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Dynamic genetic differentiation drives the
widespread structural and functional
convergent evolution of snake venom
proteinaceous toxins
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Abstract

Background: The explosive radiation and diversification of the advanced snakes (superfamily Colubroidea) was
associated with changes in all aspects of the shared venom system. Morphological changes included the
partitioning of the mixed ancestral glands into two discrete glands devoted for production of venom or

mucous respectively, as well as changes in the location, size and structural elements of the venom-delivering teeth.
Evidence also exists for homology among venom gland toxins expressed across the advanced snakes. However,
despite the evolutionary novelty of snake venoms, in-depth toxin molecular evolutionary history reconstructions
have been mostly limited to those types present in only two front-fanged snake families, Elapidae and Viperidae. To
have a broader understanding of toxins shared among extant snakes, here we first sequenced the transcriptomes of
eight taxonomically diverse rear-fanged species and four key viperid species and analysed major toxin types shared
across the advanced snakes.

Results: Transcriptomes were constructed for the following families and species: Colubridae - Helicops leopardinus,
Heterodon nasicus, Rhabdophis subminiatus; Homalopsidae — Homalopsis buccata; Lamprophiidae - Malpolon
monspessulanus, Psammophis schokari, Psammophis subtaeniatus, Rhamphiophis oxyrhynchus; and Viperidae — Bitis
atropos, Pseudocerastes urarachnoides, Tropidolaeumus subannulatus, Vipera transcaucasiana. These sequences were
combined with those from available databases of other species in order to facilitate a robust reconstruction of the
molecular evolutionary history of the key toxin classes present in the venom of the last common ancestor of the
advanced snakes, and thus present across the full diversity of colubroid snake venoms. In addition to differential
rates of evolution in toxin classes between the snake lineages, these analyses revealed multiple instances of
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previously unknown instances of structural and functional convergences. Structural convergences included: the
evolution of new cysteines to form heteromeric complexes, such as within kunitz peptides (the beta-bungarotoxin
trait evolving on at least two occasions) and within SVYMP enzymes (the P-llld trait evolving on at least three
occasions); and the C-terminal tail evolving on two separate occasions within the C-type natriuretic peptides, to
create structural and functional analogues of the ANP/BNP tailed condition. Also shown was that the de novo
evolution of new post-translationally liberated toxin families within the natriuretic peptide gene propeptide region
occurred on at least five occasions, with novel functions ranging from induction of hypotension to post-synaptic
neurotoxicity. Functional convergences included the following: multiple occasions of SYMP neofunctionalised in
procoagulant venoms into activators of the clotting factors prothrombin and Factor X; multiple instances in
procoagulant venoms where kunitz peptides were neofunctionalised into inhibitors of the clot destroying enzyme
plasmin, thereby prolonging the half-life of the clots formed by the clotting activating enzymatic toxins; and
multiple occasions of kunitz peptides neofunctionalised into neurotoxins acting on presynaptic targets, including

twice just within Bungarus venoms.

Conclusions: We found novel convergences in both structural and functional evolution of snake toxins. These
results provide a detailed roadmap for future work to elucidate predator—prey evolutionary arms races, ascertain
differential clinical pathologies, as well as documenting rich biodiscovery resources for lead compounds in the drug

design and discovery pipeline.
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Background

Early snakes possessed mixed serous-mucous oral toxin
glands inherited from the last common ancestor of Toxi-
coferan reptiles [1]. Extant snakes have evolved a num-
ber of different gland morphologies from this ancestral
state [2, 3]. Some basal snakes such as Cylindrophis and
Eryx have glands which are primarily serous (protein se-
creting) tissue which produce appreciable quantities of
proteinaceous toxins (such as 3FTx with paralytic ef-
fects), with mucous secreting cells in the minority [3, 4].
In contrast, in the derived basal snake lineages which
have secondarily evolved powerful constriction as a
novel form of prey capture (boas and pythons), the
glands were switched to a primarily mucous-secreting
function in order to lubricate the large furred or feath-
ered prey and facilitate their ingestion [3]. However, in
these constricting snakes, trace levels of proteinaceous
toxins (such as 3FTx and lectins) are still secreted as evo-
lutionary relics [3]. These proteins are descended from
ancestral toxins and can be detected by SDS-PAGE
gel electrophoresis or via PCR amplification of the
encoding genes and remain sufficiently similar to
other snake toxins to produce false positives in
antibody-based snake venom detection kits [3, 5].

The explosive radiation of the advanced snakes (super-
family Colubroidea [6]) was associated with the parti-
tioning of the ancetral mixed glands into two discrete
glands, one devoted to venom production, the other for
mucous [2, 7]. The venom gland has subsequently
evolved into an extraordinary diversity of morphological
forms [2, 7, 8]. The venom systems of the lamprophiid

lineage (including the genera Atractaspis and Homorose-
laps), elapids, and viperids are homoplastic in that they
have convergently evolved hollow fangs linked via tube-
like ducts to the venom glands which are enclosed by
powerful compressor muscles to increase the speed and
efficiency of venom delivery. Similar compressor muscles
have also evolved in at least three other lineages (Bra-
chyophis revoili, Dispholidus typus, and Gonionotophis
capensis) without the additional refinement of syringe-
like venom-delivering dentition [2, 8].

Numerous morphological and developmental studies
have ascertained that the venom-producing glands of all
advanced snakes are homologous structures that develop
from the primordium at the posterior end of the dental
lamina [2, 7, 9-12]. Despite this demonstrated hom-
ology, the gland of rear-fanged snakes is often distin-
guished in the literature from that of front-fanged
snakes through the use of the term ‘Duvernoy’s gland’.
As noted previously [7], use of this term perpetuates a
historical mistake that was made in the original designa-
tion of the gland by Taub in 1967 [13]. At that time,
Taub agreed with earlier work that the post-orbital gland
of rear-fanged snakes produced venom, citing studies
from the early 1900s [4, 14], but considered the glands
of viperids and elapids to be non-homologous to each
other, and thus assumed the gland of the rear-fanged
snakes were also not homologous to elapids or viperids.
Crucially, the phrase ‘Duvernoy’s gland’” was not even
suggested to highlight this erroneous non-homology but
was simply suggested as a replacement for the name
‘parotid gland’ which was also occasionally assigned to
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this structure in rear-fanged snakes. It is now considered
well-established that the venom glands of all colubroid
snakes are homologous [2]. In fact, elapid and viperid
glands are more closely related to the glands of rear-
fanged snakes than they are to each other. Thus, the use
of the term ‘venom gland’ for the homologous glands of
all advanced snakes is the more appropriate than to refer
to a paraphyletic array of morphologies as ‘Duvernoy’s
glands’.

Just as the venom glands of advanced snakes are hom-
ologous, so are the venom-delivering teeth. Developmen-
tal uncoupling of the posterior sub-region of the tooth
forming epithelium facilitated evolution of a wide range
of highly modified posterior teeth, with tremendous di-
versity both in size and morphology [8, 15]. Enlarged
rear-fangs—which have evolved on a myriad of occa-
sions—and the three independent evolutions of hollow
front fangs, all evolved from the same posterior teeth
[12]. These teeth evolved to be farther forward in the
mouth of the three front-fanged lineages due to shorten-
ing of the maxillary bone and the loss of more anterior
teeth [12].

In a similar fashion to the homology of the morpho-
logical aspects of the venom system, modern evidence has
accumulated for the homology venom gland toxins
expressed across the advanced snakes. The discovery of
three-finger toxins (3FTx) for the first time outside of ela-
pid snakes [16] stimulated a phylogenetic analysis of all
known toxin types, revealing the non-monophyly of a
myriad of toxin types relative to the organismal relation-
ships [17]. Several toxin families were found to be shared
across all advanced snakes including 3FTx, acetylcholin-
esterase, C-type natriuretic peptides (CNP), kallikrein en-
zymes, hyaluronidase, kunitz, lectins, and snake venom
metalloproteases (SVMP). As the species and their venom
secretion and delivery system have diversified, so too have
the venom proteins themselves. Accelerated evolution and
rapid neofunctionalisation are common traits of snake
venom gene families [18—23]. These genes are often sub-
ject to duplication that is sometimes followed by func-
tional and structural diversification [24-27] and
accelerated rates of sequence evolution [28, 29]. This di-
versification is possibly a result of selection for the ability
to kill and digest different prey [30] or as part of a preda-
tor—prey arms race (e.g., [31, 32]).

Despite the evolutionary novelty of snake venom pro-
teins, a comprehensive reconstruction of the molecular
evolutionary history of major shared toxin types has not
been undertaken. This has been in part due to the rela-
tively low number of sequences available from rear-
fanged species. Elapid and viperid snake species have
been the focus of much more research because of their
medical importance [33, 34]. To carry out these broad
analyses, we obtained venom gland transcriptomes from

Page 3 of 31

eight rear-fanged species spanning the families Colubri-
dae subfamilies Dipsadinae (Helicops leopardinus, Het-
erodon  nasicus) and  Natricinae  (Rhabdophis
subminiatus), Homalopsidae (Homalopsis buccata), and
the Lamprophiidae subfamily Psammophiinae (Malpolon
monspessulanus, Psammophis schokari, Psammophis
subtaeniatus, and Rhamphiophis oxyrhynchus) as well as
four viperid species spanning that family’s phylogenetic
range (Bitis atropos, Pseudocerastes urarachnoides, Tro-
pidolaemus subannulatus, and Vipera transcaucasiana).
With these sequences, we were able to reconstruct the
molecular evolutionary history of major shared
toxin types and map their diversification patterns rela-
tive to the organismal relationships and functional
changes in the venom. This allows us to evaluate the
relative order of evolutionary events such as the diversi-
fication of Colubroidea, the partitioning of the venom
glands into discrete mucous and protein-secreting units,
diversifications in toxin families, and structural and
functional novelties in toxin sequences. Since most
Colubroid lineages possess the partitioned gland, parti-
tioning is assumed to have occurred in the common an-
cestor of the superfamily and some researchers suspect
that the specialization of this gland for venom produc-
tion is one of the underlying causes for the explosive di-
versification of these snakes [2, 7, 8]. We know little
about the toxins produced by these ancestral species,
but phylogenetic analyses can offer suggestive evidence
of when toxin duplication events may have occurred.
Ancient duplication events should result in toxin phy-
logenies where toxins that are descended from one copy
are more closely related to toxins descended from that
same copy in distantly related snakes (orthologs) than
they are to toxins descended from the other copy in the
same organism (paralogs). In other words, an ancient
gene duplication would lead to a toxin tree in which at
least two toxin clades resemble the taxonomic tree. Con-
versely, more recent expansions of a given toxin family
should lead to toxin clades that arose in, and are exclu-
sive to, a specific colubroid lineage.

Results

The annotation of the 10 assembled venom gland tran-
scriptomes recovered 23 toxin families (Additional File
4). Of these, the most conspicuous evidence for exten-
sive gene duplication and diversification was evident in
3FTx, CNP, CRiSP, kallikrein, lectin, and SVMP gene
families and thus in-depth analysis of their molecular
evolutionary history through sequence alignments, phy-
logenies, and signals of selection was undertaken. Signals
of selection analyses were designed to identify genes, re-
gions, or single amino acids diversifying under positive
selection or constrained by negative selection by calcu-
lating the ratio of nonsynonymous nucleotide
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substitutions (dN) with that of synonymous substitutions
(dS) (w = dN/dS), which can be used as an indicator of
selective pressure acting on a protein coding gene. @ > 1
implies positive selection (functional diversification),
whereas w < 1 implies purifying selection. Sites with
values near 1 are thought to evolve neutrally. We per-
formed a series of tests combining information from full
sequence and site-based and in order to determine the
most likely groups on which positive selection has been
operating.

To examine the patterns of selection operating in dif-
ferent toxin families, we used an overall measure of w
for full-length coding sequences or particular regions as
well as two independent site-specific analyses: Fast Un-
constrained Bayesian App Roximation (FUBAR) which
gauges the strength of consistent positive or negative se-
lection and Mixed Effects Model of Evolution (MEME)
which identifies individual sites that were subject to epi-
sodes of positive selection in the past [35-37]. The re-
sults of these site-specific tests can be visualised on the
3D protein structures to understand if particular regions
of the protein are under different selection regimes.

Three-finger toxins (3FTx)

The 3FTx family is one of the most abundantly secreted
non-enzymatic components in several snake families,
particularly colubrids and elapids [2, 16, 18, 21, 23, 38].
The ancestral activity of this toxin family is antagonistic
binding to the a-1 subunit of the post-synaptic nicotinic
acetylcholine receptor, resulting in flaccid paralysis [16,
38, 39]. The ancestral form is characterised by 10 cyste-
ines, with the 2nd and 3rd cysteines lost in the elapid-
specific forms [38]. The ancestral form has been referred
to by various terms. One is the erroneous ‘weak toxin’
designation which was coined due to their perceived low
levels of toxicity. This perception was due to the testing
upon mammalian targets, but these models were evolu-
tionarily misleading since the majority of the snakes that
secrete the ancestral type are rear-fanged species which
specialise on diapsids such as birds and lizards. Such
poor model choice even led to some rear-fanged species,
such as Boiga irregularis, being erroneously referred to
as non-venomous [40, 41]. Subsequent testing on bird
and lizard assay systems revealed these venoms to have
extremely taxon-selective potent toxicity [16, 42-45].
Another term often used for the basal-type 3FTx to dis-
tinguish them from the elapid-specific derived form that
lacks the 2nd and 3rd cysteines, is the ‘non-conventional’
designation [46]. As 'conventional' and 'non-conven-
tional' are evolutionarily meaningless terms, we prefer to
use the term ‘basal’ since this captures the evolutionary
history they share with the myriad of derived forms
present in elapid venoms.

Page 4 of 31

In some colubrids, a novel form of basal 3FTx includes
an insertion subsequent to the signal peptide that creates
a propeptide region and also an extension of N-terminus
the processed peptide (Fig. 1). There are two subtypes of
these extended toxins which both produce processed
peptides of similar length, but they differ in two import-
ant aspects. First is the length of the propeptide region,
which is 6-8 amino acids in the form restricted to the
Boiga genus, and 14 amino acids in the form widespread
across  colubrid venoms. Whether the post-
translationally cleaved propeptide region is secreted and
plays a role in the envenomation process—thus repre-
senting a new toxin class (as described for CNP and
SVMP below)—is a rich area for future research. A sec-
ond notable difference is that the longer form cleaves
before a glutamic acid. The first study to isolate a 3FTx
from a non-elapid venom revealed that this cleavage re-
sults in a pyroglutamic acid which unless enzymatically
cleaved impedes Edman degradation sequencing [16].
The ancestral form of the 3FTx gene has three exons,
and the N-terminal extension of the processed peptide
and the propeptide domain are coded by a newly
inserted exon [47]. Thus it is also notable that the forms
with this additional exon also have inserted residues be-
tween the second and third ancestral cysteine (Fig. 1). It
is also within the form with the longer extension that
the additional cysteine has evolved that forms one half
of the inter-chain disulphide bond of unique dimeric
forms convergently evolved in Boiga/Telescopus and Spi-
lotes/Trimorphodon (as described below) [21, 42, 43, 45].

The functional implications of the N-terminal exten-
sion of the processed peptide have not been elucidated,
but the extensive duplication of both extension forms
suggests that they have been fixed and amplified under
positive selection pressure. It is notable that the two
forms (short and long extension) do not form a mono-
phyletic group (red and vyellow clades in Fig. 1),
with non-extended sequences from Spilotes intervening.
This suggests two competing hypotheses: (1) short and
long extensions arose convergently, or (2) the Spilotes
sequences represent the secondary loss of a singl-
evolved extension. In light of the stark differences in the
amino acids making up the short versus long extension
forms (Fig. 1B), a convergent evolution of the N-
terminus extension seems more likely, which in turn in-
dicates a strong selective pressure in favour of this trait,
either in function of potency or selectivity.

With high posterior support values, our phylogenetic
analyses confirm previous results [45] which suggested
that the dimeric form of 3FTx evolved on multiple occa-
sions, with the Boiga A and B subunits more closely re-
lated to each other than they are to either the Spilotes A
or B subunits and vice versa (Fig. 1). If the complexes
had only evolved once we would expect the A subunits
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(See figure on previous page.)

Fig. 1 A Molecular phylogenetic reconstruction of 3FTx showing extensive duplication preceding organismal diversification combined with
lineage-specific duplication events. Grey shaded sequences represent the dimeric forms that have evolved convergently in Boiga and Spilotes.
Additional Files contain sequence alignment used for constructing phylogenetic tree (Additional file 1), tree output file (Additional file 2), and
zoomable high-resolution tree image (Additional file 3). RFS = rear-fanged snake. B Sequence alignment of representative basal-type 3FTx.
Ancestral cysteines are shaded in black. Newly derived dimeric inter-chain cysteines shaded in colour. Propeptide domain shaded in grey. Signal

peptide amino acids shown in lowercase

from both species to be more closely related to each
other than the B subunits. As the inter-chain cysteines
are located in the same positions for both, this suggests
structural constraints acting on the evolution of the
inter-chain disulphide bonds whereby there are extreme
limitations in geographical positions amendable to dimer
formation. In addition, for both the Boiga and Spilotes
forms, the B subunit is present in other genera from the
same geographic region and taxonomical subclade, Tele-
scopus for Boiga and Trimorphodon for Spilotes (Fig. 1).
This suggests that the B subunit evolved in the last com-
mon ancestor of Boiga and Telescopus and again

convergently in the last common ancestor of Spilotes
and Trimorphodon. The timing of convergent evolution
of the A subunit in each case remains to be elucidated
as while only Boiga or Spilotes sequences are available,
in-depth sequencing of related genera has not been
undertaken. Absence of evidence therefore cannot be
considered as evidence of absence. Thus, while the
current data suggests that the B subunit evolved earlier
in each case and that the convergent origins of an A
subunit happened more recently in Boiga and Spilotes,
this perception may change as more sequencing of more
species is undertaken. However, if the B-chain evolved

RFS with
short N-terminal extension

RFS with
long N-terminal extension

RFS without
N-terminal extension

non-Vipers &

B)

Elapid type

Viper type

RFS type

Viperidae

Fig. 2 Molecular modelling of showing sites under selection by FUBAR (left) and MEME (right) colour coded to show sites that are negatively
(blue and turquoise, resp), neutrally (white), or positively (red and purple resp.) selected. Protein models show front and back views coloured
according to FUBAR's estimated strength of selection (8-a, left) and MEME's significance levels (right). See Table 1 for values and Additional file 4
for modelling templates. A 3FTx, B CRiSP, C kallikrein
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Table 1 Molecular evolutionary rates
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Clade w FUBAR FUBAR MEME* FUBAR and MEME®
(S (+)°

3FTx (See Fig. 2A for modelling)

Elapidae 1.17 5 13 15 10

Rear-fanged snakes with short N-terminal extension* 1.51 2 8 12 7

Rear-fanged snakes with long N-terminal extension* 1.37 2 14 22 14

Rear-fanged snakes without N-terminal extension 1.30 8 20 27 19

Viperidae 238 2 15 15 10

CRIiSP (See Fig. 2B for modelling)

Elapidae-dominated clade 1.34 9 33 29 22

Viperidae clade 1.31 15 37 63 32

Rear-fanged snake dominated clade 1.25 36 35 52 32

Kallikrein (See Fig. 2C for modelling)

Non-viperids 0.70 26 11 11 6

Viperidae 1.01 73 73 100 67

Kunitz (See Fig. 9A for modelling)

Viperidae clade 0.96 1 8 8 4

Non-viperid clade 1.18 5 10 13 6

Neurotoxins 210 0 6 7 3

Dendrotoxins

Neurotoxins 1.23 15 25 30 22

Bungarotoxins

Plasmin inhibitors Daboia 0.80 1 0 2 0

Plasmin inhibitors Oxyuranus/ Pseudonaja 0.62 2 0 0 0

Lectin (See Fig. 9B for modelling)

Ancestral (monomeric) 0.72 44 14 31 14

Derived (dimeric) 0.97 6 16 21 10

Non-viperids excluding Helicops)

Derived (dimeric) 1.16 0 6 7 3

Helicops

Derived (dimeric) 140 23 54 60 49

Viperidae-alpha

Derived (dimeric) 127 17 45 54 38

Viperidae-beta

“Number of codons under negative selection according to FUBAR

PNumber of codons under positive selection according to FUBAR

“Number of codons under episodic diversifying selection according to MEME
4Number of codons that fit criteria ® and

*Propeptide region not included in rate of evolution calculations

before the A-chain, the free cysteines present in the B-
chains may allow the formation of B-chain homodimeric
toxins in the lineages that lack the A-chains.

The rates of evolution calculations showed all basal
3FTx forms to be evolving under positive selection and
with sites under selection (Fig. 2A and Table 1). It
should be noted that the apparent higher rate of overall
evolution of the viper sequences may be skewed due to
only a few sequences being available for this 60-million-
year-old clade. Thus, as more sequences become

available, it is hypothesised that the » value will be sig-
nificantly reduced.

C-type natriuretic peptides (CNP)

Natriuretic peptide toxins potently induce hypotension
by binding to receptors located on the endothelium,
thereby relaxing aortic smooth muscle [48]. Snake
venom natriuretic peptides were initially thought to ori-
ginate from two different recruitment events: an elapid
venom form with a C-terminal tail similar to the en-
dogenous ANP or BNP type, and a viper venom form
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Fig. 3 Molecular phylogenetic reconstruction of the C-type natriuretic peptide gene showing the convergent evolution of C-terminal tail not
present in the ancestral toxin, and the subsequent elapid-specific explosive duplication and diversification of this derived trait. Additional files
contain sequence alignment used for constructing phylogenetic tree (Additional file 5), tree output file (Additional file 6), and zoomable high-

lacking a C-terminal tail related to the CNP type [17]. It
was not until full-length gene sequences were obtained
that subsequent molecular phylogenetic reconstructions
revealed that all snake venom natriuretic peptides origi-
nated from the tailless CNP type [49, 50]. Molecular
phylogenetic analysis in the curent study showed that
the derived tailed form has evolved on two occasions,
once in the elapids and once in the viperids, with viperid
venoms dominated by the basal tailless form while elapid

venoms are dominated by the derived tailed form. And
consistent with elapids and viperides independently
evolving tailed forms, all rear-fanged species possess the
tailless form (Figs. 3 and 4). The evolution of the C-
terminal tail switches the binding specificity from natri-
uretic peptide receptor type GC-B (CNP receptor) to
type GC-A (ANP/BNP receptor) [51-53]. The evolution-
ary advantage of targeting the respective endogenous re-
ceptor is not known and consequently is a rich area for
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Fig. 4 Sequence alignment of representative C-type natriuretic precursors. Signal peptide shown in lowercase. Newly evolved, post-translationally
liberated peptides shown in coloured highlights, with the basal natriuretic peptide in black with the derived C-terminal tails shown in

future research. The evolution of the tailed form in ela-
pids occurred at the base of the family, and some elapids
(e.g. Suta and Micrurus) express both the tailed and tail-
less forms. Subsequent to the evolution of the tailed
form in the elapids, there was a secondary loss of the
poly-G motif in the precursor region just upstream of
the natriuretic peptide domain. The timing of the evolu-
tion of the viperid tailed form is enigmatic. High-quality,
full-length mRNA precursors of tailed forms from viper-
ides are only known from Vipera [54, 55]. But highly
similar tailed versions of the post-translationally liber-
ated natriuretic peptide domain have been reported from
the crude venoms of Macrovipera and Pseudocerastes
[56, 57]. In addition, the mRNA precursor for a tailed
version has been reported for Cerastes (Gen-
bank A8YPR9|SVMI1), but as the ring motif contains
amino acid deletions not seen in any other natriuretic
peptide, the sequence quality must be regarded as
provisional. Regardless, as this genus is phylogenetically
closely related to Macrovipera, Pseudocerastes, and

Vipera, the presence of the C-termnal tail appear au-
thentic. Thus, in consideration of the organismal phyl-
ogeny of viperid snakes [58], the evolution of the C-
terminal tail appears to have evolved in at least the last
common ancestor of the clade consisting of Cerastes,
Daboia, Echis, Macrovipera, Montivipera, Pseudocer-
astes, and Vipera. As this clade has not been the subject
of intensive transcriptome sequencing, it is anticipated
that as additional transcriptomes are sequenced, more
tailed forms will be recovered. The form recovered from
the more distantly related Bitis in this study was the
basal tailless form. In contrast, the pit viper venom gland
transcriptomes have been extremely deeply sequenced
and only tailless form mRNA precursors have been re-
covered. Curiously, tailed forms have been reported as
present in the venoms of Crotalus durissus cascavella
and Crotalus oreganus abyssus [59-61]. In the light of
these two species being distant to each other within this
genus, this suggests that tailed forms should be wide-
spread. However, this genus has been the subject of
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intense transcriptome studies, and no single one has re-
covered the tailed form. The Crotalus tailed forms were
reported using Edman degradation sequencing, an old
technique which was notoriously error prone. Thus, la-
boratory error cannot be ruled out. Therefore, until
these two subspecies can be the subject of in-depth
primer-directed sequencing, the presence of tailed forms
in pit viper venoms must be viewed with caution. If con-
firmed, however, phylogenetic analyses using full-length
precursor sequences will provide the crucial insights as
to whether tailed forms evolved once or multiple occa-
sions within viperids.

In addition to coding for the natriuretic peptide,
the propeptide region of the genes has been hyper-
mutated to code for a diverse range of post-
translationally cleaved peptides that exert additional
pathophysiological actions (Fig. 4). A similar scenario
arose independently in Anguimorpha lizard venoms,
where the natriuretic peptide gene was recruited for
use as a toxin and the propeptide region has also be-
come hyper-mutated in anguid and helodermatid liz-
ards to encode for additional toxins that are post-
translationally cleaved [62]. In the case of the snakes,
the additional toxins encoded in the propeptide re-
gion range from hypotensive bradykinin-potentiating
peptides [63] to neurotoxic (azemiopsins from
Azemiopis ssp. [64, 65] and waglerins from Tropido-
laemus sp [66—68]). A series of proline-rich peptides
were isolated from the venom of Dendroaspis angusti-
ceps as a novel toxin family, but the precursor genes
could not be identified [69]. However, an Oxyuranus
precursor (UniProt ID: P83228) was available at the
time which showed significant similarity to this pep-
tide in an early stretch of the propeptide domain.
Comparison to sequences obtained in this study and
obtained from public databases showed that this novel
toxin type evolved within the propeptide domain
subsequent to the divergence by viperids, but is ubi-
quitous in rear-fanged snakes and elapid precursors
(Fig. 4). As they remain pharmacologically uncharac-
terised, their role in envenomation has yet to be de-
termined. Consequently, they represent a promising
area for future research. An important caveat is that
the study which first described them documented
post-translational modifications (glycosylation) in the
peptides [69]. Synthetic forms without these modifica-
tions may have skewed or obviated bioactivities, so
any material tested must either be native forms
isolated from the venom, or recombinantly produced
in a vertebrate cell expression system to ensure
proper glycosylation occurs. Such post-translational
modifications have been shown in other toxin classes
to be essential for bioactivity, for example the chole-
cystoxin from Varanus varius venom which a
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sulfotyrosine was essential for activity, while the form
with a normal (non-sulfated) tyrosine was completely
inactive [70].

The hypervariability of the propeptide domain
stands in stark contrast to the extreme conservation
of the natriutetic peptide encoding domain (Fig. 4).
The variability within the propeptide domain was so
great as to make rates of evolution calculations im-
possible due to the extremely diffuse alignment
within this region. The natriuretic peptide domain,
however, was under strong negative selection in ela-
pids (w0 of only 0.06, with no sites under positive se-
lection) and rear-fanged snakes (w of only 0.07, with
no sites under selection). While the w value was
higher in viperids (0.45), it still displayed significant
negative selection pressure, and again there were no
sites under positive selection. Such an extraordinary
contrast reflects the high level of conservation of the
endogenous targets as the natriuretic peptide recep-
tors themselves are extremely conserved among ver-
tebrate lineages (e.g. uniprot accession code P18910
(Rattus norvegicus) and Genbank accession code
XM_042784559 (Tyto alba). Thus, the extreme con-
servation of the target imparts a correspondingly ex-
treme negative selection upon the toxin in order to
preserve the pathophysiological hypotensive action.
On the other hand, the propeptide domain has the
evolutionary freedom necessary for functional explor-
ation and the emergence of novel toxin types. A
similar pattern has been previously reported in am-
phibians and may be a widespread evolutionary
mechanism for the origin of new peptides and bio-
active functions in the precursor proteins of existing
toxins [71].

Cysteine-rich secretory proteins (CRiSP)

Phylogenetic analysis supports the classification of
three distinct CRiSP types, with two characterised as
Elapidae and Viperidae types respectively, while a
third is restricted to rear-fanged snakes (Fig. 5). The
three types represent well-delineated partitions in
the tree, indicating a structural change at the origins
of Elapidae and Viperidae, and the three clades
showed moderate positive selection with o values
ranging 1.25 to 1.34, but presented appreciable selec-
tion sites, with the viperid and rear-fanged clades
showing significantly more (32 each) than the elapids
(22) (Fig. 2B and Table 1). The pathophysiological
actions of CRiSP proteins are poorly defined and as
a result the selection pressures leading to distinct
forms being amplified and the different sites under
selection between the three clades remain unclear.
This is in spite of CRiSPs being major components
in many rear-fanged snake venoms [2, 18, 72, 73].
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Fig. 5 Molecular phylogenetic reconstruction of the CRISP toxins showing the lineage-specific amplification of particular form. RFS = rear-fanged
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and zoomable high-resolution tree image (Additional File 10)

Of the few that have been experimentally charac-
terised, ion channel-binding neurotoxic effects are
the most commonly reported activity [74—83]. Be-
cause the role in prey capture for CRiSP proteins re-
mains uncertain, and they have extensively
diversified independently within the different lineages
and are subject to positive selection pressure, they

represent a rich area for future structure-function
studies.

Kallikrein enzymes

Kallikrein-type serine proteases are one of the most highly
expressed toxin types in viperid snake venoms but are
expressed at dramatically lower levels in other lineages.
The relative evolutionary rates are reflective of this, with
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Fig. 6 Molecular phylogenetic reconstruction of kallikrein toxins showing the lineage-specific explosive duplication and diversification in viperids.

Additional Files contain sequence alignment used for constructing phylogenetic tree (Additional file 11), tree output file (Additional file 12), and
zoomable high-resolution tree image (Additional file 13)

the viperid sequences displaying over 10 times the number  selection. In contrast, for the colubrid and elapid snakes,
of sites under selection (Fig. 2C and Table 1). Phylogenet-  the sequences follow organismal relationships. Within the
ically, the non-viperid snakes cluster together, indicating  viperid snakes, a wide range of toxic activities have been
that the explosive radiation of kallirekins in viperid snakes  characterised, ranging from coagulotoxic (ranging from
occurred subsequent to divergence of this lineage from  procoagulant activation of coagulation Factors FV, FX,
the other colubroid snakes (Fig. 6). Consistent with the and prothrombin, and anticoagulant depletion of fibrino-
dramatic structural and functional diversification within  gen levels, and anticoagulant activation of coagulation fac-
the viperids, the phylogenetic analysis revealed evidence of  tors Protein C and plasminogen), to hypotension inducing
extensive gene duplication in the last common ancestor of  cleavage of kininogen to release kinins [84]. The bioactiv-
the viperid snakes and significant variations in sites under ity of non-viperid forms remains in its infancy, but
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Fig. 7 A Molecular phylogenetic reconstruction of kunitz toxins. The convergent evolution of coagulotoxins is shaded in red, while the
convergent evolution of neurotoxins is highlighted in blue. TCX = taicatoxin. DTX = Dendrotoxin. BTX-b = (-bungarotoxins (characterised
by the presence of a novel cysteine as per Fig. 7B). Additional Files contain sequence alignment used for constructing phylogenetic tree
(Additional file 14), tree output file (Additional file 15), and zoomable high-resolution tree image (Additional file 16). B Sequence
alignment of representative derived neurotoxic forms of kunitz peptides. Shown are Dendroaspis K,1.1 voltage-gated potassium channel
blocking dendrotoxins; Micrurus acid-sensing ion channel ASICT activating MitTx; Oxyuranus cardiac voltage-dependent L-type calcium
channels (Cay) blocking taicatoxin; and Bungarus voltage-gated potassium channels (Ky) blocking bungarotoxins. The convergent evolution
of inter-chain cysteines in the Bungarus sequences are indicated by different highlight colours

destructive cleavage of fibrinogen has been documented
[85, 86]. These results suggest that fibrinogenolysis was an
ancestral activity of the toxin family in advanced snakes
and are also consistent with the hypothesis that the snake
toxins are homologous with those highly expressed in the
venoms of Angumorpha lizards, which also potently de-
grade fibrinogen [70, 87, 88].

Kunitz peptides

Despite their high expression levels in many venoms,
kunitz peptides have been the subject of relatively little
research. Most testing has indeed focused on defining
them as ‘chymotrypsin’ or ‘trypsin’ inhibitors [89], which
are unlikely to be evolutionarily significant targets for
venom toxins. Those that have been functionally charac-
terised for biologically relevant activities tend to display
coagulotoxic or neurotoxic effects [89]. Our analyses in-
dicate that these toxins are extremely phylogenetically
diverse and may well possess further novel functions
(Fig. 7).

Diverse kunitz peptides have been characterised as
neurotoxins, and our phylogenetic analysis combined
with differences in sequence, structure, and function
suggest that the evolution of this derived activity has oc-
curred on four independent occasions (Fig. 7). These in-
clude monomeric toxins and members of multimeric
toxin complexes. Dendrotoxins are monomeric toxins
from Dendroaspis venoms that selectively block Ky1.1
voltage-gated potassium channels [90]. Kunitz peptides
that are subunits of multimeric neurotoxins may be as-
sociated through non-covalent interactions (MitTx and
taicatoxins) or covalently linked (beta-bungarotoxins).
Intriguingly, all such multimers are heteromeric and in-
clude PLA, toxins as subunits. MitTx is a complex of
one kunitz subunit and two PLA, subunits that activates
acid-sensing ion channel ASICI to cause intense pain as
part of the defensive arsenal of Micrurus tener [91, 92].
Taicatoxin was discovered in the venom of Oxyuranus
scutellatus and is a complex toxin consisting of one
3FTx subunit, one PLA, subunit, and 4 kunitz subunits
that blocks cardiac voltage-dependent L-type calcium
channels (Cay) [93]. B-bungarotoxins from Bungarus
venoms are voltage-gated potassium channels (Ky)
blocking heterodimers consisting of a kunitz peptide

disulphide-linked to a PLA, subunit via a newly evolved
cysteine not found in other kunitz peptides, linked to a
matching novel cysteine in the PLA, subunit that is also
not found in non-bungarotoxin PLA, toxins. Our phylo-
genetic analysis indicates that the characteristic cysteine
in B-bungarotoxin kunitz peptides evolved independently
on two different occasions (Fig. 7). In each case, the
cysteine is in the same position, suggesting strong selec-
tion pressures due to inter-chain structural constraints.
However, consistent with the phylogenetic placement
into two distinct clades, each type differs in the flanking
amino acids on either side of the cysteines. Intriguingly,
there appears to have been a secondary loss of this trait
occurring in the one of the kunitz peptide clades p-
bungarotoxins, with the sequences C5HOE4 and B4ESA2
lacking the diagnostic and structurally necessary cysteine
despite being nested within a clade of kunitz peptides
containing this cysteine (Fig. 7).

Other derived kunitz peptides have the pathophysio-
logical action of inhibiting the clotting regulatory enzyme
plasmin, which breaks down blood clots in the body. Un-
surprisingly, plasmin inhibitors have been isolated and
characterised from venoms which are powerfully pro-
coagulant through the activation of Factor Xor prothrom-
bin. The venoms allow the snakes to subjugate their prey
by triggering the rampant production of endogenous
thrombin, leading to the formation of enough blood clots
to induce debilitating and lethal strokes [94, 95]. Such
toxins have been well-described for the Daboia genus
within the Viperidae family, and the Oxyuranus/Pseudo-
naja clade within the Elapidae family (Figs. 7 and 8).
While Daboia venoms produce procoagulant toxicity
through the activation of Factor X and Oxyuranus and
Pseudonaja through the activation of prothrombin, both
converge on the same functional outcome: the production
of high levels of endogenous thrombin which convert fi-
brinogen to fibrin. Phylogenetic analysis (Fig. 7) reveals
that they show convergent neofunctionalisation of the
kunitz peptide such that they inhibit plasmin, thereby
prolonging the half-life of the blood clots formed by the
venom. Both species also show convergent modification of
the same key residue into an arginine, which has been
shown to be critical for activity. Structure-function studies
(consisting of replacing the key arginine) combined with
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Fig. 8 Sequence alignment of representative plasmin-inhibiting derived forms of kunitz toxins, with the functionally important arginine residue
shaded in red. Procoagulant species with confirmed plasmin-inhibition are shaded in green. Procoagulant species which contain derived kunitz
forms with the functionally important arginine but with phylogenetically distinct sequences that have not been functionally confirmed as
plasmin-inhibiting are highlighted in yellow. Pseudonaja variants which lack the diagnostic arginine and have been tested for bioactivity and

KNVRAFYYKPSAKRCVQFIYGGCNANGNHFKSDHLCRCECLEYP

IRRFYYHSASNTCRPFTYGGCKGNANNFRTRDKCCKACI
IFHAFYYNPDQRQCLEFIYGGCYGNANNFKTIDECKRTCAA
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KTRFYYNSNSKQCVEFNYGGCRGNGNNFMSKDKCHYTCVGPPIRRLTRTGSSVST
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IPRFYYNPHSKQCEKFIYGGCHGNANSFKTPDECNYTCLGVSLPK

KRHFYYNSRSNQCEEFTYGGCRGNENNFETKDKCHYTCVAPPRRRPL

testing of natural variants lacking this arginine, underscore
the critical importance of having an arginine at this pos-
ition in order to inhibit plasmin, with variants (mutant or
natural) lacking this arginine not being able to inhibit plas-
min [96, 97]. Intriguingly, other phylogenetically distinct
sequences contain this arginine (Fig. 8), the majority of
which are in species with procoagulant venoms. It is also
notable that there are additional Oxyuranus variants that
are phylogenetically distinct from the functionally charac-
terised plasmin inhibitors from Oxyuranus and Pseudo-
naja venoms, suggesting that Oxyuranus may have
evolved plasmin-inhibiting kunitz peptides on multiple oc-
casions. While the presence of the key functional arginine
in the diagnostic position is strongly suggestive of the abil-
ity to inhibit plasmin, and thus contribute to the net pro-
coagulant toxicity, functional studies are needed to
confirm that these various other arginine-containing pep-
tides are indeed plasmin inhibitors.

Selection analyses revealed very different rates of mo-
lecular evolution for the kunitz toxin type within the

snake families (Fig. 7 and Table 1), strongly suggesting
that there is a multiplicity of undocumented novel activ-
ities yet to be discovered across the full range of this
toxin class. This is consistent of the documentation of
three evolutions of neurotoxin function within just the
elapid snakes. The differential rates between the mono-
meric dendrotoxins (w = 2.10) and the disulphide-linked
B-bungarotoxin subunits (w = 1.23) is consistent with
the structural constraints imposed upon the p-
bungarotoxin subunits by being not only part of a multi-
subunit complex, but a disulphide-linked one at that.
However, despite these structural constraints, the pB-
bungarotoxin subunits display evidence of individual
sites under positive selection. In contrast to the neuro-
toxins, but consistent with the high structural conserva-
tion of the enzymatic pathophysiological target, both
independent lineages of plasmin inhibitors are under
negative purifying selection pressures (Fig. 9A and Table
1).
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The basal form of lectin toxins in reptile venoms is a
single-chain form which may form non-covalently
linked complexes and contains diagnostic tripeptide
functional motif (Figs. 10 and 11) [98, 99]. Consistent
with previous analyses [2], our phylogenetic results sug-
gest that the basal functional motif is the amino acids
EPN (glutamic acid + proline + asparagine). Our results
also indicate that the QPD (glutamine + proline +
aspartic acid) motif has arisen on two convergent

occasions, once in the last common ancestor of the ad-
vanced snakes, and again in the last common ancestor
of the Australian radiation of elapids (Figs. 10 and 11).
In addition, other mutations in the functional motif
were documented across a myriad of lineages: EPG
(glutamic acid + proline + glycine) in Parasuta nigri-
ceps within the Elapidae; EPK (glutamic acid + proline
+ lysine) in Heterodon nasicus within the Colubridae;
KPK (lysine + proline + lysine) in Tropidolaemus sub-
annulatus within the Viperidae; KPN (lysine + proline
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Fig. 10 Molecular phylogenetic reconstruction of lectin toxins. The ancestral monomeric form is shaded annotated with variations in the key
functional amino acid triad. Additional files contain sequence alignment used for constructing phylogenetic tree (Additional file 17), tree output
file (Additional file 18), and zoomable high-resolution tree image (Additional file 19)

+ asparagine) in Homalopsis buccata within the Homa-
lopsidae; KPS (lysine + proline + serine) in Micrurus
corallinus within the Elapidae; KRN (lysine + arginine +
asparagine) in Leioheterodon madagascarensis within
the Lamprophiidae; LTD (leucine + threonine + aspar-
tic acid) in Bitis gabonica within the Viperidae; and
QPN (glutamine + proline + asparagine) in Vipera
transcaucasiana within the Viperidae (Figs. 10 and 11).
To date, only viperid venom variants of the QPD form
have had their bioactivity tested and were shown agglu-
tinate erythrocytes and promote edema by increasing

vascular permeability [100—102]. The impacts of the ex-
treme diversifications of the key functional motif shown
in this study upon the functions of the toxins are en-
tirely unknown and require further research. The over-
all ® value for these toxins was only 0.72, but there
were 14 sites identified as positively selected by FUBAR
and MEME which is an indication that the variation
which occurs in these toxins is tightly constrained and
only occurs at a relatively small subset of positions
(Table 1).



Xie et al. BMC Biology (2022) 20:4

Page 18 of 31

IGLNDPG-EN

TWEWTDGSDFGYTSWRIF]

VDGSRSTYRKWKNS;

IGLRRDPSASVI

IGLSDPW-KQ:

IWYWSDGSRFRYKSWKLG

IGLRDTN-KK:

ORTSTNYFSWNQG

IGLHDVR-HN:

DESAFNYKNWMRG]

IGLNDPQ-KK:

IGLSAEK-K;

VWEWTDRTCTNYFSWKAG]
RILKWSDGSSFYYKSWALG]

GLRLSK-RN-

IWEWSDGSNLTYTSWKEG

LF---NMEFC

IGLNQSR-KQ:

FLGFFWKENC

IGLNQSR-KQ

RDWQWIDGSRFSYQSWNPG
WSDGSGFIY(

FLGLLWKENC

IGLRDTN-RK:

TWKWSDRTSTNYFSWNQG]

GLRLSK-RK.

IWEWSDGSNLTHTSWKEG]

IGLNDPK-KQ-

QWTDRSRNSYLVWQOQG]

IGLNDPK-KQ:

IWQWTDRSRTSYLTWNPG]

IGLSYTR-EN:
IGLYKLR-RQ:

QWTDGSPFNYQFWNGKI
DWKWSDGSRVNYTSWEH!

IGLSDPW-EN:

TWV D)GSAYDYTSWVSE;

IGLFEPE-KN:

RSLEWSDGSGFCYTGWE:

IGMWGRK-EGL:

IGLRDTK-KK:

TCEWTDGSSTTYVAWKQN;
YIWEWTDRSNLNFLSWKKD!

IGLRDTR-KK:

YMWEWTDRSRTDFLLWRKD!

IGLWDRK-KD:

SWEWTDRSCTDYLTWDKN|

IGLRDIS-RK:
IGLWGKK-K

DESTVNYRPWMEH|
SWEWTDGSSTKYLPWEQN

Bitis atropos CTL 03

~ et

WIGLRDDD-KK---QH|
WIGLRIKD-KE
WIGLRVQN-KK
WIGLRNQS-KS
WIGLRAQG-QD
WIGMKAPR-AV
WIGLRAQG-QG
WIGLRAQ--QE———

CTL 30
Tropidolaemus subannulatus 0

Vipera transcaucasiana CTL 36
Borikenophis portoricensis AOA346CLW1
Heterodon nasicus unigene512272
Philodryas olfersii Q09GJ8

Helicops leopardinus unigene489253

TDGSSVSYENVV-—

DGSSVSYDNLHKR-

TEWSDGSSVSYDNLLEL:

TDGSAVSYENV—-—— ——YNTKC
)GSTIVYENWHPL —-QSRKC
PLRWTGGSSVGYQNWI-— —-QSEYSKC

)GSRILYENWH-—

)GSRIVYENWYPL

Bitis atropos CTL 04

el

CTL 27

Tropidolaemus subannulatus CTL 4

Vipera transcaucasiana 19
Borikenophis portoricensis AOA346CLW4

Rhabdophis subminiatus unigene500073
leopardinus unigenel
leopardinus unigene5
leopardinus unigene62295
leopardinus unigene62221
leopardinus unigene62014

leopardinus unigene62116
leopardinus unigene62063
leopardinus unigene62376
leopardinus unigene62138
|Helicops leopardinus unigene61897

cysteines shaded in burgundy

WIGLNNPW-KE ODNAKFDYNAYS—-— —-RRPYC
WMGLNDVW-NE TDGAKLDYKAWN-— ——EGTNC
WIGVNNIW-NG WSDGTALDYKEWR———————————— EQFEC
WIGLGNMW-KE RAEWSDGGNVNYKALA EESYC
WIGLSNIW-NK--——— JWSDGSSLSYEAWV————————— =] EGSDC
WLGLYDIW-K! SDGSRLGYQAWN- ETPRC
IGLRAQDQDKLYPL] RPLRS RNC
IGLRAQDQDKLYPL RPLRS RNC
IGLSAEDQEKLLLRP| ENGKWIPSILTKPPPLR RQC
IALSAQDQDKLLRTS IENGEVIPSILTKPPPLRS RQC
IALSAQDQDKLLRTS IENGEVIP!ILTKPPPL"“ RQC
IALSAQDQEKLLLRP IVNGEVIP!ILTKPPPL" RQC
IALSAQDQEKLLLTP IQNGEVIPeILTKPPPLRS RQC
IALSAQDQEKLLRTS IQNGEVIPSILTKPPPLR RQC
IALSAQDQEKLQRTT] IQNGEVIPeILTKPPPLRS RQC
IALSAQDQEKLHRTT|  IQNGEVIPYILTKPPPLRS RQC

Fig. 11 Partial sequence alignment of representative lectin toxins in the region that contains the key functional amino acid triad (shaded in
green). The alpha chain of the derived cysteine-linked heterodimeric form is shaded in yellow, including the glutamine motif that diagnoses the
alpha chain, while the beta chain is highlighted in blue. The newly evolved dimer-forming cysteine is shaded in black. The sequence alignment
also shows the insertion characteristic of an extremely derived form known currently only from Helicops leopardinus, which contains unique

In addition to the ancestral single-chain form, a
disulphide-linked dimer composed of two different
lectins has long been known from viperid venoms
(sometimes referred to as snaclecs, or C-type lectins),
with variants producing a wide diversity of coagulotoxic
effects including inhibition of the clotting factor vWF
and clotting enzymes such as Factors IXa and XIa [99].
In addition to the diagnostic newly evolved cysteines
that facilitate the inter-chain disulphide bond leading to
the dimeric tertiary structure, this type is also molecu-
larly distinct because they have lost the functional motif
(Fig. 11). Instead they exert their neofunctionalised tox-
icities through novel binding sites. The a and S chains
have a newly evolved inter-chain cysteine in the same
position which suggests that either these toxins evolved
from a single gene that produced a homomeric ancestral
toxin and subsequently underwent duplication and sub-
functionalization or that structural constraints led to the
novel cysteine mutation occurring at the same location
in two different genes. The a chain is readily distin-
guished from the S chain by a characteristic glutamine
motif present immediately before this cysteine that

diagnostic cysteine (Fig. 11). In this study, not only did
we recover multiple variants from non-viperid snakes
that possessed the diagnostic cysteine of the dimeric lec-
tin form, but forms with (alpha chain) and without (beta
chain) the glutamine motif form were present (Fig. 11).
Thus the evolution of the dimeric lectin toxins preceded
the divergence of Viperidae from other advanced snakes.
However, the rates of evolution are reflective of the ex-
plosive diversification of this toxin type within the viper-
ids (Fig. 9B and Table 1). Consistent with a previous
report of differential rates of evolution between the a-
subunit and S-subunits looking at the venom of just one
species (Crotalus helleri) [103], we found that the a-sub-
unit and S-subunit were subject to different selection
pressures when analysed across all viperid species. The
a-subunit had an overall w value of 1.40 with 49 sites
shown to be positively selected by FUBAR and MEME,
while the 5-subunit had an overall w value of 1.27 with
38 sites shown to be positively selected by FUBAR and
MEME (Table 1). In contrast, the non-viperid dimeric
forms (non-viperid alpha and. beta sequences combined
into a single set due to low numbers of overall sequences
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Atractaspis engaddensis Q9PT48 hypothesised FX activation CGTIYC---RORNTQACTPIRLQQTQDIAMVEPGTKCGHGRVC
Dispholidus typus MK862133 Prothrombin activator CGMIFCIPRSSGONFLCEKRRTLNR----IVEPGTKCGDGRIC
Thelotornis mossambicanus SVMP 03 Prothrombin activator CGLIFCIPPSGGQNDPCEPYHIPE----GIVYPGTKCEDGRVC
Echis carinatus Q90495 Prothrombin activator CGRLYCLDNSFKKNMRCKNDYSYADENKGIVEPGTKCEDGKVC

Bothrops erythromelas Q8UVGO Factor X & prothrombin activator CGRLYCNDNSPGQNNPCKSIYFPRNEDRGMVLPGTKCADGKVC
Echis carinatus E9KNB4 Prothrombin activator CGRLYCSYNSFGNHISCLPSYRADEEDKGMVDEGTKCGDGKVC
Echis ocellatus Q2UXQ5 Prothrombin activator CGRLYCSYKSFGDYISCLPEYRANEEDKGMVDEGTKCGEGKVC
ru 1 Factc activator DQHKGMVDPGTKCEDGKVC
DQHKGMVDPGTKCEDGKVC

DQHRGMVEPGTKCEDGKVC
DQHKGMVEPGTKCEDGKVC
DQHKGMVEPGTKCEDGKVC

Fig. 12 (See legend on next page.)
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(species names not shaded) are included for comparison

Fig. 12 A Molecular phylogenetic reconstruction of SYMP toxins with the lineage-specific amplification of particular forms shaded in pink
(Colubridae), blue (Elapidae), or yellow (Viperidae). Grey shading shows the convergent evolutions of procoagulant functionally derived forms.
Colours on the outside of the ring designate the convergent evolutions of the P-llld structurally derived forms. Additional Files contain sequence
alignment used for constructing phylogenetic tree (Additional file 20), tree output file (Additional file 21), and zoomable high-resolution tree
image (Additional file 22). B Partial sequence alignment of representative SVMP with coloured shading of species names indicating the three
convergent evolutions of inter-chain cysteines diagnostic of the P-llld structurally derived forms. Other procoagulant functionally derived forms

but excluding the unique diversification within Helicops)
had an overall neutral & of 0.97 but with 10 sites shown
as positively selected by FUBAR and MEME (Table 1).
The comparative analysis of 3D modelling (Fig. 9B) on
different clades showed that those residues under posi-
tive selection are located on different position of the sur-
face for the viperid a-subunit versus -subunits, and the
other forms as well, indicative of different selective
forces and the potential for the discovery of novel activ-
ities within the non-viperid dimeric and monomeric
forms. Structure-function studies on these toxins may
therefore be particularly interesting. The unique form
present in the venom of Helicops leopardinus, which has
novel insertions in the key functional region, including
the evolution of novel cysteines may also be of particular
interest for these future research efforts (Fig. 11).

Snake venom metalloproteinases (SVMPs)

While SVMPs have long been known as one of the
dominant venom types in viperid venoms, increasing
evidence is emerging of their importance in the
venoms of other families [2, 73, 104—108]. The basal
SVMP structural form (P-III) is a final processed pro-
tein consisting of three domains: protease + disinte-
grin + cysteine-rich. Domain deletion forms are
largely known only from viperid venoms which in-
clude the P-II (protease + disintegrin, with the
cysteine-rich domain deleted) and P-I (protease only,
with both the disintegrin and cysteine-rich domains
deleted) [106]. Intriguingly the P-I derived condition
appears to have evolved convergently in the dipsadi-
nae lineage within the Colubridae rear-fanged snake
family [109]. The P-III form, however, remains a
major constituent of viperid venoms, and other
than the select dipsadinae lineages referred to in the
above sentence, it is the only form present in non-
viperid snakes. Consistent with the structural and
functional diversification within the viperids, phylo-
genetic analysis in this study revealed evidence of ex-
tensive gene duplication in the last common ancestor
of the viperid snakes (Fig. 12). In contrast, for the
colubrid and elapid snakes, the sequences broadly fol-
low organismal relationships, with diversification
events largely confined within a particular lineage.

Within the P-III SVMP enzymatic toxin class, there
have been convergent structural derivations characterised
by the evolution of a new cysteine that allows these toxins
to form covalently linked multimers with lectin dimers.
SVMP with this novel cysteine are termed P-IIId. Phylo-
genetic analysis suggests that the P-IIId type have evolved
on at least three occasions: Bothrops; the last common an-
cestor of Daboia/Macrovipera/Montivipera/Vipera; and
again in Echis (Fig. 12). Our phylogenetic analyses (Fig.
12) demonstrates that Echis venoms contain two distinct
forms of P-1IId (one unique to the genus and one shared
with  Daboia/Macrovipera/Montivipera/Vipera), which
confirms previous hypotheses that were based on se-
quence similarity calculations but did not undertakephylo-
genetic analyses [110]. Sequence analysis in this study
shows that while the cysteines have evolved in homolo-
gous regions of the SVMP scaffold, suggesting structural
constraints in the formation of a multimeric complex, they
differ slightly in position and, consistent with independent
evolutions, differ in flanking residues (Fig. 12). The
Daboia/Macrovipera/Vipera P-IlIId are selective for the
activation of factor X, and these venoms do not addition-
ally activate prothrombin [111-113]. In contrast, while
both Bothrops and Echis crude venoms activate factor X in
addition to activating prothrombin [114, 115], the relative
roles of P-IIla versus P-IIId individual toxins in activating
the two clotting factors remains to be elucidated.

In addition to structural diversifications, SVMPs
have acquired a number of novel functions, the most
common of which is procoagulant activity [106]. Iden-
tifying sequences in our phylogeny that have demon-
strated procoagulant effects suggests that within the
viperids the procoagulant trait has evolved independ-
ently within the viperine subfamily (such as Echis,
Daboia, Macrovipera, Pseudocerastes, and Vipera) and
again in the crotaline subfamily (Bothrops genus) (Fig.
12). Clotting factor activation has also been docu-
mented in the additional crotaline genera Callose-
lasma (Factor X) and Crotalus (Factor X by neonate
Crotalus culminatus) [116, 117], but the toxins re-
sponsible have not been sequenced. Consequently,
their phylogenetic affinity to the Bothrops-type pro-
coagulant P-IIT SVMP is unknown, and it cannot be
determined whether procoagulant SVMPs have
evolved once or several times in the pit vipers. Once
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Table 2 Molecular evolutionary rates of SYMP (See Fig. 9C for modelling)

Clade Domains w FUBAR FUBAR MEME*© FUBAR and MEME®
-r (+)°

Colubridae Full-length secreted form 1.19 74 103 46 33
Peptidase domain 1.54 19 53 50 39
Disintegrin domain 0.72 S 12 12 10
Cys-rich domain 1.64 18 30 36 24

Elapidae Full-length secreted form 1.23 36 75 86 56
Peptidase domain 147 13 25 35 21
Disintegrin domain 0.86 5 8 9 7
Cys-rich domain 1.76 7 29 36 21

Viperidae Full-length secreted form 137 79 132 159 124
Peptidase domain 144 22 57 78 55
Disintegrin domain 0.80 23 21 21 18
Cys-rich domain 163 27 41 50 38

Number of codons under negative selection according to FUBAR

PNumber of codons under positive selection according to FUBAR

“Number of codons under episodic diversifying selection according to MEME
4Number of codons that fit criteria ® and ©

the sequences become available, this will be resolved
by whether the toxins form a monophyletic group
with the Bothrops toxins (thus suggesting an early
evolution with this trait amplified on multiple conver-
gent occations) or if they form distinct clades (thus
suggesting  convergent  neofunctionalisation). In
addition to evolving at least twice within the viperids,
the procoagulant SVMP trait evolved independently
again in the last common ancestor of the colubrid
genera Dispholidus and Thelatornis [118] and also in
the elapid genus Micropechis [119], with the toxins
being phylogenetically distinct from viperid forms
(Fig. 12). If P-III SVMP are responsible for the pro-
coagulant activity shown for Atractaspis venoms
[120], then this would represent another convergent
evolution of this trait as the Atractaspis P-1II SVMP
are also phylogenetically distinct from viper procoagu-
lant forms (Fig. 12). Similarly, the toxins responsible
for the procoagulant toxicity of the Rhabdophis genus
have not been identified [121, 122], but if the Rhab-
dophis procoagulant effect is due to a SVMP, this
would almost certainly represent another instance of
functional convergence considering the tens of mil-
lions of years of separation between this genus and
the other procoagulant lineages.

The overall w value for all lineages was consistently
higher for the cysteine-rich domains than in the disinte-
grin or protease domain. This suggests that the cysteine-
rich domain is crucial for target binding prior to the
interaction of the catalytic site located on the protease
domain, and therefore, this is a critical domain for the
evolution of neofunctionalisation. Analysis of selection
(Table 2) and 3D modelling (Fig. 9C) showed that more

than half of the positively selected sites detected were
confined to the protease domain and of the remaining
variations more were found in the cysteine-rich domains
than the disintegrin-like domains. Again, this pattern
suggests a bias in positive selection toward the protease
domain, consistent with this being the subunit respon-
sible for the enzymatic activity.

SVMP propeptide domain novel toxins

In addition to the structural variations noted in the
above section, on at least two independent occasions the
propeptide domain of SVMP genes have been recruited
as toxins in their own right, without accompanying ex-
pression of any of the three domains making up the P-
III enzyme. This was first noted in Echis venoms, where
the truncation is formed by stop codons terminating
otherwise unremarkable sequences [123]. More intri-
guing toxins are found in the venoms of psammophiine
snakes which were first noted in the species Psammophis
mossambica [2], where the propeptide domain was se-
lectively expressed. Unlike the Echis forms, there was ex-
plosive diversification of these novel toxins: 26 variants
were discovered in this species alone, including forms
with novel cysteines which could potentially form disul-
phide bonds. Subsequent testing of two of these toxins
revealed them to be novel neurotoxins [65]. The activity
of the other variants is unknown. In this study, this
novel toxin class was shown to be present with stagger-
ing sequence diversity across the psammophiine snakes,
including not only the additional Psammophis species
we sequenced but also the Malpolon and Rhamphiophis
species (Fig. 13). Sequence analysis revealed that the first
half of the toxins are homologous to the propeptide
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Atractaspis engaddensis Q9PT48 IILESGTVNDYEVVYPEKVPALPKGGVQ-————-

KY-EDTMQYEFHLNGEPVVLHLERNKGLFSEDYTETHYSPDGREITTSPPVQDHCYYHGY IENEAD
Cerberus rynchops D8VNSO

IILESGNVKDYEVVYPOKIPALPKGGIQRAEPETKY-EDTMQOYQFKVNGEPVVLHLERNKGLFSEDYSETHYSPDGREITTSPPVODHCYYHGRIQONDAD
Dispholidus typus MK862134 INLESGNVNDYEVVYPQRMSALPKG-VONPEQESKY-EDIMQYEFQVNGEPVVLHLERNKGLFSEDYTETHYSPDGREITTSPPVQDHCYYHGY IQONDAD
Naja mossambica Q10749 IILESGNVNDYEVVYPOKVPALSKGGVONPQPETKY-EDTMQOYEFHVNGEPVVLHLERNKGLFSEDYTETHYAPDGREITTSSPVODHCYYHGYIQNEAD
Echis ocellatus full Q2UXQ6 IILESGNVNDYEIVYPORVTAMPIEAI--LOPEQKY-EDVMOYEFEVNGEPVVLHLEKNKDLFSEDYSETYYTPDGREITTNLPVEDHCYYHGRLONDAH
Echis carinatus sochureki full E9KNB4

IILESGNINDYEVVYPKKVTALSKGAIQ--QPEQKY-EDTMOYEFEVNGEPVVLHLEKNKDLFSEDYSETHYSPDGREITTNPPVEDHCYYHGRIONDAH
Echis pyramidum leakeyi truncated R950192 IILESGNVNDYEVVNPOKVTAMPKGAVK--QPEQKY-EDTMOYEFKVKGEPVVLHLEKNKGLFSEDYSETHYSPDGREITTNPAVEDHCYYHGHIQNDAD
Echis coloratus truncated GR948204
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Fig. 13 (See legend on next page.)
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Fig. 13 A Molecular phylogenetic reconstruction of the psammophiine lineage-specific derivation of the SVMP propeptide domain into a
novel toxin family, with the subsequent explosive diversification of the cysteine-linked forms. Additional Files contain sequence alignment
used for constructing phylogenetic tree (Additional file 23), tree output file (Additional file 24), and zoomable high-resolution tree image
(Additional file 25). B Alignment of representative SVMP proproptide domains. Region shaded in grey is that which is homologous across
all representatives, with the unshaded region indicating the location of the putative frame-shift mutation that led to the evolution of the
new toxin family in psammophiine snakes. Cysteines are highlighted in black, secondary structure imparting prolines highlighted in red

region of typical P-III genes (Fig. 13). However, there is
then an abrupt shift in sequence patterns, which is con-
sistent with a frame-shift mutation providing the starting
substrate for the evolution of this novel toxin class. The
subsequent evolution resulted in such sequence diversity
that calculating rates of evolution was impossible due to
the unalignable diversity in the second half of the pep-
tides. Such incredible diversity suggests there may be ex-
tensive neofunctionalisation beyond the previously
characterised neurotoxicity. Therefore, this toxin class
represents a particularly rich area for future research, es-
pecially as most of these toxins are either short linear or
with a single disulphide bond, which would allow for ef-
ficient synthesis.

Discussion
The findings of this study represent a significant increase
in our knowledge of the broad-scale molecular evolution
of these snake toxin families. We have revealed novel
patterns of expression of basal toxin types, including
previously unrecognised instances of molecular and
structural convergence. The new toxin encoding se-
quences that we have included in our analyses proved
particularly valuable for demonstrating the distribution
of novel toxin classes derived from the propeptide do-
mains of pre-existing toxin genes. These results provide
a framework to help guide future bioactivity testing work
and further evolutionary studies. Research into the evo-
lutionary and selective forces that result in the instances
of explosive diversification or molecular convergence
will provide crucial insights into how venom evolves.
One interesting question raised by these data is why,
despite all these toxin families being present in the last
common ancestor of the advanced snakes, particular
descendant lineages have specialised into the production
and refinement of certain toxin families and isoforms.
For example, kallikrein enzymes with the ability to de-
structively cleave of fibrinogen seem to have already
evolved and been present in the last common Toxicofera
reptile ancestor [1, 50, 70, 84, 87, 88, 124, 125]. How-
ever, despite being such a basal trait, these toxins have
only been amplified to form a major part of the venom
on two convergent occasions: in the Anguimorpha liz-
ards and the viperid snakes (Fig. 8). Conversely, 3FTx
have undergone relatively little molecular evolution
within viperids, while the basal form has been

extensively structurally modified in rear-fanged lineages
(including the formation of dimeric forms in colubrids)
and are the dominant toxin family in some lineages.
Meanwhile, the elapids have predominantly exploited
the derived forms which lack the 2nd and 3rd ancestral
cysteines with much less gene duplication or expression
of the basal 3FTx. In contrast,kunitz peptides are fairly
common in viperid venoms and have diversified to an
extreme degree in the elapid family, but are largely ab-
sent in other lineages. It is unclear whether these
lineage-specific differences are the product of chance or
if they were constrained by the ecological contexts in
which the progenitors of these snake families employed
their venoms.

Other toxin types—such as the SVMPs—show broadly
more similar levels of duplication across multiple snake
families. This mirrors the pattern of neofunctionalization,
such as P-III SVMPs mutating into potent procoagulant
factor activating toxins on multiple convergent occasions.
However, only in the viperids has the P-IIId multimeric
form evolved, where a SVMP is covalently linked to a lec-
tin dimer (which already possesses another inter-chain di-
sulphide bond). The viperids are by far the lineage with
the greatest diversity of lectin dimers which may have pro-
vided a greater range of molecular opportunities for the P-
IIId trait to evolve. As with the various subtypes of 3FTXx,
the success of dimeric lectins in viperids is associated with
a relative paucity of sequence diversity and expression for
the basal monomeric isoforms which have, in turn, under-
gone much more duplication in other snake lineages,
showing extensive variations in the key functional motif.
The CRIiSP toxins represent yet another evolutionary pat-
tern, where they are fairly diverse across the lineages, but
with different isoforms forming major clades in each.

From a broad perspective, almost all toxin types we
examined demonstrate a phylogenetic pattern of large
clades belonging to snakes of the same family (Figs. 1, 3,
5, 6, 7, and 12). This suggests that these toxins had not
yet extensively diversified in the common ancestor of
Colubroidea. The only exception was the lectins (Fig.
10), which suggests that this common ancestor likely
possessed multiple copies of this toxin already including
the derived dimeric forms. Duplication of toxin genes in
snakes is often associated with higher abundance of that
toxin family in the final venom composition [126,
127], and with duplication being evident by sequence
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variation due to errors introduced during gene copying
events, so this may constitute preliminary evidence that
the common ancestor of Colubroidea would have pos-
sessed a venom with high lectin composition paralleling
the venom system innovations such as partitioned oral
glands and perhaps modified dentition. The pattern we
see in the other families indicates that the vast majority
of the variation in terms of composition, unique struc-
tures, and novel functions that we observe in extant
snake venoms arose after the divergence between the
families and during the diversification and specialization
of those lineages.

While we have discussed many toxins which have rap-
idly diversified, this phenomenon is at its most extreme
in the propeptide regions of the natriuretic and SVMP
genes. Typically, the propeptide regions of these toxins
types are post-translationally cleaved but not secreted
and consequently do not play roles in envenomation.
However, in both these families, new mutations have
caused part of the propeptide region to be translated
into post-translationally liberated and secreted peptides
to form entirely new toxin classes with novel functions.
For the natriuretic peptides, the newly evolved toxins in-
clude repeating series of bradykinin-potentiating pep-
tides which increase the hypotensive effect of the
venoms [48]. The viperid genera Azemiops and Tropido-
laemus have separately evolved novel neurotoxins de-
rived from within the natriuretic propeptide domain. In
both cases, despite their independent origins they share
the unusual feature of creating multiple peptides that
are translated from a single transcript and then post-
translationally liberated. Thus the natriuretic gene en-
codes for multiple discrete products in the form of the
natriuretic peptide and the various de novo evolved pep-
tides from within the propeptide region. Another pep-
tide type was first documented in Dendroaspis venom
and the molecular evolutionary history remained enig-
matic, but our analyses indicate these are members of
yet another novel toxin class arising from the natriuretic
gene propeptide region. The most explosive diversifica-
tion of all toxin classes was that of the newly evolved
toxin family that evolved in the SVMP propeptide do-
main within psammophiine snakes. The staggering se-
quence and structural diversity of these toxins makes it
likely that other toxic activities in addition to the already
documented novel neurotoxic forms [65] will be docu-
mented as more bioactivity testing is undertaken.

Our analyses show that these shared colubroid toxin
families exhibit remarkable instances of convergent evo-
lution in terms of pathophysiological neofunctionalisa-
tion and derived protein structures. For example, within
two potently procoagulant lineages (the Daboia genus
within the viperid snakes and the Oxyuranus/Pseudonaja
clade within the elapid snakes), plasmin-inhibiting kunitz
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peptides have evolved which would potentiate the pro-
coagulant effects by increasing the half-life of the blood
clots formed due to the inhibition of the blood clot
destroying enzyme plasmin. Other taxa possess the ar-
ginine residue that is crucial for these plasmin inhibitors
and may represent further instances of convergence if
functional research confirms this hypothesised activity.
Similarly, within the SVMP neofunctionalised procoagu-
lant variants which activate Factor X or prothrombin
have arisen on multiple independent occasions. The lec-
tins may potentially contain further examples of func-
tional convergence within a toxin type given the
multiple origins of the QPD muotif at a key functional lo-
cation, but these have not been bioactivity tested.

One of the most striking cases of structural conver-
gence is the previously mentioned P-IIId derived form of
the SVMP which form a covalent linkage to a lectin
dimer. The novel cysteine crucial for the formation of
these toxin complexes was shown to have evolved on at
least three separate occasions within the viperids as
structural modifications of forms that were themselves
functionally derived (procoagulant). The selection pres-
sures leading to this convergence have not been ex-
plored and the functional impacts (Factor X versus
prothrombin activation) are similarly uncharacterised.
This is similar to the evolution of covalently linked di-
mers of basal-type 3FTx. Within the Colubridae toxins
with the derived elongation of N-terminus and propep-
tide domain, Boiga and Spilotes evolved novel cysteines
in two different 3FTx each which allowed for the forma-
tion of heterodimers; most remarkably, these cysteines
appear to have independently evolved at the same pos-
ition in the two genera. The dimeric lectins may have
had a similar coincidence in their evolution: both the a-
and S-subunits possess novel cysteines at the same resi-
due, but it is unclear if these cysteines are truly conver-
gent or if the two subunits are the result of a duplication
of an ancestral lectin which already possessed a cysteine
at that site. The natriuretic peptides also demonstrate
convergent structural evolution in the repeated origins
of variants with C-terminal tails as well as the previously
discussed independent neurotoxins derived from the
propeptide region.

The kunitz peptides have been the substrate for both
levels of convergence (structural and functional). Struc-
turally three out of the four neurotoxin types (MitTx,
taicatoxin, and bungarotoxins) converge in their forma-
tion of heteromers with PLA, subunits, but diverge
structurally in this regard by being non-covalently linked
(MitTx and taicatoxin) or covalently linked (3-bungaro-
toxin), and also in the number of PLA, subunits associ-
ated with (MitTx = 2, taicatoxin = 1, B-bungarotoxin =
1). All four of the neurotoxic kunitz peptides converge
in being ion channel toxins, with dendrotoxins and -
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bungarotoxins further converging on the same target
(Kv channels). While taicatoxins affect a different ion
channel type (L-type calcium channels) than dendrotox-
ins and P-bungarotoxins, they converge with bungaro-
toxin in the PLA, toxin facilitating a secondary action
that results in the net functional outcome in blocking
the release acetylcholine, leading to flaccid paralysis. In
contrast, dendrotoxins act upon the voltage-gated potas-
sium channels to facilitate acetylcholine release, leading
to spastic paralysis. p-bungarotoxin demonstrates an-
other instance of convergent molecular evolution in the
novel cysteines which allow for the formation of these
complexes have evolved twice in the exact same loca-
tion within this genus. The convergent evolution of
novel cysteines at the same residue on two occasions
within both p-bungarotoxin and the 3FTx dimers is
strongly indicative of structural constraints in dimer
formation.

Conclusion

This study gives a broad overview of the structural and
functional diversity in the toxin families which are hom-
ologous in colubroid snake venoms. It is this diversity
that produces the wide range of clinical effects and vari-
able responses to antivenom that contribute to the glo-
bal problem of snakebite. However, such molecular
diversity also provides fertile ground in the search for
novel molecules as lead compounds for the discovery of
new tools and medications. This diversity has also
allowed these toxins to converge repeatedly on similar
sequences, structures, and functions. This widespread
convergence suggests that certain pathophysiological ac-
tivities and certain configurations of proteins may be
evolutionary ‘good tricks’ [128] that are similarly effect-
ive across multiple taxa and may solve evolutionary
problems that venoms encounter such as prey
resistance.

Methods

Species studied

Transcriptomes were constructed for the following fam-
ilies and species: Colubridae - Helicops leopardinus, Het-
erodon nasicus, Rhabdophis subminiatus; Homalopsidae
— Homalopsis buccata; Lamprophiidae - Malpolon mon-
spessulanus, Psammophis schokari, Psammophis subtae-
niatus, Rhamphiophis oxyrhynchus; and Viperidae -
Bitis atropos, Pseudocerastes urarachnoides, Tropido-
laeumus subannulatus, Vipera transcaucasiana. Glands
from euthanised captive specimens (one per species)
were obtained under University of Melbourne Animal
Ethics Approval UM0706247-2005 and University of
Queensland ~ Animal  Ethics  Approval 2021/
AE000075. A Pseudocerastes urarachnoides tissue
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sample was provided by PG and BF under Iranian ap-
proval NIMAD # 942485.

Transcriptome sequencing and assembly

Total RNA was extracted with Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) and purified using RNeasy Ani-
mal Mini Kit (Qiagen, Valencia, CA, USA). The
construction of cDNA libraries and RNA-seq were per-
formed as previously reported [129]. In brief, the poly-A
containing mRNA molecules were purified using poly-T
oligo-attached magnetic beads, then separated from the
total RNA by Oligo (dT) and fragmented into small
pieces randomly using divalent cations under elevated
temperature. The cleaved RNA fragments were copied
to synthesise the first-strand cDNA using reverse tran-
scriptase and random hexamer primers, then the
second-strand cDNAs were synthesised with the buffer,
dNTPs, DNA polymerase I, and RNase H (Takara Bio-
technology, Beijing, China). After synthesis, these cDNA
fragments were ligated with the adapters, then purified,
and the final cDNA libraries were constructed by PCR
enrichment. After the construction of ¢cDNA libraries,
Qubit 2.0 and Agilent 2100 were used for preliminary
quantification and detecting the insert size of the librar-
ies respectively. After passing the screening, the qualified
c¢DNA libraries were sequenced through Illumina Hiseq
X ten and BGISEQ-500 at BGI (Shenzhen, China) with
150 bp paired-end reads. The Illumina HiSeq X Ten se-
quencing platform generated 56.34~73.44 M raw reads
from nine samples and the BGISEQ-500 sequencing
platform generated 177.32 M raw reads from R. oxy-
rhynchus. Raw sequencing data were deposited in the
Short Read Archive (SRA) of the NCBI with accession
numbers  of  SRR12802473~SRR12802481 and
SRR13234020 (Additional fle 26). After trimming out
the low-quality reads with Fastp [130], 55.17~71.18 M
clean reads were generated from 9 samples respect-
ively and 174.16 M clean reads from R. oxyrhynchus.
Of these clean reads, the Q30 percentage in each li-
brary was approximately 90%, which indicated good
quality of sequencing (Additional file 4). Transcrip-
tome sequencing of B. atropos and T. subannulatus
were from Sanger sequencing as previously described
[107].

Decontamination was undertaken by identifying k-
mers (length set by -k, recommended value 57) in our
focal read set that were present in another read set from
the same lane at a higher level (x-fold shift set by -d, rec-
ommended value 1000). Reads with a certain percentage
(set by -p, recommended value 0.25) of their sequence
represented by such k-mers were filtered from the data
set. Raw reads were checked for potential sample cross-
leakage through index mis-assignment within the same
sequencing lane. Counts of all 57-mers in the raw reads
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for each sample in each lane were generated with Jelly-
fish v. 2.2.6 [131], and 57-mers that showed > 1000x
count differentials between each pair of samples in a
lane were identified. Reads with 25% or more of their
lengths comprised of 57-mers in this set were removed
from the sample with lower counts.

We used Fastp v. 0.20.0 [130] for adapter and quality trim-
ming. Paired forward and reverse reads were overlapped into
longer single-end reads with PEAR v. 0.9.11 [132] as input
for assembler Extender. Different assemblers have different
strengths and weaknesses. Our strategy is to make several
different assemblies and resolve the data later with our qual-
ity control methods. To compare assembly methods, we
chose several assemblers which have been widely used for de
novo transcriptome assembling, and assembled the same
short-read RNA-seq data with each assembler.

Two of these assemblers used variations of the de
Bruijn  graph approach to contig construction:
SOAPdenovo-Trans [133] and Trinity [134]. We also
employed BinPacker [135], an assembler that incorpo-
rates coverage information to construct its splicing
graphs and is reported to perform well with multi-
isoform data. Finally, we used an in-house assembler,
Extender [136], which randomly selects seed reads and
extends these outward based on matching overlap with
other reads to form contigs. The VTBuilder [137] assem-
bler implements a similar seed-and-extension algorithm
in its approach to multi-isoform transcript assembly.
However, its current limit of five million input reads
renders it unsuitable for the current scale of RNA-seq
datasets (59~73 million reads per sample for our data),
and we therefore did not evaluate it. Assembly methods
differed in the format of input reads and therefore in
overall read counts used for each assembly. In this study,
BinPacker, SOAPdenovo-trans, and Trinity processed
with paired pairs, whereas Extender processed with the
merged single pairs.

SOAPdenovo-trans differs in that it requires a config file
for settings. It is also unique in that the results vary
enough based on k-mer size so we run it with a range of
different k-mer sizes. We ran SOAPdenovo-trans v. 1.03
at five different k-mer sizes: k = 25, k = 31, k = 75, k = 95,
and k = 127 with each run saved as an independent as-
sembly. Maximum and minimum read lengths were set at
500 and 200 bp, respectively, and average insert size was
set at 250 bp. For Trinity assembly, we ran Trinity v. 2.5.1
with a minimum contig length of 150 bp and a k-mer of k
= 25. BinPacker v. 1.0 was similarly run with a k-mer size
of k = 25. Finally, we ran our only seed and assemble ap-
proach—Extender [136], with 2000 randomly selected
seeds with a minimum quality of 30 at all base positions.
Seeds were prohibited from sharing any k-mers as long as
the extension-overlap length (100bp). We required at
least two extensions for each direction to retain the results
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of the seed. We set a 100-bp minimum overlap for exten-
sion and a minimum quality score of at least 20 at all base
positions for a read to be considered for extension. We
allowed 20 replicates per seed per direction and required
that 20% of replicates per seed be extended in order retain
a seed. In order to recover as many toxins as possible, we
combined transcripts from all assemblers and then we
used CD-HIT v. 4.7 [138] to cluster the transcripts and re-
move the identical transcripts. For CD-HIT, the sequence
identity threshold was set to 1 and word length was set to
11. We named this method as ‘Merged’ in this study.

To evaluate each assembly with traditional metrics,
and because non-toxin genes can be valuable for estab-
lishing baselines for studies of evolutionary rates and
phylogenetics, we compared each assembly using two
common metrics of assembly quality. We used the
programme BUSCO v. 4.1.3 to identify single-copy,
orthologous non-toxin loci in each assembly [139, 140].
BUSCO compares assembled contigs against lineage-
specific subsets of the OrthoDB v. 10 [141] database
using tBLASTn [142], followed by HMMER [143] classi-
fication of annotated contigs as follows: complete and
single copy; complete and duplicated; fragmented; or
missing. OrthoDB ortholog sets contain genes that exist
as a single copy in the genome of 90% of the species in
the database, and thus provide an evolutionary expect-
ation of presence in an assembled gene set if the assem-
bly is complete. For a transcriptome study, not all loci
are expected to be present due to lack of expression in
the target tissue, but a BUSCO analysis will permit
quantitative comparison of multiple assemblies of the
same transcriptome in terms of the overall number of
complete and single-copy orthologous loci recovered out
of the full set of loci in the OrthoDB reference database.
For BUSCO analysis of the snake venom gland transcrip-
tome assemblies, we used the Tetrapoda ortholog set
containing 5310 loci. Our criterion for ranking non-
toxin assembly quality is simply determining which as-
sembler yielded the highest number of complete and
single-copy matches to the OrthoDB loci.

We evaluated the quality of toxin transcript assemblies
based on the quality of toxin contigs and the complete-
ness of the final transcript sets. To determine the num-
ber of high-quality toxin transcripts assembled by each
step of the assembly process, we employed a series of fil-
tering steps to identify contigs that were (1) annotation
of toxin genes and that lack (2) of signs of chimaera for-
mation or sequence fragmentation. We used the Trans-
Decoder tool embedded in Trinity to extract open
reading frames (ORFs) from the ‘Merged’ transcripts.
Then we used Blast v. 2.10.1 to do the toxin annotation.

To derive a final set of unique and high-quality toxin
sequences, we applied a series of filtering criteria to our
annotated toxin genes. First, we inspected the read
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coverage of our toxin ORFs. Since there were multiple
samples, the cross contamination can happen between
each other. To investigate coverage map of every ORF
and saw how many reads mapped to it from each of the
nine samples, we aligned our ORFs against the original
reads from all nine species by BWA v. 0.7.17 [144]. We
retained only those toxins that (1) had coverage >0
across all bases in the coding region; (2) had < 100-fold
coverage differentials across the length of the ORF; (3)
had a coverage that varied consistently across its length
(if it varied at all) since sharp discontinuities usually in-
dicate a chimeric assembly, cross contamination, or
some other problem. The final step was to manually
check these remaining sequences for whether or not
they really belong to the toxin family they were assigned
to. For this, we manually checked those remaining toxins
against sequences on GenBank using the web version of
NCBI BLAST check if the annotation results from our
in-house toxin database are the same as those in Gen-
Bank. We kept those toxin genes with both annotation
results referred as the same toxin genes.

Molecular phylogenetics and modelling

Protein sequences for all toxin sequences were retrieved
from the UniProt database and NCBI database, then
combined with the toxin transcripts from our assembly
and annotation. Partial sequences and sequences with
suspect assembling errors were excluded. The sequences
were aligned using a combination of manual alignment
of the conserved cysteine positions and alignment using
the Multiple Sequence Comparison by Log-Expectation
(MUSCLE) algorithm [145] implemented in AliView
[146] for the blocks of sequence in between these sites.
Manual refinement of the alignments was also involved
because there are structural differences within different
toxin families. The phylogenetic trees for different toxin
families were reconstructed with MrBayes 3.2 [147]
based on the amino acid sequence alignment. The out-
put trees from MrBayes were further edited and anno-
tated with iTol [148]. All alignments and raw tree files
are available in the supplementary material. The settings
for MrBayes are in Additional file 27.

Using BLAST searches, coding DNA sequences for
toxin sequences were retrieved from GenBank [149] and
our assembly. The sequences were trimmed to only in-
clude those codons which translate to the mature pro-
tein (signal peptide domain removed), translated,
aligned, and reverse translated using AliView and the
MUSCLE algorithm. Clades were designated according
to the taxonomy and functional/structural difference
(such as functional domains/motifs). Phylogenetic trees
for each clade were generated from the resulting codon
alignments using the same methods as described above.

Page 27 of 31

These tree topologies were used for all subsequent
analyses.

The selection regime operating on a particular gene,
region, or individual amino acid can be estimated by cal-
culating the ratio of nonsynonymous nucleotide substi-
tutions per nonsynonymous site (dN) with that of
synonymous substitutions per synonymous sites (& =
dN/dS) for each codon in the alignment. Codons evolv-
ing with @ > 1 are presumed to evolve under positive se-
lection (functional diversification), whereas o < 1
indicates that the codon evolves under the influence of
purifying selection. Sites with w values that are near to 1
are thought to evolve neutrally. We performed a series
of tests combining information from site-based and
lineage-specific analyses in order to determine the most
likely groups on which positive selection has been
operating.

To examine the patterns of selection functioning in
different toxin families, we used several of the tests for
selection implemented in HyPhy v 2.220150316 beta due
to their different emphases [35]. The Analyze Codon
Data analysis generates overall w values for an align-
ment, while the Fast Unconstrained Bayesian App Roxi-
mation (FUBAR) method gauges the strength of
consistent positive or negative selection on individual
amino acids [37]. In contrast, the Mixed Effects Model
of Evolution (MEME) method identifies individual sites
that were subject to episodes of positive selection in the
past [36]. LRT and P values for MEME are found in
Additional file 28.

To map residues evolving under positive selection in
the three dimensional (3D) structures, custom models
for each clade belonging to different toxin families were
generated by representative sequences from RCSB PDB
database [150] (Additional file 4). Alignments of each
clade were trimmed to match these PDB structures. To
view the 3D structure of the proteins, we utilised the
UCSF Chimera programme v 1.10.2 with attribute files
generated from FUBAR and MEME results. For FUBAR,
we used the value from the beta-alpha column which is
a measure of the difference between the rates of nonsy-
nonymous (beta) and synonymous (alpha) mutations.
For MEME, since MEME estimates two rates of positive
selection and gives each a probability, we can take the
weighted average of those two and then subtract alpha
to arrive at a similar value to the one we used for
FUBAR.
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