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Abstract 11 

With pedipalps modified for venom injection, some pseudoscorpions possess a unique venom 12 

delivery system, which evolved independently from those of other arachnids like scorpions and 13 

spiders. Up to now, only a few studies have been focused on pseudoscorpion venom, which 14 

either identified a small fraction of venom compounds, or were based on solely transcriptomic 15 

approaches. Only one study addressed the bioactivity of pseudoscorpion venom. Here, we 16 

expand existing knowledge about pseudoscorpion venom by providing a comprehensive 17 

proteomic and transcriptomic analysis of the venom of Chelifer cancroides. We identified the 18 

first putative genuine toxins in the venom of C. cancroides and we showed that a large fraction 19 

of the venom comprises novel compounds. In addition, we tested the activity of the venom at 20 

specific ion channels for the first time. These tests demonstrate that the venom of C. cancroides 21 

causes inhibition of a voltage-gated insect potassium channel (Shaker IR) and modulates the 22 

inactivation process of voltage-gated sodium channels from Varroa destructor. For one of the 23 

smallest venomous animals ever studied, today's toolkits enabled a comprehensive venom 24 

analysis. This is demonstrated by allocating our identified venom compounds to more than half 25 

of the prominent ion signals in MALDI-TOF mass spectra of venom samples. The present study 26 

is a starting point for understanding the complex composition and activity of pseudoscorpion 27 

venom and provides a potential rich source of bioactive compounds usable for basic research 28 

and industrial application. 29 

 30 

 31 
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1. Introduction 38 

Animal venoms are a rich source of bioactive compounds optimized by evolutionary processes 39 

for various purposes like subduing prey, defense against predators/microbes, and competition 40 

with conspecifics. As venoms contain substances that act on a wide variety of targets in different 41 

organisms, venoms represent an enormous reservoir for identifying lead compounds for 42 

developing novel pharmaceutics or pesticides (Herzig et al., 2020). In at least eleven cases, the 43 

determined structure of venom compounds has already been successfully used for developing 44 

commercial drugs (Bordon et al., 2020). The majority of these were developed on the basis of 45 

venom compounds from snakes, mainly because of the high venom amount and the research 46 

focus on snake venoms in the past (King, 2013). Within metazoans, venoms have evolved at 47 

least 100 times (Schendel et al., 2019) and solely for spiders more than 20 million venom 48 

compounds are estimated (King and Hardy, 2013). In the light of these numbers, the number of 49 

drugs developed to date based on venom compounds does not seem particularly high. However, 50 

only a small fraction of substances makes it to the final step of drug development, mainly due 51 

to lack of efficacy and side effects discovered in clinical trials during the process (Harvey, 52 

2014). On top of that, venom research was biased towards harmful and relatively large-bodied 53 

(due to methodological constraints) taxa. Today, -omics approaches and increasing instrument 54 

sensitivity allow identifying venom compounds starting from very little amounts of substance, 55 

and modern synthesizers or recombinant manufacturing procedures allow sufficient quantities 56 

to be obtained for pharmaceutical or biotechnological approaches (Boldrini-França et al., 2017). 57 

Venom sampling across a wider phylogenetic range is very likely to increase the probability of 58 

identifying novel compounds with activities not observed before (Lüddecke et al., 2019). Even 59 

in well-studied venomous groups like spiders, uncommon venom compositions with novel 60 

venom compounds can still be found as demonstrated by recent findings on the venom 61 

composition of the wasp spider (Lüddecke et al., 2020). In addition, several studies on 62 

previously unstudied venomous animals (Drukewitz et al., 2018; von Reumont et al., 2020, 63 
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2014a, 2014b; Walker et al., 2018) also identified entirely novel bioactive compounds. This 64 

emphasizes the necessity to include a wide range of venomous animals into venom research in 65 

order to gain a more profound understanding of venom evolution and identify novel venom 66 

compounds with previously unknown targets or modes of action.  67 

 68 

A very promising group for venom research are pseudoscorpions. Comprising more than 3,600 69 

species, pseudoscorpions are more diverse than the 'true' scorpions and offer the promise of a 70 

large library of bioactive compounds. Within these small terrestrial arachnids, a unique venom 71 

delivery system has evolved independently from those of scorpions or spiders, as 72 

pseudoscorpions of the suborder Iocheirata inject venom with the pincers of their pedipalps 73 

(Chamberlin, 1924). With this venom delivery system, pseudoscorpions (adults and nymphs) 74 

are capable of subduing prey even exceeding their own body size (Fig. 1). Depending on the 75 

subgroup of Iocheirata, venom glands can be present in both fingers or be reduced in either the 76 

fixed or the movable finger of the chelal hand (Harvey, 1992). The external parts of the venom 77 

delivery system are already well described, and comprise the venom tooth with lateral pore and 78 

the lamina defensor, a seta closely associated with the venom tooth (Chamberlin, 1924; Krämer 79 

et al., 2019). The internal parts consist of a narrow venom canal extending proximally to form 80 

one or more tubes (depending on the species), which are presumably surrounded by glandular 81 

tissue. Studies on chemical aspects of pseudoscorpion venom are still rare. A single study 82 

examined the activity of pseudoscorpion venom by testing the effect of crude venom from 83 

Paratemnoides nidificator on the binding of the neurotransmitter L-Glutamate to its receptor in 84 

Figure 1: Images of Chelifer cancroides subduing its prey. A) Adult specimen paralyzing a 
fruit fly (Drosophila melanogaster). B) First instar eating a captured Varroa destructor (photo: 
Sam Read). 
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rat brains (dos Santos and Coutinho-Netto, 2006). Two studies have investigated the potential 85 

venom compositions of the pseudoscorpion species Synsphyronus apimelus (Garypidae) and 86 

Wyochernes asiaticus (Chernetidae) by means of transcriptomic approaches (Lebenzon et al., 87 

2021; Santibáñez-López et al., 2018). However, the study on W. asiaticus was based solely on 88 

a whole-body transcriptome. A comprehensive analysis of pseudoscorpion venom also 89 

comprising proteomics was hampered in the past by the small size of these animals, which 90 

mostly do not exceed a body length of 5mm. In a previous study, we addressed this issue by 91 

developing a venom extraction procedure for pseudoscorpions followed by a combined 92 

transcriptomic and proteomic analysis of the venom of Chelifer cancroides (Cheliferidae) 93 

(Krämer et al., 2019). This enabled the identification of checacins, the first genuine venom 94 

compounds of pseudoscorpions that are potential antimicrobial peptides. However, for that 95 

study proteomic data was based solely on a top-down approach, with the identification of 96 

venom compounds limited to substances below 3kDa. Therefore, the first aim of our current 97 

study was to identify the full set of major venom compounds from C. cancroides using a 98 

combined proteo-transcriptomic approach. Another objective was to compare the venom 99 

composition of C. cancroides and S. apimelus, which represent different pseudoscorpion 100 

families. Finally, another goal was to provide the first activity tests at the cellular level with 101 

crude venom. 102 

The oldest known fossils of pseudoscorpions date from 360 million years ago (Harms and 103 

Dunlop, 2017). Due to their early divergence from the sister group Scorpiones (Ontano et al., 104 

2021) and their unique venom delivery system, we expect a fairly high number of novel venom 105 

compounds in C. cancroides. 106 

 107 

2. Material and Methods 108 

 109 

2.1. Collection and rearing of pseudoscorpions 110 

Specimens of C. cancroides used for proteomics were collected in North Rhine Westphalia, 111 

Germany. The methodology for collection and rearing is described in (Krämer et al., 2019), 112 

which also contains information about transcriptomics using this population. For transcriptome 113 

analyses, 31 adult specimens were collected from honeybee hives at Lincoln, Canterbury, New 114 

Zealand. These animals were collected from refuges in the hives, in which they lived for two 115 

months with access to Varroa mites (Varroa destructor), psocids, wax moth larvae and other 116 

small arthropods. After collection, the specimens were transferred into a micro-tube each and 117 

kept at 4°C. 118 
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 119 

2.2. Venom collection 120 

Venom was collected as described in (Krämer et al., 2019). To increase the yield, venom was 121 

extracted from both fingers of one chelal hand during one extraction procedure. Each venom 122 

sample was extracted into 1µl of either Milli-Q water or ND96 buffer containing 96mM NaCl, 123 

2mM KCl, 1.8mM CaCl2, 1mM MgCl2, and 5mM HEPES (pH = 7.4).    124 

 125 

2.3. Quadrupole Orbitrap mass spectrometry with nanoflow HPLC 126 

Four Quadrupole Orbitrap mass spectrometry (MS) experiments were performed, three of these 127 

were bottom-up analyses with digested samples, the fourth experiment was performed without 128 

digestion step, but with reduction/alkylation of the sample. For the three bottom-up 129 

experiments, we used venom extracted from 24, 44 and 64 specimens, respectively. For the top-130 

down experiment, venom was extracted from 12 specimens and mixed with an equal volume 131 

of urea buffer (8M urea/50mM triethylammonium bicarbonate buffer (TEAB)) for denaturation 132 

prior to reduction/alkylation. For desalting and removal of urea, poly (styrene divinylbenzene) 133 

reverse phase (SDB-RP)-StageTip purification was performed before Orbitrap MS analyses 134 

according to the StageTip purification protocol from the CECAD Proteomics Facility, 135 

University of Cologne (http://proteomics.cecad-labs.uni-koeln.de/Protocols.955.0.html). As 136 

the protein quantity of the venom samples for bottom-up analyses was too low to be measured, 137 

the single-pot, solid-phase-enhanced sample preparation (SP3) (Hughes et al., 2019) was 138 

utilized for digestion of venom samples, which is especially useful for low concentrated 139 

samples. For the SP3 procedure, sodium dodecyl sulfate was added to the venom samples with 140 

a final concentration of 5% and reduction/alkylation were performed according to the SP3 141 

protocol (http://proteomics.cecad-labs.uni-koeln.de/Protocols.955.0.html). The SP3 procedure 142 

with integrated trypsin/LysC digestion was performed with 0.5ug trypsin and 0.5ug LysC and 143 

a beads/protein ratio of 10:1. Afterwards, the venom compounds/tryptic peptides were 144 

separated on an EASY nanoLC 1000 UPLC system (Thermo Fisher Scientific, Bremen, 145 

Germany). For this purpose, inhouse packed RPC18-columns with a length of 50cm were used 146 

(fused silica tube with ID 50μm±3μm, OD 150μm; Reprosil 1.9μm, pore diameter 60A°; Dr. 147 

Maisch GmbH, Ammerbuch-Entringen, Germany). The HPLC separation was performed with 148 

a binary buffer system (A: 0.1% formic acid (FA), B: 80% acetonitrile, 0.1% FA): linear 149 

gradient from 2 to 62% in 110min, 62–75% in 30min, and final washing from 75 to 95% in 150 

6min (flow rate 250nl/min). Re-equilibration was performed with 4% B for 4min. The HPLC 151 

was coupled to a Q-Exactive Plus (Thermo Fisher Scientific) mass spectrometer. HCD 152 

http://proteomics.cecad-labs.uni-koeln.de/Protocols.955.0.html
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fragmentations were performed for the 10 most abundant ion signals from each survey scan in 153 

a mass range of m/z 300–3000. The resolution for full MS1 acquisition was set to 70,000 with 154 

automatic gain control target (AGC target) at 3e6 and a maximum injection time of 80ms. In 155 

order to obtain the HCD spectra, the run was performed at a resolution of 35,000, AGC target 156 

at 3e6, a maximum injection time of 240ms, and 28eV normalized collision energy; dynamic 157 

exclusion was set to 25s. 158 

 159 

2.4. MALDI-TOF MS  160 

For MALDI-TOF MS analysis of reduced/alkylated venom samples, 10µl diluted venom 161 

extracted from 10 specimens was used. One µl of this venom sample was mixed with an equal 162 

amount of ethanol/water/trifluoroacetic acid (TFA; 35/64.95/0.05) for MALDI-TOF MS 163 

analysis without prior reduction/alkylation. The remaining 9µl were mixed with 9µl urea buffer 164 

to ensure denaturation of the venom sample. Afterwards, the venom sample was reduced, 165 

alkylated and the urea was removed utilizing SDB-RP StageTips. For MALDI-TOF MS 166 

analysis, 0.3 μl of venom samples were directly spotted onto the sample plate for MALDI-TOF 167 

MS and mixed with the same volume of 10 mg/ml 2.5-dihydroxybenzoic acid (Sigma Aldrich, 168 

Steinheim, Germany) matrix, dissolved in 50% acetonitrile/0.05% TFA. For an optimal 169 

crystallization of the matrix, samples were blow-dried with a hairdryer. An ultrafleXtreme 170 

TOF/TOF mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) was used in 171 

reflectron positive mode with overlapping mass ranges of m/z 800–4500 and m/z 3000−10,000. 172 

For an optimal signal-to-noise ratio, laser intensity and the number of laser shots were adjusted 173 

for each sample. Laser frequency was set to 666 Hz. For external calibration, a mixture 174 

containing proctolin ([M+H]+, 649.3), Drm-sNPF-212−19, ([M+H]+, 974.5), Pea-FMRFa-12 175 

([M+H]+, 1009.5), Lom-PVK ([M+H]+, 1104.6), Mas-allatotropin ([M+H]+, 1486.7), Drm-176 

IPNa ([M+H]+, 1653.9), Pea-SKN ([M+H]+, 2010.9), and glucagon ([M+H]+, 3481.6) was used 177 

for the mass range of m/z 800–4500 and a mixture of bovine insulin ([M+H]+, 5731.5), 178 

glucagon and ubiquitin ([M+H]+, 8560.6) was used for the mass range of m/z 3000−10,000. Ion 179 

signals were identified by using the peak detection algorithm SNAP from the flexAnalysis 3.4 180 

software package. In addition, each spectrum was manually checked to ensure that the 181 

monoisotopic peaks were correctly identified. MSMS experiments were conducted using 182 

Bruker LIFT™ technology without CID. Peptide sequences were identified by manual analysis 183 

of fragment ions and subsequent comparison of predicted (http://prospector.ucsf.edu) and 184 

experimentally obtained fragment patterns. 185 
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2.5. RNA extraction, transcriptome sequencing and de novo assembly of nucleotide 186 

sequences 187 

Two transcriptomes were generated for the pedipalps, both based on the same 31 individuals of 188 

C. cancroides. One transcriptome is based on the chelal hands containing the venom glands, 189 

while the other (negative control without venom glands) is based on the two proximal segments 190 

(patella and femur) of the remaining pedipalps. The specimens were anesthetized by freezing 191 

prior to dissection either by keeping them at -18°C for 24h, at -80°C for 5min, or by snap 192 

freezing in liquid nitrogen. The pedipalps were severed at the trochanter and placed into a 193 

micro-tube containing 1ml fresh RNAlaterTM (Qiagen, Hilden, Germany). Total RNA was 194 

extracted using the standard TRIzol protocol (ThermoFisher). Further sample processing and 195 

sequencing were performed by the sequencing facility of the Core Research Laboratories at the 196 

Natural History Museum in London. RNA was quantified using a Qubit RNA HS Assay Kit 197 

(ThermoFisher), and quality was checked with an Agilent TapeStation with RNA ScreenTape. 198 

The sequencing library was prepared with the Illumina MiSeq V3 kit following the 199 

manufacturer’s protocol. Paired end sequencing (2 x 250bp) was performed on an Illumina 200 

MiSeq machine. Raw sequences were demultiplexed and adapters were removed using the 201 

MiSeq Reporter Software v.2.6 (Illumina). De novo assembly of RNA sequence data was 202 

performed with Trinity v2.2.0 (Grabherr et al., 2011) based on default settings. This assembly 203 

and the already existing assembly from a German population (Krämer et al., 2019) were used 204 

to search for peptide sequences obtained by Quadrupole Orbitrap and MALDI-TOF MSMS 205 

experiments. To assess the completeness of transcriptomic data, BUSCO 3 (Waterhouse et al., 206 

2018) was used. The transcriptome data of the chelal hands has been submitted to NCBI 207 

(Bioproject: PRJNA752025). 208 

 209 

2.6. Identification of venom compounds 210 

Precursors of potential venom compounds were identified by matching the fragment spectra of 211 

Quadrupole Orbitrap MS analyses against the chelal hand transcriptome of C. cancroides, 212 

utilizing the software PEAKS 10 (PEAKS Studio 10; BSI, Toronto, Canada). PEAKS was run 213 

with a parent error mass tolerance of 10ppm and 0.05Da for fragment ions. As posttranslational 214 

modifications (PTMs), carboxymethyl was set as fixed modification and acetylation (N-215 

terminus, Lys), amidation, carbamidomethylation, carboxylation (Glu), half of a disulfide 216 

bridge, oxidation (at Met, His, Trp) and pyroglutamate from Glu were accepted as variable 217 

modifications in the analysis. For enzymatically digested samples (bottom-up analyses), 218 

enzyme mode was set to ‘Trypsin and LysC’. For the sample without digestion (top-down 219 
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analyses) ‘None’ was selected as enzyme mode. To evaluate the significance of the hits, 220 

identified precursor sequences were each examined for the presence of a signal peptide with 221 

SignalP 5.0 (Almagro Armenteros et al., 2019) and for the presence of a stop codon. In a second 222 

step, we searched for the presence of the respective precursors in the negative control 223 

(transcriptome of the proximal pedipalp segments without venom glands). For all matches, the 224 

expression level in the transcriptomes was assessed with Kallisto (Bray et al., 2016). Another 225 

criterion for defining venom compounds was the presence of corresponding ion signals in 226 

MALDI-TOF mass spectra of venom samples. For this purpose, theoretical masses calculated 227 

for each of the potential bioactive venom peptides were searched against a list of MALDI-TOF 228 

ion signals, considering potential PTMs and cleavage sites (e.g., dibasic including quadruplet-229 

cleavage sites; (Kozlov et al., 2005), and cleavage at the 'LEAP'-motif described for C. 230 

cancroides (Krämer et al., 2019)). A classification based on similarity to compounds from the 231 

online database UniProt (The UniProt Consortium, 2021) was made. For this purpose, a local 232 

BLAST search of the amino acid precursor sequences was performed against the following 233 

UniProt databases. The Metazoa database was searched with the term 'taxonomy:"Metazoa 234 

[33208]' and the Tox-Prot database with the term 'taxonomy:"Metazoa [33208]" 235 

(keyword:toxin OR annotation:(type:"tissue specificity" venom)). In the case of the Metazoa-236 

database, an E-value of 1e-5 was used. For the search against the Tox-Prot database, an E-value 237 

of 10 was used. The matches were then classified based on the description of the BLAST hits 238 

in both databases, in case of the Tox-Prot-database only if the E-value was lower than 0.055. 239 

Then, the matches were filtered with respect to the quality of MS data, the coverage between 240 

transcriptomic and proteomic data (false discovery rate (-10lgP) > 30, coverage > 7%) and the 241 

presence of a signal peptide. Finally, all identified venom precursors were analyzed with 242 

InterProScan (Blum et al., 2021) to perform a functional annotation. 243 

 244 

2.7. Comparison of the venom compositions of C. cancroides and S. apimelus 245 

To find orthologous precursors of venom compounds for C. cancroides and S. apimelus, several 246 

BLAST searches were performed. First, the precursors of venom compounds identified for C. 247 

cancroides were searched against the chelal hand transcriptome of S. apimelus with an E-value 248 

of 10-5. The second step was to search the proposed precursors of venom compounds described 249 

for S. apimelus against the chelal hand transcriptome of C. cancroides. Finally, a BLAST search 250 

was performed to compare the precursor sequences of identified (C. cancroides) and proposed 251 

(S. apimelus) venom compounds with each other. To evaluate the significance of the BLAST 252 
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hits, the bitscore was used, which is less dependent on database size. BLAST hits with a bitscore 253 

>40 were considered significant (Pearson, 2013).  254 

 255 

2.8. Electrophysiological characterization of the crude venom  256 

We followed the protocols described in detail previously (Camargos et al., 2011; Peigneur et 257 

al., 2021) For the expression of VdNav1, the auxiliary subunits TipE and the Shaker IR in 258 

Xenopus laevis oocytes, the linearized plasmids were transcribed using the T7 mMESSAGE-259 

mMACHINE transcription kit (Ambion). In total, 50nL of cRNA (1 ng/nL) was injected into 260 

oocytes, which were incubated in ND96 solution, supplemented with 50mg/L gentamycin 261 

sulfate. Recordings were performed using a Geneclamp 500 amplifier (Molecular Devices) 262 

controlled by a pClamp data acquisition system (Axon Instruments); bath solution was ND96. 263 

Voltage and current electrodes were filled with 3 M KCl. Resistances of both electrodes were 264 

kept between 0.7 and 1.5 MΩ. Elicited currents were sampled at 1kHz and filtered at 0.5kHz 265 

(for potassium currents) or sampled at 20kHz and filtered at 2kHz (for sodium currents) using 266 

a four-pole low-pass Bessel filter. Leak subtraction was performed using a -P/4 protocol. 267 

Currents were evoked by a 100ms (Nav) or 500ms (Kv) depolarization to the voltage 268 

corresponding to the maximal activation of the channels in control conditions from a holding 269 

potential of −90mV. In general, current-voltage relationships were determined by 50-ms step 270 

depolarizations between −90 and 70mV, using 5mV increments. Toxin-induced effects on the 271 

steady-state inactivation were investigated by using a standard two-step protocol. In this 272 

protocol, 100ms conditioning 5mV step prepulses ranging from −90 to 70mV were followed 273 

by a 50ms test pulse to 0mV. For current–voltage relationship studies of Kv channels, currents 274 

were evoked by 10mV depolarization steps from -90mV to 70mV for 250s from a holding 275 

potential of -90mV. All data were obtained in at least six independent experiments (n ≥ 6). To 276 

test the effect of crude pseudoscorpion venom on different ion channels, 2µl venom with 277 

concentrations of 2µg/µl or 4µg/µl were applied to measuring chambers containing the oocytes 278 

in 80µl ND96 buffer. For determining the concentration of the C. cancroides venom samples a 279 

ND1000 nanodrop was used. The concentration of the venom samples was adjusted by dilution 280 

with ND96-buffer. 281 

 282 

3. Results 283 

3.1. Combined transcriptomic and proteomic analysis 284 

Next-generation sequencing of samples from the New Zealand population of C. cancroides, 285 

after adapter removal, yielded 16,826,640 paired-end reads for the chelal hand (pedipalp) 286 
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sample, and 8,983,558 paired-end reads for the proximal pedipalp segments sample (negative 287 

control). Sequence assemblies resulted in 80,317 contigs for the chelal hands transcriptome and 288 

69,810 contigs for the proximal pedipalp segments transcriptome. Regarding completeness of 289 

transcriptome data, the chelal hand transcriptome contains 45.3% complete and 30.2% 290 

fragmented BUSCOs, whereas the proximal pedipalp segments transcriptome comprises 68.1% 291 

complete and 20.4% fragmented BUSCOs. 292 

 293 

Matching of the proteomic data from four Orbitrap MS experiments (three samples with trypsin 294 

digestion, one sample without digestion) against the chelal hands transcriptome initially yielded 295 

1270 hits. After quality filtering (coverage and P-value), removal of precursors without a signal 296 

peptide and redundant matches, 124 precursors contributing to the venom composition of C. 297 

cancroides were identified (Supplementary material 1). These precursors were first separated 298 

into precursors with cysteine-containing peptides and the remaining precursors. Both groups 299 

were further classified, based on sequence similarities to annotated sequences from online 300 

databases, into precursors of potential peptide toxins, antimicrobial peptides, enzymes, 'other' 301 

or, in case no matches were found within the databases, as 'novel' (Fig. 2). Where the 302 

InterProScan analysis resulted in functional annotations, this information is added in 303 

Supplementary material 1. Precursors of identified venom compounds with presumed orthology 304 

Figure 2. Pie Chart showing a classification of the venom compounds identified for C. 
cancroides by a combined transcriptomic and proteomic approach. The inner circle shows a 
differentiation of the venom compounds based on cysteine content. In the outer circle, venom 
compounds are classified based on a presumed orthology to sequences in UniProt (The UniProt 
Consortium, 2021) entries. 
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to annotated toxin sequences of other taxa were named according to rational nomenclature 305 

Figure 3. Bar chart showing relative expression levels of venom precursors identified in a 
chelal hand transcriptome of Chelifer cancroides. Only the values of those precursors also 
present in the negative control are shown. Values are presented as share of the expression levels 
of respective precursors from the negative control. (Transcriptome of remaining pedipalps). 
Precursors were identified by a combined proteo-transcriptomic approach. 
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guidelines (King et al., 2008). For the precursors that were also detected in the negative control, 306 

a comparison of the expression levels of the corresponding trancripts of chelal hands and 307 

remaining pedipalps (negative control) is shown in Fig. 3.  308 

Information on 11 precursors, whose products have been detected in the venom samples of C. 309 

cancroides and show sequence similarity to known arthropod toxins, is summarized in Table 1. 310 

All of these are cysteine-rich precursors with 3-5 disulfide bonds and the biochemically 311 

confirmed or predicted mature peptide toxins are in the mass range below 10 kDa. Precursor 312 

genes of CHTX-Cc1a and 1b, CHTX-Cc2a and 2b as well as those of CHTX-Cc8a and 8b likely 313 

represent paralogs, respectively. CHTX-Cc1a and 1b exhibit the best BLAST-matches to 314 

potential arthropod toxins, the latter classified as potential potassium channel toxins. An 315 

alignment of these sequences is shown in Supplementary material 2. All of the listed precursors 316 

either show significantly higher expression levels in chelal hands (i.e., in venom glands) 317 

compared to the remaining pedipalps or are absent in the negative control. Additional potential 318 

toxin precursors can be found in Supplementary material 1. 319 

Fifty-two precursors with biochemical confirmation of corresponding peptides in venom 320 

samples, but without significant sequence similarity to annotated sequences in the UniProt 321 

databases are classified as Novel Chelifer Venom Compounds (NCVCs). Of these, a selection 322 

of 19 is shown in in Table 2. Among these precursors are products of several paralogous genes 323 

(NCVS-4a/b/c, 7a/b, 8a/b, 9a/b), and except for NCVC-4b, all precursors showed increased 324 

expression levels in the Chelifer hand transcriptome. Three NCVCs (NCVC-4a, 5a, 8b) showed 325 

exceptionally high expression levels. Confirmed or predicted mature peptides are mostly 326 

cysteine-rich, only products of the precursors of NCVC-11 and 12 represent linear peptides, 327 

whereas a single disulfide bridge is present in NCVC-2 (Table 2). Both the linear peptides and 328 

the mature peptides of NCVC-1, 2 are C-terminally amidated. 329 

Table 3 lists precursors of 8 potentially antimicrobial peptides. In addition to the three checacin 330 

precursors already described (Krämer et al., 2019), four new checacin precursors could be 331 

identified. The corresponding checacin genes always show much higher expression levels in 332 

the chelal hands transcriptome than in the proximal pedipalp segments, although the expression 333 

level itself is quite different for the various checacin genes. All checacins are c-terminally 334 

amidated linear peptides. A cysteine-rich putative antimicrobial peptide without sequence 335 

similarity to checacins is named Chelifer defensin (Table 3). The corresponding precursor 336 

shows similarity to Tddefensin, which has been identified in the transcriptome of the scorpion 337 

Tityus discrepans (D’Suze et al., 2009). Different from the checacin precursor genes, the  338 
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Table 1. List of potential C. cancroides toxin precursors with sequence similarity to annotated toxins of arthropods. Precursors were identified by a 339 
combined proteomic and transcriptomic approach. Grey, signal peptide; blue, potential bioactive peptide; green, amidation signal; yellow, cysteine 340 
(half of the disulfide bond); red, potential cleavage site. Black underlined, confirmed by MSMS; red underlined, confirmed only by MSMS digested 341 
samples; dashed line, mass match in MALDI-TOF MS. The column Orbitrap MS indicates which of the four proteomic analyses provided confirmation 342 
of the precursor sequence: D, Bottom-up analysis with the digestion of samples with low (l, venom from 24 specimens), medium (m, venom from 44 343 
specimens) or high (h, venom from 64 specimens) venom amount; ND, Top-down analysis without digestion. MALDI-TOF MS: Confirmation of 344 
precursor products in mass spectra of venom samples either by mass match (+) or MSMS (+*). The number of cystines (C-C) was confirmed by mass 345 
shifts of the respective ion signals in MALDI-TOF mass spectra after reduction/alkylation. Assumed PTMs include amidation (A), disulfide bridges 346 
(C-C) and modification of N-terminal glutamine to pyroglutamic acid (pQ). 347 

Name BLAST hit Expression 
level [tpm] 

Expression level 
negative control 

[tpm] 

PTM Predicted 
Mass 

[M+ H+] 

Orbitrap
MS 

Confirmed 
disulfide-
bridges 

(MALDI) 

MALDI-
TOF MS 

U-Chelifertoxin-Cc1a*  Potassium channel toxin alpha-
KTx Tx308 (Buthus occitanus 
israelis), 30%, Acc: B8XH30 

2659 123 pQ,C-C 3905.75 D (h, m), 
ND 

3 +* 

MKCYLFVILLVVCAIGMDSVQGQKWACENGGAECDKMCRSIGKMGACSPGGPGVLLCRCI 

U-Chelifertoxin-Cc1b* Potassium channel toxin alpha-
KTx 1.16 (Mesobuthus eupeus), 

28%, Acc: C0HJQ8 

716 - pQ,C-C 4161.91 D (m), 
ND 

3 +* 

MKCYLFIILLVVCAIGMDSVQGQKWRCDNGGEECYKMCRRIGKVGECSPGGPGVPLCRCI 

U-Chelifertoxin-Cc2a* Toxin CSTX-17 (Cupiennius 
salei), 45%, Acc: B3EWT2 

2133 - A,C-C 4616.02 D (l, m), 
ND 

4 + 

MSRLILFLCFSVLVMVSLAMAEDTPGEESEHISKRACVPDYGKCKQNGIKKNNCCNKVSCYCNLTFTNCYCKPPLFGK 

U-Chelifertoxin-Cc2b* Toxin CSTX-17 (Cupiennius 
salei), 41%, Acc: B3EWT2 

54 - A,C-C 4689.02 D (l, m) 4 + 

MSRLILFLCFSALVMVSLAMAEDTPGEEPEQISKRACVPDYGKCKWTSKGKKNNCCNDVSCYCNLSLTDCYCNPPIFG 
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U-Chelifertoxin-Cc3 Putative neurotoxin LTDF S-06 
(Dolomedes fimbriatus), 34%, 

Acc: A0A0K1D8H2 

679 - A,C-C 5357.46 D (h, l, m), 
ND 

4 + 

MSKLIFALLFSGLVLASLVMAEEEEEETLEISKRSCIKEYGTCQWKGLGAKSQCCDNRNCVCNIALNNCKCKPSPSQLLAKVFG 

U-Chelifertoxin-Cc4* U28-Sparatoxin-Hju1n 
(Heteropoda jugulans), 41%, Acc: 

A0A4Q8KD95 

13 - C-C 4874.14 D (h, l, m), 
ND 

4 - 

MKVAFFVFLVVLSAAALAKAIEDGQEENMEISKRDTCLAVGDNCQGNTGKCCDGAKCVCRKDFILGFSGSHIITRCNCKK 

U-Chelifertoxin-Cc5 Putative neurotoxin-H 
(Lychasmucronatus), 30%, Acc: 

D9U2B4 

84 10 A,C-C 5311.4 D (h, l, m) 3 - 

MAAVEMGRASWILAVLVLTAVFWTCEADALCDKGAETCNLSCYRKSYQLVGYCDRNRDGKTHCRCMKKSDASLIGR 

U-Chelifertoxin-Cc6 U20-Liphistoxin-Lsp1a 
(Liphistius sp.), 43%, Acc: 

A0A4Q8K5N5 

23 - C-C 8294.96 D (h, l, m), 
ND 

3 - 

MWRCWWTVLLLWLVAEARYATWADFEAAHGRRPPQARALAACARAGPARDLCERCAKVTRSEVVFPFCCDDTRDVRAWCERFLDFGLQNL 

U-Chelifertoxin-Cc7 U68-Liphistoxin-Lsp1a 
(Liphistius sp.), 30%, Acc: 

A0A4Q8K539 

7 - C-C 8351.00 D (h, m) 5 - 

LTIVLALVILAVVAEAERKCFIHRRDCSKDECCAGVGIVGVCKKLAQAGEKCRIIDSFDCPCAKGLECLPFGIIRGICFKKKDETPAQDLA
E 

U-Chelifertoxin-Cc8a Kappa-Theraphotoxin-Ct1a_1 
(Coremiocnemis tropix), 37%, 

Acc: A0A482Z9G0 

149 - C-C, A 3455.54 D (l, h), 
ND 

3 - 

MYKFSVIFLLAAAVILVAAEYDDEDGRRYLATEKRSCSISKCNIQECCPGYVCRKGARHSSGSVCVNSG 

U-Chelifertoxin-Cc8b* Kappa-Theraphotoxin-Ct1a_1 
(Coremiocnemis tropix), 37%, 

Acc: A0A482Z9G0 

219 - C-C 3930.85 D(l) 3 - 
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MYKFSVIFLLAAAVILVAAEYDDEDGRRYLATEKRSCSISKCNIQECCPGYVCRKGALRSSGSVCVDSGLTIL 

 348 

Table 2. List of selected precursors of novel venom compounds identified in the venom of C. cancroides. Listed precursors either show a 349 
corresponding MALDI-signal or were considered most evident after manual inspection of PEAKs-results (matches between proteomic and 350 
transcriptomic data). Additional precursors of novel venom compounds can be found in Supplementary 1. For further explanations see Table 1. 351 

Name Expression 
level [tpm] 

Expression level 
negativecontrol [tpm] 

PTM Predicted Mass 
[M+ H+] 

OrbitrapMS Confirmed disulfide-
bridges (MALDI) 

MALDI-TOF 
MS 

NovelChelifer Venom 
Compound 1 

680 24 A,C-C 5124.19 D (h, l, m), 
ND 

3 + 

MKTFCLALLLVGVLAGVMETEAVVAGCPDESKCHAWCLSQFPKYQAVTTGFCVNSNRCACHVDTNEDPTGK 

NovelChelifer Venom 
Compound 2* 

2150 - A,C-C 2672.40 D (h, m), ND 1 +* 
MKTFVVLFFGAVLLAFAAADIENEAALESEMLDLESDLAELLEAPSPIGILQCLGRKDTTWKECLNKNNKGK 

NovelChelifer Venom 
Compound 3 

376 - C-C 2659.15 ND 2 + 
MSRLLVVLVVAAVVLTAVVSVEAETESEVMDESTVEESPECVCNPPESTCCFAKGQVYNKNKT 

NovelChelifer Venom 
Compound 4a 

26718 592 C-C 7924.93 D (h, l, m), 
ND 

3 + 

MKYVALSLALVLCLAVLARAEDQGVQDGDVCIIDRVLGEIKCIGKGINKIYKSIFKSYQKCKEFCKQYEAQGYKCKQKGISDYKCTNK
K 

NovelChelifer Venom 
Compound 4b 

8 28 C-C 7678.77 D (h, l, m), 
ND 

3 + 

MKTWFYLAAVAAMLTLATRAEEDPPEGGKCIIDAVLDEIKCIGKAINKVYKNKFTSYQKCVKFCKDYEAKGFKCKSKGPLSDYKCTDK 

NovelChelifer Venom 
Compound 4c 

3775 - C-C 7940.01 D (h, l, m), 
ND 

2 + 

MNSCALFLLVVLSLCALSWAEEEKKKTVLDKVGEELKKVGQGMKDIYNNIYKSYNKCKDFCKQYESKGYTCQKKLLSVSDYKCAPKKP 
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NovelChelifer Venom 
Compound 5a* 

11672 - C-C 9409.56 D (h, l, m), 
ND 

3 + 

MKVAVSLLCLLLAAVLAAVSCTADQHVQDEQELESPDGIVDWLKKELGDRADSIYKGTMRNPITKVYGKYQKCQEECKNKPDKRCKCQ
MMRFLKKMEDKQEHKCMCISLLDHSMD 

Novel Chelifer Venom 
Compound 5b* 

145 - C-C 9392.6 D (h, l, m) 3 - 
MKVAVSLLCLLLAAVSCTADQLVQDEQELESPDVVLDWFKKEVGSRAESIYKGTMRNPVTKVYGKYQKCQEECKNKPDKRCKCQLSKF
FRSMENKQEHKCMCISLLDRSMD 

Novel Chelifer Venom 
Compound 5c* 

1038 124 C-C 9276.71 D (h, l, m) 3 - 

MKVAVSLLCLLLAAVSCTADQLVQDEQELESPDGVLDWLKKEIGDRAEAIYKGVLRNPVTKVYNKYLKCQDECKGKPDKRCKCQLSRF
LKPYSEKQEHKCMCVDLLDKSFD 

Novel Chelifer Venom 
Compound 6 

 

3069 60 C-C 6244.33 D (h, l, m) 3 + 
MKYLQIVCLLLALTVFASAFQQEEEELETELDELDTPGWGKLFGVIKKGARFVLKRGQKLMRNRKKCRAQCKDPAFHCKCDPISTKCKC
VAN 

Novel CheliferVenom 
Compound 7a  

288 - A, C-C 7938.98 D (h, l, m), ND 2 - 
MNMKILKILIIGLTITLNLLCSSNAADLQEDEGNTENEALPSFESYPVYDLSKGKPEKCPEGMGFYNGKCHKLHCAIPGYVLKDKKCVR
KPKTLLKG 

Novel Chelifer Venom 
Compound 7b 

611 33 A, C-C 8388.23 D (h, l, m) 2 - 
MNMKILKILIISLIITLNLVCSSNAAELQEEEGNTEYEALPSFAILLDMNPEHGKSVGKYEKCPEGTGRFNGECRILNCGIPGYVLKGD
KCVPKRRRILKG 

Novel CheliferVenom 
Compound 8a 

297 22 C-C 9508.53 D (h, l, m) 3 - 
MRAAIVLGLLLAVALETTAASYLEAEDGGMLAWMRKELGDKSARLYGMFADPIKKVYGKYVKCQEECRGQADKRCRCQLLKALYSKENQ
QAHKCMCVSMLSE 

Novel CheliferVenom 
Compound 8b 

33315 892 C-C 10581.28 D (h, l, m), ND 3 - 
MKSQLLVLCLCLAVAAAELQDLEKPDELEAGESEATYMQWITGEVGAKWAKAVYMAIKGQVVKVYQKYKTCQTTCTAPDKRCKCQLLRF
LKPLSKKQEHKCMCKGMLEE 

4420 258 C-C 10181.11 D (h, l, m) 3 - 
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Novel Chelifer Venom 
Compound 9a* 

MNGLQWTVTALCLALFSASVQAAHVQDDQELEVGVTEAALLAWVTYEVGPKFAKAVYNALTGQIKKVYDKYLACQATCTAPDMRCNCQL
LRFLYPMEKKQEKKCMCLNIKKN 

Novel Chelifer Venom 
Compound 9b 

70 30 C-C 10140.9 D (h, l, m) 4 - 
MNGLQWTVTALCLALFSASVQAAHVQDDQELEVGVTEGALIAWITAEVCPKVAKAVYEALSGQITKVYDKYKACQATCTGANMKCHCQL
LRFLKPMDKKQEHKCMCKNSNETSC 

Novel Chelifer Venom 
Compound 10 

349 258 C-C 13085.92 D (h, l, m) 4 - 
MLLLVCALLVVAATGTSAQSCEVEKEWDIQQVFCNMKDGEKQFATCEEMMPDEAKEMIKNCNTAAQGENPSQTAFQYSCADCASLQKLK
QCLSDNSMDQKIKNMNKSDQEKMAKSVVCVMSLYKKETGKDMEL 

Novel Chelifer Venom 
Compound 11 

1000 75 A 3870.16 D (h, l, n); ND - + 
MKTLALVVCGLAVLLVASAEQEDSELGSYASDSLQSPLDEMMNQYANEDEESLSLESDLAYQWEQMELESPFWKKMKSFFKDKVIPKVQ
QAYSLYNKLQHKLG 

Novel Chelifer Venom 
Compound 12 

559 79 A 959.52 - - + 

MKNLLLCLFIFGLVLSNGVAFEDGNSVDELLESWAEESWVQEEKMPLESPGKPFQPMRG 

 352 

Table 3. List of precursors of potential antimicrobial peptides identified in the venom of C. cancroides.  For further explanations see Table 1. 353 

Name BLAST hit Expression 
level [tpm] 

Expression level 
negative control 

[tpm] 

PTM Predicted Mass 
[M+ H+] 

Orbitrap MS MALDI-
TOF MS 

Checacin 1 Megicin-18 (Mesobuthus gibbosus); 
47.2%; Acc: A0A059U8Y9 

3316 133 A 2937.76 D (h, l, n); ND +* 

MKYLQIVCLVLSLAVLTSAFPMEEQLSESELKELEAPFFGAIAKLAMKFLPAIYKQIQKKRKGRSLEAQ 

Checacin 2 - 4563 94 A 2757.72 D (h, l, n); ND + 
MKYIQVVCLVLSMAVFTSAFEVEDLTESELQELEAPFVGLLAKLAAYVIPQIVKRFQKKKGKRSLEWEDDDA 

- 1563 55 A 2652.63 - + 
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Checacin 3 MKYIQVVCLVLSMAVFTSAFQVEELTESELQELEAPFIGIMATLASLVIPKLIEKIKQARGRRSLEEDELFF 

Checacin 4 - 341 - A 2755.77 D (h, l, n) + 
MKYIQVVCLVLSMAVFTSAFQVEDLTESELQELEAPFVGLLARLAAFVIPQIVKRFQKKNGKRSLEWEEE 

Checacin 5 - 2459 - A 2967.75 D (h, l, n); ND + 
MKYLQFVCLLLSLAVFTSAFQVEEELSESELKELEAPFFGVIAKMAMKFLPAIFKQIQKKRKGRSLEDQ 

Checacin 6 - 146 3 A 5459.89 D (l, n); ND - 
MKYLQIVCLVISLAVLASSFPLEEQLTESDLNELESLWRGTTHFVHQYKIMPFRKLVFKRRKNGRRG 

Checacin 7 - 717 - A 2630.59 ND + 
MKYIQVVCLVLSMAVFTSAFQVEELTESELQELEAPFFGAFAAIASLVIPKLIEKIKQARGRRSLEDEEFVF 

Chelifer Defensin 1 Tddefensin (Tityusdiscrepans); 57%; 
Acc: P0CF77 

34 21 A, C-C 4570.86 D (h, l, n); ND - 

MKLLGVVCLSALLLCLGFHMAEAISGANGCPMNEGRCEDHCMRRGRPGGHCGGSMRRSCICDSNLP 

 354 
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transcription level of the precursor gene for Chelifer defensin is not much higher in the chelal 355 

hand transcriptome compared to the transcriptome of the proximal pedipalp segments. Thirteen 356 

precursors biochemically identified in the venom of C. cancroides show similarity to enzymes 357 

from the UniProt database (Supplementary material 1). Eleven of these could be functionally 358 

annotated based on interProScan results and were named accordingly. Most of these precursors 359 

are either absent from the proximal pedipalp segments or show higher expression levels in the 360 

venom gland transcriptome. An exception is the putative Chelifer cysteine-type peptidase. Two 361 

of the precursors (Chelifer phospholipase A2 precursor 3 and Chelifer metalloendopeptidase 362 

precursor 1) show particularly high expression levels in the chelal hand transcriptome compared 363 

to the remaining enzyme precursors. For Chelifer metalloendopeptidase precursor 1, an 364 

alignment with sequences from the closest BLAST hits is shown in Supplementary material 2. 365 

Supplementary material 1 also includes 21 precursors classified as ‘Other’. Three of these could 366 

be functionally annotated as cysteine-type endopeptidase inhibitors and growth factors based 367 

on interProScan results, and the precursors were named accordingly. The remaining precursors 368 

were classified as Uncharacterized Chelifer Venom Compounds. None of these precursors 369 

exhibit high expression levels in the chelal hand transcriptome. 370 

 371 

3.2. Allocation of venom compounds to signals in MALDI-TOF MS 372 

MALDI-TOF mass spectra allow rapid screening of venom compounds released from 373 

individual venom glands and provide sufficient information on (1) the relative abundance of 374 

venom compounds, (2) mature (main) products of the various precursors that contribute to the 375 

Figure 4. MALDI-TOF mass fingerprinting of venom samples of C. cancroides highlighting 
venom compounds that can be correlated with our transcriptomic and Orbitrap MS data. Ion 
signals highlighted in green represent venom compounds identified in Krämer et al. (2019). Ion 
signals highlighted in blue are venom compounds identified with their precursors in the current 
study. Remaining signals are marked in red. A) Lower mass range (m/z 800-4500). B) Higher 
mass range (m/z 3000-10,000). 
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venom composition, (3) changes in the venom composition over time, and (4) the completeness 376 

of precursors already described, i.e., what is the percentage of ion signals in mass spectra that 377 

can be assigned to the known precursors. As shown in Fig. 4, most of the prominent ion signals 378 

in the mass spectra (m/z 900 – 10,000) are products of precursors with particularly high 379 

expression levels (see Tables 1 – 3). Of the 11 precursors with assumed orthology to known 380 

arthropod toxins (Table 1), a number of ion signals were identified in MALDI-TOF mass 381 

spectra of venom samples that were mass-identical to products of precursors for U-382 

chelifertoxin-Cc1a, Cc1b, Cc2a, Cc2b, and Cc3 (Fig. 4), and subsequent analyses of 383 

reduced/alkylated venom samples confirmed the expected number of disulfide bonds for these 384 

substances (Fig. 5). The mature U-chelifertoxins Cc-1a and Cc1b each comprise the complete 385 

precursor sequence without a signal peptide and are N-terminally blocked by pyroglutamate. 386 

The sequence of both peptides could be confirmed by MALDI-TOF MSMS fragmentations 387 

(Supplementary Material S3), in addition to the Orbitrap MSMS analyses. The precursors of U-388 

chelifertoxin-Cc2a, 2b, and 3 each contain an internal Arg-Lys cleavage signal which is 389 

efficiently used to cleave an N-terminal precursor peptide from the mature C-terminally 390 

amidated U-chelifertoxins. 391 

 392 

For three of the 19 precursors representing potential novel venom precursors (including 7 393 

paralogs; Table 2), the predicted masses of the mature peptides are above the analyzed mass 394 

range. Mass matches were found for products of eight of the remaining 13 precursors (Fig. 4). 395 

Due to the loss of long-chain peptides during Stage-Tip purification of reduced/alkylated 396 

samples, the number of disulfide bonds could not be confirmed for most of these relatively large 397 

peptides. Confirmed disulfide bonds were, however, obtained for NCVC-1 and 2 (Fig. 5). The 398 

latter peptides are both amidated. While NCVC-1 comprises the complete precursor sequence 399 

(without signal peptide) downstream to the C-terminal Gly-Lys motif, mature NCVC-2 400 

represents only the C-terminal sequence of the corresponding precursor (Table 2). The NCVC-401 

2 precursor contains the LEAP cleavage motif described for C. cancroides checacin precursors 402 

(Krämer et al., 2019), but mature NCVC-2 is cleaved two amino acids C-terminally from that 403 

motif, i.e., C-terminally from Ser-Pro (Table 2). 404 
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The expression level of the paralogous checacin genes is highly different (Table 3), and this is 405 

also reflected in the ion signal intensity of the mature checacins (Fig. 5). Overall, ion signals 406 

mass-identical with checacins of six checacin precursors, always amidated at the C-terminus, 407 

were detected in the MALDI-TOF mass spectra (Fig. 4). These checacins are all N-terminally 408 

cleaved at the LEAP motif within the precursor sequence, and start with Phe as the N-terminal 409 

amino acid (Table 3). Truncated checacins cleaved predominantly at internal Lys or Arg-Lys 410 

were occasionally detected in the mass spectra, but with much lower signal intensity than those 411 

of full-length checacins. The lowest expression level was found for the checacin 6 gene, and 412 

the ion signals predicted for checacin 6 were not detectable at all. The precursor of checacin 6 413 

does not contain an internal LEAP motif and the predicted mature checacin 6 therefore 414 

potentially contains a much longer N-terminus (Table 3).  415 

 416 

All experimental data considered, the MALDI-TOF mass spectra suggest that a majority of the 417 

more enriched venom compounds of C. cancroides are identified for the mass range examined 418 

(Fig. 4). 419 

 420 

Figure 5. Comparison of MALDI-TOF mass spectra of untreated and reduced/alkylated venom 
samples from C. cancroides. Ion signals suggesting a mass shift due to reduction/alkylation are 
highlighted in blue. For these ion signals, the original mass and the proposed number of 
cysteines is added in brackets. Ion signals without corresponding signal in untreated samples 
are highlighted in beige. All ion signals mass-identical to venom compounds identified by our 
combined transcriptomic and proteomic data are marked with ‘*’. In case the sequences of these 
peptides could be confirmed in the same samples by MALDI-TOF MSMS, they are labeled 
with ‘**’. 
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3.3. Comparing the venom compositions of C. cancroides and S. apimelus 421 

A recent study described potential venom precursors of the pseudoscorpion S. apimelus based 422 

on a chelal hand transcriptome and a BLAST search within this dataset using known toxins and 423 

other venom compounds from arthropods (Santibáñez-López et al., 2018). Are C. cancroides 424 

orthologs of these proposed venom precursor genes from S. apimelus responsible for the 425 

composition of the venom in C. cancroides? Supplementary material 4 lists BLAST results of 426 

searching the potential venom precursors described for S. apimelus in the chelal hand 427 

transcriptome of C. cancroides on the one hand, and in the venom compounds biochemically 428 

identified for C. cancroides on the other hand. Most of the potential S. apimelus venom 429 

precursors have a corresponding BLAST hit in the chelal hand transcriptome of C. cancroides. 430 

However, a majority of the predicted S. apimelus venom precursors did not show significant 431 

BLAST hits with the precursors that contribute substantially to the venom compounds 432 

biochemically identified here for C. cancroides. For example, many of the putative U8-433 

agatoxin-like peptides described for S. apimelus yielded significant BLAST hits in the chelal 434 

hand transcriptome of C. cancroides (in some cases >90% sequence identity), though products 435 

of the corresponding C. cancroides genes were not found in our MS datasets. This suggests that 436 

these genes are not specifically expressed in the venom glands. 437 

 438 

The results of a BLAST search in the chelal hand transcriptome of S. apimelus with those C. 439 

cancroides precursors whose products are specifically enriched in venom samples of C. 440 

cancroides are included in Supplementary material 1. It is noteworthy that some of the 441 

prominent Chelifer venom compounds with presumed orthology to arthropod toxins (e.g., 442 

CHTX-Cc1 and 2) did not yield significant matches in the S. apimelus transcriptome or resulted 443 

in BLAST hits with only moderate sequence similarity (high E-values). Only four of these 444 

compounds (see Table 1) exhibit significant similarity to venom precursors described for S. 445 

apimelus (CHTX-Cc 2a, 2b, 3,7). In addition, most of the NCVCs identified in this study (see 446 

Table 2) did not yield significant BLAST-hits in the S. apimelus transcriptome, exceptions 447 

being e.g., NCVC 7a, 7b and 11. For the checacins (see Table 3), which belong to the most 448 

abundant venom compounds of C. cancroides, and are provisionally grouped among 449 

antimicrobial peptides due to a moderate similarity to scorpion megicin (Diego-García et al., 450 

2014), no BLAST hits were identified in the S. apimelus transcriptome. The BLAST-hits with 451 

the highest similarity in both species were found for metalloprotease and phospholipase 452 

precursors (Supplementary material 4). 453 

 454 
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3.4. Electrophysiological characterization of the crude venom 455 

In control conditions, the conductance over the membrane of the oocytes remains minimal over 456 

a large voltage range (Fig. 6A). At a concentration of 0.1µg/µl, an outwardly rectifying venom-457 

dependent conductance was observed in non-injected oocytes, which can be interpreted as 458 

evidence for a pore-forming activity or cytolysis as induced by the C. cancroides venom (i.e. 459 

induction of ‘leaky cells’). As the cytolytic damage of the oocytes at high concentrations makes 460 

it impossible to investigate potential ion channel modulation, we tested the venom at a 461 

concentration of 0.05µg/µl on insect voltage-gated sodium (Nav) channels and voltage-gated 462 

potassium (Kv) channels. At this concentration, crude venom modulates the Nav channels from 463 

the mite V. destructor (VdNav). In the presence of 0.05µg/µl venom an increase of the sodium 464 

peak current and a slowing down of the inactivation could be observed, resulting in sustained 465 

currents (Fig. 6B). A small but significant shift of the midpoint of activation was noted with 466 

V1/2 values of -33.9 ± 0.1mV and -36.1 ± 0.2mV in control and venom conditions, respectively. 467 

The V1/2 of inactivation shifted from -55.9 ± 0.17mV in control to -58.6 ± 0.2mV in the presence 468 

of the venom (Figure 6C). In the presence of 0.05µg/µl C. cancroides venom an inhibition of 469 

Kv channels from Drosophila melanogaster (Shaker IR) occurred with 42.3 ± 2.5% (Fig. 6D). 470 

At this concentration, no modulation of the activation was observed since the V1/2 values yielded 471 

17.9 ± 2.0mV in control and 16.1 ± 1.6mV after application of venom (Fig. 6E). 472 
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 473 

Figure 6. Electrophysiological profiling of Chelifer cancroides total venom. A) In the absence 
of the venom, the conductance over the membrane of the oocytes remains minimal over a large 
voltage range, which is indicative for a healthy cell (control, black symbols). In the presence of 
higher concentrations of venom (> 0.05µg/µl) an outwardly rectifying venom-dependent 
conductance in non-injected oocytes (blue symbols) was observed. B) Whole-cell current traces 
were recorded from Xenopus laevis oocytes expressing cloned VdNav1 in control or 0.05µg/µl 
venom. The dotted line indicates the zero current level. Blue traces were recorded after the 
application of venom. C) steady-state activation (square symbols) and inactivation (circle 
symbols) curves in control conditions (black) and in the presence of venom (blue). D) 
representative whole-cell current through Shaker IR channels in control (black) and in the 
presence of 0.05μg/µl venom (blue). E) Current-voltage dependencies of Shaker IR. Black 
symbols, control; blue symbols, after application of venom. 
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4. Discussion 474 

 475 

The present study provides the first comprehensive analysis on the composition of a 476 

pseudoscorpion's venom based on a combined transcriptomic and proteomic approach. To 477 

obtain information on real venom compounds, we performed proteomics analyses of venom 478 

samples. Peptides were considered to be venom-specific if they could be identified by MS in 479 

venom samples and the corresponding precursors showed higher expression levels in the chelal 480 

hand transcriptome compared to the transcriptome of the proximal pedipalp segments. In the 481 

case of the rather tiny pseudoscorpions, venom analysis is complicated by two factors in 482 

particular. First, milking the crude venom was hampered in the past mainly because handling 483 

these small animals is challenging. This problem has been solved in previous experiments by 484 

developing a sophisticated extraction methodology for pseudoscorpions (Krämer et al. 2019). 485 

Second, the very low volume of venom released per milking (estimated to be 5 nl; see Krämer 486 

et al. 2019) requires multiple venom extractions to obtain a sufficient amount for biochemical 487 

analyses. We found that venom from approximately 50 specimens of C. cancroides was 488 

sufficient (two venom samples per specimen) to perform bottom-up analyses including 489 

reduction/alkylation/digestion, and subsequent Orbitrap MS analyses. The MALDI-TOF MS 490 

required only single venom samples. As verified in parallel experiments, analyzing the venom 491 

of, for example, 64 instead of 44 individuals did not significantly increase the number of 492 

identified peptides anymore. Therefore, we may have identified a large proportion of the more 493 

prominent venom compounds. This is supported by the high number of identified venom 494 

compounds represented by their ion signals in the MALDI-TOF mass spectra of venom 495 

samples.  496 

 497 

In total, peptides from more than 124 precursors were identified in the venom of C. cancroides. 498 

One hundred and seventeen  of the corresponding genes were found with higher expression 499 

levels in the transcriptome of chelal hands compared to the transcriptome of the proximal 500 

pedipalp segments. Mature peptides derived from these precursors show few PTMs, among 501 

them disulfide-bonds in most of the venom peptides, except for the checacins and C-terminal 502 

amidations. C-terminal amidation delays proteolytic degradation by exopeptidases; N-terminal 503 

pyroglutamate formation, which has been demonstrated for CHTX-Cc1, has a similar effect. 504 

The low number of PTMs is consistent with findings on spider and scorpion venom for which 505 

only disulfide bonds and C-terminal amidation are more frequent (Delgado-Prudencio et al., 506 

2019; King and Hardy, 2013). The precursors derived from these genes were provisionally 507 
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grouped into putative orthologs of known arthropod toxins, precursors of antimicrobial 508 

peptides, enzyme precursors, and novel precursors without significant similarity to known 509 

venom precursors of arthropods. Many of the precursors listed as orthologs of known 510 

arthropods toxins exhibit only moderate sequence similarity to their respective arthropod 511 

precursors, and there is a smooth transition to precursors listed as novel, i.e., those precursors 512 

without significant orthology to known precursors of arthropods. Nevertheless, all orthologs of 513 

arthropod toxins derived from these C. cancroides precursors are stabilized by disulfide bridges, 514 

and some of these cysteine-rich peptides (e.g., CHTX-Cc 2a, 2b, 3 and 4) display toxin-specific 515 

cysteine patterns (Extra Structural Motif (ESM) and Principal Structural Motif (PSM)) typical 516 

for ion channel toxins from spider venom (Kozlov et al., 2005). Such cysteine-rich toxins often 517 

exhibit ICK motifs as known from peptide toxins in, e.g., spiders (Langenegger et al., 2019) 518 

and scorpions. The corresponding peptides are named knottins and some knottins are known to 519 

block e.g. potassium channels with high specificity (e.g., Kuzmenkov et al., 2018). It is probable 520 

that at least some of the here-identified venom compounds also exhibit the ICK-motif. 521 

 522 

Another group of peptides recently described from C. cancroides is the checacins (Krämer et 523 

al. 2019). These linear peptides have been classified as antimicrobial peptides based on their 524 

similarity to megicin, an antimicrobial peptide from the venom of Mesobuthus gibbosus (Diego-525 

García et al., 2014). Checacins are characterized by relatively high net charges and nonpolar 526 

amino acids at the N-terminus. This led to the assumption of membrane disruption through pore 527 

formation as a potential mode of action of these peptides (Langenegger et al., 2019). Depending 528 

on their charge, such peptides can act not only on bacterial membranes/cell walls, but also on 529 

those of potential prey.  As typical for non-selective toxins, checacins were highly abundant in 530 

the venom samples of C. cancroides. Another putative antimicrobial peptide identified in our 531 

study shows similarity to the defensin family. Defensins are disulfide-rich cationic peptides that 532 

are already known to be present in venoms (e.g., scorpion venoms; (Zhu and Tytgat, 2004)), 533 

and possibly protect the venom compounds against a wide range of bacteria (Shafee et al., 534 

2017). However, compared to checacins, Chelifer defensin is not particularly enriched in 535 

venom. The transcriptome data also suggest a low expression level of Chelifer defensin in the 536 

chelal hands, which is only slightly higher compared to the proximal pedipalp segments. In the 537 

present study, we identified four additional checacin precursors, bringing the total number to 538 

seven. The expression level of the checacin genes is very variable in C. cancroides, but mass 539 

matches were found in MALDI-TOF mass spectra for six of the seven predicted mature 540 

checacins. All checacins are C-terminally amidated, and the six checacins detectable in 541 
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MALDI-TOF mass spectra are cleaved from the N-terminal propeptide downstream of a highly 542 

conserved LEAP motif. An identical cleavage motif was also observed in the precursor of 543 

NCVC-2. However, the mature NCVC-2 peptide is cleaved further downstream, C-terminally 544 

from LEAPSP. The Ser-Pro motif appears to function as a cleavage signal even in the absence 545 

of the preceding LEAP motif, at least our data on NCVC-3 suggest this. Precursors of NCVC-546 

5 and 6 contain modified LEAP motifs (LESP, LDTP) that appear to efficiently separate the N-547 

terminal propeptides from the cysteine-rich peptides. Other observed cleavage signals that can 548 

be attributed to regular intracellular proprotein convertases (Benjannet et al., 1991) include 549 

dibasic (mostly Arg-Lys) and quadruplet motifs (Kozlov et al., 2005), which are commonly 550 

known from neuropeptide precursors. These cleavage signals either separate the N-terminal 551 

propeptide from the potential toxin (CHTX-Cc 2, 3, 4, 8) or, in the case of some checacins 552 

(checacin 2, 4), result in cleavage after the C-terminal Gly, which provides the amide group for 553 

the preceding amino acid. In addition, dibasic Arg-Arg (Checacin 3, 6, 7) or monobasic Arg 554 

(checacin 1, 5) also enable effective C-terminal cleavage of the checacins. The remaining 555 

venom peptides of C. cancroides either consist of the complete precursor (without signal 556 

peptide), or the mature peptides are not yet verified by MS analysis. A number of identified 557 

precursors for venom peptides show orthology to enzyme precursors. It is likely that at least the 558 

predicted C. cancroides phospholipases and metalloproteases are actively involved in 559 

envenomation. Both phospholipases and metalloproteases have been identified previously in 560 

many venoms, (Carmo et al., 2014; Casewell et al., 2013; Ramos and Selistre-de-Araujo, 2006) 561 

and are often described as spreading factors that facilitate the dispersion of toxins by destroying 562 

either cell membranes or proteins. However, at least for phospholipases, the range of effects 563 

seems to be more complex, as phospholipase homologues cause a variety of pharmacological 564 

effects in the case of snake venoms, and also act as neurotoxins themselves (Manjunatha Kini, 565 

2003). 566 

A major achievement of our study is the documentation of the first specific effects of 567 

pseudoscorpion crude venom on insect and arachnid ion channels. Interestingly, our activity 568 

test with crude venom confirmed inhibition of insect voltage-gated potassium channels. This 569 

activity might be caused by CHTX-Cc1a and 1b.  However, similarities only provide a first 570 

indication about the potential activity of a bioactive peptide/protein and are not sufficient to 571 

draw valid conclusions (Stevens et al., 2011). In the case of neurotoxins, small sequence 572 

differences can alter the target-sensitivity/-binding (e.g. Peigneur et al., 2012). In addition, even 573 

though CHTX-Cc1a and 1b exhibit similarity to scorpion alpha-KTX, both lack the described 574 

'scorpion KV channel toxin signature' which is important but not obligatory for toxin interaction 575 
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with KV channels (Zhu et al., 2014). Consequently, further studies are needed to test the specific 576 

activities of CHTX-Cc1a and 1b on molecular and cellular level.  577 

The modulation of the inactivation process of VdNav1 channel from V. destructor, discovered 578 

in our activity tests, provides evidence for the presence of sodium channel toxins in the venom. 579 

Similar activities were previously described for spider, sea anemone and scorpion toxins 580 

binding at the neurotoxin binding site 3 of Nav channels (Stevens et al., 2011). It is conspicuous 581 

that no compounds with sequence similarity to these were found in the venom of C. cancroides. 582 

Of the compounds identified, CHTX-Cc8a and 8b can be speculated to cause the observed 583 

effect, as both showed similarity to Kappa-theraphotoxins. These usually bind to potassium 584 

channels, but most peptides of this family also act on sodium channels by modulating the 585 

inactivation in a similar fashion as observed for the crude venom of C. cancroides (e.g., Xiao 586 

et al., 2004). Otherwise, it might be that the pseudoscorpion toxins causing this effect belong 587 

to a novel structural family of Nav/Kv modulators or even act in a different way, e.g., on 588 

another/novel binding site. The first evidence for pore-forming cytolytic effects of the venom 589 

can be drawn based on the application of higher venom amounts to Xenopus-oocytes, resulting 590 

in an outwardly rectifying venom-dependent conductance.   591 

The electrophysiological data suggest that C. cancroides represents an interesting new source 592 

of pesticidal compounds. Especially the modulation of VdNav1 channels from V. destructor, 593 

an important pest of honeybee hives, may provide new insights on how C. cancroides efficiently 594 

control Varroa mites. C. cancroides has previously been considered to protect honey bees from 595 

mite infestations (van Toor et al., 2015). 596 

The potency of the venom also becomes evident from predation rates of first-instar C. 597 

cancroides given a choice of the similar sized Psocids (Liposcelis entomophila) and the much 598 

larger Varroa mites (Fig. 1B) In an arena containing 15 each of healthy Psocids and Varroa, 5 599 

first-instar larvae that had been removed from culture and starved for two days killed on average 600 

52% of Psocids and 25% of Varroa within 4 hours over 23 repeats (van Toor, unpublished).  601 

A previous study on S. apimelus used transcriptome information obtained from an extract of 602 

the chelal hand to discuss the hypothetical venom composition of pseudoscorpions (Santibáñez-603 

López et al., 2018). This allows us to make a detailed comparison of the potential venom 604 

precursors proposed for S. apimelus with the peptides biochemically identified in C. cancroides. 605 

Notably, few predicted venom precursors of S. apimelus match precursors whose products were 606 

biochemically confirmed in the venom of C. cancroides. Although orthologs of many of these 607 

S. apimelus genes that are dominated by enzyme-coding genes were also found in the chelal 608 

hand transcriptome of C. cancroides, we identified only very few mature compounds from these 609 
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precursors in the venom of C. cancroides. Vice versa, only a few significant BLAST-hits 610 

corresponding to precursors of confirmed venom compounds of C. cancroides were found in 611 

the chelal hand transcriptome of S. apimelus. There are several possible explanations for these 612 

findings: 1) The venom of these species is indeed highly different; not only because the peptide 613 

sequences derived from orthologous genes are quite different, but also because completely 614 

different genes are involved in venom production. For example, it has been postulated for 615 

centipedes (Jenner et al., 2019) that the venom composition differs significantly between 616 

higher-level taxa, such as the different orders of centipedes. C. cancroides and S. apimelus 617 

belong to the same suborder (Iocheirata) within the Pseudoscorpiones but represent different 618 

families. The lineages to which they belong have been separated for more than 200 million 619 

years (Benavides et al., 2019). 2) The venom compounds identified here for C. cancroides are 620 

still incomplete and further studies will show better agreement between the proposed venom 621 

precursors of S. apimelus and those of C. cancroides. 3) Information on venom precursors of S. 622 

apimelus, currently based on a solely transcriptomic approach, is still incomplete. 4) The actual 623 

composition of the venom of S. apimelus differs to a greater degree from that described in 624 

Sharma et al. (2019). It was shown that solely transcriptomic venom profiles can overestimate 625 

venom complexity substantially (e. g., Smith and Undheim, 2018). The correct answer which 626 

of the explanations fits best is probably somewhere in the middle, but it would certainly be 627 

interesting to verify which compounds actually appear in the venom of S. apimelus by 628 

proteomics analysis of released venom. Only then will it be possible to assess whether the 629 

venom composition of these pseudoscorpions has evolved mainly after the separation of their 630 

lineages or is more similar than it currently appears. However, what is already clear from our 631 

study on C. cancroides is the presence of a strikingly large number of novel venom compounds 632 

whose specific cellular targets still await functional deorphanization. 633 
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