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ABSTRACT

Night adders (Causus species within the Viperidae family) are amphibian specialists and a common source of
snakebite in Africa. Some species are unique in that they have the longest venom glands of any viper, extending
approximately 10% of the body length. Despite their potential medical importance and evolutionary novelty,
their venom has received almost no research attention. In this study, venoms from a short-glanded species (C.
lichtensteinii) and from a long-glanded species (C. rhombeatus) were compared using a series of proteomic and
bioactivity testing techniques to investigate and compare the toxin composition and functioning of the venoms of
these two species. Both C. rhombeatus and C. lichtensteinii were similar in overall venom composition and in-
hibition of blood coagulation through non-clotting proteolytic cleavage of fibrinogen. While the 1D gel profiles
were very similar to each other in the toxin types present, 2D gel analyses revealed isoformic differences within
each toxin classes. This variation was congruent with differential efficacy of South African Institute for Medical
Research snake polyvalent antivenom, with C. lichtensteinii unaffected at the dose tested while C. rhombeatus was
moderately but significantly neutralized. Despite the variation within toxin classes, the similarity in overall
venom biochemistry suggests that the selection pressure for the evolution of long glands served to increase
venom yield in order to subjugate proportionally large anurans as a unique form of niche partitioning, and is not
linked to significant changes in venom function. These results not only contribute to the body of venom evo-
lution knowledge but also highlight the limited clinical management outcomes for Causus envenomations.

1. Introduction

Night Adders (Family Viperidae, genus Causus) are a clade of small
African sub-Saharan batrachophagous (anuran specialist) vipers which
contains six well-recognized species, that, as the common name in-
dicates, are primarily nocturnal (Luiselli et al., 2001; Ineich et al., 2006;
Toledo et al., 2007; Akani et al., 2012). C. lichtensteinii is the slenderest
(Ineich et al., 2006) and one of the smallest species in the genus
(averaging 30 cm in length), while C. rhombeatus is the largest species
(95 cm) (Ineich et al., 2006; Mallow et al., 2003).

Viperid snakes typically possess short, robust bodies with a broad
head and thin neck, and they are thought to have low metabolic rates
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due to their ambush predatory strategy and associated low rates of food
intake (Ineich et al., 2006). However, night adders stray from this
classic viperid profile, as they have slender heads and gracile bodies
that are morphologically convergent with many non-venomous snakes
or elapids (Mallow et al., 2003; Ineich et al., 2006). Furthermore, as
opposed to other vipers, night adders are active pursuit predators that
engage in fossorial to semi-fossorial life styles (Mallow et al., 2003;
Ineich et al., 2006). They are also reported to prey upon multiple frogs
or toads in succession and particularly large ones, digesting meals
within 7-10 days (Mallow et al., 2003), which is a relatively short time
compared to other vipers, which is indicative of a higher metabolic rate
(Ineich et al., 2006). Because of their morphological and ecological
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distinction among vipers, Causus was thought to be phylogenetically
basal and plesiomorphic relative to all other genera within the Viperidae
family (Viperinae subfamily [vipers] and Crotalinae subfamily [pit-vi-
pers]) (Janssen et al., 1990; Ineich et al., 2006). However, genetic re-
search revealed strong support for their phylogenetic placement within
Viperinae subfamily (Wiister et al., 2008; Pook et al., 2009; Pyron et al.,
2013; Alencar et al., 2016), although the precise intra-subfamily pla-
cement is still unresolved. The morpho-ecological characteristics of
Causus are therefore derived traits (i.e. apomorphic) rather than re-
presenting an ancestral viperid condition (plesiomorphic) (Wiister
et al., 2008).

C. rhombeatus (and the recently split sister species C. maculatus) are
the only representatives of this genus that have elongated venom glands
extending beyond the base of the skull and are unique to all Viperidae in
this regard (Underwood, 1967; Parker, 1977; Mallow et al., 2003; Fry
et al., 2015). This confers the ability of delivering very large venom
yields (up to 300mg) relative to their narrow heads (Spawls and
Branch, 1995). Proportional to the size of the snakes, these two species
also consume much larger anurans than all the others, with prey weight
sometimes equaling the snake's own body weight, along with prey
diameter dramatically exceeding body diameter and jaw length (Ineich
et al., 2006; Mallow et al., 2003). All other Causus species prey upon
much smaller prey proportional to snake size, with C. lichtensteinii
having one of the smallest prey to body diameter ratio, where prey
diameter rarely exceeds body diameter and never exceeds jaw length
(Ineich et al., 2006). These snakes also possess venom glands that, like
all other vipers, are confined to the skull and do not extent beyond the
base of the neck (Mallow et al., 2003; Ineich et al., 2006). C. rhombeatus
is known to preferentially feed on robust toads from the genus Bufo,
while C. lichtensteinii preferentially feeds on more gracile frogs from the
Ptychadaena, Chiromantis, Cardioglossa and Leptodactylodon genera
(Channing, 2001; Ineich et al., 2006; Mallow et al., 2003; Minter et al.,
2004). While the venom appears exceptionally potent to amphibians
(with prey items succumbing rapidly — Broadley, 1990) (Broadley,
1990; Mallow et al., 2003) the venom composition and bioactivity
characterization remain virtually unknown.

Although not usually considered life threatening to humans, night
adders should be considered potentially dangerous. They have pro-
duced serious symptoms in human bite victims and have killed do-
mestic animals (De Cramer et al., 2012). Documented human en-
venomations by C. rhombeatus report extreme swelling, drowsiness,
slight muscle flaccidity, drops in blood pressure and low to moderate
bruising, blistering and/or necrosis (Warrell et al., 1976). Fatal canine
envenomings have been reported for C. rhombeatus, with several sys-
temic symptoms described including swelling, progressive weakness,
hemorrhage, hypovolaemia (i.e. decreased blood volume due to plasma
loss into extravascular space), depletion or destruction of blood clotting
factors leading to inability to clot, tissue necrosis and respiratory failure
(De Cramer et al., 2012). These symptoms suggest coagulotoxic activ-
ities disrupting hemostasis and vascular integrity. Intravenous LDsq
experiments in lab mice (Mus musculus) showed that C. rhombeatus
venom is eight times less potent than that of carpet viper (Echis car-
inatus) and twenty six times less potent than that of puff adder (Bitis
arietans) venom (Warrell et al., 1976), with LDsq values of 13.8 mg/kg
(intravenous) (Mebs 1978) and 15 mg/kg (subcutaneous) (Minton Jr.,
1974) but with these values offset by C. rhombeatus' extremely large
venom yields relative to the size of the snake. The only component
purified from C. rhombeatus venom has been an antithrombin in-
activating metalloprotease — with hypercoagulative effects (Janssen
et al.,, 1992). However, as this enzyme was a minor component of the
venom, its role in envenomation is unclear and thus the mechanisms of
Causus coagulotoxicity remains to be elucidated. There are no en-
venomation reports or toxicity assessments available for C. lichtensteinii.

Here we investigated and compared the venom composition, func-
tional activity and specific sites of coagulopathic action of venoms from
the short-glanded C. lichtensteinii and the long-glanded C. rhombeatus. A
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particular focus of the study was to investigate if the substantial dif-
ferences in venom gland size and prey size are related to substantial
variation of the venom composition or functional activity.

2. Materials and methods
2.1. Venoms

Pooled, lyophilized C. lichtensteinii (from multiple adults, geo-
graphical original unknown) venom was supplied by MToxins (http://
www.mtoxins.com/home.html). Pooled, lyophilized C. rhombeatus
(from multiple adults, geographical origin unknown) venom was pur-
chased from the Miami Serpentarium Laboratories (Punta Gorda,
Florida, USA). Lyophilized venoms were resuspended in deionized H,O
before being centrifuged at 14,000 relative centrifugal force (RCF) at
2°C, for 15min. The supernatants were collected and protein con-
centrations (mg/ml) determined using a ThermoFisher Scientific
Nanodrop™ 2000c Spectrophotometer. 50% deionized water/50% gly-
cerol (> 99%, Sigma-Alrich) working stocks of both venoms were
prepared at 10 mg/ml and 1 mg/ml and stored at —20 °C to preserve
enzymatic activity and reduce enzyme degradation.

2.2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS
PAGE)

1 dimensional (1D) and 2 dimensional (2D) SDS-PAGE gels were
prepared and MS/MS analysed as previously described by us
(Koludarov et al., 2017). MSMS raw results are included in Supple-
mentary File 1.

2.3. Fibrinogen proteolysis

To quantify the proteolytic activity upon human fibrinogen chains
we used a modification of our previous protocol (Dobson et al., 2017;
Koludarov et al., 2017). This methodology was expanded not only to
include a greater number of time periods within a 60-min frame but
also to include different venom concentrations and tests for antivenom
efficacy. The reaction concentration of fibrinogen was set to a 1 mg/ml
constant and a series of experiments were run with venom at con-
centrations of 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400, and
800 pug/ml. The designated time periods for sampling each reaction
were 8.5, 25.5, 34, 42.5, 51 and 60 min. Each fibrinogen:venom ratio
combination was conducted in triplicate and gels run for the time
periods of each replicate.

An antivenom assay was also performed to ascertain the relative
inhibition of the fibrinogenolytic activity. In one approach the venom
was preincubated with antivenom for 2min prior to addition to fi-
brinogen, while in the other the antivenom was preincubated with the
fibrinogen for 2 min prior to the addition of venom. The reactions were
then run as described above. The antivenom used was equine South
African Institute for Medical Research (SAIMR) snake polyvalent anti-
venom (Lot L0O1146 - South African Vaccine Producers (Pty) Ltd., 1
Modderfontein Road, Edenvale, Gautend, Sandringham 2131, South
Africa) developed from and for the treatment against the venoms of Bitis
arietans, Bitis rhinoceros, as well as the elapid venoms of Hemachatus
haemachatus, Dendroaspis angusticeps, D. jamesoni, D. polylepis, D. viridis,
Naja nivea, N. melanoleuca, N. annulifera, and N. mossambica.

2.4. Coagulation analyzer measurement of anticoagulant activity

Anticoagulant activity assessment was performed on human fi-
brinogen obtained from normal, healthy donors. Human fibrinogen was
reconstituted to a concentration of 4 mg/ml in enzyme running buffer
(5 mM CaCl,, 150 mM NaCl, 50 mM Tris-HCl at pH 7.4), flash-frozen in
liquid nitrogen, and stored at —80 °C until required. A Claussian test for
quantitative determination of fibrinogen (Clauss, 1957) was used to
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assess the venom's fibrinogenolytic activity and the quality of the
human fibrinogen. In this method a vast excess of thrombin is added so
that any change in clotting time is directly due to lower levels of intact
fibrinogen available for cleavage by the thrombin. Blank control tests
were performed by adding 25 pl of OK buffer (Stago Cat# 00360) to
50 pul of CaCl, (Stago Cat# 00367), 50 ul phospholipids (Stago Cat#
00597), and 75 pl of 2mg/ml human fibrinogen aliquots. These were
then incubated for 60 min at 37 °C. Subsequently, 50 pl thrombin (ti-
trated human calcium thrombin, STA - Liquid FIB standard kit, Stago,
Cat#00673) were added and clotting time measured (control values
were 5.0-5.6s at N = 3). To determine the clotting times, two tests
were run: 1) Using a fixed venom concentration (0.3 mg/ml) and 8
incubation times (0, 7.5, 22.5, 37.5, 45, 52.5, and 60 min), and 2) using
a fixed incubation time (i.e. 60 min) while using 17 venom concentra-
tions (0.00935, 0.0187, 0.0374, 0.0439, 0.0527, 0.0657, 0.0877,
0.1317, 0.26349, 0.28, 0.33, 0.39, 0.4, 0.5, 0.66, 1 and 2 mg/ml). These
tests were run N = 3 with the analyzer's clotting time limit being 999 s.
If a clot had not formed within 999s, fibrinogen in the sample was
deemed completely cleaved and the formation of a clot no longer
possible. Coagulation times (sec) were graphed using Prism 7.0. Data
are expressed as mean *= SD.

2.5. Thromboelastography

Clot strength using human fibrinogen was assessed using a using
TEG® 5000 Thrombelastograph® Hemostasis Analyzer System. The TEG
method consists of a pin suspended from a torsion wire and into a cup
connected to a mechanical-electrical transducer (heated at 37 °C). The
strength of the developing clot will change the rotation of the pin,
which generates the output. Positive control consisted of the addition of
thrombin (the final enzyme that functionally cleaves fibrinogen into
fibrin to form a clot). Human fibrinogen was reconstituted to a con-
centration of 4 mg/ml in enzyme running buffer (5 mM CacCl,, 150 mM
NaCl, 50 mM Tris-HCl at pH 7.4), flash-frozen in liquid nitrogen, and
stored at —80°C until required. 72l of 0.025M CaCl2, 72l phos-
pholipids, 20 pl OK buffer and 7 pl of 10 mg/ml venom glycerol stock
were initially added together. Then, 189 ul of 4 mg/ml fibrinogen was
added, the whole solution pipette-mixed, and the test immediately
started. The final reaction concentrations of fibrinogen and venom were
2mg/ml and 0.2 mg/ml respectively. Tests were run for 30 min. If no
clot formed after 30 min, then 7 pl of thrombin was added to perform a
Claussian test for quantitative determination of the degree of fibrinogen
degradation (Clauss, 1957). The Claussian protocol has thrombin added
in a vast excess and therefore any change is due to a depletion of the
amount of intact fibrinogen available. Tests were run at N = 3.

3. Results
3.1. SDS-PAGE

1D non-reduced and 2D reduced SDS-PAGE gels were used to in-
vestigate the proteomic variation between the two venoms (Fig. 1).
Subsequent tandem-mass spectrometry sequencing performed on the
dominant 1D gel bands followed by searching against the UniProt da-
tabase revealed the presence of L-amino acid oxidases (LAAO), P-III type
snake venom metalloproteases (SVMP), kallikrein-type serine pro-
teases, and Type II PLA, phospholipases (Fig. 1a). 2D gels revealed that
each toxin type was composed of multiple isoforms and with substantial
isoformic variation between the two species, indicating that, while the
toxin class diversity was low, the intra-class molecular diversity was
high (Fig. 1b and c¢).

3.2. Fibrinogen proteolysis

To quantify the time-dependent fibrinogenolysis, 1mg/ml fi-
brinogen was incubated with 10 venom concentrations ranging from to
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1.525 to 800 pug/ml and analysed at 6 different time periods over a
period of 60 min. All combinations were N = 3. Negative controls were
performed at zero minutes of incubation time (C 0”) and sixty minutes
of incubation time (C 60"). Each time-period sample was reduced, de-
natured and subsequently loaded on a 1D gel lane. C. lichtensteinii and
C. rhombeatus venoms showed highly similar fibrinogenolytic activity
over the myriad of concentrations and incubation times (Figs. 2 and 3).
Both venoms cleaved fibrinogen chains Aa and B, leaving the y chains
intact, hence the exclusion of y chains from the graphed results in
Fig. 4a and b. Additionally, for both venoms, cleavage of the Bf3 chains
never occurred before the Aa was completely cleaved. While C. lich-
tensteinii was non-significantly faster in Aa chain cleavage (Fig. 4c), the
Bp chain cleavage rates were non-significantly faster for C. rhombeatus
than for C. lichtensteinii (Fig. 4c).

To assess the relative neutralization of the fibrinogenolytic activity
by antivenom, South African Institute for Medical Research (SAIMR)
polyvalent antivenom (developed for treatment against the viper ve-
noms of Bitis arietans, Bitis rhinoceros, as well as the elapid venoms of
Hemachatus haemachatus, Dendroaspis angusticeps, D. jamesoni, D. poly-
lepis, D. viridis, Naja nivea, N. melanoleuca, N. annulifera, and N. mos-
sambica.) was used. This assay incorporated two different preincubation
protocols: 1) the venom with antivenom ((av + v) + fib); and 2) the
fibrinogen with antivenom (v + (av + fib)). At the concentration
tested, the antivenom demonstrated no inhibition of the fi-
brinogenolytic effects of C. lichtensteinii venom but a 5-fold drop in
effect was observed for C. rhombeatus venom (Fig. 4d). For C. rhom-
beatus, there was no significant difference between incubating anti-
venom and venom, prior to adding fibrinogen (5.58 =+ 0.63 shift in
clotting curve) or incubating antivenom and fibrinogen, prior to the
addition of venom (5.71 * 0.78 shift in clotting curve), indicative of
rapid venom binding by the antivenom.

3.3. Coagulation analyzer measurement of anticoagulant activity

Anticoagulant activity assessment was carried out on an automated
viscosity-based (mechanical) detection system analyzer (Stago STA-R
max) that measures clotting times (with a maximum reading time of
999s as the analyzer's limit). These anticoagulant activity tests were
only performed on C. rhombeatus venom due to a limited amount of C.
lichtensteinii venom in supply. C. rhombeatus anticoagulant activity was
measured using two different protocols to test non-clotting proteolytic
cleavage of 1.2mg/ml fibrinogen: i) a fixed 0.33 mg/ml venom con-
centration, tested in 7.5-min step-wise incubation increases up to
60 min (Fig. 4a), and ii) 17 different venom concentrations incubated
for a set 60 min incubation (Fig. 4b). Thrombin was added post-in-
cubation in a Claussian method (Clauss, 1957) with immediate mea-
surement of clotting time thereafter. A steady increase in clotting time
was observed under both methods - relative to the venom concentra-
tion or incubation time used — with the clotting time reaching 999 s in
the second scenario (5b) at 0.4 mg/ml and above, as fibrinogen was
completely depleted.

3.4. Thromboelastography

Clot strength using human fibrinogen was assessed using a throm-
boelastograph (TEG) - viscoelastic hemostatic assay where strength of
the clot is measured as the maximum amplitude of a clotting curve (i.e.
thrombus velocity curve) in millimeters. Fibrinogen cleavage occurred
in a non-clotting manner and thrombin was added after 30 min to
measure depletion of fibrinogen as indicated by lower clot strength
(Fig. 4c). Clot strength was measured at 39 + 7.7% that of the positive
control for C. lichtensteinii and 45 = 3.3% for C. rhombeatus, with no
significant difference between the two venoms.
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4. Discussion and conclusion

C. lichtensteinii and C. rhombeatus were similar in proteomic com-
position (Fig. 1), cleavage of fibrinogen chains Aa and B (Figs. 2 and
3), and inhibition of clotting as a consequence of the non-clotting,
proteolytic cleavage of fibrinogen (Fig. 4). The 1D gel profiles were
similar to each other in the overall toxin classes present, with the
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venoms of both species containing L-amino acid oxidases (LAAO), snake
venom metalloproteases (SVMP), kallikrein-type serine proteases, and
Group II phospholipase A, (PLA,) (Fig. 1a). Unlike the LAAO, SVMPs
and kallikrein enzymes, only low levels of PLA,s were present, in-
dicating that they contribute little to the envenomation effects. These
findings are consistent with a partial C. rhombeatus transcriptome that
identified SVMP, kallikrein-type serine protease and PLA, (Fry et al.,
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2008). However, the 2D gels differed, with each venom possessing
multiple unique isoforms within each toxin class and with little iso-
formic overlap between venoms (Fig. 1b and c).

SVMP toxins are one of the most highly expressed protein families in
viperid venoms, making up, in some cases, as much as 74% of venom
composition (Junqueira de Azevedo and Ho, 2002; Bazaa et al., 2005;
Wagstaff and Harrison, 2006; Gutiérrez et al., 2008; Casewell et al.,
2009; Wagstaff et al., 2009). SVMPs are composed of the three classes,
P-1, P-II and P-III, based upon the relative presence of three domains
(metalloprotease, disintegrin and cysteine-rich, respectively). P-I lacks
the cysteine-rich and disintegrin domains, P-II lacks the cysteine-rich
domain, and the tri-domain form (P-III) is the plesiotypic (ancestral)
state (Casewell et al., 2015). The large molecular weight of Causus
rhombeatus' SVMPs (Fig. 1a) suggests they likely belong to the P-III type
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SVMP. SVMP are associated with a wide range of functional coagulo-
pathic activities, with non-clotting cleavage of fibrinogen being basal
(Casewell et al., 2015). The induction of hemorrhage is the result of
accompanying proteolytic cleavage of basement membrane compo-
nents in capillary vessels, resulting in capillary distention (i.e. vasodi-
lation and higher vascular permeability), disruption of endothelial cell
integrity, extravasation and swelling (Gutiérrez et al., 2005; Gutiérrez
et al., 2006; Gutiérrez et al., 2009). The combination of these activities
ultimately induces hemorrhage, myonecrosis, blistering, inflammation
and edema (Gutiérrez and Lomonte, 1995; Rucavado et al., 1995;
Gutiérrez et al., 2009). Kallikrein-type serine proteases, like SVMP, are
also typically found in high concentrations in viperid venoms and,
again like SVMP, a basal activity is non-clotting cleavage of fibrinogen
(Vaiyapuri et al., 2015). In addition, snake venom kallikreins retain the
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Fig. 4. a) Stago STA-R max measured anticoagulant
effect upon 1.2mg/ml fibrinogen by C. rhombeatus

venom: a) 0.33mg/ml venom at eight different in-
cubation times (0, 7.5, 15, 22.5, 37.5, 45, 52.5, and
60 min); and b) 60 min incubation with seventeen
different venom concentrations (0.00935, 0.0187,
0.0374, 0.0439, 0.0527, 0.0657, 0.0877, 0.1317,
0.26349, 0.28, 0.33, 0.39, 0.4, 0.5, 0.66, 1, and
2mg/ml) (999 = maximum measuring time). N = 3
with error bars showing standard deviation. Note for
some values the error bars are smaller than the
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ancestral kallikrein ability to cleave kininogen to release bradykinin but
are also able to cleave low molecular weight kininogen into kallidin in
addition to angiotensin-converting activity (Hendon and Tu, 1981;
Bhoola et al., 1992; Hung and Chiou, 2001; Siigur et al., 2011;
Vaiyapuri et al., 2012; Kuniyoshi et al., 2012).

In this study, the abundant presence of SVMP and kallikrein en-
zymes (Fig. 1) was consistent with the non-clotting cleavage activity on
fibrinogen (Figs. 2 and 3). Non-clotting, anticoagulant cleavage of fi-
brinogen as seen in this study is a well-characterized viper venom ac-
tivity, with kallikrein-type serine proteases and SVMPs convergently
evolving this function (Vaiyapuri et al., 2015; Casewell et al., 2015;
Dobson et al., 2017). In this study, fibrinogen samples incubated with
venom and then clotted with thrombin using a Claussian protocol
(Clauss, 1957) formed weak clots indicative of degraded and depleted
fibrinogen levels (Fig. 4d). The non-clotting cleavage of Aa-chains took
place first and only then were Bp-chains degraded (Figs. 2 and 3),
suggesting that either 1) the cleavage site used on the Bf-chain is
conformationally obscured by the Aa-chain or 2) there is a much
greater enzymatic affinity for the cleavage of the Aa-chains. Fi-
brinogenolytic kalliikreins and metalloproteases are both reported to
degrade preferentially the Aa-chains of fibrinogen followed by the Bp-
chains, while the enzymes degrading the B3-chains without fibrinolysis
belong to the kallikrein-type serine protease group (Cortelazzo et al.,
2010). Cleavage of the Aa-chain followed by the Bf-chain is a pattern
also seen in lizard venom fibrinogenolysis and is reflective of the shared
evolutionary history of the Toxicoferan reptile venom system
(Koludarov et al., 2017).

The relative contribution by kallikrein and SVMP toxins to fi-
brinogenolysis in Causus venoms should be the subject of future work.
However, regardless of the relative contributions, the anticoagulant
function as documented here would facilitate prey capture by pre-
venting the plugging of damage to the vascular wall, thus facilitating
fluid loss into the extravascular space. This would result in hypotension
which would be potentiated by kinin release from kininogen (a likely
activity from kallikrein rich venoms such as these, but one that needs to
be confirmed in future studies). The combination of anticoagulation
and hypotension would result in hemorrhagic shock to prey items.

Consistent with the 2D gel variation, the two venoms differed in the
response to SAIMR polyvalent antivenom. At the dose test, the anti-
venom did not impede the fibrinogenolytic effects of C. lichtensteinii, but
did moderately neutralize the C. rhombeatus venom (Fig. 4d). 1 ml of
this antivenom is sufficient to neutralize 53 B. arietans LDsos (1
LD50 = 8-14pug) and 80 B. gabonica LDsps (1 LD50 = 16-24 pg)
(Priscilla Fleischer, South African Institute for Medical Research per-
sonal communication). Thus while the antivenom effects were tested
under an ideal scenario (preincubation) the results are indicative of a

T
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moderate but significant level of cross reactivity with C. rhombeatus
venom. This is in contrast to the World Health Organisation statement
that no antivenom is available (World Health Organization, 2010).
However, this statement is an evidence-free statement though as it does
not cite any testing showing inefficiency of the South African poly-
valent antivenom. A similar evidence-free statement was found on an
online clinical toxinology resource page (Clinical Toxinology
Resources, 2018). We could not find any published references regarding
antivenom testing for this genus, and the lack of Causus venom testing
prior to this study was confirmed by the antivenom producing institute
(Priscilla Fleischer, South African Institute for Medical Research per-
sonal communication). In contrast to the efficacy against C. rhombeatus
venom at the dose tested, the lack of activity against C. lichtensteinii
under such idealized circumstances suggests that larger doses may be
needed for the antivenom to work, if at all.

In addition to the role of serine proteases or metalloproteases in
degrading fibrinogen, the hemorrhagic and inflammatory pathologies
clinically noted in C. rhombeatus envenomations may be due in part to
the presence of LAAO toxins. LAAO range from 110kDa to 140 kDa in
size (Chen et al., 2012b; Franca et al. 2007) and catalyze the oxidative
deamination of an r-amino acid to produce alpha-keto acid - releasing
hydrogen peroxide (H,0,) in the process (Tan et al., 2015). The release
of hydrogen peroxide causes a painful cytotoxic effect and is reportedly
used defensively by Ophiophagus hannah (Panagides et al., 2017). Ad-
ditionally, hydrogen peroxide can trigger or potentiate inflammatory
reactions (Tan et al., 2015). It has been suggested that LAAO-induced
apoptosis could occur as a result of oxidative stress induced by hy-
drogen peroxide generated by snake venom LAAOs (Tempone et al.,
2001).

While the specimen composition of the pooled venoms for each
species was unknown other than being of multiple adults for both
species, the highly similar overall venom composition and function
between each species makes it a reasonable inference that these are the
generalized patterns for each species and, using phylogenetic brack-
eting, the genus as a whole. As these snakes are amphibian specialists,
and there is no ontogenetic variation known for the diets, age related
changes are less likely than in other genera which have significant
ontogenetic variation in diet such as the switch from lizard specialism
(and neurotoxic venom) in neonates to mammal specialism (and coa-
gulotoxic venom) in Pseudonaja (Cipriani et al., 2017; Jackson et al.,
2016).

The findings reported here shed light on the evolutionary context of
the night adder's enigmatic venom gland phenotype. Since both venoms
are not functionally different, the spectacular elongation of the venom
glands, present in only the sister species C. rhombeatus and C. maculatus,
appears to be the result of positive selection for increased venom
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production subsequent to an evolutionary shift in morphology to an
active predatory strategy. The drift from the typical viper ambush-
feeding morphology is presumed to be prior to elongation of venom
glands due to nested nature of Causus within Viperinae (Wiister et al.,
2008). This is consistent with the observation that proportionally larger
venom glands are correlated with proportionally larger relative prey
sizes (Ineich et al., 2006; Mallow et al., 2003). Relating prey size to
snake size, C. lichtensteinii feeds on much smaller frogs than C. rhom-
beatus, which feeds preferentially on toads proportionally much larger
and is documented to cease feeding upon small amphibians (Ineich
et al., 2006; Mallow et al., 2003). Thus a C. lichtensteinii of the same size
as a C. rhombeatus would take much smaller sized prey items.

The elongation of an ancestral venom gland system, and dramatic
increase in venom production, has evolved at least once independently
in each of the front-fanged venomous snake clades: once in the genus
Atractaspis within the Lamprophiidae (clade consisting of Atractaspis
engaddensis, A. microlepidota, A. micropholis and A. scortecci), twice in
Elapidae (common ancestor of Calliophis bivirgata and Calliophis in-
testinalis and again in Toxicocalamus longissimus) and once in viperid
snakes (common ancestor of C. rhombeatus and C. maculatus) (Fry et al.,
2008; Fry et al., 2015). All species with elongated venom glands share
the morpho-ecological aspects of: 1) they are the largest of their genus
and feed on the largest proportional prey items; 2) they exhibit active
and agile pursuit predatory behaviors; and 3) all are semi-fossorial or
fossorial. This suggests long glands are an adaptation that facilitates
increased venom production and yield in the presence of slender, agile
body morphology. In the case of C. bivirgatus the larger venom yield
offsets the lower toxicity of their novel sodium channel toxins (Yang
et al., 2016).

In Causus, the elongation of the venom glands would increase the
venom yield without the morphological burden of a broad viper-like
head. Thus, both C. rhombeatus and C. maculatus—the biggest of all the
Causus species—can produce larger venom yields which allows them to
adequately subjugate proportionally larger prey items without com-
promising their morphology and ecological niches, thereby retaining
the slender body type selected for an active and agile predatory
strategy. Therefore while both C. rhombeatus and C. lichtensteinii ve-
noms are functionally similar, each snake is able to occupy a unique
ecological niche regarding relative prey size and type, conferred by
appropriately sized venom glands and yields. Thus the differential
venom size and relationship to discrete prey preferences represents a
novel form of niche partitioning.

In conclusion, this study represents the first comparative venom
analysis between short-glanded and a long-glanded species within a
genus. The results reveal a similar venom composition and activity in C.
rhombeatus and C. lichtensteinii, suggesting a greater advantage in larger
venom yields rather than greater venom toxicity in order to subjugate
proportionally larger amphibian prey items. Further research is needed,
such as the functional characterization of each venom fraction, to assess
the relative contribution to the coaogulotoxic function by each toxin
type. As such, it is impossible to here accredit any of the reported
physiopathologies solely to one specific toxin class, as various toxins
synergistically work to induce and potentiate the same functional out-
come. However, these results also underscore the fundamental premise
that even very closely related snakes with seemingly similar venom
composition can differ in responsiveness to antivenom, and this may
have important clinical implications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpc.2018.05.003.
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