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Synopsis Snake venoms represent an adaptive trophic response to the challenges confronting a limbless predator for

overcoming combative prey, and this chemical means of subduing prey shows several dominant phenotypes. Many front-

fanged snakes, particularly vipers, feed on various vertebrate and invertebrate prey species, and some of their venom

components (e.g., metalloproteinases, cobratoxin) appear to have been selected for ‘‘broad-brush’’ incapacitation of

different prey taxa. Using proteomic and genomic techniques, the compositional diversity of front-fanged snakes is

becoming well characterized; however, this is not the case for most rear-fanged colubroid snakes. Because these species

consume a high diversity of prey, and because venoms are primarily a trophic adaptation, important clues for under-

standing specific selective pressures favoring venom component composition will be found among rear-fanged snake

venoms. Rear-fanged snakes typically (but not always) produce venoms with lower complexity than front-fanged snakes,

and there are even fewer dominant (and, arguably, biologically most relevant) venom protein families. We have dem-
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them to feed infrequently. Many snakes commonly

consume prey weighing 20% of their own body

mass, and some venomous snakes have been reported

to subdue and consume prey that exceed their own

body mass by 50% or more (Greene 1984, 1992).

However, swallowing large, potentially dangerous

prey necessitates subduing the quarry without sustain-

ing injury in the process, and snakes have evolved

various means to facilitate successful prey capture.

The vast majority of non-venomous snakes utilize

constriction or body pinning to restrain prey,

whereas other species simply employ a jaw-holding

technique, or swallow prey whole with little to no

body involvement (Greene 1997; Cundall and Greene

2000; Bealor and Saviola 2007). Coachwhips

(Masticophis flagellum), for example, subdue and

consume rodent prey by pinning and swallowing

them (Werler and Dixon 2000; Bealor and Saviola

2007); however, this behavior results in significantly

longer capture latencies and higher frequencies of

prey escape compared to constriction by non-ven-

omous snakes (Bealor and Saviola 2007). In labora-

tory trials, multiple predatory strikes may be

necessary for a non-venomous, non-constricting

snake to grasp and subdue prey successfully, but

this opportunity is highly unlikely in the wild.

Constricting prey is undoubtedly advantageous, as

multiple body loops provide more contact with

prey and limit the opportunity of prey escape, but

it still requires the snake to be in constant contact

with prey and increases the likelihood of sustaining

injury from the retaliating animal.

Venomous snakes, on the other hand, subdue prey

with venom. This complex mixture of proteins and

peptides has allowed for the trophic transition from

a mechanical (body pinning and constriction) to a

chemical (venom) means of immobilizing prey.

Venoms exhibit tremendous diversity and may vary



significant quantities of venom rapidly. Instead,

venom is introduced into tissue more slowly, al-

though often at multiple sites, and rear-fanged

snakes produce multiple puncture wounds by chew-

ing on prey (see below for feeding strategies). A

more recent study, however, has suggested that the

grooved enlarged rear maxillary teeth (as seen in

many Boiga species; Mackessy 2010) are capable of

delivering venom effectively and rapidly into tissue

(Young et al., 2011). Combined, these features result

in a low-pressure venom delivery system that delivers

significantly lower quantities of venom when com-

pared to the majority of front-fanged species.

Venom extraction

The clear distinction between high- and low-pressure

venom delivery systems also requires two very differ-

ent venom extraction methods. Front-fanged venom-

ous snakes, with the compressor glandulae muscle

surrounding the venom gland, and a large quantity

of venom stored in the basal lumen, can be easily

extracted by manual expression of the venom gland.

We have found that anesthetizing front-fanged

snakes with isoflurane prior to extraction provides

an effective way for quickly manipulating snakes

and extracting significant quantities of venoms, and

this also minimizes the risk to the handler and the

snake. However, venom extraction from rear-fanged

venomous snakes is more challenging, time-consum-

ing, and generally results in significantly lower

venom yields. We routinely anesthetize rear-fanged

snakes with ketamine (Hill and Mackessy 1997;

Mackessy et al. 2006), although anesthetics such as

Zoletile, Tiletamine, and Zolazepam have also been

used (Fry et al., 2003a,b). To stimulate salivation

once the animal is anesthetized, an injection of pilo-

carpine is administered, and venoms are obtained by

placing glass micropipettes over the animal’s poste-

rior maxillary teeth. Extractions may take up to 30 to

60 min, and venom yields are often a fraction of

what is obtained from a front-fanged snake.

However, these methods, and especially the use of

pilocarpine, have been shown to increase venom

yields (Hill and Mackessy 1997; Mackessy et al.

2006; Ching et al. 2012), and provide a safe and

effective method for venom extraction for both the

handler and the snake.

Venom composition

Snake venoms are complex mixtures of proteins and

peptides that exhibit a myriad of biological effects

(Mackessy 2010). The majority of venomous snakes

are found in the families Colubridae, Elapidae, and

Viperidae, and venoms from each of these families

exhibit dramatically different compositions, while

most species within each family share many toxin

families. Although a given venom may contain up

to 100 different proteins (including isoforms), the

vast majority of venom compounds can be classified

into approximately 24 distinct protein families

(Table 1). Viperid venoms are rich in enzymes

such as phospholipase A2 (PLA2
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2016). SVMP, SP, and PLA2 activities have been doc-

umented in many rear-fanged snake venoms

(Mackessy 2002; Saviola et al. 2014), and several of

these enzymes, as well as non-enzymatic CRISPs and

3FTxs, have been isolated and characterized from

rear-fanged venoms (Fry et al. 2003a; Pawlak et al.

2006; Peichoto et al. 2007, 2009; Weldon and

Mackessy 2012). However, rear-fanged venomous

snakes represent very different evolutionary lineages

from viperids and elapids (Pyron et al. 2013; Vidal

2002), and they comprise several families, subfami-

lies, and hundreds of species and subspecies.

Advancements in laboratory techniques and contin-

ued investigations into rear-fanged venoms may un-

cover venoms that exhibit a great deal of complexity,

and there is the distinct possibility of identifying

novel venom compounds that exhibit unique phar-

macological activities (Mackessy 2002; Saviola et al.

2014). Therefore, research examining rear-fanged

venoms holds significant promise for novel com-

pound discovery and is critical for refining our un-

derstanding of the evolutionary origin of venom

systems in squamates.

Venom evolution

Much debate centers on the evolutionary origin of

venoms and the events that have promoted their

toxic effects. It has been suggested that venoms

evolved via the recruitment and duplication of

genes with normal physiological function expressed

elsewhere in the body (Fry 2005). This supposition

has been supported in part by evidence of venom

Fig. 1 Simplified comparison of venom composition for colubroid snakes, emphasizing dominant protein families. (A) Several examples

from major extant clades of snakes. Note that for each species, only a few protein families tend to predominate. (B) Variation in venom

proteomes between major clades and within the rattlesnakes (Crotalus and Sistrurus). In the elapid and colubrid examples given, 3FTxs

dominate the venom proteome. This toxin family is typically not expressed in viperid venoms. Rattlesnake venoms show two major

patterns: type I, dominated by SVMPs and having lower toxicity, and type II, dominated by presynaptic neurotoxins (crotoxin, Mojave

toxin, etc.) and having high toxicity. Diagrams derived from sources indicated. CTL, C-type lectin; MyoTx, myotoxin a; PLA
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gene homologs expressed in a variety of non-secre-

tory tissues that encode toxins in the non-venomous

Burmese python (Reyes-Velasco et al. 2015).

Conversely, Hargreaves and colleagues (2014) have

recently suggested that snake venoms evolved from

pre-existing salivary proteins confined to the venom

gland, and that venom toxins did not evolve from

body proteins. At present, it appears most likely that

‘‘venom protein’’ homologs are broadly expressed

throughout many tissues of both venomous and

non-venomous snakes, but that the actual genes of

proteins serving as venom toxins are overexpressed

in the venom gland only (Reyes-Velasco et al. 2015;

Junqueira-de-Azevedo et al. 2015). These data

strongly indicate several points: (1) transcript-based

sequences of oral gland transcripts/proteins only, de-

rived from a variety of squamate reptiles (including

oral gland secretions as venoms), should be inter-

preted with great caution, as these ‘‘venom precur-

sor’’ genes are likely normal housekeeping genes; and

(2) the ‘‘raw material’’ for the evolution of venom

toxins are indeed derived from widely distributed

genes with normal physiological roles (Fig. 2).

Function versus biological role

The complex nature of venom is reflected in the

presence of numerous venom compounds that not

only have discrete functionalities, but also can act in

concert with other venom components to promote a

myriad of biological effects. Approximately 24 differ-

ent protein families are represented in reptile

venoms, with diverse pharmacologies, and approxi-

mately one-half of these are expressed in a single

venom. It is interesting to note that some toxins

within the same family may have widely disparate

pharmacologies, as seen with PLA2s that can exhibit

neurotoxic, myotoxic, and anticoagulant effects.

Many activities are represented (Table 1), and the

end result of prey envenomation is a general and

simultaneous dysregulation of numerous systems

necessary for basic life functions. However, the bio-

logical role of an individual venom compound may

significantly differ from its pharmacology, and a

clear example of this can be seen with the disintegrin

family of snake venom proteins. Disintegrins are

small non-enzymatic proteins common in the

venoms of viperid snakes (Calvete et al. 2005;

Saviola et al. 2015a) that function by selectively

blocking integrin receptors present in cell mem-

branes (Eble et al. 2003; Bolás et al. 2014; Saviola

et al. 2016). By blocking integrin aIIbb3 on platelets,

many disintegrins inhibit platelet aggregation and

clot formation, complementing thrombin-like serine

proteases and hemorrhagic SVMPs to promote the

spread of other toxins throughout the envenomated

prey. Interestingly, disintegrins also appear to be the

‘‘relocator’’ molecule in venom, allowing rattlesnakes

to discriminate between envenomated and non-enve-

nomated chemical cues through vomeronasal chemo-

reception (Saviola et al. 2013). Although the

mechanism facilitating the changes in the chemical

odor between envenomated and non-envenomated

prey is still unknown, disintegrins clearly indicate

how some venom proteins have unexpected, and

often surprising, biological roles. In the following

section, we discuss the function and biological roles

of some common snake venom proteins, focusing on

several that serve critical biological roles. Many of

these compounds are well studied from the venoms

of front-fanged snakes, and we will briefly address

current work conducted on rear-fanged snake

venoms and specific compounds that have been iso-

lated from these venoms. A recent review presents a

catalog of most known components of rear-fanged

snake venoms (Junqueira-de-Azevedo et al. 2016).

Snake venom metalloproteinases

It has long been known that many snake venoms

exhibit significant proteolytic activity, and the obser-

vation that this activity can be abolished by metal

chelators such as ethylenediaminetetraacetic acid

(EDTA) or o-phenanthroline indicated that divalent

cations are required for activity, giving rise to the

name snake venom metalloproteinase (SVMP)

(Satake et al., 1963). Zinc-dependent SVMPs are

small to moderate sized enzymes that may consist

of multiple domains, and along with ADAMs (a dis-

integrin and metalloproteinase), they comprise the

M12 subfamily of metalloproteinases. SVMPs are

thought to have evolved from early recruitment

and modification of ADAM-like ancestors similar

to ADAM 7, ADAM 28, and ADAMDEC1 (decysin)

before the radiation of advanced snakes (Jia et al.

1996; Fry 2005; Casewell 2012). This hypothesis is

largely supported by the presence of the largest

SVMPs, the P-III class, in the venoms of species be-

longing to the families Viperidae, Elapidae,

Atractaspididae, and Colubridae, although the ex-

pression levels of this enzyme can vary significantly



contains only this metalloproteinase domain. P-II

SVMPs express an additional spacer region of

amino acids carboxy to the metalloproteinase

domain, followed by a disintegrin domain that is

often proteolytically processed, liberating the disinte-
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immobilization and tissue proteolysis, and they are

hypothesized to assist in the pre-digestion of larger,

heavy bodied prey items that are commonly con-

sumed by many viperid and some colubrid snakes

(Mackessy 1988, 2010). Conversely, elapids feed on

more elongate ectothermic prey having higher sur-

face-to-volume ratios, and their venoms typically

show low to very low SVMP activity. However,

there are conflicting reports on the contribution of

venoms in prey digestion (see Thomas and Pough

1979; McCue 2007; Chu et al 2009); unfortunately,

these studies used differing methodologies, so com-

parison across them is difficult.

SVMPs are broadly distributed in venoms of rear-

fanged snakes (Hill and Mackessy 2000), and bio-

chemical assays, as well as proteomic and transcrip-

tomic approaches (Ching et al. 2006; Modahl et al.

2016a), demonstrate that SVMPs are one of the most

abundant compounds in their venoms. P-III SVMPs

were the most abundant and diverse toxin family

present in the transcriptome of the Night Snake

(Hypsiglena torquata texana) (McGivern et al.

2014), and Peichoto et al. (2012) identified SVMPs

(based on activity and protein masses) in the venoms

of Philodryas patagoniensis, P. baroni, P. o. olfersii, H.

t. texana, and Trimorphodon biscutatus lambda.

Individual SVMPs have been characterized from the

venoms of P. olfersii (Assakura et al. 1994),

Philodryas patagoniensis (Peichoto et al. 2007), and

Alsophis portoricensis (Weldon and Mackessy 2012),

and all are P-III SVMPs. These isolated enzymes ex-

hibited direct fibrin(ogen)olytic activity, cleaving

either the A(a) or B(b)- chains of fibrinogen and/

or fibrin; however, three of these SVMPs from the

venom of P. olfersii lacked the hemorrhagic activity

(Assakura et al. 1994) that is common to many rear-

fanged snake SVMPs.

Phospholipase A2

Phospholipase A2 (PLA2) enzymes constitute a major

snake venom component and often contribute sub-

stantially to prey immobilization and capture. To

date, PLA2 activity, as well as isolated PLA2s, have

been identified and characterized from snakes be-

longing to the families Viperidae, Elapidae, and

Colubridae (Kini 1997; Doley et al. 2010). Similar

to SVMPs (and the majority of venom compounds),

PLA2 concentrations in venoms show tremendous

phylogenetic variation. These enzymes share 40–

99% amino acid sequence identity, as well as simi-

larities in their three-dimensional structures, but de-

spite their similarities, the pharmacological

properties of individual PLA2s may differ

significantly. Phospholipases A2 are among the

most toxic and pharmacologically active venom com-

pounds, and significant amounts of research have

centered on these enzymes. Some elapids, such as

the Central American Coral Snake (Micrurus nigro-

cinctus), produce venoms rich in PLA2s, and approx-

imately 48% of its venom proteome consists of this

enzyme (Fernández et al. 2011). Among viperids, the

Tiger Rattlesnake (Crotalus tigris) exhibits a simple

yet extremely toxic venom, and approximately 66%

of this venom consists of a homolog of the presyn-

aptic b-neurotoxic PLA2, crotoxin (Calvete et al.

2012). Similar in structure and function to crotoxin

(discussed below), Mojave toxin is the primary toxic

component in the venom of the Mojave Rattlesnake

(C. scutulatus scutulatus) and may comprise 45% of

this species’ venom in populations in southeastern

Arizona, but it is completely absent in nearby north-

central Arizona populations (Massey et al. 2012).

To date, little effort has been directed at rear-

fanged snake venom PLA2s; however, activity has

been detected in venoms of several species (see

Mackessy 2002; Huang and Mackessy 2004; Zelanis

et al. 2010; Saviola et al. 2014). Trimorphin, a

13.9 kDa PLA2 from the venom of the Sonoran

Lyre Snake (Trimorphodon biscutatus lambda), is

the only PLA2 purified and characterized from a

rear-fanged snake venom. Analysis of the first 50

amino acid residues suggest that trimorphin is

more closely related to PLA2s from seas snakes and

Australian elapids than to other terrestrial elapid or

viperid PLA2s (Huang and Mackessy 2004). Although

the pharmacology of trimorphin has yet to be exam-

ined, this PLA2 did exhibit significant and dose-de-

pendent anti-parasitic (Leishmania major) activity in

vitro, with an IC50 of 0.25 �M (Peichoto et al. 2011).

Three-finger toxins

Three-finger toxins (3FTxs) were once thought to be

unique to elapid venoms; however, the characteriza-

tion of a-colubritoxin (Fry et al. 2003a), followed by

venom protein isolation/characterization (Pawlak et

al. 2006, 2009; Heyborne and Mackessy 2013) and

transcriptomic and proteomic studies (Junqueira-

de-Azevedo et al. 2006; Pahari et al 2007;

McGivern et al. 2014; Modahl et al. 2016a), indicate

that these toxins are more widely distributed among

venoms of advanced snakes. 3FTxs have a highly

conserved protein scaffold, with three finger-like

loops stabilized by disulfide bonds protruding from

their central core (Fig. 3). Differences in non-struc-

tural amino acid residues result in a multitude of

pharmacological functions with a diversity of
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biological roles, in spite of nearly identical crystal

structure. Various 3FTxs have been shown to recog-

nize an array of receptors, including nicotinic and

muscarinic acetylcholine receptors (Kini and Doley

2010), L-type calcium channels, integrins (Kini

2002), coagulation factor VIIa (Banerjee et al.

2005), and b1/b2-adrenergic receptors (Rajagopalan

et al. 2007). Based on these different ligand specifi-

cities, venom 3FTxs exhibit diverse biological activi-

ties in the form of neurotoxicity, cardiotoxicity,

cytotoxicity, and anticoagulation effects (Hegde et

al. 2010), some of which are discussed below.

Cysteine-rich secretory proteins

Cysteine-rich secretory proteins (CRISPs) are a

family of 20–30 kDa, non-enzymatic proteins widely

distributed among reptile venoms. CRISPs display a

high degree of conservation in their structure, due to

high amino acid sequence similarities and 16 highly

conserved cysteine residues that form eight disulfide

bonds. Like the 3FTxs, despite their high degree of

structural conservation, CRISPs show a variety of

pharmacologies (reviewed by Heyborne and

Mackessy 2010) including binding to cyclic nucleo-

tide-gated ion channels (Brown et al. 1999; Yamazaki

et al. 2002a), blocking vascular smooth muscle con-

traction (Yamazaki et al. 2002b), inhibiting

Ca2þ release from the sarcoplasmic reticulum

(Morrissette et al. 1995), and blocking calcium cur-

rents in neurons (Nobile et al. 1996). CRISPs have

been isolated from the venoms of Elapidae (Brown et

al. 1999; Yamazaki et al. 2002a), Viperidae

(Yamazaki et al. 2002b) and Colubridae (Peichoto

et al. 2009), as well as from venom of the Mexican

Beaded Lizard (Heloderma horridum horridum;

Mochca-Morales et al. 1990). A recent evaluation

of CRISP molecular evolution suggests that they

are under stronger positive selection in snakes than

in lizards (Sunagar et al. 2012).

Among rear-fanged venomous snakes, CRISPs

appear to be one of the more abundant venom pro-

teins; however, characterization and functional data

on these compounds are scarce. Patagonin, a

24.8 kDa CRISP isolated from the venom of P. pata-

goniensis, exhibited unique necrotic activity toward

murine gastrocnemius muscle at higher doses, al-

though it did not induce edema or hemorrhage and

it had no effect on the aggregation of human platelets

or platelet-rich plasma (Peichoto et al. 2009).

Patagonin did not exhibit proteolytic activity toward

azocoll, azocasein, or fibrinogen. The widespread dis-

tribution of CRISPs among reptile venoms suggests a

significant trophic role for these proteins, but their

biological role(s) in envenomation are far from

clear. It is possible that CRISPs may act in concert

with other venom compounds to enhance venom le-

thality, but this possibility has not yet been explored.

Feeding strategies of venomous snakes

Although venomous snakes utilize the same funda-

mental mechanism (envenomation) for limiting prey

flight, differential strategies in prey envenomation

and handling are seen both ontogenetically and be-

tween families. Viperids are generally considered

ambush predators, and they use chemical cues in

ambush site selection (Duvall et al. 1990; Clark

2004b) and visual-thermal cues to deliver what is

most often a single envenomating strike (Hayes

and Duvall 1991). Neonate rattlesnakes typically

strike-and-hold small ectothermic prey (Mackessy

1988), whereas adults usually strike-and-release

larger endothermic prey, returning to a reliance on

chemical cues to relocate the envenomated prey that

may wander from the attack site (Chiszar et al. 1977;

Saviola et al. 2013). The release of prey following the

envenomating strike allows snakes to avoid retalia-

tion that may occur from larger, potentially danger-

ous prey items, yet requires relocating the meal using

chemosensory searching once it has succumbed to

venom (Chiszar et al. 1977; Parker and Kardong

2005; Saviola et al. 2013).

Fig. 3 Taxon-specific three-finger toxins from several species of

rear-fanged snakes. Both toxins are potently lethal to lizards, but

are non-toxic to mammals. (A) The Brown Treesnake (Boiga

irregularis), an Old World colubrid, produces a venom containing

approximately 10% irditoxin (B–backbone structure). (C) The

Green Vinesnake (Oxybelis fulgidus) is a New World colubrid

snake; fulgimotoxin (D) comprises approximately 35% of this

species’ venom. (D) Adapted from Heyborne and Mackessy

(2013).
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In contrast, the majority of snakes belonging to
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irregularis also demonstrates prey-specific lethality,

with venoms being quite toxic toward chicken

(Gallus domesticus; LD50¼1.75 mg/g) and lizard

(Hemidactylus geckos; LD50¼2.5 mg/g and Carlia

skinks LD50¼4.5 mg/g) prey, whereas toxicity

toward rodent prey (Mus musculus) was significantly

lower (LD50¼31 mg/g; Mackessy et al. 2006).

Irditoxin, a 17-kDa covalently linked heterodimeric

3FTx present in the venom of B. irregularis, appears

to be primarily responsible for toxic effects, and the

purified toxin had LD50 values of 0.22 mg/g and 0.55

m



canonical example of an elapid post-synaptic a-neu-

rotoxin, binds very tightly to the nicotinic acetylcho-

line receptor a subunit of the vertebrate skeletal

muscle motor endplate, resulting in rapid blockade

of the ion channel and producing flaccid paralysis of

http://icb.oxfordjournals.org/


therefore appear to act as generalist toxins, potently

lethal to divergent taxa of commonly utilized verte-

brate prey.

Venom metalloproteinases

Snake venom metalloproteinases (SVMPs) are found

in the venoms of nearly all snakes, both front-fanged

and rear-fanged, but some broad, global patterns of

occurrence are observed. Vipers typically (but not

always) have venoms rich in SVMPs, with 2–3 sub-

types (PI-PIII) in a given venom, while elapids, and

specifically marine species, typically (but not always)

lack significant levels of these enzymes; they are also

common to nearly all known rear-fanged snake

venoms as well (Mackessy 2010). These enzymatic

toxins catalyze the hydrolysis of many different pro-

teins, particularly structural elements like collagen,

elastin, and many proteins comprising connective tis-

sues and the basal lamina/basement membranes of

blood vessels and other epithelia (Fox and Serrano

2008; Oliveira et al. 2010). In this sense, their actions

can be considered generalized, and structural degra-

dation of prey tissues is a common manifestation of

SVMP activity, in prey as diverse as crickets

(Munekiyo and Mackessy 1998), lizards (Weldon

and Mackessy 2012), and mammals (Moura-da-

Silva et al 1996). However, a recent study of the

specificity of PI, PII and PIII SVMPs toward base-

ment membrane components, and proteomic analy-

sis of wound exudates generated by individual

SVMPs, indicated that although type IV collagen

was a substrate common to all three subtypes,

other structural elements were differentially affected

(Herrera et al. 2015). Whether these specific actions

apply to non-mammalian prey is unknown at pre-

sent, but the three subtypes of SVMPs do appear to

catalyze different types of structural damage.

Summary and conclusions

Why study rear-fanged snake venoms?

As venoms from more species of rear-fanged snakes

are investigated, it is becoming apparent that many

venom toxin families are shared among the advanced

snakes, and some species show levels of venom com-

plexity similar to those seen in venoms of elapids

and viperids. However, relatively few rear-fanged

snake species have been investigated, and sampling

has often relied on specimen availability, rather than

phylogenetically-directed sampling that is needed to

encompass the diversity of venoms likely present
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biochemistry of rear-fanged snakes reflects the com-

plex evolutionary history of these species. Venoms

have evolved from an apparently small selection of

possible protein precursors (approximately 24 pro-

tein families out of thousands known: Wu et al.

2003; Bateman 2014), suggesting that venoms may

have evolved only once in squamate reptiles.

However, the disparate morphology of venom

glands, the broad occurrence of venom ‘‘homologs’’

in non-oral gland tissues, different trends in venom

composition among major clades and the long evo-

lutionary history of squamates suggest that it is more

parsimonious that venoms and venom delivery sys-

tems evolved several times in disparate squamate

clades (Fig. 8).

It is important to keep in mind that we presently
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