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A B S T R A C T

Australian elapid snakes are some of the most venomous snakes in the world and are unique among venomous
snakes in having mutated forms of the blood clotting factor X in an activated form (FXa) as a key venom
component. In human bite victims, an overdose of this activated clotting enzyme results in the systemic con-
sumption of fibrinogen due to the large amounts of endogenous thrombin generated by the conversion of pro-
thrombin to thrombin by venom FXa. Within Australian elapids, such procoagulant venom is currently known
from the tiger snake clade (Hoplocephalus, Notechis, Paroplocephalus, and Tropidechis species), brown/taipan
(Oxyuranus and Pseudonaja species) clade, and the red-bellied black snake Pseudechis porphyriacus. We used a
STA-R Max coagulation analyser and TEG5000 thromboelastographers to test 47 Australian elapid venoms from
19 genera against human plasma in vitro. In addition to activity being confirmed in the two clades above, FXa-
driven potent procoagulant activity was found in four additional genera (Cryptophis, Demansia, Hemiaspis, and
Suta). Ontogenetic changes in procoagulant function was also identified as a feature of Suta punctata venom.
Phylogenetic analysis of FX sequences confirmed that snake venom FXa toxins evolved only once, that the
potency of these toxins against human plasma has increased in a stepwise fashion, and that multiple convergent
amplifications of procoagulant activity within Australian elapid snakes have occurred. Cofactor dependence tests
revealed all procoagulant venoms in our study, except those of the tiger snake clade, to be highly calcium-
dependent, whereas phospholipid dependence was less of a feature but still displayed significant variation be-
tween venoms. Antivenom testing using CSL Tiger Snake Antivenom showed broad but differential cross-re-
activity against procoagulant venoms, with P. porphyriacus and S. punctata extremely well neutralised but with
Cryptophis, Demansia, and Hemiaspis less well-neutralised. The relative variation was not in accordance to genetic
relatedness of the species used in antivenom production (Notechis scutatus), which underscores a fundamental
principle that the rapid evolution characteristic of venoms results in organismal phylogeny being a poor pre-
dictor of antivenom efficacy. Our results have direct and immediate implications for the design of clinical
management plans in the event of snakebite by such lesser known Australian elapid snake species that have been
revealed in this study to be as potent as the better studied, and proven lethal, species.

1. Introduction

Snakebite is a globally neglected tropical disease which has recently
been formally reclassified as such (WHO.int) and received US$100 m
from the Wellcome Trust to improve snakebite treatments (Schiermeier,
2019). Envenomings can cause permanent debilitation and death: up to
5.5 million people are bitten by snakes each year, around 300,000 of

which are left with debilitating morbidity and 94,000 of which prove
fatal (Kasturiratne et al., 2008).

Effects upon blood coagulation are a major pathology produced by
Australian venomous snakes in Elapidae. Activation of prothrombin
into thrombin by these venoms results in consumptive coagulopathy,
leading to disappearance of fibrinogen from the plasma (Gan et al.,
2009; Gulati et al., 2013; Isbister, 2010; Isbister et al., 2008), which can
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be fatal if not arrested early enough (Sutherland and Tibballs, 2001).
The quick consumption of the blood clotting factors prothrombin and
fibrinogen renders the circulatory system unable to maintain haemo-
static control, resulting in an increased tendency to bleed, with sec-
ondary effects including renal failure and cerebral haemorrhage
(Sutherland and Tibballs, 2001; White, 2005). Once these clotting
factors are consumed via activation of the blood coagulation cascade,
protein synthesis of new factors by the body requires ˜14 h (Isbister
et al., 2009). While antivenom can prevent venom toxins from con-
tinuing to affect their molecular targets, it cannot reverse coagulotoxic
effects once they occur because the activation of coagulation factors
involves proteolysis (protein cleavage) which cannot be undone.

The pathophysiological effects produced by Australian elapid ve-
noms upon the blood clotting cascade are due to the recruitment of the
activated form (FXa) of the blood clotting factor X into the venom (FX)
(Fry, 2005). FX is produced in the liver and circulates in the blood-
stream in inactivated form (FX zymogen) until activated by either FIXa
in the presence of FVIIIa from the intrinsic pathway, or FVIIa in the
presence of tissue factor from the extrinsic pathway to create the active
form, FXa (Greenberg and Davie, 2006). However, the form secreted in
the venom glands of Australian elapids lack all or most of this activation
peptide in its structure, and is therefore secreted in the activated form
FXa (Trabi et al., 2015). Thus, snake venom FXa (SV-FXa) does not
require proteolytic activation in order to exert a pathophysiological
effect.

Sequences of mature of SV-FXa are around 80% identical to the FX
expressed in the liver of the same species and share around 50%
identity with the mammalian FX (Reza et al., 2006). Specific changes to
the gene sequence have enabled SV-FXa to be an effective toxin. These
changes include an insertion in the promoter region that leads to high
expression levels in the venom gland as well as a shortened activation
peptide region which allows the toxin to be active by default (Rao et al.,
2004; Reza et al., 2005). SV-FXa also retains glycosylations similar to
FX (Joseph et al., 1999), whereas the glycosylation is usually removed
from the coagulation FXa (Trabi et al., 2015). The retention of the
glycosylation in SV-FXa likely increases its stability and enables this
compound to persist for longer in the bloodstream, since deglycosylated
SV-FXa are rapidly destroyed by haemostasis regulatory enzymes (Reza
et al., 2005; Trabi et al., 2015).

In the blood, the activated form of normal FX (FXa) associates with
cofactors Factor Va (FVa), calcium, and phospholipid, to form the
prothrombinase complex which converts prothrombin into thrombin;
thrombin in turn cleaves fibrinogen (which is soluble in plasma) into
insoluble fibrin strands that associate with platelets and red blood cells
to create a haemostatic plug and arrest bleeding (Colman et al., 2006;
Greenberg and Davie, 2006). In contrast to the dependency of en-
dogenous FXa, significant variation in venom potency has been noted
for venom FXa in the presence or absence of calcium and phospholipid
(Lister et al., 2017; Zdenek et al., 2019).

Within the Australian elapids (Elapidae; subfamily: Hydrophiinae),
the clade consisting of the genera Hoplocephalus, Notechis,
Paroplocephalus, and Tropidechis require endogenous FVa from the bite
victim as a cofactor to exert the full toxic effect, as the FXa toxin by
itself is a poor activator of prothrombin (Gulati et al., 2013; Kini et al.,
2002; Kwong and Kini, 2011). In contrast, in the Oxyuranus + Pseu-
donaja clade, FVa was additionally recruited into the venom as a toxin
which forms a complex with SV-FXa (Fry, 2005), called FXa:FVa,
thereby enabling prothrombin cleavage without requiring endogenous
FVa or a phospholipid membrane from the bite victim’s circulatory
system on which to form the prothrombinase complex (Colman et al.,
2006; Fry, 1999; Kwong and Kini, 2011; Tracy et al., 1982). This pro-
coagulant complex makes up a large percentage of the total protein
composition of these venoms: 10–20% of the total O. scutellatus venom
(Lavin and Masci, 2009) and 16–20% of P. textilis venom (Rao and Kini,
2002). In contrast, FXa in both N. scutatus and T. carinatus venoms
accounts for 5% of total venom composition (Kini, 2005). Thus, the

difference in coagulotoxin types and expression levels both likely ac-
count for the faster clotting times produced by venoms from the Pseu-
donaja + Oxyuranus clade (˜5–10 s at 20 μg/ml venom) (Zdenek et al.,
2019) compared to the tiger snake clade times (˜9–15 s) (Lister et al.,
2017).

A recent study revealed the tiger snake clade (Hoplocephalus,
Notechis, Paroplocephalus, and Tropidechis) to have a high level of SV-
FXa toxin sequence conservation (98.5% sequence alignment across the
clade), coinciding with conserved cleavage sites on the FXa target,
prothrombin (Lister et al., 2017). These results were corroborated by
high levels of tiger snake antivenom efficacy across the clade (Lister
et al., 2017), despite the divergence of these species being estimated to
occur 6 million years ago (Lee et al., 2016).

Transcriptomic analyses have identified venom-expressed FXa in
other Australian snakes, such as Cryptophis nigrescens, Demansia spp,
Hemiaspis spp, Pseudechis porphyriacus, and Suta suta (Jackson et al.,
2013; St Pierre et al., 2007). The functional activity of these toxins has
not been tested; however, based on transcriptomic sequence similarity,
it is expected that these SV-FXa toxins share a similar function to that
previously described in the tiger snake clade (Hoplocephalus, Notechis,
Paroplocephalus, and Tropidechis) and the Oxyuranus+ Pseudonaja
clade. This may explain, in part, why Tiger Snake Antivenom is able to
cross-neutralise the symptoms of bites from some species beyond the
tiger snake clade (Lane et al., 2011).

The coagulotoxic function of the venom from the most medically
important species within Australia and the ability of antivenoms to
neutralise this specific activity has only recently been investigated and
described in detail (Lane et al., 2011; Lister et al., 2017; Zdenek et al.,
2019). Less medically significant species are still largely unstudied in
this regard, with one exception regarding the genus Denisonia
(Youngman et al., 2018). Despite coagulopathy being a prominent pa-
thology in snakebite victims within Australia, there has not been a
broad comparison of coagulotoxic activity in the venom from species
across the Australian elapids.

Which Australian snake venoms contain FXa and, if present, the
relative efficacy of antivenom in neutralising these life-threatening ef-
fects is unknown. While the activated form of FX (FXa) was recruited
for use as a toxin near the base of the Australian elapid radiation (Fry
et al., 2008; Trabi et al., 2015), it has only been documented as being
amplified in three clades: 1) Hoplocephalus, Notechis, Paroplocephalus,
and Tropidechis; 2) Oxyuranus + Pseudonaja; and 3) Pseudechis por-
phyriacus. As these three clades are not sister to each other, and with a
large number of other species intervening, it is likely that other lineages
also possess this dangerous trait in their venoms and therefore are
capable of producing similarly potent pathophysiological effects. The
aim of this study was therefore to widely screen Australian snake ve-
noms for the FXa-driven procoagulant coagulopathy and to ascertain
the effectiveness of antivenom in neutralising these potentially lethal
effects. As such, we conducted a broad assessment of Australian elapid
venom effects on plasma and the efficacy of Tiger Snake Antivenom. We
further investigated the evolution of SV-FXa toxins using cofactor de-
pendence tests of calcium and phospholipid as well as sequence ana-
lyses.

2. Methods

2.1. Venom collection and preparation

We included 47 crude venoms across 19 clades within Elapidae
sourced from the cryogenic collection of the Venom Evolution Lab.
Only venoms from adult snakes were used so as to avoid the con-
founding variables such as of ontogenetic venom variation (e.g. Cipriani
et al., 2017), excluding S. punctuta for which an ontogenetic test was
specifically conducted. Venoms were extracted using traditional
(membrane) methods or via the pipette method (for low-yielding spe-
cies) (Mirtschin et al., 2006). Upon extraction, all venoms were flash-
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frozen in liquid nitrogen, lyophilised, and later reconstituted in deio-
nised water, centrifuged (5 min., 4 °C, 14,000 RCF), and the super-
natant was diluted to a concentration of 1 mg/ml with 50% glycerol
and stored at −20 °C. Protein concentrations were determined in tri-
plicate using a NanoDrop 2000 UV–Vis Spectrophotometer (Thermo-
fisher, Sydney, NSW, Australia) at an absorbance of 280 nm. Venoms
were not pooled and were obtained from both wild-caught and captive-
bred individuals. This is unlikely to influence our results; research on
Pseudonaja indicates that captivity does not influence venom compo-
sition over time (McCleary et al., 2016), and only minor differences
related to toxins present at low abundance in the venoms were observed
in the majority of Bothrops snakes studied (Amazonas et al., 2019). All
venom work was undertaken under University of Queensland Biosafety
Approval #IBC134BSBS2015.

2.2. Plasma collection and preparation

Tests were undertaken using 3.2% sodium citrated human plasma,
which was collected from healthy human donors and donated by the
Australian Red Cross (Research Agreement #18-03QLD-09 and
University of Queensland Human Ethics Committee Approval
#2016000256). Once obtained, the plasma was thawed at 37 °C, ali-
quoted into 1.2 mL quantities, flash frozen in liquid nitrogen, and im-
mediately stored at −80 °C until required. For phospholipid de-
pendency tests, one pooled plasma bag (label #9521903 (O+)) was
used. For all other tests, two pooled plasma bags (label #5251920 (O+)
and label #4914041 (A+)) were combined before aliquoting and
freezing at −80 °C until required. When required, plasma aliquots were
rapidly thawed at 37 °C in a Thermo Haake ARCTIC immersion bath
circulator (SC150-A40) and immediately used for experimentation.
Plasma was replaced every hour at maximum during experimentation
to maintain freshness.

2.3. STA-R Max assays

2.3.1. Coagulation
Coagulation tests were performed as previously described (Zdenek

et al., 2019) using a STA-R Max® analyser (Stago, Asnières sur Seine,
France). The time it took for the venom to cause human plasma to clot
was measured automatically via a viscosity-based (mechanical) detec-
tion system involving opposing magnets and a small metal ball inside
the test cuvette. Reagents included in each cuvette for each test were:
phospholipid (Stago Cat# 00597), Owren Koller (OK) Buffer Stago Cat#
00360), CaCl2 (25 mM, Stago Cat# 00367). Venom dilutions
(0.05–20 μg/ml) for 8-point curves were automatically performed by
the machine. Once venom and reagents were added to the cuvette,
incubation for 120 s occurred at 37 °C, then plasma was added, and
finally the time until clot formation was measured. Venom was replaced
every 15–30 min to minimise enzymatic degradation. We tested the
coagulotoxicity of 47 venoms from 42 elapid snake species across 19
genera within Australia. We included one non-Australian elapid species
as an outgroup (M. ikaheka) and one positive control (Bovine FXa) for
comparison.

2.3.2. Cofactor dependence tests
Cofactor dependence was assessed for 19 procoagulant species

across 9 genera. To determine the level of cofactor dependence of the
venoms, the aforementioned coagulation tests were conducted again at
the highest venom concentration (20 μg/ml)—also in triplicate—with
either calcium or phospholipid being replaced with OK Buffer to
maintain consistent final volumes in the assay. Cofactor dependence
values (x-fold shift in clotting times) were calculated by dividing the
venom-without-cofactor clotting time by the venom-with-cofactor
clotting time, then subtracting by one, whereby a shift of zero would
indicate no shift. The machine maximum measuring time is 999 s, so if a
test reached this time, an x-fold shift in clotting time was calculated

with the caveat that the measuring time was attenuated (at 999 s) and
thus presented as ‘ > X ± SD’. These venoms were considered highly
calcium dependent (HCD), and neither statistical analyses nor phylo-
genetic mapping of this trait were performed.

2.3.3. Antivenom efficacy
Antivenom efficacy was tested for 18 procoagulant species across 9

genera using IgG Monovalent Tiger Snake Antivenom (lot # 0550-
09401; expiry 2003) from Commonwealth Serum Laboratories (CSL)
Limited (Parkville 3052, Victoria). An examination of the activity of
expired antivenoms demonstrated their effectiveness long past its ex-
piry date and thus usefulness for research purposes (O’Leary et al.,
2009). In addition, 58-year-old Tiger Snake Antivenom performed as
well in coagulation assays on N. scutatus venom as did 14-year-old Tiger
Snake Antivenom (Lister et al., 2017). Tiger Snake Antivenom is pre-
pared from the plasma of horses immunised with the venom of Notechis
scutatus.

For our assays, antivenom was centrifuged (using Allegra™ X-22R
Centrifuge, Beckman Coulter, USA) at 14,000 RCF for 10 min at 4 °C.
The supernatant fluid was filtered (0.45 μm Econofltr PES, Agilent
Technologies, China) and aliquoted into 2 ml Eppendorf tubes and
stored at 4 °C until use. For testing, antivenom was diluted 1:20 in OK
Buffer (ie. 5% antivenom/95% OK Buffer; 50 μl antivenom into 1000 μl
total). The resulting final dilution of antivenom in the assay was 1:200
(1.25 μl antivenom in 250 μl total cuvette volume). Aforementioned
coagulation tests performed on the STA-R Max® analyser were modified
so that 25 μl of OK Buffer was replaced with 25 μl of the antivenom/OK
buffer solution, thereby maintaining the final 250 μl test volume. To
calculate antivenom efficacy, the AUC (Area Under the Curve) values
for the venom + antivenom dose-response curves were divided by the
venom-only dose-response curve AUC values, then subtracted by 1 so
that no shift in AUC values (a value of 1 divided by 1) would have a
value of 0 instead of 1.

2.3.4. Phylogenetic comparative analyses
The phylogenetic tree used was based upon a previously published

species tree (Lee et al., 2016) and manually recreated using Mesquite
software (version 3.2) and then imported to Rstudio using the APE
package (Paradis et al., 2004). Ancestral states were estimated for all
traits using maximum likelihood as implemented in the contMap
function of the R package phytools (Revell, 2012). As in previous stu-
dies with these methods (Lister et al., 2017; Rogalski et al., 2017), we
used the phytools script shown in Supplementary File 1.

2.4. Thromboelastography

To measure the strength of clots produced by the venoms, and the
total thrombus generated, we employed thromboelastography. Clot
strength assays were conducted as previously described by us (Oulion
et al., 2018; Sousa et al., 2018). In brief, OK Buffer, calcium, phos-
pholipid, venom, and finally plasma were added to the cup and pipette-
mixed before measurements commenced on the Thromboelastograph®
5000 Haemostasis analyser (Haemonetics®, Haemonetics.com, Cat# 07-
033) and proceeded for 30 min.

2.5. FXa-toxin molecular evolution

2.5.1. Phylogenetic reconstruction
Publicly available protein sequences for liver and venom gland ex-

pressed forms were retrieved from the UniProt database (Consortium,
2017). The sequences were aligned using a combination of manual
alignment and the MUltiple Sequence Comparison by Log-Expectation
(MUSCLE) algorithm implemented in AliView (Edgar, 2004; Larsson,
2014). We reconstructed the phylogeny of these sequences using
MrBayes 3.2 for 15,000,000 generations and 1,000,000 generations of
burnin with lset rates = invgamma (allows rate to vary with some sites
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invariant and other drawn from a γ distribution) and prset aamo-
delpr = mixed (allows MrBayes to generate an appropriate amino acid
substitution model by sampling from 10 predetermined models)
(Ronquist et al., 2012). The run was stopped when convergence values
reached 0.01. The sequence alignment used in these analyses is shown
in Supplementary File 2.

2.5.2. Tests for selection
Coding DNA sequences of venom gland expressed forms of FX were

compiled from GenBank (Consortium, 2017). The sequences were
trimmed to only include those codons which translate to the mature
protein, and subsequently translated, aligned, and reverse translated
using AliView and the MUSCLE algorithm (Edgar, 2004; Larsson, 2014).
The phylogenetic tree generated earlier was used for the subsequent
analyses.

We used several of the tests for selection implemented in HyPhy
version 2.220150316beta due to their different emphases (Pond et al.,
2005). The Analyze Codon Data analysis calculates the overall dN/dS
ratio for an alignment. The Fast Unconstrained Bayesian AppRoxima-
tion (FUBAR) method gauges the strength of consistent positive or ne-
gative selection on individual amino acids (Murrell et al., 2013); in
contrast, the Mixed Effects Model of Evolution (MEME) method iden-
tifies individual sites that were subject to episodes of positive selection
in the past (Murrell et al., 2012).

2.5.3. Protein modelling
A custom model for the toxin form of Factor X was generated by

inputting a representative sequence into the Phyre2 webserver using
the Intensive option (Kelley et al., 2015). Attribute files were created
from FUBAR and MEME results and these were used to colour the
Phyre2 structure in UCSF Chimera version 1.10.2 (Pettersen et al.,
2004).

3. Results

3.1. STA-R Max assays

3.1.1. Coagulation
Ancestral state reconstruction of clotting times produced by venoms

at 20 μg/ml on pooled human plasma is shown in Fig. 1. Venoms which
clotted plasma within 0–200 s were considered procoagulant in that
they promoted clot formation relative to the spontaneous clotting time
of recalcified healthy plasma in the absence of venom (negative con-
trol): 420.3 ± 68.7 s. Mapping values over the tree revealed that the
tiger snake clade (Lister et al., 2017) and Pseudonaja + Oxyuranus
(Zdenek et al., 2019) were strongly procoagulant, and Pseudonaja tex-
tilis produced the fastest clotting time (˜5 s) of any venom tested. Four
additional genera (Cryptophis, Demansia, Hemiaspis, and Suta) were
found to contain species whose venoms were notably procoagulant.
Plasma clotting times produced by Suta spp. venoms varied widely and
an ontogenetic shift in Suta punctata was noted. Adult S. punctata ra-
pidly clotted plasma (at 20 μg/ml a clotting time of 15.3 ± 0.1 s, with
an area under the curve of 384.3 ± 2.08) while S. punctata juvenile
venom was much less potent (at 20 μg/ml a clotting time of
34.2 ± 0.2 s, with an area under the curve of 887.2 ± 2.11). The next
most potent Suta species, S. spectabilis, was significantly less potent (at
20 μg/ml 129.7 ± 9.4 s), and S. fasciata was even less potent
(250.9 ± 13.5 s). All other Suta species did not show evidence of
procoagulant activity. Thus there is significant interspecies variation
within the Suta genus in addition to the significant ontogenetic varia-
tion for S. punctata.

All sea snake (Hydrophis spp. and Aipysurus laevis) venoms showed
no activity on plasma, with clotting times within or near the negative
control range. Venoms which clotted plasma within 800–999 s were
considered anticoagulant in that they delayed or prevented clot for-
mation relative to the negative control range of 420.3 ± 68.7 s. Four

venoms (A. antarcticus, and D. devisii, D. maculata, and P. australis) were
found to be anticoagulant.

3.1.2. Cofactor dependence
The FXa positive control and all procoagulant venoms, except for

those of the tiger snake clade, were found to be highly calcium de-
pendent, with the machine maximum time (999 s) being reached for all
venoms without calcium in the assay (Table 2). Endogenous FXa was
also highly calcium dependent, indicating this feature is the ancestral
state. Thus, the dramatically reduced dependence on calcium in the
tiger snake clade, and the Oxyuranus+ Pseudonaja clade represent two
convergent molecular adaptations for lessened biochemical dependence
upon calcium. Overall, the removal of calcium produced much greater
effects on venom action than did removing phospholipid. We observed
extensive variation in phospholipid dependence (Table 2) but with little
correlation relative to calcium dependence. Such dichotomy has been
observed for other lineages such as Echis (Rogalski et al., 2017) while in
contrast a correlation between calcium and phospholipid dependency
patterns has observed in other lineages (Lister et al., 2017; Zdenek
et al., 2019).

3.1.3. Antivenom efficacy
While the tiger snake antivenom displayed cross-reactivity against

all the procoagulant venoms, there was significant differential efficacy.
The tiger snake clade (Hoplocephalus, Notechis, Paroplocephalus, and
Tropidechis) (Lister et al., 2017) and also P. porphyriacus (Figs. 2 and 3)
were extremely well neutralised. In contrast, the Cryptophis, Demansia
and Hemiaspis venoms were not as well neutralised. There was no
phylogenetic association, as the two most poorly neutralised genera
represented the closest (Hemiaspis) and the most divergent (Demansia)
relative to the tiger-snake clade, a member of which (N. scutatus) was
the only venom used in the immunising mixture during Tiger Snake
Antivenom production and the only FXa rich venom used in the pro-
duction of Australian Polyvalent Antivenom. Similarly, P. porphyriacus
was extremely well neutralised despite being phylogenetically distinct
from N. scutatus.

3.2. Thromboelastography assays

Representatives of each procoagulant genus were tested by throm-
boelastography to ascertain if strong, stable clots were being formed
consistent with the generation of endogenous thrombin by FXa-driven
procoagulation. Indeed all venoms produced clots with maximum am-
plitude (MA) and total thrombus generation (TGG) values similar to
that of the three control tests (spontaneous clotting, FXa induced clot-
ting, and thrombin induced clotting) (Fig. 2, Table 1). Indicative of
their extreme potency, all venoms had speed of actions similar to that of
the FXa and thrombin controls, as measured by split point (SP), time to
reach 2 mm amplitude (R), maximum rate of thrombus generation
(MRTG) and time to maximum rate of thrombus generation (TMRTG)
(Fig. 2, Table 1). D. vestigiata was the only exception in this regard,
having SP, R, MRTG, and TMRTG values that were markedly slower
than all other venoms and the FXa and thrombin control enzymes,
which was also consistent with the clotting time differences noted be-
tween Demansia and other procoagulant venoms in the STA-R Max tests
(Fig. 1). However, consistent with the generation of endogenous
thrombin and the production of strong stable fibrin clots, D. vestigiata
was still significantly faster in all values relative to the spontaneous
control and despite the slower action, D. vestigiata venom was com-
parable to that of other venoms and the controls in the strength of the
clots ultimately formed, as indicated by the MA and TGG values pro-
duced by the venoms (Fig. 2, Table 1).

3.3. FXa-toxin molecular evolution

The phylogeny of the venom gland FXa forms was consistent with a
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single early recruitment event into the biochemical arsenal of the
common ancestor of the Australo-Papuan elapids (Fry, 2005), with
additional gene duplication and diversification in descendent lineages
(Fig. 5). The venom gland FXa sequences formed two large clades, one
that included the derived form (FXa:FVa) unique to the Oxyuranus +
Pseudonaja clade, and a second clade that included toxins from all the
other Australian elapid species. The tiger snake clade was contained
within the latter and is known to have extremely conserved SV-FXa
sequences (Lister et al., 2017), which can be a sign of negative selec-
tion. Despite this, our results show that the larger FXa-only clade is
subject to positive selection overall with a calculated dN/dS ratio of
2.15, which is consistent with the differential cofactor dependence
between the venoms. The results of our site-specific analyses are con-
gruent with these findings: FUBAR determined that 49 sites show sta-
tistically significant signs of positive selection while MEME reported 10
such sites, 8 of which had also been detected by FUBAR. Consistent
with a slower mode of action, and being the most phylogenetically
basal snake genus demonstrating procoagulant action, Demansia se-
quences had only partially truncated activation peptides (Fig. 6 align-
ment positions 195–223). In alignment positions 326–338, insertions
are present in the venom sequences relative to the endogenous liver-
secreted form (Fig. 6). While the lack of this insertion in Demansia is
consistent with this genus being slower in action, and suggestive of the
insertion evolving after the divergence by this genus, the insertion was
also lacking in the more derived P. porphyriacus, resulting from a sec-
ondary loss within this species. The functional impact of these inser-
tions is unknown but does not display any correlation with relative
dependence on calcium or phospholipid (Table 2). However, the lack of
pattern between insertion sites and antivenom efficacy indicates that
the antivenom efficacy is not due to binding at these sites. Similarly the
lack of a phylogenetic signal between cofactor dependence and anti-
venom efficacy indicates that antivenom binding is to sites distinct from
those involved in relative cofactor dependence.

4. Discussion

Our results revealed that more Australian elapid venoms are po-
tently procoagulant than previously recognised and that, while Tiger
Snake Antivenom is broadly cross-reactive, it varies extensively in re-
lative efficacy and therefore may have limited clinical usefulness or
more antivenom may be required to neutralise the same amount of
venom between species. Species in the Cryptophis, Hemiaspis, and Suta
genera displayed levels of potency within the range shown previously
for proven lethal species such as N. scutatus (Lister et al., 2017). While
bites from Cryptophis, Hemiaspis, and Suta species are rare due to their
remote ranges or nocturnal behaviour, the results in this study strongly
suggest that envenomations may produce severe coagulopathy. The
Demansia genus represents another undescribed procoagulant genus.
While of lesser potency, Demansia species are capable of very large
venom yields and thus may be able to produce clinically significant
procoagulant envenomations. The antivenom performed extremely well
on P. porphyriacus and S. punctata venoms, but with much lower efficacy
against Cryptophis, Demansia and Hemiaspis venoms. The poor perfor-
mance on Hemiaspis was particularly notable due to the close genetic
relationship between this genus and N. scutatus from the tiger snake
clade which was used in the antivenom production immunising mix-
ture.

The results of this study indicate that, while FXa was recruited for
use as a toxin at the base of the Australo-Papuan elapid snake radiation,
it was secondarily amplified on seven independent occasions: 1) the
Demansia genus; 2) Pseudechis porphyriacus as a unique derivation
within the Pseudechis genus; 3) Cryptophis genus; 4) Suta punctata as a
unique derivation within the Suta genus; 5) the Oxyuranus and
Pseudonaja last common ancestor; 6) the Hoplocephalus, Notechis,
Paroplocephalus, and Tropidechis last common ancestor; and 7) the
Hemiaspis genus (Fig. 1). While Hemiaspis is closely related to the Ho-
plocephalus, Notechis, Paroplocephalus, and Tropidechis clade, it appears

Fig. 1. Ancestral state reconstruction of clot-
ting times (s) produced by venoms (20 μg/ml)
on pooled human plasma, where warmer col-
ours represent faster clotting times. Bars in-
dicate 95% confidence intervals for the esti-
mate at each node. Note: due to the dynamic
nature of venoms, the bars rapidly become
broad as one moves down the tree. Values are
N = 3 mean ± SD.
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to represent an independent amplification of SV-FXa relative to the
tiger snake clade, as a proteomic and transcriptomic analysis of Drys-
dalia coronoides—sister to the tiger snake clade—revealed a lack of SV-
FXa amplification in its venom (Chatrath et al., 2010). The Suta genus
was notable in that plasma clotting varied widely ontogenetically and
between species. Suta punctata rapidly clotted plasma (15.3 ± 0.1 s,
with an area under the curve of 384.3 ± 2.08) and over twice as
quickly as S. punctata juvenile venom (34.2 ± 0.2 s, with an area under
the curve of 887.2 ± 2.11), and other Suta spp. did not produce ap-
preciable effects on plasma, with the exception of S. fasciata and S.
spectabilis which produced moderate effects (Fig. 1).

Despite the extreme divergence of the snake species included in this
study (˜25 million years) (Lee et al., 2016), we demonstrated a

remarkably broad cross-reactivity of Tiger Snake Antivenom that was
decoupled from relative phylogenetic affinities (Figs. 2 and 3). This
unparalleled level of cross-reactivity is consistent with the overall ex-
treme conservation of the SV-FXa toxins. However, there were varia-
tions, such as Cryptophis, Demansia and Hemiaspis being the least neu-
tralised, which is indicative of variations in the surface chemistry of the
toxins influencing relative epitope-paratope interactions. These varia-
tions are not the result of simple drift, as Hemiaspis is more related to
the clade which contains the species (N. scutatus) used in the antivenom
immunising mixture than is the more well-neutralised P. porphyriacus
(Fig. 3). Therefore, the variation in antivenom neutralisation is in-
dicative of the toxins evolving under positive selection pressure, which
is also consistent with the results that showed that some surface sites

Fig. 2. Eight-point dilution curves, showing clotting times (y-axis; seconds) of human plasma combined with varying concentrations of venom (x-axis; μg/mL)
presented in linear (left) and logarithmic views (right) for each species. Venom curves are shown in red and venom + antivenom curves are shown in blue. CSL Tiger
Snake Antivenom was used at 0.5% in the assay. The last pair shows the ontogenetic variation between S. punctata adult and subadult venoms. Data points are
N = 3 ± SD. Note: for most data points the error bars are smaller than the datapoint symbols.
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were episodically evolving under positive selection pressure (Fig. 4).
The specificity of the antivenom for certain surface structural fea-

tures specific for venom FXa was underscored by its lack of cross-re-
activity with endogenous human FXa (Fig. 3). As has been shown in
other species, subtle variations in surface chemistry can have profound
impacts upon antivenom specificity and efficacy and therefore high
level of sequence similarity is a poor predictor of antivenom efficacy
(Zdenek, et al., 2019). However, in other cases highly similar toxins
were well neutralised, such as the extremely conserved FXa toxins with
the Hoplocephalus, Notechis, Paroplocephalus, and Tropidechis clades re-
sulting in very strong antivenom cross reactivity (Lister et al., 2017). In

contrast, a very poor level of antivenom cross reactivity has been shown
in other clades, despite the toxins being highly conserved, such as the
FXa:FVa coagulotoxin complex that evolved in the common ancestor of
Oxyuranus and Pseudonaja (93% similarity of the FXa subunits and 97%
similarity of the FVa subunits) (Zdenek et al., 2019). The results were
surprising in that the antivenom developed using just Oxyuranus venom
in the immunisation mixture failed to effectively neutralise the venoms
from its sister genus Pseudonaja, despite the high level of sequence si-
milarity between toxins from the two sister-genera (Zdenek et al.,
2019). Thus, slight variations on the surface of the toxins can have
dramatic effects both on toxin specificity and potency, in addition to

Fig. 3. Ancestral state reconstruction of anti-
venom efficacy (x-fold shift of clotting curve
AUCs with and without the addition of anti-
venom) of procoagulant venoms (20 μg/ml) on
pooled human plasma, where warmer colours
represent faster clotting times. A value of zero
would indicate no shift. Bars indicate 95%
confidence intervals for the estimate at each
node. Note: due to the dynamic nature of ve-
noms, the bars rapidly become broad as one
moves down the tree. Values are N = 3
mean ± SD. ND = not determined for
lineages in gray due to being FXa-rich venoms
for which sufficient stock was not available (C.
nigriscens (Townsville), D. quaesitor, D. rimicola,
and S. punctata (juvenile)), or venoms which
were not relevant to Tiger Snake Antiveom due
to being either FXa:FVa rich venoms
(Oxyuranus and Pseudonaja) or not procoagu-
lant (all others).

Table 1
Thromboelastography output values for traces produced by venoms (20 μg/ml) on human plasma, in the presence of cofactors, as per the Methods. Data are N = 3
means ± SD values.

Species MA (mm) SP (min) R (min) MRTG (dcs, dynes/ cm2/s) TMRTG (min) TGG (dynes/cm2)

Negative control 11.93 ± 1.76 16.3 ± 1.4 18.2 ± 1.7 1.0 ± 0.1 18.8 ± 0.7 79.7 ± 11.6
Thrombin control 13.23 ± 1.24 0.3 ± 0.1 0.5 ± 0.1 3.0 ± 0.2 0.9 ± 0.1 82.1 ± 9.6
Bovine FXa control 14.87 ± 1.05 0.8 ± 0.1 1.0 ± 0.1 3.9 ± 0.3 1.5 ± 0.1 95.0 ± 8.3
Cryptophis nigrescens 13.00 ± 0.36 0.5 ± 0.2 0.6 ± 0.2 4.7 ± 0.1 1.1 ± 0.2 81.0 ± 3.1
Demansia vestigiata 13.17 ± 0.98 5.0 ± 0.9 5.7 ± 0.9 2.9 ± 0.2 6.4 ± 0.8 76.4 ± 5.8
Hemiaspis signata 11.43 ± 1.18 0.4 ± 0.1 0.5 ± 0.1 5.1 ± 0.6 1.0 ± 0.1 62.3 ± 8.0
Hoplocephalus bungaroides 12.03 ± 1.20 0.2 ± 0.0 0.2 ± 0.1 5.3 ± 0.2 0.6 ± 0.2 63.1 ± 7.3
Notechis scutatus 13.30 ± 1.73 0.2 ± 0.0 0.2 ± 0.0 7.9 ± 1.8 0.3 ± 0.0 79.9 ± 12.4
Paroplocephalus atriceps 10.80 ± 1.05 0.4 ± 0.1 0.5 ± 0.1 4.6 ± 0.5 1.0 ± 0.1 61.0 ± 5.8
Pseudechis porphyriacus 12.47 ± 0.75 0.7 ± 0.1 0.9 ± 0.1 4.8 ± 0.4 1.3 ± 0.2 80.3 ± 5.5
Suta punctata 12.40 ± 1.04 0.5 ± 0.1 0.7 ± 0.1 4.3 ± 0.7 1.2 ± 0.1 75.5 ± 2.2
Tropidechis carinatus 12.90 ± 1.61 0.2 ± 0.0 0.2 ± 0.1 6.2 ± 1.5 0.5 ± 0.3 81.4 ± 10.3
Oxyuranus scutellatus 15.10 ± 1.37 0.2 ± 0.0 0.3 ± 0.1 5.1 ± 0.7 0.8 ± 0.1 94.3 ± 10.9
Pseudonaja textilis 15.10 ± 1.18 0.2 ± 0.0 0.2 ± 0.0 7.3 ± 0.8 0.3 ± 0.0 94.6 ± 7.2

MA = maximum amplitude; SP = split point; R = time to reach 2 mm amplitude; MRTG = maximum rate of thrombus generation (dcs, dynes/cm2/s).
TMRTG = time to maximum rate of thrombus generation (min). TGG = total thrombus generation (dynes/cm2).
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relative antivenom efficacy. There was no phylogenetic pattern of an-
tivenom efficacy (Fig. 3) regarding cofactor dependence (Table 2) or
sequence insertions (Fig. 6). Therefore, the variation in antivenom ef-
ficacy was likely due to divergence on other sites on the enzyme mo-
lecular surface.

Along with several species that are now restricted to Papua New
Guinea, Demansia is one of the most basal lineages of the elapid sub-
family Hydrophiinae (Lee et al., 2016; Sanders et al., 2008; Strickland
et al., 2016). However, the most basal split amongst the SV-FXa toxins
in our toxin phylogenetic analysis was between the Pseudonaja +
Oxyuranus clade and all others (Fig. 5). This discrepancy is likely due to
the phylogenetic analyses failing to accurately capture the phylogenetic
signal represented by the series of deletions in the activation peptide
region of the venom FXa sequences: compared to the liver-expressed
FX, Demansia vestigiata SV-FXa has a 10 amino acid deletion while those
from more derived hydrophiines have a further 19 amino acids deleted
(Fig. 6). This shows a clear pattern of stepwise evolution and, since gaps
are not counted as mismatches in MrBayes, explains the incongruence
between the phylogeny of the toxins and that of the species to which
they belong. This evolutionary series of deletions may also explain the
less potent coagulotoxicity we observed from Demansia spp. venoms;
while no SV-FXa sequence has deleted the full extent of the activation
peptide that is cleaved to form the liver-expressed FXa the larger de-
letion found in derived hydrophiines is significantly more similar than
that of basal hydrophiines and may well enable these toxins to mimic
the physiological role of FXa more effectively. Therefore, the sequences
with more deleted amino acids in the activation peptide motif display
the fastest clotting times. However, as with cofactor dependence or
sequence insertions, there was no phylogenetic pattern of antivenom
efficacy (Fig. 3) with regards to deletions of activation peptide amino
acids (Fig. 6). This suggests the variation in antivenom efficacy was due
to divergence on other sites on the enzyme molecular surface.

Between this refinement of venom FXa and the accompanying re-
cruitment of a FVa equivalent in the Pseudonaja + Oxyuranus clade, it is
clear that some lineages of hydrophiines have followed an evolutionary
path towards stronger coagulotoxicity. This path is consistent with our
signal of selection analyses that indicate that the FXa toxins are subject
to net positive selection. This is the case for many other reptile toxin

families (Brust et al., 2012; Dashevsky and Fry, 2018; Jiang et al., 2011;
Juárez et al., 2008; Rokyta et al., 2011), but the snake venom form of
FXa is unusual in its relatively high sequence conservation. It has been
previously hypothesised that this unusual level of sequence conserva-
tion is due to a selection pressure exerted by the extremely conserved
target (Lister et al., 2017). Variation in key sites involved in substrate
recognition and cleavage would deleteriously affect the ability to exert
the pathophysiological action and therefore such mutations would be
under negative selection pressure. This is consistent with the theory put
forth that globular venom components are under structural constraints
that limit their diversification (Fry, 2005). However, while these toxins
are largely conserved, those mutations which are apparent in the FX
sequences available are skewed towards non-synonymous changes on
the molecular surface which is evidence for at least some regions of
these toxins being subject to diversifying selection for potency or spe-
cificity.

The variances in coagulotoxic potency observed across the procoa-
gulant venoms in this study may be explained by one of two scenarios
(or a combination thereof). One scenario may be that the venom ex-
pression levels of FXa differ across species. Alternatively, variation in
the sequence of the toxins may lead to variable speed of action in which
each individual toxin possesses in cleaving prothrombin to thrombin,
either through variations in binding affinity or cleavage rate-of-action
(or a combination of these two variables). There was not, however, a
correlation between relative dependence on calcium or phospholipid
cofactors and relative speed of action (Figs. 1 and 2, Table 1). This is in
contrast to other venoms, such as from Oxyuranus and Pseudonaja, in
which cofactor dependence was shown to be a driving variable in speed
of action (Zdenek et al., 2019). However, the disconnect between co-
factor variance and speed of action has been noted in the venom of
some species, such as those within the genus Echis (Rogalski et al.,
2017). It is notable, however, that a sharp decrease in the relative de-
pendence upon calcium has evolved twice within the Australian elapid
snake venoms: once in the last common ancestor of Hoplocephalus,
Notechis, Paroplocephalus, and Tropidechis, with a further reduction in
Notechis (Lister et al., 2017), and again independently in the Oxyur-
anus+ Pseudonaja clade. As the relative dependence on calcium was
not correlated with clotting time, unlike in the Oxyuranus+ Pseudonaja

Table 2
Cofactor dependence, measured by x-fold shift of clotting times (s) with and without cofactors calcium or phospholipid (PPL), of procoagulant venoms. Bovine FXa
was tested as a positive control. Higher x-fold shift indicates greater cofactor-dependence, and no shift is indicated by a value of 0. Values are N = 3 mean ± SD.

Sample clotting time (s) with calcium and PPL x-fold shift without calcium (calcium dependence)* x-fold shift without PPL (PPL dependence)

Factor Xa control 12.2 ± 0.4 > 81.2 ± 2.9 1.5 ± 0.1
Cryptophis nigrescens (Bunya Mtns) 14.7 ± 0.3 > 56.1 ± 4.4 1.1 ± 0.0
Cryptophis nigrescens (Jimna) 16.0 ± 0.1 > 61.3 ± 0.5 1.1 ± 0.0
Cryptophis nigrescens (Townsville) 15.9 ± 0.4 > 61.9 ± 1.7 1.3 ± 0.1
Demansia papuensis 66.1 ± 1.0 > 17.5 ± 0.1 1.5 ± 0.0
Demansia psammophis 56.1 ± 0.8 > 19.6 ± 0.8 2.7 ± 0.1
Demansia vestigiata 99.8 ± 8.8 > 12.2 ± 0.3 1.3 ± 0.0
Hemiaspis damelii 17.0 ± 0.3 > 57.8 ± 0.7 2.8 ± 0.0
Hemiaspis signata 15.6 ± 0.2 > 63.2 ± 0.6 2.1 ± 0.0
Hoplocephalus bitorquatus 24.4 ± 24.4 7.3 ± 0.3 1.4 ± 0.1
Hoplocephalus bungaroides 17.0 ± 0.4 8.0 ± 0.3 1.1 ± 0.1
Hoplocephalus stephensi 18.5 ± 0.3 6.5 ± 0.4 1.2 ± 0.2
Notechis scutatus (Melbourne) 11.3 ± 0.2 7.1 ± 0.2 0.9 ± 0.0
Notechis scutatus (Perth) 14.1 ± 0.4 6.2 ± 0.1 0.6 ± 0.0
Notechis scutatus (Tasmania) 9.4 ± 0.2 6.1 ± 0.1 0.6 ± 0.1
Paroplocephalus atriceps 21.7 ± 0.9 13.0 ± 0.6 1.2 ± 0.1
Pseudechis porphyriacus 28.9 ± 0.6 > 33.5 ± 0.6 2.0 ± 0.2
Suta punctata (adult) 15.3 ± 0.1 > 64.2 ± 0.4 6.8 ± 0.3
Suta punctata (juvenile) 34.2 ± 02 > 28.2 ± 0.2 1.6 ± 0.0
Tropidechis carinatus 9.3 ± 0.04 10.4 ± 0.3 0.6 ± 0.1

* For venoms which reached the machine maximum measuring time (999 s) in the absence of calcium, the x-fold shift was calculated with the caveat that the
measuring time was attenuated (at the 999 s mark), hence the ‘ > ’ prior to the values. These venoms were considered highly calcium dependent (HCD).
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clade (Zdenek et al., 2019), the selection pressures guiding these bio-
chemical derivations remains unclear and should be the subject of fu-
ture work, such as examining if relative calcium dependence is a feature
in differential activity upon the plasma of different prey types.

Regardless of the selection pressures resulting in the differential
dependence on calcium as a biochemical cofactor, it is clear that les-
sened calcium dependence is a derived condition, as endogenous FXa
was highly dependent upon calcium (reaching machine maximum
reading time of 999 s in the absence of calcium), as were Cryptophis,
Demansia, Hemiaspis, P. porphyriacus, and Suta venoms. The stronger
potency noted for H. signata in this study is in contrast with a weaker
result obtained in a previous study (Pycroft et al., 2012), which may be
explained by neither calcium or phospholipid being included in the
protocol of the previous study. The extreme variation in relative

dependence upon calcium revealed that the current grouping of pro-
thrombin activating toxins based upon their binary cofactor depen-
dence (Kini et al., 2001; Kini, 2005; Rosing and Tans, 1992) does not
capture the biochemical variation that exists. Similarly, the relative
dependence upon phospholipid also varied significantly but again
without a correlation with relative speed of venom action.

There was no correlation observed between venoms best neutralised
by the antivenom and relative dependency upon calcium. The venom
used in the antivenom production (N. scutatus) exhibited lowered levels
of calcium dependence compared to other members within its clade
(Hoplocephalus, Notechis, Paroplocephalus, and Tropidechis genera).
While P. porphyriacus was very well neutralised, it was very calcium
dependent. Other venoms which were calcium dependent were poorly
neutralised (except S. suta). This suggests that the molecular surface

Fig. 4. Overlaid thromboelastography traces (N = 3) of 20 μg/ml venom (red) on spontaneous clotting control of human plasma (blue) for 30 min, compared to
Bovine FXa and thrombin positive controls (green). Vertically narrower traces indicate weaker clots; wider traces indicate stronger clots. Values are N = 3
mean ± SD.
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sites involved in relative calcium dependence are not key antivenom
binding sites for antibodies resulting from immunisation using N. scu-
tatus venom. It is important to note that N. scutatus is the only FXa-rich
venom used in the immunising process for Australian antivenom pro-
duction. Thus, regardless of prior exposure of the horses to other
Australian venoms, any antibodies present in Tiger Snake Antivenom or
Polyvalent Antivenom that cross-react with FXa toxins are due to N.
scutatus venoms. The antibodies stimulated by FXa:FVa containing
Oxyuranus or Pseudonaja venoms do not cross react with each other
(Zdenek et al., 2019), let alone FXa toxins from more distantly related
snakes. Therefore, only Tiger Snake Antivenom (or the N. scutatus FXa
stimulated antibodies in Polyvalent Antivenom) will cross-react with
FXa toxins contained in procoagulant venoms. This explains, for ex-
ample, why Black Snake Antivenom does not cross-react with P. por-
phyriacus venom, despite the fact that a venom from the same gen-
usPseudechis australisis used in the antivenom production. This lack of
cross-reactivity is due to P. australis venom lacking FXa toxins, unlike P.
porphyriacus venom which contains them (Goldenberg et al., 2018).
Thus, the only effective treatment for FXa-rich procoagulant snake ve-
noms is either Tiger Snake Antivenom or Polyvalent Antivenom which
contains antibodies raised against N. scutatus FXa.

Thromboelastography confirmed the generation of endogenous
thrombin resulting in strong, stable fibrin clots, even for slower acting
species such as Demansia (Fig. 2). The variation in Demansia speed of
action was, however, correlated with variations in the relative trunca-
tion of the activation peptide sequence (Fig. 6). However, other se-
quence variations, such as insertions (Fig. 6), did not correlated with
relative speed of action (Figs. 1 and 2). Therefore, the selection pres-
sures for these sequence variations remain to be elucidated, with po-
tential key variables including differential taxon-specific action, as has
been noted for other genera such as Bothrops (Sousa et al., 2018).

In summary, this study revealed for the first time that additional
lineages of Australian elapid snakes possess venoms which are potently
procoagulant and therefore may be capable of producing the same life-
threatening coagulopathic effects seen clinically for more well-studied
species. We also showed that, despite the ˜25 million years of separation
between these species and the species used in antivenom production (N.
scutatus), the antivenom displayed an unparalleled level of cross-re-
activity. However, there were substantial variations in the ability of the
antivenom to neutralise venoms and thus the amount of antivenom
needed may vary for equivalent doses of venom for Cryptophis,
Demansia, and Hemiaspis venoms. The species newly documented in this
study to have potent actions upon the blood have historically been
involved in few, if any, snakebites due to rarity of human-wildlife en-
counters involving these species due to their remote distribution or
nocturnal behaviour. However, both climate change (which alters the
distribution and activity periods of species), and/or continued urbani-
sation in Australia (which alters the distribution of humans), combined
with increasing popularity in the pet trade, may lead to more en-
venomations by these species (Fry, 2018). Thus, our results provide
important information to clinicians for the design of management
strategies in the event of snakebite by such lesser known Australian
elapid snake species and supports the current broad use of Tiger Snake
Antivenom for FXa toxin driven procoagulant Australian snake venoms.
The results of this study therefore have immediate, real-world appli-
cations for treatment of the envenomed patient. Of particular im-
portance was that the relative effectiveness of the antivenom was not
congruent with organismal relatedness, thereby reinforcing the para-
digm that since venom evolves at an accelerated rate, organismal
phylogeny is a poor predictor of antivenom cross-reactivity.

Fig. 5. Analysis of Factor X sequences. A) phylogenetic reconstruction of the toxin molecular evolutionary history including gene duplication, recruitment as a toxin,
and further duplication of the gene in Australian elapids (liver-expressed FX in blue, venom FXa in red) B) the clade of toxins from genera that does not include
Oxyuranus and Pseudonaja were analysed using the site-specific selection analyses FUBAR (blue and red) and MEME (purple and yellow); the results are displayed on
protein structures predicted by the Phyre2 webserver.
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