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Chapter 1- Literature Review 
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2 - Abstract  
 
While the plasticity of snake venom composition has been investigated in a wide variety of 
contexts from ontogenetic (Alape-Girón et al., 2008; Cipriani et al., 2017; Gibbs et al., 2011; 
Guércio et al., 2006; López-Lozano et al., 2002; Madrigal et al., 2012; Wray et al., 2015; Zelanis et 
al., 2007; Zelanis et al., 2010) to seasonal variations (Antunes et al., 2010; Brahma et al., 2015; 
Sengupta et al., 1994), there is very little research at present that describes the effect of dietary 
change on the composition of venom in snakes. Gibbs et al., (2011) found some degree of 
plasticity in venom composition in response to dietary changes in adult Dusky Pygmy 
Rattlesnakes (Sistrurus miliarius barbourin). However, this study was primarily designed to 
investigate ontogenetic changes in venom composition in the absence of dietary changes and 
the sample size for adult snakes was small thus making it hard to draw any solid conclusions 
regarding the presence of phenotypic plasticity of venom composition in response to dietary 
change. In this thesis, I aim to explore the current literature surrounding this topic and then 
present my own research. In my research I carried out a controlled feeding experiment on 
neonatal Echis carinatus sochureki, raising some on an invertebrate only diet while raising others 
on a vertebrate only diet. I then analysed the protein composition of venoms from snakes 
belonging to each group. While I did not find any significant difference in the venom composition 
of vertebrate and invertebrate feeding snakes, I did see a pattern of slower ontogenetic 
development of venom composition amongst the invertebrate feeding snakes in comparison to 
the vertebrate feeding snakes. This was coupled with a higher mortality rate among invertebrate 
feeders and a significantly lower average weight of invertebrate feeders compared to vertebrate 
feeders.  
 
3 - An Introduction to the Thesis 
 
It is known that the diet of many snake species changes in response to a variety of factors. Many 
snakes show a season change in diet due to the changing availability of various food sources at 
different times of the year and ontogenetic changes in diet due to a change in the type of prey a 
snake is able to immobilize and swallow at different life stages (Antunes et al., 2010; Brahma et 
al., 2015; Brito, 2004; García & Drummond, 1988; Hirai, 2004; López et al., 2013; Mackessy et al., 
2003;  Natusch et al., 2012; Pough, 1977; Santos et al., 2000; Wray et al., 2015). A change in 
venom composition is also often observed ontogenetically and seasonally. Snakes also show 
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plasticity in venom composition geographically. Snakes from the same species but living in 
different areas of their range show different venom phenotypes (Cipriani et al., 2017; Gren et al., 
2017; Modahl et al., 2016; Neale et al., 2017; Williams and White, 1992). It is also safe to assume 
that there is likely to be at least some difference in prey communities across the range of most 
snake species. Thus, with all this considered, it is logical to ask the question ‘does diet directly 
affect venom composition?’. 
 
In this thesis I aim to investigate the effects of dietary change on venom composition by 
conducting a controlled feeding experiment on juvenile Pit Vipers (Echis carinatus sochureki), 
whereby I will raise some on an invertebrate diet and some on an invertebrate diet and analyse 
the changing compositions of venom in both groups. 
 
4 - A review of the Literature- Exploring phenotypic plasticity in the venom 
composition of snakes 

 
4.1 - Introduction 

Venoms are complicated mixtures of toxic compounds honed by natural selection to attack 
another organism at molecular levels for the primary purposes of prey subjugation or predator 
defence (Juárez et al., 2004; Zancolli et al., 2017). They contain a vast array of different 
compounds. For example, the Forest Cobra (Naja melanoleuca) produces venom containing 52 
different proteins (Lauridsen et al., 2017) and the Australian Scorpion (Hormurus waigiensis) 
produces a venom containing 182 distinct molecules (Housley et al., 2020). The compounds 
which make up venoms include peptides and proteins, amino acids, organic molecules, salts and 
minerals and amines and alkaloids (Fry et al., 2009). Venoms have evolved convergently across 
many taxa (figure 1), from jellyfish (Remigante et al., 2018) to mammals such as Shrews and Slow 
Loris’ (Ligabue-Braun, 2015). 



6 
 

 

Figure 1. A pruned and schematic phylogenetic tree summarising taxonomic diversity and primary functions of 
venom (Schendel et al., 2019). 

Aside from predator defence and prey subjugation, various taxa have also evolved a number of 
alternative uses for venom. Many invertebrates such as spiders use venom for the purposes of 
digestion as well as prey immobilisation (Kardong, 1996; Langenegger et al., 2019). Digestive 
properties of venom have also been suggested for various species of Squamate (an order of 
reptiles consisting of snakes, lizards and worm lizards) including the extant species of the family 
Helodermatidae (Gila Monsters etc), several species from the family Varanidae (monitor lizards) 
as well as species representing the three major families of venomous snake; Colubridae, 
Viperidae and Elapidae (Bottrall et al., 2010; Koludarov et al., 2017; Rodríguez-Robles & Thomas, 
1992, Thomas & Pough, 1979).  Far less commonly, some species have developed the use of 
their venom for mate competition. The Duck-Billed Platypus (Ornithorhynchus anatinus) injects 
venom from spurs positioned on its hind legs, these spurs are only present in the males of the 
species and enlarge during the breeding season due to their use in intraspecific mate 



7 
 

competition (Whittington & Belov, 2016). Slow Lorises (genus: Nycticebus) produce a venom by 
combining a secretion from the branchial gland on the arm with their saliva. This venom is used 
for defence and possibly intraspecific competition, but it also has another purpose; ectoparasite 
control. Species of Slow Loris groom their venom through their fur and through the fur of their 
offspring in order to reduce harm caused by ectoparasites such as fleas and ticks (Nekaris et al., 
2013). Most venomous animals pose minimal risk to humans due to lack of lethality, lack of 
interaction or lack of an adequate venom delivery system (Vetter & Visscher, 1998). However, 
one group of venomous animals have representatives which possess venom lethal to humans, 
come into regular contact with humans and have a delivery system capable of envenoming 
humans. These are the snakes. In Brazil (the most complete set of data present in the literature) 
snakes cause significantly more human deaths than any other venomous taxa (see table 1). 

Table 1- Yearly number of deaths caused by envenomation by taxa in Brazil, 2001-2012 (Chippaux, 2015) 

Year Unknown Snake Spider Scorpion Caterpillar Bee Total 
2001 6 70 9 44 0 5 134 
2002 3 114 2 58 0 15 192 
2003 9 120 5 51 0 7 192 
2004 4 114 5 42 4 9 178 
2005 4 113 9 48 3 13 190 
2006 2 76 9 28 0 13 128 
2007 13 132 20 66 0 19 250 
2008 17 122 22 88 4 11 264 
2009 14 131 21 94 1 33 294 
2010 12 132 17 67 2 30 260 
2011 17 143 19 86 4 31 300 
2012 10 127 16 97 2 30 282 
Total 111 1,394 154 769 20 216 2,664 
Mean ±95% CI 9.25 ± 3.1 116.17 ± 12.5 12.83 ± 4 64.08 ± 12.9 1.7 ± 0.9 18 ± 5.8 222 ± 34.2 

 

4.2 - Venom In Snakes 

Snakes (suborder; Serpentes) are perhaps the most medically significant clade to evolve venom. 
It is estimated that between 1.2 and 5.5 million people are bitten by snakes annually, these bites 
are estimated to result in around 400,000 amputations and anywhere between 20,000 and 
125,000 deaths a year (see table 2; Chippaux, 1998; Kasturiratne et al., 2008; Williams et 
al.,2010). The World Health Organisation (WHO) recognises about 250 snake species as “of 
medical importance” and recently recognised snakebite as a highest priority Neglected Tropical 
Disease in 2017 (WHO, 2019). The composition of a venom refers to the proteins and peptides 
present within the venom and the ratios at which they occur. The venom from a single species of 
snake can vary in composition for a variety of reasons from range (Girón et al., 2018) to 
ontogeny (Amazonas et al., 2018) to sex (Amorim et al., 2018; Augusto-de-Oliveira et al., 2016).  

 

Table 2- Estimated numbers of bites, envenomation and deaths caused by snakes worldwide (Chippaux, 1998). * 
Population at risk. 
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 Population (X106) Total number of bites No. of envenomations No. of deaths 
Europe  730 25,000 8,000 30 
Middle East 160 20,000 15,000 100 
USA and Canada 270 45,000 6,500 15 
Central and South America  400 300,000 150,000 5,000 
Africa 760 1,000,000 500,000 20,000 
Asia 3,500 4,000,000 2,000,000 100,000 
Oceania 20* 10,000 3,000 200 
Total 5,840 5,400,000 2,682,500 123,345 

 

4.2.1 - Functions of Venom In Snakes 

The venom of snakes predominantly has a single purpose; the immobilization (not necessarily 
death) of prey (Calvete et al., 2005). This is reflected by the common occurrence of specific prey 
lethality in snake venoms. Coral snake (Micrurus sp.) venoms show higher lethality for natural 
prey than for non-prey species (da Silva and Aird, 2001). Similarly, several species from the 
families Viperidae and Colubridae show strong evidence of prey specificity in venom composition 
(Casewell et al., 2013; Daltry et al., 1996; Modhal et al., 2016). Despite prey capture being the 
primary function of venom in snakes, the majority of snake species (including most venomous 
snakes) bite defensively (Hayes et al., 2002). Therefore, it can be argued that snake venom has 
the secondary function of predator defence. The most extreme cases of snakes using venom as a 
defence come from the spitting cobras. Spitting is a behaviour which occurs in several species 
from the genus Naja. Spitting cobras use very sophisticated aiming techniques and 
morphologically adapted fangs (figure 2; Berthé et al., 2009; Paterna, 2019; Westhoff et al., 
2005) in order to spray venom into a would-be predator’s eyes and thus cause extreme 
discomfort and often blindness (Berthé et al., 2013; Westhoff et al., 2010).  
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Figure 2. Examples of venom spay aiming by the spitting cobra, Naja pallida (a–d) on real-size pictures of human 
faces with altered eye positions. The spitting pattern of a different species of Spitting Cobra, Naja nigricollis to a real 

face protected with a visor that was covered with a transparent foil, is shown (e). Center of individual spitting 
patterns (dots) and average of all spitting pattern centres (square) are shown for N. pallida (f) and N. nigricollis (g). 

This figure shows eye aiming behaviour exhibited by Spitting Cobras. 

Similarly, it has been suggested that other species have also developed a defensive function for 
venom. The Texas Coral Snake (Micrurus tener tener) has a component in its venom known as 
MitTx, which acts entirely for the purpose of inflicting pain (Bohlen et al., 2011). Pain serves no 
real purpose in the restraining of prey; in fact, it could be argued that inflicting pain will cause 
prey to retaliate more and so inhibit a snake’s ability to restrain a prey item. Thus, it appears that 
the M. t. tener has evolved a venom toxin which serves an anti-predator function. With the 
primary function of snake venom being prey capture, a less specific and more generic venom 
would be more useful as it would not limit possible prey items. However, if a snake species feeds 
almost exclusively on a single prey type, then specific venom may be more effective for the 
subjugation of its prey and may also be energetically cheaper to produce. Also, as a snake grows, 
the prey it feeds off as well as the predators which prey upon it are likely to change. Therefore, 
an ontogenetic change in venom composition may occur in order to deal specifically with new 
prey items or predators. These points will be discussed in depth in the sections ahead. 

4.2.2 - Origin and evolution of Snake Venom 

Venom glands in snakes (figure 3) are thought to have evolved from salivary glands in non-
venomous ancestors (Gibbs et al., 2011; Kochva, 1987).  
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Figure 3. A dissection photograph and scientific diagram showing the derived fang, venom duct, venom gland and 
compressor muscle of a Russell’s Viper (Daboia siamensis). Vipers and Elapids have more derived venom glands than 

rear-fanged colubrids (Warrell, 2010). 

Some extant mammal species show the evolution of toxic protein production from the salivary 
gland, namely species among the order Eulipotyphla (Shrews, Moles, Solenodon etc) belonging 
to the genera Solenodon, Blarina and Neomys (Kowalski and Rychlik, 2018). Furthermore, the 
venom of many snake species may play a role in digestion similar to many proteins found in 
saliva (Bottrall et al., 2010; Koludarov et al., 2017; Rodríguez-Robles & Thomas, 1992, Thomas & 
Pough, 1979). Mexican Beaded Lizards (Heloderma horridum) and Northern Short-Tailed Shrews 
(Blarina brevicauda) have shown convergent evolution of serine protease toxins (BLTX in B. 
brevicauda, GTX in H. horridum) by the process of acquiring small insertions followed by rapid 
sequence evolution (Aminetzach et al., 2009). This shows the process by which the salivary gland 
may begin to produce a variety of toxin proteins and thus supports the theory that venom glands 
in snakes are a descendant of salivary glands in non-toxic ancestors. Furthermore, two venom 
protein families; CRISPs (cysteine-rich secretory proteins) and kallikrein toxins both have been 
shown to have derived via modifications of existing salivary proteins (Fry, 2005). 

However, a venom is useless without a delivery system. Snakes have developed 3 different forms 
of derived dentition in order to deliver their venom (figure 4; Vonk et al., 2008). Venomous 
Colubrids have developed fixed fangs in the rear of their mouth with a groove for venom to run 
down into a wound inflicted by the fangs (opisthoglyphous fangs) this is a fairly basic method of 
venom delivery as the venom needs to be ‘chewed’ into a wound in order to be delivered. 
However, Vipers and Elapids have both evolved far more derived and sophisticated venom 
delivery systems. Both Elapids and Vipers have evolved hollow syringe-like fangs 
(proteroglyphous and solenoglyphous fangs respectively) however the fangs of Elapids are fixed 
in place in contrast to the fangs of Vipers which are hinged. The Fangs of the Vipers are the most 
derived (Vidal, 2002), the joint between the fangs and the maxilla allows the fangs to be tucked 
back and so, far larger fangs can develop (Cundall, 2009). Extremely large fangs are useful due to 
the physical trauma that a bite can cause as well as the shock caused to prey via a bite. In many 
instances, it is very possible that the physiological damage inflicted by a bite will cause death or 
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immobilization before venom takes effect. This means that potentially dangerous prey such as 
large rodents are less likely to be able to injure the snake during a struggle (Glaudas et al., 2017).    

 

Figure 4. The venom delivery systems for a Colubrid (Natrix natrix), an Elapid (Naja siamensis) and a Viper 
(Trimeresurus hageni). Also present is the dentition of a Boid, which have no venomous representatives and so 

possess no venom delivery system. Also show are the evolutionary relationships between the three venom clades of 
snake as well as Boids (Vonk et al., 2008). 

Many snake venom proteins seem to have an evolutionary origin in other common house-
keeping proteins (Fry, 2005; Fry & Wüster, 2004). This concept informs the hypothesis that snake 
venom proteins are recruited via the duplication and mutation of genes coding for house-
keeping proteins (Vonk et al., 2013; Wong & Belov, 2012). In Pythons, venom gene homologues 
were found to be expressed widely throughout tissues outside of oral glands (Reyes-Velasco et 
al., 2015). All Pythons are considered to be entirely non-venomous. Therefore, the presence of 
homologous venom genes supports the idea that venom coding genes in Caenophidians (clade 
including Colubrids, Elapids and Vipers) derived from these homologues via duplication and 
mutation (Casewell et al., 2012) and were recruited to the salivary gland (Lomonte & Rangel, 
2012). However, gene duplication is known to be a rare event, in eukaryotes gene duplication is 
estimated to occur at a rate of 1 gene per million years (Lynch & Conery, 2000). Additionally, the 
recruitment of these mutated gene duplications to new tissues (neofunctionalization) is even 
rarer. Another theory was proposed by Hargreaves et al (2014) who found that many proposed 
venom proteins are expressed in a wide range of tissues including the salivary glands of non-
venomous reptiles. This theory suggests that genes present in salivary glands duplicate and 
mutate into venom protein coding genes, these genes are then restricted to salivary glands post-
duplication (sub-functionalization) as opposed to being recruited to salivary glands from other 
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tissues in the body. Regardless of theory it seems that venom toxins originate from proteins 
present in a wide variety of tissues in non-venomous ancestors via gene duplication and 
mutation. 

4.2.3 - Composition of Venom in Snakes 

As previously mentioned, snake venoms are very complex mixtures of bioactive proteins and 
peptides comprising of at least 63 different protein families each containing several specific 
toxins (Tasoulis & Isbister, 2017). The venom of the Indian Cobra (Naja naja) has been found to 
contain as many as 81 different proteins and peptides (Choudhury et al., 2017). Peptides consist 
of two or more amino acids in a chain whereas proteins refer to one or more polypeptides and 
so are larger molecules. Similarly, the venom of the Saw-Scaled Viper (Echis carinatus carinatus) 
contains up to 90 different proteins from 15 different protein families (Patra et al., 2017). In 
contrast the venom of the Brazilian wasp, Polybia paulista contains only 23 venom proteins (de 
Souza et al., 2019) similarly, the venom of the Blue-Ringed Octopus (Hapalochlaena maculosa) 
was also found to contain only 23 toxins (Whitelaw et al., 2016). This illustrates the comparative 
complexity and diversity of snake venoms and their components. However, the medically 
significant Indian Red Scorpion (Mesobuthus tamulus) also has a highly complex venom 
containing up to 110 venom toxins (Das et al., 2020). Furthermore, the venom of the medically 
significant wandering spider (Phoneutria nigriventer) is estimated to contain up to 150 peptides 
(Peigneur et al., 2018). Some of the most complex venoms belong to the Cone Snails (family: 
Conidae), this family contains over 800 species which each produce over 1000 venom peptides 
although a lot of these peptides are shared across species (Himaya & Lewis, 2018). 

The effects of snake venom proteins can be broadly split into three major categories; neurotoxic, 
cytotoxic and haemotoxic (Munawar et al., 2018). 

Neurotoxins- 

Neurotoxins affect synaptic junctions and so either promote or inhibit synaptic function. Synaptic 
junctions are where two nerve cells connect and signalling chemicals known as 
neurotransmitters are released by one cell and received by the other in order to produce a 
reaction to a stimulus. Due the nature of their purpose, neurotoxins are highly specific to 
particular biological pathways and so have radiated into a vast array of different toxin families, 
which act on specific biological pathways. Here we provide a brief summary of the different 
types of neurotoxins present in snake venom and the functions they serve. Neurotoxic venom 
proteins and peptides often affect neuromuscular synapses (synapses between nerves cells and 
muscle cells) causing symptoms such as general muscular paralysis, respiratory paralysis and 
rapid muscle contraction (figure 5; Aminoff et al., 2014; Silva et al., 2016). Three-finger toxins 
(3FTxs) are a large family of polypeptides which bind to a huge variety of receptors and 
acceptors causing an enormous variety of effects in prey (Kini and Doley, 2010). Several 
polypeptides from the 3Txs family exhibit neurotoxic effects. Curaremimetic Toxins, Muscarinic 
Toxins and K-Neurotoxins each act on different aspects of the cholinergic system thus inhibiting 
nerve cells that rely on the neurotransmitter Acetylcholione. Acetylcholinesterase Inhibitors 
inhibit acetylcholinesterase at neuromuscular junctions causing involuntary muscle contractions 
(Tu, 2012). Non-Conventional 3FTxs (previously known as weak neurotoxins) bind to 



13 
 

acetylcholine receptors at micromolar concentrations, these toxins can cause an increase in 
blood pressure and a decrease in heart rate (Kini and Doley, 2010). Ion Channel blockers often 
inhibit acid-sensing ion channels causing analgesic effects such as drowsiness and dizziness 
(Munawar et al., 2018). Neurotoxins can also affect homeostasis by influencing the release and 
regulation of various hormones thus inhibiting or promoting systems reliant on endocrine 
signalling. Natriuretic Peptides in vertebrates are housekeeping compounds, which play a vital 
role natriuresis, in mammals these peptides are used to regulate cardiovascular and renal 
functions in an endocrinal manner. After envenomation, Natriuretic peptides interfere with 
pressure-volume homeostasis of body fluids and often cause a reduction in blood pressure, 
which often results in loss of consciousness in prey (Vink et al., 2012). Bradykinin Potentiating 
peptides have been found to function as natriuretic peptides in the brains of some snakes. They 
are also natural inhibitors of angiotensin-converting enzymes, which are used to raise blood 
pressure. When injected into prey they cause a severe drop in blood pressure often resulting in 
loss of consciousness (Sciani and Pimenta, 2017). Crotamines (AKA myoneurotoxins) are a toxin 
family found in Rattlesnake venoms, which show both neurotoxic and cytotoxic effects. These 
toxins have been shown to display analgesic properties far more potent than morphine, causing 
a lack of coordination in prey. Crotamines also penetrate muscle tissue causing necrosis 
(Munawar et al., 2018). Cystine-rich secretory proteins (CRISPs) are another major family of 
venom neurotoxins which inhibit the smooth contraction of muscle and cyclic nucleotide-gated 
ion channels (Yamazaki & Morita, 2004). 
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Figure 5. Schematic representation of a neuromuscular junction and the sites of action of various neurotoxins. 
Neurotoxins work on a variety of aspects of the neuromuscular junction to cause either paralysis or muscular spasm.  

Cytotoxins- 

Cytotoxins act at the cellular level by breaking down cell membranes, often resulting in local 
tissue damage and necrosis (Gasanov et al., 2014). Cytotoxins such as phospholipases A2 (PLA2) 
often damage muscle tissue around the bite site this is referred as a myotoxic affect (figure 6). 
Cytotoxins can also depolarise cells as in the case of cardiotoxins. Cardiotoxins have a high 
membrane perturbation ability and so cause cellular injury and are often related to local 
muscular and tissue damage/necrosis in bite victims. These effects can also lead to cardiac 
arrhythmias due to the depolarisation of cardio-muscular cells (Hedge et al., 2016). Many 
cytotoxic proteins can also be classed as haemotoxic as they affect and break down blood cells 
and the cells of blood vessels causing mass haemorrhaging. Cytotoxins are also often associated 
with digestive properties in venom due to their cell membrane perturbation properties, often 
envenomed prey items have been shown to take less time to be digested by the envenomating 
snakes (Cedro et al., 2018). 

 

Figure 6. Degeneration of skeletal muscle tissue induced by venom phospholipases A2 (Gutiérrez & Ownby, 2003). 

 

Haemotoxins are toxins which affect the circulatory system of an animal. As mentioned above, 
many haemotoxins work by the lysis of the cell membrane in blood cells. Cathelicidins, are an 
important aspect of the innate immune system and are commonly documented in mammals. 
These peptides are also now known to be produced in the venom glands of certain snakes and 
are very common in the venom glands of Elapids. In snakes these toxins provide a similar 
function but have also been seen to show haemolytic activity when injected into prey (Zhao et 
al., 2008). Snake venom metalloproteinases (SVMPs) are a common family of haemotoxins which 
cause lysis of blood cells leading to haemorrhaging effects (see figure 7; Katkar et al., 2015; 
Knight et al., 2019) as well as having fibrinolytic, prothrombotic, pro-coagulatory and platelet 
aggregatory inhibiting affects (Markland & Swenson, 2013). Platelet Aggregation Inhibitors 
inhibit the activity of fibrinogen and so prevent coagulation of blood thus causing excessive 
bleeding (Teng and Huang, 1991). Kunitz-Type Serine Protease Inhibitors are a very common 
family of toxins found in the venoms of several Elapids and Vipers. These toxins are thought to 
affect a prey’s homeostasis and interfere with the blood coagulation cascade (Munawar et al., 
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2018). Disintegrins are a peptide family believed to serve the function of distribution of other 
toxins throughout tissues after envenomation. The toxins are thought to bind to integrins and 
inhibit platelet aggregation from occurring immediately after envenomation (Cesar et al., 2019). 
This prevents thrombosis in prey and so allows blood to continue to flow thus distributing venom 
more thoroughly throughout the prey’s tissues and circulatory system. These toxins are found 
mainly in Viperidae snakes and make up close to a fifth of total venom proteins in this clade 
(Munawar et al., 2018). 

 

Figure 7. The haemorrhagic effect of haemotoxic venom proteins on blood vessels as seen when venom from 
various viper species was introduced to the chick chorioallantoic membrane (Knight et al., 2019). 

4.2.4 - The Phenotype of Venom and Dietary Adaptation 

As may be assumed, given the diversity of different snake venom toxins which exist, the mass 
taxonomic radiation of Snakes and wide variety of diets present in snakes, the composition of 
their venom varies across clades (Sousa et al., 2013). Different housekeeping proteins have been 
weaponised (Richards et al., 2011) by different species and combined in different ratios to 
produce a massive variety of venom phenotypes observed across venomous snakes in order to 
subdue different prey types (figure 8). Snakes as a clade, have a vast arsenal of venom toxins at 
their disposal and thus, it is to be expected that the phenotype of venom composition in snakes 
is likely to be a plastic one (Amazonas et al., 2018; Amazonas et al., 2019; Gibbs et al., 2011). This 
is illustrated by the presence of variation in the venom phenotype at all taxonomic levels from 
family to individual (Mackessy et al., 2018; Nawarak et al., 2003; Petras et al., 2019; Sousa et al., 
2013). However, not all toxins within a snake’s venom are functional. It is likely that some 
components of venoms do not play a role in prey subjugation and are simply left over from the 
evolutionary origins of the venom. For example, the Marbled Sea Snake (Aipysurus eydouxii), 
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have a venom which is fairly non-functional given its diet of fish eggs (Li et al., 2005). It is also 
possible that non-functional venom proteins may still be present in some species due to leaky 
transcription. Leaky transcription refers to transcription which still takes place even when an 
inhibitor is present or promoter is absent (Alarcon et al., 1999). Perhaps, also the presence of 
non-specific/non-functional venom proteins may support the overkill hypothesis which suggests 
that snakes produce far more venom containing far more compounds than are necessary for the 
capture of prey (Gangur et al., 2018). 

 

Figure 8. Protein family distribution (venom phenotype) for the venoms of four species of snake from two genera 
(Sousa et al., 2013). The venom of all four species have SVMP-III (snake venom metalloproteinases) as their most 

abundant venom protein family. The overall composition of each of the snakes venom does however vary to a large 
degree. 

 

Phenotypic plasticity refers to an organism’s ability to change a phenotype in response to 
environmental or internal changes undergone by the organism (Price and Qvarnström, 2003). 
For example, it has been observed that juvenile shore crabs (Carcinus maenas) are able to 
lighten or darken the colour of their carapace in a matter of hours in response being placed on 
either a white or a black background (Stevens et al., 2014). In terms of behavioural phenotypes, 
a species of nematode worm (Pristionchus pacificus) has been observed to change its feeding 
behaviour between predatory and bacterivorous (Sommer et al., 2017). This plasticity is 
controlled by developmental switch genes which are, in turn, under epigenetic control. This form 
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of phenotypic plasticity is relevant because it doesn’t suggest differential gene duplication and 
loss as the cause of phenotypic change. Instead, it suggests that the genome remains the same 
but different genes/combinations of genes can be expressed in order to change a trait. Maybe, in 
snakes, gene expression can be controlled in response to a stimulus in order to cause a change in 
venom phenotype. Perhaps more relevantly, mice were found to change their saliva composition 
in response to tannin levels in their food (Da Costa et al., 2008). Mice given a diet with higher 
concentrations of tannins produce more tannin-precipitating proteins within their saliva this is 
another example of phenotypic plasticity. Regarding venom composition, the phenotype refers 
to the toxins present within the venom and the ratios in in which they appear (Núñez et al., 
2009). Snake venom composition is known to show phenotypic plasticity in response to a variety 
of factors from geographical range to season and age of an individual (Cipriani et al., 2017; Gren 
et al., 2017; Modahl et al., 2016; Neale et al., 2017; Williams and White, 1992). However, as we 
aim to develop the treatment of snakebite, it is of the greatest importance that we fully 
understand all the causes of variation in the venom composition of medically significant snakes. 
In order to further our understanding, it is vital that we conduct research to determine which 
environmental factors may influence the phenotype of venom in snakes.   

4.2.5 - The Treatment of Snakebite 

Anti-venom is the only current effective treatment for snakebite (Williams et al., 2019). Anti-
venoms are produced by injecting animals (usually horses) with sublethal doses of snake venom. 
The animal’s plasma is then harvested, and the antibodies produced to counter the effects of the 
venom are refined (Theakston et al., 2003). These antibodies can then be used to treat the 
effects of snakebite in human cases. As such, anti-venoms are generally species specific as 
different venoms require specific antibodies to counter their effects (Visser et al., 2008). The 
antivenom produced will only be truly effective at treating a bite from a snake with the same 
venom composition as the venom used to produce the antibodies. Therefore, it is important to 
develop anti-venoms which are affective at treating bites from snakes with different venom 
compositions within a species. Thus, research into the mechanisms driving variation in snake 
venom composition is vital to better understand how to treat snakebite. 

4.3 - Snake Venom Variation 

4.3.1-  Genetic and Epigenetic variation 

There are, of course, a variety of possible factors which may cause variation in the composition 
of snake venoms. Some papers have linked abiotic factors such as climatic changes (precipitation 
and temperature) and elevation across a snake’s range to variation in venom composition 
(Holding et al., 2018; Strickland et al., 2018; Sunagar et al., 2014). Although these abiotic factors 
are often found to have a fairly small effect on venom variation. Holding et al., (2018) found that 
abiotic factors accounted for only 19% of variation seen in the venom composition of Northern 
Pacific Rattlesnakes (Crotalus oreganus). In that same study genetic differentiation between 
populations was found to account for 46% of variation seen in the venom of C. oreganus. 
Similarly, several other studies have found that genetic differentiation is responsible for 
differences in venom composition (Dagda et al., 2013; Dowell et al., 2018; Strickland et al., 2018; 
Wooldridge et al., 2001). Genetic differentiation between populations caused by natural 
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selection is likely to be driven by differences in prey communities. However this evidence 
suggests that diet does not have a direct influence on venom composition but rather causes a 
strong selective pressure and thus allows the successful inheritance of certain venom coding 
genes.  

Epigenetic inheritance refers to inheritance which occurs ‘outside the gene’. This generally 
means that although the genes inherited by offspring are the same, their expression is affected 
by the parents of a snake. This could refer to the inheritance of inhibitors or promoters of certain 
genes. In Eastern Diamondback Rattlesnakes (Crotalus adamanteus) and in Cottonmouths 
(Agkistrodon piscivorous piscivorous) variation in venom which enables the non-lethal 
subjugation of frogs was found to be passed on through epigenetic mechanisms (Gennaro et al., 
2007). 

 

4.3.2 - Interspecific variation 

There is debate within the literature regarding when, in the evolutionary history of snakes, the 
venom system first evolved. Some argue that the venom system evolved once, very early in 
squamate radiation (Fry et al., 2017), this is known as the toxicofera hypothesis. Whereas others 
believe that venom has evolved many times far more recently in many reptiles (Hargreaves et al., 
2014; Hargreaves et al., 2017). Both theories go a long way to explain the high degree of 
variation of venom composition and apparatus in snakes. If the toxicofera hypothesis is to be 
believed, then reptiles have possessed venom for a very long evolutionary period thus allowing 
for extensive radiation and variation of venom systems through the loss or recruitment of certain 
genes. Additionally, if the toxicofera hypothesis is not to be believed then we can assume that 
venom systems have evolved several times in various lineages in novel ways, this would also 
explain the high levels of variation in squamate venom systems. However, the presence of 
venom coding genes in a snake species’ genome doesn’t necessarily mean that the same venom 
toxin will be present within the venom of all snakes from that species. The process by which a 
specific gene loci is used to synthesise a specific protein is a multi-level process with several 
stages (figure 9) where the process can be halted by gene regulation (Casewell et al., 2014; 
Dowell et al., 2016). A section of DNA coding for a specific venom protein may not be transcribed 
into RNA in certain species or even in individuals within a species (Hargreaves et al., 2014). 
Similarly if a gene is transcribed into RNA it may not then be translated into a protein. Even if a 
protein is synthesised it may not end up in the venom of the snake. This means that in two 
species with very similar genomes and lots of similar gene loci for specific venom proteins, not all 
venom coding genes may be expressed and so the venom phenotype of the two species may 
vary (Gibbs et al., 2009).   
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Figure 9. The stages involved in the expression of proteins from DNA.  Image Copyright: Alila Medical Media / 
Shutterstock. 

A lot of this interspecies venom variation (Gregory-Dwyer et al., 1986) is often put down to 
genetic divergence and gene regulation (Zancolli et al.,2019), however it is also likely that prey 
specificity is at least partially responsible for venom variation. Different snake species feed on a 
huge variety of prey, from eggs to slugs to mammals. Diversity in the physiology of prey means 
that different venom toxins will work at various levels of effectiveness on specific prey groups. A 
good model of this is the Marbled Sea Snake (Aipysurus eydouxii) which feeds exclusively on fish 
eggs. Such a diet does not require the use of venom and so the toxicity of venom in A. eydouxii 
has decreased by up to 100-fold compared to other species of the same genus (Li et al., 2005) 
thus illustrating the direct relationship between diet composition and venom toxicity. This is 
exemplified by the wide pattern of specific lethality of venom on natural prey types observed 
across many snake species (da Silva et al., 2001; Barlow et al., 2009; Healy et al., 2019). This 
suggests that natural selection in relation to prey type is in part responsible for a great deal of 
the interspecies variation we see in the venom systems of snakes. 

Other than Darwinian evolution, there are possible molecular contributors to variation in venom 
composition. Hybridisation has been shown to dramatically affect the composition of snake 
venom within species which are able to inter-breed. Changes in venom composition as a result of 
hybridisation have been documented in the offspring of inter-breeding Crotalus scutulatus 
scutulatus and Crotalus oreganus helleri. These hybrids show a different venom composition 
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phenotype to both parents and exhibit characteristics of the venom composition of both C. s. 
scutulatus and C. o. helleri (Smith and Mackessy, 2016). Hybridisation allows cross-species gene 
flow thus allowing for new venom genes to be introduced from one species to another. 
However, this gene flow via hybridisation is not an example of plasticity as the venom 
composition is changing due to changes in the genome. 

4.3.3 - Intraspecific variation 

As previously mentioned, snake venom varies at every level, including the species level. The 
variation of a snake species venom can be linked to a variety of factors which are outlined ahead. 

Geographical Venom Variation-  

As previously mentioned, snake venom can vary at all taxonomic levels. Venom composition can 
vary between two closely related species of the same genus (Petrilla et al., 2014). Interestingly, 
venom variation does not stop at the generic level. A single species of snake can also exhibit 
multiple different venom phenotypes across its geographical range (Girón et al., 2018; Kalita et 
al., 2018; Zancolli et al., 2019). This is particularly well documented for the Lancehead (Bothrops 
asper) which is found in central America. It is known that the venom of B. asper varies 
significantly across its range (figure 10). Venom composition varies between populations of B. 
asper found in the north of their range, on the Caribbean coast and the south of their range on 
the Pacific coast (Alape-Girón et al., 2008) similar patterns can be seen in Venezuelan 
Lanceheads (B. venezuelensis) another species of the same medically significant genus (Girón et 
al., 2018). However, it is important to consider that the two populations of B. asper sampled by 
Alape-Girón et al., (2008) are geographically isolated by a mountain range (figure 11) and so it 
could be argued that these two species are currently undergoing evolutionary divergence which 
may explain the difference in venom composition found. Perhaps the variation of venom 
composition across a snake’s range is the result of sub-speciation. Differential duplication or loss 
of genes related to venom composition across sub-species would likely cause variation in the 
venom phenotype between sub-species. For example, venom phenotype has been found to vary 
between sub-species of the Anatolian Meadow Viper (Vipera anatolica anatolica and V. a. senliki) 
as well as between sub-species of the Desert Rattlesnake (Crotalus scutulatus scutulatus and C. s. 
salvini). These differences in venom composition are only minor but do corelate with differences 
in range (Dobson et al., 2018; Hempel et al., 2020). However, in the case of the Brazilian Tropical 
Rattlesnake (Crotalus durissus) two sub-species are present (C. d. cascavella and C. d. 
collilineatus). These sub-species share 90% of their venom proteome yet produce venoms which 
vary significantly in composition due to differences in the ratios at which certain proteins are 
expressed (Boldrini-França et al., 2010). This suggests that venom variation between sub-species 
may be the result of phenotypic plasticity in response to changing conditions across a 
geographical range (i.e. variation in prey community), differential gene duplication or loss or a 
combination of these two factors. In fact, it’s not unreasonable to assume that a variation in prey 
community may cause phenotypic plasticity in venom composition which may, in time, lead to 
differential gene duplication or loss in response to a new survival pressure.   
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Figure 10. venom protein compositions of pooled venom from adult B. asper from the Caribbean region of their 
range (A) and adult B. asper from the Pacific region of their range (B) (Alape-Girón et al., 2008). 

 

 

Figure 11. Physical map of Costa Rica showing the sampling sites for snakes in the Caribbean region (Bas(P)) and the 
Pacific region (Bas(C)). 

 

 

 

Sexual Venom Variation- 

It has also been suggested that venom composition may vary between sexes within a species 
(Furtado et al., 2006; Menezes et al., 2006; Pimenta et al., 2007). This may support a genetic 
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basis for variation in snake venom composition; perhaps certain venom coding genes are found 
on sex chromosomes. Alternatively, certain venom-coding genes could be regulated 
endocrinologically via hormones only present in one sex.  In snakes, females are heterogametic 
(ZW sex-determining chromosomes), and males are homogametic (ZZ sex-determining 
chromosomes). Therefore, if any venom-coding genes are present on the W chromosome only, 
then only females will possess that gene. Thus, if that gene is expressed, the venom of female 
snakes could possess a venom toxin not present in the venom of the male snakes. Alternatively, 
if there is a venom coding gene present on the Z chromosome then the male will have two 
copies of the gene and so may produce the venom toxin in greater quantities thus increasing in 
the concentration of that toxin the venom of male snakes.  

Seasonal Variation- 

The composition of venom has also been known to vary seasonally in snakes (Antunes et al., 
2010; Brahma et al., 2015; Sengupta et al., 1994). In Long-Nosed Vipers (Vipera ammodytes) two 
venom proteins which were expressed in the venom during summer months were not expressed 
at all during winter months (Gubenšek et al., 1974). However, a study on Southern Pacific 
Rattlesnakes (Crotalus viridis helleri), Northern Black-Tailed Rattlesnakes (C. molossus molossus) 
and Western Diamondback Rattlesnakes (C. atrox) showed the opposite. Venom composition did 
not change in individuals when natural seasonal weather was replicated in a lab using artificial 
lighting and heating over a 20-month period (Gregory-Dwyer et al., 1987).  However, this study 
did not control for the possibility that seasonal venom variation could possibly be triggered by 
seasonal changes in humidity, or seasonal fluctuations in prey abundance.  

The diets of snakes have been known to vary seasonally as prey communities and food 
availability varies (Brito, 2004; García & Drummond, 1988; Hirai, 2004; Santos et al., 2000). 
therefore, it is possible that seasonal variations in venom composition are the result of seasonal 
dietary changes in snakes. However, it may not be the case that venom composition changes in 
order to better suit dynamic prey communities. Rather, it could be the case that seasonal 
reductions in food availability reduce the health or metabolic function (Christian et al., 2007; 
Crews et al., 1987) of snakes thus reducing the production rates of metabolically expensive 
compounds such as venom proteins.  

It is also possible that venom may vary seasonally in line with mating seasons. Hormonal signals 
may be used to down regulate the production of venom proteins during mating seasons. This 
may occur due to the costly nature of mating, both the synthesise of gametes and courtship 
behaviours are often metabolically costly processes (Aubret et al., 2002; Friesen et al., 2017; 
Olsson et al., 1997). However, no research has yet been done to test whether or not venom 
composition varies in line with mating seasons. It is unlikely that this is the case given the vital 
importance of venom in prey subjugation and the direct survival benefits associated with having 
effective venom. Conversely, some snakes are known to fast while eggs are developing 
(Brischoux et al., 2011; Lourdais et al., 2002), this could lead to a down regulation in the 
production of venom proteins in female snakes. This down regulation (if present) could be for 
the purposes of energy conservation due to the lack of use of venom during the incubation of 
eggs. Again, it is important to acknowledge that there is no evidence present in the literature to 
suggest that venom composition changes in line with breeding seasons.  
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Ontogenetic Variation- 

Snake venom composition is a truly plastic phenotype and so varies at the intraspecific level. A 
commonly studied pattern of intraspecific variation of venom composition in snakes is 
ontogenetic variation. Many snakes show a change in venom composition as they grow. In the 
aforementioned study by Alape-Girón et al., (2008), ontogenetic variation of venom was also 
investigated in the lancehead viper B. asper (figure 12). Ontogenetic variation in snake venom 
composition is well documented (table 3) and recorded for many species in several studies 
(Cipriani et al., 2017; Gibbs et al., 2011; Guércio et al., 2006; López-Lozano et al., 2002; Madrigal 
et al., 2012; Wray et al., 2015; Zelanis et al., 2007; Zelanis et al., 2010). 

 

Table 3- A brief summary of the findings of 8 studies investigating ontogenetic variation of venom composition in a 
variety of vipers and elapids 

Paper- Study species- Ontogenetic diet 
shift- 

Ontogenetic venom shift- 

Alape-Girón et al., 
2008 

Fer-de-lance 
(Bothrops asper) 

None recorded Shift from PIII-SVMP rich to 
PI-SVMP rich venom as well 
as an increase in venom 
complexity. 

Cipriani et al., 2017 9 spp of Australian 
Brown Snakes 
(Pseudonaja) 

Refers to 
previously 
documented shift 
from reptilian diet 
to more 
generalized diet 

Shift from non-
coagulopathic to 
coagulopathic venoms in all 
9 spp 

Gibbs et al., 2011 Dusky Pygmy 
Rattlesnakes 
(Sistrurus miliarius 
barbouri) 

Diet was 
controlled so no 
natural shift 

No major shift in venom 
composition, but fine-scale 
changes in the abundance 
of several toxins 

Guércio et al., 2006 Common 
Lancehead (B. 
atrox) 

None recorded Differential expression of 
polypeptides caused shift of 
venom composition at each 
developmental stage  

López-Lozano et al., 
2002 

Common 
Lancehead (B. 
atrox) 

None recorded Human plasma coagulant 
activity was higher in 
juveniles, 23kDa protein 
found in adults but not 
juveniles  

Madrigal et al., 2012 Central American 
Bushmaster 
(Lachesis 
stenophrys) 

None recorded  Major shifts in toxin 
composition involving 
changes in the 
concentration of vasoactive 
peptides and serine 
proteinases  
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Wray et al., 2015 Timber 
Rattlesnakes 
(Crotalus horridus) 
and Eastern 
Diamondback 
Rattlesnake (C. 
adamanteus) 

Study carried out 
on neonates prior 
to first shed so 
before the first 
meal 

All snakes showed 
significant shifts in venom 
composition after postnatal 
ecdysis 

Zelanis et al., 2007 Golden Lancehead 
(B. insularis) 

Results are likely 
correlated with 
dietary habits, but 
no shift was 
recorded in this 
study  

Venoms from younger 
specimens showed higher 
coagulant activity  

Zelanis et al., 2010 Jararaca (B. 
jararaca) 

Shift from 
ectothermic to 
endothermic prey 

Adult venom was more 
lethal towards mice and 
juvenile venom was more 
lethal towards chicks. 
Juvenile venom showed 
human coagulant activity 
10X stronger than in the 
venom of adults 
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Figure 12. Comparison of venom composition of B. asper neonates (C, D) and B. asper adults (A, B) from the 
Caribbean region of their range (A, C) and the Pacific region of their range (B, D). In both B. asper populations, 

neonate venom contained notably more SVMPs (Snake Venom Metalloproteinases) and notably fewer PLA2 
(Phospholipase A2) proteins.  

These ontogenetic variations in snake venom composition are likely the result of the 
aforementioned process of gene regulation whereby certain genes are present but not 
expressed (Casewell et al., 2014; Dowell et al., 2016; Gibbs et al., 2009; Hargreaves et al., 2014). 
This regulation can happen at any one of three stages; transcription, translation or expression of 
the protein in the venom itself. Although the same venom coding genes will always be present 
throughout a snake’s development, the expression of said genes changes as the snake grows, 
causing an ontogenetic variation in snake venom composition (Durban et al., 2013; Gibbs et al., 
2009). This ontogenetic change in venom composition could be caused by a feedback-loop in the 
automatic nervous system in response to hormonal changes which occur at different life stages 
of the snake. This is the case for the regulation of several other protein coding genes in other 
animals (Álvarez-Campos et al., 2019; Enjapoori et al., 2017; Hirose et al., 2019; Mello et al., 
2019; Savino et al., 2016). This is supported by Durban et al (2013) who concluded that 
ontogenetic changes in venom composition were more likely to be caused by molecular gene 
regulation mechanisms than by a reaction to dietary change. 

However, another possible cause of ontogenetic shifts in venom composition is diet. A large 
array of snake species show ontogenetic shifts in diet composition (López et al., 2013; Mackessy 
et al., 2003; Natusch et al., 2012; Pough, 1977; Wray et al., 2015), as they grow different prey 
items become available to them. Certain venom proteins are effective against specific prey types 
(Gibbs & Mackessy, 2009; Lyons et al., 2020; Pawlak et al., 2009; Starkov et al., 2007) and so a 
change in venom composition is likely to aid in the subjugation of particular prey items. 
Therefore, it is possible that the change in diet is responsible for the change in venom 
composition although it is difficult to determine a cause and effect here. This effect may be due 
to gene regulation as a result of a feed-back loop in the automatic nervous system in response to 
the presence of different proteins within a snake’s diet. This would be similar to the response 
shown in mice to tannin rich foods (Da Costa et al., 2008). Alternatively, the change in venom 
composition could be the result of a more enriched diet. Larger snakes are likely to tackle larger 
prey and therefore have a more nutritious diet thus allowing for the production of more 
energetically costly compounds in the venom (McCue, 2006; Pintor et al., 2010; Smith et al., 
2014).  

Throughout a snake’s different life-stages, predation risks and predator response behaviours 
vary (Glaudas et al., 2006; Roth & Johnson, 2004). It is therefore possible that this is linked to 
ontogenetic shifts in venom composition. The Australian Rainforest Scorpion (Liocheles 
waigiensis) shows a shift in venom composition from offensive to primarily defensive in the 
presence of a predation risk (Gangur et al., 2017). However, this pattern is unlikely to be 
replicated in snakes as their venom is thought to be almost exclusively used for prey subjugation, 
not anti-predator defence (Calvete et al., 2005). This is illustrated by other ontogenetic 
adaptations shown by snakes for the purposes of predator defence such as changes in behaviour 
or colouration. The Eastern Racer (Coluber constrictor) changes from a blotched pattern as a 
juvenile (harder to detect when stationary) to a stripped/banded pattern as an adult (harder to 
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determine speed and direction when moving). This ontogenetic change in patterning in C. 
constrictor is accompanied by a change in anti-predator behaviour from aggressive fight 
responses in hatchlings to flight responses in adults (Creer, 2005). 

Furthermore, a study showed venom composition in captive Pacific Rattlesnakes (Crotalus 
oreganus) was not affected by researcher induced disturbance (Claunch et al., 2017). Researcher 
induced disturbance (enclosure shaking) is likely to mimic potential predator presence. The study 
species showed no changes in venom composition thus implying that predation risk does not 
influence changes in the venom composition of snakes, ontogenetically or otherwise.  

Diet Controlled Venom Variation- 

Phenotypic divergence as seen in snake venom composition is predominantly driven by a 
difference in selective pressures present in each location within a range (Schluter & Nagel, 
1995). In the case of snake venom, it can therefore be assumed that different venom 
compositions provide survival benefits in specific locations. In certain locations across a snakes 
range it is likely that the prey community will vary. Given that the primary use of venom in 
snakes is prey subjugation and that specific prey lethality of venom is common in snakes it can 
be assumed that prey community is a predominant factor in intraspecies variation of venom 
composition. There is a multitude of research supporting this hypothesis. Differences in the 
composition of the venom in the Malayan Pit Viper (Calloselasma rhodostoma) across its range 
are likely due to variation in prey community and thus diet of the snake (Daltry et al., 1996). This 
study dismissed both contemporary gene flow (estimated from geographical proximity) and 
phylogenetic relationships (assessed by analysis of mitochondrial DNA) as possible causes of 
geographical venom variation in C. rhodostoma. Instead concluding that venom variation across 
range is instead likely to be directly related to a geographical difference in prey community, as 
different prey species show differential susceptibility to different venom proteins. Given that the 
primary function of venom in snakes is prey subjugation, this explains the need for different 
venom phenotypes in order to subdue different prey species. A link between prey community 
and venom composition variation has also been suggested by a few other studies in a few other 
species. In the Echis genus (the study subject of this project), species with a more arthropod 
based diet had a venom with a higher specific lethality towards arthropods than species with a 
more vertebrate rich diet (Barlow et al., 2009). The Asian pit viper Trimeresurus stejnegeri was 
shown to have geographically variable venom composition. Research found that this variation 
was not the result of neutral molecular evolution, as previously assumed, but was in fact likely 
due to natural selection for regional diet (Creer et al., 2003). Gibbs et al (2011) found that Dusky 
Pygmy Rattlesnakes (Sistrurus miliarius barbouri) showed fine scale changes in venom 
composition when moved from a varied diet to a diet consisting entirely of either frogs, lizards or 
mice. Northern Pacific Rattlesnakes (Crotalus oreganus) also show significant venom variation 
across their range. A study found that although most of this variation could be explained by 
genetic differentiation (46% of total variation), differences in prey community composition were 
still responsible for 23% of total variation in venom composition (Holding et al., 2018). 
Additionally, the diet of several taxa has been shown to affect saliva composition (Da Costa et al., 
2008; Méjean et al., 2015). Given the likely evolutionary origin of venom glands being salivary 
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glands, this supports the theory that diet can directly influence venom composition as it can 
saliva composition.   

Contrary to this, it is thought that the venom of the Southern Pacific Rattlesnake (Crotalus 
oreganus helleri) is under the constraints of negative selection regarding diet and its venom is in 
fact evolving to become less specific (Sunagar et al., 2014). This makes evolutionary sense as 
venom which effectively subdues a greater variety of prey will allow a snake to take advantage of 
more potential food sources. However, this change could still be a response to dietary shift, 
perhaps several regular changes in prey community around a particular species of snake will 
drive the evolution of less prey-specific venom.  

Furthermore, it is likely that changes in prey community and diet will affect the venom 
composition of an individual snake throughout its lifetime. Differing prey communities are found 
in different areas of a snake’s rage, potentially relating to interspecific venom variation (Barlow 
et al., 2009; Creer et al., 2003; Gibbs et al., 2011; Holding et al., 2018). At the intraspecific level 
diet is also likely to have a significant effect on venom composition in snakes. As previously 
discussed, both ontogenetic and seasonal changes in venom composition can be easily linked to 
dietary changes (Antunes et al., 2010; Brahma et al., 2015; Brito, 2004; García & Drummond, 
1988; Hirai, 2004; López et al., 2013; Mackessy et al., 2003;  Natusch et al., 2012; Pough, 1977; 
Santos et al., 2000; Wray et al., 2015). However, it is very hard to determine whether or not 
dietary change has an immediate effect on venom composition. It may be that these changes are 
an innate trait, evolved in order maximise the effectiveness of a snake’s venom at different life 
stages or times of the year. These changes may occur regardless of dietary change. Gibbs et al., 
(2011) found that Dusky Pygmy Rattlesnakes (Sistrurus miliarius barbourin) showed ontogenetic 
changes in venom composition despite not experiencing a change in diet. On the contrary, the 
study also found that adults of the same species showed some degree of plasticity when 
exposed to a change in diet. Perhaps venom varies without dietary change, but dietary change 
determines how it varies. It is likely that the highly plastic phenotype of venom composition is 
influenced by a wide variety of factors (Holding et al., 2018).  

As well as the supporting evidence and the instances where venom composition variation 
coincides with dietary change, it seems highly plausible that the two are linked. Furthermore, it is 
widely accepted that snake venom glands have evolved from salivary glands in non-toxic 
ancestors (Gibbs et al., 2011; Kochva, 1987). This would suggest that venom proteins are 
produced, regulated and secreted in similar ways to salivary proteins and other secretory 
proteins (Fry, 2005). Thus, the phenotypic plasticity shown in the saliva composition of mice in 
response to dietary change (Da Costa et al., 2008) provides a reasonably strong argument for the 
possibility that the same is true for snake venom. However, in this study the change in saliva 
composition was for the purpose of precipitating a foul-tasting compound, this is different to the 
function of venoms. Again, it is likely that there is not one single factor responsible for 
phenotypic plasticity of snake venom.  

This is where I have identified a significant gap in the literature. Although we know that diet 
change happens alongside changes in venom composition, we don’t know that one causes the 
other. A controlled experiment needs to be carried out to test the possible effects of a dietary 
shift on the composition of venom in snakes.  
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5 - Proposed Study 

In order to contribute to the current gap in the literature, I carried out an experiment to 
determine the effect of dietary shifts on the composition snake venom. For a model species, this 
study used Eastern Saw-Scaled Vipers (Echis carinatus sochureki). This species was chosen due to 
its natural foraging behaviour and the availability of the species. E. c. sochureki are known to 
feed on both vertebrate and invertebrate prey in the wild and show high levels of venom 
specificity towards natural prey species as well as showing ontogenetic variation in venom 
composition (Barlow et al., 2009). It seems logical that if snakes are able to show phenotypic 
plasticity of venom composition in response to dietary change, E. c. sochureki would be a logical 
candidate given the variation present in its natural diet. E. c. sochureki are also a medically 
significant species of snake which are responsible for many mortalities each year (Kularatne et 
al., 2011; Warrell & Arnett, 1976; Weiss et al., 1973). 

Twenty juvenile E. c. sochureki were acquired by the university and kept in the venom room. A 
full record of diet from birth was kept so we know exactly what each snake has ever eaten. Upon 
arrival, snakes were fed on a diet of crickets for 3 months before a preliminary venom sample 
was taken. This gave a baseline sample for venom composition. 10 of the snakes (selected 
randomly) were then assigned to each condition. One condition remained on a diet of crickets 
while the other condition was weaned onto vertebrate prey in the form of neonatal mice. 
Additional venom samples were taken after 4 months and again after 8 months. After the third 
and final venom samples were taken, venom was analysed using Agilent Bioanalyzer on-chip 
technology and the protein composition of the venom was recorded. The final venom 
composition of each snake was compared to the baseline venom sample and 4-month venom 
sample to test for significant differences in venom composition.  

Invertebrate fed snakes were fed more often than vertebrate feeders in order to control for the 
difference in mass between neonatal mice and crickets as well as accelerated growth rates in 
vertebrate feeders.  

It was expected that the venom of vertebrate feeders would contain more haemotoxins at the 
end of the study and the invertebrate feeder’s venom would contain more cytotoxic compounds. 
This result would be significant as it would influence the production of antivenom to include the 
venoms of snakes raised on different diets in order to produce more broadly effective 
antivenoms. The research also has implications for evolutionary biology as it could show that the 
loss or gain of venom proteins happens far more readily than first thought.   
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Chapter 2- Experimental Study 

1 - Methodology- 

1.1 – Ethics Statement 

This research was screened in accordance with the College of Environmental Sciences and 
Engineering Research Ethics Review Procedure and no issues were identified. 

1.2 - Experimental Conditions-  

Twenty hatchling Echis carinatus sochureki were purchased, comprising of two clutches. One 
clutch contained fourteen snakes and the other contained six snakes. Snakes were each assigned 
a name comprising of the letters ECS (to represent Echis carinatus sochureki) followed by a 
number (table 4) All snakes were kept in a temperature-controlled room which maintained a 
temperature between 25°C and 30°C. All snakes were kept in appropriately sized plastic tubs 
with paper towel to function as substrate. All snakes were given a water bowl and a hide large 
enough for them to fit in. Any faeces and urates were removed, and water was replaced every 
other day. For the first six months of the experiment all the snakes were fed on invertebrate prey 
consisting of small brown crickets. After six months the snakes were split using a random 
number generator and half of each clutch was assigned to one of two groups (table 4). One 
group was maintained on an invertebrate diet of crickets while the other was weaned onto a 
vertebrate diet. Those placed on a vertebrate diet were first fed on the legs of neonate mice. 
After a few feeds they began to be fed appropriately sized infant mice. Meals were given weekly. 
In the instance that a snake refused food it would be assist fed, this was done by pinning the 
snake and inserting food into its mouth using forceps. Unfortunately, one snake (ECS18) died 
prior to conditions being implemented.  

Table 4 – Using a random number generator, the snakes were split into two conditions. These conditions were 
labelled as vertebrate feeders and invertebrate feeders. The unhighlighted specimens were from the larger litter 

and those highlighted in green were from the second, smaller litter.  

Invertebrate feeders-  Vertebrate feeders- 
ECS01 ECS02 
ECS05 ECS03 
ECS06 ECS04 
ECS08 ECS07 
ECS10 ECS09 
ECS13 ECS11 
ECS14 ECS12 
ECS15 ECS16 
ECS17 ECS19 
ECS20  
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Throughout the experiment records were kept of what/when each snake ate (table 5) and how 
much each snake weighed (table 6) this record was used in order to check for extraneous 
variables. 

 

Table 5- An example of the feeding record kept for the snakes after arriving at the university. The numbers 
represent the quantity of each food item eaten. The prefix A/F represents when a snake was assist fed. The prefix R 

represents when a snake refused food. The letter C signifies that the food item given was a brown cricket.  

 

 

 

 

 

 

 

 

 

 

Litter 1- 18/10/2019 19/10/2019 22/10/2019 23/10/2019 28/10/2019 29/10/2019
ECS01 1C 1C 1C
ECS02 A/F 1C 1C 1C
ECS03 1C 1C 1C
ECS04 1C 1C 1C
ECS05 1C 1C 1C
ECS06 1C 1C 1C
ECS07 1C 1C R 1C 
ECS08 1C 1C 1C
ECS09 1C 1C 1C
ECS10 1C 1C 1C
ECS11 1C 1C 1C 
ECS12 1C 1C 1C
ECS13 1C 1C R 1C 
ECS14 1C 1C 1C
Litter 2- 18/10/2019 19/10/2019 22/10/2019 23/10/2019 28/10/2019 29/10/2019
ECS15 1C 1C 1C
ECS16 1C 1C 1C
ECS17 1C 1C 1C
ECS18 R 1C A/F 1C R 1C A/F 1C R 1C A/F 1C
ECS19 R 1C A/F 1C R 1C A/F 1C R 1C A/F 1C
ECS20 R 1C A/F 1C R 1C A/F 1C R 1C A/F 1C

Feeding records for Echis carinatus sochureki  post arrival at Bangor University
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Table 6- An example of weight records showing the weights of each snake before conditions were implemented 
(24/10/2019) and the weight of each snake after the end of the experiment at the final weight recording 

(06/07/2021). Boxes highlighted in red represent instances where the snake has died prior to the final weighing.  

 

 

1.3 - Venom collection 

Venom was collected from every living snake prior to conditions being implemented then again 
three months after conditions were implemented and a final time 12 months after conditions 
were implemented (table 5). Venom samples were collected by presenting the held snake with 
an Eppendorf tube with a layer of plastic film stretched over the top of it. After each snake had 
bitten and venom had been collected, the tube was closed, labelled and placed on ice. Venom 
samples were then stored at -80°C until used. There were two instances when no venom was 
given by the snake when extraction was attempted and another where the quantity of venom 
was too small (<4µl) to be analysed using the bioanalyzer. Additionally, a further 5 snakes died 
between the implementation of controls and the third venom extraction (table 7). 

 

 

 

 

24/10/2019 06/07/2021
ECS01 4.7
ECS02 4.2 11.7
ECS03 4.7 13.4
ECS04 4.7 14.9
ECS05 4.3
ECS06 5.1 8
ECS07 4.6 19.2
ECS08 4.8 9.4
ECS09 4.7 18.4
ECS10 4.4
ECS11 4.6 20.5
ECS12 4.7 14.9
ECS13 4.7
ECS14 4.1
ECS15 2.6
ECS16 2.8 14.6
ECS17 2.9 6.8
ECS18 2.9
ECS19 2.5 9.5
ECS20 2.6

Weight (g)
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Table 7- The dates three dates at which venom samples were extracted for each snake. The instances when no 
venom was given are highlighted in yellow. Snakes which were deceased by each extraction are highlighted in red. 

 Pre-condition 
extraction  

Mid-condition 
extraction 

Final extraction  

ECS01 19/12/19 Deceased Deceased 
ECS02 26/11/19 17/3/20 27/10/20 
ECS03 26/11/19 17/3/20 27/10/20 
ECS04 26/11/19 No venom given 27/10/20 
ECS05 26/11/19 Deceased Deceased 
ECS06 26/11/19 17/3/20 28/10/20 
ECS07 26/11/19 17/3/20 27/10/20 
ECS08 26/11/19 17/3/20 28/10/20 
ECS09 26/11/19 17/3/20 27/10/20 
ECS10 26/11/19 Deceased  Deceased 
ECS11 26/11/19 17/3/20 27/10/20 
ECS12 26/11/19 17/3/20 27/10/20 
ECS13 19/12/19 17/3/20 28/10/20 
ECS14 26/11/19 17/3/20 Deceased 
ECS15 26/11/19 17/3/20 Deceased 
ECS16 26/11/19 Very low venom yield  28/10/20 
ECS17 26/11/19 17/3/20 28/10/20 
ECS18 Deceased Deceased Deceased 
ECS19 26/11/19 No venom given 28/10/20 
ECS20 26/11/19 Deceased Deceased 

 

1.4 - Venom Composition Analysis 

Venom was analysed using an Agilent 2100 bioanalyzer. The Agilent Protein 80 kit was used 
according to the makers protocol (Agilent Technologies, 2022). This gave me the size of each 
protein present (kDa) within the venom, the proteins relative concentration (ng/µl) and the 
proportion at which it occurred in each venom extraction (table 8). 
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Table 8- The first column shows the size of each protein present within the venom, the second shows the relative 
concentration of each protein within the venom and the third column shows the percentage of the whole venom 

that each protein represents. This specific example shows the composition of the venom of ECS02 that was 
extracted on 26/11/2019 

 

Due to the absence of an established data base, I was not able to accurately infer specific venom 
toxins or toxin families from the protein analysis. This analysis showed me the sizes of each 
protein present in the venom (kDa) and the proportion at which each protein occurs within the 
venom. In order to aid in further analysis and account for slight differences in the molecular 
weight of similar toxins from the same family, proteins were grouped into bins of molecular 
weight (table 9).  

 

Table 9- As per the previous example (table 6), this venom composition is from the venom of ECS02 extracted on 
26/11/2019.  The left column shows the weight categories used to group the proteins present within the venom. 

The right column shows the percentage of the whole venom that each protein category represents. 

 

 

 

Size kDa Rel conc (ng/ul) % Total 
16.8 15.2 5
19.3 67.2 21.9
24.7 17.2 5.6
37.8 16.3 5.3
39.2 7 2.3
40.5 7 2.3
58.9 33.9 11.1
67.8 43.1 14.1
69.5 14.5 4.7
74.9 15.8 5.1
79.9 21.9 7.1
82.3 23.5 7.7
93.7 23.8 7.8

Size (kDa) % Total
0-10 0
10.1-20 26.9
20.1-30 5.6
30.1-40 7.6
40.1-50 2.3
50.1-60 11.1
60.1-70 18.8
70.1-80 12.2
80.1-90 7.7
90.1-100 7.8
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1.5 - Data Analysis 

As previously mentioned, the proteins present in the venoms were grouped by size as I did not 
have means to identify each protein present. The venom composition of venom from each snake 
from each sperate extraction was used to form a graph summarizing the venom composition for 
each venom extraction (figure 13). The mean percentage composition for each protein size 
category was calculated for both conditions at each extraction interval the standard deviation 
was also calculated (table 10). These means were used to form 6 further graphs in order the 
illustrate the average composition of venom for snakes from each condition at each of the three 
time intervals. While these graphs were useful to visualize any patterns and differences in venom 
composition, they do not show whether these patterns and differences are significant. Following 
Kolmogorov-Smirnoff tests of normality and Levene’s tests of equality of variance, further 
statistical analysis was carried out. T-tests and Mann-Whitney U tests were completed to 
compare the average proportions of each protein-weight category at all three extraction 
intervals for both of the experimental conditions. A T-test was also carried out to determine 
whether the average weight of snakes in each condition varied significantly. 

 

 

Figure 13. An example of one of the graphs created to visualise venom composition. This example shows the 
composition of the venom of ECS02 extracted on 27/10/2020. Each bar represents one size category (kDa) of 

proteins present in the venom and the percentage of the whole venom made up by that protein category. The chart 
shows that in this sample the most abundant protein size category is proteins between 20.1-30 kDa. 
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Table 10- An example of how average composition was calculated for each condition at each of the three venom 
extraction intervals. The example given shows the composition of venom for every vertebrate feeding snake 

extracted at the end of the experiment in October 2020. Also shown is the average composition of venom for 
vertebrate feeders after the final venom extraction alongside a measure of population standard deviation.  

 

2 – Results 

2.1 – Statistical Analysis 

Tests of normality (Kolmogorov-Smirnov) and equality of variance (Levenes’s test) were carried 
out on the data (tables 11 & 12). For all normally distributed data with equal variance, t-tests 
were then used and for data sets which were either not normally distributed, had a sample size 
which was too small to test for normality (n=<5) or showed inequality of variance, two-tailed 
Mann-Witney U tests were used to determine whether any changes in venom composition 
between conditions were significant (tables 13, 14 & 15). Statistical tests were carried out for 
each protein size group in order to determine whether the venoms varied significantly in their 
proportions of any individual protein group.  

 

Table 11 – The Kolmogorov-Smirnov test statistics and p-values for each data set showing whether the data from 
each protein size bin for either condition group is normally distributed. cells highlighted in red show data sets where 

it cannot be concluded that data is distributed normally. Due to the low sample size for post-condition venom 
samples of invertebrate feed snakes (n=4), a test of normality could not be carried out and so it must be assumed 

that data is not normally distributed.  

Protein size category 
(kDa) 

 Pre-condition 
vertebrate 
feeders 

Pre-condition 
invertebrate 
feeders 

Mid-condition 
vertebrate 
feeders 

Mid-condition 
invertebrate 
feeders 

Post-condition 
vertebrate 
feeders 

Post-condition 
invertebrate 
feeders 

0-10 K-S test stat 0.444 0.387 0.271 0.414 0.271 N/A sample size 
too small p-value 0.039 0.074 0.593 0.193 0.593 

Normally distributed?  no Yes yes Yes yes 
        
10.1-20 K-S test stat 0.235 0.162 0.296 0.331 0.296 N/A sample size 

too small p-value 0.624 0.919 0.484 0.432 0.484 
Normally distributed?  yes Yes yes Yes yes 

        
20.1-30 K-S test stat 0.192 0.185 0.328 0.194 0.328 N/A sample size 

too small p-value 0.836 0.825 0.358 0.946 0.358 
Normally distributed?  yes Yes yes Yes yes 

        
30.1-40 K-S test stat 0.172 0.336 0.364 0.351 0.364 N/A sample size 

too small p-value 0.912 0.165 0.244 0.362 0.244 
Normally distributed?  yes Yes yes Yes yes 

        
40.1-50 K-S test stat 0.347 0.237 0.516 0.282 0.516 N/A sample size 

too small p-value 0.179 0.549 0.03 0.634 0.03 
Normally distributed?  yes Yes no Yes no 

Size range (kDa) ECS02- ECS03- ECS04- ECS07- ECS09- ECS11- ECS12- ECS16- ECS19- Average (%) Standard deviation:
0-10 2.6 0 0 43.2 3.6 39.8 0 9.7 12.3625 17.10788835
10.1-20 24 6.4 0 14.8 6 0 30.4 47.6 16.15 15.71360875
20.1-30 38.5 66.9 19.9 11.4 35.1 0 25.2 0 24.625 20.91576857
30.1-40 0 0.7 0 5.3 0 0 0 25.3 3.9125 8.262934936
40.1-50 2.6 17.6 0 0 27 0 11.2 3 7.675 9.41219289
50.1-60 11.4 0.7 2.7 0 19.1 10.5 14.4 0 7.35 6.964014647
60.1-70 20.9 0 39.2 7.7 0 20.1 9.7 0 12.2 12.94275859
70.1-80 0 0 24.4 15.2 0 16.9 0 9.4 8.2375 9.065861446
80.1-90 0 7.7 13.8 2.4 9.2 10.7 7.5 5 7.0375 4.178198625
90.1-100 0 0 0 0 0 2 1.6 0 0.45 0.785811682

Total %
Vert feeders Oct 2020-
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50.1-60 K-S test stat 0.284 0.28 0.516 0.386 0.516 N/A sample size 

too small p-value 0.387 0.346 0.03 0.256 0.03 
Normally distributed?  yes Yes no Yes no 

        
60.1-70 K-S test stat 0.328 0.36 0.32 0.385 0.32 N/A sample size 

too small p-value 0.232 0.114 0.388 0.263 0.388 
Normally distributed?  yes Yes yes Yes yes 

        
70.1-80 K-S test stat 0.151 0.244 0.169 0.389 0.169 N/A sample size 

too small p-value 0.968 0.517 0.968 0.253 0.968 
Normally distributed?  yes Yes yes Yes yes 

        
80.1-90 K-S test stat 0.261 0.295 0.253 0.369 0.253 N/A sample size 

too small p-value 0.495 0.287 0.674 0.308 0.674 
Normally distributed?  yes Yes yes Yes yes 

        
90.1-100 K-S test stat 0.425 0.417 0.316 0.373 0.316 N/A sample size 

too small p-value 0.054 0.043 0.404 0.296 0.404 
Normally distributed?  yes No yes Yes yes 

 

Table 12 – The result of the Levene’s test of equal variance showing that in most normally distributed data sets, 
there was no significant difference between the variance shown within each data set, this is not the case for two 

normally distributed data sets. Equality of variance could not be tested for the post-condition data sets as the 
sample size for invertebrate feeders at this point was too low (n=4) 

 Pre-condition Mid-condition Post-condition 
Protein size 

category (kDa) f-ratio value p-value Sig diff? f-ratio value p-value Sig diff? f-ratio value p-value Sig diff? 
0-10 0.024 0.879 no 8.348 0.015 yes N/A N/A N/A 

10.1-20 0.11 0.744 no 5.115 0.045 yes N/A N/A N/A 
20.1-30 1.769 0.201 no 0.032 0.861 no N/A N/A N/A 
30.1-40 0.638 0.435 no 0.107 0.75 no N/A N/A N/A 
40.1-50 1.162 0.296 no 8.309 0.015 yes N/A N/A N/A 
50.1-60 3.462 0.08 no 0.01 0.922 no N/A N/A N/A 
60.1-70 0.04 0.845 no 1.831 0.203 no N/A N/A N/A 
70.1-80 0.104 0.751 no 0.613 0.45 no N/A N/A N/A 
80.1-90 2.136 0.162 no 0.00047 0.983 no N/A N/A N/A 

90.1-100 0.047 0.831 no 1.727 0.216 no N/A N/A N/A 
 

Table 13- The p values of each Mann-Whitney U or t-test carried out in order to find any statistically significant 
differences in the composition of venom between invertebrate and vertebrate feeding snakes prior to conditions 

being implemented. The t-tests/Mann-Whitney U tests were carried out individually for each size category of 
proteins present within the venom. Sd= standard deviation, sig dif= significant difference.  
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Table 14- The p values of each Mann-Whitney U or t-test carried out in order to find any statistically significant 
differences in the composition of venom between invertebrate and vertebrate feeding snakes 3 months after 
conditions being implemented. The t-tests/Mann-Whitney U tests were carried out individually for each size 

category of proteins present within the venom. Sd= standard deviation, sig dif= significant difference. 

 

 

Table 15- The U values of each Mann-Whitney U test carried out in order to find any statistically significant 
differences in the composition of venom between invertebrate and vertebrate feeding snakes 11 months after 
conditions were implemented. The tests were carried out individually for each size category of proteins present 

within the venom. Sd= standard deviation, sig dif= significant difference 

 

 

2.2 – Comparisons of Average Venom Compositions 

Initial analysis showed that the average venom composition of the snake’s prior to conditions 
being implemented is very similar between the two groups (figures 14 and 15). The bar graphs 
generated, aid in visualising the average venom composition of snakes in each condition and see 
that they are very similar. In fact, proteins sized between 0-10 kDa make up 1% of average 
venom composition in both groups and proteins in the size range of 90.1-100 kDa make up 3% of 
total average venom composition in both groups. Both groups have proteins between 70.1-80 
kDa in size as their most abundant average size category (22% of total average venom 
composition in invert feeders and 26% in vertebrate feeders). Both groups also showed similar 
average proportions of proteins between 40.1-50 kDa and 60.1-70 kDa (11% and 11% for invert 
feeders, 11% and 10% for vertebrate feeders respectively). Other size categories vary more 
between groups but not greatly, for example proteins between 30.1-40 kDa make up 4% of total 
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average venom composition in invert feeders and 7% in vertebrate feeders. Both conditions also 
show very high standard deviation meaning that variation between each induvial snake was high 
in relation to the small sample sizes. The statistical analysis above shows that the venoms of 
each group did not vary significantly in the composition of their venoms (table 13). 

 

 

Figure 14. The average venom composition of invertebrate feeders prior to the implementation of conditions. The 
categories represent size groupings of proteins present in the venom (kDa) each bar shows the percentage of the 

total venom composition that each size category comprises. Error bars showing the standard deviation within each 
size category are also included. 

 

 

 

0-10 10.1-20 20.1-30 30.1-40 40.1-50 50.1-60 60.1-70 70.1-80 80.1-90 90.1-100
-5

0

5

10

15

20

25

Protein size range (kDa)

Av
er

ag
e 

%
 

Average % composition of venom by protein size range 
(kDa) for invert feeders (pre-condtion)



39 
 

 

Figure 14. The average venom composition of vertebrate feeders prior to the implementation of conditions. The 
categories represent size groupings of proteins present in the venom (kDa) each bar shows the percentage of the 

total venom composition that each size category comprises. Error bars showing the standard deviation within each 
size category are also included. 

 

After three months of conditions being implemented the composition of venom had changed 
between the two groups. In vertebrate feeders the size group which made up the greatest 
percentage of average total venom composition was proteins between 10.1-20 kDa (22% of total 
venom composition) while in invert feeders, the most common average size category was 
proteins between 20.1-30 kDa (27% of total venom composition). The average venom of 
vertebrate feeders had four size categories which each made up less than 5% of total venom 
composition (30.1-40, 40.1-50, 50.1-60 and 90.1-100 kDa) while the average venom of invert 
feeders had only two size categories which made up less than 5% of total venom composition 
(30.1-40 and 50.1-60 kDa).  Thus, it can be said that the average composition of invertebrate 
feeding snakes shows a more equal distribution of protein sizes present and so is less skewed 
towards any single size category. The size category which was least prevalent in the average 
venom composition of vertebrate feeders was proteins between 40.1-50 kDa (2%) while in the 
average venom composition of invert feeders, this category made up 14% of total venom 
composition and the least abundant category was proteins between 30.1-40 kDa (4%), a size 
category which made up 5% of average venom composition in vertebrate feeders. The error bars 
show that standard deviation within each sample is very high meaning that there is a lot of 
variation in the venom composition of individual snakes within each condition in relation to the 
small sample sizes. All differences in average venom composition between each group described 
above are not statistically significant (table 14). 
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Figure 15. The average venom composition of vertebrate feeders 3 months after the implementation of conditions. 
The categories represent size groupings of proteins present in the venom (kDa) each bar shows the percentage of 
the total venom composition that each size category comprises. Error bars showing the standard deviation within 

each size category are also included. 
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Figure 16. The average venom composition of invertebrate feeders 3 months after the implementation of 
conditions. The categories represent size groupings of proteins present in the venom (kDa), each bar shows the 
percentage of the total venom composition that each size category comprises. Error bars showing the standard 

deviation within each size category are also included. 

 

The final venom extraction shows much the same pattern, it seems like there is a clear difference 
in the average composition of venoms between vertebrate feeders and invertebrate feeders 
when you look at figures 17 and 18. The most prevent protein size category in the average 
venom composition of vertebrate feeders was proteins between 20.1-30 kDa (25% of total 
average venom composition) compared to proteins between 10.1-20 kDa (22% of total average 
venom composition) in invert feeders. The average venom composition of vertebrate feeders 
contained only a negligible presence of proteins between 90.1-100 kDa (<0.5% of total average 
venom composition) while the average venom composition of invert feeders showed a slightly 
higher proportion of proteins between 90.1-100 kDa (1.1% of total average venom composition). 
The average venom composition of invertebrate feeders at this point resembles that of 
vertebrate feeders three months after conditions were implemented with a far less equal spread 
of protein size categories. 58% of the average venom composition of invert feeders at this point 
is made up of only three protein size categories (10.1-20, 60.1-70 and 80.1-90 kDa), similarly 
48% of the average venom composition of vertebrate feeders was made up of proteins of these 
size categories three months after conditions were implemented. This relationship is explored 
further below.  The error bars show that standard deviation within each sample is very high 
meaning that there is a lot of variation in the venom composition of individual snakes within 
each condition in relation to the small sample sizes. All differences in average venom 
composition between each group described above are not statistically significant (table 15). 
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Figure 17. The average venom composition of invertebrate feeders 11 months after the implementation of 
conditions. The categories represent size groupings of proteins present in the venom (kDa), each bar shows the 
percentage of the total venom composition that each size category comprises. Error bars showing the standard 

deviation within each size category are also included. 

 

 

Figure 18. The average venom composition of invertebrate feeders 11 months after the implementation of 
conditions. The categories represent size groupings of proteins present in the venom (kDa), each bar shows the 
percentage of the total venom composition that each size category comprises. Error bars showing the standard 

deviation within each size category are also included. 
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As previously mentioned, the average venom composition of invertebrate feeders 11 months 
after conditions were implemented showed a similar pattern to that of vertebrate feeders after 
only 3 months. The most abundant protein size category in the average venom composition of 
both groups at this point was 10.1-20 kDa (22% for both groups) followed by 60.1-70 kDa (21% in 
invert feeders and 14% in vertebrate feeders) and 70.1-80 kDa (12% in invert feeders and 21% in 
vertebrate feeders). Both groups also showed a less equal spread of protein sizes within their 
average venom compositions with both groups having five protein size categories which each 
made up less than 10% of the total venom composition, four of which each made up less than 
5% of total average venom composition. Additionally, both groups showed very small 
proportions of the largest and smallest protein categories within their average venom 
composition; 0-10 kDa and 90.1- 100 kDa (5% and 1% for invert feeders and 6% and 5% for 
vertebrate feeder respectively). These similarities can be visualized in figure 19 below. 

 

 

Figure 19: The average venom composition of vertebrate feeders 3 months after the implementation of conditions 
(left) and invertebrate feeders 11 months after conditions were implemented (right). Each bar shows the 

percentage of the total venom composition that each size category comprises. Error bars showing the standard 
deviation within each size category are also included. 

 

Vertebrate feeding snakes showed a shift from venoms showing an average composition with a 
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proteins between 70.1-80 kDa (26% of total average venom composition). This shifted to 
proteins between 20.1-30 kDa (25% of total average venom composition) 11 months after 
condition had been implemented. However, the second most prevalent protein category in the 
average venom composition of vertebrate feeding snakes prior to conditions being implemented 
was proteins between 10.1-20 kDa (23% of total average venom composition). In the average 
venom composition of vertebrate feeding snakes 11 months after the implementation of 
conditions, the second most prevalent protein size category was also proteins between 10.1-20 
kDa (16% of total average venom composition). 

 

  

Figure 20: The average venom composition of vertebrate feeders prior to the implementation of conditions (left) 
and vertebrate feeders 11 months after conditions were implemented (right). Each bar shows the percentage of the 
total venom composition that each size category comprises. Error bars showing the standard deviation within each 

size category are also included. 

 

The same pattern was not shown by invert feeders, which showed no clear shift towards smaller 
or larger proteins after 11 months of conditions being implemented (figure 21). The size group 
which made up the greatest percentage of average total venom composition in invertebrates 
prior to conditions being implemented was proteins between 70.1-80 kDa (22% of total average 
venom composition). This shifted to proteins between 10.1-20 kDa (22% of total average venom 
composition) 11 months after condition had been implemented. However, the second most 
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prevalent protein categories in the average venom compositions of vertebrate feeding snakes 
prior to conditions being implemented and 11 months after conditions being implemented were 
proteins between 10.1-20 kDa and protein between 60.1-70 kDa respectively (17% and 21% of 
total average venom composition respectively). This shows no clear shift from small proteins to 
larger proteins or vice versa for invertebrate feeding snakes. 

 

  

Figure 21: The average venom composition of invertebrate feeders prior to the implementation of conditions (left) 
and invertebrate feeders 11 months after conditions were implemented (right). Each bar shows the percentage of 
the total venom composition that each size category comprises. Error bars showing the standard deviation within 

each size category are also included. 

When comparing the average venom compositions across time for each condition, the patterns 
observed are overshadowed by the size of the error bars present, indicating that differences 
between the venom compositions of each snake within the conditions outweigh any patterns 
observed. 

However, there was a significant difference in the average weight (g) of vertebrate feeding 
snakes (mean=15.233, SD=3.38) and the average weight (g) of invertebrate feeding snakes 
(mean=8.067, SD=1.062); t(10)=-3.512, p=0.0056 at the end of the experiment. Conversely, 
there was no significant difference in the average weight (g) of vertebrate feeding snakes 
(mean=4.167, SD=0.827) and the average weight (g) of invertebrate feeding snakes (mean=4.02, 
SD=0.906); t(17)=-0.367, p=0.7182 prior to conditions being implemented.  
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3 - Discussion  

I must accept my null hypothesis that snakes raised on a vertebrate diet will show no significant 
difference in venom composition when compared to snakes raised on an invertebrate diet. 
However, it is possible that this is partially due to the small sample size. It is possible that the 
limited sample size resulted in individual differences in snake venom composition within 
experimental conditions undermining any differences shown between experimental conditions. 
However, this can not be assumed and it is also important to consider that the results I achieved 
are representative. E. c. sochureki may not show any phenotypic plasticity of venom composition 
in response to dietary change. 

The graphs generated do show some interesting trends at first glance. However, none of the 
differences observed are statistically significant. For example, when examining figure 19 there 
appear to be similarities between average venom composition of the invertebrate feeders 11 
months after conditions were implemented and that of vertebrate feeders only 3 months after 
conditions were implemented. This, coupled with the significant difference in the average weight 
of the snakes in each condition after the end of the experiment suggests that those being fed on 
invertebrates may have been developing at a far slower rate than those fed on vertebrates.  

Both conditions showed a less equal spread of protein size categories within their average 
venom composition 11 months after conditions were implemented. This may be indicative of an 
ontogenetic shift towards a more prey-specific venom composition. Venom composition may 
shift from one which favours a more generalized diet to a more specific diet, as small younger 
snakes may be dependent on a broader prey composition. When snakes get older and thus 
larger, they often feed on larger prey items and so have to feed less often. Smaller, younger 
snakes will need to eat smaller meals on a more regular basis may have to take advantage of any 
prey item which they encounter, thus making them rely on a more generalized diet while older, 
larger snakes will be able to specify more and feed exclusively on larger vertebrate prey. 

The difference in the physiological condition (determined by the mean weight of each group) of 
the snakes at the end of the conditions may come as a surprise, seeing as the macronutrient 
profiles of invertebrates and vertebrates are generally comparable on a gram-to-gram basis 
(Tennie et al., 2014). However, the neonatal mice being fed to the vertebrate feeders were 
larger than the crickets that were being fed to the invertebrate feeders. We attempted to off-set 
this by feeding the invertebrate feeders on a more regular basis, but it was not possible to 
ensure that all snakes consumed the same mass of food on a weekly basis without resorting to 
regular stressful assist feeding which could have resulted in more mortality or injury.  

It is perhaps fair to infer from this, that a difference in venom composition in relation diet is 
possible if only due to a poorer quality diet resulting in slower development of venom. This 
would make sense as venoms are often very metabolically costly compounds to create (McCue, 
2006; Nystrom et al., 2022; Pintor et al.,2010). It is known that diet can affect the rate of venom 
production (Chacón et al., 2012; Tobassum et al., 2018) so it would not be unreasonable to 
suggest that perhaps the rate of ontogenetic development of snake venom may be somewhat 
influenced by the quality of the snake’s diet.  
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However, it is also important to consider that the reason no significant difference in venom 
composition in response to dietary change was recorded may be because there is no difference 
to record. While it is clear that venom composition does change alongside changes in diet, as 
explored in section 4.3.3 of the literature review, it is very feasible that this type of shift in 
venom composition is not the result of a change in diet but rather a change that would occur 
regardless of a dietary change. Of course, a shift towards a venom composition with a higher 
efficiency at immobilising prey items of a certain type in conjunction with other changes that 
cause the prey type in question to become more available to the snake will have survival 
benefits. The patterns observed could thus be described by considering that the development of 
a new venom phenotype is likely to be influenced by the physiological condition of the snake. 
Therefore, a delayed development of venom phenotype showed by invertebrate feeding snakes 
in comparison to vertebrate feeding snakes would be solely due to the poorer condition of those 
on an invertebrate diet. As previously mentioned, venom production is very metabolically 
expensive. If the venom phenotype expressed by older snakes contains more metabolically 
expensive proteins or simply a greater quantity of venom proteins, this shift may be delayed if 
the snake in question is in worse condition and has less ‘expendable energy’ to spare.  

Alternatively, a change in body size may be the trigger for the change in venom phenotype. If 
this is the case, those in a worse physiological condition will grow at a slower rate and thus will 
develop the new venom phenotype at a later date. As diet is clearly linked to physiological 
condition, this would imply a link between diet and plasticity on venom phenotype, if not the 
type of plasticity tested for in the above experiment. The significant difference in the average 
weight of snakes from each condition and the similarities between the average venom 
composition of vertebrate feeders after 3 months and invertebrate feeders after 11 month 
supports the idea that diet impacts on physiological condition and potentially, in turn, on venom 
composition. 

From my study I believe that it is fair to infer that a cricket only diet is not a high-quality diet for 
E. c. sochureki. The mortality rate for those raised on just crickets was notably higher (6 out of 
the original 10 having died before the final milking) than that of those raised on vertebrates after 
the conditions were implemented (1 out of the original 9 having died before the final milking).  

I believe that further research in this area has the potential to reveal some very interesting 
trends between diet composition and phenotypic plasticity of venom composition. The patterns 
shown in my results and discussed above, show some interesting, if statistically insignificant 
changes in venom composition, potentially in response to dietary change. With a more robust 
experimental design and a larger sample size these potential responses may well be shown to be 
significant.  

I maintain that controlled feeding experiments are still an effective way to investigate 
phenotypic plasticity in response to dietary change. However, the results gained show that any 
further research here needs to utilise a larger sample size in order to account for the variation of 
venom composition shown between individual snakes being reared on the same diet. 
Additionally, a diet consisting entirely of crickets is not suitable for this species, thus any further 
controlled feeding experiments carried out on the species studied here should either rear snakes 
to a healthy size on a vertebrate or mixed diet prior to implementing any dietary changes or rear 
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all snakes on a mixture of both vertebrate and invertebrate prey with the separate conditions 
changing the ratio of prey items present within the diets of snakes rather than a complete 
separation. Furthermore, sex must be removed as a potential extraneous variable. 

3.1 - Conclusion 

To conclude, despite the failure of this study to find any statistically significant evidence that 
E.c.sochureki show phenotypic plasticity in regards to venom composition in response to dietary 
change, the results were still interesting and further research in this field may yet find a direct 
link between phenotypic plasticity of venom composition and dietary composition. If the 
patterns shown in my results are amplified by further research, it may be concluded that snakes 
show a delayed development of venom composition when feeding on a diet dominated by 
invertebrates in comparison to a diet dominated by vertebrates. Further controlled feeding 
experiments of this type must utilise larger sample sizes in order to account for differences in 
venom composition between individual snakes. 

Venom composition is a greatly plastic trait and is affected by an enormous range of variables, it 
seems logical that diet must play a part in the composition of venoms on not only an intra-
species level but on an intra-specific level. This is an exciting and fast developing field which 
promises to show great progress in our understanding of what drives phenotypic plasticity of 
venom composition in snakes. I, for one, look forward to seeing what comes next. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

References-  

Alape-Girón, A., Sanz, L., Escolano, J., Flores-Diaz, M., Madrigal, M., Sasa, M. and Calvete, J.J., 
2008. Snake venomics of the lancehead pitviper Bothrops asper: geographic, individual, and 
ontogenetic variations. Journal of Proteome Research, 7(8), pp.3556-3571. 

Alarcon, C.M., Pedram, M. and Donelson, J.E., 1999. Leaky transcription of variant surface 
glycoprotein gene expression sites in bloodstream African trypanosomes. Journal of Biological 
Chemistry, 274(24), pp.16884-16893. 

Álvarez-Campos, P., Kenny, N.J., Verdes, A., Fernández, R., Novo, M., Giribet, G. and Riesgo, A., 
2019. Delegating sex: Differential gene expression in stolonizing syllids uncovers the hormonal 
control of reproduction. Genome Biology and Evolution, 11(1), pp.295-318. 

Amazonas, D.R., Freitas-de-Sousa, L.A., Orefice, D.P., Sousa, L.F.D., Martinez, M.G., Mourão, R.H., 
Chalkidis, H.M., Camargo, P.B. and Moura-da-Silva, A.M., 2019. Evidence for Snake Venom 
Plasticity in a Long-Term Study with Individual Captive Bothrops atrox. Toxins, 11(5), p.294. 

Amazonas, D.R., Portes-Junior, J.A., Nishiyama-Jr, M.Y., Nicolau, C.A., Chalkidis, H.M., Mourão, 
R.H., Grazziotin, F.G., Rokyta, D.R., Gibbs, H.L., Valente, R.H. and Junqueira-de-Azevedo, I.L., 
2018. Molecular mechanisms underlying intraspecific variation in snake venom. Journal of 
Proteomics, 181, pp.60-72. 

Aminetzach, Y.T., Srouji, J.R., Kong, C.Y. and Hoekstra, H.E., 2009. Convergent evolution of novel 
protein function in shrew and lizard venom. Current Biology, 19(22), pp.1925-1931. 

Aminoff, M.J., Boller, F. and Swaab, D.F., 2014. Neurologic aspects of systemic disease, Part III. 
Foreword. Handbook of Clinical Neurology, 121, p.vii. 

Amorim, F.G., Costa, T.R., Baiwir, D., De Pauw, E., Quinton, L. and Sampaio, S.V., 2018. 
Proteopeptidomic, functional and immunoreactivity characterization of Bothrops moojeni snake 
venom: Influence of snake gender on venom composition. Toxins, 10(5), p.177. 

Antunes, T.C., Yamashita, K.M., Barbaro, K.C., Saiki, M. and Santoro, M.L., 2010. Comparative 
analysis of newborn and adult Bothrops jararaca snake venoms. Toxicon, 56(8), pp.1443-1458. 

Aubret, F., Bonnet, X., Shine, R. and Lourdais, O., 2002. Fat is sexy for females but not males: the 
influence of body reserves on reproduction in snakes (Vipera aspis). Hormones and 
Behavior, 42(2), pp.135-147. 

Augusto-de-Oliveira, C., Stuginski, D.R., Kitano, E.S., Andrade-Silva, D., Liberato, T., Fukushima, I., 
Serrano, S.M. and Zelanis, A., 2016. Dynamic rearrangement in snake venom gland proteome: 
insights into Bothrops jararaca intraspecific venom variation. Journal of Proteome 
Research, 15(10), pp.3752-3762. 

Barlow, A., Pook, C.E., Harrison, R.A. and Wüster, W., 2009. Coevolution of diet and prey-specific 
venom activity supports the role of selection in snake venom evolution. Proceedings of the Royal 
Society B: Biological Sciences, 276(1666), pp.2443-2449. 



50 
 

Berthé, R.A., De Pury, S., Bleckmann, H. and Westhoff, G., 2009. Spitting Cobras adjust their 
venom distribution to target distance. Journal of Comparative Physiology A, 195(8), pp.753-757. 

Berthé, R.A., Westhoff, G. and Bleckmann, H., 2013. Potential targets aimed at by Spitting Cobras 
when deterring predators from attacking. Journal of Comparative Physiology A, 199(5), pp.335-
340. 

Brischoux, F., Bonnet, X. and Shine, R., 2011. Conflicts between feeding and reproduction in 
amphibious snakes (Sea Kraits, Laticauda spp.). Austral Ecology, 36(1), pp.46-52. 

Brito, J.C., 2004. Feeding ecology of Vipera latastei in northern Portugal: ontogenetic shifts, prey 
size and seasonal variations. Herpetological Journal, 14(1), pp.13-20. 

Bohlen, C.J., Chesler, A.T., Sharif-Naeini, R., Medzihradszky, K.F., Zhou, S., King, D., Sánchez, E.E., 
Burlingame, A.L., Basbaum, A.I. and Julius, D., 2011. A heteromeric Texas Coral Snake toxin 
targets acid-sensing ion channels to produce pain. Nature, 479(7373), p.410. 

Boldrini-França, J., Corrêa-Netto, C., Silva, M.M., Rodrigues, R.S., De La Torre, P., Pérez, A., 
Soares, A.M., Zingali, R.B., Nogueira, R.A., Rodrigues, V.M. and Sanz, L., 2010. Snake venomics 
and antivenomics of Crotalus durissus subspecies from Brazil: assessment of geographic variation 
and its implication on snakebite management. Journal of proteomics, 73(9), pp.1758-1776 

Bottrall, J.L., Madaras, F., Biven, C.D., Venning, M.G. and Mirtschin, P.J., 2010. Proteolytic activity 
of Elapid and Viperid Snake venoms and its implication to digestion. Journal of Venom 
Research, 1, p.18. 

Brahma, R.K., McCleary, R.J., Kini, R.M. and Doley, R., 2015. Venom gland transcriptomics for 
identifying, cataloging, and characterizing venom proteins in snakes. Toxicon, 93, pp.1-10. 

Calvete, J.J., Marcinkiewicz, C., Monleón, D., Esteve, V., Celda, B., Juárez, P. and Sanz, L., 2005. 
Snake venom disintegrins: evolution of structure and function. Toxicon, 45(8), pp.1063-1074. 

Casewell, N.R., 2012. On the ancestral recruitment of metalloproteinases into the venom of 
snakes. Toxicon, 60(4), pp.449-454. 

Casewell, N.R., Wagstaff, S.C., Wüster, W., Cook, D.A., Bolton, F.M., King, S.I., Pla, D., Sanz, L., 
Calvete, J.J. and Harrison, R.A., 2014. Medically important differences in snake venom 
composition are dictated by distinct postgenomic mechanisms. Proceedings of the National 
Academy of Sciences, 111(25), pp.9205-9210. 

Casewell, N.R., Wüster, W., Vonk, F.J., Harrison, R.A. and Fry, B.G., 2013. Complex cocktails: the 
evolutionary novelty of venoms. Trends in Ecology & Evolution, 28(4), pp.219-229. 

Cedro, R.C., Menaldo, D.L., Costa, T.R., Zoccal, K.F., Sartim, M.A., Santos-Filho, N.A., Faccioli, L.H. 
and Sampaio, S.V., 2018. Cytotoxic and inflammatory potential of a phospholipase A 2 from 
Bothrops jararaca snake venom. Journal of Venomous Animals and Toxins Including Tropical 
Diseases, 24(1), p.33. 



51 
 

Cesar, P.H., Braga, M.A., Trento, M.V.C., Menaldo, D.L. and Marcussi, S., 2019. Snake Venom 
Disintegrins: An Overview of their Interaction with Integrins. Current Drug Targets, 20(4), pp.465-
477. 

Chacón, D., Rodríguez, S., Arias, J., Solano, G., Bonilla, F. and Gómez, A., 2012. Maintaining Coral 
Snakes (Micrurus nigrocinctus, Serpentes: Elapidae) for venom production on an alternative fish-
based diet. Toxicon, 60(3), pp.249-253. 

Christian, K., Webb, J.K., Schultz, T. and Green, B., 2007. Effects of seasonal variation in prey 
abundance on field metabolism, water flux, and activity of a tropical ambush foraging 
snake. Physiological and Biochemical Zoology, 80(5), pp.522-533. 

Chippaux, J.P., 1998. Snake-bites: appraisal of the global situation. Bulletin of the World Health 
Organization, 76(5), p.515. 

Chippaux, J.P., 2015. Epidemiology of envenomations by terrestrial venomous animals in Brazil 
based on case reporting: from obvious facts to contingencies. Journal of Venomous Animals and 
Toxins Including Tropical Diseases, 21(1), p.13. 

Cipriani, V., Debono, J., Goldenberg, J., Jackson, T.N., Arbuckle, K., Dobson, J., Koludarov, I., Li, B., 
Hay, C., Dunstan, N. and Allen, L., 2017. Correlation between ontogenetic dietary shifts and 
venom variation in Australian Brown Snakes (Pseudonaja). Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 197, pp.53-60. 

Claunch, N.M., Holding, M.L., Escallón, C., Vernasco, B., Moore, I.T. and Taylor, E.N., 2017. Good 
vibrations: Assessing the stability of snake venom composition after researcher-induced 
disturbance in the laboratory. Toxicon, 133, pp.127-135. 

Da Costa, G., Lamy, E., e Silva, F.C., Andersen, J., Baptista, E.S. and Coelho, A.V., 2008. Salivary 
amylase induction by tannin-enriched diets as a possible countermeasure against 
tannins. Journal of Chemical Ecology, 34(3), p.376. 

Creer, D.A., 2005. Correlations between ontogenetic change in color pattern and antipredator 
behavior in the racer, Coluber constrictor. Ethology, 111(3), pp.287-300. 

Creer, S., Malhotra, A., Thorpe, R.S., Stöcklin, R.S., Favreau, P.S. and Chou, W.S.H., 2003. Genetic 
and ecological correlates of intraspecific variation in pitviper venom composition detected using 
matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF-MS) and 
isoelectric focusing. Journal of Molecular Evolution, 56(3), pp.317-329. 

Crews, D., Grassman, M., Garstka, W.R., Halpert, A. and Camazine, B., 1987. Sex and seasonal 
differences in metabolism in the Red-Sided Garter Snake, Thamnophis sirtalis 
parietalis. Canadian Journal of Zoology, 65(10), pp.2362-2368. 

Cundall, D., 2009. Viper fangs: functional limitations of extreme teeth. Physiological and 
Biochemical Zoology, 82(1), pp.63-79. 



52 
 

Dagda, R.K., Gasanov, S., De La OIII, Y., Rael, E.D. and Lieb, C.S., 2013. Genetic basis for variation 
of metalloproteinase-associated biochemical activity in venom of the Mojave Rattlesnake 
(Crotalus scutulatus scutulatus). Biochemistry Research International, 2013. 

Daltry, J.C., Wüster, W. and Thorpe, R.S., 1996. Diet and snake venom 
evolution. Nature, 379(6565), p.537. 

Dobson, J., Yang, D.C., Op den Brouw, B., Cochran, C., Huynh, T., Kurrupu, S., Sánchez, E.E., 
Massey, D.J., Baumann, K., Jackson, T.N. and Nouwens, A., 2018. Rattling the border wall: 
Pathophysiological implications of functional and proteomic venom variation between Mexican 
and US subspecies of the desert rattlesnake Crotalus scutulatus. Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 205, pp.62-69. 

Dowell, N.L., Giorgianni, M.W., Griffin, S., Kassner, V.A., Selegue, J.E., Sanchez, E.E. and Carroll, 
S.B., 2018. Extremely divergent haplotypes in two toxin gene complexes encode alternative 
venom types within rattlesnake species. Current Biology, 28(7), pp.1016-1026. 

Dowell, N.L., Giorgianni, M.W., Kassner, V.A., Selegue, J.E., Sanchez, E.E. and Carroll, S.B., 2016. 
The deep origin and recent loss of venom toxin genes in rattlesnakes. Current Biology, 26(18), 
pp.2434-2445. 

Durban, J., Pérez, A., Sanz, L., Gómez, A., Bonilla, F., Rodríguez, S., Chacón, D., Sasa, M., Angulo, 
Y., Gutiérrez, J.M. and Calvete, J.J., 2013. Integrated “omics” profiling indicates that miRNAs are 
modulators of the ontogenetic venom composition shift in the Central American Rattlesnake, 
Crotalus simus simus. BMC Genomics, 14(1), p.234. 

Enjapoori, A.K., Lefèvre, C.M., Nicholas, K.R. and Sharp, J.A., 2017. Hormonal regulation of 
platypus Beta-lactoglobulin and monotreme lactation protein genes. General and Comparative 
Endocrinology, 242, pp.38-48. 

Friesen, C.R., Powers, D.R. and Mason, R.T., 2017. Using whole-group metabolic rate and 
behaviour to assess the energetics of courtship in Red-Sided Garter Snakes. Animal 
Behaviour, 130, pp.177-185. 

Fry, B.G., 2005. From genome to “venome”: molecular origin and evolution of the snake venom 
proteome inferred from phylogenetic analysis of toxin sequences and related body 
proteins. Genome research, 15(3), pp.403-420. 

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. and Renjifo, C., 2009. The toxicogenomic multiverse: 
convergent recruitment of proteins into animal venoms. Annual review of genomics and human 
genetics, 10, pp.483-511. 

Fry, B.G., Sunagar, K., Casewell, N.R., Kochva, E., Roelants, K., Scheib, H., Wüster, W., Vidal, N., 
Young, B., Burbrink, F. and Pyron, R.A., 2015. The origin and evolution of the Toxicofera reptile 
venom system. Venomous Reptiles and Their Toxins: Evolution, Pathophysiology and 
Biodiscovery; Fry, BG, Ed, pp.1-31. 



53 
 

Furtado, M.F.D., Travaglia-Cardoso, S.R. and Rocha, M.M.T., 2006. Sexual dimorphism in venom 
of Bothrops jararaca (Serpentes: Viperidae). Toxicon, 48(4), pp.401-410. 

Gangur, A.N., Smout, M., Liddell, M.J., Seymour, J.E., Wilson, D. and Northfield, T.D., 2017. 
Changes in predator exposure, but not in diet, induce phenotypic plasticity in scorpion 
venom. Proceedings of the Royal Society B: Biological Sciences, 284(1863), p.20171364. 

Gangur, A.N., Seymour, J.E., Liddell, M.J., Wilson, D., Smout, M.J. and Northfield, T.D., 2018. 
When is overkill optimal? Tritrophic interactions reveal new insights into venom 
evolution. Theoretical Ecology, 11(2), pp.141-149. 

García, C.M. and Drummond, H., 1988. Seasonal and ontogenetic variation in the diet of the 
Mexican Garter Snake, Thamnophis eques, in lake Tecocomulco, Hidalgo. Journal of Herpetology, 
pp.129-134. 

Gasanov, S.E., Dagda, R.K. and Rael, E.D., 2014. Snake venom cytotoxins, phospholipase A2s, and 
Zn2+-dependent metalloproteinases: mechanisms of action and pharmacological 
relevance. Journal of clinical toxicology, 4(1), p.1000181. 

Gennaro, J.F., Hall, H.P., Casey, E.R. and Hayes, W.K., 2007. Neurotropic effects of venoms and 
other factors that promote prey acquisition. Journal of Experimental Zoology Part A: Ecological 
Genetics and Physiology, 307(9), pp.488-499. 

Gibbs, H.L. and Mackessy, S.P., 2009. Functional basis of a molecular adaptation: prey-specific 
toxic effects of venom from Sistrurus rattlesnakes. Toxicon, 53(6), pp.672-679. 

Gibbs, H.L., Sanz, L. and Calvete, J.J., 2009. Snake population venomics: proteomics-based 
analyses of individual variation reveals significant gene regulation effects on venom protein 
expression in Sistrurus rattlesnakes. Journal of molecular evolution, 68(2), pp.113-125. 

Gibbs, H.L., Sanz, L., Chiucchi, J.E., Farrell, T.M. and Calvete, J.J., 2011. Proteomic analysis of 
ontogenetic and diet-related changes in venom composition of juvenile and adult Dusky Pigmy 
rattlesnakes (Sistrurus miliarius barbouri). Journal of proteomics, 74(10), pp.2169-2179. 

Girón, M.E., Padrón, V., Ramos, M.I., Sánchez, E.E., Guerrero, B., García, A., Uzcátegui, N.L., 
Navarrete, L.F. and Rodríguez-Acosta, A., 2018. Intraspecies geographical variability in the South 
American tigra mariposa (Bothrops venezuelensis Sandner 1952) snake venom 
activities. Toxicon, 144, pp.23-33. 

Glaudas, X., Kearney, T.C. and Alexander, G.J., 2017. To hold or not to hold? The effects of prey 
type and size on the predatory strategy of a venomous snake. Journal of Zoology, 302(3), pp.211-
218. 

Glaudas, X., Winne, C.T. and Fedewa, L.A., 2006. Ontogeny of anti-predator behavioral 
habituation in cottonmouths (Agkistrodon piscivorus). Ethology, 112(6), pp.608-615. 

Gregory-Dwyer, V.M., Egen, N.B., Bosisio, A.B., Righetti, P.G. and Russell, F.E., 1986. An 
isoelectric focusing study of seasonal variation in rattlesnake venom proteins. Toxicon, 24(10), 
pp.995-1000. 



54 
 

Gren, E.C., Kelln, W., Person, C., McCabe, J.G., Kornhauser, R., Hart, A.J., Erbas-White, K., Pompe, 
L.R. and Hayes, W.K., 2017. Geographic variation of venom composition and neurotoxicity in the 
rattlesnakes Crotalus oreganus and C. helleri: assessing the potential roles of selection and 
neutral evolutionary processes in shaping venom variation. Biology of the Rattlesnakes II, pp.228-
252. 

Gubenšek, F., Sket, D., Turk, V. and Lebez, D., 1974. Fractionation of Vipera ammodytes venom 
and seasonal variation of its composition. Toxicon, 12(2), pp.167-168. 

Guércio, R.A., Shevchenko, A., Shevchenko, A., López-Lozano, J.L., Paba, J., Sousa, M.V. and 
Ricart, C.A., 2006. Ontogenetic variations in the venom proteome of the Amazonian snake 
Bothrops atrox. Proteome science, 4(1), p.11. 

Gutiérrez, J.M. and Ownby, C.L., 2003. Skeletal muscle degeneration induced by venom 
phospholipases A2: insights into the mechanisms of local and systemic 
myotoxicity. Toxicon, 42(8), pp.915-931. 

Hargreaves, A.D., Swain, M.T., Hegarty, M.J., Logan, D.W. and Mulley, J.F., 2014. Restriction and 
recruitment—gene duplication and the origin and evolution of snake venom toxins. Genome 
biology and evolution, 6(8), pp.2088-2095. 

Hargreaves, A.D., Swain, M.T., Logan, D.W. and Mulley, J.F., 2014. Testing the Toxicofera: 
comparative transcriptomics casts doubt on the single, early evolution of the reptile venom 
system. Toxicon, 92, pp.140-156. 

Hargreaves, A.D., Tucker, A.S. and Mulley, J.F., 2017. A Critique of the Toxicoferan 
Hypothesis. Evolution of Venomous Animals and Their Toxins, pp.69-86. 

Hayes, W.K., Herbert, S.S., Rehling, G.C. and Gennaro, J.F., 2002. Factors that influence venom 
expenditure in viperids and other snake species during predatory and defensive contexts. Biology 
of the Vipers, pp.207-233. 

Healy, K., Carbone, C. and Jackson, A.L., 2019. Snake venom potency and yield are associated 
with prey-evolution, predator metabolism and habitat structure. Ecology letters, 22(3), pp.527-
537. 

Hegde, R.P., Rajagopalan, N., Doley, R. and Kini, R.M., 2016. 13 Snake Venom Three-Finger 
Toxins. Handbook of Venoms and Toxins of Reptiles, p.287. 

Hempel, B.F., Damm, M., Mrinalini, Göçmen, B., Karış, M., Nalbantsoy, A., Kini, R.M. and 
Süssmuth, R.D., 2020. Extended snake venomics by top-down in-source decay: Investigating the 
newly discovered Anatolian Meadow viper subspecies, Vipera anatolica senliki. Journal of 
Proteome Research, 19(4), pp.1731-1749. 

Himaya, S.W.A. and Lewis, R.J., 2018. Venomics-accelerated cone snail venom peptide 
discovery. International journal of molecular sciences, 19(3), p.788. 

Hirai, T., 2004. Dietary shifts of frog eating snakes in response to seasonal changes in prey 
availability. Journal of Herpetology, 38(3), pp.455-460. 



55 
 

Hirose, K., Payumo, A.Y., Cutie, S., Hoang, A., Zhang, H., Guyot, R., Lunn, D., Bigley, R.B., Yu, H., 
Wang, J. and Smith, M., 2019. Evidence for hormonal control of heart regenerative capacity 
during endothermy acquisition. Science, 364(6436), pp.184-188. 

Holding, M.L., Margres, M.J., Rokyta, D.R. and Gibbs, H.L., 2018. Local prey community 
composition and genetic distance predict venom divergence among populations of the northern 
Pacific rattlesnake (Crotalus oreganus). Journal of evolutionary biology, 31(10), pp.1513-1528. 

Housley, D.M., Pinyon, J.L., Jonquieres, G.V., Perera, C.J., Smout, M., Liddell, M.J., Jennings, E.A., 
Wilson, D. and Housley, G.D., 2020. Australian Scorpion Hormurus waigiensis Venom Fractions 
Show Broad Bioactivity through Modulation of Bio-Impedance and Cytosolic 
Calcium. Biomolecules, 10(4), p.617. 

https://www.agilent.com/cs/library/usermanuals/public/G2938-90062_Protein80_AG_KG.pdf 

Juárez, P., Sanz, L. and Calvete, J.J., 2004. Snake venomics: Characterization of protein families in 
Sistrurus barbouri venom by cysteine mapping, N-terminal sequencing, and tandem mass 
spectrometry analysis. Proteomics, 4(2), pp.327-338. 

Kalita, B., Mackessy, S.P. and Mukherjee, A.K., 2018. Proteomic analysis reveals geographic 
variation in venom composition of Russell’s Viper in the Indian subcontinent: implications for 
clinical manifestations post-envenomation and antivenom treatment. Expert review of 
proteomics, 15(10), pp.837-849. 

Kardong, K.V., 1996. Snake toxins and venoms: an evolutionary perspective. Herpetologica, 
pp.36-46. 

Kasturiratne, A., Wickremasinghe, A.R., de Silva, N., Gunawardena, N.K., Pathmeswaran, A., 
Premaratna, R., Savioli, L., Lalloo, D.G. and de Silva, H.J., 2008. The global burden of snakebite: a 
literature analysis and modelling based on regional estimates of envenoming and deaths. PLoS 
medicine, 5(11), p.e218. 

Katkar, G.D., Sharma, R.D., Vishalakshi, G.J., Naveenkumar, S.K., Madhur, G., Thushara, R.M., 
Narender, T., Girish, K.S. and Kemparaju, K., 2015. Lupeol derivative mitigates Echis carinatus 
venom-induced tissue destruction by neutralizing venom toxins and protecting collagen and 
angiogenic receptors on inflammatory cells. Biochimica et Biophysica Acta (BBA)-General 
Subjects, 1850(12), pp.2393-2409. 

Kini, R.M. and Doley, R., 2010. Structure, function and evolution of three-finger toxins: mini 
proteins with multiple targets. Toxicon, 56(6), pp.855-867. 

Knight, R.B., Dvorcakova, S., Luptakova, L., Vdoviakova, K., Petrilla, V. and Petrovova, E., 2019. 
Evaluation of vasoactivity after haemotoxic snake venom administration. Toxicon, 158, pp.69-76. 

Kochva, E., 1987. The origin of snakes and evolution of the venom apparatus. Toxicon, 25(1), 
pp.65-106. 

https://www.agilent.com/cs/library/usermanuals/public/G2938-90062_Protein80_AG_KG.pdf


56 
 

Koludarov, I., Jackson, T.N., Dobson, J., Dashevsky, D., Arbuckle, K., Clemente, C.J., Stockdale, E.J., 
Cochran, C., Debono, J., Stephens, C. and Panagides, N., 2017. Enter the dragon: the dynamic 
and multifunctional evolution of Anguimorpha lizard venoms. Toxins, 9(8), p.242. 

Kowalski, K. and Rychlik, L., 2018. The role of venom in the hunting and hoarding of prey differing 
in body size by the Eurasian water shrew, Neomys fodiens. Journal of Mammalogy, 99(2), 
pp.351-362. 

Kularatne, S.A.M., Sivansuthan, S., Medagedara, S.C., Maduwage, K. and de Silva, A., 2011. 
Revisiting saw-scaled viper (Echis carinatus) bites in the Jaffna Peninsula of Sri Lanka: 
distribution, epidemiology and clinical manifestations. Transactions of the Royal Society of 
Tropical Medicine and Hygiene, 105(10), pp.591-597. 

Langenegger, N., Nentwig, W. and Kuhn-Nentwig, L., 2019. Spider Venom: Components, Modes 
of Action, and Novel Strategies in Transcriptomic and Proteomic Analyses. Toxins, 11(10), p.611. 

Lauridsen, L.P., Laustsen, A.H., Lomonte, B. and Gutiérrez, J.M., 2017. Exploring the venom of the 
forest cobra snake: Toxicovenomics and antivenom profiling of Naja melanoleuca. Journal of 
proteomics, 150, pp.98-108. 

Li, M., Fry, B.G. and Kini, R.M., 2005. Eggs-only diet: its implications for the toxin profile changes 
and ecology of the marbled sea snake (Aipysurus eydouxii). Journal of Molecular Evolution, 60(1), 
pp.81-89. 

Ligabue-Braun, R., 2015. Venom use in mammals: evolutionary aspects. Evolution of Venomous 
Animals and Their Toxins, pp.1-23. 

Lomonte, B. and Rangel, J., 2012. Snake venom Lys49 myotoxins: from phospholipases A2 to 
non-enzymatic membrane disruptors. Toxicon, 60(4), pp.520-530. 

López, M.S., Manzano, A.S. and Prieto, Y.A., 2013. Ontogenetic variation in head morphology and 
diet in two snakes (Viperidae) from northeastern Argentina. Journal of Herpetology, 47(3), 
pp.406-412. 

López-Lozano, J.L., de Sousa, M.V., Ricart, C.A.O., Chávez-Olortegui, C., Sanchez, E.F., Muniz, E.G., 
Bührnheim, P.F. and Morhy, L., 2002. Ontogenetic variation of metalloproteinases and plasma 
coagulant activity in venoms of wild Bothrops atrox specimens from Amazonian rain 
forest. Toxicon, 40(7), pp.997-1006. 

Lourdais, O., Bonnet, X. and Doughty, P., 2002. Costs of anorexia during pregnancy in a 
viviparous snake (Vipera aspis). Journal of Experimental Zoology, 292(5), pp.487-493. 

Lynch, M. and Conery, J.S., 2000. The evolutionary fate and consequences of duplicate 
genes. science, 290(5494), pp.1151-1155. 

Lyons, K., Dugon, M.M. and Healy, K., 2020. Diet Breadth Mediates the Prey Specificity of Venom 
Potency in Snakes. Toxins, 12(2), p.74. 

Mackessy, S., Leroy, J., Mociño-Deloya, E., Setser, K., Bryson, R. and Saviola, A., 2018. Venom 
ontogeny in the mexican lance-headed rattlesnake (Crotalus polystictus). Toxins, 10(7), p.271. 



57 
 

Mackessy, S.P., Williams, K. and Ashton, K.G., 2003. Ontogenetic variation in venom composition 
and diet of Crotalus oreganus concolor: a case of venom paedomorphosis?. Copeia, 2003(4), 
pp.769-782. 

Madrigal, M., Sanz, L., Flores-Díaz, M., Sasa, M., Núñez, V., Alape-Girón, A. and Calvete, J.J., 2012. 
Snake venomics across genus Lachesis. Ontogenetic changes in the venom composition of 
Lachesis stenophrys and comparative proteomics of the venoms of adult Lachesis 
melanocephala and Lachesis acrochorda. Journal of proteomics, 77, pp.280-297. 

Markland Jr, F.S. and Swenson, S., 2013. Snake venom metalloproteinases. Toxicon, 62, pp.3-18. 

McCue, M.D., 2006. Cost of producing venom in three North American pitviper 
species. Copeia, 2006(4), pp.818-825. 

Méjean, C., Morzel, M., Neyraud, E., Issanchou, S., Martin, C., Bozonnet, S., Urbano, C., Schlich, 
P., Hercberg, S., Péneau, S. and Feron, G., 2015. Salivary composition is associated with liking and 
usual nutrient intake. PloS one, 10(9), p.e0137473. 

Mello, T.R.P., Aleixo, A.C., Pinheiro, D.G., Nunes, F.M.F., Cristino, A.S., Bitondi, M.M.G., Barchuk, 
A.R. and Simões, Z.L.P., 2019. Hormonal control and target genes of ftz-f1 expression in the 
honeybee Apis mellifera: a positive loop linking juvenile hormone, ftz-f1, and vitellogenin. Insect 
molecular biology, 28(1), pp.145-159. 

Menezes, M.C., Furtado, M.F., Travaglia-Cardoso, S.R., Camargo, A.C. and Serrano, S.M., 2006. 
Sex-based individual variation of snake venom proteome among eighteen Bothrops jararaca 
siblings. Toxicon, 47(3), pp.304-312. 

Modahl, C.M., Mukherjee, A.K. and Mackessy, S.P., 2016. An analysis of venom ontogeny and 
prey-specific toxicity in the Monocled Cobra (Naja kaouthia). Toxicon, 119, pp.8-20. 

Modahl, C.M., Saviola, A.J. and Mackessy, S.P., 2016. Venoms of colubrids. Venom genomics and 
proteomics, pp.51-79. 

Munawar, A., Ali, S.A., Akrem, A. and Betzel, C., 2018. Snake venom peptides: Tools of 
biodiscovery. Toxins, 10(11), p.474. 

Natusch, D.J. and Lyons, J.A., 2012. Relationships between ontogenetic changes in prey selection, 
head shape, sexual maturity, and colour in an Australasian python (Morelia viridis). Biological 
Journal of the Linnean Society, 107(2), pp.269-276. 

Nawarak, J., Sinchaikul, S., Wu, C.Y., Liau, M.Y., Phutrakul, S. and Chen, S.T., 2003. Proteomics of 
snake venoms from Elapidae and Viperidae families by multidimensional chromatographic 
methods. Electrophoresis, 24(16), pp.2838-2854. 

Neale, V., Sotillo, J., Seymour, J. and Wilson, D., 2017. The venom of the spine-bellied sea snake 
(Hydrophis curtus): Proteome, toxin diversity and intraspecific variation. International journal of 
molecular sciences, 18(12), p.2695. 



58 
 

Nekaris, K.A.I., Moore, R.S., Rode, E.J. and Fry, B.G., 2013. Mad, bad and dangerous to know: the 
biochemistry, ecology and evolution of slow loris venom. Journal of Venomous Animals and 
Toxins including Tropical Diseases, 19(1), p.21. 

Núñez, V., Cid, P., Sanz, L., De La Torre, P., Angulo, Y., Lomonte, B., Gutiérrez, J.M. and Calvete, 
J.J., 2009. Snake venomics and antivenomics of Bothrops atrox venoms from Colombia and the 
Amazon regions of Brazil, Perú and Ecuador suggest the occurrence of geographic variation of 
venom phenotype by a trend towards paedomorphism. Journal of proteomics, 73(1), pp.57-78. 

Nystrom, G.S., Fry, L.G., Ellsworth, S.A. and Rokyta, D.R., 2022. Contrasting patterns of venom 
regeneration in a centipede (Scolopendra viridis) and a scorpion (Centruroides 
hentzi). Toxicon, 210, pp.132-140. 

Olsson, M., Madsen, T. and Shine, R., 1997. Is sperm really so cheap? Costs of reproduction in 
male adders, Vipera berus. Proceedings of the Royal Society of London. Series B: Biological 
Sciences, 264(1380), pp.455-459. 

Paterna, A., 2019. Spitting behaviour in the Chinese cobra Naja atra. Herpetological Bulletin, 
(148). 

Patra, A., Kalita, B., Chanda, A. and Mukherjee, A.K., 2017. Proteomics and antivenomics of Echis 
carinatus carinatus venom: Correlation with pharmacological properties and pathophysiology of 
envenomation. Scientific reports, 7(1), pp.1-17. 

Peigneur, S., de Lima, M.E. and Tytgat, J., 2018. Phoneutria nigriventer venom: A 
pharmacological treasure. Toxicon, 151, pp.96-110. 

Petras, D., Hempel, B.F., Göçmen, B., Karis, M., Whiteley, G., Wagstaff, S.C., Heiss, P., Casewell, 
N.R., Nalbantsoy, A. and Süssmuth, R.D., 2019. Intact protein mass spectrometry reveals 
intraspecies variations in venom composition of a local population of Vipera kaznakovi in 
Northeastern Turkey. Journal of proteomics, 199, pp.31-50. 

Petrilla, V., Tomečková, V., Komanický, V., Lichardusová, L., Šutorová, M., Petrillová, M. and 
Sopková, D., 2014. Fluorescent profiling of venom-selected cobra species. Spectroscopy 
Letters, 47(1), pp.1-5. 

Pimenta, D.C., Prezoto, B.C., Konno, K., Melo, R.L., Furtado, M.F., Camargo, A.C. and Serrano, 
S.M., 2007. Mass spectrometric analysis of the individual variability of Bothrops jararaca venom 
peptide fraction. Evidence for sex-based variation among the bradykinin-potentiating 
peptides. Rapid Communications in Mass Spectrometry: An International Journal Devoted to the 
Rapid Dissemination of Up-to-the-Minute Research in Mass Spectrometry, 21(6), pp.1034-1042. 

Pintor, A.F., Krockenberger, A.K. and Seymour, J.E., 2010. Costs of venom production in the 
common death adder (Acanthophis antarcticus). Toxicon, 56(6), pp.1035-1042. 

Pough, F.H., 1977. Ontogenetic change in blood oxygen capacity and maximum activity in garter 
snakes (Thamnophis sirtalis). Journal of comparative physiology, 116(3), pp.337-345. 



59 
 

Price, T.D., Qvarnström, A. and Irwin, D.E., 2003. The role of phenotypic plasticity in driving 
genetic evolution. Proceedings of the Royal Society of London. Series B: Biological 
Sciences, 270(1523), pp.1433-1440. 

Remigante, A., Costa, R., Morabito, R., La Spada, G., Marino, A. and Dossena, S., 2018. Impact of 
scyphozoan venoms on Human health and current first aid options for stings. Toxins, 10(4), 
p.133. 

Reyes-Velasco, J., Card, D.C., Andrew, A.L., Shaney, K.J., Adams, R.H., Schield, D.R., Casewell, N.R., 
Mackessy, S.P. and Castoe, T.A., 2015. Expression of venom gene homologs in diverse python 
tissues suggests a new model for the evolution of snake venom. Molecular biology and 
evolution, 32(1), pp.173-183. 

Richards, R., St Pierre, L., Trabi, M., Johnson, L.A., de Jersey, J., Masci, P.P. and Lavin, M.F., 2011. 
Cloning and characterisation of novel cystatins from elapid snake venom 
glands. Biochimie, 93(4), pp.659-668. 

Rodríguez-Robles, J.A. and Thomas, R., 1992. Venom function in the Puerto Rican racer, Alsophis 
portoricensis (Serpentes: Colubridae). Copeia, pp.62-68. 

Roth, E.D. and Johnson, J.A., 2004. Size-based variation in antipredator behavior within a snake 
(Agkistrodon piscivorus) population. Behavioral Ecology, 15(2), pp.365-370. 

Santos, X., González-Solis, J. and Llorente, G.A., 2000. Variation in the diet of the viperine snake 
Natvix mama in relation to prey availability. Ecography, 23(2), pp.185-192. 

Savino, W., Mendes-da-Cruz, D.A., Lepletier, A. and Dardenne, M., 2016. Hormonal control of T-
cell development in health and disease. Nature Reviews Endocrinology, 12(2), p.77. 

Schluter, D. and Nagel, L.M., 1995. Parallel speciation by natural selection. The American 
Naturalist, 146(2), pp.292-301. 

Schendel, V., Rash, L.D., Jenner, R.A. and Undheim, E.A., 2019. The diversity of venom: the 
importance of behavior and venom system morphology in understanding its ecology and 
evolution. Toxins, 11(11), p.666. 

Sciani, J.M. and Pimenta, D.C., 2017. The modular nature of bradykinin-potentiating peptides 
isolated from snake venoms. Journal of Venomous Animals and Toxins including Tropical 
Diseases, 23. 

da Silva Jr, N.J. and Aird, S.D., 2001. Prey specificity, comparative lethality and compositional 
differences of coral snake venoms. Comparative Biochemistry and Physiology Part C: Toxicology 
& Pharmacology, 128(3), pp.425-456. 

Silva, A., Hodgson, W. and Isbister, G., 2016. Cross-neutralisation of in vitro neurotoxicity of 
Asian and Australian snake neurotoxins and venoms by different antivenoms. Toxins, 8(10), 
p.302. 



60 
 

Smith, C.F. and Mackessy, S.P., 2016. The effects of hybridization on divergent venom 
phenotypes: Characterization of venom from Crotalus scutulatus scutulatus× Crotalus oreganus 
helleri hybrids. Toxicon, 120, pp.110-123. 

Smith, M.T., Ortega, J. and Beaupre, S.J., 2014. Metabolic cost of venom replenishment by Prairie 
Rattlesnakes (Crotalus viridis viridis). Toxicon, 86, pp.1-7. 

Sommer, R.J., Dardiry, M., Lenuzzi, M., Namdeo, S., Renahan, T., Sieriebriennikov, B. and Werner, 
M.S., 2017. The genetics of phenotypic plasticity in nematode feeding structures. Open 
biology, 7(3), p.160332. 

Sousa, L.F., Nicolau, C.A., Peixoto, P.S., Bernardoni, J.L., Oliveira, S.S., Portes-Junior, J.A., Mourão, 
R.H.V., Lima-dos-Santos, I., Sano-Martins, I.S., Chalkidis, H.M. and Valente, R.H., 2013. 
Comparison of phylogeny, venom composition and neutralization by antivenom in diverse 
species of Bothrops complex. PLoS neglected tropical diseases, 7(9), p.e2442. 

de Souza, C.L., dos Santos-Pinto, J.R.A., Esteves, F.G., Perez-Riverol, A., Fernandes, L.G.R., de 
Lima Zollner, R. and Palma, M.S., 2019. Revisiting Polybia paulista wasp venom using shotgun 
proteomics–insights into the N-linked glycosylated venom proteins. Journal of proteomics, 200, 
pp.60-73. 

Starkov, V.G., Osipov, A.V. and Utkin, Y.N., 2007. Toxicity of venoms from vipers of Pelias group 
to crickets Gryllus assimilis and its relation to snake entomophagy. Toxicon, 49(7), pp.995-1001. 

Stevens, M., Lown, A.E. and Wood, L.E., 2014. Color change and camouflage in juvenile shore 
crabs Carcinus maenas. Frontiers in Ecology and Evolution, 2, p.14. 

Strickland, J.L., Smith, C.F., Mason, A.J., Schield, D.R., Borja, M., Castañeda-Gaytán, G., Spencer, 
C.L., Smith, L.L., Trápaga, A., Bouzid, N.M. and Campillo-García, G., 2018. Evidence for divergent 
patterns of local selection driving venom variation in Mojave Rattlesnakes (Crotalus 
scutulatus). Scientific reports, 8(1), p.17622. 

Sunagar, K., Undheim, E.A., Scheib, H., Gren, E.C., Cochran, C., Person, C.E., Koludarov, I., Kelln, 
W., Hayes, W.K., King, G.F. and Antunes, A., 2014. Intraspecific venom variation in the medically 
significant Southern Pacific Rattlesnake (Crotalus oreganus helleri): biodiscovery, clinical and 
evolutionary implications. Journal of proteomics, 99, pp.68-83. 

Tasoulis, T. and Isbister, G.K., 2017. A review and database of snake venom 
proteomes. Toxins, 9(9), p.290. 

Teng, C.M. and Huang, T.F., 1991. Snake venom constituents that affect platelet 
function. Platelets, 2(2), pp.77-87. 

Tennie, C., O'Malley, R.C. and Gilby, I.C., 2014. Why do chimpanzees hunt? Considering the 
benefits and costs of acquiring and consuming vertebrate versus invertebrate prey. Journal of 
Human Evolution, 71, pp.38-45. 

Theakston, R.D.G., Warrell, D.A. and Griffiths, E., 2003. Report of a WHO workshop on the 
standardization and control of antivenoms. Toxicon, 41(5), pp.541-557. 



61 
 

Thomas, R.G. and Pough, F.H., 1979. The effect of rattlesnake venom on digestion of 
prey. Toxicon, 17(3), pp.221-228. 

Tobassum, S., Tahir, H.M., Zahid, M.T., Gardner, Q.A. and Ahsan, M.M., 2018. Effect of milking 
method, diet, and temperature on venom production in scorpions. Journal of Insect 
Science, 18(4), p.19. 

Tu, A.T., 2012. OVERVIEW OF SNAKE VENOM CHEMISTRY. Natural Toxins 2: Structure, 
Mechanism of Action, and Detection, 391, p.37. 

Vetter, R.S. and Visscher, P.K., 1998. Bites and stings of medically important venomous 
arthropods. International journal of dermatology, 37(7), pp.481-496. 

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(1-2), 
pp.21-41. 

Vink, S., Jin, A.H., Poth, K.J., Head, G.A. and Alewood, P.F., 2012. Natriuretic peptide drug leads 
from snake venom. Toxicon, 59(4), pp.434-445. 

Visser, L.E., Kyei-Faried, S., Belcher, D.W., Geelhoed, D.W., van Leeuwen, J.S. and Van 
Roosmalen, J., 2008. Failure of a new antivenom to treat Echis ocellatus snake bite in rural 
Ghana: the importance of quality surveillance. Transactions of the Royal Society of Tropical 
Medicine and Hygiene, 102(5), pp.445-450. 

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. and Mirtschin, P.J., 2008. Evolutionary origin and 
development of snake fangs. Nature, 454(7204), pp.630-633. 

Vonk, F.J., Casewell, N.R., Henkel, C.V., Heimberg, A.M., Jansen, H.J., McCleary, R.J., Kerkkamp, 
H.M., Vos, R.A., Guerreiro, I., Calvete, J.J. and Wüster, W., 2013. The king cobra genome reveals 
dynamic gene evolution and adaptation in the snake venom system. Proceedings of the National 
Academy of Sciences, 110(51), pp.20651-20656. 

Warrell, D.A., 2010. Snake bite. The Lancet, 375(9708), pp.77-88. 

Warrell, D.A. and Arnett, C., 1976. The importance of bites by the saw-scaled or carpet viper 
(Echis carinatus): epidemiological studies in Nigeria and a review of the world literature. Acta 
tropica, 33(4), pp.307-341. 

Weiss, H.J., Phillips, L.L., Hopewell, W.S., Phillips, G., Christy, N.P. and Nitti, J.F., 1973. Heparin 
therapy in a patient bitten by a saw-scaled viper (Echis carinatus), a snake whose venom 
activates prothrombin. The American journal of medicine, 54(5), pp.653-662. 

Westhoff, G., Boetig, M., Bleckmann, H. and Young, B.A., 2010. Target tracking during venom 
‘spitting’by cobras. Journal of Experimental Biology, 213(11), pp.1797-1802. 

Westhoff, G., Tzschätzsch, K. and Bleckmann, H., 2005. The spitting behavior of two species of 
spitting cobras. Journal of Comparative Physiology A, 191(10), pp.873-881. 



62 
 

Whitelaw, B.L., Strugnell, J.M., Faou, P., da Fonseca, R.R., Hall, N.E., Norman, M., Finn, J. and 
Cooke, I.R., 2016. Combined transcriptomic and proteomic analysis of the posterior salivary 
gland from the southern blue-ringed octopus and the southern sand octopus. Journal of 
proteome research, 15(9), pp.3284-3297. 

Whittington, C.M. and Belov, K., 2016. The platypus: a venomous mammal. Venom Genomics 
and Proteomics, pp.169-183. 

WHO. 2019. Snakebite Envenoming. [Online]. [April 14th 2019]. Available from: 
https://www.who.int/news-room/fact-sheets/detail/snakebite-envenoming 

Williams, D., Gutiérrez, J.M., Harrison, R., Warrell, D.A., White, J., Winkel, K.D. and 
Gopalakrishnakone, P., 2010. The Global Snake Bite Initiative: an antidote for snake bite. The 
lancet, 375(9708), pp.89-91. 

Williams, V. and White, J., 1992. Variation in the composition of the venom from a single 
specimen of Pseudonaja textilis (common brown snake) over one year. Toxicon, 30(2), pp.202-
206. 

Wong, E.S. and Belov, K., 2012. Venom evolution through gene duplications. Gene, 496(1), pp.1-
7. 

Wooldridge, B.J., Pineda, G., Banuelas-Ornelas, J.J., Dagda, R.K., Gasanov, S.E., Rael, E.D. and 
Lieb, C.S., 2001. Mojave rattlesnakes (Crotalus scutulatus scutulatus) lacking the acidic subunit 
DNA sequence lack Mojave toxin in their venom. Comparative Biochemistry and Physiology Part 
B: Biochemistry and Molecular Biology, 130(2), pp.169-179. 

Wray, K.P., Margres, M.J., Seavy, M. and Rokyta, D.R., 2015. Early significant ontogenetic changes 
in snake venoms. Toxicon, 96, pp.74-81. 

Yamazaki, Y. and Morita, T., 2004. Structure and function of snake venom cysteine-rich secretory 
proteins. Toxicon, 44(3), pp.227-231. 

Zancolli, G., Sanz, L., Calvete, J. and Wüster, W., 2017. Venom on-a-chip: a fast and efficient 
method for comparative venomics. Toxins, 9(6), p.179. 

Zancolli, G., Calvete, J.J., Cardwell, M.D., Greene, H.W., Hayes, W.K., Hegarty, M.J., Herrmann, 
H.W., Holycross, A.T., Lannutti, D.I., Mulley, J.F. and Sanz, L., 2019. When one phenotype is not 
enough: divergent evolutionary trajectories govern venom variation in a widespread rattlesnake 
species. Proceedings of the Royal Society B, 286(1898), p.20182735. 

Zelanis, A., de Souza Ventura, J., Chudzinski-Tavassi, A.M. and Furtado, M.D.F.D., 2007. Variability 
in expression of Bothrops insularis snake venom proteases: an ontogenetic 
approach. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 145(4), 
pp.601-609. 

Zelanis, A., Tashima, A.K., Rocha, M.M., Furtado, M.F., Camargo, A.C., Ho, P.L. and Serrano, S.M., 
2010. Analysis of the ontogenetic variation in the venom proteome/peptidome of Bothrops 



63 
 

jararaca reveals different strategies to deal with prey. Journal of proteome research, 9(5), 
pp.2278-2291. 

Zhao, H., Gan, T.X., Liu, X.D., Jin, Y., Lee, W.H., Shen, J.H. and Zhang, Y., 2008. Identification and 
characterization of novel reptile cathelicidins from elapid snakes. Peptides, 29(10), pp.1685-
1691. 

 


