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Abstract: Convergent evolution provides insights into the selective drivers underlying
evolutionary changeSnake venoms, with a direct genetic basis and clearly defined functional
phenotype, provide a model systemdaploringthe repeated evolution of adaptatiovhile

snakes use venom primarily for predation, and venom composition often reflects diet specificity,
three lineages of cobras have independently evolved the ability to spit venom at adversaries.
Using gemr, protein and functional analyses, we show that the three spitting lineages possess
venoms characterized by an upregulation of Plokins, which potentiate the action of pre

existing venom cytotoxins to activate mammalian sensory neurons and causesdrga@nc

These repeated independent chamgeside a fascinating example of convergent evolution

across multiple phenotypic levels drivendsjectionfor defense.
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One Sentence SummaryDefensive venom spitting by snakes is underpinned by convergent

increases in pakenhancing toxins

Main Text:

Convergent evolution, the independent emergence of similar traits across taxa, is a pervasive
characteristic of biodiversity and provideatural replicateto enable understanding of key
evolutionary process€). Thanks to theidiscrete function and direct genotypkenotype link,
animal venoms are excellent systems to understand the driving forces and underlying genetic
mechanisms of molecular adaptation. Snake venoms consist of variable mixtures of
proteinaceous components ciagspotent hemotoxic, neurotoxic and/or cytotoxic pathologies in
both prey and potential adversaries, including hunf@ng$’revious work suggests that venom
variation is largely driven byglietary variation3), but defensive drivers of snake venom
evolution ae rarely considered (although <é¥).

The evolution of venom pr o] idaalsysteemforor O6spi t
exploring the evolution of defensive toxins: this behavior plays no role in prey capture, targets
specific sensory tises, and is the only lonadjstance, injurious defensive adaptation among
almost four thousand species of snalkEmarkably, venom spitting evolved independently
three times, all within a single clade of closely related elapid si{akép the African spitting
cobras Naja subgenu#\fronaja), Asian spitting cobrafNaja: subgenudaja) and rinkhals
(Hemachatug All use fangs with modified orifice) to spray venom over distances of up to
25m(8), targeting dN(Fig 1. Trese behavidral, momplwlsgical, and
biochemical traits result in intense ocular pain and inflammatiorgiwdan lead to the

permanentoss of eyesightl0). The three origins of spitting, solely within a clade more



generally charactezed by the visually defensive behavior of hood{&gb), allow us to test
whether similar selective pressures have resulted in convergent changes in venom composition
coevolving with morphological and behavioral adaptations.

We used a mukdisciplinary approach consisting of transcriptomic, proteomic,
functiond and phylogenetic comparisons of 17 widely distributed elapidsldid (true cobras),
the rinkhalsHemachatus haemachafwnd two norspitting immediate sister group species,
Walterinnesia aegyptiandAspidelaps scutatyso investigate the evolutiorf @enom spitting.
First, we reconstructed the phylogeny of these snakes using a multilocus coalescent species tree
approach based on two mitochondrial and five nuclear genes.-Ealiisiteited molecular dating
suggests that spitting originated in AfricagitBng cobras 6.710.7 million years ago (MYA),
and around 4 million years later in the Asian spitting cobras42%1YA) (Fig. 1A). The origin
of spitting inHemachatugould not be dated, beyond that it occurred <17 MYA, following
divergence from trueobras Naja) (Fig. 1A).

Next, we used a tegown proteomics approach underpinned by venom gland
transcriptomic datéll) to characterizehe venom composition of each species. All cobra
venoms are dominated by three finger toxins (3FTX), while in many species phosphdipases
(PLA>) are the second most abundamin family (Fig. 1A, Fig. S2. Principal coordinate
analysis (PCoA, Brayurtis) of a proteomic datderived venom composition matrix separated
the spitting lineages into three clusters that are distinct from the homogeneous cluster of venoms
from nonspitters Fig. 1B). The sole exceptiolN. philippinensishas a purely neurotoxic venom
despite being able to sfit2), and its venom composition placed it alongside-sjoitting
species (see Fig. 1B). Nonetheless, these findings demonstrate that each spitting cobra lineage

exhibits distinct venom compositions that collectively differ from those ofgmitting cobra$



afinding consistent with differences in venenduced pathology observed following bites to
humang13).

3FTXs are major venom comparis in many elapid snaké#4) (Table S1). They are
encoded by a multilocus gene family, resulting in numerous functionally distinct isoforms,
including neurotoxins and cytotoxins that disrupt cell membranes to cause cytot(agity
Proteomic data revealebat cytotoxic 3FTXs (CTXs) are typically the most abundant toxins in
NajaandHemachatuyenoms (mean 57.7% of all toxins), contrasting with the sister group
speciedN. aegyptiaandA. scutatug16) and other elapids (Fig. 1A, Figs. S2, S3, Table S1).
Although cytotoxinslikely inflict defensive ocular pain, we found no significant difference in the
abundances of CTXs between spitting and-gpitting species (PGLS; t9.83, df = 15, p =
0.42) (Table S2), and ancestral state estimations suggest that the o@gM-ach venom
preceded that of venom spitting (Fig. S8). (Moreover, PCoA analysis of a CTX Euclidean
distance matrixerived from venom proteomic da&wvealed that all highly abundant cobra
CTXs cluster tightly together (Fig. 1C). Measures of itiwta, stimulated by high dosesO@ug)
of cobra venoms applied topically to neantient chick embryos (Tables S3, S43prevealed
no association between cytotoxicity and spitting (PGLS; t = 1.08, df = 15, p = 0.30) (Figs. S5,
S6)1 consistent with prior reports of comparable cytotoxicity to mammalian cells across all
cobra venomss).

However, pain inflicted via slownset cytotoxicity may be less defensively relevant than
rapid pain caused by direct algesic activity. To investigatemminduced nociception, we
assessed the activation of mammalian trigeminal netireaasory neurons derived from
trigeminal ganglia that innervate the face and eyes. All cobra venoms acteasery neuros

with the mechanism of action observed gstent with norspecific disruption of cell



membraneghoughactivity was limited in African nosspitting cobras and the Asian nepitter

Naja kaouthiaFig. S7. Half maximal effective concentrations (Efcof each venom in sensory
neuronderived F11 dés demonstratedignificantly higher activity in spitting cobra venoms

(PGLS; t =-4.48, df = 15, p = 0.0007Fig. 2A, Fig. S8, Table §2These findings support the
hypothesis that venom spitting is associated with convergent elevations in-ireharad

activation of mammalian sensory neurons, and that spitting cobra venoms are more effective in
causing pain than their nespitting counterparts.

To determine the toxins responsible for this effect, we repeated these experiments using
fractionated venom &m three representative spitting spechsrigricollis, African; N.
siamensisAsian;H. haemachatygqFig. S9). For each species, only fractions corresponding to
CTXs activated sensory neurons, while those corresponding to other toxins (e.g. neyrotoxins
PLA:s, etc) were inactiveHg. S9. However, none of the CTX fractions completely
recapitulated the effects of whole venom epomled venom fractions, suggesting synergy
between multiple venom components.

PLA>s are nearly ubiquitousypically enzymatic, multifunctional toxin components of
snake venomsld, 15). As the hemolytic activity of CTXs was previously shown to be
potentiated by PLAtoxins(17), we hypothesized that venom Plshotentiate sensory neuron
activation by CTXs. Consequently, we quantified the activation of sensory neurons stimulated by
CTXs in the presence or absence of a corresponding fta#tion. The proportion of viable
sensory neurons activated by each CTX faactvas significantly increased when combined with
a PLA fraction, and this result was consistent across representatives of the three spitting
lineages (unpairedtest; N. nigricollis, t = 18.77, df = 2, p = 0.008{. siamensist = 5.75, df =

4, p = 0005;H. haemachatyg = 4.18, df = 4, p = 0.01){g. 2B, Fig. S1R Moreover,



significant reductions in sensory neuron activation occurred in the presence of thalfhaor
varespladibnpaired ttest; t = 2.77, df = 14, p = 0.02) (Fig. 2C, Fig. §Xtoviding further
compelling evidence that PlL# potentiate CTX effects on sensory neurons.

Consistentvith the above findings, comparative analysishef (i) proteomic abundance
of PLA2 toxins and (ii) enzymatic PLAactivity, determined via specifia vitro colorimetric
assay, revealed that spitting cobra venoms have significantly higheraBuAdance and
activity than those of nespitting species (PGLS; t = 4.4, = 15,p = 0.0007 and t = 2.24df =
15,p = 0.04, respectively) (Fig. 3A, 3B, Fi§12, Table S2). Analysis of a PLEuclidean
distance matrix derived from venom proteomic data revealed substhfidetncesetween the
different lineages of spitting and nspitting cobras, particularlgmongthe African species
(Fig. 3C). Additiondly, despite their divergence ~17 MYA. haemachatuBLA.s clustered
tightly with those from African spitting cobras, suggesting an element of molecular convergence.
Interrogation of venom gland transcriptomic data revealed limited variation in dgiue
number across the three spitting lineages, though all exhibited increasgdlRindlance
compared with nogpitting cobras (Fig. S13Anterestingly, pylogenetic analyses revealed a
PLA2 gene duplication event that coincided with the origin of wemspitting in the ancestor of
African spitting cobras (Fig. S13BJhese data, alongside the sensory neuron assays,
demonstrate that independenblution of spitting is tightly linked with convergencreasesn
PLA: toxins,which cau® increased algesactivity. Our findingghereforamply evolution has
funnelled defensive venom phenotypes along repeatable and predictable pathways, though
different molecular mechanisms likely underpin this convergence.

To exclude the possibility that functional disttions simply reflect general differences in

venom potency (e.g., venom lethality for prey capture), we testecenonsin murine lethality



assaygTable SH and found no significant differences between spitting andspdting species
(PGLS; t = 0.86df = 15, p = 0.40)Table S2. These results suggest that enhanced pain caused
by spitting cobras is explicitly associated with defensive venom use, rather than being an
evolutionary byproduct of selection for prey subjugation. Moreover, reanalysis adatarwith

the Asian specieN. kaouthiaandN. atrascored as spitting cobras based on recent refi@ts

19), did not alter our key fisings relating to venom spitting and Pl-Aediated enhanced
activation of sensory neurons (Table S6).

Our results detail the molecular and functional correlates of the evolution of venom
spitting and demonstrate that defense can be a major driver of\@raka composition.
Spittinglikely only evolved within a single, relatively small, clade of elapid snakes due to the
integrated exaptation of a unique combination ofgisting behaviors and cytotoxic venom
activities. Early evolution of cytotoxic venoattivity in cobras and near relatives (~26 MYA,;
Fig. S4) has previously been linked to defense, as cytotoxicityica gi nat es &)iat h
long-distance visual aposematic display. This elevated posture directed towards predators,
coupled with preemptive striking and occasionatemature releases of venom, may have
provided a behavioral precursor for evolution of more targeted venom spittingxiBtiag
CTXs, largely absent from the other elapid venoms (Table S1), likely provided the baseline
ocuar toxicity that favored inception and retention of spittihi§) ( Subsequent independent
increases in PLAtoxins, which act in synergy with pexisting CTXs, resulted in increased
venominduced activation of nociceptors (Fig. 2). This potentiating effect of.PAay be
crucial for causing immediate paifi sufficient intensity to rapidly deter aggressotiwing the

snake to escape.
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Rare but repeatedly evolved adaptations likely result from similar ecological
circumstancesviost discussions of defensive behavior involve potential predators, and certain
mammals and birds commonly eat snaf&fs 21). However, predation on spitting cobras is
evidently unremarkable in terms of evolutionary history and biogeography. Beyond predators,
potential threats to snakes include inadvertent trampling areinppéive defensive Kkilling. That
spitting evolvedo prevent snakes being trampled by ungulates in African savéZff)akes not
explain the existence of primarily foredivelling Asian spitting cobra@3). Moreover, large
ungulates typically have lateral eyes, making them unlikely to be especially vulnerable to
spitting.

We believe severalonsiderations make ancient hominins a plausible and compelling
candidate for favoring repeated evolution of spitting in the #Afstan cobras: (i) growing
evidence suggests that snakes have influenced primate neurobiology and @davemd that
interactions beteen these two lineages have been important throughout the 75 million year
history of primate$25, 26). (i) Compared to carnivorous mammals, anthropoid primates as a
clade are visually acute, cogniily complex, and culturally sophisticaté2¥). (iii) Diverse
anthropoids mob snakes, with some distinguishing between harmless and dangeroys species
killing the latter from a distance with clubs or projecti2si 27). (iv) Characteristics (ii) and
(iii) are enhanced among bipedal, lardpeained homininsZ4, 26), which thus could have posed
a unique threat to snakéz8). The initial divergence of Africa spitting cobras as relyeas 6.7
MYA (Fig. 1) occurred soon after the divergence of hominins fikan(bonobos and
chimpanzees)7 MYA (Fig. S14), coinciding with early evolution of bipedalism, enlarged
brains, tool use, and occupation of savannas by the f¢@8eiLikewise, the origin of the Asian

spitter clade ~2.5 MYA is approximately contemporaneous with the arrival in Aslarob



erectuq30, 31) (Fig. S14). Thouglvased on circumstantial evidence, additional fossils and
more finelytuned dating of relevant cobra and primate divergences might allow further testing
of this hypothesis.

In summary spitting cobras highlight how similar selection pressaed shared
exaptations can driveonvergence at molecular, morphological, behavioral, and functional
levels,resulting inthe evolution of complexntegratecadaptations in ecologically important

traitsbeing funnelled dowrnepeatablgathways.
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Fig. 1. Reconstruction of the evolutionary origin of venom spitting and comparative

analysis of venom composition(A) Multilocus-derived multispecies coalescent species tree,
pruned to display the taxa whose venoms were analyzed in this study. Node suppmatsdnd

by colored circles, representing Bayesian posterior probabilities: black = 1.00, grey >0.90, white
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>0.70. Purple node labels indicate estimated divergence times (see Fig. S14 for credibility
intervals). Spitting species are highlighted by red tiqels, and the three independent origins of
venom spitting are indicated by the fiedxed spitting images. Pie charts adjacent to tip labels
represent proteomic toxin composition of each species as a percentage of totalByxins.
Principal Coordinate Angbis (PCoA) of cobraNaja spp.) and rinkhalsH{. haemachatys

venom toxins reveal major distinctions between spitting anespdting lineages. Asterisk
highlights the Asian spitting speciBis philippinensiswhich exhibits greater similarity to nen
spitting species than to its nearest relatives. Note each species is represented by two, typically
overlapping, data points, which represent technical proteomic duplicates. (C) PCoA of cobra
(Najaspp.) and rinkhalsH. haemachatysytotoxic threefinger toxns (CTXs) derived from
top-down venom proteomics reveals that the most abundant CTXs detected in venom exhibit
little sequence diversity among spitting and 1spitting lineages. Circle sizes reflect relative
abundances of CTXs detected.
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shows a significant association between increased potency and venom Sp@it®) ( =-4.48,
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neurons in the presence or absence of a correspondingf@cfion (added 1 min prior),

neuronal activation (i.ea rapid increase in [G§i) monitored, and data presented as mean *
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SEM of the resulting proportion of viable cells fron82ndependent experiments. Statistical
comparisons were performed using unpaired paranteggts; *, p < 0.05; **, p < 0.01. (Ojhe

PLA: inhibitor varespladib reduces neuronal activation stimulated by spitting cobra venoms.
Calcium influx in F11 cells was measured on a FLIPR instrument incubated in the presence of
venom from spitting species (2.4 ug or 4.8 ug [in the case bemachatusndN.

philippinensi$ venom) and in the presence or absence of varespladib (13 uM). The data
displayed represents the percentage of venom only cell activation stimulated by treatment with
venom and varespladib. Error bars represent SEM and libkmas median values.
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abundance, expressed as percentage of all toxins in venom proteomes, revealed a significant
association with venom spitting (PGLS;s 4.24, p = 0.0007Colored branches are scaled
according to PLAabundance (blue, low abundance; red, high abundanés),dr empty

circles at nodes/tips represent estimated ancestral states-gpittamy or spitting, respectively,
and colored tip labels correspond to the different lineaggsAricestral state estimation of
enzymatic PLA activity, expressed as areaden the curve of concentration curves (AUCC)
from kineticin vitro colorimetric assay, revealed a significant association with venom spitting
(PGLS,t = 2.24, p = 0.04). Colored branches are scaled according todeti®ity (blue, low
activity; red, highactivity). Labels as in (A) and see Fig. S12 for Rl&tivity concentration
curves. C) Principal Coordinate Analysis (PCoA) of cobMNafa spp.) and rinkhalgH.
haemachatuysPLA: toxins derived from toglown venom proteomics reveals major variation
between African spitting and nespitting lineages, but little variation between Asian cobras.
Note the convergent placementiiémachatu® LA toxins with those of African spitting
cobras. Circle sizes reflect relative abundances of:@datected in the venoproteomes.
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Materials and Methods

Ethical approvals

Snakes held in the Hepetarium of the Liverpool Schoolropital Medicine were maintained in

a temperature, humidity and ligbontrolled environment, and this facility and its protocols for
expert animahusbandry is inspected and approved by the UK Home Office and the LSTM
Animal Welfare and EthicaReview Board. Murine venom median lethal dose experiments were
undertaken using protocols approved by the Institutional Committee for the Care and Use of
Laboratory Animals (CICUA) of the University of Costa Rica (approval number CICUB832
Sensory neon experiments involving the use of dissected mouse tissue were performed under
approval granted by The University of Queensl
chorioallantoic membrane assay was performediceased establishment for theekding and

use of experimental animals (Leiden University) and subject to internal regulations and
guidelines, stating that advice is taken from the animal welfare body to minimise suffering for all
experimental animalg.oxicology testing omon-seli-feeding developmental stagesnot

considered an animal experiment under the Experiments on Animals Act, the applicable
legislation in the Netherlands in accordance with the European guidelines (EU directive no.

2010/63/EU) regarding the protection of anismased for scientific purposes.

Venoms and venom glands

Venoms from cobras and related species were pooled frorrcaiight or captive bred (CB)
specimens maintained in the Liverpool School of Tropical Medicine Herpetarium. Crude venoms
were lyophilized pstextraction and stored at 4°C until analysis. For venom gland

transcriptomics, single specimens from each species were euthanized three days after venom
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extraction via an overdose of Pentoject (pentobarbital sodium), and dissected venom glands were
immediately flash frozen in liquid nitrogen and stored cryogenically until use. Details of the

specimens used in this study are displayed in Table S8.

Species tree reconstruction
We reconstructed the phylogenetic relationships and divergence times of 46 species of cobra and
related elapid taxa, representing almost all speciéa and cobreclade elapids under a
multispecies coalescent model. This analysis was based on DNAnseqlgnments of six
genetic loci: mitochondrial DNA (partial CytB and ND4 gene sequences); and the phased partial
exon sequences of the nuclear genes CMOS, NT3, PRLR, UBN1 and RAGL. Briefly, we
obtained blood samples, ventral scale clips, shed skinther tissue in the field or from captive
collections. Whole genomic DNA was extracted using a Qiagen DNédsssue Kit (catalogue
no. 69506 www. qi agen. com), foll owing the manufactu
samples, where PBS bufferwasneteed and 200 ¢-EDTA buffdswas addedion Tr i
20 €L proteinase K. Where shed skins were use
was carried out in 15 €L volumes, using Therm
sequences and thermating parameters are given in Table S9. Sanger dideoxy sequencing was
carried out by Macrogen (dna.macrogen.com), using the forward primer for mitochondrial genes
and forward and reverse primers for nuclear loci.

Sequences were checked, trimmed, transliatedamino acid sequences and checked for
unexpected indels or nesense codons in CodonCode Aligner version 3.7.1

(www.codoncode.coin In nuclear locus sequences, heterozygous positions were replaced with

the IUPAC uncertainty codes. The alleles of length heterozygotes were reconstructed using the
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online tool Indelligent 1.2H{ttp://dmitriev.speciesfile.org/indel.as(82). Individual allele

sequences (haplpes) were then estimated from diploid nuclear loci using the software PHASE
v. 2.1.1(33, 34) over 5000 iterations with a buin of 500 and a thinning interval of 10, after
preparation of the sequence data using SEQPHASEPHASE was run three timés confirm
burrrin and convergence across multiple runs. PHASE was run separately by genus, or, in the
case ofNajaby subgenus.

Details of the final DNA sequence alignments were as follows: mitochondrial DNA,
1,316 bp, 281 sequences; CMOS, 628 bp, 206esexps; NT3, 657 bp, 340 sequences; PRLR,
551 bp, 456 sequences; UBNL1, 504 bp, 414 sequences; RAG1, 879 bp, 281 sequences. Sample
details and accession numbers are shown in Table S7. For phylogenetic reconstruction, we used a
multispecies coalescent modwhployed in *BEAST in BEAST v.1.8.86). Our approach was
to initially generate a species tree for the entire set of 46 taxa, including virtually all cobras and
cobralike elapids, and then to extract the tree of the focal 17 species from that tree. The
multispecies coalescent model implementetBEAST coestimates individual gene (locus)
trees embedded within the overall species tree while accounting for incomplete lineage sorting. It
requires prior assignment of sequences to species, and that each of these taxa be represented by
at least onsequence of each locus. leked CMOS and RAG 1 sequencesdertaintaxa(N.
christyiandN. sputatriy,s o a si ngle Adummyo sequence coOonsi S
of these taxa into the respective alignments in order to initiate the analysis.

Preliminary *BEAST runs using node calibrations based on the fossil record to estimate
divergence times on an unconstrained species tree failed to converge, indicating
overparameterisation. To overcome this, we adopted st@wapproach. First, an unbaated

analysis was carried out estimating the topology of the species tree with the substitution rate of
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the mitochondrial alignment fixed at an arbitrary value and the substitution rate of the other gene
alignments estimated relative to it. Then, alalied analysis was carried out to estimate
divergence times by applying internal node calibrations based on the fossil record, with the
monophyly of all species tree nodes that were well supported in the uncalibrated analysis
(posterior probability > 0.9constrained.

For the uncalibrated analysis, the precise model specification was determined by trialing
more complex models initially, and then incrementally reducing model complexity (in terms of
the number of free parameters) in order to achieve coeneeg A Yule process was specified
for the species tree with a piecewise constant population size model. A single GTR+G nucleotide
substitution model with empirical base frequencies was specified for nuclear DNA, by linking
the substitution model partitigrof the respective five nuclear gene alignments. A separate
GTR+G nucleotide substitution model with estimated base frequencies was specified for the
mitochondrial alignment. A separate, unlinked strict molecular clock model was specified for
each locusThe substitution rate of the mitochondrial locus was arbitrarily fixed to 1, and the
substitution rates of the five nuclear loci estimated relative to it by assigning uninformative,
uniform priors between 0 and 1. It was necessary to run the MCMC chdiarfdreds of
millions of generations, sampling every 1,000 generations, to achieve burn in and adequate
sampling of parameters. This was run until t
reached, at which time all parameters had burned iraelm@ved effective sample sizes > 200,
except fomtDNA gene tree root height and the species tree root hevgltth were > 170,
assessed using the program Trg8&). Trees sampled during burn in were removed, and the

posterior sample of trees downsdeatpto approximately 50,000 trees using the program
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LogCombiner(36). The maximum clade credibility tree was then selected from these ~50,000
trees, with node heights centered on the median of the subsample, using TreeA(B®)tator

We additionally invesgated the sensitivitgf our phylogenetic analysis to potential
undersampling of nuclear loci using a jackknife resampling approach. This involved five
replicated BEAST runs, each omitting one of the five nuclear loci, respectively. Other model
specificaions were as described above for the uncalibrated analysis. Each analysis ran for ~1
billion MCMC generations, sampling every 10,000 generations. All parameters of all runs were
checked for convergence and adequate sampling using Tracer (all ESS > 2Q0reC
selection and annotation were as described for the uncalibrated analysis. Each jackknife replicate
returned an almost identical MCC species tree topolsgg Data S1 The only variable
elements were the relationship between the aja subgeneraand the position dflaja nivea
within the subgenuBraeus Critically, in none of these treegldhe inferred number of origins
for spitting behaviouand morphological adaptationkange. We therefore conclubkhat the
principal findings of our phylognetic analysis would remafanctionally unchanged if
additional nuclear loci were included.

For thetime-calibrated analysis, the model specification was identical except the
monophyly of species tree nodes that were well supported imttaibrated analysis were
enforced, and node calibrations based on the fossil record were used to estimate divergence
timings. These wereneexponential prior with a 0.0MY mean and 17.MY offset on the
MRCA of Naja, HemachatugndPseudohajewhich efectively fixed the age of this node at 17
MYA (38); since fossil calibrations constrain the minimum but not the maximum age of a node,
this represents the youngest plausible age of this node. We also applied a uniform prior between

0 and 10MY on the MRCAof the Australian gener@xyuranusandPseudechiseffectively
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placing a maximum divergence time on these genera bYIA (38). The substitution rate of

the mitochondrial locus was estimated based on these calibrations within an uninformative,
uniform piior between 0 and 2% per million years. The substitution rates of the nuclear loci were
estimated using uninformative uniform priors between 0 and 1.5% per million years. The
MCMC chain was run for sufficient length to achieve burn in and effective sauple> 200

for all parameters. The maximum clade credibility tree was obtained as described above. We
then pruned taxa not included in venom analyses from the tree while retaining the original node
ages, and used this tree for all subsequent analliseancalibrated and calibrated species trees,

as well as the trees resulting from the jackknife analyses, are shown in Data S1.

Venom gland transcriptomics

Dissected venom glands were homogediusing a pestle and mortar, before RNA was extracted
using theTRIzol Plus RNA Purification kit. RNA samples were then DNAse treated and mRNA
selected for using the Dynabeads mRNA DIRECT purification kit protocol (Life Technologies).
The RNASeq libraries were generated from 50 ng of each enriched sample usingSee Tr
Stranded mMRNA HT Sample Prep Kit (Illumina). As per the Illumina cBot User guide protocal,
samples were then denatured and loaded at a concentration of 10 pM, and sequencing was
carried out on multiple lanes (six samples multiplexed per lane) ofuamnia MiSeq with 2 x

250 bp paireeend sequencing (Centre for Genomic Research, University of Liverpool). The
resulting reads were quality (plr36 40 andtleed usi ng
assembled into contigs using the transcriptome dsggmogram VTBbuilde41). The

following parameters were used for assembly: minimum transcript length 150 bp, minimum read

length 150 bpminimumisoform similarity 96%As part of this process, the VTBuilder
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algorithm performs normalized read mappin@m@ach on the assembled contigs to generate

relative transcript expression data, which is expressed for each contig as a percentage of the total
transcriptome expressigal). The resulting assembled contigs were then converted into six

frame translationgp provide amino acid databases for later protein spectrum matching.
Assembled DNA contigs were also annotated with BLAST2GO Pi@d23using a BLASTX

algorithm and a threshold of -Beagainst the NCBI neredundant protein database (GenBank
release 219Manual curation oBLAST2GOannotationsvereundertaken using tHBLASTX
annotation®n all contigs with expressidavelsof 0.1%of the transcriptomer higher. Based

on these annotations, contigs were classified into tqimse showing homology with known

snake venom toxins previously identified in the literatune}yt o x i ns or oO6unknowno
BLAST annotatioror only hypothetical matches wedetected. Toxins were further classified

by toxin family and thecontigsof all toxin families with >1% expression in at least cobra

species wersubjected to downstream analysisMEGA v7 (43). As a quality control step,

contigs were removed from thedatasets if any of the following conditions were not met: i)
sequence length was less tH&® bp ii) 50% or more of the sequence did not match the target

toxin in a BLASTXx search, iii) the first 50% of the sequence was interrupted by a stop codon,
indicatingthe presence of a pseudogenenisassembly, or iv) the sequence was made up of two
exonic regions interspersed by an intron, indicating genomic DNA contamination. For some
sequences, it was apparent t theasemblypnodessac |l ust er
common by product of assembling isoform rich gene @&tgp but more desirable than the

alternative scenario of frequently producing chimeric contigs. To reulviessue contigswere

merged if &50 bp overlap resulted #¥O8% similaity. Sequences were then trimmed to the
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open reading frame and aligned usihgMUSCLE algorithm(449i n MEGAGs ami no

space, before the alignments were visually inspected for errors, and edited manually if required.

Top-down venom proteomics

Denatuing top-down proteomicexperiments were performed as described in previous papers

(45, 46). In short, venom samples were dissolved in ultrapure water to a final concentration of 10
mg/mL, and centrifuged at 12,000 x g for 5 min. For reduction of disulfide bonds, 10 pL of
dissolved venom was mixed with 10 pL of 0.5 M tris@boxyethyl) phosphe (TCEP), and 30

uL of 0.1 M citrate buffer (pH 3). After 30 min incubation at 65 °C, samples were mixed with 50
uL of acetonitrile/formic acid/kD (10:1:89, v/v/v) and centrifuged at 12,000 x g for 5 min.

After centrifugation, 5 pL of supernatant of regd samples were injected for IMS/MS

analyses. LEMS/MS experiments of two technical replicates were carried out on a Vanquish
ultra-high-performance liquid chromatography (UHPLC) system coupled teExdgtive hybrid
guadrupole orbital ion trap (Thernkisher Scientific, Bremen, Germany). LC separation was
performed on a Supelco Discovery Biowide C18 column (300A pore size, 2 x 150 mm column
size, 3 um particle size) at a temperature of 30 °C. A flow rate of 0.5 mL/min was used and the
samples were elutewith a gradient of water with 0.1% formic acid (FA) (solution A) and 0.1%

FA in acetonitrile (ACN) (solution B). Gradient elution started with an isocratic phase with 5% B
for 0.5 min, followed by a linear increase to 40% B for 50 min, and0%8 B for ® min.

Finally, the column was washed with 70% B for 5 min andqailibrated at 5% B for 5 min.

ESI settings of the mass spectrometer were adjusted to 53 L/min sheath gas, 18 L/min auxiliary
gas, spray voltage 3.5 kV, capillary voltage 63 V, S lens R#l B0 V, and capillary

temperature 350 °C. MS/MS spectra were obtained in data dependent acquisition (DDA) mode.
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Mass spectra were acquired with 1 micro scan and 1000 ms maxitregd @l time. AGC

targets were set to 1E6 for MS1 full scans and to EMIS/MS scans. Both, the survey scan

and data dependent MS/MS scans were performed with a mass resolution (R) of 140,000 (at m/z
200). For MS/MS, the three most abundant ions of the survey scan with known charge were
selected for Higheenergy Ctrap dissciation (HCD) at the apex of a peak within 2 to 15 s from
their first occurrence. Normalized collision energy was stepwise increased from 25% to 30% to
35%. The default charge state was set to z = 6, and the activation time to 30 ms. The mass
window forprecursor ion selection was set to 3 m/z. A window of 3 m/z was set for dynamic
exclusion within 3G. lon species with unassigned charge states as well as isotope peaks were
excluded from MS/MS experiments.

For data analysis, L&IS/MS .raw files were carerted to .mzXML file format using
MSconvert of the ProteoWizard package (version 3.065.85). Extracted ion chromatograms
(XICs) of intact proteins were generated of deconvoluted of multiple charged spectra with
XTRACT of the Xcalibur Qual Browser versié2 (Thermo, Bremen, Germany). XICs of
monaisotopic deconvoluted L®AS runs were performed with MZmine 2 (version 2.2). A
1.0E4 signal intensity threshold was used. The mass alignment for the creation of XICs was
performed with a minimum peak width of 830and 3.0E4 peak height. Mass tolerance was set to
10 ppm. For chromatographic deconvolution, the baseline cutoff algorithm with 1.0E4 signal
threshold was used. Maximum peak width was set to 10 min. Feature alignment was performed
with 10 ppm mass accuwgand 0.5 min retention time tolerance. For protein spectrum matching,
multiple charged MS/MS spectra were then deconvoluted usin@&t®nv (version
0.8.0.7370). The maximum charge was set to 30, maximum mass was set to 50,00@-signal

noise thresholavas set to 2, and m/z tolerance was set to 10 ppm. Protein spectrum matching
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was performed using TopPI@t{p://proteomics.informatics.iupui.edu/software/topp{d/7)

(version 1.1.0pgainst the corresponding venom gland transcriptomic derived protein sequence
database as well as all protein sequences from members of theNggamabtained from the

NCBI protein database (Nov 2017), containing a total of 1,764 sequences. The stdrabeda

also contained 116 protein sequences of known typical contaminants from the common
Repository of Adventitious Proteins, (CRAP). TopPIC mass error tolerance was set to 10 ppm
and a 1% false discovery rate (FDR, targetoy) cutoff was used. The mawal allowed
unexpected PTMs were set to one. Pairing of MS/MS derived protein ID from TopPic with MS1
XICs was performed by mass matching with ahause R script available as a jupyter notebook

at https://github.com/DorresteinLaboratory/match tables by exact. faiseelative

guantification, area under the curve of XICs was normalized to total ion current EEEDdta
S2 and Fig. S2 Amino acid sequences of proteiner& converted to FASTA format and
imported into MEGA v743) for alignment. Proteins were merged if found to be identical using

MEGAOGs pairwise distance measurement .

Data analyses

Ancestral states for spitting (vs nspitting) were estimated over theespes tree using the

rerootingmet hod functi on of (48h AfterRogfkelibdod(goglikii phyt ool s
comparison of the all rates different (ARD), equal rates (ER) and symmetric rates (SYM)

models, both ER and SYM (which had equal dlikgvalues)were used to plot these discrete

traits over the tree, with both resulting in visualigntical plots. Ancestral states for all

continuous characters were also estimated via maximum likelihood on a pruned version of this

species tree, using the contmapdtion of the phytools package under default settifggest
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for statistical support for differences between spitting andspitting cobras and the influences

of geography at the proteomic and functional levels, we usqahfiegenetic Generalized Least

Squares (PGLS) approach using the Qdlsctionof thefi ¢ a g48)mpackage in RStudi(b0),

with the formula set as ([toxin characteristic, e.g. PaBundance] ~ grouping [spitter or ron
spitter]) and uamhd&eétehobdo i MA rontineyspeeies trege r e p
pruned to those species whose venom was analysed in this study. To test for the clustering of
spitting and nosspitting lineages based on the amino acid sequences of toxin proteins, we used
Principal Coordinate Analysis (PCoA). To do this, a pairwise distance matrix was firstly

conducted on the toxin amino acid sequences using the JTT +baséxi model51) in MEGA

v.7. The rate variation among sites was modelled with a gamma distribution (siapefer =

0.8657) for PLAs and uniform rates for CTXs. A Euclidean dissimilarity matrix was generated
from each of these matrices using tB®aendDai sy ()
was followed by applying classical multidimensional scatmthe matrix using the cmdscale()

function in R Studio.

Phylogeneticanalyses

Phylogenetic analysis of thrdimger toxin(3FTX) gene family was conducted using Bayesian
inference on the aligned sequences derived from the venom gland transcriptonsésicion

of an initial 3FTX tree also used representative sequencesAspitdelaps scutatus intermedius
(40), Bungarus flavicep&3), Bungarus multicinctugs4), Dendroaspispp.(11), Micrurus
fulvius (55) andOphiophagus hannatb6, 57) for phylogenetic context, and a ntoxic Python
regius3FTX sequencé€s8) was used as the outgroup for rooting the tree. The final DNA

alignment consisted of 56,781 bp with 285 sequences from 28 taxa.
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Construction of a PLAgene tree was also performiada similar fashion, using a DNA
alignment containing toxin PLAsequences sourced frokspidelaps scutatus intermedii4),
Bungarus caeruleu9, 60), Bungarus candidugl), Bungarus fasciatu62), Bungarus
flaviceps(53, 61), Bungarus multicintus (63, 64), Micrurus alirostris (65), Micrurus corallinus
(66), Micrurus fulvius(55), Micrurus laticollaris (67), Micrurus tener(68) andOphiophagus
hannah(57, 69, 70), and nortoxin PLA; sequences froRython bivittatug71) andAnolis
carolinensig72), with the latter used to root the tr@e final DNA alignment consisted 86
sequenceffom 29 taxa representing 35,26&.

The selectedmodef or nucl eoti de sequa@the3dTXeando! ut i on,
ATIM3+Go f or takaset, Werddtermined by jModelTest v2.1.6 based on the Akaike
Information Criterion(73, 74). Subsequently, Bayesian inference phylogenetic analysis was
performed using MrBayes v3.2(85) on the CIPRES Science Gatew@¥). The analyss used
four simultaneous runs with four chains (three hot, one cold) for 19gégferations, sampling
every 500th cycle from the chain and using default settings for priors:iBwas set at 25%;
trees generated prior to this point were discarded, and a consensims®acted from the
remaining 75%.

From the resulting initial 3FTX tree, a strongly supported CTX clade was identified via
BLASTXx searches on individual sequences and a separateg@amdCT X specific
phlyogenetianalysis was also performed to expltre evolutionary history of CTXs sequences
in elapids. In addition to the CTXs identified in the original analysis, this second dataset included
CTX sequences fro@phiophagus hannafb6, 57) and used the ne@TX 3FTX from
Bungarus flavicepgGU190795.1)53) as the outgroup for rooting. The resulting DNA

alignment consisted of 18,098 bp with 80 sequences from 17amdphylogenetic analys was
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performed as described above, except wusing t
substitutionidentified byjModelTest. The8FTX sequence alignmert displayed inDataS3 and

the CTX sequence alignment displayed in D&tawith the resulting phylogeny of the CTX

specific analysis is displayed in Fig3.9 he PLA sequence alignment is displayed in Data S5

andthe resulting phylogeny in Fig. S13B.

Venom cytotoxicity via hen's egg testhorioallantoic membrane (HET-CAM) assay

Lyophilized venom(Table S10was dissolved in sterile, deionized water to make a stock
solution. The protein concentration was determined using a NanoDrop 1000 UV/Vis
Spectrophotometer (Thermo Fisher Scientific, Bleiswijk, the Netherlands) at an absorbance of

280 nm. The stock solutiowassnagf r ozen using | iquid nitrogen

h

a

use. Just before the experiment the venom was

Cat. H9394, Sigma Aldrich, Zwijndrecht, the Netherlands) to a final total protein doatem
ofimg/mLUni ncubated hends g koosdrechtB.V.qUodsdrechi,e d f r
the Netherlands)T'he eggs were incubated in a horizontal position at 38°C on stationary shelves

in a humidified incubator for 10 daySollowing incubationeggs were candled and placed

vertically with the blunt end upwards.ole in theeggshelloverlying the air sawas made with

No. 3 wa tfachpsbh& shell mémbrane was moistened with 200 uL HBSS, and then
punctured and carefully peeledawayudhg. 5 wat chmaker sé forceps
chorioallantoic membrane (CAM) below. Excess HBSS was pipetted away. Venom or control
solution (100 pL) was then pipetted onto the CAM and a timer started. Any hyperaemia,
haemorrhage and/or coagulation was docusteatver a 5 min period. Photographs were taken

at 15 s intervals for sergjuantitative analysis. Each venom and control sample was tested in
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triplicate technical replicatessing three different eggs) in a sindgitnded and randomized

manner to avoid b& The positive controls were 1% sodium dodecyl sulphate (Carl Roth,

Karlsruhe, Germany) and 1 mg/mL of capsaicin (Sigma Aldrich, Zwijndrecht, the Netherlands),

both known eyarritants; and 10 mg/mL of histamine (Sigma Aldrich, Zwijndrecht, the

Netherlangd), a potent vasodilator. The negative control was HBSS. A-gaanrititative analysis

was performed using the resulting photographs, where the severity of any hyperaemia,
haemorrhage and/ or coagulation was manually scored at 0.5, 2.0 and 5.0 min usiethtte

developed by Luepk€’7) (Tables S3, Si The average score of three replicates was taken and

the cumul ative score was matched with the cor

developed77) (Table ).

Calcium imaging on mouse sensory ngons

Trigeminal ganglia (TG) or dorsal root ganglia (DRG) frovf week old male C57BL/6 mice

(Animal Resource Centre, WA, Australiajere dissociated and plated in DMEM (Gibco, MD,

USA) containing 10% fetal bovine serum (FBS) (Assaymatrix, VIC, Ausiraind

penicillin/streptomycin (Gibco, MD, USA) on a 96ell poly-D-lysine-coated culture plate

(Corning, ME, USA) and maintained overnight. Cells were loaded with-4l&d calcium

Il ndi cator, according to the mantcfMACUSA)r er 6s i n
After loading (1 h),thedye ont ai ni ng sol ution was replaced w
balanced salt solution, 20 mM HEPES). Images were acquired at 20x objective at 1 frame per

second (excitation 48%m, emission 521 nm). Fluoreswe corresponding to [€9; of 100 150

cells per experiment was monitored in parallel using an Nikel Deconvolution inverted
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microscope, equipped with a Lumencor Spectra LED Lightsource. Baseline fluorescence was
monitored for 30 s. At 30 s, assayodn was replaced with venom (100 ng/pL in assay
solution) or venom fractions (estimated equivalent of amount for 100 ng/pL whole venom, in

assay solution) and monitored for an additional 2 min.

FLIPR assays of F11 cells

F11 (Neuroblastom¥ dorsal rootganglion (DRG) neuron hybrid) cellsatalog #08062601,

European Collection of Authenticated Cell Cultures [ECAG@)e cultured as previously

described78). Briefly, cells were maintained on Hami
fetal bovine serum, IDUM hypoxanthine, 0.4 uM aminopterin, and 16 puM thymidine (Hybri

MaxTM, Sigma Aldrich). A 384well imaging plate (Corning, Lowell, MA, USA) was seeded 48

h prior to calcium imaging resulting in 9095% confluence at imaging. Cells were incubated for

30 mn with Calcium 4 assay component®Ac cor di ng t o manufactureros
Devices, Sunnyvale, CA) in physiological salt solution (PSS; composition in mM: 140 NacCl,

11.5 Dglucose, 5.9 KCI, 1.4 Mg@l 1.2 NaHPQy, 5 NaHCQ, 1.8 CaCl, 10 HEPES) at 37°C.

C&* responses were measured using a FLIPRTETRA fluorescent plate reader equipped with a

CCD camera (Ex: 472890 nm, Em: 515%75 nM) (Molecular Devices, Sunnyvale, CA). Signals

were read every second for 10 s before, and 300 s after the@additrude venoms (final

concentration range: 1i3333 ng/uL) in PSS supplemented with 0.1% bovine serum albumin.

All data represent the mean + standard error of the mean (SEM) of a representative assay in
triplicate unless otherwise stated. The meaarflacence changes during venom addition was

compared to a control solution addition, (0.1% BSA in PSS). The resulting maxmmimum
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florescence in the 300 s period after venom was added was recorded as the response. A four

parameter Hill equation (Variédslope, twesite) was fitted using Graphpad Prism8.

Venom fractionation and bottom-up sequencing

To identify the venom constituents responsible for sensory neuron activation, 500 ug of venoms

from N. siamensisN. nigricollisandH. haemachatusiere each separated on a Phenomenex

Gemini NX-C18 column (250 x 4.6 mm, 3 pm particle size, 110 A pore size) using a gradient of

15/ 45% solvent B (90% ACN, 0.05% TFA) over 30 min at a flow rate of 1 mlInfnactions

were collected on the basf absorbance at 214 nm. Fractions were dried by vacuum

concentration and each resuspended in 50 pL pure water from which 1 pL aliquots were used for
calcium imaging experiments (diluted in 100 pL assay solution). Bettprproteomics was

used to confim the identity of the major component/s of each fraction. 20 pL of each

resuspended fraction was dried by vacuum centrifugation. Each sample was reduced and

alkylated with reagents in gas phase according to the protocol dedayibkede et al(79).
Redudion/alkylation reagent (50% 0.1 M ammonium carbonate, 48.75% ACN, 0.25%
triethylphosphine, 1%-ibdoethanol (by volume)) was placed in the cap of each inverted tube

and incubated at 3TC for 60min. Reduced and alkylated fractions were then digested by

incubating with 20 ng/pL trypsin overnightatB7C according to the manuf :
(SigmaAldrich, MO, USA). Trypsin digestion was quenched by addition of FA to a final

concentration of 0.5%. Each sample was then separated on a ShimadzNéeeaan uHPLC

with an Agilent Zorbaxstable ond C18 column (2.1 mm I 100 mm,
pore size), using a fl ow 748% slveatB (92 ® ACNg L 1Pomi n a

FA) in 0.1% FA over 30 min and analyzed on an AB S&@&80 TripleTOF mass spectrometer.

37



MS survey scans were acquired ati3I800 m/z over 250 ms, and the 20 most intense ions with
a charge of +2 to +5 and an intensity of at least 120 counts were selected for MS/MS. The unit
mass precursor ion inclusion wingdaenass + 0.7 Da, and isotopes within £2 Da were excluded
from MS/MS, with scans acquired ati8200 m/z over 100 ms and optimized for high

resolution. Using ProteinPilot version 4.0 (ABSciex), MS/MS spectra were searched against a
database of the toxin seences (translated ope@ading frames) derived from the corresponding

venom gland transcriptomes.

Phospholipase A assay

We charactered the enzymatic PLAactivity of each venom using a recently described
colorimetric assay80). A PLAzreaction solutbn was made using 49.5 pM Cresol red dye, 0.875
mM Triton X-1007 M, and 1 mL of 5x Salt Mix (ImM Tris base pH 8.5, 50 sodium

chloride, 500nM potassium chloride and $0OM calcium chloride). The pH of the reaction
solution was checked using a pH strimlaorrected (if necessary) withvLsodium hydroxide.

To this solution 168.25Ipof the substrate -phosphatidylcholine; stock concentration 26

mM, SIGMA Life Sciences) was added. Venom samples were prepared in tenfold dilutiens (0.1
100 pg/nL) of Tris buffer (pH 8.5), with 10 L pipetted into the wells of a Greiner B@ne

clear 384well microplate at volumes in quadruplicdtechnical replicateg)sing a 230V

Multidrop 384 (Labsystems), with control wells containing Tris buffer only. The plasetiven
overlaid with 40 |L of reaction solution in each well and read kinetically on a FLUOstar Omega
(BMG LABTECH) spectrophotometer at 572 nm over 42 cycles (~46 s/cycle)°a.25
Concentration curves were generated for each venom by plotting the amgeot AUC of

absorbance at 5##n, minus the mean area under the curve (AUC) for readings at each venom
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concentration, using the values from the run period0® tnin (Fig. S2). The resulting mean

area under the concentration curves (AUCC) were usexbfoparisons.

Venom median lethal doses (LEy)

We calculated the lethal dose 50 @gPof each of the venoms using a previously established
murine model of venom lethalif{81). Mixed sexCD-1 mice (1820 g Animal Colony of

Instituto Clodomiro Piacadd&;osta Ricawere randomly allocated into groups (n=5), with each
groupreceivung anintravenous (i.v.) injection, in the caudal vein, of various doses of each
venom (Table S5), dissolved in 0.1 mL of 0.12 M NacCl, 0.04 M phosphates, pH 7.2 (PBS).
Deaths wee recorded at 24 h and the doPas well as the 95% confidence limits, were estimated

by probitanalysis

Retesting statistical associations withN. atraand N. kaouthiarecoded as spitting species

While the Asian cobrall. atraandN. kaouthiahave beeltreated as nespitters throughout this

study, recent reports suggest that certain individuals/populations of these two species show some
spitting ability (18, 19). Consequently, we recoded these two species as spitting cobras and
repeated our statistical analyses. The result of these analyses revealed only minor differences in
statistical significancéor the various analyses, suggesting that the coding of thessperges

does not impact upon our conclusions. The results of these analyses are displayed in Table S6.

CT imaging of snake fangs
Fangs were scanned in pairs on a Nikon XTH225ST CT scanner at the University of Bristol. All

scans were performed onm@ating target with a tube voltage of K@ and beam current of 101
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e A wi &éxposure per projection with a total of 3141 projections in 360° at a resolution of
between 3.9 to 4.5 microns. The CT scan data were aligned, reconstructed and cropped to
generate individual tiff image stacks for each fang using VG Studio MAX (Volume Graphics
GmbH, Heidelberg, Germany). The tiff stacks were subsequently segmented to generate a 3D

model of each fang in Avizo 9 (FEI, Hillsboro, Oregon, USA)
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Supplementary Figures

spitting cobrg

V )

Fig. S1. The morphological adaptations associated with venom spittingA) MicroCT
visualizations of fangs from representative repitting (Naja niveg and spitting Naja nubiag
cobra species. Fangs are visedi from the anterior perspectig@gentral images) and rotated 45°
(outer images). Black and red arrows highlight the distinct ejection orifices egpitiimg and
spitting cobras, respectivel{B) Venom spitting displayed byMaja mossambic&dom Limpopo
Province, South Africa. Photagph by Wolfgang Wster.
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Fig. S2.Stacked bar charts representing tdlative abundances of toxin families detected in the
venom gland transcriptomes (top) and venom proteomes (bottom) of cobras and related species.
The transcriptome data presented represents the percentage of all veneemt¢oxiimg gene
expression detéed in each venom gland transcriptome based on normalized read mapping to
assembled contigs. The proteome data represents the percentage of all venom toxins detected in
each venom proteome based ondaopvn proteomic analyses and quantification via arekeun

the curve of gtracted ion chromatograniXICs) normalized to total ion current (TICjhe bars

are plotted over the phylogenetic tree of the species used in this study. Branches of the tree
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highlighted in red represent spitting lineagiste that theéranscriptomic and proteomic
abundances foh. scutatusre taken fronf40), and while the transcriptomic data is directly
comparable, the proteomic analyses used a different measure of quantification than that applied
for the remainder of the species @stigated in this study.
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Fig. S3.Bayesian inferencederived DNA phylogeny ofelapid three finger toxin cytotoxin
(CTX) sequences demonstrates that the vast majority are from cobra species (gehga).
Black-filled circles at each node represent Bage posterior probabilities of 1 and g+ied
circles represent values between 0.90 and T.@3. labels have been removed to aid
visualization. Colored branches represent-63iX 3FTX outgroups (blue) and CTXs found in:
the king cobraDphiophagus hamah(green) Aspidelaps scutatupurple), norspitting cobras
(orange), and spitting cobras (includiighaemachatyqred). No bona fide CTX sequences
were detected in the venom gland transcriptom&alterinnesia aegyptial he sequence
alignment used for tree construction is displayed in Data S4.
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