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Artic(e history: ) Pinpointing the emergence of toxicological evolutionary novelties can be challenging. In American pit
Received 24 April 2025 vipers, anticoagulant venoms are the paradigm, with a notable exception being the genus Bothrops,

Received in revised form

17 June 2025

Accepted 1 July 2025
Available online 2 July 2025

which are typically procoagulant. A recent study found that the basal Bothrops (B. pictus) is anticoag-
ulant, raising two competing hypotheses: ancestral Bothrops were anticoagulant with procoagulant
venom evolving later, or ancestral Bothrops were procoagulant with anticoagulant venom in B. pictus
being a derived trait. To help resolve this, we tested venoms of the sister genus Bothrocophias for
Handling Editor: Prof. Xavier Coumoul pathophysiological actions upon blood clotting. The Ecuadorian Bothrocophias venoms (B. campbelli, B.
lojanus, and B. microphthalmus) were compared to Bothrops pictus. Both Bothrocophias lojanus and
B. pictus inhibited various blood clotting enzymes, but B. pictus was more potently anticoagulant.
Intriguingly, B. campbelli and B. microphthalmus were procoagulant. Both B. microphthalmus populations
activated prothrombin, but Zamora Chinchipe locality also activated Factors X and VII. Bothrocophias
campbelli showed a novel activity, using Factor Va in a calcium-dependent manner as a cofactor to
activate prothrombin, the first time this has been shown for any viperid venom. Organismal phyloge-
netics failed to resolve the relative positions of B. campbelli and B. lojanus, thus we were unable to
ascertain the ancestral trait. To resolve this, more phylogenetic research and venom testing with other
Bothrocophias species is needed. Neutralisation tests revealed differential efficacy of PoliVal-ICP (Insti-
tuto Clodomiro Picado) and Soro Antibotrépico (Instituto Butantan) antivenoms. Together, these find-
ings aid in designing evidence-based clinical-management strategies and provide foundational data for
reconstructing venom evolution.
© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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(sometime between 10 and 23 million years ago), the last common
ancestor of Bothrocophias + Bothrops pit vipers colonised South
America via a small land bridge connecting Central and South
America [1]. Following this, Bothrops split from Bothrocophias and
rapidly diversified into the currently recognised 48 species [2].
Wiister [1] postulates that the landscape being devoid of vipers at
the time of colonisation allowed Bothrops to diversify into unoc-
cupied ambush feeding niches. Today, Bothrops are found across
South America, Central America, Mexico, and Caribbean islands
[3]. It is unclear why Bothrocophias did not undergo the same
adaptive radiation; there are currently only nine recognised spe-
cies [2], and they are relatively restricted in range, occupying An-
dean South America and equatorial Brazil [4-7].

Concerning venom activity, due to their rarity Bothrocophias
have been the subject of little work on their venom [8]. Bothrops
venom, on the other hand, have been extensively studied [9,10].
This is reflective of Bothrops being considered the most clinically
significant genus of venomous snakes in Latin America [10,11].
Notably, the venom of most Bothrops species is primarily procoa-
gulant [12,13], with Factor X (FX) and prothrombin activation
shown as mechanisms of action [14-18]. The procoagulant trait
distinguishes Bothrops from other American pit vipers, which are
typically dominated by, but not exclusively, anticoagulant or
pseudo-procoagulant (aka: thrombin-like) activities [13,19-22].
Our recent study found a notable exception occurring in the
venom of B. pictus, which we showed to be anticoagulant on hu-
man plasma [12]. Because most studies recover B. pictus as sister to
all other Bothrops [23-27], we posited that the procoagulant
venom in the Americas is unique to Bothrops, with the anticoag-
ulant states as seen in B. pictus representing the ancestral trait, and
the procoagulant trait seen in other Bothrops species being a
derived state [12]. This aligns with Nielsen and colleagues’
comprehensive study testing many American pit vipers for coa-
gulotoxic activity, revealing most Bothrops venoms produced true
procoagulant activity (described in the study as thrombin-
generating activity) [13]. However, the anticoagulant phenotype
of B. pictus is not conclusive of this being the ancestral Bothrops
trait. Indeed, there is the competing hypothesis that the Bothrops
last common ancestor may have been procoagulant and B. pictus
evolved the anticoagulant trait as a derived state. A study inferring
the evolutionary history of the early diversification of Bothrops and
its sister genus Bothrocophias has been needed to help resolve this
question. If all Bothrocophias have anticoagulant venom, then this
would support the hypothesis that procoagulation has evolved in
the Bothrops genus.

To our knowledge, only four studies have evaluated the action
of Bothrocophias venoms upon human plasma. These studies
showed that Bothrocophias campbelli, B. colombianus, and B. myersi
have low coagulant activity [8,28-30]. However, it must be noted
that in the methods, none of the studies included cofactors (cal-
cium and phospholipid) in their assays. Calcium and phospholipid
are readily available to venoms in vivo. They have been shown to be
important cofactors for procoagulant venoms in general [31-33]
and are particularly important for complete action by Bothrops
venoms [ 14]. Thus, the indication by these studies that the venoms
had low coagulant activity can only be regarded as provisional, due
to physiological conditions not being replicated in the laboratory
methods.

In this study, we aimed to test the coagulotoxic venom action
from three species of Bothrocophias. We re-evaluated the coagu-
lotoxic activity of Bothrocophias campbelli and tested, for the first
time, the coagulotoxic activity of B. lojanus and B. microphthalmus
on human plasma. We compared these venoms with the venom of
Bothrops pictus — thought to be the most basal (earliest diverging)
Bothrops. We hypothesised that Bothrocophias venoms would be
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anticoagulant and that procoagulation is, consequently, unique
among the sister Bothrops genus. By investigating these rarely
studied venoms, this data set will be important to reveal the
evolutionary history of Bothrops venom and deliver insights that
may be useful to basic scientists, antivenom and drug developers,
as well as clinicians treating undifferentiated snakebites present-
ing unusual features.

2. Methodology
2.1. Venoms and antivenom

Ecuador samples used in the present study were collected under
permit MAATE-DBI-CM-2022-0259 from the Ecuadorian Ministry of
Environment. Venoms were received under University of Queens-
land, Animal Ethics Approval March 15, 2021/AE000075 and Uni-
versity of Queensland Biosafety Approval #IBC134BSBS2015.
Voucher specimens are housed at MZUTI (Museo de Zoologia,
Universidad Tecnoldgica Indoamérica, Quito, Ecuador).

Bothrocophias venom (each species n = 1, single milkings) was
collected in the field in Ecuador (Fig. 1):

e Bothrocophias campbelli, MZUTI 5638, Mindo, Pichincha prov-
ince, collected by Jaime Culebras.

e Bothrocophias microphthalmus, MZUTI 5635, Mera, Pastaza
province, collected by Diego Quirola and Gustavo Hushpa.

e Bothrocophias microphthalmus, MZUTI 5670, Cordillera del
Céndor, Rio Blanco, Emperador, Zamora Chinchipe province,
collected by Nicolas del Castillo.

e Bothrocophias lojanus, MZUTI 5569, Las Nieves, Nabdn, Azuay
province, collected by David Salazar and Gabriel Cabrera.

e Bothrocophias lojanus, MZUTI 5559, Road Loja to Tres Leguas,
Loja province, collected by Amaru Loaiza-Lange and Juan Cueva.

Supplied by Armando Yarleque, Universidad Nacional Mayor de
San Marcos, Lima, Peru:

e Bothrops pictus venom sample pooled from n = 7 unsexed
adults, locality: Districts of Carabayllo and Comas, Peru.

Venoms were extracted in the lab, immediately frozen in liquid
nitrogen, then lyophilised. Venom was resuspended in double
deionised water (ddH;0, hereafter ‘water’), centrifuged at 14,000
RCF (4 °C, 10 min), supernatant removed, its concentration
measured using a Thermo Fisher Scientific™ NanoDrop 2000
(Waltham, MA, USA) at 280 nm wavelength, and the appropriate
amount of venom, water and glycerol added to make a 1 mg/mL
1:11:1 water: glycerol solution. After preparation, all venoms were
stored at —80 °C until required for experimentation in which they
were stored at —20 °C.

Aliquots of antivenom used previously by us [34] study were
used (stored at 5 °C). The antivenoms used were: Soro Anti-
botrépico (SAB) ® (Instituto Butantan, Brazil; Lot: 1305077; Exp:
May 2016) and Central American polyspecific antivenom (PoliVal-
ICP) ® (Instituto Clodomiro Picado, Universidad de Costa Rica; Lot:
5720416; Exp: April 2021). Before use in the current experiment,
the aliquots of antivenoms were centrifuged at 12,00 RCF at 4 °C
for 10 min and the supernatant was used. This was to ensure no
bacterial contamination was present. Antivenoms were also
checked for efficacy to confirm stability. The use of expired anti-
venoms is acknowledged, but not of concern; this is because
previous studies show antivenom to be effective after its expiry
date [32,35-37].
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Fig. 1. Map of Ecuador showing elevation and the localities of each Bothrocophias venom sample. ISO 3166 codes are used to represent Ecuador's provinces. The R code is available

on GitHub (https://github.com/LachlanBourke/Species_location_map).

2.2. Human plasma and fibrinogen

Human plasma work was performed under University of
Queensland Biosafety Approval #IBC134BSBS2015 and Human
Ethics Approval #2016000256. Australian Red Cross (44 Musk
Street, Kelvin Grove, QLD 4059, Australia) supplied human
platelet-poor plasma (3.2 % citrated, O Positive, Label #
A550022018621) under research approval #16-04QLD-10. To
prepare for experiments, plasma was defrosted from —80 °C in a
37 °C water bath, aliquoted from within a biosafety cabinet into
1.5 mL tubes, flash-frozen in liquid nitrogen, and stored at —80 °C.
For tests on the Stago STA-R Max haemostasis analyser (Stago,
Asnieres sur Seine, France) plasma controls (spontaneous and
kaolin, explained in following sections) were performed daily to
monitor the health of the plasma. Human fibrinogen (Sigma
Aldrich, St. Louis, MO, USA) was solubilised to 4 mg/ml by diluting
with buffer (150 mM NaCl, 50 mM Tris-HCl, then dissolved in
water, pH 7.4), flash frozen in liquid nitrogen, and stored at —80 °C.

2.3. Thromboelastography

Two TEG® 5000 Thrombelastograph® Haemostasis Analyser
systems were used to measure the clotting dynamics of human
plasma incubated with venom samples (section 2.1). We followed
our previously validated protocols [12,14]: for each run, the ana-
lyser temperature was 37.0 °C and disposable cups and pins
(Haemonetics®, REF 6211) were loaded. Next, 72 pL CaCl; (Stago
Cat# 00367), 72 pL phospholipid (PL) (Stago Cat# 00597), 20 uL
Owren-Koller (OK) buffer (Stago Cat# 00360), and 7 uL 1 mg/ml
venom. Lastly, 189 uL human plasma or fibrinogen (thawed for
5 min in a 37 °C water bath) was pipetted into each cup, the entire
360 uL sample pipette-mixed, and the analyser ran for 30 min. For
each cup, the time from pipetting the plasma or fibrinogen into the
cup until the start of each test (lifting the cup into the test machine
and pressing start) was 10 s. All tests were performed in triplicate.
A spontaneous clotting time control was performed for human
plasma tests, whereby 7 uL 1:1 water: glycerol sample replaced the
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venom sample. Two positive controls were also performed,
whereby 7 pL thrombin (Stago Cat# 00673) or FXa (Stago Cat#
00311) replaced the venom sample. Only the thrombin control was
performed in fibrinogen tests because fibrinogen does not clot
spontaneously.

2.4. Clotting time and cofactor dependence

A Stago STA-R Max haemostasis analyser was used to access the
coagulotoxicity of each venom. Firstly, all venoms were tested at
20 pg/mL concentration for their ability to clot human plasma. For
testing, venom (1 mg/mL) was diluted to 0.1 mg/mL with OK buffer
and loaded into the analyser along with the following reagents:
human platelet-poor plasma (thawed for 5 min in a 37 °C water
bath), CaCly, PL, and OK buffer. For the 20 pg/mL venom concen-
tration, the analyser pipetted 50 pL CaCl,, 50 uL PL, 25 uL OK buffer,
and 50 pL of venom (0.1 mg/mL) into a cuvette. Following 2 min
incubation, 75 pL human platelet-poor plasma was added into the
cuvette, the cuvette gently shaken by the machine, and clotting
automatically determined. Additionally, the dependency of each
venom for cofactors (calcium or phospholipid) was accessed, as
per the previously validated assay [32]. The same venom protocol
as above was used, except for the calcium dependence test 50 puL
CaCl, was replaced with OK buffer, and for the PL dependence test
50 uL PL was replaced with OK buffer. Lastly, using our previous
methodology [38], the venom's ability to destroy phospholipids
was accessed. The same clotting time protocol as above was used,
except 25 pL OK buffer was replaced with 5x concentrated PL,
leading to a final PL concentration in the cuvette 3.5x the regular
assay. If venom activity decreases compared to the baseline, it
suggests the venom potentially destroys phospholipids; the
venom is unable to destroy all phospholipids as they are over
abundant in this test, thus venom activity is decreased. All venom
tests were run in triplicate. Two controls were performed: a
spontaneous clotting time test and a modified activated partial
thromboplastin time test (kaolin test). For the spontaneous clot-
ting time, the same methodology as above (with both cofactors)
was performed, except 50 pL venom was replaced with 1:10
diluted (diluent = OK buffer) 1:1 water: glycerol sample. The
kaolin test (positive control) was performed as follows: the posi-
tive control as follows: 50 pL plasma, 50 pL kaolin (Stago Cat#
00597), 50 pL PL (solubilised in OK buffer), and 50 pL OK were
incubated for 120 s in a cuvette, then 50 pL 0.025 M CaCl, was
added to initiate clotting.

2.5. Antivenom efficacy

A Stago STA-R Max haemostasis analyser was used to measure
the ability of antivenoms to neutralise procoagulant Bothrocophias
venom. Firstly, venoms were tested for their coagulotoxic activity
on human plasma across eight different venom concentrations
(ng/mL: 20,10, 4, 1.66, 0.66, 0.25, 0.125, 0.05). The 20 pg/mL venom
activity was re-tested using section 2.3 methodology: the analyser
pipetted 50 pL CaCly, 50 pL PL, 25 uL OK buffer, and 50 pL of venom
(0.1 mg/mL) into a cuvette, incubated regents for 2 min, added
75 pL plasma, and measured clotting time. Above controls were
also performed. To test additional concentrations, the analyser
adjusted the volume of venom added to the cuvette, keeping the
final volume consistent (250 pL) by adding additional OK buffer.
For the antivenom test, the 25 ul OK buffer was replaced with 2.5 %
(v/v) antivenom (diluent = OK buffer) (final cuvette concentration
of 0.25 %). The effect of antivenom on clotting time was tested by
replacing venom with a 1:10 diluted (diluent = OK buffer) 1:1
water: glycerol sample. All tests were run in triplicate. To evaluate
antivenom efficacy, percentage shift values were calculated as
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follows: the clotting time of venom incubated with antivenom was
divided by the venom only clotting time, and the total subtracted
by 1, so that a value above 0 would indicate neutralisation. To
convert to percentage, this value was then multiplied by 100.

2.6. Coagulation factor inhibition assay

A Stago STA-R Max haemostasis analyser was used to access the
ability of venom to inhibit coagulation factors. Venom induced
inhibition of Factor VIla (FVIIa), Factor Xla (FXIa), Factor Xa (FXa),
Factor IXa (Factor IXa), thrombin, and the prothrombinase com-
plex were tested. The methodology is based off the previously
validated assay used in a Zdenek 2020 study [39]. To test for in-
hibition of factors 25 pL of 0.2 mg/mL venom, 50 uL 0.025 M CaCl,
50 pL (PL, solubilised in OK buffer), 25 uL Owren-Koller (OK) Buffer,
and 25 pL of the active coagulation factor were added to a cuvette
and incubated for 120 s at 37 °C. After incubation, 75 pL of human
plasma was added to the cuvette, the cuvette gently shaken by the
machine, and clotting time recorded. Factors used were FVIla
(Prolytix catalogue number (Cat#) HCVIIA-0031), FXIa (Prolytix
Cat# HCXIA-0160), FIXa (Prolytix Cat# HCIXA-0050), FXa (Stago
Cat# 00311), and thrombin (Stago Cat# 00611). Prolytix factor
working stocks were prepared by diluting with 1:1 water: glycerol,
and prior to use in assays were diluted with OK buffer to the
following concentrations: FVIIa (1.5 pg/mL), FXla (15 pg/mL), and
FIXa (15 pg/mL). For the prothrombinase complex inhibition assay
25 pL 0.2 mg/mL venom, 50 pL 0.025 M CaCl;, 50 pL PL (solubilised
in OK buffer), 25 puL OK buffer, and 75 pL human plasma were
incubated for 120 s at 37 °C. After incubation 25 pL FXa was added
to the cuvette and clotting time recorded. All venoms were tested
in triplicate and alongside negative controls. Negative controls
were performed by replacing the venom with a blank (diluted
(diluent = OK buffer) 1:1 water: glycerol).

Inhibition occurs when venom clotting time values are higher
than the negative control. The prothrombinase complex inhibition
assay is based off the fact that this complex consists of FXa and its
cofactor FVa. Therefore, if a venom inhibits the formation of this
complex during the 120 s incubation, the clotting time recorded
after the addition of FXa would be higher than the control. To
evaluate inhibition, a percentage shift value was calculated as
described in section 2.4 for antivenom.

2.7. Small molecule inhibitor tests

A Stago STA-R Max haemostasis analyser was used to reveal if
anticoagulant venom activity is PLA, driven. As a baseline, the
20 pg/mL venom activity was re-tested using section 2.3 meth-
odology: the analyser pipetted 50 pL CaCly, 50 L PL, 25 puL OK
buffer, and 50 pL of venom (diluted to 0.1 mg/mL with OK buffer)
into a cuvette, incubated regents for 2 min, added 75 pL plasma,
and measured clotting time. To test if anticoagulant venom activity
is PLA; driven 25 pL OK buffer was replaced with the phospholipid
inhibitor varespladib (Company: Chemietek, preparation: dis-
solved in 10 % DMSO) dissolved in OK buffer to a concentration of
0.04 mM (final reaction concentration = 0.004 mM). All venom
tests were run in triplicate. To reveal if procoagulant venom ac-
tivity is SVMP driven, the same set of tests was performed for
procoagulant venoms, except varespladib was replaced with the
metalloproteinase inhibitor prinomastat (Cat # PZ0198, prepara-
tion: dissolved in 10 % DMSO) dissolved in OK buffer to a con-
centration of 2 mM (final reaction concentration = 0.2 mM). In
these tests, the 50 pL venom samples was diluted to a concentra-
tion of 3.33 pg/mL to yield a final venom concentration of 0.67 pg/
mL. This was done because of limited venom supplies.
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2.8. Zymogen activation assay

A Fluoroskan Ascent™ was used to screen procoagulant
venoms for their ability to activate coagulation factors (zymogens)
prothrombin (Prolytix Cat# HCP-0010), Factor X (FX) (Prolytix
Cat# HCX-0050), and Factor VII (FVII) (Prolytix Cat# HCVII-0030).
Prothrombin activation was tested with and without the cofactor
FVa (Prolytix Cat# HCVA-0110). Note: Prolytix factor working
stocks were prepared by diluting with 1:1 water: glycerol. Fluo-
rogenic peptide substrate (Boc-Val-Pro-Arg-AMC. Boc: t-Butylox-
ycarbonyl; 7-Amino-4- methylcoumarin; R & D systems, catalogue
# ESO011, Minneapolis, Minnesota) gives off fluorescence when
cleaved by the active form of the above zymogens, thus was used
to quantify factor activation. Briefly, a 384-well plate was prepared
with a Hamilton Robot to produce quadruplicate wells of differing
experimental conditions. Wells testing venom zymogen activation
comprised of 10 pL zymogen (10 pg/mL), 10 uL PL, and 10 puL venom
(1 pg/mL). For wells testing prothrombin activation in the presence
of Va, 10 pL venom was replaced with a 1 pg/mL venom: 4 pg/mL
FVa mixture. Positive control wells comprised 10 uL buffer without
calcium (150 mM NacCl, 50 mM Tris-HCl, dissolved in water, pH
7.4),10 pL PL, and 10 pL of active zymogen (10 pg/ml). Wells were
also prepared mimicking all above conditions, except 10 pL buffer
without calcium replaced the zymogen for venom tests, and active
zymogen for positive control test. Lastly, negative control wells
comprised of 20 pL of buffer without calcium and 10 pL PL. The
384-well plate was placed in the Fluoroskan Ascent (temperature
37 °C). The assay was started via the automatic pipetting of 70 uL of
a mixture of buffer with calcium ((150 mM NacCl, 50 mM Tris-HCl,
50 mM CaCl, pH 7.4) and fluorogenic peptide substrate. Before
each measurement, the plate was shaken for 3 s to homogenise the
reagents and venom. The fluorescence levels were measured for
300 min. An excitation wavelength of 390 nm and emission
wavelength of 460 nm were used.

Following the completion of the run the values from the blank
were subtracted from all other well values. To account for venom
directly cleaving the substrate, resulting in fluorescence, values
obtained from well containing venoms without zymogen were
subtracted from values obtained from well containing venoms
with zymogen. Venom-activity values were then normalised so
that the value was a percentage relative to the active factor posi-
tive control.

2.9. Phylogenetic reconstruction of organismal relationships

Mitochondrial gene sequences from Cytochrome B and ND4
belonging to 13 viperid species (Atropoides picadoi, Bothrocophias
andianus, B. campbelli, B. hyoprora, B. lojanus, B. microphthalmus,
B. myrringae, Bothrops ammodytoides, B. asper, B. pictus, B. taeniatus,
and Porthidium lansbergii) were downloaded from NCBI Genbank.
We are aware that the presence of additional genetic markers,
especially nuclear DNA, would further strengthen our phyloge-
netic analysis, but, unfortunately, no viable sequences were
available for our taxa of interest on any online database. On the
other hand, our dataset features an extremely low percentage of
missing data, standing at roughly 4 %, which is largely inflated by
the only missing sequence (ND4 from B. andianus). Therefore, we
have a fairly complete dataset that can correctly infer phylogenetic
patterns at the species level. Sequences were aligned in mafft
(v.7.490.) [40], and subsequently edited and partitioned in AliView
(v.1.28) [41]. Our phylogenetic analysis was carried out in MrBayes
(v.3.27.) (Ronquist et al., 2012). It consisted of two runs of 200
million generations running on 4 independent chains each. Sam-
pling occurred every 1000 generations, and chain swapping was
implemented to ensure equilibrium between tree search and

Biochimie 237 (2025) 1-15

topology refinement. We set a relative burn-in of 25 % and the
consensus tree was built under the 50 % Majority Rule Consensus
criterion. Convergence was first assessed by ensuring that the
average standard deviation of split frequencies (ASDSF) had fallen
below the 0.01 threshold and the potential scale reduction factor
(PSRF) had approached 1. These results were subsequently further
confirmed by analyzing the MrBayes output files in Tracer (v.1.72.)
[42]. Atropoides picadoi and Porthidium lansbergii were set as out-
group organismes.

2.10. Data analysis

Thromboelastography traces, exported from the TEG 500 soft-
ware, were coloured, annotated, and overlapped, using Adobe
Photoshop (version 25.1.0). Fig. 1 was produced in the statistical
software R (version 4.3.3) [43] using the “geodata” [44], “tmap”
[45], “sf” [46], and “dplyr” [47] packages. Additionally, “extrafont”,
and “colorspace” packages were used to stylise the figure. The R
code is available on GitHub (https://github.com/LachlanBourke/
Species_location_map). Other figures were produced using
GraphPad PRISM 9.5.1 software (GraphPad Prism Inc., La Jolla, CA,
USA).

GraphPad Prism was used to perform statistical analyses on the
data, with 0.05 set as the significance threshold. All statistical
analyses used are described in the figure captions. Normality and
homogeneity of variance assumptions were tested. The
supplementary material file 1 provides additional information on
the statistics used in the study. All raw data is provided in
supplementary file 2.

3. Results
3.1. Thromboelastography

3.1.1. Plasma thromboelastography

Thromboelastography was used to compare the values for: SP
(split point), the time at which the clot starts forming and the first
measurable viscoelastic properties are detected; R (reaction time),
the time from the start of the test until the initial formation of a
clot, typically defined as the time it takes to achieve an amplitude
of 2 mm; and A (amplitude), the maximum strength and stability
of the clot. Both B. lojanus populations were strongly anticoagu-
lant, as was B. pictus (Fig. 2). In contrast, B. campbelli and both
B. microphthalmus populations were strongly procoagulant (Fig. 2).
Rank order of procoagulant potency based on A values was
B. campbelli > B. microphthalmus (Pastaza) > B. microphthalmus
(Zamora Chinchipe).

3.1.2. Fibrinogen thromboelastography

To test for pseudo-procoagulant (aka: thrombin-like) direct
clotting effects upon fibrinogen, the thromboelastography studies
were repeated using purified human fibrinogen and the venom
effects compared with that of thrombin (Fig. 3). The procoagulant
Bothrocophias species (B. campbelli and B. microphthalmus) were
more potent than the anticoagulant Bothrocophias (B. lojanus) and
Bothrops (B. pictus) species, forming faster and stronger clots.
However, all species formed weak clots, consistent with a pseudo-
procoagulant action.

3.2. Anticoagulant mechanism of actions

Consistent with the thromboelastography results, the antico-
agulant Bothrocophias (B. lojanus) and Bothrops (B. pictus) venoms
significantly extended the clotting times relative to the sponta-
neous control (B. lojanus (Azuay) (p = 0.0028), B. lojanus (Loja)
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Fig. 2. Thromboelastography traces of Bothrocophias spp. and Bothrops pictus venoms on human platelet-poor plasma. All venom traces (red) and positive controls (green,
thrombin and FXa control) are overlaid with the spontaneous control trace (blue) for comparison. Three clotting parameters (mean =+ standard deviation, n = 3) are presented:
split point (SP — time until trace splits, representing clot initiation), reaction time (R — time until amplitude = 2 mm, representing time until detectable clot), and amplitude (A —
width of tracing at latest time point, representing clot strength). All tests lasted 1800 s, thus “> 1800 s” indicates the clotting parameter was not recorded within this time.
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Fig. 3. A) Thromboelastography traces of Bothrocophias spp. and Bothrops pictus venoms on human fibrinogen. Thrombin control is shown in blue, while the venom traces are
shown in red. Three clotting parameters (mean =+ standard deviation, n = 3) are presented: split point (SP - time until trace splits, representing clot initiation), reaction time (R -
time until amplitude = 2 mm, representing time until detectable clot), and amplitude (A — width of tracing at latest time point, representing clot strength). All tests lasted 1800 s,
thus “> 1800 s” indicates the clotting parameter was not recorded in this time. B) Bar graph of clot initiation time (clotting parameter = SP) and C) clot strength (clotting
parameter = A). Bars are mean = standard deviation (n = 3). Circles on bars represent individual data points. Different letters above bars indicate statistical significance (if bars
have the same letters, this indicates no significant difference). The statistical test used for B) and C) was a Brown-Forsythe and Welch ANOVA with Dunnett's T3 multiple
comparisons test.
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(p = 0.0148), and B. pictus (p = 0.0067) (Fig. 4A). Tests using the
phospholipase A; inhibitor varespladib revealed differential
modes of action. The anticoagulant activity of B. pictus was
completely abolished, while B. lojanus (Loja) was only marginally
affected, and B. lojanus (Azuay) was unaffected (Fig. 4C). This re-
veals that while the anticoagulant activity of B. pictus is driven by
PLA; toxins, those of B. lojanus venoms are exerted using other
toxin types.

All anticoagulant Bothrocophias (B. lojanus) and Bothrops
(B. pictus) venoms were also screened for their ability to inhibit
coagulation factors (Fig. 5A). Bothrops pictus was the strongest
inhibitor of the three tested venoms, with a target rank order of
FVIla (20547 % increase) > prothrombinase complex (194+4 %
increase) > FXla (116+7 % increase) > FXa (125+8 %
increase) > FXla (143418 % increase) > thrombin (7445 %
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increase). The two populations of B. lojanus differed significantly
from each other. Bothrocophias lojanus (Loja) was the second most
potent inhibitor, significantly inhibiting the following coagulation
factors to a greater extent than B. lojanus (Azuay): FVIla
(p < 0.0001), FXIa (p = 0.0009), FIXa (p = 0.0131), and the pro-
thrombinase complex (p = 0.0094). Similar levels of inhibition
between both B. lojanus venoms were observed for FXa
(p > 0.9999) and thrombin (p = 0.0606). No inhibitory activity of
FXIa and FIXa, and little inhibitory activity of FXa, was observed for
B. lojanus (Azuay) venom. Similarly, negligible inhibition of FXIa,
FXa, and FIXa was observed for B. lojanus (Loja) venom.

Tests for phospholipid destruction as a mode of anticoagulation
were undertaken by increasing the phospholipid levels by 3.5x.
Consistent with B. pictus being inhibited by the PLA;-inhibitor
varespladib (Fig. 4B), the addition of excess phospholipids
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Fig. 4. A) Mean clotting time of human platelet-poor plasma incubated with a blank (spontaneous control), Bothrocophias venoms (20 pg/mL), and Bothrops pictus venom (20 pg/
mL). Bars are: spontaneous control (grey), procoagulant venoms (red), and anticoagulant venoms (blue). Data analysed with an ordinary one-way ANOVA with Tukey's multiple
comparisons. Different letters above bars indicate statistical significance (if bars have the same letters, this indicates no significant difference). B) Clotting time of procoagulant
venoms (0.67 pg/mL) incubated with and without prinomastat, coloured according to legend. C) Clotting time of anticoagulant venoms (20 pg/mL) incubated with and without
varespladib, coloured according to legend. Graphs in B) and C) analysed with an ordinary one-way ANOVA with Sidak's multiple comparisons. Significance is shown with asterisks
(***+* = p < 0.0001, and n.s. = not significant). In B) and C) spontaneous controls were also performed (supplementary material 2). In all graphs, bars are mean + standard
deviation (n = 3, except for spontaneous control bar n = 11). Circles on bars represent individual data points. Photo: Bothrocophias microphthalmus, © Jose Vieira.
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Fig. 5. A) Ability of anticoagulant Bothrocophias venoms and Bothrops pictus venom to
inhibit clotting factors. A % shift value above O indicates inhibition. PrtCx = Pro-
thrombinase complex. A two-way ANOVA with Tukey's multiple comparisons was
used to compare differences between venoms within each clotting factor. All venoms
are statistically significant from each other, except bars labelled with ns (not signif-
icant). B) Clotting time (x — axis) of human platelet-poor plasma incubated with
anticoagulant venoms (y - axis) under different experimental conditions (see legend).
The experimental conditions are “normal”: venom incubated with cofactors, and
“extra PL”: venom incubated with cofactors and 3.5x extra phospholipids. Within each
venom, the extra PL experimental condition was statistically compared to the normal
condition. The statistical test used was an ordinary one-way ANOVA with Sidak's
multiple comparisons test. Significance is shown with asterisks (**** = P < 0.0001). In
all graphs, bars are mean + SD (n = 3), and circles on bars represent individual data
points.

significantly reduced the anticoagulant activity (p < 0.0001)
(Fig. 5B). This confirmed that B. pictus anticoagulant toxicity is
driven by PLA; toxins depleting phospholipid levels. Intriguingly,
the converse was observed for both B. lojanus venom samples. In
the presence of extra phospholipids, clotting time was signifi-
cantly prolonged (anticoagulant activity increased) by B. lojanus
(Azuay) (p < 0.0001) and B. lojanus (Loja) (p < 0.0001) (Fig. 5B),
suggestive that phospholipids are used as a binding cofactor by the
anticoagulant toxins in these venoms, rather than their molecular
target of physiological disruption, and that phospholipid levels are
a rate-limiting step for the anticoagulant actions of these
responsible toxins.

3.3. Procoagulant mechanism of actions

The procoagulant clotting tests upon human plasma were also
congruent with Fig. 2 thromboelastography results, with
B. campbelli and both B. microphthalmus populations significantly
procoagulant (p < 0.0001) compared to the spontaneous clotting
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control (Fig. 4A). In the tests for dependence upon the cofactors
calcium and phospholipid (Table 1), B. campbelli was the most
dependent on calcium, with venom-induced clotting time slowed
by 1443.2 %. Bothrocophias campbelli was also the most dependent
on phospholipid, with venom-induced clotting time slowed by
78.5 %. No evidence of phospholipid dependence was observed for
either B. microphthalmus venoms, but a small degree of calcium
dependence was observed for B. microphthalmus (Pastaza), with
venom-induced clotting time slowed by 52.1 %.

When B. microphthalmus (Zamora Chinchipe) venom was
incubated with the metalloproteinase prinomastat, clotting time
was significantly extended (p = <0.0001). Significant extension of
clotting time was also observed for B. campbelli (p = <0.0001) and
B. microphthalmus (Pastaza), although the overall shift in clotting
time was less than B. microphthalmus (Zamora Chinchipe) (Fig. 4B).
Due to a limited availability of venom, and to better observe the
effects of prinomastat, a venom concentration of 0.67 pg/ml was
used for this test.

Procoagulant Bothrocophias venoms were also screened for
their ability to activate coagulation enzyme zymogens into their
active forms. Both B. microphthalmus venom samples directly
activated prothrombin, with B. microphthalmus (Zamora Chin-
chipe) inducing significantly higher activation than
B. microphthalmus (Pastaza). In contrast, B. campbelli venom only
activated prothrombin in the presence of Va (Fig. 6A). Intriguingly,
B. microphthalmus venoms had slightly lower rates of reaction in
the presence of FVa; however, this difference was minimal and
may be due to binding to FVa without subsequent zymogen
catalysis.

A similar pattern of potency was observed for FX activation:
B. microphthalmus (Zamora Chinchipe) showed the highest acti-
vation of FX (38.00 + 0.04 % relative to control), B. campbelli was
only weakly active (5.67 + 0.05 % relative to control), and
B. microphthalmus (Pastaza) had no FX activation activity (Fig. 6B).
Similarly, for FVII activation, only B. microphthalmus (Zamora
Chinchipe) was strongly active (66.65 + 0.007 % relative to con-
trol), while B. microphthalmus (Pastaza) had a very weak effect
(1.76 £+ 0.13 % relative to the control), and B. campbelli had no
negligible activation (0.19 & 0.14 %) (Fig. 6C).

To test antivenom efficacy, concentration curves were first
performed. Bothrocophias campbelli, B. microphthalmus (Pastaza),
and B. microphthalmus (Zamora Chinchipe) exhibited potent
concentration-dependent procoagulant activity on human plasma
(Fig. 7A). Bothrocophias campbelli was the most potent (fastest
clotting time) at lower venom concentrations (Fig. 7A), however,
when potency was assessed over multiple concentrations using
the area under the curve (AUC), B. campbelli was slightly less
potent than B.  microphthalmus (Zamora Chinchipe)
(AUC = 359.4 + 2.2 and 348.3 + 2.6, respectively) (Fig. 7B). While
these AUC values are statistically significant (p = 0.012), such a
small difference is not biologically meaningful. In contrast,
B. microphthalmus (Pastaza) was dramatically less potent
(AUC = 1389 + 29.7) than both B. campbelli (p < 0.0001) and
B. microphthalmus (Zamora Chinchipe) (p = 0.0006).

When venom was incubated with antivenom, the clotting times
increased compared to the venom only treatment (Fig. 8). This
shift in the curve towards spontaneous control values indicates
neutralisation. Bothrocophias campbelli was significantly more
neutralised by SAB antivenom than PoliVal-ICP antivenom: SAB
antivenom neutralisation values were 529 % higher than PoliVal-
ICP values (165.0 = 1.9 % and 26.2 + 1.4 % shifts in area under
the curve, respectively) (p < 0.0001). The opposite was observed
for both B. microphthalmus (Pastaza) and B. microphthalmus
(Zamora Chinchipe) venoms; however, the difference between
antivenoms was less extreme. Bothrocophias microphthalmus
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Table 1

Cofactor dependence tests.
Species Standard test Phospholipid dependence test Calcium dependence test
Bothrocophias campbelli 14.17+0.12 25.340.2 *** (78.5 % increase) 218.67+2.12 **** (1443.2 % increase)
B. microphthalmus (Pastaza) 28.93+7.19 27.434+0.99™ 4440.69 **** (52.1 % increase)
B. microphthalmus (Zamora Chinchipe) 10.93+0.23 10.47+0.25™* 13.4+0.44™*

Statistical test: Ordinary one-way ANOVA with Sidak's multiple comparisons test. **** = p < 0.0001, *** = p < 0.001, and n.s. = not significant.
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Fig. 6. Activation of coagulation factors by Bothrocophias procoagulant venoms on a fluorescent cleavage assay. Coagulation factors tested are A) prothrombin, B) FX, and C) FVIL
Prothrombin activation was tested with and without the cofactor FVa. Each bar is a mean + SD (n = 3) and circles on bars represent individual data points. Some error bars are too
small to see. In A) a two-way ANOVA with Tukey's multiple comparisons test was used to compare differences within and between venoms, while in B) and C) an ordinary one-
way ANOVA with Tukey's multiple comparisons was used to compare differences between venoms. Significance shown with asterisks (**** = p < 0.0001) (not all comparisons

shown for A) - see supplementary material 1).

(Pastaza) was slightly significantly more neutralised by PoliVal-ICP was also slightly significantly more neutralised by PoliVal-ICP
antivenom than SAB antivenom: PoliVal-ICP antivenom neutrali- antivenom than SAB antivenom: PoliVal-ICP antivenom neutrali-
sation values were 46 % higher than SAB values (65.8 + 3.5 % and sation values were 54 % higher than SAB values (35.6 + 5.5 % and

451 + 3.4 % shifts in area under

the curve, respectively) 231 + 3.0 % shifts in area under the curve, respectively)

(p = 0.0019). Bothrocophias microphthalmus (Zamora Chinchipe) (p = 0.0258).
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Fig. 7. A) Clotting time in seconds of three Bothrocophias venoms on human plasma, across multiple concentrations (pg/ml) (the x-axis is displayed in logarithmic view). Data
points are mean + SD (n = 3). Some error bars are too small to see. B) Area under the curve (AUC) values calculated from the data in A). Bars = mean 4 SD (n = 3). To compare bars
a Brown-Forsythe and Welch ANOVA with Dunnet's T3 multiple comparisons was performed. Significance shown with asterisks (*** = p < 0.001, * = p < 0.05).

4. Discussion

The present study tested venom coagulation activities from
representatives of the understudied pit viper genus Bothrocophias.
In addition, we aimed to build upon and extend results relating to
earlier works by us [12] and Nielsen [13], providing evolutionary
insights into the phylogenetic position of the procoagulant venom
trait seen in Bothrops. As such, we also investigated the venom
activity of the most basal Bothrops member: B. pictus. It was
hypothesised that the Bothrocophias venoms tested would be
anticoagulant, since B. pictus has been shown to have this trait [12].
Our data partially supports this hypothesis, reaffirming the anti-
coagulant activity of B. pictus, and revealing both B. lojanus venom
samples tested were anticoagulant on human plasma but were less
potent than the basal Bothrops (B. pictus) (Figs. 2 and 4A). To our
knowledge, this is the first time B. lojanus venom activity has been
tested in a laboratory setting. Intraspecific variation in clotting
time was observed for B. lojanus samples, but we refrain from
making interpretations of why this difference has arisen, due to
our small sample size. Future work should investigate whether
these differences are due to geographical, individual, sexual, or
ontogenetic variations.

To ascertain the anticoagulant mechanism of action, we tested
B. pictus and B. lojanus venoms for their ability to inhibit isolated
clotting enzymes (Fig. 5A). Bothrops pictus venom significantly
inhibited all the coagulation factors to a greater extent than either
Bothrocophias venoms. Within Bothrocophias, B. lojanus (Loja)
induced significantly more inhibition than B. lojanus (Azuay)
venom. Bothrocophias lojanus (Azuay), also did not inhibit FXIa or
FIXa. This data is congruent with the plasma clotting tests, which
also showed B. pictus to be the most potently anticoagulant venom,
followed by B. lojanus (Loja) and, lastly, B. lojanus (Azuay). Other
than factor inhibition, hydrolysis of phospholipids by venom PLA,s
can also cause an anticoagulant effect [48,49]. Further tests
revealed B. pictus clotting time decreases in the presence of excess
phospholipid (Fig. 5B), potentially indicating phospholipid
destruction, which is consistent with its anticoagulant activity
being driven by PLA;s (Fig. 4C). However, neither B. lojanus venom
was shown to have this activity nor were driven by PLAjs,

10

indicating divergent venom strategies between the two genera.
This suggests that clotting factor inhibition is a basal trait shared in
the anticoagulant last common ancestor of the Bothrocophias/
Bothrops clade, but phospholipid destruction is a derived trait
present in Bothrops pictus. An alternative explanation for this
result, however, is that toxins are competing with phospholipids
for binding to clotting factors, thus in the presence of excess
phospholipid fewer clotting factors are bound and inhibited by
B. pictus venom. Regardless, our results show differences between
the basal Bothrops and Bothrocophias venoms.

Surprisingly, we also found divergent venom phenotypes in
procoagulant Bothrocophias, with B. campbelli and B. microphthalmus
being procoagulant on human plasma. This appears to contradict
previous research that found Ecuadorian B. campbelli venom had
low coagulant activity on human plasma [8]. A more recent study
found higher coagulant activity for Colombian B. campbelli, but still
deemed this activity as weak [29]. However, Salazar-Valenzuela [8]
and Sevilla-Sanchez [29] did not use calcium or phospholipid in
their coagulation assay, which can be important cofactors for some
venoms [31-33], and this likely contributed to their results. Indeed,
we found B. campbelli was dependent on both calcium and phos-
pholipid for its venom action (Table 1). In the absence of calcium,
B. campbelli clotted citrated human plasma in 219 s; this is deemed
weakly coagulant in our assay. Considering this, previous research
showing other Bothrocophias species (B. colombianus and B. myersi)
are weakly coagulant [28,30], should be reappraised with cofactors
included. On the other hand, to our knowledge, no literature is
available on the coagulant venom effects of B. microphthalmus. Here,
we present the first evidence showing the procoagulant action of
these venoms. Interestingly, while the B. microphthalmus (Zamora
Chinchipe) locality was similar in potency to B. campbelli, the
B. microphthalmus (Pastaza) locality was less potent on human
plasma (Figs. 2, 4A and 7). We again refrain from making in-
terpretations regarding geography as each of our Bothrocophias
venom samples was from just one individual.

Prinomastat reduced clotting time in all Bothrocophias pro-
coagulant venom samples (Fig. 4B), suggesting metalloproteinases
are, in part, responsible for the coagulotoxic effects. Bothrocophias
microphthalmus (Pastaza) venom was more potently inhibited than
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t-test (two-tailed) was performed (p values are shown between bars).

B. campbelli and B. microphthalmus (Zamora Chinchipe), potentially
indicative of structural variations in the metalloproteinases
present.

After uncovering a procoagulation trait present within
Bothrocophias, we ascertained what venom mechanisms drives
this action (Fig. 6). Both B. microphthalmus venom samples directly
activated prothrombin. However, B. campbelli only activated pro-
thrombin in the presence of FVa. Based on the ability of the
metalloproteinase-inhibitor prinomastat to impede the procoa-
gulant activity, this suggests that the prothrombin activating toxin
is a metalloproteinase. If so, this is the first time the use of FVa as a
cofactor has been documented for a metalloproteinase driven
procoagulant activity. The use of FVa as a cofactor has been shown

1

in Australian elapid snakes which differ from B. campbelli in the
enzyme type that uses FVa as a cofactor. In the case of the
Australian elapids, it is a weaponised form of the blood clotting
enzyme Factor Xa instead of metalloproteinases [31]. In these
elapid snakes, the FXa:FVa complex evolved to activate FVII as the
basal trait within this clade, with prothrombin activation observed
only for some derived species [50-52]. As the type of toxins which
use FVa as a cofactor likely differ between B. microphthalmos and
Australian elapid snakes (metalloproteinases and Factor Xa,
respectively), this therefore represents a case of convergent mo-
lecular and functional evolution.

Due to limitations in venom supply, we were not able to test
whether B. campbelli simply utilized endogenous FVa or if the
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venom was also able to directly activate FV into FVa to provide a
supply of this cofactor. While B. campbelli is the first viper venom
documented as using FVa as a cofactor, other snake venoms have
been previously shown to activate FV into FVa, with this trait
shown for Daboia, Macrovipera, and Vipera within the Palearctic
true viper clade, and Bothrops from within the pit vipers [53,54]
Daboia and Macrovipera venoms have been previously shown to
contain kallikrein-scaffold serine proteinases (RVV-V isoforms)
which activate FV by cleaving it at the Argl1545-Ser1546 bond,
which is important for the formation of the prothrombinase
complex necessary for thrombin generation in hemostasis [53,55].
Daboia russelii venom has been shown to facilitate blood clot for-
mation by activating both factors X (through the use of SVMP) and
V (using kallikrein-scaffold serine proteinases), with FXa and FVa,
along with calcium and phospholipids, subsequently forming the
prothrombinase complex to convert prothrombin to thrombin,
with the generated thrombin in turn cleaving fibrinogen into fibrin
strands [53,55-58]. This swift action often results in a condition
known as venom-induced consumption coagulopathy (VICC),
characterized by the excessive consumption of clotting factors,
including fibrinogen and prothrombin, as coagulopathy progresses
[56,59]. However, while the ability of D. russelii venom to convert
FV into FVa is well described, it has never been tested whether this
venom is able to use FVa as a cofactor to activate prothrombin, as
was shown to be the case for B. campbelli in this study. As such, the
lack of documented prothrombin activating activity by D. russelii
venom may be due to prior work not including FVa as a cofactor in
the assays, which may be required for prothrombin activation as
per B. campbelli venom. Therefore, the attribution of D. russelii
venom triggering procoagulation soley through the activation of
Factor X (but not through direct venom activation of prothrombin),
may be a case of absence of evidence being taken as evidence of
absence, rather than D. russelii truly not being able to activate
prothrombin. Thus, the ability to use FVa as an obligate
prothrombin-activating cofactor as revealed in the current study,
may in fact be widespread in viperid snake venoms and this is
therefore a rich area for future research.

Another interesting result was the FVII activation observed in
B. microphthalmus (Zamora Chinchipe). In contrast, the Pastaza
locality of B. microphthalmus exhibited negligible FVII activation.
Future work should investigate whether these differences are due
to geographical, individual, sexual, or ontogenetic variations. This
finding represents only the second time FVII activation has been
found in a pit viper species, and the fourth in vipers overall. The
first documented case of FVII activation by a pit viper venom was
the central American pit viper Porthidium volcanicum [22]. As
Porthidium volcanicum is novel within its genus in being the only
known procoagulant species [22], with this genus in turn nested
amongst an extensive diversity of anticoagulant species, this
suggests that FVII activation has evolved on two separate occa-
sions within pit viper snake venom metalloproteinases. However,
an alternate scenario exists whereby FVII activation by SVMP is an
earlier evolved trait in pit vipers, with the toxins persisting at low
levels in anticoagulant species before being amplified in these
latter evolving procoagulant species. Expanding on this, is the
hypothesis that FVII activation is a basal trait in viperid snake
venoms. Supporting this, FVII activation is a trait that has been
documented across the full taxonomical diversity of viperid
snakes, having also been documented in the venoms of Echis [60],
Macrovipera species [61], and Vipera [62]. To resolve whether this
is a basal trait for SVMP or if the diversity represents multiple
neofunctionalization events would require sequencing the toxins
responsible and reconstructing their molecular phylogenetic his-
tory. If the FVII activating toxins form a monophyletic group
relative to other types of SVMP, then this would support the theory
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of FVII being an early evolving trait. Conversely, if the toxins do not
form a monophyletic group, this would support convergent evo-
lution for the same biochemical action. FVII activation has also
been documented in the SVMP-driven venom of Rhabdophis sub-
miniatus, a non-viperid snake in the Natricidae snake family [63].
However, as the SVMP toxins in Rhabdophis are phylogenetically
distinct from those in viperid snakes [64], this suggests that FVII
activation evolved convergently in Rhabdophis relative to viperid
snakes. Intriguingly, FVII activation has also been documented in
Heloderma lizard venoms, but this trait clearly convergent in this
case [65].

Lastly, we tested the efficacy of two regional antivenoms on
procoagulant Bothrocophias venoms (Fig. 8), and our antivenom
results underscore the difference in venom composition between
B. campbelli and B. microphthalmus. To directly compare the an-
tivenom results with previous studies, we used the antivenom
concentration as per our previous work [34], except in our study
we present neutralisation as a percentage value rather than x-
fold shift (percentage equallying x-fold shift x 100). We showed
SAB antivenom significantly better neutralised B. campbelli
venom than PoliVal-ICP antivenom, but PoliVal-ICP antivenom
still showed neutralisation capacity. This is consistent with pre-
vious research showing PoliVal-ICP cross recognised B. campbelli
venom and protected mice from its lethal effects [8]. Both
B. microphthalmus venoms exhibited an opposite pattern of
neutralisation, with PoliVal-ICP neutralisation more effective
than SAB antivenom. Regardless, our results are still consistent
with prior work showing some level of SAB antivenom recogni-
tion of Peruvian B. microphthalmus venom [66]. Overall, the
neutralisation results for B. microphthalmus were relatively weak
compared to the results of a previous study, in which PoliVal-ICP
neutralised Bothrops asper venoms and SAB neutralised B. atrox
venoms to a higher degree than shown in our study [34]. This
demonstrates the antivenom has an inherently high neutralisa-
tion potential with the right antigenic match. Despite this, we
still showed neutralisation, and these results are promising as
they provide data that may contribute to the evidence-based
design of clinical management strategies for the envenomed
patient. These are but the first stage of preclinical studies and
require in vivo animal studies and clinical validation trials.

To provide further insights into the coagulotoxic venom activ-
ity, we also tested venom effects for both the anticoagulant and
procoagulant venoms on isolated human fibrinogen (Fig. 3). Direct
venom action upon fibrinogen in a pseudo-procoagulant manner
(forming transient fibrin clots) has been documented in a wide
array of Bothrops species [12]; thus, we hypothesised this activity
is present in Bothrocophias as an ancestral trait. Indeed, when
tested on thromboelastography, all venoms produced weak fibrin
clots. This is consistent with pseudo-procoagulant activity; weak
fibrin clots that are, in turn, friable and easily break down. These
results are supported by research showing B. campbelli venom
consists of a large proportion of kallikrein-scaffold serine pro-
teinases [8] and B. microphthalmus has high serine proteinase ac-
tivity [66]. Interestingly, within Bothrocophias venoms, two weak
fibrin clot phenotypes emerged, both linked with plasma clot
phenotypes. Bothrocophias venoms that were procoagulant on
human plasma (B. campbelli, B. microphthalmus (Pastaza), and
B. microphthalmus (Zamora Chinchipe)) all produced fibrin clots
with a quick clot initiation time like the thrombin control, but a
relatively weak clot strength compared to the thrombin control.
Conversely, B. lojanus venoms, which were anticoagulant on hu-
man plasma, produced fibrin clots with a slow clot initiation time
and very weak clot strengths, compared to the thrombin control.
This activity on fibrinogen is likely one of the driving forces behind
the net anticoagulant effect observed on human plasma.
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The array of assays revealed clear differences between
B. lojanus, B. campbelli, and B. microphthalmus venoms, providing
evolutionary insights into the venom evolution of this group. To
interpret these results in an evolutionary context, we inferred our
own phylogenetic tree due to the conflict in the prior literature.
Using molecular data, as part of much larger studies into pit viper
evolution and containing a vast array of taxa, B. lojanus has been
recovered within Bothrocophias but with an unresolved phyloge-
netic position. Some studies indicate B. lojanus as basal [24,25],
with other studies having B. campbelli as the most basal derivation
[23,26,27]. However, in all these studies, the node support was
weak and therefore the phylogenetic placement remained unre-
solved. A study that combined genetic and morphological data also
failed to resolve the position of B. lojanus [67]. We constructed our
own tree (Fig. 9) using the mitochondrial cytb and ND4 genes
available for Bothrocophias species, in addition to Bothrops pictus
and other representative Bothrops species. Consistent with the
unresolved nature of other phylogenetic analyses, the placement
of B. campbelli and B. lojanus was unresolved, forming a basal
polytomy. Future work utilizing more genes would be needed to
accurately reconstruct the evolutionary history, especially nuclear
genes considering the deep-time level of division.

As the relative organismal phylogenetic placement of B. lojanus
and B. campbelli are unresolved, the molecular evolutionary his-
tory of the venom cannot be fully reconstructed at this time, but
there are three potential outcomes. Outcome 1, where B. lojanus is
the more basal Bothrocophias species relative to B. campbelli;
Outcome 2, where B. campbelli is the more basal species relative to
B. lojanus; and Outcome 3, where of B. lojanus + B. campbelli form a
clade that is in turn sister to the Bothrocophias.

In Outcome 1, where the anticoagulant B. lojanus is the basal
Bothrocophias species, just as the anticoagulant B. pictus is the
most basal Bothrops species, this would suggest that the last
common ancestor of the Bothrops + Bothrocophias clade was
anticoagulant and procoagulation convergently evolved at least

Atropoides picadoi
—| 100
Porthidium lansbergii

Bothrocophias andianus

Bothrocophias hyoprora
100
Bothrocophias microphthalmus

Bothrocophias myrringae
100
Bothrocophias tulitoi

Bothrocophias campbelli

———— Bothrocophias Iojanus\ B, ™o

Bothrops ammodytoides

Bothrops asper

77 Bothrops taeniatus

Bothrops pictus

0.03

Fig. 9. Organismal relationships of Bothrocophias and representative Bothrops species.
Outgroups are Atropoides and Porthidium. Posterior probability values above 60 % are
displayed at internal nodes. The scale bar at the bottom represents the number of
substitutions per site. Photos of Bothrocophias were sourced from reptilesofecuador.
com with permission from Alejandro Arteaga, and Bothrops pictus photo is https://
es.mongabay.com/2017/07/fauna-urbana-lima-animales ©P. Venegas.
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two times: once after the split of B. lojanus from other Bothroco-
phias, and again subsequent to the split of B. pictus from other
Bothrops. Consistent with this is the extremely unique biochemical
nature of B. campbelli procoagulation, whereby Factor Va is used as
a cofactor to activate prothrombin. As B. campbelli and
B. microphthalmus differ in venom procoagulant biochemistry and
are not sister species, this leads to two further competing hy-
potheses within Bothrocophias: hypothesis 1 is that procoagulation
is an early evolving trait within Bothrocophias, and the use of FVa
as a cofactor by B. campbelli represents a case of extreme sec-
ondary derivation; and hypothesis 2 that procoagulation evolved
on two occasions within Bothrocophias, which is reflected by the
sharp difference in venom biochemistry between B. campbelli and
B. microphthalmus. Overall, Outcome 1 is the most parsimonious
explanation supported by the available data.

In the case of Outcome 2, whereby the procoagulant
B. campbelli is shown to be the most basal Bothrocophias species
relative to the anticoagulant B. lojanus, this would suggest the last
common ancestor of Bothrocophias + Bothrops was procoagulant.
Bothrocophias lojanus; therefore, would represent a secondary
derivation to an anticoagulant state within Bothrocophias, and
B. pictus a secondary derivation to an anticoagulant state within
Bothrops. As with Outcome 1, the unique use of FVa as a cofactor by
B. campbelli would represent a lineage specific secondary
derivation.

In the case of Outcome 3, anticoagulant or procoagulant
toxicity are equally plausible. First, as per Outcome 1 above,
anticoagulant toxicity is the basal state, with B. campbelli and
B. microphthalmos independently evolving the procoagulant trait,
which is consistent with the sharp difference in venom
biochemistry between B. campbelli and B. microphthalmos; or
secondly, as Outcome 2 above, procoagulant toxicity evolved at the
base of Bothrocophias + Bothrops, with the anticoagulant state in
B. lojanus being a derived trait in Bothrocophias, just as B. pictus
represents an anticoagulant derivation from an ancestral procoa-
gulant state in Bothrops.

More individual venom samples from these snakes for testing,
and a more refined organismal Bothrocophias phylogenetic tree,
are required for final resolution of these questions. Indeed, it is
also possible B. campbelli and B. lojanus are not the most basal
species. With the addition of more data, Bothrocophias colombianus
and B. myersi (not shown in our phylogeny due to limited data)
may prove to be the earliest diverging species However, the most
parsimonious explanation of our results is that anticoagulant
venom is ancestral to both Bothrops and Bothrocophias, with pro-
coagulant venom evolving convergently between Bothrops and
Bothrocophias as independent evolutions of this trait. As such, this
detailed study builds a foundation for future characterization of
their unique pit viper venom activities and phylogenetic place-
ment of individual Bothrocophias relative to each other and the
most basal members of the Bothrops genus. It also provides data
essential for evidence-based design of clinical management stra-
tegies for the envenomed patient.
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