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Modahl and Mackessy Venoms of Rear-Fanged Snakes

INTRODUCTION

Venomous snakes and their venoms have instilled both fear and
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FIGURE 1 | Duvernoy’s venom gland and enlarged maxillary teeth of rear-fanged snakes. (A) Spilotes sulfureus Duvernoy’s venom gland in situ. Note that no muscles

are directly associated with the gland—venom secretion is realized via compression of the gland between the skin and the contracting jaw adductor muscles. (B)

Duvernoy’s venom gland and supralabial gland of S. sulfureus. (C) Left maxilla (ventro-lateral view) of S. sulfureus showing three serially enlarged rear teeth. Bar =

5 mm. (D) SEg
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of three β-stranded loops, crosslinked by four disulfide bridges.
This forms the “three-finger” arrangement, appearing like three
fingers of a hand. Three-finger toxins are non-enzymatic, small
proteins consisting of 60–85 amino acid residues, and occur
either as monomers, which is most common, or as dimers (Kini
and Doley, 2010).

Elapid venoms are the most well-known sources of 3FTxs
(Fry et al., 2003b), but 3FTxs have been documented in the
venoms of many RFS species (Fry et al., 2003a, 2008; Pawlak
et al., 2006, 2009; Heyborne and Mackessy, 2013; Junqueira-de-
Azevedo et al., 2016) and can make up large portions of these
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FIGURE 2 | Reduced SDS-PAGE protein profiles for various rear-fanged snake venoms. Rear-fanged snakes tend to have either three-finger toxin-dominated venoms

(A) or venoms rich in metalloproteinases (B)
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venom components. These non-enzymatic proteins all share a
conserved 16 cysteine residue pattern, forming eight disulfide
bonds (Mackessy and Heyborne, 2010). CRiSPs lack proteolytic,
hemorrhage and coagulant activity (Lodovicho et al., 2017). The
few snake venom CRiSPs that have been characterized have been
found to inhibit various ion channels (Nobile et al., 1996; Brown
et al., 1999; Yamazaki et al., 2002; Wang et al., 2006) or induce
inflammation, activating the complement system (Lodovicho
et al., 2017).

CRiSPs occur in a wide range of RFS venoms (Hill and
Mackessy, 2000; Peichoto et al., 2012), and are likely at least
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non-toxin genes as venom proteins can lead to confounding
evolutionary analyses. Expression of genes belonging to venom
toxins is higher in venom gland tissues in comparison to other
organ tissues, and examining these expression profiles has been
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TABLE 1 | Toxicity of venoms and purified toxins toward lizards and mice.

LD50–Lizards

(Hemidactylus

frenatus)

LD50–Mice

(Mus musculus)

CRUDE VENOM

Naja kaouthia 1.02 µg/g i.p. 0.6 µg/g i.p.

Boiga irregularis 2.5 µg/g i.p. 31 µg/g i.p.

Spilotes sulphureus 1.01 µg/g i.p. 2.56 µg/g i.p.

PURIFIED TOXINS FROM VENOMS

α-cobratoxin—Naja kaouthia <0.1 µg/g i.p. <0.1 µg/g i.v.

Irditoxin—Boiga irregularis 0.55 µg/g i.p. >25 µg/g i.p.

Sulditoxin—Spilotes sulphureus 0.22 µg/g i.p. >5 µg/g i.p.

Sulmotoxin 1—Spilotes sulphureus >5 µg/g i.p. 4 µg/g i.p.

Sulmotoxin 2—Spilotes sulphureus >5 µg/g i.p. >5 µg/g i.p.

i.p., intraperitoneal; i.v., intravenous.

Lethal dose (LD50) values for B. irregularis venom are from Mackessy et al. (2006), S.

sulphureus venom are from Modahl et al. (2018b), and N. kaouthia venom are from

Modahl et al. (2016). Purified α-cobratoxin values are from Modahl et al. (2016) (lizard)

and Karlsson (1973) (mice), irditoxin values are from Pawlak et al. (2009), and purified

toxins values from S. sulphureus are from Modahl et al. (2018b).

(LD50) experiments (Mackessy, 2002). Philodryas patagoniensis
venom was tested on pigeons (Columba livia domestica), guinea
pigs (Cavia porcellus), rabbits (Oryctolagus cuniculus), and frogs
(Leptodactylus
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commonly used struggle to assemble toxin genes because of
the multitude of similar isoforms and high expression levels of

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Modahl and Mackessy Venoms of Rear-Fanged Snakes

FIGURE 3 | Taxon-specific three-finger toxin (3FTx) sequences (A) and structures (B). (A) Characterized lizard specific 3FTxs are shown in green, and su
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evolution in rear-fanged snake venoms can provide key insights
into venom evolution and predatory strategies, as these snakes
vary greatly in predatory behavior and types of prey consumed.

When atypical prey items are taken, venom proteins with
unique activities may be discovered. This has been the case for
several FFS species, such as snakes that consume other snakes.
The King Cobra,Ophiophagus hannah, is a species that consumes
other snakes and was found to have a toxin from a new venom
protein superfamily, ohanin, in its venom (Pung et al., 2005). The
Long-glanded Coral Snake, Calliophis bivirgatus, also a snake-
eating snake, was found to have a 3FTx with unusual activity
toward sodium ion channels (Yang et al., 2016). Snakes of the
genus Bungarus, which also commonly feed on other snakes,
exhibit unique 3FTx homodimer complexes (κ-bungarotoxins;
Dewan et al., 1994). Rear-fang snakes have even more dietary
specialists, including species that feed on scorpions, spiders or
centipedes, and so it is expected that novel toxins remain to be
discovered in venoms of this diverse group of colubroid snakes.

Therefore, it is likely that venoms from RFS species potentially
have many new and currently undiscovered potent toxins.
Experimental studies have found that only about half of the total
venom expended by the RFS B. irregularis is delivered into the
viscera of prey, and the other half remains embedded in the skin
(Hayes et al., 1993). But even with these lower yields delivered
into prey tissue, effects are still observed as prey that is removed
without being consumed by the snake may become sluggish
and eventually die after many minutes or several hours (Hayes
et al., 1993). In combination with a less rapid venom delivery
system, these snakes also generally have less complex venom
(Mackessy, 2010b; Peichoto et al., 2012), resulting in venom
toxins that are optimized for specific types of prey. Venoms from
most species of RFS are uncharacterized, and because of historic
biases, most LD50 work utilizes domestic murine models due
to availability of mice, genetic uniformity and presumed closer
applicability to humans. However, by excluding other models,
such as lizards, other vertebrates and invertebrates, one can
overlook the biological potency of specialized venom proteins
that may have been selected for toxic effects on non-mammalian
prey (cf. Richards et al., 2012; Smiley-Walters et al., 2018).

Digestion
Metalloproteinases in rattlesnake venoms have been suggested to
facilitate efficient digestion of prey at suboptimal temperatures
or when large prey are consumed (Mackessy, 1988, 2010a);
however, several studies have indicated that envenomation
does not increase digestive efficacy (McCue, 2007; Chu et al.,
2009). In the case of many rattlesnake species, the extent
of SVMP activity in a venom is negatively correlated with
overall venom toxicity (Mackessy, 2010a). This has led to
rattlesnake venoms being characterized as type I (SVMP-
dominated venoms that are less toxic) or type II (venom
that is more toxic but with low metalloproteinase activity;
Mackessy, 2010a). A similar dichotomy is found in many
RFS venoms, where a venom is either dominated by toxic
3FTxs or enzymatic SVMPs (McGivern et al., 2014). For
the RFS venoms that are heavily dominated by SVMPs,
these venom components likely also aid in prey predigestion,

as similar fibrinogenolytic activity is observed for SVMPs
from both rattlesnakes and RFS species (Figure 4; Modahl
et al., 2018a). Studying RFS venoms can reveal parallels
to trends seen in FFS venoms, emphasizing the important
of specific venom proteins in facilitating prey handling in
diverse species of venomous snakes, regardless of the venom
delivery system.

FUTURE RESEARCH

Advancements and integrations of research technologies now
allow much more detailed approaches to characterize unknown
venoms and individual toxins. Transcriptomes assembled from
venom glands provide custom databases to be paired with
proteomics and make it possible to identify proteins in a venom
even when they are currently missing from public databases
(Modahl et al., 2019). For the recently characterized sulditoxin,
without the species-specific NGS transcriptome, interpretation
of the MS/MS spectra of the trypsin digested toxin by searching
against public domain databases did not result in identification
of this isolated toxin. By including the NGS venom gland
transcriptome, the identification of the exact transcript and thus
the full amino acid sequence was readily achieved (Modahl et al.,
2018b). Previously, a similar situation produced negative results;
from the analysis of RFS Rhamphiophis oxyrhynchus venom, a
neurotoxin was isolated and partially characterized, but it showed
no similarities to any toxins in public databases at that time, and
the exact venom protein classification could not be determined
(Lumsden et al., 2007). Unique or unusual toxin sequences still
may not be present in public databases, and hence species-
specific venom gland transcriptome databases are critical for
identification (Campos et al., 2016; Modahl et al., 2018b, 2019).

Newer technologies have allowed for modifications to various
characterization approaches. For venom gland transcriptome
assemblies, venom protein identities are usually based on known
key word searches for toxins. More recently, several machine
learning programs have been developed to identify unknown
toxins from large transcriptomic datasets (Gacesa et al., 2016;
Macrander et al., 2018). Additionally, sequencing other snake
tissues besides venom glands has provided insight into how gene
expression can help in the identification of true toxins, what
mechanisms result in toxin high expression in the venom gland
in comparison to other tissues, and what gene homologs are
present in other tissues (Hargreaves et al., 2014; Junqueira-de-
Azevedo et al., 2015; Reyes-Velasco et al., 2015). Genomes of
RFS are also useful to identify toxin gene duplication events
(Perry et al., 2018). They help to provide support to approaches
to identify where toxin genes originate and selection pressures
they experience.

Because rear-fanged venomous snakes encompass such a large
diversity of colubroid snakes, venom evolution can be studied
on a broader evolutionary scale, addressing such questions as the
effect of phylogeny on venom evolution or dietary specialization.
There is an extreme range of toxicity of RFS venoms to humans,
with some species being life-threating and others being harmless.
This gradient of toxicity can be used for explorations into venom
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in terms of the biological roles of individual venom proteins, such
as how toxicity and prey specificity can develop.

Venoms from rear-fanged snakes showmany parallels to those
of FFS, but one area that has yet to be explored is the level
of venom variation within a single RFS species. The venom of
B. irregularis has been found to exhibit ontogenetic variation
related to diet, and venoms from different populations (Indonesia
vs. Guam) show demonstrably different toxin compositions
(Mackessy et al., 2006; Pla et al., 2017a). Conversely, individuals
from the same populations of B. portoricensis and A. prasina
showed very little venom variation (Modahl et al., 2018a), but
population-level variation in venom composition is currently
unknown for RFS. Variation in rear-fanged snake venoms
deserves more attention, as it can help to uncover the
mechanisms behind commonly observed venom variation, which
has been an area of controversy. Studies are also still lacking at
the level of posttranslational modifications of venom proteins,
for most venomous snakes, and how this contributes to overall
venom diversity.

Another neglected area of research is the interactive or
synergistic potential of toxins. Because studying purified toxins

usually requires a reductionist approach, few studies have
attempted to evaluate interactions between toxins. Dimeric
toxins, such as sulditoxin and irditoxin, consist of two dissimilar
3FTxs, but the importance of dimeric associations to specific
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