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"Simplicity is a great virtue but it requires hard work to achieve it and 
education to appreciate it. And to make matters worse: complexity sells better. " 

-Edsger Wybe Dijkstra 



ABSTRACT 

Snakes represent a diverse reptile lineage, with the evolutionary innovation of venom 

allowing them to exploit and thrive in different ecological niches. Snake venom has 

frequently been proposed to be highly complex, having evolved a single time at the base 

of squamate reptiles with venom genes being "recruited" from multiple body tissues. 

However, the genetic mechanisms behind these processes and those underpinning the 

regulation of venom gene expression are poorly understood. Therefore, 2nd generation 

sequencing was utilised in order to investigate and evaluate these processes. Several 

methods were first used in order to assess the optimal methodology for genome and 

transcriptome assembly. Comparative transcriptomic analyses revealed that venom is 

likely to be a simple mixture containing products from a few gene families. The Toxicofera 

hypothesis, proposing a single early origin of venom in reptiles, was found to be 

unsupported in a number of regards. Evaluation of venom gene recruitment revealed that 

this hypothesis was never supported originally, and newly generated data suggests that 

venom genes are ancestrally expressed in multiple tissues, including the salivary gland of 

non-venomous reptiles. Venom genes likely arise through restriction of their expression 

to the venom gland following gene duplication, and venom can be considered to simply be 

a modified version of saliva. The transcription factors (TFs) and signalling pathways in 

the venom and salivary glands are highly similar, with only one transcription factor found 

in the venom gland but not the salivary gland. Utilising a comparative genomics approach 

it was found that transcription factor binding sites are conserved between members of the 

same venom gene families, but not between families, suggesting multiple gene regulatory 

networks are behind snake venom production. Temporal variation in venom gene 

expression also appears to support this hypothesis. In short, snake venom has evolved via 

much simpler processes than previously thought. 
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Chapter 1 

General introduction 

This PhD project set out to achieve two broad goals. Firstly, to utilise 2"d generation 

sequencing technology to generate genomic and transcriptomic resources for an 

assortment of reptile species, snakes in particular. In so doing, a range of bioinformatics 

tools were employed in an attempt to determine the optimal method for assembling and 

analysing these data, as no gold standard currently exists. Secondly, the evolution of snake 

venom is proposed to have evolved once early in the evolutionary history of squamate 

reptiles, the so-called "Toxicofera hypothesis". Additionally, venom genes have been 

proposed to arise through the duplication and "recruitment" of genes to the venom gland 

where natural selection can then act to develop or increase toxicity. However, both of these 

hypotheses are based on the analysis of mainly venom gland-derived data, suggesting that 

their conclusions are perhaps premature and not supported by sufficient evidence. In light 

of this, these hypotheses were re-evaluated using the newly generated genomic and 

transcriptomic data. 

The purpose of this introduction is to outline the phylogeny and diversity of venomous 

snakes, the varying definitions of what constitutes a venom, the global medical burden 

posed by snake envenoming, the inter- and intra-specific variation in snake venom 

composition and its proposed causes, the potential pharmaceutical uses of snake venom, 

the proposed origins of venom in snakes, and the Toxicofera hypothesis. As the 

overarching theme of this thesis includes the extensive use of DNA and RNA sequencing, 

I will also outline the rationale and methodology behind some of these techniques. 
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1.1 Snakes 

The majority of extant reptiles belong to the order Squamata (Figure 1.1 ), a name referencing 

the scaled skin of these animals, which is made up of all lizards and snakes. Snakes are limbless 

ectothermic animals of the suborder Serpentes, comprising of approximately 3,000 species. 

Snakes are proposed to have evolved from terrestrial lizards, which consequently lost their 

limbs as an adaptation to a fossorial lifestyle (Vidal and Hedges 2004). The majority of all 

snakes (~2,500 species) make up the Caenophidia or "advanced snakes", a sub-order containing 

4 major lineages; the Atractaspidinae (such as stiletto snakes), the Viperidae (vipers and pit 

vipers), the Elapidae (such as cobras and mambas) and the Colubridae (a polyphyletic group 

which is constantly undergoing taxonomic revision, but does contain venomous species such 

as the boomslang, Dispholidus typus) (Vonk et al. 2011). Approximately 600 species are 

traditionally considered to be "venomous" in that they possess venom glands surrounded by 

compressor muscles, tubular fangs at the front of the mouth and are of medical significance to 

humans, and these species belong to the former three lineages mentioned. Members of the 

Colubridae are opisthoglyphous (rear fanged) and do not generally pose a threat to humans 

(although fatalities have been attributed to the boomslang and twig snakes, Thelotornis spp.) 

and so historically have not been considered to be venomous in the traditional sense . 

..-----• Coelacanths 

Amphibians 

Mammals 

.---- Birds 

..---• Tuataras 

----Geckos 

..--sklnks 
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Figure 1.1. Simplified phylogenetic positions of the major groups of the Reptilia (which 

includes birds) shaded in green, the order squamata shaded orange, and the Toxicofera clade 

(Vidal and Hedges 2005) (see later section) shaded in red. Due to persistent taxonomic 

uncertainty within the Colubridae, the term colubrids is placed within inverted commas. 

1.2 Venom 

The use of venom is ubiquitous throughout the animal kingdom, with venomous animals being 

found in the Arthropoda (Remipede crustaceans, spiders, scorpions, centipedes, bees, wasps), 

Cephalopda (octopi), Cnidaria (jellyfish and sea anemones), Gastropoda (cone snails), 

Actinopterygii (stone fish and lion fish) , Reptilia (lizards and snakes) and Mammalia (platypus, 

shrews and lorises) (Vetter and Visscher 1998; Fry et al. 2006; Fry et al. 2009b; Undheim and 

King 2011 ; Ligabue-Braun et al. 2012; Ruder et al. 2013; Nekaris et al. 2013; von Reumont et 

al. 2014). Venom is predominantly used as a prey capture method but it can also be used 

defensively (for example in spitting cobras (Westhoff et al. 2005)) or for combat during 

breeding seasons (such as the platypus, Ornithorhynchus anatinus (Whittington and Belov 

2007)). Other functions such as acting as an antimicrobial agent (Nair et al. 2007; Ciscotto et 

al. 2009) or to aid the digestion of large prey items (McCue 2005) have also been suggested. 

As many venoms in snakes are known to have prey-specific effects ( see section 1.4 .1 ), it is 

likely that venom in snakes has evolved to aid in the incapacitation and killing of prey. 

Venom contains an array of active toxic components (and indeed, non-toxic components also), 

the majority of which are enzymatic proteins. The main characterised toxins found in snake 

venoms include: snake venom metalloproteinases, serine proteases, phospholipase A2s, 3 finger 

toxins and C-type lectins (Ren et al. 1999; Kini and Chan 1999; Lu et al. 2005; Kini and Ooley 

2010; Markland Jr and Swenson 2013). In general the venom of snakes can be described as 

being either haemotoxic or neurotoxic (these definitions are by no means mutually exclusive), 

with viper envenomation largely causing haemotoxic effects and the elapids causing neurotoxic 

effects. Venom is defined in the Oxford English dictionary as: 

"A poisonous substance secreted by animals such as snakes, spiders, and scorpions and 

typically injected into prey or aggressors by biting or stinging" 

Therefore it is distinct from a poison which requires ingestion in order to be toxic. Over the 

years there has been some debate over the definition of what constitutes a venom, especially 
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within the snake venom research community. Some have specified that a venom should cause 

"rapid prey death" (Kardong 1980), a definition focusing on the biological role of a venom 

which can be quantified and easily compared to other uses of oral secretions in snake species 

classically described as being non-venomous (Kardong 2012). Others have proposed definitions 

less focused 011 biological function and more on shared homology across taxa. For example, the 

most recent proposed definition: 

" .. . a secretion, produced in a specialised tissue (generally encapsulated in a gland) in one 

animal and delivered to a target animal through the infliction of a wound (regardless of how 

tiny it is). A venom must further contain molecules that disrupt normal physiological or 

biochemical processes so as to facilitate feeding or defence by/of the producing animal." (Fry 

et al. 2012b) 

Alongside this definition, and the fact that many of the toxic proteins found in snake venom 

have evolved convergently in other taxa, the authors also suggest that haematophagus (feeding 

on blood) animals are encapsulated by this definition (Fry et al. 2012b ), and propose that 

vampire bats (Low et al. 2013), mosquitoes, ticks and even lampreys (Fry et al. 2009b) should 

be classed as being "venomous". 

1.3 The global burden of snakebite and treatment 

It has been estimated that globally there are at least 421 ,000 enve11omings by snakes each year 

resulting in 20,000 deaths (Kasturiratne et al. 2008) (Figure 1.2). However, these figures are 

based 011 a conservative estimate, and the annual global mortality due to snakebite could in fact 

be as high as 94,000 deaths (Kasturiratne et al. 2008). Even so, snakebite has only recently be 

classified as a neglected tropical disease (NTD) (Warrell 2010) which constitutes a disease 

affecting predominantly inhabitants of the rural tropics, and the development of a treatment has 

been largely ignored by funding bodies and research efforts (Feasey et al. 2010). The majority 

of deaths caused by snakebite occur in Sub-Saharan Africa, Asia and the Americas, and poverty 

has been shown to be directly associated with an increased mortality rate (Harrison et al. 2009). 
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Figure 1.2. Global regional estimates of annual mortality caused by envenomation by snakes. 

Figure is an adapted version of Figure 7 from (Kasturiratne et al. 2008). 

The first treatment against snake envenomation was developed in 1895 by Albert Calmette, an 

immunologist working under Luis Pasteur (Hawgood 1999), which at the time was called 

Calmette' s serum. His work was later expanded upon by Vital Brazil, who later went on to 

become the director of the Instituto Butantan in Brazil (Hawgood 1992). The currently used 

method of producing antivenom involves the hyperimmunisation of a large animal (usually 

sheep or horses), with the raised IgG antibodies to the venom proteins being extracted and 

purified to give antivenom (Warrell 2010). Unfortunately there are several downsides to this 

treatment: the produced antivenom must be kept in cold-chain storage making the transport of 

antivenoms to rural communities with poor transport infrastructure and, more obviously, a lack 

of electricity an impossibility (unless freeze-dried, which significantly increases cost). Whilst 

the IgG molecules present in antivenom are capable of binding toxin molecules and abating the 

systemic effects of envenomation, they are too large to diffuse into tissues and prevent the local 

tissue damage caused by some venom toxins (Cook et al. 20 l 0). Ultimately this means that 

although death may have been avoided there still may be tissue necrosis, which could lead to 

the development of secondary infections, gangrene, and the necessity of amputation. The use 

of animal antibodies as a therapeutic treatment also poses the risk of serum sickness, the 

development of hypersensitivity and in worst cases, anaphylaxis (Warrell 2010). However, it is 

perhaps the venoms themselves which cause the most confounding problems. The efficacy of 

an antivenom is completely dependent on the venom(s) used for immunisation which, coupled 

with the fact that not all proteins found in venom are toxins, can be significantly affected by the 

choice of animals used to obtain samples. As venoms are known to be highly variable, even 
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within the same species across different geographical regions, this can have significant 

implications for antivenom manufacture (Fry et al. 200 l; Fry et al. 2003b; Gutierrez et al. 2009; 

Casewell et al. 2014; Sunagar et al. 2014). 

1.4 Venom variation 

Venom composition can display both inter- and intra-specific variation, and the exact causes of 

this are either not known or poorly understood. Examples include ontogenetic variation between 

juveniles and adults, sexual differences between males and females and the presence or absence 

of particular toxins caused by the geographical location of different populations (Chippaux et 

al. 199 I). Venom composition has also been proposed to be adapted to the diet of the snake. 

These factors are discussed below. 

1.4.l Adaptation to diet 

As snake venom is primarily used to aid in prey capture it has been suggested that the venom 

of a particular species will be tailored to its choice of prey (Daltry et al. 1996) and several 

studies have shown evidence for prey-specific toxic effects (Gibbs and Rossiter 2008; Gibbs 

and Mackessy 2009; Barlow et al. 2009; Gibbs et al. 201 l ; Richards et al. 2012). Instances of 

resistance to venom toxins in several mammal species have also been well documented (Kilmon 

Sr 1976; Perez et al. 1978; Menchaca and Perez 1981 ; Perales et al. 1986; Biardi et al. 2000; 

Neves-Ferreira et al. 2000; Jurgilas et al. 2003; Ho 2005; Biardi et al. 2006; Biardi and Coss 

2011 ), leading to the formation of the idea that venom evolution constitutes a co-evolutionary 

"arms race" between predator and prey (Lynch 2007). Indeed venom is postulated to have 

allowed the evolutionary diversification of the advanced snakes during the Cenozoic era (Vidal 

and Hedges 2002; Fry et al. 2012b ). It can be envisaged that the switch from capturing prey via 

a mechanical method (i.e. constriction) to a biochemical one (i.e. venom) means a reduction in 

selective pressure for a large, muscular body. However, the risk of injury from prey items 

(especially those with teeth and claws) means that there is still a need to quickly incapacitate 

prey, which will consequently also increase foraging efficiency (the prey does not stray far 

following envenomation). Furthermore, the evolution of venom toxins which target different 

receptors or physiological systems may open up possibilities to feed on new prey items, 

allowing snakes to exploit a new ecological niche. Further evidence for dietary adaptation is 

the observation that the snake venom system degenerates following a switch in diet to non

threatening prey such as eggs ( colloquially known as "use it or lose it") (Fry et al. 2008; Fry et 

al. 2012b). A prime example of this is the marbled sea snake, Aipysurus eydouxii. Investigation 
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found that after a dietary switch from fish to feeding exclusively on fish eggs the fangs were 

lost in this species and the venom gland became atrophied. Molecular analysis of venom gland 

expression found that a neurotoxic three finger toxin expressed by this species had undergone 

a dinucleotide deletion, resulting in a complete loss of neurotoxic function (Li et al. 2005a). 

The PLA2 genes of this species had also accumulated deleterious mutations in their protein 

coding regions rendering them non-functional (Li et al. 2005b ). The question of whether venom 

aids in the digestion of prey has been subject to some debate, with studies finding that it does 

(Thomas and Pough 1979) and some that it does not (McCue 2007; Chu et al. 2009). As venom 

toxins are primarily enzymes, many of which are proteolytic or lipolytic, it is possible that this 

digestion occurs as a side-effect of envenomation, allowing the ingestion of large prey items. 

1.4.2 Ontogenetic, sexual and geographic variation of venom composition 

Venom composition also shows ontogenetic variation, in particular a switch in venom 

composition appears to commonly occur between juvenile and adult (Mackessy 1988; Furtado 

et al. 1991; Lopez-Lozano et al. 2002; Guercio et al. 2006; Zelanis et al. 2008; Alape-Gir6n et 

al. 2008) and is thought to again be due to a shift in diet from small prey items (such as insects 

and amphibians) to larger ones (such as mammals) (Andrade and Abe I 999; Mackessy et al. 

2003; Gibbs et al. 2011 ). 

Venom composition has also been shown to display sexual variation, again further confounding 

the manufacture of effective antivenoms via current methods as absolute specificity is required 

for maximum efficacy (Warrell 2010). Proteomic analysis has previously found variation in the 

presence or absence of proteins between male and female snakes, which results in their 

respective venoms having different activities (Menezes et al. 2006; Pimenta et al. 2007), and it 

is possible that this is an adaptation to observed sexual variation in prey choice (Daltry et al. 

1998). 

Finally, geographic variation in venom composition has also been shown, which can have 

profound effects for antivenom treatment. For example, Mojave rattlesnake (Crotalus 

scutulatus scutulatus) populations exhibit one of three venom types: A (neurotoxic), B 

(haemorrhagic) or A+B (a combination of both effects) (Wilkinson et al. 1991). This variation 

is believed to be due to the absence of the acidic subunit of Mojave toxin (Mtx) (Wooldridge et 

al. 2001 ), a neurotoxic phospholipase A2 heterodimer, in certain populations. 
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1.5 Pharmaceutical uses of venom 

Due to the significant medical burden caused by snake envenoming, treatments to counteract 

its effects are usually the focus of biological research. However, as snake venom contains a 

plethora of proteins and peptides specifically targeted to different receptors, it also represents a 

potential goldmine of compounds with utility in the development of novel pharmaceutical 

treatments (Vonk et al. 2011 ). Several components of snake venoms have already been 

developed either into drugs or medical diagnostic tests. The first Angiotensin-converting 

enzyme inhibitors (ACE inhibitors) were developed from a venom component ( a bradykinin

potentiating factor (Ferreira 1965)) found in Bothrops jararaca venom, and subsequently used 

to treat high blood pressure. Components from venoms are also used as a diagnostic test for 

blood clotting efficiency, for example Ecarin, a venom disintegrin derived from the venom of 

the saw-scaled viper Echis carinatus, is used to assess blood clotting following treatment with 

anticoagulants in an assay known as "Ecarin clotting time" or ECT (Fabrizio 2001). Some 

venom components also have potential uses in cancer therapy, either as a cell marker or as a 

delivery device for anti-cancer drugs. Crotamine, a venom component found in the venoms of 

Crotalus rattlesnakes, is a modified version of an ancestral p defensin protein. It has been shown 

to have cell-penetrating properties, including into cells which are actively proliferating, and 

nucleolar targeting peptides have been derived from the crotamine molecule and are being 

investigated for use in the translocation of therapeutic treatments directly into cancer cells 

(Radis-Baptista and Kerkis 2011 ; Hayashi et al. 2012). Whilst the toxins in snake venoms can 

cause catastrophic health effects for humans, it is clear that they may also possess new ways to 

improve healthcare and medical treatment. 

1.6 Proposed origins of snake venom 

Historically, venom has been suggested to have evolved in a number of ways and originated 

from a number of sources. Kochva et al. ( 1983) suggested that as some venom components 

shared homology with enzymes secreted by the pancreas (namely Phospholipase A2), and 

enzymes found in mammalian saliva are also found in the pancreas (a-amylase), venom could 

have originated from digestive enzymes in snakes. The example of mammalian a-amylase is of 

significance as the salivary version of this gene is the result of an insertion into the regulatory 

region of one copy (there are 5 copies arranged in tandem) which originated from the 

duplication of a pancreatic amylase gene, with a salivary-gland specific expression pattern 

being caused by the insertion (Meisler and Ting 1993 ). This process of a duplicate gene 

evolving a novel expression pattern is known as neofunctionalisation (Force et al. 1999) and 
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has been hypothesised to be the way in which snake venom genes arise. Previous phylogenetic 

analysis of snake toxin gene families (Fry and Wuster 2004) led to the hypothesis that genes 

encoding venom toxins in snakes have evolved via the recruitment of non-toxic physiological 

genes from a wide range of body tissues into the venom gland following gene duplication where 

natural selection can then act to develop or increase toxicity (Fry 2005) (Chapter 5). As such, 

gene duplication is considered to be a key process in the evolution and diversification of reptile 

venoms (Wong and Belov 2012). Of course not all proteins can become venom toxins, and so 

not all genes will be recruited. Firstly the gene must be short enough to allow its duplication. 

Secondly the protein it encodes must be secreted, and so must also possess a signal peptide (Fry 

et al. 2009b) and the protein must possess a stable molecular scaffold, resulting in a bias towards 

the selection of cysteine-rich proteins as toxins (Fry et al. 2012a). The strict maintenance of the 

molecular scaffold of the protein is coupled with the modification of surface residues, 

sometimes leading to new binding specificities which in tum may lead to novel activities (Fry 

et al. 2008). 

Venom genes are frequently described as evolving via the birth-and-death model of evolution 

(Nei et al. 1997; Nei and Rooney 2005) whereby a multigene family evolves via gene 

duplication followed by some copies being maintained in the genome, some being rendered 

non-functional by pseudogenisation, and others being deleted. It is interesting that so far, the 

incidence of venom pseudogenes appears to be relatively rare (John et al. 1996; Li et al. 2005a; 

Li et al. 2005b; Ikeda et al. 2010). 

1.7 Theories of reptile venom evolution and the Toxicofera hypothesis 

1. 7.1 Toxicofera hypothesis foundations 

Proteomic analysis of the saliva of the radiated rat snake (Coelognathus radiatus), a non

venomous snake reliant on constriction for prey capture, led to the discovery of a post-synaptic 

neurotoxin belonging to the three finger toxin (3Ftx) family (Fry et al. 2003c). This protein was 

found to possess the typical ten conserved cysteine residues of elapid 3Ftxs and when 

functionally tested led to antagonism of nicotinic acetylcholine receptors. As such this protein 

was considered to be structurally and functionally homologous to the elapid three finger toxins 

(Fry et al. 2003c). Phylogenetic analysis showed strong support for the nesting of the rat snake 

3Ftx within a clade of previously categorised 3Ftxs (Fry et al. 2003a) which was interpreted to 

mean that the three finger toxins were recruited into the venom repertoire of the advanced 

snakes early in their evolutionary history prior to the divergence of the Elapidae and Colubridae 

(Fry et al. 2003c). Indeed the analysis of other colubrid "venoms" (Mackessy 2002; Fry et al. 
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2003d; Lumsden et al. 2005) added further support that the use of venom in the advanced snakes 

pre-dated their radiation. 

I. 7.2 The Toxicofera hypothesis and its propagation and expansion 

The Toxicofera is a hypothetical clade of squamate reptiles consisting of the lguania, 

Anguimorpha and Serpentes (Vidal and Hedges 2005), and its name refers to the presence of 

venom within these groups. Phylogenetic analysis utilising 9 nuclear genes found this clade to 

be strongly supported (Vidal and Hedges 2005) , however phylogenetic relationships within the 

Toxicofera are unresolved based on nuclear data, although the use of Sauria SINEs (short 

interspersed nuclear elements) suggests a clustering of snakes with anguimorph lizards 

(Piskurek et al. 2006). It was previously believed that venom evolved twice independently in 

squamate reptiles, once in Serpentes (snakes) and once in the Helodermatid lizards (Gila 

monsters and beaded lizards) (Pough et al. 2004). This belief was mainly due to the distant 

phylogenetic relatedness of these animals and the clear differences in the morphology of their 

respective venom delivery systems (Fry et al. 20 I Ob). The presence of putative toxin proteins 

in the saliva of species usually regarded as non-venomous, and the expression of venom gene 

homologs in their salivary glands, led to the hypothesis that venom evolved a single time in 

squamate reptiles, and not twice independently as had been previously believed (Fry et al. 

2006). The "single, early origin" hypothesis is synonymous with the Toxicofera clade, and 

therefore will subsequently be referred to as "the Toxicofera hypothesis". Based on fossil 

records the authors deduced that the emergence of venom in squamate evolution dates back to 

200 Myr ago, and not 100 Myr ago as had previously been postulated (Fry et al. 2006). The 

main findings of the original Toxicofera study (Fry et al. 2006) was the detection of putative 

venom toxins expressed in the salivary glands of non-Helodermatid lizards, namely a Monitor 

lizard (Varanus varius) and an Iguanian (Pogona barbata). Further phylogenetic analysis 

demonstrated that nine toxin families were shared between what are frequently regarded as non

venomous lizards and advanced snakes, which are A VIT peptide, B natriuretic peptide, cysteine

rich secretory protein (CRISP), cobra venom factor (which is in fact complement component c3 

(Alper and Balavitch 1976)), crotamine, cystatin, kallikrein, nerve growth factor and vespryn. Based 

on the presence or absence of these genes, timings of venom gene recruitment events were 

estimated, which can be seen in Figure 1.3. 
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Figure 1.3. Cladogram of the Reptiles with the timings of venom gene recruitment events 

indicated for the Toxicofera clade. Figure is taken from (Fry et al. 2006). 
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The expression of these putative toxins in the salivary glands of non-Helodermatid lizards 

ultimately led to the proposal that venom evolved once in reptiles, and that extant members of the 

Toxicofera clade share a venomous ancestor. This early venomous squamate is proposed to have 

possessed primitive toxin-secreting glands located on both the upper and lower jaw (Fry et al. 

2006). The venom delivery systems in advanced snakes and lizards are therefore homologous 

but morphologically distinct derivatives of this primitive system, with snakes retaining the 

maxillary venom glands and venomous lizards maintaining the mandibular glands (Fry et al. 

2006; Fry et al. 201 Oa), with the opposing glands being secondarily lost by each lineage. The 

authors propose that members of the Iguania (such as the green anole lizard, Ano/is 

carolinensis) diverged whilst this venom system was in an incipient stage (Fry et al. 2012b), 

and so lack any form of specialised toxin secreting glands. Furthermore, snakes which now use 

alternative prey capture methods such as constriction are proposed to have secondarily lost 

venomous function (Fry et al. 2012b ). 

The timing of proposed venom gene recruitment events has undergone significant modification 

over the course of subsequent Toxicofera-related studies (Fry et al. 2009a; Fry et al. 201 Ob; 

Koludarov et al. 2012; Fry et al. 2012a; Fry et al. 2012b; Fry et al. 2013). Further sampling has 

led to the detection of an increased number of proposed basal Toxicoferan genes, leading to a 

much more complicated view of venom gene recruitment throughout the evolution of the 

Toxicofera clade (Figure 1 .4). These studies have also led to the inclusion of charismatic 

megafauna such as the Komodo dragon, Varanus komodoensis which is now considered to be 

venomous (Fry et al. 2009c). 

Whilst the Toxicofera hypothesis and its claims have been met with some resistance (Kardong 

2012; Weinstein et al. 2012), especially as many of these putative toxins have not been 

functionally characterised, the Toxicofera hypothesis has become widely accepted amongst the 

toxinological community. 
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recruitment events indicated. Figure taken from (Fry et al. 2013). 
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Several other details are pertinent to the Toxicofera hypothesis and the overarching theme of 

this thesis. Firstly, all sampling carried out in support of the Toxicofera hypothesis was from 

either venom or salivary glands, and no other body tissues were sequenced. Additionally, only 

384 ES Ts ( expressed sequence tags, see later section) were sequenced per sample (Fry et al. 

2006; Fry et al. 20 l Ob; Fry et al. 2012a) (later studies switched to using 454 pyrosequencing), 

a minimal amount of sequencing considering the frequently cited complexity qf_reptile venoms 

(Li et al. 2005b; Wagstaff et al. 2006; Kini and Doley 20 l 0). None of the detected homologous 

toxins were purified and functionally characterised. Indeed, Renin aspartate protease, which 

was initially detected expressed in the venom gland of Echis ocellatus (Wagstaff and Harrison 

2006), was further suggested to be a Toxicoferan toxin (Fry et al. 2008) despite never being 

shown to actually be toxic other than possessing protease activity. Furthermore the authors state 

that "A number of frameworks expressed in the venom glands are known only from the mRNA 

transcripts or corresponding bioactivities remain to be elucidated", implying that some of the 

toxins they use to support the Toxicofera have actually never been shown to be toxic, in 

venomous species or otherwise. 

The detection of nerve growth factor (ngf) in the mandibular salivary gland transcriptome of 

Abronia graminea led to the conclusion that because it (and in fact other venom gland ngf 

transcript sequences from snakes) was highly homologous to nuclear gene sequences of ngf 

sequenced from genomic DNA used previously for phylogenetic analysis (Wiens et al. 2010), 

it must represent a venom toxin without the requirement of gene duplication (i.e. an incidence 

ofpleiotropy, where a single gene fulfils multiple roles) (Koludarov et al. 2012). Here it seems 

that the presence of a sequence has been concluded to imply homology and a toxic function. It 

is possible that a gene may be used pleiotropically as a toxin, but unless its expression is 

elevated in the salivary gland, there would be little evidence to suggest that it was anything 

more than a housekeeping or maintenance gene, expressed at similar levels in multiple tissues. 

It is mentioned in a later study that a limitation of the methodology used is potential incomplete 

sampling due to the exclusion of non-venom gland data, which could give rise to incorrect 

monophyletic "venom clades" during phylogenetic analysis (Koludarov et al. 2012). The 

authors then state that Casewell et al. (2012) abated this in their study by including non-venom 

gland tissue data in their phylogenetic analyses, which provided further support for the single 

early origin of venom hypothesis. On examination of this paper, which did indeed conduct 

phylogenetic analyses of venom toxin sequences alongside non-venom gland sequences derived 

from Burmese python (Python molurus bivittatus) pooled tissues (heart and liver) (Castoe et al. 

2011) and garter snake (Thamnophis elegans) pooled tissue (brain, gonads, heart, kidney, liver, 
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spleen and blood of males and females) (Schwartz et al. 2010), the findings are intriguing. 

Casewell et al. (2012) found that non-toxin sequences nested within clades of toxin gene 

families" . .. providing strong evidence for the non-monophyly of Toxicoferan toxins" and that 

" ... the results of our phylogenetic analyses would strongly refute the key prediction of the 

' SEO' (single early origin) hypothesis . . . " . They then go on to propose that the origin of venom 

toxins via recruitment is not a one-way process, suggesting that a venom toxin may again 

duplicate and be recruited back into the body to fulfil a physiological role, so-called "reverse 

recruitment" (Casewell et al. 2012). However, the more parsimonious hypothesis that these 

sequences actually represent reptile body sequences (which have never been toxins) forming 

reptile clades rather than body sequences nesting within venom clades is not considered. 

In the most recent study (Fry et al. 2013) the most highly expressed transcripts within the 

Iguanian species sampled were found to be crotamine/P defensin and cystatin, and the authors 

acknowledge that these peptides are known to possess antimicrobial function. The fact that 

these two types of protein are commonly found to be expressed in saliva and the salivary glands 

(Mathews et al. 1999; Dickinson 2002; Abiko et al. 2003) should perhaps make their detection 

in the salivary glands of Iguanian lizards ( and others) unsurprising. 

Therefore, on further scrutiny of the studies proposing support for the Toxicofera hypothesis, 

there appears to be a number of discrepancies warranting further investigation, particularly in 

cases where presence and homology is concluded to represent ancestral toxicity. 

1.8 Frederick Sanger and the start of DNA sequencing 

During the 1970' s, Frederick Sanger and colleagues developed a technique for sequencing 

DNA, which was, and still is, a widely used DNA sequencing method. Dideoxy chain 

termination sequencing (more commonly referred to as "Sanger sequencing") (Figure 1.5) 

involves the extension of a single-stranded DNA molecule using a sequencing primer, DNA 

polymerase, normal deoxynucleotidetriphosphates (dNTPs) and modified di

deoxynucleotidetriphosphates (ddNTPs) which are fluorescently labelled and lack a 3 ' -OH 

group causing the cessation of DNA polymerisation following their incorporation (i.e. chain 

termination) (Sanger et al. 1977). As each ddNTP is labelled with its own fluorescent signal, 

every fragment arising from the sequencing reaction can be "read" in order to determine the 

progressing DNA sequence, for example by a capillary sequencing machine. This technology 

opened up genetics and molecular biology as a whole, perhaps most significantly being essential 

for the sequencing of the human genome (Venter et al. 2001). 
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~ 
Figure 1.5. Di-deoxy chain termination sequencing. 

1.9 Traditional methodologies in venom research 

Much of the previous research efforts into snake venom have employed either proteomics (so

called "venomics" (Calvete et al. 2007a)) or the cloning and sequencing of a relatively small 

number (:SlO00) of expressed sequence tags (ESTs) by sanger sequencing, for example 

(Wagstaff and Harrison 2006; Casewell et al. 2009; Siang et al. 20 I 0). Even recently ES Ts have 

been used for venom research (Casewell et al. 2014 ). Expressed sequence tags are short 

sequences of clones derived from a cDNA library prepared from a sample of RNA, which are 

then sequenced using Sanger sequencing. Whilst ESTs have proved useful in the past (for 

example in the discovery of new genes for the human genome project (Adams et al. 1991) they 

represent a limited approach in a number of ways. Firstly, the cDNAs cloned (and therefore the 

ESTs sequenced) are completely dependent on what genes are being actively transcribed in the 

tissue/cell ofinterest at the time. Thus the absence of a gene from a sample does not necessarily 

mean it is not expressed in that tissue. Secondly, the ESTs sequenced are dependent on the 

cDNA library. As the expression of genes is a dynamic process, so too is the presence and levels 

of mRNA molecules transcribed by a cell. As such the amount of mRNA transcripts per 

expressed gene will not be equal, leading to bias within the cDNA library (over- and under

represented transcripts) (Nagaraj et al. 2007). This gives some information in terms of what 

genes are highly expressed, but lowly expressed genes may not be captured unless sufficient 

numbers of ESTs are sequenced. Secondly, the reverse transcriptase used to synthesise the 

cDNA and the sequencing reaction can both incorporate error into the generated sequence data. 
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Coupled with the fact that ESTs are generally partial, low quality fragments of a cDNA 

molecule, a high amount of sequencing is needed to correctly infer a nucleotide sequence with 

minimal chance of error. Finally, cDNA libraries will contain many redundant sequences (i.e. 

identical fragments sequenced multiple times) making the assembly of ES Ts computationally 

problematic (Parkinson and Blaxter 2004). More recently, the use of new sequencing methods, 

for a long time dubbed "next-generation sequencing" but now referred to as 2nd generation 

sequencing, has begun to increase in venom research. Beginning with the sequencing of snake 

"body tissue" transcriptomes (Schwartz et al. 20 l 0; Castoe et al. 2011 ), venom gland 

trancriptomes have become more and more commonplace (Durban et al. 2011 ; Rokyta et al. 

2012; Margres et al. 2013; Aird et al. 2013) and even whole genome sequences for venomous 

snakes have begun to emerge (Vonk et al. 2013). 

1.10 The genornics era 

Following the sequencing and completion of several genome projects (for example 

Caenorhabditis elegans (Sequencing Consortium 1998), Drosophila melanogaster (Adams et 

al. 2000) and Takifugu rubripes (Aparicio et al. 2002)) and of course the human genome project 

(Venter et al. 200 l ; McPherson et al. 2001 ; Lander et al. 200 l ; Ross et al. 2005; Gregory et al. 

2006), the number of genomes sequenced has increased exponentially. The number of planned 

genome projects for the future has also drastically increased (Haussler et al. 2009) aided by the 

rapid improvement in sequencing technology and its reducing cost (Figure 1.6). 
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Figure 1.6. Decreasing costs of DNA sequencing since the start of the human genome project 

in 2001 (www.genome.gov/sequencingcosts). 

The entire human genome project had a total cost in the region of 2. 7 billion US dollars 

(http://www.genome.gov/ l 1006943), a figure in stark contrast to the recently publicised 

"$1 ,000 genome" following the release of the Illumina HiSeq X Ten system (a package where 

ten sequencers must be purchased together, costing in the region of ten million dollars, with the 

proviso that only human samples must be sequenced on the machines) 

(http://systems.illumina.com/systems/hiseq-x-sequencing-system.ilmn). 

1.11 The dawn of shotgun sequencing 

Whilst the utility and accuracy of traditional Sanger sequencing should not be understated, it is 

ultimately limited by the length of sequence it produces and throughput, making the sequencing 

of large genomic regions or whole genomes very inefficient and time consuming. In shotgun 

sequencing, DNA is fragmented randomly into many small pieces which are then sequenced. 

The sequenced fragments of shotgun sequencing are referred to as "reads" (Figure 1. 7) and can 

either be single-end (sequenced from one end of the fragment) or paired-end (sequenced from 

both ends of the fragment). In this format, reads provide little utility. However, if enough reads 

are sequenced there will be the same region of DNA present in the sample of reads multiple 
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times, and reads are likely to overlap at their ends. As a result, reads can be overlapped to 

assemble longer lengths of contiguous sequence, which are known as "contigs" (Figure 1. 7). 

i:=====---------====::::::i-------------=::i Genomic DNA 

l - Reads - -■ 

l - - Contigs 

l i:=:i:::::::::aa::::.==---------====::::::i-------------=::i Scaffolds 

Figure 1.7. Shotgun sequencing to give reads which are assembled into contigs, which can 

further be assembled into scaffolds. 

If reads are generated which confer positional infonnation (such as from the sequencing of 

mate-pair libraries, see next section), contigs can be orientated and overlapped together to form 

longer lengths of sequence known as "scaffolds". If gaps between contigs cannot be filled with 

known sequence, but the distance between them is known, these gaps are usually fi lled with 

N ' s until such a time as the missing sequence can be elucidated. 

When preparing genetic material (either DNA or RNA) for sequencing, it is usually fragmented 

to fragments of a desired size and subsequently modified to be compatible with the sequencing 

technology to be used (see next section). Once this is complete the resulting prepared fragments 

are said to be a " library", in the sense that it contains fragments of all the genetic material in 

the original sample. Library preparation can be carried out using small sized fragments or much 

longer fragments, the length of which is known as the " insert size". 

Mate-pair libraries (Figure 1.8) are constructed using much longer fragments of DNA. 

Essentially through the biotinylation and circularisation steps, fragments are produced whose 

ends are a known distance apart. As such the sequencing of fragments in a mate-pair library 

(using paired-end sequencing, to gain the DNA sequence from regions which are distantly 
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located from each other) provides long-distance positional information which can be used to 

inform the position and orientation of contigs to construct scaffolds. 

Fragment genomic DNA 
into large fragments 
(usually 2kb-12kb) 

•===========• Biotinylate ends ( • ) 

! and then circularise 
fragment • 

• 

• 
• 

Non-circularized 
fragments are 

removed by enzymatic 
digestion 

Fragment circularised 
DNA and enrich for 

biotinylated fragments 

Ligate adaptors to biotinylated fragments, generate 
clusters and sequence both ends 

Figure 1.8. Workflow of a typical mate-pair library preparation. 

Nowadays, the number of reads generated can be in the billions, and so must be assembled 

computationally from files output by a sequencing machine. The most commonly used file 

format (although certainly not the only one) is FASTQ format (herein denoted as .fastq which 

is the suffix for files of this type). 
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In fastq format, the information for each sequenced read is placed on four consecutive lines. 

The first line begins with the character"@" and then is proceeded by a sequence identifier. The 

identifier usually contains information such as the name of the sequencing instrument, the lane 

number of the flow cell where the sequence came from, and an indication of whether the read 

is the "forward" or "reverse" strand of a DNA fragment (for paired-end sequencing) usually 

indicated with the number 1 or 2. Line number 2 contains the raw nucleotide sequence of the 

read. The third line begins with the "+" symbol and may or may not contain a repeated sequence 

identifier. Finally, line 4 contains the quality values for each base present in line number 2 

(Cock et al. 2010). 

Following the assembly of reads into contigs or scaffolds, sequences are usually output in 

another fonnat, known as FASTA (herein denoted as .fasta which is the suffix for files of this 

type) . . fasta format files usually contain sequence (DNA, RNA or protein) data, with each line 

beginning with the symbol ">", followed by an identifier, and then the sequence. 

1.12 2nd generation sequencing technologies 

Several 2nd generation (formerly referred to as "next-generation") sequencing technologies are 

described below. As there are a multitude of different technologies not all have been included 

(such as sequencing by oligonucleotide ligation and detection, or SOLiD sequencing) as they 

are not directly relevant to the subject of this thesis. Instead, those that have been used 

previously in snake venom research have been described, namely Roche/454 pyrosequencing 

and Illumina sequencing. 

1.12.1 Pyrosequencing 

The Roche/454 FLX sequencing platform was the first commercially available sequencing 

machine, utilising a method known as pyrosequencing. At one time this system offered the 

longest sequencing reads available (- 400bp) but has since been eclipsed by other competitors. 

Due to these long read lengths this technology was preferentially used during the advent of 2nd 

generation sequencing use in reptile research, with the first snake "next-gen" transcriptomes 

(Schwartz et al. 2010; Castoe et al. 2011) sequenced using 454. 

DNA library preparation for 454 is similar to most other sequencing technologies in that the 

DNA is fust fragmented and has adapters ligated to both ends of the fragments. Fragments are 

then mixed with agarose beads which have oligonucleotides complementary to the library 

adapter sequences on their surface, resulting in the binding of a single DNA fragment to each 
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bead. The bead/fragment complexes are then amplified using emulsion PCR, generating 

roughly one million copies of the DNA fragment on the surface of each bead. Each bead is 

subsequently placed in a well of a picotiter plate (PTP) ( one bead per well) and reagents are 

added prior to centrifugation which catalyse the subsequent pyrosequencing reaction. 

Pyrosequencing relies on the incorporation of one of four dNTPs (A, T, G, C) to the fragment 

molecule by DNA polymerase. After each addition a pyrophosphate (PPi) molecule is released. 

In the presence of ATP sulfurylase and adenosine 5 ' phosphosulfate, PPi is converted into ATP 

(which is a quantitative reaction, for example in the case of the dNTP molecules binding to a 

stretch of consecutive nucleotides along the fragment) which is further used in the reaction 

converting luciferin to oxiluciferin by the enzyme luciferase. This final reaction produces light 

which is detected by the sequencer and analysed. Any unincorporated nucleotides are degraded 

by the addition of the enzyme apyrase and the reaction is repeated using a different dNTP 

(Ronaghi et al. 1996; Margulies et al. 2005; Mardis 2008). 

1. I 2.2 Sequencing by synthesis (Jllumina) 

The sequencing by synthesis (SBS) offered by Illumina (formerly Solexa) is currently the most 

popular and widely used sequencing technology, with 90% of all published next-generation 

sequencing studies using this technology. It is of particular relevance to this thesis as Illumina 

sequencing has been used in the sequencing of all published snake whole genome sequences 

(Bradnam et al. 2013; Vonk et al. 2013; Castoe et al. 2013) and several snake venom gland 

transcriptomic studies (Rokyta et al. 2012; Margres et al. 2013; Aird et al. 2013). 

First, sample DNA is fragmented and adapters are ligated to each end of the fragment, as with 

pyrosequencing (section 1.12. l ). The sequencing libraries are then loaded onto a flow cell, 

which has oligonucleotides complementary to the library adapter sequences bound to its inside 

surface. In this way single-stranded DNA molecules are hybridised to the surface of the flow 

cell, allowing the access of enzymes to the molecule whilst also allowing chemical reagents to 

be passed through the flow cell. The bound strands then undergo bridge amplification using 

unlabelled nucleotides, creating up to a million local copies of the DNA strand, generating 

"clusters" of the same molecule on the flow cell surface (Figure 1.9). 
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Figure 1.9. Adhesion of Illumina prepared libraries to the surface of the flow cell which then 

undergo bridge amplification to generate clusters. Figure taken from (Mardis 2008). 

The sequencing-by-synthesis can then take place which is similar in concept to Sanger 

sequencing (section 1.8), as a sequencing primer is added to one end of each molecule along 

with the addition of fluorescently labelled nucleotides (which are base-specific). It is different 

to Sanger sequencing in the sense that each of these nucleotides contains a 3 ' -OH group 

terminator which halts any further polymerisation following incorporation, thus the reaction 

proceeds base-by-base. For the sequencing reaction, all four labelled nucleotides, sequencing 

primers and DNA polymerase are added to the flow cell and a laser is shone onto it. The light 

emitted indicates which base was incorporated onto each cluster, and recorded by a sensor. The 

blocking terminator and fluorescent tag are then removed from each incorporated base on the 

DNA strand and the reaction is then repeated (Figure 1.10) (Mardis 2008). Although the sensor 

used to record the fluorescence emission is not sensitive enough to detect the fluorescent signal 
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from a single molecule, the generation of clusters means that the signal for each molecule is 

greatly increased, thus overcoming this problem. 

b 

Flnt chftlllsuy cyde: 
• determine first mM 

~ . • Toiniriatelhelif'SI 
• •;,, sequenoog cycle, add 

•• • all four labeled revenible G 
,/ terminatOfS, primers., and 

user 

DNA polymerase enzyme 
to the flow cell. 

lm;age of first chembtry cycle 
After laser ellritation, capture the image 
or emitted Buofescence from 001 
duste, on the flow eel. Record the 
identity cl the first base for each cluste«. 

Sequence read over multiple chembtry cycles 
Repeat cycJes al sequencing to detemme lhe sequence 
al bases III a given f~ a single b- ill a time. 

• • • 
~ . 
• • 

• • 

B~ore lnlt~ting the 
next chemlsuy cycle 
The biod;ed 3' terminus 
and the nuorophore 
from eadl incorporated 
base are removed. 

Figure 1.10. Illumina sequencing-by-synthesis method. Figure taken from (Mardis 2008). 

Illumina offers a number of sequencing machines, each one designed to fulfil a specific 

application. For example the MiSeq is a low-coverage desktop sequencer designed for 

sequencing small genomes. Its current iteration with the latest Illumina reagents is capable of 

generating 25 million paired end reads with 2x300bp read length. The HiSeq (the latest version 

is the HiSeq2500) (Figure 1.11) is Illumina's ultra-high-throughput system designed for 

sequencing genomes and transcriptomes and is capable of running two flow cells with an output 

of up to 8 billion paired-end reads with 2xl25bp read length. The most recent release, the 

NextSeq 500 can output up to 800 million paired-end reads with 2xl50bp read lengths and is 

designed for medium-throughput studies such as whole genome and exome sequencing (all 

specifications listed were taken from the Illumina website (http://www.illumina.com/) which 

was last accessed on the 27/9/14). 
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Figure 1.11. Photograph of the lllumina HiSeq2500 at the Institute of Biological, 

Environmental and Rural Sciences (!BERS) phenomics centre at Aberystwyth University. 

1.13 Overview of this thesis 

The use of venom as a means of prey capture represents a key evolutionary innovation m 

snakes, allowing the safe debilitation of prey items with minimal energy expenditure and 

without the need for large, muscular bodies. In terms of human impact, venomous snakes 

represent both killer and cure (with significantly more sway towards the former), constituting 

a huge medical burden globally but especially in the developing world. Without the 

development of new, more refined antivenoms, death and injury due to envenomation is likely 

to remain unchanged, with snakebite remaining a neglected tropical disease. Conversely, 

venoms also represent a potential goldmine of therapeutic compounds, and could aid the 

development of novel treatments for a range of diseases and medical conditions. 

The evolution of venom in reptiles appears (based on the literature) to be extremely complex, 

comprising hundreds of proteins and peptides, originating from multiple recruitments of genes 

encoding non-toxic physiological genes from different body tissues into the venom gland. 

Venom is proposed to have evolved once at the base of squamate reptiles, with multiple 
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secondary losses occurring in a range of reptile taxa in favour of other prey capture methods 

such as constriction. 

These ideas have been widely accepted for almost a decade, despite being based on low

coverage sequencing of only venom gland samples coupled with a lack of genomic resources 

for reptiles. With the advent of next-generation sequencing technologies, and the huge amount 

of data they can produce, it is now possible to re-examine these hypotheses of venom evolution 

in reptiles. 

The first step in this process is to sequence and assemble both genomic (Chapter 2) and 

transcriptomic (Chapter 3) data. As there is a multitude of computing programs available to 

carry out these tasks, and no widely accepted "gold standard" methodology to do so, several 

approaches will be used and evaluated. The resulting data can then be used to assess current 

theories of venom evolution in reptiles, namely the Toxicofera hypothesis (Chapter 4) and the 

theory of venom gene recruitment (Chapter 5). The combination of genomic and transcriptomic 

data can also be used to investigate the transcriptional regulation of venom genes (Chapter 6), 

an area which has largely been neglected in previous studies. Finally, the implications of these 

re-evaluations are discussed (Chapter 7). 
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Chapter 2 

De novo reptile genome assembly and optimisation 

The potential applications of 2nd generation sequencing technology are numerous, with 

perhaps the most widely used being the sequencing of whole genomes. Until recently there 

has been a significant dearth of available genome sequences for reptile species, hindering 

studies into the evolution of this diverse lineage and amniote genome evolution as a whole. 

Confounding this problem is the fact that once genomic sequencing data has been 

generated, it must then be assembled, which poses many computational challenges and 

there is currently no "gold standard" in methodology. In an attempt to create a reference 

for future reptile (particularly snake) genomic studies, low coverage draft genomes of 

three species of snake were sequenced for the painted saw-scaled viper, Echis colorlltus; 

the Egyptian saw-scaled viper, Echis pyrmnil/11111 and the corn snake, Pllntherophis 

g11ttllt11s using the lllumina sequencing platform. Multiple methods of de novo genome 

assembly were carried out and evaluated in order to determine the optimal approach to 

this bioinformatics endeavour. Several factors were obvious in their positive effect on 

genome assembly. Others however appeared to be specific to each data set, and therefore 

each genome assembly should be considered as unique and optimised independently. 

Evaluation of generated assemblies revealed that basic assembly metrics, such as the 

commonly used N50 value, are not sufficient to gain a thorough picture of assembly 

quality and that multiple methods are required for assessment. Analysis of the newly 

generated genome assemblies and three published snake genomes revealed that the 

addition of sequencing reads which confer long-range positional information to the 

assembly program, such as mate-pair data, can greatly improve overall assembly quality. 
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2.1 The genome 

The term "genome" was first used by Hans Winkler in 1920 (Winkler 1920), and is believed to 

be a portmanteau of the words "gene" and "chromosome". However, it has been suggest that 

the suffix "-ome", referring to the totality of units contained within its prefix (in the case of 

genome, the total collection of genes), was Winkler's intended rationale behind the word 

(Lederberg and Mccray 2001 ; Gregory 2005). The genome can be defined as the entirety of an 

organisms DNA, including all of its genes and all non-coding regions. Historically, the size of 

an organism's genome was thought to be reflective of its development, with more "advanced" 

organisms presumed to have larger genomes. However, it was later found that some simple 

organisms had disproportionately large genomes, similar groups of organism showed diversity 

in genome size, and genome size tended to be higher than the predicted number of genes 

contained within it, leading to the "C-value paradox" (Thomas Jr 1971). Here C-value is a 

reference to the haploid size of an organism 's genome (Swift 1950). 

Traditionally genome sequencing projects have focussed on generating physical or genetic 

linkage maps in order to understand where DNA sequences are located across the whole 

genome (for example (Donis-Keller et al. 1987; Weissenbach et al. 1992)), the gaps between 

these regions can then be filled via sequencing. The dawn of shotgun sequencing (Chapter 1) 

has drastically changed this approach, potentially allowing whole genomes to be sequenced in 

a single sequencing experiment. 

The choice of species to be sequenced requires careful consideration. Model organisms such as 

the mouse Mus musculus (Chinwalla et al. 2002), and pathogenic organisms such as 

Mycobacterium tuberculosis (Cole et al. 1998) have largely received preference in being 

sequenced due to their utility in medical research. The constant evolution of DNA sequencing 

technology means that the process of genome sequencing is rapidly becoming quicker, more 

accurate, and more cost effective, ultimately giving researchers free-reign to sequence their 

genome of choice. Since the sequencing of human genome (Venter et al. 2001) and other earlier 

genome projects such as the fruit fly Drosophila melanogaster (Adams et al. 2000), there bas 

been an enormous increase in the amount of whole genomes sequenced from a wide diversity 

of organisms, including the mosquito Anopheles gambiae (Holt et al. 2002) and the puffer fish 

Takifugu rubripes (Aparicio et al. 2002), with many others in varying stages of completion. 

In more recent years, plans for genome sequencing projects have become more and more 

ambitious, with the sequencing of ten thousand vertebrate genomes being proposed by the 

Genome l0K Community Of Scientists (Gl0KCOS) (Haussler et al. 2009) and a collaboration 
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between Genomics England, the English national health service and the Wellcome Trust 

planning and committing to the sequencing of 100,000 human genomes using the newly 

released Illumina HiSeq X 10 sequencing system. 

2. 1. 1 Reptile genomes 

At the time of commencement of this PhD project, the only whole genome sequence available 

for a non-avian reptile was that of the green anole lizard, Ano/is carolinensis (Alfoldi et al. 

2011). However, in recent years more genome sequences have become available for a range of 

reptile species including the painted turtle ( Chrysemys pie ta) (Shaffer et al. 2013 ), soft-shell 

turtle (Pelodiscus sinensis) (Wang et al. 2013), green sea turtle (Chelonia mydas) (Wang et al. 

2013) and two snake species, the Burmese python (Python molurus bivittatus) (Castoe et al. 

2013) and the king cobra (Ophiophagus hannah) (Vonk et al. 2013). It is likely that the ever

improving technology associated with DNA sequencing, and also the reduced financial cost of 

this, will result in many more reptile whole genome sequences being produced. Indeed, several 

more have already been proposed (Castoe et al. 201 la; St John et al. 2012) or completed (Card 

et al. 2014). An increase in genomic resources for the Reptilia will bridge the current gap 

between a dearth of reptile genome sequences in comparison to the abundance of Avian (for 

example chicken, Gallus gallus (Hillier et al. 2004), zebra finch, Taeniopygia guttata (Warren 

et al. 2010) and collared flycatcher, Ficedula albicollis (Ellegren et al. 2012)) and Mammalian 

(for example human, Homo sapiens (Venter et al. 2001 ), mouse, Mus musculus (Chinwalla et 

al. 2002), giant panda, Ailuropoda melanoleuca (Li et al. 2009)) genome sequences, thus 

allowing a full spectrum look at amniote genome evolution and the transition from living in 

water to land (Alfdldi et al. 2011 ). 

Reptile genomes show moderate variation in size, with the genome size of crocodiles and turtles 

being slightly larger than squamate genomes (Figure 2.1 ), and an overall average haploid 

genome size of 2.3Gb. Reptile genomes have been shown to possess several unique features 

which differentiate them from bird or mammal genomes. The whole genome sequence of the 

green anole lizard, Ano/is carolinensis (Alfoldi et al. 2011 ), was the first step in enabling a 

comparison between members of all three amniote lineages. 
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Figure 2.1. Estimated haploid genome sizes (or C-values) of key members of the Reptilia. 

Included species include members of the Testudines (painted turtle, Chrysemys picta; green sea 

turtle, Chelonia mydas; soft-shell turtle, Pelodiscus sinensis), Crocodylia (Nile crocodile, 

Crocodylus niloticus; American alligator, Alligator mississippiensis), Rhynchocephalia 

(Tuatara, Sphenodon punctatus), and members of the order squamata including representatives 

from the Gekkonidae (leopard gecko, Eublepharis macularius), Iguania (green anole lizard, 

Ano/is carolinensis), Varanidae (Komodo dragon, Varanus komodoensis), and Serpentes (boa 

constrictor, Boa constrictor constrictor; Burmese python, Python molurus bivittatus; saw

scaled viper, Echis carinatus; European adder, Vipera berus; lancehead pit viper, Bothrops 

atrox; timber rattlesnake, Crotalus horridus; king cobra, Ophiophagus hannah; Egyptian cobra, 

Naja haje; Eastern rat snake, Elaphe obsoleta; rough green snake, Opheodrys aestivus and the 

garter snake, Thamnophis elegans). All C-values were obtained from the animal genome size 

database (www.genomesize.com). 

Most notably the Ano/is genome was found to be lacking isochores (large regions of the genome 

rich in Guanine and Cytosine (GC) content) (Fujita et al. 2011), with a homogeneous GC 

content throughout the genome unlike the genomes of birds and mammals (Alfoldi et al. 2011). 

Additionally it was found to contain far more tandem repeats than the genomes of turtles and 

Archosaurs (Shedlock et al. 2007). 

Reptile genomes are known to be highly repetitive, containing a high degree of transposable 

elements (TEs) and simple sequence repeats (SSRs) (Shedlock et al. 2007). For example, the 

genomes of squamates and the closely related Tuataras (Sphenodon spp.) contain a novel family 

of Short Interspersed elements (SINEs) known as Sauria SINEs (Piskurek et al. 2006). Analyses 
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have shown that the degree of genomic repeat content can vary between snake lineages (Castoe 

et al. 2011 b ), or that certain TEs are specific to certain lineages of snake (Kordis and Gubensek 

1997). Most notably it was found that the more primitive Burmese python (Python molurus 

bivittatus) genome contains a low amount of genomic repeats similar to the genomes of birds, 

whereas the copperhead (Agkistrodon contortix), a venomous pit viper, contains a much higher 

amount similar to mammalian genomes (Castoe et al. 201 lb). As the presence and expansion 

of TEs throughout the genome can affect gene regulation and duplication (Levinson and 

Gutman 1987; Hurles 2004), it is possible that the increase of them in the genomes of venomous 

snakes means that their genomes are "primed" to gene duplication which is thought to be a 

fundamental mechanism in the origin and expansion of venom genes (Chapter 5). 

Previous cytogenetic studies and a more recent genomic study (Vicoso et al. 2013) have found 

that sex chromosome heteromorphism (the degree to which sex chromosomes differ to each 

other) is variable between groups of snakes, with members of the Boidae (such as boas and 

pythons) having homomorphic (morphologically identical) sex chromosomes, but more 

advanced snakes such as colubrids and vipers having completely heteromorphic 

(morphologically distinct) sex chromosomes. 

The sequencing of the Burmese python (Python molurus bivittatus) genome (Castoe et al.2013) 

was carried out in order to investigate the extreme phenotypic and physiological adaptations of 

snakes. Indeed, this study had several interesting findings. It was found that genes involved in 

metabolism have undergone positive selection in snakes which, coupled with previous findings 

that snake mitochondrial genomes have been significantly re-structured (Castoe et al. 2008), 

suggests extensive modification of the metabolic pathways in snakes allowing them to ingest 

very large prey items intermittently (Secor and Diamond 1998; Secor 2008). Variation within 

multigene families was also discovered, with an expansion of olfactory receptor, vomeronasal 

receptor and ephrin-like genes indicating a genetic basis behind the enhanced chemoreception 

displayed by snakes. Concurrently, the loss of opsin genes in the Burmese python and king 

cobra genomes is supportive of the hypothesis that snakes were once fossorial (Vidal and 

Hedges 2004) and thus selection for light perception was not maintained (Castoe et al. 2013). 

Analysis of the repeats/TES found in the genome of this and ten other species found that, whilst 

the amount of repeat content within genomes varied between species, the types of repeats were 

relatively constant except for a family of CR 1 LINEs (Long Interspersed Nuclear Elements) 

which were only detected in the genomes of advanced snakes. Finally, unlike the Ano/is 

genome, snakes do possess GC isochores but less so than Archosaurs and mammals (Castoe et 

al. 2013). 
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The genome sequence(s) assembled for the boa constrictor (Boa constrictor constrictor) were 

assembled as part of the Assemblathon 2 competition (Bradnam et al. 2013) and have not (yet) 

been utilised to investigate characteristics of the genome of this species. 

The king cobra (Ophiophagus hannah) genome paper (Vonk et al. 2013) appears to be more 

focused on the associated transcriptomic (both mRNA and miRNA) and proteomic analyses 

carried out, rather than the genome sequence itself. This study does seem to suggest however 

that genes from several venom toxin gene families (namely snake venom metalloproteinases, 

cysteine-rich secretory proteins and lectins) are clustered on genomic scaffolds, hinting that 

gene duplication through unequal crossing-over during homologous recombination may be 

involved in the expansion of toxin gene families (Chapter 5). 

It is apparent that reptiles represent a unique group of animals, both in tenns of their sometimes 

extreme phenotypic manifestations and the structure and content of their genomes. Many new 

discoveries have been made by sequencing a small number of reptile genome sequences, 

suggesting that the inclusion of more species will only add to the intrigue towards, and the 

understanding of, these weird and wonderful animals. 

2.2 Genome study species 

Any genome sequencing project requires a logical rationale, both in terms of the species chosen 

and the sequencing strategy. In this way, the utility of the resulting genome sequence is 

maximised, making it a worthy endeavour for both the required research effort and the cost 

involved. Ideally the species should be chosen with a biological question ( or questions) in mind, 

be relatively easy to obtain for sampling, and the individual sequenced should be representative 

of the entire genome (for example have all sex chromosomes). 

The recently sequenced genome of the king cobra (Ophiophagus hannah) (Vonk et al. 2013) 

represents a poor example of a well-planned sequencing strategy, for several reasons. Firstly, 

the king cobra is the world's largest venomous snake (Vonk et al. 2013) , reaching in excess of 

4-5 metres in length. As such it is difficult to maintain and handle safely in captivity, especially 

in large numbers. The king cobra is the sole member of the genus Ophiophagus, and its 

inclusion in a clade with other cobra genera (including Naja, Aspidelaps and Hemachatus) is 

not supported by phylogenetic analysis (Wtister et al. 2007), therefore there is little utility of 

this genome sequence in comparative studies between cobra species. The sequenced genome 

was generated from a male specimen which is homogametic (ZZ), and so an entire W 

chromosome has not been sequenced. Finally, the transcriptomic data generated for this species 
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was derived from a different specimen to the genome animal (making genome annotation with 

this data more difficult) and was sequenced from pooled tissue samples, making the allocation 

of transcripts to a particular tissue impossible. 

With this in mind, several factors were considered when choosing study species for this work, 

namely that species chosen should be easy to maintain in large numbers and easily obtainable, 

all specimens for genome sequencing should be female, tissues for transcriptome sequencing 

should be preferentially obtained from the genome animal (Chapter 3), and the species should 

be relevant to a biological question. The details for the choice of study species is outlined below. 

2.2. I Saw-scaled vipers of the genus Echis 

The saw-scaled vipers of the genus Echis are small, venomous vipers found distributed across 

North Africa, the Middle East, Sri Lanka, Pakistan and India (Pook et al. 2009) (Figure 2.2). 

E. ocellatus - blue 
E. pyramidum - red 

E. carinatus - purple 
E. coloratus - green 

Figure 2.2. Geographic distribution of the four main clades of the Echis species complex. This 

figure is based on figure found in (Pook et al. 2009). 

The name "saw-scaled" is a reference to the serrated keeled scales possessed by these species, 

which produce a hissing sound when the snake stridulates (rubs its body against itself to produce 
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sound) as a threat display (Escoriza et al. 2009). The taxonomy of this genus has received 

significant revision over the years, with the most recent phylogenetic analyses (Barlow et al. 

2009; Pook et al. 2009) finding four supported clades within this species complex (Figure 2.3). 

Puff adder 
(Bitis arietans) 

Desert horned viper 
(Cerastes cerastes) 

Echis carinatus group 
(E. carinatus, E. multisquamatus) 

Echis ocellatus group 
(£. ocellatus, E. jogeri) 

Echis pyramidum group 
(E. pyramidum, E. leucogaster, E. khosatzkii) 

Echis coloratus group 
(£. coloratus, E. omanensis) 

Figure 2.3. Cladogram of the four main monophyletic Echis species groups based on a 

phylogenetic analysis of four mitochondrial ( cytochrome b, NADH dehydrogenase subunit 4, 

12s rRNA and 16s rRNA) and one nuclear (recombination activating gene I) genes described 

in (Barlow et al. 2009). 

The genus Echis presents itself as an ideal laboratory model for several reasons. Firstly, the 

small size of these species make them easy to keep in captivity in large numbers, and are 

relatively safe to handle and easy to obtain. Venom components from E. carinalus are already 

used for pharmaceutical applications (see Chapter I), supporting further investigation into the 

venom of these species for medical uses. Most notably, the venom composition of Echis species 

has been shown to display interspecific variation (Casewell et al. 2009), which is possibly 

reflective of an adaptation to the diet of each species (Barlow et al. 2009; Richards et al. 2012). 

This variation could be caused by factors at the genome level ( e.g. a differing presence or 

absence of venom toxin genes between species), the transcriptome level ( e.g. different genes 

are expressed in different species or the expression level of genes show interspecific 
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differences) or the proteome level ( e.g. post-translational modification varies between species) 

which in tum has implications for antivenom efficacy (Fry et al. 2003). For this study the two 

sister taxa E. coloratus (which primarily feeds on vertebrates) (Figure 2.4) and E. pyramidum 

(which feeds mostly on invertebrates) (Figure 2.5) (Barlow et al. 2009; Richards et al. 2012) 

were chosen as genome study species. 

Figure 2.4. Photograph of a juvenile painted saw-scaled viper, Echis coloratus 

Figure 2.5. Photograph of an adult Egyptian saw-scaled viper, Echis pyramidum. Photo taken 

by R. Morgan and used with permission. 

35 



Genome size in the Viperidae ranges from 1.3Gb to 2. 71 Gb, with the average genome size 

being 2.06Gb (based on available data) (Figure 2.6). Within the Viperinae ("true vipers") the 

average genome size is 2.05Gb, with that of Echis carinatus predicted to be 1.27Gb (Desmet 

198 1 ). The genomes of E. coloratus and E. pyramidum are therefore assumed to be 1.3Gb in 

size. 
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Figure 2.6. Haploid genome size of species within the Viperidae. "True vipers" (members of 

the Viperinae) are shaded in yellow and pit vipers (members of the Crotalinae) are shaded in 

blue. All genome size data was obtained from the animal genome size database 

(www.genomesize.com). 

36 



2.2.2 The corn snake (Pantherophis guttatus) 

The com snake, Pantherophis (formerly Elaphe (Pyron and Burbrink 2009)) guttatus, is a 

member of the Colubridae ("colubrids") and is commonly sold in the commercial pet trade. 

Their availability, ease of keeping in captivity and ease to breed make corn snakes a prime 

snake species to use as a research model animal. Previously, com snakes have been used in 

developmental studies, both to investigate Hox gene expression in snakes (Woltering et al. 

2009; Di-Po, et al. 201 0; Liang et al. 2011; Mansfield 2013) and to investigate an increased rate 

of somitogenesis (Gomez et al. 2008; Vonk and Richardson 2008; Gomez and Pourquie 2009) 

to determine their effect on the loss of limbs and the change in the body plan of snakes 

(Waitering 2012). Additionally, this species has been selectively bred to create pigmentation 

and pattern mutants ( colloquially referred to as "morphs") for many years, meaning mutant 

specimens to investigate pigmentation pattern development in snakes are already widely 

available. More specifically, these mutations are likely to either affect the migration and 

differentiation of neural crest cells giving rise to pattern mutants, or the biosynthetic pathway 

of a particular pigment such as melanin, giving rise to phenotypic traits such as amelanism 

(Figure 2.7). • 

Figure 2.7. Photograph of an adult amelanistic corn snake (Pantherophis guttatus). 

The genome size of colubrids ranges from 1.43Gb to 2. 73Gb, with an average haploid genome 

size of 2.11 Gb (Figure 2.8), giving them a slightly larger genome size than vipers. The genome 
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size of the com snake is predicted to be 1.965Gb based on the mean of the four Elaphe species 

estimated genome sizes on the Animal genome size database (www.genomesize.com). 
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Figure 2.8. Haploid genome size of members of the Colubridae. All genome size data was 

obtained from the animal genome size database (www.genomesize.com). 

2.3 Genome assembly 

2.3. J What is an assembly? 

Once genomic DNA libraries have been sequenced to give sequencing "reads" (see Chapter 1 ), 

they must then be assembled. An assembly can be defined as: 

" .. . a hierarchical data structure that maps the sequence data to a putative reconstruction of 

the target" (Miller et al. 2010). 

In simpler terms, an assembly is a jigsaw puzzle with millions of pieces, and there is no image 

of what the final puzzle should look like on the box. However, many of the pieces will overlap 

with each other, informing where they should be placed. As discussed in Chapter 1, overlapping 
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sequencing reads are grouped into lengths of contiguous sequence (or "contigs"), which 

represent the consensus sequence of a region of DNA. Contigs can further be assembled into 

scaffolds, which are longer stretches of contiguous sequence whose constituent contigs are 

orientated and spaced apart based (usually) on sequencing reads from mate-pair libraries (Miller 

et al. 2010). 

Due to the enormous amount of data produced from modem sequencing technologies, this 

process must be carried out computationally using a dedicated assembly computer program. 

There are a considerable number of short-read assembly programs (referred to from now on as 

"Assemblers") available, examples of which include Velvet (Zerbino and Birney 2008), ABySS 

(Simpson et al. 2009), SOAPdenovo2 (Luo et al. 2012), ALLPATHS-LG (Gnerre et al.2011), 

CLC (CLC bio, http://www.clcbio.com/) and SGA (Simpson and Durbin 2012). The majority 

of genome assemblers are based on a De Bruijn graph-based algorithm (SGA is the exception 

to this in the list of assemblers mentioned previously), which are explained in the following 

section. 

2.3.2 Assembly algorithms- De Bruijn graphs and k-mers 

A De Bruijn graph is a concept used in graph theory, but has been adapted for use in genome 

assembly. It can be defined as a directional graph (a set of nodes connected by edges which 

have a direction associated with them) (Khan and Kamal 2014) representative of overlaps 

between sequences. A commonly used example is that of balls connected by directional arrows 

(Figure 2.9). Each edge represents a connection (or "path") between one node to the other, 

which will increase in length depending on the number of connections between subsequent 

nodes. 

Node 

Edge 

Figure 2.9. Graphical representation of the formation of a De Bruijn graph, with "nodes" being 

linked to each other by directional "edges". 
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In genome assembly, a De Bruijn graph is constructed, based on k-mers from sequencing reads, 

and the genome assembly is then constructed from the De Bruijn graph. k-mers must overlap 

by k-1 in order to form a connection (an edge) between nodes (Figure 2. 10). In short, the graph 

is extended by k-mers which overlap and are identical apart from their first or last position 

(Khan and Kamal 2014). 

k-mers (k=S) 

ATGAA 
TGAAC 
GAACT 

AACTG 
ACTGT 

I Target sequence: ATGAACTGT 

De Bruijn graph is constructed by linking nodes 
to each other by edges based on k-mer overlaps of k-1 

► 
ATGAA TGAAC GAACT 

AACTG ACTGT 

Figure 2.10. De Bruijn graph formation from k-1 overlapping k-mers to assemble a target 

sequence. 

A k-mer can be defined as any number of sub-sequences of length k (which is defined by the 

user) contained within a DNA sequencing read (Compeau et al. 2011). For example, if a l00bp 

sequencing read were considered on its own, it would represent a 100-mer i.e. a k-mer where 

k=IOO. However, due to the asymmetrical nature of shotgun sequencing (i.e. not all regions 

will be sequenced due to compositional bias, GC-rich regions etc.) not all sections of the 

genome will be present as 100-mers. As such, the value of k is chosen as a smaller value, in 

order to increase the probability that all smaller sized k-mers will be present. Put simply, if 

considering two random 1 00bp reads, it is more likely that there will be an overlap between 

them of a smaller number (for example 4, based on a k-mer value of 5 (k-1 overlap)) than of a 

larger number (for example 99 if considering k=l00). Therefore, assemblies using a smaller k

mer value will result in more connections formed between sequencing reads (and therefore 

more contigs), but a larger k-mer value will result in fewer but longer, more accurate contigs. 

The use of De Bruijn graphs does pose some challenges, especially when assembling sequence 

data derived from DNA. The sheer amount of data produced by next generation sequencing 

means that the construction of the graph must be done efficiently, otherwise in terms of the 

computing memory required, it would be an impossible task. Next-generation sequencing 
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inherently leads to sequencing errors contained within the data (Miller et al. 2010). Sequencing 

errors can disrupt the De Bruijn graph process in two ways: errors within k-rners can lead to the 

formation of incorrect nodes in the graph, and this can result in wasted computing memory 

making the assembly process longer (Compeau et al. 2011 ). There are several ways to overcome 

the issues caused by sequencing errors in short read data. Firstly, reads can be pre-processed in 

order to correct or fully remove sequencing error, either by using a dedicated program such as 

Quake (Kelley et al. 2010), or by the assembler itself (for example ALLPATHS (Butler et al. 

2008)). Secondly, many assemblers use the original sequencing reads as weighted support for 

the formation of edges between nodes during De Bruijn graph construction, with poorly 

supported edges being collapsed or "eroded" (Zerbino and Birney 2008). The over- or under

representation of genome regions in a set of DNA sequencing reads can lead to issues when 

constructing De Bruijn graphs. In particular, genomic repeats can lead to the formation of 

multiple poorly supported edges which are consequently eroded. As a result, repetitive regions 

of a genome can be difficult to sequence by short-read shotgun sequencing. Finally, assembly 

using this method is highly computationally intensive, meaning it must be as efficient as 

possible and requires special computer hardware, especially if there is a large dataset of reads. 

2.3.3 Assemblers used in this chapter 

In this chapter, two genome assembly programs will be used: the CLC genomics workbench 

(CLC bio) and ABySS (Assembly By Short Sequences) (Simpson et al. 2009). 

The CLC assembler was used most notably in the assembly of the king cobra genome (Vonk et 

al. 2013), and so stands as a benchmark assembler for snake genomes. It utilises a De Bruijn 

graph approach for assembly and has several features which make it a popular choice. Firstly, 

the program is implemented through a GUI (Graphical User Interface) meaning that running an 

assembly can be achieved through a click of a button, and is much easier than running other 

assemblers which must be run via the Linux command line. The run time for an assembly is 

also exceedingly quick. An additional advantage is that CLC can assemble sequencing data of 

different read lengths from multiple sequencing platforms including Illumina, Sanger, Roche 

454 and Life technologies SOLiD and Ion Torrent, and a hybrid assembly can be generated 

from all of these data types simultaneously (CLC bio, http://www.clcbio.com/products/clc

genomics-workbench/). The downside however is that this assembly program is not freely 

available and is subject to an annual license fee. 
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The assembler ABySS is a short-read de novo assembler also based on a De Bruijn graph 

algorithm. Because ABySS implements MPI (Message Passing Interface), its processes can be 

run in parallel on multiple CPUs (Central Processing Units), meaning it is capable of 

assembling mammalian-sized genomes efficiently (it was trialled on the human genome 

(Simpson et al. 2009)). Additionally, ABySS can perform the scaffolding of contigs without 

using any additional software, and so is ideal for generating de novo genome assemblies. 

2.3.4 A good assembly- a matter of semantics? 

Whilst there is currently no gold standard method in producing a good genome assembly, there 

is also no definitive way of evaluating how good an assembly actually is. Ideally, a perfect 

assembly would contain only two sequences (one for each strand of DNA), both being the exact 

length of the genome with no gaps, and zero sequencing errors. Based on current technology 

this is simply impossible, especially for large and repetitive genomes. Traditionally, the contig 

or scaffold N50 was considered to be the main metric on which to judge an assembly. The N50 

can be defined as the contig/scaffold length at which all contigs/scaffolds of that length or 

longer represents at least 50% of the total length of all contigs/scaffolds (Miller et al. 2010). 

Therefore 50% of the entire assembly will be contained within contigs/scaffolds of this length 

or greater, meaning a higher N50 value is indicative that the assembly contains a higher 

proportion of longer contigs/scaffolds. A similar metric, the NG50 has been proposed (Earl et 

al. 2011), based on the fact that the N50 is representative of the size of the assembly and not the 

size of the sequenced genome. This means that comparisons of assemblies generated from 

different organisms is possible. Other commonly used metrics to evaluate a genome assembly 

include the number of contigs/scaffolds in the assembly (the smaller the number, the better the 

assembly) and the maximum contig/scaffold length. 

Two events have now been held in the form of a competition in order to evaluate de novo 

assembly methods and the metrics and methods used to evaluate the generated assemblies, 

namely the Assemblathon I and 2 (Earl et al. 2011 ; Bradnam et al. 2013). The Assemblathon I 

had 17 teams of researchers assemble synthetic data from a simulated genome using their 

assembly method of choice, with assemblies subsequently being evaluated. However, whilst 

this produced an extensive catalogue of methods and metrics reflecting their performance with 

which to compare future genome assembly approaches, this assessment was ultimately limited 

by the use of a relatively small simulated dataset (Earl et al. 2011 ). In response to this the 

Assemblathon 2 was held, this time using paired-end and mate-pair library Illumina data 
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derived from a lake Malawi cichlid (Maylandia zebra, Fish), a budgerigar (Melopsittacus 

undulatus, Bird) and a boa constrictor (Boa constrictor constrictor, Snake). This study gave a 

great deal of insight into de novo genome assembly in several ways. Firstly, it highlighted the 

enormous abundance of de novo genome assemblers available (21 were trialled). Second, over 

100 different metrics were used to assess genome assemblies, each one providing meaningful 

information about aspects of the genome assembly, but ultimately demonstrating that judging 

an assembly solely on its N50 value is not sufficient. And finally, based on all of these metrics, 

there was still no "winning" assembly program/method ( except for Snake which was the 

assembler SGA (Simpson and Durbin 2012)) showing that each assembly is unique and each 

metric indicates a specific thing about it. As such, the purpose of the assembly ( e.g. gene 

discovery, Single nucleotide polymorphism (SNP) detection, analysis of genome 

rearrangements) should be carefully considered and the metrics relevant to that purpose should 

be used to inform how to achieve the "best" assembly as the end result. 

This chapter aimed to sequence low-coverage draft whole genome sequences for three species 

of snake: the painted and Egyptian saw-scaled vipers and the corn snake. Inspired by the 

Assemblathon 2 competition, a variety of assembly and evaluation methods was then used to 

try and determine the optimal approach to generating a de novo draft whole genome sequence 

for a snake. Whilst only the Illumina sequencing platform was used due to its cost-effectiveness, 

ease of sequencing library preparation, and high output; two different sequencing machines 

were used with different library insert sizes and different read lengths. Coupled with the ability 

to use sub-sets of this sequencing data, and alter parameters of the assembly programs, it was 

possible to gain an insight into several aspects of genome sequencing and assembly. As the 

CLC Genomics workbench assembler has been used previously to assemble a snake genome, 

it was considered here as a benchmark to beat. ABySS offers much more versatility, and so was 

used to test various parameters to try and determine the best approach to the de novo sequencing 

of snake genomes in the hopes of providing a reference for future snake genome sequencing 

projects. Read trimming, single- or paired-end sequencing, read length, library insert size and 

k-mer size were all assessed. Assemblies were then evaluated using basic metrics along with 

others suggested by the Assemblathon 2. Finally, the newly generated whole genome sequences 

were compared to the three currently available snake genome sequences. 
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2.4 Methods 

2.4. l Tissue sampling 

All research involving animals was carried out in accordance with institutional and national 

guidelines and was approved by the Bangor University Ethical Review Committee. All study 

animals were sacrificed according to Schedule 1 procedures as stipulated in The Animals 

(scientific procedures) Act 1986. Where possible all body tissues were dissected and preserved 

for use in future experiments in accordance with the 3Rs (Replacement, Reduction and 

Refinement) which encourage and offer guidelines to minimise the use of animals in scientific 

research (Guhad 2005). All tissue samples were snap frozen immediately in either liquid 

Nitrogen or dry ice and stored at -80°C until required. 

All three genome animals were adult female (heterogametic ZW) specimens to allow the 

sequencing of a full complement of chromosomes. The painted saw-scaled viper (Echis 

coloratus) and the Egyptian saw-scaled viper (Echis pyramidum) were wild caught from Israel 

and Egypt, respectively. The com snake (Pantherophis guttatus) specimen was a captive-bred 

specimen obtained through the commercial pet trade in the UK. 

2.4.2 Genomic DNA extraction and Quality control 

Genomic DNA extractions were carried out using Phenol/Chloroform/Isoamyl alcohol (Fisher 

Scientific) according to the manufacturer's protocol and eluted into 30µ1 of IM Tris-EDTA 

(TE). All DNA samples were extracted from muscle samples. 

Prior to library preparation, genomic DNA samples were assessed for integrity and the absence 

of inhibitory compounds by agarose gel electrophoresis and performing a test restriction digest 

using the restriction enzyme EcoRI and Notl (Promega) according to the manufacturer' s 

instructions (an example is shown in Figure 2.11 ). All genomic DNA samples were treated with 

5µ1 Ribonuclease A (Sigma-Aldrich) and then re-precipitated in order to digest any RNA 

molecules present in the extractions. 
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Figure 2.11. Agarose gel of genomic DNA and test restriction digests from Echis coloratus. 

M, DNA size marker. Lane 1 is untreated genomic DNA extract, Lane 2 is RNase treated 

genomic DNA which shows less smearing at lower molecular weights, Lane 3 is a test 

restriction digest using EcoRI and Lane 4 is a test restriction digest using Not!. 

DNA samples were quantified usmg the Qubit fluorometer and the Nanodrop 

spectrophotometer to give DNA sample concentration and the 260/280 ratio (as a marker of 

purity). Samples were then diluted to contain l0µg of DNA in 50µ1 of TE as per specifications 

required by the GenePool sequencmg centre at the University of Edinburgh 

(http://genepool.bio.ed.ac.uk/) which 1s now a part of Edinburgh Genomics 

(https://genomics.ed.ac.uk/). Samples were re-quantified to ensure the correct concentration of 

genomic DNA. 

2.4. 3 Genomic library preparation and sequencing 

To assess and evaluate potential problems which could arise (such as a high GC content or high 

amount of repetition) during sequencing, initial libraries were prepared at the !BERS (Institute 

of Biological, Environmental and Rural Sciences) at Aberystwyth University under the 

supervision of Dr. Justin Pachebat. Libraries were prepared using the Illumina paired-end 

sample preparation kit, the iteration of Illmnina reagents before the TruSeq sample preparation 

kits. Two libraries with insert sizes of200-300bp and 500-600bp were made for the corn snake, 

P. guttatus. An overview of the Illumina library sample preparation workflow can be seen in 
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Figure 2.12 ( the diagram is based on the TruSeq library preparation guide, but all major steps 

are essentially the same). 
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Figure 2.12. Workflow diagram of Illumina DNA sequencing library sample preparation. 

Figure is adapted from figure 29 of the Illumina TruSeq DNA sample preparation guide. 
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Firstly, genomic DNA was fragmented by sonication using a Diagenode Bioruptor standard for 

15 cycles (30 seconds on, 30 seconds off), followed by purification using a PCR purification 

kit (Qiagen). The ends of fragments were then repaired to remove overhangs and result in blunt 

ends. The 3 ' ends of the DNA fragments were then adenylated (an adenine is added to them) in 

order to prevent self-annealing during subsequent steps, which could lead to the formation of 

chimeric molecules. Sequencing adapters were subsequently ligated to each end of the DNA 

fragments, and the library samples were run out on an agarose gel. Gel sizes between 200-

300bp and 500-600bp were taken and then extracted using the gel extraction kit (Qiagen) and 

purified using the PCR purification kit (Qiagen). Genomic libraries were then enriched by 14 

cycles of polymerase chain reaction (PCR) according to the Illumina protocol in order to enrich 

for fragments which had adapters ligated to them. After PCR purification was performed again 

using the Qiagen PCR purification kit, and libraries were again run out on an agarose gel, 

extracted and purified. The final libraries were then quantified using a Nanodrop 

spectrophotometer and stored at -20°C. 

Blunt-end ligations were set up using pUC 19 linearised with Smal (Thermo Scientific) as a 

cloning vector according to the manufacturer's guidelines and incubated at 4°C overnight. 

Ligations were transformed by heat shock into NovaBlue Singles competent E. coli cells 

(Novagen) at a ratio of l 0µl ligation to 50µ1 competent cells. 250µ1 SOC medium was added 

to each sample and they were then incubated at 37°C for 30 minutes. Samples were then plated 

onto XIA (Xgal, IPTG and Ampicillin) plates and incubated at 37°C overnight. The following 

day a total of 46 white colonies were picked and used to inoculate 3ml of LB broth with 

Ampicillin per reaction, which were incubated at 37°C with shaking overnight. Plasmid DNA 

was then extracted and purified using the QIAprep spin miniprep kit (Qiagen), eluting into 50µ1 

EB ( elution buffer). Samples were then sent to be sequenced on the ABI 3130 capillary 

sequencer at the Department of Zoology at the University of Oxford. 

Analysis of the resulting sequences using the NCBI (National Centre for Biotechnology 

Information) VecScreen tool (http://www.ncbi.nlm.nih.gov/tools/vecscreen/) revealed that only 

24 of the samples contained insert DNA. These sequences were analysed using BLAST, only 9 

sequences had any significant BLAST hits, and only 5 of these matched to a reptile sequence. 

In particular only one 600bp fragment from the 500-600bp library was cloned and sequenced 

correctly. Optimisation was attempted with the addition of T4 PNK (Polynucleotide Kinase) 

(Promega) prior to ligation, but the number of transformants for the 500-600bp library was still 

minimal (1-2 white colonies). The mean GC content of the successfully sequenced libraries was 

found to be 41.96%. 
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It became apparent that this methodology would be very inefficient for genome sequencing, 

especially as the larger insert size library was proving problematic to clone and sequence. 

Therefore subsequent sequencing was carried out using the Illumina TruSeq library preparation 

kits and reagents. Whilst the chemistry of the reagents and the adapter sequences used are 

different to those used to construct the com snake "test" libraries, the TruSeq library preparation 

methodology is fundamentally the same except that purification steps are carried out using 

Agencourt AMPure XP beads rather than Qiagen PCR purification kits. 

Genomic DNA samples for E. coloratus and P. guttatus were sent for library preparation and 

sequencing by the GenePool at the University of Edinburgh (http://genepool.bio.ed.ac.uk/). 

Two libraries per species were made with selected insert sizes of 300bp and 600bp using the 

Illumina TruSeq DNA sample preparation kit. These were then pooled and sequenced on one 

lane of the Illumina HiSeq2000 sequencing platform. 

The genomic library for E. pyramidum was prepared by me at the !BERS (Institute of 

Biological, Environmental and Rural Sciences) phenomics laboratory at Aberystwyth 

University, again using the Illumina TruSeq sample preparation kit but in this instance using an 

insert size of 400bp. This library was then loaded onto the Illumina MiSeq sequencing platform 

by me and two runs were carried out, one using 2x 150bp reads and another using 2x250bp 

reads. 

2.4.4 Read quality control 

All genomic reads were assessed for quality using the software program FastQC (Andrews 

201 0).Reads were trimmed of any poor quality bases using the python script f as t qT rim . py 

(see additional material CD) using the syntax: 

p ython f astqTrim .py f ilel . fastq file2 . fas tq 
Shu ff l ed_file .fastq 15 99 

Where filel. f astq and fi l e2 . fastq represent forward and reverse read files 

respectively. The last two numbers of the script indicate where the reads are to be trimmed, in 

the above example reads are trimmed to leave bases between positions 15 and 99. 
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Metrics for the number of paired-end reads per sample and the total number of bases sequenced 

per library were obtained using the perl script p rinseq - li t e . pl (Additional material CD, 

available online at http://prinseg.sourceforge.net/manual.html) using the syntax: 

perl prinseq-lite.pl - fas t q file. f a stq -ou t f ormat 3 - out _good 
test .fastq 

2.4.5 CLC 

The CLC genome assemblies for com snake and £chis coloratus were carried out using default 

parameters by the Genepool at Edinburgh University. The CLC assemblies for £chis 

pyramidum were carried out by me at Aberystwyth University. All parameters were kept as 

default to allow comparison to the assemblies of the other two study species, except for one 

assembly which was carried out using a k-mer size of 31 as used in the assembly of the king 

cobra genome (Vonk et al. 2013). 

2.4.6ABySS 

Assemblies using single-end reads only, paired-end reads from one genomic library, and paired

end reads from multiple sequencing libraries were assembled using ABySS. Examples of the 

commands for each are given below. In all cases the k-mer size is given as k=60 and the 

minimum mean k-mer coverage ( c) of a unitig is given as 5. 

Single-end assembly: 

ABYSS - k60 reads . fastq -o a s sernbly .fasta 

Paired-end using one insert size library: 

a b yss -pe - j l k=60 n=5 np =12 c=5 mpirun=mpirun 
name=out put directory l i b=Le f t r eads .fastq Right r ead s . fastq' 
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Paired-end using multiple libraries: 

a b yss - p e - j l k=60 n =S np =l2 c =S mpirun=mpiru n 
name=output_ director y lib='libl lib2 ' lib l = ' 
Le f t_reads_ 300bp . fastq Right rea d s _ 300bp. fastq ' 
lib2= ' Left_reads 600bp.fastq Righ t reads 600bp. f a stq' 

2.4. 7 Basic assembly metrics 

Basic assembly metrics such as maximum contig/scaffold length and contig/scaffold N50 
values were obtained using the perl script c ont ig- stat s . p l (Additional material CD, 
available online at http://milkweedgenome.org/?g=node/2) using the command: 

perl contig- stats . pl Assembly_file . fasta 

Contig and scaffold NG50 values were assessed using the perl script As sembla t h on
s ta ts. pl (Additional material CD, also available online at 
http://kortlab.ucdavis.edu/datasets/ Assemblathon/ Assemblathon2/Bas ic metrics/assemblathon stats.pl 
) using the command: 

p e rl assembl athon-stat s .pl Assembl y_fil e .fasta 

To assess the number of gene sized scaffolds (2'.:25Kb), the perl script 
selectSeqsAboveMi n Length . pl (Additional material CD, available online at 
http:// nebc. nerc. ac. uk/too ls/code-co mer/ scripts/ seguence-processi ng#-sel ectsegsa boveminlength-pl) 
which extracts sequences of a designated size was used using the command: 

perl selectSeqsAboveMinLength . pl Assembly_ file . fas t a Gene 
sized-output. fas t a 25000 

2.4.8CEGMA 

All generated genome assemblies were assessed for completeness using the Core Eukaryotic 

Genes Mapping Approach (CEGMA) (Parra et al. 2007) using the pipeline version 

v2.4.010312. Available genome sequences for the Burmese python (Castoe et al. 201 3) and 

the king cobra (Vonk et al. 2013) were also incorporated into the CEGMA analysis to allow 

subsequent comparison between assemblies. 

so 



Firstly, all sequence .fasta headers required to be altered in order to be compatible for the 

CEGMA pipeline (solely numerical headers are not accepted). This was completed using the 

Linux command: 

sect ' s/A>/>SampleA/g ' 
Genome assembly.fasta>CEGMA_Genome assembly.fasta 

This results in all fasta sequences within the file Genome assembly . f asta being amended 

with "SampleA" at their start, and all sequences being output into the file 

CEGMA _ Genome assembly. f asta . The compatible assembly was then run through the 

CEGMA pipeline using the command: 

cegma --genome CEGMA_Genome assembly.fasta - o CEGMA OUTPUT 

2.5 Results 

2.5. 1 Raw sequencing metrics and initial assessment 

Metrics for the raw sequencing data can be seen in Table 2.1. A total of ~58Gb was sequenced 

for the painted saw-scaled viper, ~ l lGb for the Egyptian saw-scaled viper, and ~29.6Gb for 

the corn snake (Figure 2.13). It is immediately apparent that the Illumina MiSeq provides a 

much lower sequencing coverage than the Illumina HiSeq2000 platfonn (Figures 2.13 and 

2.14). 

Table 2.1. Overall genome sequencing data produced from Illumina sequencing 

Species Insert size Read Total Paired- Total bases 
(bo) leneth (bp) End reads 

Echis coloratus 300 2xl00 225,870,544 22,812,924,944 

Echis coloratus 600 2xl00 353,897,282 35,389,728,200 

Total 579,767,826 58,202,653,144 

Echis pyramidum 400 2xl50 22,252,762 3,294,553,256 

Echis ovramidum 400 2x250 39,541 ,006 7,998,447,172 

Total 61 ,793,768 11,293,000,428 

Pantherophis guttatus 300 2xl00 202,756,304 20,478,386,704 

Pantheroohis iruttatus 600 2xl00 90,602,508 9,150,853,308 

Total 293,358,812 29,629,240,012 
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Figure 2.13. Number of bases sequenced in Gigabases (Gb) for each of the three genome 

species. 
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Figure 2.14. Number of paired-end reads sequenced for each of the three genome species. 

It has long been known that biases in the GC content (guanine-cytosine content) of genomes 

can have significant effects on de nova genome assembly (Chen et al. 2013). The majority of 

assembly programs operate based on the assumption that the reads they are using to generate 

an assembly are distributed evenly across the target genome. However, as mentioned previously 

due to compositional biases within a genome there is asymmetry of sequencing coverage. Both 

low and high coverage k-mers will have an effect on the construction of a De Bruijn graph 
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during assembly: edges which have low weighted k-mer support due to low k-mer coverage 

may be treated as the result of sequencing error, and be collapsed. High coverage k-mers will 

be treated as repetitive elements, again leading to the collapse of the De Bruijn graph (Miller et 

al. 2010). A strong bias in GC content can result in shorter assembled transcripts, inaccuracy, 

or possibly a failure to assemble the genome at all (Kozarewa et al. 2009; Chen et al. 2013). 

Biases in GC content can be due to several factors involved with Illumina sequencing, 

especially during the PCR enrichment step of library preparation and from bridge amplification 

during cluster generation on the flow cell (Aird et al. 2011). Chen et al. (2013) found that issues 

caused by GC bias could be overcome by the addition of more sequencing data as it equalised 

the read coverage of GC biased regions. With this in mind, the percentage GC content of 

sequencing reads was assessed prior to assembly. The percentage GC content for the newly 

generated data were found to be 40.88% for E. pyramidum, 42.17% for E. coloratus, with com 

snake having the highest GC content with 44.00%. These findings are in accordance with the 

Burmese python genome paper (Castoe et al. 2013) which found, based on analysis of GC 

content at third codon positions, an increase in AT content in snakes compared to other amniote 

genomes. 

The sequencing coverage or sequencing depth of a genome can be defined as the theoretical 

amount of times that a particular nucleotide in a genome is sequenced by a sequencing 

experiment (Sims et al. 2014). Extrapolating from this definition, the higher the sequencing 

coverage the increased number of times a particular nucleotide is sequenced, improving the 

confidence that that nucleotide is correct within an assembly and not the result of sequencing 

error. Based on an estimated genome size of 1.3Gb for the painted saw-scaled viper and the 

Egyptian saw scaled viper ( derived from the haploid genome size of 1.27Gb for the related 

Echis carinatus (Desmet 1981)) these genomes have been sequenced to a depth of roughly 89x 

and 20x respectively according to the Lander/Waterman equation ((number of reads x read 

length)/genome size (Lander and Waterman 1988)). An estimated genome size of 1.965Gb was 

used for the corn snake, which is an average of the four Elaphe species available on the genome 

size database (the corn snake was fonnerly a member of the Elaphe genus (Pyron and Burbrink 

2009)). Based upon this figure the genome of the corn snake was sequenced to a depth of 

roughly 30x. 

It is apparent that there was a difference in sequencing coverage between libraries for each 

species as shown in Figure 2.15. The 600bp insert library for E. coloratus appears to have 

sequenced exceptionally well, accounting for 54.4x coverage by itself. The 600bp insert library 

for the corn snake however only represents a 9.2x sequencing coverage for this genome. 
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Therefore there appears to have been some inequality in the sequencing coverage across 

libraries, despite having the same insert size. An explanation for this may be that the E. 

coloratus 600bp library was sequenced on a different run to the other libraries sequenced at the 

GenePool, and could therefore have been sequenced to a higher coverage depending on how 

many other samples were sequenced on the flow cell. The two MiSeq sequencing runs also 

show variation in the amount sequenced, most likely due to the difference in read length 

between them, with the 2x l 50bp read length run having 5 .1 x coverage but the 2x250bp read 

run having approximately three times more coverage at 15.2x. 
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Figure 2.15 Estimated sequencing coverage for the genomes of the three study species. Epy, 
Echis pyramidum; Eco, Echis coloratus; Pgu, Pantherophis guttatus. 

Raw sequencing reads were then assembled using CLC and ABySS. Full results tables of 

assembly metrics can be seen in Appendix 1-6. 

2.5.2 CLC assemblies 

CLC Genomics workbench (CLC bio) assemblies were here used as a benchmark to beat. 

Analysis of these assemblies shows that they are broadly similar across all species (Figure 2.16) 

with only a slight increase in metrics for E. co/oratus which is likely a consequence of a higher 

sequencing depth for this species. Even assemblies of the E. pyramidum genome appear to be 

highly similar, despite using different sets of sequencing reads and selecting a k-mer size of 31. 
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Figure 2.16. Maximum contig length and contig N50 values for genome assemblies produced 

by CLC. Epy, Echis pyramidum; Eco, Echis coloratus; Pgu, Pantherophis guttatus. 

2.5.3 Trimmed vs untrimmed reads 

Whilst the sheer amount of data produced by modem DNA sequencing methods is extremely 

beneficial, it also increases the likelihood of sequencing errors occurring within the data 

produced. The inclusion of errors into the assembly process may lead to the formation of 

incorrect k-mers, which in term will cause complications in De Bruijn graph-based assembly. 

The removal of low-quality bases from read datasets, whilst aiming to maintain as much of the 

original read data, is consequently beneficial in improving assembly (Del Fabbro et al. 2013). 

Whilst some assemblers have in-built facilities to remove lowly supported k-mers (such as 

ABySS (Simpson et al. 2009)), it is usually necessary to carry out read trimming using a 

different program. Del Fabbro et al. (2013) found read trimming to be beneficial to de nova 

genome assembly, and so low quality bases were trimmed from genomic sequencing reads, the 

metrics for which can be seen in Table 2.2. Generally, all reads needed to have the first ~ 15 

bases trimmed due to substantial nucleotide bias at the beginning of sequencing reads (this has 

also been found for RNA-seq data (Hansen et al. 2010)), most likely indicating the presence of 

adapter sequence. Trimming sequencing reads prior to genome assembly resulted in 8.97% of 

total sequencing bases being discarded for Echis coloratus; 13.22% for Echis pyramidum; and 

16.98% for com snake. This is approximately equivalent to 26 million I 00bp paired-end reads 

being discarded for E. coloratus; 3 million 2x250bp paired-end reads for E. pyramidum; and 25 

million 1 00bp paired-end reads for com snake. 
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Table 2.2. Metrics for sequencing reads before and after trimming of low-quality bases. 

Genomic library Total bases Total bases post- Total bases 
trim discarded 

Echis coloratus 300bp 22,812,924,944 20,780,090,048 2,032,834,896 
Echis coloratus 600bp 35,389,728,200 32,204,652,662 3,185,075,538 
Total 58,202,653,144 52,984,742,710 5,217,910,434 

Echis pyramidum 2xl50bp 3,294,553,256 2,852,583,956 441 ,969,300 
Echis pyramidum 2x250bp 7,998,447,172 6,947,076,986 1,051 ,370,186 
Total 11,293,000,428 9,799,660,942 1,493,339,486 

Com snake 300bp 20,478,386,704 16,626,016,928 3,852,369,776 
Com snake 600bp 9,150,853,308 7,973,020,704 I , 177,832,604 
Total 29,629,240,012 24,599,037,632 5,030,202,380 

Despite previous reports stating that read trimming improves de nova genome assembly (Del 

Fabbro et al. 2013), results suggest that assemblies using untrimmed reads have a higher number 

of contigs and scaffolds (Figure 2.17) and in some cases a higher maximum contig or scaffold 

length (Figure 2.18) 
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Figure 2.17. Number of contigs and scaffolds in assemblies generated using trimmed or 

untrimmed sequencing reads. Epy, Echis pyramidum; Eco, Echis co/oratus; Pgu, Pantherophis 

guttatus. 
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Figure 2.18. Maximum contig and scaffold lengths for assemblies generated using trimmed or 

untrimmed sequencing reads. Epy, Echis pyramidum; Eco, Echis coloratus; Pgu, Pantherophis 

gutta/us. 

Differences in contig and scaffold N50 values were less clear-cut (Figure 2.19) with the scaffold 

N50 for com snake and E. pyramidum showing little difference between untrimmed and 

trimmed assemblies, but values for E. coloratus being superior when reads were left untrimmed. 
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Figure 2.19. Contig and scaffold N50 values for assemblies generated using trimmed or 

untrimmed sequencing reads. Epy, Echis pyramidum; Eco, Echis coloratus; Pgu, Pantherophis 

guttatus. 

2.5.4 Single-end versus paired-end reads 

It is easy to see (Figure 2.20) that using paired-end sequencing data for assembly greatly 

improves both the mean maximum length of contigs and the mean contig N50. 
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Figure 2.20. Mean maximum contig size and contig N50 for assemblies generated using either 

single-end or paired-end reads. 

To determine whether there was any difference between using "left" or "right" reads (sequence 

from one end of a DNA fragment or the other), separate assemblies were carried out using each 

set of reads. Assemblies using left reads appear to be marginally better in terms of their mean 

maximum contig length and mean contig N50 values (Figures 2.21 and 2.22). Left reads appear 

to create marginally better assemblies, perhaps due to a difference in error rate between the two 

reads. 
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Figure 2.21. Mean maximum contig lengths of assemblies using either left or right single-end 
reads. 
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Figure 2.22. Mean contig NSO values of assemblies using either left or right single-end reads. 
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2.5.5 Sequencing read length 

The sequencing data generated by the Illumina HiSeq2000 (giving 2xl00bp reads) will not be 

included in this analysis as the considerably higher sequencing depth of this data may produce 

misleading results when compared to reads generated by the Illumina Mi Seq. Assemblies using 

reads sequenced using a read length of 2x l 50bp appear to have produced better assemblies in 

terms of the maximum contig and scaffold length, but there was little difference in the contig 

or scaffold N50 values between different read lengths (Figure 2.23). Surprisingly, the 

combination of both datasets did not lead to any improvement, with assemblies produced using 

the 2x l 50bp reads only remaining the best. 
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Figure 2.23. Assembly metrics for assemblies generated using either 2x l 50bp, 2x250bp, or 

both read lengths sequenced using the Illumina MiSeq. 

2.5.6 Library insert size 

Sequencing libraries with different insert sizes allowed the evaluation of any effects caused by 

insert size. The 400bp E. pyramidum libraries sequenced on the MiSeq are not considered here 

due to the difference in sequencing coverage and read lengths between them and those of the 

other study species, which may be misleading. In general, the larger 600bp insert libraries 

appear to have produced marginally (in terms of the com snake) or extremely (in terms of E. 

coloratus) improved assemblies (Figure 2.24). It is most likely that this drastic difference 

between library insert size in E. coloratus is due to the difference in sequencing depth between 

the two libraries, and not due to the insert size itself. 
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Figure 2.24. Assembly metrics for assemblies generated using read data from libraries with 

different genomic insert sizes. 

2.5. 7 k-mer size 

An increase in k-mer size results in a commensurate reduction in the number of contigs and 

scaffolds in an assembly (Figures 2.25 and 2.26). 

30 

~ 25 
Vl 
C: 
.Q 

Vl 
Q.O 
·..:; 
C: 
0 
u 15 
0 
Q) 
.0 

§ 10 
C: 

C: 
ro 
Cl) 

~ 5 

0 
20 31 40 

k-mer size 

60 

□ Eco untrimmed 

■ Eco trimmed 

■ Epy untrimmed 

□ Epy trimmed 

■ Pgu untrimmed 

□ Pgu trimmed 

Figure 2.25. Number of contigs (in millions) in assemblies generated using varying k-mer sizes 
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Figure 2.26. Number of scaffolds (in millions) in assemblies generated using varying k-mer 
sizes. 

The effect on the mean maximum scaffold length is less obvious, and appears to be specific to 

different species. For example, a k-mer of 3 I or 40 appears to be optimal for corn snake 

assemblies, but a k-mer of either 31 or 60 appears to be best for E. coloratus assemblies (Figure 

2.27). The maximum scaffold length for E. coloratus is probably considerably elevated due to 

the increased coverage of sequencing for the 600bp library, rather than any effect from an 

increase ink-mer size 
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Figure 2.27. Mean maximum scaffold length relative to varying k-mer size. 
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The contig (Figure 2.28) and scaffold (Figure 2.29) NSO increases with an increase in k-mer 

size. This increase appears to be slight for com snake and E. pyramidum assemblies but is much 

more drastic in E. coloratus. Again, this could be caused by an increase in sequencing coverage 

for this species rather than any direct effect caused by an increase in k-mer size on the 

performance of the assembly. 

Also of note is the fact that no paired-end assemblies with a k-mer size of20 were possible with 

E. coloratus (Figure 2.29). The results displayed for E. coloratus at this k-mer size in Figure 

2.28 is data based on assemblies carried out using single-end reads which may be due to an 

inability to construct a De Bruijn graph during assembly due to the k-mer size being too small. 
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Figure 2.28. Mean contig NSO of assemblies constructed using varying sizes ofk-mer. 
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Figure 2.29. Mean scaffold NSO of assemblies constructed using varying sizes of k-mer. 

2.5.8 CLC vs. ABySS 

In general, the metrics for the CLC genomics workbench assemblies appear to be superior to 

assemblies generated using ABySS. CLC assemblies have a larger mean maximum contig size 

compared to the ABySS assemblies for all three species (CLC does not perform scaffolding, 

and so the maximum scaffold length was not included in this comparison) (Figure 2.30). 
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Figure 2.30 Mean maximum contig length of assemblies generated using ABySS or CLC. 
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Mean contig N50s are slightly more variable, with CLC assemblies for E. coloratus being 

higher, both E. pyramidum assemblies being highly similar, and ABySS producing slightly 

improved contig N50 values for com snake (Figure 2.31 ). 

9000 

8000 

7000 

- 6000 
C. 

..0 
;;_ 5000 
bl) 
~ 4000 _, 

3000 

2000 

1000 

0 
Mean contig nS0 

■ Eco CLC 

□ Eco ABySS 

□ Epy CLC 

□ Epy ABySS 

■ Pgu CLC 

1:1 Pgu ABySS 

Figure 2.31. Mean contig N50 of assemblies generated using ABySS or CLC. 

However, none of the CLC assemblies contain any gene sized contigs/scaffolds and no CEGs 

(Core Eukaryotic Genes) were found in these assemblies based on analysis with CEGMA (see 

later sections). Therefore, whilst the metrics for the CLC assemblies may appear to be better, 

they do not reflect the completeness of the assembly in terms of the number of conserved genes 

detected or the potential number of contigs/scaffolds containing gene sequences. As such they 

are less useful for genomic analyses despite the impression given by their metrics. 

2.5.9 Gene-sized scaffolds 

One metric used to assess the overall quality of an assembly by the Assemblathon 2 (Bradnam 

et al . 2013) is the number of gene-sized scaffolds (here gene-sized is defined as being 225kb in 

length (Bradnam et al. 2013) based on the average size of a Eukaryotic gene). No assemblies 

for the corn snake or Echis pyramidum had any scaffolds of 25kb or above in length. Likewise, 

there were no gene sized scaffolds in any Echis coloratus assembly assembled using only the 

reads sequenced from the 300bp insert library. 
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Figure 2.32. Mean number of gene sized scaffolds (2:25Kbp) present in assemblies assembled 

using varying k-mer size. 

It is apparent that an increase in k-mer size led to an increase in the number of gene sized 

scaffolds in E. coloratus assemblies (Figure 2.32). In particular, assemblies using both 300bp 

and 600bp insert libraries seem to have many more scaffolds of this length, perhaps due to the 

increased coverage offered by the inclusion of both libraries in the assembly process. The E. 

coloratus ABySS assembly using all untrimmed reads with a k-mer size of 60 appears to have 

the most gene sized scaffolds with 1,097 detected in this assembly (Table 2.3). Repeating this 

assembly with trimmed reads appears to have a considerable loss in the number of gene size 

scaffolds, perhaps due to the reduction in positional information (and overall loss of data) 

resulting in inhibited scaffold fonnation. 
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Table 2.3. Number of gene sized scaffolds contained within genome assemblies of Echis 

coloratus. 

Library insert Trimmed k-mer size Number of gene-sized 
size (ho) (YIN) scaffolds (hp) 

600 N 31 101 
600 y 31 70 
600 N 40 279 
600 y 40 205 
600 N 60 587 
600 y 60 41 

300 and 600 N 31 143 
300 and 600 y 31 104 
300 and 600 N 40 382 
300 and 600 y 40 298 
300 and 600 N 60 1,097 
300 and 600 y 60 413 

2.5.10 CEGMA and genome completeness 

CEGMA analysis showed varied results (Appendix 7), with only 5 assemblies for E. pyramidum 

containing any conserved eukaryotic genes (CEGs). Interestingly, all assemblies for the com 

snake and all paired-end assemblies for E. coloratus contained at least partial CEG sequences, 

even the assemblies generated using CLC. This would seem to suggest that higher sequencing 

depth is key to assembling gene sequences, despite having a smaller read length compared to 

the E. pyramidum dataset. Genome completeness estimates ranged from 0%-33.9% in E. 

coloratus, 0-0.4% in E. pyramidum and 0-4.8% in corn snake based on the detection of full 

length CEG sequences. Values based on partial CEG sequences were higher with ranges of 3.6-

78.6% in E. coloratus, 0-3.2% in E. pyramidum and 1.2%-13.7% in corn snake. 

2.5.11 Assignment of "best" assemblies 

The "best" assemblies for each of the three study species genomes are based primarily on the 

detection of CEGs in the genome assembly. This justification is based on the fact that an 

assembly could have an extremely large scaffold N50, but this does not mean that these 

scaffolds contain any meaningful information. The presence of detectable protein-coding 

sequences implies that at least some of the sequences in the assembly have assembled correctly. 

Therefore a trade-off between basic metrics and CEGMA analysis was used to select the best 

genome assembly. 
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The best E. coloratus assembly was determined to be assembled by ABySS using both 300bp 

and 600bp library reads which were not trimmed and a k-mer size of 60 was used. This assembly 

has the highest maximum contig length (but not maximum scaffold length), and contig and 

scaffold N50 values compared to all other assemblies for this species. It also has the highest 

number of gene sized scaffolds and, despite not having the highest number of complete CEGs, 

has the highest number of partial CEG sequences. 

The corn snake genome chosen was again assembled by ABySS using reads from both libraries 

which were not trimmed, only this time using a k-mer size of 40. This assembly did not have 

the highest N50 values or maximum scaffold length, but it did have the most complete and 

partial CEGs detected by CEGMA analysis. 

The best E. pyramidum assembly chosen was like the other two assemblies assembled using 

ABySS using all reads which were untrimmed, this time using a k-mer size of3 l. This assembly 

was chosen as it contained the most partial CEGs (no complete CEGs were detected in any 

assembly of this species). 

2.5.12 Comparison of published and newly generated snake genome assemblies 

Newly generated genome assemblies were compared to those of the three currently available 

sequenced snake whole genome sequences of the boa constrictor (Bradnam et al. 2013), 

Burmese python (Castoe et al. 2013) and king cobra (Vonk et al. 2013). All of these assemblies 

were generated using Illumina paired-end and mate-pair sequencing data (with the exception of 

the Burmese python which also used some 454 data). 

Both the mean and maximum scaffold lengths of the newly generated assemblies are 

considerably lower than those of the three published snake genome assemblies (Figure 2.33). 

This is perhaps unsurprising given the lack of mate-pair data from the former three genome 

assemblies, which would likely greatly aid the assembly and orientation of contigs into much 

larger scaffold sequences. 
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Figure 2.33. Mean and maximum scaffold length of the 6 snake genome assemblies evaluated. 

Scaffold N50 and NG50 values are considerably higher in the three published genome 

assemblies (Figure 2.34), most likely representative of the inclusion of mate-pair library data 

in these genomes. 
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A surprisingly low amount of gene sized scaffolds were found in the boa constrictor genome 

assembly (Figure 2.35). Whilst this could initially be interpreted as the assembly containing 

small scaffolds below 25Kbp, examination of the scaffold N50 and NG50 suggest that this 

should not be the case. Therefore it is more likely that this is indicative of the boa constrictor 

assembly containing fewer but longer scaffolds. Conversely, the assemblies for the Burmese 

python and king cobra appear to have numerous but shorter scaffolds, suggesting that these 

assemblies contain many gaps. The E. coloratus assembly is the only one out of the newly 

generated genome sequences which contains any gene sized scaffolds. 
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Figure 2.35. Number of gene sized scaffolds (~25Kb) found in the 6 snake genome assemblies 
assessed. 

Analysis of the conserved eukaryotic gene set using the Core Eukaryotic Genes Mapping 

Approach (CEGMA (Parra et al. 2007)) identified 81 full length genes out of the 248 highly 

conserved core eukaryotic genes (CEGs) in the E. coloratus assembly, 0 in the E. pyramidum 

assembly, and 12 in the com snake assembly. This suggests that these genome assemblies are 

approximately 33%, 0% and 5% complete ( compared to 59%, 56% and 49% for the boa 

constrictor, Burmese python and king cobra respectively). However, 195 partial CEGs were 

identified in E. coloratus, 8 in E. pyramidum and 34 in com snake, giving completeness figures 

nearer 79%, 3% and 14% (99% for boa constrictor, 96% for Burmese python and 92% for king 

cobra) (Figure 2.36). Therefore the E. coloratus assembly is not too distant in completeness 

from that of the king cobra, but the mate-pair data included in the king cobra assembly is likely 
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to be responsible for its increased completeness, especially considering that both assemblies 

were carried out using ~58Gbp of sequencing data. 
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Figure 2.36. Percentage completeness (based on the detection of complete or partial conserved 

eukaryotic genes) results from CEGMA analysis of 6 snake genome assemblies. 

The six snake genome assemblies analysed were ranked according to how they performed in 7 

criteria: mean scaffold length, maximum scaffold length, number of gene sized scaffolds, 

scaffold NS0, scaffold NGS0, percentage completeness based on complete CEGs, percentage 

completeness based on partial CEGs (Table 2.4). 

Table 2.4. Rankings of six assessed snake genome assemblies in seven assembly evaluation 

metrics. 

Ranking Mean Maximum No. gene Scaffold Scaffold % % 
scaffold scaffold sized NS0 NGS0 completeness completeness 
length length scaffolds (complete) (oartial) 

1 Pmo Bco Pmo Bco Bco Bco Bco 

2 Bco Pmo Oha Oha Oha Pmo Pmo 

3 Oha Oha Bco Pmo Pmo Oba Oba 

4 Eco Eco Eco Eco Eco Eco Eco 

5 Pgu P® Pm.i Pgu P® Pgu Pim 

6 Epy Eov Eov Epy Epy Eov Epy 
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Abbreviations 

Bco, Boa constrictor constrictor; Eco, Echis coloratus; Epy, Echis pyramidum; Oha, 
Ophiophagus hannah; Pgu, Pantherophis guttatus; Pmo, Python mo/urus bivittatus. 

The results of these rankings indicate that the snake assemblies proceed in the following order, 

with the "best" assembly first- boa constrictor, Burmese python, king cobra, Echis coloratus, 

com snake and Echis pyramidum. The boa constrictor assembly is ranked top in five out of 

seven categories, and it is worth noting that this assembly is probably only beaten in the 

"number of gene sized scaffolds" category because this assembly contains fewer but much 

longer scaffolds than the Burmese python and king cobra assemblies. The Burmese python and 

king cobra assemblies are roughly similar, with the Burmese python assembly having a slightly 

higher scaffold lengths and percentage completeness based on CEGMA analysis, but the king 

cobra assembly having higher scaffold NS0 and NGS0 values. 

The E. coloratus assembly is the best of the newly generated genome sequences, having much 

better results in all categories compared to the much lower coverage genomes of the com snake 

and E. pyramidum. Surprisingly, the E. coloratus assembly is not too dissimilar from the only 

currently published genome for a venomous snake, the king cobra (Vonk et al. 2013). The 

addition of mate-pair sequencing data to the E. coloratus assembly would likely improve all 

metrics, potentially raising it to a comparable level with the king cobra and Burmese python 

assemblies. 

2.6 Discussion 

122 different genome assemblies were generated for three species of snake, the corn snake 

(Pantherophis guttatus) and the painted (Echis coloratus) and Egyptian (Echis pyramidum) 

saw-scaled vipers. The parameters for each assembly for each species were varied in order to 

test a number of factors which may (or indeed, may not) affect the outcome of a de nova genome 

assembly. 

Several factors appear to be very clear based on these results, and should be considered for all 

snake genome sequencing projects. Firstly, the higher sequencing output of the Illumina HiSeq 

produced superior genome assemblies compared to the Illumina MiSeq, and therefore this 

sequencing platform should be used preferentially for initial de nova sequencing projects (the 

MiSeq may be useful for genome re-sequencing when there is a reference sequence to align the 
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reads to, and so sequencing coverage is less of an issue). Using paired-end reads for assembly 

was also far superior to single-end reads. 

Trimming sequencing reads appears to have had a negative effect on the resulting genome 

assemblies, with a huge amount of data being discarded before assembly has even been 

attempted. The Illumina HiSeq25000, using the v3 TruSeq reagents, can currently produce 3-6 

billion I 00b paired-end reads in high output mode and 600 million I 00bp paired-end reads in 

rapid run mode 

(www.illumina.com/systems/hiseg 2500 1500/performance specifications.ilmn). Based on 

the figures , the amount of sequence discarded from the E. coloratus and corn snake read 

datasets is approximately 0.86% of a HiSeq2500 run in high output mode, and ~4% of a total 

run in rapid run mode. The Illumina Mi Seq is capable of generating 44-50 million paired-end 

reads m a single run when usmg the v3 reagent kit 

(www.illumina.com/systems/miseg/performance specifications.ilmn). The amount of 

sequence discarded from the E. pyramidum MiSeq reads dataset is approximately 6-7% of an 

entire MiSeq run. Interestingly, it has previously been noted that ABySS assembles untrimmed 

datasets better in terms of the resulting basic metrics such as maximum scaffold length and 

scaffold N50 due to its in-built ability to correct sequencing errors, and that trimming 

sequencing reads can decrease assembly quality (Del Fabbro et al. 2013) 

Sequencing read length does not appear to be an issue at high sequencing depths, but appears 

to have had an influence at the lower sequencing depth generated by the MiSeq. Assemblies 

using 2xl50bp reads only appear to be better than assemblies with 2x250bp reads. It is possible 

that this is due to the fact that a maximum k-mer value of 60 was used, whilst the read lengths 

were now increased by 1 00bp up to 250bp. The k-mer value may therefore have been too small 

for these sequencing reads, causing the formation of many lowly supported edges in the De 

Bruijn graph during assembly, the majority of which would ultimately be collapsed. This is 

perhaps a major factor to consider when conducting assemblies in future, especially when 

combining data with different read lengths. 

Overall the size of library insert size appears to have had only a minor effect on the resulting 

assemblies, with metrics for assemblies utilising the 600bp insert size libraries being improved 

compared to assemblies using only the 300b library. It is likely that the increased positional 

information given by the 600bp library reads (the increased distance between reads will inform 

scaffolding much more than reads located close together on a DNA fragment) has improved 

overall assembly. Based on the assembly metrics, using only the 600bp library for E. coloratus 

produced assemblies which were very similar to those which also included the 300bp library 
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data. Perhaps this is simply indicative of the high sequencing depth of the 600bp library for this 

species, and not an improvement based on an increase in library insert size. 

Altering k-mer length appears to have a dramatic effect on the resulting assembly, with an 

increase in k-mer leading to a drastic reduction in the number of contigs and scaffolds in an 

assembly, and an increase in the contig/scaffold maximum length and N50. As stated in the 

introduction section, the use of longer k-mers will result in the formation of fewer paths during 

De Bruijn graph construction, but any overlaps between k-mers will be strict, leading to the 

assembly of more accurate contig sequences. 

Out of the two de nova assemblers used, CLC appears to inflate basic assembly metrics such as 

contig N50 without the resulting assembly containing an increase in meaningful sequence (for 

example CEG sequences, gene sized scaffolds etc.). This may be why the contig N50 for the 

king cobra genome is, in tenns of the amount of sequencing carried out for this species 

( 4 l.2Gbp paired-end data and l 6.8Gbp mate-pair data), very low but the scaffold N50 is vastly 

improved following scaffolding with SSPACE (Boetzer et al. 2011 ; Vonk et al. 2013). This 

finding highlights the importance of carrying out multiple analyses of a genome assembly such 

as CEGMA, and not judging the assembly based on basic metrics such as the N50 (as was also 

found in the Assemblathon 2 (Bradnam et al. 2013) ). 

Whilst some factors should be applied to all genome sequencing projects, it is also apparent 

that each assembly project must also be considered on its own merit. For example, a k-mer size 

of 60 was optimal for E. coloratus, but a k-mer of 40 was best for the com snake. The genome 

of each species will be different, and hence will present its own individual challenges. 

Extrapolating from this, the addition of new data for each species may radically alter the 

"optimal" assembly parameters once more. How well each library sequences on the sequencer 

also appears to be a key factor, with assemblies using the E. coloratus 600bp library only being 

very similar to assemblies constructed using reads from both sequencing libraries. 

In conclusion, there is no widely accepted gold standard for de nova genome assembly because 

each genome is unique, presenting its own unique challenges. The overall quality of an 

assembly can also be considered to be arbitrary, depending on the purpose of the assembly. For 

example, the "best" assemblies generated in this study are suitable for gene discovery and even 

for gene promoter transcription factor binding sites analysis (Chapter 6). However, for analyses 

requiring large regions of sequence such as investigating genome structure and synteny, these 

assemblies are not of a sufficient quality. 
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The limitations of this study and suggested improvements to both the assembly method and 

approach to evaluating generated assemblies is discussed below. Suggestions for alternative 

strategies (such as using different sequencing platforms) to improve genome assemblies are 

discussed in Chapter 7. 

Several methods were attempted over the course of this study which were unable to be 

completed due to technical limitations. Firstly, genome assembly using the assembler SGA 

(String Graph Assembler) (Simpson and Durbin 2012) was attempted on multiple occasions, as 

this utilises an overlap-based string graph algorithm rather than the commonly used De Bruijn 

graph approach. This assembler was also found to be the best for assembling the whole genome 

sequence of the boa constrictor in the Assemblathon 2 (Bradnam et al. 2013), and so would 

have been a logical addition to this study. However, after multiple attempts at troubleshooting, 

this program would not run correctly for unknown reasons. 

The remaining issues were all due to limitations of the computing system used. As the size of 

each file containing one set of single-end reads is considerable (in the region of 44Gb ), not 

enough memory was available on the high performance computing system used in order to 

carry out these analyses. 

The scaffolding of genome assemblies was attempted using the scaffolding software SSPACE 

(Boetzer et al. 20 I I), with the aim of comparing the scaffolding results of the built-in scaffolder 

of ABySS to a stand-alone scaffolder. This program has been shown previously to improve 

scaffold N50 significantly and to incorporate at least 75% of initial contigs into scaffolds 

(Boetzer et al. 2011). More specifically, SSPACE was found to out-perform the scaffolding 

carried out by ABySS (Boetzer et al. 2011 ), and was used to scaffold the whole genome 

assembly of the king cobra (Vonk et al.2013). As the first step of this process involves mapping 

the sequencing reads onto the genome assembly, and the read files are extremely large, there 

was not sufficient memory to carry this step out even when using a high powered computing 

system. 

The genome assembly evaluation tool Reapr (Hunt et al. 2013) was trialled as it was again used 

in the Assemblathon 2 and is a stand-alone tool to evaluate genome assemblies. Most notably 

it identifies assembly errors (such as incorrect scaffolding) and analyses every single base of 

the assembly, returning metrics such as a corrected N50 value and the percentage of error-free 

bases in the assembly. As Reapr is capable of assessing assembly quality without the need for 

a reference genome (unlike other programs such as Quast (Gurevich et al. 2013)) it would have 

been perfect for adding a further analysis measure between genome assemblies. As the first step 
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of the analysis involves mapping sequencing reads onto the genome assembly (and indeed the 

program is dependent upon the mapping results), it is likely that a limitation of computer storage 

and memory has prevented the analysis from being carried out. 

In future the addition of these aforementioned programs to the analysis would provide different 

methods to test (in the case ofSSPACE and SGA) and an additional metric on which to evaluate 

the resulting genome assemblies (in the case ofReapr). Whilst some pre-processing was carried 

out (read trimming), there are additional steps which could be taken and assessed (so much so 

that they would probably constitute a whole thesis chapter) such as k-mer correction, more 

stringent sequencing adapter removal and the removal of duplicate sequences. Potentially these 

could improve, or at least alter, the result of the overall genome assembly. 

Finally, the extremely low coverage reads sequenced using the MiSeq for E. pyramidum were 

a limiting factor in the assembly of the genome of this species. It is possible that the assembly 

could be improved by first mapping the E. pyramidum reads onto the better E. coloratus genome 

assembly, and using the result of these read mappings to assemble the E. pyramidum genome. 

This approach has been used previously to close gaps in genomic sequence by mapping reads 

to a reference genome, isolating the reads which map to gapped regions, carrying out local 

assembly using only these reads, and then incorporating the resulting contigs back into the 

genome assembly (Tsai et al. 2010). This approach is also utilised for reconstructing RNA 

transcripts from reads mapped to the exons of a reference genome sequence (Chapter 3). 
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Chapter 3 

Reptile transcriptome assembly 

The transcriptome comprises all of the RNA molecules expressed by a cell or group of 

cells, and in particular encapsulates all of the protein coding mRNA molecules. As such, 

the transcriptome can reveal which genes are actively being expressed in a tissue at a given 

time. Additionally, the quantitative nature of RNA sequencing (RNA-seq) data allows the 

expression level of transcripts within a transcriptome to be estimated. Here, 48 RNA-seq 

libraries were sequenced from a range of reptile tissues and species. Three transcriptome 

assembly software programs were evaluated, including two de novo programs and one 

genome-guided method. It was found that Trinity was a superior <le novo assembler, but 

genome-guided assembly greatly improved the assembly of low-coverage short read data. 

Transcript abundance estimation was carried out across a range of tissue samples and 

venom gland samples at different timepoints following milking. Results confirmed that ~ 

actin and GAPDH are highly variable and are unsuitable as reference genes for qPCR 

experiments. The results of newly generated venom gland transcriptomes were compared 

to previous EST-based analyses, and it was found that assemblies generated using RNA

seq contained more lowly expressed transcripts not detected by EST sequencing. This 

approach was also sensitive enough to detect splice variants of several genes not found 

previously. Finally, sub-assemblies of an Echis coloratus venom gland transcriptome were 

carried out to assess the minimum required sequencing depth needed to fully characterise 

a venom gland transcriptome. 
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3.1 The transcriptome 

The transcriptome can be defined as all of the RNA molecules expressed by a cell or population 

of cells, for example in a particular tissue (McGettigan 2013), and the term was first coined by 

Charles Auffray in 1996 (McGettigan 2013) and first used in a publication the following year 

(Velculescu et al. 1997). As this definition also includes all of the expressed mRNA molecules, 

the transcriptome represents all of the protein coding genes being actively transcribed at the 

time of sampling, which could vary due to various factors such as developmental stage and 

tissue type (Rudd 2003). In theory therefore the transcriptome is the precursor to the proteome 

of a cell or tissue, although post-transcriptional and post-translational modification and 

regulation are likely to cause some disparity between the two. 

Traditionally transcriptomes have been analysed by the cloning and sequencing of expressed 

sequence tags (ESTs) whereby short fragments of a cDNA library are sequenced and then 

clustered to give a contiguous sequence. ESTs are ultimately limited due to their short length 

(typically 200-800bp) (Nagaraj et al. 2007) and the low coverage resulting from this approach, 

meaning lowly expressed transcripts and splice variants are likely to remain undetected (Rudd 

2003). 

The utility of next generation sequencing technologies to transcriptome sequencing and analysis 

is apparent for a number of reasons: the high sequencing depth offered by sequencing millions 

ofreads by RNA sequencing (RNA-seq) means it is more likely to recover full-length transcript 

sequences (including lowly expressed transcripts), and the higher resolution aids in the 

identification of alternative splice variants. As the number of reads sequenced from a particular 

transcript will be representative of the amount of that transcript present in a sample, RNA-seq 

data is also highly quantitative (Marguerat and Bahler 20 l 0), meaning it can be used both for 

transcript characterisation and transcript expression analysis in a single experiment. 

However, the assembly of RNA-seq reads into a transcriptome assembly also poses several 

challenges, especially in the absence of a reference genome to aid in the reconstruction of 

transcripts. Unlike the genome sequence of an organism which remains relatively static, the 

transcriptome can be highly variable. This means that the number of mRNA transcripts 

encoding different genes will be present at different abundances within a sample, leading to 

uneven sequencing coverage (Rudd 2003), particularly in highly transcriptionally active tissues. 

The short read length of RNA-seq data also means that reads from highly similar transcripts, 

such as paralogs belonging to the same gene family, may be fused during the assembly process 

resulting in chimeric sequences. Additionally, alternative transcripts of the same gene may be 
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omitted altogether if the abundance of one variant in a sample significantly outweighs the 

other(s). Finally, shared homologous sequences in different genes (such as homeodomains) may 

be incorporated or omitted erroneously due to uncertainty of which transcript the sequence 

belongs to. This may also be problematic when mapping RNA-seq reads to transcriptome 

sequences to carry out transcript abundance estimation (see later section). As alluded to 

previously, the reads generated from RNA-seq must be assembled into contiguous sequences 

( contigs) in order to be useful, which can either be done de nova or by using a genome sequence 

as a reference to aid assembly. 

3.2 Genome-guided transcriptome assembly 

The use of a reference genome sequence in transcriptome assembly means that reads are 

correctly orientated and assembled into a "real" transcript encoded by the genome, whilst de 

nova assembly may reconstruct artificial transcripts. Additionally, low coverage sequencing 

may be assembled correctly using this method, whilst lacking the resolution needed to assemble 

transcripts de novo (see results section). The disadvantage of this approach is that splice variant 

transcripts may be discarded, especially if their expression is lower than that of a full-length 

transcript and reads which map to multiple regions within the genome can cause ambiguity 

during transcript reconstruction (Martin and Wang 2011 ). Indeed, there must also be a 

sequenced whole genome sequence, ideally of sufficient quality to contain full-length gene 

sequences on scaffolds in order to assemble full length transcripts. 

3.2.1 The Tuxedo suite 

The Tuxedo suite ( or Tuxedo method) utilises several different programs in order to reconstruct 

transcripts from short sequencing reads mapped to a reference genome (Trapnell et al. 2012). 

Firstly the reference genome is indexed with a Burrows-Wheeler index in order to increase the 

speed and efficiency of searching the genome sequence for the occurrence of short sequences 

(Langrnead et al. 2009). Then short reads from RNA-seq datasets are mapped to the reference 

genome sequence using the read aligner Bowtie (Langrnead and Salzberg 2012) and the splice 

junction mapper TopHat (Trapnell et al. 2009) uses the results of these read mappings to predict 

and identify exon splice junctions. The program Cufflinks (Trapnell et al. 2010) then uses this 

mapping and splicing information to reconstruct transcript sequences from the reference 

genome sequence. 
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3.3 De novo transcriptome assembly 

Several de nova assembly programs are available for transcriptome assembly when there is no 

reference genome available such as Trinity ( Grabherr et al. 2011 ), Oases (Schulz et al. 2012), 

Trans-ABySS (Robertson et al. 2010), SOAPdenovo-Trans (Xie et al. 2014) and IDBA-tran 

(Peng et al. 2013). The majority of de nova transcriptome assembly programs designed for use 

with short-read sequencing data utilise De Bruijn graph-based algorithms, as discussed in 

Chapter 2. 

3.3. J Trinity 

Trinity is a de nova transcriptome assembly program developed at the Broad Institute and the 

Hebrew University of Jerusalem. It comprises of three individual modules: Inchworm, 

Chrysalis and Butterfly (Grabherr et al.2011) (Figure 3.1 ). Firstly, Inchworm analyses the short 

RNA-seq input reads and constructs a k-mer index with a default size of 25 nucelotides. The 

entire set ofreads is then combined into a set of k-mers and any k-mers likely to represent errors 

are removed. Subsequently, the most commonly occurring k-mer sequence is identified as a 

"seed" k-mer and used for the construction of a putative transcript contig. The seed k-mer is 

extended repeatedly by a single base using the most abundant k-mer with a k-1 overlap, first 

from 5' to 3' and then in reverse, until no more k-mers can be used for extension. This process 

is then repeated until no more k-mers are left in the k-mer index. The resulting contigs therefore 

represent the most dominant variant of an expressed transcript, as they are based on the 

abundance of k-mers within the sample. Only contigs with an average k-mer coverage of2 and 

therefore a length of at least 48 nucleotides (the default k-mer value is 25, one k-mer overlap 

will be k-1, therefore 2x(k-1)=48) proceed to the next software module, Chrysalis. 

Chrysalis clusters the contigs generated by Inchworm and constructs a De Bruijn graph for each 

of them, representing all the transcriptional variations of a single gene or locus. Each edge of 

the De Bruijn graph is weighted based on the number of k-mers in the entire original set of 

reads that support the connection. 

Finally, Butterfly takes the De Bruijn graph constructed by Chrysalis and first prunes the edges 

of the graph based on the support from the read data. In this way; incorrect transcript extensions 

are removed. Paths of the graphs having the most support based upon the original read 

sequences, paired-end data and the edge support weightings produced by Chrysalis are then 

selected as final transcript sequences. 
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Figure 3.1. Graphical representation of the three modules of Trinity. Figure is taken from 

(Grabherr et al. 2011 ). 

In summary, Trinity first constructs transcripts based on the extension of the most commonly 

occurring unique k-mer sequences present in a set of RNA-seq reads, constructs a De Bruijn 

graph for each of them which is weighted based on the number of k-mers in the original set of 

reads which support the edges of the graph. Each graph is then pruned to remove erroneous 

transcripts and the most highly supported paths of the graph are selected as transcript sequences. 
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3.3.2 SOAPdenovo-Trans 

The de novo transcriptome assembler SOAPdenovo-Trans (Xie et al. 2014) is a recent assembly 

program and part of the SOAP (Short Oligonucleotide Analysis Package) de novo assembly 

softwares developed by members of the Beijing Genomics Institute (BGI). This program is 

similar to Trinity (section 3 .3.1) and the majority of other short-read assemblers in that it utilises 

De Bruijn graph-based algorithms to construct transcript sequences. 

Initially contigs are assembled using a De Bruijn graph method also employed by the genome 

assembler SOAPdenovo2 (Luo et al. 2012) with low-abundance k-mers being removed (as in 

Trinity). Subsequently the original reads are mapped back onto the constructed contigs and any 

linkages are used to merge/scaffold contigs together, with any incorrect linkages being 

removed. Contigs are then clustered into sub-graphs based upon shared exons, and an algorithm 

used by Oases (Schulz et al. 2012) is then used to generate the most probable transcripts from 

these graphs (thus constructing sequences for all supported transcript variants). Finally, any 

gaps between contigs are filled using paired-end information from the original sequencing reads 

(Xie et al. 2014). A graphical representation of this process is shown in Figure 3.2. 
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Figure 3.2. Graphical representation of the SOAPdenovo-Trans assembly process, taken from 

(Xie et al. 2014). 

3.4 Transcript abundance estimation 

Because of the quantitative nature of RNA-seq data it is possible to infer the relative abundance 

of a transcript within a sample, or indeed within several samples. Firstly, the original RNA-seq 

reads are aligned to the assembled transcripts. The assembled transcripts used will depend on 

the samples for which transcript expression level is to be estimated. For example, to examine 

the transcript expression level within a venom gland, the reads of that sample would be aligned 

to the assembled transcripts of that sample. However, using this process it is not statistically 

valid to compare two venom gland samples to each other (for example), as the assembled 

transcripts for each sample may differ depending on the read dataset. Therefore, to compare 

multiple samples it is necessary to first assemble a global transcriptome using all sets of RNA

seq reads belonging to each sample. A program such as RSEM (Li and Dewey 2011) can be 

used to estimate the expression of each transcript based upon the read alignments to constructed 

transcripts, followed by statistical inference of the maximum likelihood of transcript 

abundances. Put simply, the more reads aligned to a transcript, the higher that transcript is 

expressed within the sample (Figure 3.3). 

---Di---------1... ____ ___. 

Lowly expressed transcript Highly expressed transcript 

-~--------
Long transcript Short transcript 

Figure 3.3. Representation of RNA-seq reads mapped to assembled transcripts, with the 

amount of reads mapped being proportional to the abundance of that transcript expressed in the 

transcriptome. 
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All transcript abundance estimation values are given in FPKM (fragments £er Kilo base of exon 

per Million mapped reads) ( Chandramohan et al. 2013 ), meaning all values are normalised both 

to the length of a transcript, and also the sequencing depth of the RNA-seq read dataset. 

This process can be informative in identifying differentially expressed transcripts between 

samples or in identifying the relative expression level of a transcript ( or variants thereof) within 

different tissues (Chapter 4). At face-value, this method can be likened to an in silica 

quantitative PCR (qPCR) experiment, only on the entire transcriptome rather than several target 

genes of interest. With this in mind, this approach was utilised to assess the expression of 13 

different reference genes used for qPCR experiments, both across multiple tissues and in the 

venom gland at different timepoints following milking. The assessment of venom gene 

expression by qPCR is a relatively uncommon approach (Jeyaseelan et al. 2001; Currier et al. 

2012), the most recent of which used ~-actin and GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase) as reference genes, despite them being shown on numerous occasions to be 

unsuitable for this purpose due to the variation in their expression across multiple tissues 

(Selvey et al. 2001; Glare et al. 2002; Radoni6 et al. 2004). As such, there remains a need to 

determine suitable housekeeping genes as candidate references to aid future experiments using 

this approach. 

3.5 Minimum required sequencing depth for venom gland transcriptomic analysis 

Whilst RNA-Seq is becoming increasingly common in studies seeking to characterise the 

venom gland transcriptome of different species of snake (Rokyta et al. 2012; Vonk et al. 2013; 

Margres et al. 2013 ), the depth of sequencing required in order to fully sequence a snake venom 

gland transcriptome has not been assessed. An estimated base level of the sequencing depth 

required will prove useful for planning future transcriptomic experiments, particularly when 

considering the number of libraries to sequence and the experimental costs this will incur. 

This chapter aimed to evaluate several available methods for the assembly oftranscriptomes of 

a range ofreptile species and tissues. A total of 38 RNA libraries were prepared and sequenced 

using the Illumina sequencing platform derived from 6 reptile species including two venomous 

vipers (the painted saw-scaled viper, Echis coloratus and the Egyptian saw-scaled viper, Echis 

pyramidum), two colubrids (the corn snake, Pantherophis guttatus and the rough green snake, 

Opheodrys aestivus), a primitive boid (the royal python, Python regius) and a member of one 

of the most basal lineages of squamate reptiles (the leopard gecko, Eublepharis macularius). 
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RNA-seq data for the king cobra (Ophiophagus hannah) (Vonk et al. 2013) was also 

incorporated into analyses. Two de novo assembly programs (Trinity and SOAPdenovo-Trans) 

and one genome-guided assembly method (the Tuxedo suite) were used in order to evaluate 

approaches to transcriptome assembly. Transcipt abundance estimation was carried out as a 

downstream analysis on several samples in order to demonstrate its utility, in this case 

evaluating the expression of several reference genes used in quantitative PCR (qPCR) studies 

across a range of tissues and in the venom gland of E. coloratus at different time points 

following manual venom extraction. Finally, the newly generated venom gland transcriptomes 

were compared to pre-existing transcriptomes generating using ESTs, and sub-assemblies of 

the newly generated data were carried out in order to estimate the minimum required sequencing 

depth to fully sequence a snake venom gland. 

3.6 Methods 

3.6.J Tissue sampling and RNA extraction 

All research involving animals was carried out in accordance with institutional and national 

guidelines and was approved by the Bangor University Ethical Review Committee. All study 

animals were sacrificed according to Schedule 1 procedures as stipulated in The Animals 

(scientific procedures) Act 1986. Where possible all body tissues were dissected and preserved 

for use in future experiments in accordance with the 3Rs (Replacement, Reduction and 

Refinement) which encourage and offer guidelines to minimise the use of animals in scientific 

research (Guhad 2005). All tissue samples were snap frozen immediately in either liquid 

Nitrogen or dry ice and stored at -80°C until required. 

Total RNA was extracted from tissues using the RNeasy mini kit (Qiagen) with on-column 

DNase digestion and eluted into 30µ1 ofRNase-free water. RNA samples were then quantified 

using a Qubit fluorometer. 

The venom glands of four adult painted saw-scaled vipers (Echis coloratus) were sampled, each 

having been "milked" (venom extracted manually, see Figure 3.4) at specific timepoints prior 

to sacrifice, namely one sample 16 hours post-milking, two samples 24 hours post-milking and 

one sample 48 hours post-milking. The venom glands of an adult Egyptian saw-scaled viper 

(Echis pyramidum) were also taken 24 hours post-milking. 
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Figure 3.4. Photograph of an adult saw-scaled viper being "milked". 

Also sampled were the cloacal scent glands, skin, brain and kidney of two adult E. coloratus, 

and the liver and ovary of a single individual of this species. The salivary glands, cloaca) scent 

glands and skin were also sampled from two individuals of the leopard gecko (Eublepharis 

macularius), royal python (Python regius), rough green snake (Opheod,ys aestivus) and corn 

snake (Pantherophis guttatus). 

3.6.2 Library preparation and sequencing 

All library preparation was carried out using the lllumina TruSeq sample preparation kit with a 

selected fragment size of 200-S00bp. A graphical representation of sample preparation 

work.flow can be seen in Figure 3.5. 
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Figure 3.5. Workflow of Illumina TruSeq RNA library preparation, adapted from Figure 8 in 

the lllumina TruSeq sample preparation kit guide. 

Briefly, mRNA is purified from total RNA through two rounds of poly-A purification using 

Poly-T oligo-attached magnetic beads and then fragmented. First strand and second strand 

cDNA synthesis is then carried out, with the double-stranded cDNA being subsequently 

purified using Agencourt AMPure XP magnetic beads (Beckman Coulter). From this point the 

workflow is very similar to that of the TruSeq DNA library preparation (Chapter 2). The ends 

of the cDNA molecules are repaired to remove any 5' or 3 ' overhangs and the 3 ' ends are 

adenylated to prevent fragments from ligating to one another forming chimeras during the 
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adapter ligation step. Adapters are then ligated onto the cDNA fragments and then the library 

is enriched for fragments which have adapters ligated to them by polymerase chain reaction 

(PCR). A PCR clean-up is then performed, again using AMPure XP beads and the library is 

validated and quantified. 

The RNA-seq libraries for two venom glands, scent glands and skin samples of Echis coloratus 

and two salivary glands, scent glands and skin samples of leopard gecko, royal python, corn 

snake and rough green snake were prepared in collaboration with Dr. Darren Logan at the 

Wellcome Trust Sanger institute. One skin sample from corn snake was not of sufficient quality 

for library preparation and so was discarded. These libraries were then pooled and sequenced 

using 1 00bp paired-end reads on three lanes of the Illumina HiSeq2000 platform, giving 

roughly l /5th of a lane per species and 1/10th of a lane per sample. Transcriptome assemblies 

for these sets of sequencing reads were assembled using Trinity (Grabherr et al. 2011) by Dr. 

Martin Swain at the University of Aberystwyth. 

The RNA-seq libraries for the venom gland, brain, and kidney of two individuals and liver and 

ovary of one individual E. coloratus and the venom gland of one E. pyramidum were prepared 

using the same method by myself at the Institute of Biological, Environmental and Rural 

Sciences (!BERS) phenomics centre at the University of Aberystwyth. These libraries were 

then loaded by myself and sequenced using 1 00bp paired-end reads on the Illumina HiSeq2500 

platform. 

3.6.3 De novo transcriptome assembly using Trinity 

All Trinity assemblies were assembled as paired-end datasets using the default k-mer value 
(k=25). 

Trinity.pl --seqType fq --JM 400G --left Left_reads . fastq --right 
Right_reads .fastq --CPU 32 --output Transc riptome_assembly 

The full details of the Trinity assembly protocol are now published (Haas et al. 2013). 

3.6.4 De novo transcriptome assembly using SOAPdenovo-Trans 

Assemblies using SOAPdenovo-Trans were carried out using the following command: 

. /SOAPdenovo- Trans - 31mer a l l -s config_file - o outputGraph 
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Where con fig_ file refers to a text file containing the read length, average insert size and 
file locations of the RNA-seq reads to be assembled. 

3.6.5 Genome-guided assembly (Tuxedo suite) 

Transcriptomes for the king cobra (Ophiophagus hannah), painted saw-scaled viper (Echis 

coloratus) and the royal python (Python regius) were assembled using the king cobra genome 

(Vonk et al. 2013), the Echis coloratus genome (Chapter 2) and the Burmese python genome 

(Castoe et al. 2013) as reference sequences. Due to poor assembly quality, a lack of gene-sized 

scaffolds, and a low number of CEGs in the Echis pyramidum and com snake draft genome 

assemblies, the transcriptomes of these species using the aforementioned genome sequences as 

a reference were not assembled using this method as it is likely that the assembled transcripts 

would be of poor quality. Genome-guided assembly was carried out using the Tuxedo suite as 

described in (Trapnell et al. 2012). 

Firstly, each reference genome assembly was indexed using the short-read aligner Bowtie 

(Langmead and Salzberg 2012) using the following command: 

bowtie-build Genome_assembly.fas t a Genome index 

RNA-Seq reads were then mapped to each genome assembly using TopHat (Trapnell et al. 

2009) to give a .barn file with the default file name of accepted_ h i ts . barn. 

t oph a t - r 1 00 Genome i ndex Left_ reads . fas t q Ri gh t_reads . fastq 

For the assembly of both E. coloratus kidney datasets, there were issues with the process 

timing-out on the computer server. As a result, the .barn mapping files for each individual 

kidney dataset were merged using Samtools (Li et al. 2009) using the following command: 

Samtools me r ge merged .barn Ec6kidney .bam Ecollkidne y.bam 

Cufflinks (Trapnell et al. 2010) was then used to construct putative transcripts producing a Gene 

transfer format (.gtf) file . 
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cufflinks accepted_hits . bam 

As the .gtf file only contains feature information of the transcript (e.g. the positions of exons) 

and does not contain any nucleotide sequence, the module "gffread" ofCufflinks was then used 

to construct nucleotide contig files from the reference genome assembly based upon the 

information contained in the .gtf file using the command: 

g f f read -w Con struct e d_tra nsc ripts . f a sta - g Genome_ assemb l y .fas t a 
transcrip t s . gt f 

The .fasta file Constructed_ transcripts . fa s ta will now contain assembled contig 

sequences for the transcriptome. 

3.6.6 Transcript abundance estimation using RSEM 

In order to allow a comparison of transcript expression between tissues, a global transcriptome 

assembly was first generated on a per tissue per species basis using Trinity (see above section). 

That is to say that all samples whose gene expression level is going to be analysed were 

incorporated into one transcriptome assembly. Transcript abundance estimation was then 

carried out using RSEM (Li and Dewey 2011) as a downstream analysis of Trinity: 

r u n_ RSEM_align_n_estimate.pl - -transcripts Global_assembly . fasta 
- - left Left_reads . fastq - - right Right reads.fastq --seqType fq -
p r e fix RSEM_output 

This then gives multiple files as output, including the results files RSEM. g enes . results 

and RSEM. isof orms . r esul ts . Both of these files are roughly similar and contain 

transcript abundance estimation values given in FPKM (Fragments Per Kilobase of exon per 

Million mapped reads), except the "genes" file contains results where transcript abundance 

estimation values are given based on the clustering of sequences based on sequence similarity. 

As Eukaryotic genes can be subject to alternative splicing, the "isoforms" results file was used 

in all cases in order to gain a full picture of individual transcript expression. 

Transcript abundance estimation values were obtained by first identifying contigs of interest in 

the global transcriptome assembly by local BLAST searches using BLAST+ v2.2.27 (Camacho 
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et al. 2009). The contig name was the used to cross-reference between the global assembly and 

the isoforms results file in order to locate the correct transcript abundance estimation value. 

3.6. 7 Evaluating putative toxin-encoding transcripts in Echis venom gland transcriptomes 

Putatitve toxin-encoding transcripts were identified using local BLAST searches carried out 

with BLAST+ v2.2.27 (Camacho et al. 2009). Contigs were then annotated using the NCBI 

BLAST server (http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi) and the Expasy translate tool 

(http://web.expasy.org/translate/). Transcripts belonging to large gene families (such as snake 

venom metalloproteinases (SVMPs)) were further identified through phylogenetic analysis to 

ensure accurate identification of gene paralogs. Putative toxin amino acid sequences were 

aligned using ClustalW (Larkin et al. 2007) and maximum likelihood trees were constructed 

using the Jones-Taylor-Thornton (JTT) model (determined as the best-fitting model of protein 

sequence evolution using ProtTest 3 (Darriba et al. 2011)) with 500 Bootstrap replicates in 

MEGAS (Tamura et al. 2011 ). All nodes below 50% Bootstrap support were collapsed. 

3.6.8 Sub-assemblies of the E. coloratus venom gland transcriptome 

Paired venom gland reads were first interleaved using the s h u ff leSe que n c es. p l perl 

script which is a part of the Velvet de novo assembly program (Zerbino and Birney 2008). This 

results in each read pair being maintained during the sub-sampling process. Using the Linux 

commands he ad and t a il, 3 sub-sets (designated as "head", "middle" and "tail") of either 2, 

4, 8 or 10 million reads were taken from the venom gland RNA-seq reads dataset for Eco? 

(Figure 3.6). These reads in particular were used as they were sequenced on the more recent 

HiSeq2500 platform, and due to the large size of this dataset (44,678,609 paired-end reads) 

there would not be any overlap in sub-samples taken unlike in the smaller venom gland datasets . 

The below example samples the top 10 million sequencing reads from the file file . fasta 

and places them in a new file, he adsampl e l Omil. f as ta. As .fastq files (Chapter 1) 

contain reads placed on 4 individual lines, meaning 8 lines will contain a set of paired reads, 

multiples of 8 must be used in order to select the correct number of reads. 

Head - n 80000000 f ile . fasta > headsamplel0mil . fasta 

91 



Sequencing 
reads file 

~~;?§} "H d" A<,CGTMTAGATGGGTN;A ea 
GGTTTAMM,J,.N.Gl<i,,1,,CG 

~~':,'~~ sample 
AGCGTMTAGATGCiGTN;A 
GGTTT~GTGACG 
AG('TAGCTAGC1AGC1AGCl 
CCGATCCCTAGlAGTC'iAMi1 
AGCG1MIAGATGCiGlll;A 
GGlTIAA/IAN,K,.GTGACCi 
AGCTAGCTAGClAOCfMiC1 
CCGATCCCTAGlAGTG,UGT 
AGCGTMTAGATGGGTJGA 
GGffi.MA.oVr.AKGTGACGC 
AGCTAGCTMiClAGCfAGC'l 
CCGAICCClAGtAGfGAJG'l 
GG1TTAMMAACGTGACG 
AGCTAG<lAGCIMXlAOC 
CCGAlCCCTAGTACilGA.IIGT 
AGCGlMTAGATGGGllGA, 
oom~GlGACGC 
AGCTMiCTAGCtAOCTAOO 
CCGATCCCTAG'IAG"IGAAG"l 
AGCGTAATAG.t.Tc.GGTNJM 
GGTTT~TGliCGI 
AGC1 MiCT AGClAGClAGCl 
CCGATCCCTACilAlilGMC.l 

Split entire dataset 
into two halves 

using linux 
commands 

~~~g~} "Tail" 
~~ ... ~~= sample 
AGCGTMlAGATGGGTAGA 
GGTTTA.MAMK.GTGACG 
AGC1AGCTAGCTAGCl.a«l 
CCCi,t.TCCCTAGlAGl(",,UIGI 

-

AGCGTMTAiGl.l(',Cj(;TK,I,. 
GGITT.u..t.AM.IICGIG,l,,CG 
AGCTAGCfAGClNXTMiC1 
CCGATCCCTAGTMil'GMGT 
AGC.GTMTAoGATGCiGT,t,G.1 
GGlTT.v.AMMCGTCiltCG 
AGClAGCTAGCJAGCTAGCT 
CCGATCCCTAGTAG1GUG1 
AGCG1MT"'6AIGGGJK.A 
GGmAMAAAK.GTGACG 
AGC'IAGCT AGCTAGCTAGCl 
CCGATCCCTAGTAGTGMGT 
AGCGTMT.t.GATGGGT,t,G.1 

~~:.;;,~~}- Middle 
CCGATCCCTAGTMiTGAAGT 

AG<o™'""''=... sub-sample 
GGlTTAMM.VCGTG,\(GC 
AGClAGClAGClAOClAGCI 1 
CCGATCCCTAGTAGT~l 

~~:.;;,=} Middle 
~~';,.c;:;.,~~ sub-sample 
~~~~ 2 
CCGATc«TAG1AGTG,UriG1 
AGCGTMTAGAlGGGllGAA 
GGfflAMAAAK.Cil<.ACGT 
AGCT.t.GCTAGCl'AGCTA<iCl 
CCGAlCCCTAGTAGfG,,Ut(;T 
AGCGTMTloGATGCiGT.tGAT 
GG1TTA.A.MMM:GTGAC~ 
AGClAGClAGCTAOCTACiCl 
CCGATCCCTAGIMt"TG,UiGl 
AGCGTMTJ.!;Aloc.Gllil:.A 
GGTTTM,U,,t,,U(GTGo\CG 
AGClMiCTAGCTAGCTAGCl 
CCGATCCCTAGTAGTGUGl 
AGCGTMTACATG<.GT.tGA 
GGTITAMM.VCGTGACC:. 
AGCTAGCT AGCTMiC'IAGCl 
CCGAT«CTAGTACnGMGT 

Merge 
middle 

Sub-samples 

"Middle" 
sample 

Figure 3.6. Graphical representation of sampling technique used to generate 3 sub-samples of 

venom gland RNA-Seq reads. 

These data were assembled usmg Trinity (Grabherr et al. 2011 ; Haas et al. 2013), with 

parameters set to run as a single-end read dataset (as there is only one .fastq input file), but with 

the added command-line parameter -- run_as_paired to indicate that the data contains 

paired-end data. Local blast surveys were then carried out using BLAST+ version 2.2.27 

(Camacho et al. 2009) to identify previously characterised putative toxin genes in E. coloratus 

(see next chapter). Only matches above 75 amino acids were considered (the length of the 

shortest amino acid query sequence) and presence/absence of gene sequences was recorded. 

Also recorded was the length of the homologous amino acid sequence and the length of the 

newly assembled sequence was also converted into the percentage of the query sequence 

covered (to aid in evaluating the degree of "completeness" of the assembled sequence). The 

percentage similarity of the assembly sequence to the query sequence was also recorded (to 

evaluate any occurrences of sequencing errors being including in the assembly and to identify 

misassembled sequences). 

3.7 RNA-seq raw sequencing output 

RNA sequencing produced a total of roughly 50.3 Gigabases (Gb) of raw sequence for Echis 

coloratus, 11.6Gb for Echis pyramidum, 14Gb for leopard gecko, 13.6Gb for royal python, 

13.9Gb for rough green snake and 11.9Gb for com snake. Full raw sequencing metrics per 

sample can be seen in Table 3.1. Per tissue, the highest amount of sequencing reads was 
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generated for the venom gland of E. coloratus with approximately 110 million I 00bp paired

end reads (Figure 3. 7). The lowest amount of sequencing data was generated for the liver of E. 

coloratus with only ~ 7 million paired end reads. Nevertheless, this is still roughly 1.5x more 

sequencing than the largest RNA-seq dataset for the king cobra, sequenced from pooled tissues 

(Table 3.2) (Vonk et al. 2013). 

Table 3.1. RNA-seq raw sequence metrics 

Species ID Tissue Total Paired- Total bases 
End reads 

Echis coloratus Eco6 Venom gland 13,468,544 2,693,708,800 

Echis coloratus Eco7 Venom gland 44,678,609 9,025,079,0 18 

Echis coloratus Eco8 Venom gland 38,711 ,180 7,819,658,360 

Echis coloratus Eco2 15 Venom gland 13,173,683 2,634,736,600 

Echis coloratus Eco2 Scent gland 13,814,547 2,762,909,400 

Echis coloratus Eco3 Scent gland 13,392,440 2,678,488,000 

Echis coloratus Eco l Skin 7,474,858 1,494,971,600 
Echis coloratus Eco2 Skin 6,691,562 1,338,312,400 

Echis coloratus Eco6 Brain 16,357,991 3,304,31 4,182 
Echis coloratus Ecol I Brain 15,576,893 3, 146,532,386 

Echis coloratus Eco6 Kidney 15,446,045 3,120,10 1,090 

Echis coloratus Eco l l Kidney 25,702,056 5,191,815,312 

Echis coloratus Eco6 Liver 7,095,517 1,433,294,434 

Echis coloratus Eco6 Ovary 18,155,364 3,667,383,528 

Echis vvramidum Epy3 Venom gland 57,398,601 11 ,594,517,402 

Eublepharis macularius Ema3 Salivarv gland 14,989,388 2,997,877,600 
Eublepharis macularius Ema2 Salivary gland 14,892,722 2,978,544,400 
Eublevharis macularius Ema2 Scent gland 12,955,313 2,591,062,600 
Eublepharis macularius Erna3 Scent gland 12,547,208 2,509,441 ,600 
Eublevharis macularius Emal Skin 7,249,250 1,449,850,000 

Eublepharis macularius Ema3 Skin 7,426,318 1,485,263,600 

Python ref!,ius Prel Salivary gland 15,009,931 3,001,986,200 
Python ref!,ius Pre3 Salivary gland 13,025,114 2,605,022,800 

Python reJ!ius Prel Scent gland 12,558,278 2,511 ,655,600 
Python ref!,ius Pre2 Scent gland 12,0 16,725 2,403,345,000 

Python reJ!ius Pre l Skin 7,484,993 1,496,998,600 

Python reJ!ius Pre2 Skin 8,158,279 1,63 1,655,800 

Ovheodrys aestivus Oael Salivary gland 11 ,272,76 1 2,254,552,200 

Opheodrvs aestivus Oae2 Salivarv gland 13,686,481 2,737,296,200 

Ovheodrys aestivus Oael Scent gland 15,596,633 3, 119,326,600 

Opheodrvs aestivus Oae2 Scent gland 12,539,513 2,507,902,600 
Opheodrys aestivus Oae2 Skin 7,484,248 1,496,849,600 
Opheodrys aestivus Oae3 Skin 8,914,677 1,782,935,400 

Pantherovhis J!Uttatus P!!U l Salivarv gland 11 ,903,255 2,380,65 1,000 

Pantherophis f!.Utlatus P!!U2 Salivary gland 13,752,406 2,750,48 1,200 
Pantherovhis f!.uttatus P!!U4 Scent gland 13,141 ,388 2,628,277,600 

Pantherovhis J!Utlatus P!!U l Scent gland 12,840,821 2,568,164,200 
Pantherophis J!Uttatus Pgul Skin 7,862,371 1,572,474,200 

93 



V, 

" "' ~ 
" C: 
Q) 

~ 
~ 
·;;; 
C. -0 
V, 
C: g 
~ 

120 

100 

80 

60 

40 

20 

0 
Venom/Salivary Scent gland 

gland 
Skin 

I.I Echis coloratus 

■ Echis pyramidum 

□ Eublepharis macularius 

□ Python regi us 

■Opheodrys aestivus 

II Pantherophis guttatus 

Brain Kidney Ovary Liver 

Tissue 

Figure 3. 7 Total number of paired-end RNA-Seq reads sequenced per tissue per species. 

Table 3.2. Raw RNA sequencing metrics for king cobra (Ophiophagus hannah) venom gland, 

accessory gland and pooled tissues (heart, lung, spleen, brain, testes, gall bladder, pancreas, 

small intestine, kidney, liver, eye, tongue, and stomach) (Vonk et al. 2013). Metrics are 

representative of single-end 50bp reads. 

Species Tissue Total number Total number of bases 
of SE reads 

Ophiophagus hannah Venom gland 15,166,590 834,162,450 

Ophiophagus hannah Accessory gland 11 ,209,677 616,532,235 

Ophiophagus hannah Pooled tissue 17,858,289 910,772,739 
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3.8 Individual transcriptome assembly metrics 

Individual transcriptome assemblies assembled using SOAPdenovo-Trans have a mean contig 

N50 of 1,152 bp, slightly lower than those assembled using the Tuxedo suite ( 1,509bp) and 

Trinity (l ,771bp). Both SOAPdenovo-Trans and Trinity appear to have performed poorly when 

assembling transcriptomes from the king cobra, with assemblies from both programs having 

lower contig N50 values when compared to assemblies from other species (Tables 3.3 and 3.4), 

and the majority of contigs for king cobra being less than 300bp in length (86.9% of contigs 

assembled by SOAPdenovo-Trans for king cobra are less than 300bp ). However, king cobra 

assemblies using the Tuxedo suite are greatly improved, with contig N50 values, maximum 

contig lengths and number of contigs over 300bp in length being comparable to other species 

assemblies using this method (Table 3.5) and having similar contig N50 values to other 

transcriptome assemblies constructed using the de novo programs (Tables 3.3 and 3.4). 

Table 3.3. SOAPdenovo-Trans individual transcriptome assembly metrics 

Assembly Number of Number of Total length Max contig Contig N50 
contigs contigs length 

>300nt 
Eco6VG 136,903 33,826 30,011 ,346 8,331 1,175 

Eco7VG 155,646 42,025 41 ,223,916 13,550 1,371 

Eco8VG 169,750 42,258 41 ,232,390 12,403 2,034 

Eco215 VG 151 ,852 36,037 29,882,067 15,323 1,062 

Eco2 SCG 199,985 45,260 41 ,486,729 27,377 1,266 

Eco3 SCG 248,492 53,432 45,190,221 13,742 1,099 

Ecol SK 114,460 27,586 22,503,588 10,559 1,038 

Eco2 SK 132,109 32,262 27,296,276 30,044 1,087 

Eco6 brain 342,519 66,758 58,712,652 15,506 1,183 

Ecol I brain 355,848 67,390 58,328,305 13,956 1,148 

Eco6 kidney 255,687 47,925 37,816,286 8,705 987 

Eco 11 kidney 238,119 49,230 39,563,215 9,096 I , 119 

Eco liver 87,269 18,486 12,793,748 12,189 799 

Eco ovarv 266,331 46,382 40,134,187 13,854 1,157 

EpyVG 268,209 61 ,246 61 ,223,863 23,791 1,475 

Prel SAL 144,300 34,075 31 ,041 ,633 12,880 1,237 

Pre3 SAL 89,713 24,886 23,437,955 30,323 1,302 

Prel SCG 189,582 47,362 47,085,293 10,181 1,471 

Pre2 SCG 260,169 59,862 57,128,948 19,357 1,386 

Prel SK 98,985 27,716 25,243,714 25,860 1,234 

Pre2 SK 116,414 31 ,066 27,066,072 9,133 1,154 

PQ.Ul SK 129,096 29,940 23,845,304 19,384 991 

OhaVG 55,185 7,024 4,405,541 6,659 674 

OhaAG 91 ,359 11 ,966 7,374,557 6,427 656 

OhaPT 139,792 18,663 11 ,783,875 7,150 686 
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Abbreviations 

Eco, Echis coloratus; Epy, Echis pyramidum; Pre, Python regius; Pgu, Pantherophis guttatus; 

Oha, Ophiophagus hannah; VG, venom gland; SCG, scent gland; SK, skin; SAL, salivary 

gland; AG, accessory gland; PT, pooled tissue. 

Table 3.4. Trinity individual transcriptome assembly metrics 

Assembly Number of Number of Total length Max contig ContigN50 
contigs contigs length 

:::300nt 
Eco6VG 59,176 44,470 47,908,742 9,014 1,6 19 
Eco7VG 72,926 51,505 68,062,037 2 1,683 2,232 
Eco8VG 77,119 53,786 72,87 1,466 16,826 2,338 
Eco215 VG 64,576 48,321 50,459,031 15,335 1,515 
Eco2 SCG 90,968 68,056 87,303,833 45,270 2,217 
Eco3 SCG 115,0 12 85,888 103,705,361 15,321 2,002 
Eco l SK 51,201 38,009 35,737,402 15,572 1,372 
Eco2 SK 62,131 44,967 45,259,422 30,27 1 1,525 
Eco6 brain 85,392 78,074 112,985,184 16,650 2,607 
Eco l 1 brain 86,336 79,495 112,070,564 15,7 15 2,508 
Eco6 kidney 62,576 51,969 53,59 1,763 15,647 1,600 
Eco 11 kidney 60,116 54,512 60,726,571 11 ,043 1,755 
Eco liver 31,205 18,169 13,899,146 9,939 950 
Eco ovary 81,682 52,264 62,99 1,109 16,376 2,023 
EovVG 127,519 86,953 134,880,355 29,658 2,898 
Ema3 SAL 76,930 57,737 69,820,804 15,697 1,970 
Ema2 SAL 87,501 65,506 84,949,737 25,554 2,238 
Ema2 SCG 94,871 71,922 88,932,557 25,346 2,113 
Ema3 SCG 89,798 67,528 80,37 1,672 15,226 1,987 
Emal SK 76,874 56,634 59,240,486 27,092 1,671 
Ema3 SK 57,62 1 44,591 47,491 ,701 15,482 1,679 

Prel SAL 63,822 47,081 54,466,186 12,891 1,91 1 
Pre3 SAL 43,260 32,227 34,554,660 33,666 1,693 
Pre! SCG 94,292 71,2 10 93,946,193 15,309 2,344 
Pre3 SCG 125,508 94,451 139,581 ,641 20,963 2,861 
Prel SK 47,067 36,885 39,10 1,41 1 25,880 1,652 
Pre2 SK 53,447 4 1,398 42,546,841 12,742 1,560 
Oael SAL 54,867 40,187 40,660,491 14,506 1,506 
Oae2 SAL 4 1,65 1 30,649 29,95 1,957 16,883 1,4 17 
Oael SCG 89,298 65,779 70,122,643 25,175 1,672 
Oae2 SCG 97,282 72,520 89,220,322 25,173 2,065 
Oae2 SK 67,511 49,908 53,842,593 26,000 1,679 
Oae3 SK 66,641 49,603 50,736,429 35,727 1,559 
Pgul SAL 52,904 39,304 40,809,074 10,550 1,551 
Pgu2 SAL 50,928 38,408 41 ,516,899 13,241 1,634 
Pgu l SCG 92,325 68,714 88,975,330 18,32 1 2,243 
Pgu4 SCG 68,912 52,002 60,321 ,648 17,796 1,9 18 
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Pgu l SK 46,783 35,969 33,270,877 19,348 1,329 

OhaVG 6,123 2,925 1,690,039 4,585 424 
OhaAG 9,046 4,113 2,198,877 3,740 377 

OhaPT 8,877 4,135 2,420,103 5,733 413 

Abbreviations 

Eco, Echis coloratus; Epy, Echis pyramidum; Ema, Eublepharis macularius; Pre, Python 

regius; Oae, Opheodrys aestivus; Pgu, Pantherophis gutta/us; Oba, Ophiophagus hannah; VG, 

venom gland; SCG, scent gland; SK, skin; SAL, salivary gland; AG, accessory gland; PT, 

pooled tissue. 

Table 3.5. Tuxedo suite individual transcriptome assembly metrics 

Assembly ¾of Number of Number of Total length Max Contig 
reads contigs contigs contig N50 

mapped 2300nt length 
to 

genome 
Eco6VG 77.1 33,917 28,941 36,996,675 14,002 1,625 
Eco7VG 65.4 48,484 36,992 46,791,823 29,852 1,651 
Eco8VG 68.4 48,912 37,607 48,461,097 14,007 1,683 

Eco215 VG 74.8 34,706 30,047 37,025,610 12,374 1,529 
Eco2 SCG 78.5 44,791 38,032 50,553,243 28,663 1,810 
Eco3 SCG 74.9 48,983 42,123 54,564,734 14,068 1,714 

Ecol SK 77.0 26,773 22,519 25,802,727 14,033 1,442 

Eco2 SK 77.2 3 1,859 27,151 32,411 ,872 29,866 1,52 1 
Eco6 brain 77.4 63,713 53,857 75,117,795 17,657 1,866 

Eco l l brain 74.8 64,178 54,504 72,929,178 15,957 1,758 
Eco6 kidney 74.0 44,301 37,525 46,423,284 13,814 1,554 

Eco 11 kidney 73.3 47,5 10 39,333 48,063,704 10,747 1,534 

Eco liver 64.7 16,711 14,480 15,633,227 8,502 1,243 

Eco ovary 62.4 49,138 40,169 49,864,920 19,028 1,570 

Pre l SAL 28.1 27,175 24,029 27,147,810 8,733 1,428 
Pre3 SAL 36.1 20,095 18,029 20,252,937 24,614 1,387 

Pre l SCG 55.7 40,677 33,817 37,972,806 8,980 1,470 
Pre2 SCG 55.4 45,133 37,701 44,075,685 2 1,582 1,560 
Pre! SK 61.7 23,8 13 20,232 21,050,794 18,606 1,282 

Pre2 SK 51.9 26,656 22,059 21,768,397 6,575 1,223 

OhaVG 73.4 27,097 20,316 19,786,839 16,289 1,155 

OhaAG 82.0 41,559 3 1,93 1 32,675,866 16,287 1,269 
OhaPT 87.5 62,540 46,923 50,849,001 14,774 1,429 

Abbreviations 

Eco, Echis coloratus; Pre, Python regius; Oha, Ophiophagus hannah; VG, venom gland; SCG, 

scent gland; SK, skin; SAL, salivary gland; AG, accessory gland; PT, pooled tissue. 
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3.9 Tissue transcriptome assemblies 

Table 3.6. SOAPdenovo-Trans tissue transcriptome assembly metrics 

Assembly Number of Number of Total length Max contig ContigN50 
contigs contigs length 

>300nt 
Eco6+215 VG 208,027 47,856 40,739,243 15,323 1,114 
Eco VG 321 ,670 68,296 61 ,290,073 27,004 1,214 
Eco SCG 328,080 68,343 60,085,069 28,505 1,174 
Eco SK 182,045 41 ,396 36,605,611 30,057 1,177 
Eco brain 519,830 92,660 77,416,630 15,107 1,076 
Eco kidney 365,658 67,740 52,916,929 11,895 963 
Eco liver 87,269 18,486 12,793,748 12,189 799 
Eco ovary 266,331 46,382 40,134,187 13,854 1,157 

EpyVG 268,209 61 ,246 61,223,863 23,791 1,475 

EmaSAL 258,148 60,605 58,361 ,787 16,824 1,355 
EmaSCG 308,270 68,336 62,406,643 16,807 1,253 
EmaSK 233,201 49,761 46,639,599 18,122 1,320 

Pre SAL 166,040 39,982 40,350,565 30,323 1,479 
Pre SCG 331 ,713 78,888 73,916,376 19,367 1,332 
Pre SK 150,160 39,338 37,029,241 25,860 1,3 13 

Oae SAL 174,939 36,484 30,588,247 9,276 1,070 
Oae SCG 350,966 64,552 51 ,428,274 13,076 988 
OaeSK 256,589 46,040 35,834,796 25,935 955 

Pgu SAL 169,037 38,954 36,422,642 13,734 1,277 
Pgu SCG 276,353 57,443 51 ,619,469 15,168 1,212 
PguSK 129,096 29,940 23,845,304 19,384 991 

OhaVG 55,185 7,024 4,405,541 6,659 674 
OhaAG 91,359 11,966 7,374,557 6,427 656 
OhaPT 139,792 18,663 11 ,783,875 7,150 686 

Abbreviations 

Eco, Echis coloratus; Epy, Echis pyramidum; Pre, Python regius; Pgu, Pantherophis guttatus; 

Oha, Ophiophagus hannah; VG, venom gland; SCG, scent gland; SK, skin; SAL, salivary 

gland; AG, accessory gland; PT, pooled tissue. 
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Table 3.7. Trinity tissue transcriptome assembly metrics 

Assembly Number of Number of Total length Max contig Contig N50 
contigs contigs length 

>300nt 
Eco6+2 15VG 84,846 56,805 60,946,763 15,819 1,682 

Eco VG 117,125 81,798 121,590,983 30,131 2,623 
Eco SCG 138,852 87,389 108,950,322 36,612 2,214 

Eco SK 77,402 50,860 53,460,258 30,610 1,693 
Eco brain 195,958 134,236 255,562,314 20,155 3,552 

Eco kidney 120,728 76,660 93,044,842 12,930 2,044 

Eco liver 31 ,205 18,169 13,899,146 9,939 950 

Eco ovary 81 ,682 52,264 62,991 ,109 16,376 2,023 

EpyVG 127,519 86,953 134,880,355 29,658 2,898 

EmaSAL 11 1,345 73,027 92,083,854 24,285 2,247 
EmaSCG 129,95 1 85,014 102,282,153 29,392 2,173 

Ema SK 92,506 61 ,456 68,88 1,052 27,091 1,958 

Pre SAL 73,492 48,727 59,038,693 33,655 2,122 

Pre SCG 163,065 104,329 141 ,505,606 20,966 2,730 

Pre SK 67,200 47,819 52,575,882 25,879 1,796 

Oae SAL 65,393 42,558 45,978,497 17,524 1,700 

Oae SCG 126,321 77,954 88,074, 109 17,135 1,920 

OaeSK 92,597 57,242 61,535,012 33,155 1,761 

Pgu SAL 64,595 43,565 50,371,460 17,102 1,91 6 

Pgu SCG ll0,01 6 70,265 84,796,474 17,065 2,345 
pgu ISK 46,783 35,969 33,270,877 19,348 1,329 

OhaVG 6,123 2,925 1,690,039 4,585 424 
OhaAG 9,046 4,113 2,198,877 3,740 377 

OhaPT 8,877 4,135 2,420,103 5,733 413 

Abbreviations 

Eco, Echis coloratus; Epy, Echis pyramidum; Ema, Eublepharis macularius; Pre, Python 

regius; Oae, Opheodrys aestivus; Pgu, Pantherophis guttatus; Oha, Ophiophagus hannah; VG, 

venom gland; SCG, scent gland; SK, skin; SAL, salivary gland; AG, accessory gland; PT, 

pooled tissue. 
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Table 3.8. Tuxedo suite tissue transcriptome assembly metrics 

Assembly %of Number of Number of Total length Max Contig 
reads contigs contigs contig N50 

mapped 2:300nt length 
to 

genome 
Eco6+215VG 76. l 46,547 39,527 51 ,260,072 14,042 1,649 
Eco VG 58.9 75,068 58,43 1 78,424,107 29,852 1,758 
Eco SCG 76.8 64,381 54,672 75,897,775 29,865 1,833 
Eco SK 77.1 43,889 36,709 46,275,654 29,866 1,594 
Eco brain 76.2 86,972 73,044 102,05 1,162 I 8,097 1,861 
Eco kidney 73.7 63,33 I 52,446 64,557,016 14,019 1,615 
Eco liver 64.7 16,711 14,480 15,633,227 8,502 1,243 
Eco ovary 62.4 49,138 40,169 49,864,920 19,028 1,570 

Pre SAL 31.9 34,097 29,575 36,428,378 24,614 1,577 
Pre SCG 55.7 56,292 45,183 55,260,875 21 ,582 1,598 
Pre SK 56.7 34,992 28,727 32,182,773 18,606 1,379 

OhaVG 73.4 27,097 20,316 19,786,839 16,289 1,155 
OhaAG 82.0 41 ,559 31,93 1 32,675,866 16,287 1,269 
OhaPT 87.5 62,540 46,923 50,849,00 1 14,774 1,429 

Abbreviations 

Eco, Echis coloratus; Pre, Python regius; Oha, Ophiophagus hannah; VG, venom gland; SCG, 

scent gland; SK, skin; SAL, salivary gland; AG, accessory gland; PT, pooled tissue. 
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3.10 De novo assembly methods 

Out of the two de nova assembly programs, Trinity appears to consistently produce assemblies 

with a considerably higher contig N50 value when compared to SOAPdenovo-Trans (Figure 

3.8). 

Contig NSO (bp) 
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Figure 3.8. Contig N50 values of Trinity and SOAPdenovo-Trans assemblies. N50 values for 

Trinity assemblies are higher in all cases. Eco VG (2) was assembled using RNA-seq reads 

from Eco 6 and Eco 215 venom glands whilst Eco VG (4) was assembled using RNA-seq reads 

from all four venom gland datasets from Echis coloratus. Abbreviations: Ema, Eublepharis 

macularius (leopard gecko); Pre, Python regius (royal python); Eco, Echis coloratus (painted 

saw-scaled viper); Epy, Echis pyramidum (Egyptian saw-scaled viper); Oae, Opheodrys 

aestivus (rough green snake); Pgu, Pantherophis guttatus (com snake). 
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3.1 I Genome-guided assembly 

The percentage of RN A sequencing reads mapping to each respective reference genome was 

variable. An average of 80.97% of reads mapped to the king cobra genome, 71.94% of reads 

mapped to the Echis coloratus genome, and only 48.1 % of reads mapped to the Burmese python 

genome. This is therefore suggestive that RNA-seq reads sequenced from a different species to 

that of the reference genome ( even though the Burmese python and royal python are both 

members of the genus Python) do not map as effectively as when the transcriptome and genome 

species are the same. 

The assembly metrics for each species are also revealing. The Echis coloratus assemblies have 

a mean contig N50 of 1,641 bp and a mean maximum contig length of l 8,9 l 6bp. Royal python 

assemblies have a mean N50 of l ,434bp but considering individual sample assemblies only, a 

mean contig N50 of 1,392. Assemblies for the king cobra, despite having considerably less 

RNA sequencing depth of only 50bp single-end reads have a mean contig N50 of 1,284 and a 

mean maximum contig length of 15,783. With this in mind, the assemblies for the king cobra 

data are not too dissimilar to those with a much higher sequencing coverage, and this is more 

than likely due to the superior completeness of the king cobra genome (more exons will be 

located on the same scaffold and so transcript reconstruction will be improved) and the overall 

higher percentage of reads mapping to the reference genome. 

3.12 Evaluation of transcriptome assembly methods 

It is apparent that for de novo assembly Trinity outperforms SOAPdenovo-Trans at assembling 

both individual and tissue assemblies in terms of contig N50 (Figures 3.9 and 3.10) but not 

necessarily maximum contig length (Figures 3.11 and 3.12). 
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Figure 3.9. Contig N50 values (bp) of individual sample assemblies generated usmg 
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Figure 3.10. Contig N50 values (bp) of tissue assemblies generated using SOAPdenovo-Trans, 

Trinity and the Tuxedo suite 
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Figure 3.11. Maximum contig length values (bp) of individual sample assemblies generated 

using SOAPdenovo-Trans, Trinity and the Tuxedo suite 
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Figure 3.12. Maximum contig length (hp) of tissue assemblies generated using SOAPdenovo

Trans, Trinity and the Tuxedo suite 
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Overall, Trinity also produces the highest number of contigs 2'.:300bp in length out of all three 

assembly methods (Figure 3 .13), but appears to be roughly equal to the Tuxedo suite in terms 

of maximum contig length and contig N50. 
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Figure 3.13. Overall comparison between Trinity, SOAPdenovo-Trans and the Tuxedo suite 

based upon the mean number of contigs >300bp, mean maximum contig length and mean contig 

N50. 

It is obvious from Figures 3 .9-3 .12 that the Tuxedo suite was vastly superior in assembling the 

king cobra transcriptomes than either of the de novo assembly programs. It is likely that this is 

due to both Trinity and SOAPdenovo-Trans being unable to construct De Bruijn graphs from 

such a small amount of short, single-ended sequencing reads, and consequently the majority of 

contigs constructed will be very short in length. On the other hand, the Tuxedo suite does not 

rely on a graph-based algorithm, but rather the mapping of reads to positions in the genome, 

and so will be much more effective in assembling transcripts from the king cobra data. 
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3.13 Transcript abundance estimation with RSEM 

3.13.1 Global assembly metrics 

Global transcriptome assemblies comprising of multiple sets of reads were assembled using 

Trinity in order to allow the comparison of transcript abundance values either between tissues 

(Tables 3.9 and 3.10) or in the venom gland at different timepoints following milking (Table 

3 .11 ). 

Table 3.9. Assembly metrics for species-specific global assemblies of salivary/venom gland, 

scent gland and skin. 

Reference Total number of Number of Number of Contig Max contig 
assembly bases contigs contigs NSO (bp) length (bp) 

>300bp 

Eco TissueRef 228,063,624 206,147 149,821 2,445 38,875 

Pgu TissueRef 166,312,211 152,359 112,327 2,315 23,951 

OaeTissueRef 210,451 ,256 204,942 147,597 2,200 52,645 

PreTissueRef 301 ,328,500 219,070 166,578 3,407 34,165 

EmaTissueRef 266,096,50 l 228,645 167,623 2,746 33,255 

Table 3.10. Assembly metrics for a global assembly of 7 tissues (venom gland, scent gland, 

skin, brain, kidney, liver and ovary) from one adult individual specimen of Echis coloratus 

(Eco6) 

Reference Total number Number of Number of Contig Max 
assembly of bases contigs contigs N50 (bp) contig 

>300bp (bp) 

Eco6TissuesRSEM 229,385,556 229,535 147,966 3,044 38,449 

Table 3.11. Assembly metrics for a global assembly of all four venom gland samples from 

Echis coloratus. 

Reference Total number Number of Number of Contig Max contig 
assembly of bases contigs contigs N50 (bp) (bp) 

>300bp 

Eco 7 8 ERR - - - 121 ,590,983 11 7,125 81 ,798 2,623 30, I 31 
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3.13.2 qPCR reference genes 

To demonstrate the utility of this method, and also to provide additional information to allow 

the planning of future qPCR experiments to examine the expression of specific genes in an 

increased number of samples, the transcript abundance of several qPCR reference genes was 

estimated. This included analysis of transcript expression between 7 different body tissues in 

E. coloratus (for qPCR examining gene expression relative to tissue) (Table 3 .12), and also 

between 4 venom gland samples taken at different time points following milking (for qPCR 

examining transcript expression at various stages of the venom replenishment cycle following 

milking) (Table 3. 13). 

Table 3.12. Transcript abundance estimation values given in FPKM relating to the expression 

levels of 13 potential reference genes across 7 tissues in Echis coloratus. 

Estimated transcript abundance (FPKM) 
Gene VG SCG SK Brain Kidnev Liver Ovarv 

Aloha tubulin 40.48 4.87 16.58 354.23 5.63 0 3.32 

Beta actin 22,110.35 29, 101.17 14,124.56 32.43 29.31 7.93 88.13 

GAPDH 6,910.7 14,541.36 13,977.9 312.7 952.86 773. 16 1,198. 18 

POLR2A 0.91 1.79 7.15 3.96 1.61 0 3.05 

POLR2B 15.47 17.55 25.2 41.48 17.01 4.83 51.0 

B2M 503.33 374.73 328.73 139.75 265.26 349.6 368.67 

HPRTl 21.12 27.2 26.57 67.28 16.67 0.27 11.24 

B glucuronidase 4.94 5.09 4.22 3.09 2.61 1.09 12.86 

LDHA 1,919.93 6,338.13 3,631.13 77.93 117.04 643.68 31.76 

NONO 70.29 45.53 72.56 81.51 45.87 23.95 108.21 

TBP 5.04 3.64 4.27 9.36 7.76 2.03 4.84 

TfRl 0.72 0.8 2.45 1.65 1.22 4.84 1.25 

G6PD 9.26 5.1 3 5.95 13.57 2.73 0.05 6.34 

Abbreviations 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; POLR2A, RNA polymerase II 

polypeptide A; POLR2B, RNA polymerase II polypeptide B; B2M, Beta-2 microglobulin; 

HPRTl , Hypoxanthine phosphoribosyltransferase l ; LDHA, lactate dehydrogenase A; NONO, 

non-POU domain containing octamer-binding protein; TBP, TAT A-binding protein; TfR l , 

transferrin receptor l ; G6PD, glucose-6-phosphate dehydrogenase. 
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Table 3.13. Transcript abundance estimation values given in FPKM relating to the expression 

levels of 13 potential reference genes across 4 venom gland samples taken at different 

timepoints following manual venom extraction from Echis coloratus. 

Estimated transcript abundance (FPKM) 
Gene Eco 8 Eco 7 Eco 6 Eco 215 

Alpha tubulin 69.76 51.31 24.24 36.83 
Beta actin 9,006.95 7,978.58 21,498.12 11,919.12 
GAPDH 5,732.58 2,601.72 6,266.49 9,107.47 
POLR2A 2.86 0.93 1.53 1.15 
POLR2B 7.67 9.01 15.89 23.08 
B2M 121.79 157.35 1,040.11 1,702.88 
HPRTl 11.85 16.54 23.54 27.77 
B glucuronidase 3.95 2.31 5.3 5.47 
LDHA 975.49 731.32 1,952.27 1,697.05 
NONO 64.4 1 18.17 74.33 55.93 
TBP 2.04 1.46 2.3 I 1.29 
TfRl 1.8 1.85 1.07 0.37 
G6PD 5.41 13.51 15.35 14.78 

Abbreviations 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; POLR2A, RNA polymerase II 

polypeptide A; POLR2B, RNA polymerase II polypeptide B; B2M, Beta-2 microglobulin; 

HPRTl , Hypoxanthine phosphoribosyltransferase 1; LDHA, lactate dehydrogenase A; NONO, 

non-POU domain containing octamer-binding protein; TBP, TA TA-binding protein; TfR l , 

transferrin receptor 1; G6PD, glucose-6-phosphate dehydrogenase. 

Due to their extremely high expression and high variability both across different tissues and in 

different venom gland samples taken at varying timepoints following milking, the transcript 

abundance estimations for GAPDH, ~ actin and LDHA have been plotted on separate graphs to 

the remaining candidate reference genes (Figures 3.14 and 3.15). 
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Figure 3.15 Transcript expression levels of GAPDH, p actin and LDHA in the venom gland 

at different timepoints following milking. 

Based on the remaining candidate reference gene expression levels (Figures 3.16 and 3.17), 

there still appears to be erratic variation across tissues and between venom gland samples at 

different stages of the venom replenishment cycle. Nevertheless, the genes POLR2A, POLR2B, 
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B glucuronidase and Transferrin receptor protein 1 stand out as putative candidate reference 

genes due to showing relatively stable (albeit low) expression levels across all tissues sampled 

and across all venom gland samples. 
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Figure 3.17 Transcript expression levels of putative reference genes in the venom gland at 

different timepoints following milking. 
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3.14 Comparison of existing and newly generated Echis venom gland transcriptomes 

The venom gland transcriptomes of several Echis species have previously been characterised 

by the cloning and sequencing of a small number ( ~ 1000) of expressed sequence tags (ES Ts) 

(Wagstaff et al. 2009; Casewell et al. 2009). The venom gland proteome of E. ocellatus has also 

been characterised by reverse-phase HPLC (High Performance Liquid Chromatography), SDS

PAGE, N-terminal sequencing, MALDI-TOF mass spectrometry and CID-MS/MS of tryptic 

peptides (Wagstaff et al. 2009). The number of putative toxin-encoding EST clusters and 

identified venom proteins is shown in Table 3.14. 

Table 3.14. Numbers of putative venom genes detected in previous EST-based transcriptomic 

studies of the venom gland and proteomic studies of extracted venom in a range of Echis species 

compared to the results of this study using RNA-seq. Figures for the number of putative toxin

encoding genes in the venom gland trasncriptomes of E. coloratus, E. pyramidum leakyi, E. 

ocellatus and E. carinatus sochureki were obtained from (Casewell et al. 2009; Wagstaff et al. 

2009). Similarly, the number of putative toxin encoding peptide sequences from the crude 

venom of E. ocellatus were obtained from (Wagstaff et al. 2009). 

Previously characterised This study 

Gene Echis Echis Echis Echis Echis Echis Echis 

coloratus pyramidum ocellatus carinatus ocellatus coloratus pyramidum 
leakyi sochureki oroteome 

SVMP 27 19 20 26 26 13 21 

C-tvoe lectin 12 16 6 11 2 8 14 

PLA2llA 3 6 2 2 4 3 3 

SP 9 3 1 4 I 6 7 

LAAO 1 1 2 2 1 2 1 

CRISP 1 0 0 2 I 2 I 

VEGF I I 2 I 0 4 3 

NGF I 1 0 0 0 1 I 

LIPA 1 0 0 0 0 2 2 

RAP 0 0 2 0 0 I 1 

Hyal 0 0 0 0 0 2 4 

Kunitz 0 0 0 0 0 3 1 

crotamine 0 0 0 0 0 I 0 

Abbreviations 

SVMP, snake venom metalloproteinase; PLA2 IIA, phospholipase A2 type IIA; SP, serine 

protease; LAAO, L-amino acid oxidase, CRISP, cysteine-rich secretory protein; VEGF, 

vascular endothelial growth factor; NGF, nerve growth factor; LIP A, lysosomal acid lipase; 

RAP, renin aspartate protease. 
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Putative toxin-encoding transcripts were identified in the newly generated venom gland 

transcriptomes of E. coloratus and E. pyramidum by local BLAST searches and phylogenetic 

analysis when transcripts were members oflarge gene families (Chapter 4 and Appendix 8-13). 

It is worth noting that these figures may be an overestimation of the number of toxin transcripts 

in these species as no comparison with a non-venom gland tissue has been made. RNA-seq 

appears to have detected more lowly-expressed transcripts (such as multiple genes encoding 

vascular endothelial growth factors) than previous EST analyses, although the numbers ofwell

known toxin-encoding transcripts such as SVMPs appear to be approximately similar, if not 

slightly lower. The higher coverage of RNA-seq has also led to the detection of transcript splice 

variants of several genes including vascular endothelial growth factor a and L-amino acid 

oxidase b (see Chapter 4), which were not detected in previous analyses. 
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3.15 Sub-assemblies of the Echis colorlltus venom gland transcriptome 

In an attempt to determine the minimum required amount of sequencing to fully sequence and 

assemble the venom gland trancriptome of Echis coloratus, sub-sets of RNA-seq reads were 

extracted and assembled, sequencing metrics for which are displayed in Table 3.15. 

Table 3.15. Assembly metrics for sub-assemblies of the venom gland transcriptome of Echis 
coloratus. 

Sub- Sample size Total Number of Total length Max. Contig 
sample (million reads) number of contigs :::300nt (nt) contig N50 (nt) 

contiszs size (nt) 

2 
24,585 14,744 10,302,850 7,474 808 

H 34,990 22,184 17,605,771 7,860 1,023 
E 4 
A 

45,207 30,121 27,542,537 11 ,824 1,293 
D 8 

10 
48,349 32,660 31 ,623,176 11 ,824 1,420 

2 
23,915 14,229 10,036,594 7,840 837 

M 
I 4 

34,383 21 ,736 17,282,856 8,970 1,027 

D 
D 

8 
44,759 29,946 27,116,697 11 ,738 1,279 

L 
E 47,832 32,451 30,985,872 11 ,752 1,387 

10 

2 
24,170 14,513 10,059,952 8,547 810 

T 
A 

4 
34,735 21,994 17,315,514 8,165 1,004 

I 
8 

44,956 29,988 27,283,356 11 ,803 1,284 
L 

IO 
48,116 32,535 31 ,022,314 11 ,805 1,382 

Sub-asemblies were then searched for previously characterised putative toxin sequences from 

the venom gland transcriptome of E. coloratus. The majority of transcripts encoding putative 

toxin genes (51 out of 64) appear to be present in venom gland transcriptome assemblies 

generated from only 2 million paired-end reads (here presence is defined as the transcript being 

found in all three Head/Middle/Tail sub-assemblies) (Table 3 .16). 
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Table 3.16. Presence/absence of putative toxin transcripts in sub-assemblies of the venom 

gland transcriptome of Echis coloratus. H, head; M, middle; T, tail. Detected transcripts are 

shaded blue, transcripts not found are shaded grey. 

Gene 

3ftx-a 

3ftx-b 

ache - transcript l 

complement c3 

crisp-b 

crotamine-like 

c-type lectin a 

c-type lectin b 

c-type lectin c 

c-type lectin d 

c-type lectin e 

c-type lectin f 

c-type lectin g 

c-type lectin h 

c-type lectin i 

c-type lectin j 

c-type lectin k 

cystatin e/m 

cystatin f 

dpp 3 

dpp4 

esp-el 

ficolin 

Sub-sample size and position 

2 million reads 4 million reads 8 million reads l O million reads 
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kallikrein 

kunitz l 

kunitz 2 

laao-a 

laao-bl 

laao-b2 

lipa-a 

lipa-b 

ngf 

PLA2 IIA-c 

PLA2 IIA-d 

PLA2 IIA-e 

PLA2IIE 

plb 

renm 

serine protease a 

serine protease b 

serine protease c 

serine protease d 

serine protease e 

serine protease f 

svmp-a 

svrnp-b 

svmp-c 

svmp-d 

svmp-e 

svmp-f 

svmp-g 

svrnp-1 

svmp-:1 

svmp-k 
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svmp-m 

svmp-n 

svmp-p 

svmp-q 

svmp-t 

vegf-a 

vegf-b 

vegf-c 

vegf-f 

waprin 

• 
• •• 

••• • •••••••••••• ••••••• 
• 

As the number of reads used for assembly increases the mean length of the amino acid sequence 

encoded by the assembled transcript also increases, although there is only a 36 amino acid 

increase between 2 million and 10 million reads (Figure 3.18 panel A). However, the number 

of contigs ~300bp roughly doubles (Table 3.15), meaning considerably fewer contigs which 

are likely to be unplaced paired reads are present in the transcriptome assembly. To gain insight 

into how this increase in length relates to the quality of the assembled toxin transcript 

sequences, the percentage of the query sequence covered by the newly assembled sequence was 

calculated. Again there is only a minor improvement of 4% following an increase from 2 million 

reads to 10 million (Figure 3 .18 panel B). The mean percentage similarity between assembled 

sequence and query sequence appears to be more variable across the sub-assemblies, with no 

apparent consistent improvement as the number of reads increases (Figure 3.18 panel C). As 

the query sequences used for local BLAST searches were obtained from an assembly of 

multiple E. coloratus venom gland datasets (Eco6 and Eco2 l 5) in order to represent an over

abundance of sequencing, and the sub-assemblies were assembled from Eco7 venom gland 

reads (due to the reasons mention in the methods section), it should be expected that not all 

blast alignments will have a 100% match between query and subject due to minor variation 

between individuals. However, a lower% identity would indicate that either sequencing errors 

were incorporated into the assembly or there has been a misassembly, both likely due to a 

reduced depth of sequencing coverage. 
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Figure 3.18. Analysis of sequence assembly quality based on local blast surveys usmg 

previously characterised amino acid sequences from Echis coloratus venom gland. A. mean 

length of amino acid sequence matches in sub-assemblies, B. mean percentage length of query 

sequence covered by assembled sequence and C. mean percentage similarity of assembled 

sequence to query sequence in sub-assemblies. 

3.16 Discussion 

Sequencing transcriptomes using next-generation sequencing technology can shed light on both 

the genes being actively expressed in a particular cell or tissue, and also the levels at which 

these transcripts are expressed. This is particularly useful for identifying if transcripts are 

expressed in either multiple or specific tissues (Chapters 4 and 5), or if genes show an elevated 

expression level in particular tissues (Chapter 4). Alternatively, it allows the investigation of 

any differences in gene expression in a particular tissue when exposed to varying conditions or 

after particular treatments, such as gene expression in the venom gland at different times 

following milking (Chapter 6). 

Whilst the utility of this technique cannot be overstated, there is currently no gold standard in 

how RNA-seq data is assembled, or how much sequencing is required to fully characterise a 

tissue transcriptome. With the diverse array of assembly software available, it is also hard to 

determine which is the best assembly program for a particular application. I chose two freely 

available de nova assembly programs, both of which utilise De Bruijn graph-based algorithms 

to construct contigs from short read data. Using several draft whole genome sequences I also 

carried out genome-guided assembly to see how this compared to de nova assembly. It is worth 

noting that this analysis is also informative of the quality of the reference genome sequence 

used as well as the resulting transcriptome assemblies. 

For de nova sequencing using paired-end data, Trinity outperformed SOAPdenovo-Trans, and 

the large amount of possible downstream analyses incorporated into the former program make 

it an appealing tool to use. One very apparent advantage to SOAPdenovo-Trans was its speed, 

completing most transcriptome assemblies in under 30 minutes, whereas Trinity on the whole 

took several hours. However, neither de nova program managed to assemble the king cobra 

transcriptomes well, most likely due to the low sequencing depth of this data and being unable 

to construct De Bruijn graphs from very short singe-end reads. 

The Tuxedo suite appears to be sensitive to the species used, as mapping royal python reads to 

the Burmese python genome appeared to yield a considerably lower percentage of mapped 
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reads compared to the other two species, despite them belonging to the same genus. With some 

modification and optimisation of mapping parameters this problem may be abated. As this 

method is not reliant on graph-based algorithms, and the king cobra genome assembly has large 

scaffolds, this method was superior for assembling the king cobra transcriptomes compared to 

either de nova method. It is possible that an improved E. coloratus genome assembly could lead 

to an improvement in transcriptome assemblies constructed using this method. 

The predicted number of venom toxin sequences belonging to well-known toxin gene families 

appears to be broadly similar across EST and RNA-seq based analyses. The newly generated 

transcriptomes did however contain contigs encoding lowly expressed transcripts not detected 

by previous analyses, and also contained sequences encoding splice variants of several genes 

which were absent from the EST datasets. It is worth noting that due to the low sequencing 

coverage of previous transcriptomic analyses (~I 000 ESTs were sequenced) it is possible that 

there has been issues during the clustering of EST sequences and that sequencing errors have 

been incorporated due to poor resolution, leading to an overestimation of the number of toxin 

transcripts. Coupled with the ability to estimate the abundance of toxin transcripts within a 

sample, and the ever decreasing cost of RNA-seq library preparation and sequencing, RNA-seq 

stands out as an ideal method for snake venom transcriptomic studies. However the use of 

traditional, but ultimately limited, EST sequencing appears to still be in use (Casewell et al. 

2014). 

Transcript abundance estimation was used to identify putative candidate reference genes for 

future qPCR analyses, to demonstrate the utility of this method in determining the expression 

level of transcripts across multiple samples. It was found that genes often stated as unsuitable 

references for qPCR (GAPDH and ~ actin) showed highly variable expression across samples, 

and so should not be used in qPCR experiments. The genes POLR2A, POLR2B, B 

glucuronidase and Transferrin receptor protein 1 showed relatively stable expression across 

multiple tissues and within the same tissue following different periods of time post-milking, 

and so are potentially reliable reference genes for qPCR analyses in Echis coloratus. 

8 million reads appears to be sufficient sequencing depth to capture all putative toxin-encoding 

transcripts to a suitable assembly quality. The Illumina HiSeq2500 sequencing platform can 

currently produce 300-400 million 1 00nt paired-end reads in "high output" mode, or 200-300 

million l 50nt paired-end reads m "rapid run" mode 

(http://systems.illumina.com/systems/hiseq_ 2500 _ l 500/performance _ specifications.ilmn). 

With this in mind, and 8 million paired-end reads assumed to be the minimum sequencing depth 

required to fully capture all putative toxin transcripts, it is possible to sequence ~40 venom 
119 



gland libraries on one sequencing lane of the Illumina HiSeq2500 (in "high output" mode). For 

the four individual venom gland samples sequenced in this study it is now possible to suggest 

a sequencing coverage level for each of them. The Eco 7 venom gland sample is the highest 

coverage transcriptome with 44,678,609 paired-end reads and an estimated coverage of 5.6x. 

Eco 8, also sequenced on the Illumina HiSeq2500, has an estimated coverage of 4.8x. The 

venom gland transcriptomes of Eco6 and Eco2 l 5 sequenced on the Illumina HiSeq2000 are 

considerably lower coverage, with an estimated 1. 7x and l .6x coverage respectively. Assuming 

that this is also applicable to the closely related E. pyramidum, the venom gland of this species 

has been sequenced to a coverage of 7 .2x. 

The assembled sequences produced from this depth of sequencing will be suitable for 

phylogenetic analysis and gene discovery purposes. It is worth noting that for transcripts which 

belong to gene families whose members have a high degree of sequence similarity (e.g. SVMPs, 

3 finger toxins), an increased sequencing depth may be necessary to avoid the occurrence of 

chimeric assembled transcripts. Alternatively, the long reads offered by 3rd generation 

sequencing platforms such as Pacific Biosciences and Oxford nanopore may be the way forward 

in assembling highly similar transcripts reliably. 

Downstream analyses such as transcript abundance estimation may also require an increased 

sequencing depth in order to detennine the expression level of transcripts accurately and avoid 

false-negative results (i.e. only highly expressed transcripts have been sequenced sufficiently 

and lower expressed transcripts are considered to be not expressed). The occurrence of 

incomplete or fragmentary transcripts in a global assembly may also result in an under

representation in the number of reads mapped to the transcript during transcript abundance 

estimation, and the transcript would therefore be considered to be not expressed. However, the 

reduced depth of sequencing required does enable an increase in the number of libraries 

sequenced, meaning more biological replicates are possible which are particularly important in 

the identification of differentially expressed transcripts (Sims et al. 2014). An alternative 

solution may be to use RNA-seq to characterise a transcriptome and then use this to design 

primers for qPCR to analyse the expression of specific genes or transcripts across a wider or 

increased range of samples. 

RNA-seq presents itself as an extremely versatile technique to conduct transcriptomic analyses, 

both in characterising the full transcriptorne with enough resolution to detect alternative splice 

variants, and also in harnessing the inherent quantitative nature of RNA-seq data to analyse 

transcript expression levels. Multiple bioinformatics programs are freely available to assemble 

and analyse the millions ofreads produced by RNA sequencing. These bioinformatics processes 
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are faced with several challenges based on the dynamic variation of gene expression across 

different tissue samples. Specifically with venom gene transcripts belonging to the same gene 

family, there is a tendency for sequences to be fused together to form chimeras, resulting in 

either partial or incomplete sequences. A possible solution to this problem in future would be 

to utilise the long read sequencing offered by new technologies such as Pacific Biosciences 

SMR T sequencing and Oxford nanopore sequencing, whilst also carrying out the high coverage 

short read sequencing offered by Illumina and other sequencing platforms for quantitative 

analysis. Nevertheless, RNA-seq presents itself as an ideal replacement for the traditionally 

used EST-based sequencing in venom transcriptomics and in transcriptomic analyses in 

general. 
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Chapter 4 

Testing the Toxicofera hypothesis 

The identification of apparently conserved gene complements in the venom and salivary 

glands of a diverse set of reptiles led to the development of the Toxicofera hypothesis -

the idea that there was a single, early evolution of the venom system in reptiles. However, 

this hypothesis is based largely on relatively small scale EST-based studies of only venom 

or salivary glands and toxic effects have been assigned to only some putative Toxicoferan 

toxins in some species. The distribution of these putative venom toxin transcripts was 

examined in order to assess to what extent this apparent conservation of gene 

complements may reflect a bias in previous sampling efforts. This represents the first 

large-scale test of the Toxicofera hypothesis, and it was found to be unsupported. The 

majority of genes used to support the establishment and expansion of the Toxicofera are 

in fact expressed in multiple body tissues and most likely represent general maintenance 

or "housekeeping" genes. The often claimed conservation and homology of genes across 

the Toxicofera therefore reflects an artefact of incomplete tissue sampling. In other cases, 

the identification of a non-toxic paralog of a gene encoding a true venom toxin has led to 

confusion about the phylogenetic distribution of that venom component. Venom has 

evolved multiple times in reptiles. In addition, the misunderstanding regarding what 

constitutes a toxic venom component, together with the misidentification of genes and the 

classification of identical or near-identical sequences as distinct genes has led to an 

overestimation of the complexity of reptile venoms in general, and snake venom in 

particular. These findings have implications for our understanding of (and development 

of treatments to counter) the molecules responsible for the physiological consequences of 

snakebite. 
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4.1 The Toxicofera 

Snake venom is frequently cited as being highly complex or diverse (Li et al. 2005b; Wagstaff 

et al. 2006; Kini and Ooley 2010) and a large number of venom toxin genes and gene families 

have been identified, predominantly from EST-based studies of gene expression during the re

synthesis of venom in the venom glands following manually-induced emptying ("milking") of 

extracted venom (Pahari et al. 2007; Casewell et al. 2009; Siang et al. 201 O; Rokyta et al. 2011 ; 

Rokyta et al. 2012). 

The apparent widespread distribution of genes known to encode venom toxins in snakes in the 

salivary glands of a diverse set of reptiles, (including both those that had previously been 

suggested to have secondarily lost venom in favour of constriction or other predation 

techniques, and those that had previously been considered to have never been venomous), led 

to the development of the Toxicofera hypothesis - the single, early evolution of venom in 

reptiles (Vidal and Hedges 2005; Fry et al. 2006; Fry et al. 2009a; Fry et al. 2012b) (Figure 

4.1) (see Chapter 1 for background detail on the Toxicofera hypothesis). Analysis of a wide 

range of reptiles, including charismatic megafauna such as the Komodo dragon, Varanus 

komodoensis (Fry et al. 2009c), has shown that the ancestral Toxicoferan venom system 

comprises at least 16 genes, with additional gene families subsequently recruited in different 

lineages (Fry et al. 2009a; Fry et al. 2012b; Fry et al. 2013). Although toxic effects have been 

putatively assigned to some Toxicoferan venom proteins in certain species, the problem 

remains that their identification as venom components is based largely on their expression in 

the venom gland during venom synthesis and their apparent relatedness to other, known toxins 

in phylogenetic trees. It has long been known that all tissues express a basic set of 

"housekeeping" or maintenance genes (Butte et al. 2002) and it is therefore not surprising that 

similar genes might be found to be expressed in similar tissues in different species of reptiles, 

and that these genes might group together in phylogenetic trees. However, the identification of 

transcripts encoding putative venom toxins in other body tissues would cast doubt on the 

classification of these Toxicoferan toxins as venom components, as it is unlikely that the same 

gene could fulfil toxic and non-toxic (pleiotropic) roles without evidence for alternative 

splicing to produce a toxic variant (as has been suggested for acety lcholinesterase in the banded 

krait, Bungarus fasciatus (Vonk et al. 2011 ; Casewell et al. 2013)) or increased expression 

levels in the venom gland (where toxicity might be dosage dependent). 

123 



Coelacanths 

Amphibians 

Mammals 

Tuataras 

Geckos 

--•Skinks 

Humans 
Mice 

Chicken 
Zebrafinch 

Leopard gecko 

Green Anole 

Komodo dragon 

Royal Python 

Corn snake 
Rough green snake 

Cobra, Coral snake 

Saw-scaled viper 
Rattlesnake 

Figure 4.1. Relationships of key vertebrate lineages and the placement of study species. A 

monophyletic clade of reptiles (which includes birds) is shaded green, the order squamata is 

shaded orange and the Toxicofera clade (Fry et al. 2013) is shaded red. Modified taxon names 

are used for simplicity and due to the lack of taxonomic resolution within the Colubridae the 

term colubrids is placed in inverted commas. 

In order to address some of these issues and to test the robustness of the Toxicofera hypothesis, 

a comparative transcriptomic survey of the venom or salivary glands, skin and cloaca) scent 

glands of five species of reptile was carried out. Unlike the pancreas and other parts of the 

digestive system (Strydom 1973; Kochva 1987), these latter tissues (which include a secretory 

glandular tissue (the scent gland) and a relatively inert, non-secretory tissue (skin)) have not 
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previously been suggested to be the source of duplicated venom toxin genes and therefore only 

ubiquitous maintenance or "housekeeping" genes should be found to be commonly expressed 

across these tissues. Here the general term ' salivary gland' is used for simplicity to encompass 

the oral glands of the leopard gecko and rictal glands and Duvernoy's gland of the royal python, 

com snake and rough green snake and no homology to mammalian salivary glands is implied. 

Study species included the venomous painted saw-scaled viper (Echis coloratus); the non

venomous corn snake (Pantherophis guttatus) and rough green snake (Opheodrys aestivus) and 

a member of one of the more basal extant snake lineages, the royal python (Python regius). As 

members of the Toxicofera sensu Fry et al. (Fry et al. 2013) it should be expected that all of 

the basic Toxicoferan venom genes are expressed in the venom or salivary glands of all of these 

species. In addition, corresponding data for the leopard gecko (Eublepharis macularius), a 

member of one of the most basal lineages of squamate reptiles that lies outside of the proposed 

Toxicofera clade (Figure 4. 1) was generated. As an outlier of the Toxicofera clade, none of the 

basic Toxicoferan genes should be found to be expressed in the salivary gland of the leopard 

gecko. Available transcriptomes or RNA-Seq data for corn snake vomeronasal organ 

(Brykczynska et al. 2013) and brain (Tzika et al. 2011), garter snake (Thamnophis elegans) 

liver (Schwartz and Bronikowski 2013) and pooled tissues (brain, gonads, heart, kidney, liver, 

spleen and blood of males and females (Schwartz et al. 2010)), eastern diamondback 

rattlesnake (Crotalus adamanteus) and eastern coral snake (Micrurus fulvius) venom glands 

(Rokyta et al. 2011; Rokyta et al. 2012; Margres et al. 2013 ), king cobra ( Ophiophagus hannah) 

venom gland, accessory gland and pooled tissues (heart, lung, spleen, brain, testes, gall bladder, 

pancreas, small intestine, kidney, liver, eye, tongue and stomach) (Vonk et al. 2013), Bunnese 

python (Python molurus) pooled liver and heart (Castoe et al. 2011), green anole (Ano/is 

carolinensis) pooled tissue (liver, tongue, gallbladder, spleen, heart, kidney and lung), testis 

and ovary (Eckalbar et al. 2013) and bearded dragon (Pogona vitticeps), Nile crocodile 

(Crocodylus niloticus) and chicken (Gallus gal/us) brains (Tzika et al. 2011), as well as whole 

genome sequences for the Bunnese python and king cobra (Castoe et al. 2013; Vonk et al. 

2013) were also included in analyses. 

Assembled transcriptomes were searched for genes previously suggested to be venom toxins 

in Echis coloratus and related species (Wagstaff and Harrison 2006; Casewell et al. 2009; 

Wagstaff et al. 2009) as well as those that have been used to support the Toxicofera hypothesis, 

namely acetylcholinesterase, A VJT peptide (Fry 2005; Fry et al. 2009a; Vonk et al. 2011 ; Fry 

et al. 2012b; Casewell et al. 2013), complement c3/cobra venom factor, epididymal secretory 

protein (Alper and Balavitch 1976; Fry et al. 2012b), c-type lectins (Morita 2005; Ogawa et al. 
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2005), cysteine-rich secretory protein (crisp) (Yamazaki et al. 2003a; Yamazaki and Morita 

2004), crotamine (Radis-Baptista et al. 2003; Oguiura et al. 2005), cystatin (Ritonja et al. 1987; 

Richards et al. 2011), dipeptidylpeptidase, lysosomal acid lipase, renin aspartate protease 

(Wagstaff and Harrison 2006; Aird 2008; Casewell et al. 2009; Fry et al.2012b ), hyaluronidase 

(Tu and Hendon 1983; Harrison et al. 2007), kallikrein (Komori et al. 1988; Komori and Nikai 

1998), kunitz (Zupunski et al. 2003), !-amino-acid oxidase (Suhr and Kim 1996; Du and 

Clemetson 2002), nerve growth factor (Angeletti 1970; Kostiza and Meier 1996), 

phospholipase A2 (Lynch 2007), phospholipase b (Bemheimer et al. 1987; Chatrath et al.2011 ; 

Rokyta et al. 2011 ), ribonuclease (Aird 2005), serine protease (Pirkle 1998; Serrano and 

Maroun 2005), snake venom metalloproteinase (Bjamason and Fox 1994; Jia et al. 1996), 

vascular endothelial growth factor ( veg/) (Junqueira de Azevedo et al. 2001 ; Yamazaki et al. 

2003b; Fry 2005; Fry et al. 2006), veficolin (OrnPraba et al. 2010), vespryn, waprin (Torres et 

al. 2003; Pung et al. 2006; Nair et al. 2007; Fry et al. 2012b) and 3-jinger toxins (Fry et al. 

2003a). The abundance of expressed transcripts was also calculated to enable the identification 

of any instances of pleiotropy (a gene fulfilling a toxic and non-toxic role simultaneously) 

which would be indicated by a consistently elevated expression level in the venom or salivary 

gland compared to other tissues. 

4.2 Methods 

RNA-seq and transcriptome assembly methods are described in detail in chapter 3. Briefly, 

total RNA was extracted from four venom glands taken from four individual specimens of adult 

Saw-scaled vipers (Echis coloratus) at different time points following venom extraction in 

order to capture the full diversity of venom genes ( 16, 24 and 48 hours post-milking). 

Additionally, total RNA from two scent glands and two skin samples of this species and the 

salivary, scent glands and skin of two adult com snakes (Pantherophis guttatus) , rough green 

snakes (Opheodrys aestivus), royal pythons (Python regius) and leopard geckos (Eublepharis 

macularius) was also extracted using the RNeasy mini kit (Qiagen) with on-column DNase 

digestion. Only a single com snake skin sample provided RNA of high enough quality for 

sequencing. mRNA was prepared for sequencing using the TruSeq RNA sample preparation 

kit (lllumina) with a selected fragment size of 200-500bp and sequenced using 1 00bp paired

end reads on the Illumina HiSeq2000 or HiSeq2500 platform. The quality of all raw sequence 

data was assessed using FastQC (Andrews 2010) and reads for each tissue and species were 

pooled and assembled using Trinity (Grabherr et al. 2011) (sequence and assembly metrics are 

provided in Appendix 14-16). Putative venom toxin amino acid sequences were aligned using 
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ClustalW (Larkin et al. 2007) and maximum likelihood trees constructed using the Jones

Taylor-Thornton (JTT) model with 500 Bootstrap replicates. Transcript abundance estimation 

was carried out using RSEM (Li and Dewey 2011) as a downstream analysis of Trinity (version 

trinityrnaseq_r2012-04-27). Sets of reads were mapped to species-specific reference 

transcriptome assemblies (Appendix 17) to allow comparison between tissues on a per-species 

basis and all results values shown are in FPKM (Eragments fer Kilobase of exon per Million 

fragments mapped). Individual and mean FPKM values for each gene per tissue per species are 

given in Appendix 18-22. All transcript abundance values given within the text are based on 

the average transcript abundance per tissue per species to account for variation between 

individual samples. Transcriptome reads were deposited in the European Nucleotide Archive 

(ENA) database under accession #ERP001222 and GenBank under the run accessions 

#SRR1287707 and #SRR1287715. Genes used to reconstruct phylogenies are deposited in 

GenBank under the project accession PRJNA255316. 

4.3 Results 

Many genes previously claimed to be venom toxins are in fact expressed in multiple tissues 

(Figure 4.2) and transcripts encoding these genes show no evidence of consistently elevated 

expression level in venom or salivary glands compared to other tissues (Appendix 18-22). Only 

two putative venom toxin genes (/-amino acid oxidase b2 and PLA2 IIA-c) showed evidence of 

a venom gland-specific splice variant across our multiple tissue data sets. There also appears 

to have been several cases of mistaken identity, where non-orthologous genes have been used 

to claim conserved, ancestral expression and instances of identical sequences being annotated 

as two distinct genes (see later sections). It is therefore suggestive that the putative ancestral 

Toxicoferan venom toxin genes do not encode toxic venom components in the majority of 

species and that the apparent venom gland-specificity of these genes is a side-effect of 

incomplete tissue sampling. These analyses show that neither increased expression in the 

venom gland nor the production of venom-specific splice variants can be used to support 

continued claims for the toxicity of these genes. 
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Figure 4.2. Tissue distribution of proposed venom toxin transcripts. The majority of transcripts 

proposed to encode Toxicoferan venom proteins are expressed in multiple body tissues. 
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Transcript order follows descriptions in the main text and those transcripts found in the 

assembled transcriptomes but which are assigned transcript abundance of < l FPKM are shaded 

orange. VG, venom gland; SAL, salivary gland; SCG, scent gland; SK, skin. 

4.3.J Genes unlikely to represent toxic components of the Toxicofera 

Based on quantitative analysis of their expression pattern across multiple species, the following 

genes are unlikely to represent toxic venom components in the Toxicofera clade (Vidal and 

Hedges 2005). The identification of these genes as non-venom is more parsimonious than 

alternative explanations such as the reverse recruitment of a "venom" gene back to a "body" 

gene (Casewell et al. 2012), which requires a far greater number of steps (duplication, 

recruitment, selection for increased toxicity, reverse recruitment) to have occurred in each 

species, whereas a "body" protein remaining a "body" protein is a zero-step process regardless 

of the number of species involved. The process of reverse recruitment must also be considered 

doubtful given the rarity of gene duplication in vertebrates ( estimated to be between l gene per 

I 00 to 1 gene per 1000 per million years (Lynch and Conery 2000; Lynch and Conery 2003; 

Cotton and Page 2005)) (see next chapter). 

Acetylcholinesterase 

Identical acetylcholinesterase (ache) transcripts were found to be expressed in the E. coloratus 

venom gland and scent gland (transcript l) and an additional splice variant expressed in skin 

and scent gland (transcript 2). Whilst the previously known splice variants in banded krait 

(Bungarus fasciatus) are differentiated by the inclusion of an alternative exon, analysis of the 

E. coloratus ache genomic sequence (accession number KF 114031) reveals that the shorter 

transcript 2 instead comprises only the first exon of the ache gene, with a TAA stop codon that 

overlaps the 5' GT dinucleotide splice site in intron 1. ache transcript 1 is expressed at a low 

level in the venom gland (6.60 FPKM) and is found in multiple tissues in all study species 

(Figure 4.2), as well as com snake vomeronasal organ and garter snake liver. The shorter 

transcript 2 is found most often in skin and scent glands (Figures 4.2 and 4.3). 
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Figure 4.3. Maximum likelihood tree of acetylcholinesterase (ache), butyrylcholinesterase 

(bche) and cholinesterase-like sequences. Genbank accession numbers or Ensembl gene IDs 

are given in square brackets. Sequences from this study are in orange text and the location of 

transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; 

SCG, scent gland; VMNO, vomeronasal organ). Numbers above branches correspond to 

Bootstrap values for 500 replicates. 
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The low expression level and diverse tissue distribution of transcripts of this gene suggest that 

acetylcholinesterase does not represent a Toxicoferan venom toxin. Whilst some ACHE 

activity has been recorded in the oral secretions and venoms of a range of snakes, including 

opisthoglyphous (rear-fanged) colubrids (Mackessy 2002), experiments with these secretions 

shows that several hours are needed to achieve complete neuromuscular blockage. It should 

also be noted that the most frequently cited sources for the generation of a toxic version of ache 

in banded krait via alternative splicing include statements that ache "does not appear to 

contribute to the toxicity of the venom" ( Cousin et al. 1998), is "not toxic to mice, even at very 

high doses" (Cousin et al. 1996a) and is "neither toxic by itself nor acting in a synergistic 

manner with the toxic components of venom" (Cousin et al. 1996b). Indeed, even purified 

ACHE from Bungarus fasciatus, despite showing a 96-fold increase in ache activity compared 

to crude venom, was non-toxic at doses above 80mg/kg (Cousin et al. 1996a). 

AVIT 

Only a single transcript encoding an AVIT peptide was detected in this dataset, in the scent 

gland of the rough green snake (Figure 4.4). The absence of this gene in all of our venom and 

salivary gland datasets, as well as the venom glands of the king cobra, eastern coral snake and 

eastern diamondback rattlesnake, and the limited number of sequences available on Genbank 

(one species of snake, Dendroaspis polylepis (accession number P25687) and two species of 

lizard, Varanus varius and Varanus komodoensis (accession numbers AAZ75583 and 

ABY89668 respectively)) despite extensive sampling, would suggest that it is unlikely to 

represent a conserved Toxicoferan venom toxin. 
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Monodelphis domestica Prokineticin 2 [ENSMODG00000003910] 
Rattus norvegicus Prokineticin 2 [ENSRNOG00000010898) 
Mus muscu/usProkineticin 2 [ENSMUSG00000030069] 

Taeniopygia guttata Prokineticin 2 [ENSTGUG00000009929] 67 Ficedulaa/bicollis Prokineticin 2 [ENSFALG00000013423) 
96 Gallus gal/us Prokineticin 2 [ENSGALG00000007785) 

Me/eagris ga//opavoAVIToxin-VAR1-like [XP 003210241) 
55 Anas platyrhynchos Prokineticin 2 [ENSAPLG00000011432] 

Pe/odiscussinensisProkineticin 2 [ENSPSIG00000011546] 
Che/onia mydas AVIToxin-VAR1-like [XP 007061544) 

Chrysemys pi eta be//iiprokineticin-2 [XP 008177722) 
A//igatormississippiensisAVIToxin-VAR1-like [XP 00627 4310) 

Ano/iscaro/inensis Prokineticin 2 [ENSACAG00000013932] 
84 Python mo/uros bivitlatusAVIToxin-VAR1-like [XP 007432418) 

Dendroaspis polylepis Mamba intestinal toxin 1 [P25687] 
VaranuskomodoensisAVITtoxin Var3 [ABY89668] 

9 Varanusvarius AVIToxin-VAR1 [Q2XXR8] 
Varanus varius AVIToxin-VAR2 [AAZ75584] 
Varanus varius AVIToxin-VAR2 [Q2XXR7] 
Latlmeria cha/umnae Prokineticin 2 [ENSLACG00000022391] 

Gallus gal/us Prokineticin 1 [ENSGALG00000027548) 
Me/eagris gal/opavo Prokineticin 1 [ENSMGAG00000002367] 

97 
Rattus norvegicus Prokineticin 1 [ENSRNOG00000018201) 
Mus muscu/usProkineticin 1 [ENSMUSG00000070368) 

Homo sapiensprokineticin-1 precursor[NP 115790) 
anode/phis domestica Prokineticin 1 [ENSMODG00000001686] 

Alligatorsinensis prokineticin-1 [XP 006025362) 
Alligatormississippiensis prokineticin-1 [XP 006266287) 

Chrysemyspicta be//iiprokineticin-1 [XP 005311628) 
Pe/odiscussinensisProkineticin 1 [ENSPSIG00000006951) 
Ano/is carolinensis prokineticin 1 [ENSACAG00000012841] 

Python mo/uros bivitlatus prokineticin-1 [XP 007 431125) 
Opheodrys aeslivusAVIT •like (SCG) 

Ophiophagus hannah Prokineticin-1 [ETE73390] 
Petromyzonmarinus Prokineticin 1 [ENSPMAG00000003526] 

Figure 4.4 Maximum likelihood tree of A VIT peptide sequences. Genbank accession numbers 

or Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 

and the location of transcripts is provided in bracketed blue text (SCG, scent gland). Numbers 

above branches correspond to Bootstrap values for 500 replicates. 
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Complement C3 {"cobra venom factor") 

Identical transcripts encoding complement c3 were found in all tissues in all species, with the 

exception of royal python skin (Figures 4.2 and 4.5) and only a single complement c3 gene is 

found in the E. coloratus genome. These findings, together with the identification of transcripts 

encoding this gene in the liver, brain, vomeronasal organ and tissue pools of various other 

reptile species (Figure 3) demonstrate that this gene does not represent a Toxicoferan venom 

toxin. However, the grouping of additional complement c3 genes in the king cobra 

(Ophiophagus hannah) and monocled cobra (Naja kaouthia) in Figure 4.5 does support a 

duplication of this gene somewhere in the Elapid lineage. One of these paralogs may therefore 

represent a venom toxin in at least some of these more derived species and the slightly elevated 

expression level of this gene in the venom or salivary gland of some of the study species 

suggests that complement c3 has been exapted (Gould and Vrba 1982) to become a venom 

toxin in the Elapids. It seems likely that the identification of the non-toxic paralog in other 

species (including veiled chameleon (Chamaeleo calyptratus), spiny-tailed lizard (Uromastyx 

aegyptia) and Mitchell's water monitor (Varanus mitchelli)) has contributed to confusion about 

the distribution of this "Cobra venom factor" (which should more rightly be called complement 

c3b), to the point where genes in alligator (Alligator sinensis), turtles (Pelodiscus sinensis) and 

birds (Columba livia) are now being annotated as venom factors (accession numbers XP 

006023407-8, XP 006114685, XP 005513793, Figure 4.5). 
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94 

98 

92 

100 

* 70 

100 Oph/ophagus hannah OVF [AFJ59923] (China) 
100 Ophlophagus hannah complement c3b (VG, AG) (Indonesia) 

Naja kaouthla CVF [Q91132] 
Naja naja Complement C3 [Q01833] (Liver) 

Ophlophagus hannah complement c3a (Pooled tissue) (Indonesia) 
Bungarus fasclatus Complement C3 [ABN72542] 

99 Austrelaps superbus Venom factor 1 [AAZ81953) 
Austrelaps superbus Complement protein C3-1 [ABA28745) (Liver) 

100 Austrelaps superbus Venom factor 2 [AAZ81954) 
+1oo Austrelaps superbus Complement protein C3-2 [ABA28746] (Liver) 

1 ---Thamnophls e/egans complement c3 (Liver) 
Opheodrys aestlvus complement c3 (SAL, SCG, SK) 
Pantherophls guttatus complement c3 (SAL, SCG, SK, VMNO) 
Echis coloratus complement c3 (VG, SCG, SK) 

Crotalus adamanteus Complement C3 (J3S836] 
Python reg/us complement c3 (SAL, SCG) 

100 Python molurus complement c3 (Pooled tissue) 
..----Pogona vltt/ceps complement c3 (Brain) 

----Ano/ls carollnensls complement c3 [XP 003216855] 
'----Ano/ls equestrls complement c3 (JX467140) 

..---Eublephar/s macu/arlus complement c3 (SAL, SCG, SK) 
92 Varanus mltchellf CVF-VAR1 [AAZ75585) 

----Gallus gal/us Complement C3 [NP 990736) 
Columba I/via Venom factor 1-like [XP 005513793) 

L------Taenlopygla guttata Complement C3-like [XP 002200404) 
..-----------Pelod/scus slnensls Venom factor-like [XP 006114685] 
.-----"'1ool:4Allfgator slnensls Venom factor 1-like isoform X1 [XP 006023407) 

All/gator s/nensls Venom factor 1-like isoform X2 [XP 006023408) 

92 

Che/on/a mydas Complement C3 [EMP26094] 
,.__ _____ Chrysemys plc ta bell/I Complement C3-like [XP 005312631) 

...-----Monodelphls domestlca Complement C3-like [XP 003340773) 
.._ ___ 

00
-4 Homo sap/ens Complement C3 [ENSG00000125730] 

1 
.._ __ 1_00-4 Mus musculus Complement C3 [ENSMUSG00000024164] 

Rattus norveglcus Complement C3 [ENSRNOG00000046834] 
-----------Latimer/a chalumnae Complement C3 (ENSLACG00000016476) 

i-----t 
0.1 

Figure 4.5. Maximum likelihood tree of complement c3 ("cobra venom factor") sequences. 

Whilst most sequences likely represent housekeeping or maintenance genes, a gene duplication 

event in the elapid lineage (marked with *) may have produced a venom-specific paralog. An 

additional duplication (marked with+) may have taken place in Austrelaps superbus, although 

both paralogs appear to be expressed in both liver and venom gland. Geographic separation in 

king cobras ( Ophiophagus hannah) from Indonesia and China is reflected in observed sequence 

variation. Numbers above branches are Bootstrap values for 500 replicates. Tissue distribution 

of transcripts is indicated using the following abbreviations: VG, venom gland; SK, skin; SCG, 

scent gland, AG, accessory gland; VMNO, vomeronasal organ and those genes found to be 

expressed in one or more body tissues are shaded blue. 
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Cystatin 

Two transcripts encoding cystatins were found expressed in the venom gland of E. coloratus 

corresponding to cystatin-elm and f (Figures 4.6 and 4.7). cystatin-elm was detected in all 

tissues from all species used in this study (Figure 4.2), as well as corn snake vomeronasal organ 

and brain and garter snake liver and pooled tissues. The transcript encoding cystatin-j(which 

has not previously been reported to be expressed in a snake venom gland) is also expressed in 

the scent gland of E. coloratus and in the majority of other tissues of our study species. There 

is no evidence for a monophyletic clade of Toxicoferan cystatin-derived venom toxins and in 

accordance with Richards et al. (Richards et al. 20 I I) it seems likely that low expression level 

and absence of in vitro toxicity represents a "strong case for snake venom cystatins as essential 

housekeeping or regulatory proteins, rather than specific prey-targeted toxins ... " Indeed, it is 

unclear why cystatins should be considered to be conserved venom toxins, since even the 

original discovery of cystatin in the venom of the puff adder (Bit is arietans) states that there is 

" . .. no evidence that it is connected to the toxicity of the venom" (Ritonja et al. 1987). 

54 

91 

9 

Mlcropechls /kaheka Cystatin E/M [E3P6P3] 
Pseudech/s austra/1s [239618542 FJ 
Pseudonaja textl/1s (239618534 FJ] 
Oxyuranus scutellatus Cystatin [ACR83842] 
Oph/ophagus hannah cystatin-e/m (VG, AG) 

Naja atra Cystatin [P81714] 
Naja kaouthla Cystatin [ACR83850) 

Thamnoph/s e/egans cystatin-e/m (Liver, Pooled tissue) 
Opheodrys aesr/vus cystatin-e/m (SAL, SCG, SK) 
Pantherophls gurrarus cystatin-e/m (SAL, SCG, SK, VMNO) 
Crota/us adamanreus Cystatin [AFJ49804] 
Echls coloratus cystatin-e/m (VG, SCG, SK) 

Bills gabon/ca Cystatin [AY430403) 
Bills arfetans Cystatin [P08935) 
Pantherophls gurtatus cystatin (Brain) 

Ophlophagus hannah cystatin (AG) 
Pantherophls gurtatus cystatin (SAL, SCG, SK) 

Opheodrys aest/vus cystatin (SAL, SCG, SK) 
aAr----Thamnophls e/egans cystatin (Pooled tissue) 

.__ __ Thamnophls e/egans cystatin (Pooled tissue) 
.__ ___ Thamnophls e/egans cystatin (Pooled tissue) 

Thamnophls e/egans cystatin (Pooled tissue) 
Thamnoph/s e/egans cystatin (Pooled tissue) 

Pantherophls gurtatus cystatin (SCG) 
Opheodrys aestlvus cystatin (SCG) 

soL...--Ophlophagus hannah cystatin (VG) 
Python reg/us cystatin elm (SAL, SCG, SK) 

---Pogona barbata Cystatin [DO139910) 
Iguana Iguana Cystatin [JX467151] 

Ano/ls carollnens/s cystatin elm [ENSACAG00000014558) 
Eub/epharls macu/ar/us cystatin elm (SAL, SCG, SK) 

1---chameleo ca/yptratus Cystatin E/M [JX467152) 
Homo sap/ens Cystatin E/M [ENSG00000175315) 

Mus muscu/us Cystatin E/M [ENSMUSG00000024846) 
Rattus norveg/cus Cystatin E/M [ENSRNOG00000020455) 

Monodelph/s domest/ca Cystatin E/M [ENSMODG00000028390] 
...._ ____ Latimer/a cha/umnae Cystatin E/M [ENSLACG00000022489) 

1--1 
0.2 

Figure 4.6. Maximum likelihood tree of cystatin-e/m sequences. Genbank accession numbers 

or Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 
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and the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, 

salivary gland; SK, skin; SCG, scent gland; AG, accessory gland; VMNO, vomeronasal organ). 

Numbers above branches correspond to Bootstrap values for 500 replicates. 

96 

93 
Python reglus cystatin-f (SAL, SCG, SK) 

Eub/epharis macularius cystatin-f (SAL, SK) 

Gallus gal/us Cystatin F [ENSGALG00000008660] 

99 .__ __ Taenlopygla guttata Cystatin F [ENSTGUG00000006040] 

....------Monodelphls domesl/ca Cystatin F [ENSMODG00000006300] 

Homo sap/ens Cystatin F [ENSG00000077984] 70 .__ _ ___. 
100 .__ _ ___, Rattus norveglcus Cystatin F [ENSRNOG00000006767] 

100 Mus muscu/us Cystatin F [ENSMUSG00000068129] 

.__ ____ Xenopus troplcalls Cystatin F [ENSXETG00000012775] 

.__ ______ Latimer/a chalumnae Cystatin F [ENSLACG00000002690] 

1---t 
0.1 

Figure 4.7. Maximum likelihood tree of cystatin:f sequences. Genbank accession numbers or 

Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 

and the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, 

salivary gland; SK, skin; SCG, scent gland). Numbers above branches correspond to Bootstrap 

values for 500 replicates. 

Dipeptidyl peptidases 

Identical transcripts encoding dipeptidyl peptidase 3 and 4 were detected in all tissues in all 

species except the leopard gecko (Figures 4.2, 4.8 and 4.9), and both of these have a low 

transcript abundance in the venom gland of E. coloratus. dpp4 is expressed in garter snake liver 

and Anole testis and ovary and dpp3 is also expressed in garter snake liver, king cobra pooled 

tissues and Bearded dragon brain (Figures 4.8 and 4.9). It is therefore unlikely the either dpp3 

or dpp4 represent venom toxins. 
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Crotalus adamanteus Dipeptidyl peptidase 3 [AFJ49894] 
Echis co/oratus dpp3 (VG, SCG, SK) 

r-------.:.:100:::.,i Ophlophagus hannah dpp3 (VG, AG, Pooled tissue) 
Thamnophls elegans dpp3 (Liver) 

--"'g.;;.ia Opheodrys aestivus dpp3 (SAL, SCG, SK) 
Pantherophls guttatus dpp3 (SAL, SCG, SK, Brain, VMNO) 

.___
1

15!ll_....:,Ch:,:_:e/onla mydas Dipeptidyl peptidase 3 [EMP39237] 
Pe/odlscus slnensis DPP3 [ENSPSIG00000003027] 

----Monodelphls domestlca DPP3 [ENSMODG00000008243] 
.__ ___ ....,....-1 Homo sap/ens DPP3 [ENSG00000254986] 

Mus muscu/us DPP3 [ENSMUSG00000063904] 
Rattus norveglcus DPP3 [ENSRNOG00000031485] 

.._ ______ Xenopus trop/calls [ENSXETG00000020577] 

............ 
0.05 

Figure 4.8. Transcripts encoding dpp3 are found in a wide variety of body tissues, and likely 

represent housekeeping genes. Numbers above branches are Bootstrap values for 500 

replicates. Tissue distribution of transcripts is indicated using the following abbreviations: VG, 

venom gland; SK, skin; SCG, scent gland, AG, accessory gland; VMNO, vomeronasal organ. 

94 

91 Tropldech/s carlnatus Venom dipeptidylpeptidase IV [ABQ63107) 

86 
Notech/s scutatus venom dipeptidylpeptidase IV [ABQ63105] 
Oxyuranus scutellatus Venom dipeptidylpeptidase IV [ABQ63098] 
Pseudech/s australls Venom dipeptidylpeptidase IV [ABQ63103] 
Ophlophagus hannah dpp4 (VG, AG) 

Thamnophls e/egans dpp4 (Liver) 
Opheodrys aestivus dpp4 (SAL, SCG, SK) 
Pantherophis guttatus dpp4 (SAL, SCG, SK VMNO) 

Gloyd/us brevlcaudus Dipeptidylpeptidase 4 [BAD06332] 
91 Echls co/oratus dpp4 (VG, SCG, SK) 

Python reg/us dpp4 (SAL, SCG, SK) 
Python molurus dpp4 (Pooled tissue) 

L-------Anolls carollnensls dpp4 (Testis, Ovary) 
----Taenlopygla guttata DPP4 [ENSTGUG00000006807] 

..__~ Gallus gal/us DPP4 [ENSGALG0000001111 O] 
Meleagrls gallopavo DPP4 [ENSMGAG00000010941] 

--------Monodelphls domest/ca DPP4 [ENSMODG00000005432] 
.._ ____ ~ Homo sap/ens DPP4 [ENSG00000197635) 

100...__ .... 
Mus musculus DPP4 [ENSMUSG00000035000] 

100 Rattus norveglcus DPP4 [ENSRNOG00000030763] 
._ ______ Xenopus troplcalls DPP4 [ENSXETG00000016197] 

1---t 
0.05 

Figure 4.9. Transcripts encoding dpp4 are found in a wide variety of body tissues, and likely 

represent housekeeping genes. Numbers above branches are Bootstrap values for 500 

replicates. Tissue distribution of transcripts is indicated using the following abbreviations: VG, 

venom gland; SK, skin; SCG, scent gland, AG, accessory gland; VMNO, vomeronasal organ. 
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Epididyrnal secretory protein 

One transcript encoding epididymal secretory protein (ESP) is expressed in the venom gland 

of Echis coloratus (9.09 FPKM) corresponding to type El. This transcript is also found to be 

expressed at similar levels in the scent gland (13.71 FPKM) and skin (8.64 FPKM) of this 

species and orthologous transcripts are expressed in all three tissues of all other species used 

in this study (Figures 4.2 and 4.10), suggesting that this is a ubiquitously expressed gene and 

not a venom component. Previously described epididymal secretory protein sequences from 

varanids (Fry et al. 2010a) and the colubrid Cylindrophis ruffus (Fry et al. 2013) do not 

represent esp-el and their true orthology is currently unclear. However, analysis of these and 

related sequences suggests that they are likely part of a reptile-specific expansion of esp-like 

genes and that the Varanus and Cylindrophis sequences do not encode the same gene (Figure 

4 . 11 ). Therefore there is not, nor was there ever, any evidence that epididymal secretory protein 

sequences represent venom components in the Toxicofera. 

Ophlophagus hannah esp-e1 (VG, AG, PT) 
Thamnoph/s e/egans esp-e1 (Liver) 

,..::.::i•- Opheodrys aestlvus esp-e1 (SAL, SCG, SK) 
Panrheroph/s gurtatus esp-e1 (SAL, SCG, SK, Brain, VMNO) 

Echls co/oratus esp-e1 (VG, SCG, SK) 
Crotalus adamanreus ESP E1 [AFJ49997] 

9 Crota/us horrfdus epididymal secretory protein E1-like protein [JAA97132] 

10 

Python reg/us esp-e1 (SAL, SCG, SK) 
Python mo/urus esp-e1 (Pooled tissue) 

.-----Eub/ephar/s macu/arlus esp-e1 (SAL, SCG, SK) 
----Ano/ls carol/nens/s esp-e1 [XP 003214431) 

3s----Pogona vlrtlceps esp-e1 (Brain) 
Pelod/scus s/nens/s epididymal secretory protein E1 [XP 006117809) 

Taenlopyg/a guttata ESP E1 [ENSTGUG00000016271] 
Gallus gal/us ESP E1 [NP 001026374) 

7 Meleagrfs gal/opavo ESP E1 [ENSMGAG00000012679] 
Homo sap/ens ESP E1 [NP 006423) 

Mus muscu/us ESP [BAA35183) 
Rattus norveg/cus ESP E1 [NP 775141) 

------Latimer/a chalumnae ESP E1 [ENSLACG00000018729) 

~ 

Figure 4.10. Maximum likelihood tree of epididymal secretory protein el (esp-el) sequences. 

Genbank accession numbers or Ensembl gene IDs are given in square brackets. Sequences from 

this study are in orange text and the location of transcripts is provided in bracketed blue text 

(VG, venom gland; SAL, salivary gland; SK, skin; SCG, scent gland; AG, accessory gland; 

PT, pooled tissue; VMNO, vomeronasal organ). Numbers above branches correspond to 

Bootstrap values for 500 replicates. 
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63 
Ornlthorhynchus anal/nus [ENSOANG00000030580] 

Chrysemys plcla bell/I epididymal sperm-binding protein 1-like [XP 005311801] 
Ornlthorhynchus anal/nus [ENSOANG00000011916] 
Ornlthorhynchus anal/nus [ENSOANG00000011918] 

oo L/ophls poecllogyrus vMMP-Lio1 [ABU68569] 
Oph/ophagus hannah Epididymal sperm-binding protein 1 [ETE57306] 

Varanus komodoensls ESP-Vkom1 [ADK39285] 
Varanus komodoensls matrix metalloprotease type 2 Var2 [ABY89671] 
Varanus komodoensls ESP-Vkom2 [ADK39286] 

61 
100 Varanus komodoens/s matrix metalloprotease type 2 Var1 [ABY89663] 

1a Varanus gould/1 ESP-Vgou1 [ADK39283] 

8 
Varanus lndlcus ESP-Vind2 [ADK39287] 
Ano/ls carollnensls [ENSACAG00000029230] 
Eub/ephalrs macu/arius (SCG) 

5
fyllndrophls ruffus ESP-Cyl-1 [AGl97178] 

Ano/ls carollnens/s [ENSACAG00000029124] 
10 Ano/ls carollnensls (Pooled tissue) 

Ano/ls carollnenes/s [ENSACAG00000028839] 
Ano/ls carollnensls epididymal sperm-binding protein 1-like [XP 003224568] 
Ano/ls carollnensls [ENSACAG000000107 48] 

Ornlthorhynchus anal/nus [ENSOANG00000000388] 
Ano/ls carollnens/s [ENSACAG000000107 44] 

Figure 4.11. Maximum likelihood tree of epididymal secretory protein sequences. Genbank 

accession numbers or Ensembl gene IDs are given in square brackets. Sequences from this 

study are in orange text and the location of transcripts is provided in bracketed blue text (SCG, 

scent gland). Numbers above branches correspond to Bootstrap values for 500 replicates. 

Ficolin ("veficolin") 

One transcript encoding _ficolin is expressed in the £. coloratus venom gland and identical 

transcripts in both scent gland and skin (Figures 4.2 and 4.12) and orthologous transcripts in 

all corn snake and leopard gecko tissues, as well as rough green snake salivary and scent glands 

and royal python salivary gland. Paralogous genes expressed in multiple tissues were also 

found in corn snake and rough green snake (Figure 4.2). These findings, together with 

additional data from available transcriptomes of pooled garter snake body tissues and bearded 

dragon and chicken brains show that .ficolin does not represent a Toxicoferan venom 

component. 
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98 

52 

Opheodrys aeslivus ficolln (SAL, SCG) 
Pantherophis guttatus ficolin-a (SAL, SCG, SK) 

Pantherophis guttatus ficolin-b (SAL, SK) 

Philodryas olfersii Ficolin [AFH66977] 
Thamnophiselegansficolin (Pooled tissui,) 

100 
Cerberus rynchops Ryncolin-4 [D8VNT0] 

541---"""'4 99 Cerberus rynchops Ryncolin-1 [D8VNS7] 
Cerberus rynchops Ryncolin-2 [D8VNS8] 

81 Cerberus rynchops Ryncolin-3 [O8VNS9] 
77 69 

Enhydris po/ylepis Ficolin [AFH6697 4] 
Echiscoloratusficolin (VG, SCG, SK) 
Cylindrophis ruffus Ficolin (JX467168] 

Morelia spilola Ficolin (JX467167] 
Python regius ficolin (SAL) 

Opheodrys aestivus ficolin (SCG) 
Thamnophis elegans ficolin (Pooled tissui,) 

Opheodrys aestivus ficolin (SAL) 
Opheodrys aestivus ficolin (SK) 

72 
---VaranuskomodoensisVeficolin [ADK46899] 

L...-t---Eublepharismaculariusficolin (SAL, SCG, SK) 
1------Pogona vitticeps ficolin (Brain) 
1-----Chlamydosaurus kingiiVeficolin [AGl97188] 

,---Ano/is carolinensis ficolin [ENSACAG00000025687] 
Ano/is carolinensis ficolin [ENSACAG00000017 495) 

____ ..,;1,;,;00~ Musmuscu/usFicolin 1 [NP032021] 
Rattus norvegicus Ficolin 1 [NP112638) 

._ ___ Homo sapiens ficolin 1 [NP001994) 

-----Chelonia mydas Ficolin-1 [EMP29986) 
Columba livia Ficolin-1 [EMC88538] 

.__..;9;;;9-r-=: Taeniopygia guttata ficolin-1-like [XP002189999) 
Gallus gal/us Ficolin-1 (Brain) 

nas platyrhynchos Ficolin-1 [EOB04912) 

L__...;9~0 -c===:: Latimeria cha/umnae ficolin-like (ENSLACG00000015719) 
r Latimeria cha/umnae ficolin-like [ENSLACG00000015622) 

-----Xenopus tropicalis fcn1 [NP001025596) 
-----------------------xenopus tropica/isTNR [ENSXETG00000009195] 

0.2 

Figure 4.12. Maximum likelihood tree of ficolin sequences. Genbank accession numbers or 

Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 

and the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, 

salivary gland; SK, skin; SCG, scent gland). Numbers above branches correspond to Bootstrap 

values for 500 replicates. 

Hyaluronidase 

Hyaluronidase has been suggested to be a "venom spreading factor" to aid the dispersion of 

venom toxins throughout the body of envenomed prey, and as such it does not represent a 

venom toxin itself (Kemparaju and Girish 2006). However, two hyaluronidase genes were 

found to be expressed in the venom gland of E. coloratus. The first appears to be venom gland 

specific (based on available data) and has two splice variants including a truncated variant 

similar to sequences previously characterised from Echis carinatus sochureki (accession 

number DQ840262) and Echis pyramidum leakeyi (accession number DQ840255) venom 

glands (Harrison et al. 2007). Although hyaluronidase cannot be ruled out in playing an active 
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(but non-toxic) role in Echis venom, it is worth commenting that hyaluronan has been 

suggested to have a role in wound healing and the protection of the oral mucosa in human 

saliva (Pogrel et al. 2003). The expression of hyaluronidases involved in hyaluronan 

metabolism in venom and/or salivary glands is therefore perhaps unsurprising. 

Kallikrein 

Two Kallikrein-like sequences were found in E. coloratus, one of which is expressed in all 

three tissues in this species (at a low level in the venom gland) and a variety of other tissues in 

the other study species, and one of which is found only in scent gland and skin (Figures 4.2 

and 4.13). These genes do not represent venom toxins in E. coloratus and appear to be most 

closely-related to a group of mammalian Kallikrein (KLK) genes containing KLKJ , 11, 14 and 

I 5 and probably represent the outgroup to a mammalian-specific expansion of this gene family. 

The orthology of previously published Toxicoferan Kallikrein genes is currently unclear and 

the majority of these sequences can be found in our serine protease tree (see later section). 
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100 

99 

99 Opheodrys aestivus klk (SCG) 
88 

98 
Pantherophis guttatus klk (SCG) 

Echis coloratus klk-a (VG, SCG, SK) 

Python regius klk (SCG, SK) 

----Eublepharis macularius klk (SAL, SCG) 

99 -----Monodelphis domestica KLK 15 [ENSMODG00000006460) 

-------◄ Homo sapiens KLK15 [ENSG00000174562] 

99 

97 

Rattus norvegicus KLK15 [ENSRNOG00000033805) 

Mus musculus KLK15 [ENSMUSG00000055193) 

---Monodelphis domestica KLK11 [ENSMODG00000006536) 

100 

Homo sapiens KLK11 [ENSG00000167757) 

Musmuscu/usKLK11 [NP 001170844) 

Rattus norvegicus KLK11 [ENSRNOG000000187 42) 

100 Musmuscu/usKLK14[NP 777355) 

Rattus norvegicus KLK14 [ENSRNOG00000033706] 

---Homo sapiens KLK14 [ENSG00000129437] 

-----Monodelphis domestica KLK14 [ENSMODG00000020815) 

1-----------Echis coloratus klk-b (SCG, SK) 

1---------------- Thamnophise/egans(Pooledtissue) 

100
- ---- HomosapiensKLK1 [AAH05313] 

--------◄ __ 8_5~---- Mus muscu/usKLK 1 [AAA3934] 

---- RattusnorvegicusKLK1 [NP113711) 

100----Human KLK8 [ENSG00000129455) 

-----◄ 99 Mouse KLK8 [ENSMUSG00000064023) 

Rat KLK8 [ENSRNOG00000018580] 

0.2 

Figure 4.13. Maximum likelihood tree of kallikrein (klk) sequences. Genbank accession 

numbers or Ensembl gene IDs are given in square brackets. Sequences from this study are in 

orange text and the location of transcripts is provided in bracketed blue text (VG, venom gland; 

SAL, salivary gland; SK, skin; SCG, scent gland). Numbers above branches correspond to 

Bootstrap values for 500 replicates. 

Kunitz 

A number of transcripts encoding Kunitz-type protease inhibitors were present in the tissue 

transcriptome data, with the majority of these encoding kunitzl and kunitz2 genes (Figures 4.2 

and 4.14). The tissue distribution of these transcripts, together with the phylogenetic position 

of lizard and venomous snake sequences does not support a monophyletic clade of venom 

gland-specific Kunitz-type genes in the Toxicofera. The presence of protease inhibitors in 

reptile venom and salivary glands should perhaps not be too surprising and it again seems likely 

that the involvement of Kunitz-type inhibitors in venom toxicity in some advanced snake 

lineages (in this case mamba (Dendroaspis spp.) dendrotoxins and krait (Bungarus 
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multicinctus) bungarotoxins (Kwong et al. 1995; Harvey 2001)) has led to confusion when non

toxic orthologs have been identified in other species. 

78 

Latimeria chalumnae Kunitz1 [ENSLACG00000015634) 
Xenopus tropicalis Kunitz1 [ENSXETG00000021555] 

Mus musculus Kunitz1 [ENSMUSG00000027315) 
Rattus norvegicus Kunitz1 [ENSRNOG00000012811) 
Homo sapiens Kunitz1 [ENSG00000166145) 
Monodelphis domestica Kunitz1 [ENSMOOG00000000212) 
Meleagris gallopavo Kunitz1 [ENSMGAG00000011126) 

2 Gallus gal/us Kunitz1 [ENSGALG00000008469) 
Taeniopygiaguttata unknown [ENSTGUG00000010764) 

94 Eublepharis macularius kunitz1 (SAL, SCG, SK) 
Ano/is carolinensis kunitz1 [ENSACAG00000003408) 

HJO Python regius kunitz1 (SAL, SCG, SK) 
12 Python regius kunitz1 (SCG) 

Ophiophagus hannah kunitz1 (AG, PTI 
95 Thamnophis e/egans kunitz1 (Liver) 

Echis coloratus kunitz1 (VG, SCG, SK) 
Opheodrys aestivus kunitz1 (SAL, SCG, SK) 
Pantherophis guttatus kunitz1 (SAL, SCG, SK) 

Opheodrys aestivus kunitz2 (SAL, SCG, SK) 
Pantherophis guttatus kunitz2 (SAL, SCG, SK) 
Austrelaps labia/is Putative Kunitz-type proteinase inhibitor [82BS84) 
Ophiophagus hannah kunitz2 (VG, AG, PTI 

88 Micrurus fulvius Kunitz inhibitor 4 [JAB52835] 
g Thamnophis elegans kunitz2 (Liver) 

Echis co/oratus kunitz2 (VG, SCG, SK) 
Python regius kunitz2 (SAL, SCG, SK) 
Heloderma suspectum cinctum kunitz-Hel-1 [AGl97151] 
Abronia graminea kunitz-Abr-1 [AFU63209) 

Iguana iguana kunitz-lgu-1 [AGl97181) 
Chamaeleo calyptratus kunitz-Cha-1 [AGl97179) 
Ano/is carolinensis kunitz2 [H9GQ81) 
Ano/is carolinensis kunitz2 [H9G883) 
Ano/is carolinensis kunitz2 [H9GRC6] 

Eublepharis macularius kunitz2 (SAL, SCG, SK) 
Chelonia mydas Putative Kunitz-type proteinase inhibitor [EMP28254] 

Monodelphis domestica Kunitz2 [ENSMOOG00000013117] 
Homo sapiens Kunitz2 [ENSG00000167642] 
Mus musculus Kunitz2 [ENSMUSG00000074227) 
Rattus norvegicus Kunitz2 [ENSRNOG00000020636] 
Latimeria chalumnae Kunitz [ENSLACG00000003368) 

omo sapiens Kunitz3 [ENSG00000101446) 
Gorilla gorilla kunitz•type protease inhibitor 3 [XP 004062304) 
Callithrixjacchus kunitz-type protease inhibitor [3 XP 002747640) 
Mus muscu/us Kunitz3 [ENSMUSG0000007 4596] 

Ano/is carolinensis kunitz 3 [ENSACAG00000023100) 
52 Rattus norvegicus Kunitz4 [ENSRNOG00000014794) 

Mus musculus Kunitz4 [ENSMUSG00000017310) 
Homo sapiens Kunitz4 [ENSG00000149651] 
us musculusKunitz type 5 precursor [NP 001035144) 
Rattus norvegicusKunitz type 5 precursor [NP 001008881) 

HJO Phi/odryas olfersii Kunitoxin-Phi1 [ABU68488) 
Pantherophis guttatus kunitz (SAL, SCG, SK) 

Chamaeleo ca/yptratuskunitz-Cha-2 [AGl97180) 
Python regius kunitz (SCG) 

Eublepharis macularius kunitz (SAL, SCG, SK) 
Austre/aps superbus superbin-4 [85KL41) 
Vermice/laannulata KP-Ver-2 [JAA74997) 
Tropidechis carinatus carinatin-2 [85KL33) 
Suta nigriceps Kunitz-type serine protease inhibitor isoforrn 1 [ACY68697) 

7 Walterinnesia aegyptia Kunitz inhibitor I [ABX82867) 
Micrurus fu/vius Kunitz inhibitor 6 [JAB52833) 
Micrurus fu/vius Kunitz inhibitor 8 [JAB52831) 
Micrurus fulvius Kunitz inhibitor 7 [JAB52832) 
Walterinnesia aegyptia Kunitz inhibitor IV [ABX82870) 

Vipera nikolskii Kunitz type inhibitor [CBW30779) 
Micrurus fulvius Kunitz inhibitor 3 [JAB52836) 
Bitis gabonica Kunitz protease inhibitor 2 [AAR24535) 
Bitis gabonica Kunitz protease inhibitor 1 [AAR24526) 
ustrelaps superbus Kunitz/BPll-like toxin [85L5M7] 
Telescopus dhara Kunitoxin-Tel1 [ABU68487) 

Oxyuranus scute//atustaicatoxin [ACC77765] 
Opheodrys aestivus kunitz (SCG, SK) 
Pantherophis guttatus kunitz (SK) 
Opheodrys aestivus kunitz (SCG) 
Echis coloratus kunitz (VG, SCG, SK) 
Dendroaspis polylepis Dendrotoxin-1 [P00979) 

Dendroaspis po/y/epis dendrotoxin K [AAB26998) 

I 
I 
I 

1 

2 

3 

4 

5 

Figure 4.14. Maximum likelihood tree of kunitz 1 and 2 sequences. Genbank accession 

numbers or Ensembl gene IDs are given in square brackets. The three kunitz2 sequences from 

the Green Anole (Ano/is carolinensis) are derived from the genome of this species as used 
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previously by Fry et al. (Fry et al. 2013). Sequences from this study are in orange text and the 

location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary 

gland; SK, skin; SCG, scent gland; AG, accessory gland; PT, pooled tissue). Numbers above 

branches correspond to Bootstrap values for 500 replicates. 
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Lysosomal acid lipase 

Two transcripts encoding Lysosomal acid lipase genes were detected in the E. coloratus venom 

gland transcriptome, one of which (lipa-a) is also expressed in skin and scent gland in this 

species and all three tissues of all other study species. Lipa-a, despite not being venom gland 

specific, is more highly expressed in the venom gland (3,337.33 FPKM) than in the scent gland 

(484.49 FPKM) and skin (22.79 FPKM) of E. coloratus, although there is no evidence of 

elevated expression in the salivary glands of our other study species. As this protein is involved 

in lysosomal lipid hydrolysis (Warner et al. 1981) and the venom gland is a highly active tissue, 

it is likely that this elevated expression is related to high cell turnover. Transcripts of lipa-b are 

found at a low level in the venom and scent glands of E. coloratus and the scent gland of royal 

python (Figures 4.2 and 4.15). Neither Lipa-a or lipa-b therefore encode venom toxins. 

90 

9 Pantherophlsgunaruslipa-a (SAL) 
9998 Panrherophlsgunaruslipa-a (SK) 

Panrheroph/sgunaruslipa-a (SCG) 
Opheodrys aes!lvus lipa-a (SAL, SCG, SK) 

Echls co/orarus lipa-a (VG, SCG, SK) 
Thamnophls elegans lipa-a (Pooled tissue) 

Pyrhonregluslipa-a (SAL, SCG, SK) 
Pyrhon molurus llpa-a (Pooled tissue) 

---..inollscarollnensls lysosomal acid lipase [XP 003229744] 
.,_ ____ Pogona v/rtlcepslipa (Brain) 

Eublepharls macular/us lipa-a (SAL, SCG, SK) 
---- Crocody/us nllo!lcus lipa (Brain) 

Che/on/a mydas Lysosomal acid lipaselcholesteryl ester hydrolase [EMP24615] 
r-.,,_ __ Pe/od/scus s/nens/s LIPA [ENSPSIG00000016953) 

Columba /lv/aLysosomal acid lipase/cholesteryt ester hydrolase[EMC89691) 
96 Taenlopygla gunara lysosomal acid lipase/cholesteryl ester hydrolase [XP 00417 4885] 

5 Anas plaryrhynchos I Lysosomal acid llpase/cholesteryl ester hydrolase [EOA94419) 
99 Gallus gal/us lysosomal acid lipaselcholesteryl ester hydrolase [XP421661] 

Meleagrts gal/opavo lysosomal acid lipase/cholesteryt esterhydrolase [XP003208075] 
83 Gerrhonorus /nferna//slysosomal acid lipase [ADK55610)1 

621---------9~9 r7L---Ano//s carol/nens/slysosomal acid lipase/cholesteryt ester hydrolase [XP003224429) 
-----Panrherophlsgurrarusllpa (SCG) 

76 varanusglauen/lysosomal acid lipase [ADK55609) 
------~1;;;;0 ;:a Varanussca/ar/slysosomal acid lipase [ADK55608) 

Varanuskomodoens/slysosomal acid lipase [ADK55607] 

60 50 
97 Eublepharts macular/us lipa (SAL) 

99 L----- Eublepharts macularlus llpa (SCG, SK) 
__ .....,_. Ano/ls carol/nens/slysosomal acid lipase/cholesteryt ester hydrolase [XP003224425] 

94 

95 

------Panrherophlsgunarus llpa (SCG) 
--------Eub/epharts macularius lipa (SCG, SK) 

98 Opheodrysaeslfvus llpa (SCG) 
Pamherophlsguaarusllpa (SAL) 

96 64r_...,;911 c==~ Echls colorarus llpa-b (VG, SCG) 
Pyrhon reg/uslipa-b (SCG) 

-----Ano/ls carol/nens/slysosomal acid llpaselcholesteryt ester hydrolase [XP 003224417) 

L----1======:Pyrhon reg/us llpa (SCG) 
Eublepharts macularlus llpa (SCG) 

.,_ ___ 10_,01 .Eub/epl1arts macularlus lipa (SAL) 
Eub/epharts macu/ar/us llpa (SK) 

L---~99::.,-- .-Pamherophisgunarus llpa (SCG) 
Python reg/us lipa (SKL 

---------------Monodelph/sdomesr/ca IPA [ENSMODG00000019646] 
Homo sap/ens lysosomal acid lipase [AAB60328) 

99 Mus muscu/us lysosomal acid llpase/cholesteryl ester hydrolase[NP 067435] 
Ranus norveglcus lysosomal acid llpase/cholesteryl ester hydrolase [NP 036864] 

----xenopus rroplcalls lysosomal acid llpaselcholesteryl esterhydrolase [NP001015847] 
----Larlmerta cha/umnae LIPA [ENSLACG00000000424) .......... 

0.1 

Figure 4.15. Maximum likelihood tree of lysosomal acid lipase (lipa) sequences. Genbank 

accession numbers or Ensembl gene IDs are given in square brackets. Sequences from this 
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study are in orange text and the location of transcripts is provided in bracketed blue text (VG, 

venom gland; SAL, salivary gland; SK, skin; SCG, scent gland). Numbers above branches 

correspond to Bootstrap values for 500 replicates. 

Natriuretic peptide 

Only a single natriuretic peptide-like sequence is present in the entire transcriptomic dataset, 

in the skin of the royal python. The absence of this gene from the rest of all other study species 

suggests that it is not a highly conserved Toxicoferan toxin. 

Nerve growth factor 

Identical transcripts encoding nerve growth factor (ngf) were found expressed in all three E. 

coloratus tissues. Transcripts encoding the orthologous gene are also found in the com snake 

salivary gland and scent gland; rough green snake scent gland and skin; royal python skin and 

leopard gecko salivary gland, scent gland and skin (Figures 4.2 and 4.16). ngf is expressed at a 

higher level in the venom gland (525.82 FPKM) than in the scent gland (0.18 FPKM) and skin 

(0.58 FPKM) of E. coloratus, but not at an elevated level in the salivary gland of other species, 

again hinting at the potential for exaptation of this gene. Based on these findings, together with 

the expression of this gene in garter snake pooled tissues, it is likely that ngf does not encode 

a Toxicoferan toxin. However, there is evidence for the duplication of ngf in cobras (Figure 

4 .16), suggesting that it may represent a venom toxin in at least some advanced snakes (Sunagar 

et al. 2013). As with complement c3, it seems likely that the identification of non-toxic 

orthologs in distantly-related species has led to the conclusion that ngf is a widely-distributed 

venom toxin and confused its true evolutionary history. 
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94 

Bungarus mull/clncrus NGF [AAB25729] 
Drysda//a coronoldes NGF [AEH95535) 

Denison/a devlsl NGF-Den-2 [JAA74726] 
Ophlophagus hannah ngf (VG) 

Oph/ophagus hannah ngf (Genomic- scaffold12849.1) 
Naja spulalrlx NGF [Q5YF89] 
Naja naja Venom nerve growth factor [P01140] 
Naja kaouthla nerve growth factor [A59218] 
Naja alra Venom nerve growth factor [P61898] 
Wallerlnnesla aegyplla venom nerve growth factor [AEH59581] 
Mlcrurus fulv/us NGF-1a (VG) 

*3 Mlcrurus fulv/us NGF-1b (VG) 
Naja sputalrlx NGF [AAS94268] 

Naja kaoulhla nerve growth factor beta polypeptide [ACC85831] 
Ophlophagus hannah hypothetical protein L345 10532 [ETE63701) 
Ophlophagus hannah ngf (Genomic- scaffold2616.1) 
Lallcauda co/ubrlna nerve growth factor beta polypeptide [ACC85824] 

Pseudonaja texll/ls NGF [Q3HXY9] 
Oxyuranus mlcrolepldolus NGF [ABA60117] 
Trlmeresurus f/avovlr/dls NGF [BAG16511] 
Lachesis stenophrys nerve growth factor beta polypeptide [ACC85821) 
Ovophls oklnavensls NGF [BAN82142] 
Crota/us dur/ssus NGF [Q9DEZ9] 
Bothrops Jararacussu NGF [AAG12169) 

7 Bothrops asper nerve growth factor beta polypeptide [ACC85807) 
Macrovlpera lebellna NGF [P25428] 
Dabola russe/1/ nerve growth factor beta polypeptide [ACC85813] 
Echls coloratus ngf (VG, SCG, SK) 

Azemlops feae NGF-AZE1 [AAZ75635] 
Thamnophls mare/anus nerve growth factor beta polypeptide [ACC85837) 

76 
Opheodrys aestlvus ngf (SCG, SK) 
Pantherophls guttarus ngf (SAL, SCG) 
Lampropellls getula nerve growth factor beta polypeptide [ACC85822) 

Python reg/us ngf (SK) 
Python molurus ngf [AEQU010205372] (Genomic- Contig26560677) 

Boa constrictor nerve growth factor beta polypeptide [ACC85806) 
Ano/ls carollnensls ngf [ENSACAP00000003352] 
Varanus acanthurus NGF-VAR1 [AAZ75634] 
Varanus salvator nerve growth factor beta polypeptide [ACC85794) 
Eublepharls macularlus ngf (SAL, SCG, SK) 

Taenlopygla gultata NGF [ENSTGUG00000000958) 
Gallus gal/us NGF [ENSGALG00000002556] 
Me/eagr/s ga/lopavo [NGFENSMGAG0000001567 4) 

Monodelphls domesl/ca NGF [ENSMODG00000004863] 
Homo sap/ens NGF [ENSG00000134259] 

10 Mus muscu/us NGF [AAA37686] 
Rattus norveg/cus NGF [ENSRNOG00000016571] 

---Latimer/a cha/umnae NGF [ENSLACG00000018594) -0.1 

Figure 4.16. Maximum likelihood tree of nerve growth factor (ngf) sequences. A gene 

duplication event in the Elapid lineage (marked with *) may have produced a venom-specific 

paralog. Genbank accession numbers or Ensembl gene IDs are given in square brackets. 

Sequences from this study are in orange text and the location of transcripts is provided in 

bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; SCG, scent gland). 

Numbers above branches correspond to Bootstrap values for 500 replicates. 
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Phospholipase A2 {PLA2 Group IIE) 

Transcripts encoding Group IIE PLA2 genes were found in the venom gland of E. coloratus 

and the salivary glands of all other species (Figures 4.2 and 4.17). Although this gene appears 

to be venom and salivary-gland-specific (based on available data), its presence in all species 

(including the non-Toxicoferan leopard gecko) suggests that it does not represent a toxic venom 

component. 

---Leioheterodon madagascariensis PLA2 Group IIE [AFH66961] 

99 

.,_ ____ Dispholidus typus PLA2 Group IIE [AFH66959) 

71 Pantherophis guttatus PLA2 Group IIE (SAL) 

Opheodrys aestivus PLA2 Group IIE (SAL) 

Echis coloratus PLA2 Group IIE (VG) 

98 Python regius PLA2 Group IIE (SAL) ---- Python regius PLA2 Group IIE (SAL, SCG) 

76 ----Eublepharis maculartus PLA2 Group IIE (SAL) 

----Pelodiscus sinensis PLA2 Group IIE [ENSPSIG00000005789] 

89 -----Taeniopygia guttata PLA2 Group IIE [ENSTGUG00000015886] 

____ 8_8.:-----4 100 Gallus gal/us PLA2 Group IIE ENSGALG00000014176 

Me/eagris gallopavo PLA2 Group IIE [ENSMGAG00000017176) 

Monode/phis domestica PLA2 group IIE [ENSMODG00000015910) 

Mus muscu/us group IIE secretory phosphollpase A2 [NP036174] 

Homo sapiens PLA2 group IIE [ENSG00000188784) 

------------Xenopus /aevis phosphollpase A2 group IIE [NP001087269] 

-----------Danio reriosecretory phosphollpase A2 [NP001002350] 

0.2 

Figure 4.17. Maximum likelihood tree of Group !IE Phospholipase A2 (PLA2 Group !IE) 

sequences. Genbank accession numbers or Ensembl gene IDs are given in square brackets. 

Sequences from this study are in orange text and the location of transcripts is provided in 

bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; SCG, scent gland). 

Numbers above branches correspond to Bootstrap values for 500 replicates. 
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Phospholipase B 

A single transcript encoding phospholipase b was found to be expressed in all three E. 

coloratus tissues (Figures 4.2 and 4.18) and transcripts encoding the orthologous gene are 

found in all other tissues from all study species, with the exception of rough green snake 

salivary gland. It was also found in com snake vomeronasal organ, garter snake liver, Burmese 

python pooled tissues (liver and heart) and bearded dragon brain (Figure 4.18). The two 

transcripts in the rough green snake and corn snake are likely alleles or the result of individual 

variation, and actually represent a single phospholipase b gene from each of these species. 

Transcript abundance analysis shows this gene to be expressed at a low level in all tissues from 

all study species. Based on the phylogenetic and tissue distribution of this gene it is unlikely to 

represent a Toxicoferan venom toxin. 

64 

91 

96 

47 

Opheodrys aestivus plb (SCG, SK) 
Pantherophis guttatus plb (SAL, SCG, SK, VMNO) 

Thamnophls e/egans plb (Liver) 
Ophlophagus hannah fib (VG, AG) 

Mlcrurus fulvlus plb- (VG) 
Drysda/la coronoides PLB [F8J2D3] 

Echis coloratus plb (VG, SCG, SK) 
97 100 Ovophls oklnavensls PLB [BAN82155] 

Trlmeresurus flavovlridls Phospholipase 8 (BAN82026] 
s2 Crotalus adamanteus PLB (F8S101] 

Python regius plb (SAL SCG, SK) 
a◄ Python molurus plb (Pooled tissue) 

.___Pogona vlttlceps plb (Brain) 
Ano/ls carollnensfs plb [l:NSACAG00000010378] 

Eublepharis macularius plb (SAL, SCG, SK) 
Pelodlscus slnensls PLB (ENSPSIG00000009483] 

Che/on/a mydas Phospholipase 8-like 1 [EMP31811] 
Columba llvta Phospholipase 8-like 1 [EM"C84810] 

99 Taenlopygla guttata Phospholipase 8-like 1 [XP 002191928] 
56 Gallus gal/us Phospholipase 8 domain containing 1 [XP 416206] 

99 Meleagr1s gallopavo Phos11holipase 8-like 1-like [XP 003202387] 
------- Monodelphls domestlca PLB [ENSMODG0000001l31961 

Homo sap/ens Phospholipase 8 -like 1 precursor [NP 079105] 
87.___~ Rattus norveglcus Phospholipase 8-like 1 precursor [NP 001013949] 

99 Mus musculus Phos11holipase 8-like 1 precursor [NP 080082] 
"------- Latlmeria chalumnae PLB (ENSLACG00000000407] 

_.... 
0.05 

Figure 4.18. Transcripts encoding plb are found in a wide variety of body tissues, and likely 

represent housekeeping genes. Numbers above branches are Bootstrap values for 500 

replicates. Tissue distribution of transcripts is indicated using the following abbreviations: VG, 

venom gland; SK, skin; SCG, scent gland, AG, accessory gland; VMNO, vomeronasal organ 

and those genes found to be expressed in one or more body tissues are shaded blue. 
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Renin ("renin aspartate protease") 

A number of transcripts encoding renin-like genes were detected in the E. coloratus venom 

gland (Figures 4.2 and 4.19), one of which (encoding the canonical renin) is also expressed in 

the scent gland and is orthologous to a previously described sequence from the venom gland 

of the ocellated carpet viper (Echis ocellatus, accession number CAJ55260). The recently

published Boa constrictor renin aspartate protease (rap) gene (accession number JX467165 

(Fry et al. 2013)) is in fact a cathepsin d gene, transcripts of which are found in all three tissues 

in all five study species. This misidentification may be due to a reliance on BLAST-based 

classification, most likely using a database restricted to squamate or serpent sequences. It is 

highly unlikely that either renin or cathepsin d (or indeed any renin-like aspartate proteases) 

constitute venom toxins in E. coloratus or E. ocellatus, nor do they represent basal Toxicoferan 

toxins. 
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Pantherophis guttatus cathepsin d (SAL, SCG, SK) 
Opheodrys aestivus cathepsin d (SAL, SCG, SK) 
Echis coloratus cathepsin d (VG, SCG, SK) 

Boa constrictor RAP-Boa-1 [AGl97187] 
Python regius cathepsin d (SAL, SCG, SK) 
Eublepharls macu/arlus cathepsin d (SAL, SCG, SK) 
Anolls carollnensls cathepsin d-like [XP 003214815) 

Che/on/a mydas Cathepsin D [EMP29355] 
Taen/opygla guttata cathepsin D [XP 002199093] 

Co/umba I/via Cathepsin D [EMC88033] 
Gallus gal/us cathepsin D precursor [NP 990508] 

99 Meleagrls gallopavo cathepsin D-like [XP 003206349] 
Xenopus troplcal/s cathepsin D-like [NP 001136375] 

Mus muscu/us renin-1-like [XP 003946102) 
Rattus norveg/cus renin precursor [NP 03677 4] 
Homo sap/ens renin [AAR03502] 

.__ __ Monode/phls domestlca renin-like [XP 001370729) 
Gallus gal/us renin-like [XP 003642787] 

Eublepharis macularius renin (SCG) 
Anolls carollnensls renin-like [XP 003220414) 

Ech/s coloratus renin (VG) 
99 Echls co/oratus renin (SCG) 
a2 Ech/s ocellatus renin-like aspartic protease [CAJ55260] 

Eub/epharls macularius cathepsin d-like (SAL, SCG, SK) 
Anol/s carollnensls cathepsin d-like [XP 003225283] 
Python reg/us cathepsin d-like (SCG) 
Pantherophis guttatus cathepsin d-like (SCG) 
Echis coloratus cathepsin d-like (SCG, SK) 

100 

98 

Ech/s coloratus beta-secretase 1 (VG, SK) 
68 Pantherophls guttatus beta-secretase 1 (SAL, SCG, SK) 
99 Opheodrys aestivus beta-secretase 1 (SAL, SK) 

Python regius beta-secretase 1 (SAL) 
Gallus gal/us beta-secretase 1 [XP 417908] 

Eublepharis macularius beta-secretase 1 (SK) 
Rattus norveglcus beta-secretase 2 precursor [NP 001002802] 

Gallus gal/us beta-secretase 2 [XP 416735] 
Anolls carollnensls beta-secretase 2-1 ike [XP 003219011] 

Python regius beta-secretase 2 (SAL) 
Echis coloratus beta-secretase 2 (VG) 

oo Opheodrys aestlvus beta-secretase 2 (SAL) 
100 Pantherophls guttatus beta-secretase 2 (SAL) 

Figure 4.19. Renin-like genes are expressed in a diversity of body tissues. The recently 

published Boa constrictor "RAP-Boa-1 " sequence is clearly a cathepsin d gene and is therefore 

not orthologous to the Echis ocellatus renin sequence as has been claimed (Fry et al. 2013). 

Numbers above branches are Bootstrap values for 500 replicates. Tissue distribution of 

transcripts is indicated using the following abbreviations: VG, venom gland; SK, skin; SCG, 

scent gland and those genes found to be expressed in one or more body tissues are shaded blue. 
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Ribonuclease 

Ribonucleases have been suggested to have a role in the generation of free purines in snake 

venoms (Aird 2005) and the presence of these genes in the salivary glands of two species of 

lizard ( Gerrhonotus infernalis and Celestus warreni) and two colubrid snakes (Liophis 

peocilogyrus and Psammophis mossambicus) has been used to support the Toxicofera (Fry et 

al. 201 0a; Fry et al. 2012a). No orthologous ribonuclease genes were identified in any of the 

salivary or venom gland transcriptomes, nor in the venom gland transcriptomes from the 

Eastern diamondback rattlesnake, king cobra and eastern coral snake (although a wide variety 

of other ribonuclease genes were identified). The absence of these genes in seven members of 

the Toxicofera, coupled with the fact that they were initially described from only 2 out of 11 

species of snake (Fry et al. 2012a) and 3 out of 18 species of lizard (Fry et al. 201 0a) would 

cast doubt on their status as conserved Toxicoferan toxins. 

Three finger toxins (3ftx) 

Two transcripts encoding three finger toxin (3ftx)-like genes were found in the E. coloratus 

venom gland, one of which is expressed in all 3 tissues ( 3ftx-a) whilst the other is expressed in 

the venom and scent glands Uftx-b). Orthologous transcripts of ~ftx-a are found to be expressed 

in all three tissues of corn snake, rough green snake salivary gland and skin, and royal python 

salivary gland. An ortholog of ~ftx-b is expressed in rough green snake scent gland. A number 

of different putative 3ftx genes are also found in other study species, often expressed in multiple 

tissues (Figures 4.2 and 4.20). Based on the phylogenetic and tissue distribution of both of 

these genes it is likely that they do not represent venom toxins in E. coloratus. As with other 

proposed Toxicoferan genes such as complement c3 and nerve growth factor, it seems likely 

that 3ftx genes are indeed venom components in some species, especially cobras and other 

elapids (Fry et al. 2003; Vonk et al. 2013), and that the identification of their non-venom 

orthologs in other species has led to much confusion regarding the phylogenetic distribution of 

these toxic variants. 
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,. Monode/phis domestica ly-6/neurotoxin-like protein 1-like [XM 001381754) 
Mus musculus Ly-6/ne..-otoxin homolog [AF141377) 

Python moluros Jftx.a (Pooled tissue) 
" Thamnophis elegans Jftx.a (Pooled tissue) 

if Pantherophis gurtatus Jhx-a (SAL) 
Pantherophis gutt•ru• Jftx.o (SK) 
Opheodrys aestivus Jhx a (SK) 

" Ophoodtys aestivus 3f0<-a (SAL) 
Pantherophis gurtatus 3ftx a (SCG) 

" Echfs coforarus Jhx a (VG, SCG, SK) 
Python regius Jftx-a (SAL) 
Lachesis murathree finger toxin-like precursor [ABD52883) 
Thamnophis etegans Jftx (Pooled tissue) 

Thamnophis etegans Jftx (Pooled tissue) 
tz Thrasops jacksoni JFTx-Thr2 [EU029684) 

Thrasops Jacksoni JFTx.ThrJ [EU029685) 
97 " Thrasops jacksoni JFTx-Thr1 IEU029682j 

' Dispholidus typus JFTx-Dis2 EU029681 
., Dispholidus typus JFTx-DisJ [EU029683I 

" Boiga dendrophilia Denmotoxin [Q06M0) 
, Telescopus dhara JFTx-Tel4 (EU029686) 

Tefescopus dhara 3FTx-Te12 [!:U029679j 
Telescopus dhara JFTx-TeO [EU029680 

Dispholidus typus JFTx-Dis1 (EU02967 4) 
Liophis poecifogyros JFTx.Uo3 IABU68473j 
Liophis poecifogyros JFTx-Uo2 ABU68472 

Telescopus dhara JFTx-Tel1 (EU029671) 
Opheodrys aestiVIJ$ Jftx (SAL, SCG) 

hon regius Jftx (SCG) 
Dpheodrys aestivus Jftx ( SAL) 
Opheodrys adtivu• Jftx (SCG) 
Python regius Jftx (SCG) 

• Thrasops jacksoni JFTx-Thr5 [EU036635) 
Dispholidus typus JFTx-Dls4 [EU036636I 
Tnmorphodon biscutatus 3Fix-Tri1 [AB1J68475) 
Leioheterodon madagascariensis JFTx-Lei1 [EU029676] 
Psammophis mossambicus JFTx-Psa1 [EU029669) 
Sistroros catenatus edwardsi three finger toxin 3 (00464283) 

110 Ecllis coloraJus Jhx b (VG, SCG) 
Opheodrysaestivus 3ftx b (SCG) 
Sistruros catenatus edwardsi three finger toxin 2 (00464282) 

Sistruros catenatus edwardsf three finger toxin 1 [00464281) 
Sistroros catenatus edwardsi three finger toxin 48 [00464285) 

Sistruros catenatus edwardsi three finger toxin 4A [00464284) 
Panthorophis guttatus 3ftx (SCG) 

Pantherophi• guttatus 3hx (SAL) 
Pantherop/lis guttatus Jhx (SCG) 

Thamnophis e/egans 3hx (Pooled tissue) 
Thamnophis e/egans 3ftx (Pooled tissue) 

Thamnophis e/egans 3ftx (Pooled tissue) 
Thamnophis elegans 3ftx (Pooled tissue) 
Opheodrys aestivus 31tx ( SCG) 
Pamherop/Jis gunatu• 3ftx (SCG) 

Enhydris pofylepis 3FT x-Enh1 [EU029668) 
Python regius 31tx (SAL) 

,. Naja sputatrix wtHX-9 weak neurotoxin precursor (AF098924) 
Naja atra Full Probable weak neurotoxin NNAM2 [P60814) 

Najaatra Full Probableweolt neurotoxin tlNAM1 [09YGI2) 
Bungaros naviceps non-conventional three finger toxin isoform 7 [ADF50022) 

Bungaros mufticinctus cardiotoxin-like protein [AJ0077 41) 
" Bungaros llaviceps shon.chaln three finger toxin lsoform 3 [ADF50011) 

" Ophiopha~s hannah Three-Finger Neurntoxin [3HH7 _A) 
Lapemis hardwicldi Long neurotoxln 2 [A3FM531 

Bungaros multicinctus neurotoxin-like protein [ll:J006135) 
Bungaros llaviceps non.conventional three finger toxin isoform 3 (ADF50018) 
Bungarus candidus candoxin [AY142J23) 

" Taeniopygia g.-tata prostate stem cell antigen [XP002187004) 
" Gaff us gaflus prostate stem cell antigen [XP418414) 

" Cofumba livia Prostate stem cen antigen partial [EMC78508) 
" Mus musculus Prostate stem cell antigen [NM 028216) 

Rattus norvegicus prostate stem cell antigen prec..-sor [NP001165577) 
Gallus gaflus LY6/PLAUR domain containing 2 [XM 001231772) 

Mefeagris gaf/opavo lymphocyte antigen 6E-like [XPOOJ205371) 
" Gaff us gaff us lymphocyte antigen 6 complex J?<M 4184131 

Mefeagris gaffopavo lymphocyte antigen 6E-llke [XM 003~05322) 
Taeniopygia g.-tata stem cell antigen 2-llke [NM 001245635) 

" Chelonia mydas Lymphocyte antigen 6E [EMP26638) 
, no/is carolinensis lymphocyte antigen 6E-like (XM 003223921) 

Eubfep/Jaris macu/arius lymphocyte antigen 6E-like !SK) 
Homo sapiens lymphocyte antigen 6 complex locus E variant [BAD96794) 

Gaff us gaffus lymphocyte antigen 6E prec1.-sor (NP990106) 
Taeniopygla gwara lymphocyte antigen 6E-like [XP002187037) 

Panrherop/Jis gurrarus lymphocyte antigen 6[ l ike (SAL, SK) 
Ano/is carofinensis lymphocyte antigen 6E-like [XP003223972) 
Xenopus tropical& prostate stem cell antigen-like [XP002941544) 

Figure 4.20. Maximum likelihood tree of three .finger toxin (3ftx) genes. Genbank accession 

numbers or Ensembl gene IDs are given in square brackets. Sequences from this study are in 

orange text and the location of transcripts is provided in bracketed blue text (VG, venom gland; 

SAL, salivary gland; SK, skin; SCG, scent gland). Numbers above branches correspond to 

Bootstrap values for 500 replicates. 
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Vespryn 

No vespryn transcripts were found in any E. coloratus tissues, although this gene is present in 

the genome of this species (accession number KFl 14032). However transcripts encoding this 

gene were found in the salivary and scent glands of the corn snake, and skin and scent glands 

of the rough green snake, royal python and leopard gecko (Figures 4.2 and 4.21 ). The tissue 

distribution of this gene in these species casts doubt on its role as a venom component in the 

Toxicofera. 

65 

Hoplocephalus stephensiivespryn isoform 1 [ABW74877] 
Demansia vestigiata vespryn isoform 1 [ABW7 4870) 
Pseudonaja textilis vespryn isoform 2 [ABW7 4865) 
Tropidechis carinatus vespryn isoform 1 [ABW7 487 4) 
Drysdalia coronoides Vesp23 [AEH95534) 
Cryptophis nigrescensvespryn isoform 1 [ABW74872] 
Cryptophis nigrescens vespryn isoform 2 [ABW7 4873) 
Notechis scutatus vespryn isoform 1 [ABW7 4866) 
Pseudechis austra/is vespryn [ABW7 4876) 
Oxyuranus scutellatus vespryn isoform 1[ABW74868] 
Drysda/ia coronoides Vesp21 [AEH95532) 

Pseudonajatexti/isvespryn isoform 1 [ABW74864) 
Drysdalia coronoides Vesp22 [AEH95533] 
Oxyuranus scutellatus vespryn isoform 2 [ABW74869) 
Ophiophagus hannah Chanin precursor [AAR07992) 

Naja kaouthia Thaicobrin [P82885.J 
seudechisporphyriacusvespryn isoform 1 [ABW74875] 

73 Opheodrys aestivus vespryn (SCG, SK) 
--t---Echis coloratus vespryn [KF114032) (genomic - contig 243235) 

Lachesis muta Chanin-like protein [Q27 J48) 
Crotalus adamanteusvespryn [AEJ32004) 

95 Pantherophis guttatus vespryn (SAL, SCG) 
Pantherophis gutta/us vespryn (genomic - contig 470301) 

Boa constrictor vespryn-Boa-1 [Gl97190] 
Python regius vespryn (SCG, SK) 

87 
Python molurus vespryn [AEQU010188142] (genomic - contig 26526219) 

_____ _. -----Eub/epharis macularius vespryn (SCG, SK) 

6.U------Ano/is caro/inensis ohanin-like [XP003218014) 
Pogona barbata vespryn-PCGU1 [Q2XXL4) 

1.._ __ 4::;9:c======~A~n~ol!is~c:a:ro:l~in,ensis tripartite motif-containing protein 7-like [XP 003218019) r Ano/is carolinensis zinc finger protein RFP-like [XP 003218059) 
.,_ ___ ~he/onia mydasGuanine nucleotide-binding protein subunit beta-2-like 1 [EMP25897] 

Chelonia mydas Tripartite motif-containing protein 39[EMP25888] 
--,. __ ..;;9:.:,7.a Meleagris gallopavo tripartite motif protein 39 [AOU03785] 

Gallus gal/us tripartite motif-containing 39 [NP001006196) 
69 .--------Homo sapiens butyrophilin subfamily 3 member A1 [NP 001138480) --L..------- Monodelphisdomesticatripartite motif-containing protein 39-like [XP 001374079) 

~ 

Figure 4.21. Maximum likelihood tree of vespryn sequences. Genbank accession numbers are 

given in square brackets. Sequences from this study are in orange text and the location of 

transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; 

SCG, scent gland). Numbers above branches correspond to Bootstrap values for 500 replicates. 
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Waprin 

A number of "waprin"-like genes were found in this dataset, expressed in a diverse array of 

body tissues. Phylogenetic analysis (Figure 4.22) shows that previously characterised "waprin" 

genes (Torres et al. 2003; Nair et al. 2007; Fry et al. 2008; Rokyta et al. 2012; Aird et al. 2013) 

most likely represent WAP.four-disulfide core domain 2 (wfdc2) genes, which have undergone 

a squamate-specific expansion for which there is no evidence for a venom gland-specific 

paralog. It is unlikely therefore that these genes represent a Toxicoferan venom toxin. Indeed, 

the inland taipan (Oxyuranus microlepidotus) "Omwaprin" has been shown to be" ... non-toxic 

to Swiss albino mice at doses ofup to 10 mg/kg when administered intraperitoneally" (Nair et 

al. 2007) and is more likely to have an antimicrobial function in the venom or salivary gland. 

65 

93 

76 

Tropidechls c11rln11tus Carwaprin-b [B5L5P0J 

63 Demans/11 vestir,ieta Veswaprin-c [B6L6P6] 
Notechls scut11tus Notewaprin-a [B5G6H4] 

4 Notechls scutatus Notewaprin-b [B5G6H6] 
Demansia vestir,/ata Veswaprin-b [B6L6P5] 
Cryptophls n/grescens Nlgwaprin-a [B5G6H1] 
Pseudechis porphyr/11cus Porwaprin-b [B5L6N2] 

Cryptophis n/grescens Nlgwaprin-b [B5L5N6] 
Hop/ocephalus stephensii Stewaprin-a [B6G6H3] 

70 Austre/aps superbus Supwaprin-a [B5KGY9] 
Pantherophis guttatus waprin-like (SAL, SCG) 

"------ Python reg/us waprin-Hke (SK) 
Eublepharls macu/arlus waprin-like ( SAL, SCG, SK) 

Thamnophis e/egans waprin-like (Liver, Pooled tissue) 
Oph/ophagus hannah waprin-llke (VG) 

Opheodrys aest/vus waprin-like (SCG, SK) 
Pantherophis guttatus waprin-like ( SCG) 
Phl/odryas olfers/1 Waprin-Phl3 [ABU68546] 

Oph/ophagus hanneh waprin-like {AG) 
P11ntherophis gutt11tus waprin-like {SAL, VMNO) 
Opheodrys 11est/vus waprin-like (SAL) 

r---~-r---:_ Python reg,us waprin {SCG) 
Python reg/us waprin { SK) 

Oph/oph11gus h11nn11h waprin (AG, Pl) 
Phl/odryas offersl/ Waprin-Phi1 [A7X4K1] 
Th11mnoph/s e/egens waprin (Liver) 

Opheodrys eestivus waprin (SAL, SCG, SK) 
P11ntherophis gutt11tus waprin ( SAL, VMNO) 
Th11mnophls e/egans waprin (Liver, Pooled tl11ue) 

Nll}a nigrkollls Nawaprin [P60589] 
Oph/oph11gus h11nn11h waprin (VG) 

Rh11bdophls tir,rlnus Waprin-Rha1 [A7X4J4) 
Pantherophis gurratus waprin (VMNO) 

--- Thresops Jackson/ Waprin-Thr1 [A7X4I7] 
--- L/ophis poeci/ogyrus Waprin-Lio1 [A7X4L4] 

Philodryas o/fers/1 Waprin-Phl2 [A7X4K7] 
Crot11/us 11damanteus Waprin [AFJ49269] 

Echis color11tus waprin {VG, SK) 
Ovophls o/f.lnavensls Waprin [BAN89446) 1---- Eublepharis macul11rius waprin (SAL, SCG, SK) 

----Chrysemys pkta be/Iii Waprin-Phl1-like [XP 005304910] 
1 Alligator s/nens/s WAP four-dlsulflde core domain protein 2 [XP 006036848] 

r--""""'"f Alligator misslsslppiensls WAP four-dlsulftde core domain protein 2-like [XP 006260197) 
99 Columb11 //via Waprin-Phl1-llke [XP 005499578] 

Columba I/via WAP four-dlsulflde core domain protein 2 [EMC83403] 
Gallus gal/us WAP four-dlsulftde core domain protein 2-like [XP 003642517] 

Me/eagr/s g11//op11vo WAP four-disulftde core domain protein 2-llke [XP 003212514] 
r--~7L~ Rattus norvegkus Wfdc2 [ENSRNOG00000014739] 

99 Mus musculus Wfdc2 [EN SMU SG00000017723) 
"------~ Monodelphls domestic• WAP four-dlsulffde core domain 2 [ENSMODG00000016177] 

Homo sapiens HE4 protein [CAA44869) 
Pan troglodytes Wfdc2 [EN SPTRG00000013549] 

---------- Xenopus tropkalis WAP four-dlsulftde core domain protein 2-llke [XP 002935659] 

0.2 

Figure 4.22. Maximum likelihood tree of waprin sequences. Genbank accession numbers or 

Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 
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and the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, 

salivary gland; SK, skin; SCG, scent gland; AG, accessory gland; PT, pooled tissue; VMNO, 

vomeronasal organ). Numbers above branches correspond to Bootstrap values for 500 

replicates. The two Echis coloratus sequences are likely to be alleles or the result of variation 

in the two individuals used to generate the transcriptomes. 

4.3.2 Putative venom toxins of Echis coloratus 

The following genes show either a venom gland-specific expression or an elevated expression 

level in this tissue, but not both. As such they may represent venom toxins in E. coloratus, but 

further analysis is needed in order to confirm this. 

Vascular endothelial growth factor 

Four transcripts encoding vascular endothelial growth factor (VEGF) were found to be 

expressed in the venom gland of E. coloratus. These correspond to vegf-a, vegf-b, vegf-c and 

vegf-f and of these, vegf-a, band care also expressed in the skin and scent gland of this species 

(Figure 4.2). Transcripts encoding orthologs of these genes are expressed in all three tissues of 

all other species used in this study (with the exception of the absence of vegf-a in corn snake 

skin). In accordance with previous studies (Rokyta et al. 2011 ), there was evidence of 

alternative splicing of vegf-a transcripts in all species (Figure 4.23) although no variant appears 

to be tissue-specific. It is likely that a failure to properly recognise and classify alternatively 

spliced vegf-a transcripts (Aird et al. 2013) may have contributed to an overestimation of snake 

venom complexity. 
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Figure 4.23. Alignment of conceptual translations of alternative splice variants encoding 

vascular endothelial growth factor A (VEGF A). Species abbreviations: Ema, leopard gecko 

(Eublepharis macularius); Pre, royal python (Python regius); Eco, painted saw-scaled viper 

(Echis coloratus); Oae, rough green snake ( Opheod,ys aestivus); Pgu, corn snake 

(Pantherophis guttatus). 

vegf-d was only found to be expressed in royal python salivary gland and scent gland and all 

three tissues from leopard gecko (Figures 4.2 and 4.24). The transcript encoding VEGF-F is 

found only in the venom gland of E. coloratus and, given the absence of any Elapid vegf-f 

sequences in public databases as well as absence of this transcript in the two species of colubrid 

in this study, it appears that vegf-f is specific to vipers. Whilst vegf-f has a higher transcript 

abundance in E. coloratus venom gland (186.73 FPKM) than vegf-a (3.24 FPKM), vegf-b (1 .28 

FPKM) and vegf-c (1.54 FPKM), compared to other venom genes in this species (see section 
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4.6) it has a considerably lower transcript abundance suggesting it represents at most a minor 

venom component in E. coloratus. 

65 Ech,s coloratus veg!-<: (VG, SCG, SK) 
Crotalus horridus VEGF-C [JAA95033] 

50 Opheodrys aest/vus veg!-<: (SAL, SCG, SK) 
a Pontherophis guttatus vegl-<: (SAL, SCG, SK) 

Thamnophis e/egans vegl-<: (Liver) 
91 M/crurus fulv/us VEGF-C [JAB52939] 

phlophar,us hannah vegf-<: (VG) 
Python reg/us vegl-<: (SAL, SCG, SK) 
Python molurus vegf-<: (Pooled tiHue) 

Ano/is carollnensis vegl-<: (Pooled tiHue) 
Eublepharis moculorius vegl-c (SAL, SCG, SK) 

Pogona vlttlceps vegl-<: (Btsln) 
Taenlopygi. guttata VEGF-C [ENSTGUG00000006451) 
Me/eagr/s ga/lopavo VEGC-C [ENSMGAG00000007088] 
Gallus gal/us VEGF-C [ENSGALG00000010847] 
Monode/ph/s domestic• VEGF-C [ENSMOOG00000003799] 

Homo up/ens VEGF-C [NP 005-420) 
Rattu• norveg/cus VEGF-C [NP 446105) 

1 Mus muscu/us VEGF-C [AAC62984) 
Lor/mom che/umnae VEGF-C [ENSLACG00000002200] 
Larimer/a chelumnae VEGF-O [ENSLACG00000015806] 

Mus muscu/us VEGF-O [NP 034346) 
Rattu• norveg/cus VEGF-O [AAK96008J 

Homo sap/ens VEGF-0 [NP 004460) 
Gallus gal/us VEGF-0 [AAM12733) 
Taenlopyr,i. guttata VEGF-O [XP 002197500] 
Eub/epharis macularlus vegl-d (SAL, SCG, SK) 

Python reg/us vegf-d (SAL, SCG, SK) 
66 Ano/ls carol/nensis vegf-d [ENSACAG00000012419] 

Macro,.,.,. ,._ avVEGF [P82475) 
O,,bola russel#/ VEGF-F [ACN2204e] 

V ... ra e-,Jls VEGF [P83942] 
V ... ,. ammodyt9s VEGF-F [ACN22045) 
Echis coloratus vegf.f (VG) 
Bltls arletana Bar1etln [ACN22038] 
Protobothrops mucrosquaffllllUS TM-VEGF [AAS07832) 

71 Protobothrops f/evovlrldl• vaaeular endotheffal growth factor-like protein [BAN82012) 
Ovoph/a __,.,..,. vaaeular endothelial growth factor-like protein [BAN82146] 
A(ltlstrodon p/ac/von,1 aplldn precutsor [ACN22039] 

Bothrops jararaca VEGF-F [AAK62103) 
Bothrops /nau/arls VEGF-F [Q90X24] 

Crota/us -manteu1 vegf-f (VG) 
Crotalua atrox cratrfn preeuraor (ACN22040) 
Statrurus cateflfttul edwards/ VEGF-F [BOVXV3] 

Mus muscu/us VEGF-B [AAB06273] 
.--.. __ Homo sap/ens VEGF-B [NP 003388) 

Monode/ph/s domestic• VEGF B~lke [XP 001378447) 
Eub/epherls maculorlus vegl-b (SAL, SCG, SK) 

Echis co/oratus vegf-b (VG, SCG, SK) 
Python reg/us vegl-b (SAL, SCG, SK) 
Python mo/urus vegl-b (Pooled t111ue) 

Ophlophegus hannah vegf-b (AG, PT) 
Thamnophis e/egans vegf-b (Liver) 
Opheodrys aestlvus vegl-b (SAL, SCG, SK) 
Pantherophls guttatus vegl•b (SAL, SCG, SK) 

Homo sap/ens VEGF-A [NP 001020637) 
Mus muscu/us VEGF-A [ENSMUSG00000023951) 

Taenlopyr,i. r,uttata VEGF-A [ENSTGUG00000008137] 
Gallus gal/us VEGF-A [ENSGALG00000010290] 
Eublephoris macularlus vegf-a (SAL, SCG, SK) 

Ano/is caro/lnens/s vegf-a [ENSACAG00000001612) 
Thamnophis e/egans vegf-a (Liver) 
Opheodrys eestlvus vegf.a (SAL, SCG, SK) 

~~~~ ~:i:u~·!:~ J S~~J~lu;.KJe) 
Pontherophls guttetus vegl-a (SAL, SCG, VMNO) 

Pseudon~ modest• VEGF-Poe-3 (JAA74898] 
Suto nlgr/ceps VEGF-A [ACY68720] 

Ophlophegus honn•h vegf-a (VG) 
M/crurus fulvlus vucular endothelial growth factor 2 [JAB62756] 
Mlcrurus fulvlus vucular endothelial growth factor 3 [JAB52755) 
M/crurus fulv/us vucular endothelial growth factor 1 [JAB52767] 

Echls coloratus vegl-<1 (VG, SCG, SK) 
Bltls r,abon/ca VEGF-A [AAR06865) 

Crotolus adamanteus VEGF 1a [AFJ49265) 
Croll/us odamanteu, vascular endothelial growth factor 1b [AFJ49266) 

rotobothrops flavovlrldls vucular endothelial growth lactor~lke protein [BAN89382) 
Protobothrops flavov/rldls vucular endothelial growth factor~lke protein [BAN89381] 
Ovophis oklnavons/s vucular endothelial growth factor~lke protein [BAN89443] 

3 
Ovophis ok/novonsls vucular endothelial growth factor~lke protein [BAN89442] 

43 
Ovoph/s ok/navens/s vucular endothelial growth lactor~lke protein [BAN89445] 
Ovophis ok/navensls vucular endothelial growth factor~lke protein [BAN89444] 

,_ ___ Lar/mem chalumnae PGF [ENSLACG00000018931) -0.5 

C 

F 

B 

A 

Figure 4.24. Maximum likelihood tree of vascular endothelial growth/actor (veg/) sequences. 

Monophyletic clades representing the five members of the veg/family (a-f) are indicated and 

the putative viper venom-specific vegf-f clade is shaded green. Genbank accession numbers or 
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Ensembl gene IDs are given in square brackets. Sequences from this study are in orange text 

and the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, 

salivary gland; SK, skin; SCG, scent gland; AG, accessory gland; PT, pooled tissue; VMNO, 

vomeronasal organ). Numbers above branches correspond to Bootstrap values for 500 

replicates. 

L-amino acid oxidase 

Transcripts encoding two /-amino acid oxidase (laao) genes were detected in E. coloratus, one 

of which (laao-b) has two splice variants (Figures 4.2 and 4.25). 

75 

99 

100 Crota/us adamanteus LAAO [AFJ49193) 
99 Crotalus atrox LAAO [AAD45200] 

Lachesis muta LAAO [AFP89360) 

Cal/oselasma rhodostoma LAAO [CAB71136) 

Viridovipera stejnegeri LAAO [AAQ16182) 

Daboia russellii slamensls LAAO [AAZ08620) 

0 
Echis ocel/atus LAAO [CAQ72894J 

84 10 Echis co/oratus laao-b1 (VG) 

99 Echis coloratus laao-b2 (VG) 

Opheodrys aesuvus laao-b (SCG) 

Panrherophis guttatus laao-b (SCG) 

Naja atra LAAO [ABN72546) 

Oxyuranus scutel/atus LAAO [AA Y89680) 

Bungarus fasciatus LAAO [ABN72540) 

Python reg,us laao-b (SCG) 

Python mo/urus [AEQU010327398) (Genomic- contlg 26804723) 

...._ __ Ano/is carolinensis I-amino-acid oxldase-llke lsoform 1 [XP003217921) 

1....---Xenopus tropicalis I-amino-acid oxldase~lke [XP002938651) 

i------- Xenopus tropicalis LAAO [XP002937668) 

Meleagris gal/opavo LAAO [ADU03782] 

Gallus gal/us LAAO [NP001092821) 

Taeniopygia guttata LAAO [XP002189436) 

Co/umba /ivia LAAO [EMC90054) 

Chelonia mydas LAAO [EMP41398) 

Echis co/oraws laao-a (VG, SCG, SK) 

Ophiophagus hannah LAAO [ABN72538] 

Ano/is carolinensis I-amino-acid oxldase~lke [XP003217939) 

Eub/epharis macularius laao (SAL, SCG) 

1....-- Eublepharis maculanus laao (SAL, SCG, SK) 

Ano/is carolinensis [ENSACAG00000028748) 

Physignarhus /esueurii LAAO 
...._ _______________ Homo sapiens 0-amlno-acld oxldase [NP001908) 

0.5 

Figure 4.25. Maximum likelihood tree of I-amino acid oxidase (laao) sequences. Genbank 

accession numbers or Ensembl gene IDs are given in square brackets (the Australian Water 

Dragon (Physignathus lesueurii) sequence does not have a Genbank accession number and is 

derived from a sequence in (Fry et al. 2013)). Sequences from this study are in orange text and 

the location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary 

gland; SK, skin; SCG, scent gland). Numbers above branches correspond to Bootstrap values 

for 500 replicates. 
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laao-a transcripts are found in all three£. coloratus and leopard gecko tissues. laao-b is venom 

gland-specific in E. coloratus (based on the available data) and transcripts of the orthologous 

gene are found in the scent glands of corn snake, rough green snake and royal python. The 

splice variant laao-b2 may represent a venom toxin in E. coloratus based on its specific 

expression in the venom gland of this species and elevated expression level (628.84 FPKM). 

Crotamine 

A single crotamine-like transcript was found in the venom gland of E. coloratus (Figures 4.2 

and 4.26). Related genes are found in a variety of tissues in other study species (including the 

scent gland of the rough green snake, the salivary gland and skin of the leopard gecko, and in 

all three com snake tissues), although the short length of these sequences precludes a definitive 

statement of orthology. This gene may represent a toxic venom component in E. coloratus 

based on its tissue distribution, but due to its low transcript abundance (10.95 FPKM) it is 

likely to play a minor role, if any. 
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91 Crotalus oreganus he/Jeri crotamine 4 [AEU60012] 

1
g Crotalus adamanteus myotoxin [AEJ31978] 

Crotalus durissus terrificus crotamine [AAF34911] 
Echis coloratus crotamine-like (VG) 

Crotalus durissus Crotasin (Q6HAA2] 
Lachesis muta beta-defensin-like protein [AGF25394] 
Lachesis muta beta-defensin-like protein [AGF25395) 

Bothrops jararaca beta-defensin-like protein [AGF25387] 
Bothrops Jeucurus beta-defensin-like protein [AGF25389] 
Bothropoides pau/oensis beta-defensin-like protein [AG~25393] 
Bothrops neuwiedi beta-defensin-like protein [AGF25392] 
Pantherophis guttatus crotamine-like (SAL, SCG) 

Pantherophis guttatus crotamine-like (SAL) 
Pantherophis guttatus crotamine-like (SK) 

Thamnophis elegans crotamine-like (Pooled tissue) 
Opheodrys aestivus crotamine-like (SCG) 

Thamnodynastes strigatuscrotamine-like precursor [AEY69048) 
Thamnodynastes strigatuscrotamine-like precursor [AEY69049) 

Thamnodynastes strigatus crotamine-like precursor [AEY69047) 
100 Opheodrys aestivuscrotamine-like (SCG) 

Varanus glauerti crotamine-Var-4 [AGl97147] 
72 Varanus rrtslfs crotamlne-Var-5 [AGl97148) 

Varanus glauerti crotamine-Var-1 [AGl97144] 
Varanus g/auerti crotamine-Var-2 [AGl97145] 
Varanus glauerti crotamine-Var-3 [AGl97146) 

Pogona barbata CLP-POGU2 [AA.275612) 
Pogona barbata CLP-POGL 1 [AAZ75614) 

Uromastyx aegyptia crotamine-Uro-1 [AGl97143) 
Pogona barbata CLP-POGU1 [Q2XXP0] 

9 Pogona barbata CLP-POGL2 (Q2XXN6] 
Eublepharis macu/arius beta-defensing-like (SAL, SK) 

Python molurus bivittatus gallinacin 13-like (Pooled tissue) 
Ano/is caro/inensisgallinacin-13-like [XP 003225598] 

Taeniopygia guttata gallinacin 13 [ENSTGUG00000013290] 
6 1 Ga//usga//usGallinacin 13 [ENSGALG00000019848) 
Pogona barbata CLP-POGU3 [AAZ75613) 

Macaca mulatta oral alpha defensin 1 precursor [NP 001124531) 

5 Python mo/urus bivittatus gallinacin 9-like (Pooled tissue) 
olumba livia Gallinacin-9 [EMC78271] 

Gallus gal/us gallinacin-9 preproprotein [NP 001001611] 
Taeniopygia guttata gallinacin-9-like [XP 00417 4679) 

Anas platyrhynchos Gallinacin-8 partial [EOA95213) 
Gallus gal/us beta-defensin 8 [AA T48932] 
Meleagris gallopavo gallinacin-8-like [XP 003204675) 
Gallus gal/us beta-defensin 5 [AA T48929) 
Gallus gal/us beta-defensin 5 (brain) 

Columba livia avian beta-defensin 5beta [AFH7 4417) 
99 Gallus gal/us beta-defensin 4 [ABG7331>9) 

Meleagris gallopavo gallinacin-4-like [XP 003204682) 
Homo sapiens beta-defensin-1 AAC51728.1 I 

Rattus norvegicus beta-defensin 1 precursor [NP 113998) 
68 Mus muscu/us beta-defensin 1 precursor [NP 031869) 

Figure 4.26. Maximum likelihood tree of crotaminel/J defensin sequences. Genbank accession 

numbers are given in square brackets. Sequences from this study are in orange text and the 

location of transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary 

gland; SK, skin; SCG, scent gland). Numbers above branches correspond to Bootstrap values 

for 500 replicates. 
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4.3.3 Proposed venom toxins in Echis coloratus 

The following genes are found only in the venom gland of E. coloratus and clearly show an 

elevated expression level (Figure 4.32). Whilst these genes are likely to encode venom toxins 

in this species (Table 4.1) it should be noted that none of them support the monophyly of 

Toxicoferan venom toxins. 

Cysteine-rich secretory proteins (CRISPs) 

Transcripts encoding two distinct CRISPs are expressed in the E. coloratus venom gland, one 

of which is also found in skin and scent gland (Figure 4.2). Phylogenetic analysis of these genes 

( designated crisp-a and cri5p-b) reveals that they appear to have been created as a result of a 

gene duplication event earlier in the evolution of advanced snakes (Figure 4.27). crisp-a 

transcripts are also found in all three com snake tissues, as well as rough green snake skin and 

scent gland and royal python scent gland. crisp-b is also found in com snake salivary gland 

(Figures 4.2 and 4.27) and the phylogenetic and tissue distribution of this gene suggest that it 

does indeed represent a venom toxin, produced via duplication of an ancestral crisp gene that 

was expressed in multiple tissues, including the salivary gland. The elevated transcript 

abundance of crisp-b (3,520.07 FPKM) in the venom gland of E. coloratus further supports its 

role as a venom toxin in this species. The phylogenetic and tissue distribution and low transcript 

abundance of crisp-a (0.61 FPKM in E. coloratus venom gland) shows that it is unlikely to be 

a venom toxin. There is no evidence of a monophyletic clade of reptile venom toxins and 

therefore, contrary to earlier reports (Fry et al. 2009b; Fry et al. 20 I 0a), the CRISP genes of 

varanid and helodermatid lizards do not represent shared Toxicoferan venom toxins and, if they 

are indeed toxic venom components, they have been recruited independently from those of the 

advanced snakes. Regardless of their status as venom toxins, it appears likely that the diversity 

of CRISP genes in varanid lizards in particular (Fry et al. 2006) has been overestimated as a 

result of the use of negligible levels of sequence variation to classify transcripts as representing 

distinct gene products (see later section). 
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* 88 

23 

29 

Ophiophagus hannah Opharln [ACN93671] (Thailand) 
Ophiophagus hannah crisp-a (VG, AG) (Indonesia) 

Bungarus candidus Bc-CRPb [ACE73577] 
Bungarus candidus Bc-CRPa [ACE73578) 

Naja atra natrtn-2 (Q7ZZN8) 
Naja kaouthia kaouthln-2 [ACH73168) 

Oxyuranus micro/epldotus CRISP-OXY1 [AAZ75602) 
Hydrophis hardwickli CRISP 2 [Q8UW11) 
Hydrophis hardwickii CRISP 1 [Q8UW25] 

61 Pseudech/s porphyrlacus pseudecln [Q8AVA3) 
84 97 Pseudechis austral/s pseudechetoxln [Q8AVA4] 

Laticauda semifasciata Latlsemln (Q8Jl38] 

45 Opheodrys aesrivus crisp-a (SCG, SK) 
95 PanIheroph1s gutrarus crisp-a (VMNO) 

97 PanrherophIs gurrarus crisp-a (SAL, SCG, SK) 
Ech1s co/orarus crisp-a (VG, SCG, SK) 

Trimeresurus gracilis Og-CRPb [ACE73570) 
Trimeresurus navovirldis Serotrlflln [P0CB15] 

!..-;;-;;{"-:- Python reqius crisp-a (SCG) 
Boa constrlcrorcrlsp-a (genomic.scaffold SNAKE00001412) 

53 Agkistrodon pisc/vorus plsclvorln [AA062994) 
Crotalus atrox catrtn [AA062995] 

Sistrurus carenatus CRISP [ABG26992] 
Gloyd/us blomhom ablomln [AAM45664) 
Protobothrops Jerdonii CRISP [AAP20602] 
Vipera berus CRISP [CAP74089] 
Ec/11s o/orarus crisp-I> (VG) 
Ophiophagus hannah ophanln [AA062996) 
Ophiophagus hannah crisp-I> (VG) (Indonesia) 

Naja kaouthia kaouthln-1 [ACH73167] 
Naja atra natrtn-1 [Q7T1 K6] 

Dispholidus typus CRISP-0IS2 (AAZ75596) 
Panlheroph1s gutlatu•, crh;p-b (SAL) 

Telescopus dhara CRISP-TEL1 (AAZ75606] 
Trlmorphodon b/scutatus CRISP-TRl1 (AAZ75607] 

Philodryas offersii CRISP.PHl2 (AAZ75604] 
Rhabdoph/s tigrlnus tlgrln (Q8JGT9) 

Leloheterodon madagascarlensis CRISP-LEl1 [AAZ75600) 
Enhydrls po/ylep/s CRISP-ENH2 [AAZ75599) 

99 Enhydrls po/y/epis CRISP-ENH1 [AAZ75598) 
-----Eub/epharis macu/arius crisp (SAL, SK) 
,.__ ______ -fAnolis carolinensis plsclvorln-llke [XP 003215375] 

HlO Ano/is carolinensis crisp (testes) 
.._ ____ Eublephans macularius crisp (SAL) 

58 

----Ano/is carolinensis helothermlne-llke [XP 003215243) 
99 Helodenna suspectum CRISP [ACE95060) 

Helodenna horridum helothermlne (AAC59730) 
40 Varanus varius CRISP-VAR10 [AAZ75609) 
52 Varanus varius CRISP-VAR11 [AAZ75610) 

Varanus komodoensis CRISP [ABY89664] 
Varanus varius CRISP-VAR9 [AAZ75608] 

.____..,;.
7
;.i
3 14 Varanus acanthurus CRISP-VAR1 [AAZ75587] 

Varanus acanrhurus CRISP-VAR2 [AAZ75588] 
Varanus acanrhurus CRISP-VAR6 [AAZ75592] 

Varanus acanthurus CRISP-VAR4 [AAZ75590] 
25 Varanus acanthurus CRISP-VARS [AAZ75591] 

Varanus acanthurus CRISP-VARS [AAZ75594] 

69 Varanus acanthurus CRISP-VAR? [AAZ75593] 
Varanus acanrhurus CRISP-VAR3 [AAZ75589] 

---------Homo sapiens CRISP1 [NP 001192149] 
Mus muscu/us Crlsp1 [NP 033768] 

Mus muscu/us Crlsp3 [NP 033769] 
Rarrus norvegicus Crlsp1 [NP 07 4050) 

Homo sapiens CRISP3 [EAX04348] 
Homo sapiens CRISP2 [AAI07708] 

Mus muscu/us Crlsp2 [NP 001191000) 
Rattus norvegicus Crlsp2 [NP 001011710] 

Figure 4.27. Maximum likelihood tree of crisp sequences. Genbank accession numbers are 

given in square brackets. Sequences from this study are in orange text and the location of 

transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; 

SCG, scent gland; AG, accessory gland; VMNO, vomeronasal organ). Numbers above 

branches correspond to Bootstrap values for 500 replicates. The * denotes the gene duplication 

event that produced crisp-a (shaded purple) and crisp-b (green). 
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C-type lectins 

Transcripts encoding 11 distinct C-type lectin genes were found in the E. coloratus venom 

gland, one of which (ctl-a) is also expressed in the scent gland of this species. The remaining 

IO genes (ctl-b to k) are found only in the venom gland and form a clade with other viper C

type lectin genes (Figures 4.2 and 4.28). Of these, 6 are highly expressed in the venom gland 

(ctl-b to d, ctl-fto g and ctl-j) with a transcript abundance range of 3,706.21-24,122.41 FPKM. 

The remainder of these genes (ctl-e, ctl-h to i and ctl-k) show lower transcript abundance (0.80-

1,475.88 FPKM), with two (ctl-i and k) being more lowly expressed than ctl-a (230.06 FPKM). 

A number of different C-type lectin genes are found in the other study species, often expressed 

in multiple tissues (Figure 4.2). Therefore the 6 venom-gland specific C-type lectin genes that 

are highly expressed are likely to represent venom toxins in E. coloratus and it appears that 

these genes diversified via the duplication of an ancestral gene with a wide expression pattern, 

including in salivary/venom glands (see Chapter 5). Based on their selective expression in the 

venom gland (from available data) the remaining four C-type lectin genes cannot be ruled out 

as putative toxins, although their lower transcript abundance suggests that they are likely to be 

minor components in E. coloratus venom. It should also be noted that a recent analysis of king 

cobra ( Ophiohagus hannah) venom gland transcriptome and proteome suggested that 

" .. .lectins do not contribute to king cobra envenoming" (Vonk et al. 2013). 
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68 Notechis scutatus venom C-type lectin [ABP941191 
Pseudechis porphyriacus venom C-type lectin [ABP94108] 
Cryptophis nigrescens venom C-M:>e lectin [ABP94123] 
Suta nigriceps C-type lectin [ACY68719] 

Pantherophis guttatus (SCG) 
Opheodrys aestivus (SAL, $CG) 
Thrasops jacksoni Lectoxin [A 7X3Z0] 

Echis co/oratus ctl-a (VG, SCG) 
Pantherophis guttatus (SAL, SCG) 

99 Bungarus fasciatus C-type lectin [Q90Wl8] 
n Pseudechis australis venom C-type lectin [ABP94084] 

, r--- Python regius (SAL) 
ss Morella spi/ota lectin-Mor-1 [AGl97152] 

!..._~---,:-:-:,-:-- Pantherophis guttatus (SAL) 
45 100 Micrurus cora//inus C-type lectin precursor [ACS74990] 

100 Oxyuranus scutellatus venom C-tyl)e Jectin [ABP94096] 
9~9 Hop/ocepha/us stephensii venom C-tvpe lectin [ABP94114] 

Bungarus f/aviceps c-type lectin [ADF50042] 
Opneodrys aestivus (SAL) 

Leioheterodon madagascariensis Lectoxin [A7X401] 
Pantherophis guttatus (SAL, SCG) 
Opheodrys aestivus (SAL, SCG) 

O_pheodrys aesllvus (SAL SCGl 
Pantherophis guttatus (SAL, SCG) 

Hop/ocephalus stephensit venom C-type lectin [ABP94112] 
Oxyuranus scutellatus venom C-type lectin [ABP940931 
Pseudechis porphyriacus venom C-tvpe lectin [ABP94128] 
Pseudechis australis venom C-type lectin [ABP941011 

95 Oxyuranus micro/epidotus venom C-type lectin [ABP94125] 
94 Macrovipera lebetina C-type lectin 88 [84XT07] 

Macrovipera lebetina C-type lectin 86 [84XT05] 
Echts coloratus ctl-b (VG) 
Deinagkistrodon acutus Agkicetin-C subunit beta (Q9DEA 1] 
Ec/11s coloratus ctl-c (VG) 

100 Echis coloratus ctl-d (VG) 
Bitis arietans CTL-1 IQ6X5T5] 

Macrovipera lebetina C-type lectin 89 f 84XT08J 
97 Macrovtpera lebetina C-cype lectin 81 B4XT00 

57 Echts coloratus ctl-e (VG) 
94 1,;/ Echis multisquamatus EMS 16 subunit A IQ7T2Q1] 

Daboia russe/111 P31 alpha subunit IADK22831] 
Bitis gabonica C-tvpe lectin [Q6T7851 

8
9:' Macrovipera /ebetina C-type lectin A9 g84XSZ~ 

Macrovtpera /ebetina C-fype lectin A2 B4XSZ2 
Macrovipera lebetina C-type lectin A 1 IB4XS 51 
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Figure 4.28. Maximum likelihood tree of c-type lee tin ( ct!) sequences. The putative viper 

venom-specific ctl clade is shaded green. Genbank accession numbers or Ensembl gene IDs 

are given in square brackets. Sequences from this study are in orange text and the location of 

transcripts is provided in bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; 

SCG, scent gland). Numbers above branches correspond to Bootstrap values for 500 replicates 
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Phospholipase A2 (PLA2 Group IIA) 

Five transcripts encoding Group IlA PLA2 genes are expressed in E. coloratus, three of which 

are found only in the venom gland and two of which are found only in the scent gland (these 

latter two likely represent intra-individual variation in the same transcript) (Figures 4.2 and 

4.29). The venom gland-specific transcript PLA2 IIA-c is highly expressed (22,520.41 FPKM) 

and likely represents a venom toxin, and may also be a putative splice variant although further 

analysis is needed to confirm this. PLA2IIA-d andIJA-e show an elevated, but lower, expression 

level (1 ,677.15 FPKM and 434.67 FPKM respectively). Based on tissue and phylogenetic 

distribution it is proposed that these three genes may represent putative venom toxins (Table 

4.1). 
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Figure 4.29. Maximum likelihood tree of Group !IA Phospholipase A2 (PLA2 Group !IA) 

sequences. Genbank accession numbers or Ensembl gene IDs are given in square brackets. 

Sequences from this study are in orange text and the location of transcripts is provided in 

bracketed blue text (VG, venom gland; SAL, salivary gland; SK, skin; SCG, scent gland). 

Numbers above branches correspond to Bootstrap values for 500 replicates. The Echis 

coloratus sequences for PLA2 IIA-a and JIA-b are likely to be alleles or due to individual 

variation between samples used in this study, and probably represent the same gene. 

Serine proteases 

Six transcripts encoding Serine proteases are expressed in E. coloratus (Figures 4.2 and 4.30) 

which (based on available data) are all venom gland specific. Four of these transcripts are 

highly expressed in the venom gland (serine proteases a-c and e; 3,076.01-7,687.03 FPKM) 

whilst two are expressed at a lower level (serine proteases d andf; 1,098.45 FPKM and 102.34 

FPKM respectively). These results suggest that serine proteases a, b, c and e represent venom 

toxins whilst serine proteases d and/may represent putative venom toxins (Table 4.1). 

Snake venom metalloproteinases 

A total of 21 transcripts encoding snake venom metalloproteinases in E. coloratus were found 

and of these 14 are venom gland-specific, whilst another (svmp-n) is expressed in the venom 

gland and scent gland (albeit at a very low level, 0.03 FPKM, in the scent gland). Five 

remaining genes are expressed in the scent gland only whilst another is expressed in the skin 

(Figures 4.2 and 4.31). Of the 14 venom gland-specific SVMPs, 4 are highly expressed 

(5,552.84-15,118.41 FPKM). In the absence of additional data, the 13 venom gland-specific 

svmp genes are likely to repesent venom toxins in this species (Table 4.1 ). 

167 



r. ~, ... ,,.,.m,.protea .. 1sco1 
°" mOM'U• Sffine protHH (Pooi.d lin~I 
·nagkislrvdon •oulll• •cubin (CAB,'6'31) 
d!His stenophrys Hrine pro41HH {A88 76279) 

.Ju• •d•mMteu• SNk• venom Hrine proleiMH 7• IAFJ, 92COJ 
Sistrvrv• c•ten• a,· ~ sl HriM proleln.H l~oform 5 (ABG2'971) 

rf'l'OIOt-'OpS llavovfri'dis ~lllkr•tn f0130SI] 
•uovfp,wa /~tin• u rine protean Vl SP-1 pr.c:unor t,t.OtllM91 &) 

·•• Nt.-.ru. s.-t1ne- p,•n• ,. CVOI 
chis color•&1• HriM proleu• (AOW7572] 

• ctN• ,ol~ru• S.mw proeiuH b (VGI 
CftiSP)'l'"•nddutn l♦•l<•yiHrln.protHH IAOU,75'7) 
ctils urin,1a,s sodlurwkf H<ine prole:aH (AOU7550) 
.-crovi,,.n lebdn,1 K.lllikr•in (QIJHl5] 

chis octil•ll.ls HriM PfOIHH (A0£A51'0J 
ctil• oc.1, ..... HriM protHH fAOEA51 39] 

cflis coloulu• Hrine prolellH [AOU.757') 
«asN.S CMHN.SK.llllkr•in (Q7SYF1) 

ch,. color.ICU• S..-1n. ,,,......_ C (VG! 
chis py,-.midum IHk•yi Hrine PfOW•H (ADl,75SI) 
chis oc-'l•IU• uri,,. PfOlellH (ADIA755C) 

lu.- .cfemMtec.lS Sruik• v•nom urine prONin• u 3b(AFJ'9255] 
t11lus duriuus leniffcus gyroxln-Uk• 81 7 urine pt"ot.n• pr.cunor IABY65'31) 

/oydius uuuri-,,•i• lhfombln-llk• •niynw uuuuH IMLA.8222) 
fltrops mucro.1qu,1m,1a,s H'""'o«lllliknln-1 (MG2125AJ 

a lus ..-.,.,.,,,..,., nrlne pt"otel~H 5 (AEJ319'9J 
tu• adama nt.us Sn.ak• v • nom u rine prOWl~H 1 IAFJ,fi-9252] 

/oydit.,.111-'Y• Hlmobin IMCC1131J 
~ nagk islt'Odotl ,1cua,, sn•k• v•Mm u rine protHH O.a-36 [AFR11355J 

na gk'f•rrodon ,1e(l1t,ts lhrombin-llk• PfCMln 1 (AA\1156601) 
rldoviP«"• sNjnitgeriK.alllkr•ln {Q7 1QH£J 

rop• ,1,rox b.lltfoxobln IMA,d:553) 
rop• J■rarac• K.atllkr•ln [OOPTVI) 

per-. nikolski/ puuliv• Hrine prOMaH nlkobln (C8V{30771J 
.su• rhomM•II• KaHlkr•ln-C.1113 fABU68559J 

•• M,seoloralu• S.nMp,ollt.lH d (VG) 

' ::::i: ~:'~::'J~~!>:fn.~:.:!~:. ~:r.:~,(~;,(POC58'J 
alu• .o"•m-,iteus Hrlne prot.tnn• 9 [AEJ32003J 
,ops J,1raraeuu11 ,.,1ne pro,HH (AAP'2'16J 

ridovf~ •hfin~Mv •nom HriM protiUH 1 IAAH521'GJ 
,1fu• ,1dMnM1t.u.1 Sn.ak.•venon, H riM prONln.aH 5fAfJ,92SI) 
•Fus •troK KaUikr•in (QIOHK.2] 

rop• JMMaeus..u ,~ p,olHH IABC2•C11J 
rops Hp«lfwombin-lik• •nrr- (A8B7'210J 

rop.1 j.lfW'aca P'••t.t ,199reg,1liflil H t iM ~plidaH IM0&2SIO) 
adt-1• mut• K.anlkr•in (027 J•71 

• ~ctusc~• S.11n.protHH • IVG) 
chis eolor.all.ts HriM PfCltellH (AOW75fi9J 

•h.ls ff•m.nta&l.1 HrifM prcl4amliH 7 (AEJ32001) 
• H.tffl-,it♦iu• Sn.lit. v.nom u rin. prONln.aM C IAfJ,9259) 

, loydiu• 118/ys p,all.abtn fCAAO..C12) 
loydius llalys palln•fMC34191) 
loydiu• 118/ys .agk.ihpln (AGKU157) 

• russ~/ii sl•mensil RW -V g.11mm11-lik• prot.in pt"ecur10f (AOPll551J 
f •crovip«"• lebetin■ Fac:tor V .activ•tor [09PT,1) 

Ecflf•c•rin•tu• •odlurekl H riM prot.aH fAOl,7575) 
Ecll1• eolorafU• 5e,,.,. ,._,..,. t (VG) 
Echis color-all.I• Hrine pt"OtHH (ADl•75U) 

•croviPfl"' feb•lin• K•lllk re in (OOPT,O) 
"fis g,lbonic,1 Kallikr•ln (QCT&S7) 
.-u.1u • rltomOulu• K.llllk,.ln-C.111,11 (ABUCl557) 

chl.1colOl'llll..,. HrineprotHH (AOU75'1) 
chl•oc.if,1a,s H riMprot.11H (AOE,51'1) 

cfli• oc-'f,1flts serine PfOle.lH (AOU75C4) 
lo)'diu• brwvic.-udus Hrine protHH (AA001C23) 

alu• •troK Suin. pt"OIHH catfoxu ... 1 (QI QHK3J 
Crotalu,11 ■d.-manteu.1 Kallikr•ln (011UUK2] 

rop• muCt"0.1qu■trt.1&1• Kallikr•ln(091510J 
foph•gu• h-,inah Kalllkr•ln [EFOB0837J 

ap«nis hantwickifHrin♦ PfCMHH Pf•cunCK JMV913G7J 
.s,•ru• mu/6cinc1Us K.lllikr•in (EFOI Ol3) 

la/• ■Ir■ K11tllkr•in (EFOBOI J.4) 
ilodfyu otf.rsil k.atllkr•ln•Ptli4 fAAZ75,21) 
/Jodryu olfen:llserln♦ prONaH pr• cunor IAB17• C94) 
·1odryu oH♦rsif k.1tllkr•in•Pf'li3 (AAZ75fi27) 
ilodtyu olwsiik.a11lkr•in.Plli2 (AAZ75'2C) 
llodtyH offrslik1111ikr•in,Phi1 (AAZ75fi25) 
{todry,1.1 oH.nllkalllkr•ln•Phl5 (AAZ7SG29) 

Th.amnoptils .,eg.,,• Serine prot..aH (P"'-4 linlW) 
.mnopl'tls -'eg""• S.rin♦ prot.n• IPC>Okd tl111teJ 

nremnoptd.1 ♦/t19-,is Sffine PfOtHH (Poot.d tin ~ ) 
• vittic-,,• Sffine pre>Wau t8n1lnl 
is e a rolin•,,.blhrombin..fik• fllZJ'M 1NjnetibrH .. 1•llk•[XP0032277251 

• .,.-anu.1 indieus k11111kr•in•Vincl1 (AOK392,3) 
,ltaftUS Jtomodo-,i1i• K.alllkr•ln {8CCJU5) 
■i,nus Jtomodoensl.s Kalllkr• ln (BCCJU') 

~• .,.,,,ius k.allikr•ift·V•,.1 (AOK392CIJ 
ubl•ph•u ma-cul■nu_. 5-ftMp,vluH- jSAL, SCG, SKI 

I• gramine■ k.alllkrein-Abr·1 {AFU'320C) 
..-ritOftoau int.rn•li• ka llikr•U,-Oinf1 (AOK39Z59) 
.,od♦m1• •u•~c11m cln clum kalllknl n toxin 1 !ACE950£•J 

fl'rl'!OflHI• inf.,,,■lis kallikt• ln-Oln'3 (AOK39267) 
• l'fflOftHIS in~ ,1li1 k11llikrein-Oinf2 (AOK392GOJ 

Oftod-'plti.1 don!Htl'c.a e-.adOftle lryps in-lik• (XP0013C2677) 
s museulu• trypsin 10 precuno, (tlP00103'015) 

a . ,., .. norv.glous •nlOfllC trypiln-2 PfWCIH'IOf (UP03'861) 
OfflO npi~• ProtHH H riM 1 jlrypsln 1) (AA.121227) 
.,.,.;o_,ypte guttata trypsin l•P1-lik•[XP0021,5013J 
aOusgaflu• trypsin II-P29 precursor [UP990715) .,•agrl• 9,11/opevo "Yl)sln II.P2'•11k• [XP003202'72) 

■t1·m♦r1■ clla/umnu Thrombin (£t1SLACG00000011806) 
XMOl14'I rroplc-'is Thrombin (Etl SXETG00000001912J 

.., • ra .... fo-,ni• flCIIUU Thrombin (EJ4STGUG00000010510) 
_,H gris g•ll~vo Thrombin (EH SMGAG0000001092•) 
Mtus gel/u.1 Thrornbln (EH SOALGOOOOOOOl332) 

- ~o:t:c::,,:,t::!~!~=: ~~~i°8:o6ml1 • u• mu-scukls Thrombin (EH SMU SG000000272A.9J 
,11&,s norvqieu• Thfombin (EUSRIIOG0000001C325) 

omo n plensThrombin {EIISG00000110210) 
Oftod-'pht1 domulic• Thrombln (EII SMOOG0000001919G) 

Figure 4.30. Maximum likelihood tree of serine protease (sp) genes. Genbank accession 

numbers or Ensembl gene IDs are given in square brackets. Sequences from this study are in 

orange text and the location of transcripts is provided in bracketed blue text (VG, venom gland; 

SAL, salivary gland; SK, skin; SCG, scent gland). Numbers above branches correspond to 

Bootstrap values for 500 replicates. 
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Figure 4.31. Maximum likelihood tree of snake venom metalloproteinase (svmp) genes. 

Genbank accession numbers or Ensembl gene IDs are given in square brackets. Sequences from 

this study are in orange text and the location of transcripts is provided in bracketed blue text 

(VG, venom gland; SAL, salivary gland; SK, skin; SCG, scent gland). Numbers above 

branches correspond to Bootstrap values for 500 replicates. 
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Figure 4.32. The majority ofToxicoferan transcripts are expressed at extremely low level, with 

the most highly expressed genes falling into only four gene families (C-type lectins, Group IIA 

phospholipase A2, serine proteases and snake venom metalloproteinases). FPKM = Fragments 

Per Kilobase of exon per Million fragments mapped. 

4.3.4 Evidence of misidentification and low sequence variation in Toxicoferan sequences 

Whilst conducting phylogenetic analyses it became evident that some publicly available 

Toxicoferan toxin sequences had been annotated as different genes when their sequences were 
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actually 100% identical (Figure 4.33 and 4.34). In other cases, sequences had been annotated 

as different genes (not alleles of the same gene) despite being almost identical at the nucleotide 

level (Figures 4.35-4.38). As a result it appears that the number of reptile Toxicoferan genes 

has been incorrectly inflated. 
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G0441521.1 ESP- Vkom1 T GCTCTCTCA CCAGCAACTA TGATAGAGAT AAGAGATGGA GATACT GTCA GCCTTCAGAT TTAGAAACAC 

f:0195462 . 1 M-11'2- Var2 

9 2 0 930 940 950 960 
• •• • , •••• , •••• , ••• • , •••• 1 •••• 1 ••• , •••• , • • •• , ••• • , •••• ,. 

G04415 2 1 . 1 ESP- Vkoml AAAATCAGTT GCAGTCTAAT GAAGAGAAGC AAACAATAAA TATCAGCAAG GAATAA 

f:0195462 .1 M-11'2- Var2 

Figure 4.33. Alignments of Varanus komodoensis epididymal secretory protein (GU441521 , 

"ESP-Vkom 1 ") and matrix metalloproteinase (EU 195462, MMP2-Var2) sequences (Fry et al. 

201 0a) showing 100% similarity at the nucleotide level. Sequence lengths reflect those on 

Genbank and have not been edited. 
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1 0 2 0 3 0 4 0 so 60 70 
. ... I .... I .•.. 1 . . -- 1 .. . . 1 .... 1 .... 1 .... 1 •... I.· .. I · ·· .1. ·· .1 · · · .1 .. - • I 

GU441.522 . 1 ESP-Vkom2 ATGGCATCTT TCATAGCTTT CCTTGTGTAC AGCTGGGTTC TCCTATCGCT TGCAGCAGGT CAAGTTACCT 

80 90 100 110 120 130 140 
.... 1 .... I .... 1 .... 1 .... 1 ... -I - - --1 - .. -I - - . · 1 ··.•I . ··•I • ·· • I · · .. 1 .... 1 

GU441.522 . 1 ESP-Vkom2 ATCCAGAATC TCCAGCCTGT AAGTTTCCCT TCATTTATGA GGGCAAAGCC TTCACTACAT GCACGGAATA 

EU19.54.54 . l M-fl'2 Varl 

GU441.522.l ESP-Vkom2 
BU19.54.54. l M-fl'2 Varl 

GU441.522 . l ESP-Vkom2 
EU19.54.54.l 1,t.!P2 Varl 

GU441.522.l ESP- Vkom2 
BU19.54.54 . l M-fl'2 Varl 

GU441.522.l ESP-Vkom2 
EU1 9.54 .54. l -2 Varl 

GU441.522.l ESP-Vkom2 
EU19.54 .54 . l M-fl'2 Varl 

GU44 1.522.l ESP-Vkom2 
EU1 9.54.54 . l M-fl'2 Varl 

GU441.522. l ESP-Vkom2 
EU19.54.54.l M-fl'2 Varl 

GU441.522 . l ESP-Vkom2 
EU19.54.54.l M-fl'2 Varl 

lSO 160 170 180 190 200 210 
.... 1 .... 1 .... 1. -- -I - - .. 1 .... 1 .... 1 . ... 1 . . .. 1 .. .. 1 .. · •I-- •-I -· · -1 · · · · 1 
TGGTTCTACT GACAAAACTC CATGGTGTGC CACAACCTCA AACTATGACG GGGATCGTAA ATGGAAGCCG 

220 230 240 2SO 260 270 280 
·· .. 1 .... 1 •... 1. ·•- I -- · .1. · --1 ····I· ... 1 .. -- 1- · · . 1 · ·· .1. ·· .1 · · · .1 ... . 1 
TGTGCTGTCA AM;AGTATGG AGGTAATTCC AATGGAGCGC CATGCACCTT TCCCTTCATT TACCTTGGTC 

290 3 00 310 320 3 3 0 340 350 
...• I .•.. I ..•. I--·- I .. -- I• · - · 1 · · · . 1 ... . 1 .... 1 .... 1 .... 1 ... . 1 - - --1-- --1 
GTACTTACTA CACCTGCACC AACAAACTTG AGCATAAA!;G ACGGTACTGG TGCGCCACAA CAGGGAGCTA 

360 3 70 380 390 400 410 420 
.... 1 .. •-I •. .. 1. ---1 -- - -1- ... 1 .... 1 .... 1 - .•. I ••.• I - · •· 1 · ·•-I · ·•-I .... 1 
TGATAAGGAC CGGAM;TGGA GTTTCTGTGC AGACATCAAA CTGAGTGTCA ACTACCCTGA AGATCCATGT 

430 440 450 460 470 480 490 
.... 1 .... 1 -- . - 1- - .. 1 .... 1 .... 1 ... •I• .•. 1 ····I-··· I ····I•··• I ···•I•·· • I 
AGATTTCCTT TCACCTACAA AGGCAAGACT TACTCTGGTT GTACAGGAGC TGGGAGAGAG GATGGGAAGC 

SOO SlO S20 S30 S40 SSO 560 
.... 1 . ... 1 .. .. 1 . . .. 1 • · .. I··· · 1 . ··•I•·· • I ···•I•-· • I ···•I•·· .1 ••· .1 · ···I 
TTTGGTGCTC TATCAGCAAA AATCATGATG ACAACTCACA ATTGGTATTC TGTGAGCCTT CAGATCCAGC 

570 580 590 600 610 620 630 
... . I .. .• 1 .... 1. - .. 1 .. .. 1 . . . . 1 .. --I • ... 1 ... •I• ... 1 · .. •I•-·· 1 ···-I•· --1 
CCCCTGCTAC TTTCCTTTCA AATACAAGCA AAAATCCTAC TCTGACTGCA CCATGAATGG GAGTTTTGAT 

640 650 660 670 680 690 
····I···• I ... . I • . - . I . · .. 1. ··•I ••I··.• I ·· ·• I•· · • I · · · .1 .... 1 
GGGCATTTGT GGTGTGCCAC AACCGCAGAT TATGACAAGG ACAGCAAGTG GAAGGCATGT 
.... , ... . . .... . .... . . T ... . . . . . .. . . .......... . 

Figure 4.34. Alignments of Varanus komodoensis epididymal secretory protein (GU441522, 

"ESP-Vkom2") and matrix metalloproteinase (EU195454, MMP2 Varl) nucleotide sequences 

(Fry et al. 201 Oa) showing near total sequence identity (1 bp difference over 675bp of aligned 

sequence). Sequence lengths reflect those on Genbank and have not been edited. 
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10 20 30 40 so 60 70 
.... I .... 1 .... I ... -I .... I .... I . ... 1 .... 1 .... 1 .... I .. .. I .... I .... 1. ··· I 

GU4 41.513 .11 RNase-Gint'2 ATGGCTGCAA. AGGGATCCTG TGTGTTCTGG TTCCTTTTGG CATCCGCCTG GATAGTGATG AAGAnTGATG 
GU441.51.5 .1 f RNase-Gint"4 

80 90 100 110 120 130 140 
.... I···· I .... I··· · I ····I .... I ····I·· ·. I ... -1 ···· I · ··· I·· ·· I · ·· -1 ····I 

GU441.513. 11 RNase-Gi nf2 CAnCTGACAC CTTTGAATCC TTCAAAGAGC TGCACGTTGA TTATCCAAAn ACTGGAGCTC CAAATGATGA 
GU441.51 .5. 11 RNase-Ginf4 

150 160 170 180 190 200 210 
. .. -I ··••I . ... I .... I ... -1 ... · I ····I···· I .... f •••• I ····I .... I ····I···· I 

GU441.513. ll RNase-Ginf2 TGAATACTGC AAAAAAnTTA TGGGGGGAAG AGGCCGGACC AAACTCAAnG CCAATACTTA CATTCATGCC 
GU441.5l!L l 1 RNase-Ginf4 

220 230 240 2SO 260 270 280 
·· I ·· •• I .... f • • •• I .... f • • • • I . .. . I ··••I .... 1 ···· I · ··· I .. . . 1 ····I···· I 

GU441.513.11 RNase-Ginf2 CCAnACAnTG AACTTTTAGC CGCCTGCAA.T CGGAAGAAGT ATAAACTTAA TCATGAATAC GGCAGGACCT 
GU441.51.5 .11 RNase-Ginf4 

2 90 300 310 320 330 340 350 
.... I· ... I ··••I . ... 1 ···.I .... I .... I .... 1 .... I···· I ····I···· I ····I···· I 

GU441.513 . 11 RNase-Ginf2 CTCGCCTTCC AACCACTTTG TGTACGTATG GTGATAnAGT ATTCTTGGGA AnCTCCTTGC CAGGAACGAA 
GU441.51.5 . 11 RNase-Ginf4 

360 370 380 390 4 00 
.... I .... I .... I ... · I ···- I .... I ···· I ···· I .... I.··· I ···.I 

GU441.513. ll RNase-Ginf2 TAAnGTTCTG TGTGTGAATT GGAAGCCAnT TGCATTTAnA GGATTCAACG CCTAA 
GU441.51.5 . 11 RNase-Ginf4 

Figure 4.35. Alignments of Gerrhonotus infernalis ribonuclease sequences (Fry et al. 20 I 0a) 

GU44 l 5 l 3 ("Ginf2") and GU44 l 5 l 5 ("Ginf4") showing 100% similarity at the nucleotide 

level. Sequence lengths reflect those on Genbank and have not been edited. 

1 0 20 30 40 so 60 70 
. ·••I .... I .... I .... I . ··· I ··••I ... . I···· I .... I .... 1 ·· ·· I· ·· · I ····I· ... I 

GU441.517 . 1 RNase-Ginf6 ATGGCTGCAA. AGGGATCCTG TGTGTTCTGG TTCCTTTTGG CATCCGCCTG GATAGTGATG AAGAnTGATG 
GU441.516 . l RNase-Ginf.5 

GU441.517.l RNase- Ginf6 
GU441.516.l RNase- Ginf.5 

GU441.517.l RNase-Ginf6 
GU441.516.l RNase-Ginf.5 

GU441.517.l RNase-Ginf6 
GU441.516.l RNase-Ginf.5 

GU441.517 .l RNase-Ginf6 
GU441.516.1 RNase-Ginf.5 

GU441.517.l RNase-Ginf6 
GU441.516 . 1 RNase-Ginf.5 

80 90 100 110 120 130 140 
.... I .... I .... I .. . . I .... I .... I . ···I ··••I .... I. ·· -I · ·· ·I···· I ····I·· .. f 
CAnCTGACAC CTTTGAATCC TTCAAAGAGC TGCACGTTGA TTATCCAAAG ACTGAAGCTC CAAATGATAA 

150 160 170 180 190 200 210 
... ·I··· · I .... I .... I ·· ·.I .... I ... ·I···. I .... I-• ·· I ····I···· I ····I· · ·· I 
TGAATACTGC AAAAAAGTTA TGGGGGGAAG A.GGCCAGACC AAACTCAAnG CCAATACTTA CATTCATGCC 

220 230 2 40 2 50 260 270 280 
. .. . I .... I .... I ... . I . ... I .... I .... I .. . . 1 . ... I . . .. I · ··.I .... f •••• I·· .. I 
CCAnACAGTG AACTTTTAGC CGCCTGCAA.T CGGAAGAAGT ATAAACTTAA TCATGAATAC GGCAGGACCT 

290 300 a10 no 330 340 350 
.... I . . .. I .... f •••• I ... . I .... I .... I .... I .... I .... I ·· .. I .... f •• •• I .... I 
CTCGCCTTCC AACCACTTTG TATGGCTGCA AAGGGATCCT GTGTGTTCTG GTTCCTTTTG GCATCCGCCT 

360 
.... I · ·· - I .... I .... 
GCATAGTGAT GAAGAGTGA 

Figure 4.36. Aligmnents of Gerrhonotus infernalis ribonuclease sequences (Fry et al. 2010a) 

GU44 I 516 ("Ginf5") and GU44 I 517 ("Ginf6") showing 100% similarity at the nucleotide 

level. Sequence lengths reflect those on Genbank and have not been edited. 
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DQ139885 . 1 CRISP-VAR!5 
DQ1398 84 . 1 CRISP-VAR4 
DQ139886 . 1 CRISP- VAR6 

DQ1 39885 . 1 CRISP-VAR!5 
DQ1398 84 . 1 CRISP- VAR4 
DQ139886 . 1 CRISP- VAR6 

DQ1 398 85 . 1 CRISP-VAR!5 
DQ1 39884 . 1 CRISP-VAR4 
DQ1 39886 . 1 CRISP- VAR6 

DQ139885. 1 CRISP-VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ139886 . 1 CRISP-VAR6 

DQ13 9885. 1 CRISP- VAR!5 
DQ13 9884 . 1 CRISP-VAR4 
DQ139886. 1 CRI SP-VAR6 

DQ13 9885 . 1 CRISP- VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ13 9886. 1 CRISP-VAR6 

DQ139885.1 CRISP- VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ139886. 1 CRISP-VAR6 

DQ139885 . 1 CRISP- VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ139886. 1 CRISP-VAR6 

DQ139885 . 1 CRISP- VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ139886. 1 CRISP-VAR6 

DQ139885 . 1 CRISP- VAR!5 
DQ139884 . 1 CRISP-VAR4 
DQ139886 . 1 CRISP-VAR6 

10 20 30 40 50 60 70 
··•-1----1 ----1----1 ---- 1-- --1 ---- 1----1 ----1----1 ----1----1 ----1- -- -1 
ATGATCCTGC TCAAAC'l'GTA TTTGACCC'l'A GCTGCAATC'I' TATGTCAATC CCGTGGCACG ACTTCTCTTG 

BO 90 100 110 120 1 30 140 
----1----1 -- -- 1----1 ---- 1---- 1 ---- 1----1 ----1----1 ---- 1----1 ---- 1---- 1 
ATC'l'TGATGA TTTGATGACT ACCAACCC'l'G AGATACAAAA TGAGATCATT MCAAGCACA ATGACCTACG 

1 50 160 170 1 8 0 190 200 210 
---- 1----1 .... 1 .... 1 ----1----1 ----1----1 ----1----1 ---- 1---- 1 ---- 1---- 1 
GAGM CAGTG GATCCCCCAG C'l'MAAACAT GCTGAAGATG TCC'l'GGGACA ACATCATTGC AGAGAGTGCC 

220 230 240 250 2 60 270 280 
----1----1 ----1----1 ----1---- 1 ----1----1 ----1----1 ----1----1 ---- 1----1 
MACGTGCAG CAC'l'GAGATG CAACCAAAAT GAGCACACAC CTGTC'l'CGGG M GMCAATA GGTGGTGTGG 

290 300 310 320 330 3 40 350 
.... 1 .... 1 ---- 1---- 1 ----1---- 1 ----1----1 ----1----1 ----1----1 ----1----1 
TGTGCGGAGA AAATTACTTC ATGTCAAG'l'A ACCC'l'CGCAC ATGGTC'l'TTC GGCATTCAGA GTTGGTTTGA 

360 370 380 390 400 410 420 
.... 1 .... 1 ----1----1 ----1---- 1 ---- 1----1 ----1----1 ----1----1 ----1----1 
TGMAGGAAC TAC'l'TTM GT TTGGTTTTGG ACCAACAAGA GCAGGTGTCA TGGTTGGCCA TTATACCCAG 

430 440 450 460 470 480 490 
---- 1---- 1 ----1---- 1 ----1---- 1 ----1---- 1 ----1----1 - ---1----1 .... 1 .... 1 
GTGGTC'l'GGT ATAAGTCTTA CAMATGGGA TGTGCGATCA AC'l'TGTGCCC TM TGAGCCC CTGAAGTAC'I' 

M . . AAC. T. G . . G. C. GG. AGT . 

500 5 10 520 530 5 40 550 560 
.... 1 .. .. 1 ---- 1---- 1 --- - 1 ----1 .... 1 .... 1 ----1----1 ----1----1 .... 1 .. .. 1 
TCC'l'GGTTTG CCAGTACTGC CCAGGAGGGA ACGTTG'l'AGG CCGGAAGTAT GAACCCTATG CAATCGGAGA 

570 580 5 90 600 610 620 630 
----1----1 ----1----1 ----1----1 ----1----1 ----1----1 - ---1----1 .... 1 .... 1 
ACCATG'l'GCA GCTTGCCCCA ACAATTGTGA CAACGGAC'l'G TGCACTM CC CCTGTGAGCA CAGCAATCAA 

640 650 660 
----1----1 ---- 1---- 1 ----1---- 1 
TACATCAACT GCCCAGATTT AACAAAACAG 

Figure 4.37. Nucleotide alignments of Varanus acanthurus CRISP sequences (Fry et al. 2006) 

DQ 139885 ("CRISP-VARS"), DQ I 39884 ("CRISP-VAR4") and DQ I 39886 ("CRISP

Y AR6") showing almost total similarity at the nucleotide level. Sequence lengths reflect those 

on Genbank and have not been edited. 
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DQ1 39888 .1 CRISP-VARB 
DQ139887.1 CRISP-VAR? 
DQ139883 . 1 CRISP-VAR3 

DQ139888.1 CRISP-VARB 
DQ139887. 1 CRISP-VAR? 
DQ139883.1 CRISP-VAR3 

DQ139888.1 CRISP-VARB 
DQ1 3 9887. 1 CRISP-VAR? 
DQ139883. 1 CRISP-VAR3 

10 20 30 40 so 60 70 
.... I .... I .... I .... I .... I .... I .. .. I···· I · · · - 1 - · · - 1 ... . I· ··· I · · · - 1 - · · - I 
ATGATCCTGC TCAAACTGTA TTTGACCCTA GCTGCAATCT TATGTCAATC CCGTGGCACG ACTTCTCTTG 

80 90 1 00 110 120 130 140 
•••• , •••• 1 .... , .... 1 .... , .... , .... , • •• • 1 .... , .... , ••• • 1 .... 1 .... , •••• , 

ATCTTGATGA TTTGATGACT ACCAACCCTG AGATACAAAA. TGAGATCATT AACAAGCACA ATGACCTACG 

150 160 1 70 180 190 200 2 10 
.... , .... , .... , .... , •••• 1 .... 1 .... 1 •••• 1 .... , .... , .... 1 .... 1 •••• , •••• , 
GAGAACGGTG GATCCCCCAG CTAAAAACAT GCTGAAGATG TCCTGGGACA ACACCATTGC AGAGAGTGCC 

... . . ... . .. . . ... . .... . ..... . . c . . . .. . . . . . . . . . ... . . . . . . .. . .. . . . . .. . . . . . . 

220 230 240 250 260 270 280 
.... , .... , .... 1 .... 1 .... , ••• • , .... , .... , .... , .... 1 .... , .... , .... , .... , 

DQ139888.1 CRISP-VAR8 AAACGTGCAG CACTGAGATG CAACCAAAAT GAGCACACAC CTGTCTCGGG AAGAACAATA GGTGGTGTGG 
DQ139887 .1 CRISP-VAR? 
DQ139883 . 1 CRISP-VAR3 

DQ139888 . 1 CRISP-VAR8 
DQ1 39887 . 1 CRISP-VAR? 
DQ139883. 1 CRISP- VAR3 

290 300 3 1 0 320 330 340 350 
.... , •••• , .... , .... 1 •••• , .... , .... , .... 1 .... 1 •••• 1 .... , .... , .... , •••• 1 
TGTGCGGAG AAAATTACT TCATGTCAAG TAACCTTCGC ACATGGTCTT TCGGCATTCA GAGTTGGTTT 

360 370 380 390 400 410 420 
•••• , .... , .... , .... 1 •••• 1 .... 1 .... , .... , .... , .... , •••• 1 .... 1 • ••• 1 •••• 1 

DQ139888. 1 CRISP-VAR8 GATGAAAGGA ACTACTTTAA GTTTGGTTTT GGACCAACAA GAGCAGGTGT CATGGTTGGC CATTATACCC 
DQ139887. l CRISP-VAR? 
DQ139883. l CRISP-VAR3 

430 440 450 4 60 470 480 490 
•••• 1 .... 1 .... , •••• 1 .... 1 .... 1 .... , •••• , . ... , .... , .... 1 . ... 1 • ••• , .... , 

DQ139888. 1 CRISP-VAR8 AGGTGGTCTG GTATAAGTCT TACAAAATGG GATGTGCGAT CAACTTGTGC CCTAATGAGC CCCTGAAGTA 
DQ139887 .l CRISP-VAR? 
DQ139883 .1 CRISP-VAR3 

DQ1 39888.l CRISP-VAR8 
DQ139887.1 CRISP- VAR? 
DQ139883. l CRISP-VAR3 

DQ139888. 1 CRISP- VAR8 
DQ139887 . 1 CRISP-VAR? 
DQ139883 . l CRISP- VAR3 

500 510 520 530 540 550 560 
.... , .... , ... . , •••• , .... , .... 1 .... 1 •••• 1 .... , .... , .... , .... 1 •••• , .... , 
CTTCCTGGTT TGCCAGTACT GCCCAGGAGG GAACGTTGTA GGCCGGAAGT ATGAACCCTA TGCAATCGGA 

570 580 590 600 
.... , .... 1 .... 1 •••• 1 .... , .... , ••• • 1 . ... 1 .. 
GAACCATGTG CAGCTTGCCC CAACAACTGT GACAATGGAC TG 

Figure 4.38. Nucleotide alignments of Varanus acanthurus CRISP sequences (Fry et al. 2006) 

DQ139888 ("CRISP-VARS"), DQ139887 ("CRISP-VAR?") and DQ139883 ("CRISP

Y AR3") showing almost total similarity at the nucleotide level. Sequence lengths reflect those 

on Genbank and have not been edited. 
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4.4 Discussion 

All 16 of the basal venom toxin genes used to support the hypothesis of a single, early evolution 

of venom in reptiles (the Toxicofera hypothesis (Vidal and Hedges 2005; Fry et al. 2006; Fry 

et al. 2009a; Fry et al. 2009b; Fry et al. 2010; Fry et al. 2012b; Fry et al. 2013)), as well as a 

number of other genes that have been proposed to encode venom toxins in multiple species are 

in fact expressed in multiple tissues, with no evidence for consistently higher expression in 

venom or salivary glands. Additionally, only two genes in the entire dataset of74 genes in five 

species were found to encode possible venom gland-specific splice variants (I-amino acid 

oxidase b2 and PLA2 IIA-c) . Therefore many of the proposed basal Toxicoferan genes most 

likely represent housekeeping or maintenance genes and the identification of these genes as 

conserved venom toxins is due to incomplete tissue sampling. This lack of support for the 

Toxicofera hypothesis therefore prompts a return to the previously held view (Kardong et al. 

2009) that venom in different lineages of reptiles has evolved independently, once at the base 

of the advanced snakes, once in the helodermatid (gila monster and beaded lizard) lineage and, 

possibly, one other time in monitor lizards, although evidence for a venom system in this latter 

group (Fry et al. 2009b; Fry et al. 201 0; Vikrant and Verma 2013) may need to be reinvestigated 

in light of our findings. The process of reverse recruitment (Casewell et al. 2012), where a 

venom gene undergoes additional gene duplication events and is subsequently recruited from 

the venom gland back into a body tissue (which was proposed on the basis of the placement of 

garter snake and Burmese python "physiological" genes within clades of"venom" genes) must 

also be re-evaluated in light of our findings (see next chapter). 

Since antivenoms are derived from the injection of crude venom into a host animal, they are 

not targeted to the most pathogenic venom components and therefore also include antibodies 

to weakly- or non-pathogenic proteins requiring the administration of large or multiple doses 

(Casewell et al. 2013), increasing the risks of adverse reactions. A comprehensive 

understanding of snake venom composition is therefore vital for the development of the next 

generation of antivenoms (Harrison 2004; Wagstaff et al. 2006; Casewell et al. 2013) as it is 

important that research effort is not spread too thinly through the inclusion of non-toxic venom 

gland transcripts. 
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4. 4. I Implications for snake venom complexity and evaluation of methodology used 

Results suggest that erroneous assumptions about the single origination and functional 

conservation of venom toxins across the Toxicofera has led to the complexity of snake venom 

being overestimated by previous authors. The ruling out of the majority of proposed 

Toxicoferan toxins from the venom repertoire has a substantial effect on the number of genes 

and gene families which contribute to reptile venom composition. Based on the findings of this 

study the venom of the painted saw-scaled viper, Echis co/oratus, is likely to consist of just 34 

genes in 8 gene families (Table 4.1, based on venom gland-specific expression and a 'high' 

expression, as defined by presence in the top 25% of transcripts (Williford and Demuth 2012) 

in at least two of four venom gland samples), fewer than has been suggested for this and related 

species in previous EST or transcriptomic studies (Wagstaff and Harrison 2006; Casewell et 

al. 2009). 

Table 4.1. Predicted venom composition based on the results of this study of the painted saw

scaled viper, Echis coloratus 

Gene family Number of !!:enes 
SVMP 13 
C-type lectin 8 
Serine protease 6 
PLA2 3 
CRISP 1 
L-amino acid oxidase 1 
VEGF 1 

Crotamine 1 
Total 8 34 

It is noteworthy that the results of these analyses accord well with proteomic analyses of venom 

composition in snakes, with an almost identical complement of 35 toxins in 8 gene families 

known from the related ocellated carpet viper, Echis ocel/atus (Wagstaff et al. 2009), where 

SVMPs, CTLs and PLA2s were found to be the most abundant proteins. However, on closer 

inspection this study considered DC-fragments (disintegrin/cysteine-rich fragment) and 

disintegrins to be separate gene families, whilst they are in fact (by the authors own admission) 

cleaved fragments derived from a snake venom metalloproteinase (Kini and Evans 1992; 

Calvete et al. 2003; Wagstaff et al. 2009b). The venom proteome of E. ocellatus can therefore 

be considered to be composed of35 toxins belonging to 6 gene families (26 SVMPs, 4 PLA2s, 
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2 C-type lectins, 1 CRISP, 1 L-amino acid oxidase and 1 Serine protease) (Wagstaff et al. 

2009b). 

Proteomic studies of a range of other venomous snake species have identified a typical 

complement of between 24-61 toxins in 6-14 families (Table 4.2). Far from being a "complex 

cocktail" (Izidoro et al. 2006; Calvete et al. 2007a; Wong and Belov 2012; Casewell et al. 

2013), snake venom may in fact represent a relatively simple mixture of toxic proteins honed 

by natural selection for rapid prey immobilisation, with limited lineage-specific expansion in 

one or a few particular gene families . 

It seems likely that the application of this approach to other species (together with proteomic 

studies of extracted venom) will lead to a commensurate reduction in claimed venom diversity, 

with clear implications for the development of next generation antivenoms: since most true 

venom genes are members of a relatively small number of gene families, it is likely that a 

similarly small number of antibodies may be able to bind to and neutralise the toxic venom 

components, especially with the application of "string of beads" techniques (Whitton et al. 

1993) utilising fusions of short oligopeptide epitopes designed to maximise the cross-reactivity 

of the resulting antibodies (Wagstaff et al. 2006). 

Table 4.2. Predicted numbers of venom toxins and venom toxin families from proteomjc 

studies of snake venom accord well with transcriptomic results. 

Species Reference Number of Number of 
toxins toxin families 

Bilis caudalis (Calvete et al. 2007b) 30 8 
Bitis f!abonica f!abonica (Calvete et al. 2006) 35 12 
Bilis 14abonica rhinoceros (Calvete et al. 2007b) 33 11 
Bilis nasicornis (Calvete et al. 2007b) 28 9 
Bothriechis schle14elii (Lomonte et al. 2008) ? 7 
Cerastes cerastes (Fahrni et al. 2012) 25-30 6 
Crotalus atrox (Calvete et al. 2009) ~24 ~9 
Echis ocellatus (Wagstaff et al. 2009a) 35 8 
Lachesis muta (Sanz et al. 2008) 24-26 8 
Naja kaouthia (Kulkeaw et al. 2007) 61 12 
Ophiophaf!US hannah (Vonk et al. 2013) ? 14 
Vipera ammodytes (Georgieva et al. 2008) 38 9 
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4.4.2 Suggestions for future studies 

In order to avoid the continued overestimation of the number of venom genes in reptiles, many 

of which have been used in the support and propagation of the Toxicofera hypothesis, several 

suggestions are made and discussed below. 

In order to avoid continued over-inflation of venom complexity, future transcriptome-based 

analyses of venom composition must include quantitative comparisons of multiple body tissues 

from multiple individuals and robust phylogenetic analysis that includes known paralogous 

members of gene families. In this way the true expression pattern of a gene or transcript may 

be inferred, any occurrences of pleiotropy may be detected, and correct orthology can be 

assigned to genes based on phylogenetic analysis rather than BLAST-based methods. 

Transcriptomic analysis of solely venom gland (as is a frequent methodology) is perfectly 

acceptable for descriptive studies which seek to characterise the transcriptome of this tissue. 

However, in order to assign a potential toxic role to a gene (and especially to infer its true 

evolutionary history, or the evolution of the venom repertoire in an entire lineage), sequencing 

the venom gland alone is insufficient as no "housekeeping" tissue is present as a reference. 

The use of clearly explained, justifiable criteria for classifying highly similar sequences as new 

paralogs rather than alleles or the result of PCR or sequencing errors is also essential, as it 

seems likely that some available sequences from previous studies have been presented as 

distinct genes on the basis of extremely minor ( or even non-existent) sequence variation (see 

figures 4.33 and 4.34 for examples of the same sequence being annotated as two different genes 

and figures 4.35-4.38 for examples of identical or nearly identical ribonuclease and CRISP 

sequences). As a result, the diversity of "venom" composition in these species may have been 

inadvertently inflated. 

Finally, inconsistent nomenclature of snake venom genes has contributed to a prolonged 

incidence of reptile salivary proteins being claimed as homo logs of characterised venom toxins. 

Whilst a standardised nomenclatural system is established for human (Shows et al. 1979), 

mouse (Eppig 2006) and zebrafish (Mullins 1995) genes, and such a system has been suggested 

for spiders (King et al. 2008), scorpions (Tytgat et al. 1999), sea anemones (Oliveira et al. 

2012) and centipedes (Undheim et al. , 2014), there is to date no nomenclatural system in place 

for reptile toxins. As a result the orthology, paralogy and evolutionary history of snake venom 

genes is not always easily apparent. For example, ophanin (accession AY181984, (Yamazaki 

et al. 2003a)) and opharin (accession A Y299475, Direct submission) are both cysteine-rich 

secretory proteins (CRISPs), whilst ohanin (accession DQ103590, (Pung et al. 2005)) is a 

vespryn-like gene. As all three are similar in pronunciation and spelling, and are all derived 
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from the king cobra (Ophiophagus hannah), it is obvious that their gene names could lead to 

confusion as they do not provide useful information about the proteins they encode nor their 

evolutionary origin. Therefore, the adoption of a standard nomenclature for reptile genes is 

encouraged (Hargreaves and Mulley 2014), as the overly-complicated and confusing 

nomenclature used currently (Table 4.3) may also contribute to the perceived complexity of 

snake venom. Rather than develop an entirely novel nomenclatural system for reptile toxins, it 

is more logical that the adopted nomenclature system should be based on the comprehensive 

standards developed for anole lizards (Kusumi et al. 2011 ), for example: 

• "Gene symbols for all ... species should be written in lower case only and in italics, e.g., 

gene2." 

• "Whenever criteria for orthology have been met. .. the gene symbol should be 

comparable to the human gene symbol, e.g. , if the human gene symbol is GENE2, then 

the gene symbol would be gene2." 

• "Duplication of the ortholog of a mammalian gene will be indicated by an "a" or "b" 

suffix, e.g. , gene2a and gene2b. If the mammalian gene symbol already contains a 

suffix letter, then there would be a second letter added, e.g., gene4aa and gene4ab." 

In addition, where toxin sequences are derived from proteomic analyses without a 

corresponding gene sequence they should be named based on similarity to existing toxin 

sequences in public databases ( e.g. Swiss-Prot (Bairoch and Boeckmann 1991 )) with the suffix 

"-like" to acknowledge sequence similarity but also to identify that the protein is currently 

uncharacterised. However, the increase in genomic and transcriptomic data available for reptile 

species should facilitate the identification of toxins derived from proteomic studies. 
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Table 4.3. Venom gene nomenclature. Lack of a formal set of nomenclatural rules for venom 

toxins has led to an explosion of different gene names and may have contributed to the 

overestimation of reptile venom diversity. 

Gene/eene family Alternative name and accession number 
CRISP Piscivorin [AAO62994] 

Ablomin [AAM45664] 
Tigrin [Q8JGT9] 
Kaouthin [ACH73167, ACH73 168] 
Natrin-1 [Q7TlK6] 
Pseudechetoxin [Q8AVA4] 
Pseudechin [Q8AVA3] 
Serotriflin [P0CB 15] 
Latisemin [Q8J138] 
Ophanin [ AAO62996] 
Ooharin rACN9367l] 

Serine proteases Acubin [CAB4643 l ] 
Gyroxin [B0FXM3] 
Ussurase [AAL48222] 
Serpentokallikrein [AAG27254] 
Salmobin [ AAC6 l 83 8] 
Batroxobin [AAA48553] 
Gloshedobin [POC5B4] 
Gussurobin [Q8UVX1] 
Pallabin [CAA04612] 
Pallase f AAC34898] 

Snake venom metalloproteinase Stejnihagin-B [ABA40759] 
(SVMP) Bothropasin [ AAC61986] 

Atrase B [ADG02948] 
Mocarhagin 1 [AAMS 1550] 
Scutatease-1 [ ABQ0 113 8] 
Austrelease-1 f ABQ0l 134] 

Vascular endothelial growth factor Barietin [ACN22038] 
(VEGF) Cratrin [ ACN22040] 

Apiscin [ACN22039] 
Vammin r ACN22045] 

Vespryn Ohanin [AAR07992] 
Thaicobrin fP82885l 

Waprin Nawaprin [P60589] 
Porwaprin [B5L5N2] 
Stewaprin [B5G6H3] 
Veswaprin [B5L5P5] 
Notewaprin [B5G6H5] 
Carwaprin rB5L5P0l 
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4.4.3 Difficulty in assigningjustifzable expression level cut-offs 

One of the specific problems encountered when analysing the transcript abundance estimation 

data was determining an appropriate and justifiable criteria for assigning an expression level to 

transcripts (e.g. highly or lowly expressed). Normally transcripts with an FPKM value of less 

than 1.0 are classed as being not expressed, which would apply to a considerable number of 

transcripts in this study (Figure 4.39). The datasets (particularly for venom gland) were also 

highly skewed, with a small number of highly expressed transcripts (i.e. large FPKM values), 

but a large number oflowly expressed transcripts. As a result any cut-off values assigned were 

purely arbitrary with no statistical justification. 

Values below 1.0 FPKM were not discarded as this would have eliminated a considerable 

number of proposed Toxicoferan gene transcripts from the analysis. As all transcriptomes were 

trimmed to sequences 300bp in length or above, transcripts must have been assembled from 

several reads, and would not be representative of unplaced read pairs. A cut-off value of above 

1,000 FPKM was initially chosen to represent highly expressed transcripts, with the next 

Toxicoferan gene below this value being ~600 FPKM. As can be seen in Figure 4.39 this 

resulted in only 16 transcripts belonging to 5 gene families being classed as encoding venom 

toxins. Whilst this may be the correct number of venom genes in E. coloratus, there is no 

statistically justifiable reason for this cut-off, and the results are also lower than the number of 

toxins found in the venom proteome of E. ocellatus. 

An alternative strategy was to use the expression of housekeeping genes as a base level of 

transcription and use this to determine justifiable cut-off values. However, as the expression of 

housekeeping genes was highly variable (see Chapter 3) it was not possible to establish a base 

level. The sequencing depth between samples (particularly between venom gland samples) was 

also highly variable, which must be considered when conducting future experiments. A high 

amount of variation in the number of reads per sample may lead to biases in mapping and 

transcript abundance estimation, even despite FPKM values being normalised for transcript 

length and sequencing depth. A future strategy could be to use the transcriptome sequences 

(along with genomic sequences to infer exon/intron boundaries) to design primers for qPCR 

experiments, where the expression level of a specific gene can be assessed across a larger 

number of samples and compared to several reference genes. 
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Figure 4.39. Gene expression levels are represented by colour shading with "High" (> 1000 

FPK.M) shaded red, medium (100-1000 FPKM) shaded yellow, low (1 -100 FPKM) shaded 

green, and transcripts which would usually be considered to be not expressed (<l FPKM) 

shaded white. The absence of expression of a transcript is indicated with a "-" and is shaded 

grey. 
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4. 4. 4 Con cl us ions 

The identification of the apparently conserved Toxicofera venom toxins in previous studies is 

most likely a side effect of incomplete tissue sampling, compounded by incorrect interpretation 

of phylogenetic trees and the use of BLAST-based gene identification methods. It should 

perhaps not be too surprising that homologous tissues in related species would show similar 

gene complements and the restriction of most previous studies to only the "venom" glands 

means that monophyletic clades of reptile sequences in phylogenetic trees have been taken to 

represent monophyletic clades of venom toxin genes. Whilst it is true that some of these genes 

do encode toxic proteins in some species (indeed, this was often the basis for their initial 

discovery) the discovery of orthologous genes in other species does not necessarily 

demonstrate shared toxicity. The complexity of reptile venoms appears to have been greatly 

exaggerated, which has implications both for our understanding of how venom gene families 

evolve, and for the development of more refined and targeted antivenom treatments for 

snakebite. Whilst this study does not constitute grounds to fully refute the Toxicofera 

hypothesis, it is certainly enough to call the widespread acceptance of it into question, and will 

hopefully represent a point of reference for future research into elucidating the true 

evolutionary history of venom in reptiles. 
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Chapter 5 

Gene duplication and venom gene recruitment 

Snake venom has been hypothesised to have originated via a process that involves the 

duplication of genes encoding non-toxic body proteins with subsequent "recruitment" of the 

copy to the venom gland, which then becomes weaponized through the gradual accumulation 

of mutations in protein coding regions. However, gene duplication is known to be a rare event 

in vertebrate genomes and the recruitment of duplicated genes to a novel expression domain 

(neofunctionalisation) is an even rarer process requiring the evolution of novel cis-regulatory 

architecture. Nevertheless, this hypothesis has proved to be pervasive and is often accepted 

as established fact, despite being supported by only a single publication. A comparative 

transcriptomic analysis of multiple body tissues from a range of reptile species was used to 

critically evaluate this hypothesis, and revealed that snake venom does not evolve via the 

duplication and recruitment of genes encoding non-toxic body proteins. Instead, many 

proposed venom toxins are expressed in a wide variety of body tissues, including the salivary 

gland of non-venomous reptiles. Snake venom therefore evolves via the duplication and 

subfunctionalisation of genes encoding existing salivary proteins prior to them becoming 

toxic, and not the recruitment of genes from multiple tissues to the venom gland. 
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5.1 Gene duplication and the evolution of phenotypic novelty 

Gene duplication has been suggested to be the major source of novel genetic material (Ohno 1970) 

and an essential (if not the most important) process in evolutionary adaptation and diversification 

(Ohno 1967). Arguably the topic of gene duplication has been the most influential and informative 

area of modern genetics in the last century, and discussions of gene and genome duplication and 

their role in the evolutionary diversification of species began in 1911 (Kuwada 1911; Taylor and 

Raes 2004), with subsequent publications in the 1930s (Bridges 1936; Serebrovsky 1938; Taylor 

and Raes 2004), 1950's (Stephens 1951; Taylor and Raes 2004) and late 1960's (Britten and 

Davidson 1969; Taylor and Raes 2004). However, its popularisation amongst biologists is often 

attributed to Susumu Ohno and his book "Evolution by gene duplication" (Ohno 1970). At the time 

these were bold statements to make, especially as there was little in the way of experimental 

evidence to support them. However, with the dawning of DNA and whole genome sequencing, it 

is apparent that gene duplications have played a major role in evolution (Taylor and Raes 2005). 

Indeed, there is limited scope for evolutionary innovation simply by modifying an existing gene 

through mutation. Conversely, the de nova formation of a gene occurs extremely rarely (if at all), 

and therefore duplicating an already established and functional gene provides a template with 

which to experiment. 

Following duplication a duplicate gene must become fixed within a population, and then be 

preserved in that population or it will eventually be deleted from the genome. The rate of gene 

duplication in vertebrates is proposed to vary from 1 gene per 100 to 1 gene per 1000 per million 

years (Cotton and Page 2005; Lynch and Conery 2000; Lynch and Conery 2003), with the fixation 

rate of those genes being much lower. Gene duplication can therefore be considered to be a rare 

process, especially in vertebrate genomes. Nevertheless, some duplicate genes are occasionally 

fixed and can evolve new functions, which may lead to speciation or phenotypic novelty allowing 

adaptation to an ecological niche. 

5.2 Mechanisms of gene duplication 

5.2.J Unequal crossing over (ectopic recombination) 

Unequal crossing over occurs when homologous chromosomes become misaligned during meiosis, 

resulting in the duplication of a chromosomal region from one chromosome which may be coupled 

with a deletion of a region from the other (Hurles 2004) (Figure 5 .1 ). As a result, duplicated genes 

are linked on the same chromosome (i.e. they are tandemly arranged) and there is potential to 
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duplicate multiple genes in a single duplication event. This type of duplication is facilitated by the 

presence of repetitive sequence elements which cause false homology between chromosomal 

regions and can lead to slipped-strand mispairing and misalignment during recombination 

{Levinson and Gutman 1987). 

J 

D Repetitive element - Exonl - Exon2 

Chromosomes are misaligned 
during recombination 

Segmental duplication, with 
paralogous regions being 
tandemly arranged. 

Figure 5.1. Recombination occurs between two homologous chromosomes which are misaligned. 

As a result, a gene is duplicated, with both paralogs being immediately adjacent to each other 

(tandemly arranged). This figure is adapted from Figure 1 in (Hurles 2004). 

5.2.2 Chromosomal or whole genome duplication (polyploidy) 

Whole genome duplication (polyploidy) causes the multiplication of a chromosome set within an 

organism, and can be a result of the fonnation of diploid gametes during meiosis (Van de Peer and 

Meyer 2005). If two of these diploid gametes fuse the resulting progeny will have four sets of 

homologous chromosomes although they will be unable to inbreed with the parents due to having 

a differing karyotype and consequently polyploidy can be considered to be a cause of sympatric 

speciation (Bolnick and Fitzpatrick 2007). 

It is distinct from aneuploidy in that a full set of chromosomes is duplicated, and as such there is 

no over- or under-representation of gene dosage (Van de Peer and Meyer 2005). Aneuploidy results 

in either the loss or gain of a chromosome, caused by the failed separation of homologous 
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chromosomes during meiosis (Taylor and Raes 2005). As this can result in the gain or loss of a 

considerable number of genes, and therefore alter gene dosage, there can be significant phenotypic 

effects (For example Down syndrome in humans is the result of an additional copy of chromosome 

21 (Taylor and Raes 2005)). 

Polyploidy has been found to be common in plants (Adams and Wendel 2005) but much rarer in 

animals (although examples do exist such as some African clawed frog species (Xenopus spp.) 

(Hughes and Hughes 1993)). Interestingly, all polyploid reptiles are triploid (i.e. have three sets of 

homologous chromosomes) and all reproduce by parthenogenesis (Song et al.2012) which is likely 

to be necessary due to one set of chromosomes being unable to form homologous pairs during 

meiosis. 

It is believed that there has been two rounds of whole genome duplication early in vertebrate 

evolution (the 2R hypothesis) (Kasahara 2007), with a proposed additional round of genome 

duplication in teleost fish (Meyer and Van de Peer 2005). It is easy to imagine how this process 

could have been a major driver in vertebrate adaptation and diversity due to the creation of many 

additional copies of genes, fom1ing a large reservoir of genetic material with which to experiment. 

Whilst many gene copies would have been functionally redundant following duplication and 

eventually lost from genome, some were retained such as Hox gene clusters (Kuraku and Meyer 

2009). 

5.2.3 Retrotransposition 

Retrotransposition occurs when an mRNA molecule is reverse transcribed to cDNA and 

subsequently inserted into the genome, giving rise to a retrogene (Zhang 2003). The resulting 

sequence can be integrated at a random position in the genome, and as such is not linked to the 

ancestral gene on the same chromosome as in tandem gene duplication resulting from unequal 

crossing-over (Hurles 2004). As the duplicated sequence originates from an mRNA molecule there 

are several characteristic features associated with this mode of duplication, namely a lack of introns 

and regulatory regions and the presence of poly-A tracts and flanking short repeat sequences (Long 

2001 ). As a consequence, the default fate of a retrogene is pseudogenisation as it lacks the 

regulatory sequences required for expression (Zhang 2003). However, if the retrotransposed 

duplicate is inserted downstream of a functional promoter it may still be expressed, potentially also 

inheriting a novel expression pattern depending on the regulatory sequence (Long 2001 ; Zhang 

2003). 
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5.3 The potential fate of duplicate genes 

Following fixation within a population, there are three possible fates for a gene duplicate: 

nonfunctionalisation, neofunctionalisation and subfunctionalisation (Hurles 2004). 

5. 3.1 Nonfunctionalisation (pseudogenisation) 

The most common fate for a duplicate gene is the loss of its function, thus becoming a pseudo gene 

(Mighell et al. 2000; Lynch and Conery 2000; Presgraves 2005). That is to say a gene which is 

highly similar to a functional gene but due to mutation ( e.g. introduction of a premature stop codon) 

is unable to be expressed, or encodes a defective product (Hurles 2004). As potentially only a single 

point mutation is required to disrupt a necessary transcription factor binding site, disrupt protein 

function, or result in a premature stop codon, nonfunctionalization is considered to be the most 

frequent fate of duplicate genes (Lynch and Conery 2000). This process can occur regardless of 

whether the duplicated paralog confers a selective advantage or not, and duplication of a partial 

sequence of a gene can give rise to a pseudo gene by default (Mighell et al. 2000). Pseudogenes are 

common in eukaryotic genomes (Wilde 1986) and it has been suggested that the window between 

duplication and nonfunctionalization is relatively small (Lynch and Conery 2000). Dollo' s law 

states that the evolutionary trajectory of an organism is not reversible (Dolio 1893), and as such 

pseudogenes should be considered to be rendered pennanently non-functional. However, it has 

been shown that silenced genes can be reactivated over relatively short time-scales (Marshall et al. 

1994) meaning that pseudogenes could provide a starting point for the evolution of new genes. 

5.3.2 Neofunctionalisation 

In some cases a duplicate gene is retained and undergoes neofunctionalisation (where one of the 

duplicates assumes a new role, independent of the ancestral function (Force et al. 1999)). This can 

either involve the modification of the protein coding region of a gene, leading to a novel function, 

or the modification of the gene regulatory regions of a gene, leading to a novel expression domain 

(Figure 5.2). The process of evolving an entirely new function is known to be incredibly rare and 

there are few conclusive examples of it in the literature (Deng et al. 20 l 0; Escriva et al. 2006; Van 

Damme et al. 2007). 
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Figure 5.2. Neofunctionalisation and subfunctionalisation. In neofunctionalisation, one of the gene 

duplicates develops new cis-regulatory regions through mutation, and as a consequence evolves an 

entirely novel tissue expression pattern. In subfunctionalisation, the ancestral tissue expression 

pattern is divided between the two gene duplicates, with tissue-specific cis-regulatory regions being 

lost/rendered non-functional through mutation. Consequently the role of the original gene is 

divided between the two paralogs. 

Ohno proposed that following gene duplication one duplicate is subject to "relaxed" selective 

pressure, as the other duplicate is carrying out the ancestral role (Ohno 1970), and as a consequence 

it is free to undergo mutation and eventually evolve a novel function. However, Bergthorsson et al. 

(Bergthorsson et al. 2007) postulated that this process is only possible if both gene duplicates are 

maintained in the population for a sufficient period of time for mutation to occur. They suggested 

that this would be achieved by selection for the retention of both gene copies, meaning that there 

would be no relaxed selective pressure allowing for one gene copy to develop a new function 
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(which they refer to as "Ohno's dilemma"). Instead they proposed that an ancestral gene develops 

a side-activity along with its usual function prior to duplication, which is amplified and maintained 

within the population if the side-activity confers a selective advantage. As a consequence the gene 

copies are maintained and any improvement to their function is favoured by selection, and so they 

are free to diverge (Bergthorsson et al. 2007). 

5. 3.3 Subfimctionalisation 

Subfunctionalisation occurs when the role of an ancestral gene is partitioned between the two 

paralogs resulting from a gene duplication event (Figure 5.2) (Hurles 2004). As such, neither 

paralog can evolve a novel function and this process can be achieved through neutral mutation, 

making it more parsimonious than neofunctionalisation. In the Duplication, Degeneration, 

Complementation (DDC) model proposed by Force et al. (Force et al. 1999), both gene paralogs 

undergo deleterious mutation following gene duplication leading to an inability of either copy to 

carry out their ancestral role. As a result both gene copies are essential to carry out the function of 

the ancestral gene, and the loss of functionality in one paralog is complemented by the retention of 

that function in the other (Force et al. 1999). Subfunctionalisation can however lead to the 

specialisation of paralogous genes. For example, if the ancestral gene is pleiotropic (i.e. a single 

gene fulfils multiple roles) it is constrained as an alteration to one role may negatively affect the 

other(s). However, if this gene is then duplicated and the ancestral role is partitioned between 

paralogs, they are then able to specialise which could potentially lead to an improvement in 

functionality. This is especially true for paralogs which were ancestrally expressed in multiple 

tissues but subsequently become restricted to a specific tissue (Li et al. 2005). 

5.4 Venom gene duplication and recruitment into the venom gland 

The venom of advanced snakes has been hypothesised to have originated and diversified via gene 

duplication (Wong and Belov 2012). In particular, it has been suggested that both the origin of 

venom and the later evolution of novelty in venom has occurred as a result of the duplication of a 

gene encoding a non-venom physiological or "body" protein that is subsequently recruited, via 

gene regulatory changes, into the venom gland, where natural selection can act on randomly 

occurring mutations to develop and/or increase toxicity (Casewell et al. 2012; Casewell et al. 2013; 

Fry et al. 2009b; Fry et al. 2012a; Kwong et al. 2009; Lynch 2007; Margres et al. 2013; Vonk et 

al. 2013). In short, it has been proposed that snake venom diversifies via repeated gene duplication 
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and neofunctionalisation, a somewhat surprising finding given the apparent rarity of both of these 

events. Here the term neofunctionalisation is used in reference to the acquisition of novel sites of 

expression at the level of individual tissues (Figure 5.2) and not the acquisition of novel functions 

at a molecular level as this latter interpretation is separate from the claims of the 

duplication/recruitment hypothesis. Even so, the evolution of novel functions through the 

modification of protein coding regions has only been shown to have occurred for a small number 

of venom toxins (Kini 2002; Kini 2003; Kini and Doley 2010; Lynch 2007) as the majority of 

duplicated toxins retain their ancestral bioactivity (Fry 2005; Warrell 2010) ). Therefore, venom 

gene isozymes (paralogs which catalyse the same biochemical reaction) may have been erroneously 

claimed to have been neofunctionalised (Lynch 2007; Brust et al. 2013). 

However, the mechanisms underlying repeated gene duplications and, more importantly, the gene 

regulatory changes that occur to facilitate "recruitment" into the venom gland are currently 

unknown. Given that whole genome duplication is a rare event in vertebrates in general and reptiles 

in particular (Mable 2004; Otto and Whitton 2000), it seems likely that the majority of snake venom 

toxin genes are duplicated via segmental duplication (Hurles 2004), where the highly repetitive 

nature of reptile genomes (Piskurek et al. 2006; Di-Poi et al. 2009; Shedlock et al. 2007; Kordis 

and Gubensek 1997) provides regions of pseudo-homology that facilitate unequal crossing-over 

during homologous recombination, producing tandemly-arranged duplicates. This process requires 

neither germline expression nor the evolution of de nova cis-regulatory sequences as does 

retrotransposition (Zhang 2003) and, if repeated so that the resulting pairs or larger clusters of 

genes were subsequently duplicated in the same manner, a relatively small number of duplication 

events could give rise to a large number of duplicate genes. Evidence for clusters of multiple snake 

venom metalloproteinases (SVMPs), cysteine-rich secretory proteins (CRISPs) and lectin genes in 

the king cobra genome (Vonk et al. 2013) and for phospholipase A2 (PLA2) genes in the Okinawan 

habu (Protobothrops fiavoviridis) (Ikeda et al. 2010) would seem to support this hypothesis, 

although more complete data from these and other snake whole genome sequencing projects is 

needed. 

Whilst this scenario explains how existing venom genes may undergo repeated rounds of gene 

duplication whilst retaining their required cis-regulatory regions, it does not explain how a gene 

may be originally "recruited" into the venom gland. The paralogous genes resulting from a gene 

duplication will be 100% identical and will initially be functionally redundant (i.e. their spatial and 

temporal expression patterns will be identical) (Force et al. 1999; Lynch and Force 2000). 
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Therefore, in order to recruit a gene from a body tissue into the venom gland, a novel combination 

of transcriptional regulatory sequences must arise in order to alter its expression pattern to be 

venom gland-specific. Eukaryotic transcription factor binding sites are the result of a trade-off 

between the specificity offered by longer stretches of DNA and the robustness to mutation offered 

by shorter sequences and vary in length between 5 and >30nt, with an average length of lOnt 

(Stewart et al. 2012). It has been estimated that eukaryotic promoters may contain 10-50 binding 

sites for 5-1 5 different transcription factors (Wray et al. 2003) (the transcription factor binding sites 

of venom genes are discussed in more detail in chapter 6). Therefore, the unlikeliness of evolving 

new combinations of transcription factor binding sites to give rise to novel tissue expression, 

coupled with the rarity of gene duplication in vertebrate genomes, should make the process of gene 

duplication and recruitment to the venom gland an extremely rare event. 

5.5 Reverse recruitment 

It has further been proposed that the process of recruitment may in fact be reversible, where a 

duplicated venom gene is recruited back into a body tissue, loses toxic function, and undergoes 

further neofunctionalisation to fulfil a non-toxic physiological role (Casewell et al. 2012). This 

"reverse recruitment" hypothesis was based largely upon non-toxin sequences from several body 

tissues of non-venomous snakes grouping together with toxin sequences in phylogenetic trees . The 

authors suggest either reverse recruitment or the co-expression of toxin genes in multiple tissues 

as an explanation for the non-monophyly ofToxicoferan toxin genes which their phylogenetic trees 

display. Whilst this dynamic toing and froing of both a genes function and its expression may add 

another layer of intrigue and complexity to the snake venom origin story, this hypothesis again 

assumes that both gene duplication and neofunctionalisation are extremely common processes 

within the reptile lineage. 

5.6 Venom gene restriction-an alternative hypothesis 

One possible alternative hypothesis is that many of the genes expressed in snake venom are in fact 

the result of the duplication of genes that were ancestrally expressed in multiple tissues, including 

the venom or salivary gland. Therefore following duplication these genes evolved via 

subfunctionalisation, with one copy's expression being restricted to the venom gland and the other 

maintaining the original, multi-tissue expression pattern (possibly with subsequent loss of 

expression of this paralog in the venom gland). This scenario of duplication and restriction, rather 
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than duplication and recruitment (Figure 5.3) is more parsimonious as it requires only the loss of 

transcription factor binding sites, which may occur by random mutation of single base pairs or 

larger insertions or deletions (indels) that may delete or disrupt the existing transcriptional 

regulatory sequences. 

Restriction Recruitment 
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Figure 5.3. Restriction and recruitment. Duplicated genes may be either restricted or recruited to 

the venom gland, with the recruitment dependent on the evolution of new combinations of 

transcription factor binding sites in upstream regulatory regions. Mutation/loss of regulatory 

regions is indicated with an X. 

In order to differentiate between the two hypotheses gene expression data from non-venom gland 

tissues in venomous and non-venomous species are needed, something which has until now been 
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missing. Here the existing evidence for the duplication and recruitment of genes into the venom 

gland is reviewed. Furthermore, a comparative transcriptomic survey of gene expression in the 

venom glands and body tissues of a number of reptile species was carried out, including the painted 

saw-scaled viper (Echis coloratus), a venomous, medically important viperid; the corn snake 

(Pantherophis guttatus) a non-venomous colubrid that kills its prey via constriction ; the rough 

green snake (Opheodrys aestivus) a non-venomous colubrid that grasps prey and simply swallows 

it; the royal python (Python regius), a non-venomous pythonid and member of the "primitive" 

superfamily, Henophidia, and the leopard gecko (Eublepharis macularius, Gekkonidae), a lizard 

that belongs to one of the most basal lineages of squamate reptiles. The phylogenetic position of 

E. macularius is particularly important, as it lies outside of the proposed Toxicofera clade (Chapter 

4) (Fry et al. 2006; Fry et al. 2009a; Fry et al. 2012b; Fry et al. 2013). Therefore genes found in the 

salivary gland of this species can be taken to represent the ancestral squamate expression pattern. 

Available transcriptomic resources for body tissues in a number of other reptile species were also 

incorporated into analyses, including king cobra (Ophiophagus hannah) venom gland, accessory 

gland and pooled tissues (heart, lung, spleen, brain, testes, gall bladder, pancreas, small intestine, 

kidney, liver, eye, tongue and stomach) (Vonk et al. 2013), garter snake (Thamnophis elegans) 

liver (Schwartz and Bronikowski 2013) and pooled tissue (brain, gonads, heart, kidney, liver, 

spleen and blood of males and females) (Schwartz et al. 2010), Burmese python (Python molurus 

bivittatus) pooled heart and liver (Castoe et al. 2011) and com snake brain (Tzika et al. 2011 ). 

5.7 Methods 

RNA sequencing and transcriptome assembly methods are discussed in detail in chapter 3. Briefly, 

total RNA was extracted from the salivary glands, scent glands and skin of two adult corn snakes 

(Pantherophis guttatus), rough green snakes (Opheodrys aestivus), royal pythons (Python regius) 

and leopard geckos (Eublepharis macularius) (the general term 'salivary gland' is used for 

simplicity, to encompass the oral glands of the leopard gecko, rictal glands of the royal python and 

Duvernoy's gland of the corn snake and rough green snake and no homology to mammalian 

salivary glands is implied). Only a single com snake skin sample provided RNA of high enough 

quality for sequencing. RNA samples for painted saw-scaled vipers (Echis coloratus) were 

extracted from the skin, scent glands, kidney and brain of two adult specimens, and liver and ovary 

samples were extracted from one adult individual. Venom glands from four adult individuals were 

taken at different time points following venom extraction (16, 24 and 48 hours post-milking) in 
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order to capture the full diversity of venom genes. All RNA extractions were carried out using the 

RNeasy mini kit (Qiagen) with on-column DNase digestion. mRNA was prepared for sequencing 

using the TruSeq RNA sample preparation kit (Illumina) with a selected fragment size of 200-

500bp and sequenced using l 00bp paired-end reads on the Illumina HiSeq2000 or HiSeq2500 

platform. The quality of all raw sequence data was assessed using FastQC (Andrews 20 l 0) and 

reads for each tissue pooled and assembled using Trinity (Grabherr et al. 2011) (sequence and 

assembly metrics are provided in Appendix 23-24). Venom genes were identified by BLAST+ 

(Camacho et al. 2009) and maximum-likelihood-based phylogenetic analysis and tissue 

distribution identified by BLAST-based searches of assembled transcriptomes. Transcriptome 

reads were deposited in the European Nucleotide Archive (ENA) database under accession 

#ERP001222 and the Sequence Read Archive (SRA) under the project accession #SRP042007. 

Assembled and annotated sequences used in phylogenetic trees have been deposited in the 

GenBank Transcriptome Shotgun Assembly (TSA) database under the project accession 

#PRJNA2553 l 6. 

5.8 Results 

5.8.J Venom genes are ancestrally expressed in multiple tissues 

Analysis of newly generated and publicly available transcriptomic data revealed that many of the 

gene families which have subsequently evolved and diversified to encode venom toxins are 

expressed in a multitude of tissues, including the venom gland and the salivary gland of non

venomous reptiles (Figure 5.4). Gene families which are unlikely to represent toxins in reptiles 

such as cystatins and waprin (as discussed in chapter 4) were found to have a wide expression 

pattern (Figure 5.4), further supporting the hypothesis that these simply represent housekeeping or 

maintenance genes. 
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Figure 5.4. Tissue distribution of putative toxin gene families. Tissue abbreviations: Sal, salivary 

gland; VG, venom gland; Bra, brain; Liv, liver; K, kidney; 0, ovary; P, pooled tissue (see text for 

details). Species abbreviations: Ema, leopard gecko (Eublepharis macularius); Pre, royal python 

(Python regius); Oae, rough green snake (Opheodrys aestivus); Pgu, corn snake (Pantherophis 

guttatus); Eco, painted saw-scaled viper (Echis coloratus); Oha, king cobra (Ophiophagus 

hannah); Tel, garter snake (Thamnophis elegans). 

5.8.2 Evaluation of previously proposed venom gene recruitment events in snakes 

The study cited most frequently in support of the duplication and recruitment hypothesis is that of 

Fry (Fry 2005) in his paper "From genome to "venome ": molecular origin and evolution of the 

snake venom proteome inferred from phylogenetic analysis of toxin sequences and related body 

proteins" (see for example (Casewell et al. 2012; Casewell et al. 2013; Jiang et al. 2011 ; Warrell 

2010)) and therefore this hypothesis will be herein referred to as the 'genome to venome 

hypothesis' . In his study, Fry concluded that the evolution of snake venom was characterised by at 

least 24 recruitment events (Fry 2005). However, this analysis was based on assumptions that ( 1) 

snake venom toxin sequences derived primarily from EST-based studies of only the venom gland 

could be considered to be venom gland-specific and (2) if they were related to a gene known to be 

expressed in a "body" tissue of human or other species they must therefore represent a recruitment 
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event. It is obviously possible that the same gene may be expressed in multiple tissues of the snake 

and the omission of data from non-venom gland tissues makes it impossible to elucidate the true 

extent of a genes expression pattern. It must be considered therefore that for the majority of genes 

Fry does not actually demonstrate any evidence for gene duplication and subsequent recruitment. 

Only four examples in Fry's study include both "body" and venom gland sequences from 

venomous snakes and therefore only these four could possibly show any evidence in support of 

gene duplication and recruitment into the venom gland: crotamine; natriuretic peptide; complement 

C3 and Group IB phospholipase A2 (Fry 2005). As nerve growth factor has been suggested to have 

undergone a duplication somewhere within the Elapid lineage (Sunagar et al. 2013; Hargreaves et 

al. 20 I 4a; Hargreaves et al. 2014b) ( see also chapter 4 ), and coagulation factors V and X have been 

suggested to have been duplicated and recruited from genes expressed in the liver (Reza et al. 2006; 

Reza et al. 2007; Kwong et al. 2009), they have also been included in this analysis and are discussed 

below. 

Crotamine 

The South American rattlesnake (Crotalus durissus terrificus) crotamine-like sequence labelled as 

'Pancreas' (accession number Q6HAA2) used in Fry's study was in fact originally described to be 

highly expressed in pancreas, heart, liver, brain and kidneys (i.e. all tissues examined) with 

"scarce" but detectable expression in the venom gland (Radis-Baptista et al. 2004). This newly 

generated transcriptomic data shows that the toxic form of crotamine is derived from the 

duplication of a non-toxic /J-d(!fensin-like gene with a wider expression pattern that included the 

salivary/venom gland (Figure 5.4) and that the toxic duplicate has been restricted, not recruited, to 

the venom gland. 

Natriuretic peptides 

Whilst Bothrops jararaca does appear to possess at least two distinct forms of natriuretic peptide 

(Hayashi et al. 2003; Hayashi and Camargo 2005), the situation may also be more complex than 

that originally presented, as the sequence labelled as 'Brain' by Fry (accession Q9PW56, identical 

to AAD5 l 326) in fact shows a wider expression pattern that includes brain, spleen, venom gland 

and, possibly, pancreas (Hayashi et al. 2003; Hayashi and Camargo 2005; Murayama et al. 1997). 

Few natriuretic peptides are found in this dataset (Figure 5.4), and the low number of these 

sequences previously characterised would suggest that they play little role in the venom of snakes 
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other than Bothrops spp., where they appear to have undergone duplication and 

subfunctionalisation. 

Complement C3 ("Cobra venom factor '') 

For complement C3, Fry's analysis (Fry 2005) utilised Indian cobra (Naja naja) sequences from 

liver (accession number Q01833) (Fritzinger et al. 1992) and venom gland (accession number 

Q9 l l 32) (Fritzinger et al. 1994). However, both sequences were in fact isolated from what the 

authors refer to as "Naja naja kaouthia", a synonym for the monocled cobra, Naja kaouthia. This 

inaccuracy notwithstanding, Fry's analysis does suggest that there has been a duplication of a 

complement C3 gene to give rise to a new copy ( often referred to as "cobra venom factor", more 

rightly called complement C3b) although the lack of data for other body tissues should have 

precluded claims of recruitment. Analysis of new transcriptomic data in fact reveals that 

complement C3 is expressed in a diverse array of body tissues in multiple species, including the 

salivary gland of non-venomous reptiles (Figures 5.4 and 5.5) and that a paralogous copy of this 

gene has therefore been restricted to the venom gland following duplication within cobras. An 

additional gene duplication also appears to have taken place in the Australian lowland copperhead, 

Austrelaps superbus, although the genes expressed in the venom gland appear to be highly similar 

to those expressed in the liver, and it is not stated whether the liver and venom gland samples were 

derived from the same individual (Rehana and Kini 2007; Rehana and Kini 2008). Therefore, it is 

possible that the venom gland and liver sequences represent the same gene, with both duplicates of 

complement c3 being expressed in the venom gland and liver (and possibly other tissues) 

simultaneously. 
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Ophiophagus hannah OVF [AFJ59923] (China) 
Ophiophagus hannah complement c3-b (VG, AG) (Indonesia) 
Naja kaouthia CVF [Q91132] 

116 
Naja naja Complement C3 [Q01833] (Liver) * Ophiophagus hannah complement c3-a (Pooled tissue) 

Bungarus t asciatus Complement C3 [ABN72542] 
Austrelaps superbus Venom factor 1 [AAZ81953] 
Austrelaps superbus Complement protein C3-1 [ABA28745] (Liver) 
Austrelaps superbus Venom factor 2 [AAZ81954] 
Austrelaps superbus Complement protein C3-2 [ABA28746] (Liver) 
Thamnophis elegans complement c3 (Liver) 
Crotalus adamanteus Complement C3 [J3S836] 
Echis coloratus complement c3 (VG, SCG, SK, BRA, KID, LIV) 

Pantherophis guttatus complement c3 (SAL, SCG, SK, VMNO) 
Opheodrys aestivus complement c3 (SAL, SCG, SK) 

Boa constrictor imperator Complement C3 [AGl97170-2] 
Cylindrophis ruffus Complement C3 [AGl97167-9] 
Python regius complement c3 (SAL, SCG) 

Python molurus complement c3 (Pooled tissue) 
Physignathus lesueurii Complement C3 [JX467142] 

Pogona vitticeps complement c3 (Brain) 

118 
Chameleo calyptratus Complement C3 [AGl97162-3] 

r----11-------Chlamydosaurus kingii Complement C3 [JX467138] 
Uromastyx aegyptica complement C3 [JX467141] 

1------Anolis equestris Complement C3 [JX467140] 
-----Anolis carolinensis complement c3 [XP 003216855] 
1---1guana iguana complement C3 [JX467139] 

Eublepharis macularius complement c3 (SAL, SCG, SK) 
------varanus mitchelli CVF-VAR1 [AAZ75585] 

gg 
---Gallus gallus Complement C3 [NP 990736] 

Columba livia Venom factor 1-like [XP 005513793] 
----Taeniopygia guttata Complement C3-like [XP 002200404] 

-----1 Alligator sinensis Venom factor 1-like isoform X1 [XP 006023407] 
Alligator sinensis Venom factor 1-like isoform X2 [XP 006023408] 

.---------Pelodiscus sinensis Venom factor-like [XP 006114685] 
Chelonia mydas Complement C3 [EMP26094] 

Chrysemys pi eta bellii Complement C3-like [XP 005312631] 

... 
____ ,

00
_;--- Monodelphis domestica Complement C3-like [XP 003340773) 

100
--- Homo sapiens Complement C3 [ENSG00000125730] 

__ ....,. Mus musculus Complement C3 [ENSMUSG00000024164] 
Rattus norvegicus Complement C3 [ENSRNOG00000046834) 

-------- Latimeria chalumnae Complement C3 [ENSLACG00000016476] 

0.08 

Figure 5.5. complement C3 genes are expressed in a diversity of tissues, including venom and 

salivary glands. Following a gene duplication event (marked with *, shaded dark grey) one paralog 

has been restricted to the venom gland in the king cobra (Ophiophagus hannah) and the monocled 

cobra (Naja kaouthia). The two distinct king cobra sequences most likely represent geographic 

variation between Indonesian and Chinese populations. An additional gene duplication event 

appears to have occurred in the Austrelaps superbus lineage (marked with +, shaded light grey). 

Lineages for which body (non-venom gland) sequences are available are coloured blue and 

bootstrap values for 500 replicates are shown above branches. 
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Group IB Phospholipase A2 

Fry used Group IB phospholipase A2(PLA2IB) sequences from the pancreas of the banded seakrait 

(Laticauda semifasciata, accession Q8JFG2) and the venom gland of the Australian coastal taipan 

( Oxyuranus scutellatus, accession P006 I 5) to support the recruitment of this gene family. 

However, PLA2 IB genes were found to be expressed in several body tissues, including the leopard 

gecko salivary gland (Figures 5.4 and 5.6), suggesting a wider ancestral expression pattern than 

previously claimed. 

r-------=============::J } Group HA PLA2 Rattus norveglcus PLA2 Group IB NSRNOG00000001153) 
Mus musculus PLA2 Group IB [ENSMUSG00000029522) 

Monodelphls domestic• PLA2 Group IB [ENSMODG00000003205) 
Gallus gallus PLA2 Group IB [ENSGALG00000020989] 

Melugrls gallopavo PLA2 Group IB [ENSMGAG00000016526) 
Gallus gallus PLA2 Group IB [ENSGALG00000007236) 

Melugrls gallopavo PLA2 Group IB [ENSMGAG00000008796) 
Anas platyrhynchos PLA2 Group IB [ENSAPLG00000013778] 
Taenlopygla guttata PLA2 Group IB [ENSTGUG0000000951 BJ 

Flcedula alblcollls PLA2 Group IB [ENSFALG00000007582) 
Homo saplens PLA2 Group IB [ENSG00000170890) 

, r-- Eublephuls macululus PLA2 Group IB (SAL, SCG, SK) 
Anolls cuollnensls PLA2 Group IB [ENSACAG00000002718) 

Python regius PLA2 Group IB (SCG) 
Echls coloratus PLA2 Group IB (SCG, BRA) 

Protobothrops e legans Phosphollpas• A2 [BAM76245) (Pancreas) 
Protobothrops flavovlrldls Phosphollpase A2 [BANOB536) (Pancreas) 

62 Trlmorphodon blscutatus PLA2(IB)•Trl1 [ABU68503) 
Ophlophagus hannah Phosphollpase A2 [Q9DF56) 

Ophlophagus hannah PLA2 Group IB-1 (VG, AG) 
Ophlophagus hannah PLA2 Group IB-2 (VG, AG) 

Ophlophagus hannah acidic phosphollpase A2 [AAG23964) 
Pseudonaja textllls phosphollpase A2 precursor [AAD40976] 
Oxyuranus scutellatus PLA-1 precursor [AAZ22632] 

Notechls scutatus PLA2 [AAB34122) 
Pseudechls porphyrlacus PLA•1 precursor [AAZ22667] 

oxyuranus scutellatus Basic phosphollpase A2 talpoxln alpha chain [P00614) 
91 , ,---Suta fasclata PLA2-Sut-1 [JAA75028) 

Oxyuranus scutellatus Neutral phosphollpase A2 homolog talpoxln beta chain 1 [P00615) 
Notechls scutatus scutoxln precursor [AAZ22649) 
Drysdalla coronoldes Phosphollpase A2 PS22 [FBJ2D2) 

Laticauda colubrlna Basic phosphollpase A2 PC9 [QBUUH9) 
Laticauda semlfasciata phosphollpase A2 [BAA99510) 

Laticauda latlcaudata Basic phosphollpase A2 PC17 [QBUUl1] 
Latlcauda semltasclata Phosphollpase A2 pkP2 [QBJFG2) (Pancrus) 
Latlcauda semltasclata Phosphollpas• A2 GL16·1 [QBJFB2) (Pancrus) 

NaJa naja phosphollpase A2 [AAA66029J 
Naja atra phosphollpase A2 [CAM34525) 

Naja kaouthla phosphollpase A2 [BAA36404) 
Naja saglttlfera phosphollpase A2 lsoform 1 precursor [AAR00253) 

i---- Mlcrurus altlrostrls putative phosphollpase A2 [AED89578) 

0.3 

Mlcrurus fulvius phosphollpase A2 20 (JAB52799) 
Mlcrurus fulvlus phosphollpase A2 [AAZ29513) 

Mlcrurus fulvlus phosphollpase A2 1 a [JAB52803) 
Mlcrurus tulvlus phosphollpase A2 21 [JAB52798) 

Figure 5.6. Phospholipase A2 group IB genes are expressed in a diversity of tissues, including 

leopard gecko (Eublepharis macularius) salivary glands. Following a gene duplication event 

somewhere in the advanced snake lineage one paralog has been restricted to the venom gland. 

Lineages for which body (non-venom gland) sequences are available are coloured blue and 

bootstrap values for 500 replicates are shown above branches. 
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Nerve growth factor 

It has recently been suggested that there has been a duplication of nerve growth factor (ngf) genes 

in some snake species (Sunagar et al. 2013), although the presence of additional copies of ngf in 

certain species of cobra has been known for some time (Koh et al. 2004; Lipps 2000). The non

toxic form of ngf (more specifically ngfa) is in fact expressed in a diversity of tissues, including 

the salivary glands of non-venomous reptiles (Figures 5.4 and 5. 7). The expression of the putatively 

toxic version (ngfb) has therefore also been restricted to the venom gland following duplication. 

Bmgarus ndlclnctus NGF~AAB25729~ 
Dlys4alla coronoklts NGf AEH95535 

r, ...... ...;..;;.;._ Oenilonla - -Den-2 [JAA74726) _ _____.- - Ophlophagus hamah nan, (VI;) 
~-~--scaffold12849.1) 

73f ii.: ~e= .J.... gr8:J,.h factor [P01140[ --..:.:.i Naja kaoulhla ntM growth factor [A59218I 
• llaja alra Venom nen,e growth factor (P6f898J 

WallerinnHlaat!Mlllawnornnen,egrowthfactor (AEH59581J 
llcrurus flMII N!lf-1a {VG) 

llcr1111n flMII NGF-1b {VG) 
Naja ~alrlx NGf (AAS94268( 

Naja kaoulhla nen,e growth factor beta DOM>OOlicle [ACC85831j 
Ophiophagus hannah lffl>Olhetlcal proleln l 3l5 f0532lETE63701 
Ophlophagus hamah ngla (Genomic. scaflold2616.1) 
Ps~~=~'lf9~r'hfactor beta polweplicle (ACC85824( 

0~ microlepidolus IIGf JABA601171 
Trmeresurus fli11Iowidis NGf (BAG16511J 

Lachesis stenophrys nerve growth factor beta polypeptide (ACC85821J 
Ovophis okinil\ll!flsls NGf IBAN82142J 
Crolakls dullssus NGf (O"90EZ9J 

Boltvops Jararacussu NGF (AAG12169J 
~~~~:,~~~f~l.nlm~w bela polypeptide (ACC85807J 

Dabola russetii nerve growth factor beta poM)eptlde (ACC85813J 
Echls coloralus nlta IVG SCG SK, OVA) 

Azemlops feae NGF-AZE1 (AAIT5635J 
7sr-......;~ Thamnophls marclanm nerve growth factor beta poM)eptlde (ACC858371 

ODheodlys aestllllls ngfa (SCG SK) 
Panthefophis guttalus ng,'a (SAL, SCG) 

94 LampropeNis get,~. nerve growth factor bela POM)Optlde (ACC85822( 
___________ ...;;.;_i l'ylhon regius ngfa(SK) 

, Pylhon moturus ngfa (AEOU010205372J (Genomic-CoIi1g 26560677) 
Boa constrictor nerve growth factor beta ooM>Ollllde (ACC85806J 

Anolis carotinensfs naf IENSACAP00!!00003352J 
n ~ Varanus ac...-lM#US NGf.VAR1 (AAZ75634) 

VararMn salvafor nerve gr:owth factor beta pDM>OJ>llde (ACC85794J 

L--~99c===::.Taenlopygla guttata NGF [E~i~mrJ/:i=rstt ngfa (SAL, SCG, SK) 

J.~M:':'~:-"~~~~~ii\s61•1 

L-J.UL.-_-_-_-_-_-_-_--Mon-{ode= lp':.••=dom=•st'.;ic~•=NGF b1NSMODG00000004863J 
Homo saplensi, t~c<:::>°~Wf/j,686) 

Rattus norveoicus NGF IENSRNOG00000016571J 
- ----------Latonerla chakHmae NGf (ENSLACG00000018594J 

0,08 

Figure 5. 7. nerve growth factor (ngf) genes are expressed in a diversity of tissues, including venom 

and salivary glands. Following a gene duplication event (marked with * and shaded) one paralog 

has been restricted to the venom gland. Lineages for which body (non-venom gland) sequences are 

available are coloured blue and bootstrap values for 500 replicates are shown above branches. 
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Coagulation factors V and X 

Both coagulation factor V and factor X have been suggested to have undergone gene duplication 

in Australian elapids such as Tropidechis carinatus and Pseudonaja textilis with subsequent 

recruitment of a gene normally expressed in the liver into the venom gland (Le et al. 2005; Reza et 

al. 2007; Kwong and Kini; Kwong et al. 2009). However, these studies do not appear to have 

investigated body tissues other than liver and venom gland (Le et al. 2005) and so cannot be relied 

upon to demonstrate the full extent of ancestral gene expression. Results from this analysis in fact 

show factor V to be expressed in multiple tissues, including rough green snake scent gland, king 

cobra accessory gland, Echis coloratus scent gland, kidney, brain, ovary and skin and the scent 

gland, skin and salivary gland of the leopard gecko (Figures 5.4 and 5.8). 

* Pseudonaja texttlls coagulation factor v [AAT78356) 

..---------""'4-PseudonaJa texttlls pseutarln C [AA038805] 

Oxyuranus scutellatus Factor V~lke subunit of oscutarln [AAY47065] 

oxyuranus mlcrolepldotus Omlcarln-C [Q58l.90) 

7S 

93 

91 

100 
Ophlophagus hannah Factor Va (AG) --~ 

Thamnophls elegans Factor Va (Uver, Pooled tissue) 

100 Opheodrys aesttvus Factor Va (SCG) 

Echls coloratus Factor Va (SCG, SK, UV, KID, BRA, OVAi 

....._ ____ Anolls carollnensls Factor V [ENSACAG00000010312) 

'---- Eublepharls macularlus Factor Va (SAL. SCG, SKI 

100 
Gallus gallus Factor V [ENSGALG00000015207) 

Melugrls gallopavo Factor V (ENSMGAG00000014344] 

------Monod•lphls domestic a Factor V [ENSMODG00000003126) 

.---- Homo uplens Factor V [ENSG00000198734) 

'---- Mus musculus Factor V [ENSMUSG00000026579] 

'-------------- Xenopus troplcalls Factor V (ENSXETG00000002423) 

..._ ______ Lattmerla chalumnae Factor v (ENSLACG00000016237) 

0.2 

Figure 5.8. factor V genes are expressed in a diversity of tissues, including leopard gecko 

(Eublepharis macularius) salivary glands. Following a gene duplication event (marked with * and 

shaded) one paralog has been restricted to the venom gland. Lineages for which body (non-venom 

gland) sequences are available are coloured blue and bootstrap values for 500 replicates are shown 

above branches. 
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Factor Xis also expressed in multiple tissues (Figures 5.4 and 5.9), including the salivary or venom 

glands of leopard gecko, royal python, rough green snake, corn snake and Echis coloratus. In both 

cases therefore a gene with a wide expression pattern that included the salivary or venom gland has 

undergone restriction to the venom gland following duplication. 

Hoplocephalus bungaroldes fX-Hop-1 [JAA74891] 
Hoplocephalus stephensll factor X-llke protHse hopsarln D precursor [AAX37264] 

1 Notechls scutatus notecarln D [AAZ14091] 

60 

Tropldechls carlnatus venom prothrombln activator trocarln D [ABG02404) 
suta fasclata fX-Sut-7 [JAA74983] 

Cryptophls nlgrescens nlgrarln D factor X-llke protease precursor [ABK63579] 
L___r- Oemansla vestlglata venom prothrombln activator vestarln-01 [A6MFK7] 

Demansla vestlglata Venom prothrombln activator vestarln-02 [A6MFK8] 
PseudonaJa textllls pseutarln C catalytic subunit precursor [AAP86642] 
oxyuranus scutellatus Oscutarln-C [Q58L96] 
oxyuranus mlcrolepldotus Omlcarln-C [Q58Ul5] 

Troptdechls carlnatus blood coagulation factor X [ABG02403) 
Ophlophagus hannah Factor Xa (VG, AG, Pooled tissue) 

Opheodrys aestlvus Factor Xa (SAL, SCG, SK) 
Pantherophls guttatus Factor Xa (SAL, SCG, SK) 

Thamnophls elegans Factor Xa (Liver) 
Echis coloratus Factor xa (VG, SCG, SK, OVA, BRA, LIV) 
Python reglus Factor xa (SCG) 

,.__ ____ Anolls carollnensls Factor X [ENSACAG00000006917] L----- Eublepharls macularlus Factor Xa (SAL, SCG, SK) 
,---1.!!!!f ___ Pelodlscus slnensls coagulation factor X [XP 006139007] 

Chrysemys plcta bellll coagulation factor X [XP 005307672] 
----Alligator mlsslsslpplensls coagulation factor X [XP 006272540] 

Melugrls gallopavo coagulation factor X-llke [XP 003203258] 
Gallus gallus coagulation factor X precursor [NP 990353) 

,._____,=L_ Columba llvla coagulation factor X [EMC87006] 
.._ __ Taenlopygla guttata Factor X [ENSTGUG00000009098) 

-----Monodelphls domestic a Factor X [ENSMODG00000003988] 
'-------'"""' Homo uplens coagulation factor X preproproteln [NP 000495) 

Rattus norveglcus factor X [CAA56202) 
Mus musculus co.igulatlon factor X lsotorm 1 preproproteln [NP 001229297) 

'-------- Xenopus troplcalls coagulation factor X precursor [NP 001015728) 
,.__ _______ Latlmerla chalumn .. Factor X [ENSLACG00000001156) 

0.2 

Figure 5.9. factor X genes are expressed in a diversity of tissues, including venom and salivary 

glands. Following a gene duplication event (marked with * and shaded) one paralog has been 

restricted to the venom gland. Lineages for which body (non-venom gland) sequences are available 

are coloured blue and bootstrap values for 500 replicates are shown above branches. 
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5.9 Discussion 

The hypothesis that snake venom evolves via the duplication of physiological or body genes and 

subsequent recruitment into the venom gland is unsupported by the available data. In short, snake 

venom has not evolved via the recruitment of "body" genes. Indeed for a large number of the gene 

families claimed to have undergone recruitment there is evidence of a diverse tissue expression 

pattern, including the salivary gland of non-venomous reptiles (Figure 5.4), demonstrating that, if 

they do encode toxic venom components (Hargreaves et al. 2014a), they have not been recruited 

into the venom gland, but restricted to it. The recently published king cobra genome paper (Vonk 

et al. 2013) also provides evidence for salivary (rictal) gland expression of several venom toxins 

in the Burmese python, Python molurus bivittatus, including 3ftx, cystatin, hyaluronidase and 

SVMP (Supplementary Table S2 in (Vonk et al. 2013)). Therefore, whilst some venom toxin genes 

have in the past been suggested to represent ancestral salivary proteins (notably cysteine-rich 

secretory proteins (CRISPs) and Kallikrein-like serine proteases (Fry 2005; Sunagar et al. 2012)), 

this analysis shows that the majority of snake venom toxins are likely derived from pre-existing 

salivary proteins. This would mean that the evolution of a novel gene regulatory network to achieve 

venom gland-specific expression is unnecessary, as the gene is ancestrally already expressed in the 

venom gland prior to becoming toxic. 

The "reverse recruitment" study (Casewell et al. 2012) was the first publication to include a large 

amount of non-venom gland tissue transcriptomic data in its analyses. However, it should be noted 

that these sequences were derived from transcriptomic studies of the heart and liver of the Burmese 

python (Python mofurus bivittatus) (Castoe et al. 201 l) and mixed body tissues of the garter snake 

(Thamnophis elegans) (Schwartz et al. 2010), i.e. from non-venomous species. Therefore, due to 

the lack of non-venom gland tissues from a venomous species, the proposed duplication history of 

venom genes in this study are not supported. Furthermore, the authors made the assumption that 

"body" sequences nesting within a "venom clade" represented former toxins. The more 

parsimonious explanation is that these sequences actually represent housekeeping genes which 

have never been toxic, requiring no gene duplications at all. As such, the default conclusion should 

more rightly have been reptile sequences grouping together in a reptile clade. Several of these 

phylogenetic trees also have sequences from other species such as human (Homo sapiens) and 

rainbow trout (Oncorhynchus mykiss) nested between reptile clades, implying that these trees in 

fact contain sequences for multiple genes, and so the formation of multiple clades is inevitable. 

Taking this into account, whilst Casewell et al. propose reverse recruitment as an explanation for 
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the non-monophyly of Toxicoferan toxin genes in their phylogenetic trees, this new data coupled 

with analyses in chapter 4 suggest that these genes are in fact housekeeping or maintenance genes, 

and not former toxins. 

The proposal that venom is an incredibly complex cocktail of proteins (Casewell et al. 2013; Fox 

and Serrano 2008; Kini 2002; Wagstaff et al. 2006) recruited from multiple body tissues (Casewell 

et al. 2013; Fry 2005; Fry et al. 2009a; Warrell 2010), requiring extensive gene duplication and 

neofunctionalisation appears to be largely unsupported based on available data. Instead, snake 

venom should be considered to be a modified form of saliva, where a relatively small number of 

gene families (typically 6-14) have expanded via gene duplication, often in a lineage-specific 

manner (Fahrni et al. 2012; Kulkeaw et al. 2007; Vonk et al. 2013; Wagstaff et al. 2009). It is 

possible that the elevated expression level caused by two duplicates of a pre-existing salivary 

protein could confer an increased efficacy to prey capture, and as such the expression of this paralog 

in the venom or salivary gland is maintained. The known increased expression of a factor X paralog 

following an insertion in the promoter region (Han et al. 2013 ; Kwong and Kini; Kwong et al. 

2009; Reza et al. 2007) and the increased expression of crotamine in the venom gland following 

duplication (Radis-Baptista et al. 2003; Radis-Baptista et al. 2004) would suggest that this may be 

the case. The additional duplication of complement c3 in Austrelaps superbus (Figure 5.5) may 

indicate the beginning phase of this process. It is possible that these paralogs are both expressed in 

the liver (Rehana and Kini 2008), venom gland (Rehana and Kini 2007) and potentially other 

tissues. If the expression of one paralog in the venom gland confers an advantage to the function 

of the venom, this paralog may subsequently be restricted to the venom gland and may undergo 

mutation to develop toxicity. 

Interestingly, some of the key papers cited in support of the 'genome to venome' hypothesis in fact 

discuss the recruitment of genes into the venom proteome, and not the venom gland itself (Fry and 

Wuster 2004; Fry 2005) with such claims only becoming more common in the literature some time 

later (see for example (Casewell et al. 2013; Durban et al. 2011 ; Fry et al. 2008)). Added to the 

fact that these papers show no evidence for duplication and recruitment of"body" genes it must be 

concluded that not only is this hypothesis not supported by newly available data, but that it was 

never supported originally. It appears therefore that a misunderstanding of the scope of the claims 

of these earlier studies, together with the known role for gene duplication in the diversification of 

snake venom (Kordis and Gubensek 2000) is responsible for the development and propagation of 

the attractive, but ultimately unsupported, duplication and venom gland recruitment hypothesis. In 
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order to fully understand the evolution of snake venom, more transcriptomic data is needed from a 

much greater variety of species for a much greater number of body tissues, ideally at a wider 

diversity of stages of venom synthesis and with consideration of sex, ontogeny, shedding and 

reproductive cycles and the large-scale effects on metabolism of intermittent feeding on large prey 

(Castoe et al. 2013; Wall et al. 2011). Even so, it will be difficult to fully account for all possible 

spatial and temporal influences on gene expression, and the default assumption for the fate of 

duplicate genes should perhaps therefore be subfunctionalisation, not neofunctionalisation. 

In addition to the implications these findings have for snake venom evolution, they also highlight 

the problem of 'just-so stories' (Kipling 1902) in evolutionary biology, here used as a pejorative 

term to describe when a hypothesis becomes accepted as established fact due to its appealing 

nature, whilst its fundamental lack of scientific evidence is overlooked. The 'genome to venome' 

hypothesis has been widely and unquestioningly cited and treated neither as a hypothesis to be 

tested and refuted (Popper 2005), nor as a scientific research programme to provide predictions to 

be investigated (Lakatos 1980). As a consequence an incorrect hypothesis has been accepted for 

almost a decade, and further investigation into the true origin of venom genes in reptiles has been 

hindered. Whilst the role of gene duplication should rightly be considered as part of the core of the 

snake venom evolution research programme, further testing and further scrutiny are required in 

order to elucidate how the venom gene repertoire in snakes first evolved. 
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Chapter 6 

The regulation of snake venom production 

Snake venom is an essential prey capture tool that must be rapidly replenished following 

expenditure. Whilst previous chapters have shed light on the processes in which venom genes 

can arise, the regulatory mechanisms underlying the expression of these genes are mostly 

unknown. Using a comparative transcriptomic approach the first large-scale survey of the 

transcription factors and signaling pathways involved in venom production has been carried 

out. Venomous and non-venomous species produce similar numbers of secreted products in 

their venom or salivary glands and only one transcription factor (Tbx3) is expressed in venom 

glands but not salivary glands. As this and other proposed transcription factors involved in 

venom gene regulation are repressors, it is possible that the rapid initiation of venom 

production is controlled by negative regulation where the removal of transcription factors 

and activation of transcriptional complexes already bound to DNA is the key first step. Using 

the draft genome sequence for the painted saw-scaled viper, Echis coloratus, along with other 

available genomic sequences, conserved transcription factor binding sites in the upstream 

regions of venom genes were identified. Binding sites appear to be conserved across members 

of the same gene family, but not between families, indicating that multiple gene regulatory 

networks (GRNs) are involved in venom production. There is also evidence to suggest that 

the expression of venom genes shows temporal variation, which may add further support to 

the hypothesis of multiple GRNs. Finally, venom gene promoters are located close to the start 

of the gene, facilitating the duplication of venom genes along with their associated regulatory 

architecture. Taken together, these results suggest that the venom gland is a relatively simple 

tissue, and a small number of modifications to pre-existing gene expression networks may 

have led to the evolutionary adaptation of venom in reptiles. 
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6.1 Venom gene regulation 

It is apparent from chapters 4 and 5 that the origin and evolution of venom in reptiles is not as 

complex as has previously been suggested, with a relatively small number of genes having their 

expression pattern restricted to the venom gland where they have subsequently diversified via gene 

duplication and mutations in protein coding regions. However, the gene regulatory mechanisms 

underpinning the expression of these toxin genes in the venom gland are currently poorly 

understood, as the majority of research efforts focus on the genes themselves. 

Mechanisms affecting the transcription, translation and post-translational modification of venom 

toxins have been suggested to be responsible for the inter- and intra-specific variation in venom 

composition (Casewell et al. 2014), which have implications for the efficacy of antivenom 

treatment (Fry et al. 2003; Gutierrez et al. 2009; Sunagar et al. 2014). Such variation can be a 

product of both genome-level and gene-level events, reflecting either variation in gene 

presence/absence between individuals and populations (as has been demonstrated for the presence 

or absence of Mojave toxin in the Mojave rattlesnake Crotalus scutulatus scutulatus (Wooldridge 

et al. 2001 )) or changes in gene regulation that alter temporal, spatial or quantitative expression of 

the target genes (for example ontogenetic changes in venom composition in the South American 

pit vipers Bothrops asper (Alape-Gir6n et al. 2008), Bothrops insularis (Zelanis et al. 2007; Zelanis 

et al. 2008) and Bothrops atrox (Guercio et al. 2006; Lopez-Lozano et al. 2002)). 

Understanding the genetic basis of the regulation of snake venom production can also inform our 

understanding of general evolutionary processes, such as the origin and fate of duplicate genes and 

the molecular-level mechanisms underpinning evolutionary innovation. In Chapter 5 it was shown 

that snake venom in fact evolves via the duplication and restriction of genes, rather than recruitment 

(Hargreaves et al. 2014b ), and this process of subfunctionalisation rather than neofunctionalisation 

does not require the de nova creation of novel transcription factor binding sites. As such there is 

no requirement for the evolution of a novel gene regulatory network for venom gene expression. 

Even so, the transcription of toxin genes must be initiated or upregulated following venom 

expenditure ( either through envenomation of prey or induced manually by "milking") and, given 

the energetic costs associated with venom production (McCue 2006) it must be assumed that this 

will be an efficient and rapid process (although these costs may not be as high as those related to 

other physiological processes such as digestion and shedding (Pintor et al. 2010)). Historically, a 

window 3-4 days post-milking has been taken to represent a peak period of venom synthesis 

(Boldrini-Franc;:a et al. 2009; Kochva 1978; Paine et al. 1992; Wagstaff and Harrison 2006), 
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although there has long been evidence to suggest that some venom components are transcribed 

almost immediately following (and certainly within a few hours of) venom expenditure (Currier et 

al. 2012; Lachumanan et al. 1999). Many previous studies of snake venom composition have 

understandably focussed on the period of peak synthesis (see for example, (Boldrini-Franeya et al. 

2009; Casewell et al. 2009; Margres et al. 2013; Neiva et al. 2009; Wagstaff and Harrison 2006)) 

and are therefore unable to provide insights into the signalling pathways and transcription factors 

that may regulate the production of snake venom. Whilst Ca2+ mobilisation, a- and ~

adrenoceptors, the MAP kinase (ERKl/2) signalling pathway and nuclear factor KB (NFKB) and 

activator protein 1 (AP-1) transcription factors have been implicated in the initiation of venom 

production following milking in the South American pit viper Bothrops jararaca (Kerchove et al. 

2004; Kerchove et al. 2008; Luna et al. 2009; Yamanouye et al. 2000), it is not known how 

widespread these putative gene regulatory network components might be, nor what other 

transcription factors and signalling pathways might be involved in the control of snake venom 

production. In addition, little is currently known about promoter and enhancer regions associated 

with venom genes, although binding sites for NFKB, Sp l and Nfl transcription factors have been 

identified upstream of the crotamine gene in the South American rattlesnake, Crotalus durissus 

terrificus (Radis-Baptista et al. 2003). Binding sites for some of the proposed transcription factors 

have also been found in the promoter regions of three-finger toxins present in Boiga dendrophilia 

(Nfl) (Pawlak and Kini 2008), Naja sputatrix (NFKB, AP-1 , Nfl , Sp}) (Lachumanan et al. 1998; 

Ma et al. 2001) and Naja atra (Nfl, Spl) (Chang et al. 2004); and in Phospholipase A2 group IB 

genes of Bungarus multicinctus (Spl) (Chu and Chang 2002) and N. sputatrix (AP-1 , Spl) 

(Jeyaseelan et al. 2000). It is worth noting that no studies of the promoter regions of venom genes 

in true vipers (Viperinae) are currently available in the literature. Therefore, the aims of this study 

were to determine the transcription factors and signalling pathways involved in the regulation of 

venom production through the use of comparative genomic and transcriptomic approaches in a 

range of reptile species. 

210 



6.2 Methods 

6.2.1 Genome and transcriptome sequencing 

Methods for genome and transcriptome sequencing and assembly are described in detail in chapters 

2 and 3. All transcriptomic datasets used in this analysis were also used in chapters 4 and 5 except 

the Echis pyramidum venom gland transcriptome. Transcriptome reads were deposited in the 

European Nucleotide Archive (ENA) database under accession #ERP001222 and in the NCBI 

Sequence Read Archive (SRA) under the study accessions #SRP042007 and #SRP043460. 

Sequencing reads for the Echis coloratus genome were deposited in the SRA under study accession 

#SRP04321 l. 

6.2.2 Downstream transcriptomic analyses 

Putative open reading frames (ORFs) were extracted usmg longorf.pl (available online at 

http://bip.weizmann.ac.il/adp/bioperl/bioSeg/longoct) using the strict option (where ORFs must start 

with an ATG). 

perl longorf.pl -i Transcriptome assembly.fasta - v > output . txt 

The output file of predicted ORFs can then be imported into a sequence alignment editor (such as 

BioEdit (Hall 1999)) and saved as a .fasta file. Signal peptides were predicted by analyzing the 

ORF sequences using SignalP (Petersen et al.2011) (version v4. l) which is run using the following 

command: 

. /signalp -t euk -f short ORFs.fasta > inputfile_OUT 

The file inputfile_OUT was then imported into Microsoft Excel and the contig names of 

sequences with a predicted signal peptide were extracted and saved as a list in text (.txt) file format. 

Using this list, ORF sequences with a predicted signal peptide were then extracted using a BioPerl 
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script obtained online (https://www.biostars.org/p/2822/) (additional material CD). This was used 

in preference to other, similar scripts as it does not require complete and exact contig name 

identifiers in order to run. The script was run using the following command: 

perl f indSeqs . pl ORFs. f asta Si g nalP_ contiglist .txt > output .fasta 

Resulting in a .fasta file of ORF sequences with a predicted signal peptide, i.e. sequences from 

each transcriptome assembly which are likely to be secreted. 

Transcript annotation and assignment of gene ontology (GO) terms was perfonned usmg 

BLAST2GO (Conesa et al. 2005), the KEGG Automatic Annotation Server (KAAS) (Mori ya et al. 

2007) and by local BLAST using BLAST+ (Camacho et al. 2009) (version v2.2.27). Enrichment 

analyses using Fisher exact tests were implemented using BLAST2GO. Tissue distribution of 

transcripts was determined through the creation of a global all tissue assembly and read 

mapping/transcript abundance estimation using RSEM (Li and Dewey 2011) as a downstream 

application of Trinity (version r2013-02-25), with an FPKM (fragments fer Kilobase of exon per 

Million mapped reads) value of~ l taken as confirmation of expression. 

To obtain the numbers of shared and unique transcripts to each tissue, the FPKM results files 

were first merged into one file using the command: 

ls FPKM 1 .txt FPKM 2 . txt FPKM 3.txt > combined FPKMs.txt 

These results were then placed into tabular format with values below a specified cut-off (in this 

case 1.0 FPKM) being replaced with a "-" using the python script trinMergeMappings.py 

obtained from Dr. Martin Swain at the University of Aberystwyth. Usage: 

python trinMergeMappings. p y combined FPKMs . txt 1 . 0 > 

FPKM_output. txt 
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In this fonnat it is now possible to search for patterns within the file to determine the number of 

shared or unique transcripts. 

For the number of shared transcripts between all samples: 

grep - v " - " FPKM_output . txt I we -1 

The Linux command grep can be used to search a file for a specified pattern. In the above 

example, - v is used to specify a reverse of the pattern given, i.e. search the file 

FPKM _output. txt for lines which do not contain the character"-". As FPKM values less than 

1.0 are considered to be not expressed and have been replaced with the - symbol, this command 

will identify lines containing only FPKM values ~ 1.0 i.e. the transcript is expressed in all samples. 

The result of this is then "piped" using the I symbol to the command we, or word count and the 

parameter -1 is used to specify that the output should only be the number of lines counted. 

To determine the number of unique transcripts in a sample: 

The file FPKM_output . t x t was opened using Microsoft Excel, the FPKM values belonging 

to the sample of interest were moved so that they were the first column of results in the file, a 

column containing only the word "END" all the way down was inserted to be the last column in 

the file, and then the file was re-saved as a comma-separated values (.csv) file. 

A new text file was then created, which was specific for the number of samples in question. For 

example, when detennining the number of unique transcripts in Eco8 venom gland there was 4 

venom gland samples in total ( 4 columns of FPKM values with those of Eco8 venom gland being 

in the first column) and a column containing the word END in the final 5th column. Therefore, to 

determine unique transcripts in Eco8 venom gland it is necessary to count the number of lines 

where there is a numerical value in the first column, followed by the symbol - in the following 3 

columns, followed by the word END. So for this example the text file would be: 

- , - , - ,END 
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(values are separated by commas as the file is in .csv format). The text file was saved as 

pat tern. in. Again using the grep command it was now possible to determine the number of 

transcripts unique to a particular sample: 

grep - f pattern.in FPKMfile.csv I sort I uniq - c I we -1 

6.2.3 Transcription factor binding sites analysis 

Putative transcription factor binding sites were annotated using MultiTF, implemented through 

Mulan (Ovcharenko et al. 2005) with a 1 00bp conserved region length and 70% conservation limit. 

Upstream region sequences were first aligned using ClustalW (Larkin et al. 2007) and then trimmed 

to leave only contiguous sequence leading up to the start (A TG) codon. Sequences were then 

surveyed for all available evolutionarily conserved transcription factor binding sites, specifically 

for transcription factors previously implicated to have a role in the regulation of snake venom 

production, including NFKB and AP-1, as well as those predicted by the current study, such as 

Tbx3. The genome assembly for the king cobra was downloaded from GenBank under the 

accession AZIM00000000. l. The assembly for the Burmese python genome (v2.0) was 

downloaded from the snake genom1cs website 

(http://www.snakegenomics.org/SnakeGenomics/ Available Genomes.html) but this assembly is 

also available on GenBank under the accession AEQU00000000.2. All genome assemblies of the 

Boa constrictor generated for Assemblathon 2 (Bradnam et al. 2013) are available for download 

from GigaDB (http://gigadb.org/dataset/view/id/l 00060). The assembly "snake_ 1 C _scaffolds" 

which was assembled by the BCM-HGSC team was used in this analysis (for more details on the 

assembly method used see Additional file 3 in (Bradnam et al. 2013)). 
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6.3 Results 

This study represents the first large-scale comparative analysis of the regulation of snake venom 

production, along with the first analysis of venom gene upstream regulatory regions in a member 

of the Viperinae (true vipers), and the first insight into changes in venom gene expression during 

the venom replenishment cycle. Results from analyses of potential regulatory mechanisms 

underpinning venom production are discussed in detail below. 

6.3.J Transcriptomics 

Assembled transcriptomes contained between 18,169 and 134,236 contigs of 2:300bp and contig 

N50 values ranged from 950bp to 3,552bp (full assembly statistics are available in Appendix 23-

28). Most contigs encoded an ORF of at least 20aa and of these between 3.72% and 10.64% were 

predicted to encode a signal peptide and so are likely to be secreted (Appendix 26-28 and next 

section). Gene ontology was assigned to contigs using BLAST2GO (Conesa et al. 2005) and in 

order to provide a broad overview of the assigned gene ontologies generic GOSlim annotations 

were generated. Venom and salivary gland compositions appear to be broadly similar and 

comparisons of the venom gland and other body tissues in E. coloratus do not highlight any major 

differences (Figures 6.1-6.6). 
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Figure 6.1. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

'Biological Process' terms for painted and Egyptian saw-scaled viper (Echis coloratus and Echis 

pyramidum) venom glands and corn snake (Pantherophis guttatus), rough green snake (Opheodrys 

aestivus), royal python (Python regius) and leopard gecko (Eublepharis macularius) salivary 

glands. 
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Figure 6.2. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

'Molecular function' terms for painted and Egyptian saw-scaled viper (Echis coloratus and Echis 

pyramidum) venom glands and corn snake (Pantherophis guttatus), rough green snake (Opheod,ys 

aestivus), royal python (Python regius) and leopard gecko (Eublepharis macularius) salivary 

glands. 
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Figure 6.3. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

'Cellular component' terms for painted and Egyptian saw-scaled viper (Echis coloratus and Echis 

pyramidum) venom glands and corn snake (Pantherophis guttatus), rough green snake (Opheod,ys 

aestivus), royal python (Python regius) and leopard gecko (Eublepharis macu/arius) salivary 

glands. 
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A global E. coloratus tissue assembly containing 147,966 contigs of 2:300bp was created and the 

tissue distribution of these transcripts was determined by mapping sequencing reads from each 

tissue to this assembly. 11 ,570 transcripts were found to be expressed in all 7 tissues (Figure 6. 7) 

which suggests that these transcripts most likely represent ubiquitous maintenance or housekeeping 

genes common to all cells. Just 2,965 transcripts were found to be uniquely expressed in the venom 

gland, accounting for 8.27% of the total transcripts expressed in this tissue (far fewer than any 

other body tissues (Figure 6.7)), although it may be possible that highly expressed venom genes 

are drowning out some lowly-expressed transcripts. 

Venom gland 

Scent gland 
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Liver 

9,151 4,547 

Kidney Brain 

14,453 

Ovary 

12,726 

Figure 6.7. Tissue distribution of painted saw-scaled viper transcripts, determined by mapping 

sequencing reads derived from each tissue to a combined, all-tissue assembly with contig values 

of 2:1 FPKM (fragments £.er Kilobase of exon per Million fragments mapped) taken as evidence 

for expression. Figures represent the number of unique transcripts expressed in each tissue, with 

the number of transcripts expressed in all 7 tissues indicated in the centre. 
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Within these venom gland-specific transcripts were a number that encode members of known 

venom toxin gene families, including three contigs encoding group III SVMPs, eight contigs for 

both metalloproteinases and serine protease and four contigs encoding C-type lectins (see Figures 

6.8-6.10 for full GO annotation graphs of these transcripts). Interestingly, the venom gland shares 

26,181 transcripts in common with the scent gland, more than with any other body tissue (Table 

6.1) and this may reflect their similar functions as secretory tissues. 

Table 6.1. Number of shared expressed transcripts between the venom gland and other body tissues 

of the painted saw-scaled viper, Echis coloratus. 

Tissues Number of shared transcripts 

Venom gland + Scent gland 26,181 

Venom gland + Brain 25,172 

Venom gland + Skin 24,427 

Venom gland + Ovary 23,255 

Venom gland + Kidney 22,854 

Venom gland + Liver 15,433 
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Figure 6.8. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

'Biological process' terms for expressed transcripts which are unique to the painted saw-scaled 

viper (Echis coloratus) venom gland compared to the remaining 6 body tissues. 
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Figure 6.9. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

'Molecular function' terms for expressed transcripts which are unique to the painted saw-scaled 

viper (Echis coloralus) venom gland compared to the remaining 6 body tissues. 
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' Cellular component' terms for expressed transcripts which are unique to the painted saw-scaled 

viper (Echis coloratus) venom gland compared to the remaining 6 body tissues. 
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Venom gland samples for Echis coloratus were taken at different time points following manual 

venom extraction ("milking"); one sample approximately 16 hours post-milking, two samples at 

24 hours and a final sample at 48 hours. 14,829 transcripts were common to all 4 venom gland 

samples, suggesting that these constitute the venom gland maintenance gene repertoire. However, 

there were also genes unique to each sample, with the 16 hour time point having 5,082 unique 

transcripts, the two 24 hour time points having 1,707 and 7,325 unique transcripts respectively, and 

the 48 hour time point having the highest number of unique transcripts with 12,535 (Appendix 29). 

Fishers exact tests revealed that the unique sequences expressed at 16 hours post-milking were 

mainly enriched for GO terms associated with transcription, such as "positive regulation of 

transcription from RNA polymerase II promoter", "transcription initiation from RNA polymerase 

II promoter" and "RNA polymerase II transcription factor binding transcription factor activity" as 

well as "histone H3-K4 methylation" which is a known histone modification at the promoter of 

genes which are being actively transcribed (Liang et al. 2004; Santos-Rosa et al. 2002; Schneider 

et al. 2003; Schubeler et al. 2004). However, several categories relating to post-translational 

modification were also enriched, such as "protein SUMOylation" and "peptidyl-serine 

phosphorylation". The GO terms "biosynthetic process" and "signaling" are also elevated 

compared to the other samples (Figure 6.11) as are "nucleic acid binding" and "protein binding" 

(Figure 6.12). At 24 hours, unique sequences are enriched for GO terms associated with translation, 

such as "translational initiation", "translational elongation", "structural constituent of ribosome" 

and "SRP dependent cotranslational protein targeting to membrane". The mRNA surveillance 

pathway, "nuclear-transcribed mRNA catabolic process, nonsense-mediated decay" is also 

enriched. The 48 hour time point unique sequences had no significantly enriched GO terms when 

compared to either of the 24 hour samples, but were enriched for "catalytic activity" and "hydro lase 

activity" compared to the 16 hour sequences. A local BLAST survey of the venom gland 

transcriptomes revealed all previously characterized venom genes in Echis coloratus (Hargreaves 

et al. 2014a, chapter 4) were present by 16 hours post-milking. 
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Figure 6.11. Proportion of transcripts assigned to each of the top 25 gene ontology (GO) slim 

' Biological process ' terms for transcripts which are unique to each individual timepoint following 

milking in the venom gland secretome of the painted saw-scaled viper (Echis coloratus). 
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6.3.2 "Secretomics" 

Between 3.72% and 10.64% of predicted open reading frames in the venom or salivary glands of 

the study species encoded a signal peptide and so are likely to be secreted (Appendix 26). Fishers 

exact tests show that the venom gland secretome of E. coloratus (based on pooled venom gland 

samples) is enriched for the GO terms "serine-type peptidase activity", "peptidase activity acting 

on L-amino acid peptides", "serine hydrolase activity" and "proteolysis" compared to the salivary 

gland secretomes of all non-venomous study species (Figures 6.1-6.3). As viper venom contains 

primarily proteases including serine proteases, and is also known to contain L-amino acid oxidase, 

these results support an increased amount of these components being expressed in the venom gland 

compared to the salivary gland of non-venomous species. Interestingly the E. coloratus venom 

gland was also enriched for "serine-type peptidase activity" and "serine hydrolase activity" in 

comparison to the venom gland of the eastern diamondback rattlesnake (Crotalus adamanteus), 

which may be indicative of interspecific variation in serine protease content in the venoms of these 

two species. When compared to the venom gland secretome of E. pyramidum, significant results 

were found only in the 16 and 48 hours post-milking samples, perhaps due to differences in the 

stages of the venom replenishment cycle between these samples and that of E. pyramidum venom 

gland (which was taken 24 hours post-milking), rather than any interspecific differences in gene 

expression. At 16 hours the venom gland secretome of E. coloratus was enriched for the GO terms 

"DNA binding", "chromatin remodeling", "nucleosome disassembly" and "transcription factor 

binding" compared to E. pyramidum. The GO categories "spliceosomal complex", "protein 

polyubiquitination", "protein transport", "L-amino acid oxidase activity", "serine-type 

endopeptidase inhibitor activity" and multiple categories for histone deacetylation were enriched 

in the 48 hours post-milking sample. 

Sampling venom gland transcriptomes at different timepoints following milking allowed a 

comparison between venom gland secretomes at different stages of the venom replenishment cycle 

(Figures 6.14-6.16). At 16 hours post-milking, ion binding and transferase activity appear to be 

elevated compared to other timepoints (Figure 6.15), and the GO terms "protein phosphorylation", 

"transmembrane signaling receptor activity" and signal transducer activity" are significantly 

enriched compared to the remaining samples. The venom gland secretome 24 hours post-milking 

is significantly enriched for "protein ubiquitination", "protein modification by small protein 

conjugation or removal", "serine-type peptidase activity", "zinc ion binding", "peptidase activity" 

and "peptidase activity acting on L-amino acid peptides". Peptidase activity appears to be 
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considerably elevated in one 24 hour sample (Eco 7) but not in the other (Eco 6) (Figure 6.15) 

which may be suggestive of variation between individuals, but it may be more likely that this is a 

reflection of the difference in sequencing depth between these two samples. After 48 hours several 

GO categories related to cellular components are elevated (Figure 6.16). This timepoint was 

enriched for the highest number of GO categories, the majority of which were involved in histone 

deacetylation and chromatin modification. These include "chromatin modification", "Histone 

deacetylase activity (H3-K9 specific)", "protein deacetylase activity" and also "RNA splicing". 

The prevalence of histone deacetylation at this timepoint suggests a reduction in the rate of gene 

transcription, as this process is known to cause transcriptional repression and gene silencing 

through the modification of higher-order chromatin structure (Hui Ng and Bird 2000; Kouzarides 

2007). 
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Finally, there was also some variation in the number of secreted transcripts belonging to toxin gene 

families over time, suggesting that their expression may show temporal differences during the 

venom replenishment cycle (Figure 6.17). In general the number of secreted transcripts appears to 

reduce towards the 48 hour post-milking timepoint (as can be seen for metalloproteinase, C-type 

lectin, CRISP, VEGF-F and serine protease in Figure 6.17). This may be a result of the reduced 

rate of transcription indicated by the increase in histone deacetylation as mentioned previously. 

The notable exception to this is L-amino acid oxidase, with a single transcript being identified in 

the 16 hours and both 24 hours post-milking samples, but ten transcripts being identified at 48 

hours post-milking. On further inspection these transcripts in fact represent alternative splice 

variants which were previously characterized as laao-bl and laao-b2 (Hargreaves et al. 2014a, 

chapter 4). The individual transcripts expressed at 16 and 24 hours post-milking encode laao-bl , 

which was found to be expressed in the venom gland of E. coloratus but also in the scent gland of 

royal python (Python regius), corn snake (Pantherophis gutta/us) and rough green snake 

(Opheodrys aestivus) (i.e. all other snake species studied). The ten transcripts expressed 48 hours 

post-milking encode the variant laao-b2 which was previously found to be venom gland-specific, 

and suggested to be a putative venom component in E. coloratus due to its tissue specificity and 

elevated expression level (Hargreaves et al. 2014a, chapter 4). Whilst more sampling (including 

earlier and possibly later timepoints) is required to confirm temporal expression differences, and it 

is likely that not all potential venom gene sequences have been included unless they are present as 

a full length ORF in these datasets, it is certainly suggestive that venom gene expression may show 

temporal variation following venom expenditure. 
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When compared to other body tissues, the E. coloratus venom gland was found to be enriched 

for several GO categories including "peptidase activity", "peptidase activity acting on L-amino 

acid peptides", "serine-type peptidase activity" and "proteolysis" compared to brain; and for 

"protein modification by small protein conjugation or removal", "protein ubiquitination" and 

"ligase activity" when compared to brain, ovary and scent gland. There were no GO terms 

significantly enriched in the venom gland compared to the remaining body tissues. A more 

complete comparison of GO terms between the venom gland and other body tissues of this 

species is represented by Figures 6.4-6.6. 

The venom gland of E. pyramidum was found to be enriched for "transfom1ing growth factor 

beta receptor signaling pathway", "negative regulation of macroautophagy", "hedgehog 

receptor activity", "serine-type endopeptidase activity" and "honnone secretion" compared to 

all salivary gland secretomes and the venom gland secretome of E. coloratus. When compared 

to the 48 hours post-milking sample of E. coloratus, it was also enriched for "protein 

glycosylation", "metalloexopeptidase activity" and "cellular response to vascular endothelial 

growth factor stimulus". 

In comparison to the venom gland secretomes of both E. coloratus and E. pyramidum, the 

venom gland secretome of the eastern coral snake (Micrurusfulvius) was found to be enriched 

for "arachidonic acid secretion" (arachidonic acid is a fatty acid released from a phospholipid 

molecule following hydrolysis by a phospholipase A2 (Balsinde et al. 2002). It is a precursor 

of the eicosanoids (such as prostaglandins) which can exert a diverse array of effects such as 

platelet aggregation, vasodilation and smooth muscle relaxation (Harizi et al. 2008)), "calcium

dependent phospholipase A2 activity", "activation of phospholipase A2 activity" and "positive 

regulation of protein secretion". This result is complementary to the finding that the venom 

gland transcriptome of this species consists predominantly of PLA2 transcripts (Margres et al. 

2013) and that the toxicity of its venom is mainly due to PLA2s (Vergara et al. 2014). No GO 

terms were found to be significantly enriched for the venom gland secretomes of king cobra or 

eastern diamondback rattlesnake when compared to the venom gland secretome of either Echis 

species. 

6. 3.3 Transcription factors 

KEGG orthology (KO) analysis (Kanehisa et al. 2012) of the assembled transcriptomes 

identified between 255 and 358 transcription factors in the venom or salivary gland of the six 
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study species, with lower numbers (between 40 and 143) in the smaller king cobra, eastern 

coral snake and eastern diamondback rattlesnake venom gland datasets (Table 6.2). 

Table 6.2. Numbers of transcription factors and components of signaling pathways found to 

be expressed in the venom (VG) or salivary gland (SAL). For completeness, data from Vonk 

et al. (2013) for the king cobra accessory gland (AG) was also included in the analysis. 

Transcription Ca2+ MAPK NFKB TGFP VEGF 
factors signalling 

Echis coloratus (VG) 307 74 139 67 51 31 

Echis pyramidum 342 93 153 73 56 32 
(VG) 

Com snake (SAL) 308 60 137 58 51 30 

Rough green snake 255 59 125 49 44 31 
(SAL) 

Royal python (SAL) 278 65 138 55 48 31 

Leopard gecko (SAL) 358 80 147 64 53 31 

Coral snake (VG) 40 12 43 7 14 15 

Rattlesnake (VG) 143 32 79 23 31 22 

King cobra (VG) 40 21 26 7 14 11 

King cobra (AG) 182 24 34 8 14 11 

197 transcription factors were conserved across the venom and salivary glands of all six study 

species, 77 of which are also found in all six additional Echis coloratus body tissues (ovary, 

liver, kidney, brain, cloaca! scent gland and skin) and 71 of which are in five of the six tissues 

(Figure 6.18). 
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Figure 6.18. Proportions of transcription factors and members of signalling pathways found in 

the Echis coloratus venom gland that are also found in other body tissues. 

These 148 widely-distributed transcription factors are therefore likely to represent members of 

the basal transcription machinery common to all cells, although they may of course still play a 

role in the regulation of venom production. Interestingly, there were only two transcription 

factors which appear to be unique to the venom and salivary glands based on the available data; 

SAM pointed domain-containing Ets transcription factor (Spdej) and Forkhead box 

AJ/hepatocyte nuclear factor 3a (FoxAJ/Hnf3a) and of these Spdefis also found in the venom 

glands of the king cobra, eastern coral snake and eastern diamondback rattlesnake, whilst 

FoxAJ/Hnj3a is also present in the eastern diamondback venom gland. Two transcription 

factors were found only in the two Echis species; the homeodomain transcription factor 

Ladybird (Lbx) and T-cell acute lymphocytic leukemia protein I (Tai 1). Interestingly, no 

transcription factors were common to all venomous species and the non-venomous colubrids 

(corn snake and rough green snake), suggesting that the loss of venom in these species may be 

the result of the loss of gene regulatory components. The king cobra accessory gland 

transcriptome appears to contain a much higher number of transcription factors than the venom 
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gland (Table 6.2), with only 12 genes in common between the two. Only a single transcription 

factor appears to be unique to the venom gland of venomous snakes - the T-box transcription 

factor Tbx3, present in the venom gland of Echis coloratus, Echis pyramidum, eastern 

diamondback rattlesnake, king cobra and eastern coral snake, but not in the salivary gland of 

the leopard gecko, royal python, com snake or rough green snake (transcripts encoding this 

gene are also found in four painted saw-scaled viper body tissues (kidney, ovary, scent gland 

and skin), but not king cobra pooled tissue or accessory gland). 

It has previously been suggested that the transcription factors NF 1, NFKB and AP-1 are 

involved in the regulation of snake venom production (Luna et al. 2009). Of the four known 

members of the nuclear factor 1 (Nfl) gene family (NFIA, NFIB, NFIC and NFIX (Kruse et 

al. 1991 ; Rupp et al. 1990)), only NFIA and NFIB were found to be expressed in the venom or 

salivary gland of all six study species. The NFKB family comprises five related transcription 

factors (RelA (p65), RelB, c-Rel, p50 (pl05 precursor), p52 (pl00 precursor)) that are able to 

form homo- or heterodimers via the shared Rel homology region (Hayden and Ghosh 2012; 

Napetschnig and Wu 2013). Of these, only RelA (p65), RelB, c-Rel encode a transactivation 

domain at their C-terminus and so are able to activate transcription as homodimers. The activity 

of NFKB is regulated via binding to the members of the IKB inhibitor protein family and 

sequestration of the resulting complex in the cytoplasm (Hayden and Ghosh 2012; Napetschnig 

and Wu 2013; Sen and Baltimore 1986). Transcripts encoding RelA (p65), RelB, p50 (pl05 

precursor), p52 (p 100 precursor) are expressed in the salivary or venom gland of all six study 

species and c-Rel in only Egyptian saw-scaled viper venom gland and com snake salivary 

gland. Transcripts encoding IKBa, IKB~ and IKB€ inhibitors were found in all species. Activator 

protein 1 (AP-1) typically functions as a heterodimer of members of the Jun and Fos families 

of basic leucine zipper transcription factors (comprising c-Jun, JunB and JunD and c-Fos, 

FosB, FOS-like antigen l (FOSLl) and FOS-like antigen 2 (FOSL2)) (Curran and Franza Jr 

1988; Karin et al. 1997). c-jun, junB and JunD and c-Fos and FOSL2 were detected in the 

venom or salivary gland of all six study species. Finally, Spl binding sites have previously 

been identified upstream of the South American rattlesnake crotamine gene (Radis-Baptista et 

al. 2003) and transcripts encoding this gene were also found in the venom or salivary gland of 

all six study species. 
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6.3.4 Signaling 

The link between AP-1 , NFtcB and MAP kinase (ERK l /2) signalling has long been known 

(Hommes et al. 2003; Karin et al. 1997) and components of these pathways have previously 

been implicated in the regulation of venom production following milking in Bothrops jararaca 

(Kerchove et al. 2008; Luna et al. 2009), as has a role for calcium signalling (Kerchove et al. 

2008), which is also known to be involved in salivary secretion (Melvin et al. 2005; Putney Jr 

1986). The Spl transcription factor is known to interact with the Transforming Growth Factor

p (TGF-P) signalling pathway and members of the vascular endothelial growth factor (VEGF) 

gene family have been characterised from the venom gland of a diversity of reptile species 

(Aird et al.2013; Francischetti et al. 2004; Margres et al. 2013; Yamazaki et al. 2009). Analysis 

of members of these pathways in the salivary and venom gland transcriptomes (Table 6.2) 

revealed 110 transcripts involved in MAP kinase (ERK.1/2) signalling that were conserved 

across the venom or salivary gland of all study species, 37 transcripts involved in NFtcB 

signaling and an identical number involved in the TGF-P pathway, 41 transcripts involved in 

Ca2+ signaling and 27 in VEGF signaling. Total numbers of transcripts involved in each 

pathway were broadly similar across study species, and slightly lower in the king cobra, eastern 

diamondback and eastern coral snake (Table 6.2). Interestingly, there was no evidence for 

venom-gland specific members of these signaling pathways, although RelB (involved in both 

the NFtcB and MAPK pathways) and mitogen-activated protein kinase kinase kinase 2 

(MAP3K2) from the MAPK pathway are expressed in only one of the six additional painted 

saw-scaled viper body tissues, the scent gland (Figure 6.18). 

6.3.5 Adrenoceptor signaling 

It has previously been suggested that a- and P-adrenoceptors (adrenergic receptors) may have 

a role in the activation of venom production following milking in Bothrops jararaca (Kerchove 

et al. 2004; Kerchove et al. 2008; Yamanouye et al. 2000) and a transcriptomic survey of the 

related Bothrops alternatus venom gland during venom synthesis three days post-milking 

suggested the presence of a conserved arn adrenoceptor ( clone BACCGV 4069B 12, accession 

GW581578). However, re-analysis of the B. alternatus data shows that this sequence in fact 

encodes a different G protein coupled receptor, most likely a chemokine-like receptor. 

Nevertheless, several different adrenoceptors were identified in the generated transcriptomic 

data (Table 6.3), although there was no evidence to support a conserved adrenoceptor in the 
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venom gland of venomous snakes. No adrenoceptor-like sequences were detected in the venom 

glands of the king cobra, rattlesnake or coral snake and this, together with the lack of these 

sequences in previously published transcriptomes, suggests that a high sequencing depth is 

required to detect these transcripts. The apparent paucity of adrenoceptor transcripts in the 

newly generated data does not rule out their role in the regulation of venom production 

however, as it is possible (indeed likely) that these receptors are transcribed and translated prior 

to the synthesis of venom and therefore earlier than the time points included in previous studies 

and this analysis. 

Table 6.3. Presence of a. and p adrenoceptor (adrenergic receptor) transcripts in reptile venom 

(VG) and salivary (SAL) glands. Eco, painted saw-scaled viper (Echis coloratus); Pgu, com 

snake (Pantherophis guttatus); Oae, rough green snake (Opheodrys aestivus); royal python 

(Python regius); Ema, leopard gecko (Eublepharis macularius). Presence is denoted by a "+", 

absence by a"-". 

Species 

Eco (VG) Pgu (SAL) Oae (SAL) Pre (SAL) 

ala + + 

alb 

ale 

ald 

a2a 

a2b 

a2c 

a2d 

pl 

p2 

p4c 
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6.3.6 Transcription factor binding sites analysis 

The genome sequence for E. coloratus (Full assembly metrics available in Appendix 30) was 

interrogated for genes known to encode venom toxins and the upstream regions of these genes 

( where data were available) were compared with other members of the same gene family within 

this species and to related genes in other species using previously published data. 

Snake venom metalloproteinases 

The Echis coloratus genome assembly contains 15 scaffolds encoding the first exon of one of 

the many snake venom metalloproteinase gene variants (SVMP, a group of metalloproteinases 

thought to be most closely related to the A Disintegrin And Metalloproteinase family of 

peptidases (Casewell 2012; Jia et al. 1996)). Of these, eight had typically only a few hundred 

base pairs of sequence upstream of the start codon and a longer sequence had a string of N's 

adjacent to the start codon. These 9 sequences were eliminated form subsequent analyses. The 

remaining seven contigs had 2: 1 000bp of sequence upstream of the start codon and provided 

2,533bp of aligned sequence (based on the length of the shortest aligned sequence) for 

transcription factor binding site analysis. Although present in all sequences, little conservation 

of predicted binding sites for candidate transcription factors such as AP-1, AP-2, Sp 1, NF 1, 

NFKB, Tbx3, Hnf3a is found across most of these regions, although a roughly 500bp region 

immediately upstream of the start codon does contain sites conserved across several (NFl and 

NFKB) or all (Nkx2.5, Tefl , Barbie, ETS) sequences (Figure 6.19), suggesting that this 

proximal region may be most important in controlling gene expression. 
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Figure 6.19. Transcription factor binding site analysis of2,533bp of upstream sequence of six 

Echis coloratus (Eco) snake venom metalloproteinase (SVMP) genes. Position 0 denotes the 

first base of the start codon. The locations and approximate length of the nine transcription 

factor binding sites found to be conserved across all six sequences are shown in the top panel 

and pairwise sequence similarity plots are shown in the bottom panels, with peaks over 75% 

conserved colored red. Conserved transcription factor binding sites and the highest levels of 

sequence conservation are seemingly restricted to a region proximal to the transcription start 

site. 

Serine proteases 

There are eight scaffolds in the E. coloratus genome assembly that encode the first exon of a 

serine protease gene and it was possible to generate an alignment of at least 1500bp for six of 

these. A number of conserved transcription factor binding sites were found within 

approximately 500bp of the start codon of all of these genes (Figure 6.20), although not for any 

of the candidate transcription factors. 
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Figure 6.20. Transcription factor binding site analysis of l ,624bp of upstream sequence of six 

Echis coloratus (Eco) serine protease genes. Position O denotes the first base of the start codon. 

The locations of the seventeen transcription factor binding sites found to be conserved across 

all six sequences are shown in the top panel and pairwise sequence similarity plots are shown 

in the bottom panels, with peaks over 75% conserved colored red. As for SVMP genes (Figure 

6.19), conserved transcription factor binding sites are seemingly restricted to a region proximal 

to the transcription start site. 

C-type lectins 

The E. coloratus genome assembly contains thirteen scaffolds that encode the first exon of a 

C-type lectin gene. Six of these scaffolds contain less than l 50bp of sequence upstream of the 

start codon and one contained a long string of N's immediately adjacent to the start codon and 

these seven sequences were therefore excluded from further analysis. The remaining six 

sequences provided 402bp of aligned sequence and although each contains putative binding 

sites for candidate transcription factors there are no conserved sites shared by all loci. However, 
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analysis of mRNA sequences reveals that transcripts expressed in the venom gland have a 12 

nucleotide insertion in their 5' UTR which is not present in the C-type lectin transcript 

expressed in the scent gland of this species. No transcription factor binding sites were found 

within this region, although the first 3 nucleotides of the insertion have led to the formation of 

a binding site for the transcriptional activator MYB. 

Other venom genes 

Two scaffolds in the E. coloratus genome assembly encode Group IIA Phospholipase A2 

(PLA2) genes and these provided 292bp of aligned sequence. The upstream regions of these 

two genes are highly identical and contained 56 conserved transcription factor binding sites, 

including sites for Spzl , Tbx, NFl, Mzfl, Spl, HFH4. Two scaffolds in our assembly encode 

CRISP genes and these provided 2.2kb of upstream sequence for analysis, resulting in the 

identification of 136 conserved transcription factor binding sites. It seems likely that the level 

of sequence conservation between both PLA2 and CRISP paralogs is too high for the accurate 

prediction of putative transcription factor binding sites in this species. Finally, the E. coloratus 

genome sequence contains an 8.3kb scaffold that encodes the full coding sequence of the 

vascular endothelial growthfactorf(vegf-f) gene (a viper-specific paralog which appears to be 

venom gland-specific (Hargreaves et al. 2014a, Chapter 4 )), including 2.4kb of sequence 

upstream of the transcription start site. This upstream region contains putative transcription 

factor binding sites for AP-1 , AP-2, Tbx and NFKB (among others), although a more detailed 

comparison is not currently possibly due to a lack of sequence for the upstream regions of other 

veg[ genes in this species or others. 

Multi-species comparisons 

A 25,026bp cosmid sequence encoding a cluster of three functional PLA2 genes and two non

functional pseudogenes has previously been published for the Okinawan habu (Protobothrops 

flavoviridis) (Ikeda et al. 2010). The upstream regions of each of the functional genes (defined 

as the region upstream of the start (ATG) codon to the stop codon of the preceding gene or 

pseudogene, comprising l ,829bp upstream of PfPLA-2; 4,045bp upstream of PfPLA-5 and 

5,444bp upstream of PfPLA-4) were searched and 168 putative transcription factor binding 

sites were identified to be conserved across the three sequences ( an unsurprising finding given 

the high level of sequence identity between the three regions). These included conserved sites 

for candidate transcription factors such as AP-1 , AP-2, Sp 1, NFKB, Tbx3 and Hnf3a and, most 
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interestingly, a conserved Tefl binding site, similar to that seen in E. coloratus SVMP loci 

(Figure 6.19). Comparison of these Protobothrops sequences to those from the E. coloratus 

genome identified 9 conserved transcription factor binding sites (Figure 6.2 I), all located 

within a few hundred base pairs of the start codon. 
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■ MYOD 
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100% 

SO% 
100% 
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VS 

Eco 1 

Pf·PLA-5 
vs 

Eco 1 

PI-PLA·4 
vs 

Ecol 

Eco 1 
VS 

Ecol 

Figure 6.21. Transcription factor binding site analysis of the upstream regions of Echis 

coloratus (Eco) and Protobothrops flavoviridis (Pfl) phospholipase A2 (PLA2) genes. Position 

0 denotes the first base of the start codon. The locations of the nine transcription factor binding 

sites found to be conserved across all sequences are shown in the top panel and pairwise 

sequence similarity plots are shown in the bottom panels, with peaks over 75% conserved 

colored red. 

The full coding regions and approximately 300bp of upstream sequence for 19 PLA2 genes 

from four North American rattlesnakes (Sistrurus catenatus edwardsi, S. c. termgeminus, S. c. 

catenatus and Sistrurus miliarius barbouri) have previously been published (Gibbs and 

Rossiter 2008). The upstream regions of these genes are highly similar, although there has been 

a 42bp insertion in one of the S. c. edwardsi sequences ( edw4, accession EU36975 l) which has 

been annotated as a pseudogene. Comparing the remaining 18 genes to the upstream regions 

of the two E. coloratus and three Protobothrops PLA2 sequences identified three conserved 

transcription factor binding sites, for E2A, myogenin and Tbx. 
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Although the level of sequence conservation between the E. coloratus CRISP paralogs was too 

high to accurately predict conserved transcription factor binding sites, a comparison 

incorporating an upstream region of a king cobra CRISP gene (on scaffold 7136, accession 

AZIM01007132) resulted in a much smaller list of just 35 conserved TF binding sites, all 

located within 2kb of the start of the gene (Figure 6.22). 
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Figure 6.22. Transcription factor binding site analysis of 7 ,272bp of upstream sequence of 

Echis coloratus (Eco) and king cobra (Ophiophagus hannah) cysteine-rich secretory protein 

(CRISP) genes. Position O denotes the first base of the start codon. The locations of the 33 

transcription factor binding sites found to be conserved across all sequences are shown in the 

top panel and pairwise sequence similarity plots are shown in the bottom panels, with peaks 

over 75% conserved colored red. 

The available genomic scaffolds for nerve growth factor (ngf, accessions AZIM01002615 and 

AZIM01012844) from the king cobra (Ophiophagus hannah) (Vonk et al. 2013) were also 

analysed as it has previously been suggested to have undergone a gene duplication within the 

Elapid lineage (Hargreaves et al. 2014a; Hargreaves et al. 2014b; Sunagar et al. 2013, and also 

Chapters 4 and 5). Based upon phylogenetic analysis (Hargreaves et al. 2014a, Chapter 4) these 

have been designated ngfa and ngfb, with ngfb being the putatively toxic version due to its 

selective expression in the venom gland. ngfa sequences for the painted saw-scaled viper, the 
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corn snake, the Burmese python (Castoe et al. 2013) (accession KE954116) and the boa 

constrictor (Bradnam et al. 2013) (scaffold SNAKE00002822) were also extracted to aid in the 

identification of unique transcription factor binding sites. All six upstream regions were aligned 

to give 528bp of sequence upstream from the start codon for transcription factor binding site 

analysis. The total number of transcription factor binding sites was found to vary between 

species with 98 and 88 in king cobra ngfa and ngfb respectively, 163 in the painted saw-scaled 

viper, 101 in corn snake, 96 in Burmese python and 88 in boa constrictor. Just twelve 

transcription factor binding sites were found to be conserved between all species (CBF, USF, 

EBOX, BELi , CMAF, PAX9, NRSE, NRSF and 2 sites for both YYl andMYCMAX) (Figure 

6.23). In the king cobra, ngfa and ngfb have 57 transcription factor binding sites in common. 

28 additional sites were found to be conserved between king cobra ngfa and ngfa from other 

species, but are missing from king cobra ngfb. A total of 13 binding sites were unjque to king 

cobra ngfa, most noticeably 3 binding sites for SMADs which are not present in any other ngfa 

upstream region from other species, or in ngfb. The putatively toxic ngfb has 70 sites conserved 

between itself and ngfa in either king cobra or at least one other snake species. ngfb has 13 

novel transcription factor binding sites including one for hepatocyte nuclear factor (HNF4), 

one site for TATA-binding protein (TBP) and one site for transcription factor 11A (TFIIA) and 

there has also been an 8 nucleotide deletion 409bp upstream from the start codon. 
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Figure 6.23. Transcription factor binding site analysis of 528bp of upstream sequence of Echis 

coloratus, king cobra (Ophiophagus hannah), com snake (Pantherophis guttatus), Burmese 

python (Py thon molurus bivittatus) and Boa constrictor (Boa constrictor constrictor) nerve 

growth factor (ngf) genes. Position O denotes the first base of the start codon. The locations of 
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the 12 transcription factor binding sites found to be conserved across all sequences are shown 

in the top panel and pairwise sequence similarity plots are shown in the bottom panels, with 

peaks over 75% conserved colored red. 

An insertion upstream of the transcription start site of the coagulation factor X gene in the 

rough-scaled snake (Tropidechis carinatus) and Eastern brown snake (Pseudonaja textilis) has 

been claimed to be responsible for the increased expression level of a venom gland-specific 

paralog following gene duplication (Kwong et al. 2007; Reza et al. 2007), and accordingly we 

find no evidence for either gene duplication or this insertion in E. coloratus, corn snake, king 

cobra or Burmese python. The upstream regions of the duplicated factor X genes (pseutarin C 

and trocarin D (Rao et al. 2004; Reza et al. 2007)) are extremely similar and possess 147 

conserved transcription factor binding sites. 

6.4 Discussion 

Comparative transcriptomic and genomic analysis provides evidence that a diversity of gene 

regulatory networks may be involved in the transcriptional regulation of genes encoding snake 

venom toxins. Analyses of different time points during venom synthesis following manual 

extraction of venom reveals an apparent shift from a focus on transcription to translation 

between 16 and 24 hours post milking, indicating that activation of genes encoding venom 

toxins is a relatively rapid event. Only a single transcription factor (Tbx3) appears to be unique 

to the venom glands of venomous snakes and absent from the salivary glands of non-venomous 

species. Whilst more work is needed to establish the distribution of this gene in additional 

species, its presence in the venom gland is intriguing, since TBX3 is a known transcriptional 

repressor and is known to interact with diverse gene regulatory networks in multiple tissues in 

a context-dependent manner (Washkowitz et al. 2012). If TBX3 is carrying out a similar 

repressive function in the venom gland, then it is possible that the initiation of venom 

production following expenditure is facilitated by the removal of transcriptional repression (i.e. 

negative regulation), rather than by transcriptional activation. A similar situation is known to 

occur during embryonic development, where RNA polymerases are 'paused' on gene 

promoters and in this way offer a rate-limiting mechanism for transcription (Core and Lis 2008; 

Krumm et al. 1995). Such a system also enables rapid initiation of gene expression, as the 

transcriptional machinery is already assembled and in place on the gene itself (Margaritis and 

Holstege 2008). A gene regulatory mechanism such as this obviously has important 
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implications for the rapid initiation of venom replenishment, although the lack of conserved 

TBX binding sites in the upstream regions of venom genes would suggest that TBX3 is acting 

higher up in the venom gene regulatory network. 

The presence of NFKB and its inhibitors in the venom glands of all species, together with the 

previous identification of a role for these transcription factors in the regulation of venom 

production (Luna et al. 2009) also supports a mechanism of rapid initiation of venom 

replenishment following expenditure, as NFKB dimers are held inactive in the cytoplasm via 

association with inhibitor proteins and can be rapidly activated by the removal and degradation 

of these inhibitors (Karin 1999). 

If different gene families are regulated by distinct gene regulatory networks (or sub

components of the same network) then differences in the temporal expression of these genes 

should be expected. The results from this study indicate that this may be the case, with evidence 

for the expression of some gene families declining quite rapidly after 16 hours, and some 

increasing quite dramatically (such as laao-b2) after 48 hours. Not only is this suggestive of a 

number of gene regulatory networks being involved, it also has implications for the importance 

of respective venom toxins, with those essential to the functional efficacy of the venom being 

expressed and replaced almost immediately following expenditure. 

The draft painted saw-scaled viper (Echis coloratus) genome sequence enabled comparative 

analyses of the upstream regions of the gene families that make the most substantial 

contribution to the venom of this and closely related species (SVMPs, Phospholipase A2s, C

type lectins and Serine Proteases) (Casewell et al. 2009; Casewell et al. 2014; Wagstaff et al. 

2009). These analyses identified a number of conserved predicted transcription factor binding 

sites between members of gene families, but not between members of different gene families, 

supporting the proposal that multiple gene regulatory networks may be acting within the snake 

venom gland, each working to activate the expression of typically one gene family. This 

situation is likely a reflection of multiple restriction events at different times during the 

evolution of venomous snakes, where a gene encoding a salivary protein has been duplicated 

and the expression of one of the copies restricted to the venom gland (Hargreaves et al. 2014b ). 

It is also likely that the different transcriptional networks acting on the different gene families 

contribute to observed differences in venom composition within and between species (Casewell 

et al. 2014; Chippaux et al. 1991 ). In all cases, the conserved transcription factor binding sites 

were located within a few hundred base pairs of the start of the gene and this, together with the 

observed short intergenic distances in the previously characterized Okinawan habu 
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(Protobothrops jlavoviridis) PLA2 gene cluster (Ikeda et al. 2010), supports the initial 

hypothesis and explains the apparent ease with which functional copies of existing venom 

genes are produced via gene duplication (Kordis and Gubensek 2000; Wong and Belov 2012). 

It remains to be seen however if the short regulatory regions of these genes are an ancestral 

condition, in which case they may be considered to be pre-adapted or exapted (Gould and Vrba 

1982) to repeated gene duplication, or if only partial regulatory regions were initially 

duplicated, in which case these genes may have been subfunctionalised and restricted to the 

venom gland by default. 

Finally, comparative transcriptomic analysis of the E. coloratus venom gland with other body 

tissues in this species, and with the venom and salivary glands of other species, has resulted in 

some intriguing findings. Not only does the venom gland express the lowest number of unique 

transcripts of any of the seven tissues investigated, but it also does not appear to be particularly 

outstanding with respect to the number and type of secreted products. Whilst snake venom 

itself may represent an evolutionary innovation, with extensive intra- and inter-specific 

variation in venom composition resulting from a range of genomic, transcriptional, 

translational and post-translational mechanisms, the venom gland itself may in fact be a simple 

tissue expressing genes whose regulation has undergone only slight modification. 
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7.1 Principal findings 

Chapter 7 

General discussion 

The use of venom is widespread amongst a diverse array of taxa, and represents a tmique way 

of using modified proteins as a prey capture strategy. Venomous snakes have created both fear 

and fascination in equal measure for centuries, and the understanding of them is still a widely 

pursued area of biological research. From a human point of view, bites from venomous snakes 

cause a significant amount of mortality and morbidity each year, predominantly in the 

developing world. Conversely, snake venom represents a potential source of novel compounds 

with pharmaceutical applications. 

As discussed in the preceding chapters venom has been, for many years, stated as being "highly 

complex" (Casewell et al. 2013 ), with the genes encoding venom toxins being "recruited" from 

multiple body tissues into the venom gland where they subsequently undergo mutation to 

become toxic (Fry 2005). Venom has been proposed to have evolved once at the base of 

squamate reptiles, with many secondary losses in favour of alternative prey capture methods 

such as constriction (Fry et al. 2006). Therefore, from the outset snake venom appears to be a 

fascinating model to study. 

However, these theories have lacked the enormous amount of data provided by current DNA 

and RNA sequencing technologies. Despite these technologies being around for some time, at 

least in principle (the technologies themselves have evolved considerably since their first 

emergence), their use in the study of reptile venom is still moderately low although admittedly 

is on the rise (for example (Rokyta et al. 2012; Vonk et al. 2013; Margres et al. 2013)). 

This work aimed to use 2nd generation sequencing technology to achieve several goals. Firstly, 

to sequence low-coverage draft genome sequences of three species of snake, in an order to fill 

the void of available snake genomic resources (Chapter 2). The recent sequencing of draft 

whole genome sequences for the Burmese python, king cobra and boa constrictor alongside 

these is surely only the beginning of a large influx of available reptile genome sequences. 

Secondly, a large amount of tissue transcriptomes were sequenced for a range ofreptile species 

and tissues (Chapter 3). This was done mostly for use in the analysis of venom gene expression, 
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but also to provide encouragement and assurance of the utility of this approach to other 

researchers, especially as traditional EST sequencing is still being used, for example (Casewell 

et al. 2014). 

Lastly, these resources were used to evaluate several hypotheses of snake venom evolution, 

namely the Toxicofera hypothesis (Fry et al. 2006; Fry et al. 2009a; Fry et al. 2012b; Fry et al. 

2013) (Chapter 4) and the theory of venom gene recruitment (Fry 2005) (and to a lesser extent 

the theory of reverse recruitment (Casewell et al. 2012)) (Chapter 5). Additionally the 

predominantly neglected area of venom gene regulation was also investigated (Chapter 6). 

The results of this thesis can be split into two broad areas: bioinformatics and evolutionary 
genetics: 

Bio informatics 

Performing a "mini Assemblathon" using newly generated genomic sequence data and three 

publicly available snake genome sequences was extremely informative in a number of regards. 

This analysis identified several considerations for genomic library sequencing and assembly 

which consistently improved the resulting output sequence, namely the use of paired-end reads 

sequenced to a high sequencing coverage. Alterations in other parameters had varying effects 

which seem to be dependent on the dataset itself. Out of the two assemblers CLC produced 

assemblies with the best metrics in terms of contig length and N50 values, but had the worst 

performance in terms of genome completeness based on CEGMA analysis. It became apparent 

that genome assemblies cannot be assessed based solely on basic metrics and that multiple 

metrics should be used when evaluating the quality of an assembly. If there is one take-home 

message from this analysis, it is that there is currently not one sole "correct" methodology to 

assemble a genome, and as such multiple methods should be attempted and evaluated for each 

genome assembly project. 

Assembling multiple transcriptomes using several different methods was also revealing. For 

de nova transcriptome assembly Trinity greatly outperformed SOAPdenovo-Trans for most 

datasets. The exception to this was the assembly of transcriptomes from the available king 

cobra RNA-seq data, which were greatly improved by first mapping the reads to the genome 

of this species and then carrying out a genome-guided assembly using the Tuxedo suite. Other 

genome-guided assemblies in other species were not so improved, perhaps suggesting that the 

longer scaffold length of the king cobra genome was a key to this method, as more exons will 
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be located on a single scaffold, allowing the assembly of full length transcripts. Additionally 

the short, single end reads for the king cobra tissues may have caused issues in the De Bruijn 

graph construction utilised by the de novo assemblers. The quantitative nature of RNA-seq data 

adds to its appeal, and was demonstrated by analysing the expression of several reference genes 

used for qPCR experiments across a number of tissues and in the venom gland at different time 

points following milking. Again this study confirmed that GAPDH and ~ actin are unsuitable 

for use as reference genes. 

Comparison to the previously generated venom gland transcriptomes from Echis species 

showed the utility of RNA-seq in this area, being more sensitive in detecting lower expressed 

transcripts and also splice variants of several genes. The quantitative qualities of RNA-seq data 

also solidified its utility in estimating the abundance of venom gene transcripts. 

Finally, conducting sub-assemblies of the venom gland data identified that many transcript 

sequences for proposed venom genes were successfully reconstructed using only 2 million 

I 00bp paired-end reads as initial input to Trinity. As a conservative estimate it was decided 

that 8 million paired-end reads should be the minimum required, as the majority of transcripts 

were present using this amount of data whilst also being similar in length to the query sequence 

(assembled from considerably more data) and also high in similarity to it (suggesting a 

minimum amount of error had been incorporated into the assembly). 

Evolutionary genetics 

Using these newly generated genomic and transcriptomic resources, and incorporating a 

considerable amount of publicly available transcriptomic data from a range of reptile species 

and tissues, I set out to evaluate several hypotheses of venom evolution in reptiles. As stated 

in the introduction (Chapter 1) the hypothesis for a single, early origin of venom in reptiles (the 

Toxicofera hypothesis) has been propagated and expanded for many years, but has lacked the 

insight provided by the addition of non-venom gland body tissues. A quantitative, comparative 

transcriptomic assessment elucidated that the previous claims of the Toxicofera hypothesis are 

likely due to incomplete tissue sampling and the incorrect interpretation of phylogenetic trees. 

It appears that all of the genes used in support of the Toxicofera hypothesis are expressed in 

multiple tissues with no evidence of a venom gland-specific splice variant or an elevated 

expression in the venom gland, and so most likely encode housekeeping or maintenance genes. 

This highlights that the transcriptomic analysis of solely venom gland is not sufficient to assign 
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a toxic role to a gene, or infer its true evolutionary history, especially in support of a hypothesis 

encapsulating an entire lineage. Several problematic issues were identified such as the 

classification of extremely similar sequences as different genes and the misidentification or 

incorrect annotation of others. The inclusion of genes which have never been functionally 

characterised as being toxic is also especially confusing (for example cystatin which has never 

been shown to show toxicity, even when it was first discovered (Ritonja et al. 1987)). 

Phylogenetic analyses carried out in the "reverse recruitment" study (Casewell et al. 2012) 

found no support for the majority of Toxicoferan toxins when non-venom gland derived 

sequences were included. As a result the incidence of reverse recruitment was proposed, with 

toxin genes being recruited back into the body to once again perform a physiological role. 

However, the more parsimonious conclusion is that these genes were never toxins, and as such 

represent housekeeping or maintenance genes with a wide expression pattern. Snake venom 

appears to be a simple mixture whose active components are encoded by a small number of 

gene families which have expanded through gene duplication. The results of the comparative 

and quantitative approach used to identify putative toxin-encoding transcripts appears to accord 

well with previous proteomic analyses of snake venom, making it a useful methodology for 

future transcriptomic studies. 

Analysis of gene expression in multiple body tissues detected the expression of members of 

venom gene families in an array of tissues, including the salivary gland of non-venomous 

reptiles. Re-analysis of the original proposal of venom gene recruitment (Fry 2005) revealed 

that there was no evidence to support this hypothesis from the outset, despite being widely 

accepted. A comparative transcriptomic analysis found that many genes belonging to putative 

venom gene families are expressed in a number of tissues including the salivary gland of non

venomous reptiles, and therefore venom genes have been restricted to the venom gland 

following gene duplication. This process is much more parsimonious than the previous 

suggestion that venom genes undergo numerous rounds of neofunctionalisation, requiring the 

evolution of novel gene regulatory networks to lead to venom gland-specific expression. In the 

case of restriction, genes are already expressed in the venom/salivary gland prior to developing 

toxicity, and so there is no requirement for a new gene regulatory network. 

The gene regulatory mechanisms active in the venom gland do not appear to be particularly 

outstanding compared to the salivary gland of non-venomous species, with both tissues having 

very similar transcription factors and signalling pathways active, and both having similar 

numbers of secreted products. Only one transcription factor was found to be expressed in the 
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venom gland and not the salivary gland, Tbx3, which along with the previously suggested role 

for NFKB in venom production suggests negative regulation, where the removal of repression 

rather than activation is the key first step in gene transcription. Although previously suggested 

to play a role in venom production, there was no evidence of conserved adrenergic receptors 

in snake venom glands. Finally, transcription factor binding sites analysis revealed that binding 

sites were conserved between members of the same gene family but not between gene families 

suggesting that multiple gene regulatory networks are involved in venom gene expression. The 

close proximity of binding sites to the start of genes is indicative of an arrangement which 

facilitates repeated gene duplication with the necessary regulatory regions for expression. 

7.2 Implications 

These results taken together have several implications for the current understanding of venom 

evolution in reptiles. The finding that many proposed venom toxin genes are in fact more likely 

to encode housekeeping genes suggests that much of the research effort investigating the 

evolution of these genes and the properties of the proteins they encode will not be directly 

applicable to the development of the next generation of anti venom treatments. Perhaps the most 

significant finding of this work is that the Toxicofera hypothesis is unsupported (Chapter 4 ), 

prompting a move back to the previously held view that venom evolved twice within the reptile 

lineage, once in snakes and once in venomous lizards such as the Gila monster (the 

classification of Varanid lizards as venomous is uncertain). The complexity of snake venom 

composition appears to have been consistently overestimated by previous authors. Indeed, the 

low number of products in venom makes perfect sense as ( l) a complex proteinaceous mixture 

would be metabolically expensive to produce and (2) natural selection will act to streamline 

the venom to be tailored to the snakes prey items. In short, a simple venom is efficient; a 

complex venom is overkill. Interestingly it appears that some putative toxin genes appear to be 

lineage specific, with evidence of gene duplication and restriction of nerve growth factor b and 

complement c3b in Elapids/cobras. vascular endothelial growth factor f also appears to be 

specific to viperid snakes. These findings have greater evolutionary implications, and may 

suggest the adoption of specific venom components in order to exploit a new ecological niche 

or to expand the variety of potential prey items. 

In Chapter 5 it was found that venom genes do not evolve via recruitment to the venom gland, 

but rather restriction to it following gene duplication. The expression of members of toxin gene 
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families in multiple tissues, most notably the salivary gland of non-venomous species, is 

suggestive that venom is simply a modified version of saliva. It is possible that the initial 

toxicity of a venom component is dosage dependent, where the two duplicate genes produce 

twice the amount of the same protein product (their temporal and spatial expression patterns 

will be identical immediately following duplication). If this increased dosage provides an 

advantage in prey capture, selection will act to maintain its expression in the venom gland, 

where it can subsequently be modified by mutation to develop toxicity, whilst being lost from 

other tissues. 

Chapter 6 identified that there is little difference in the transcription factors and signalling 

pathways active in the venom gland and the salivary gland of non-venomous reptiles, 

suggesting that the venom gland is not as specialised as it may seem. Indeed, it expresses the 

lowest number of unique transcripts compared to 6 other body tissues. The presence of only a 

single transcription factor expressed in the venom gland but not the salivary gland is interesting, 

particularly as Tbx3 is a transcriptional repressor. The conservation of transcription factor 

binding sites between genes in the same gene family but not between different gene families is 

indicative that multiple gene regulatory networks are active in venom gene expression, and the 

evidence of temporal variation in expression following venom extraction would also support 

this. This would imply that multiple restriction events have led to the formation of the venom 

gene repertoire, with each family being subject to its own regulatory network. The variation in 

venom composition, especially the obvious variation between vipers and elapids (with vipers 

predominantly expressing SVMPs and serine proteases and elapids predominantly expressing 

3 finger toxins and PLA2s), may be caused by this differential gene regulation. The close 

proximity of transcription factor binding sites to the start of venom genes may suggest that they 

are exapted (Gould and Vrba 1982) to repeated rounds of gene duplication, whilst carrying 

with them the necessary Os-regulatory architecture needed for their continued venom-gland 

specific expression and regulation 

7. 3 Future work 

Proposals for future work relevant to each chapter of this thesis are outlined below. There are 

several possible strategies to improve the overall quality and completeness of the 3 newly 

generated low-coverage snake genome sequences. An increase in paired-end sequencing will 

ultimately increase sequencing depth, which is especially needed for the lower coverage 
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genomes of the com snake and Echis pyramidum. However, due to the repeat content of 

genomes and compositional biases in genomic regions (for example GC-rich regions), an 

increased in paired-end sequencing is highly unlikely to generate a highly improved genome 

assembly by itself. 

The inclusion of mate-pair sequencing library data in the boa constrictor, Burmese python and 

king cobra genomes appears to have greatly aided the formation of longer genomic scaffolds, 

and it is likely that the addition of this to the current Echis and corn snake paired-end data 

would provide the long-range positional information needed to extend scaffold length 

considerably. It is worth noting that although the three published genomes are superior to the 

ones generated in this study, they are still incomplete and have relatively conservative scaffold 

lengths and N50s when compared to other published genome sequences (for example the 

Western painted turtle, Chrysemys picta, has a scaffold N50 of 5.2Mb (Shaffer et al. 2013)). 

Simply carrying out more and more sequencing will inevitably lead to a "sequencing plateau" 

where the overall coverage (and therefore reliability) of the genome sequence will increase, 

but the positional information needed to correctly place scaffolds will ultimately be missing. 

Ideally more traditional mapping techniques could be used to improve genome assemblies such 

as the generation of a genetic linkage map to orientate the positions of genes relative to each 

other in the genome or the use of BAC (bacterial artificial chromosome) libraries to sequence 

long (> I 00Kbp) sequences of genomic regions. In this way the assembly process can move up 

from contigs and scaffolds, to potentially assembling entire chromosomes. 

Finally, the dawn oflong-read sequencing such as that offered by Pacific Biosciences or Oxford 

Nanopore is a potentially paradigm-shifting event, where the generation of sequencing reads 

of up to 20kb (potentially much longer using nanopore sensing) could potentially lead to the 

complete de novo sequencing of an entire genome in a few sequencing experiments. The very 

long read length offered by these technologies also means that issues with troublesome 

repetitive and GC-rich regions which are difficult to sequence and assemble will be negated. 

Whilst these technologies are still very much in their infancy, it has been shown that a small 

amount of long-read sequencing, coupled with Illumina data, can produce very encouraging 

results (Koren et al. 2012; Ganapathy et al. 2014). The construction of much longer scaffolds 

would make allow the mechanism of gene duplication responsible for the propagation of venom 

genes to be elucidated, for example if they are clustered within the genome and flanked by 

260 



repetitive elements if would suggest that they have been duplicated by unequal crossing over 

during homologous recombination. 

The variation in venom composition between members of the Echis genus is intriguing, and 

worth further pursuit. It has recently been suggested that several post-genomic mechanisms 

such as post-transcriptional and post-translational modification, are responsible for the 

variation in venom composition between members of the same genus (Casewell et al. 2014 ). 

However, there has to date been no comprehensive study on the genomic aspect of tl1is 

variation, where the presence or absence of genes ( or indeed occurrences of pseudogenisation 

within some species but not others) could be responsible for venom variation. Only with further 

genome sequencing and improvement can this area be fully investigated. 

Finally, the whole genome sequence of the com snake has been used only briefly in this study. 

The genome of this species will be useful in studies seeking to understand pigmentation 

patterning in reptiles, both in terms of neural crest cell differentiation and migration and tl1e 

biosynthetic pathways producing pigments such as melanin. As a member of the Colubridae 

this species is also a useful addition for comparative genomic studies within Serpentes 

alongside the Boidae (boa constrictor, Burmese python), Viperidae (painted and Egyptian saw

scaled vipers) and Elapidae (king cobra). 

Trinity appears to be the best and most useful approach taken in this work, both for the quality 

and sensitivity of the de novo transcriptome sequences it produces and the versatility of its 

downstream applications. De novo assembly using short reads for venom toxin transcripts 

appears to have issues with highly similar members of the same gene family, with on the whole 

only partial sequences being assembled. This is most likely due to the ambiguity of highly 

similar k-mers during assembly, with such a small amount of sequence variation between 

fragments being interpreted as sequencing errors. Therefore these k-mers are likely removed 

during the assembly process. The use oflong read sequencing technology offered by companies 

such as Oxford nanopore would be a logical step in overcoming this problem, and allowing the 

sequencing of full-length mRNA transcripts. It would then be possible to map short-read data 

to the full length transcripts, both to aid in their assembly and also for transcript abundance 

estimation. This is particularly useful as mapping reads to short fragments of a transcript may 

result in a low FPKM values, thus leading to the conclusion that the transcript is not expressed, 

when in fact mapping to a full-length transcript may result in the opposite conclusion. A recent 

study used the Oxford nanopore MinION nanopore sensing device to sequence cDNA derived 
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from the venom gland of the Okinawan habu, Protobothrops jlavoviridis (Mikheyev and Tin 

2014 ). The findings of this paper were somewhat controversial in that the authors claimed that 

"the current iteration of the MinION is not ready for routine use". It is likely that this is due to 

the use of an early iteration of the library preparation kit and software, and that the performance 

ofthis technology is now greatly improved, signifying an exciting and potentially limitless tool 

for DNA and RNA sequencing. 

Whilst this work casts doubt on the Toxicofera hypothesis, further analysis is required in order 

to fully refute it. More specifically an increased number of body tissues (from the study species 

used and also a wider range of reptile taxa) need to be incorporated to gain a clearer picture of 

the true extent of the expression of proposed Toxicoferan venom genes. The inclusion of the 

green anole lizard, Ano/is carolinensis, stands out as a logical and easy example to incorporate 

due to its whole genome sequence (Alfoldi et al. 2011) and several body tissue transcriptomes 

(Eckalbar et al. 2013) (including brain, heart, liver and ovary) already being available. The 

phylogenetic position of Ano/is as members of the Iguania at the base of the Toxicofera clade 

means they are one of the closest relatives of the proposed venomous squamate ancestor, and 

so represent ideal candidates for study. 

The expression of putatively toxic transcripts (2 SVMPs and cri!>p-b) in the corn snake salivary 

gland is of great interest, and may suggest that an ancestor of the Caenophidia ( advanced 

snakes) may have been venomous. Further investigation via the sampling of other colubrid 

snakes including opisthoglyphous species known to be venomous (such as the boomslang, 

Dispholidus typus) and those which rely on constriction (such as the corn snake) may shed light 

on this. Finally, a transcriptomic approach identifies putative toxin-encoding transcripts, but 

proteomic and functional characterisation are needed in order to validate whether those 

transcripts represent active venom components. 

It is unlikely that the expression of venom genes in the snake venom gland arose through the 

recruitment of non-toxic physiological or housekeeping genes from multiple body tissues. 

Instead it appears that venom toxin genes were ancestrally expressed in a variety of tissues 

including the venom/salivary gland prior to developing toxicity. The addition of more species 

and more tissue samples will add further support to this hypothesis. The finding of lowly 

expressed genes in the venom gland which are members of venom gene families (such as 

SVMPs) in Chapter 4 suggests that perhaps not all genes belonging to these families are toxic, 

which again is suggestive that members of these gene families are expressed in the venom or 
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salivary gland prior to gene duplication and the development of toxicity. An expansion in the 

number of species sampled (the addition of the most basal species of viper, Azemiops feae, 

would be especially interesting) would enable the reconstruction of the true evolutionary 

history of these gene families , perhaps indicating the timings of gene duplications (as was 

demonstrated for nerve growth factor, complement c3 and crisp in Chapter 4) to give a clearer 

picture of their origins. 

Improved, more complete, genome sequences will allow a more thorough analysis of venom 

gene promoter regions which, when compared to the gene promoters of non-venomous species, 

may indicate whether venom genes have been restricted to the venom gland through the gradual 

mutation and degeneration of transcription factor binding sites, or if these genes have been 

partially duplicated with binding sites missing, leading to them being only expressed in the 

venom gland by default. 

As with all aspects of this study, increased sampling from a range of species and tissues will 

greatly benefit further investigation of the genetic regulatory mechanisms underpinning venom 

production. Venom gene expression appears to be fully underway at I 6 hours post-milking, 

and so earlier sampling timepoints are needed in order to gain a comprehensive picture of gene 

expression following venom expenditure. The seemingly sudden expression of laao-b2 after 

48 hours also indicates that sampling at later timepoints is also required to gain a full 

understanding of this process. 

A genome sequence with improved venom gene promoter regions, paired with the sequencing 

of more venom gland samples milked at an increased range of timepoints could potentially 

allow the reconstruction of the venom gene regulatory networks active in the venom gland post 

extraction (this approach was taken in a study predicting the gene regulatory networks active 

during soybean nodulation (Zhu et al. 2013)). The proteomic analysis of extracted venom at 

different timepoints following an initial milking may also indicate whether there is a temporal 

difference in venom gene expression by the presence or absence of venom proteins at different 

stages. 

Finally, Chromatin immunoprecipitation sequencmg (ChIP-seq) would help identify the 

binding sites of transcription factors, and could shed light on those involved in the activation 

( or the removal of inhibition) of venom gene expression. 
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7. 4 Perspectives 

This work has highlighted several broad-ranging issues to consider alongside its scientific 

conclusions. Firstly it has identified several cases where more stringency and scrutiny were 

required, especially when characterising and annotating sequences as different genes based on 

either minimal differences in sequence or based on BLAST searches. Furthermore the problems 

associated with a lack of standardised gene nomenclature became apparent, and a plea for a 

more rational nomenclatural system for snake venom toxins has been addressed to the editor 

of Toxicon (the official journal of the International Society on Toxinology) (Hargreaves and 

Mulley 2014). It is hoped that this will encourage the adoption of this system, making the 

evolutionary history of genes encoding snake venom toxins clear to see and current research 

more accessible to scientists from outside the relatively niche area of snake venom. 

This study was in some ways limited by the unavailability of the genomic sequencing reads of 

the recently published Burmese python (Castoe et al. 2013) and king cobra (Vonk et al. 2013). 

More specifically, the king cobra genome paper claims to have shown that several gene families 

(snake venom metalloproteinases, cysteine-rich secretory proteins and lectins) are clustered in 

the genome of this species, which would add support to venom genes being arranged in clusters 

in the genome, having implications for how venom gene families expand through gene 

duplication. However, the scaffolds and gene models which purportedly show this clustering 

are not publicly available, despite several requests to the authors. Therefore, the actual 

clustered arrangement of these genes within the genome are in doubt. As reproducibility and 

verification are key to strengthening ( or conversely refuting) a hypothesis, and are " ... integral 

foundations of the scientific method." (Kardong 2012), it is paramount that data is made 

available to the scientific community. 

These analyses have brought to light several occurrences of "just-so stories" in evolutionary 

biology. The theory of venom gene "recruitment" and the Toxicofera hypothesis have been 

widely, and unquestionably, accepted for nearly a decade. In his seminal work "The structure 

of scientific revolutions", Thomas Kuhn states: "Scientists work from models acquired through 

education and through subsequent exposure to the literature often without quite knowing or 

needing to know what characteristics have given these models the status of community 

paradigms" (Kuhn 1962). Indeed this appears to have been the case, and is a cautionary tale 

that hypotheses, especially those which are drastically different to previous long-standing ones, 

should constantly be re-assessed and re-tested. 
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Considering these findings in a wider context, they also present several examples of high 

impact papers (one in Genome research (Fry 2005) and one in Nature (Fry et al. 2006)) which 

have been, to some extent, refuted by this study. The timing of these findings is timely, 

considering the recent retraction of two publications in Nature proposing a method of creating 

stimulus-triggered acquisition of pluripotency (ST AP) cells ( Obokata et al. 2014a; Obokata et 

al. 2014b ), another example of high impact papers being rebutted through re-analysis ( albeit in 

a much quicker timeframe ). Herein lies the question of whether the appeal of these papers is 

an overall factor in their publication, being relatively controversial, without having irrefutable 

evidence to support their claims. Additionally, it also raises the question of whether pre

publication peer review is a stringent enough process for studies with conclusions contrary to 

the status quo. The recent emergence and expansion of pre-publication servers (such as 

BioRxiv) and Open Access (OA) journals (such as PeerJ) is indicative that post-publication 

peer-review, where reviews are visible and open to all, is on the increase. The OA publishing 

policy also means that the data used in a study is available to all for use in other studies or to 

test the repeatability of a particular finding. Coupled with the rise in "altmetrics" (intemet

based alternatives to the commonly used journal impact factor) (Roemer and Borchardt 2012) 

this also suggests that attitudes and approaches to publishing scientific research, and more 

generally the way scientific knowledge is communicated and disseminated (both amongst the 

scientific community and the general public), appears to be changing. 

In summary, this thesis work has provided evidence to cast doubt on several hypotheses of 

venom evolution in reptiles. The widespread expression of many genes proposed to encode 

Toxicoferan venom toxins suggests that snake (and possibly lizard) venoms are not as complex 

as they have been made out to be, with a large number of genes likely to encode housekeeping 

or maintenance genes. This finding, alongside little evidence of the generation of venom

specific transcripts via alternative splicing or instances of pleiotropy via elevated expression in 

the venom gland, is indicative that venom is a relatively simple mixture containing a small 

number of proteins from a few gene families. The original findings of the Toxicofera 

hypothesis appear to primarily be a consequence of incomplete sampling, and the evolution of 

venom once at the base of squamate reptiles with multiple subsequent secondary losses is not 

supported. 

Gene duplication has been suggested for many years to be a major driving force in the creation 

of new genes with novel functions. Whilst this process is an important part of venom gene 

diversification, venom genes have not originated through repeated gene duplication and 
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neofunctionalisation. Instead it appears that venom genes have an ancestral expression pattern 

in a range of tissues which includes the venom gland and salivary gland of non-venomous 

reptiles. Hence venom genes have been subfunctionalised, or restricted, to the venom gland 

following gene duplication, a much simpler and parsimonious process. 

Analysis of the gene regulatory mechanisms active in the venom gland and salivary gland of 

non-venomous species revealed little difference, with only a single transcription factor (Tbx3) 

being found in the venom gland but not the salivary gland. Both the venom and salivary gland 

appear to have similar numbers of secreted products, and the venom gland has the lowest 

amount of unique expressed transcripts out of the 7 tissues surveyed. The venom gland appears 

to be a relatively simple secretory glandular tissue, which produces and stores proteins whose 

encoding genes are subject to slightly modified regulation by pre-existing gene regulatory 

networks. 

In conclusion, the evolution of venom in reptiles appears to be much less complex than 

previously believed but then again as Edsger Wybe Dijkstra, the Turing award winning 

computer scientist, alludes to in the quote at the beginning of this thesis: "complexity sells 

better". 
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Appendix 1. Contig assembly metrics for painted saw-scaled viper (Echis coloratus) genome assemblies. 

SE/PE Left/Right Library Trimmed Assembler k-mer no. of total length max contig 

insert (YIN) length contigs contig N50 
size length 

SE Left 300 N ABySS 20 52,882,988 1,610,627,662 993 27 

SE Left 300 y ABySS 20 48,549,549 1,486,824,137 1,132 28 

SE Left 300 N ABySS 31 23,097,699 1,359,978,735 4,445 66 

SE Left 300 y ABvSS 31 21 ,554,630 1,258,405,847 4,428 67 

SE Left 300 N ABySS 40 16,712,851 1,303,886,440 4,433 99 

SE Left 300 y ABySS 40 15,547,230 1,190,670,477 3,880 92 

SE Left 300 N ABySS 60 7,781,002 871 ,811 ,997 2,969 134 

SE Left 300 y ABySS 60 6,164,254 661 ,078,412 2,964 127 

SE Right 300 N ABySS 20 52,034,844 1,591 ,731 ,376 1,496 28 

SE Right 300 y ABySS 20 47,060,869 1,445,670,816 1,434 28 

SE Right 300 N ABySS 31 22,920,656 1,353,333,552 5,376 67 

SE Right 300 y ABySS 31 21,205,914 1,232,421,614 4,028 67 

SE Right 300 N ABySS 40 16,690,349 1,303,273,745 3,645 100 

SE Right 300 y ABySS 40 15,318,533 1,163,925,023 3,507 90 

SE Right 300 N ABySS 60 7,756,161 872,498,661 2,902 134 

SE Right 300 y ABySS 60 5,728,952 606,883,928 2,873 126 

SE Left 600 N ABySS 20 98,440,069 2,955,533,611 1,599 27 

SE Left 600 y ABySS 20 94,669,392 2,863,427,880 1,599 28 

SE Left 600 N ABySS 31 26,064,782 2,024,274,880 15,322 129 

SE Left 600 y ABySS 31 24,748,036 1,948,662,552 12,281 142 

SE Left 600 N ABySS 40 17,743,010 1,972,017,089 15,508 259 

SE Left 600 y ABySS 40 17,100,594 1,903,435,778 10,968 245 

SE Left 600 N ABySS 60 10,786,376 1,902,979,994 6,750 301 

SE Left 600 y ABySS 60 10,293,087 1,673,279,519 3,820 222 

SE Right 600 N ABySS 20 98,642,093 2,950,928,219 1,258 27 

SE Right 600 y ABySS 20 94,449,577 2,847,504,620 1,311 28 

SE Right 600 N ABySS 31 25,919,755 2,007,541,631 13,772 130 
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SE Ri ht 600 y AB SS 31 25,024,2 12 1,955,113,802 13,058 136 
SE Ri ht 600 N AB SS 40 17,910,730 1,974,5 11,873 14,943 247 
SE Ri ht 600 y AB SS 40 16,761,647 1,866,627,177 11,665 242 

SE Ri ht 600 N AB SS 60 10,671,479 1,859,182,498 7,417 286 
SE Ri ht 600 y AB SS 60 10,070, 117 1,608,837,841 4,823 2 13 

SE Left 300 600 N AB SS 20 101,765,390 3,041 ,901,910 1,258 27 

SE Left 300 600 y AB SS 20 103,986,533 3,081,773,307 1,258 27 
SE Left 300 600 N AB SS 31 29,483,749 2,162,803,892 18,425 100 
SE Left 300 600 y AB SS 31 28,542,094 2,112,135,397 2 1,409 105 
SE Left 300 600 N AB SS 40 20,737,248 2,146,083,623 29,257 191 
SE Left 300 600 y ABySS 40 20,398,133 2,114,457,968 18,834 191 

SE Left 300 600 N AB SS 60 12,018,342 2,033,068,268 12,464 318 

SE 300 600 y AB SS 60 13,055,595 2,032,642,770 5,810 229 

SE 300 600 N AB SS 20 101,553,627 3,03 1,839,570 1,326 27 
SE 300 600 y ABySS 20 104,228,817 3,080,209,441 1,258 27 

SE 300 600 N AB SS 3 1 29,708,623 2,168,301,275 18,809 98 

SE 300 600 y AB SS 31 28,763,301 2,116,164,603 18,364 103 
SE 300 600 N AB SS 40 20,916,539 2,150,737,056 19,750 185 

SE 300 600 y AB SS 40 20,2 11 ,681 2,091 ,859,274 16,673 191 

SE Ri ht 300 600 N AB SS 60 11 ,9 12,369 2,001 ,342,166 9,284 307 

SE Ri ht 300 600 y AB SS 60 12,902,625 1,984,853,250 4,599 221 

PE BOTH 300 600 ? CLC Default 5,836 23,998,012 70,197 7,887 

PE BOTH 300 N AB SS 20 2.95E+07 2,561 605 

PE BOTH 300 y AB SS 20 2.65E+07 3,118 606 

PE BOTH 300 N AB SS 31 l.21E+07 7,798 707 

PE BOTH 300 y AB SS 31 l. 10E+07 7,092 693 

PE BOTH 300 N AB SS 40 7.99E+06 7,787 726 

PE BOTH 300 y AB SS 40 7. l 1E+06 6,441 701 

PE BOTH 300 N AB SS 60 3.39E+06 5,690 

PE BOTH 300 y AB SS 60 2.68E+06 4,061 

PE BOTH 600 N AB SS 31 
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PE BOTH 600 y AB SS 31 l.60E+07 26,352 1,855 
PE BOTH 600 N AB SS 40 1.00E+07 45,908 2,602 
PE BOTH 600 y AB SS 40 9.13E+06 43,181 2,497 
PE BOTH 600 N AB SS 60 3.41E+06 58,907 3,557 

PE BOTH 600 y AB SS 60 2.83E+06 33,543 2,611 
PE BOTH 300 600 N AB SS 31 l.90E+07 l .85E+09 37,410 1,921 
PE BOTH 300 600 y AB SS 31 1.85E+07 1.82E+09 32,238 1,895 
PE BOTH 300 600 N AB SS 40 1.20E+07 l .83E+09 49,059 2,672 

PE BOTH 300 600 y AB SS 40 l.14E+07 1.79E+09 49,048 2,597 
PE BOTH 300 600 N AB SS 60 4.97E+06 1.72E+09 63,379 3,857 
PE BOTH 300 600 y ABySS 60 4.49E+06 1.57E+09 47,508 3,244 
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Appendix 2. Scaffold assembly metrics for painted saw-scaled viper (Echis coioratus) genome assemblies. 

SE/PE Left/Right Library Trimmed Assembler k-mer no. of total length max Scaffold 
insert size (YIN) length scaffolds (scaffs) scaffold N50 

length 
PE BOTH 300 N ABySS 20 29,462,223 1,005,733,431 3,135 643 
PE BOTH 300 y ABySS 20 26,478,259 899,132,704 3, 118 641 
PE BOTH 300 N ABySS 31 12,070,363 843,221 ,240 7,798 718 
PE BOTH 300 y ABySS 31 10,998,215 748,185,677 7,092 702 
PE BOTH 300 N ABySS 40 7,982,329 778,625,210 7,787 738 
PE BOTH 300 y ABySS 40 7,102,388 690,810,317 6,441 711 
PE BOTH 300 N ABySS 60 3,372,482 560,252,124 5,691 730 
PE BOTH 300 y ABySS 60 2,671,144 407,332,236 4,748 702 
PE BOTH 600 N ABySS 31 16,628,861 1,774,374,007 59,662 3,493 
PE BOTH 600 y ABySS 31 15,706,059 1,717,81 1,860 58,936 3,070 
PE BOTH 600 N ABySS 40 9,773,504 1,706,903,884 63,029 4,095 
PE BOTH 600 y ABySS 40 8,894,776 1,622,224,753 61,058 3,874 
PE BOTH 600 N ABySS 60 3,233,470 1,441,087,604 74,799 5,121 
PE BOTH 600 y ABySS 60 2,692,689 1,189,492,149 47,664 3,333 
PE BOTH 300 600 N ABySS 31 18,700,353 1,876,280,157 102,856 3,283 
PE BOTH 300 600 y ABySS 31 18,155,538 1,845,273,171 82,168 3,150 
PE BOTH 300 600 N ABySS 40 11 ,716,689 1,845,952,193 78,528 4,216 
PE BOTH 300 600 y ABySS 40 11,165,290 1,800,827,153 70,543 4,010 
PE BOTH 300 600 N ABySS 60 4,790,800 1,727,283,171 84,548 5,576 
PE BOTH 300 600 y ABySS 60 4,307,776 1,576,438,475 65,261 4,524 

270 



Appendix 3. Contig assembly metrics for Egyptian saw-scaled viper (£chis pyramidum) genome assemblies. 

SE/PE Left/Right Library Read length(s) Trimmed? Assembler k-mer no.of total length max contig contigN50 

insert size length contigs ( contigs) length 

PE BOTH -400 2xl50 Default CLC Default 850298 326,820,222 11,529 393 

PE BOTH -400 2x250 Default CLC Default 1670965 796,582,058 11,530 517 

PE BOTH -400 2x l 50 2x250 Default CLC Default 1651433 944,133,977 11 ,528 674 

PE BOTH -400 2xl50 2x250 Default CLC 31 1705426 1,032,996,853 12,522 711 

PE BOTH -400 2x l 50 N ABySS 20 5, 127,500 159,188,986 3,724 744 

PE BOTH -400 2x150 y ABvSS 20 3,943,161 116,45 1,504 3,724 798 

PE BOTH -400 2xl50 N ABvSS 31 1,453,426 72,631 ,759 6,255 6 10 

PE BOTH -400 2x l50 y ABySS 31 1,083,186 50,541,142 6,255 744 

PE BOTH ~400 2xl50 N ABvSS 40 730,819 47,054,49 1 7,8 11 68 1 

PE BOTH -400 2x l 50 y ABvSS 40 528,220 31,840,149 7,820 799 

PE BOTH -400 2xl50 N ABvSS 60 208,100 19,481 ,773 5,553 835 

PE BOTH ~400 2x l 50 y ABvSS 60 141,635 12,724,200 11 ,604 847 

PE BOTH -400 2x250 N ABySS 20 2.30E+07 7.72E+08 1,320 548 

PE BOTH -400 2x250 y ABvSS 20 I .36E+07 4.71E+08 1,236 556 

PE BOTH -400 2x250 N ABySS 3 1 6,590,424 464520881 5,071 570 

PE BOTH -400 2x250 y ABySS 31 3,719,322 245076639 5,268 588 

PE BOTH -400 2x250 N ABvSS 40 3,780,89 1 361563617 5,080 575 

PE BOTH -400 2x250 y ABySS 40 1,939,78 1 16691063 1 5,080 59 1 

PE BOTH -400 2x250 N ABvSS 60 1,33 1,000 184143606 6,210 597 

PE BOTH ~400 2x250 y ABySS 60 530,090 6 1862348 6,677 590 

PE BOTH ~400 2x l 50 2x250 N ABySS 20 3.64E+07 l.25E+09 990 539 

PE BOTH -400 2x l50 2x250 y ABvSS 20 2.54E+07 989 530 

PE BOTH -400 2x l50 2x250 N ABySS 31 9,467,861 799656496 5,424 623 

PE BOTH -400 2xl50 2x250 y ABvSS 31 6,770,362 548333241 5, 104 643 

PE BOTH -400 2x l 50 2x250 N ABvSS 40 6, 126, 136 697274790 5, 113 633 

PE BOTH -400 2xl 50 2x250 y ABySS 40 3,787,285 416017048 4,013 653 

PE BOTH -400 2x l 50 2x250 N ABvSS 60 2,382,270 428055 199 5,627 669 

PE BOTH -400 2xl50 2x250 y ABySS 60 1,098,400 164158578 5,739 637 
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Appendix 4. Scaffold assembly metrics for Egyptian saw-scaled viper (Echis pyramidum) genome assemblies. 

SE/PE Left/Right Library Read Trimmed? Assembler k-mer no. of total length max scaffold Scaffold 
insert size len!rth(s) length scaffolds (scaffolds) length N50 

PE BOTH ~400 2x150 Default CLC Default NIA NIA NIA NIA 
PE BOTH ~400 2x250 Default CLC Default NIA NIA NIA NIA 
PE BOTH ~400 2x150 2x250 Default CLC Default NIA NIA NIA NIA 
PE BOTH ~400 2xl50 2x250 Default CLC 31 NIA NIA NIA NIA 
PE BOTH ~400 2xl50 N ABySS 20 5,127,469 159,189,643 10,433 782 
PE BOTH ~400 2x150 y ABySS 20 3,943,1 17 116,452,228 10,661 900 

PE BOTH ~400 2x l50 N ABySS 31 1,453,356 72,633,295 11 ,442 627 
PE BOTH ~400 2xl50 y ABySS 31 1,083,102 50,541,757 11 ,251 815 

PE BOTH ~400 2xl50 N ABySS 40 730,724 47,054,450 11 ,292 719 

PE BOTH ~400 2xl50 y ABvSS 40 528,106 31 ,841 ,130 11 ,301 824 

PE BOTH ~400 2x l50 N ABySS 60 207,879 19,480,417 11 ,537 883 

PE BOTH ~400 2x l50 y ABySS 60 141 ,490 12,723,023 11 ,604 940 

PE BOTH ~400 2x250 N ABySS 20 23,015,384 772,312,910 2,323 549 

PE BOTH ~400 2x250 y ABySS 20 13,604,775 471,023,416 1,398 569 

PE BOTH ~400 2x250 N ABySS 31 6,590,403 464,521,175 5,071 570 

PE BOTH ~400 2x250 y ABySS 31 3,719,252 245,076,215 5,702 588 

PE BOTH ~400 2x250 N ABySS 40 3,780,833 361 ,564,188 5,080 575 

PE BOTH ~400 2x250 y ABySS 40 1,939,736 166,910,958 10,646 591 

PE BOTH ~400 2x250 N ABySS 60 1,330,929 184,143,173 10,615 598 

PE BOTH ~400 2x250 y ABySS 60 530,031 61,863,274 11,790 592 

PE BOTH ~400 2x l50 2x250 N ABySS 20 36,416,080 1,246,640,912 990 539 

PE BOTH ~400 2xl50 2x250 y ABySS 20 25,418,820 896,680,83 1 989 531 

PE BOTH ~400 2xl50 2x250 N ABySS 31 9,467,831 799,657,757 5,424 623 

PE BOTH ~400 2xl50 2x250 y ABySS 31 6,770,337 548333766 5,104 643 

PE BOTH ~400 2x l50 2x250 N ABySS 40 6,126,1 15 697,275,75 1 5,113 633 

PE BOTH ~400 2x150 2x250 y ABvSS 40 3,787,238 416017375 6,310 653 

PE BOTH ~400 2xl50 2x250 N ABySS 60 2,382,233 428,055,378 5,627 669 

PE BOTH ~400 2xl50 2x250 y ABvSS 60 1,098,378 164159351 10,997 638 
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Appendix 5. Contig assembly metrics for corn snake (Pantherophis guttatus) genome assemblies. 

SE/PE Left/Right Library Trimmed? Assembler k-mer length no. of contigs max contig length contigN50 
insert size 

PE BOTH 300 600 y CLC Default 45,659 13,799 671 

PE BOTH 300 N ABvSS 20 2.66E+07 2,064 602 

PE BOTH 300 y ABySS 20 2.09E+07 2,542 612 

PE BOTH 300 N ABvSS 31 l.14E+07 7,321 697 

PE BOTH 300 y ABySS 31 8.69E+06 5,377 678 

PE BOTH 300 N ABvSS 40 6.90E+06 6,813 713 

PE BOTH 300 y ABvSS 40 4.89E+06 6,01 7 686 

PE BOTH 300 N ABySS 60 2.71E+06 6,830 705 

PE BOTH 300 y ABvSS 60 l .58E+06 9,551 665 

PE BOTH 600 N ABvSS 20 l .19E+07 2,972 715 

PE BOTH 600 y ABySS 20 1.02E+07 3,642 706 

PE BOTH 600 N ABvSS 31 5.28E+06 6,605 858 

PE BOTH 600 y ABySS 3 1 4.40E+06 11,583 847 

PE BOTH 600 N ABvSS 40 3.24E+06 8,306 903 

PE BOTH 600 y ABySS 40 2.62E+06 7,493 887 

PE BOTH 600 N ABvSS 60 1.17E+06 9,271 932 

PE BOTH 600 y ABvSS 60 7.37E+05 8,985 891 

PE BOTH 300 600 N ABySS 20 3.58E+07 2,564 629 

PE BOTH 300 600 y ABySS 20 2.94E+07 2,209 645 

PE BOTH 300 600 N ABvSS 3 1 l .52E+07 17,487 797 

PE BOTH 300 600 y ABySS 31 1.25E+07 11 ,950 798 

PE BOTH 300 600 N ABvSS 40 9.50E+06 16, I 67 851 

PE BOTH 300 600 y ABySS 40 7.41E+06 12,054 843 

PE BOTH 300 600 N ABvSS 60 3.83£+06 11 ,307 886 

PE BOTH 300 600 y ABySS 60 2.34E+06 6,384 835 
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Appendix 6. Scaffold assembly metrics for com snake (Pantherophis guttatus) genome assemblies. 

SE/PE Left/Right Library Trimmed? Assembler k-mer no.of total length max scaffold Scaffold N50 
insert size length scaffolds (scaffs) length 

PE BOTH 300 N ABvSS 20 26,637,717 856,461 ,685 2,624 646 

PE BOTH 300 y ABySS 20 20,873,817 656,572,980 4 ,549 654 

PE BOTH 300 N ABvSS 3 1 11,420,030 702,003,844 7,321 7 14 

PE BOTH 300 y ABySS 31 8,684,719 507,186,397 9,724 695 

PE BOTH 300 N ABySS 40 6,887,091 603,041,887 9,577 736 

PE BOTH 300 y ABvSS 40 4,886,482 399,916,909 9,791 710 

PE BOTH 300 N ABySS 60 2,690,369 376,202,120 7,687 744 

PE BOTH 300 y ABySS 60 1,570,391 180,798,387 9,551 716 

PE BOTH 600 N ABvSS 20 11 ,879,969 394,463,940 4,558 788 

PE BOTH 600 y ABySS 20 10,175,319 333,721 ,582 4,787 795 

PE BOTH 600 N ABvSS 31 5,269,707 326,896,213 7,946 904 

PE BOTH 600 y ABvSS 31 4,390,230 266,590,526 11,901 907 

PE BOTH 600 N ABySS 40 3,218,955 276,257,647 11 ,577 958 

PE BOTH 600 y ABvSS 40 2,612,179 214,05 1,728 11 ,228 950 

PE BOTH 600 N ABvSS 60 1,159,057 141 ,114,734 9,271 1,005 

PE BOTH 600 y ABySS 60 731 ,164 79,136,359 12,373 962 

PE BOTH 300 600 N ABvSS 20 35,822,776 1,166,737,592 3,613 692 

PE BOTH 300 600 y ABvSS 20 29,406,742 949,296,563 4,016 707 

PE BOTH 300 600 N ABySS 3 1 15,141 ,582 981,684,755 17,487 858 

PE BOTH 300 600 y ABvSS 3 1 12,493,389 798,761 ,897 14,633 849 

PE BOTH 300 600 N ABySS 40 9,442,705 876,105,284 16,167 921 

PE BOTH 300 600 y ABvSS 40 7,370,167 667,420,081 12,827 901 

PE BOTH 300 600 N ABySS 60 3,776,446 590,7 13,310 12,407 951 

PE BOTH 300 600 y ABvSS 60 2,314,725 306,095,596 8,630 897 
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Appendix 7. CEGMA analysis results for all newly generated snake whole genome sequences. 

Species Library Assembler k-mer No. complete Complete% No. partial Partial% 
size CEGs completeness CEGs completeness 

Eco 300 600 CLC def 6 2.42 10 4.03 

Eco 300 ABySS 20 l 0.4 12 4.84 

Eco 300 ABySS 20 0 0 9 3.63 

Eco 300 ABySS 31 6 2.42 37 14.92 

Eco 300 ABySS 31 4 1.61 30 12. 1 

Eco 300 ABySS 40 5 2.02 34 13.71 

Eco 300 ABySS 40 3 1.21 31 12.5 

Eco 300 ABvSS 60 5 2.02 31 12.5 

Eco 300 ABySS 60 1 0.4 17 6.85 

Eco 600 ABySS 31 65 26.21 177 71.37 

Eco 600 ABySS 31 67 27.02 175 70.56 

Eco 600 ABySS 40 77 31.05 186 75 

Eco 600 ABySS 40 67 27.02 187 74.4 

Eco 600 ABySS 60 63 25.40 180 72.58 

Eco 600 ABvSS 60 33 13.31 135 54.44 

Eco 300 600 ABySS 31 70 28.23 185 74.6 

Eco 300 600 ABySS 31 72 29.03 184 74.1 9 

Eco 300 600 ABvSS 40 84 33.87 192 77.42 

Eco 300 600 ABySS 40 79 31.85 194 78.23 

Eco 300 600 ABvSS 60 81 32.66 195 78.63 

Eco 300 600 ABySS 60 67 27.01 181 72.98 

Epy 2x150 2x250 ABvSS 31 0 0 8 3.23 

Epy 2x 150 2x250 ABySS 31 1 0.4 4 1.61 

Epy 2x l 50 2x250 ABySS 40 1 0.4 7 2.82 
Epy 2xl50 2x250 ABvSS 40 0 0 5 2.02 

Epy 2x l 50 2x250 ABySS 60 0 0 5 2.02 

Epy 2x l 50 2x250 ABySS 60 
P!!U 300 600 CLC DEF 0 0 3 1.2 1 

P!!U 300 ABySS 20 1 0.4 11 4.44 

Pgu 300 ABySS 20 0 0 10 4.03 
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Pgu 300 ABySS 31 8 3.23 21 8.47 
Pgu 300 ABySS 31 4 1.61 19 7.66 
Pgu 300 ABySS 40 7 2.82 23 9.27 
Pgu 300 ABySS 40 3 1.21 12 4.84 
Pgu 300 ABySS 60 3 1.21 13 5.24 
pgu 300 ABySS 60 
Pgu 600 ABySS 20 I 0.4 6 2.42 
Pgu 600 ABySS 20 0 0 5 2.02 
Pgu 600 ABySS 31 2 0.81 10 4.03 
Pgu 600 ABySS 31 1 0.4 7 2.82 
pgu 600 ABySS 40 2 0.81 8 3.23 
Pgu 600 ABySS 40 1 0.4 7 2.82 
Pgu 600 ABySS 60 0 0 3 1.21 
pgu 600 ABySS 60 
Pgu 300 600 ABySS 20 0 0 3 1.21 
Pgu 300 600 ABySS 20 1 0.4 11 4.44 
Pgu 300 600 ABySS 31 11 4.44 32 12.9 
Pgu 300 600 ABySS 31 9 3.63 30 12.1 
Pgu 300 600 ABySS 40 12 4.84 34 13.71 
Pgu 300 600 ABySS 40 9 3.63 26 10.48 
Pgu 300 600 ABySS 60 9 3.63 25 10.08 
Pgu 300 600 ABvSS 60 1 0.4 10 4.03 
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Appendix 8. Maximum likelihood tree of snake venom metalloproteinase (svmp) sequences, 
including Echis pyramidum sequences. 
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Appendix 9. Maximum likelihood tree of C-type lectin (ct/) sequences, including Echis 

pyramidum sequences. 

100 
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Appendix 10. Maximum likelihood tree of senne protease (sp) sequences, including Echis 
pyramidum sequences. 

100 

ro1a1i~
1:/.~!::\:.;'t s~:k':~lnom oerlno protolnm 5 [AFJ49258) 

rotalu1 otrox [Q8QHK2) 
othrop1 )lflrlCUIIU 11rln1 prolHH [ABC24687) 

othrop1 11per thrombln➔lke enzyme (.A:B876280) 
othrop1 j1r1roc1 plolelot 1ggreg1ting oerlne peptid11e [AAQ62580) 

IChHII muta [Q27J47) 
chis colorotu1 serine prote11e ltDl47569) 

~~:: ~~~~~f~~,,,S•tpn(/G,'eue (VG) 
loydlu1 h1ly1 Thrombln➔lke enzyme glo1hedobln ~P0C5B4j 
lo{dlu1 Snake venom terine proltlH au11uro~n QSUVX ] 

~~h~I~• 11J~~r~~~•.U,1u ~--~~-- ;;:,\~~::[AA'ti2~3ls'l°3 
rldovl'i,.r1 1tejnegorl venom oerlne frotoooe 1 [AAN52346) 

c~l~1,:'°~~,~~-•~~~~f ':r~t!~~!~~o:/ta111 
chis colorotu1 oerlne {rote11e [AD147551) 
ltil g1bonlc1 [Q6T6S7 
1crovlper1 lobetin• [Q PT401 
1bol1 ru11ellll 1l1mon1l1 RW-V g1mm1➔lko froteln precursor [ADP88558) 

c~~~o~~=,t~~:~~eF~~~~:.~:l~~um~9PT4 ) 
chi• c1rlnatu1 aochureld 1erlne protease [ADl47675] 
chis pyramldum SP (VG) 

Echl• coloratu1 Serine protuse F (VG) 
CIUIUI rhombe1tu1 Kalllkreln-C1u1 [ABU58557) 
Gloydlu1 h1ly1 p11l11e [AAC348981 

:~~~:~: ~=~= ~i~~ht>\"nn 1l!'t~~w 
rotalu1 1d1m1nteu1 11i1ne protelnue 7 [AEJ32001] 
rotalu, 1d1m1nt1u1 Snake venom 1erlne protelnaae B [AFJ49269] 
chis colonatus Serine protease D (VG) 

Si~~~I~•• •~~:~~~~~d~:r~•,1v:~rl~1 S:r~~:1rff~~,,~:,~~•5'f[~~9
i&

6
9°}11 

:r;,h,eg•~· •• ~~g,,P~'lust~=~~~t!l~ol~rl.t,~{6279) 

r~;3i~~b~~:1~1~CJ~:\u.'r1~:t~~o\~:~!\~001&23] 
rot.llus 1trox Snake venom serine protea•• c1trox1ae-1 [Q8QHK3] 
rot1lu1 1d1m1nteu1 [Q98UUK2) 

l!~.':u~l~o'~l/,l.¥~ti~:111::!?~.E~~1·1~ee~~~tif BW30778) 
rotobothrop1 fl1vovlrldl1 (013058) 
1crovlper1 lebetln1 serine prote11e VLSP-1 precursor [AON04916) 

~~I: ~~~~l~: t:~~: :~~1:::: ~ o,:J6121 
chi• color1tu1 1erine prote11e [AJ1'1! 1&J 
er11tu cerutu (Q7SYF1] 

chi1 colorat-us Senna proteas• 8 (VG) 
chis carln1tu1 1ochurekl urine protoooe [ADl47550J 
chll pyramlum SP (VG) 

chis pyromldum leokt);I 11rlne proteue [ADl47547] 

c~hTlY~:~1~:m 5fp<JJ 
1crovrper1 lebetin• [08J~85J 

chis ocell1tu1 aerine prote111 [AOE46140~ 
c~r.1~:c,~~t~~• S~~~~• :,~~!~::•J Aea4513 ] 

chis ocell■tua 1erin1 prote■ae [A~ f4.J656/ ~~!: ~~:::~!~~~ ~~k(ty~
1
11r1ne proteue ADl47558) 

othrop1 otrox botroxobln (AAA48553] 
othrop1 Jarorac• [Q9PTU8b 

~t1~r~i:"!~.~=~1:~:r1 J~k~ .!!8.lom 11rlne proteln■H 3b [AFJ49255] 

fg;~\~: ~~~~~~~:~~~~:~i~~=~n;1~:y!! ~::~r~~f[~(::2~~jcur1or [ABY65931) 
rotobothropa mucroaquamatua aerpentokalllkreln-1 [AAG272~) 
rot1lu1 1d1m1ntou1 oerlne protelnue 5 [AEJ31999] 
rotalua 1d1m1nteu1 Snake venom aerine protelnaae 1 [AFJ49262] 

lo dlu1 h1ly1 11lmobln [AAC61838] 
lnagklatrodon 1cutu1 1n1ke venom aerine proteaae Oa-36 [AFR11365) 
ln1gkl1trodon 1cutu1 thrombln➔lke protein 1 [AAW56608] 

ung1ru1 multiclnctu1 [EF08083] 
1)1 otro [EF080834) 

•~~~h~•~-::~~~-•~rl[i"F8a8mr• precursor [AAV98367) 
lh1mnoph?1 1l1g1n1 body contlg81272 length 312 numre■da 4-8 

■mnophla eleg1n1 bo'!l, con277142 length 761 numre1d1 123 
hll~;of.h~1:/:ff•r:111'r.;i:,.i';,~4 ,~Me2i~th 753 nummd1 54 
hllodryu olfor■II 11rlne proteue~recuroor(ABl74694) 
hllo<fryu olfersll kolllkreln-Phl5 AAZ75629 
hilodryu ollor■II k1111kreln-Phl3 AAI/51,27 
hllodryu olfer■II kolllkreln-Phl1 AAZ75f,25 
hllodryu olfersll kalllkreln-Phl2 AAZ75f,26 

A ~~~ra ~~!~n~~ri~:ur:r~1~~1tr-1 AFU632061 
errhonotu1 lnfem11l1 k11llkreln-Gfn11 (ADK:!"92591 

elodermo 1u1~ctum clnctum k11llkroln toxin 1 fflCE95064] 
errhonotu1 lnfem11l1 kollikreln-Glnf3JiADK392 
errhonotu1 lnfemall1 k1lllkreln-Glnl2 ADK39260 
or1nu1 eremlu1 kolllkreln-Vere1 /AD 9268) 

ar1nu1 komodoensla [B6CJU6 
1r1nu1 lndlcu1 kolllkreln-Vlnd [ADK39243) 

og:~:n~~~~:.
0tC::1~•\•,.0~~6

f~~1
6J, 292 b11e1 

Anoll1 corollnen1l1 thrombln➔ike enzyme 1tejneflbro10•1~1ke [XP 003227725) 
ublephons macularfua Serine proleate 

i~~di!~~\~. dr~;:1~c1o·~~:c~~~?TJ~nillM>J:ir,gy
13626771 

tr::~ ~:~eng~c~~or!1~~~
1
~.tz~•\"1·lJJ:Friu~rilllefi/1

8611 

11nlopygl1 guttota tryp1in I.P1➔ ke [XP 001195013) 
11lu1 g1llu1 trypaln II.P29 precursor [NP 9907151 
elugi11 g11lop1vo trypsin II-P29~1ke [XP 0032026721 

atlmeri1 chalumnae thrombin [ENSLACG0000001l8061 
enopu1 troplc11l1 thrombln 1ENSXETG0000000198 

100 T11nlop,r,g11 ~utt1t1 thrombln [ENSTGUG0000001058 ~ 

M:11~:g g:11~:-1Wr~~bl~[~~rBlc~~mgr
109 41 

elodl1cu1 1lnen111 Thrombln ~NSPSIG000000050061 
Anoll1 carollnen1l1 Thrombln ENSACAG00000003853] 

UI mu1culu1 Thrombln [ENS USG000000272491 
1ttu1 norveglcu, Thrombin£NSRNOG00000016325) 

omo':.~~~~gr. 1;\';!'!'!'li~J~~rom~rJ~il.l&bG00000019896) 
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Appendix 11. Maximum likelihood tree of cysteine-rich secretory protein (crisp) sequences, 
including Echis pyramidum sequences. 

62 

89 

84 

Le/ohererodon madagascarlensls CRISP-LEl1 [AAZ75600) 
Ophlophagus hannah ophanln [AAO62996) 
Ophlophagus hannah CRISP·B (VG) (Indonesia) 
Naja kaourh/a kaouthln-1 [ACH73167) 
Naja arra natrln-1 (Q7T1 K6] 

Telescopusdhara CRISP-TEL 1 (AAZ75606) 
D/spho//dusrypusCRISP-DIS2 [AAZ75596) 
Panrherophis gurratus CRISP·B (SAL) 
Trlmorphodon b/scuratus CRISP-TRl1 (AAZ75607) 
Phllodryas o/fers/1 CRISP-PHl2 [AAZ75604) 
Rhabdophls rtgrtnustlgrln (Q8JGT9) 
Enhydrlspolylep/s CRISP-ENH2 (AAZ75599) 
Enhydrls po/ylep/s CRISP-ENH1 (AAZ75598) 

Ech/s co/orarusCRISP-B (VG) 
Echls pyram/dumCRISP B (VG) 
V/pera berus CRISP (CAP7 4089) 
Gloyd/us blomhoff/ ablomln (AAM45664) 
Proroborhropsjerdonl/CRISP [AAP20602) 
S/srruruscarenarusCRISP [ABG26992) 
Agklsrrodon p/sclvorus plsclvorln (AAO62994) 
Cro1atus arrox catrln (AAO62995) 
Pyrhon reg/us CRISP-A (SCG) 
Boa consrr/crorCRISP-A (genomic-Scaffold SNAKE00001412) 

Trlmeresuros grac/1/sOg-CRPb [ACE73570] 
Trlmeresuros navovlrldlsSerotr1flln (P0CB15) 

Ech/s co/oratus CRISP-A (VG, SCG, SK) 
Panrheroph/s gurratus CRISP-A (VMNO) 
PanrherOph/s gurratus CRISP-A (SAL, SCG, SK) 
OpheodrysaesrtvusCRISP-A (SCG, SK) 
Larlcauda sem/fasc/araLallsemln (Q8Jl38) 

Hydrophls hardw/ck/1 CRISP 2 (Q8UW11] 
Hydrophls hardwlck/1 CRISP 1 [Q8UW25) 
Pseudech/s porphyrlacus pseudecln (Q8AVA3] 

94 Pseudechisausrralls pseudechetoxln (Q8AVA4) 
Oxyuranus mlcrolepldotus CRISP-OXY1 [AAZ75602) 

Naja arra natrln-2 (Q7ZZN8] 
Naja kaourhla kaouthln-2 [ACH73168) 
Ophlophagus hannah Ophar1n [ACN93671] (Thailand) 
Oph/ophagus hannah CRISP-A (AG, VG) (Indonesia) 
Bungarus candldus Bc-CRPb [ACE73577) 
Bungarus cand/dusBc-CRPa (ACE73578) 

Eub/epharls macu/arlus CRISP (SAL) 
II r---Homosap/ensCRISP1 (NP 001192149) 

Eub/epharls macu/arlus CRISP (SAL, SK) 
._ _ _.Ano/ls carollnensls Plsclvor1n-llke (XP 003215375) 

Anol/scarollnensls CRISP (testes) 
Pogona vlttlceps CRISP helothermlne-llke (Brain) 

Anollscarollnens/s Helothermlne•llke (XP 003215243) 
99 He/odenna suspectum CRISP (ACE95060) 

Helodenna horr/dum helothermlne (AAC59730) 
Varanuskomodoens/sCRISP (ABY89664) 
Varanus var/us CRISP-VAR1 0 (AAZ75609) 
Varanus var/us CRISP-VAR11 (AAZ7561 OJ 
Varanus var/us CRISP-VAR9 (AAZ75608) 

VaranusacanrhurusCRISP-VAR2 [AAZ75588J 
VaranusacanrhurusCRISP-VAR6 [AAZ75592) 
VaranusacanrhurusCRISP-VAR1 [AAZ75587] 

VaranusacanrhurusCRISP-VAR5 [AAZ75591) 
VaranusacanrhurusCRISP-VAR4 (AAZ75590) 
VaranusacanrhurusCRISP-VARB (AAZ75594) 
VaranusacanrhurusCRISP-VAR7 (AAZ75593) 
Varanus acanrhurusCRISP-VAR3 (AAZ75589) 
Mus muscu/usCrlsp1 (NP 033768) 

Mus muscu/usCrlsp3 [NP 033769) 
Rarrus norveg/cus C rlsp1 (NP 07 4050) 
Homosap/ensCRISP3 [EAX04348) 

Homosap/ensCRISP2 [AAl07708) 
Mus musculusCrlsp2 [NP 001191000) 
Rarrus norvegtcus Crlsp2 (NP 0010111101 
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Appendix 12. Maximum likelihood tree of vascular endothelial growth factor (veg{) sequences, 
including Echis pyramidum sequences. 

69 

65 

84 

88 
Echis coloratus VEGF-B IVG, SC~ SKI 

~

on regius VEGF-B (SAL SC1.:, SK) 
hon molurus bivittatus VEGF-B !Pooled tissue) 

Op, ophagus hannah VEGF-8 ~AG, PT) 
Thamnopnis ele_gans VEGF-B Liver 
Opheodrys aest,vus VEGF-B II AL ~CG SKI 
Pantherophis guttatus VEGF-B (SAL SCG, SK) 

Eublepharis maculanus VEGF-B (SAL, SCG, SK) 
Mus musculus VEGF-B IAAB062731 

Homo sap_iens VEGF"-B [NP 0033681 
Monodelphis aomestica VEGF B-like IXP 00137844TI 

Micrurus fulvius VEGF-C [JAB5293\l) 
Ophiophagus hannah VEGF-C IVG) 
Opheodrys aestivus VEGF-C !SAL SCG SKI 
Pantl1erop_his quttatus VEGF-C lSAL, SCG, SK) 
Thamnophis e1egans VEGF-C (L1verl 
Echis coloratus VEGF.C IVG SCG, SK) 
Echis pyramidum VEGF-C ·~ 'GI 
Crotalus horridus VEGF-C JAA950331 
f:ython regius VEGF-C (SA SCG, SK) 
lython mo/urus bivittatus VEGF-C (Pooled tissue) 
Ano/is carolinensis VEGF-C (Pooled tissue) 
Eub/epharis macularius VEGF-C (SAL, SCG, SK) 
Pogona vitticeps VEGF-C (Brain)" 
Taeniopygia guttata VEGF-C ~NSTGUG000000064511 
Meleagns gallopavo VEGC.C ENSMGAG00000007088] 
Gallus galfus VEGF-C [ENSGA: 6000000108471 
Monocle/phis domestica VEGF-C IENSMODG00000003799) 
Homo sapiens VEGF-C [NP 0054201 
Rattus norvegicus VEGF.C [NP 446105] 
Mus muscu/us VEGF-C IAAC52984) 

Latimeria chalumnae VEGF-C IENS~CG000000022001 
Latimeria chalumnae VEGF-D [ENSLACG00000015806) 

99 
Mus muscu/us VEGF-D [NP 0343461 
Rattus norvegicus VEGF-D IAAK96008] 

Homo saP./ens VEGF-D INP 004460) 
Gallus gal/us VEGF-D IMM127331 • 

91 Taeniopygia guttata VEGF-D IXP1>021975001 
Eub/epharis macularius VEGF-D ISAL SCG, SKI 

Ano/is carolinensis VEGF-D [ENSACAG00000012419) 
Python regius VEGF-D jSAL, SCG, SK) 

rotobothrops mucrosguamatus TM-VEGF [AAS076321 
Protobothrops flavovirii:fis vascular endothelial growtli factor-like protein IBAN82012) 
Ovophis okmavensis vascular endothelial growth factor-like protein [BAN82145] 
A_gk,strodon piscivorus ai>_iscin precursor (ACN22039) 
ffothrops jararaca VEGF-FmK52103) 
othroJJ!S msularis VEGF-F X2~ 
Crota/us adamanteus VE F-Fi 

rota/us atrox cratrin P.recursor AC 22040 
91 Sistrorus catenatus eilwardsi V GF-F [BOijXV3) 

Vipera aspis VEGF IP83942l 
V,pera ammodytes VEGF-F' IACN2204!i] 
Macrovipera lebetina svVEGF IP82475J 

aboia russe/lii VEGF-F IACN22046) 
itis arietans Barietin IACN22038) 

Echis coloratus VEGF.F IV~ 
Echis pyramidum VEGF-F I G) 

Pan7Eerophis guUatus VEGF-A ( AL, SCG, VMNO) 
Thamnophis e1e_gans VEGF-A !Liver) 
Dpheodrys aestIvus VEGF-A ISA~L SCG, SK) 

Ophiophagus hannah VEGF-A GI 
Suta mgriceps VEGF-A [AC 68T20) 

Micrurus fiilvius vascular endothelial growth factor 1 IJAB527~ 
Micrurus fulvius vascular endothelial growth factor 2 IJAB5275fil 

icrurus fulvius vascular endothelial growth factor 3 [JAB52755J 
Pseudonaja modesta VEGF-Pse-3 JJAA74898) 

9 Crotalus adamanteus VEGF 1a [AF 4926~ 
Crotalus adamanteus vascular endothelial growth factor 1b [AFJ49266) 

rotobothrops flavoviridis vascular endothelial growth factor-like protein BAN89382J 
rotobothrops flavoviridis vascular endothelial growth factor-like protein AN89381 

Ovophis okmavensis vascular endothelial growth factor-like protein !AN 944~ 
Ovophis okinavensis vascular endothelial growth factor-like protein AN89444 
Ovophis okinavensis vascular endothelial growth factor-like protein AN8944 
Ovophis okinavensis vascular endothelial growth factor-like protein AN89442 

c/11s co/oratus VEGF-A NmG SCG, SK) 
chis pyramidum VEGF-A , GI 

Bitis gabonica VEGF-A I, R06855] 
Python reg/us VEGF-A (SAL. SCG, SK) 
f?'ython molurus bivittatus VEGF-A !Pooled tissue! 

no/is carolinensis VEGF-A IENSACAG000000016U] 
Eublepharis macularius VEGF-A ISAL SCG, SKI 

Taeniopygia guttata VEGF-A IENSTGUG00000008137) 
Gallus gallus VEGF-A IENSGAl.G00000010290) 
Homo sapiens VEGF-A ~NP 00102053n 
Mus musculus VEGF-A ENSMUSG00000023951 
Latimeria chalumnae P F [ENSLACG0000001W31) 
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Appendix 13. Maximum likelihood tree of Group IIA phospholipase A2 (PLA2 group IIA) 
sequences, including Echis pyramidum sequences. 

6 

91 

75 

Vipera berus ammodytin 12 [AAN59985] 

Echis co/oratus PLA2 IIA-d (VG, Ovary) 

Echis coloratus phospholipase A2 [AAK49822] 

Macrovipera /ebetina phospholipase A2 [CAR40186] 

Daboia russellii siamensis phospholipase A2-I [AAP13805) 

Echis co/oratus phospholipase A2 [AAK49823] 

Echis co/oratus PLA2 IIA-e (VG) 

Echis carinatus sochureki acidic phospholipase A2 [AAN77202] 

Echis pyramidum /eakeyi acidic phospholipase A2 [AAN77203] 

Bitis arietans PLA2-18 [AAX86638] 

Echis pyramidum PLA2 IIA (VG) comp36114c1 seq2 len 320 

Echis carinatus Phospholipase A2 [AAP41217] 

Cerastes cerastes phospholipases A2 [ACO92622] 

Bitis gabonica phospholipase A2-1 [AAR06850] 

Agkistrodon piscivorus phospholipase A2 [AAB25034] 

Lachesis muta phospholipase A2 [ADB77855] 

t---G/oydius halys phospholipase A2 [AAB71848] 

Crota/us oreganus hel/eri PLA2 2 [AEY82464] 

Crotalus atrox acidic phospholipase A2 [AAL3697 4) 

Sistrurus catenatus edwardsi phospholipase A2 [ABY77925] 

Ca/fose/asma rhodostoma phospholipase PLA2 [AAF03254] 

Protobothrops e/egans phospholipase A2 [BAE72889] 

Bothrops aspermyotoxin IVa [ABY55159] 

Vipera ammodytes ammodytin L [AAB20876] 

Echis oce/fatus acidic phospholipase A2 [AAN77204] 

Bitis arietans PLA2-32 [AAX86637] 

Echis pyramidum PLA2 IIA (VG)comp15188 c0 seq1 len 301 

Echis oce/fatus Phospholipase A2 [CAQ72890] 

90 
Echis pyramidum PLA2 IIA (VG) comp36114 c3 seq1 len 303 path 

99 
Echis co/oratus PLA2 IIA-c (VG, Ovary, Brain, Liver) 

Echis coloratus PLA2 IIA-b (SCG) 

Echis coloratus PLA2 IIA-a (Brain, SCG, Kidney) 

Homo sapiens PLA2 Group IIA [ENSG00000188257] 

Rattus norvegicusGroup IIA [ENSRNOG00000016945] 

100 Gallus gal/us PLA2 Group IIA [ENSGALG00000018977] 

Me/eagris ga/fopavo Group IIA [ENSMGAG00000005585] 

.._ __ Petromyzon marinus PLA2 Group IIA [ENSPMAG00000005846] 
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Appendix 14. Sequencing and assembly metrics for tissue assemblies, based on two individuals 
per tissue for all samples except Com snake skin (see methods). Eco, Painted saw-scaled viper 
(Echis coloratus); Pgu, Corn snake (Pantherophis guttatus); Oae, Rough green snake (Opheodrys 
aestivus); Pre, Royal python (Python regius); Ema, Leopard gecko (Eublepharis macularius). VG, 
venom gland (pooled 24 and 48 hours post-milking); SAL, salivary gland; SCG, scent gland; SK, 
skin. 

Species Tissue Total number Total number Number Number of Contig Max 
of PE reads ofcontigs contigs N50 contig 

of bases >300bp (bp) (bp) 

Eco VG 26,642,227 5,328,445,400 84,846 56,805 1,684 15,819 

SCG 27,206,987 5,441,397,400 138,852 87,389 2,444 36,612 

SK 14, 166,420 2,833,284,000 77,402 50,860 1,725 30,610 

Pgu SAL 25,655,661 5, 131,132,200 64,595 43,565 1,9 16 17,102 

SCG 25,982,209 5, 196,441 ,800 110,0 16 70,265 2,345 17,065 

SK 7,862,371 1,572,474,200 51,199 35,969 1,329 19,348 

Oae SAL 24,959,242 4,99 1,848,400 65,393 42,558 1,780 17,524 

SCG 28,136, 146 5,627,229,200 126,321 77,954 2,064 17,135 

SK 16,398,925 3,279,785,000 92,597 57,242 1,9 18 33,155 

Pre SAL 28,035,045 5,607,009,000 73,492 48,727 2,265 33,655 

SCG 24,575,003 4,915,000,600 163,065 104,329 3, 156 20,966 

SK 15,643,272 3,128,654,400 67,200 47,819 1,864 25,879 

Ema SAL 29,882, I I 0 5,976,422,000 111 ,345 73,027 2,439 24,285 

SCG 25,502,521 5,100,504,200 129,95 1 85,014 2,330 29,392 

SK 14,675,568 2,935,113,600 92,506 6 1,456 2,057 27,091 
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Appendix 15. Sequencing metrics for additional Painted saw-scaled viper (Echis coloratus) venom 

gland samples used for RSEM abundance estimation. 

Time post-milking 

16 hours 

24 hours 

Total number of PE 
reads 

38,711,180 

44,678,609 

Total number of bases 

7,819,658,360 

9,025,079,018 

Appendix 16. Sequence and assembly metrics for King cobra (Ophiophagus hannah) venom 
gland, accessory gland and pooled tissue (heart, lung, spleen, brain, testes, gall bladder, pancreas, 
small intestine, kidney, liver, eye, tongue and stomach) data from Vonk et al. (2013). 

Tissue Total number Total number of bases Number Number of Contig Max 
of SE reads of contigs contigs N50 contig 

>300bp (bp) (bp) 

Venom gland 15,166,590 834,162,450 6123 2,925 424 4,585 

Accessory gland 11,209,677 616,532,235 9046 4,113 377 3,740 

Pooled tissue 17,858,289 910,772,739 8877 4,135 413 5,733 
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Appendix 17. Sequencing and assembly metrics for reference transcriptorne assemblies used for 
transcript abundance estimation. 

Reference assembly Total number Number of Number of Contig NS0 Max contig 
of assembled contigs contigs > 300bp (bp) (bp) 

bases 

Eco TissueRef 228,063,624 206,147 149,821 2,445 38,875 

PguTissueRef 166,3 12,21 1 152,359 112,327 2,315 23,951 

OaeTissueRef 210,451 ,256 204,942 147,597 2,200 52,645 

PreTissueRef 301,328,500 219,070 166,578 3,407 34,165 

Ema TissueRef 266,096,501 228,645 167,623 2,746 33,255 
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Appendix 18. Transcript abundance estimation values given in FPKM for each Leopard gecko 
(Eublepharis macularius) tissue. 

Salivary gland Scent gland Skin 

Gene I 2 Mean I 2 Mean I 2 Mean 

ache transcript I 9.08 8. 18 8.63 6.62 2.36 4.49 5.48 2.65 4.07 

complement c3 121.32 0.06 60.69 53.85 22.52 38.19 7.85 82.24 45.05 

cystatin-e/m 14.97 11.57 13.27 37.6 57.06 47.33 20. 15 25.77 22.96 

cystatin-f 1.21 1.79 1.50 0.36 1.1 0 .73 0.66 4.26 2.46 

laao-a 0 4.78 2.39 8.48 5.58 7.03 15.47 50.14 32.8 1 

laao-a I 09.19 16.39 62.79 259.98 3.31 13 1.65 1.71 0.26 0.99 

esp-el 47.7 1 45.9 1 46.8 1 26.36 50.32 38.34 35. 12 38.27 36.70 

ficolin 7.07 0.9 3.99 5. 16 5.43 5.30 0.21 0.95 0.58 

kallikrein 1.53 0.12 0.83 4.28 1.83 3.06 - - -
kunitz I 2.06 0.24 1.15 0 3.87 1.94 0 I.II 0.56 

kunitz 2 103.1 102 102.55 140.59 192.61 166.6 111.37 111.52 11 1.45 

lipa-a 5.69 6.3 1 6.00 6.57 8.84 7.7 1 14.05 25.33 19.69 

ngf 2.67 2.16 2.42 1.34 2.08 I. 71 1.87 3.06 2.47 

PLA2 group llE 9.41 22.27 15.84 - - - - - -
plb 4.68 6.25 5.47 44.19 53.66 48.93 72.02 91 .27 81.65 

renin - - - I 7.01 4.01 - - -

vegf-a 2.34 0.82 1.58 5.38 1.24 3.31 2.89 2.19 2.54 

vegf-b 1.61 0.97 1.29 1.27 1.63 1.45 1.86 1.53 1.70 

vegf-c 1.83 1.8 I 1.82 1.35 2 .15 1.75 0.39 1.2 0.80 

vespryn - - - 7.29 10.72 9.01 1.42 29.9 1 15.67 

waprin 74.86 81 .24 78.05 22.71 25.55 24. 13 4.25 2.52 3 .39 
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Appendix 19. Transcript abundance estimation values given in FPKM for each Royal python 

(Python regius) tissue. 

Salivary gland Scent gland Skin 

Gene I 2 Mean I 2 Mean l 2 Mean 

3ftx-a 6.16 2. 14 4.15 - - - - - -

ache transcript l 0 1.47 0.74 0 0 0 2.74 1.25 2.00 

ache transcript 2 - - - 0.82 l.1 2 0.97 - - -
complement c3 26.23 1.61 13.92 1.2 2.2 1.70 - - -
crisp-a - - - 6.39 4.92 5.66 - - -
cystatin-e/m 270.35 135.03 202.69 861.58 681.05 771.32 35.3 49.76 42.53 

cystatin-f 1.6 1 0.8 1.21 5. 1 5.7 5.40 0.73 0.37 0.55 

dpp3 6.84 5. 16 6.00 28.07 28.3 28. 19 25.51 25.75 25.63 

dpp4 124.7 1 33.41 79.06 20.01 24.63 22.32 2.72 4.23 3.48 

esp-e l 2.54 1.16 1.85 9.3 10.85 10.08 2.99 5.4 4.20 

ficoli.n 3.76 0 1.88 - - - - - -
kallikrein 0.34 0 0.17 1.35 2.08 1.72 0 16.9 8.45 

kunitz I 5.36 4.49 4.93 13.45 16.6 15.03 4.45 3 3.73 

kunitz 2 35.72 17.57 26.65 50. l 53 51.55 44.08 60.63 52.36 

laao-bl - - - 1,066.83 1,242.33 1,154.58 - - -
lipa-a 0.95 0.92 0.94 3.49 2.41 2.95 32.37 41.21 36.79 

lipa-b - - - 4.13 3.88 4.01 - - -
ngf - - - - - - 5.03 2. 15 3.59 

PLA2 group IlE 138. 12 111.14 124.63 - - - - - -
plb 0 2.56 1.28 16.8 12.24 14.52 16.33 34.61 25.47 

vegf-a 0.82 0.09 0.46 2.98 2.5 2.74 0.36 0.15 0.26 

vegf-b 3.93 3.97 3.95 1.95 0.85 1.40 0 0.86 0.43 

vegf-c 0.94 0.58 0.76 17.38 10.43 13.91 0.46 0 0.23 

vespryn - - - 15.3 4 .24 9.77 99.86 141.84 120.85 
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Appendix 20. Transcript abundance estimation values given in FPKM for each Rough green snake 

( Opheodrys aestivus) tissue. 

Salivary gland Scent gland Skin 

Gene l 2 Mean l 2 Mean I 2 Mean 

3ftx-a 120.53 0.36 60.45 - - - 1.67 0 0.84 

3ftx-b - - - 0 10.59 5.30 - - -
ache transcript l 2.43 0 1.22 8.48 9.7 9.09 - - -
ache transcript 2 - - - 8.48 9.7 9.09 - - -
AVIT - - - 0 0.91 0.46 - - -
complement c3 18.29 1.63 9.96 102.28 52.24 77.26 0.8 1 8.77 4.79 

crisp-a - - - 0 5.3 2.65 0 0 0 

cystatin-e/m 168.58 213.23 190.91 25.12 18.03 21.58 23.94 12.78 18.36 

cystatin-f 0.59 0 0.30 1.75 2.27 2.01 0.14 0.47 0.31 

dpp3 0 6.34 3. 17 0 3.37 1.69 0 6.43 3.22 

dpp4 4.33 5.61 4.97 9.61 9.64 9.63 2.59 2.27 2.43 

esp-el 20.13 11.16 15.65 76.0l 84.29 80. 15 17.44 20.41 18.93 

ficolin 17.32 1.93 9.63 269.16 1.6 135.38 - - -

kallikrein - - - l.34 8. 11 4.73 - - -
kunitz I 17.35 26.32 2 1.84 22.93 60.7 41.82 2.26 2.91 2.59 

kunitz 2 60.5 79.52 70.01 144.05 309.27 226.66 18.91 36.53 27.72 

laao-bl - - - 2.44 0.44 1.44 - - -

lipa-a 7.4 2.87 5.14 26.2 44.7 35.45 11.74 6.66 9.20 

ngf - - - 2.8 0.74 1.77 l.15 l.l I 1.13 

PLA2 group IIE 8.28 24.89 16.59 - - - - - -

plb - - - 9.1 1 34.64 21.88 7.38 42.55 24.97 

vegf-a 0.25 3.57 1.91 0.6 4.44 2.52 0.7 0.78 0.74 

vegf-b 1.1 7 0.72 0.95 1.06 0.92 0.99 0.59 0 0.29 

vegf-c l.17 1.42 1.30 3.85 2.04 2.95 1.21 1.17 1.19 

vespryn - - - 0.31 2 1.16 0 0.39 0.19 

waprin 41.85 41.26 41.56 277.5 75.5 176.50 3.4 0.58 1.99 
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Appendix 21. Transcript abundance estimation values given in FPKM for each Com snake 

(Pantherophis guttatus) tissue. 

Salivary gland Scent gland Skin 

Gene 1 2 Mean 1 2 Mean 1 

3ftx-a 7.00 0.57 3.79 0 1.04 0.52 6. 15 

ache transcript I 3.3 1 2.97 3.14 1.07 1.92 1.50 1.12 

complement c3 41.33 76.08 58.7 1 2.12 3.27 2.70 0.49 

crisp-a 0 4.48 2.24 3. 11 7.95 5.53 37.27 

crisp-b 0.11 13. 15 6.63 - - - -

cystatin-e/m 0.85 6 1.01 30.93 204.32 657.41 430.87 90.14 

cystatin-f 1.05 0.77 0.9 1 1.42 1.4 1.41 1.58 

dpp3 2.43 12.3 1 7.37 9.58 0 4.79 2.49 

dpp4 17.67 2 1.74 19.7 I 5.06 2.08 3.57 6.98 

esp-el 10.58 13.77 12.18 20.53 68. 15 44.34 23.83 

ficolin 8.67 39.06 23.87 6.75 13.22 9.99 2.98 

kallikrein - - - 4.52 72.05 38.29 -
kunitz I 12.2 14.89 13.55 46.68 16.63 3 1.66 2.27 

kunitz 2 50.24 112.88 8 1.56 121.72 79.8 100.76 65.64 

laao-b I - - - 97.78 0.26 49.02 -
lipa-a 1.04 0 0.52 19.19 0. 1 9.65 6.96 

ngf 0.9 0.5 0.70 2.09 0 l.05 -
PLA2 group IIE 49.24 53.99 51.62 - - - -

Pgu svmp-a 0.42 4.13 2.28 - - - -
Pgu svmp-b 0 7.05 3.53 - - - -
plb 1.06 5.52 3.29 17.96 146.36 82. 16 20.76 

vegf-a 0.88 0.22 0.55 1.0 1 0.86 0.94 -
vegf-b 2.37 4.97 3.67 3.84 0.22 2.03 1.88 

vegf-c 1.27 1.13 1.20 6.44 0.63 3.54 1.93 

vespryn 2.58 1.47 2.03 4.97 5.07 5.02 -

waprin 72.16 34.98 53.57 - - - -
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Appendix 22. Transcript abundance estimation values given in FPKM for each Painted saw-scaled viper (Echis coloratus) tissue. 

Venom gland Scent gland Skin 
Gene 1 2 3 4 Mean 1 2 Mean 1 2 Mean 

3ftx-a 6.04 199.4 18.33 1,234.1 364.47 28.68 368.33 198.51 3.61 11.84 7.73 
3ftx-b 0. 15 3.42 316.94 367.29 17 1.95 1,491.4 1.21 746.31 - - -
ache transcript 6.02 10.07 3.61 6.68 6.60 4.75 3.4 4.07 - - -
1 
ache transcript - - - - - 0.52 0.33 0.43 1. 16 0.38 0.77 
2 
complement c3 1.24 22.41 29.94 180.95 58.64 6.9 495.67 251.29 0.99 0.88 0.94 
cnsp-a 0.04 0 0.96 1.45 0.61 0.12 72.76 36.44 35.54 0 17.77 
crisb-b 7,791.91 1,422.35 4,851.14 14.88 3,520.07 - - - - - -
crotamine-like 0 29.66 0 14.15 10.95 - - - - - -
ctl-a 1.23 127.05 50.80 741.17 230.06 1.34 168.13 84.73 
ctl-b 25,656.2 555.52 70,262.94 14.97 24,122.41 - - - - - -
ctl-c 4,202.8 319.98 10,294.96 7.1 3,706.21 - - - - - -
ctl-d 8,795.51 310.09 19,238.23 177.65 7,130.37 - - - - - -
ctl-e 2,694.03 393.99 2,8 14.17 1.33 1,475.88 - - - - - -
ctl-f 11,158.35 428.25 15,385 147.73 6,779.83 - - - - - -
ctl-g 5,605.99 13.86 14,010.27 13.48 4,910.90 - - - - - -
ctl-h 1,203.55 139.1 144.89 1.58 372.28 - - - - - -
ctl-i 1.73 0 1.46 0 0.80 - - - - - -
ctl-j 21,250.16 725.85 40,076.36 88.99 15,535.34 - - - - - -
ctl-k 1.29 1.54 4.85 0 1.92 - - - - - -
cystatin-e/m 12.38 158.77 5.11 19.45 48.93 270.94 36.2 153.57 55.64 186.06 120.85 
cystatin-f 0. 1 2.7 0.38 4.01 1.79 0.22 2.95 1.59 - - -
dpp3 15.47 2.06 5.81 0.98 6.08 4.88 3.32 4.10 5.75 1.22 3.49 
dpp4 6.74 1.74 3.2 0.1 2.95 8.58 1.53 5.06 1.46 2.46 1.96 
esp-el 3.27 10.52 6.17 16.39 9.09 12.87 14.55 13.71 2.46 14.82 8.64 
ficolin 0.15 55.94 10.76 241.81 77.17 4.3 117.87 61.09 4.55 6.4 5.48 
kallikrein 0 0.27 0.05 4.32 1.16 23.08 5.6 14.34 79.86 0 39.93 
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k:unitz 1 3.87 1.64 4.28 3.71 3.38 1.83 8.4 5.12 1.26 2.09 1.68 

kunitz 2 176.97 58.15 128.89 78.54 110.64 83.65 134.46 109.06 54.04 8.95 31.49 

laao-a 2.57 3.24 2.97 4.58 3.34 5.22 6.01 5.62 3.16 2.62 2.89 

laao-b 1 107.96 22.6 85.47 0 54.01 

laao-b2 776.96 20.0l 1,710.19 8.18 628.84 

lipa-a 5,080.21 942.08 7,259.94 67.08 3,337.33 940. l 5 28.83 484.49 I 21.9 I 23 .67 I 22.19 

lipa-b 0 0 10.01 1.83 2.96 6.02 4.55 5.29 

ngf 730.19 1.98 1,370.8 0.3 525.82 0.08 0.28 0.18 I 0.28 I 0.88 I 0.58 

PLA2 IIA-a - - - - - 0.21 2.48 1.35 

PLA2 IIA-b - - - - - 0.2 1 2.48 1.35 

PLA2 IIA-c 35,965.07 1,285.85 52,775.79 54.91 22,520.41 

PLA2 IIA-d 3,312.33 141.9 3,253.47 0.89 1,677. 15 

PLA2 IIA-e 9 14.26 36.52 787.89 0 434.67 

PLA2 group 27.5 15.45 5.21 0.32 12.12 

IIE 
plb 196.04 32.79 191.94 37.14 114.48 

I 
30.1 8 

I 
11 .51 I 20085 I 99002 I 8.01 I 53.52 

renm 27.39 2.53 17.88 0.5 12.08 0 0 

sp-a 3,726.15 8.9 17,693.55 0 5,357.1 5 

sp-b 7,47 1.91 17.79 23,258.4 0 7,687.03 

sp-c 2,525.53 131.58 9,646.92 0 3,076.01 

sp-d 2,079.25 1,205.26 1,108.08 1.2 1,098.45 

sp-e 2,742.78 1,131. 13 16,149.18 0 5,005.77 

sp-f 39.22 11 5.65 254.5 0 102.34 

svmp-a 7,881.36 2.45 14,258.65 68.91 5,552.84 

svmp-b 49,469.53 2,682.3 8,163.04 158.76 15,118.41 

svmp-c 149.97 29.9 1.45 2.32 45.91 

svmp-d 19,267.95 845.58 3,839.82 84.51 6,009.47 

svmp-e 2,772.71 472.08 2,641.5 243.87 1,532.54 

svmp-f 0.66 0 1.23 8.04 2.48 

svmp-g 2,772.71 472.08 2,641.5 243.87 1,532.54 

svmp-h - - - - - I 0.98 I 0 I 0.49 

svmp-1 16,986.24 974.82 20,413 .99 705.04 9,770.02 
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svmp-J 2,772.71 472.08 2,641.5 243.87 1,532.54 - - - - - -
svmp-k 2,772.71 472.08 2,641.5 243.87 1,532.54 - - - - - -
svmp-l - - - - - - - - 5.54 0 2.77 
svmp-m 251.21 0 294.07 0 136.32 - - - - - -
svmp-n 2,772.71 472.08 2,641.5 243.87 1,532.54 0.06 0 0.03 - - -
svmp-o - - - - - 0 10.7 5.35 - - -
svmp-p 1,273.16 103.84 2,546.07 4.67 981.94 - - - - - -
svmp-q 15,356.06 2,247.57 3,951.69 313.12 5,467.11 - - - - - -
svmp-r - - - - - 0.06 0 0.03 - - -
svmp-s - - - - - 0.06 0 0.03 - - -
svmp-t 4.4 0.68 25.3 1.56 7.99 - - - - - -
svmp-u - - - - - 0 0.26 0.13 - - -
vegf-a 7.64 0.27 4.1 0.96 3.24 2.62 0 1.31 0.57 1.18 0.88 
vegf-b 1.05 1.36 0.57 2.12 1.28 4.92 5.83 5.38 0.47 3.21 1.84 
vegf-c l.47 l.74 1.02 1.92 1.54 2.37 2.06 2.22 0.57 1.81 1.19 
vegf-f 294.23 362.01 90.07 0.62 186.73 - - - - - -
wapnn 0.35 19.91 9.82 73.58 25.92 - - - 1.59 2.04 1.82 

292 



Appendix 23. Sequencing and assembly metrics for tissue assemblies, based on two individuals 
per tissue for leopard gecko (Eublepharis macularius), rough green snake (Opheodrys aestivus) 
and royal python (Python regius) skin, scent glands and salivary glands and corn snake scent gland 
and salivary gland. Only a single corn snake skin sample provided RNA of high enough quality 
for sequencing. Echis coloratus values are derived from four adult individuals for venom gland, 
two adult individuals for skin, scent gland, kidney and brain and one individual for liver and ovary. 
SAL, salivary gland; SCG, scent gland; VG, venom gland; KID, kidney; PE, paired-end. 

Species Tissue Total number Total number of Number Number of Contig Max 

of PE reads bases of contigs N50 (bp) contig 

contigs >300bp (bp) 

Pgu SAL 25,655,661 5,131,132,200 64,595 43,565 1,916 17,102 

SCG 25,982,209 5,196,441,800 I 10,016 70,265 2,345 17,065 

Skin 7,862,37 1 1,572,474,200 51 ,199 35,969 1,329 19,348 

Oae SAL 24,959,242 4,99 1,848,400 65,393 42,558 1,780 17,524 

SCG 28, 136,146 5,627,229,200 126,321 77,954 2,064 17,135 

Skin 16,398,925 3,279,785,000 92,597 57,242 1,918 33,155 

Pre SAL 28,035,045 5,607,009,000 73,492 48,727 2,265 33,655 

SCG 24,575,003 4,915,000,600 163,065 104,329 3, 156 20,966 

Skin 15,643,272 3,128,654,400 67,200 47,8 19 1,864 25,879 

Ema SAL 29,882,1 10 5,976,422,000 111 ,345 73,027 2 ,439 24,285 

SCG 25,502,521 5, 100,504,200 129,951 85,014 2,330 29,392 

Skin 14,675,568 2,935, 11 3,600 92,506 61 ,456 2,057 27,091 

Eco VG 110,032,016 22,173, 182,778 117, 125 8 1,798 2,623 30,131 

SCG 27,206,987 5,441 ,397,400 138,852 87,389 2,444 36,612 

Skin 14, 166,420 2,833,284,000 77,402 50,860 1,725 30,610 

Ovary 18, 155,364 3,667,383,528 81 ,682 52,264 2,023 16,376 

KID 41 ,148,101 8,3 11 ,9 16,402 120,728 76,660 2,044 12,930 

Brain 31 ,934,884 6,450,846,568 195,958 134,236 3,552 20,155 

Liver 7,095,517 1,433,294,434 3 1,205 18,169 950 9,939 
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Appendix 24. Sequence and assembly metrics for king cobra (Ophiophagus hannah) venom 
gland, accessory gland and pooled tissue (heart, lung, spleen, brain, testes, gall bladder, pancreas, 
small intestine, kidney, liver, eye, tongue and stomach) data from Vonk et al. (2013). 

Tissue Total Total Number Number of Contig Max 
number of number of of contigs NSO contig 

reads bases contigs >300bp (bp) (bp) 

Venom gland 15,166,590 834,162,450 6123 2,925 424 4,585 

Accessory gland 11 ,209,677 616,532,235 9046 4,113 377 3,740 

Pooled tissue 17,858,289 910,772,739 8877 4,135 413 5,733 

A1>1>endix 25. Assembly statistics for transcriptomes used in Chapter 6. 

Species Tissue Number of PE Number of raw Number of Nwnber Contig Max 
reads sequencing contigs of contigs N50 (bp) contig (bp) 

bases >300bp 
VG 1 10,032,0 l 6 22,173,182,778 117,125 81,798 2,623 30, 131 
SK 14,166,420 2,833,284,000 77,402 50,860 1,725 30,610 

SCG 27,206,987 5,441,397,400 138,852 87,389 2,444 36,612 

Eco Liver 7,095,517 1,433,294,434 31 ,205 18, l 69 950 9,939 

Brain 31,934,884 6,450,846,568 195,958 134,236 3,552 20,155 

Ovary 18,155,364 3,667,383,528 81,682 52,264 2,023 16,376 

KID 4 1, 148, 101 8,311,916,402 120,728 76,660 2,044 12,930 
Env VG 57,398,601 11,594,517,402 127,519 86,953 2,898 29,658 
P!!u SAL 25,655,661 5,131,132,200 64,595 43,565 1,916 17,102 
Oae SAL 24,959,242 4,991 ,848,400 65,393 42,558 1,780 17,524 

Pre SAL 28,035,045 5,607,009,000 73,492 48,727 2,265 33,655 
Ema SAL 29,882,110 5,976,422,000 111,345 73,027 2,439 24,285 

VG 15, 166,590* 834,162,450 6,123 2,925 424 4,585 

Oha AG 11,209,677* 6 16,532,235 9,046 4,113 377 3,740 
PT 17,858,289* 910,772,739 8,877 4,135 413 5,733 

Species abbreviations: 
Eco, painted saw-scaled viper (Echis coloratus); Epy, Egyptian saw-scaled viper (Echis pyramidum); Pgu, com 

snake (Pantherophis gutta/us); Oae, rough green snake (Opheod,ys aeslivus); Pre, royal python (Python regius); 

Ema, leopard gecko (Eublepharis macu/arius); Oha, king cobra (Ophiophagus hannah). 

Tissue abbreviations: 

VG, venom gland; SK, skin; KID, kidney; SAL, salivary gland; AG, accessory gland; PT, pooled tissue. 

*These values are for single-end sequencing reads. 
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Appendix 26. Predicted open reading frame statistics and details of BLAST-based gene 
ontology (GO) annotation of venom and salivary gland transcriptomes. 

Total Number Mean Max ORF Number of Number ofORFs Number of 
contigs ofORFs ORF length ORFs with with signal ORFs with 

length (nt) signal peptide and GO 
(nt) tide BLAST result annotation 

Eco 56,805 56,761 459 13,642 2,655 1,341 896 
(4.68%) (2.36%) (1.58%) 

Epy 86,953 86,908 699 28,315 4,574 2,590 2,020 
(5.26%) (2.98%) (2.32%) 

Pgu 43,565 43,534 548 12,139 2,197 1,252 909 
(5.05%) (2.88%) (2.09%) 

Oae 42,558 42,534 502 14,3 14 l ,908 9 16 702 
(4.49%) (2.15%) (1.65%) 

Pre 48,727 48,690 544 33,010 2,247 1,097 868 
(4.61%) (2.25%) (1.78%) 

Ema 73,027 72,980 540 24,064 3,702 1,856 1,436 
(5.07% (2.54%) 1.97% 

Oba VG 6,123 6, 102 233 2,896 227 102 82 
(3.72%) (1.67%) (1.34%) 

OhaAG 9,046 9,023 234 3,454 353 
(3.91%) 

Mfu 2,066 2,066 1,233 2,066 220 190 165 
(10.64%) (9.19%) (7.98%) 

Cad 12,694 12,694 874 l l ,752 771 538 411 
(6.07%) (4.23%) (3.23%) 

S[!ecies abbreviations: 
Eco, painted saw-scaled viper (Echis colorat11s); Epy, Egyptian saw-scaled viper (Echis pyramidum); Pgu, corn snake 

(Panlherophis gullatus); Oae, rough green snake (Opheodrys aeslivus); Pre, royal python (Python regius); Ema, 

leopard gecko (Eublepharis macularius); Oha, king cobra (Ophiophagus hannah); Mfu, Eastern coral snake (Micrurus 

Julvius); Cad, Eastern diamondback rattlesnake (Crotalus adamanteus) 

295 



Appendix 27. Predicted open reading frame statistics and details of BLAST-based gene ontology 

(GO) annotation of painted saw-scaled viper (Echis coloratus) tissue transcriptomes. 

Total Number Mean Max ORF Number of Number ofORFs Number of 
contigs ofORFs ORF length (nt) ORFs with with signal ORFs with 

length (nt) signal peptide and GO 
oeotide BLAST result annotation 

VG 44,470 44,445 478 7,705 2,146 1,367 984 
(4.83%) (3.08%) (2.21 %) 

SCG 67,857 67,813 557 23,131 3,182 2,083 1,581 
(4.69%) (3.07%) (2.33%) 

SK 44,805 44,760 479 28,480 1,994 1,299 972 
(4.45%) (2.90%) (2.17%) 

Brain 78,074 78,022 615 13,945 3,878 2,122 1,694 
(4.97%) (2.72%) (2.17%) 

Kidney 51 ,969 51 ,942 456 13,990 2,257 1,070 803 
(4.34%) (2.06%) (1.55%) 

Ovary 52,264 52,227 584 I 3,765 2,643 1,470 1,159 
(5.06%) (2.8 1%) (2.22%) 

Liver 18, 169 18,159 346 6,775 881 450 368 
(4.85%) (2.48%) (2.03%) 

Tissue abbreviations: 
VG, venom gland; SCG, scent gland; SK, skin. 
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Appendix 28. Predicted open reading frame statistics and details of BLAST-based gene ontology (GO) annotation 

of painted saw-scaled viper (Echis coloratus) venom gland transcriptomes taken at different timepoints following 

milking. 

Total Number Mean Max.ORF Number of Number of ORFs Number of 
contigs ofORFs ORF length (nt) ORFs with with signal ORFs with 

length (nt) signal peptide and GO 
peptide BLAST result annotation 

Eco 8 53,786 53,744 63 1 15,070 2,629 1,662 1,269 
(4.89%) (3.09%) (2.36%) 

Eco 6 44,470 44,445 478 7,705 2,146 1,347 984 
(4.83%) (3.03%) (2.21%) 

Eco 7 51 ,505 51,472 624 20,434 2,796 1,894 1,412 
(5.43%) (3.68%) (2.74%) 

Eco 215 48,321 48,284 429 6,622 2,387 1,483 1,009 
(4.94%) (3.07%) (2.09%) 

Appendix 29. Transcriptome metrics and details of BLAST-based gene ontology (GO) annotation of venom gland 
sequences which are unique to a specific timepoint/sample post-venom extraction. 

Venom Time Total number Number of Number of Number of unique 

gland post- of transcripts umque umque transcripts with GO 
milking expressed transcripts in transcripts with annotation 

sample BLAST result 
Eco 8 16 hr 28,448 5,082 2,203 1,496 

Eco 7 24 hr 24,197 1,707 93 1 641 

Eco 6 24 hr 37,834 7,325 2,701 1,727 

Eco 215 48 hr 42,662 12,535 3,885 2,355 

Ap1>endix 30. Assembly metrics for the genome of the painted saw-scaled viper, Echis coloratus 

Total PE Raw sequencing Total Max Contig Number Max Scaffold 
reads bases contigs contig N50 of scaffold N50 

lengtl1 scaffolds length 
579,767,826 58,202,653, l 44 4 ,973,413 63,379 3,857 4,790,800 84,548 5,576 
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