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Abstract
Gene duplication followed by nucleotide differentiation is one of the simplest mechanisms to develop new functions for 
genes. However, the evolutionary processes underlying the divergence of multigene families remain controversial. We used 
multigene families found within the diversity of toxic proteins in centipede venom to test two hypotheses related to venom 
evolution: the two-speed mode of venom evolution and the rapid accumulation of variation in exposed residues (RAVER) 
model. The two-speed mode of venom evolution proposes that different types of selection impact ancient and younger 
venomous lineages with negative selection being the predominant form in ancient lineages and positive selection being the 
dominant form in younger lineages. The RAVER hypothesis proposes that, instead of different types of selection acting on 
different ages of venomous lineages, the different types of selection will selectively contribute to amino acid variation based 
on whether the residue is exposed to the solvent where it can potentially interact directly with toxin targets. This hypoth-
esis parallels the longstanding understanding of protein evolution that suggests that residues found within the structural or 
active regions of the protein will be under negative or purifying selection, and residues that do not form part of these areas 
will be more prone to positive selection. To test these two hypotheses, we compared the venom of 26 centipedes from the 
order Scolopendromorpha from six currently recognized species from across North America using both transcriptomics and 
proteomics. We first estimated their phylogenetic relationships and uncovered paraphyly among the genus Scolopendra and 
evidence for cryptic diversity among currently recognized species. Using our phylogeny, we then characterized the diverse 
venom components from across the identified clades using a combination of transcriptomics and proteomics. We conducted 
selection-based analyses in the context of predicted three-dimensional properties of the venom proteins and found support for 
both hypotheses. Consistent with the two-speed hypothesis, we found a prevalence of negative selection across all proteins. 
Consistent with the RAVER hypothesis, we found evidence of positive selection on solvent-exposed residues, with structural 
and less-exposed residues showing stronger signal for negative selection. Through the use of phylogenetics, transcriptom-
ics, proteomics, and selection-based analyses, we were able to describe the evolution of venom from an ancient venomous 
lineage and support principles of protein evolution that directly relate to multigene family evolution.
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Introduction

Gene duplication is a well-known mechanism that lays 
the foundation for genetic novelties contributing to spe-
cies divergence and species-specific functions (Ohno et al. 
1968; Ohta 1991; Zhang 2003; Magadum et al. 2013). 
However, the type or strength of selection underlying 
multigene family evolution remains controversial (Eirín-
López et al. 2012). Gene duplication is thought to promote 
diversification as gene copies diverge independently from 
each other and give rise to novel functions typically under 
the influence of positive selection (Nei et al. 1997; Nei 
and Rooney 2005; Tan and Low 2018). However, grow-
ing evidence suggests that multigene families not only 
evolve through strong positive selection, but that negative 
selection also plays a key role in their evolution (Nei and 
Rooney 2005; Rooney and Ward 2005; Eirín-López et al. 
2012; Sipiczki et al. 2018). This disagreement that has 
occurred historically in the types of selection and mod-
els of multigene evolution highlights the need for further 
studies describing multigene families and their evolution.

Venom provides an ideal system to study multigene 
family evolution as this variable cocktail of different 
venom proteins has evolved numerous times throughout 
the animal kingdom (Daltry et al. 1996; Casewell et al. 
2011; Rokyta et al. 2011; Vonk et al. 2013; Zancolli and 
Casewell 2020). Venom proteins have been thought to 
evolve under the influence of strong positive selection 
(Kordiš and Gubenšek 2000; Gibbs and Rossiter 2008; 
Juarez et al. 2008; Weinberger et al. 2010; Rokyta et al. 
2011; Aird et al. 2017; Casewell et al. 2020). However, 
a recent review of the evolution of animal venoms sum-
marized two different models that could account for the 
evolution of paralogous venom genes: the rapid accumula-
tion of variation in exposed residues, or RAVER model, 
and the two-speed mode of evolution model (Suranse et al. 
2018). In addition to positive selection, these models of 
venom evolution incorporate other factors including puri-
fying selection and physical constraints on protein struc-
ture (Sunagar et al. 2013; Sunagar and Moran 2015).

The first model described the evolution of snake three-
fingers toxins (a common snake neurotoxin) and proposed 
that venom genes have a rapid accumulation of variation 
in exposed residues (RAVER; Sunagar et al. 2013). The 
RAVER model recognizes and follows the concepts of 
protein evolution that relate the changes in amino acids 
to underlying protein structure. Specifically, this model 
describes the diversification of three-finger toxins by 
investigating the different types of selection that influ-
ence residues based on their three-dimensional loca-
tion. Sunagar et al. (2013) hypothesized that under the 
RAVER model, proteins would generally be conserved in 

the structural and functional areas of the proteins, while 
those on the exterior of the protein would accumulate 
more substitutions. The exposed residues that do not serve 
an essential role in the structure or function of the toxin 
are expected to be more susceptible to change through 
positive selection. However, residues found in structural 
or functional regions of the protein are predicted to be 
maintained through the influence of negative or purifying 
selection. Yet, rare mutations can still impact the func-
tional and structural regions of the protein, but only if 
they substantially improve the potency of the venom and 
if the strength of positive selection is sufficient to expand 
these mutations in the population. This structural pattern 
to changes along a protein supports general principles of 
protein evolution, which agrees that mutations depend on 
the physical constraints of the individual residues and their 
relation to the three-dimensional structure of the protein 
(Levitt and Chothia 1976; Chothia and Lesk 1986; Thorne 
et al. 1996; Goldman et al. 1998; Ramsey et al. 2011). 
Solvent accessibility of residues is known to influence 
selective pressures across proteins (Conant and Stadler 
2009), and the RAVER model claims that changes on the 
surface of a protein can change the surface chemistry of 
the proteins and can cause novel, non-specific actions with 
target proteins through direct interactions. These adaptive 
advantages can therefore be under the influence of selec-
tion without changing the core structure or function of the 
protein. Thus, the RAVER model predicts that mutations 
in specific regions of the protein and positive selection 
play key roles in all predator toxins and not just in snake 
venom three-finger toxins.

The two-speed mode of venom evolution proposes that 
different selective pressures act on younger verses ancient 
venomous lineages (Sunagar and Moran 2015). Venom-
ous lineages are considered younger if they arose around 
40 million years ago (advanced snakes and conesnails) and 
ancient if they arose around 400 million years ago or older 
(centipedes, cnidarians, coleoids, scorpion, and spiders; 
Sunagar and Moran 2015). The two-speed mode of evolu-
tion proposes that earlier stages of ecological specialization 
are accompanied by episodic diversifying selection that is 
then followed by a longer period of purification to retain the 
potency of the venom repertoire. Therefore, younger line-
ages, which are thought to be expanding into new ecological 
niches, maintain venoms under strong diversifying selection, 
while venom from older lineages are under strong purify-
ing selection to maintain toxic function. Species within the 
older lineages, however, can re-enter the diversifying stage 
if they experience pronounced shifts in their environment or 
their ecology. To test these hypotheses in ancient centipede 
lineages, Sunagar and Moran (2015) used species across 
three highly divergent orders of centipedes that have been 
separated for around 430 million years (Fernández et al. 
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2014) with only a few individuals from each order. Increas-
ing the representation of individuals within a single lineage 
would provide a more complete set of toxin paralogs of a 
specific family which can impact the amount of diversity 
observed and give more statistical power to subsequently 
detect incidences of selection acting across the venom reper-
toire. Species-level evolutionary trends in the venom of giant 
desert hairy scorpions (Hadrurus) contrast with the broad 
scale changes hypothesized by the two-speed hypothesis 
(Nystrom et al. 2023). Scorpions having originated around 
430 mya (Waddington et al. 2015) are hypothesized to be 
predominantly under negative selection. However, in Had-
rurus, one of the major toxin families, � potassium channel 
toxins, displays strong pervasive and episodic positive selec-
tion (Nystrom et al. 2023). Thus, comparing the evolutionary 
history of animals that are more recently diverged would 
allow for the detection of a recent shift in ecology or if the 
venom repertoire of the ancient lineages remains constrained 
and follows the two-speed hypothesis.

We focus on centipedes, one of the ancient venomous 
lineages (arose around 430 mya; Anderson and Trewin 2003; 
Fernández et al. 2014) to test the two evolutionary models 
proposed. We tested whether centipede venom follows the 
two-speed hypothesis through incorporating centipede phy-
logenetics, a field where molecular data are sorely lacking 
(Edgecombe and Giribet 2019). Recent work integrating 
both morphology and molecular techniques have uncov-
ered numerous paraphyletic relationships among genera 
and evidence of cryptic speciation among centipedes (Joshi 
and Karanth 2012; Vahtera et al. 2013; Edgecombe et al. 
2015; Siriwut et al. 2015, 2018). We used transcriptomics 
to estimate phylogenetic relationships among species and 
transcriptomics and proteomics to identify the diversity of 
venom components within each species. We first constructed 
a phylogeny using transcriptomic data from 26 individual 
centipedes across six currently recognized species among 
the order Scolopendromorpha, providing the first multi-
locus molecular phylogeny for scolopendromorphs in North 
America. Using venom-gland transcriptomics and venom 
proteomics, we characterized the suite of multigene families 
of venom proteins from each distinct clade in our molecu-
lar phylogeny. We tested two distinct hypotheses of venom 
evolution. We expect to observe more incidences of positive 
selection on the external structures of different multigene 
families if centipede venoms evolve through the RAVER 
hypothesis. Likewise, if centipedes follow the two-speed 
mode, we would expect that the majority of proteins have a 
large influence of negative selection unless there has been 
recent speciation or ecological changes. Our work connects 
multiple facets of the evolution of venomous organisms 
using phylogenetics and selection-based analyses across the 
three-dimensional structure of venom proteins, contributing 
to our understanding of multigene family evolution.

Materials and Methods

Sample Collection

Centipedes were collected from across the United States and 
brought back to Florida State University to be maintained 
for venom extractions. Venom was collected through elec-
trostimulation of the forcipules as the individuals grasped 
onto a metal spatula (Ward and Rokyta 2018; Ellsworth 
et al. 2019). Venom was then transferred from the spatula 
to a clean vial using a pipette. Venom was lyophilized and 
stored at −80◦C until further use in proteomic analyses. 
Venom glands were dissected under stereoscopic microscope 
four days following venom extraction, placed in RNAlater, 
kept overnight at 4◦C , and then stored at −80◦C until RNA 
extraction. Each centipede specimen following dissection 
was placed in 95% ethanol and stored at −80◦C . Species 
identification was performed using a dichotomous key (Shel-
ley 2002) and the sex of each specimen was determined 
when possible based on the presence or absence of styles or 
spinnerets (Bonato et al. 2010).

Venom Proteomics

Individual venom samples were prepared for mass spec-
trometry (LC-MS/MS), using approximately 5�g of whole 
venom. Whole venom was digested using the Calbiochem 
ProteoExtract All-in-One Trypsin Digestion Kit (Merch, 
Darmstadt, Germany) per manufacturer’s instructions. 
Samples were then dried using a SpeedVac and triplicate 
LC-MS/MS runs were completed by the College of Medi-
cine Translational Science Laboratory at Florida State Uni-
versity, as previously described (Ward and Rokyta 2018).

Resulting LC-MS/MS data were analyzed using Proteome 
Discover (version 2.2) and protein and peptide identities 
were confirmed for each venom sample using Scaffold (ver-
sion 5.1; Proteome Software Inc., Portland, OR, USA) with a 
protein false discovery rate set to 1.0% and a minimum num-
ber of peptides set to 1. Using the consensus transcriptome 
for each clade identified in phylogenetic analysis, peptide 
abundances for each individual were calculated using the 
normalized number of total spectra counts across the three 
LC-MS/MS replicates, as described by Ward and Rokyta 
(2018).

Transcriptome Sequencing

Total RNA from the venom glands was prepared by remov-
ing glands from RNAlater and performing a TRIZol-chloro-
form (Invitrogen) extraction, as previously described (Ward 
and Rokyta 2018). Total RNA content of the samples was 
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quantified using the Qubit RNA Broad-range kit (Thermo 
Fisher Scientific) and an RNA 6000 Pico Bioanalyzer chip 
(Agilent Technologies), per the manufacturer’s instructions. 
To isolate  only the mRNA and to prepare the sequencing 
libraries, a NEBNext Poly(A) mRNA Magnetic Isolation 
Module, a NEBNext Ultra RNA Library Prep Kit, High 
Fidelity 2 × Hot Start PCR Mix, AMPure XP beads (Agen-
court) for purification the PCR reaction, and Illumina Mul-
tiplex Oligos were used (New England Biolabs). Samples 
were fragmented for 15.5 min to obtain an average fragment 
size of approximately 370 base pairs. Samples were then 
quantified and quality checked using KAPA PCR (performed 
by the Molecular Cloning Facility at Florida State University 
Department of Biological Science) and a High Sensitivity 
DNA Bioanalyzer chip (Aglient Technologies). RNA-seq 
libraries were pooled with other sequencing libraries and 
sequenced with 150PE on an Illumina HiSeq 2500 at the 
Florida State University College of Medicine Translational 
Science Laboratory.

Transcriptome Assembly and Analysis

Transcriptomes were analyzed and assembled using the 
raw 150 paired-end (PE) sequencing reads as previously 
described (Holding et al. 2018; Ward and Rokyta 2018). 
Raw reads from three previously published centipede 
venom glands from North America were downloaded from 
the National Center for Biotechnology Information (NCBI) 
and processed alongside the samples we produced. We 
downloaded and analyzed raw reads for Hemiscolopendra 
marginata (SRR8188011, SRR8188012, SRR8188013, 
SRR8188014; Nystrom et  al. 2019), Scolopocryptops 
sexspinosus (SRR8188015, SRR8188016, SRR8188017, 
SRR8188018; Ellsworth et al. 2019), and Scolopendra vir-
idis (SRR7102113, SRR7102114; Ward and Rokyta 2018). 
Using a custom python script and FASTQC (version 0.11.5; 
Andrews et al. 2010), raw reads were filtered and quality 
controlled to find and remove cross contamination from 
other samples. Trim Galore! (version 0.4.4; Krueger 2015) 
and PEAR (version 0.9.6; Zhang et al. 2014) were then used 
to quality trim and merge the filtered reads, respectively. 
De novo transcriptome assemblies were performed using 
multiple assemblers to help identify the greatest number of 
unique toxin transcripts (Holding et al. 2018). The follow-
ing three assemblers were used: DNAStar NGen (version 
12.3.1), Extender (version 1.04; Rokyta et al. 2012), and 
Trinity (version 2.4.0; Grabherr et al. 2011). DNAStar NGen 
and Trinity (k-mer size of 31) utilized both the merged and 
unmerged reads but considered all of the reads as unpaired. 
Extender ran in replicates of 20 using only the merged reads, 
a minimum phred of 30, and an overlap of 20 nucleotides.

Using custom python scripts, contigs from the assem-
bled transcriptomes were filtered and annotated based on 

homologous toxins downloaded from the Uniprot (UPT) 
toxin database. Toxins were filtered out if they had at least a 
90% match to the total length of the curated toxin match or 
if they did not have a signal peptide. The open reading frame 
(ORF) was determined based on the primary BLAST hit and 
signal peptides were checked using SignalP (version 4.1; 
Petersen et al. 2011) under the sensitive settings. Sequences 
that had a signal peptide, a stop codon, and a 90% match to 
a known curated toxin were added to the putative toxins list 
for each species. However, because the current curated toxin 
database for centipedes is still growing, we chose to also do 
a proteomic-based annotation of the toxins to fully capture 
the diversity of toxins in each of these species.

Proteomic annotations started with getting the ORF from 
each of the sequences in the assembled transcriptomes. The 
getorf function in Emboss (version 6.6.0.0; Rice et al. 2000) 
was used to identify all available ORFs from each assembly. 
The proteomic data for each individual used the identified 
ORFs as a database to search against using Proteome Dis-
coverer and Scaffold. Custom python scripts then filtered 
the contigs identified in Proteome Discoverer and Scaffold 
based on the presence of a signal peptide and a valid stop 
codon. These sequences that have proteomic evidence were 
then named according to a BLAST search of the Chilopoda 
transcriptome shotgun assemble database. If a sequence did 
not have a hit to this database, it was named as a venom 
protein (VP) in the final transcriptome set.

Putative toxins from both methods of annotations were 
combined within an individual and were clustered at 100% 
sequence identity. Sequences were then aligned to merged 
and unmerged reads using bwa (version 0.7.12; Li 2013) 
to check for potential chimeric sequences. A sliding win-
dow of 151 was used to determine if any place along the 
sequence did not have any coverage and those sequences 
were removed from the data set. The remaining sequences 
were marked to be hand checked if they had > 20-fold differ-
ence based on read coverage between any two of the sliding 
windows. All marked sequences were checked for chimeric 
properties using the distribution of reads mapped across the 
sequence. The remaining toxins were then clustered across 
the clades identified in phylogenetic analysis below using 
cd-hit at 98% sequence identity.

Due to the large data set of 26 individuals, a final search 
for homologous toxins of each of the assembled transcrip-
tomes was completed using a combined database of all of 
the toxins identified above. The database was then used to 
search the three assemblies described above and three addi-
tional assemblies from BinPacker version 1.0 (Liu et al. 
2016), SOAPdenovo-trans version 1.03 (Xie et al. 2014), and 
rnaSPAdes version 3.10.1 (Bankevich et al. 2012). Matches 
against this database for each individual were then annotated 
as described above and appended onto the clean toxin set for 
each individual. These toxins were then clustered at 98% 
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using cd-hit and checked again for chimeric sequences using 
the same process as before. To generate the final consensus 
toxin transcriptomes, final toxins identified from each clade 
were then clustered at 98%. Because the current curated 
toxin database for centipedes is still growing, we only con-
sidered putative toxins as toxins if they were identified in 
both the transcriptome and the proteome.

To identify the non-toxin transcripts from each individual 
contigs generated from Trinity assembly were processed 
using BUSCO (version 3.1.0; Waterhouse et al. 2018) under 
the genomics settings and using the arthropoda_odb9 data-
base. Custom scripts were then used to process the single-
copy BUSCO matches for each individual and annotate 
them using the same criteria as the homologous annotations 
above. All sequences both toxins and non-toxins were then 
clustered at 98% using cd-hit to generate the final consensus 
transcriptome. Individual transcriptomic abundances were 
then calculated using RSEM with bowtie2 (version 2.3.0; 
Langmead and Salzberg 2012) with the consensus transcrip-
tomes for each clade.

Phylogenetic Analysis

To infer a phylogeny for our taxa, we first retrieved addi-
tional venom-gland transcriptomes from NCBI to function 
as outgroups. Specifically, we retrieved data for Theatops 
posticus (SRR24351575, SRR24351576), Scutigera coleop-
trata (SRR8998264), Lithobius forficatus (SRR8998265), 
and Strigamia maritima (SRR8998266; Jenner et al. 2019; 
Lane et al. 2023). All outgroups were processed as above 
and assembled using Trinity. Next, we used BUSCO (v4.0.6; 
–mode genome) to extract single-copy orthologs from each 
Trinity assembly (Manni et al. 2021).

We aligned each BUSCO locus using MAFFT (–auto 
–adjustdirectionaccurately; Katoh and Standley 
2013) and used CIAlign (Tumescheit et al. 2022) to clean the 
alignment removing divergent sequences, short sequences, 
insertions, and cropping ends with default settings. We then 
used trimal (-gappyout; Capella-Gutiérrez et al. 2009) 
to remove gappy sites from the alignment and removed 
sequences where > 30% of the total alignment length con-
sisted of gaps with a custom script. We used these pre-
liminary alignments to infer gene trees using IQTree2 with 
default settings and 1000 UltraFast bootstraps (Minh et al. 
2013; Kalyaanamoorthy et al. 2017; Minh et al. 2020). We 
used the gene trees as input to TreeShrink (Mai and Mirarab 
2018), which searches for abnormally long branches across 
trees and removes these taxa from the tree/alignment.

We re-cleaned the alignments with trimal (-gappyout) 
and filtered the alignments for missing data. Specifically, we 
removed (1) sequences with < 50% of the samples repre-
sented and (2) samples that had < 5% of the loci represented. 
The final alignments were used to infer gene trees using 

IQTree2 as above. We collapsed low support branches (i.e., 
bootstrap support < 10 %) from each gene tree and then used 
Astral-III (Zhang et al. 2018; Yin et al. 2019; Rabiee et al. 
2019) to infer the final species tree.

Selection Analyses

Sequences from all of the major families of toxins were com-
bined together without their signal peptides and translation-
ally aligned in Geneious Prime (version 2022.1.1) using 
Clustal Omega (version 1.2.3) under default parameters. 
Each toxin family was then further separated into groups 
based on their percent sequence similarity. Groups were cre-
ated for sequences that showed at least 40% similarity with 
at least one other sequence in the same toxin family. The 
new groups that contained at least four sequences were then 
translationally aligned as described above and the sequence 
alignments for each group were then used to generate trees 
with IQTree (version 2.0.3) using a codon model. HyPhy 
(version 2.5) was then used to run selection analyses using 
the maximum likelihood tree from IQTree under the follow-
ing different models; aBSREL, BUSTED, FEL, and MEME 
(Kosakovsky Pond et al. 2020). Using all of the these mod-
els, we were able to test for evidence of episodic positive 
selection (MEME), pervasive positive and negative selection 
(FEL), positive selection across the whole toxin (BUSTED), 
and positive selection across the gene tree (aBSREL).

Protein Structure and Solvent Accessibility

Three-dimensional structures were obtained from predicted 
AlphaFold structures deposited in the Uniprot database 
through finding the closest BLAST match of the six most 
diverse groups of venom proteins (Jumper et  al. 2021; 
Varadi et  al. 2022; The UniProt Consortium 2023).We 
searched the consensus sequence for �-Pore forming toxins 
( �PFTX) group 5, �PFTX group 6, cysteine-rich, allergen, 
and pathogenesis-related proteins (CAP) in the CAP2 fam-
ily (CAP2), �-Glutamyl transferases (GGT), Scoloptoxins 
(SLPTX) in SLPTX10 group 3, and SLPTX15 group 4 for 
the best BLAST match and downloaded the following struc-
tures, respectively, T1IT04, A0A4D5R9P5, A0A646QDI4, 
P0DPU3, A0A4D5R9T6, A0A4D5R9Z4. To determine the 
solvent accessible surface area of each protein residue, we 
used the EDTSurf algorithm (Xu and Zhang 2009) imple-
mented in iCn3D (Wang et al. 2022, 2020). Sites of posi-
tive and negative selection identified above using MEME 
and FEL were plotted onto the three-dimensional structures 
in Geneious Prime. Sites that were identified as positive in 
either test were mapped as positive onto the model regard-
less of whether they were identified as either neutral or nega-
tive in the other test. Because we noted a difference in the 
number of sites that were accessible versus inaccessible as 
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well as potential differences in the numbers of sites under 
positive and negative selection, we used a �2 test to deter-
mine whether the proportion of sites of selection was cor-
related with solvent accessibility.

Data Availability

Raw sequencing reads were submitted to the 
National Center for Biotechnology Information’s 
(NCBI) Sequence Read Archive (SRA) under Bio-
Project PRJNA340270 and BioSample accessions 
SAMN38699543–SAMN38699562 and SRA accessions 
SRR27151397–SRR27151416. Raw reads for Hemis-
colopendra marginata, Scolopocryptops sexspinosus, and 
Scolopendra viridis were submitted previously under the 
BioSample accessions SAMN10423645,SAMN10423646, 
SAMN10423647,SAMN10423648, SAMN09042581, and 
SAMN09042582. We submitted the assembled consensus 
transcriptomes for each clade to the NCBI Transcriptome 
Shotgun Assembly (TSA) database at DDBJ/EMBL/Gen-
Bank under the accessions GKRH00000000 (H. margin-
ata), GKRI00000000 (S. sexspinosus), GKRJ00000000 (S. 
viridis), GKRB00000000 (S. alternans), GKRC00000000 
(S. heros Clade 1), GKRD00000000, (S. heros Clade 2), 
GKRE00000000 (S. polymorpha Clade 1), GKRF00000000 
with GKMY01000000 (S. polymorpha Clade 2), and 
GKRG00000000 (S. polymorpha Clade 3). The versions 
described in this paper are the first versions, GKRH01000000 
(H. marginata), GKRI01000000 (S. sexspinosus), 
GKRJ01000000 (S. viridis), GKRB01000000 (S. alternans), 
GKRC01000000 (S. heros Clade 1), GKRD01000000, (S. 
heros Clade 2), GKRE01000000 (S. polymorpha Clade 1), 
GKRF01000000 with GKMY01000000 (S. polymorpha 
Clade 2), and GKRG01000000 (S. polymorpha Clade 3). 
Raw mass spectrometry reads and consensus proteome files 
were deposited in the ProteomeXchange Consortium with 
the PRIDE partner repository (Vizcaíno et al. 2016) under 
the PXD048308 dataset identifier.

Results and Discussion

Centipede Phylogenetics

Our phylogeny of centipedes from North America shows par-
aphyly among the genus Scolopendra and provides evidence 
for cryptic diversity for widely ranging species (Fig. 1). We 
found Plutoniumidae and Scolopocryptopidae form a sis-
ter clade with respect to Scolopendridae (Fig. 1). Within 
Scolopendridae, Scolopendra alternans forms the most basal 
taxa. Scolopendra heros from Arizona and Texas form a 
moderately divergent, but monophyletic group sister to the 
remaining Scolopendridae. Interestingly, Hemiscolopendra 

marginata causes the genus Scolopendra to be paraphyletic 
as this genus/species forms the sister group to S. viridis and 
S. polymorpha. Additionally, we found that S. polymorpha 
is highly paraphyletic, forming three deeply divergent and 
independent clades. The first clade occurs in Arizona and, 
surprisingly, is sister to S. viridis from Florida. The remain-
ing two clades of S. polymorpha are sister to one another 
with one clade occurring in northern California and the other 
occurring in southeastern Arizona. Cryptic diversity exists 
within this group, given that we described two paraphyletic 
southeastern Arizona lineages. However, we are unable to 
address this cryptic diversity taxonimically as we had lim-
ited sampling across each species’ range.

Centipede systematics is in need of more advanced 
molecular analyses to describe the diversity that is present 
within this group (Edgecombe and Giribet 2019). Previ-
ous work on the classification of centipede orders gener-
ally agree on their phylogenetic placement whether looking 
at molecular or morphological evidence (Fernández et al. 
2014). However, examination of generic relationships have 
revealed rampant paraphyly among genera (Vahtera et al. 
2013; Edgecombe et al. 2015; Joshi and Karanth 2012; Siri-
wut et al. 2015, 2018). Our results support these studies by 
showing monophyletic relationships of centipede orders and 
families, but paraphyly in geographically proximal mem-
bers of the Scolopendra genus in North America. Even 
with limited sampling, our phylogeny provides evidence of 
potential cryptic species occurring in two species complexes 
(Fig. 1). This work further supports the need for a more rig-
orous sampling of centipedes across North America using 
molecular techniques to accurately describe and classify the 
diversity of centipedes. The relationship between S. viridis 
and S. polymorpha especially needs denser sampling across 
their range to resolve any cryptic species and to resolve spe-
cies and population distributions. The large distribution of 
both S. polymorpha and S. viridis and their considerable 
range overlap (Shelley 2002) supports the relationship that 
we observed between these species and the need for further 
investigation.

Before the separation of H. marginata from the other 
members of Scolopendra, Scolopendra marginata was 
described as the most problematic name in North Ameri-
can Scolopendromorph centipedes (Hoffman and Shel-
ley 1996). The designation to move H. marginata from 
Scolopendra was based on a single key morphological 
feature (lack of the distoventral spur on the proximotarsi; 
Hoffman and Shelley 1996). Hemiscolopendra margin-
ata is currently described as a monotypic genus based on 
21 anatomical features and is found across the southern 
United States and extends southward into Mexico (Shel-
ley 2008). More recently, Vahtera et al. (2013) included 
H. marginata, S. alternans, S. polymorpha, and S. viridis 
in an analysis that used morphological traits as well as 
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four molecular markers (two nuclear and two mitochon-
drial). Based solely on morphological data, H. marginata 
clustered within a clade containing species from Scolo-
pendra sampled within this study and other more distantly 
related Scolopendra species. However, when morphologi-
cal traits are combined with the molecular markers, the 
phylogeny placed H. marginata in the same clade as the 
Scolopendra species sampled in the current study and also 
showed rampant paraphyly among the genus Scolopen-
dra. Based on the singular key morphological feature to 
distinguish the two genera (Hoffman and Shelley 1996), 
the additional support showing their clustering within 
Scolopendra (Vahtera et al. 2013), and our results, we 
advise the taxonomic change to reinstate Hemiscolopen-
dra marginata to Scolopendra marginata.

General Venom Composition

We sequenced 26 venom-gland transcriptomes from six cur-
rently recognized species of scolopendromorph centipedes 
and obtained 6–44 million reads pairs for each individual 
transcriptome with at least two representatives for each spe-
cies (Table 1). From the assembled transcriptomes, we were 
able to identify 824–1142 total proteins in each clade with 
the lowest number of proteomically confirmed toxins being 
38 and the highest being 114. Toxins contributed between 
22.0% and 93.4% of the total transcript abundance, with an 
average of 75.3% (Table 1).

Through comparing the venom composition of multiple 
lineages of scolopendromorph centipedes, we found that 
the overall abundance of the different toxin families is very 
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Fig. 1   Phylogenic analyses revealed paraphyletic relationships within 
Scolopendra and provided evidence for cryptic species. The phylog-
eny was generated using Astral-III and single-copy orthologs identi-
fied using BUSCO. Support for individual nodes across the tree are 
from UltraFast bootstrap values. Hemiscolopendra marginata causes 
the genus of Scolopendra to be paraphyletic because this clade forms 
a sister group to S. viridis and S. polymorpha. We also observed evi-
dence for cryptic species within S. heros and S. polymorpha. Scolo-

pendra heros has a moderately divergent, yet monophyletic group, 
and S. polymorpha shows a divergent relationship that is paraphyletic, 
where clade one is sister to S. viridis. The map shows the distribu-
tion of centipedes sampled across the southern portion of the United 
States. Colored dots associated with each clade of the phylogeny 
correspond to the points on the distribution map. Branch lengths are 
measured in coalescent units (CU)
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similar across all species with the exception of S. sexspino-
sus and H. marginata (Fig. 2). Scolopocryptops sexspinosus 
has an abundant and distinct toxin class separate from all 
of the other venoms, adamalysin-like metalloproteases. The 
novel recruitment of adamalysin-like metalloproteases in 
centipede venoms was described previously from these two 
individuals highlighting the similarity between this family of 
toxins and the well-characterized snake venom metallopro-
teases (Ellsworth et al. 2019). This family of toxins is only 
known to occur within the family Scolopocryptopidae and 
is not present in any of the other species within Scolopen-
dridae or Plutoniumidae. However, because S. sexspinosus is 
the only representative from Scolopocryptopidae, we cannot 
determine if this toxin family  is found within other members 
of Scolopocryptopidae or if this recruitment was unique to 
this species.

Hemiscolopendra marginata displays a distinct venom 
between the two individuals within the same species 
(Fig. 2). The variation seen in the venom for H. marginata 

was previously identified as a sex-biased venom expression 
and is so far the only centipede venom to show sex-biased 
venom variation (Nystrom et al. 2019). Nystrom et al. (2019) 
previously used the same transcriptomic and proteomic data 
that we used; however, they increased proteomic sampling 
between sexes of H. marginata and found a statistical sex-
based difference in venom composition. While this apparent 
difference was described in this species through increased 
samples of the sexes, we could not account for sex-based 
difference in venom composition for the other eight clades 
due to our limited sampling. However, such a dramatic shift 
in venom composition was not identified among the sexes 
of the other clades where the sex of the individuals could 
be identified. This trend, however, should be investigated 
further with denser sampling of male and female centipedes 
to fully categorize other potential instances of sex-based 
venom variation in centipedes.

Even with the two distinct venoms discussed above, 
the overall venom composition within Scolopendromorpha 

Table 1   Specimen information 
for the individuals used in this 
study

A question mark is used if sex was unable to be determined
a Percent toxin abundance represents the relative expression of toxins in the transcriptome compared to the 
total expression of toxin and non-toxin genes

ID number Species Sex Raw read pairs Merged reads Total 
proteins

# of toxins % toxin 
abundancea

C0150 H. marginata F 14,825,899 12,556,408 1008 75 63.1
C0162 H. marginata M 19,285,984 15,384,355 1008 75 66.6
C0019 S. alternans F 25,907,425 20,777,932 824 59 92.7
C0020 S. alternans F 22,461,444 18,852,017 824 59 91.6
C0125 S. heros ? 27,058,504 22,190,425 837 54 81.0
C0130 S. heros ? 20,923,892 17,260,664 982 61 72.0
C0207 S. heros M 7,915,633 7,023,326 982 61 22.0
C0208 S. heros M 11,608,288 10,616,551 982 61 57.6
C0239 S. heros M 11,010,306 9,087,850 837 54 53.9
C0240 S. heros F 9,314,516 8,197,411 837 54 84.9
C0007 S. polymorpha F 44,748,098 32,479,741 1011 81 72.1
C0059 S. polymorpha M 16,036,702 13,158,045 1011 81 81.4
C0095 S. polymorpha F 10,005,705 9,016,663 939 50 86.2
C0098 S. polymorpha M 27,458,442 24,263,468 939 50 81.1
C0314 S. polymorpha F 10,955,739 9,739,603 1142 114 82.3
C0315 S. polymorpha F 9,729,089 9,041,664 1142 114 78.7
C0316 S. polymorpha F 9,139,170 8,371,103 1142 114 81.4
C0323 S. polymorpha F 12,864,325 11,817,117 1142 114 81.9
C0324 S. polymorpha M 6,769,388 6,351,808 1011 81 78.6
C0325 S. polymorpha M 8,919,159 8,376,046 1142 114 86.0
C0331 S. polymorpha M 13,709,870 12,272,397 1142 114 70.4
C0332 S. polymorpha F 14,899,250 13,957,196 1142 114 77.4
C0142 S. sexspinosus ? 12,697,799 10,075,509 835 67 93.4
C0184 S. sexspinosus ? 19,186,565 15,789,685 835 67 89.4
C0167 S. viridis M 17,514,462 14,482,362 832 38 67.1
C0169 S. viridis M 16,851,368 14,300,047 832 38 66.4
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appears to be conserved with major toxin families show-
ing a similar abundance across all species. Looking at 
the average percent abundance across all individuals 
showed that three families had above average expression 
in the transcriptome and three families had above average 
expression in the proteome. The highest expressed fami-
lies in the transcriptome were the �-Pore forming toxins 
( �PFTXs), proteins containing a low-density lipoprotein 
receptor Class A repeat domain (LDLAs), and the Scolop-
toxins (SLPTXs). The proteome, however, revealed that 
cysteine-rich, allergen, and pathogenesis-related proteins 
(CAPs), �-Glutamyl transferases (GGTs), and Scoloptox-
ins (SLPTXs) were the most abundant families.

Discrepancies between the venom proteome and the 
venom-gland transcriptome have been reported in a vari-
ety of other taxa (Rokyta et al. 2015; Biass et al. 2015; 
Gonçalves-Machado et al. 2016; Xu et al. 2017; Ward and 
Rokyta 2018; Nystrom et  al. 2019). Correlative differ-
ences between transcriptomic and proteomic expression are 
thought to be more common than not due to a variety of dif-
ferent biological and technical processes (Maier et al. 2009; 
Diz et al. 2012). Venom and venom glands have been found 
to have high correlations between proteomic and transcrip-
tomic abundances (Rokyta et al. 2015), in contrast to weaker 
correlations found in other systems (Schrimpf et al. 2009; 
Ghazalpour et al. 2011; Bantscheff et al. 2012). Differences 

Fig. 2   The relative transcrip-
tomic and proteomic abundance 
of each major toxin family. Each 
bar represents an individual 
transcriptome or proteome and 
groups of bars are separated into 
clades based on the phylogenet-
ics described in this paper. The 
most expressed toxin families 
in the transcriptome across all 
taxa were the �-pore forming 
toxins (BPFTXs), low-density 
lipoprotein receptor Class A 
repeat domain (LDLAs), and 
the Scoloptoxins (SLPTXs). 
The most highly expressed toxin 
families in the proteome were �
-Glutamyl transferases (GGTs), 
cysteine-rich, allergen, and 
pathogenesis-related proteins 
(CAPs), and Scoloptoxins 
(SLPTXs)
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in expression are often attributed to post-translational modi-
fications that can influence  detection and expression levels 
(Fox and Serrano 2008; Rokyta et al. 2015) and to mapping 
biases that exist within the bioinformatic pipeline (Wang 
et al. 2009; Fang and Cui 2011; Rokyta et al. 2012). The 
differences we found could also be caused by the timing 
between venom extraction and venom-gland dissections 
that we performed on the individual centipedes. Four days 
between extracting the venom and dissecting, the venom 
glands were shown to be the ideal timing to receive maxi-
mal transcriptomic output in snakes (Rotenberg et al. 1971); 
however, this timing has not been documented in centipedes. 

Asynchronous regeneration is known for some centipedes 
(Cooper et al. 2014; Nystrom et al. 2022) and could explain 
the proteomic and transcriptomic differences we found since 
venom family replacement happening near the beginning 
or end of venom regeneration would lead to a mismatch of 
expression patterns.

Even though expression patterns between the transcrip-
tome and the proteome are not entirely consistent, we have 
identified the same principal venom components found in 
other centipede venoms (Undheim et al. 2014, 2015; Smith 
and Undheim 2018; Jenner et al. 2019). The vast majority 
of centipede venom components have not been functionally 

Table 2   Toxin selection

seqs sequences, �PFTX �-pore forming toxins, CAP cysteine-rich, allergen, and pathogenesis-related pro-
teins, GGT​ �-Glutamyl transferases, LDLA low-density lipoprotein receptor Class A repeat domain, MP 
adamalysin-like metalloproteases, SLPTX Scoloptoxins

Toxin Family # of seqs BUSTED + Sites + Sites – Sites Branches 
under selec-
tion

Branches tested
p–value MEME FEL FEL

CAP2 61 3.4 × 10−7 4 0 131 3 119
SLPTX10 Group3 47 5.0 × 10−4 4 0 42 1 91
�PFTx Group5 22 1.4 × 10−6 7 2 121 1 41
SLPTX15 Group4 19 0.01 1 0 13 0 35
�PFTx Group6 18 3.1 × 10−7 7 0 120 3 33
GGT​ 18 0.04 11 1 274 3 33
SLPTX15 Group1 13 0.49 1 0 13 1 23
SLPTX16 Group1 13 0.14 0 0 40 1 23
pM12A Group3 12 5.6 × 10−6 11 5 83 2 21
SLPTX10 Group2 12 0.29 0 0 13 0 21
SLPTX11 Group1 12 4.7 × 10−4 8 5 33 6 21
pM12A Group5 11 0.12 1 0 114 0 19
LDLA Group2 9 6.1 × 10−6 3 0 12 1 15
SLPTX15 Group2 9 0.12 0 0 2 1 15
�PFTx Group3 8 1.9 × 10−4 3 1 79 1 13
LDLA Group1 8 0.25 1 0 45 0 13
MP 8 5.9 × 10−6 6 1 68 2 13
�PFTx Group1 7 6.5 × 10−4 1 1 85 1 11
LDLA Group5 7 0.02 0 0 19 1 11
LDLA Group3 6 0.20 2 0 5 1 9
SLPTX01 6 0.50 0 0 22 0 9
SLPTX08 Group2 6 0.01 0 0 6 1 9
�PFTx Group2 5 0.18 4 0 37 1 7
�PFTx Group4 5 0.50 0 0 28 1 7
LDLA Group7 5 3.6 × 10−6 1 0 14 3 7
pM12A Group2 5 0.50 1 0 60 1 7
pM12A Group4 5 0.50 0 0 34 0 7
SLPTX04 Group1 5 0.45 0 0 7 0 7
SLPTX15 Group3 5 0.39 0 1 9 0 7
LDLA Group4 4 0.04 0 0 25 0 5
LDLA Group6 4 0.50 0 0 36 1 5
SLPTX08 Group1 4 0.08 0 0 0 1 5
SLPTX13 Group1 4 0.41 0 0 3 1 5
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characterized. However, broad categories of functions 
can be assigned through homology. �PFTXs and some of 
the SLPTX superfamily of toxins (SLPTX01) are likely 
involved with cytotoxic functions in the venoms since they 
form transmembrane pores lysing cells and act as chitinases 
destroying the exoskeleton of their prey, respectively. The 
other members of the SLPTX superfamily that were found 
to have the highest expression (SLPTX10, SLPTX15) are 
mainly considered neurotoxins because of their effect on 
calcium, potassium, and sodium channels (Undheim et al. 
2015; Smith and Undheim 2018). CAP2 proteins are also 
shown to be neurotoxic effecting calcium channels but also 

can play a role trypsin inhibition (Rates et al. 2007; Fry et al. 
2009; Undheim et al. 2015). The GGTs and LDLAs, how-
ever, currently do not have a described function in centipede 
venoms but their high expression in the venom likely means 
that they have important functional or maintenance roles in 
the venom and venom gland.

Modes of Centipede Venom Evolution

Grouping toxins families based on their percent identity 
resulted in 33 toxin groups that contained at least four dif-
ferent sequences from across all consensus transcriptomes. 

Table 3   Toxin selection

An “X” under species abbreviation signifies presence of at least one toxin from that group present in data 
set
Ssexp, Scolopocryptops sexspinosus; Salte, Scolopendra alternans; Shero, Scolopendra heros; Spoly, Scol-
opendra polymorpha; Sviri, Scolopendra viridis; Hmarg, Hemiscolopendra marginata

Toxin Family Ssexp Salte Shero1 Shero2 Spoly1 Spoly2 Spoly3 Sviri Hmarg

CAP2 — X X X X X X X X
SLPTX10 Group3 — X — — — X X — —
�PFTX Group5 X X X X X X X X X
SLPTX15 Group4 — X — — — — — — X
�PFTX Group6 X X X X X X X X —
GGT​ — X X X X X X — X
SLPTX15 Group1 — — X X — — — — —
SLPTX16 Group1 — X — — X X — X —
pM12A Group3 — X — — — X X X —
SLPTX10 Group2 — — — — X — X — X
SLPTX11 Group1 — — X X — — — — —
pM12A Group5 — X — — X X X X X
LDLA Group2 — X — — X X X X —
SLPTX15 Group2 — — X X X X X X X
�PFTX Group3 — X X X X X X — —
LDLA Group1 — X X X X X X X —
MP X — — — — — — — —
�PFTX Group1 — X X X X X X — —
LDLA Group5 — — X X X X X X —
LDLA Group3 — X X X — — — — —
SLPTX01 — X X X — — — — —
SLPTX08 Group2 — X X X X X X X —
�PFTX Group2 — X — — X X X X —
�PFTX Group4 — X — — X X X X —
LDLA Group7 X — — — — — — — —
pM12A Group2 — — X X — — — — —
pM12A Group4 X X X X X X X X X
SLPTX04 Group1 — — X X — — X — —
SLPTX15 Group3 — X X X X X X X X
LDLA Group4 — X — — X X X — —
LDLA Group6 — — X X — — X — —
SLPTX08 Group1 — X — — X X X X —
SLPTX13 Group1 — — — — X X X X —
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Toxin families were grouped based on percent similarity due 
to the extreme divergence that we see in the different toxin 
families based on current naming conventions. We grouped 
the toxins using a cut off of 40% similarity with at least one 
other sequence in the same group because some families had 
sequences that were less than 10% similar with other simi-
larly named sequences. The diversity of toxins and number 
of similar types of toxins in venomous systems is thought to 
have arisen from gene duplication events (Conant and Wolfe 
2008; Wong and Belov 2012). These duplication events have 
been thought to give an immediate benefit to venom com-
ponents through increased expression due to venom dosage 
effects and could later lead to gene subfunctionalization or 
neofunctionalization (Conant and Wolfe 2008; Fry et al. 
2009; Casewell et al. 2013; Margres et al. 2017). Duplicated 
genes, however, require the protection of natural selection to 
support neofunctionalization and subfunctionalization and to 
prevent the removal of duplicated genes from the accumula-
tion of degenerative mutations (Conant and Wolfe 2008). 
Most venom genes are thought to have arisen under the 

influence of positive selection (Kordiš and Gubenšek 2000; 
Gibbs and Rossiter 2008; Aird et al. 2017; Casewell et al. 
2020). To test for the evidence of selection acting on these 
toxins genes, we examined the genes first for evidence of 
positive selection across the entirety of the gene for at least 
one site or one branch. Sixteen of the 33 groups showed evi-
dence of positive selection across the gene (Table 2) which 
supports the evolution of venom genes through positive 
selection. To look closer at the patterns of selection at the 
site and branch level, we focused on six groups of toxins that 
had the most paralogous sequences (18 or more sequences); 
however, all of the results are included in Tables 2 and 3.

The toxin groups that included at least 18 sequences were 
two groups of �PFTXs, all of the CAP2 proteins, all of the 
GGTs, one group from the SLPTX10, and one group of the 
SLPTX15 (Figs. 3, 4, 5, 6, 7, and 8). All of these groups, 
except for the SLPTX15, showed at least four sites that are 
under episodic positive selection, while only three of the six 
groups had evidence for pervasive positive selection. The 
vast majority of sites among these six toxin groups showed 
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Fig. 3   Selection analyses performed on �-pore forming toxin group 
5. We found evidence for positive selection across the entire protein 
according to HYPHY BUSTED (p value ≪ 0.001 ). Selection was 
then tested across the branches of the gene tree showing evidence 
for one branch under positive selection. The abundances for the tran-
scriptome and the proteome are shown to the side of the gene tree and 
represent the average expression of all individuals in a single clade. 
Transcriptomic and proteomic abundances have been standardized 
to each clade to display the abundance of paralogs. Evidence for epi-
sodic positive selection is shown on the top part of the graph with red 
points showing signs for positive selection using MEME. The lower 

part of the graph displays the FEL results that provide evidence for 
pervasive negative and positive selection with blue points indicat-
ing negative selection and red points indicating positive selection. 
The positive and negative selection identified were plotted onto the 
predicted three-dimensional structures in blue and red. The solvent 
accessible regions are plotted onto the same structure with solvent 
inaccessible sites being shown in green and solvent accessible sites 
being shown in orange. A �2 test for independence showed no sig-
nificant difference in the proportion of sites under selection and the 
accessibility of the sites ( �2

= 0.11 , p = 0.74)
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evidence for negative selection (13–274 sites; Table 2). 
Five of the six groups all had one to three branches that 
displayed evidence for positive selection, while the major-
ity of branches did not show evidence for positive selection. 
Between 91.3% and 97.0% of the total sites under selec-
tion were classified as negative. We found 17 total sites 
among all of the different toxin families that were under 
pervasive positive selection (Table 2), which is similar to 
what was previously reported in centipedes (Sunagar and 
Moran 2015). Sunagar and Moran (2015) also found a high 
percentage of negative selection among centipede toxins. 
Between 92.3% and 100% of the total sites under pervasive 
selection were classified as negative. The lack of sites under 
positive selection is further contrasted with analyses per-
formed on evolutionary younger lineages like cone snails 
and snakes, where 166 and 531 sites were reported, respec-
tively, compared to only eight sites in centipedes (Sunagar 
and Moran 2015). Thus, the high prevalence of negative 
selection supports the two-speed mode of venom evolution 
hypothesis proposed by Sunagar and Moran (2015), where 
venom evolution is first dominated by positive selection and 
rapid diversification followed by strong negative selection 

preserving the toxic arsenal. Sunagar and Moran (2015) pro-
posed that older venomous lineages like centipedes, scorpi-
ons, spiders, coleoids, and cnidarians would be dominated 
by negative selection due to their evolutionary history. A 
relatively stable ecological state could offer the opportunity 
for negative selection to prevail, preserving toxicity found to 
be beneficial in that state. However, if a shift in the trophic 
ecology or environment of an ancient lineage disrupts that 
stable ecological state, they could re-enter the diversifying 
phase of selection. Additionally, diversifying selection can 
occur if the venomous species is involved in an evolutionary 
arms race facilitating the rapid reciprocal evolution between 
two coevolving traits (Van Valen 1977). Venom, however, 
does not necessarily always evolve under an arms-race sce-
nario, but can have selective pressures from a vast commu-
nity of predators or prey that can lead to diffuse selection 
or non-directional selection of venom (Strauss et al. 2005; 
Hall et al. 2020). The high prevalence of negative selection 
that we observed in some of the toxin families could also 
be explained by the high specificity of which some venom 
components interact with their targets. For example, the �
PFTXs are hypothesized to undergo oligomerization which 
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Fig. 4   Selection analyses performed on �-pore forming toxin group 
6. We found evidence for positive selection across the entire protein 
according to HYPHY BUSTED (p value ≪ 0.001 ). Selection was 
then tested across the branches of the gene tree showing evidence for 
three branches under positive selection. The abundance for the tran-
scriptome and the proteome is shown to the side of the gene tree, and 
represents the average expression of all individuals in a single clade. 
Transcriptomic and proteomic abundances have been standardized to 
each clade to display the abundance of paralogs. Evidence for epi-
sodic positive selection is shown on the top part of the graph with red 
points showing signs for positive selection using MEME. The lower 

part of the graph displays the FEL results that provide evidence for 
pervasive negative and positive selection with blue points indicat-
ing negative selection and red points indicating positive selection. 
The positive and negative selection identified were plotted onto the 
predicted three-dimensional structures in blue and red. The solvent 
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being shown in orange. A �2 test for independence showed no sig-
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accessibility of the sites ( �2

= 0.18 , p = 0.67)
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would constrain the amount of change that can occur on the 
protein and still result in a functional protein (Sunagar and 
Moran 2015; Jouiaei et al. 2015). Furthermore, this protein 
family is thought to bind to cellular membranes which may 
increase purifying selection to maintain interactions with 
these highly conserved targets.

Solvent accessibility provides important information on 
the structure and function of proteins and how these mol-
ecules can interact with their environment (Ahmad 2005). 
We mapped the solvent accessible regions for the six toxins 

that we used for our analyses in selection and the sites under 
positive and negative selection onto the three-dimensional 
structure of the protein (Figs. 3, 4, 5, 6, 7, and 8). Consist-
ent with the RAVER model of venom protein evolution, 
we observed that solvent inaccessible sites corresponded 
with sites under negative selection. However, some of the 
proteins did not show as strong of a relationship with the 
solvent accessible sites and positive selection. Because of 
differences in numbers of accessible and inaccessible sites as 
well as differences in those sites under positive and negative 
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Fig. 5   Selection analyses performed on cysteine-rich, allergen, and 
pathogenesis-related proteins (CAP) in the CAP2 family. We found 
evidence for positive selection across the entire protein according 
to HYPHY BUSTED (p value ≪ 0.001 ). Selection was then tested 
across the branches of the gene tree showing evidence for three 
branches under positive selection. The abundance for the transcrip-
tome and the proteome is shown to the side of the gene tree, and 
represents the average expression of all individuals in a single clade. 
Transcriptomic and proteomic abundances have been standardized to 
each clade to display the abundance of paralogs. Evidence for epi-
sodic positive selection is shown on the top part of the graph with red 

points showing signs for positive selection using MEME. The lower 
part of the graph displays the FEL results that provide evidence for 
pervasive negative and positive selection with blue points indicat-
ing negative selection and red points indicating positive selection. 
The positive and negative selection identified were plotted onto the 
predicted three-dimensional structures in blue and red. The solvent 
accessible regions are plotted onto the same structure with solvent 
inaccessible sites being shown in green and solvent accessible sites 
being shown in orange. A �2 test for independence showed no sig-
nificant difference in the proportion of sites under selection and the 
accessibility of the sites ( �2

= 0.42 , p = 0.52)
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selection, we used a �2 test to determine whether sites of 
selection were correlated with solvent accessibility. Three 
of the six groups ( �PFTX-Group5, �PFTX-Group6, CAP2) 
had no significant association between the proportion of 
sites under selection and the accessibility of the sites. Out 
of the 20 sites under negative selection for SLPTX-Group 3, 
19 were found in solvent inaccessible regions and only one 
was found in a solvent accessible region. No sites of positive 
selection corresponded with sites that were determined to 
be either solvent accessible or inaccessible. Two of the six 
groups (GGT and SLPTX15-Group4) had a significant asso-
ciation between the proportion of sites under selection and 
the accessibility of those sites, where most of the sites under 
negative selection were found in the inaccessible regions of 
the proteins (GGT: �2 = 17.14 , p ≪ 0.01 and SLPTX15-
Group 4: �2 = 5.00 , p = 0.02).

This set of analyses allow us to directly compare two 
models for the evolution of venom using a closely related 
clade within an ancient venomous lineage. We found support 
for both the two-speed mode of venom evolution and the 
RAVER model. Negative selection was the dominant force 
of selection across the six toxin groups that we analyzed 
with only a few residues being detected under either per-
vasive or episodic positive selection. These results directly 
align with the two-speed model of evolution. Under this 

model, the venom proteins are thought to be under the con-
servation of negative selection to retain their potency and 
overarching positive selection will only become dominant 
after ecological shifts in the venomous lineage. Most of the 
larger centipedes, including Scolopendromorpha, have a 
very generalist diet and corresponding ecology (Alessan-
dro 2011). Although a broad range of habitat types exist for 
scolopendromorphs, most centipedes are soil inhabitants that 
rely on moist microenvironments and forage during the night 
(Alessandro 2011). However, little is still known about the 
individual ecology of each of these species and more work 
is needed to be undertaken to fully understand the diversity 
of behaviors and potential differences in ecology. Similari-
ties in ecology and preference for moist microhabitats could 
contribute to venom being conserved in centipedes under 
negative selection.

The location of negative selection along the three-dimen-
sional structure of the protein coincided with solvent inac-
cessible regions in two of the toxin groups. Three of the 
other four toxin groups did not show an association between 
solvent accessibility and selection and one group only had 
negative selection detected across the protein. Therefore, we 
could not test to see if there was an association between 
the type of selection and the solvent accessibility. These 
results directly support that some venom proteins might be 
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Fig. 6   Selection analyses performed on �-Glutamyl transferases. We 
found evidence for positive selection across the entire protein accord-
ing to HYPHY BUSTED (p value = 0.04). Selection was then tested 
across the branches of the gene tree showing evidence for three 
branches under positive selection. The abundance for the transcrip-
tome and the proteome is shown to the side of the gene tree, and 
represents the average expression of all individuals in a single clade. 
Transcriptomic and proteomic abundances have been standardized to 
each clade to display the abundance of paralogs. Evidence for epi-
sodic positive selection is shown on the top part of the graph with red 
points showing signs for positive selection using MEME. The lower 

part of the graph displays the FEL results that provide evidence for 
pervasive negative and positive selection with blue points indicat-
ing negative selection and red points indicating positive selection. 
The positive and negative selection identified were plotted onto the 
predicted three-dimensional structures in blue and red. The solvent 
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inaccessible sites being shown in green and solvent accessible sites 
being shown in orange. A �2 for independence showed significant dif-
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experiencing selection similar to what was predicted in the 
RAVER model of evolution and general protein evolution 
(Goldman et al. 1998; Conant and Stadler 2009; Sunagar 
et al. 2013). However, sites identified as being under positive 
selection were still detected on surface inaccessible residues. 
This does not necessarily disagree with the RAVER model 
since that model proposed that areas under positive selec-
tion could still be in inaccessible regions of the proteins 
and that those mutations could give rise to new structure 
and potentially new functions or specificity. Substitutions in 
these inaccessible and functionally or structurally important 
regions would typically occur less often.

Conclusions

Using transcriptomics and proteomics, we characterized 
venom protein diversity across multiple species of Scolo-
pendromorpha and estimated their phylogenetic relation-
ships using transcriptomics. From our phylogeny, we found 
Scolopendra to be paraphyletic since it included the genus 
Hemiscolopendra, and we found evidence of cryptic spe-
cies occurring in two widely distributed species (Fig. 1). 
These results demonstrate the need for future phylogenetic 
studies within centipedes especially since our phylogeny is 
the first molecular phylogeny for centipedes found in North 
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protein according to HYPHY BUSTED (p value ≪ 0.001 ). Selection 
was then tested across the branches of the gene tree showing evidence 
for one branch under positive selection. The abundance for the tran-
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sodic positive selection is shown on the top part of the graph with red 
points showing signs for positive selection using MEME. The lower 

part of the graph displays the FEL results that provide evidence for 
pervasive negative and positive selection with blue points indicat-
ing negative selection and red points indicating positive selection. 
The positive and negative selection identified were plotted onto the 
predicted three-dimensional structures in blue and red. The solvent 
accessible regions are plotted onto the same structure with solvent 
inaccessible sites being shown in green and solvent accessible sites 
being shown in orange. We were unable to perform a �2 test for inde-
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America. From the clades that we described, we were able to 
describe a similar venom composition across all of the centi-
pedes which is mainly composed of �PFTXs, CAPs, GGTs, 
LDLAs, and SLPTXs (Fig. 2). Identifying the type of selec-
tion and the location of selection along the protein allowed 
us to test two different hypotheses for venom evolution: 
the two-speed model of venom evolution and the RAVER 
model. We found more sites of negative selection compared 
to positive selection across all toxin families (Figs. 3, 4, 5, 
6, 7, and 8); however, when we did find evidence for positive 
selection, it often corresponded with the exposed residues 
of the protein, supporting both models of venom evolution. 
Through the use of phylogenetics, transcriptomics, proteom-
ics, and selection-based analyses, we were able to describe 
the evolution of venom from an ancient venomous lineage 
and support longstanding principles of protein evolution that 
directly relate to multigene family evolution.
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