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Abstract

Abstract

High-throughput sequencing was used to analyse cDNA generated from
tissues of the grey field slug, Deroceras reticulatum, a significant invertebrate pest of
agricultural and horticultural crops. Almost no sequence data is available for this
organism. In this project, we performed de novo transcriptome sequencing to produce
sequence dataset for the Deroceras reticulatum.

A total of 132,597 and 161,419 sequencing reads between 50-600bp from the
digestive gland and neural tissue were obtained through Roche 454 pyrosequencing.
These reads were assembled into contiguous sequences and annotated using
sequence homology search tools. Multiple sequence assemblies and annotation data
was amalgamated into a biological database using BioSQL. Analysis of the dataset
with predictions of probable protein function were made based on annotation data.
InterPro (IPR) terms generated with InterProScan software were mapped to read
counts and used to identify more frequently sequenced gene families.

Digestive hydrolases were major transcripts in the digestive gland, with
cysteine proteinases and cellulases being the most abundant functional classes. A
Cathepsin L homologue is likely to be responsible for the proteinase activity of the
digestive gland which was previously detected by biochemical analysis. Cathepsin L
and several other predicted proteins were used to design RNA1 experiments to assess
potential for crop pest defence strategy. Further work on protein expression of a
native tumour necrosis factor (TNF) ligand homologue was also conducted as an

exemplar study.
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Chapter 1 | Introduction

1.1 Introduction to Mollusca and the Target Species, Deroceras reticulatum,
the Grey Field Slug

The Mollusca phylum is one of the largest and most diverse phyla in size and
variety, second only to insects. They are the largest marine phylum, but are also
found in freshwater and terrestrial habitats, and include familiar pests such as slugs
and snails, as well as marine organisms such as clams and abalone. Mollusc species
range in size from micromolluscs, including the gastropod family Omalogyridae
(less than Imm in length) to the giant and colossal squids (Architeuthis dux and
Mesonychoteuthis hamiltoni respectively), which can grow up to 14m in length. The
first mollusc-like creatures are generally thought to have evolved approximately 500
million years ago during the Cambrian explosion, a rapid increase in animal species
with the appearance of most of the present day metazoan phyla. The early molluscs
were protected by a cuticle of aragonitic spicules or scales rather than the shells that
later evolved in modern molluscs (Scheltema and Schander 2006). Several mollusc
classes then went through repeated and independent evolutions whereby shells were
lost through reduction and internalisation (Osterauer et al. 2010). In the Gastropoda
class this lead to the evolution of snail and slug species such as Deroceras
reticulatum.

The general anatomy of molluscs is that of a body divided into two: a visceral
mass containing most of the organs and a combined head and foot. A shell, secreted
by the mantle (a specialised area of the body wall) covers the visceral mass in many
shellfish and snail species, but is internalised in other molluscs such as slugs,
octopuses and squid. There is no supporting endo- or exo- skeleton although in many
cases the shell performs this function. The body is not segmented and the body cavity
filled with heamocoel. Mucus is secreted from the skin coating the body surface. The
feeding organ is a hardened spiked tongue, called a radula, which rasps at food

during feeding. The nervous system is ganglionated, and is a model neurological
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system with the giant squid axon biology being key to uncovering ionic mechanism
of action potentials (Hodgkin and Huxley 1952).

The repeated evolution of molluscs that conform to the general appearance of
slugs and snails mean that the terms are only referent to body type, and are not a
distinct taxonomic group. However the majority of air-breathing terrestrial slugs and
snails belong to the taxonomic group Stylommataophora, which is considered a clade
of Gastropoda. Although snails, with an external shell to protect them from moisture
loss, might appear to be better adapted for terrestrial environments, the
internalisation of external calcified shells in terrestrial slug species allows them to
access smaller spaces. The evolution of this trait is thought to provide better
adaptation to soil as a habitation for slug species (Barker 2001). Additionally the
lesser need for supplies of calcium to synthesise the calcareous shells allows slugs to
thrive in a wider range of soil types and qualities than snail counterparts. Of the 95
Stylommataophora classified by Boycott, only 1 of the 37 snail species was able to
tolerate low calcium soils, living in acid heath and woodland areas. All 58 slug
species showed indifference to soil type and as such had a larger range of habitation
(Boycott 1934). However, due to a reduced capacity to tolerate dry conditions, as a
result of losing the protection of an outer shell, the distribution of slugs is restricted
to areas which are generally high in rainfall (Solem 1974). This has not stopped slug
species becoming a worldwide pest to many agricultural and horticultural crops, one

of the most notable being D. reticulatum.

1.1.1 Deroceras reticulatum

D. reticulatum was first described as Limax reticulatus by the Danish
naturalist Otto Friedrich Miiller in 1774. Since then its scientific name has changed,
with genus changing from Limax to Agriolimax to the present day consensus of
Deroceras, with the additional alteration of reticulatus to reticulatum. Its common
name also has synonymous variations including the grey field slug, grey garden slug
and netted slug. This species is one of the most common terrestrial molluscs in
Northern Europe, with global distribution across most temperate and sub-tropical

regions including North and South America (Tulli et al. 2009) and Australasia
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(Ferguson, Barratt, and Jones 1988). They are primarily synanthropic, inhabiting
cultivated areas such as arable land but extending to fields, meadows, gardens and
parks. They are not commonly found in woodland or forests. Slugs, in particular D.
reticulatum, are a major pest of many crops in the UK and Northern Europe, with
winter wheat being one of the most important economically. In severe cases, when
weather conditions are particularly favourable for slugs, they can cause damage to up
to a third of seeds and seedlings in autumn. Their significance as a pest species has
increased over the last 30 years, primarily attributed to changing agricultural
practices (Brooks et al. 2003).

Individual adult D. reticulatum grow to 3.5-5 cm in length when fully
extended and can range in colour from dark-brown to pale cream. Initial recently
hatched juveniles have a glassy transparent appearance, with the internal organ
structure visible. As the slug reaches adulthood a mottled, 'netted' pattern develops
and becomes more distinct; the body surface darkens, and a particular fingerprint-
like pattern develops on the mantle. As with all terrestrial slugs, mucus is exuded
from the body surface, the surface being ridged with tubercles giving it a grooved
appearance. When the slug is agitated the mucus, which is normally clear and
colourless, becomes milky white and viscous. Additionally, the agitated slug can
contract its head by drawing it in anteriorly, with mantle forming a flap that covers
the head and neck.

Whilst the growth, metabolism and reproduction cycles of D. reticulatum and
other terrestrial slug pests of crops are much slower than equivalent insect pests, their
populations rapidly regenerate despite agricultural counter-measures. D. reticulatum
1s a protandric hermaphrodite, whereby male sexual mature phase is reached early in
the lifespan followed by female, with substantial overlap between the two phases
(Runham 1978). Sexual reproduction is relatively complex with courtship and
copulation including relatively elaborate stages such as trail following, pairing and
circling (Nicholas 1984). Despite self-fertilisation being common in many slug
species D. reticulatum rarely produces self-fertilised eggs, relying on them only as
stop-gap measure when populations are low, with resulting offspring having poorer

survival and fecundity (Howlett 2005). A single D. reticulatum can lay 500 eggs with
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batches of eggs being laid throughout the year, although their peaks egg laying
periods are based on climate and can shift between spring and autumn depending on
year to year conditions (Runham and Hunter 1970).

D. reticulatum live within the soil, primarily within the top 10 cm, and feed
mainly at night (Glen and Symondson 2002). D. reticulatum are particularly resistant
to cold conditions compared to other slug species and feed normally at temperatures
as low as 0°C (Mellanby 1961). During very cold periods D. reticulatum remain
dormant in the soil and can survive for more than 3 months without any food
(Middlebrooks, Pierce, and Bell 2011). D. reticulatum as with many terrestrial
molluscs feeds on and digests a wide range of foodstuffs.

D. reticulatum 1s an omnivorous and a generalist grazer and its specific
interaction with plant species is less direct than cereal pests such as Sitobion avenae
and Mayetiola destructor. As yet there are few examples of resistance genes, in
plants, to molluscs, equivalent to the gene-for-gene interactions described between
insects and plants. Plant populations have been shown to be affected by molluscan
herbivory with snail herbivory affecting secondary metabolites concentrations in
willow plants. However the resulting plants were more susceptible to other
herbivores and rust fungus, highlighting that molluscs are part of a more complex
herbivorous population (Orians et al., 2013). The current research suggests plants
rely on general host-plant resistance (HPR) genes that affect a wider variety of
herbivores rather than targeted genes for mollusc resistance. Secondary metabolites
such as glucosinolates have shown to negatively affect multiple generalist species
including snail species (Newton et al., 2009), with comparison on mollusc grazing of
seawood showing plant defences preferentially reducing generalist mollusc species

over specialists (Long et al., 2007).

1.1.2 Deroceras reticulatum digestive gland

The alimentary tract of D. reticulatum can be split into 6 regions; buccal
mass, oesophagus, crop, stomach, intestine and rectum. Food sources such as plant
leaves are broken by radula with the rasping action aided by the jaw. When feeding

the animal conducts multiple rasps whilst moving the head side to side and slowly
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moving forward. The teeth are significantly worn down by this action, with worn
teeth at the front of the radula which have become rounded to stumps falling off; the
cast-off teeth are then eaten by the organism. The rate of replacement of rows of
teeth on the radula was found to vary among species with mature D. reticulatum
replacing 5.6 rows of teeth per day (Isarankura and Runham 1968).

Food particles are then transferred through the buccal cavity, where they are
combined with saliva, a combination of mucus and digestion-related enzymes. The
food is quickly transported to the crop via the oesophagus, which has a ciliated
epithelium as well as being lubricated by mucus to allow transport of the food
particles. The crop contains a viscous brown liquid containing a much larger
complement of enzymes than the saliva. Food remains in the crop whilst extracellular
digestion proceeds aided by circulation of food particles by peristaltic contractions of
the crop wall. Remaining food matter continues through into the stomach, and faecal
matter begins to form as food remains are compacted and moisture is extracted in the
intestine. Mucus is added along the length of the intestine and faeces are discharged
from the body as a faecal string.

There are two main types of accessory glands which produce digestive
enzymes, the salivary glands and digestive gland. The left and right salivary glands
are tear shaped organs near the nerve ring at the border of the oesophagus and crop
and are connected to the buccal mass via ducts. The digestive gland is a large
multilobed structure, the lobes of which wrap around the stomach and intestine of the
alimentary tract, see Figure 1. (Walker 1972). The digestive gland is responsible for
82% of proteolytic activity in the gut and crop with salivary glands being less
important, contributing 13% and 5% of activity in the gut and crop respectively. In
D. reticulatum crop digestive juice was demonstrated to contain activities of
amylase, cellulase, a-glycosidase (invertase), xylanase, chitinase, gelatinase and
lipase (Runham and Hunter 1970). A number of different protease activities were
also described, distinguished from commensal digestion through antibiotic treatment
assays. The primary protease, identified as a cysteine protease (likely Cathepsin L),
was responsible for the majority of proteolysis in the digestive gland (Walker et al.,

1998). Carbohydrase, lipase and proteases are expected components of digestive
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al

Figure 1 : Alimentary tract and accessory organs of Deroceras reticulatum
a, Anus; al, anterior lobes of digestive gland; b, bladder; bm, buccal mass; c,
crop, m, mouth; mi, mid-intestine,; o, oesophagus, pi, post-intestine; pl,
posterior lobes of digestive gland; pri, pro-intestinal loop, r, rectum, rc, rectal

caecum, rsd, right salivary gland; u, ureter.
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systems which hydrolise plant matter into monomers. The presence of chitinase
could be explained due to feeding on insects as well as the recycling of worn teeth

which contain chitin (Isarankura and Runham 1968; Sollas 1907).

1.1.3 Deroceras reticulatum nervous system

The 'brain' of D. reticulatum is a ring shaped complex association of ganglia
which encircles the oesophagus and salivary gland ducts. Around the outside of the
ring of ganglia is a thick sheath containing collagen, muscle fibres and various
connective tissue cells, some of which appear to be secretory. Although secretion by
nerve cells is generally short-range, in the form of neurotransmitters which are
released at the synapse, travelling short distances in order to stimulate nearby cells.
Neurosecretions can also be released into the blood or connective tissue of a group of
cells at a distance. Nerves run out from the nerve ring in close association with
arteries, often bundled together in the same sheath. This includes the optic nerve
which runs along the optic tentacles and connects to the retina. In all sensory
tentacles the tip contains a large digitate ganglion with a retractor muscle attached
around its edges. These ganglia are connected to the nerve cord with an olfactory
nerve and are responsible for the organism’s sense of smell (Runham and Hunter
1970).

Beyond the basic anatomy, the D. reticulatum nervous system has not been
studied in any detail. However, the nervous systems of many other molluscs have
been studied extensively. Aplysia californica, a marine Gastropoda, is a model
organism for neurobiology and has received considerable attention, including a large
database of expressed sequence tags (ESTs) and a draft genome is in progress. Many
genes of significance to the nervous system, including those encoding channels,
receptors, and hormones, have been sequenced and predicted protein sequences have
been produced (Sattelle and Buckingham 2006). These in many cases are a starting

point for work examining the genetic aspects of the D. reticulatum nervous system.
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1.2 Mollusca as Crop Pests

Molluscan crop pests reduce seedling growth, and sever reproductive and
vegetative tillers affecting cereal crop yields. Slug grazing reduces overall leaf
biomass, and fouls flowers with mucus, reducing pollination through a decrease in
attractivity to bees (4pis mellifera) (Gavin et al. 2007); severe slug grazing can also
affect subsequent crops due to the buildup in population which persists from one
growing season to another. Slugs devastate newly planted cereal fields by hollowing
out seeds and grazing on seedlings, most seriously in wheat (7riticum aestivum).
Wheat is a key cereal crop for a large proportion of the globe and is the largest single
agricultural product of Europe, with 225 million metric tons produced in 2011
(FAOSTAT United Nations 2011). Increasing demand due to population increase,
has put ever more pressure on reducing crop wastage due to pest damage, possible
use of crops to generate biofuels and projected effects of climate variability reinforce
the need to maximise yields of harvested products.

Besides causing yield losses, slugs can have major impacts on acceptability
of crop products to consumers. For example, due to the increasing demand for
fresher foodstuffs, pea vining is now frequently done at night, when slugs are most
active and highest up within the crop, resulting in slugs being co-harvested with the
peas. The harvest is sent to freezing plants, where the separation of frozen slugs and
pea seeds causes great difficulty (Runham and Hunter 1970). Additionally, other
crops which are grown in much smaller quantities but have a greater commercial
value, such as strawberries, asparagus and salad vegetables are particularly
susceptible to slug damage. In these cases minor grazing and cosmetic damage such
as slug trails and faeces renders crops unmarketable or of very little value.
Consumers and supermarkets are increasingly unwilling to tolerate cosmetic damage
whilst also demanding fresher food, leading to greater demand for crop protection
mechanisms against molluscs. With new markets such as 'organic' foodstuffs gaining
market share, producers are also looking for alternatives which may be more
acceptable to consumers than chemical- based pesticides (Glen 2002).

In many cases crop rotations and level of soil disruption through tillage can

have a pronounced effect on slug populations. However variability in these
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Figure 2 : Change in treatment area of molluscicides and total pesticides
Graph shows the overall trends of molluscicide usage measured by treatment
area, based on FERA pesticide survey data*. Total pesticide usage, which
includes molluscicides, has been included for reference. Both values show on

overall increasing trend over the 2 decades that data is available.

*Surveys for some pesticide groups are not conducted each year, values

published by FERA are sometimes interpolated from surrounding years.

populations through crop type and weather from year to year mean it is difficult to

effectively protect crops through soil management alone. Many modern crop
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practices have been shown to promote slug populations. No-till farming is
increasingly popular method of farming which implements a method of continuously
growing crops all year round without deep ploughing or major disruption of the soil.
This style of farming creates long-term habitats for slugs as well as reducing damage
to slug populations caused by soil tilling (Glen and Symondson 2002).

Seed drilling methods, the process of planting seeds into the soil, are another
area of change in agricultural practice which has given rise to greater potential
damage by slugs. Traditionally, seed drilling was done with a much larger number of
seeds than required, and unwanted plants were removed after seeds had sprouted.
Modern agricultural technology now allows for precision monogerm drilling of
single seeds, which reduces overall waste. However, no adjacent plants are available
if the sprouting seed is damaged, increasing the risk of having to replant entire crops
when slug populations are significant (Runham and Hunter 1970). Currently the
primary strategy for protecting most crop types is the use of molluscicides, but these

can show variable results depending on how and when they are used.

1.2.1 Current Molluscicide Usage

The Pesticide Usage Survey conducted on UK arable crops by the
Department of Food, Environment and Rural Affairs (FERA), showed during the
first decade of the 21* century, on average 1/4 of UK arable land area was treated
with molluscicidal agents. 95% of these molluscicides are used on 3 main crops:
wheat (52%), oilseed rape (33%) and ware potatoes (10%) (Garthwaite et al. 2010).
Whilst the latest FERA survey reported decreased usage in 2010 and 2011, a broader
look at the usage data indicates a quite high variability year on year for
molluscicides, see Figure 2. This may be more likely due to climate variation having
impact both on mollusc populations and the efficacy of the molluscicides under
different climatic conditions. In autumn 2012 the Metaldehyde Stewardship Group, a
consortium of metaldehyde suppliers, reported depleted stocks of slug pellets as well
as ‘highly concerning’ metaldehyde levels in drinking water. Due to wet weather and
lack of severe frosts or very cold weather, unprecedented slug pressure forced

multiple applications of slug pellets to avoid total crop devastation (“Metaldehyde
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Stewardship Group 22/10/12 - Briefing Notes: Autumn 2012 2012). The general
trend for both total pesticides and molluscicides over the last 20 years is an increase

in total amount used.

1.2.2 Metaldehyde and Methiocarb

Two main agents, metaldehyde and carbamates, primarily methiocarb,
represent 99% of molluscicides used by the UK agricultural industry. Carbamate
pesticides are biologically active because they are complementary in structure to the
active site of acetylcholinesterase. They behave as synthetic neurohormones that
cause toxic action by interrupting the normal action of acetylcholinesterase so that
acetylcholine accumulates at synaptic junctions (Metcalf 1971). This leads to
interference of the metabolism of the gastropod nervous system, resulting in
mortality (Godan 1999). Metaldehyde is a cyclic tetramer of acetaldehyde, with
which it shares many chemical properties. Its mode of action is less well
characterised than carbamates. Initially it was thought that acetaldehyde, created
through hydrolysis of metaldehydes, was the primary toxic agent in animals. Other
evidence points to an interaction of metaldehyde and the y-aminobutyric acid
(GABA) (Sparks et al. 1996). Whilst the study focuses on vertebrate biochemistry,
GABA has been shown to play important neurological roles in Mollusca including
effects on motor, feeding and olfactory activities (Nezlin and Voronezhskaya 1997;
Narusuye, Kinugawa, and Nagahama 2005; Moccia et al. 2009). The end result of
metaldehyde interaction with the slug is the alteration of mucocyte cells, resulting in
an increase in mucous production (Triebskorn 1989). The resulting dehydration
causes loss of mobility, and eventual mortality after loss of 50% of body mass
(Godan 1999).

Metaldehyde and methiocarbs are primarily formulated as edible baits,
usually containing 2-8% toxicant; these are the familiar slug pellets used by both
professional and amateur growers. The active chemicals are combined with wheat
bran or barley flour to act as an attractant and feeding stimulant. The use of active
substances at any higher concentration results in a progressive repellent effect,

decreasing slug feeding. The bait attractant properties may be further enhanced via
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addition of specific materials such as proteins (typically casein), or dextrose (Barker
2002). However, bait attractiveness is relative to other materials available for slug
feeding; crops such as soft fruits are highly attractive to slugs, and are consequently
more difficult to protect effectively. Additionally, the attractive effect of standard
baits usually only lasts for around 3 days, depending on conditions, after which
additional treatments are required. Since many slug species primarily live in the soil,
and baits are applied on the surface, the effectiveness of slug baits is also
compromised as protectants for crops which grow underground, such as potatoes and
flower bulbs. In a given area, susceptibility to bait treatments for gastropod species
can be less than 10% (Godan 1999). The limited effectiveness of bait treatments
leads to very high rates of application, which in turn can have undesirable
environmental consequences (see below; section 1.2.4).

Alternatives to bait treatments have been investigated, such as seed
treatments. Seed treatments have the advantage of protecting plants during sprouting
when they are most susceptible to damage, whilst using minimal active substance
due to the small surface area of seeds. With damage to wheat most significant during
seeding, metaldehyde seed treatments and sprays have been researched for potential
in crop protection, but have shown poor results (Runham and Hunter 1970). More
recent research into seed treatments of canola (Brassica napus) show that, in lab
conditions, metaldehyde seed treatments are much more effective than equivalent
baits (Simms, Mullins, and Wilson 2002). However, field conditions lead to a
reduction in overall efficacy of treatments, primarily due to micro-organisms readily
being able to utilise the metaldehyde as a carbon source. Whilst beneficial for long
term ecological considerations, use of metaldehyde as a seed treatment requires the
development of more complex formulations in order for them to be as effective

(Simms et al. 2006).

1.2.3 Other molluscicides

A variety of chemical, biological and ecological alternatives are currently in
use to protect crops from Molluscan species. As yet none have been shown to be

effective enough that they can replace metaldehyde or methiocarb in an agricultural
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setting. Carbamates chloethocarb and thiodcarb have been investigated for use with
canola and winter cereals, though their properties are relatively similar to other
carbamates such as methiocarb (Godan 1999). Iron phosphate-based chemical
molluscicides can be considered the next best alternative to metaldehydes and
methiocarbs. A number of metal salts were shown to have molluscicidal properties,
and the research suggested that their efficacy could be improved by use of a
chelation agent (Henderson and Martin 1990). Mini-plot trials indicate that for D.
reticulatum and Arion ater iron phosphate can be as effective as metaldehydes.
However other studies concluded that iron phosphate shows lower efficacy and
higher cost than metaldehyde based crop protection methods (Speiser and Kistler
2002). Iron phosphate is the primary chemical molluscicide for organic farming, with
many organic farmer associations completely prohibiting metaldehyde usage. The
commercial molluscicide Sluggo® uses iron phosphate as an active ingredient and is
marketed as organic and safe for pets and wildlife. Iron phosphate is combined with
chelating agents such as EDTA to form iron chelates which are toxic to molluscs
(Young and Armstrong 2001). Whilst less toxic to other organisms than
metaldehyde, EDTA and iron phosphate baits have been shown to affect earthworm
viability (Edwards et al. 2009) and cause toxic effects in mammals (Haldane and
Davis 2009).

"Natural" molluscicides have also been described, such as garlic (allicin)
(Schoder, Port, and Bennison 2004) and copper plate (Schoder, Port, and Bennison
2004), but their effects are limited to temporary repellent. Caffeine has been shown
to cause mortality in molluscs, but in addition to being a psychoactive drug in
humans and toxic to a wide range of non-target organisms, it has been shown to
cause leaf damage to some crops when applied as a spray (Hollingsworth,
Armstrong, and Campbell 2002). The nematode species Phasmarhabditis
hermaphrodita, a known parasite of D. reticulatum was identified as a potential
biological control. Field trials were conducted on asparagus (Ester, van Rozen, and
Molendijk 2003) and since then the organism has been developed as a commercial
product (Nemaslug®). But its application as a practical molluscicide is limited due to

high price, short shelf life and temperature sensitivity (Speiser and Kistler 2002).
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When compared with chemical molluscicides for mainstream crop protection the

method has shown "poor results" (Rae, Robertson, and Wilson 2009).

1.2.4 Biological impact of molluscicides

Both metaldehyde and methiocarb are known to be toxic to all animals at
high enough concentrations. There is a widespread belief that their use is hazardous
to non-target organisms, and has a detrimental ecological effect, although evidence to
support these claims is limited. Many invertebrate species have been shown to be
unaffected by molluscicide bait poisons, though methiocarb is toxic to some carabids
(Godan 1999). It is known that chemical baits are eaten by numerous other
invertebrate species such as earthworms, beetles, centipedes and woodlouse (Gavin
et al. 2007). Limited research is available on the effect of metaldehyde treatments on
non-target invertebrates, such as long term effects on viability. The majority of
metaldehyde poisoning of non-target organisms published comes from cases of
toxicosis, and sometimes mortality, in various vertebrates species such as hedgehogs
(Keymer, Gibson, and Reynolds 1991), cows (Valentine et al. 2007), dogs (Campbell
2008; Mills 2008), birds (Andreasen 1993) and humans (Shih et al. 2004; Bleakley et
al. 2008). In most of these cases poisoning has occurred through consumption of very
large amounts of slug pellets containing metaldehyde.

In many cases the risk of molluscicides to the environment is dependent on
environmental factors such as frequency of treatments and weather conditions.
Despite its break down in the soil by micro-organisms and relatively poor solubility,
contamination of ground water is another issue. In some parts of the UK, water
boards report metaldehyde levels at 10 times higher than 0.1 pg/L EU limit for water
quality (Tao and Fletcher 2013). This level is not considered hazardous but water
boards are failing to comply with European legislation and can face penalties for not
maintaining water purity. Removal of metaldehyde from water is very difficult,

adding further impetus for reducing its use.
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1.3 Mollusca at the Molecular Level; Current Molluscan Genetic data

The reduction in cost and increased efficiency of next-generation sequencing
has led to an explosion in the amount of genetic data available. This has included
many mollusc species, though little is known about D. reticulatum save basic details
such as having 30 chromosomes (haploid) (Fretter and Peake 1978). At the beginning
of this project in 2009 there were less than 30 gene sequences known for D.
reticulatum, with similar numbers seen for the majority of mollusc species, with a
handful of larger EST sequence datasets for molluscs such as A4. californica. Since
then numerous parallel studies have taken advantage of high throughput sequencing
on Molluscan species. There is now transcriptome data for a wide range of species
including Lymnaea stagnalis (Feng et al. 2009), Ruditapes philippinarum (Milan et
al. 2011), as well as large datasets for pearl oyster species (Pinctada sp.) (Huang et
al. 2012). In addition to many transcriptome datasets, the first Molluscan genome
was published for Crassostrea gigas (Zhang et al. 2012), with draft genomes for
Aplysia californica and Pinctada fucata also available. Unfortunately there is no
equivalent centralised repository such as flybase or wormbase for mollusc species.
Efforts have been made to produce curated databases of multiple mollusc datasets
such as MolluscDB (http://www.nematodes.org/NeglectedGenomes/MOLLUSCA/
[Accessed 26/02/13]). This dataset is primarily sequences determined by earlier
technologies and does not include any recent datasets produced with next generation
sequencing. The alternative is to use central databanks such as NCBI or EBI
sequence databases. However surprisingly few of the sequence datasets for molluscs
have available sequence data with annotation. The draft assembly of Pinctada fucata
provides a genome browser (Takeuchi et al. 2012), but as yet the level of web and
programmatic access to annotation for molluscs is still poor when compared with

other invertebrate phyla, such as the flybase and wormbase projects.

1.3.1 Pyrosequencing

Pyrosequencing was developed in the mid-1990s as a sequencing technique
initially utilised for SNP analysis due to its short read length (Rothberg and Leamon

2008). However with miniaturisation of components and increasing computer power
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it is fast becoming the primary sequencing method for larger genetic studies. The
high rate of improvements driven by competition between alternative technologies
such as Roche 454, Illumina and Life Technologies’ Ion-Torrent has driven down the
price of sequencing. With the new wave of bench top machines and some
technologies producing >600bp reads, this technology has replaced classic Sanger
sequencing methods for many applications, and is bringing about a new revolution in
genetic studies.

This project concerns the use of Roche 454 pyrosequencing technology. A
summary of this process is as follows: Deoxyribonucleic Acid (DNA) is broken into
small fragments and adaptors are ligated to each end. The fragments are ligated to
small beads in an oil-water emulsion and amplified with polymerase chain reaction
(PCR). The beads along with polymerases, luciferase and ATP sulfurylase enzymes
are added to individual picolitre wells on a fibre optic slide (Margulies et al. 2005).
Successive nucleotide triphosphates are added and washed out, A then C then G and
T repeatedly; when the next nucleotide in the sequence attached to the bead is
complementary to the nucleotide being washed, the strand is polymerised. This
polymerisation releases inorganic phosphates which are converted to ATP by ATP
sulfurylase, the ATP released is utilised by luciferase to convert luciferin into
oxyluciferin with the reaction emitting photons. dATPaS rather than dATP is used
for the polymerisation reaction as it is not a substrate of luciferase and will not
interfere with the luciferin catalysis. Apyrase is used to degrade unincorporated
nucleotides and ATP between each nucleotide wash (Ronaghi et al. 1996). Each well
is monitored for photon emission and emissions are matched with the release of a
specific nucleotide wash. Nucleotide repeats are detected via larger emissions
resulting from multiple nucleotide inclusions in one wash (AA, AAA etc.). The
adaptor ligated to each template sequence being polymerised is of known sequence
and length and so can be used to normalise results for the rest of the sequence in the
well. The sequence of flashes corresponding to nucleotide washes can be converted
to a sequence with quality score, equivalent to a Sanger-style chromatogram

generated per well.
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[llumina’s sequencing technology is a distinctly different sequencing process.
Single stranded DNA fragments are generated from genomic or cDNA samples and
5’ and 3’ adaptors ligated to each end. The resulting fragments are randomly bound
to the surface of a flow cell channel. A solid phase bridge amplification binds the
unbound end of the DNA fragment to the flow channel surface. This creates a double
stranded, bridged, fragment, which is then denatured into 2 single stranded DNA
fragments 1 sense and 1 anti-sense, each attached at one end to the flow cell. This
process can be repeated many times to create dense clusters of DNA all of the same
sequence. The sequencing then begins by polymerisation, using nucleotides attached
to coloured dyes, each nucleotide containing a different colour. The dyes block
further polymerisation so that only a single nucleotide is incorporated. The dyes
fluoresce with laser excitation and an image is taken of the flow cell. The resulting
clusters can be identified as a sequence and the fluoresced colour representing the
subsequent base for the sequence. The dyes are cleaved and the process is repeated to
a sequence of approximately 75bp in length. The presence of both sense and anti-
sense sequences allows for 5° and 3’ sequencing to be done, allowing for up to
2x75bp in length to be sequenced; generating ‘paired-end’ reads.

Ion Torrent Semiconductor Sequencing shares a very similar method as
pyrosequencing such as 454 sequencing. However the nucleotides incorporated
during polymerisation are standard dNTP and after each successive wash of
nucleotides, polymerisation is detected through release of hydrogen ions using an
ion-sensitive field-effect transistor. This sequencing technology was released in
February 2010 with a claimed read length of 50bp-100bp and was not available

during our consideration of high throughput sequencing technologies for this project.

1.3.2 Sequence Data Assembly

De novo sequence assembly has been described as an unsolved problem.
Unlike assemblies to reference data, de novo assembly relies upon overlapping
regions of sequence within the dataset in order to align sections of nucleic acid
(singletons) together into a contiguous sequence (contig). This has a number of

disadvantages, including the reliance on having enough data to resolve overlaps as

31



Chapter 1 | Introduction

well sections large enough to span tandem repeats. However high-throughput
sequencing has enabled large enough quantities of data to allow for the assembly of
many complete sequences. Additionally, advances in technologies have allowed
much larger singletons, such as Roche 454 technology which has an upper limit of
~600bp. Whilst improvements of technology are generating better sequencing data;
effective assembly software is also needed to assemble the data accurately.

There is currently a wide variety of assembly software available, including
commercial, freeware and open-source programs. Deciding which assembler to use is
not straightforward and is dependent on many factors such as type of data, size, and
analysis requirements. A comparison using CAP3, MIRA, Newbler, SeqMan and
CLC programs with Roche 454 data seemed to indicate Newbler or SeqMan as the
best assembler (Kumar and Blaxter 2010). This analysis also suggested some benefit
to merging contigs from multiple assemblies by a further assembly step, though no
further benefit was seen by adding more assemblies. Alternatively some
transcriptomes have been assembled via sequential, rather than merged, assemblies.
This is where contigs and singletons from one assembler are used as the input in
another assembly software, such as with the olive transcriptome (Mufioz-Mérida et
al. 2013). This is relatively popular as is guaranteed to increase the overall size
distribution of contigs compared to a single assembly method.

One problem with maximising contig length in assemblies, identified with a
comparison of CAP3, MIRA, Newbler, and Oases on Roche 454 data, is the increase
in the number of chimeric contigs (i.e. contigs containing two or more separate
sequences; Mundry et al. 2012). This identified the problem that larger contigs are
not necessarily better; an assembler could merely concatenate successive reads
together and would score very highly for size distribution metrics. This analysis
indicated that whilst Newbler restored the most full-length transcripts, it also
produced the most chimeric contigs (artificially merged multiple transcripts
together). Over-assembly of sequence data is likely to be further amplified by using
sequential assembly throughput methods.

Newbler is in general considered the gold standard for Roche 454 sequence

assembly (Ren et al. 2012), but flaws in its assembly have been highlighted. The
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effectiveness of an assembly is relative to the metrics that are prioritised, and may
differ depending on the desired outcome for the data. Modern assembly software is
able to assemble sequences within a relatively short time frame on modest computing
hardware, at least for smaller datasets, such as described here within. In conclusion,
comparison between multiple software is likely advantageous, in order to choose
from the selection the transcripts that seem closest to original sequences. For
transcripts, this can often be determined by examining the predicted protein

sequences.

1.3.3 Transcriptomics and Identifying Biochemistry

Transcriptome sequencing projects for non-model organisms are popular as
they are substantially more efficient that genome sequencing projects. Unlike
genomes, transcriptomes provide smaller datasets which cost less to sequence and
are more computationally manageable. Additionally, with the sequencing of cDNA,
the overall probability of sequencing coding regions is much greater. A large amount
of the genome of an animal, whilst not devoid of information, containing for example
/tRNA, introns, promoters, enhancers, transposons, telomeres; has limited
application when researching a non-model organism as compared to transcripts.

Previous studies have shown the benefit of using high-throughput sequencing
techniques on crop pest digestive/gut tissues (Pauchet et al. 2009; Peng et al. 2011).
These studies used homology searching to make functional predictions of for
transcript sequences. The study sequencing the brown planthopper demonstrated the
benefit of high-throughput sequencing by ordering contigs using number of reads
attached to IPR terms (Peng et al. 2011). In this way the study identified
chymotrypsins and trypsins as some of the most frequently sequenced proteases. The
study demonstrated how large scale sequencing can be used to identify and focus
upon candidate digestive enzymes, such as chymotrypsins, and thus predict key
enzymes for the organism's biochemistry. Proteases can be subdivided into 4
mechanistic classes: serine, cysteine, aspartic or metallo-proteases, each of which can

be affected by different types of protease inhibitors. In many cases an organism will
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rely on one class of these proteases, knowledge of which can be used to as targets for
crop defence strategies utilising inhibitors.

D. reticulatum has less than 30 nucleotide sequences in the NCBI/EBI
databases, and only 3 independent protein sequences. Whilst some knowledge has
been gathered to the likely importance of certain genes, no sequence information is
available. With mechanisms such as RNA interference (RNA1) investigated as a crop
defence mechanism (Price and Gatehouse 2008), knowledge of essential genes and
protein sequences is necessary. Sequencing D. reticulatum transcripts to produce
predicted protein sequences has a two-fold advantage. It allows the fast-tracking of
experiments, bypassing the need to clone and sequence genes, but also allows the
sequences obtained to be used to identify and focus in on the organism's
biochemistry. With this data the predicted proteins from transcripts can be used to
identify targets for protein inhibition and RNAi studies, or other methods to

potentially create novel pesticides against the target pest.

1.3.4 Biological Databases and BioSQL

In many cases biological nucleic acid sequence data sets can be dealt with
purely through the use of software available, which can manipulate data such as
similarities determined by sequence comparison (BLAST) or gene ontology (GO)
term files to produce overall statistics. However the limitations of these methods can
be that the only statistics that can be generated are based on the individual
functionality of the software in use. In many cases this leads to data being analysed
based on what analyses can be done by software packages rather than what
information a researcher wants. However, there is a growing amount of tools for
scientific data management available to biologists to allow them to build analyses
more tailored to their specific requirements (Katayama et al. 2013).

Outside of science the vast majority of institutes and companies manage large
amounts of data using relational databases, which more often than not allow
searching based on Standard Query Language (SQL). A relational database is a
collection of tables of data types, tables can be considered similar to sheets in a

spreadsheet. However unlike spreadsheets each table can be linked to other tables
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Key [Name Sequence
Contigl ACACTACGATC...
Contig2 AGGGGCATGA...
Contig3 CATGTAGCTGA...
Contig4 CACNTCAGCAT...
E |Contigs ACTAGACGATC... ||
Key [Blast Table Key YSeq Table Key
1 1 5
2 5 2
3 4 3
4 2 3
5 2 3
Key [Blast Acc. Score \
1 [exc28470 98% ﬁ
2 D027770 34%
3 NP 998492 12%
4 XP_002763195 |45%
5 NP_998698 66%

Figure 3 : Simple example of a relational database model
The 3 tables here represent a simplified model of a relational database. In this
example the top and bottom tables contain sequence and BLAST annotation
data. The sequences are linked to the BLAST annotation via a third table which
holds both the key for the sequence and the BLAST annotation in a row. In this
case a sequence can be linked to multiple BLAST annotations and equally a
single BLAST annotation can be linked to multiple sequences. In this case we
can select all sequences that are linked to BLAST accession AD027770 by
retrieving the key for the accession and selecting all rows in the middle table
with the key 2 in the BLAST table column and the returned rows will then
contain all the keys for all sequences attached to this BLAST annotation. Many
more tables and columns can be added and the data retrieved based on a

specific column of data such as BLAST annotation score.
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using a key, almost always numerical, see Figure 3. By linking rows from different
tables together via keys a database can represent a multi-dimensional set of data in a
way a flat spreadsheet cannot. This can be particularly useful for biological data,
with many biological data such as proteomes and reactomes also having this type of
data structure. Other data structures such as taxonomies which represent hierarchical
data structures can still be represented in relational databases using models such as
Nested Set, Adjacency List or Path Enumeration (Celko 2004). Additionally the
inclusion of SQL in most relational database management software (RDMS) allows a
powerful means of querying linked tables and filtering rows and columns for specific
data.

There are a number of biological database schema (blueprints for database
structures) now available for managing biological data such as the Chado (Mungall,
Emmert, and The FlyBase Consortium 2007) or BioSQL (Katayama et al. 2010)
schema. Flybase is an example of a well-known biological database which is built on
top of a relational database using SQL and provides both web and programmatic
access to a wide range of different sequence information and annotation. Whilst these
schema are not necessarily optimal for managing all types of biological data, as
bioinformatics blogger Brad Chapman has identified, these databases can always be
modified to better suit biologists' needs (Chapman 2013).

An example of the basic SQL syntax for selecting a column in a table would
be “SELECT column FROM table” where table and column were replaced with
specific identifying names. This quickly becomes very useful with a query such as
“SELECT sequences FROM table WHERE length > 100” which filters out short
sequences. Producing a list of all sequences >100bp in a dataset of many thousands
of sequences becomes trivial, once the database is set up. In general SQL queries
used in this project are less human readable but can still be understood, one of the
most complex used in the project is the following:

SET @runtot:=0; SELECT GLiEVALUE, (@runtot := @runtot + COUNT) AS

CUMULATIVE FROM (SELECT bioentry dbxref.evalue AS EVALUE,

COUNT (bioentry dbxref.evalue) AS COUNT FROM bioentry dbxref WHERE

bioentry dbxref.run id=x AND [liesl AND [BECSHEEVNGERECESEaR
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GROUP BY biocentry dbxref.evalue (©ORDER BY bioentry dbxref.evalue
ASC;) AS gl

This query can be written in English as: Create a running total, get the expect
value and count that expect value, and increment the running total with that count.
Only get records which are part of the relevant BLAST run and are the [GpIBIASE
hit and fop hit region, order the data so that the expect value is ascending in order.

The output of this data is a two column table which contains in the first
column, the expect values and the second, the running count of BLAST annotations,
as shown in Table 1. This data can then be used in a basic x/y graph and represents
the distribution of BLAST data below a given expect value. (100% of hits are below
an expect value of 10, representing random similarity, and 0% hits are below the
expect value representing complete sequence identity where expect = 0). Using these
types of queries statistics about the entire dataset can be generated nearly instantly,
with queries taking only a few seconds to run across millions of rows of data.

RDMS is not a replacement for software such as BLAST sequence search

utilities, which uses Berkeley DB database and is not a relational database. The

Expect value Cumulative Count
le-99 1

le-89 3

le-60 4

10 1121

Table 1 : Example of output from an SQL query on the BioSQL database

implementation of this database model in this project is for the same application as
its use in flybase, which is to pull together many different forms of data generated by

programs like BLAST. The data is uploaded by first parsing files such as XML
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output files produced by BLAST and INTERPRO done by programmatically reading
the file line by line and pulling out relevant information. This is then uploaded by
using SQL INSERT statements which push data from the file parser into the
databases. The implementation of this can be variable and there are numerous
templates in biological software packages such as bioJava and bioPerl which can be
modified to suite the specific requirements of the data input script. Whilst the upload
of data can be time consuming and a variety of checks need to be done in order to
verify the data has been uploaded correctly. Once the database is established it
provides a mechanism for extracting any annotation data generated using a keyword
or specific data filter. In addition cross-references with other databases are much

easier to perform and results produced rapidly.

1.4 RNA Interference and Crop Protection against Molluscs

RNA interference (RNAI), the gene silencing mechanism was first discovered
in petunia plants in 1990. The effect was more fully understood later in the nematode
Caenorhabditis elegans in the late 1990s where dsRNA rather than ssRNA was
identified as being responsible for gene silencing (Sen and Blau 2006). The method
has since become a powerful tool for down-regulating target genes. The effect was
shown when double stranded RNA (dsRNA) containing a strand complimentary to a
mRNA was injected or fed to C. elegans leading to down regulation of the
corresponding gene (Fire et al. 1998). The effect can also be produced by “anti-
sense” RNA, a single strand RNA complementary to mRNA, which results in
dsRNA being formed. RNA1 has been shown as an endogenous pathway ubiquitous
across most eukaryotic organisms; a general overview is shown in Figure 4.

The essential active component of the RNA interference pathway is the
double stranded small (23bp) siRNA fragments without which no down-regulation
can occur. siRNA provides the guiding strand of nucleic acid which is used to target
specific gene products, stage (C) in Figure 4. siRNA can be introduced into cells to
stimulate interference, but for invertebrate studies longer dsRNA, which is more
stable and easier to work with, can be used. For some nematodes (including C.

elegans) dsRNA can be transferred to the organism simply via introduction to the
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surrounding media. Alternatively various methods such as injection, transfection or
electroporation can be used for initial uptake into the cellular space of the organism
(May and Plasterk 2005). Both C. elegans and insects such as the fruit fly
Drosophila melanogaster have been shown to uptake dsRNA into cells after its
introduction to the extracellular space (stage (A) in Figure 4). This is then cut into
siRNA duplexes of around 21-27 bp by the Dicer RNaselll-type enzyme in
combination with a RNA binding proteins, such as Loquacious in D. melanogaster,
stage (B) in Figure 4.

Whilst higher organisms also contain Dicer functionality immunological
responses to longer dsSRNA fragments can interfere with results. In mammals large
dsRNA fragments (>30bp) cannot be used as they evoke an interferon response or a
non-specific inhibition of protein synthesis through dsRNA-dependent protein
kinases in mammals (Buckingham et al. 2004). Studies also demonstrate interferon
like responses in some other non-mammal vertebrates, leading most studies to use
siRNA (Sifuentes-Romero, Milton, and Garcia-Gasca 2011). Use of dSRNA has been
more successful in nematodes and insects, where no equivalent immunological
response to large dsRNA fragments is seen.

After either introduction of siRNA or long dsSRNA and processing to siRNA,
siRNA is incorporated into the RNA-inducing silencing complex (RISC). The
antisense strand of the siRNA is used as a guide strand to bind to complimentary
mRNA. An argonaute protein forms the primary catalytic protein in the RISC and
endonucleolytically cleaves the target RNA between the 10th and 11th base relative
to the guiding strand (Martinez et al. 2002). Systemic effects, where the RNAI effect
1s transmitted to other cells, have also been shown in C. elegans and some plants.
However, in D. melanogaster no systemic effect has been shown likely due to the
lack of a RNA-directed RNA Polymerase (RdRP) homologue, which is necessary for
persistence in C. elegans (Sijen et al. 2001), through amplification of the siRNAs.
RdARP homologues have not been found in any insect genomes sequenced, but
evidence for systematic effects in other insects has been presented (Tomoyasu et al.

2008). Discussion in the area continues with recent studies identifying the difficulty
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Figure 4 : General stages of RNA interference
(A) dsRNA is initially introduced into the extracellular space. It is then
transported into the cell via endocytosis and/or cell membrane channel
mediated transport such as in C. elegans, via the SID-1 protein. (B) dsRNA is
cut into small dsRNA duplexes (siRNA), the size of which depends on the
distance between the nuclease catalytic site and PAZ domain in the dicer
protein. sSiRNA can also be directly introduced to the cell, as is done for
organisms with immunological reactions to large dsRNA fragments, such as
Humans. (C) RNA-induced silencing complex forms with the siRNA, the none-
guide strand is discarded and the complex then goes on to stimulate
degradation of transcripts complimentary to the guide siRNAs. (D) In
organisms such as C. elegans, the dsRNA is also amplified and exported out of

the cell, through channels proteins like SID-1 and elicits a systemic effect.
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in distinguishing systemic effects from a very efficient system of cellular uptake and
storage of dSRNA (Miller et al. 2012).

Even without systemic effects, RNAI effects have the potential to be a useful
method for causing changes in physiology specific to target organisms. Gene knock-
down, the reduction in levels of mRNA for specific genes and consequently the
protein products, can lead to a variety of physiological effects, such as
developmental arrest, failures of gut physiology, detoxification biochemistry, or
direct mortality. In the field of crop protection, pests can be targeted by through
expression of dsSRNAs in transgenic plants, which is emerging as a crop protection
technology of wide applicability. There are a variety of obstacles to consider with the
use of dsRNA, the primary one being introduction into the organism. Host Delivered
RNAi (HD-RNAi) has been suggested as a solution, and shown some success
(Fairbairn et al. 2007). It also bypasses the problem, which many de novo crop
protection methods have, of degradation over time, as dSRNA can be continually
produced. The first stage in distinguishing RNAi against Mollusca would be to
design and prove dsRNA targets against the organism. The first stage is injection, in
order to actually ascertain if a knock-down effect can be elicited, followed by
feeding assays. The long-term goal of these experiments would be to generate

working targets which could be used in a system such as HD-RNAI.

1.4.1 RNAi against Mollusca

Genetic data for a number of molluscs indicates the presence of RNA
interference machinery. However C. elegans-like dsRNA based silencing, is less
clear, as much of the Molluscan genetic data is fragmented with limited annotation.
Dicer is one of the most well conserved proteins with its mode of action necessitating
a number of different domains. This provides a relatively unique signature to look for
with PAZ, dsRNA binding and dsRNA-specific endonuclease domains required and
conserved between C. elegans, D. melanogaster and H. sapiens (Lau et al. 2012).
Transcript fragments from L. stagnalis, A. californica contain Paz domains, which

are found in argonaute (AGO) and dicer protein families (Cerutti, Mian, and
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Bateman 2000). One complete dicer protein comes from C. gigas and includes all the
expected protein domains (Genbank: EKC26346).

The recent sequencing and annotation of the C. gigas genome has provided a
complete set of genes to search through. Homologues for RNA-dependent RNA
polymerase (Genbank: JH817893) and SID-1 transmembrane dsRNA transport
protein (Genbank: EKC42950) are available in the C. gigas genome. However,
despite the presence of at least some of the machinery homologous to that which
powers the systemic RNAI effect seen in C. elegans, there are very few examples of
the RNAI effect in molluscs, reflecting the fact that evidential RNAI studies in any
non-nematode/insect invertebrate are relatively scarce. In most cases there are only a
handful of studies in for each phyla, primarily demonstrating the presence of an
RNAI effect. Evidence from the variability of insect RNAi results, where RNAi
effects differ from order to order, or even from species to species, means using RNAi
data from one mollusc species as evidence for its effect in another is problematic.

The small number of papers that are available for the Molluscan phylum does
provide evidence for RNAi effects in these organisms. The earliest publication
appears in from 2001 and initially proves RNAi effect by co-micro-injection of a
DNA expression vector containing the Luciferase gene and a dsRNA fragment
complimentary to the gene into Aplysia californica giant neurons (Lee et al. 2001).
Transient expression of luciferase, visualised by light emission, which was observed
when vector alone was injected, was down-regulated by the dsSRNA. This provides
evidence that once dsRNA is within the cell, a gene knock down effect can be
elicited, although micro-injection bypasses the need for uptake of the dsRNA from
the intra-cellular space into the cell.

Experiments which didn't involve micro-injection of dsRNA into cells also
indicate that RNA interference occurs; most workers have attempted to inject dsSRNA
into the body cavity of molluscs, but a variety of conditions have been used, which
means that the results are not fully comparable from experiment to experiment. Even
though direct comparisons are not possible for all these experiments using injected
dsRNA, it is apparent that the observed RNAi effect is very variable between

mollusc species, and between genes targeted. There is also disagreement between
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different experimenters over the timescale of RNAi effects. One study shows a
phenotypic effect within 3 hours post injection (Korneev et al. 2002), but most of the
quantitative PCR based methods shows a measurable effect on transcript levels only
after 24 h. RNAIi experiments in Chlamys farreri and Biomphalaria glabrata show
an effect beginning at 24h post-injection, with the maximum knock down in gene
expression before 96 h (Wang et al., 2011; Jiang et al., 2006). The study on B.
glabrata continued to monitor gene expression levels for FREP2 and myoglobin
genes until complete cessation of any RNAi effect by 10 days post injection. This
contrasts with a study on C. gigas, where the first time point was at 9 days, with their
data suggesting an RNA1i effect was still maintained up to a month post-injection
(Fabioux et al. 2009). This result showing long-tern RNAi effects suggests a
potential systemic effect for C. gigas, and would agree with the genomic data
previously discussed. The combination of lack of data, and differing results from
data available, means effectiveness of RNAIi against D. reticulatum is not easily

predictable.

1.5 Aims and Objectives of the Project

Investigation

1. Identification of the best methods for isolation of good quality RNA for
the production of cDNA from D. reticulatum tissues.

2. Production of cDNA from digestive gland and random sequencing of
cDNA in order to verify it as digestive gland transcripts.

3. Use of RACE as a proof of principle procedure to demonstrate
amplification of full genes from PCR product fragments produced from
redundant primer PCR.

4. Use of redundant primer PCR to isolate ion channel gene sequences.

5. Conduct high throughput sequencing of digestive tissues and neural tissue
and assemble into a workable database in order to extract sequence

information and relevant annotation.
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Analysis

1.

Process high throughput sequence data through previously described

annotation pipelines

2. Assess the digestive gland for presence of digestion related proteins
through functional prediction based on homology.

3. Assess the neural tissue dataset for neural related proteins as done with
digestive dataset.

4. Assess the functionally predicted proteins for potential further research
and development.

Application

1. Utilise previous analysis of sequence to identify potential targets for
RNAi

2. Clone vector-insert RNAi expression constructs for dSSRNA production.

3. Synthesise dsRNA and assay it against D. reticulatum.

4. Investigate other methods for producing a molluscicidal effect such as

production of a protein substrate to assay against the target organism
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Chapter 2 | Materials & Methods

2.1 General molecular biology methods

All chemicals and reagents supplied by Sigma (St. Louis, USA) or VWR
(BDH) (Poole, Dorset UK). Unless otherwise stated solvent was autoclaved/filter

sterilised deionised water or distilled water. Where protocols are not elaborated they

can be consider standard across most biology laboratories.

2.1.1 Recipes

Bacterial culture media

LSLB broth: 0.5% (w/v) NaCl, 1% (w/v) tryptone,
0.5% (w/v) yeast extract, prepared in distilled water.
LSLB agar: 1.5% Bacto agar (Difco) added to LSLB
broth

Agarose gel TAE (50X): 2 M Tris/Acetic acid pH 7.7, 50 mM
electrophoresis: EDTA
DNA loading buffer: 10 mM Tris/HCI pH 8.0, 10 mM EDTA, 30% (w/v)

Protein gel

glycerol, 0.1% (v/v) Fast Orange G, prepared in

distilled water

5X SDS sample buffer: 0.5 M Tris/HCI (pH 6.8), 50%

electrophoresis (SDS- (v/v) glycerol, 5% (w/v) SDS, 0.005% (w/v)

PAGE) bromophenol blue

Acrylamide 30% (w/v) acrylamide: 0.8% (w/v) bis-acrylamide
stock solution (37.5:1) (Protogel, National diagnostics)

Resolving buffer 3.0 M Tris/HCI pH 8.8

Stacking buffer 0.5 M Tris/HCI1 pH 6.8

Reservoir buffer (10x) 0.25 M Tris/HCI pH 8.3, 1.92 M Glycine, 1% (w/v)

(CBB) Stain

SDS

40% (v/v) Methanol, 7% (v/v) glacial acetic acid,
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Destain

Stacking gel mixture

Resolving gel mixture

Protein molecular weight

marker — KiloDalton

(kDa)

Western blotting
Bjerrum & Schafer-

Neilson buffer
Ponceau stain

Phosphate Buffered
Solution (PBS) 10x

Blocking solution
Anti-Sera solution
PBST

Chemiluminescent

0.05% (w/v) Coomassie Brilliant Blue (CBB)
40% (v/v) Methanol, 7% (v/v) glacial acetic acid

2.5% Protogel (37.5 : 1 acrylamide : bisacrylamide;
National Diagnostics), 125 mM Tris-HCI (pH 6.8),
0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate,
0.0075% (v/v) N, N, N’, N’-
tetramethylethylenediamine (TEMED)

(12.5% or 15% or 17.5 % (w/v) Protogel, 375 mM
Tris-HCI (pH 8.8), 0.1% (w/v) SDS, 0.075% (w/v)
ammonium persulphate, 0.05% (v/v) N, N, N°, N’-
teretramethylethylenediamine (TEMED)

SDS7[A] (Sigma): 66 kDa Bovine albumin, 45 kDa
Egg albumin, 36 kDa Glyceraldehyde- 3-phosphate, 29
kDa Carbonic anhydrase bovine erythrocytes, 24 kDa
PMSF-treated trypsinogen, 20 kDa Soybean trypsin
inhibitor, 14 kDa a-lactalbumin

SDS7 [B] Pierce Unstained Protein Molecular Weight
Marker.

48 mM Tris-HCI, 39 mM Glycine, 20% (v/v)
methanol, 0.0375% SDS, pH 9.2

0.1% Ponceau S, 5% acetic acid in distilled water

0.015 M KH;,POy4, 0.08 M Na,HPOy4, 1.37 M NaCl in

distilled water

5% Non-fat milk powder, 1X PBS, 0.1% Tween-20
5% Non-fat milk powder, 1X PBS, 0.1% Tween-20
1X PBS, 0.1% Tween-20

Solution A: 100 mM Tris/HCI pH 8.0, 0.2 mM
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detection reagents coumaric acid, 1.25 mM luminol in 50 ml distilled
(Solution-A) water
Chemiluminescent 10% H,0, (30% solution) in distilled water

detection reagents

(Solution-B)

DNA molecular weight  Lambda DNA digested with Eco471 (Avalll) or
marker HyperLadder I (Bioline)

10x PCR buffer 400mM Tricine-KOH (pH 8.7), 150mM KOAc, 35mM
Mg(OAc),, 37.5ng/ml BSA, 0.05% Tween 20, 0.05%
Nonident-P40

DEPC Water Diethylpyrocarbonate (DEPC) was added to water from
Milli-Q (Merk) water purification system to a final
concentration of 0.1% (v/v) and left at 37°C for 2

hours. Water was then autoclaved for 20 minutes.

2.1.2 Phenol-chloroform ethanol precipitation

Where phenol-chloroform ethanol precipitated is stated, steps 1-3 are done,
where chloroform extracted is stated only step 2 and where ethanol precipitated is
stated, only step 3 is done.

1) Nucleic acid solution was first vortexed with Phenol:Choroform:Isoamyl Alcohol
(25:24:1) and centrifuged for 15 minutes at 14,000 rpm. Aqueous layer was
transferred to a new tube, hydrocarbon layer was discarded.

2) Solution was treated as in step 1 but with 100% chloroform.

3) 10% v/v of 3M Sodium acetate pH 5.2 and 250% v/v absolute ethanol were added
to the nucleic acid solution for precipitation and incubated overnight at -20°C.
Solution was centrifuged at 12,000 g for 15 minutes at 4°C. The pellet was washed
with at least 5 times original volume of 70% ethanol twice. The nucleic acid pellet

was air dried and re-suspended in appropriate amount of nuclease free water,
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sometimes dissolution was done by incubating nucleic acids at 37°C for 15-30

minutes.

2.1.3 Oligonucleotides

Oligonucleotides were synthesised by Sigma Genosys Service and used as
PCR Primers. Primers were resuspended in sterile distilled water to a concentration
of 100 pmol/ul and stored at -20°C. In standard PCR reactions the primers were used
at final concentration of 0.2 to 1.0 uM depending on primer types.

Melting temperature for the primers was calculated by the following formula
T,, was calculated using the OligoCalc online tool (Kibbe 2007). Primers were used
at 3°C below the calculated T, for Taq and Taq based polymerase and 4°C above for

Phusion HF polymerase [Fermentas].

2.1.3 Degenerate Primer Design

Degenerate primers refer to primer mixes containing multiple possible similar
sequences with minor variations at certain base positions. Degeneracy represents the
number of possible combinations of base pairs and can be calculated as the product
of each individual base's degeneracy where A,T,C,G represent the minimum
degeneracy of 1 and N (any nucleotide) a maximum of 4. Primers were designed to
have a minimal amount of degeneracy in order to increase the specificity of the PCR
amplification. Whenever possible, to allow efficient primer extension, oligo dC or
dG residues were preferentially incorporated at the 3’ end of the primer. Due to the
degenerate nature of the primers it was necessary to increase primer concentration in
PCR reactions, so primers matching the target sequence were present at a sufficient
concentration to allow amplification. Degenerate primers were added to PCR

reactions at a concentration of 1.0 uM, instead of the standard 0.2 uM.

2.1.2 DNA amplification with Polymerase Chain Reaction (PCR)

Standard PCR reactions were conducting using 0.2 ml & 0.5 ml tubes
performed on a Perkin Elmer 2400 thermal cycler. Tag PCR reactions were
conducted in 25 pl or 50 pl reactions with 10x PCR buffer (see recipe), 0.2 mM

dNTPs, nucleic acid template (~0.1-2 ng/ul), 0.2 uM DNA nucleotides, and 1.25 U
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Taq polymerase. For Taq PCR, the standard PCR program was Step1: 94°C at 1min,;
Step2: 25 cycles { 94°C at 30sec, Tm-3°C at 30sec, 72°C at 30sec/kb+30sec }; Step3:
final 72°C at 7mins; were used unless otherwise stated. For amplification of
sequences for fragments for RNAi constructs Phusion Polymerase was utilised, for

all other PCR amplification Taq polymerase was used.

2.1.3 High Fidelity PCR

Where ‘high-fidelity’ PCR is referred to, these PCR reactions utilised proof
reading enzymes, the reactions used High-Fidelity Phusion Polymerase [Fermentas]

with PCR reactions setup following manufacturer's instructions.

2.1.4 Touch Down PCR Protocol for degenerate primers

Touch-Down PCR follows the same protocol as standard PCR except the
cycling steps are altered so that the annealing temperature decreases each cycle.
Touch-Down priming has the advantage of reducing spurious priming (Don et al.
1991) which is a particular problem for degenerate primers. For the successful
degenerate primers used for amplifying the D. reticulatum, the successful cycling
protocol was as follows. Stepl 94°C at 3min; Step2: 20 cycles { 94°C at 30sec, 50°C-
0.5.cycle at 30sec, 72°C at 2min }; Step3: 13 cycles { 94°C at 30sec, 40°C at 30sec,
72°C at 2min }; Step4: final 72°C at 7mins.

2.1.5 Colony PCR

Colony PCR reactions were conducted to screen colonies transformed with
plasmid DNA constructs for the presence of a PCR insert within the plasmid cloning
site. The volumes were reduced to 25 pl with components scaled accordingly,
usually made as a master mix. A PCR product of the insert, previously validated, was
used as a positive control and empty plasmid DNA vector as a negative control.
Colonies were picked from an agar plate containing a relevant antibiotic with plastic
pipette tips and left in aliquots of PCR mix for 1-2 minutes. A ‘master plate’ was
used to keep track of colonies, with the tips being smeared first on the ‘master plate’
before being put into the PCR mixture aliquots. The pipette tips were then removed

from tubes and the PCR then conducted with the same cycling as the original PCR.
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This allowed for transfer of cells from the pipette into the PCR mixture. These cells
would lyse in the first cycling step and release plasmid DNA which can then be
primed and polymerized if the priming sites exist within the plasmid sequence. In
this way clones can be assayed for the presence of an insert directly without
necessity for a plasmid extraction step which would require a further overnight
incubation period. The resulting products of the PCR are then assessed by gel, with
positives indicating a probable successful transformation, which can be further

confirmed by sequencing the clone.

2.1.6 Nucleic Acid Quantification

Nucleic acids were purified with phenol-chloroform extraction and ethanol
precipitation and resuspended in nuclease free water or relevant buffer. The nucleic
acids were then quantified using a Thermo-Scientific NanoDrop™ 1000
Spectrophotometer under highly accurate UV/Vis analyses of 1 ul samples with
nucleic acid free equivalent media which was used as a blank measurement.
Wherever possible, nucleic acids were also quantified by comparison with nucleic
acid of known sample concentration on gel electrophoresis with quantitation done
using the Imagel] software package available at http://rsb.info.nih.gov/ij/ [Last
Accessed 06/05/13].

2.1.6 DNA ligations

DNA ligation of vector and insert with compatible ends was done using T4
DNA Ligase and Ligase Buffer [Promega] following manufacturer’s guidelines.
Quantities of vector and insert DNA were calculated based on a 1:1 molar ratio
which was estimated by relative size in base pairs multiplied by mass of DNA.
Ligation mixtures were incubated at 4°C overnight or room temperature for 1-2 hours

unless otherwise stated.

2.1.7 Isolation of plasmid DNA

Bacterial cell colonies containing plasmids were picked from agar plates or
glycerol stocks and used to inoculate 10ml LSLB with appropriate antibiotics in

100ml McCartney bottles. Cultures were incubated on shaker at 150rpm overnight at
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37°C and then centrifuged at 4000 g for 15 minutes. The supernatant was discarded
and plasmids were then extracted from cell pellets using the Wizard® Plus SV
Minipreps DNA Purification Systems [Promega] following the manufacturer’s
guidelines. The resulting plasmids were resuspended in nuclease free water and

stored at -20°C for further use.

2.1.8 Restriction endonuclease digestion of DNA

Restriction enzyme (RE) digestions were carried out using commercially
available RE enzymes [Fermentas, Promega, NEB or Roche] and were carried out
using buffers and temperatures recommended by the manufacturers. Typically
digests were carried out at 37°C on 1 pg of DNA using 2-10 units of RE (under
optimal conditions 1 U of RE will completely digest 1 pg of DNA in a 50 pl reaction
volume in 1 hour). Where double digestions were conducted optimal buffers were
selected via manufacturer’s guidelines. Wherever possible single digestions of each
enzyme in buffer were conducted to provide diagnosis for failed double digestions.
Restriction products were separated by Agarose gel electrophoresis and visualised by

ethidium bromide staining.

2.1.9 Agarose Gel electrophoresis

Samples were loaded with DNA loading buffer (see recipe) in a 0.8% TAE
Agarose gel, suspended in an electrophoresis tank filled with TAE buffer, with
0.05% ethidium bromide added to both gel and buffer. The samples are
electrophoresed at 100V until the banding pattern has separated sufficiently, usually
around 30-40 minutes. The protocol follows common laboratory practice (Sambrook

and Russel 2001).

2.1.10 Gel Extraction of DNA

DNA Agarose gels were visualised on a trans-illuminator (UVB, A 302 nm)
and appropriate bands were excised from the gel by using a single edged razor. DNA
was purified from the Agarose by using QIAquick gel extraction kit [Qiagen],

according to manufacturer’s instructions. Eluted DNAs were stored at —20°C.
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2.1.11 Agarose Gel electrophoresis for size separation of cDNA

cDNA samples, and marker, were loaded as with standard Agarose gel
electrophoresis and gel electrophoresis conducted until cDNA is well distributed
across the gel. The gel is taken out of the tank and dissected into two pieces based on
predetermined marker size (2Kb). The low molecular weight half of the gel is
discarded and the high molecular weight half is returned to gel tank and run with
reversed polarity to return cDNA to a more compact form. Before the majority of the
cDNA reaches the well the section of gel, the band is excised and gel extracted as

described in a previous section.

2.1.12 SDS-PAGE electrophoresis

Protein samples along with molecular weight marker (SDS7) were denatured
and reduced before loading by diluting in 1x sample loading buffer and boiling for
10 minutes. Denatured proteins were separated according to their size by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) according to
(Laemmli 1970). Mini-gels (9x10 cm) were run in 1x reservoir buffer at constant
voltage (100-150 V) in ATTO-AE450 apparatus. Following electrophoresis, gels

were either stained of transferred to nitrocellulose membrane for western blots.

2.1.13 Staining with Coomassie Brilliant Blue

After SDS-PAGE, proteins in the gel were visualized by staining with CBB
stain for minimum 3 hours, followed by destaining with destain until the background
is clear. Both staining and destaining were carried out at room temperature with

gentle agitation.

2.1.14 Western Blotting

Proteins were transferred to nitrocellulose (Hybond ECL, Amersham)
membranes followed by electrophoresis by electro-blotting, using a standard semi-
dry transfer method. Gels to be blotted were equilibrated in Bjerrum and Schafer-
Neilson buffer (see recipe) by soaking for 30 minutes at room temperature.

Nitrocellulose membrane and 3MM blotting papers (Whattman) were cut to the same
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dimension as gels and pre-wet in same buffer. The blot was set up on ATTO AE-
6675 blotting apparatus. Electroblotting was conducted at constant current set to 125-
150 mA (2.0 mA/cm?) for 60 minutes. Efficiency of transfer was checked by staining
membrane with Ponceau S stain, molecular weight marker bands were marked with

pencil and the membrane was destained with distilled water.

2.1.15 Chemiluminescent detection of membranes

Non-specific protein binding sites on the membrane were blocked by
incubating in 50 ml blocking solution for 1 hour at room temperature with 3 changes
and gentle agitation. After blocking membranes were reacted with appropriate
dilution (generally 1:3000 unless otherwise specified) of primary antibodies (Anti
His) in antisera for 2 hours at room temperature or overnight at 4°C with gentle
agitation. Unbound primary antibody was removed by washing with antisera for 30
minutes with three changes at room temperature. The membrane was transferred to
antisera containing secondary antibody (Goat Anti Mouse IgG (H+L)-HRP
conjugate) in appropriate dilution (generally 1:3000 unless otherwise specified) and
incubated for 1-2 hours at room temperature with gentle agitation. Membrane was
washed with 1x PBST for 30 minutes with three changes to remove unbound
secondary antibody. Excess Tween 20 was removed by washing membrane briefly
with distilled water. Enhanced Chemiluminescence (ECL) reagents [Amersham]
were used to detect specifically bound secondary antibodies. Solution A (5 ml) was
mixed with solution B (15 pl) shortly before exposure of membranes. Specific
antibody binding was visualised by exposing membranes to photosensitive film
(Fuji-RX). Exposed films were washed and developed with an automatic developer

(X-ograph Imaging Systems Compact X4).

2.1.16 Glycerol stocks of E. coli strains

Single colonies of recombinant E. coli containing DNA plasmids were used
to inoculate 10 ml LSLB cultures which were grown overnight at 37°C. The culture
was centrifuged at 4000 g for 10 minutes at room temperature. Supernatant was

removed, and cells resuspended in 800 pl solution LSLB 70% (v/v), Glycerol 20%
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(v/v), Distilled Water 10% (v/v), vortexed briefly, transferred to 1ml screw-cap tubes

and frozen at -80°C.

2.1.17 E. coli transformation

All E. coli strains, TOP10 [Invitrogen], Origami B(DE3) [Novagen] and
HTI115 (rnci4::4Tnl0), were prepared as electrocompetent cells as per standard
laboratory protocol (Sambrook and Russel 2001). Unless otherwise stated all
plasmids were transformed using 1 pl of either a ligation mixture or sufficiently
diluted purified plasmid. All transformations of ligated plasmids in the ligation
reagents were first chloroform-extracted, by vortexing with equal volume of
chloroform and centrifuging at maximum speed on a bench centrifuge for 5 minutes.
Aqueous layer was transferred and mixed with 50 pl competent cell aliquot and
transformed at following conditions: electrical pulse set to 25 pF, capacitance set to
1.8 kV and 200 Q resistance. Cells were transferred to 1 ml of LB broth and then
incubated at 37°C for 1 hour, with shaking (220 rpm). Transformants were selected

by plating cells (5-10% of volume) on LB-agar containing an appropriate antibiotic.

2.2 RNA and cDNA

All RNA and cDNA experiments were performed with either nuclease free
water or DEPC treated water. Where possible equipment used in RNA extractions

was washed with DEPC treated water and oven baked at 200°C.

2.2.1 Preparation of digestive gland total RNA for SMART cDNA

Total RNA used for SMART cDNA synthesis kit [Clontech Laboratories,
Inc.] was produced using RNeasy Mini Kit [Qiagen]. Tissue was extracted from a
single adult slug by dissection of the digestive gland which coils around the D.
reticulatum intestinal tract; care was taken to remove any non-digestive tissue
associated with the gland. Tissue took approximately 5 minutes to dissect from
organism and transfer to next stage. Approximately 60 mg of tissue was transferred
to the first stage solution of the RNeasy kit [Qiagen] and homogenised using a pestle
drill piece and variable speed laboratory motor [TRI-R Instruments, Inc.]. The RNA

extraction continued following the manufacturer's guidelines. The resulting RNA
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was quantified with a NanoDrop™ 1000 Spectrophotometer [ Thermo-Scientific] and
transferred immediately to the first strand synthesis step of SMART cDNA synthesis
kit. It was found that the time between the dissection and first strand synthesis was
paramount to good quality cDNA, as such all efforts were taken to conduct

experiments as quickly as possible.

2.2.2 Preparation of neuronal tissue for SMART cDNA

Total RNA used for SMART cDNA synthesis kit [Clontech Laboratories,
Inc.] was produced using RNeasy Mini Kit [Qiagen]. The tissue dissected was
primarily the nerve ring, situated around the crop of the organism and any attached
nerves that could be dissected along with the ring. Due to the size of nerve ring, to
increase the total weight, optic sensory tentacles, which attach directly to the nerve
ring ganglion bundle were also dissected and included, as they contained large nerve
strands. A total of 8 organisms were dissected in order to obtain enough tissue for the
lower limit of the RNeasy kit tissue mass specifications. Each dissected tissue was
transferred to a microcentrifuge tube, chilled on ice, containing the first buffer of the
RNeasy kit, which contains RNase inhibiting guanidine salts. Total dissection time
for 8 organisms was around 45 minutes. Tissue was homogenised using a pestle drill
piece and variable speed laboratory motor (TRI-R Instruments, Inc.) and total RNA
extracted as per manufacturer’s guidelines. Total RNA extracted was rapidly utilised

for the next steps, to minimise degradation time.

2.2.3 mRNA enrichment of total RNA

mRNA was enriched using the Poly(A)Purist™ Kit [Life Technologies] as
per manufacturer’s guidelines. 1 mg Total RNA isolated with RNeasy Mini Kit
[Qiagen] was used for purification and 0.2 pg of the resulting enriched RNA used in
first strand cDNA synthesis.

2.2.4 SMART cDNA synthesis for high throughput pyrosequencing

cDNA synthesis was conducted using the SMART cDNA Synthesis Kit
[Clontech Laboratories, Inc.]. For first strand synthesis 1 pg of total RNA or 0.2 pg

of mRNA enriched RNA was added to 1 pl 5' SMART II A primer [AAG CAG TGG
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TAT CAA CGC AGA GTA CGC GGG], 1 pl 3' RACE CDS [AAG CAG TGG TAT
CAA CGC AGA GTA C(T)3oV N] and water to 5 pl total volume and heated to 70°C
for 2 minutes. 2 pl 5x First Strand Buffer, 1 ul ANTPs, 1 pul dTT (20mM) and 1pl of
PrimeScript Reverse Transcriptase [ Takara] was added and incubated at 42°C for 90
minutes. Second strand synthesis utilised the Advantage 2 PCR kit [Clontech
Laboratories, Inc.], as recommended in the manufacturer’s manual, with the SMART
Nested Universal Primer (NUP) [AAG CAG TGG TAT CAA CGC AGA GT]. The
resulting cDNA was sequenced at Food and Environment Agency (FERA) using a
Roche 454 GS FLX Pyrosequencer.

2.2.5 Rapid Amplification of cDNA Ends (RACE)

RACE experiments were performed on 1 pg of total RNA using SMART
RACE cDNA amplification kit [Clontech], according to the manufacturer’s protocol.
RACE experiments were used to retrieve the complete 5° and 3° end of partial
cDNAs, including any untranslated regions (UTR). Gene specific primers (GSP)
from partial cDNA sequences were designed, a sense primer was used in 3> RACE

experiments and an antisense primer in 5° RACE experiments.

2.2.6 cDNA synthesis with random hexamers

cDNA for degenerate PCR primed with ion channel primers was produced
using the Transcriptor High Fidelity cDNA Synthesis Kit [Roche] following
manufacturer’s protocol, following the protocol steps for using random hexamers. 1
ng of total RNA extracted from neuronal tissue using the RNeasy kit method
described previously (2.2.2) was used as the RNA input for the cDNA synthesis.

2.3 Molecular cloning

The general cloning protocol was as follows, deviations to this method are
identified in specific cloning methods. PCR products were purified from either from
Agarose gels using QIAquick Gel Extraction Kit [Qiagen] or Phenol-chloroform
ethanol precipitation. Both PCR products and target plasmid vector were restriction
digested with relevant restriction enzymes and the best suitable buffer for double

digestion. The PCR insert was restricted such that 5° and 3’ overhangs
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complemented equivalent overhangs of the linearized plasmid vector. Restriction
digestions of plasmid vector and PCR insert were checked on 0.8% Agarose gel for
correct size and linearization. Where restrictions were done for the first time or with
new enzymes, single digestions were done as a control to diagnose any inefficiency
in digestion. The digested products were separately purified with phenol-chloroform
ethanol purification, the precipitant re-suspended in a small volume of water (10-20
ul depending in the observed quantity in the previous Agarose gel assay) and
assessed by gel electrophoresis and quantified with NanoDropTM
Spectrophotometry.

The digested products were diluted to concentrations of a 1:1 molar ratio
(calculated by equal mass relative to size ratio) and were combined with T4 DNA
ligase and buffer [Promega] as following manufacturer’s guidelines. Ligation
mixture was chloroform extracted and then 1 pl added to 60 pl electrocompetent E.
coli TOP10 from glycerol stock and transformed as per previously described method.
The cell ligation mixture was added to a 500 pl microcentrifuge tube of LSLB and
incubated at 37°C for 10 minutes or 1 hour depending on antibiotic, inhibitory or
bactericidal respectively. 1-10% of the incubated medium was then plated out per 25
ml Agarose gel petri dishes with a relevant antibiotic to select for the transformed
colonies. For plasmid DNAs allowing blue/white screening LB-agar was
supplemented with 40 pg/ml 5-bromo-4-chloro-3-indoyl-f-D-galatoside (X-Gal) and
0.1 mM isopropyl-p-D-thiogalatoside (IPTG).

Transformations were conducted at the end of the day and the resulting plates
incubated at 37°C overnight and taken out in the morning. A selection of colonies
were picked, preferentially larger ones, and were screened by colony PCR using PCR
conditions used for the original PCR, alongside the PCR product as a positive control
and empty vector as a negative. Several of the resulting positive clones were cultured
overnight by adding cells from the transformation plate to 10 ml McCartney bottles
of LSLB and incubating 37°C. Plasmids were then extracted as previously described
and plasmid DNA was then sequenced by an Applied Biosystems 3730 capillary
sequencer in the 5' and 3' direction using relevant primers gene specific primers. The

resulting sequences were aligned to the expected sequence used to design the primers
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and checked for errors using the Sequencher™ Version 4.5 (Gene Codes

Corporation) application.

Cathepsin 5' Fragment

Cath L 5 For EcoRI GCAGAATTCTTCTAGAAGACACCGTCTGGTTATC
Cath L 5 Rev Xbal TGCTCTAGAGCCTTGAAATGTTGGCCTTCC

Cathepsin 3' Fragment

Cath L 3 For EcoRI GCAGAATTCACTGAGGTCAGCTACCCCTAC
Cath L 3 Rev_ Xbal TGCTCTAGACGCACGATGGGGTAGCTTGCTTGTG
Cathepsin qPCR Primers

qPCR_5' CATH_FOR TTCAAGGCCACTGGAAAACTG

gqPCR_3' CATH_REV CCGAACTTCTGTGAGCAATCG

Table 2: Cathepsin L RNAi construct primers
Region in primer sequence highlighted refers to restriction enzyme recognition

site. All primers are in 5' — 3' direction.

2.3.1 Cloning cathepsin L dsRNA construct

First strand ¢cDNA was generated from 1pg total RNA extracted from
digestive gland of D. reticulatum as previously described and 0.1 pl used as a
template for 2 high-fidelity PCR reactions with primers designed with EcoRI and
Xbal restrictions in, see Table 2. The resulting products were 415 bp & 419 bp for
the 5' and 3' fragments respectively. These were then purified by QIAquick Gel
Extraction Kit [Qiagen] and restriction digested with EcoRI and Xbal, an equivalent
digestion with the same enzymes was setup for the pLitmus28i vector. The resulting
digested products were checked by gel electrophoresis for complete digestion then
purified as before. Screening and selection of colonies was done as described
previously. This resulted in 2 pLitmus28i-cathepsin L fragment constructs, which

were then linearised twice in both directions via restriction digestion. This resulted in
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4 in vitro transcriptions, a 5' fragment: forward and reverse strands and a 3' fragment:
forward and reverse strands. Primers used for qPCR of the gene are included in Table

2.

2.3.2 Cloning apoptosis dsRNA construct

First strand cDNA was generated from 1 pg total RNA extracted from whole
tissue of D. reticulatum as previously described and 2 pl used as a template for high-
fidelity PCR reaction to amplify a region similar to an apoptosis inhibitor from
contig C4281;N-;pS1972d. Primers used are shown in Table 3 and the resulting PCR
product was of length 342 bp. Only small amounts of PCR product was produced, so
the product was cloned into pJet2.1 vector using the CloneJET™ PCR Cloning Kit
[Fermentas], rather than restriction digested and cloning into pLitmus28i. pJet2.1
includes a T7 promoter so can be used as the source plasmid for dsSRNA, 2 of the
clones screened were in reverse orientation, so this construct was used for in vitro
transcription. This resulted in no necessity to create further primers with restriction
sites. Product was cloned into pJet2.1 in both directions and then linearised with
Xbal and Xhol which are closest sites to the insertion point. These were then used
for dsRNA production in the same manner as the linearised Cathepsin L-pLitmus28i

constructs. Construct and qPCR primers are shown in Table 3.

dAPIN RNAi Primers

5" Apoptosis AGTCGAACACCGGAACCACTACCC
3' Apoptosis TGGCGTGCTCCGTCCAAGG
dAPIN qPCR Primers

5" Apoptosis qgPCR TGGGAGGCTAGCGACTCTGT

3' Apoptosis gPCR TCGCACTTTCCGTTGATGAG

Table 3: Apoptosis Inhibitor RNAi Construct and qPCR primers
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2.3.3 Cloning GAPDH dsRNA constructs

First strand cDNA was generated from 1 pg total RNA isolated from
digestive tissue of D. reticulatum as previously described and 0.1 pl used as a
template for high-fidelity PCR reaction to amplify a region of GAPDH. Primers used
are shown in Table 4, and produced a PCR product of 407 bp. The cloning protocol
was as described in cloning of cathepsin L, except restriction enzymes used were
Xbal & Pstl. For the production of the in-vivo dsSRNA a second construct was cloned

using the same method as pLitmus28i but using the L4440 vector, for the experiment

GAPDH RNAIi Primers
5 GADPH_4RNAi_XbaI GACTGCAGATATGGATACAGCAACCGGG

3' GADPH_4RNAi Pstl | TGTCTAGAACCTTTCTTAGATGGGTGCC

Table 4: GAPDH RNAi construct primers
Region in primer sequence highlighted refers to restriction enzyme recognition

site. All primers are in 5' — 3' direction.

described in publication (Solis et al. 2009). Both GAPDH in pLitmus28i and L4440
were cloned into TOP10 cell cultures as previously described. GAPDH-L4440
construct plasmids were then extracted from TOPI10 cells using Wizard® Plus SV
Minipreps DNA Purification Systems [Promega] and plasmid DNA used to
transform E. coli HT115 (rncl4::4Tnl0) cells. This transformation followed the
same protocol as described for transformation of E. coli TOP10 with the additional
use of Tetracycline in addition to carbenicillin antibiotic, in the culture media, as

described in publication cited (Solis et al. 2009).

2.3.4 Cloning dTNF protein expression construct

The D. reticulatum TNF-L (dTNF) sequence without the transmembrane
domain was amplified with high-fidelity PCR from 2 pl of second strand cDNA

generated with SMART cDNA synthesis kit [Clontech] from 1pg total RNA isolated
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from digestive tissue of D. reticulatum extracted as previously described. PCR
products could only successfully be amplified from second strand cDNA, possibly
due to low levels of transcript available, which lead to a higher PCR error rate. PCR
products were then purified by QIAquick Gel Extraction Kit [Qiagen] and, alongside
PET32a plasmid vector [Novagen] were restriction digested with Ncol and Xhol
restriction enzyme sites, which were included in PCR primers, see Table 5. The
resulting digested products were checked by gel electrophoresis for complete
digestion then extracted with QIAquick Gel Extraction Kit [Qiagen]. E. coli TOP10
cells were transformed with the construct and screened via PCR as described
previously. The sequence was compared with C974d contig for errors. The final
clone included one incorrect base which was mutagenised via a Site-Directed
Mutagenesis protocol using primers, see Table 5. PET32a-dTNF plasmid with
corrected base was then extracted as previously described and plasmid DNA used to
transform electrocompetent E. coli Origami B(DE3) expression strain, transforming

with electrocompetent protocol as described previously.

dTNF Cloning Primers
5' TNF Ligand GACCATGGAAAACAATGAGTCACAGG
3' TNF Ligand TTCTCGAGCACAAGGGACTCTGCTAC

dTNF Mutagenesis Primers
5'TNF_MUTA AAGCTATTTTGGATTAGTGATCC
3'TNF_MUTA GACTCTCTTTCCAAGTTGACC

Table 5: dTNF cloning and mutagenesis primers
Region in primer sequence highlighted refers to restriction enzyme recognition

site. All primers are in 5' — 3' direction.

2.3.5 Site directed mutagenesis of dTNF

Site directed mutagenesis was performed by designing two primers which
covered the region which included the incorrect base. Primers were flush with each

other but did not overlap, with the forward primer being 3' of the reverse primer,
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allowing the whole plasmid to be amplified. The forward primer contained the
correct base which would mismatch with the incorrect base in plasmid. The PCR was
conducted with standard Phusion HF polymerase [Fermentas] and reagents and 20ng
of plasmid purified using Wizard® Plus SV Mini-preps [Promega]. The reaction
conditions were identified, after optimisation, as Stepl: 98°C at Imin; 35 cycles{
98°C at 20sec, 59°C at 30sec, 72°C at 7min}; Step3: 72°C at 10mins. A total of 200ul
of PCR product was pooled and purified by Phenol-Chloroform extraction and
Ethanol Precipitation. The purified DNA was re-suspended in 40 pl of water and
treated with T4 Polynucleotide Kinase (NEB) (20U) in Ligase Buffer (5 pl) to a final
volume of 50 pl and incubated at 37°C for 30 minutes. 3l of reaction mixture was
taken out before adding 30U of T4 DNA Ligase and incubated overnight at 4°C. The
ligation mixture and the 3ul saved were then chloroform extracted and transformed
into TOP10 cells. The mixture saved before addition of Ligase was used as a control

to show whether cells were transformed only with Ligase present.
2.4 dsRNA Production

2.4.1 in-vitro dsRNA Production

in-vitro dsRNA was produced with either the Megascript® T7 kit (Life
Technologies) or T7 Ribomax® Express RNAi system (Promega). Inserts were
cloned into Litmus28i vector and linearised 5' and 3' of the insert for single stranded
RNA production. After single stranded (ssRNA) was produced using manufacturer's
protocol and purified using phenol-chloroform and ethanol precipitation, sense and
antisense strands were annealed by heating to 80°C in a water bath and then allowing
to cool to room temperature over 3-4 hours. dsSRNA was confirmed via Agarose gel

electrophoresis.

2.4.2 in-vivo dsRNA production

in-vivo dsRNA was produced using a protocol based on (Solis et al. 2009)
using 14440 vector with RNase III deficient E. coli HT115 (rnci4::4Tnl0) to
express dsRNA in vivo. D. reticulatum GAPDH gene fragment and Kanamycin

control gene were inserted into the L4440 vector using Xbal & Pstl. Vectors were
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transformed first into TOP10 electrocompetent cells. Colonies were screened and
checked by sequencing before being grown and plasmid purified, as previously
described, and transformed into HT115 (rncl4::4Tnl0) electrocompetent cells. Cells
were grown, with 10 pg/ul Tetracycline (HT115) and 50 pg/ul Carbenicillin (L4440),
overnight at 37°C in 10ml LSLB cultures. 1ml was transferred to 100 ml LSLB with
described selection and grown at 37°C until 600 nm OD of ~0.5A (3-5hrs). For IPTG
induced cells, IPTG was added to a final concentration of 2 mM and grown at 37°C
for 4 hours. Cells were centrifuged at 4000 g for 30 minutes at room temperature and
supernatant discarded. Cell pellet was resuspended in 1 M ammonium acetate, 10
mM EDTA at 2% of the original culture volume and phenol-chloroform extracted
and Ethanol precipitated as described previously. Nucleic acid pellet was
resuspended with 8U Turbo DNase (Ambion) and 40 pg of RNase A to a total
volume of 400 pl with nuclease free water. GAPDH dsRNA required further
optimisation, with 25% of RNase treatment needed for Kanamycin showing best
results, this was equal to 10 pg of RNase A to a total volume of 400 pl. 1 pl of
nucleic acid was saved before adding nucleases for comparison. Nuclease treatment
was incubated at 37°C for 30 minutes and then phenol-chloroform extracted and
precipitated as in previous steps. Nucleic acid was resuspended in relevant buffer for

the application.

2.5 Quantitative PCR methods

All quantitation values regard the Ct (Cycle threshold) as defined by the
StepOne'™ RT-PCR System (Applied Biosystems) software. Additionally the
quantitative real-time PCR referred to throughout will simply be abbreviated to

qPCR rather than RT-PCR or RT-qPCR.

2.5.1 Total RNA extraction for gqPCR

Individual organisms or pooled groups were flash frozen in liquid nitrogen
and ground to powder with a mortar and pestle pre-chilled in liquid nitrogen. Where
digestive gland tissue was used, digestive glands were dissected from organisms and

ground as with whole tissue. As with RNA extraction for cDNA, digestive gland
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dissection took approximately 5 minutes. 50-100 mg powder was transferred to Tri-
Reagent (Sigma) and RNA was extracted according to manufacturer’s protocol. RNA
was resuspended in nuclease free water, and incubated with 1U Turbo DNase at
37°C for 30 minutes. RNA was purified using Phenol-chloroform and Ethanol
precipitated and quantified with Nanodrop1000 Spectrophotometer.

2.5.2 Quantitative PCR (qPCR)

1 nug RNA was used in a first strand cDNA synthesis using Nanoscript RT kit
[PrimerDesign Ltd.] following manufacturers protocol. The resulting cDNA was
quantified as before and unless otherwise stated 40 ng of cDNA was prepared with
Precision One-Step qPCR 2x Master Mix with ROX (PrimerDesign Ltd.) and qPCR
primers at 0.5 pM final concentration. qPCR primers were designed using Primer
Express [Applied Biosystems] and ordered as custom oligonucleotides from Sigma-
Aldrich. The gPCR mixture was performed and analysed with a StepOne'™ RT-PCR
System [Applied Biosystems].

2.5.3 qPCR Analysis

All gPCR data shown uses comparative CT with relative quantitation values

2724 the difference of HKG gene to target gene relative to an arbitrary

representing
reference value usually the sham control. Error bars all represent 1 standard deviation

of ACt as +/- addition to the AACt exponent.

2.5.4 HKG analysis

Housekeeping gene (HKG) analysis was conducted similarly to previously
described study in Mollusca (Sirakov et al. 2009). Primers were designed for contigs
which showed strong homology to known HKG and were double checked by hand,
see Table 6. In addition to using geNorm (Vandesompele et al. 2002), Bestkeeper
(Pfaffl et al. 2004) and Normfinder (Andersen, Jensen, and Orntoft 2004) the
comparative delta-Ct method was also used (Silver et al. 2006). Merged data was
produced using the online Reffinder tool (Xie et al. 2012). All JPCR runs including 3

technical replicates for each sample primer combination.
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Actin (C2471;N689;S1995d)

5" Actin_qPCR

3" Actin_qPCR

EF1-A (C1490;N398;S553d)
5'EF1-A_gPCR
3'EF1-A_qPCR

GAPDH (C2454;N37;S199d)
5' GAPDH_deroc For

3' GAPDH deroc_Rev
Tubulin (C2968d)

5' Beta-Tubulin

3' Beta-Tubulin

Ubiquitin (C408d)

5' Ubiquitin_qPCR

3' Ubiquitin_qPCR

GGAAGGATGGCTGGAACAAAG
CGGACAGGTCATCACCATTG

TGTGCGTGGAGTCCTTCCA
CAGTCTGCCTCATGTCACGAA

GGCATCGTTGAGGGTTTGAT
TGCTGGGTCCATCTACAGTCTTC

GGAACCTTTTAAGCGAGTTGGA
CAGTGTACCAATGCAAGAATGCA

CGGCATTAAGAGAGAACTCAAAGTG
GGCAACACCTCCTTAAGCTCAT

Table 6: Primers for housekeeping gene qPCR primers

Table contains a list of housekeeping genes and primers designed for them. The

largest tubulin and ubiquitin contigs were only found in CLCBio but have

strong BLAST and INTERPRO homology indicating they are correct predicted

2.6 Protein Expression Methods

proteins.

2.6.1 Calculating Protein Molecular Mass

Protein mass was calculating using the online Compute pI/Mw tool on the

Swiss Institute of Bioinformatics Expasy Server (Gasteiger et al. 2005).

2.6.2 Protein Extraction Method

Protein was extracted from expressing cultures by sonication in 50ml Falcon

tubes kept on ice, using a Soni-Prep 150 [MSE] at 26 microns. Optimal sonication
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time was calculated by sonication assay comparing time points with protein
concentration. Protein concentration was calculated both by CBB gel with Image]
calculation and bovine serum albumin (BSA) assay. Optimal regime chosen was 16x
30 second sonications interspaced with 2 minute periods to allow cooling. The time
is relatively long most likely due to the age of the sonication machine and volumes
sonicated; temperature in the cell suspension was measured and never exceeded

15°C.

2.6.3 Protein Purification with HisTrap column

A 5 ml HisTrap HP column [GE Healthcare] was used for purification of Trx-
dTNF. Uninduced soluble fractions were equilibrated in binding buffer to a final
concentration of 20 mM Na,HPO,4, 400 mM NaCl (pH 7.4 with HCI) and loaded
onto His-Trap column, which was pre-equilibrated with binding buffer (BB), at
Sml/min at room temperature. Later loading, which was used for injection assays and
gels, was done with BB containing 10mM Imidazole. Column was run for 2x protein
fraction final volume and then washed with BB until OD came to a baseline on a
FPLC chart recorder. This was repeated with BB containing 25 mM initially and 50
mM in later purifications of Imidazole, the elutions of which were saved for
comparison. The protein was eluted with BB containing 200 mM Imidazole until OD

had peeked and had almost returned to baseline level on the FPLC chart recorder.

2.6.4 Dialysis & lypholization

Fractions eluted from HisTrap columns were pooled and after confirmation
on CBB gels and initially western blot, fractions were dialysed against 20 L distilled
water with ~2 g of 50 mM ammonium hydrogen bicarbonate as an anti-microbial
agent. 12-14 KDa dialysis tubing was prepared by boiling in a solution of 2% (w/v)
sodium bicarbonate and 1 mM EDTA (pH 8.0) for about 20 minutes. Dialysis was
carried out at 4°C with constant stirring and 6 changes of water every 1 hour except 1
change which was left overnight. Dialysed protein samples were frozen on the walls
of freeze-drying flasks by shelling in liquid nitrogen and lyophilized on a vacuum

freeze-dryer overnight.
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2.6.5 Buffer Exchange Column Purification

Vivaspin 20 [Sartorius] columns were used to purify protein from HisTrap
column eluent. Fractions from HisTrap column were treated according to
manufacturer's guidelines. 10 ml of HisTrap elution was buffer exchanged with TAE
buffer (pH 7.4) and centrifuged at 4000 g over the course of 2 days, with column
kept overnight at 4°C. Buffer was refreshed 8 times in total, each refresh after the
total volume of sample had reach 200 pl. Centrifugation step was done over a long
period of time due to formation of precipitate which impeded the flow through of
buffer. The last 3 buffer flow-through pH matched the buffer pH of 7.4, indicating
the buffer had been fully exchange. The resulting 200 pl of sample in TAE was
transferred to a new tube, avoiding transfer of precipitate, and protein confirmed with

CBB and western protein gels.

2.6.6 BCA Assay

Total protein was quantified using BCA protein quantification kit (Pierce)
and BSA (Bovine serum albumin; 0.1-4 pg/ml) as a standard. Concentrations of
unknown protein were predicted using the standard curve. BCA reagent was
prepared by mixing Solution B with A (1:50) freshly before use. In microtitre plates
10 pl of each standard or unknown sample was added to separate wells (in triplicate)
and then mixed with 200 pl of BCA Reagent. The plate was incubated for 30 minutes
at 37°C. Absorbance was then read measured at 562 nm using VERA max

microplate reader [Molecular Devices].
2.7 Deroceras reticulatum Methods

2.7.1 Deroceras reticulatum sourcing

D. reticulatum were collected from the wild, on and around the grounds of
the Department of Food, Environment and Rural Affairs (FERA), Sandhutton, York,
YO41 1LZ. These were either kept in culture conditions described in the following
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sections at FERA or transferred and kept in similar conditions at the University of

Durham.

Figure 5 : Deroceras reticulatum

Deroceras reticulatum individuals feeding on gem lettuce. Area ringed in red is
a 'lesion’ on the surface of an individual, the cause of which is not clear. Would
have a wound-like appearance with a light discoloured area on the surfaced
with darker ridge ringing the area. This would indicate the organism would
likely perish within the following weeks, as would all others within the culture

container.

2.7.2 Maintaining cultures

Cultures were maintained until organisms were utilised in various
experiments described. D. reticulatum individuals were kept in plastic containers
containing moistened paper toweling on the base and a selection of lettuces as well
as wheat germ as a food source. Organic lettuce was either grown by FERA or
sourced from local suppliers, organic wheat germ was sourced from local suppliers.
Cultures were moved to new containers weekly and given fresh food. Cultures were
incubated at 10°C, high humidity, with a 16 hour day/night cycle.

D. reticulatum cultures were prone to disease and were observed to form

'lesions' which would quickly spread to other organisms within a container, (See
68



Chapter 2 | Materials & Methods

Table 5). In these cases organisms were removed from the containers and not utilised
further for any experiments. Despite this several cultures were maintained through
multiple generations with eggs collected, washed in a very mild bleach solution and
incubated in petri-dishes containing moistened paper toweling and incubated in the
same conditions as adults until hatching when they were moved to plastic containers.
Eggs took approximately 1 month to hatch, but varied largely with some eggs taking
up to 3 months to hatch. In some cases eggs would turn red over time for an

unknown reason and would fail to hatch.

2.7.3 Injection Assays

Injection assays were conducted by first anaesthetising D. reticulatum on ice
and then injecting through a central point of the foot with the needle pointing toward
the posterior. Injections were done with a Sul, 10pul or 20ul Hamilton syringe which
were washed well with both ethanol and relevant buffer between injections of
individual organisms. Dye injections were done with 14pul of PBS and 1ul Dr. Oetker
SuperCook Blue Food Colouring Dye containing Brilliant Blue FCF.

2.8 Bioinformatic Methods

2.8.1 Sequencing

Classic Sanger sequencing was carried out using BigDye Terminator with
AmpliTag DNA polymerase (ABI Biosciences). Reaction products were analysed on
automated sequencer, ABI Prism 377 XL, DBS Genomics, Dept. at Durham
University, School of Biological and Biomedical Sciences. Plasmids inserts were
completely sequenced on both strands of the DNA by using primers directed against
determined sequence to complete overlaps.

454 Sequencing of cDNA was conducted using the automated throughput of a
454 GS FLX platform, by The Food & Environment Agency (FERA) (Sand Hutton,
York, YO41 1LZ).
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2.8.2 Univec Cleanup

Sequences were input into BLASTn using settings as used by VecScreen
online tool, to guarantee the same output a BLAST strategy file was generated from
VecScreen and used with BLASTn. Matches were assessed using VecScreen criteria
with terminal matches define as with 25bp of the beginning or end of the sequence.
Any match type (weak, moderate, strong, suspect) was removed using custom Java

classes.

2.8.3 Sequence Data Assembly

After Univec cleaning any reads <50bp after trimming were removed. The
reads were then assembled with the following assemblers: Newbler v2.6, SeqMan
NG v4.1.2 and CLCbio 4.7.2.

Newbler v2.6 was run using the GS De Novo Assembler graphical interface
with the following parameters: seed step = 5; seed length = 16; seed count = 1;
minimum overlap length = 40; minimum overlap identity = 90; Alignment identity
score = 2; Alignment Difference Score = -3; rip = 1.

CLCbio 4.7.2 used standard parameters: -conflict vote; -non_specific
random; -paras Default. SeqMan NG used the following parameters: Match Size =
21; Match Spacing =75; Minimum Match Percentage = 85; Match Score = 10;
Mismatch Penalty = 20; Gap Penalty = 30; Max Gap = 15; Genome Length =
1674712; Expected Coverage =21.

Reads and contigs were then uploaded to a BioSQL based MySQL database
to allow easy comparison. Statistics for assemblies were generated using the
respective ACE files. The terms n50 and n90 may have differing definitions, the
algorithm used was based on the source code of the Mauve multiple genome

alignment software.

2.8.4 Dataset Upload

14118 CLCbio contigs and unassembled reads were uploaded to Genbank
Transcriptome Shotgun Assembly (TSA) database, TSA accession numbers

JW036070 — JWO050187. 5332 sequences (563 of which were contigs) were not
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uploaded due to size being below the 200bp threshold for TSA submissions. 6 further

unassembled reads were removed due to having >10% Nss.

2.8.5 BLAST Homology

Contigs and unassembled reads were analysed by comparison with the NCBI
non-redundant protein database. No minimum e-value cutoff was used as cutoffs
were applied post-run through database filtering. As majority of the processing time
is during sequence comparison, there's no significant improvement in performance
from using higher cutoffs. Hit quantities were limited to 50 hits, to reduce the
overhead of manipulating larger datasets. The homology searching was conducted
using BLASTx from the NCBI BLAST 2.2.25+ standalone package. BLAST jobs
were run against the none-redundant (nr) protein database across a number of
standard personal computers and servers. BLAST XML data was uploaded to the
BioSQL database using a combination of BioJava and woodstox class library

(http://woodstox.codehaus.org/) for XML for parsing BLAST data.

2.8.6 Peptide Prediction & InterProScan

Predicted polypeptides for assembled sequences were produced using
ESTScan2.1 (Iseli et al. 1999). The resulting amino acid sequences were then
analysed by InterProScan (Zdobnov & Apweiler 2001) which uses 14 separate
software packages to analyse the peptide sequence for peptide motifs and

homologous domains.

2.8.7 Phylogenetic Analysis

NCBI hits were mapped to phylum by retrieving taxonomy data for Gene
Identities (GI) numbers using the NCBI Entrez query service. Phylogenetic trees for
individual genes were generated using Clustalw2 with neighbour-Joining method and
a bootstrap value of 1000; and visualised using the Forester Java class libraries
(PhyloXML (Han and Zmasek 2009)). Where genomes were available using NCBI
Map Viewer (http://www.ncbi.nlm.nih.gov/projects/mapview/) with BLASTx against
each species geneset or refseq databases with D. reticulatum predicted peptides.

Where Mollusca and other species without Genomes were included, these sequences
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were either retrieved from NCBI nr via BLASTX, or derived from EST data using
tBLASTx against EST OTHERS NCBI database.

2.9 Biology Database

For many of the bioinformatic methods, processes were automated and many
of the statistical analyses were conducted by uploading data into a database and
filtering or mapping data. Tools used to manage the scripting and database uploading
are included in a biology toolkit, written in Java programming language and
available at https://github.com/EnderDom/Eddie. Database schema used was
BioSQL and can be found at http://www.biosql.org. Data was input through either
the custom scripts including in the biology toolkit or with scripts from the bioPerl
library. BioSQL supports a number of different database types, MySQL database was
used for this project with a number of scripts being specific to that database type.
Tables were added on top of the base schema to accommodate information about
multiple assemblies as well as inclusion of additional 'run' information which kept
track of the software versions, parameters and dates of the various data generated.
However the base schema was not altered in anyway such that it should be in theory
compatible with any other software the implements a BioSQL interface. Majority of
the statistics generated from the dataset were done without any

scripting/programming required, purely with SQL database queries.

2.9.1 Data upload

Read sequences were uploaded to BioSQL from assembly files of the ACE
format produced by the assembly software. The ACE files were parsed with a custom
ACE file parser written in Java, a custom name identifier in the format
Assembler Tissue Number was used along with ids given by the assemblers in the
database bioentry ID. The database bioentry ID is default indexed and used to link to
other tables, including the biosequence table which holds sequence information. The
contig data was uploaded in the same way, and reads mapped to contigs by adding
contig and read ids as rows to an assembly table. The assembly table was not part of

the base BioSQL schema, which was not originally designed to hold assembly data.
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An additional table name run was also added, this was another custom table
which holds information about the software used to produce the assemblies (and
other data uploaded such as BLAST and INTERPRO) as well as dates run, version
and parameters used. BLAST data was uploaded via parsing BLAST XML files
produced as output of the BLAST homology searches, using the Woodstox Xml
parser. Key data such as accessions, start/end, score and evalue was then transferred
to the dbxref database tables. All data was added as columns to the dbxref bioentry
linker table rather than attempting to alter the seqfeature/location tables. INTERPRO
data was uploaded in a similar manner to BLAST data but used the term tables to
store IPR terms with specific software matches such as pfam and panther accessions
being added to the dbxref tables and linked through the term_dbxref table to linked
IPR terms. IPR terms were linked to global IPR terms such as binding site, active
site, domain etc. through the term relationship table which enabled selection of

subsets such as all active site IPR terms.

2.9.2 Taxonomy Mapping

Accessions were mapped to NCBI taxonomy IDs using the e-utilities HTTP
API (Federhen 2011) which enables programmatic access to the NCBI database
through URL base queries. NCBI accessions were retrieved from dbxref table in the
BioSQL database and used to retrieve the taxonomy ID for each accession from the
NCBI database. Where the taxonomy has not already been retrieved, it was
downloaded using e-fetch and uploaded into the taxon and taxon name tables of the
BioSQL database. Once all taxon data was downloaded left and right values were
calculated for the nested-set representation of the taxonomy data. This allows for
selection of entire child groups from the parent node taxon ID using very simple

SQL queries (Mackey 2002).

2.9.3 Assembly & Homology Metrics

The majority of data statistics demonstrated were calculated using SQL
queries against the modified BioSQL database. These were executed either with a

standard MySQL command line client or using the phpMyAdmin software package
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hosted on an apache2 server. BLAST evalue graph data was produced using SQL
query:

SET Q@runtot:=0; SELECT gl.EVALUE, (@runtot := @runtot +
COUNT) AS CUMULATIVE FROM (SELECT bioentry dbxref.evalue AS
EVALUE, COUNT (biocentry dbxref.evalue) AS COUNT FROM
biocentry dbxref WHERE bioentry dbxref.run id=x AND hit no=1
AND biocentry dbxref.rank=1 GROUP BY bioentry dbxref.evalue
ORDER BY bioentry dbxref.evalue;) AS gl

bioentry dbxref.run id is set to the relevant BLAST run. This outputs a

cumulative count for each BLAST hit with its evalue, which can be used as x, y

coordinates. Species data was produced using SQL query:

SELECT dbxref.ncbi taxon id AS taxid, taxon name.name AS
taxname, COUNT (dbxref.ncbi taxon id) AS count FROM dbxref
INNER JOIN taxon USING (ncbi taxon id) INNER JOIN taxon name
USING (taxon id) INNER JOIN bioentry dbxref USING (dbxref id)
INNER JOIN bioentry run USING (bioentry id) WHERE
biocentry dbxref.hit no=1 AND biocentry run.run id=x AND
biocentry dbxref.evalue<le-3 AND
taxon name.name class='ScientificName' GROUP BY taxid ORDER BY
count

Phylum data required an additional programmatic step, all phyla IDs were
selected by using SQL query:

SELECT ncbi taxon id, taxon name.name FROM taxon INNER
JOIN taxon name USING (taxon id) WHERE taxon.node rank LIKE
'phylum'

These were added to a list and iterated over. For each phylum all species were

selected using the nested set representation and the number of top BLAST hits with

this species was counted and the data appended to the phyla, using the following
query:

SELECT COUNT (biocentry id) AS COUNT FROM biocentry dbxref
INNER JOIN dbxref USING (dbxref id) WHERE dbxref.ncbi taxon id
IN (SELECT taxon.ncbi taxon id FROM taxon INNER JOIN taxon AS

include ON (taxon.left value BETWEEN include.left value AND
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include.right value) WHERE include.ncbi taxon id=?) AND
bioentry dbxref.run id=x AND biocentry dbxref.evalue<le-3 AND

bioentry dbxref.hit no<=1
Kernel density plots were produced by simple selection of length values of
biosequences using run ID to differentiate reads from contigs and different tissue

types, such that the query was:
SELECT biosequence.length FROM biosequence INNER JOIN

biocentry run USING (biocentry id) WHERE run id=x

This query output a basic list of each sequence length from the run identified
with x. The kernel density was then calculated and graphed using the inbuilt kernel
density function in the R programming language.

The Venn diagram data showing overlap of reads between different
assemblies was calculated using the MySQL IN query function. This allows for
subsets of data to be selected from a previous query, without the need from any
programmatic assistance. For each assembler a query selecting all the read IDs in the
assembly, using the assembly table, is constructed.

SELECT read bioentry id FROM assembly WHERE run id=1;

In this case run_id 1 is the CLCbio assembly for the digestive gland dataset;
this selects all the reads from that assembly. To identify how many of those also exist
in run_id 2, the Newbler digestive gland assembly, we perform both queries then
select all read bioentry ids that exists.

SELECT COUNT (DISTINCT (read bicentry id)) FROM assembly
WHERE read bioentry id IN (SELECT read bioentry id FROM
assembly WHERE run id=1) AND read biocentry id IN (SELECT
read biocentry id FROM assembly WHERE run id=2)

The use of DISTINCT counts only unique reads as the same read is present in
both selection statements, as the selection of IDs 1s not exclusive. It should be noted
that this could also be done with a self-join of the table, which may be a slightly
better optimised method, though functionally less explicit, i.e.:

SELECT COUNT (assembly.read biocentry id) FROM assembly
INNER JOIN assembly AS self ON
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(assembly.read biocentry id=self.read biocentry id) WHERE
assembly.run id=1 AND self.run id=2

However in both cases the resulting value is the same, the difference in time
is less than a second for the current datasets. Each value for each pair and then all 3
assemblers were calculated and Venn diagram drawn with the 'venneuler' CRAN

library (Wilkinson 2012).
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Chapter 3 | Initial Investigation of Transcripts from D. reticulatum

The very first step in the investigation of D. reticulatum transcripts is the
production of RNA of sufficient quality that complementary DNA (¢cDNA) products
of reverse-transcribed RNA can be produced of sufficient length to be identified as
partial or whole transcripts. Optimizing the RNA extraction and cDNA synthesis was
the initial stage of this project focusing on producing degradation-free RNA and then
good quality cDNA. Figure 7 demonstrates target appearance of both RNA and
cDNA with gel electrophoresis.

After RNA and cDNA quality met acceptable standards, random cloning of
cDNA was conducted. This was done as a proof-of-principle, that the cDNA seen on
gel represented mRNA transcripts found in D. reticulatum. Whilst no sequence data
was available to compare this data to, homology analysis to transcripts expected to
be found in D. reticulatum based on previous biochemical work was considered
acceptable evidence that the cDNA could produce transcript sequence data. This
body of work would serve as evidence that the cDNA and homology analysis of it
would produce relevant and useful data were it to be sequenced using high-
throughput sequencing technology.

When cDNA has been proven to produce transcript sequences that can be
identified through homology analysis, the ¢cDNA can be used to investigate
individual gene transcripts. Both considering sequences found through random
cloning and targeted approaches using degenerate PCR based on homologous
sequences already known. In both cases partial sequences can be extended through
rapid amplification of cDNA ends (RACE). RACE produces complete sequences
from partial ones by using one gene specific primer (GSP) and one cDNA adaptor
primer to polymerise unknown regions of the sequence 5’ and 3’ of the known
region. In combination with degenerate PCR this allows complete transcript
sequences to be generated from cDNA when a homologous sequence is sufficiently

similar for degenerate primers to work.
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Figure 6 : Example Total RNA and cDNA
Image A is an RNA analysis with agarose gel electrophoresis shown in
methods of RNA quality assessment [Promega]
(http://www.promega.co.uk/resources/pubhub/methods-of-rna-quality-
assessment) [Accessed 04/12/13]. Lanes 1 & 3 show intact RNA with no
degradation. Lane 3 shows smearing due to degradation with greater
degradation leading to loss of 28S rRNA band in lane 4. Lane 5 includes
significant gDNA contamination. Image B represents cDNA shown in the
SMART PCR cDNA synthesis kit User Manual [Clontech]. The cDNA here
is second strand cDNA after 15 thermal cycles using human placental total
RNA as the source RNA. These gel electrophoresis images of RNA and
cDNA were used as a comparison to assess visually the quality of cDNA

and RNA by Agarose gel electrophoresis.

A high priority target for degenerate PCR and RACE was Molluscan ion

channels. Many insecticidal compounds, both synthetic and naturally-occurring,

target ion channels associated with neuronal tissue, causing paralysis. Neurotoxic

peptides which block ion channel proteins, isolated from the arthropod venoms, have

been suggested for use as biopesticides, and recombinant proteins based on spider

venom proteins are being developed for their insecticidal activity (King 2007,
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Windley et al. 2012). A similar strategy could be applied to D. reticulatum ion
channels making them an obvious target for the development of new molluscicides.

Conotoxins are neuropeptides extracted from the venom of Conus genus of
snail, where the primary prey of many species is other Mollusca. Some venom
peptides extracted from Conus spp., which have structures related to those found in
spider venom peptides, have been shown to have molluscicidal effects when injected
(Fainzilber et al. 1991). w-conotoxins and k-conotoxins block calcium and potassium
channels respectively, whilst the 6- and pO-conotoxins groups affect sodium voltage-
gated channels (Heinemann and Leipold 2007). The TxVIA conotoxin from Conus
textile was shown to also have insecticidal activity increasing the appeal of conotoxin
biopesticides (Bruce et al. 2011).

Whilst a reasonable amount of sequence information is available for the
model mollusc 4. californica, very little is known with regard to characterisation of
genes in crop pest molluscs. Based on the limited sequencing done, the difference
between sequences of homologous genes in D. reticulatum and A. californica
appears quite large. Characterisation of ion channels through sequencing of encoding
transcripts in a wider range of mollusc species would be of benefit for future work to
evaluate mollusc-specific neurotoxins. The long term benefits of isolated Molluscan
ion channel sequences from target organisms is the potential to carry out in vitro
assays, based on expression of recombinant proteins, to test effects of potential
channel agonists or antagonists. With maintaining organisms being labour-intensive
and difficult in some cases, the availability of an assay to assess feasibility of a
protein before large scale work begins is obviously advantageous. In seeking to
develop molluscicides targeting ion channels which are effective against D.
reticulatum, the first stage is sequencing the ion channel genes in this target

organism.
3.1 Extraction of RNA and cDNA synthesis

3.1.1 Extraction of RNA from D. reticulatum

Different methods for RNA extraction were tried with tissues from D.

reticulatum, in order to identify a method that would give RNA of good quality for
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cDNA synthesis. The large amounts of carbohydrate-rich mucus produced by this
organism proved a major problem in producing RNA for subsequent use. Extracted
RNA was analysed by Agarose gel electrophoresis, followed by staining for total

nucleic acid (see Figure 8). RNA quality was initially assessed based on the presence

4285
—18S

Figure 7 : Gel Electrophoresis of Total RNA with the two main rRNA
subunits
Gel electrophoresis of total RNA extracted with Tri-Reagent from whole
organism tissue of D. reticulatum. The two main bands visible are the 28S and
18S rRNA subunits of the eukaryotic ribosome. Non-rRNAs are not visible due
to relative quantity being significantly lower and size distribution across the gel
greater. The expected signs of RNA degradation having occurred is the loss of
the larger 28s band and a low molecular weight smear forming below the 18s
band.
of both ribosomal bands visible, with no visible smearing which would indicate
degradation. The different methods of RNA extraction were then compared by
synthesising second-strand cDNA with the SMART cDNA synthesis kit and
comparing and assessing cDNA qualities by gel electrophoresis, see Figure 8. The
best quality cDNA was that with a clear banding pattern rather than smearing, where

the distribution of bands was more evenly weighted across all molecular weights.
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Figure 8 : Gel electrophoresis of D. reticulatum cDNA samples
A,B,C represents 3 separate gels each containing 2 lanes, the first a DNA
marker, the second, second-strand cDNA. They have been aligned, based on the
molecular weight marker, as a single image for equivalent size comparison of
cDNA. A) Whole tissue cDNA extracted with Tri-Reagent, B) Neural tissue
c¢DNA extracted with RNeasy Mini-Kit, C) Digestive gland tissue extracted with
RNeasy Mini-kit. A) was an earlier attempt to synthesis cDNA with tri-reagent,
and in general can be considered to poorest quality based on size distribution
and smearing of the lane. Neural tissue is improved with slightly less smearing
and bands at a higher position. Digestive gland is considered the best quality
with large bands at around 2.6Kbp. The cDNA here was over-cycled and lanes
were overloaded to exaggerate the banding pattern for the cDNAs to better

compare them.

Smeared, low molecular weight cDNA was considered inferior and RNA extraction
methods producing this cDNA were discounted. Banding pattern of cDNA is
expected due to the relative differences in transcription of mRNA. Large bands
represent cDNA sizes and likely specific transcripts which are more frequent than
others. Fresh tissue homogenisation with electric pestle produced better cDNA than

grinding frozen tissue in liquid nitrogen; likely due the improved speed, with hand
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grinding being time-intensive due to the size and liquid content of the organism.
Overall, selection of specific tissues and the time taken to process the RNA into first
strand cDNA appeared to be the major factors in final cDNA quality based on gel
electrophoresis assessment. The RNA method with best resulting cDNA was found
to be fresh tissue homogenisation with RNA isolation done with RNeasy Mini Kit
[Qiagen], but this method was only viable for dissected organs. For RNA extraction
from whole organisms, or tissues containing large amounts of mucus, the use of Tri-
Reagent [Sigma] was the only viable method; the viscous nature of extracts from
whole organisms prepared in the absence of strong denaturants like the Tri-Reagent
resulted in the mixture clogging up the RNeasy column based extraction. On the
basis of the relatively poor quality of RNA prepared using the Tri-Reagent method,

the use of dissected organs as a source of RNA for cDNA synthesis was preferred.

3.1.2 Random cloning into pJET2.1 vector

The digestive gland was considered one of the most informative tissues for
investigation, with any potential molluscicides having to pass through the gut. In
addition, it can be regarded as a target for molluscicides in its own right, similar to
the antimetabolic effects resulting from inhibition of protein digestion by protease
inhibitors in insects (Schliiter et al. 2010; P. Pyati et al. 2011). Total RNA extracted
with RNeasy Mini Kit from dissected digestive glands of D. reticulatum was used as
a template for cDNA synthesis, with a SMART cDNA synthesis kit. The resulting
cDNA was size fractionated for sequences >1kb and cloned into the plasmid vector
pJET 1.2 using a CloneJET PCR cloning kit [Thermo Scientific]. Smaller sequences
were removed to try and increase the provision of real transcript sequences as well as
to try and counterbalance the blunt-ended ligation cloning bias as smaller sequences
are more likely to be cloned into vectors than larger ones. Cloning without size
fractionation produced a majority of clones with <100bp insert, which can be too
small for effective homology analysis, particularly if fragment represents a less
conserved region.

Recombinant vectors were transformed into TOP10 cells and plated on LB

agar with carbenicillin (50pg/ml). Plasmids from these clones isolated with Wizard®
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Plus SV Minipreps DNA Purification System and assessed for the presence of an
insert by colony PCR using pJET 1.2 forward and reverse primers, using the vector

alone as a control.

Clone Size Summarised most similar Proteins based on | Expect
BLASTXx search

N17-M7 | 3kb - -
N17-M8 1.7kb | carboxypeptidase, zinc carboxypeptidase A 4e-10
N17-M9 1.8kb | c-type Lectin 4e-10
N17-M15 [ 1.5kb | 3-hydroxy-3-methylglutaryl-CoA reductase le-10
N17-M18 | 1.9kb | Snail soma ferritin 4e-34
N17-M26 | 1.7kb | Snail soma ferritin le-33
N17-M28 | 1.7kb | splicing factor, putative 0.048

N17-M31 | 1.3kb |-
N17-M37 | 1.2kb |-
N17-M38 | 2.3kb | tubulin subunit beta 8e-99
N17-M42 | 2.4kb | cellulase Se-84
N17-M43 | 1.6kb | - -

Table 7: pJET digestive gland sequenced clones and BLAST database
matches

Clones were sequenced and vector sequences were removed and insert

compared to the BLAST NCBI nr database using BLASTx. The resulting
matches were summarised here, matches left blank represent no significant
match to a protein from the NCBI nr database. As cloning increases bias for
smaller pieces of cDNA, clones were chosen based on their size on gel. This

means that they may not be indicative of the prevalent sequences in the

transcriptome, but should better represent what genes are present.
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A selection of clones were screened for inserts using colony PCR. 50 clones
were screened of which 12 plasmids were then selected randomly from those which
had observable size difference to empty vectors (>300bp insert) and sequenced in
both directions (forward and reverse) by using appropriate primers with an Applied
Biosystems 3730 capillary sequencer. The forward and reverse insert sequences were
aligned and the complete insert was compared to the global sequence databases using
BLASTn and BLASTx homology search software programs. Of 12 clones sequenced
and compared, 7 showed sequence similarity to previously characterised sequences
in the database, allowing the function of their encoded proteins to be identified, see
Table 7.

Sequence similarity to genes whose products were expected to be found in a
mollusc digestive gland transcriptome, with the inclusion of several enzymes
including a cellulase homologue, showed strong support for the quality of the cDNA
and its potential to produce significant gene sequences. The sequences described
were subsequently found in the digestive gland pyrosequencing and are discussed
further in the next chapter. The data here was used to check the presence of digestive

gland sequences and validate the cDNA as source of informative gene sequences.

3.2 Characterisation of full-length transcripts; 5' & 3' RACE with Ferritin

Homologue

RACE is technique which uses the same mechanism as cDNA synthesis. 2
sets of first strand cDNAs are produced amplifying 5' and 3' ends of transcripts
respectively. One set uses a 5' primer from the known region of the gene ("gene-
specific primer") and the common 3' ¢cDNA primer used to prime the reverse-
transcription to amplify the 3' end of the gene. The second cDNA uses a 3' primer
from the known gene region in conjunction with a common terminal primer
complementary to the 5' primer used for cDNA synthesis via template-switching.
With this method the full gene sequence can be amplified in two overlapping
fragments, allowing a full sequence of the entire transcript to be assembled.

For the RACE reaction ferritin was chosen, due to previous examples of

ferritin in Mollusca and the potential link with iron phosphate, a molluscicide
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Figure 9 : Gel electrophoresis of RACE PCR products for Ferritin Gene
Gel electrophoresis of PCR and RACE PCR products. Lanes 1 and 2 are PCR
products from control PCR between 5' and 3' Ferritin gene specific primers
(GSP) in the 5' RACE cDNA and 3' RACE cDNA respectively. Lane 3 shows
PCR product from PCR between 5' Ferritin GSP and 3' RACE primer with the
3" RACE ¢DNA as template. Lane 4 shows PCR product between 5' RACE
primer and 3' Ferritin GSP with 5' RACE ¢cDNA as template. Lane 3 has 2 PCR
products