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Abstract Coral snake envenomations are well characterized
to be lethally neurotoxic. Despite this, few multispecies, neurotoxicity and antivenom efficacy comparisons have been undertaken and only for the Micrurus genus; Micruroides has
remained entirely uninvestigated. As the USA’s supplier of
antivenom has currently stopped production, alternative
sources need to be explored. The Mexican manufacturer
Bioclon uses species genetically related to USA species, thus
we investigated the efficacy against Micrurus fulvius (eastern
coral snake), the main species responsible for lethal

envenomations in the USA as well as additional species from
the Americas. The use of Coralmyn® coral snake antivenom
was effective in neutralizing the neurotoxic effects exhibited
by the venom of M. fulvius but was ineffective against the
venoms of Micrurus tener, Micrurus spixii, Micrurus
pyrrhocryptus, and Micruroides euryxanthus. Our results suggest that the Mexican antivenom may be clinically useful for
the treatment of M. fulvius in the USA but may be of only
limited efficacy against the other species studied.
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The New World coral snakes consist of three genera:
Leptomicrurus (five species), Micruroides (one species), and
Micrurus (approx. 70 species) (Roze 1996). The two less
speciose genera are restricted in their geographic range;
Leptomicrurus is only found in close proximity to the
Amazon basin (Campbell and Lamar 1989) while
Micruroides is restricted in the United States to the southern
half of Arizona and extreme southeastern New Mexico, south
into the northwestern Mexican states of Sonora, extreme southwestern Chihuahua, and Sinaloa, with an insular population
occurring on Isla Tiburón (Campbell and Lamar 2004). In contrast, snakes of the genus Micrurus distribution ranges from the
southeastern USA to Argentina (Jorge da Silva and Sites 2001).
Bites from most of these snakes, with the exception of the
very small Micruroides, are considered potentially lifethreatening due to deaths reported from species across their
geographical range (Bucaretchi et al. 2016; Manock et al.
2008; Morgan et al. 2007). The venom is considered to be
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primarily neurotoxic, and the most common cause of death is
paralysis-induced hypoxia (Vital-Brazil 1987) highlighting
the importance for each country that contains coral snakes in
having access to antivenoms capable of neutralizing the neurotoxic effects of coral snake envenomation. Currently, the
most effective treatment for coral snake envenomations is
the administration of specific antivenom coupled with direct
treatment of symptoms such as pre-synaptic neurotoxicity not
neutralized by antivenom (Peterson 2006). As antivenoms are
produced by inoculating livestock (generally sheep or horses)
against venom from a particular species or selection of species
and purifying the resulting antibodies (Angulo et al. 1997;
Rojas et al. 1994), antivenoms can be partially or wholly ineffective against the venom from species not included in production (Tanaka et al. 2010; Boyer et al. 2015). Nonetheless,
experimental (Bolanos et al. 1975; Silva et al. 2016) as well as
clinical evidence of cross-neutralization has been reported
even for non-related snake species (Isbister et al. 2014).
The reason antivenoms sometimes fail when treating bites
from coral snake species, whose venom was not included in
the production of antivenom, has recently become more salient as studies have revealed that the variation in coral snake
venoms is deeper and more widespread than previously
presumed. In particular, Aird and Jorge da Silva (1991) provided evidence based on enzymatic activities that some coral
snake venoms more closely resemble the venoms of more
distantly related snakes such as Bungarus, Bothrops, or Naja
than other coral snakes. Proteomic and transcriptomic analyses of coral snakes from across the Americas indicate that,
broadly speaking, some coral snake venoms contain threefinger toxins (3FTx) as their most abundant components while
others are composed primarily of phospholipase A2 (PLA2)
(Fernandez et al. 2015; Rey-Suarez et al. 2016, Vergara et al.
2014; Lomonte et al. 2016a).
There are currently four antivenoms primarily used in the
treatment of New World coral snake bites (Table 1). The production of North American coral snake antivenom (NACSA)
was halted in 2008, and remaining stocks have diminished
while repeatedly having their effectiveness tested and expiry
dates extended (Wood et al. 2013); a single lot was released in
2016 for limited distribution in the USA (Supplementary File
1). The general shortage of coral snake antivenom in the USA
has led to the proposal that the Mexican Coralmyn® coral
snake antivenom (Bioclon, Mexico) be used in its place.
Due to the diversity of coral snakes in each country where
they are found being greater than the diversity used in production, testing the cross reactivity of antivenom on species that
were not part of its manufacture remains medically important.
The use of commercially available coral snake antivenoms is
effective in neutralizing the lethal doses (LD50) of Micrurus
fulvius and Micrurus tener venoms (Sánchez et al. 2008).
Sánchez et al. (2008) tested the efficacy of two types of commercially available coral snake antivenom, North American coral

snake antivenom (NACSA; Wyeth, United States) and
Coralmyn® coral snake antivenom (Bioclon, Mexico), in order
to ascertain their ability to neutralize the lethal components in
both M. fulvius and M. tener, two American coral snake species.
While the use of Coralmyn® was effective in neutralizing the
LD50 doses of both M. fulvius and M. tener venoms, the use of
NACSAwas ineffective in neutralizing the lethality of three varying doses of venom from M. tener. In South America, a study by
Camargo et al. (2011) investigated the efficacy of coral snake
antivenom against the venom of Micrurus pyrrhocryptus. It
was shown that both the commercial coral snake antivenom
(Instituto Butantan, Brazil) and the specific antivenom raised
against the venom of M. pyrrhocryptus were effective in neutralizing its neurotoxic effects. However, it remained to be seen
whether Coralmyn® coral snake antivenom, which was raised
against Micrurus nigrocinctus nigrocinctus (black-banded coral
snake) venom, would be effective against M. pyrrhocryptus venom. Moreover, as the use of Coralmyn® was effective against the
venoms of M. fulvius and M. tener in a murine model, it was
hypothesized that the antivenom would be equally as effective
in an in vitro preparation. The current study is of clinical significance as the production of NACSAwas discontinued by Wyeth
in 2008 (Wood et al. 2013) and, thus, it is imperative that the
efficacy of other coral snake antivenom is determined.
Historically, murine LD50 studies have been performed in
order to determine relative neurotoxicity of venoms (WHO
2010). In some circumstances, however, these can be supplemented by in vitro studies such as that of the chick biventer
cervicis nerve-muscle preparation (Hodgson and
Wickramaratna 2002). Using this preparation, the neurotoxicity
of venoms can be examined by observing the time in which the
venom/toxins produces 90% inhibition of nerve-mediated
twitches (t90 values). However, there may be extreme variation
between the synapsid (mouse) and diapsid (bird) results if the
venoms are evolutionarily shaped to be taxon-specific (Fry et al.
2003; Heyborne and Mackessy 2013; Lumsden et al. 2004a, b,
Lumsden et al. 2005a; Utkin et al. 2015). Such specificity has
been described in vivo for the venoms of M. pyrrhocryptus and
M. spixii (Jorge da Silva and Aird 2001). There, they determined
LD50 values of whole venoms on prey and non-prey models and
showed that they are, respectively, six and two times more lethal
to the snake Lyophis typhlus than to mice. The case of M. tener,
on the other hand, appears to be somewhat different because,
even though a few apparently snake specific toxins have been
isolated from it, the whole venom has no proven specificity
towards snakes (Bénard-Valle et al. 2014).
Chick biventer assays are sometimes utilized in predicting
clinical efficacy of antivenoms; however, chick biventer assays
are not an antivenom challenge as the antivenom is pre-incubated
with the venom prior to the administration. Thus, efficacy under
this protocol does not indicate clinical efficacy. However, inability of the antivenom to neutralize under such an ideal scenario is
highly likely to be predictive of clinical failure.
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Table 1

Currently available coral snake antivenoms

Name

Producer

Country of origin

Venoms used in production

North American coral snake antivenom (NACSA)

Wyeth/Pfizer

USA

Micrurus fulvius

Soro Antielapidico

Instituto Butantan

Brazil

Micrurus corallinus and Micrurus frontalis

Coralmyn
SAC-ICP

Instituto Bioclon
Instituto Clodomiro Picado

Mexico
Costa Rica

Micrurus nigrocinctus
Micrurus nigrocinctus

In the present study, we examined the neurotoxicity and antivenom cross-reactivity of venoms from Micruroides euryxanthus,
M. fulvius, M. pyrrhocryptus, Micrurus spixii, and M. tener
representing a broad phylogenetic diversity of coral snake species
(Fig. 1). Of these species, the latter three are found in the USA. We
used the Mexican coral snake antivenom, Coralmyn®, in our experiments as it is the most readily available substitute should the
remaining supplies of NACSA prove insufficient. Given the phylogenetic distribution of PLA2 and 3FTx dominated venoms, we
would expect Coralmyn® to be more effective against M. fulvius
and M. tener venoms than the other venoms. This is due to
M. fulvius and M. tener belonging, along with M. nigrocinctus
(the species used in the production of Coralmyn®), to the PLA2abundant group (Fernandez et al. 2015).

glucose, 11.1 mM), maintained at 34 °C, and bubbled with
95% O2/5% CO2. Indirect twitches were evoked by electrical
stimulation of the motor nerve (supramaximal voltage, 0.2 ms,
0.1 Hz) using a Grass S88 stimulator (Grass Instruments, Quincy,
MA). D-Tubocurarine (10 μM) was added, and the subsequent
abolition of twitches confirmed selective stimulation of the motor
nerve, after which thorough washing with physiological salt solution was applied to re-establish twitches. In the absence of
electrical stimulation, contractile responses to acetylcholine
(ACh; 1 mM for 30 s), carbachol (CCh; 20 μM for 60 s), and
potassium (KCl; 40 mM for 30 s) were obtained prior to the
addition of the venoms and at the conclusion of the experiment.
Venoms were left in contact with the preparation for a maximum
of 3 h to test for slow developing effects. Efficacy of Coralmyn®
coral snake antivenom (10 units/mL) was assessed via a 10-min
pre-incubation in the organ bath.

Methods
Data Analysis and Statistics
Venom Preparation and Storage
M. euryxanthus (AZ, USA collected by CC), M. fulvius (FL,
USA supplied by Miami Serpentarium), M. pyrrhocryptus
(IW Surinam captive specimen), M. spixii (Brazil, supplied
by Miami Serpentarium), and M. tener (TX, USA, supplied
by Miami Serpentarium) freeze-dried venoms were prepared
in MilliQ-H2O and stored at −80 °C until required.
Drugs and Chemicals
The following drugs and chemicals were used: acetylcholine
chloride (Sigma), carbamylcholine chloride (Sigma), potassium chloride (Ajax Finechem), (+)-tubocurarine chloride
(Sigma), and Coralmyn® coral snake antivenom (Bioclon,
Mexico; Batch #B-2D-06/2004). Stock solutions of drugs
were made up MilliQ-H2O unless otherwise specified.

Twitch tension was measured from the baseline in 2-min intervals. Responses were expressed as a percentage of twitch tension prior to the addition of the venom. Contractile responses to
agonists obtained at the conclusion of the experiment were
measured and expressed as a percentage of the response obtained prior to the addition of venom. The time taken to inhibit 90%
of twitch contractions (i.e., t90) was measured as a quantitative
means of measuring neurotoxicity. Values for t90 were measured by the time elapsed to reach 10% twitch tension amplitude following addition of venom. Where indicated, a two-way
analysis of variance (ANOVA) or a paired t test was used to
determine statistical significance of responses. Statistical analysis was performed using the Prism 5 (GraphPad Software, San
Diego, CA, USA) software package. Unless otherwise indicated, data are expressed as mean ± S.E.
Animal Ethics

Neurotoxicity and Antivenom Studies
Male chicks (4–10 days) were sacrificed by CO2 and exsanguination. Both chick biventer cervicis nerve-muscle preparations
were isolated and mounted on wire tissue holders under 1-g
resting tension in 5-ml organ baths containing physiological salt
solution (NaCl, 118.4 mM; KCl, 4.7 mM; MgSO4, 1.2 mM;
KH2PO4, 1.2 mM; CaCl2, 2.5 mM; NaHCO3, 25 mM; and

All animal experiments used in this study were approved by
the SOBS-B Monash University Animal Ethics Committee.
Phylogenetic Comparative Analyses
A phylogeny was assembled using Lee et al. 2016, as this is
currently the most comprehensive phylogeny available for
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Fig. 1 Phylogenetic relationships
of species studied and millions of
years of separation (following Lee
et al. 2016)

Micrurus and was used for all further analyses conducted in R
v3.2.5 (R-Core-Team 2011) using the ape package (Paradis et al.,
2004) for general handling of phylogenetic and trait data.
Ancestral states were estimated and reconstructed over the tree
in order to visualize the changes in neurotoxicity and antivenom
efficacy across the phylogeny. Note that we only included five of
76 species of New World coral snakes (~7%) and these were
widely dispersed in the phylogeny, so accurate estimates of ancestral states are unlikely to be estimated here. Nevertheless, such
reconstructions still provide a visualization of the minimum
amount of evolutionary change in these traits across the clade.
The continuous functional traits were reconstructed by maximum
likelihood in the contMap function in phytools (Revell 2012).
We then fit pGLS models (Symonds and Blomberg 2014)
in caper (Orme et al. 2015) to test for relationships. We restricted the venom-antivenom model to a single explanatory
variable, and we arcsine square-root-transformed the response
variable to improve model fit (since the functional activity
values are bound between 0 and 1).

responses to exogenous acetylcholine (ACh, 1 mM) and carbachol (CCh, 20 μM), but not KCl (40 mM) (Figs. 2-7, n = 3,
P < 0.05).
Based on the t90 values obtained, the observed rank order of
neurotoxicity for the New World coral snakes is
M.tener>M.spixii≥M.pyrrhocryptus>M.euryxanthus>M.fulvius
(Table 2; Fig. 2). This contrasts with the rank order of lethality
based on the murine LD50 values previously reported by Sánchez
et al. (2008); M. spixii > M. fulvius > M. pyrrhocryptus > M. tener.
However, it is important to note the use of t90 values as a measure
of toxicity differs from that of LD50 values in several important
ways. Murine LD50 values determine the concentration required
to kill 50% of a population of mice (i.e., quantity) over an extended period of time (24 h), whereas t90 values focus on the time
required for the venom to exert its flaccid paralysis effects (i.e.,
time). As coral snakes mostly consume reptiles (diapsid) and use

Results and Discussion
The venoms of M. euryxanthus, M. fulvius, M. pyrrhocryptus,
M. spixii, and M. tener (10 μg/mL) caused a concentrationdependent blockade of nerve-mediated twitches in the chick
biventer cervicis nerve-muscle preparation (Figs. 2-7, n = 3).
All venoms (10 μg/mL) significantly inhibited contractile

Fig. 2 Comparative effects of Micruroides euryxanthus, Micrurus
fulvius, Micrurus pyrrhocryptus, Micrurus tener, and Micrurus spixii
venoms (10 μg/mL) on nerve-mediated twitches in the chick biventer
cervicis nerve-muscle preparation (n = 3)

Fig. 3 Effects of Micruroides euryxanthus venom (5–10 μg/mL, n = 3)
on a nerve-mediated twitches and b responses to exogenous ACh
(1 mM), CCh (20 μM), and KCl (40 mM) of the isolated chick biventer
cervicis nerve-muscle preparation in the presence and absence of
Coralmyn® coral snake antivenom (10 units/mL added prior to 10-μg/
mL venom concentration, n = 3). *P < 0.05, significantly different from
contractile response of the initial, paired t test
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Fig. 4 Effects of Micrurus fulvius venom (5–10 μg/mL, n = 3) on a
nerve-mediated twitches and b responses to exogenous ACh (1 mM),
CCh (20 μM), and KCl (40 mM) of the isolated chick biventer cervicis
nerve-muscle preparation in the presence and absence of Coralmyn®
coral snake antivenom (10 units/mL added prior to 10-μg/mL venom
concentration, n = 3). *P < 0.05, significantly different from 10-μg/mL
venom alone, two-way ANOVA. *P < 0.05, significantly different from
contractile response of the initial, paired t test

Fig. 5 Effects of Micrurus pyrrhocryptus venom (5–10 μg/mL, n = 3) on
a nerve-mediated twitches and b responses to exogenous ACh (1 mM),
CCh (20 μM), and KCl (40 mM) of the isolated chick biventer cervicis
nerve-muscle preparation in the presence and absence of Coralmyn®
coral snake antivenom (10 units/mL added prior to 10-μg/mL venom
concentration, n = 3). *P < 0.05, significantly different from contractile
response of the initial, paired t test

Fig. 6 Effects of Micrurus spixii venom (5–10 μg/mL, n = 3) on a nervemediated twitches and b responses to exogenous ACh (1 mM), CCh
(20 μM), and KCl (40 mM) of the isolated chick biventer cervicis
nerve-muscle preparation in the presence and absence of Coralmyn®
coral snake antivenom (10 units/mL added prior to 10-μg/mL venom
concentration, n = 3). *P < 0.05, significantly different from contractile
response of the initial, paired t test

their venom to rapidly subjugate their prey (Roze 1996), murine
(synapsid) LD50s may not be particularly informative from an
evolutionary point of view; however, they are likely a better measure of potential lethality to humans (also synapsid) in untreated
envenomings (Bénard-Valle et al. 2014). Differences between
the two measures of toxicity are likely to be due to the fact that
the crude venom possesses other toxic components apart from
neurotoxins; such as cardiotoxins, myotoxins, phospholipases,
and pro- and anticoagulant factors, all of which act either synergistically or independently on their respective targets to contribute to the lethality of the venom over such a prolonged period of
study. This is not the case in t90 studies as the in vitro neuromuscular preparations’ only factor in neurotoxins and myotoxins, the
two types of toxins likely to inhibit twitch height. Despite this, the
knowledge obtained from t90 values is extremely valuable given
that the primary symptom of envenoming by many elapids, including coral snakes, is neuromuscular paralysis.
To the best of our knowledge, this study represents the first
analysis of the neuromuscular activity of the venom from
M. euryxanthus. Here, the relatively low t90 value as well as
the complete abolition of the response to exogenous ACh and
CCh (Fig. 3) suggest a postsynaptic effect.
Prior incubation of Coralmyn® coral snake antivenom
(10 units/mL) did not significantly neutralize the neurotoxic
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Table 2 Snake venom neurotoxicity in the chick biventer cervicis
ranked by t90 (data from other studies shown for comparison)

Fig. 7 Effects of Micrurus tener venom (5–10 μg/mL, n = 3) on a nervemediated twitches and b responses to exogenous ACh (1 mM), CCh
(20 μM), and KCl (40 mM) of the isolated chick biventer cervicis
nerve-muscle preparation in the presence and absence of Coralmyn®
coral snake antivenom (10 units/mL added prior to 10-μg/mL venom
concentration, n = 3). *P < 0.05, significantly different from contractile
response of the initial, paired t test

effects of M. euryxanthus (P = 0.5662), M. pyrrhocryptus
(P = 0.5747), M. spixii (P = 0.9520), and M. tener (P = 0.8218)
venoms (Figs. 3, 4, 5, 6, and 7, n = 3). However, Coralmyn® coral
snake antivenom significantly neutralized the effects of
M. fulvius venom (P = 0.0005) (Fig. 4a, n = 3, P < 0.05) and
prevented the inhibition of contractile responses to exogenous
ACh (P = 0.0001) and CCh (P = 0.0001) (Fig. 4b, n = 3,
P < 0.05). While it is important to note that pre-incubation of
antivenom in an in vitro setting does not necessarily correlate to
clinical success, failure to neutralize the neurotoxic effects of
these venoms in such ideal conditions may potentially indicate
clinical failure.
Against the venoms of the two South American coral
snakes (M. spixii and M. pyrrhocryptus) and the Arizona coral
snake (M. euryxanthus), Coralmyn® was ineffective in neutralizing their neurotoxicity. Although the response to the venom of M. pyrrhocryptus was marginally delayed in the presence of antivenom, the venom was not sufficiently neutralized
for it to be deemed effective. However, even adjusting for
relative neurotoxicity, the antivenom was clearly most effective against M. fulvius than all other species (Fig. 8).
The neutralization of M. pyrrhocryptus venom by a South
American antivenom raised against Micrurus frontalis and
M. corallinus was tested using also a chick BC preparation
and found to be very effective (Camargo et al. 2011). These

Common name

Scientific name

t90 @ 10 μg/mL
(min)

Curl snake
Malayan krait
Common death adder
Marsh snake
Northern death adder
Tiger snake
Banded krait
Inland taipan
Rufous beaked snake

Suta suta
Bungarus candidus
Acanthophis antarcticus
Hemiaspis signata
Acanthophis praelongus
Notechis scutatus
Bungarus fasciatus
Oxyuranus microlepidotus
Rhamphiophis oxyrhynchus

13
13
14
16
19
22
22
27
29

Texas coral snake

Micrurus tener

31 ± 2

Egyptian cobra
Amazon coral snake

Naja haje
Micrurus spixii

36 ± 4f
38 ± 3

±
±
±
±
±
±
±
±
±

1c
4e
1a
1g
2a
2b
5e
3d
7h

Argentinian coral snake Micrurus pyrrhocryptus
Arizona coral snake
Micruroides euryxanthus

40 ± 3
46 ± 3

Carpentaria snake
Eastern coral snake

59 ± 1g
67 ± 2

Cryptophis boschmai
Micrurus fulvius

Data shown are represented as mean ± SEM
a

Wickramaratna and Hodgson 2001

b

Hodgson et al. 2003

c

Kuruppu et al. 2007

d

Crachi et al. 1999

e

Rusdi Ahmad Rusmili et al. 2014

f

Kornhauser et al. 2013

g

Pycroft et al. 2012

h

Lumsden et al. 2005b

results, together with the ones from the present study, suggest
that PLA2-predominant venoms, such as M. nigrocinctus, are
not effective immunogens when attempting to neutralize
3FTx-predominant venoms. This scenario has been tested
and was shown to be equally ineffective by Lomonte et al.
(2016a, b) using an in vivo approach.
The results of the antivenom study with M. tener venom
were unexpected given that Coralmyn® coral snake antivenom was raised against the venom of M. nigrocinctus
nigrocinctus, a species that is both phylogenetically and geographically nearby to M. tener (Campbell and Lamar 2004).
However, note that reptile venom often evolves at very high
rates (as reflected in the very broad confidence intervals in
Fig. 8), and so it may not be surprising to find that close
phylogenetic relatives may still have venoms that differ in
important properties for antivenom efficacy.
A likely explanation for the observed disparity in neutralization comes from an analysis of the composition of these two
venoms and the immunogen M. nigrocinctus. While
M. nigrocinctus venom has a high proportion of both PLA2
and 3FTx molecules, a study using an equine monospecific
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Fig. 8 Ancestral state reconstructions over branches for a neurotoxicity
t90, whereby lower values indicate higher potency and b relative
antivenom neutralization based upon t90 relative shift, whereby higher
values indicate greater relative antivenom neutralization. Bars indicate

95% confidence intervals for the estimate at each node; note that due to
the high dynamicity of venom evolution, these quickly become broad as
you move down the tree. Phylogeny follows Lee et al. (2016)

antivenom raised against this same venom showed that recognition of antibodies is mainly directed towards PLA 2
(Fernández et al. 2011, Lomonte et al. 2016b). Similarly,
Coralmyn® has been shown to have low antibody titers
against 3FTx predominant venoms such as Micrurus
surinamensis (Table 3). Given that the lethality of M. fulvius
venom is determined by two main neurotoxic PLA2s and has
no lethal 3FTxs (Vergara et al. 2014), neutralization of these
molecules is enough to neutralize the lethality of the whole
venom. A similarly interesting case has been recently described for the venom of Micrurus clarki which is devoid of
3FTx that are lethal to mice and has been proven to be very
well neutralized by the antivenom from Clodomiro Picado
Institute in Costa Rica which is also raised against

M. nigrocinctus (Lomonte et al. 2016b). Conversely,
M. tener has at least two highly lethal 3FTx molecules that
have been shown to have a relevant role on the toxicity of the
whole venom (Bénard-Valle et al. 2014). A similar case of
poor neutralization of coral snake venom due to a highly lethal
3FTx has been described for the venom of Micrurus
laticollaris (Carbajal-Saucedo et al. 2013).
A study by Sánchez et al. (2008) indicated effective neutralization of both M. fulvius and M. tener venoms with
Coralmyn® coral snake antivenom. It was noted that
Coralmyn® was more effective in neutralizing M. fulvius venom rather than M. tener venom on an LD50 basis. The venom
of M. fulvius has been previously described to be well neutralized by Coralmyn and an antivenom against the venom of the
tiger snake Notechis scutatus (Wisniewski et al. 2003). This
was contrary to the results of the current study in which only
the venom of M. fulvius was neutralized, potentially suggesting that an insufficient dosage of antivenom was utilized for
the neutralization of M. tener in the present study. The small
proportion of 3FTx recognizing antibodies in Coralmyn®
could be enough to neutralize the lethal 3FTx of M. tener
but a high dosage of antivenom would be needed, probably
explaining these differences.
As mentioned before, M. euryxanthus appears to be a 3FTx
predominant venom with a mainly postsynaptic activity. This
observation is reinforced by the very low antibody titers observed on Coralmyn® against this venom (Table 3).
This study has shown that the neurotoxic potency of
representative species of both North and South American
coral snakes varies greatly and that Coralmyn® coral
snake antivenom fails to effectively neutralize their neurotoxic effects with the exception of M. fulvius venom.
These findings suggest that venom variation between coral snake species may be of even greater clinical importance than geographical location and the 3FTx/PLA2 venom dichotomy would predict.

Table 3 Venom lethality to mice and Coralmyn antibody titers for
various coral snake species

Micrurus
diastema
M. distans
M. fulvius
M. laticollaris
M. limbatus
M. nigrocinctus
M. surinamensis
M. tener
Micruroides
euryxanthus

Locality

i.v. LD50
μg/
mouse

ELISA
titer

Chiapas, Mex.

5.06

10,459

Jalisco, Mex.
FL, USA
Guerrero, Mex.
Veracruz, Mex.
Guatemala, Gua.
Colombia
Tamaulipas,
Mex.
Sonora, Mex.

15.0
11.5
10.0
19.9
11.5
ND
22.7

4612
5197
5246
6045
8178
189
4434

ND

737

Adapted from Bénard-Valle 2009
i.v. LD50 intravenous medium lethal dose, ELISA titer antivenom dilution
at which 50% of colorimetric response is observed

Neurotox Res
Acknowledgements DY was supported by a Monash University PhD
Scholarship and DD was supported by a University of Queensland PhD
Scholarship.
Author Contributions DY, JD, WH, and BGF conceived and designed
the experiments; DY, DD, DD, KA, WH, and BGF performed the experiments; DY, JD, CC, DD, KA, MB, LB, AA, IH, WH, and BGF analyzed
the data and wrote the paper.
Compliance with Ethical Standards
Conflicts of Interest None declared.

References
Ahmad Rusmili MR, Yee TT, Mustafa MR, Othman I, Hodgson WC
(2014) In-vitro neurotoxicity of two Malaysian krait species
(Bungarus candidus and Bungarus fasciatus) venoms: neutralization by monovalent and polyvalent antivenoms from Thailand.
Toxins 6:1036–1048
Aird SD, Jorge da Silva N (1991) Comparative enzymatic composition of
Brazilian coral snake (Micrurus) venoms. Comparative
Biochemistry and Physiology Part B: Comparative Biochemistry
99:287–294
Angulo Y, Estrada R, Gutitrrez J (1997) Clinical and laboratory alterations in horses during immunization with snake venoms for the
production of polyvalent (Crotalinae) antivenom. Toxicon 35:81–90
Benard Valle M (2009) Similitud Bioquímica e inmunoquímica entre
venenos de coralillos norteamericanos (Undergraduate thesis,
Universidad Nacional Autonoma de Mexico). Cuernavaca, Mexico
Bénard-Valle M, Carbajal-Saucedo A, De Roodt A, López-Vera E,
Alagón A (2014) Biochemical characterization of the venom of
the coral snake Micrurus tener and comparative biological activities
in the mouse and a reptile model. Toxicon 77:6–15. doi:10.1016/j.
toxicon.2013.10.005
Bolanos R, Cerdas L, Taylor R (1975) The production and characteristics
of a coral snake Micrurus-Mipartitus-Hertwigi antivenin. Toxicon
13(2):139–142
Boyer L, Alagon A, Fry BG, Jackson TNW, Sunagar K, Chippaux JP
(2015) Signs, symptoms, and treatment of envenomation.
Venomous reptiles and their toxins: evolution, pathophysiology
and biodiscovery. Oxford University Press, New York
Bucaretchi F, Capitani EM, Vieira RJ, Rodrigues CK, Zannin M Jr, Da Silva
NJ Jr, Casais-e-Silva LL, Hyslop S (2016) Coral snake bites (Micrurus
spp.) in Brazil: a review of literature reports. Clin Toxicol 54:222–234
Camargo TM, de Roodt AR, da Cruz-Höfling MA, Rodrigues-Simioni L
(2011) The neuromuscular activity of Micrurus pyrrhocryptus venom and its neutralization by commercial and specific coral snake
antivenoms. Journal of Venom Research 2:24–31
Campbell JA, Lamar WW (1989) The venomous reptiles of Latin
America. Custom Publishing Associates, New York
Campbell JA, Lamar WW (2004) Venomous reptiles of the Western
Hemisphere (Vol. 1): Comstock Pub. Associates.
Carbajal-Saucedo A, López-Vera E, Bénard-Valle M, Smith EN, Zamudio F,
de Roodt AR, Olvera-Rodríguez A (2013) Isolation, characterization,
cloning and expression of an alpha-neurotoxin from the venom of the
Mexican coral snake Micrurus laticollaris (Squamata: Elapidae).
Toxicon : Official Journal of the International Society on Toxinology
66:64–74. doi:10.1016/j.toxicon.2013.02.006
Crachi MT, Hammer LW, Hodgson WC (1999) The effects of antivenom
on the in vitro neurotoxicity of venoms from the taipans, Oxyuranus
scutellatus, Oxyuranus microlepidotus and Oxyuranus scutellatus
canni. Toxicon 37:1771–1778

Fernández J, Alape-Girón A, Angulo Y, Sanz L, Gutiérrez JM, Calvete JJ,
Lomonte B (2011) Venomic and antivenomic analyses of the Central
American coral snake, Micrurus nigrocinctus (Elapidae). J
Proteome Res 10(4):1816–1827. doi:10.1021/pr101091a
Fernandez J, Vargas-Vargas N, Pla D, Sasa M, Rey-Suárez P, Sanz L,
Gutiérrez JM, Calvete JJ, Lomonte B (2015) Snake venomics of
Micrurus alleni and Micrurus mosquitensis from the Caribbean region of Costa Rica reveals two divergent compositional patterns in
New World elapids. Toxicon 107(Part B):217–233
Fry BG, Lumsden NG, Wuster W, Wickramaratna JC, Hodgson WC,
Kini R (2003) Micrurus isolation of a neurotoxin (alphacolubritoxin) from a nonvenomous colubrid: evidence for early origin of venom in snakes. J Mol Evol 57:446–452
Heyborne WH, Mackessy SP (2013) Identification and characterization of a
taxon-specific three-finger toxin from the venom of the Green
Vinesnake (Oxybelis fulgidus; family Colubridae). Biochimie 95:
1923–1932
Hodgson WC, Eriksson CO, Alewood PF, Fry BG (2003) A comparison
of the in vitro neuromuscular activity of venom from three
Australian snakes, Hoplocephalus stephensi, Austrelaps superbus
and Notechis scutatus: efficacy of tiger snake antivenom. Clin Exp
Pharmacol Physiol 30:127–132
Hodgson WC, Wickramaratna JC (2002) The in vitro neuromuscular
activity of snake venoms. Clin Exp Pharmacol Physiol 29:807–814
Isbister GK, Maduwage K, Page CB (2014) Antivenom cross
neutralisation in a suspected Asian pit viper envenoming causing
severe coagulopathy. Toxicon 90:286–290. doi:10.1016/j.toxicon.
2014.08.071
Jorge da Silva N, Sites JW Jr (2001) Phylogeny of South American triad
coral snakes (Elapidae: Micrurus) based on molecular characters.
Herpetologica 57:1–22
Jorge da Silva N Jr, Aird SD (2001) Prey specificity, comparative lethality
and compositional differences of coral snake venoms. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology
128:425–456
Kornhauser R, Isbister GK, O’Leary MA, Mirtschin P, Dunstan N,
Hodgson WC (2013) Cross-neutralisation of the neurotoxic effects
of Egyptian cobra venom with commercial tiger snake antivenom.
Basic Clin. Pharmacol. Toxicol. 112:138–143
Kuruppu S, Robinson S, Hodgson WC, Fry BG (2007) The in vitro
neurotoxic and myotoxic effects of the venom from the Suta genus
(curl snakes) of elapid snakes. Basic Clin. Pharmacol. Toxicol. 101:
407–410
Lee MSY, Sanders KL, King B, Palci A (2016) Diversification rates and
phenotypic evolution in venomous snakes (Elapidae). Royal Society
Open Science 3(1):150277
Lomonte B, Rey-Suárez P, Fernández J, Sasa M, Pla D, Vargas N,
Bénard-Valle M, Sanz L, Correa-Netto C, Núñez V, Alape-Girón
A, Alagón A, Gutiérrez JM, Calvete JJ (2016a) Venoms of
Micrurus coral snakes: evolutionary trends in compositional patterns emerging from proteomic analyses. Toxicon 122:7–25. doi:
10.1016/j.toxicon.2016.09.008
Lomonte B, Sasa M, Rey-Suárez P, Bryan W, Gutiérrez JM (2016b)
Venom of the coral snake Micrurus clarki: proteomic profile, toxicity, immunological cross-neutralization, and characterization of a
three-finger toxin. Toxins 8(5). doi:10.3390/toxins8050138
Lumsden NG, Fry BG, Kini RM, Hodgson WC (2004a) In vitro neuromuscular activity of ‘colubrid’ venoms: clinical and evolutionary
implications. Toxicon 43:819–827
Lumsden NG, Fry BG, Ventura S, Kini RM, Hodgson WC (2004b) The
in vitro and in vivo pharmacological activity of Boiga dendrophila
(mangrove catsnake) venom. Auton Autacoid Pharmacol 24:107–113
Lumsden NG, Fry BG, Ventura S, Kini RM, Hodgson WC (2005a)
Pharmacological characterisation of a neurotoxin from the venom
of Boiga dendrophila (mangrove catsnake). Toxicon 45:329–334

Neurotox Res
Lumsden NG, Ventura S, Dauer R, Hodgson WC (2005b) A biochemical
and pharmacological examination of Rhamphiophis oxyrhynchus
(rufous beaked snake) venom. Toxicon 45:219–231
Manock SR, Suarez G, Graham D, Avila-Aguero ML, Warrell DA (2008)
Neurotoxic envenoming by South American coral snake (Micrurus
lemniscatus helleri): case report from eastern Ecuador and review.
Trans R Soc Trop Med Hyg 102:1127–1132
Morgan DL, Borys DJ, Stanford R, Kjar D, Tobleman W (2007) Texas
coral snake (Micrurus tener) bites. South Med J 100:15–156
Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, Isaac N, Pearse W
(2015) Caper: comparative analyses of phylogenetics and evolution
in R, R package version 0.5.2, 2015. Available online: https://
CRAN.R-project.org/package=caper. Accessed on 10 Feb 2017)
Paradis E, Claude J, Strimmer K (2004) APE: analyses of phylogenetics
and evolution in R language. Bioinformatics 20:289–290
Peterson ME (2006) Snake bite: coral snakes. Clinical Techniques in
Small Animal Practice 21:183–186
Pycroft K, Fry BG, Isbister GK, Kuruppu K, Lawrence J, Smith AI,
Hodgson WC (2012) Toxinology of venoms from five Australian
lesser known elapid snakes. Basic Clin Pharmacol Toxicol 111:268–
274
R-Core-Team (2011) R: A language and environment for statistical computing. R Foundation for Statistical Computing. Available online:
https://www.R-project.org/
Revell LJ (2012) Phytools: an R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution 3:
217–223
Rey-Suarez P, Nunez V, Fernandez J, Lomonte B (2016) Integrative characterization of the venom of the coral snake Micrurus dumerilii
(Elapidae) from Colombia: proteome, toxicity, and crossneutralization by antivenom. J Proteome 136:262–273
Rojas G, Jiménez JM, Gutiérrez JM (1994) Caprylic acid fractionation of
hyperimmune horse plasma: description of a simple procedure for
antivenom production. Toxicon 32:351–363
Roze JA (1996) Coral snakes of the Americas: biology, identification, and
venoms. Krieger Publishing Company
Sánchez EE, Lopez-Johnston JC, Rodríguez-Acosta A, & Pérez JC
(2008) Neutralization of two North American coral snake venoms
with United States and Mexican antivenom. Toxicon 51(2):297–
303. doi:10.1016/j.toxicon.2007.10.004

Silva A, Hodgson WC, Isbister GK (2016) Cross-neutralisation of in vitro
neurotoxicity of Asian and Australian snake neurotoxins and
venoms by different antivenoms. Toxins 8(10):1–18. doi:10.3390/
toxins8100302
Symonds MRE, Blomberg SP (2014) A primer on phylogenetic generalised least squares (PGLS). In: Modern phylogenetic comparative
methods and their application in evolutionary biology: concepts
and practice (ed. LZ Garamszegi). Springer, Berlin, Chapter 5, pp
105–130
Tanaka GD, Furtado MDFD, Portaro FCV, Sant’Anna OA, Tambourgi
DV (2010) Diversity of Micrurus snake species related to their venom toxic effects and the prospective of antivenom neutralization.
PLoS Negl Trop Dis 4(3):e622. doi:10.1371/journal.pntd.0000622
Utkin Y, Sunagar K, Jackson TNW, Reeks T, Fry BG (2015) Three-finger
toxins (3FTxs). In: Fry BG (ed) Venomous reptiles and their toxins:
evolution, pathophysiology and biodiscovery. Oxford University
Press, New York, pp 215–227
Vergara I, Pedraza-Escalona M, Paniagua D, Restano-Cassulini R,
Zamudio F, Batista CVF, Possani L, Alagón A (2014) Eastern coral
snake Micrurus fulvius venom toxicity in mice is mainly determined
by neurotoxic phospholipases A2. J Proteome 105:295–306
Vital-Brazil O (1987) Coral snake venoms: mode of action and pathophysiology of experimental envenomation. Rev Inst Med Trop Sao
Paulo 29:119–126
WHO (2010) WHO guidelines for the production, control and regulation
of snake antivenom immunoglobulins. WHO, Geneva http://apps.
who.int/bloodproducts/snakeantivenoms/database
Wickramaratna JC, Hodgson WC (2001) A pharmacological examination
of venoms from three species of death adder (Acanthopis
antarcticus, Acanthopis praelongus and Acanthopis pyrrhus).
Toxicon 39:209–216
Wisniewski MS, Hill RE, Havey JM, Bogdan GM, Dart RC (2003)
Australian tiger snake (Notechis scutatus) and mexican coral snake
(Micruris species) antivenoms prevent death from United States
coral snake (Micrurus fulvius fulvius) venom in a mouse model. J
Toxicol Clin Toxicol 41(1):7–10. doi:10.1081/clt-120018264
Wood A, Schauben J, Thundiyil J, Kunisaki T, Sollee D, Lewis-Younger
C, Bernstein J, Weisman R (2013) Review of eastern coral snake
(Micrurus fulvius fulvius) exposures managed by the Florida Poison
Information Center Network: 1998–2010. Clin Toxicol 51:783–788

