approval (Tozuleristide;54

Yamada et al., 2021). Tozuleristide, or Tumor Paint®, is a fluorescent tumor imaging55

agent that was developed from a small-conductance Cl--channel inhibiting toxin found56

in Leiurus quinquestriatus venom (Veiseh et al., 2007).57

Although the use of combined proteomic and transcriptomic approaches have im-58

proved the speed and feasibility of high-throughput scorpion venom characterizations,59

these characterizations have been performed on less than 1% of all scorpion species (Ward60

et al., 2018a). Furthermore, research on characterizing scorpion venom components has61

disproportionately focused on the species considered medically significant, or harmful to62

humans. Of the approximately 2,200 species of scorpions, only about 104 are consid-63

ered to be medically significant, yet the venom from more than half of these medically64

significant species has been at least partially characterized (Ward et al., 2018a). How-65

ever, partial and high-throughput venom characterizations of harmless scorpion species66

have identified toxin families homologous to those with more dangerous stings (Quintero-67

Hernández et al., 2015; Santibáñez-López et al., 2017; Rokyta and Ward, 2017; Cid-Uribe68

et al., 2018; Ward and Rokyta, 2018), indicating that harmless scorpion venoms could69

serve as comparable, rich sources of novel biologically active peptides.70

We therefore performed a high-throughput, proteomic-driven characterization of71

Diplocentrus whitei venom, representing the first high-throughput venom characteriza-72

tion for a scorpion of the genus Diplocentrus. Members of this genus are endemic to North73

and Central America and are the most diverse genus in the family Diplocentridae (Sis-74

som and Fet, 2000; Santibáñez-López et al., 2014). Diplocentrus whitei (Gervais, 1884),75

3



in particular, are distributed across southern parts of Brewster and Presidio counties in76

Texas and the adjacent regions of northern Mexico (Sissom and Fet, 2000). As fossorial77

scorpions, D. whitei tend to concentrate in rocky areas where the soil type supports their78

ability to burrow (Francke, 2019).79

Biochemical characterization of the venom glands of two scorpions from Diplocen-80

tridae have been performed (Grashof et al., 2019; Rojas-Azofeifa et al., 2019). For ex-81

ample, transcriptomic characterization of Nebo hierichonticus venom-glands by Grashof82

et al. (2019) revealed an abundance and diversity of K+-channel modulating toxins and83

bradykinin potentiating peptides. In addition, venom from the crab scorpion (Didymo-84

centrus krausi), which exhibits cytotoxic and hemolytic effects on mammalian cell lines85

and myonecrotic effects on mouse gastrocnemius muscle, contains several types of pro-86

teases, non-disulfide bridge peptides, and other putative toxins (Rojas-Azofeifa et al.,87

2019). Although no high-throughput venom characterizations have been performed on88

Diplocentrus, two 1,4-benzoquinone compounds have been isolated from Diplocentrus89

mellici from Mexico and have shown effective bactericidal activity against Staphyloccocus90

aureus and Mycobacterium tuberculosis (Carcamo-Noriega et al., 2019). We sequenced91

the venom-gland transcriptome and venom proteome of two male D. whitei from the92

southern U.S. to screen for novel scorpion venom toxins and provide the first venom93

characterization for a Diplocentrus scorpion.94

2 Materials and Methods95

2.1 Sample collection96

We collected D. whitei from Presidio County, Texas in summer of 2018 by searching97

along the sides of roads with UV lights after dark. Scorpions were maintained at Florida98

State University and sexed by counting pectine teeth under the microscope (females:99

14–18, males: 16–20; Stockwell and Nilsson, 1987; Stockwell and Baldwin, 2001). We100

performed all the following venom proteomic and venom-gland transcriptomic analyses101

on two individual male D. whitei (C0687 and C0689). Venom was extracted from D.102

whitei by anesthetizing scorpions in CO2 and electrostimulating the telson, as previ-103

ously described in other scorpion species (Rokyta and Ward, 2017; Ward et al., 2018b).104

Lyophilized venom was stored at −80◦C until use in the following proteomic analyses.105

Venom glands were dissected under stereoscopic microscope four days after venom ex-106

traction, transferred to 100 µL of RNAlater, kept overnight at 4◦C, and then stored at107

−80◦C until RNA extraction. To preserve scorpion specimens we placed each specimen108

in 95% ethanol and stored at −80◦C.109

2.2 Venom proteomics110

Total protein content of D. whitei venom samples was quantified with a Nanodrop 2000c111

spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). To gen-112
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erate a chromatographic profile of D. whitei venom, venom samples were run on a Shi-113

madzu Prominence reversed-phase high-performance liquid chromatography (RP-HPLC)114

system. Approximately 15 µg of venom was injected onto an Aeris 3.6 µm C18 column115

(Phenomenex, 125 Torrance, CA). Samples were run at a flow rate of 0.2 mL/min using116

a standard solvent system of solution A (0.1% trifluoroacetic acid in water) and solution117

B (0.06% trifluoroacetic acid in acetonitrile) with the following 140-minute gradient and118

column wash: 10% B for five minutes, gradual increase to 55% B over 110 minutes, in-119

crease to 75% B over five minutes, five minutes at 75% B, and finally a 15-minute column120

wash step at 100% B.121

To prepare samples for quantitative mass spectrometry (LC-MS/MS), we submitted122

11 µg of dried whole venom to the Florida State University’s Department of Biological123

Science Core Facilities for trypsin digestion. Venom samples were prepared for reduction124

and denaturation by adding 150 µL of 100mM ammonium bicarbonate and incubating125

for 20 minutes at room temperature. Samples were then reduced by adding 30 µL of126

10mM dithiothreitol and incubated for 10 minutes in the dark at room temperature.127

Next samples were denatured by heating to 60◦C for one hour. After denaturation, we128

added 30 µL of 50mM Iodoacetamide (alkylating agent) and incubated samples for 30129

minutes in the dark at room temperature. After adding 150 µL of ammonium bicarbonate130

we started digestion using 1 µL of trypsin (Promega Cat. No. V5111). Samples were131

allowed to incubate for approximately 18 hours at 37◦C before adding about 18 µL of132

1% Trifluoroacetic acid to terminate digestion. Digested venom samples were dried with133

a SpeedVac and LC-MS/MS was completed on each venom sample in triplicate by the134

College of Medicine Translational Science Laboratory at Florida State University, as135

previously described (Ward et al., 2018b).136

The resulting LC-MS/MS data were analyzed using Proteome Discover (version 2.5),137

custom FASTA databases, percolator for peptide and protein validation, and SequestHT138

as the search engine with the following settings: dynamic modifications, Trypsin as the139

enzyme name, fragment mass tolerance of 0.2 Da, carbamidomethyl +57.021 Da(C),140

minimum peptide length of 6, maximum peptide length of 144, maximum missed cleav-141

age of 2, maximum delta Cn of 0.05, oxidation +15.995 Da(M), and a precursor mass142

tolerance of 10 ppm. Next, we confirmed protein and peptide identities in each venom143

sample using Scaffold (version 5.1.2; Proteome Software Inc., Portland, OR, USA) with144

the minimum number of recognized peptides set at 1 and the peptide and protein false145

discovery rates set a 1.0%. Finally, we calculated estimates of peptide abundances for146

each unique peptide in each of the three LC-MS/MS replicate per individual, as described147

by Ward et al. (2018b).148

2.3 Transcriptome sequencing149

We extracted RNA from D. whitei venom-glands by removing glands from RNAlater150

and performing a TRIzol-chloroform (Invitrogen) extraction, as previously described151

(Rokyta et al., 2012; Ward et al., 2018b; Ward and Rokyta, 2018). We quantified and152
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quality checked total RNA content of our samples using the Qubit RNA Broad-range kit153

(Thermo Fisher Scientific) and an RNA 6000 Pico Bioanalyzer chip (Agilent Technolo-154

gies), per the manufacturer’s instructions, respectively. Next, we isolated the mRNA155

using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs)156

and fragmented it for 15.5 minutes to generate average fragment sizes of approximately157

370 base pairs. We prepared sequencing-ready cDNA libraries from isolated mRNA us-158

ing a NEBNext Ultra RNA Library Prep Kit, High Fidelity 2× Hot Start PCR Mix,159

AMPure XP beads (Agencourt) for purification the PCR reaction, and Illumina Mul-160

tiplex Oligos as our unique sequencing indices (New England Biolabs). We quantified161

and quality checked our cDNA libaries using KAPA PCR (performed by the Molecular162

Cloning Facility at Florida State University) and a High Sensitivity DNA Bioanalyzer163

chip (Aglient Technologies). Quality checked libraries were pooled with other sequencing164

libraries and sequenced with 150PE on an Illumina NovaSeq 6000 system at the Florida165

State University College of Medicine Translational Science Laboratory.166

2.4 Transcriptome assembly and analysis167

Using the raw 150PE sequencing reads, we analyzed and assembled transcriptomes as168

previously described (Rokyta and Ward, 2017; Holding et al., 2018; Ward et al., 2018b),169

with some slight modifications. Raw reads were filtered and quality controlled to identify170

and remove sample cross contamination using custom python scripts and FastQC (version171

0.11.5). Next we quality trimmed and merged the resulting filtered reads using Trim172

Galore! (version 0.4.4; Krueger, 2015) and PEAR (version 0.9.6; Zhang et al., 2014),173

respectively. Using a multi-assembly approach to maximize our ability to identify unique174

toxin transcripts, we performed de novo transcriptome assembly using DNAStar NGen175

(version 12.3.1), Extender (version 1.04; Rokyta et al., 2012), and Trinity (version 2.4.0;176

Grabherr et al., 2011). We ran DNAStar NGen and Trinity (kmer size of 31) using both177

the merged and unmerged reads and considered all reads as unpaired. We ran Extender178

using just the merged reads and the following parameters: minimum phred of 30, overlap179

of 20 nucleotides, and replicates of 20.180

Using the assembled transcriptomes and a custom python script to filter out contigs181

from our three assemblers, we annotated putative toxins in D. whitei based on homol-182

ogy to other known toxins from the Uniprot (UPT; downloaded April 13, 2018) toxin183

database. We only performed homology-based searches on contigs that displayed a match184

of at least 90% of the total length of a curated toxin from the UPT toxin database. Next,185

we took the open reading frame (ORF) present in the primary BLAST hit for searched186

contigs and checked for signal peptides using SignalP (version 4.1; Petersen et al., 2011)187

under the sensitive settings and checked for a valid stop codon. All sequences that con-188

tained a valid stop, a signal peptide, and were > 90% of the total length of the primary189

BLAST hit, were kept and named for the toxin with the primary BLAST hit from the190

UPT dataset. To maximize our ability to identify venom components and complement191

our homology-based approach to annotation, we also performed a proteomic-driven toxin192
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annotation. Using the getorf function in Emboss (version 6.6.0.0; Rice et al., 2000), we193

identified all available ORFs across our contigs. Next, we took our D. whitei venom LC-194

MS/MS data and searched it against custom databases for each assembly using Proteome195

Discoverer and Scaffold. Implementing custom python scripts, we annotated putative se-196

quences by (1) identifiying all available ORFs with proteomic evidence, and (2) validating197

that each of these ORFs had a valid stop codon and signal peptide. All validated contigs198

were kept and named according to the primary hit from a BLAST search of the UPT toxin199

database. Putative toxin sequences from the proteomic-driven annotations were com-200

bined within individuals and clustered with cd-hit-est (version 4.6; Li and Godzik, 2006)201

at 100% sequence identity. We then aligned merged reads against this combined putative202

toxin set using bwa (version 0.7.12; Li, 2013) to identify and discard chimeric sequences.203

Using a 151 base pair sliding window, we screened read distributions and removed any204

sequences that did not show any coverage within windows. Remaining sequences with205

read distributions that differed by > 20 fold were individually hand checked for potential206

chimeric properties. All remaining putative toxins within individuals were clustered at207

99% using cd-hit-est before combining putative toxins from both individual D. whitei208

and clustering within species at 98%. Nontoxin transcripts were annotated from contigs209

generated from the Trinity assembly using BUSCO (version 5.1.2; Seppey et al., 2019)210

under the genomics settings and using the Arachnida Odb10 database (downloaded Au-211

gust 2020). Single copy BUSCO matches for each individual were then fed into custom212

scripts to name and verify that each transcript had a valid start position and valid stop.213

To generate the consensus transcriptome for D. whitei, we combined this putative toxin214

set with the transcripts from the homology-based annotation approach above and clus-215

tered at 98% using cd-hit-est. To calculate individual transcript abundances, we used216

RSEM with bowtie2 (version 2.3.0; Langmead and Salzberg, 2012) alignments against217

coding sequences in the consensus transcriptome. Finally, the estimated abundances for218

the proteome and transcriptome were clr-transformed (Aitchison, 1986) and used to test219

for protein and transcript abundance relationships within and between individuals.220

2.5 Multiple protein sequence alignment221

All multiple protein sequence alignments of D. whitei venom toxins were performed using222

Clustal Omega (version 1.2.3; Sievers et al., 2011; Sievers and Higgins, 2018) with the223

default settings in Geneious Prime (version 2022.2.2; Kearse et al., 2012). Alignments224

were visualized using the ggmsa package (Zhou et al., 2022) in R version 4.2.1. Protein225

domains were identified by searching amino acid sequences against the NCBI Conserved226

Domain Database (Marchler-Bauer et al., 2010, 2015, 2017; Lu et al., 2020).227

2.6 Data Availability228

All raw RP-HPLC data is available in Supplementary Table 1. All raw transcriptome229

reads can be found in the National Center for Biotechnology Information (NCBI) Se-230
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quence Read Archive (SRA) under the BioProject number PRJNA340270, BioSam-231

ples SAMN27783483 (C0687) and SAMN27783484 (C0689), and SRA accession num-232

bers SRR18927020 (C0687) and SRR18927019 (C0689). The assembled transcripts233

were deposited in the NCBI Transcriptome Shotgun Assembly (TSA) database at234

DDBJ/EMBL/GenBank under the accession number GJYU00000000. The version235

in this paper represents the first version (GJYU01000000). The mass spectrome-236

try data have been deposited to the ProteomeXchange Consortium via the PRIDE237

partner repository (Vizcaíno et al., 2016) with the dataset identifier PXD033911 and238

10.6019/PXD033911.239

3 Results and Discussion240

3.1 The transcriptomic basis for D. whitei venom241

After Illumina quality filtering of our raw venom-gland RNA-seq data, we generated242

20,416,197 raw read pairs for D. whitei individual C0687 and 11,771,573 raw reads pairs243

for individual C0689. After read trimming and merging, we generated 15,179,881 and244

9,098,631 merged reads for C0687 and C0689, respectively. Using our multi-assembly245

(i.e., Extender, DNAStar NGen, and Trinity) and mass spectrometery-directed ap-246

proaches to annotating the venom-gland transcriptome and venom proteome, we iden-247

tified a total of 1,929 protein-encoding sequences from D. whitei, including 30 proteins248

detected in the venom-proteome of at least one individual. The unique peptide counts249

and percent MS/MS coverage for the proteins detected via LC-MS/MS are reported in250

Table 1 and their amino acid sequence, top nr protein BLAST, and PFam matches are251

reported in Supplementary Table 2. Of the 1,929 protein-encoding sequences, we classi-252

fied 1,838 as nontoxins and 87 as putative toxins that were identified in the venom-gland253

transcriptome by homology to known scorpion venom toxins and/or venom proteome of254

at least one individual. However, five of the putative toxins were proteins that showed255

no clear signal peptide, contributed less than a combined 0.6% abundance in both the256

proteome and transcriptome of each individual, and coded for proteins with likely roles257

in cell growth and maintenance (i.e., chromodomain helicase DNA binding protein, Dbl258

homology domain protein, glutamine-dependent NAD(+) synthetase, mediator of RNA259

polymerase II transcription, and vacuolar protein sorting-associated protein). We there-260

fore classified them as nontoxins, resulting in 1,847 nontoxins and 82 putative toxins. Of261

these 82 toxins, 25 were proteomically confirmed in the venom of at least one D. whitei262

individual and 57 were identified only on the basis of homology to known animal toxins.263

The nontoxin transcripts were responsible for 136,924.63 transcripts per million264

(TPM) and 163,573.07 TPM in C0687 and C0689, respectively. The proteomically265

confirmed toxin transcripts were responsible for 506,742.05 and 514,679.40 TPM in266

C0687 and C0689, respectively. The homology-only toxin transcripts were responsible for267

356,333.16 and 321,747.48 TPM in C0687 and C0689, respectively. We observed a strong268

agreement in nontoxin transcript (Spearman’s rank correlation ρ = 0.97, Pearson’s rank269
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correlation coefficient R = 0.96, and R2 = 0.93; Figure 1, left), protoeomically confirmed270

toxin transcript (Spearman’s rank correlation ρ = 0.94, Pearson’s rank correlation coef-271

ficient R = 0.93, and R2 = 0.87; Figure 1, middle) and homology-only toxin transcript272

abundances (Spearman’s rank correlation ρ = 0.82, Pearson’s rank correlation coefficient273

R = 0.77, and R2 = 0.59; Figure 1, right) between D. whitei individuals, indicating a274

high degree of similarity between venom-gland transcriptomic profiles. Only four pro-275

teomically confirmed toxin sequences (i.e. CathepsinD-1, CathepsinD-2, CathepsinD-3,276

and GC-1) and 13 homology-only toxin sequences (i.e. HistP-1, NDBP-8, 9, and 11,277

PeptidaseM2-1, SP-6, and TIL-2–4, TIL-6, and TIL-11–13) fell outside a 99% confidence278

interval of differences between the two nontoxin measures, representing toxins expressed279

at unusually different abundances between individuals. However, these differences clearly280

did not have a large impact on the observed strong toxin transcript abundance correla-281

tions between individuals.282

3.2 Novel arylsulfatase B toxins in D. whitei venom283

We identified two arylsulfatase B toxins (ARSBs) in the venom of D. whitei (ARSB-1 and284

ARSB-2; Table 2), the first ARSB toxins identified in a scorpion venom. ARSBs were285

the most abundant toxin class in the venom proteome of one individual (52.2%; C0687)286

and the second most abundant toxin class in the venom proteome of the other (24.4%;287

C0689) with ARSB-1 being the most abundant protein in both venom proteomes (Fig-288

ure 2, Table 2). However, they were observed at lower abundances in the transcriptomes289

of both C0687 (6.2%) and C0689 (5.5%). In humans, ARSBs are proteins that metab-290

olize glycosaminoglycans (GAGs) in the lysosomes of several tissues, including colonic291

epithelium, liver, renal, and pancreatic tissues (Kovacs et al., 2019). More specifically,292

they metabolize the chondroitin sulfate/dermatin sulfate GAGs (CSGAGs) by hydrolyz-293

ing the 4-O-sulfate group from N -acetyl-D-galactosamine residues at the non-reducing294

end of CSGAGs (Matalon et al., 1974; Peters et al., 1990). CSGAGs provide adhesive295

support to bones and tissues and likely play a role in growth factor signaling, wound296

repair, cell division, and central nervous system development (Sugahara et al., 2003).297

In animal venoms, arylsulfatases have been observed in the black-necked spitting298

cobra (Naja nigricollis ; Nok et al., 2003), the ectoparasitoid wasp Nasonia vitripennis299

(De Graaf et al., 2010), and in the salivary glands of the giant triton snail (Charonia300

tritonis), which are thought to produce venom and/or sulfuric acid (Bose et al., 2017).301

Nok et al. (2003) isolated the arylsulfatase from N. nigricollis venom and showed that302

the enzyme had the ability to hydrolyze the sulfated GAG, chondroiton-4-sulfate. They303

suggested that because chondroiton-4-sulfate provides adhesive support to connective304

tissue, ligaments, tendons, and the aorta, N. nigricollis arylsulfatases may compromise305

the lubricating role of GAGs, upsetting homeostasis. Compromising the adhesive support306

of GAGs could precede the toxic effects of other venom components, thereby amplifying307

overall N. nigricollis venom toxicity. In C. tritonis, Bose et al. (2017) suggested that308

ARSBs may be involved in prey digestion because of (1) the likelihood that arylsulfatases309
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metabolize saponins (Pesentseva et al., 2012), which are glycosides produced by plants310

and some animals (e.g. Echinoderms) as chemical defenses against predation, and (2)311

that they have been observed at high levels in digestive organs from other carnivorous312

molluscs (Corner et al., 1960). In D. whitei venom, ARSBs may metabolize GAGs as313

suggested in N. nigricollis and C. tritonis and may therefore interfere with the normal314

physiological processes (e.g. cell signaling, connective tissue support, etc.) of prey315

and/or aid in digestion. Further studies on the enzymatics of these ARSBs is needed to316

confirm hypothesized functions. However, their moderate abundance in the venom-gland317

transcriptomes and high abundance in venom proteomes provides strong evidence that318

ARSBs represent real venom toxins that likely play a major role in overall D. whitei319

venom function.320

Both ARSB-1 and ARSB-2 from D. whitei had molecular weights of approximately321

62 kDa and a 19 amino acid long signal peptide (Table 2). In addition, both ARSBs322

contained one alkaline phosphatase and sulfatase (ALP) superfamily domain, or more323

specifically, an N-acetylgalactoseamine 4-sulfatase (4-S) domain, and one domain of un-324

known function 4976 (DUF4976). Proteins with a DUF4976 typically have lengths of325

around 530 amino acids and several have been identified as arylsulfatases, although the326

function of these proteins is unknown (Lu et al., 2020). These proteins are primarily327

found in bacteria of the genus Bacteroides, with the DUF4976 appearing downstream328

of a sulfatase domain (Donaldson et al., 2020; Lu et al., 2020). ARSB-1 and ARSB-2329

displayed a 51.2% and 53.6% match to a nontoxic genomic ARSB sequence from the330

Arizona bark scorpion (Centruroides sculpturatus ; i5K Consortium, 2013) in the NCBI331

non-redundant (nr) protein database and a 56.7% and 56.3% match to a transcribed332

RNA sequence from the scorpion Euscorpius sicanus (1K Insect Transcriptome Evolu-333

tion project, or 1KITE; https://1kite.cngb.org/) in the NCBI Transcriptome Shotgun334

Assembly (TSA), respectively. Although the top scorpion homologs from C. sculpturatus335

in the nr database did contain a signal peptide and a 4-S domain, they did not contain336

clear evidence for a DUF4976 via our NCBI conserved domain database. Furthermore,337

nr database BLAST searches of the top non-Centruroides homologs, such as that from338

the horseshoe crab (Limulus polyphemus), revealed that other nontoxic arylsulfatase339

homologs from other invertebrates do contain evidence for a DUF4976. However, our340

multiple protein sequence alignment of the two D. whitei ARSBs and their top protein341

BLAST matches from the NCBI database, including the top scorpion ARSB homologs342

from C. sculpturatus, showed a higher degree of sequence conservation in the 4-S and343

DUF4976 domain regions (Figure S1), relative to the signal peptide and non-domain344

containing regions of the proteins. Therefore, although our domain search did not reveal345

clear evidence for a DUF4976 domain in the top scorpion ARSB homologs, this high346

degree of sequence homology suggests the DUF4976 domain is likely still present in the347

C. sculpturatus ARSB homologs.348
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3.3 High abundance of serine proteases in D. whitei venom349

Serine proteases (SPs) are widespread across animal venoms and have been observed in350

snakes (Tasoulis and Isbister, 2017), spiders (Veiga et al., 2000; Khamtorn et al., 2020),351

hymenopterans (Han et al., 2008; De Graaf et al., 2010), centipedes (Undheim et al.,352

2014), and scorpions (Rokyta and Ward, 2017; Ward et al., 2018b; So et al., 2021). SPs353

found in snake venom likely possess proinflammatory and cytotoxic activity (Menaldo354

et al., 2013; Nalbantsoy et al., 2017). In scorpions, serine proteases are thought to possess355

gelatinolytic (Almeida et al., 2002) and fibrinogenolytic activity (Brazón et al., 2014).356

We identified six SPs in the venom-gland transcriptomes of D. whitei (Table 2). However,357

only two SPs were proteomically confirmed (SP-4 and SP-5; Table 2). Serine proteases358

were the third most abundant toxin class in the transcriptome of both individuals, the359

second most abundant toxin class in the proteome of C0687 (behind ARSBs), and the360

most abundant toxin class in the proteome of C0689 (Figure 2). They accounted for361

14.4% and 17.2% of the total toxin transcript abundance in the transcriptome and 18.9%362

and 28.8% of the total toxin abundance in the venom proteome for C0687 and C0689,363

respectively. Serine proteases have not previously been observed at such high abundances364

in scorpion venoms (Cid-Uribe et al., 2020). In addition, SPs were observed at much365

lower abundances in the venom proteomes of C. hentzi (< 1.3%) and H. spadix (< 6.1%),366

both of which were analyzed with nearly identical toxin annotation and quantification367

strategies (Rokyta and Ward, 2017; Ward et al., 2018b).368

The two proteomically confirmed SPs in D. whitei venom, SP-4 and SP-5, were369

also by far the most abundant SPs in the transcriptomes of both individuals (Table 2).370

Both SP-4 and SP-5 had molecular weights of 31 kDa and contained a trypsin-like serine371

protease superfamily domain. SP-4 had a signal peptide of 25 amino acids in length while372

SP-5 had a signal peptide of 17 amino acids in length. SP-4 and SP-5 showed 58.2%373

and 48.2% similarity to SP-3 from Hadrurus spadix venom (Rokyta and Ward, 2017),374

respectively. As other trypsin-like SPs from scorpion venoms, such as those from Tityus375

bahiensis and Tityus serrulatus, are thought to possess gelatinolytic activity (Almeida376

et al., 2002), SPs from D. whitei may serve a similar functional role. Almeida et al. (2002)377

suggested that proteolytic enzymes, including SPs, may serve as spreading factors and378

could facilitate the spread of other toxins by increasing the permeability of the affected379

tissue. Conversely, SPs could also be important for the post-translational modification380

and processing of other D. whitei venom proteins. Enzymatic verification of these toxins381

is necessary to confirm their function in D. whitei venom. However, their high abundance382

in both D. whitei venom proteomes and venom-gland transcriptomes provides strong383

evidence that SPs play a significant role in venom function.384
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3.4 Other proteomically confirmed toxins385

3.4.1 Acetylcholinesterase386

Acetylcholinesterases (AChEs), which have been identified in snakes venoms (Frobert387

et al., 1997; Ahmed et al., 2021), are thought to rapidly disrupt neurotransmission by388

hydrolysis of the neurotransmitter acetylcholine (Colovic et al., 2013). We identified389

one acetylcholinesterase (AChE-1) in D. whitei venom. AChE-1 contained a 19 amino390

acid signal peptide, six cysteine residues, and had an estimated molecular weight of 61391

kDa (Table 2). AChE-1 also contained an alpha/beta hydrolase superfamily domain.392

However, the most significant database matches for AChE-1 were to nontoxic homologs.393

AChE-1 was observed at low abundances in both transcriptomes (> 1% in both cases;394

Figure 2), but the moderate abundance in the venom proteomes of both C0687 (3.7%)395

and C0689 (12.7%) suggests AChE-1 represents a real venom toxin with a non-trivial396

role in venom function. Although AChEs have not been identified in scorpions venoms,397

AChE-1 from D. whitei venom may possess neurotransmission disruption capabilities398

similar to those observed in snake venoms, but further studies are needed to confirm this399

hypothesis.400

3.4.2 Nucleotidase401

Nucleotidases (NUCs) are hydrolytic enzymes that have been observed in the venom of402

other animals, including snakes (Dhananjaya and D’Souza, 2010) and scorpions (Cid-403

Uribe et al., 2020). As they breakdown nucleic acid containing substrates, such as ATP,404

NUCs from snake venoms may play a role in prey immobilization via depletion of ATP405

(Dhananjaya and D’Souza, 2010). However, no NUCs identified in scorpion venoms have406

received functional characterization. We identified one NUC in D. whitei venom (NUC-407

1) that had a 17 amino acid long signal peptide, 7 cysteine residues, and a molecular408

weight of approximately 64 kDa (Table 2). NUC-1 also showed a 71.8% match to a409

nucleotidase identified from the venom of H. spadix (Rokyta and Ward, 2017) in the410

TSA database. NUC-1 was responsible for 1.8% and 1.7% of the total toxin transcript411

abundance in the transcriptome and 5.9% and 7.4% of the total toxin abundance in the412

proteome for individuals C0687 and C0689 (Figure 2), respectively.413

3.4.3 Peroxidase414

We also identified one peroxidase (Peroxidase-1) that was proteomically confirmed in415

both individuals (Table 2). The top nr and TSA database matches for Peroxidase-1 were416

to nontoxic homologs, which could suggest that Peroxidase-1 represents a protein that417

was accidentally introduced into the venom during extraction. However, the relatively418

moderate to high abundance of Peroxidase-1 in the transcriptome (C0687 = 2.5% , C0689419

= 3.1%; Figure 2) and proteome (C0687 = 7.2%, C0689 =11.7%; Figure 2) of both420

individuals could indicate otherwise. Peroxidase-1 was found to contain a 21 amino acid421

signal peptide, 33 cysteine residues, and a molecular weight of approximately 76 kDa.422
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This protein also contained an animal haem peroxidase superfamily domain. Animal423

peroxidases use hydrogen peroxide to catalyze oxidative reactions (Furtmüller et al.,424

2006), suggesting they may be involved in the oxidative stress response. As peroxidases425

have not been observed in scorpion venoms, the role that Peroxidase-1 plays, if any, in426

D. whitei venom function is unclear. Other oxidative enzymes, such as the L-amino427

acid oxidases (LAOOs), have been found to play a significant functional role in snake428

venoms (Guo et al., 2012). LAAOs are flavoenzymes that catalyze the removal of an429

amine group from l-amino acids, resulting in the production of the harmful reactive430

oxygen species, H2O2 (Guo et al., 2012). These toxins have shown effective cytotoxic431

and proinflammatory activities, and the ability to induce cell apoptosis (Alves et al.,432

2008; Zhang and Wu, 2008; Wei et al., 2009). Similarly, Peroxidase-1 in D. whitei venom433

may serve to catalyze the production of toxic reactive oxygen species in prey or predators,434

but further enzymatic studies would be needed to confirm this hypothesis.435

3.4.4 Lower abundance toxins436

We also identified six other putative venom toxins at lower proteomic and transcriptomic437

abundances (Table 2), including three CathepsinD toxins (CathepsinD-1, CathepsinD-2,438

and CathepsinD-3; 41–43 kDa and 16–22 amino acid signal peptides), one cysteine-439

rich secretory peptide (CRISP-1; 51 kDa with a 20 amino acid signal peptide), one440

hyaluronidase (HYAL-1; 46 kDa with a 20 amino acid signal peptide), and one transferrin441

(Transferrin-1; 77 kDa with a 19 amino acid signal peptide), all of which had database442

matches to previously identified scorpion venom toxins. CathepsinD-3, and HYAL-1443

were only identified in the proteome of C0689 (Table 3). We also found one transforming444

growth factor-beta-induced protein ig-h3 (TGFBI-1; Table 2), which was only expressed445

in the proteome of individual C0687 (Table 3). TGFBIs are secretory extracellular matrix446

proteins that may contain N-terminal signal peptides (Runager et al., 2008; Ween et al.,447

2012), indicating that TGFBI-1 may not be a toxic component of D. whitei venom. We448

also identified one venom protein that displayed evidence for a somatomedin B domain449

and had a 38.6% match to a nontoxic G protein-coupled receptor homolog (GPCR-1;450

Table 2) from C. hentzi (Ward et al., 2018b). Although not common, GPCRs have been451

observed to contain signal peptides (Schülein et al., 2012), suggesting that GPCR-1 is452

likely not a putative toxin in D. whitei venom. We also found one glucosylceramidase453

(GC-1; Table 2) in D. whitei venom. Glucosylceramidases are hydrolytic enzymes that454

play an essential role in sphingolipid metabolism (Astudillo et al., 2016). However, the455

role that GC-1 may play in D. whitei venom function is unclear. TGFBI-1, GPCR-1,456

and GC-1 may also play a role in venom-gland cell maintenance and could have leaked457

into the venom during the extraction process.458

Finally, we identified three proteomically confirmed venom proteins for which we459

could not designate a functional classification (VP-3, VP-4, and VP-7; Table 2). VP-3460

was only identified in the proteome of C0689 (Table 3), had a relatively small molecular461

weight (13 kDa), and an 18 amino acid long signal peptide. VP-4 had a molecular462
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weight of 19 kDa and a 19 amino acid long signal peptide. The last VP, VP-7, was only463

detected in the proteome of C0687 (Table 3), had a molecular weight of 16 kDa, and a464

26 amino acid long signal peptide. All VPs showed significant database matches to other465

uncharacterized scorpion venom proteins.466

3.5 Toxins identified by homology467

We identified several classes of scorpion venom toxins at high relative abundances in468

D. whitei venom-gland transcriptomes that had either greatly reduced expression in or469

were absent from venom proteomes (Figure 2, Table 2), including antimicrobial peptides470

with (AMPs) and without disulfide bridges (NDBPs), ion-channel toxins, and La1-like471

peptides. The low expression and/or absence of AMPs, NDBPs, ion-channel toxins,472

and La1-like peptides in the venom proteome was not surprising as small molecular473

weight toxins have been difficult to proteomically detect in other scorpion venoms (Zhang474

et al., 2015; Rokyta and Ward, 2017; Ward et al., 2018b; Romero-Gutiérrez et al., 2018),475

potentially because they require significant post-translational modifications to produce476

the mature peptide. Furthermore, Rokyta and Ward (2017) suggested that because477

peptides digested with trypsin show varying propensities to mass spectrometry detection,478

some peptides may have been more difficult to detect than others. Although more479

research is necessary to make sense of toxin signal discrepancies between venom proteomic480

and venom-gland transcriptomic abundances, these detectability challenges emphasize481

importance of using joint transcriptomic and proteomic approaches for scorpion venom482

gene characterizations.483

3.5.1 Antimicrobial peptides with and without disulfide bridges484

Antimicrobial peptides, or host defense peptides, are widespread in scorpion venoms and485

typically classified as those with disulfide bridges and those without disulfide bridges486

(Harrison et al., 2014; Cid-Uribe et al., 2020). We identified three antimicrobial peptides487

with disulfide bridges (AMP-1–3) and 11 without disulfide bridges (NDBP-1–11) in D.488

whitei (Table 2). Of the three observed AMPs, only two were identified in the proteome489

of at least one individual (AMP-1 and AMP-2; Table 2). These AMPs were responsible490

for 11.9% and 7.7% of the total toxin transcript abundance in the venom-gland tran-491

scriptomes of C0687 and C0689, respectively (Figure 2). AMPs also contributed 4.2%492

and 2.2% of the total toxin abundance in venom proteomes from C0687 and C0689,493

respectively. Each of the three AMPs contained a signal peptide of 19–20 amino acids494

long, six cysteine residues, and showed homology to previously described scorpion venom495

AMPs in the TSA database. AMP-1 and AMP-3 had 57.3% and 48.1% matches to the496

Scorpine-like AMP-1 from H. spadix, respectively, and AMP-2 had a 55.8% match to two497

different Scorpine-like AMPs (AMP-4 and AMP-7) from H. spadix.498

Of the NDBPs identified in D. whitei, all 11 were identified in the venom-gland tran-499

scriptome of both D. whitei (Table 2), but only NDBP-2 was detected in the proteome of500

C0687 (Table 3). However, NDBPs were the most abundant toxin in the transcriptome501
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of both C0687 and C0689 and were responsible for 25.9% and 19.4% of the total toxin502

transcript abundance, respectively. NDBP-2 was responsible for 1.5% of the total toxin503

abundance in the proteme of C0687. As AMPs and NDBPs are typically found at higher504

diversities and abundances in the non-Buthidae scorpions (Cid-Uribe et al., 2020), their505

significant diversity and abundance in the transcriptome of D. whitei is not surprising.506

All 11 NDBPs had a precursor length of 65–88 amino acids (Table 2), but each also507

contained a 22 amino acid signal peptide, which is likely cleaved during proteolytic pro-508

cessing. Many NDBPs possess a processing signal and a propeptide that are also cleaved509

during post-translational processing, resulting in mature peptides of only 13–56 amino510

acids (Zeng et al., 2005; Almaaytah and Albalas, 2014). As previously discussed, the511

discrepancy between transcriptome and proteome abundance is likely due to significant512

post-translational processing and the small size of the mature NDBPs.513

Using the propeptide cleavage site predictor, ProP (version 1.0; Duckert et al., 2004),514

we predicted propeptide cleavage signals in eight D. whitei NDBPs (NDBP1, NDBP-4,515

NDBP-6, NDBP-7, NDBP-8, NDBP-9, NDBP-10, and NDBP-11). Zeng et al. (2005)516

classified scorpion venom NDBPs into six distinct subfamilies based on their pharmaco-517

logical activity, length, and sequence similarity. Although NDBPs were more recently518

classified into five groups by Almaaytah and Albalas (2014), this newer classification only519

accomodates those that are functionally characterized. As we did not functionally char-520

acterize any of the NDBPs from D. whitei, we classified D. whitei NDBPs by homology to521

the closest subfamily in the Zeng et al. (2005) classification. We identified four NDBPs522

with closest nr and/or TSA database matches to scorpion venom NDBPs from Zeng523

et al. (2005) subfamily-3 (NDBP-2, NDBP-3, NDBP-6, and NDBP-9) and seven NDBPs524

with closest matches to scorpion venom toxins from subfamily-4 (NDBP-1, NDBP-4,525

NDBP-5, NDBP-7, NDBP-8, NDBP-10, and NDBP-11).526

Both AMPs and NDBPs have shown effective antimicrobial activity against527

pathogenic microorganisms (Conde et al., 2000; Torres-Larios et al., 2000; Uawonggul528

et al., 2007; Trentini et al., 2017; Jiménez-Vargas et al., 2021). AMPs, in particular,529

are also thought to interact with ion channels (Harrison et al., 2014) with those from530

Tityus discrepans having shown effective modulatory activity against insect and mammal531

sodium channels (Peigneur et al., 2012). A tendency to target ion channels suggests that532

AMPs likely play a role in prey subjugation and/or predator deterrence. Conversely,533

NDBPs have received significant attention because of their relatively small size and di-534

versity of potential functions, including anticancer activity (Almaaytah et al., 2013),535

antimicrobial and hemoloytic activity (Torres-Larios et al., 2000; Moerman et al., 2002;536

Trentini et al., 2017; Jiménez-Vargas et al., 2021), bradykinin-potentiating activity (Fer-537

reira et al., 1993; Meki et al., 1995), and immune modulating activity (Moerman et al.,538

2003; Willems et al., 2004). AMPs and NDBPs have also been suggested to regulate539

the scorpion’s external microbiome and internal venom-gland microbiome. For instance,540

some scorpion species are thought to spray themselves with their own venom to help541

remove bacteria and fungi (Torres-Larios et al., 2000) or to clean their own wounds (Gao542

et al., 2007). Self-spraying was suggested as a mechanism for AMPs in Hadrurus aztecus543
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venom because of the species’ burrowing tendencies and therefore constant exposure to544

soil microbes (Torres-Larios et al., 2000). In the venom from another burrowing scorpion,545

H. spadix, AMPs and NDBPs were one of the most diverse and abundant toxin families546

(Rokyta and Ward, 2017). As a burrowing species, D. whitei could also be using their547

venom as part of a self-spraying mechanism, but further studies are needed to test for548

this behavior. Using an infection model, Gao et al. (2007) detected antibacterial activity549

in the venom of Buthus martensii after injection of Escherichia coli and Micrococcus550

luteus into the venom glands. As previously characterized NDBPs from B. martensii551

were shown to possess significant antibacterial activity, Gao et al. (2007) also suggested552

that these peptides could protect the venom-gland from infection. However, whether553

AMPs and NDBPs in D. whitei venom also play a role in protecting the venom-gland554

from infection is unclear.555

3.5.2 Ion-channel toxins556

We identified seven toxins with homology to known ion-channel toxins from scorpion557

venoms (Table 2), including four alpha K+-channel toxins (αKTx), one beta K+-channel558

toxin (βKTx), one kappa K+-channel toxin (κKTx), and one Ca2+-channel toxin (CaTx).559

K+-channel toxins, in particular, are one of the more diverse and abundant toxin classes560

in scorpion venoms (Quintero-Hernández et al., 2013). Overall, ion-channel toxins were561

the second most abundant toxin class in the transcriptomes of both C0687 and C0689562

and were responsible for 15.3% and 17.8% of the total toxin transcript abundance, re-563

spectively (Figure 2). No ion-channel toxins were identified in either venom proteome,564

likely because of mass spectrometry detectability challenges associated with their small565

size.566

The αKTxs are the most diverse family and comprise peptides of approximately 23–42567

amino acids longs with 3–4 disulfide bridges. These toxins are thought to interact with568

K+-channels either extracellularly or via blocking the channel pore (Quintero-Hernández569

et al., 2013). Of the four αKTx channel toxins we identified, two of them (αKTx-1 and570

αKTx-2) were responsible for the majority of the total αKTx abundance in D. whitei571

venom glands (Table 2). αKTx-1 and αKTx-2 had signal peptides of 25 amino acids and572

eight cysteine residues. The remaining two αKTxs, αKTx-3 and αKTx-4, had 25 and 32573

amino acid long signal peptides and six and eight cysteine residues, respectively. The574

βKTxs are are long chain toxins (50–75 amino acids) that have shown various K+-channel575

blocking and inhibition abilities (Diego-García et al., 2008; Quintero-Hernández et al.,576

2013). We identified one βKTx (βKTx-1; Table 2), which had a 21 amino acid long signal577

peptide and six cysteine residues. κKTxs have also been identified in scorpion venoms578

and comprise peptides of two α-helices connected by two disulfide bridges (Quintero-579

Hernández et al., 2013). These peptides may interact with and inhibit K+-channels with580

comparable mechanisms to the αKTxs (Srinivasan et al., 2002; Quintero-Hernández et al.,581

2013). The κKTx we identified in D. whitei venom glands (κKTx-1; Table 2) had a 17582

amino acid long signal peptide and four cysteine residues. This κKTx matched to only583
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one sequence from the nr and NCBI databases, which was a previously identified κKTx584

from Pandinus cavimanus (κ-KTxpcavC10; Diego-García et al., 2012). However, a mul-585

tiple protein sequence alignment of the κKTxs from D. whitei and P. cavimanus, along586

with three other scorpion venom κKTxs identified from the literature showed sequence587

conservation in the signal peptide and the last 30 amino acids (Figure S2).588

Finally, we also identified one CaTx (CaTx-1; Table 2) in D. whitei. CaTxs have been589

observed in other scorpion venoms and are thought to interact with calcium-voltage-590

gated, voltage-independent, and ligand-activated channels (Quintero-Hernández et al.,591

2013), including ryanodine receptors (Schwartz et al., 2009). CaTx-1 had a 26 amino acid592

long signal peptide and six cysteine residues. As CaTxs have shown promise for use in593

systematics of the non-Buthid scorpions (Santibáñez-López et al., 2018), we performed a594

multiple protein sequence alignment using CaTx-1 from D. whitei and the top nr and TSA595

database matches. As expected, this alignment displayed strong sequence conservation in596

the Toxin 27 Domain (scorpion calcine) region of the protein (Figure S3) via the NCBI597

conserved domain database search. All ion-channel toxins showed significant matches598

to previously described scorpion venom toxins in the TSA and/or nr databases. The599

αKTxs were responsible for the majority of the total toxin transcript abundance among600

ion-channel toxins in the transcriptomes (C0687 = 13.1%, C0689 = 16.3%) followed by601

the βKTx (C0687 = 1.3%, C0689 = 0.8%), κTX (C0687 = 0.9%, C0689 = 0.7%), and602

CaTx (C0687 = 0.03%, C0689 = 0.02%).603

Although we identified several KTxs, we did not find any Na+-channel toxins (NaTxs)604

in D. whitei venom glands. KTxs are widespread across scorpion venoms, but NaTxs are605

found in significantly higher diversities and abundances in those from the Buthidae family606

(Cid-Uribe et al., 2020), which includes almost all scorpions with medically relevant607

stings (Ward et al., 2018a). NaTxs have not been observed at significant expression608

levels in venom from other members of the Diplocentridae family (Grashof et al., 2019;609

Rojas-Azofeifa et al., 2019), although five putative NaTx transcripts were identified in N.610

heirichonticus. However, the significant expression of other ion-channel toxins, including611

KTxs, in venom from this family, indicates that KTxs likely play an important role in612

the overall function of Diplocentrid scorpion venoms.613

3.5.3 La1-like peptides614

La1-like peptides, named after the scorpion they were first discovered in (Liocheles aus-615

tralasiae ; Miyashita et al., 2007), are peptides that range in length from 73–116 amino616

acids, have four disulfide bridges, and typically contain an SVWC, or Single von Wille-617

brand factor type C, domain (Cid-Uribe et al., 2020). Although they have been identified618

in the venom of other scorpions, their function remains largely unknown. We found three619

La1 toxins in the transcriptome of both D. whitei individuals (Table 2), all of which were620

found in the proteome (La1-1, La1-2, La1-3) of at least one individual. However, La1-2621

was only detected in the proteome of C0687. These toxins had signal peptides of 19–37622

amino acids long, eight cysteine residues, and all contained a SVWC domain. Fur-623
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thermore, all toxins displayed database matches to previously identified scorpion venom624

toxins. La1 toxins were the fourth most abundant toxin class in the transcriptomes of625

both individuals (C0687 = 14.1%, C0689 = 16.2%; Figure 2). However, similar to the626

AMPs, La1 toxins were expressed at much lower abundances in the venom proteomes of627

both individuals (C0687 = 1.7%, C0689 = 2.6%).628

3.5.4 Tryspin inhibitor-like peptides629

We detected 14 trypsin inhibitor-like (TIL) peptides in the venom-gland transcriptome of630

D. whitei (Table 2). However, TIL-11 and TIL-12 were only detected in the transcriptome631

of individual CO687. As a toxin family, TILs were detected at very low abundances,632

contributing > 0.3% of total toxin transcript abundance in both individuals. All detected633

TILs had signal peptides of 16–24 amino acids longs, 10 cysteine residues, and evidence634

for a trypsin inhibitor-like cysteine-rich domain. Protease inhibitors are widespread635

in scorpion venom-gland transcriptomes, having been reported in all scorpion families636

with transcriptomic data (Cid-Uribe et al., 2020). Protease inhibitors, including TILs,637

may improve the effectiveness of venom by inhibiting prey and predator extracellular638

enzymes from degrading injected venom proteins (Hakim et al., 2016). TILs may also639

inhibit venom proteins stored in the venom glands to prevent toxins from acting on the640

host. However, without further analyses of scorpion venom TIL function in D. whitei641

the exact role that these toxins play is unclear.642

3.5.5 Other low abundance toxins643

We described 12 other putative D. whitei toxins only by their homology to other known,644

putative scorpion venom toxin classes (Table 2), including one carbonic anhydrase645

(CarbAn-1; 16 amino acid signal petide and 2 cysteine residues), one cysteine peptidase646

(CP-1; 18 amino acid signal peptide with 7 cysteine residues), one histidine phosphatase647

(HistP-1; 21 amino acid signal peptide with 6 cysteine residues), three insulin-like growth648

factor-binding proteins (IGFBP-1–3; 16–17 amino acid signal peptides with 10–12 cys-649

teine residues), two Kunitz-type protease inhibitors (KUN-1 and KUN-2; 21 amino acid650

signal peptide with six and 12 cysteine residues, respectively), one lysozyme-C (LysC-1;651

20 amino acid signal peptide with eight cysteine residues), one metalloprotease (MP-652

1; 20 amino acid signal peptide with 37 cysteine residues), two peptidase family M2653

angiotensin converting enzymes (PeptidaseM2-1 and PeptidaseM2-2; 19–24 amino acid654

signal peptides and 11–14 cysteine residues), and one phospholipase A2 (PLA2-1; 20655

amino acid signal peptide with 12 cysteine residues). Several of these low abundance656

putative toxins (i.e. HistP-1, IGFBP-1–3, and LysC-1) may represent non-toxic venom657

components or contaminants encountered during the venom extraction process.658

We also identified four other low abundant proteins with database matches to non-659

toxic homologs (Table 2), including one biotinidase (Biotinidase-1; 18 amino acid signal660

peptide with 13 cysteine residues), one C-reactive protein (CReactive-1; 22 amino acid661

signal peptide with six cysteine residues), and one peptidylglycine alpha-hydroxylating662
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monooxygenase (PaHM-1; 21 amino acid signal peptide with eight cysteine residues), sug-663

gesting they may represent nontoxic components expressed in D. whitei venom glands.664

Finally, we identified five uncharacterized venom proteins (VP-1, VP-2, VP-5, VP-665

6, and VP-8) at low abundance only in venom-gland transcriptomes (Table 2). VP-1666

had an 18 amino acid signal peptide and three cysteine residues. VP-2 had a 21 amino667

acid signal peptide and zero cysteine residues. VP-5 contained a 16 amino acid long668

signal peptide, 7 cysteine residues, and evidence for a N-terminal nucleophile hydrolase669

domain. VP-6 and VP-8 each had eight cysteine residues and 22 and 18 amino signal670

peptides, respectively. Each of these VPs, except VP-5, had matches to previously671

identified scorpion venom proteins in either the nr and/or TSA databases, all of which672

were matches to venom proteins with no existing functional characterizations.673

3.6 Venom proteomic abundances display strong agreement be-674

tween individuals675

Of the 25 toxins identified in the venom proteome of at least one individual D. whitei, 22676

were observed in C0687, 20 were observed in C0689, and 17 were shared between both677

individuals (Table 2). Most scorpion venom characterizations that used high throughput678

venom proteomic analyses reported between 23 and 84 unique proteins (Cid-Uribe et al.,679

2020), although see Zhang et al. (2015), which reported 16 unique proteins in Androctonus680

bicolor venom. Our estimate for the number of unique proteomically confirmed venom681

toxins in D. whitei falls within this range. We also observed a strong agreement in the682

venom proteomic abundances of the 17 proteomically shared toxins between individuals683

(Spearman’s rank correlation ρ = 0.67, Pearson’s rank correlation coefficient R = 0.71,684

and R2 = 0.51; Figure 3). The eight toxins responsible for presence-absence differences685

in venom proteomes were identified at relatively low abundances in the respective indi-686

viduals (Table 3). Furthermore, our RP-HPLC analysis showed few major differences687

between venom chromatographic profiles (Figure 4), providing convincing evidence for a688

strong similarity between D. whitei venom proteomic profiles.689

3.7 Venom gene transcript and proteomic abundances show690

weak agreement within individuals691

We found weak correlations between mRNA transcript and venom proteomic abundances692

within both individual C0687 (Spearman’s rank correlation ρ = 0.43, Pearson’s rank693

correlation coefficient R = 0.43, and R2 = 0.18; Figure 5) and C0689 (Spearman’s rank694

correlation ρ = 0.54, Pearson’s rank correlation coefficient R = 0.57, and R2 = 0.33;695

Figure 5). This weak correlation between mRNA transcript and venom proteomic abun-696

dances was not surprising considering we found significant discrepancies between toxin697

class abundances in the transcriptome and the proteome, such as how αKTxs, AMPs,698

and La1s had much higher abundances in the transcriptome. This weak agreement be-699

tween mRNA transcript and proteomic abundances has been observed in other scorpion700

19



species, with some even showing less agreement (Rokyta and Ward, 2017; Ward et al.,701

2018b). Furthermore, as previously discussed, we may have been unable to easily detect702

small proteins in our venom proteomes (e.g. AMPs, La1, etc.), which could have con-703

tributed to an underestimation of the abundances of these small toxins in the proteome704

and, therefore, the weak agreement between transcript and protein abundances.705

4 Conclusions706

We generated the first high-throughput venom-gland transcriptomic and venom pro-707

teomic characterization for a harmless scorpion in the genus Diplocentrus. Of the 82708

toxins identified in D. whitei venom, 57 were identified only by homology to known ani-709

mal toxins while 25 were protoemically confirmed in at least one of the two individuals.710

We identified two novel ARSB toxins, which were either the most highly expressed or711

the second most highly expressed toxin families in the venom proteome of both D. whitei712

individuals. We also observed serine proteases and other enzymatic components (i.e.713

AChE, NUC, and Peroxidase) at high abundances in the venom of D. whitei, revealing a714

unique enzyme-rich scorpion venom. Our venom characterizations also revealed several715

scorpion venom toxin classes at high abundances in the venom-gland transcriptome that716

were not easily detected in venom proteomes (AMPs, NDBPs, ion-channel toxins, and717

La-1 like peptides), a trend that has been observed in venom characterizations on other718

scorpion species. Venom proteomic abundance comparisons showed a strong agreement719

between D. whitei venom proteomes, while venom-gland transcript and venom proteomic720

abundances showed a weaker agreement within individuals. Although scorpion venom721

characterization research has focused on those species considered medically significant,722

our identification of novel enzymatic toxins from D. whitei venom builds upon the work723

of previous studies that emphasize the importance of studying the venom of harmless724

scorpion species.725
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Figures and Figure Legends1081
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Figure 1. A venom-gland nontoxin (left), proteomically confirmed toxin (middle),
and homology-only toxin (right) transcript abundance comparison between D. whitei
individuals (C0687 and C0689) all showed strong agreement. Solid lines represent a
correlation coefficient of one, while the longer dashed lines represent the lines of best
fit. Labeled transcripts are those that fall outside of the 99th percentile of differences
(region between the shorter dashed lines) between the two nontoxin measures and repre-
sent toxins with unusually different expression levels between individuals. Abbreviations:
clr—centered logratio transformation, GC—glucosylceramidase, HistP—histidine phos-
phatase, n—number of transcripts, NDBP—non-disulfide bridge peptide, ρ—Spearman’s
rank correlation coefficient, R—Pearson’s correlation coefficient, R2—coefficient of de-
termination, SP—serine protease, and TIL—trypsin inhibitor-like.
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Figure 2. Diplocentrus whitei venom-gland transcriptomic (top) and venom pro-
teomic (bottom) abundances for the most abundant toxin classes in individual C0687
(left) and C0689 (right) reveal an enzyme-rich venom dominated by novel ARSBs
and serine proteases. We observed a weak agreement between toxin class abun-
dances in the transcriptome and proteome within individuals. Abbreviations: AChE—
acetylcholinesterase, αKTx—α-potassium channel toxin, AMP—antimicrobial peptide,
ARSB—arylsulfatase B, βKTx—β-potassium channel toxin, CarbAn—Carbonic anhy-
drase, CaTx—calcium channel toxin, CP—cysteine peptidase, CReactive—C-reactive
protein, CRISP—cysteine-rich secretory protein, GC—glucosylceramidase, GPCR—
G protein-coupled receptor, HistP—histidine phosphatase, HYAL—hyaluronidase,
IGFBP—insulin-like growth factor-binding protein, κKTx—κ-potassium channel toxin,
KUN—kunitz-type protease inhibitor, La1—La1-like peptide, LysC—lysozyme C, MP—
metalloprotease, NDBP—non-disulfide bridge peptide, NUC—nucleotidase, PaHM—
peptidylglycine alpha-hydroxylating monooxygenase, PeptidaseM2—peptidase family
M2 angiotensin converting enzyme, PLA2—phospholipase A2, SP—serine protease,
TGFBI–transforming growth factor-beta-induced protein, TIL—trypsin inhibitor-like,
VP—uncharacterized venom protein. 33
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Figure 3. Venom proteomic abundance comparison between D. whitei individuals
(C0687 and C0689) showed a strong agreement for proteins detected in the venom of
both individuals. Table 3 shows presence/absence differences between the two D. whitei
proteomes. Solid line represents a correlation coefficient of one, while the dashed line
represents the line of best fit. Abbreviations: clr—centered logratio transformation,
n—number of proteins, ρ—Spearman’s rank correlation coefficient, R—Pearson’s corre-
lation coefficient, R2—coefficient of determination, AChE—acetylcholinesterase, AMP—
antimicrobial peptide, ARSB—arylsulfatase B, CRISP—cysteine-rich secretory protein,
GC—Glucosylceramidase, GPCR—G protein-coupled receptor, La1—La1-like peptide,
NUC—nucleotidase, SP—serine protease, VP—uncharacterized venom protein.
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Figure 5. Venom-gland transcript and venom proteomic abundances showed agree-
ment within D. whitei individuals C0687 (left) and C0689 (right). Solid lines represent a
correlation coefficient of one, while the dashed lines represent the line of best fit. Abbre-
viations: clr—centered logratio transformation, n—number of proteins, ρ—Spearman’s
rank correlation coefficient, R—Pearson’s correlation coefficient, R2—coefficient of
determination, AChE—acetylcholinesterase, AMP—antimicrobial peptide, ARSB—
arylsulfatase B, CRISP—cysteine-rich secretory protein, GC—Glucosylceramidase,
GPCR—G protein-coupled receptor, HYAL—hyaluronidase, La1—La1-like peptide,
NUC—nucleotidase, SP—serine protease, TGFBI–transforming growth factor-beta-
induced protein, VP—uncharacterized venom protein.
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Tables and Table Legends1082

Table 1. Proteins identified via LC-MS/MS in D. whitei venom.

Unique peptide %MS/MS coverage Unique peptide %MS/MS coverage
Protein count (C0687) (C0687) count (C0689) (C0689)
AChE-1 18 37.50% 9 21.60%
AMP-1 2 24.00% 1 12.50%
AMP-2 3 34.00% 2 25.50%

ARSB-1 19 43.60% 20 43.60%
ARSB-2 2 2.37% 11 30.10%

CathepsinD-1 4 10.20% 2 7.35%
CathepsinD-2 4 10.20% 2 11.80%
CathepsinD-3 1 7.91% – –

ChromodomHeliDNAbindProt-1 1 1.55% – –
CRISP-1 6 15.90% 2 5.53%

DblhomologyDHdomain-1 – – 1 1.37%
GC-1 2 6.18% 3 12.00%

GlutamineNADsynthetase-1 – – 1 2.80%
GPCR-1 3 12.10% 3 12.10%
HYAL-1 1 5.03% – –

La1-1 5 38.80% 3 21.40%
La1-2 – – 1 16.30%
La1-3 1 9.48% 1 9.48%

MediatorRNApolyIITranscri-1 1 0.00% – –
NDBP-2 – – 1 14.80%

NUC-1 17 47.50% 14 42.60%
Peroxidase-1 14 26.30% 10 18.80%

SP-4 5 22.00% 4 22.00%
SP-5 13 33.80% 9 25.30%

TGFBI-1 – – 1 2.90%
Transferrin-1 – – 1 3.68%

VacuolarProtSorting-1 – – 1 1.36%
VP-3 1 8.55% – –
VP-4 1 6.79% 1 6.79%
VP-7 – – 1 10.90%

Unique peptide counts and percent MS/MS coverage for each protein identified in D. whitei venom were extracted using1083
Scaffold (version 5.1.2). Abbreviations: AChE—acetylcholinesterase, AMP—antimicrobial peptide, ARSB—arylsulfatase1084

B, ChromodomHeliDNAbindProt—chromodomain helicase DNA binding protein, CRISP—cysteine-rich secretory1085
protein, DblhomologyDHdomain—Dbl homology domain protein, GC—Glucosylceramidase,1086

GlutamineNADsynthetase—glutamine-dependent NAD(+) synthetase, GPCR—G protein-coupled receptor,1087
HYAL—hyaluronidase, La1—La1-like peptide, MediatorRNApolyIITranscri—mediator of RNA polymerase II1088

transcription, NUC—nucleotidase, SP—serine protease, TGFBI–transforming growth factor-beta-induced protein,1089
VacuolarProtSorting—vacuolar protein sorting-associated protein, and VP—uncharacterized venom protein.1090
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Table 2. Putative toxins identified in the venom-gland transcriptome and
venom proteome of Diplocentrus whitei.

Signal Precursor Cysteine MW C0687 C0689 C0687 C0689
Toxin Peptide (aa) (aa) Residues (kDa) TPM TPM fmol fmol

AChE-1 19 546 6 61 2323.83 6220.36 821.75 4173.68
αKTx-1 25 61 8 – 88874.29 102381.89 – –
αKTx-2 25 61 8 – 23943.00 33942.62 – –
αKTx-3 25 60 6 – 102.52 255.40 – –
αKTx-4 32 75 8 – 33.15 82.54 – –
AMP-1 19 96 6 11 49607.17 31333.38 258.36 336.86
AMP-2 19 106 6 12 52532.32 32749.28 671.73 383.61
AMP-3 20 58 6 – 328.35 173.81 – –

ARSB-1 19 546 7 62 39134.79 31642.65 9571.76 7710.69
ARSB-2 19 548 7 62 14614.10 14283.14 2144.08 282.72

Biotinidase-1 18 501 13 – 529.66 604.65 – –
βKTx-1 21 79 6 – 11066.17 6374.79 – –

CarbAn-1 16 287 2 – 2923.60 3218.37 – –
CathepsinD-1 16 381 7 42 401.61 2442.89 99.69 870.39
CathepsinD-2 16 381 7 41 444.36 2496.63 99.42 886.20
CathepsinD-3 22 392 6 43 470.33 2166.75 – 68.87

CaTx-1 26 66 6 – 239.19 193.01 – –
CP-1 18 333 7 – 541.33 603.83 – –

CReactive-1 22 237 6 – 2098.23 1034.73 – –
CRISP-1 20 452 16 51 3502.64 3923.42 299.32 892.75

GC-1 20 518 6 59 3099.26 1256.52 257.30 53.06
GPCR-1 21 348 24 40 9111.18 13460.57 172.24 293.29
HistP-1 21 381 6 – 338.57 100.72 – –
HYAL-1 20 398 13 46 755.97 643.83 – 47.83

IGFBP-1 17 97 12 – 45.27 57.78 – –
IGFBP-2 16 105 12 – 233.57 288.58 – –
IGFBP-3 17 109 10 – 45.32 60.57 – –
κKTx-1 17 68 4 – 7606.11 6220.95 – –
KUN-1 21 77 6 – 8.55 6.92 – –
KUN-2 21 150 12 – 52.60 47.99 – –
La1-1 24 98 8 11 41769.00 53362.42 230.96 753.40
La1-2 19 104 8 11 9484.44 7006.32 129.18 –
La1-3 37 116 8 13 70296.73 74769.92 13.57 85.48

LysC-1 20 144 8 – 2091.91 2484.91 – –
MP-1 20 617 37 – 108.79 254.40 – –

NDBP-1 22 66 0 – 67277.90 44883.17 – –
NDBP-2 22 88 0 9 30429.28 30528.32 329.08 –
NDBP-3 22 82 0 – 38742.98 23598.12 – –
NDBP-4 22 84 0 – 45318.74 37548.51 – –
NDBP-5 22 65 0 – 31633.52 17536.82 – –
NDBP-6 22 82 0 – 2468.35 3188.28 – –
NDBP-7 22 87 0 – 6837.51 5195.65 – –
NDBP-8 22 82 0 – 999.52 232.83 – –
NDBP-9 22 71 0 – 0.08 4.98 – –

NDBP-10 22 81 0 – 15.70 9.75 – –
NDBP-11 22 84 0 – 159.76 32.72 – –

NUC-1 17 573 7 64 15572.34 13954.52 1330.93 2422.56
PaHM-1 21 345 8 – 640.76 652.33 – –

PeptidaseM2-1 19 620 14 – 658.79 9.63 – –
PeptidaseM2-2 24 629 11 – 3431.65 2443.25 – –

Peroxidase-1 21 666 33 76 21729.01 26114.88 1620.83 3823.35
PLA2-1 20 226 12 – 326.78 246.07 – –

SP-1 24 286 10 – 109.96 139.66 – –
SP-2 16 425 18 – 151.10 190.48 – –
SP-3 20 281 10 – 90.97 95.17 – –
SP-4 25 282 10 31 65824.23 75812.45 2544.78 6558.77
SP-5 17 281 9 31 58192.71 65770.81 1689.70 2878.78
SP-6 18 300 9 – 14.14 644.11 – –
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TGFBI-1 20 758 16 86 1267.07 1678.12 13.57 –
TIL-1 19 96 10 – 72.95 82.15 – –
TIL-2 22 91 10 – 40.16 13.08 – –
TIL-3 20 88 10 – 79.78 4.75 – –
TIL-4 20 89 10 – 110.56 2.31 – –
TIL-5 16 89 10 – 290.51 410.71 – –
TIL-6 24 88 10 – 107.58 23.76 – –
TIL-7 24 87 10 – 123.06 119.98 – –
TIL-8 24 89 10 – 17.64 41.53 – –
TIL-9 22 90 10 – 100.77 55.37 – –

TIL-10 24 88 10 – 62.86 64.16 – –
TIL-11 20 89 10 – – 205.36 – –
TIL-12 22 90 10 – – 70.18 – –
TIL-13 24 92 10 – 20.66 4.24 – –
TIL-14 23 88 10 – 45.93 38.02 – –

Transferrin-1 19 707 28 77 7053.43 7373.41 13.83 –
VP-1 18 108 3 – 10810.94 18769.69 – –
VP-2 21 135 0 – 1918.62 2095.26 – –
VP-3 18 117 9 13 450.98 942.40 – 15.81
VP-4 19 162 12 19 4568.14 5770.86 43.06 214.24
VP-5 16 416 7 – 258.05 246.87 – –
VP-6 22 102 8 – 315.39 229.29 – –
VP-7 26 137 6 16 4107.13 8975.55 70.19 –
VP-8 18 117 8 – 1869.31 4230.78 – –

Cysteine residues were determined using ExPASy ProtParam (Gasteiger et al., 2005) with signal peptides excluded.1091
Molecular weight (MW) mass spectrometry estimates are provided for proteomically confirmed toxins. Abbreviations:1092

AChE—acetylcholinesterase, αKTx—α-potassium channel toxin, AMP—antimicrobial peptide, ARSB—arylsulfatase B,1093
βKTx—β-potassium channel toxin, CarbAn—Carbonic anhydrase, CaTx—calcium channel toxin, CP—cysteine1094

peptidase, CReactive—C-reactive protein, CRISP—cysteine-rich secretory protein, GC—Glucosylceramidase, GPCR—G1095
protein-coupled receptor, HistP—histidine phosphatase, HYAL—hyaluronidase, IGFBP—insulin-like growth1096

factor-binding protein, κKTx—κ-potassium channel toxin, KUN—Kunitz-type protease inhibitor, La1—La1-like peptide,1097
LysC—lysozyme C, MP—metalloprotease, NDBP—non-disulfide bridge peptide, NUC—nucleotidase,1098

PaHM—peptidylglycine alpha-hydroxylating monooxygenase, PeptidaseM2—Peptidase family M2 angiotensin converting1099
enzyme, PLA2—phospholipase A2, SP—serine protease, TGFBI–transforming growth factor-beta-induced protein,1100

TIL—trypsin inhibitor-like peptide, VP—uncharacterized venom protein.1101
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Table 3. Presence/absence differences between venom proteomes.

C0687 C0689 Average
Protein Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 C0687 C0689

CathepsinD-3 – – – 1.2674 – 2.5237 – 1.2637
HYAL-1 – – – – 0.9782 1.6825 – 0.8869

La1-2 3.4586 3.0117 2.6397 – – – 3.0367 –
NDBP-2 8.07 9.0352 6.1593 – – – 7.7548 –
TGFBI-1 – – 0.8799 – – – 0.2933 –

Transferrin-1 – 1.0039 – – – – 0.3346 –
VP-3 – – – – – 0.84125 – 0.2804
VP-7 1.1529 1.0039 2.6397 – – – 1.5988 –

Quantities provided in fmol. Abbreviations: HYAL—hyaluronidase, La1—La1-like peptide,1102

NDBP—non-disulfide bridge peptide, TGFBI–transforming growth factor-beta-induced protein,1103

VP—uncharacterized venom protein.1104
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Supplemental Figures and Supplemental Figure Legends1105

1106
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20 40 60
Ocaya_CAX51397.1_k−KTx
Ocaya_CAX51396.1_k−KTx

Hpete_FD664178.1_2_mRNA sequence

Pcavi_AEX09227.1_k−KTxpcavC10
Dwhit_kKTx−1

Consensus

Signal Peptide

Figure S2. Multiple sequence alignment of putative κKTx toxins from D. whitei venom,
the top NCBI protein BLAST match, and other published κKTxs identified from scorpion
venoms. All κKTx sequences contained a signal peptide, but no additional protein
domains. Colors represent individual amino acid identities. Abbreviations: Dwhit—
Diplocentrus whitei, Hpete—Heterometrus petersii, Ocaya—Opisthacanthus cayaporum,
and Pcavi—Pandimus cavimanus.
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20 40 60

Hlept_A0A1L4BJ42.1_Hemicalcin
Ocari_P60253.1_Opicalcin−2
Ocari_P60252.1_Opicalcin−1

Uyasc_L0GBR1.1_Urocalcin
Hgert_B8QG00.1_Hadrucalcin
Tintr_P0DM30.1_Intrepicalcin

Mgert_GFBG01000009.1_transcribed RNA sequence

Dwhit_CaTx−1
Consensus

Signal Peptide Toxin 27 Domain (Scorpion Calcines) 

Figure S3. Multiple sequence alignment of the putative CaTx toxin from D. whitei
venom and the top BLAST matches to the TSA and nr databases. All CaTx se-
quences contained a signal peptide and displayed clear evidence for a Toxin 27 (scor-
pion calcine) domain. Colors represent individual amino acid identities. Abbrevia-
tions: CaTx—Calcium channel toxin (scorpion calcine), Dwhit—Diplocentrus whitei,
Hgert—Hadrurus gertschi, Hlept—Hemiscorpius lepturus, Mgert—Megacormus gertschi,
Ocari—Opistophthalmus carinatus, Tintr— Thorellius intrepidus, and Uyasc— Urodacus
yaschenkoi.
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