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a b s t r a c t

The evolutionary origin and diversification of the reptilian venom system is described. The
resolution of higher-order molecular phylogenetics has clearly established that a venom
system is ancestral to snakes. The diversification of the venom system within lizards is
discussed, as is the role of venom delivery in the behavioural ecology of these taxa
(particularly Varanus komodoensis). The more extensive diversification of the venom
system in snakes is summarised, including its loss in some clades. Finally, we discuss the
contentious issue of a definition for “venom”, supporting an evolutionary definition that
recognises the homology of both the venom delivery systems and the toxins themselves.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The first two higher-level squamate phylogenetic
studies using multiple nuclear genes (C-mos and RAG-1)
and broad taxonomic coverage (Vidal and Hedges, 2004;
Townsend et al., 2004) suggested that most of the classical
phylogeny based on morphology was incorrect. The inter-
relationships among a large novel clade containing i)
snakes, ii) anguimorphs, iii) iguanians, and iv) amphis-
baenians, lacertids and teiioids could not be resolved in
either of these initial studies. Subsequently, it was
demonstrated with the use of nine nuclear genes that
venom has been a key evolutionary innovation underlying
the diversification of the reptile clade Toxicofera including
. All rights reserved.
snakes, anguimorphs and iguanians (Fry et al., 2006; Vidal
and Hedges, 2005). It has therefore only recently been
determined that the single origin of venom in reptiles
occurred approximately 170 million years ago during the
Jurassic period (Fry et al., 2006; Vidal and Hedges, 2005).
Advances in molecular systematics and venomics have thus
provided the vital phylogenetic framework necessary for
a reconstruction of the evolutionary history of all compo-
nents of the reptilian venom-delivery system (Fry et al.,
2006; Vidal et al., 2007; Vidal and Hedges, 2004, 2005).

2. Origin of venom proteins

Studies by us have demonstrated that a core set of
venom genes were present in the common ancestor of all
toxicoferans which subsequently evolved into the complex
venoms observed in modern snakes and lizards following
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further toxin recruitment events (Fig. 1) (Fry, 2005; Fry
et al., 2003a, 2003b, 2010a, 2008; Fry et al., 2006, 2009c,
2010b, in press). Venoms evolve via a process by which
a gene encoding for a normal body protein, typically one
involved in key regulatory processes or bioactivity, is
Fig. 1. Cladogram of evolutionary relationships of Toxicofera reptiles (Fry et al., 2006
recruitment events and derivations of the venom system. Magnetic resonance imag
2010b.
duplicated and the copy selectively expressed in the venom
gland. Venom proteins were recruited from disparate
tissues (Table 1) with diverse ancestral activities (Table 2).
Basal toxic activities varied widely too (Table 3) and some
classes have mutated to form a myriad of new toxic
; Vidal and Hedges, 2002, 2004, 2005, 2009) showing relative timing of toxin
es are shown for representatives as per Fry et al., 2008, 2009a, 2009b, 2009c,



Table 1
Secretion locations of nearest non-toxin relations of reptile venom
proteins.

Protein type [toxin class
if known by specific name]

Tissue type for normal secretion

3FP [3FTx] Brain
ACN Muscle
ADAM [SVMP] Variety of tissues including

epididymis, colon, lung, lymph
node and thymus

beta-defensin [crotamine] Brain
beta-defensin [helofensin] Highly expressed in skin and

tonsils, and to a lesser extent in
trachea, uterus, kidney, thymus,
adenoid, pharynx and tongue.
Low expression in salivary gland,
bone marrow, colon, stomach,
polyp and larynx. No expression
in small intestine

C3 [CVF] Liver
[Celestoxin] No near matches to any

characterized non-venom
peptide/protein

Cholecystokinin
[cholecystoxin]

Expressed in brain, duodenum
and small intestine

CRiSP Myriad of exocrine tissues
including salivary

Cystatin Restricted to the stratum
granulosum of normal skin,
the stratum granulosum/spinosum
of psoriatic skin, the secretory coils of
exocrine sweat glands with low
expression levels also found in the
nasal cavity

Endothelin [sarafotoxin] Endothelium
[Exendin] Nearest match unresolved
Factor V Liver
Factor X Liver
Ficolin [veficolin] Peripheral blood leukocytes. Also

detected in spleen, lung, and
thymus, may be due to the
presence of tissue macrophages
or trapped blood in these tissues.
Not detected on lymphocytes
and granulocytes

Hyaluronidase Widely expressed
Kallikrein Variety of exocrine tissues including

pancreas as well as the salivary glands
Kunitz Wide variety of tissues, including

brain, conceptus membrane, lung,
ovary, placenta, and uterus

LAO Variety of exocrine and immune
tissues

Lectin Wide-spread
Natriuretic peptide B-type Brain
Natriuretic peptide C-type Heart
NGF Wide variety of tissues including

the brain, eye, prostate and
salivary glands

Phosphodiesterase Kidney
PLA2 – type IB Pancreas
PLA2 – type IIA Synovial fluid
PLA2 – type III Expressed in kidney, heart, liver,

and skeletal muscle. Also present in
placenta and peripheral blood
leukocytes

Prokineticin [AVIT] Expressed at high levels in testis
and at lower levels in brain, lung,
ovary, spleen, thymus, and uterus

Renin-like aspartic protease Kidney
SPRY [vespryn] Hemopoietic lineages
VEGF Various tissues ranging from the

brain to the heart

Table 1 (continued)

Protein type [toxin class
if known by specific name]

Tissue type for normal secretion

Veficolin Peripheral blood leukocytes. Also
detected in spleen, lung, and thymus,
may be due to the presence of tissue
macrophages or trapped blood in
these tissues. Not detected on
lymphocytes and granulocytes

WAP [waprin] Variety of tissues including lactating
mammary gland, lung, ovary,
and testis

[waglerin] Unknown; no homology to any
known peptide

YY peptide
[goannatyrotoxin]

Colon mucosa

3FP ¼ three finger peptide; 3FTx ¼ three finger toxin; ADAM ¼ a dis-
integrin and metalloprotease; C3 ¼ complement 3; CRiSP ¼ cysteine rich
secretory protein; CVF ¼ cobra venom factor; LAO ¼ L-amino oxidase;
NGF ¼ nerve growth factor; PLA2 ¼ phospholipase A2; VEGF ¼ vascular
endothelin growth factor; SVMP ¼ snake venom metalloprotase;
WAP ¼ whey acidic peptide.
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activities (Table 4). A number of frameworks expressed in
the venom glands are known only from the mRNA tran-
scripts or corresponding bioactivities remain to be eluci-
dated (Table 5).

3. Ancestral Toxicofera reptile venom system

Although phylogenetic studies based on nuclear genes
have thus far failed to resolve the relationships within
Toxicofera i.e. the snakes/iguanians/anguimorphs
trichotomy, other sources of evidence such as SINEs and
morphology favour the clustering of snakes with angui-
morphs (Piskurek et al., 2006; Lee, 2009). We therefore
follow this arrangement here (Fig. 1). The likely ancestral
condition was the possession of relatively simple serous
dental glands in both themandibular andmaxillary regions
(Fry et al., 2006). These glands produced active substances
that were the substrate for the evolution of toxins. Iguania
and many other lizards split off while this systemwas only
in an incipient stage.

Consistent with the fact that the venom system has little
or no known functional or ecological importancewithin the
Iguania, only trivial further diversification occurred within
this lineage and thus this venom system is distinguished
from all other Toxicofera reptiles by being ‘incipient’. As
only one species (Pogona barbata) has been studied and
with only limited, little is known about relative presence of
known toxin types in Iguania glands in general. While only
two classes have been sequenced (Fig. 1), it is anticipated
that further sequencing will reveal that other toxin types
extend to the level of this lineage as well and thus are
ancestral to all Toxicofera reptiles.

On the other hand, venom became of tremendous
importance within the snakes and also the anguimorph
lizards. From common origins, the venom system has
evolved dichotomously between the two groups. The
maxillary venom glands underwent extensive diversifica-
tion in snakes, while conversely the mandibular glands
were diversified in the anguimorph lizards. Differences are
notable in the types of secretory epithelia (serous, sero-



Table 2
Bioactivity of non-toxin ancestors of reptile venom proteins.

Protein type [toxin class if
known by specific name]

Normal body function

3FP [3FTx] Bind to the a7 nicotinic acetylcholine
receptor

ACN Rapidly hydrolyses choline released
into the synapse, resulting in less
neurotransmitter available for
neuromuscular control

ADAM [SVMP] Enzymatic cleavage of the
extracellular matrix

beta-defensin [crotamine] Unknown
beta-defensin [helofensin] Antimicrobial but not hemolytic
C3 [CVF] Central to both classical and

alternative complement pathways
[Celestoxin] No near matches to any

characterized non-venom
peptide/protein

Cholecystokinin
[cholecystoxin]

Hypotensive neuropeptide that binds
cholecystokinin receptors

CRiSP Specific actions largely uncharacterized
Cystatin Inhibit cysteine proteases such as

the cathepsins B, L, and S
Endothelin [sarafotoxin] Potently vasoconstrictive,

modulating the contraction of
cardiac and smooth muscle

[Exendin] Nearest match unresolved
Factor V Blood cofactor that participate

with factor Xa to activate
prothrombin to thrombin

Factor X Vitamin K-dependent glycoproteins
that convert prothrombin to
thrombin in the presence of factor
Va, calcium, and phospholipid
during blood clotting

Ficolin [veficolin] Involved in serum exerting lectin
activity. Binds GlcNAc

Hyaluronidase Random hydrolysis of (1->4)-linkages
between N-acetyl-beta-D-glucosamine
and D-glucuronate residues in
hyaluronate

Kallikrein Release kinins from circulatory
kininogen

Kunitz Inhibit a diverse array of serine
proteinases

LAO Induce apoptosis in cells by two distinct
mechanisms; one rapid and mediated
by H2O2, the other delayed and
mediated by deprivation of L-lysine

Lectin Hemagglutination activity
Natriuretic peptide –

B-type
Produces hypotension mediated
by the binding to GC-A with
subsequent relaxation of vascular
smooth muscle

Natriuretic peptide C-type Produces hypotension mediated by
the binding to GC-B with subsequent
relaxation of vascular smooth muscle

NGF Stimulate division and differentiation
of sympathetic and embryonic
sensory neurons

Phosphodiesterase Cleaves a variety of phosphodiester and
phosphosulfate bonds including
deoxynucleotides, nucleotide sugars,
and NAD

PLA2 – type IB Release of arachidonic acid from
the sn�2 position of the plasma
membrane phospholipids

PLA2 – type IIA Release arachidonic acid from the sn�2

position of the plasma membrane
phospholipids, involved in
inflammatory processes and diseases,
such as rheumatoid arthritis and asthma

Table 2 (continued)

Protein type [toxin class if
known by specific name]

Normal body function

PLA2 – type III Catalyzes the calcium-dependent
hydrolysis of the 2-acyl groups in
3-sn-phosphoglycerides. Shows
an 11-fold preference for
phosphatidylglycerol over
phosphatidylcholine (PC).
Preferential cleavage:
1-palmitoyl-2-linoleoyl-
phosphatidylethanolamine (PE) >
1-palmitoyl-2-linoleoyl-PC >

1-palmitoyl-2-arachidonoyl-PC >

1-palmitoyl-2-arachidonoyl-PE.
Plays a role in ciliogenesis

Prokineticin [AVIT] Constriction of intestinal smooth
muscle

Renin-like aspartic
protease

Renin is a highly specific
endopeptidase, whose only
known function is to generate
angiotensin I from angiotensinogen
in the plasma, initiating a cascade
of reactions that produce an
elevation of blood pressure and
increased sodium retention by the
kidney. Cleavage of Leu-j-Xaa bond
in angiotensinogen to generate
angiotensin I

SPRY [vespryn] Largely uncharacterized
VEGF Increase the permeability of the

vascular bed
Veficolin Involved in serum exerting lectin

activity. Binds GlcNAc
WAP [waprin] Inhibit leukoproteinases
[waglerin] Unknown; no homology to any

known peptide
YY peptide

[goannatyrotoxin]
This gut peptide inhibits exocrine
pancreatic secretion, has a
vasoconstrictory action and
inhibitis jejunal and colonic mobility

3FP ¼ three finger peptide; 3FTx ¼ three finger toxin; ADAM ¼ a dis-
integrin and metalloprotease; C3 ¼ complement 3; CRiSP ¼ cysteine rich
secretory protein; CVF ¼ cobra venom factor; LAO ¼ L-amino oxidase;
NGF ¼ nerve growth factor; PLA2 ¼ phospholipase A2; VEGF ¼ vascular
endothelin growth factor; SVMP ¼ snake venom metalloprotase;
WAP ¼ whey acidic peptide.

B.G. Fry et al. / Toxicon 60 (2012) 434–448 437
mucous, mucous) and their location (gland, duct, transition
area); and in the number and physical orientation of the
gland compartments as well as the relative encapsulation
of the glands.

4. Diversification of the anguimorph lizard venom
system

The ancestral anguimorph lizard condition is repre-
sented in Pseudopus apodus (previously known as Ophi-
saurus apodus) which has retained sero-mucous glands in
the maxillary region in addition to the mandibular glands
typical of other members of the anguimorph lizards ((Fry
et al., 2010b); Fig. 1). The ancestral state is mixed glands
with a serous portion occupying the bottom of the glands
and a mucous part above it, with the entire arrangement
encapsulated by a single thinmembrane. There is one gland
compartment per tooth, and each compartment has its own
duct leading to the base of the tooth. Within the gland
compartment, extensive intra-lumen drainage channels are



Table 3
Reptile venom proteins basal toxicity.

Protein type [toxin class
if known by specific name]

Basal toxic activity

3FP [3FTx] a-neurotoxicity, antagonistically
binding to the nicotinic acetylcholine
receptor

ACN Bioactivities uncharacterized
ADAM [SVMP] Tissue necrosis
beta-defensin [crotamine] Significant neurotoxic activity,

modifying voltage-sensitive Naþ

channels, resulting in a potent
analgesic effect and myotoxic
activities have been reported;
which is basal and which is derived
remains to be elucidated

beta-defensin [helofensin] Lethal toxin which possesses an
inhibitory effect on direct electrical
stimulation of the isolated
hemi-diaphragm

C3 [CVF] Unregulated activation of the
complement cascade, causing rapid
and significant problems such as
anaphylactic-type problems and/or
tissue damage via hemolysis/cytolysis

[Celestoxin] Hypertensive mediated by
unknown pathway

Cholecystokinin
[cholecystoxin]

Hypotension mediated by binding
cholecystokinin receptors

CRiSP Paralysis of peripheral smooth
muscle and induction of hypothermia
through blockage of various channels
including ryanodine and L-type
calcium channels

Cystatin Inhibition of body defensive enzymes
Endothelin [sarafotoxin] Potent vasoconstriction resulting in

acute hypertension
[Exendin] Hypotensive
Factor V Combines with toxic form of factor

X to potently convert prothrombin
to thrombin

Factor X Potent conversion of prothrombin
to thrombin in the presence of
factor V (endogenous or venom
forms), calcium and phospholipid

Ficolin [veficolin] Unknown
Hyaluronidase Facilitates spread of other venom

proteins
Kallikrein Increase of vascular permeability and

production of hypotension in addition
to stimulation of inflammation

Kunitz Inhibition of circulating serine
proteinases

LAO Apoptosis
Lectin Platelet aggregation mediated by

galactose binding
Natriuretic peptide B-type Potent induction of hypotension

leading to loss of consciousness
Natriuretic peptide C-type Potent induction of hypotension

leading to loss of consciousness
NGF Bioactivities uncharacterized
Phosphodiesterase Inhibition of platelet aggregation
PLA2 – type IB Presynaptic neurotoxicity is either

the basal or is basal derivative
PLA2 – type IIA Lipase activity resulting in

inflammation and tissue destruction
PLA2 – type III Prevents platelet aggregation

mediated through
epinephrine-pathway

Prokineticin [AVIT] Potent constriction of intestinal
smooth muscle, resulting in painful
cramping, and induction of
hyperalgesia

Table 3 (continued)

Protein type [toxin class
if known by specific name]

Basal toxic activity

SPRY [vespryn] Induces hypolocomotion and
hyperalgesia. Unknown which,
if either, is basal activity

VEGF Increase of the permeability of the
vascular bed and binding of heparin.
Results in hypotension and shock

Veficolin Bioactivities uncharacterized
WAP [waprin] Bioactivities uncharacterized other

than antimicrobial
[waglerin] Elicits tachypnea, ocular proctosis,

rapid collapse and spasms in mice.
The primary cause of death is
respiratory failure. Selectively
blocks the epsilon subunit of muscle
nicotinic acetylcholine receptor

YY peptide
[goannatyrotoxin]

Potently hypotensive through
relaxation of vascular smooth muscle

3FP ¼ three finger peptide; 3FTx ¼ three finger toxin; ADAM ¼ a dis-
integrin and metalloprotease; C3 ¼ complement 3; CRiSP ¼ cysteine rich
secretory protein; CVF ¼ cobra venom factor; LAO ¼ L-amino oxidase;
NGF ¼ nerve growth factor; PLA2 ¼ phospholipase A2; VEGF ¼ vascular
endothelin growth factor; SVMP ¼ snake venom metalloprotase;
WAP ¼ whey acidic peptide.
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evident but the major lumen is unstructured. This
unstructured, sero-mucous arrangement is retained in the
more robust mandibular venom glands of the anguid
lizards, as is the arrangement of one compartment per
tooth. However, in all anguimorph lizards examined to date
other than P. apodus, the maxillary gland is entirely lost.

In contrast to the simple, unstructured glands of the
other anguimorph lizards, the Heloderma and Lanthanotus/
Varanus mandibular venom glands have independently
evolved segregated protein and mucous secreting regions
and distinct gland types (Fry et al., 2010b). In both cases, the
serous protein-secreting glands have well-structured
central lumens, and the entire arrangement is encapsu-
lated by thick membranes (Fry et al., 2010b). In these
segregated glands, a myriad of mucous lobules are located
dorsally and are distinct from the protein glands (Fry et al.,
2010b). These two lineages convergently increased lumen
storage space by fusing posterior compartments so that in
both Heloderma and Varanus only six compartments
remain. Varanid and lanthanotid glands are similar in
almost all respects, but may differ in the number of
compartments present. Lanthanotus may have as few as
three compartments, but further investigation is desirable
as previous studies have been limited to the examination of
poorly-preserved museum specimens. The physical archi-
tecture differs between the helodermatid and varanid/
lanthanotid clades: the compartments of the Heloderma
glands have a more layered arrangement than those of
varanids/lanthanotids and the varanid/lanthanotid glands
are thinner and more tubular. In both clades, extensive
intra-lumen drainage channels feed into highly structured
lumens. The ducts of helodermatids terminate at the base
of the thin, deeply grooved teeth, while those of the vara-
nids/lanthanotids terminate between the large, blade-like
teeth.

The anguimorph lizard venom delivery system is less
sophisticated than the high-pressure injection mechanism



Table 4 (continued)

Protein type [toxin class
if known by specific name]

Derived toxic activity

Natriuretic peptide B-type Derivatives contain newly evolved
helokinestatin domains located
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of the front-fanged advanced snakes, and the vast majority
of these species pose trivial direct medical risks to humans.
The effects of envenomation from medically important
species such as Heloderma (for example) however, may be
clinically complex with symptoms including extreme pain;
Table 4
Reptile venom proteins derived toxicities.

Protein type [toxin class
if known by specific name]

Derived toxic activity

3FP [3FTx] Basal a-neurotoxicity greatly
potentiated by the deletion of
the C2 and C3 ancestral cysteines.
Functional derivations include
binding to the postsynaptic
muscarinic acetylcholine receptors,
presynaptic neurotoxic action upon
the L-type calcium channels,
cytotoxic interactions,
acetylcholinesterase inhibition,
and others

ACN None currently documented
beta-defensin [crotamine] Significant neurotoxic activity,

modifying voltage-sensitive Naþ

channels, resulting in a potent
analgesic effect and myotoxic
activities have been reported;
which is basal and which is
derived remains to be elucidated

beta-defensin [helofensin] None characterized to-date
ADAM [SVMP] Prothrombin activation a basal

derivation. In Viperidae venoms,
proteolytic cleavage of C-terminal
domains resulted in myriad of
other activities including direct-acting
fibrinolytic activity. Liberated
disintegrin domain inhibits platelets
via GP IIb/IIIa integrin receptor

C3 [CVF] None currently documented
[Celestoxin] None currently documented
Cholecystokinin

[cholecystoxin]
None currently documented

CRiSP Blockage of cyclic nucleotide gated
calcium channels

Cystatin None currently documented
Endothelin [sarafotoxin] None currently documented
[Exendin] Derived VIP-like form is more

potently hypotensive and
cardiotoxic than the ancestral
glucagon derived form

Factor V None currently documented
Factor X None currently documented
Ficolin [veficolin] None currently documented
Hyaluronidase None currently documented
Kallikrein Derivations affect the blood,

particularly targeting fibrinogen
Kunitz Derivations include inhibition of

plasmin and thrombin and the
blockage of L-type calcium channels.
Structural derivatives form part of
neurotoxic complexes with PLA2
molecules

LAO Derivations include hemorrhagic
effects, not only by affecting platelet
aggregation, but also inhibiting
blood factor IX

Lectin Derivations include stimulation
of platelet aggregation (binding
GPVI, GPIb, GPIa/IIa or VWF), platelet
aggregation inhibition (binding GPIb
or GPIa/IIa) or anti-coagulant actions
by binding blood factors IX, X

upstream that inhibit bradykinin
Natriuretic peptide C-type Mutants with C-terminal tail have

hypotensive activity mediated by
GC-A instead of GC-B receptor
(elapid venoms and convergently
also in Cerastes venom). Upstream
of the natriuretic peptide encoding
domain viperid venom forms contain
multiple proline-rich bradykinin
potentiating peptides or brakykinin
inhibiting peptides (pit-vipers);
other forms have newly derived
antiplatelet (Macrovipera) or
metalloprotease inhibiting peptides
upstream (Echis)

NGF None currently documented
Phosphodiesterase None currently documented
PLA2 – type IB Deletion of pancreatic loop

facilitated the derivation of a
multiplicity of novel, nonenzymatic
activities, including antiplatelet
and presynaptic neurotoxicity.
Some derivatives are parts of
neurotoxic complexes

PLA2 – type IIA Derivations include neurotoxic
and antiplatelet activity. Some
derivatives are parts of complexes

PLA2 – type III None currently documented
Prokineticin [AVIT] None currently documented
SPRY [vespryn] None currently documented
VEGF None currently documented
Veficolin None currently documented
WAP [waprin] None currently documented
[waglerin] None currently documented
YY peptide [goannatyrotoxin] None currently documented

3FP ¼ three finger peptide; 3FTx ¼ three finger toxin; ADAM ¼ a dis-
integrin and metalloprotease; C3 ¼ complement 3; CRiSP ¼ cysteine rich
secretory protein; CVF ¼ cobra venom factor; LAO ¼ L-amino oxidase;
NGF ¼ nerve growth factor; PLA2 ¼ phospholipase A2; VEGF ¼ vascular
endothelin growth factor; SVMP ¼ snake venom metalloprotase;
WAP ¼ whey acidic peptide.
acute local swelling; nausea; fever; faintness; myocardial
infarction; tachycardia; hypotension; and inhibition of
blood coagulation (Bogert and del Campo, 1956;
Bouabboud and Kardassakis, 1988; Cantrell, 2003; Hooker
and Caravati, 1994, 1995; Miller, 1995; Strimple et al., 1997).

The previous lack of recognition of the venom system
of anguimorph lizards has led to fundamental misinter-
pretations of their predatory ecology, particularly that of
Varanus komodoensis. Of importance in understanding the
current predatory ecology of the of V. komodoensis is the
litany of changing environmental factors influencing their
evolution; not in Indonesia where they are exclusively
found today, but in Australia nearly 4 million years ago. V.
komodoensis evolved in Australia, along with two other
giant species of varanid (now extinct), to predate upon the
continents now extinct megafauna and their young
(Hocknull et al., 2009). It is possible that these giant
species of varanid filled alpha-predatory niches in
Australia that were filled elsewhere by placental mammals
(Eutheria). Sweet and Pianka (2007) have suggested that



Table 5
Novel venom proteins scaffolds known only from transcripts or with bioactivities that remain to be characterised.

Molecular scaffold type Species recovered from Tissue type of ancestral protein Bioactivity of ancestral protein References

Aminopeptidase Bitis gabonica, Gloydius brevicaudus,
Echis coloratus, Echis carinatus sochureki

Expressed in epithelial cells of the
kidney, intestine and respiratory
tract; also found in the vascular
endothelium, fibroblasts, granulocytes
and monocytes

Broad specificity peptidases, including
regulation of blood pressure; release
dipeptidases from the N-terminus of
peptides such as angiotensin II

Ogawa et al. (2007);
Casewell et al. (2009);
Vaiyapuri et al. (2010)

Dipeptidylpeptidase IV Bothrops jararaca, Gloydius blomhoffi,
Lachesis muta, Pseudechis australis,
Demansia vestigiata, Tropidechis carinatus

Widespread expression in most tissues;
highest activity identified in the kidney
and lung

Regulatory protease; inactivation of
bioactive peptides by liberation of
dipeptides from the N-terminus

Cidade et al. (2006);
Junqueira-de-Azevado et al. (2006);
Ogawa et al. (2006); St Pierre
et al. (2007)

Epididymal secretory
protein

Liophis poecilogyrus Varanus indicus,
Varanus gouldii, Varanus komodoensis

Epididymis; detected in the epithelial
cells of the epididymal duct

Putative role in binding lipids and
collagen

Fry et al. (2006, 2010b)

Lipocalin Azemiops feae, Dispholidus typus,
Rhabdophis tigrinus, Trimorphodon biscutatus

Preferentially synthesized in
nonproliferating cells

Preferentially binds long-chain
unsaturated fatty; known allergen

Fry et al. (in press)

Lysosomal acid lipase Echis coloratus, Micrurus altirostris,
Philodryas olfersii

Widely expressed in the liver and
fibroblasts; since been identified in a
variety of tissue and cell types, with
the exception of erythrocytes

Degradation of cholesterol esters and
triglycerides; modulator of intracellular
cholesterol metabolism

Casewell et al. (2009);
Corrêa-Netto et al. (2011)

Phospholipase A2Type IIE Leioheterodon madagascarensis, Dispholidus
typus

Restricted to the brain, heart, lung,
and placenta

Progression of inflammatory processes Fry et al. (in press)

Phospholipase B Drysdalia coronoides, Pseudechis colletti,
Crotalus adamanteus

Detected in white blood cells
(granulocytes and neutrophils),
intestinal enterocytes and the epidermis

Removal of fatty acids from both the sn-1
and sn-2 positions of phospholipids

Bernheimer et al. (1987); Chatrath
et al. (2011); Rokyta et al. (2011)

Renin-like aspartic
protease

Echis ocellatus, Echis jogeri Expression restricted to the kidney Generation of angiotensin I from
angiotensinogen; mediator of extracellular
volume and vasoconstriction

Wagstaff and Harrison (2006)

Ribonuclease Celestus warreni, Gerrhonotus infernalis,
Liophis poecilogyrus, Psammophis mossambicus

Expressed predominantly in the pancreas Pyrimidine-specific C-preferring nuclease Fry et al. (2010b, in press)

Snake venom matrix
metalloprotease

Rhabdophis tigrinus, Thamnodynastes strigatus Macrophages and granulocytes Proteolysis of the extracellular matrix Ching et al. (2012). Rhabdophis
UniProt B1Q2M9

Vitelline membrane outer
layer protein

Enhydris polylepis Oviduct; component of the outer
membrane of the vitelline layer of the egg

Function unknown Fry et al. (in press)
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the absence of eutherian predators in Australia may
account for the success of small species of varanid (typi-
cally members of the subgenus Odatria) on that continent.
Sweet & Pianka cite predation rather than competitive
exclusion by placental mammal carnivores (Order:
Carnivora) as the likely reason for the absence of small
varanids elsewhere in the world. However, it seems plau-
sible that a lack competition from eutherian predators may
have facilitated the evolution of a clade of giant, alpha-
predatory varanids, uniquely in Australia. While the
largest member of this clade (Varanus (formerly Mega-
lania) prisca) remained in Australia, the other two radiated
outwards to the Lesser Sunda Islands of Indonesia. The
second largest fossil species (currently un-named)
dispersed to Timor, while smallest of the group (V. komo-
doensis) moved further west to Flores and surrounding
islands. The environment on these islands has been
marked in recent history by three major faunal turnovers
including the extinction of the islands’ megafauna 12,000
years ago. After this extinction event, V. komodoensis
occupied an environment devoid of moderately sized prey
until the introduction of the pig from Sulawesi 5000 years
later. During the intervening period V. komodoensis likely
persisted by feeding opportunistically on relatively small
prey items, in a manner similar to that of other extant
species of varanid. This illustrates their adaptive flexibility.
The currently available prey options for adult dragons
include mammals (deer, pig and water buffalo) that were
introduced by Dutch settlers only a couple of hundred
years ago. The komodo dragon is thus living in a ‘novel
ecosystem’. Encounters between dragons and these
potential prey animals are unnatural, man-made interac-
tions which have taken place for far too short a period of
time to have influenced the evolution of V. komodoensis.

V. komodoensis have light-weight skulls with relatively
weak biting force compared to their mass (D’Amore et al.,
2011; Fry et al., 2009c; Moreno et al., 2008). Instead, V.
komodoensis utilises large, serrated teeth as their primary
weapon, using a grip-and-rip strategy to inflict deep
parallel wounds. Mechanical damage alone may in some
cases result in rapid death from blood loss (e.g. slicing the
femoral artery). The role of venom is to use anti-coagulant
toxins to increase blood loss and other toxin to induce
hypotension and shock (Fry et al., 2006, 2010b, 2009c).

V. komodoensis body size has remained stable over the
last 900 ka (kiloannum) on Flores. Whilst pigs and deer are
of manageable size (40–50 kg), water buffalo (at 400–
900 kg) are dramatically larger than any potential prey item
that ancestral dragons may have evolved to feed upon. This
fact is starkly reflected in the efficacy of predation attempts
by dragons. Attacks on pigs and deer are extremely
successful (Bull et al., 2010; Fry, personal observation) with
an overall kill-rate of approximately 90%. Roughly three-
quarters of such predation attempts result in the prey
animal dying of blood loss within the first thirty minutes.
These rapid deaths are due largely to the mechanical
damage resulting from the bite resulting in massive blood
loss from a severed major artery. Another ten to fifteen
percent of these prey animals succumbwithin three or four
hours. In these cases, death is facilitated by persistent
bleeding resulting from the anti-coagulant effects of the
venom. This advantage results in significant selection pres-
sure for the maintenance of physiologically-costly venom.

Though dragons seem incapable of bringing down an
adult water buffalo, they can inflict deep wounds to the
lower hind-quarters of these animals. The water buffalo
then seek refuge in water. Unlike the marshes of their
native environment, which are regularly flushed clean by
rainwater, the only available water in which to seek refuge
on the islands is in stagnant tropical water holes. We
postulate that the faeces-laden water of these wallows is
the actual source of bacterial infection that may result in
life-threatening sepsis. Thus, such infections have an
environmental source rather than originating in the
mouths of komodo dragons. Studies purporting to prove
the use of bacteria as weapons by V. komodoensis swabbed
the mouths of the lizards (Gillespie et al., 2000) but
neglected to sample the water sources from which the
specimens had been drinking. Thus they did not take into
account the fact that any bacteria in the mouths of wild V.
komodoensis are likely to be transient. The potentially fatal
infections contracted by buffalos post-bite are the result of
a man-made and unnatural encounter between predator
and potential prey that has only taken place for a small
fraction of the evolutionary history of either species. Highly
imaginative scenarios such as lizard–lizard swapping of
‘weaponised bacteria’ are evolutionarily implausible (Bull
et al., 2010).

5. Diversification of the snake venom system

Venom has had a central role in the evolution of the
advanced snakes, under-pinning their extraordinary
diversification in the Cenozoic era (Vidal, 2002). Extensive
coevolutionary modification of all venom system variables
has occurred, including gland morphology, muscles, skull,
dentition and biochemical diversification and/or speciali-
sation of the venoms.

Our understanding of the diversification of the snake
venom system has been crucially aided by recent molecular
phylogenetic studies (Vidal, 2002; Vidal and Hedges, 2002,
2009; Lawson et al., 2005; Vidal et al., 2008a, 2007) which
revealed that the non-front-fanged ‘colubrid’ snakes are
not a single, monophyletic group as previously supposed,
but represent numerous discrete clades, with the front-
fanged Caenophidians nested among them. Furthermore,
the front-fanged snakes (Atractaspis and Homoroselaps
[atractaspidines]; elapids; viperids) do not form a mono-
phyletic clade, but consist of three independent lineages
within the Caenophidia (viperids occupy a basally-
divergent position in this group, whereas elapids and
atractaspidines are nested among a clade of African ‘colu-
brid’ lineages). Moreover, there is extensive evidence that
the venom glands of the front-fanged snakes are homolo-
gous with the ‘Duvernoy’s gland’ of non-front-fanged
snakes (Kochva, 1978; Jackson, 2003; Vonk et al., 2008).
The name ‘Duvernoy’s gland’ was previously assigned to
venom glands lacking compressor muscles and associated
hollow fangs for reasons based upon a poor understanding
of the evolutionary relationships of the snakes themselves.
In light of the phylogenetic knowledge described above, the
term ‘Duvernoy’s gland’ has been abandoned and the term
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‘venom gland’ should now be used for the toxin-secreting
buccal glands of all caenophidians regardless of the
degree of anatomical derivation or relative medical
importance of human envenomations (Fry et al., 2003b).
Supporting the homology of, and thus consistent termi-
nology for these glands, accumulated developmental
evidence shows that all venom gland types are derivates of
the dental glands, and developed from a common primor-
dium at the posterior end of the dental lamina. ‘Dental
uncoupling’ is responsible for the diversity of fangs in both
structure and location on the maxilla (Fry et al., 2008;
Jackson, 2003; Kochva, 1963, 1978; Kochva and Gans, 1965;
Vonk et al., 2008; Wollberg et al., 1998).

An impressive diversity of maxillary dentition has
independently arisen from the evolutionary decoupling of
the venom system (Fry et al., 2008; Vonk et al., 2008). Tooth
morphology ranges from smooth surface; to surface with
a shallow groove; to deep groove present on less than half
the length of the tooth; to deep groove running the entire
length of the tooth; to fully enclosed venom canal in pro-
teroglyphous and solenoglyphous front-fanged snakes (Fry
et al., 2008; Gravlund, 2001; Jackson, 2003; Young and
Kardong, 1991, 1996). It has been determined that exten-
sive evolutionary tinkering has produced the impressive
diversity of dentition amongst extant species and that the
terms aglyph and opisthoglyph are phylogenetically
meaningless as such snakes do not group into mono-
phyletic clades (Vidal, 2002; Vidal and Hedges, 2002). The
ancestral condition consists of unspecialised teeth lacking
any degree of enlargement. In cases where the posterior
teeth are not grooved (aglyphous) or enlarged in relation to
other teeth, the presence of ridges on the anterior and
posterior surfaces of posterior teeth distinguishes them
from the anterior teeth (Fry et al., 2008). On numerous
independent occasions the posterior teeth have been var-
iably enlarged (opisthodont). In lineages with such
enlarged teeth, the introduction of venom into a bite
wound is often facilitated by open channels or grooves
along the lateral or anterolateral surfaces of the fangs
(opisthoglyphous) (Fry et al., 2008; Young et al., 2011).

Snake venom glands also exhibit tremendous variation
in all aspects including structure and topography, with
countless variants scattered across the taxonomical tree (Fry
et al., 2008). The secretory epithelium consists of serous,
proteinaceous cells with mucous secreting cells found in
some regions, mainly in the ducts. The secretion is stored in
the cells and lumina, which are of varying size and shape.
The venom glands of vipers, for instance, have very large
tubular and centralised lumina and relatively few secretory
granules in the cells. The contours range from the ancestral
condition of large ovate ducts, to ducts with reduced
diameters surrounded by extensive circular connective
tissue, through to internal partitions of the venom duct.
Vestibules range from absent, to present adjacent to the
venom gland, to present at the fang sheath, to in contact
with the oral cavity. The location of the gland duct openings
ranges from the ancestral condition of opening directly into
the oral cavity, to opening near the tooth bases to opening
into a fang sheath in front-fanged snakes.

On at least six independent occasions an increase in
efficiency and speed of delivery has been accomplished
through the evolution of venom gland compressor systems
(Fry et al., 2008). The extant genera Brachyophis, Dis-
pholidus and Mehelya have superficial muscle fibres con-
nected to the venom gland capsule that may be considered
a rudimentary compressor system. Brachyophis has a purely
serous gland (Taub, 1967). Dispholidus has a very large
venom gland composed of branched tubules covered by
a secretory epithelium (Fry et al., 2008). The tubules open
into a wide duct lined with mucous cells and the ducts and
entire gland are surrounded by extensive circular connec-
tive tissue. Vestibules are present adjacent to the venom
gland and the enlarged rear fangs have deep grooves
running less than half the length. In contrast, Mehelya has
ungrooved (aglyphous) teeth and a small venom gland of
peculiar structure with a relatively wide lumen (Fry et al.,
2008). The additional three compressor systems were
further developed into high-pressure front-fang venom-
delivery systems (Fry et al., 2008): the common ancestor
of Atractaspis and the sister genus Homoroselaps (Vidal
et al., 2008b) within the atractaspidine subfamily of the
Lamprophiidae; in the Elapidae family; and in the Viper-
idae family (Fry et al., 2008; Vidal et al., 2007; Vidal and
Hedges, 2009). In these snakes, compression of the glands
by the compressor muscle (aided by some other muscles)
propels venom along the duct and into the enclosed
channel running through the shaft of the fangs (Fry et al.,
2008; Young et al., 2001, 2004; Young and Kardong,
2007; Young and Zahn, 2001).

Within the Elapidae and within the Viperidae, two of
the three discrete lineages of front-fanged snakes, the
venom system shows little intra-familial diversity (Fry
et al., 2008). The structure of elapid venom glands is
a synapomorphy of the family. The venom is stored in the
cells, with the lumen being relatively small. This family also
has an elongate accessory mucous gland surrounding the
venom duct. All elapid venom glands have a vestibule
present adjacent to the fang sheath and a venom duct that
opens only into the fang sheath. The complex tubular
glands of viperids have invaginations that produce several
lobes and a large lumen that stores considerable amounts
of venom. The primary duct of the gland leads to a globular
accessory gland which then connects to the fang via
a secondary duct (Kochva, 1978, 1987; Kochva and Gans,
1965). Viper venom glands have a vestibule present adja-
cent to the fang sheath and venom ducts that open only
into the fang sheath. There are no mucous regions in either
the Elapidae or Viperidae venom glands except for the
accessory glands characteristic to each family. The venom
system of Atractaspis is completely structurally distinct and
resembles none of the venom systems of other front-
fanged (or non-front-fanged) snakes. The venom glands
of Atractaspis have a wide, elongate lumen surrounded by
radially arranged secretory tubules that show some
branching at their peripheral distal ends. Prominent
mucoid regions occupy their luminal areas and there are no
separate accessory glands. Vestibules are present adjacent
to the fang sheath and venom ducts open only into the fang
sheath. Finally, it should be emphasised that the venom
glands of Homoroselaps are of a pattern entirely different
from that of both Atractaspis and the other species of the
atractaspidine subfamily. Instead they convergently
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resemble those of the Elapidae (Kochva et al., 1985;
Underwood and Kochva, 1993).

In each of the front-fanged clades, tremendous elonga-
tion of the venom gland has occurred independently at
least once: in Atractaspis (the clade comprised by Atrac-
taspis engaddensis, Atractaspis microlepidota, Atractaspis
micropholis, and Atractaspis scortecci); twice in the Elapidae
(Calliophis intestinalis and Calliophis bivirgata and then
again in Toxicocalamus buergersi); and in the Viperidae
(Causus resimus and Causus rhombeatus) (Fig. 1). In these
species, the venom glands extend to about a quarter of the
body length or even more. The biological advantage
conferred by these elongations remains to be elucidated. In
the case of Causus the change in gland length was not
accompanied by a significant shift in venom profile or
recruitment of new toxin types (Fry et al., 2008). Rather,
they have a typical viperid venom composition with the
major toxin types sequenced to date being metal-
loproteases (SVMP), kallikrein, and Type IIA phospholi-
pases A2 (PLA2). It remains to be investigatedwhether there
are significant differences in venom composition between
long and short-glanded forms within the genera Atractas-
pis, Calliophis or Toxicocalamus. Such investigations may
shed light on the evolutionary advantage gained by these
species. It is notable that each of these three genera is the
most slender of their respective families. It may be possible,
at least in the cases of Atractaspis, Calliophis and Tox-
icocalamus, that the long-glanded condition is an adapta-
tion for a fossorial lifestyle that allows for a decrease in
head size and girth whilst maintaining a high venom-yield.

Changes of the venom system also include secondary
loss following a shift to a new prey capture technique
(constricting) or prey-type (‘defenceless’ prey, e.g. eggs,
worms, snails etc.). In the family Colubridae, the North
American ‘rat snakes’ (typified by Pantherophis guttatus
[corn snake]) have secondarily evolved a new form of prey
capture (powerful constriction) and prey preference
(rodents). Subsequently the gland has become greatly
atrophied (Fry et al., 2008). This has also occurred inde-
pendently in some African Lamprophiids such as the
powerful-jawed Pseudaspis cana, which has a purely
mucoid gland (Taub, 1967). Convergently within the basal
snakes, the evolution of powerful constriction has resulted
in a secondary loss of the venom system. Acrochordus also
constricts, wrapping around the gills of fish prey to suffo-
cate them (Lillywhite, 1996), and this has also resulted in
a secondary complete loss of the venom system (Fry
personal observations). The African snake Dasypeltis scabra,
which feeds exclusively on bird eggs, also has greatly
atrophied venom glands (Fry et al., 2008). This ‘use it or lose
it’ evolutionary trajectory is paralleled in the sea snakes
Aipysurus eydouxii (Li et al., 2005a, 2005b): subsequent to
switching from feeding on fish to feeding exclusively on
fish eggs, the venom glands of this species have atrophied
and significant reduction of the fangs has occurred. These
reductions in the venom system of A. eydouxii have been
accompanied by significant accumulation of deleterious
mutations in the toxins still transcribed, indicating that
they are no longer subject to selection. Emydocephalus
annulatus, another sea snake which specialises in fish eggs,
has not been investigated yet. It is anticipated; however,
that studies will reveal a similar degeneration of the venom
system. Similarly, the members of the Australian elapid
genus Brachyurophis that specialize in feeding on lizard
eggs also exhibit significant reduction of the venom system
(Fry, personal observations). While the extremely derived
Scolecophidia (Anomalepididae, Gerrhopilidae, Leptoty-
phlopidae, Typhlopidae, and Xenotyphlopidae) (Vidal et al.,
2010) have not yet been specifically examined, their
morphological uniqueness and specialised diet (e.g. ant and
termite eggs and larvae) strongly suggest that they too have
undergone a reduction of the venom system secondary to
a dietary shift. Finally, the other few lineages displaying an
absence or reduction of the maxillary glands are mala-
cophagous (Asian pareatids and some American dipsadids),
although evidence suggests that the infralabial/mandibular
glands in the ‘goo-eating’ dipsadid snakes (Atractus retic-
ulatus, Dipsas indica, and Sibynomorphus mikanii) secrete
snail specific toxins (de Oliveira et al., 2008) which may
help immobilize the molluscs and facilitate removal from
the shells (Salomão and Laporta-Ferreira, 1994).

6. An evolutionary definition of venom

The recent insights into the single origin of toxin-
secreting buccal glands in toxicoferan reptiles have led to
considerable controversy regarding the definition of
‘venom’, ‘fangs’ and ‘venom glands’. The question of the
definition of ‘venom’ is of more than semantic importance
for our attempts to understand the origin and evolution of
the venom system in toxicoferans: it may play a key role in
guiding the formulation of research questions on the
function of the secretions in snake life history and their
evolution, as well as in toxinological research and spin-offs
such as drug discovery.

Despite the well-established homology of the venom
glands of front-fanged and non-front-fanged snakes, some
authors continue to insist that the glands are fundamen-
tally different between the two groups and thus that the
term ‘Duvernoy’s gland’ should still be used (e.g. Weinstein
et al., 2011). Furthermore, these authors insist that the
majority of non-front-fanged snakes possessing a venom
gland (‘Duvernoy’s gland’), as well as all toxicoferan lizards
other than Heloderma sp., are not in fact ‘venomous’ at all.
Broadly speaking, the major divisions of opinion are
between those who prefer the traditional, function-based
definition of ‘venom’ (a toxic compound injected into
prey or predator to cause rapid death or incapacitation –

e.g., Kardong, 1980, 1996, 2002) and those who seek to
accommodate and prioritise evidence of evolutionary
homology in their definitions (e.g. Fry et al., 2003a, 2009a,
2008, 2006, 2009b, 2003b). Inevitably, these different
approaches lead to different conclusions as to how tox-
icoferan species and/or their secretions should be cat-
egorised. Those who prefer a function-based definition
assert that the biological role of the secretory toxins of non-
front-fanged snakes (and those of toxicoferan lizards other
than Heloderma sp.) has not been experimentally deter-
mined and therefore that it is premature to label them
‘venomous’. Additionally, they stress that the glands of
non-front-fanged and front-fanged snakes are anatomically
distinct from each other and that non-front-fanged snakes,
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with few exceptions, have no ‘medical significance’ to
humans (unlike ‘truly venomous’ species). Medical signifi-
cance to humans is, however, evolutionarily irrelevant.

One of the difficulties with using function as a criterion
for identifying a substance as a ‘venom’ and a taxon as
‘venomous’, is the degree of subjectivity involved. The oft-
touted criterion of ‘rapid prey death’ (e.g., Kardong, 1980)
has been heavily criticised by (e.g. Rodríguez-Robles, 1994;
Fry et al., 2003a, 2003b) as subjective and impractical, but
is still being advocated as a criterion for classification as
‘venom’ (e.g., Kardong, 2002; Weinstein and Keyler, 2009).
Adopting this criterion for other taxa would necessitate
applying the term ‘non-venomous’ to bees, platypus, most
spiders, some scorpions, and many other clades well-
recognised as venomous. The advocates of this position
are trying to apply a special-case scenario to toxin-
secreting reptiles based largely upon an outdated and
poor understanding of the evolution of this clade.

We agree that ‘venom’ refers to the biological function
of a secretion and not merely to its toxicity; however, we
assert that ‘rapid prey death’ is not the only function of
a venom. We have previously defined venom (see Fry et al.,
2009a) as ‘a secretion, produced in a specialised tissue
(generally encapsulated in a gland) in one animal and
delivered to a target animal through the infliction of
a wound (regardless of how tiny it is). A venom must
further contain molecules that disrupt normal physiolog-
ical or biochemical processes so as to facilitate feeding or
defence by/of the producing animal.’ This definition is not
restricted to the venoms of toxicoferan reptiles and applies
across all venomous taxa. Additionally, we contend that in
some cases a similar amount of evidence exists to support
the biological function of toxic secretions in non-front-
fanged snakes and non-helodermatid toxicoferan lizards
as it does in other traditionally ‘venomous’ taxa. Those who
seek to prioritise functional considerations in their defini-
tion of venom often point to the absence of evidence for the
biological role of these secretions in non-front-fanged
snakes (and non-helodermatid lizards). However, much of
this argument rests on solely on this absence of evidence
rather than on any evidence of absence: the function of oral
secretions has been tested in very few snakes and virtually
no lizards, so that no evidence of functionality is available
for the majority of toxicoferans, including most of the
traditionally ‘venomous’ taxa. Moreover, some studies
purporting to show absence of a function involving prey
subjugation and incapacitation are flawed. For instance,
Rochelle and Kardong (1991, 1993) found no evidence of
envenomation in mice predated upon by Boiga irregularis;
however, the principal neurotoxin present in the venom of
this species has subsequently been demonstrated to be
highly specific to avian rather than mammalian prey
(Mackessy et al., 2006; Pawlak et al., 2009). The afore-
mentioned study of 1993 was flawed in several other
regards including, fundamentally, its criterion for deter-
mining the effect (or lack of effect) of envenomation. Other
studies were carried out prior to the discovery of the single
early origin of venom and therefore did not look for the
effects of toxins (e.g., Gregory et al., 1980) – any toxic effects
such as accelerated prey death or tranquilisation may thus
have been overlooked.
The possibility of multiple alternative functions for the
oral secretions of toxicoferans has been suggested (e.g.,
Kardong, 2002; Weinstein and Keyler, 2009), but there is in
fact very little evidence for functions other than prey
incapacitation during foraging and a contribution to
digestion (Rodríguez-Robles and Thomas, 1992). Although
studies that experimentally determine the functionality of
the toxic secretions of non-front-fanged snakes are rare,
there is a considerable amount of other evidence that
strongly supports their role in prey subjugation and thus
their status as ‘venoms’. For example, a potently neurotoxic
peptide would be useful in paralysing prey, but is useless as
a lubricant. It is therefore reasonable to surmise that its
presence in an oral secretion is in aid of prey subjugation.
While laboratory tests of pharmacological mode of action
do not absolutely prove the functionality or importance of
these secretions, they strongly support it. Furthermore, the
very specific mode of action of many toxins (e.g., potent
postsynaptic neurotoxicity – Fry et al., 2003a; Lumsden
et al., 2004a, 2004b, 2005; Pawlak et al., 2006), including
prey specificity (Pawlak et al., 2009), makes a function
other than prey subjugation very unlikely. The association
of specialised (and highly variable) dentition with the
glands (Fry et al., 2008) is also strong evidence of func-
tionality, and although the venom apparatus of non-front-
fanged snakes may be unable to inject large quantities of
venom in a fraction of a second (Hayes et al., 1993), it is
nevertheless capable of inoculating biologically relevant
quantities of venom (Young et al., 2011). The fact that rapid
degeneration of the venom system almost always occurs
following dietary shifts (Fry et al., 2008) (including within
‘truly venomous’ taxa e.g. A. eydouxii – see above; as well as
within non-front-fanged taxa such as Dasypeltis and Par-
eas) or specialisation towards constriction as the primary
mode of prey subjugation (e.g. within the North American
‘rat snake’ radiation) also supports the role of venom
systems, where present, in prey-acquisition. The rapid
degeneration of the venom system following these shifts is
in stark contrast to the accelerated duplication and diver-
sification of toxin genes observed in many non-front-
fanged snakes and non-helodermatid toxicoferan lizards
(e.g. Fry et al., 2010a, 2008, 2006, 2010b, 2009c).

Large numbers of anecdotal observations of prey-
handling (e.g. lack of constriction; ‘chewing’ until prey
animal stops struggling etc. – see e.g. Endo et al., 2007)
exist for many non-front-fanged species. The validity of
these anecdotal observations is questionable but, as
mentioned above, such observations are all that exists to
verify the use of venom in the prey-handling behaviour of
the vast majority of venomous taxa (including most elapid
and viperid snakes and other venomous groups). If exper-
imental evidence of the use of toxic secretions (and asso-
ciated systems) in prey subjugation is required before the
term ‘venomous’ can be applied to a taxon (Weinstein et al.,
2011), then the majority of elapids and viperids must also
be considered ‘non-venomous’ until proven otherwise (as
these snakes also lack such stringent experimental proof).
In cases where the biological role of non-front-fanged
snake venom has been experimentally verified (e.g.
Rodríguez-Robles and Leal, 1993; Thomas and Leal, 1993;
Rodríguez-Robles, 1994; Mori, 1998; O’Donnell et al., 2007),
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some authors prefer that these species be referred to as
‘prey-specific venomous’, rather than simply ‘venomous’, in
order to clarify the fact that their venoms are not consid-
ered ‘medically-significant’ to humans (e.g.Weinstein et al.,
2011). As previously noted, the effect of a secretion on
humans is evolutionarily irrelevant and the vast majority of
venomous animals are clinically inconsequential to
humans (e.g. almost all spiders – see Sutherland and
Tibballs, 2001). Venom is, therefore, likely to be ‘prey-
specific’ to some degree as a general rule (even among
front-fanged snakes [e.g., Jorge da Silva and Aird, 2001;
Barlow et al., 2009]) and the addition of this qualifier in the
case of non-front-fanged snake venoms is superfluous.

The argument for the continued use of the term
‘Duvernoy’s gland’ centres on anatomical distinctions
between the toxin-secreting glands of front-fanged and
non-front-fanged snakes. This argument contends that, due
to their lack of compressor muscles and large lumens for
venom storage, the ‘low-pressure’ toxin-secreting glands of
non-front-fanged snakes are functionally distinct from the
‘high-pressure’ venom systems of front-fanged snakes (e.g.
Weinstein and Keyler, 2009). According to this argument, it
follows from their functional distinction from ‘true venom
glands’ that these ‘low-pressure’ systems are not venom
systems. This argument is phylogenetically unsound as it
obscures the fact that ‘high-pressure’ venom systems have
evolved at least three times independently within the
Caenophidia (Vidal and Hedges, 2002). Additionally, rudi-
mentary compressor muscles are present in several non-
front-fanged lineages and lumen size shows considerable
variation across these taxa (as it does within the front-
fanged family Elapidae) (McDowell, 1986; Fry et al., 2008).
Regardless, we are unaware of any definition of ‘venom’ that
specifies that the delivery system must be ‘high-pressure’;
such a restrictive definition would render even the lethal
stonefish (Synanceia horrida) ‘non-venomous’.

This anatomical argument appears to be mutually
exclusive with the (also frequently cited as justification for
referring to non-front-fanged snakes as ‘non-venomous’)
argument centreing on ‘medical significance’ to humans.
Some species of trivial (or hitherto undetermined) ‘medical
significance’ to humans have ‘high-pressure’ systems with
‘true venom glands’. Conversely, some that have caused
fatal or life-threatening bites have ‘low-pressure’ systems
lacking compressor muscles or even grooved fangs. Many
Australian members of the front-fanged family Elapidae are
widely considered ‘harmless’ (see e.g. Wilson and Swan,
2010) and have not been involved in any bites to humans
with clinically significant sequelae. This is despite the fact
that they (like all elapids) possess ‘high-pressure’ venom
systems and are considered ‘truly venomous’. On the other
hand, the natricids Rhabdophis tigrinus and Rhabdophis
subminiatus have been responsible for fatal (R. tigrinus) or
life-threatening (R. subminiatus) bites (Weinstein et al.,
2011), despite the fact that they do not possess even rudi-
mentary compressor muscles and their posteriorly-located
fangs lack any significant grooves (Fry et al., 2008;
Weinstein et al., 2011). It is important to acknowledge that
in most cases the effects of toxic secretions on humans
are evolutionarily irrelevant to the animals concerned and
that ‘venomous’ is not synonymous with ‘dangerous to
humans’. The aforementioned authors concede that the
term ‘venomous’ may be applied to R. tigrinus and R. sub-
miniatus (as well as Dispholidus typus and Thelotornis kir-
tlandii – see Weinstein et al., 2011), yet continue to
maintain that ‘low-pressure’ secretory systems are not
‘venom glands’. It is also worth noting that helodermatid
lizards, which are traditionally considered venomous, lack
compressor muscles and therefore, according to the defi-
nition favoured by the aforementioned authors, lack
‘venom glands’. We contend that a gland that secretes
venom is, ipso facto, a venom gland.

The practice of adhering to a definition of venom that is
based upon a demonstration of rapid prey death or inca-
pacitation; danger to humans; or the possession of a ‘high-
pressure’ venom system is flawed and outdated on
a number of grounds: (i) it is impractical and illogical to use
different terms for secretions, based on quantitative differ-
ences in their function, when these secretions contain
homologous toxins secreted by homologous glands and
injected via homologous teeth; (ii) this definitionmasks the
single early evolution of the glands associated with venom
delivery, which in turn risks confounding analyses of the
importance of venom in toxicoferan evolution; (iii) the
misleading contention that venom evolved on multiple
occasions is potentially confusing and has the potential to
mislead and restrict the process of drug-discovery by
eliminating a largenumberof potentially valuable species of
reptile from the enquiry; (iv) the contention that venom is
restricted to front-fanged snakes (with few exceptions) has
the potential to obscure the possible danger of bites from
some species (e.g. Thrasops, Macropisthodon, large psam-
mophiines etc.) and create a false sense of safety among
keepers of many non-front-fanged species, particularly as
no specific antivenom treatment is available for any non-
front-fanged snakes other than Rhabophis and Dispholidus.

Instead, the growing realisation of the diversity of
venom delivery systems and glands in toxicoferan reptiles
constitutes an open invitation to functional morphologists,
physiologists and toxinologists to avail themselves of the
opportunity to investigate the function of this cornucopia
of secretions and delivery systems in the life history of the
animals. It is precisely the single origin of these glands and
their secretions that renders the evolution of the venom
apparatus of toxicoferans such a potential treasure-trove.
The recent discoveries on the origins of venom and asso-
ciated structures in snakes and lizards (Fry et al., 2003a,
2010a, 2008, 2006, 2009b, 2010b, 2009c, 2003b, Fry and
Wüster, 2004; Vidal and Hedges, 2002, 2005; Vonk et al.,
2008) have led to a paradigm shift in our understanding
of the evolution of reptilian venoms. It is only reasonable
that such paradigm shifts should also reshape our defini-
tion and concept of what constitutes venom. While the
majority of these animals are but of trivial human medical
importance, the recognition of the greater evolutionary
diversity of venomous reptiles that exists brings to light the
vast number of unstudied venoms for use in biodiscovery.

Acknowledgements

BGF was funded by the Australian Research Council and
the University of Queensland.



B.G. Fry et al. / Toxicon 60 (2012) 434–448446
Conflict of interest

None.

References

Barlow, A., Pook, C.E., Harrison, R.A., Wüster, W., 2009. Co-evolution of
diet and prey-specific venom activity supports the role of selection in
snake venom evolution. Proceedings of the Royal Society B 276,
2443–2449.

Bernheimer, A.W., Linder, R., Weinstein, S.A., Kim, K.-S., 1987. Isolation
and characterization of a phospholipase B from venom of Collett’s
snake, Pseudechis colletti. Toxicon 25 (5), 547–554.

Bogert, C.M., del Campo, R.M., 1956. The gila monster and its allies. The
relationships, habits, and behavior of the lizards of the family Hel-
odermatidae. Bulletin of the American Museum of Natural History
109, 1–238.

Bouabboud, C.F., Kardassakis, D.G., 1988. acute myocardial-infarction
following a gila monster (Heloderma suspectum cinctum) bite.
Western Journal of Medicine 148, 577–579.

Bull, J.J., Jessop, T.S., Whiteley, M., 2010. Deathly drool: evolutionary and
ecological basis of septic bacteria in Komodo dragon mouths. PLoS
One 5, e11097.

Cantrell, F.L., 2003. Envenomation by the Mexican beaded lizard: a case
report. Journal of Toxicology – Clinical Toxicology 41, 241–244.

Casewell, N.R., Harrison, R.A., Wüster, W., Wagstaff, S.C., 2009. Compar-
ative venom gland transcriptome surveys of the saw-scaled vipers
(Viperidae: Echis) reveal substantial intra-family gene diversity and
novel venom transcripts. BMC Genomics 10, 564.

Chatrath, S.T., Chapeaurouge, A., Lin, Q., Lim, T.K., Dunstan, N.,
Mirtschin, P., Kumar, P.P., Kini, R.M., 2011. Identification of novel
proteins from the venom of a cryptic snake Drysdalia coronoides by
a combined transcriptomics and proteomics approach. Journal of
Proteome Research 10, 739–750.

Ching, A.T., Paes Leme, A.F., Zalanis, A., Rocha, M.M., Furtado, MdeF.,
Silva, D.A., Trugilho, M.R., da Rocha, S.L., Perales, J., Ho, P.L., Serrano, S.
M., Junqueira-de-Azevado, I.L., 2012. Venomics profiling of Thamno-
dynastes strigatus unveils matrix metalloproteinases and other novel
proteins recruited to the toxin arsenal of rear-fanged snakes. Journal
of Proteome Research 11 (2), 1152–1162.

Cidade, D.A.P., Simão, T.A., Dávila, A.M.R., Wagner, G., Junqueira-de-
Azevado, I.L.M., Ho, P.L., Bon, C., Zingali, R.B., Albano, R.M., 2006.
Bothrops jararaca venom gland transcriptome: analysis of the gene
expression pattern. Toxicon 48, 437–461.

Corrêa-Netto, C., Junqueira-de-Azevado, I.L., Silva, D.A., Ho, P.L., Leitão-de-
Araújo, M., Alves, M.L., Sanz, L., Foguel, D., Zingali, R.B., Calvete, J.J.,
2011. Snake venomics and venom gland transcriptomic analysis of
Brazilian coral snakes, Micrurus altirostris and M. corallinus. Journal of
Proteomics 74 (9), 1795–1809.

D’Amore, D.C., Moreno, K., McHenry, C.R., Wroe, S., 2011. The effects of
biting and pulling on the forces generated during feeding in the
Komodo dragon (Varanus komodoensis). PLoS One 6, e26226.

de Oliveira, L., Jared, C., da Costa Prudente, A.L., Zaher, H., Antoniazzi, M.
M., 2008. Oral glands in dipsadine “goo-eater” snakes: morphology
and histochemistry of the infralabial glands in Atractus reticulatus,
Dipsas indica, and Sibynomorphus mikanii. Toxicon 51, 898–913.

Endo, W., Amend, M., Fleck, L.C., 2007. Oxybelis fulgidus (Green vine
snake). Prey. Herpetological Review 38, 209.

Fry, B.G., Wüster, W., 2004. Assembling an arsenal: origin and evolution of
the snake venom proteome inferred from phylogenetic analysis of
toxin sequences. Molecular Biology and Evolution 21, 870–883.

Fry, B.G., Lumsden, N.G., Wüster, W., Wickramaratna, J.C., Hodgson, W.C.,
Kini, R.M., 2003a. Isolation of a neurotoxin (alpha colubritoxin) from
a nonvenomous colubrid: evidence for early origin of venom in
snakes. Journal of Molecular Evolution 57, 446–452.

Fry, B.G., Wüster, W., Ryan Ramjan, S.F., Jackson, T., Martelli, P., Kini, R.M.,
2003b. Analysis of Colubroidea snake venoms by liquid chromatog-
raphy with mass spectrometry: evolutionary and toxinological impli-
cations. Rapid Communications in Mass Spectrometry 17, 2047–2062.

Fry, B.G., Vidal, N., Norman, J.A., Vonk, F.J., Scheib, H., Ramjan, S.F.,
Kuruppu, S., Fung, K., Hedges, S.B., Richardson, M.K., Hodgson, W.C.,
Ignjatovic, V., Summerhayes, R., Kochva, E., 2006. Early evolution of
the venom system in lizards and snakes. Nature 439, 584–588.

Fry, B.G., Scheib, H., van der Weerd, L., Young, B., McNaughtan, J.,
Ramjan, S.F., Vidal, N., Poelmann, R.E., Norman, J.A., 2008. Evolution of
an arsenal: structural and functional diversification of the venom
system in the advanced snakes (Caenophidia). Molecular and Cellular
Proteomics 7, 215–246.
Fry, B.G., Roelants, K., Champagne, D.E., Scheib, H., Tyndall, J.D., King, G.F.,
Nevalainen, T.J., Norman, J.A., Lewis, R.J., Norton, R.S., Renjifo, C., de la
Vega, R.C., 2009a. The toxicogenomic multiverse: convergent
recruitment of proteins into animal venoms. Annual Review of
Genomics and Human Genetics 10, 483–511.

Fry, B.G., Vidal, N., van der Weerd, L., Kochva, E., Renjifo, C., 2009b.
Evolution and diversification of the Toxicofera reptile venom system.
Journal of Proteomics 72, 127–136.

Fry, B.G., Wroe, S., Teeuwisse, W., van Osch, M.J., Moreno, K., Ingle, J.,
McHenry, C., Ferrara, T., Clausen, P., Scheib, H., Winter, K.L.,
Greisman, L., Roelants, K., van der Weerd, L., Clemente, C.J.,
Giannakis, E., Hodgson, W.C., Luz, S., Martelli, P., Krishnasamy, K.,
Kochva, E., Kwok, H.F., Scanlon, D., Karas, J., Citron, D.M., Goldstein, E.J.
, McNaughtan, J.E., Norman, J.A., 2009c. A central role for venom in
predation by Varanus komodoensis (Komodo Dragon) and the extinct
giant Varanus (Megalania) priscus. Proceedings of the National
Academy of Sciences of the United States of America 106, 8969–8974.

Fry, B.G., Roelants, K., Winter, K., Hodgson, W.C., Griesman, L., Kwok, H.F.,
Scanlon, D., Karas, J., Shaw, C., Wong, L., Norman, J.A., 2010a. Novel
venom proteins produced by differential domain-expression strate-
gies in beaded lizards and gila monsters (genus Heloderma). Molec-
ular Biology and Evolution 27, 395–407.

Fry, B.G., Winter, K., Norman, J.A., Roelants, K., Nabuurs, R.J., van Osch, M.J.,
Teeuwisse, W.M., van der Weerd, L., McNaughtan, J.E., Kwok, H.F.,
Scheib, H., Greisman, L., Kochva, E., Miller, L.J., Gao, F., Karas, J.,
Scanlon, D., Lin, F., Kuruppu, S., Shaw, C., Wong, L., Hodgson, W.C.,
2010b. Functional and structural diversification of the Anguimorpha
lizard venomsystem.Molecular and Cellular Proteomics 9, 2369–2390.

Fry, B.G., Scheib, H., Junqueira de Azevedo, I.L.M., Silva, D.A., Casewell, N.R.
Novel transcripts in the maxillary venom glands of advanced snakes
encoding for potentially new toxin classes. Toxicon, in press.

Fry, B.G., 2005. From genome to “venome”: molecular origin and evolu-
tion of the snake venom proteome inferred from phylogenetic anal-
ysis of toxin sequences and related body proteins. Genome Research
15, 403–420.

Gillespie, D., Frye, F.L., Stockham, S.L., Fredeking, T., 2000. Blood values in
wild and captive Komodo dragons (Varanus komodoensis). Zoo Biology
19, 495–509.

Gravlund, P., 2001. Radiation within the advanced snakes (Caenophidia)
with special emphasis on African opistoglyph colubrids, based on
mitochondrial sequence data. Biological Journal of the Linnean
Society 72, 99–114.

Gregory, P.T., Macartney, J.M., Rivard, D.H., 1980. Small mammal predation
and prey handling behavior by the garter snake Thamnophis elegans.
Herpetologica 36, 87–93.

Hayes, W.K., Lavinmurcio, P., Kardong, K.V., 1993. Delivery of duvernoy
secretion into prey by the brown tree snake, Boiga irregularis (Ser-
pentes, Colubridae). Toxicon 31, 881–887.

Hocknull, S.A., Piper, P.J., van den Bergh, G.D., Due, R.A., Morwood, M.J.,
Kurniawan, I., 2009. Dragon’s paradise lost: palaeobiogeography,
evolution and extinction of the largest-ever terrestrial lizards (Vara-
nidae). PLoS One 4, e7241.

Hooker, K.R., Caravati, E.M., 1994. Gila Monster envenomation. Annals of
Emergency Medicine 24, 731–735.

Hooker, K.R., Caravati, E.M., 1995. Gila monster envenomation (VOL 24, PG
731, 1994). Annals of Emergency Medicine 25, 47.

Jackson, K., 2003. The evolution of venom-delivery systems in snakes.
Zoological Journal of the Linnean Society 137, 337–354.

Jorge da Silva, N., Aird, S.D., 2001. Prey specificity, comparative lethality
and compositional differences of coral snake venoms. Comparative
Biochemistry and Physiology C 128, 425–456.

Junqueira-de-Azevado, I.L.M., Ching, A.T.C., Carvalho, E., Faria, F.,
Nishiyama Jr., M.Y., Ho, P.L., Diniz, M.R.V., 2006. Lachesis muta
(Viperidae) cDNAs reveal diverging pit viper molecules and scaffolds
typical of cobra (Elapidae) venoms: implications for snake toxin
repertoire evolution. Genetics 172, 877–889.

Kardong, K., 1980. Evolutionary patterns in advanced snakes. American
Zoologist 20, 269–282.

Kardong, K.V., 1996. Snake toxins and venoms: an evolutionary
perspective. Herpetologica 52 (1), 36–46.

Kardong, K.V., 2002. Colubrid snakes and Duvernoy’s “venom” glands.
Journal of Toxicology – Toxin Reviews 21 (1), 1–15.

Kochva, E., Gans, C., 1965. Venom gland of vipera palaestinae with
comments on glands of some other viperines. Acta Anatomica 62,
365–401.

Kochva, E., Wollberg, Z., Golani, I., 1985. The burrowing asps genus
Atractaspis, a tropical group of venomous snakes. Toxicon 23, 623.

Kochva, E., 1963. Development of venom gland and trigeminal muscles in
Vipera palaestinae. Acta Anatomica 52, 49–89.

http://dx.doi.org/10.1016/j.toxicon.2012.03.005


B.G. Fry et al. / Toxicon 60 (2012) 434–448 447
Kochva, E., 1978. Oral glands of the reptilia. In: Gans, C., Gans, K.A. (Eds.),
Biology of the Reptilia. Academic Press, London and New York, pp.
43–161.

Kochva, E., 1987. The origin of snakes and evolution of the venom appa-
ratus. Toxicon 25, 65–106.

Lawson, R., Slowinski, J.B., Crother, B.I., Burbrink, F.T., 2005. Phylogeny of
the Colubroidea (Serpentes): new evidence from mitochondrial and
nuclear genes. Molecular Phylogenetics and Evolution 37, 581–601.

Lee, M.S.Y., 2009. Hidden support from unpromising data sets strongly
unites snakes with anguimorph ‘lizards’. Journal of Evolutionary
Biology 22, 1308–1316.

Li, M., Fry, B.G., Kini, R.M., 2005a. Eggs-only diet: its implications for the
toxin profile changes and ecology of the marbled sea snake (Aipysurus
eydouxii). Journal of Molecular Evolution 60, 81–89.

Li, M., Fry, B.G., Kini, R.M., 2005b. Putting the brakes on snake venom
evolution: the unique molecular evolutionary patterns of Aipysuras
eydouxii (Marbled sea snake) phospholipase A(2) toxins. Molecular
Biology and Evolution 22, 934–941.

Lillywhite, H.B., 1996. Husbandry of the little file snake, Acrochordus
granulatus. Zoo Biology 15, 315–327.

Lumsden, N.G., Fry, B.G., Kini, R.M., Hodgson, W.C., 2004a. In vitro
neuromuscular activity of ‘colubrid’ venoms: clinical and evolu-
tionary implications. Toxicon 43, 819–827.

Lumsden, N.G., Fry, B.G., Ventura, S., Kini, R.M., Hodgson, W.C., 2004b. The
in vitro and in vivo pharmacological activity of Boiga dendrophila
(mangrove catsnake) venom. Autonomic and Autacoid Pharmacology
24, 107–113.

Lumsden, N.G., Fry, B.G., Ventura, S., Kini, R.M., Hodgson, W.C., 2005.
Pharmacological characterisation of a neurotoxin from the venom of
Boiga dendrophila (Mangrove catsnake). Toxicon 45, 329–334.

Mackessy, S.P., Sixberry, N.A., Heyborne, W.H., Fritts, T., 2006. Venom of
the Brown Treesnake, Boiga irregularis: ontogenetic shifts and taxa-
specific toxicity. Toxicon 47, 537–548.

McDowell, S.B., 1986. The architecture of the corner of the mouth of
colubroid snakes. Journal of Herpetology 20, 353–407.

Miller, M.F., 1995. Gila monster envenomation. Annals of Emergency
Medicine 25, 720.

Moreno, K., Wroe, S., Clausen, P., McHenry, C., D’Amore, D.C., Rayfield, E.J.,
Cunningham, E., 2008. Cranial performance in the Komodo dragon
(Varanus komodoensis) as revealed by high-resolution 3-D finite
element analysis. Journal of Anatomy 212, 736–746.

Mori, A., 1998. Prey-handling behavior of three species of homalopsine
snakes: features associated with piscivory and Duvernoy’s glands.
Journal of Herpetology 32 (1), 40–50.

O’Donnell, R.P., Staniland, K., Mason, R.T., 2007. Experimental
evidence that oral secretions of northwestern ring-necked snakes
(Diadophis punctatus occidentalis) are toxic to their prey. Toxicon
50, 810–815.

Ogawa, Y., Mamura, Y., Murayama, N., Yanoshita, R., 2006. Characteriza-
tion and cDNA cloning of dipeptidyl peptidase IV from the venom of
Gloydius blomhoffi brevicaudus. Comparative Biochemistry and Phys-
iology Part B: Biochemistry and Molecular Biology 145, 35–42.

Ogawa, Y., Murayama, N., Fujita, Y., Yanoshita, R., 2007. Characterization
and cDNA cloning of aminopeptidase A from the venom of Gloydius
blomhoffi bervicaudus. Toxicon 49 (8), 1172–1181.

Pawlak, J., Mackessy, S.P., Fry, B.G., Bhatia, M., Mourier, G., Fruchart-
Gaillard, C., Servent, D., Menez, R., Stura, E., Menez, A., Kini, R.M.,
2006. Denmotoxin, a three-finger toxin from the colubrid snake Boiga
dendrophila (mangrove catsnake) with bird-specific activity. Journal
of Biological Chemistry 281, 29030–29041.

Pawlak, J., Mackessy, S.P., Sixberry, N.M., Stura, E.A., Le Du, M.H., Menez, R.
, Foo, C.S., Menez, A., Nirthanan, S., Kini, R.M., 2009. Irditoxin, a novel
covalently linked heterodimeric three-finger toxin with high taxon-
specific neurotoxicity. FASEB Journal 23, 534–545.

Piskurek, O., Austin, C.C., Okada, N., 2006. Sauria SINEs: novel short
interspersed retroposable elements that are widespread in reptile
genomes. Journal of Molecular Evolution 62, 630–644.

Rochelle, M.J., Kardong, K.V., 1991. Constriction vs envenomation in prey
capture by brown tree snakes (Boiga irregularis). American Zoologist
31, A112.

Rochelle, M.J., Kardong, K.V., 1993. Constriction vs envenomation in prey
capture by brown tree snakes (Boiga irregularis) (Squamata, Colu-
bridae). Herpetologica 49, 301–304.

Rodríguez-Robles, J.A., Leal, M., 1993. Effects of prey type on the feeding
behavior of Alsophis portoricensis (Serpentes: Colubridae). Journal of
Herpetology 27 (2), 163–168.

Rodríguez-Robles, J.A., Thomas, R., 1992. Venom function in the Puerto
Rican Racer, Alsophis portoricensis (Serpentes: Colubridae). Copeia
1992 (1), 62–68.
Rodríguez-Robles, J.A., 1994. Are the Duvernoy’s gland secretions of
colubrid snakes venoms? Journal of Herpetology 28 (3), 388–390.

Rokyta, D.R., Wray, K.P., Lemmon, A.R., Lemmon, E.M., Caudle, S.B., 2011. A
high-throughput venom-gland transcriptome for the Eastern Dia-
mondback rattlesnake (Crotalus adamanteus) and evidence for perva-
sive positive selection across toxin classes. Toxicon 57 (5), 657–671.

Salomão, M. d. G., Laporta-Ferreira, I.L., 1994. The role of secretions from
the supralabial, infralabial, and Duvernoy’s glands of the slug-eating
snake Sibynomorphus mikani (Colubridae: Dipsadinae) in the immo-
bilization of molluscan prey. Journal of Herpetology 28, 369–371.

St Pierre, L., Birrell, G.W., Earl, S.T., Wallis, T.P., Gorman, J.J., de Jersey, J.,
Masci, P.P., Lavin, M.F., 2007. Diversity of toxic components from the
venom of the evolutionarily distinct black whip snake, Demansia
vestigiata. Journal of Proteome Research 6 (8), 3093–3107.

Strimple, P.D., Tomassoni, A.J., Otten, E.J., Bahner, D., 1997. Report on
envenomation by a Gila monster (Heloderma suspectum) with
a discussion of venom apparatus, clinical findings, and treatment.
Wilderness & Environmental Medicine 8, 111–116.

Sutherland, S., Tibballs, J., 2001. Australian Animal Toxins: The Creatures,
Their Toxins and Care of the Poisoned Patient, second ed. Oxford
University Press, Melbourne.

Sweet, S.S., Pianka, E.R., 2007. Monitors, mammals, and Wallace’s Line. In:
Boehme, W., Horn, H.-G., Krebs, U. (Eds.), Advances in Monitor
Research III. Mertensiella, vol. 16, pp. 79–99. Rheinbach.

Taub, A.M., 1967. Comparative histological studies on Duvernoy’s gland of
colubrid snakes. Bulletin of the American Museum of Natural History
138, 1–50.

Thomas, R., Leal, M., 1993. Feeding envenomation by Arrhyton exiguum
(Serpentes, Colubridae). Journal of Herpetology 27, 107–109.

Townsend, T.M., Larson, A., Louis, E., Macey, J.R., 2004. Molecular phylo-
genetics of Squamata: the position of snakes, amphisbaenians, and
dibamids, and the root of the squamate tree. Systematic Biology 53,
735–757.

Underwood, G., Kochva, E., 1993. On the affinities of the burrowing asps
Atractaspis (Serpentes, Atractaspididae). Zoological Journal of the
Linnean Society 107, 3–64.

Vaiyapuri, S., Wagstaff, S.C., Watson, K.A., Harrison, R.A., Gibbins, J.M.,
Hutchinson, E.G., 2010. Purification and functional characterization of
Rhiminopeptidase A, a novel aminopeptidase from the venom of Bitis
gabonica rhinoceros. PLoS Neglected Tropical Diseases 4 (8), e796.

Vidal, N., Hedges, S.B., 2002. Higher-level relationships of caenophidian
snakes inferred from four nuclear and mitochondrial genes. Comptes
Rendus Biologies 325, 987–995.

Vidal, N., Hedges, S.B., 2004. Molecular evidence for a terrestrial origin of
snakes. Proceedings of the Royal Society B – Biological Sciences 271
(Suppl 4), S226–S229.

Vidal, N., Hedges, S.B., 2005. The phylogeny of squamate reptiles (lizards,
snakes, and amphisbaenians) inferred from nine nuclear protein-
coding genes. Comptes Rendus Biologies 328, 1000–1008.

Vidal, N., Hedges, S.B., 2009. The molecular evolutionary tree of lizards,
snakes, and amphisbaenians. Comptes Rendus Biologies 332, 129–
139.

Vidal, N., Delmas, A.S., David, P., Cruaud, C., Couloux, A., Hedges, S.B., 2007.
The phylogeny and classification of caenophidian snakes inferred
from seven nuclear protein-coding genes. Comptes Rendus Biologies
330, 182–187.

Vidal, N., Azvolinsky, A., Cruaud, C., Hedges, S.B., 2008a. Origin of tropical
American burrowing reptiles by transatlantic rafting. Biology Letters
4, 115–118.

Vidal, N., Branch, W.R., Pauwels, O.S.G., Hedges, S.B., Broadley, D.G.,
Wink, M., Cruaud, C., Joger, U., Nagy, Z.T., 2008b. Dissecting the major
African snake radiation: a molecular phylogeny of the Lamprophiidae
Fitzinger (Serpentes, Caenophidia). Zootaxa, 51–66.

Vidal, N., Marin, J., Morini, M., Donnellan, S., Branch, W.R., Thomas, R.,
Vences, M., Wynn, A., Cruaud, C., Hedges, S.B., 2010. Blindsnake
evolutionary tree reveals long history on Gondwana. Biology Letters
6, 558–561.

Vidal, N., 2002. Colubroid systematics: evidence for an early appearance
of the venom apparatus followed by extensive evolutionary tinkering.
Journal of Toxicology – Toxin Reviews 21, 27–47.

Vonk, F.J., Admiraal, J.F., Jackson, K., Reshef, R., de Bakker, M.A.,
Vanderschoot, K., van den Berge, I., van Atten, M., Burgerhout, E.,
Beck, A., Mirtschin, P.J., Kochva, E., Witte, F., Fry, B.G., Woods, A.E.,
Richardson, M.K., 2008. Evolutionary origin and development of
snake fangs. Nature 454, 630–633.

Wagstaff, S.C., Harrison, R.A.H., 2006. Venom gland EST analysis of the
saw-scaled viper, Echis ocellatus, reveals novel a9b1 integrin-binding
motifs in venom metalloproteinases and a new group of putative
toxins, renin-like aspartic proteases. Gene 377, 21–32.



B.G. Fry et al. / Toxicon 60 (2012) 434–448448
Weinstein, S.A., Keyler, D.E., 2009. Local envenoming by the Western
hognose snake (Heterodon nasicus): a case report and review of
medically significant Heterodon bites. Toxicon 54, 354–360.

Weinstein, S.A., Warrell, D.A., White, J., Keyler, D.E., 2011. ‘Venomous’
Bites from Non-Venomous Snakes. A Critical Analysis of Risk and
Management of ‘Colubrid’ Snake Bites, first ed. Elsevier.

Wilson, S., Swan, G., 2010. A Complete Guide to Reptiles of Australia, third
ed. New Holland, Sydney.

Wollberg, M., Kochva, E., Underwood, G., 1998. On the rictal glands of
some atractaspid snakes. Herpetological Journal 8, 137–143.

Young, B.A., Kardong, K.V., 1991. Dentitional surface features in snakes.
American Zoologist 31, A51.

Young, B.A., Kardong, K.V., 1996. Dentitional surface features in snakes
(Reptilia: Serpentes). Amphibia-Reptilia 17, 261–276.
Young, B.A., Kardong, K.V., 2007.Mechanismscontrollingvenomexpulsion in
the western diamondback rattlesnake, Crotalus atrox. Journal of Experi-
mental Zoology Part A: Ecological Genetics and Physiology 307, 18–27.

Young, B.A., Zahn, K., 2001. Venom flow in rattlesnakes: mechanics and
metering. The Journal of Experimental Biology 204, 4345–4351.

Young, B.A., Blair, M., Zahn, K., Marvin, J., 2001. Mechanics of venom
expulsion in Crotalus, with special reference to the role of the fang
sheath. Anatomical Record 264, 415–426.

Young, B.A., Dunlap, K., Koenig, K., Singer, M., 2004. The buccal buckle: the
functional morphology of venom spitting in cobras. The Journal of
Experimental Biology 207, 3483–3494.

Young, B.A., Herzog, F., Friedel, P., Rammensee, S., Bausch, A., van
Hemmen, J.L., 2011. Tears of venom: hydrodynamics of reptilian
envenomation. Physical Review Letters 106, 198103.


	The structural and functional diversification of the Toxicofera reptile venom system
	1. Introduction
	2. Origin of venom proteins
	3. Ancestral Toxicofera reptile venom system
	4. Diversification of the anguimorph lizard venom system
	5. Diversification of the snake venom system
	6. An evolutionary definition of venom
	Acknowledgements
	Conflict of interest
	References


