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ABSTRACT

By providing a rapid and cost effective means of generating sequencing
resources for almost any organism, ‘Next generation sequencing
technologies’ (NGS) have great potential to help address numerous gene
and genome level questions in molecular biology. Progress in NGS is
exponentially increasing sequence throughput and large scale studies in
the genomics/transcriptomics of non-model organisms are becoming a
reality. Therefore the main focus of the work presented in this thesis is on
the analysis of the large scale non-model insect datasets generated by
NGS technologies and their potential to develop functional genomics tools

for these species.

Four different NGS datasets from four very different insects the
Greenhouse whitefly (Trialeurodes vaporariorum) the Passionvine butterfly
(Heliconius melopmene), the blowfly (Lucilia sericata) and the Green Dock
beetle (Gastrophysa viridula) were analysed and annotated. Molecular
research in these insects has been hindered in the past due to limited
nucleotide sequence information. Transcriptome data generated by 454
pyrosequencing was used as a starting point to study the genomics of
these ecologically and economically important non-model insect species.
The resulting transcriptomes were annotated for gene families involved in
xenobiotic metabolism, namely the glutathione-S-transferases (GSTs),
cytochrome P450s (P450s) and the carboxylesterases (CCEs). In each case
the number and diversity of gene family members is discussed with those
documented in other insects. In the case of H. melpomone, the
transcriptome data was also used to complement the genomic research by
identifying and validating cytochrome P450 gene models in the recently
sequenced genome. Furthermore, Illumina generated RNA-seq data was

used for SNP characterisation in L. sericata.

Transcriptome sequencing is shown to be a useful and cost effective
technique to enhance the resources available for non-model organisms as

well as for gene discovery in the absence of the reference genomic
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resources. By focusing on genes involved in xenobiotic metabolism this
thesis has isolated numerous candidate genes potentially involved in
important processes such as insecticide resistance (Lucilia and
Trialeurodes) and host plant exploitation (Gastrophysa and Heliconius).
NGS technologies and bioinformatics can thus open up avenues to develop
functional genomics resources for diverse species of interest to ecologists

and evolutionary biologists.
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CHAPTER 1

INTRODUCTION

Next generation sequencing and xenobiotic metabolism

1.1 Next generation sequencing (NGS) technologies

Advances in next generation sequencing (NGS) technologies have
revolutionised molecular biology by opening fascinating opportunities in
genome and genetic research (Ansorge, 2009). This technological boost
has significantly reduced the sequencing cost per nucleotide and
increased throughput many fold (Paszkiewicz and Studholme, 2010). Prior
to the use of NGS, Sanger sequencing methods had been widely used in
automated sequencing. Robust characteristics, long reads and relatively
low error rates made it the method of choice before the advent of NGS
(Metzker, 2010). However one major limitation of the Sanger method was
the requirement of in vivo amplification of the DNA fragment to be
sequenced. This was achieved by cloning it into a bacterial host which was
prone to host specific bias, was labour intensive, time consuming and
expensive (Morozova and Marra, 2008). These issues have been
successfully addressed to varying degrees by all the NGS technologies

currently available.

Here, the automated Sanger method is referred to as the ‘first generation’
technology and the newer methods are known as the ‘next generation’
technologies or simply NGS (Metzker, 2010). NGS consists of several
different technologies each having a distinct set of characteristics which
will be briefly discussed in this chapter. The main commercially available
NGS platforms are: Roche 454 (GS FLX Titanium/GS Junior), [llumina
(Genome Analyzer/HiSeq 2000/MiSeq) and Life Technologies (SOLiD/Ion
Torrent PGM) (Liu et al., 2012).
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1.1.1 Pyrosequencing on the Roche 454

The Roche 454 was the first NGS system to be commercially introduced in
2005. It wuses an alternative sequencing technology known as
pyrosequencing which relies on the detection of pyrophosphate released
during nucleotide incorporation (Liu et al., 2012). It takes advantage of an
in vitro DNA method known as ‘emulsion’ PCR which overcomes the
cloning requirements of Sanger sequencing. When first introduced the
read length was 100-150 bp, and it produced more than 20,000 individual
sequences and generated approximately 20 Mb of output per run (Mardis,
2008). With advancements in sequencing chemistry and the upgrade of
the instrument itself, its overall performance has now significantly
improved. In the latest GS FLX Titanium system the read length can reach

1000 bp with consensus accuracy reaching 99.99% (Roche).

Comparatively longer reads, high accuracy, short run time and high
throughput are the major advantages of the Roche 454 sequencing
platform (Table 1.1). This made it a method of choice for addressing a
broad range of questions in diverse areas of research, clearly
demonstrated by the number of publications (over 2500) in the peer-
reviewed journals (Roche). However a higher cost of operation and
relatively low read accuracy in homopolymer stretches of more than 6 bp
are currently the main limitations of this technology (Rothberg and

Leamon, 2008, Ekblom and Galindo, 2011).

1.1.2 Illumina (Solexa)

The Genome Analyser (GA) was the first short read sequencing platform
commercialised in 2006 by Solexa (acquired by Ilumina in 2007).
Sequencing is based on the ‘sequencing by synthesis’ (SBS), a method that
employs reversible terminators for the four bases, each labelled with
different fluorescent dyes. The amplification of templates from single
molecules is conducted in situ via bridge amplification (Zhang and Jeltsch,
2010). Although it was more effective in sequencing homopolymer

stretches than 454 pyrosequencing, it generated shorter sequence reads
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(Morozova and Marra, 2008). When introduced to the market it generated
around 1Gb data/run in 2-3 days having a read length of around 35 bp
(single end reads). However, in the latest Illumina sequencers
(GA/HiSeq/MiSeq) the read length ranges between 100-250 bp for paired
end reads, generating a maximum output between 7.5Gb-600Gb per run,

depending on the type of sequencer used ([llumina).

Due to its massively parallel sequencing approach and comparatively
lower sequencing cost, it is currently the most widely used platform with
over 5000 cited publications in diverse areas of research ([llumina). The
shorter sequence length is one of the major drawbacks of this technology;
however with the improvement in technology the sequence length has

significantly improved (Table 1.1).

1.1.3 SOLiD (Sequence by Oligo Ligation Detection)

The SOLiD platform was developed in 2007 by Applied Biosystems (later
merged with Invitrogen to form Life Technologies). It is a short read
sequencing platform using chemistry based on ligation. DNA amplification
is based on ‘emulsion’ PCR, similar to 454 sequencing. However DNA
ligase, rather than polymerase, is used for sequencing the amplified
fragments from single molecules (Zhang and Jeltsch, 2010). The initial
read length generated by SOLiD was around 35 bp with an output of 3Gb
per run. The recent upgrade to SOLiD 5500xl has improved its read length
to 85 bp with accuracy of 99.99% and an output of 30Gb per run
(complete run takes around 7 days) (Liu et al.,, 2012). Lower error rate due
to duplicate sequencing of each base pair and generation of large number
of reads are the main advantages of this platform (Table 1.1). However due
to the shorter read length its preferred current application is still re-

sequencing (Ekblom and Galindo, 2011).
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Table 1.1 Comparison of the three leading NGS sequencers with Sanger

sequencer
Features 454 GS FLX HiSeq 2000 SOLiDv4 Sanger 3730x1
Sequencing pyrosequencing sequencing by ligation and dideoxy chain
mechanism synthesis two-base termination
coding
Automated Yes Yes Yes No
library prep
Read length 700 bp 50-150 bp 35-85 bp 400 -900 bp
Accuracy 99.9% 98% (100% 99.94% (raw 100.00%
(consensus paired end) data)
accuracy at 15x
coverage)
Output data/run | 0.7 Gb 600 Gb 120 Gb 1.9-84 Kb
Time/run 24 hours 3-10 days 7 -1l4days 20 mins-3 hours
Instrument price | $500,000 $690,000 $495,000 $95,000
Cost approx $7000 $6000/(30x) $15,000/100 approx $4 per
per run human Gb 800 bp reaction
genome
Cost/million $10 $0.07 $0.13 $2400
bases
Advantage read length, fast high accuracy high quality, long
throughput read length
Disadvantage error rate with short read short read high cost low
polybase more assembly assembly throughput

than 6, high
cost, low

throughput

Source (Roche, Illumina, Liu et al.,, 2012)
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1.1.4 Third generation platforms

A massively parallel approach and modest sequencing cost are the main
features of the NGS platforms currently being used. However due to the
nature of methods used, they are still prone to error and bias (such as
bias introduced by PCR amplification). Although ‘second generation’ NGS
technologies available today have revolutionised DNA analysis, sequencing
technology is evolving rapidly and several new platforms are being
developed. A new generation of single molecule sequencing (SMS)
technologies is emerging (Schadt et al,, 2010). This new approach of
sequencing single DNA molecules is called ‘third generation’ sequencing
technology. The new generation of sequencing technologies will have the
potential to produce longer read length, shorter generation time and lower
overall cost. These include platforms like Single-Molecule Real-Time
(SMRT) Sequencer, HeliScope Single Molecule Sequencer, and the Ion
Personal Genome Machine (lon Torrent PGM) and Nanopore DNA

sequencer (Pareek et al., 2011).

1.2 Applications of NGS technologies

The production of a large number of reads at relatively low cost makes the
NGS platforms (described above) useful for many applications (Metzker,
2010). To date, these technologies have been applied in various aspects of
biological research including de novo sequencing, targeted resequencing,
transcriptome sequencing, gene expression profiling, candidate gene
finding, variant discovery, metagenomics and epigenetics (Morozova and
Marra, 2008). The choice of sequencing platform depends on the type of
questions and the genomic resources available for the study species or its

closely related species (Ekblom and Galindo, 2011) (Table 1.2).
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Table 1.2 Applications and characteristics of Roche 454, Illumina and

Solid sequencing platforms

Technology Pros Cons Biological applications
Roche 454 | longer reads, high reagent cost, whole genome de novo
faster run time high error rates in  sequencing, targeted
homo-polymer resequencing, metagenomics,
repeats, lower transcriptome sequencing,
coverage amplicon sequencing
Illumina massively parallel low multiplexing accurate measure of gene
approach, lower capability of exepression level, gene
sequencing cost, samples, relatively  discovery in metagenomics,
deep coverage, short reads so whole genome sequencing,
low error rate reference genome targeted resequencing, amplicon
desirable sequencing, SNP discovery,
identification of a copy number
variation, chromosomal
rearrangement
ABI/SOLiD | deep coverage, long run times, whole genome re-sequencing,
lower error rate shorter reads so targeted genomic re-sequencing,
due to duplicate reference genome ChiP seq, exome Enrichment
sequencing of is desirable
each base pair

(lumina, Roche, Ekblom and Galindo, 2011)

Recent advances in NGS technologies have revolutionized the field of
genomics, making it possible for even small research groups to generate
large amounts of sequence data rapidly and at a substantially lower cost
(Rothberg and Leamon, 2008). This has opened up the possibility of
generating large scale sequencing data for non-model organisms. Thus
shifting the focus from few laboratory-based studies of model organisms to
natural populations (Gilad et al., 2009). Non-model species research is
undergoing a revolution as experimental protocols for the generation of
large -omic datasets are standardized and the costs are decreasing. As a
result, data is accumulating at a faster rate than we can process.
Therefore the main focus of the work presented in this thesis is on the
analysis of the large scale non-model insect datasets generated by next

generation sequencing technologies. In order to better understand the
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annotation of -omics datasets and to mine them for items of interest, NGS
data has been used to characterise the genes encoding xenobiotic
metabolising enzymes in insects, as an example. Detailed classification of

these gene families is presented in the following section.

1.3 Xenobiotic metabolising enzyme superfamilies

Insects encounter numerous potentially toxic compounds (referred to as
xenobiotics) in their life. These include allelochemicals, produced naturally
by plants and man made insecticides. Exposure to these xenobiotics, pose
a constant challenge for organisms to survive. In order to process these
environmental chemicals, organisms have evolved various detoxification
mechanisms (Misra et al., 2011). Detoxification system consists of three
phases that convert xenobiotics into less harmful substances and
facilitate their excretion (Xu et al, 2005). In ‘phase I’ or the
‘biotransformation step’, various enzymes act to decrease the biological
activity of their substrates by introducing reactive and polar groups.
Cytochrome P450s are the most abundant class of xenobiotic metabolising
enzymes involved in biotransformation (Feyereisen, 1999). Substrates can
be readily excreted after phase I or passed on to the second step of
detoxification. In ‘phase II’ or the ‘conjugation step’, enzymes such as
glutathione-S-transferases (GSTs) and carboxyl/cholinesterases (CCEs)
act on the toxic by-products of phase I. GSTs add bulky side groups onto
these by-products to increase their hydrophilicity, thus facilitating their
excretion. CCEs catalyse the hydrolysis of ester-containing xenobiotics,
leading to their detoxification. Conjugated forms of xenobiotics, in phase
I[II, can then be sequestered or actively exported out of the cell with the
help of transmembrane transporters such as ATP-binding cassette (ABC)

transporters (Misra et al., 2011).

Insects, like all eukaryotes, rely primarily on three superfamilies of
enzymes for detoxification and metabolism of xenobiotic compounds.
These are the glutathione-S-transferases (GSTs), the cytochrome P450s
(P450s) and the carboxylesterases (Ranson et al., 2002).
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1.3.1 Glutathione-S-transferases (GSTSs)

Glutathione-S-transferase superfamily consists of diverse multifunctional
enzymes found ubiquitously in most aerobic eukaryotes and prokaryotes
(Enayati et al., 2005). They play a key role in the detoxification of the
xenobiotic compounds including insecticides and are also involved in
biosynthesis of hormones, protection against oxidative stress and

intracellular transport (Salinas and Wong, 1999).

1.3.1.1 Classification and nomenclature

There are two distant groups of GSTs in most organisms, microsomal and
cytosolic (Che-Mendoza et al., 2009). A third class of GSTs, known as the
‘kappa class’ are found in mammalian mitochondria and peroxisomes
(Lander et al., 2004, Morel et al.,, 2004). No members of this class have
been reported till date in the annotated sequences of insect genomes
(Enayati et al.,, 2005). The cytosolic GSTs are further classified into six
sub-classes - delta, epsilon, omega, theta, zeta and sigma (Low et al.,
2007). The delta and epsilon classes are specific to insects and are the
only GSTs that have been implicated in insecticide resistance (Ranson et
al., 2002, Ding et al., 2003). Names are assigned indicating the species
they were isolated from followed by the GST class. They are also given a
number that may either reflect the genomic organisation or the order of
discovery (Enayati et al.,, 2005). For example, DmGSTd8 is the eighth
member of the Drosophila melanogaster belonging to the delta class of

GSTs.

1.3.1.2 Role of insect GSTs

GSTs play a key role in the detoxification of both endogenous and
xenobiotic compounds either directly or by catalysing the toxic by-
products from biotransformation step (phase I). They are also involved in
intracellular transport, protection against oxidative stress and various
biosynthetic pathways (Wilce and Parker, 1994). The wide range of
functions performed by GSTs is supported by the extensive nature of the
GST gene superfamily and broad substrate specificity of individual

enzymes (Ortelli et al.,, 2003). Interest in insect GSTs is primarily focused
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on their role in detoxifying xenobiotics (insecticides and plant
allelochemicals) and more recently on their role in mediating oxidative

stress response (Enayati et al., 2005).

GSTs can metabolise insecticides by conjugating the electrophilic
compounds with the thiol group of reduced glutathione, or by facilitating
the dehydrochlorination reaction using the reduced glutathione as a
cofactor instead of conjugate (Clark and Shamaan, 1984). Resistance to at
least four classes of insecticides is linked to enhanced GST activity either
due to gene amplification or more commonly through increase in
transcriptional rate (Ranson and Hemingway, 2004). GST based resistance
was first identified in organophosphate (OP) resistance. Resistance due to
increase in GSTs has now been implicated in OP resistance in many insect
species (Hemingway et al., 2004). The dehydrochlorination reaction
catalysed by GST is an important mechanism for DDT detoxification. This
is thought to be the most common mechanism for DDT resistance in
Aedes aegypti (Grant et al., 1991) and Anopheles gambiae (Prapanthadara
et al., 1993). In Insects, GSTs have also been involved in pyrethroid
resistance. However they are not implicated in direct pyrethroid
metabolism, instead protect against pyrethroid toxicity by sequestering

the insecticide (Kostaropoulos et al., 2001).

1.3.2 Cytochrome P450s

The cytochrome P450s are one of the largest and most ancient category of
enzymes comprising a superfamily of heme-thiolate proteins, sometimes
referred to as mixed function oxidases or monooxygenases (Alzahrani,
2009). They consist of a diverse class of enzymes, found in virtually all
organisms. In insects they are involved in metabolism of xenobiotics,
pheromone metabolism, synthesis and degradation of juvenile hormones
and ecdysteroids (Feyereisen, 1999). Furthermore, in herbivorous insects

they can also detoxify toxic plant allelochemicals (Li et al., 2010).
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1.3.2.1 Classification and nomenclature

P450s derive their name from their absorbance peak at 450 nm in the
optical spectrum of the carbon monoxide bound reduced form of the
enzyme (Feyereisen, 2006). Both mitochondrial and microsomal P450
systems have been described in insects. Mitochondrial P450s are more
closely related to the primitive prokaryotic P450s. P450 in the
mitochondria use NAD(P)H-ferredoxin reductase and ferredoxin whereas
the microsomal P450s interact directly with NADPH-P450 reductase
(Alzahrani, 2009). Analysis of the available insect CYP genes indicate that
they fall into four major clades — CYP2, CYP3, CYP4 and mitochondrial
clades (Feyereisen, 2000).

The nomenclature originally introduced by Nebert (Nebert and Gonzalez,
1987) designates all gene members of the P450 superfamily with a ‘CYP’
prefix followed by a number for the family, letter for the subfamily and a
number for the individual gene (e.g. CYP-6-G-1). All members of the family
share >40% identity at the amino acid sequence level and members of
subfamily share >55% identity (Feyereisen, 1999). Genes are described in
italics (e.g. CYP6GI) whereas gene products, mRNA and enzymes are in

capitals (e.g. CYP6G1).

1.3.2.2 Role of insect P450s

Each insect genome contains about 100 or so P450 genes, all evolved from
a common ancestor and each coding for a different P450 enzyme (Scott,
2008). Insect P450s have wide range of important functional roles which
can be divided into two main categories — metabolism of endogenous
compounds (including signal molecules involved in growth, development
and feeding) and protection against xenobiotics (including resistance to
pesticides and tolerance to plant toxins). Regarding the first category, it is
well known that insect P450s are involved in biosynthetic pathways of
ecdysteroids and juvenile hormones, which are important in insect
growth, development, and reproduction (Tijet et al., 2001). For example,
the Drosophila Halloween genes — Phantom (phm, CYP314A1), Disembodied
(dib, CYP302A1) and Shadow (sad, CYP315A1) are involved in the
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biosynthetic pathway that transforms cholesterol to ecdysone. Another
gene called Shade (shd, CYP314A1) catalyses the final hydroxylation step
that transforms ecdysone into 20E (20-hydroxyecdysone), the primary

insect moulting hormone (Rewitz et al., 2007).

Members of the CYP3 clade of P450s have been implicated in the oxidative
detoxification of furanocoumarins, alkaloids, numerous other plant
secondary metabolites and synthetic insecticides (Snyder and
Glendinning, 1996, Scott, 1999, Mao et al., 2007). Elevated P450 activity
is often linked to insecticide resistance and in most cases the CYP gene
belongs to the CYP6 family. For example CYP6DI is over-produced in
pyrethroid resistant Musca domestica (Kasai et al., 2000) and CYP6AI is
associated with organophosphate resistance (Sabourault et al., 2001,
Andersen et al, 1994). Up regulation of CYP6GI is linked to DDT

resistance in Drosophila melanogaster (Daborn et al., 2002).

1.3.3 Carboxyl/Cholinesterases (CCEs)

The carboxyl/cholinesterases (CCE) belong to large superfamily of a/p
hydrolase proteins. CCE family is comprised of functionally diverse
enzymes that hydrolyse carboxylic esters to their component alcohol and
acids (Tsubota and Shiotsuki, 2010). Similar to P450s, CCEs can function
broadly in xenobiotic detoxification. CCE based resistance has been
reported in several veterinary, medical and agriculture insect pests

(Hemingway and Karunaratne, 1998).

1.3.3.1 Classification and nomenclature

Due to the overlapping substrate specificity, classification of these
enzymes is difficult (Heymann, 1980). Various studies use different
classification criteria to classify the same enzymes. According to
classification by Aldridge (Aldridge, 1953), esterases inhibited by paraoxon
in a progressive and temperature-dependent manner are called B
esterases and those not inhibited are A esterases. Another method
classifies CCEs into 3 classes and 13 major clades (Ranson et al., 2002,

Oakeshott et al., 2005). These classes Dbroadly represent
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dietary/detoxification, hormone/semiochemical processing and

neuro/developmental functions.

There are thousands of ester-containing molecules within insect tissues,
making it difficult to identify the native substrate of any particular CCE
thus only a few CCEs are named based on their substrate (e.g.
acetylcholinesterase = and juvenile hormone esterase). Different
nomenclatures have been adopted to describe these enzymes in different
species or in closely related species (Aldridge, 1953, Ranson et al., 2002,
Satoh and Hosokawa, 2006). Despite several efforts to develop an
improved system for the nomenclature and classification, a universal

standard is yet to be defined (Montella et al., 2012).

1.3.3.2 Role of insect CCEs

CCEs play important role in xenobiotic detoxification and pheromone
degradation, neurogenesis and regulating development. Although, the
endogenous role of most insect CCEs is unknown, high levels of activity in
insect midguts suggest their role in digestion or xenobiotic detoxification
(Campbell et al., 2003). Up-regulation of several CCEs in lepidopteran
larvae exposed to bacterial infection suggests a role in innate immunity
(Shiotsuki and Kato, 1999, Zhu et al., 2003). On the other hand insect
CCEs with well-known functions include acetylcholinesterase (AChE) and

juvenile hormone esterase (JHE) (Montella et al., 2012).

In insect species, CCEs contribute to insecticide degradation and are
involved in insecticide resistance. According to Peiris and Hemingway
(Peiris and Hemingway, 1993), it is the primary mechanism for
organophosphate (OP) resistance and secondary mechanism for
carbamate resistance. However, pyrethroid resistance is also conferred in
some other insect species (Devonshire and Moores, 1982). CCEs impart
resistance through gene amplification, up-regulation and coding sequence
mutation. For example, two separate gene mutations were found to be
responsible for diazinon and malathion OP resistance in Musca domestica

(Taskin et al., 2004). Sibling species Lucilia cuprina and Lucilia serciata
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have also been found to be polymorphic for these mutations, two single
nucleotide changes in aE7 gene encoding esterase 3 (E3) confer the two
forms of OP resistance. Point mutation G137D is associated with diazinon
resistance whereas mutation W251L is associated with malathion
resistance (Hartley et al., 2006). On the other hand overexpression of CCE,
caused by increased copy number within genome, in Myzus persicae has
been shown to contribute to resistance. Gene amplification in E4 of M.
persicae imparts resistance by sequestration of the OP substrates

(Devonshire, 1998).

Xenobiotic metabolising enzyme superfamilies appear to be rapidly
evolving and representatives of these three families are generally quite
numerous within each insect species. However surprising diversity can be
seen in the representation of these three families in the annotated insect
genomes that have been published to date (Adams et al., 2000, Holt et al.,
2002, Consortium, 2006, Nene et al.,, 2007, Oakeshott et al., 2010,
Consortium, 2010) (Table 1.3)

Table 1.3 Number of annotated glutathione-S-transferases (GSTs),
cytochrome P450s (P450s) and carboxyl/cholinesterases (CCEs) in the

insect genomes

GSTs P450s CCEs
Drosophila melanogsater 37 85 35
Anopheles gambiae 28 106 51
Aedes aegypti 27 164 54
Apis mellifera 8 46 24
Nasonia vitripennis 19 92 41
Acyrthosiphon pisum 20 83 29
Tribolium castaneum 35 131 49
Bombyx Mort 23 86 69

Data taken from (Adams et al., 2000, Holt et al., 2002, Consortium, 2006, Oakeshott et al., 2010,
Ramsey et al., 2010, Tsubota and Shiotsuki, 2010)

With an increasing number and diversity of insect genome sequences

becoming available, the diversity of these three enzyme families can be
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better appreciated and their evolution in insects can be further
understood. The availability of sequencing information from a wide range
of insects may reveal more functions of these large superfamilies, which in
turn can allow better classification and nomenclature of CCE genes within
the main insect clades. Furthermore, on going sequencing projects can
improve our understanding of these enzyme families and their importance

in the adaptation of insects to new ecological niches.

However in the case of non-model species it is not feasible to invest
heavily in genome sequence resource for every species or natural
population (Bouck and Vision, 2007). Instead, transcriptome data can be
used as starting point for deducing coding sequences and function of
genes that have not been previously isolated or sequenced (Sims et al.,
2004). Up until now, 454 technology has dominated next generation
application in transcriptomics of non-model organisms (Morozova and
Marra, 2008). Due to the longer read length compared to that produced by
other NGS techniques, sequence reads generated by 454 can be effectively
used for de novo analysis, including assembly of transcriptomes (Morozova
et al., 2009). Thus, transcriptome data obtained by 454 pyrosequencing
has been used for building genomic reference and for manual curation of

the above mentioned gene superfamiles in the present study.
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1.4 Thesis overview

The primary aim of the work described in this thesis was the analysis of
large scale non-model insect datasets generated by next generation
sequencing technology in order to better understand how to mine the
datasets for specific research queries. The first objective was the discovery
and annotation of the three gene superfamilies responsible for the
xenobiotic metabolism in insects. The second objective was single
nucleotide polymorphism (SNP) discovery for population genetics studies
using a Lucilia sericata dataset. The third and final objective was to come
up with a strategy to separate mixed sequences from insect and
microorganisms, which sometimes cause problems, when the insects are

obtained from the field.

Specifically, the objective of Chapter 2 was to utilise the Trialeurodes
vaporariorum transcriptome data, generated by 454 pyrosequencing, to
identify and annotate enzymes involved in xenobiotic metabolism. And to
further identify trancripts with potential role in conferring insecticide
resistance in this species. The cDNA libraries were constructed by Yannick
Pauchet. Paul Wilkinson conducted the transcriptome assembly. I
manually curated the P450s, GSTs and CCEs with Nikos Karatoloas.
David Nelson named the manually curated P450s. The data generated
forms part of the paper published in the journal BMC Genomics (Karatolos

etal., 2011)

The aim of Chapter 3 was to identify all the CYP sequences found in the
genome and transcriptome of Heliconius melpomene. The results of the H.
melpomene genome wide analysis of the cytochrome P450s is reported in
this chapter. Paul Wilkinson assembled the 454 sequenced reads. I
manually curated the H. melpomene transcriptome and validated the P450
gene models. Robert Jones manually curated the H. melpomene genome
scaffolds and further helped with the CYP4 gene model validation. David
Nelson named the manually curated P450s. This analysis was carried out

for the H. melpomene genome consortium (Consortium, 2012).
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The main objective of Chapter 4 was to improve the -omics resource
available for Lucilia sericata. 454 pyrosequencing technology was used to
generate a reliable transcriptome reference for L. sericata which was
utilised to identify gene families associated with detoxification. The second
objective was to carry out SNP analysis using Illumina RNA-seq data
generated for the UK population. Yannick Pauchet generated the cDNA
libraries and Konrad Paszkiewicz conducted the preprocessing of the
[Nlumina data. I conducted the 454 transcriptome assembly, Blast2GO
analysis, manual curation of the enzymes families and SNP discovery.

David Nelson named the manually curated P450s.

The objective of Chapter 5 was to survey the 454 transcriptomic data from
five beetle species (Gastrophysa viridula, Chyrsomela tremulae,
Leptinotarsa decemlineata, Sitophilus oryzae and Callosobrunchus
maculatus) for associated microorganisms. The second objective was to
come up with a strategy to separate the sequences of the host and the
associated microorganisms. cDNA libraries for the five beetle datasets
were generated by Yannick Pauchet. Paul Wilkinson conducted the
preliminary assembly. I conducted the survey, separated the mixed

sequences, conducted re-assemblies and Blast2GO analysis.
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CHAPTER 2

Identifying putative xenobiotic metabolising enzyme superfamilies in

the Trialeurodes vaporariorum transcriptome

2.1 INTRODUCTION

Whiteflies are small phloem-feeding insects belonging to the family
Aleyrodidae of the order Hemiptera. Around 1500 species are found
worldwide, including major pests of many agricultural crops (Chougule
and Bonning, 2012). Whiteflies feed on the nutrients essential for plant
growth and development, thus affecting the physiology, development,
biochemistry and anatomy of the infected plant (Henneberry et al., 2000).
Some species are known to transmit viruses causing damaging plant
diseases (Brown and Czosnek, 2002). Only whiteflies in the Trialeurodes
and Bemisia genera are virus vectors (Wisler and Duffus, 2001). The most
damaging  species are the  Greenhouse  whitefly, Trialeurodes
vaporariorum (Westwood), and the Cotton, Sweet-potato or Tobacco
whitefly, Bemisia tabaci (Gennadius) (Faria and Wraight, 2001, Oliveira et
al., 2001).

Trialeurodes vaporariorum, also known as the ‘Glasshouse’ or the
‘Greenhouse whitefly’ is a common sap-feeding pest found in the
temperate regions. Although widely distributed in Europe, in UK and
northern European countries it is primarily found in crops grown in
greenhouses (Martin et al., 2000). It is broadly polyphagous and is a major
pest of ornamental and edible crops (Bredsgaard and Albajes, 1999). All
life stages, except egg, can cause damage to plants by direct feeding on
leaves and inducing physiological disorders (Wardlow et al.,, 1976). They
can also affect the host by excretion of ‘honeydew’ (excreted sugars) which
prevents leaves from functioning properly, and encourages sooty moulds
(Gorman et al., 2007). Heavy infestation can lead to leaf necrosis, stunted
growth and induce physiological disorders (Byrne et al., 1990). T.
vaporariorum is known to transmit a handful of plant viruses belonging to

the genus Crinivirus. These include disease causing plant viruses such as
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Tomato infectious chlorosis virus (TICV), Tomato chlorosis virus (ToCV),
Strawberry pallidosis associated virus (SPaV) and Beet pseudo-yellows

virus (BPYV) (Wintermantel, 2004, Jones, 2003).

In recent years the Greenhouse whitefly has developed resistance against
several classes of insecticides used in whitefly control, such as
neonicotinoids (Karatolos et al., 2010). Mechanisms of insecticide
resistance include mutation within the target site of the insecticide or an
alteration in the rate of detoxification of the toxic compounds. The latter
involves enhanced metabolism or sequestration of insecticides by three
enzymes superfamilies - cytochrome P450 (P450s), glutathione-S-
transferases (GSTs) and carboxyl/cholinesterases (CCEs) (Ranson et al.,

2002).

Although T. vaporariorum is an economically important pest, it had limited
genomic resources available. Prior to this study only 43 nucleotide
sequences were publically available. On the other hand, much of the
genomic work is focused on B. tabaci with significant amount of
sequencing data and an ongoing genome project (Leshkowitz et al., 2006).
Identifying and characterising the diverse genes encoding the
detoxification enzymes cannot be achieved by traditional methods and
requires significant amount of sequencing data. The most cost effective
method to gain access to the sequencing information of an organism is by
utilising next generation sequencing technologies, such as 454
pyrosequencing. Transcriptome sequencing is a desirable alternative to
engage in the genomics of organisms that lack a fully sequenced genome

(Morozova and Marra, 2008).

The current study utilises the 7. vaporariorum transcriptome data
generated by 454 pyrosequencing. The main objective of this chapter was
to identify and annotate enzymes involved in xenobiotic metabolism in T.
vaporariorum. Trancripts encoding the three enzymes superfamilies
(P450s, GSTs and CCEs) were identified from the transcriptomic data. The

second objective was to identify transcripts that have potential role in
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conferring insecticide resistance in this species. These candidates would
further facilitate the research involving the characterisation of molecular
mechanism underlying insecticide resistance in T. vaporariorum. The data
generated forms part of the paper published in the journal BMC genomics

(Karatolos et al., 2011)
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2.2 METHODOLOGY

2.2.1 Libraries and sequencing

In order to identify as many genes encoding detoxification as possible and
to generate a reliable transcriptome reference, two different strains of T.
vaporariorum were used to generate cDNA libraries. One was insecticide
resistant strain (TV6) obtained from Turkey and the other was insecticide
susceptible strain (TV1). Two separate cDNA libraries were prepared from
adults of TV1 strain and TV6 strain. Enriched, full length cDNAs were
generated from 2ug RNA using SMART PCR cDNA synthesis kit (BD
Clonetech). PrimeScript reverse transcription enzyme (Takara) was used to
perform reverse transcription. In order to reduce over abundant
transcripts, the double stranded cDNA was further normalised using the
Trimmer cDNA normalisation kit (Evrogen). The two cDNA libraries were
tagged prior to 454 pyrosequencing using molecular barcodes (Multiplex
identifiers, Roche). The tagged and normalised cDNA libraries were 454
sequenced at the Advanced Genomic facility at the University of Liverpool

(Karatolos et al., 2011).

2.2.2 454 transcriptome assembly

The raw reads obtained by 454 pyrosequencing were preprocessed
(removal of Poly-A tails and SMART adaptors) and assembled using our in
house pipeline called est2assembly (Papanicolaou et al., 2009). A pool of
processed reads from both cDNA libraries (TV1 and TV6) were clustered
using the MIRA v2.9.26x3 assembler with the de novo, normal, EST, 454
parameters. Specifying a minimum read length of 40 nt, a minimum
sequence overlap of 40 nt and a minimum percentage overlap identity of

80% (Karatolos et al., 2011).

2.2.3 Manual curation of sequences encoding xenobiotic metabolising
enzyme superfamilies

Sequences encoding cytochrome P450s (P450s), glutathione-S-
transferases (GSTs) and carboxy/cholinesterases (CCEs) were identified
using previously annotated Acyrthosiphon pisum (Pea aphid) P450, GSTs

and CCEs protein sequences. The A. pisum protein sequences were
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checked for the presence of the domain for the corresponding superfamily
using interproscan. Each full length A. pisum reference protein sequence
was used as input for BLAST search against the assembled T.
vaporariorum transcriptome. TBLASTn searches were conducted using
standalone BLAST. To ensure exhaustive search, each contig was further
BLAST searched to obtain the reads corresponding to the particular
contig. All the reads obtained were reassembled using geneious software
(Drummond et al., 2009). The consensus sequence was checked for frame
shifts using NCBI BLASTx. Each contig was manually corrected for any
misassembly, where possible. The final corrected consensus sequence was
translated using EXPASY translate tool. Longest open reading frame was
selected to carry out BLASTp searches to confirm the presence of the
P450s, GSTs and CCEs superfamilies and to check if the sequence has

complete or partial protein domain.

The curated cytochrome P450 sequences were sent to Dr David Nelson
(cytochrome P450 consortium) for further analysis and to assign them
names. In case of GSTs and CCEs classification was done on the basis of

phylogenetic analysis result.

2.2.4 Phylogenetic analysis

Consensus phylogenetic trees were constructed for each superfamily. All
the putative full length and partial protein sequences were further
analysed to classify them into individual gene families/clades. The curated
T. vaporariorum sequences for each superfamily along with the
corresponding reference protein sequences from other insect genome were
aligned. MUSCLE software (Edgar, 2004) was used to perform multiple
sequence alignment. This alignment was manually refined, where
required. For the construction of the phylogenetic tree, the Neighbor-
Joining (NJ) method with bootstrap analysis of 1000 replicates was
applied to the multiple sequence alignment using MEGA 4.0 (Tamura et
al., 2007).
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2.3 RESULTS

2.3.1 454 transcriptome assembly

In total, 1,104,651 reads were obtained by sequencing the two normalised
cDNA libraries. After pre-processing 990,945 high quality reads with an
average length of 362 bp were selected for the assembly. Reads from both
libraries were pooled to generate a single assembly which resulted in
54,748 contigs with an average length of 965 bp (Table 2.1). Figure 2.1
demonstrates the characteristics of the assembled T. vaporariorum 454
contigs and BLASTx alignments against the D. melanogaster uniprot

database.

Table 2.1 Summary statistics for Trialeurodes vaporariorum transcriptome

assembly
Total number of reads 1,104,651
Number of reads after preprocessing 990,945

Average read length after preprocessing | 362 bp

Total number of contigs 54,748
Average contig length 965 bp
Number of bases 52,832,938 bp
Average read coverage per contig 4.34

Percent GC content of contigs 37.77%
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Figure 2.1 Characteristics of assembled Trialeurodes vaporariorum 454
contigs and BLASTx alignments against Drosophila melanogaster. (A, B)
length and coverage of contigs, (C, D) percent identity and deduced amino
acid alignment length for all blast hits against D. melanogaster predicted

proteins.
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2.3.2 Manual curation of =xenobiotic metabolising enzyme
superfamilies
Representatives of all the three enzyme superfamilies (P450s, GSTs and

CCEs) were identified in the T. vaporariorum transcriptome.

2.3.2.1 Putative cytochrome P450 transcripts

Analysis of T. vaporariorum transcriptome identified a total of 123 P450
related contigs. 57 contigs were manually curated and the rest were
excluded as they were found to be either allelic variants of the same P450
gene or contained a large number of sequencing errors. All the curated

sequences were sent to Dr David Nelson (Cytochrome P450 naming
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consortium) to assign them correct names. 54 sequences were named in
accordance with the P450 nomenclature committee convention and three
were assigned partial names (Appendix A Table S2.1). The sequences with
partial names were truncated and contained incomplete P450 domains. 37
P450s were found to represent full length ORFs. Additionally, 20 P450-
related sequences in the T. vaporariorum EST data had incomplete P450
domains. Representatives of all the four major insect clades (clade2, 3, 4
and mitochondrial clade) were found in the T. vaporariorum dataset
(Figure 2.2). The majority of T. vaporariorum P450 sequences belonged to
CYP3 clade (34), followed by those related to the CYP4 clade (13) and 3
and 7 members in CYP2 and mitochondrial clades, respectively (Table

2.2).

Table 2.2 Number of annotated insect cytochrome P450s in the order
Hemiptera and their distribution across different clades in Trialeurodes

vaporariorum, Myzus persicae and Acyrthosiphon pisum

HEMIPTERA
CLADE Acyrthosiphon *Myzus * Trialeurodes
pisum persicae vaporariorum
CYP4 32 48 13
CYP3 33 63 34
CYP2 10 3 3
Mitochondrial CYP 8 1 7
P450 Total 83 115 57

(* numbers based on transcriptome data)

Data taken from the this study and (Ramsey et al., 2010)
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Figure 2.2 Unrooted Neighbour joining tree showing the phylogenetic
analysis of cytochrome P450s (P450s) proteins of Trialeurodes
vaporariorum (Tv) in relation to P450 proteins from Drosophila
melanogaster (Dm), Anopheles gambiae (Ag), Apis mellifera (Am),
Acyrthosiphon pisum (Ap), Myzus persicae (Mp), Bemisia tabaci (Bt) and
Tribolium castaneum (Tc). Bootstrap values next to the nodes represent
the percentage of 1000 replicate trees that preserved the corresponding
clade. Positions containing alignment gaps and missing data were

eliminated with pairwise deletion.
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2.3.2.2 Putative glutathione-S-transferase transcripts

Analysis of T. vaporariorum transcriptome identified a total of 44 GST
related contigs. 17 unique contigs were manually curated of which 13
sequences were found to be full length. The number of putative GSTs
found in T. vaporariorum was comparable to the other sequenced
Hemipterans (A. pisum-20 and M. persicae-20) (Table 2.3). Insects
generally have microsomal GSTs and six different classes of cytosolic
GSTs (Chelvanayagam et al., 2001). These contigs were assigned to
various GST classes by using phylogenetic analysis and closest BLAST
hits in the NCBI nr database (Figure 2.3). The T. wvaporariorum
transcriptome dataset provided evidence for one microsomal GST and 16
cytosolic GSTs in the delta (9), epsilon (1), sigma (5) and zeta (1) classes.
However, it lacked evidence for the omega and zeta classes (Table 2.3). The
majority of the identified GSTs were assigned to the delta class (9). In
other insects, members of this class are known to play a significant role in
insecticide detoxification (Claudianos et al.,, 2006). The number of delta
class GSTs in T. vaporariorum is similar to the number found in A. pisum.
Furthermore, one member each for epsilon and zeta classes was found,
these classes are absent in other sequenced Hemipterans (A. pisum and M.

persicae).
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Table 2.3 Number of annotated insect glutathione-S-transferases in the

order Hemiptera and their distribution across different clades

Trialeurodes vaporariorum, Myzus persicae and Acyrthosiphon pisum

in

HEMIPTERA
CLASS Acyrthosiphon pisum *Myzus * Trialeurodes
persicae vaporariorum
Cytosolic GSTs
Delta 10 8 9
Epsilon 0 0 1
Omega 0 0 (0)
Sigma 6 8 S5
Theta 2 2 0
Zeta 0 0 1
Microsomal 2 2 1
GSTs
GST Total 20 21 17

(* numbers based on transcriptome data)

Data taken from the this study and (Ramsey et al., 2010)
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Figure 2.3 Unrooted Neighbour joining tree showing the phylogenetic
analysis of predicted cytosolic glutathione-S-transferases (GSTs) proteins
of Trialeurodes vaporariorum (Tv) in relation to GST proteins from
Drosophila melanogaster (Dm) and Acyrthosiphon pisum (Ap) (accession
numbers given). Bootstrap values next to the nodes represent the
percentage of 1000 replicate trees that preserved the corresponding clade.
Positions containing alignment gaps and missing data were eliminated

with pairwise deletion.
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2.3.2.3 Putative carboxyl/cholinesterase transcripts

A total of 78 contigs were identified with the CCE protein domain in the T.
vaporariorum transcriptome. 27 unique contigs were manually curated of
which14 sequences were found to be full length. The overall number of
putative CCEs identified was within the range of 22-29 found in other
sequenced insects of the same order (A. pisum-29 and M. persicae-22).

Classification of the putative T. vaporariorum CCEs was based on the
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closest BLAST hits in the NCBI nr database and by phylogenetic analysis.
Carboxyl/cholinesterases (CCEs) can be classified into thirteen clades and
three distinct classes (Ramsey et al., 2007). Nine of these clades were
represented in the T. vaporariorum transcriptome (Figure 2.4, Table 2.4).
CCE clades absent in T. vaporariorum were clade B (alpha esterase), clade
D (integument esterase) and clade F and G (Lepidopteran juvenile
esterase). The majority of the CCEs belonged to the dietary/detoxification
class (12), which includes esterases involved in the detoxification of
insecticides. Compared to the other sequenced Hemipterans, T.
vaporariorum showed a potential expansion in this class (Table 2.4). On
the other hand, there was an apparent contraction in the
hormone/pheromone processing class with reduced number of members
in clade E as compared to the other sequenced Hemipterans. However, it
was difficult to acertain that genes in this clade have been lost from the
genome or was just absent in this dataset. The neuro/development class
had nine members in this class as compared to seven in A. pisum and five
in M. persicae. With the exception of clade J (acetylcholinesterase), all the
other clades of this class are mainly non—catalytic and are involved in cell

interactions (Ramsey et al., 2010).
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Table 2.4 Number of annotated insect carboxyl/choliesterases in the
order Hemiptera and their distribution across different clades in

Trialeurodes vaporariorum, Myzus persicae and Acyrthosiphon pisum

HEMIPTERA
CLASS Acyrthosiphon *Myzus * Trialeurodes
pisum persicae vaporariorum
Dietary class
A clade S S 11
B clade 0 0 0o
C clade 0 0] 1
Hormone/semiochemical

processing
D clade 0 0 (0]
E clade 18 12 6
F clade 0o
G clade (0]

Neuro/developmental

H clade 1 0] 1
I clade 0 1 1
J clade 2 3 2
K clade 1 1 1
L clade 3 0 3
M clade 0 0] 1

CCE Total 29 22 27

(* numbers based on transcriptome data)

Data taken from the this study and (Ramsey et al., 2010)
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Figure 2.4 Unrooted Neighbour joining tree showing the phylogenetic
analysis of predicted carboxyl/cholinesterases (CCEs) proteins of
Trialeurodes vaporariorum (Tv) in relation to CCE proteins from
Acyrthosiphon pisum (Ap), Bemisia tabaci (Bt), Nasonia vitripennis (Nv),
Spodoptera littoralis (Si) and Tribolium castaneum (Tc) (accession numbers
given). Bootstrap values next to the nodes represent the percentage of
1000 replicate trees that preserved the corresponding clade. Positions
containing alignment gaps and missing data were eliminated with pairwise

deletion.
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2.4 DISCUSSION

Herbivore insects can be broadly classified as generalist and specialist,
where specialists feed on a small number of closely related plants species
and generalists consume a variety of plants (Bernays and Graham, 1988).
Trialeurodes vaporariorum falls under the category of generalist as it
forages on a diverse range of plant families. The generalists are exposed to
a wider range of environmental chemicals (Ramsey et al.,, 2010). In order
to protect themselves from the harmful xenobiotics, insects can either
avoid such environments or develop a mechanism for disarming these
toxic compounds. T. vaporariorum and other insect species, rely heavily on
three enzyme superfamilies (P450s, CCEs and GSTs) for metabolising
xenobiotics such as plant secondary metabolites and insecticides.
Annotation of these three enzyme superfamilies in the sequenced insect
genomes shows a large variation (Oakeshott et al, 2010). It has been
hypothesised that organisms that encounter diverse xenobiotic substances
in their environment, tend to have a significantly higher number of P450s,

GSTs and CCEs (Ranson et al., 2002).

Representatives of all the three enzyme superfamilies were found in the
transcriptome of T. vaporariorum. The data suggests that T. vaporariorum
has modest detoxification capabilities. Of the three superfamilies, putative
P450s in particular are lower than the number found in other sequenced
Hemipterans. In contrast, the number of CCEs and GSTs were quite
comparable to other sequenced insects of the same order. Comparative
analysis of T. vaporariorum dataset with other insects of the same order
revealed several putative candidates that could be involved in insecticide
resistance. Furthermore, it highlighted the general and species specific
trends amongst sequenced Hemipterans, namely 7. vaporariorum, A.

pisum and M. persicae.

There is evidence for P450 evolution through tandem duplication.
Duplication of P450s in M. persicae has been associated with insecticide
resistance (Puinean et al,, 2010). Phylogenetic analysis of the T.

vaporariorum dataset revealed species specific duplication events. One of
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the most apparent examples of this is the set of three sequences

(CYP4G59, CYP4G60 and CYP4G61) in the CYP4 clade (Figure 4.2).

Over expression of CYP6M1 and CYP6CY3 contribute to neonicotinoid
insecticide resistance in Hemipterans, B. tabaci and M. persicae (Puinean
et al.,, 2010, Karunker et al., 2008). In T. vaporariorum the closet homolog
to CYP6CM1 was CYP6CM2 and CYP6CM3 with 68% and 67% similarity,
respectively. And CYP6DP1 and CYP6DZ1 had 60% and 59% similarity
to CYP6CY3. Several members of the CYP3 and CYP4 clades, particularly
CYP6, CYP9 and CYP4 families, have been linked with insecticide
resistance. Therefore, CYP6CM2, CYP6CM3, CYP6DP1, CYP6DZ1 and other
members of CYP3 and CYP4 clades identified in this study could be
implicated in imparting insecticide resistance to T. vaporariorum. However,
their potential role in insecticide resistance would require further

investigation.

The number of GSTs identified in the T. vaporariorum dataset was within
the range of GSTs identified in other insects of the same order. The insect
specific GST classes, delta and epsilon are often associated with
detoxification. On the other hand, the sigma class of GSTs is associated
with oxidative stress response. Therefore it is not surprising that in
Hemipterans, highest number of GSTs belong to the delta and sigma
class. The epsilon and =zeta classes had one member each in T.
vaporariorum but these classes were missing in A. pisum and M. persicae.
Absence of these two classes in A. pisum and M. persicae suggests that
these GST classes maybe be absent from all aphids in general. The omega
class was found to be absent in all the sequenced Hemipterans (T.
vaporariorum, A. pisum and M. persicae) which could be true for all
members of this order. The theta class had two members each in A. pisum
and M. persicae but it was absent in T. vaporariorum. However, it is
difficult to acertain whether the lack of a particular GST class in T.
vaporariorum is due to its absence in the current transcriptomic dataset or

these genes have been lost from the genome.

48



In case of the CCEs, the esterases involved in detoxification of xenobiotics
belong to the dietary class. The main difference in the number of CCEs
between sequenced Hemipterans was found to be associated with clade A
of this class and Clade E of hormone/semiochemical processing class. T.
vaporariorum had twice as many CCEs in clade A (11) as compared to A.
pisum and M. persicae which had 5 members each. Phylogenetic analysis
suggests a potential expansion of clade A in T. vaporariorum (Figure 4.4).
One of the putative members of clade A (contig 12282) had high homology
to COE1 gene (accession number ABV45410) of B. tabaci which is found
to be over expressed in strains resistant to organophosphates (Alon et al.,
2008). Another member of the same clade (contig 12863) was identified in
only TV6 library which was constructed using imidacloprid resistant
strain. This could therefore have a potential role in the neonicotinoid
resistance of this strain. Another clade associated with insecticide
resistance is clade J (acetylcholinesterase), members of this clade are
targets for organophosphate and carbamate insecticides (Grafton-Cardwell
et al., 2004). Two putative acetylcholinesterases were identified in this

dataset, which could also have a potential role in insecticide resistance.

2.5 CONCLUSION

Trialeurodes vaporariorum is a major pest of ornamental and edible crops
that has developed resistance against several insecticides. Until recently,
research involving the characterisation of molecular mechanism
underlying insecticide resistance was hampered due to lack of genomic
information. 454 pyrosequencing of the transcriptome generated 54,748
unique contigs which has dramatically improved the sequence information
available for this species. Analysis of the T. vaporariorum transcriptome
has revealed several gene candidates for the biosynthesis and
detoxification of xenobiotics. Potential detoxification genes represented in
this dataset included 17 GSTs, 57 P450s and 27 CCEs. The result
suggests that T. vaporariorum has a wide range of xenobiotic metabolising
enzymes in the same classes as other sequenced Hemipterans, but with

distinct changes in the population of each clade/class. This suggests that
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these three superfamilies expand independent of the clade/class and
depend on the substrate specificity required to cope with a new xenobiotic
stress. Comparison with the other members of this order shows that the
dataset represent nearly complete collection of such genes from the three
superfamilies. The elucidation of the function of the various classes and
clades of these superfamilies can provide an important insight into the
ability of T. vaporariorum to respond to environmental changes. The
results also prove that the 454 pyrosequencing of ESTs is a good
technique for gene discovery in the absence of the reference genomic

resource.
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CHAPTER 3

Annotation of the cytochrome P450 gene superfamily in Heliconius

melpomene

3.1 INTRODUCTION

The cytochrome P450s (CYP) are a diverse class of enzymes found
ubiquitously in nature (Alzahrani, 2009). In insects they are found in
almost all tissues and are involved in many important tasks, including
steps in the insect hormone synthesis pathways and the metabolism of
foreign compounds (Scott, 2008). Insect genomes typically contain in the
range of 50 to 150 CYP genes (Feyereisen, 1999). The insects have twice as
many P450s as mammals but only a third of the number found in plants
(Feyereisen, 2006). P450s have been characterised into four major clades,
each containing some CYP families from vertebrate species: CYP2, CYP3,

CYP4 and the mitochondrial clade.

The advent of next generation sequencing technology has made it possible
to sequence genomes rapidly. This has given the opportunity to examine
the genomics of large number of non-model organisms. Ever growing
numbers of genome sequences have made it possible to identify more and
more P450s and a variety of novel characteristics have been revealed. With
the dawn of whole genome sequencing and the establishment of expressed
sequenced tag (EST) libraries it has become possible to identify every CYP
gene in a genome and thus make valid comparisons between species.
Further, the recognition of different CYP clades, coupled with functional
analyses of the enzymes within these clades, has allowed insights to be
made into the evolution of CYP genes and connections to be made with
insect life histories. For example, the honeybee Apis mellifera has a total
CYP complement of just 46 genes, and has a very different distribution of
CYP genes across the different clades than seen in other insects
(Consortium, 2006). For example, A. mellifera is particularly depauperate
in clade 4 CYPs, having only four sequences. Because many clade 4

enzymes are implicated in environmental response and the detoxification
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of xenobiotics, this finding offers one explanation for the susceptibility of

honeybees to pesticides (Claudianos et al., 2006).

The CYP2 and mitochondrial clades contain conserved genes involved in
essential physiological functions, such as the Halloween genes that
mediate synthesis of the moulting hormone 20-hydroxyecdysone (Rewitz et
al.,, 2006), as well as rapidly evolving P450s that have broader substrate
specificities and are implicated in the metabolism of xenobiotics. The most
conserved CYP genes are in clade 2, whose members encode enzymes with
essential physiological roles such as Phantom (CYPI18AI), a Halloween
gene that encodes a 25-hydroxylase which functions in the metabolic
pathway leading to synthesis of the insect moulting hormone 20-
hydroxyecdysone (Rewitz et al., 2007, Feyereisen, 2006). The number of

clade 2 CYP genes, however, varies little between insects.

Genes in the CYP3 clan are numerous and are often found in gene
clusters that in some cases appear to be evolutionarily ancient and in
others represent remarkably recent duplication events. While the CYP3
and CYP4 clades include genes that encode enzymes with important
physiological and developmental roles, their best-characterized members
are associated with resistance to pesticides. For example, CYP6GI has
been implicated in resistance to DDT in Drosophila and overexpression of
CYP6Z1 is associated with pyrtheroid resistance in Anopheles (Daborn et
al., 2002, Nikou et al., 2003). The largest P450 gene set so far documented
is in the mosquito Aedes aegypti (Nene et al., 2007). In this species there
appears to be a large expansion of CYP9 genes, belonging to clade 3,
which has resulted from multiple gene duplication events that have
occurred since the Aedes lineage diverged from that of the malaria vector
Anopheles gambiae (Waterhouse et al., 2008). CYP9 genes can be
differentially induced in the moth Manduca sexta by supplementing diets
with plant allelochemicals and xenobiotics (Stevens et al.,, 2000), and are
constitutively overexpressed in some insecticide-resistant strains of

another Lepidopteran, Helicoverpa armigera (Yang et al., 20006).
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Related CYP enzymes function in the metabolism of plant defensive
compounds encountered in the diets of herbivorous insects, and the
evolution of CYPs has allowed some species to adapt to host plants that
are unavailable to others (Wen et al., 2006). H. melpomene are
monophagous as larvae and individuals of this species are found almost
exclusively on Passiflora menispermifolia (Naisbit, 2001). Consequently, we
may expect that the CYP gene set involved in the metabolism of dietary
toxins will be narrow and specialised. A recent analysis of CYP gene
counts in a generalist and a specialist species of aphid has supported this
hypothesis, with the gene superfamily apparently being at least 40% larger
in the polyphagous Myzus persicae and the greatest expansions being in
clade 3 (Nene et al., 2007). However, H. melpomene are not digestively
restricted and grow equally well on several different species of Passiflora
(Smiley, 1978). This suggests that the choice of a single host plant is not
associated with a lack of detoxification genes and an inability to digest the
defensive chemicals of different Passiflora but likely results from ecological
factors such as differential ant predation or competition from other

Heliconius species.

The genome of the H. melpomene butterfly was sequenced recently (The
Heliconius Genome Consortium, 2012). The current study was part of the
analysis carried out for the H. melpomene genome consortium. The main
aim of this project was to identify all the CYP sequences found in the
genome and transcriptome of H. melpomene. The annotated CYP genes
were classified into different clades and their number compared to the
validated cytochrome P450s found in other insect genomes. The results of
the H. melpomene genome wide analysis of the cytochrome P450s are

reported in this chapter.
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3.2 METHODOLOGY

3.2.1 454 transcriptome assembly

For the assembly, all available Heliconius melpomene transcriptome data
for wing disc and midgut (accession numbers SRX005618, SRX005617
and SRX058058) was assembled with the 6,010 publicly available H.
melpomene ESTs on NCBI. The assembly was performed using Roche
Newbler software version 2.5pl (454 Life Sciences, Branford, Conneticut,
USA) from the command line with the -cdna flag, and SMART Ila adaptor
was trimmed from the raw 454 data using the -vt option. Assembly was
conducted on a 64-bit UNIX server (running on Debian OS) with 96GB
RAM.

3.2.2 Identification of CYPs in the genome

Putative P450 sequences from H. melpomene were curated from the
assembled 454 transcriptomic sequences and genomic scaffolds, using
Bombyx mori P450 protein sequences as a reference. The reference protein
sequences for the gene superfamily were obtained from NCBI protein
database. All the reference sequences were checked for P450 conserved
domain using interproscan (Zdobnov and Apweiler 2001) prior to using
them for BLAST searches (Altschul et al., 1990). The genome sequences
were obtained from the Heliconius genome project website

(http:/ /www.butterflygenome.org/). TBLASTn searches were conducted

using the H. melpomene genome scaffolds as the query sequence and B.
mori P450 sequences as reference. Having identified the location of each
CYP gene in the H. melpomene scaffolds, putative gene sequences were
extracted and used in BLAST search to find the closest match in the NCBI
database. The best- match alignment was used to inform manual

annotation of each gene in Artemis (Rutherford et al., 2000).

3.2.3 Identification of CYPs in the transcriptome

454 transcriptomic sequences, encoding P450s, were identified using
previously annotated B. mori P450 protein sequences. Each of the B. mort
reference sequence was used as input for BLAST search against the

assembled H. melpomene transcriptome. TBLASTn searches were
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conducted using standalone BLAST. To ensure exhaustive search, each
contig was further BLAST searched to obtain the reads corresponding to
the particular contig. All the reads obtained were reassembled using
geneious software (Drummond et al., 2009). The consensus sequence was
checked for frame shifts using NCBI BLASTx. Each contig was manually
corrected for any misassembly. The final corrected consensus sequence
was translated using EXPASY translate tool (Gasteiger et al., 2003). The
longest open reading frame was selected to carry out BLASTp searches to
confirm the presence of the P450 gene superfamily and to check if the

sequence has complete or partial protein domain.

3.2.4 Validation of gene models
The MAKER pipeline (Cantarel et al., 2008) generated gene models
(obtained from the  Heliconius genome  project website -

http:/ /www.butterflygenome.org/), corresponding to CYP genes, were

validated using the manually annotated P450 sequences. All the curated
sequences from the genome and transcriptome were imported into the
Apollo genome annotation and viewer tool (Lewis et al., 2002) to help in
the validation and refinement of the gene models. The MAKER predicted
gene models were manually verified and edited to correct errors in it. The
intron splice-sites were determined using the canonical GT/AG rule and
using the matching EST sequences when available. The peptide sequences
of the validated gene models where send to Dr David Nelson (cytochrome

P450 consortium) for further analysis and assigning names.
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3.2.5 Phylogenetic analysis

To get a better insight into the evolution and duplication of the different
P450 gene families, phylogenetic analysis was carried out. The curated H.
melpomene sequences along with the reference protein sequences from
other insect genome were aligned. MUSCLE software (Edgar, 2004) was
used to perform multiple sequence alignment (MSA). This alignment was
manually refined, where required. For the construction of the phylogenetic
tree, the Neighbor-Joining (NJ) method (JTT matrix with different rates
among sites, gamma parameter = 1.0, bootstrap test = 1000 replicates)

was applied to the MSA using MEGA 5 (Tamura et al,. 2007).
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3.3 RESULTS

3.3.1 454 transcriptome assembly

The 454 transcriptome assembly had 13,422 isogroups, 36,363 isotigs
(with an NS5O of 2370bp) and 44,327 contigs (with an N50 of 1370bp),
where ‘isogroups’ are defined as transcripts, ‘isotigs’ are splice variants
and ‘contigs’ are separate exons. The current assembly of the Heliconius
melpomene genome (draft genome assembly Version 1 as of 5 July 2012)
encodes 100 predicted P450s including one pseudogene (Appendix B
TableS3.1). The majority of these sequences belonged to CYP3 clade (43),
followed by CYP4 (39) and nine genes each in CYP2 and mitochondrial
clades. Distribution of these genes in different clades spread across fifty
three scaffolds. Thirty seven of the predicted genes had EST support
available (Appendix B TableS3.2). The EST collection consisted of
Heliconius melpomene transcriptome data for wing disc, midgut and
publicly available H. melpomene ESTs on NCBI. The overall CYP gene
count in the genome of H. melpomene was consistent with the other fully
sequences genomes. However, there were variations in the distribution of
the CYP genes into different gene families and subfamilies within each
clade. The difference can be explained largely by the CYP3 and CYP4
clade. The frequency distribution of H. melpomene CYP genes into the four
clades closely matched those in Bombyx mori and the Dipterans

Drosophila melanogaster and Anopheles gambiae (Table 3.1).
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Table 3.1 Number of validated cytochrome P450s in the insect genomes

and their distribution across the P450 clades.

Order Diptera Hymenoptera Hemiptera Coleoptera Lepidoptera
CLADE Drosophila Anopheles  Aedes Apis Nasonia Acyrthosiphon | Tribolium | Bombyx Heliconius
melanogaster ~ gambiae aegypti | mellifera vitripennis pisum castaneum morti melpomene
CYP2 6 10 11 8 7 10 8 7 9
CYP3 36 42 84 28 48 33 70 30 43
CYP4 32 45 59 4 30 32 44 36 39
Mito 11 9 10 6 7 8 9 11 9
P450 Total 85 106 164 46 92 83 131 84 100

*Data taken from Adams et al. (2000), Holt et al. (2002), Bin et al. (2005), Claudianos et al. (2006),
Strode et al. (2008), T.G.S. Consortium (2008), Ramsey et al. (2010), Oakeshott et al. (2010) and
Junwen et al. (2011).

3.3.2 Distribution of CYP genes in H. melpomene

3.3.2.1 CYP2 and the mitochondrial clade

The distribution of the CYP genes in the CYP2 or mitochondrial clades,
was consistent with that found in other insect genomes (Table 3.1). The
gene count of these two clades is within the range of 6-11 found for most
of these clades in the other species. H. melpomene has nine members of
CYP2 clades which were further distributed into gene families - CYP15,
CYP18, CYP303, CYP306 and CYP307 — which had one gene each whereas
CYP304 and CYP305 gene families had two genes each. Lowest numbers
of CYP2 genes are found in Drosophila (6) and highest in Aedes aegyptii
(11). The mitochondrial clade also had nine members — eight genes and a
single pseudogene. Largest family was CYP333 containing three genes and
one pseudogene (Figure 3.1). The largest number of genes in the
mitochondrial clade are found in Drosophila (11) and lowest number found

in Apis mellifera ().

3.3.2.2 CYP3 and CYP4 clades
The variation in gene number can be explained largely by the CYP3 and
CYP4 clades. The CYP3 clade has been found to be most variable among

insect genomes. The majority of the Heliconius P450 genes belonged to the
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CYP3 clade (43). The highest number belonged to CYP6 family (23) closely
followed by CYP9 (7). In the CYP6 family the CYP6AB subfamily had the
largest number of genes (9). The largest P450 gene set so far documented
is in the mosquito Aedes aegyptii (Nene et al., 2007). In this species there
appears to be a large expansion of CYP9 genes, belonging to clade 3,
which has resulted from multiple gene duplication events that have
occurred since the Aedes lineage diverged from that of the malarial vector
A. gambiae (Waterhouse et al., 2008). The lowest numbers of CYP3 genes
are found in Apis mellifera (28). Largest member of CYP4 clade are found
in the order Diptera — Aedes aegypti (59) and Anopheles gambiae (45) and
the lowest number found in the order Hymenoptera — Apis mellifera with
only four members found. In H. melpomene CYP4 clade, the largest family

was CYP4 (15) followed by CYP340 (9).
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Figure 3.1 Distribution of Heliconius melpomene cytochrome P450s into
the four clades — CYP2, CYP3, CYP4 and Mitochondrial clade. The four
clades are further divided into families, subfamilies and isoforms,
including pseudogenes. The table represents the number of CYP genes in
each subfamily. The pie chart shows the distribution of CYP genes into

different families in each clade.
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3.3.3 Putative candidates for cyanogenesis

Figure 3.2 represents a bootstrap tree that contains representative full
length P450s from Drosophila melanogaster, Anopheles gambiae, Apis
mellifera, Tribolium castaneum, Zygaena filipendulae, Helicoverpa
armigera, Manduca sexta, and Bombyx mori along with 100 P450s from
Heliconius melpomene. The four insect CYP clades are coloured - CYP3
(red), CYP4 (green), CYP2 (pink) and the mitochondrial clade (blue). All H.
melpomene sequences are shown as bold and the P450s found in clusters
on the scaffolds are highlighted. Phylogenetic analysis of protein
sequences identified H. melpomene CYP3 and CYP4 sequences that have
potential orthologies with enzymes with roles in biosynthesis of
cyanogenic defense compounds in Z. filipendulae (marked as asterisk in
Figure 3.2). CYP332A3 of Z. filipendulae shows close orthology with
CYP332A1 of H. melpomene with bootstrap support of 100% (Figure 3.3a).
CYP332A clusters in CYP3 insect clade which contained P450s generally
involved in xenobiotic metabolism. CYP332A4 and CYP332AS5 in M. sexta
are highly expressed in the midgut and putative common function is more
likely to be in the detoxification of xenobiotics. CYP332A3 of Z. filipendulae
and CYP332A1 of H. melpomene clustered with other CYP332A found only
in Lepidoptera species (Jensen et al., 2011) however, they formed a
separate node, which indicates it has been recruited from the orthologous
CYP332A into the cyanogenic pathways. The other P450 involved in
cyanogenesis belongs to CYP405A subfamily of CYP4 clade. In Z.
filipendulae it is represented by CYP405A2. Three member of CYP405A
subfamily (CYP405A4, CYP405A5 and CYP405A6) were found in H.
melpomene (Figure 3.3b). These three CYP405As clustered with the Z.
filipendulae CYP405As with bootstrap support of more than 90%.
CYP332A1, CYP405A4, CYP405AS5 and CYP405A6 thus represent the best

putative candidates for cyanogenesis in H. melpomene.
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Figure 3.2 Unrooted Neighbour joining tree showing the phylogenetic
analysis of cytochrome P450s (CYP) proteins of Heliconius melpomene
(shown in bold) in relation to CYP proteins from Drosophila melanogaster
(Dm), Anopheles gambiae (Ag), Apis mellifera (Am), Tribolium castaneum
(Tc), Zygaena filipendulae (Zf), Helicoverpa armigera (Ha), Manduca sexta
(Ms) and Bombyx mori (Bm). Distance bootstrap values of >70% (1000
replicates) are indicated at the corresponding nodes. The four insect CYP

clades are coloured distinctively - CYP3 (red), CYP4 (green), CYP2 (pink)

and mitochondrial clade (blue). H. melpomene P450s that are found in

clusters on the scaffolds have been highlighted. The position of putative

candidates for cyanogenesis, are marked with an asterisk.
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Figure 3.3 Sub tree showing the putative cytochrome P450 candidates for
cyanogenesis in Heliconius melpomene (shown in bold), (a) putative
candidate from CYP332A subfamily and (b) putative candidates from
Cyp405A subfamily. The position of putative candidates is marked with an

asterisk.
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3.3.4 OR P450 gene cluster

Interestingly, two CYP genes were also found amongst a cluster of
olfactory receptor (OR) genes (Figure 3.4). The CYP genes situated
alongside the OR genes of H. melpomene (CYP3336B1 and CYP3336B2)
were predicted to encode clade 4 enzymes. Due to the proximity of these
genes to OR genes, the potential role of the proteins encoded by these
genes was also examined. Using a BLAST (Altschul et al.,, 1990) search it
was found that the best match to a characterised protein was 30% amino
acid sequence identity to CYP4AW1 of the Scarab beetle Phyllopertha
diversa. This CYP is specifically expressed in the antenna of P. diversa,

where it is believed to act as a pheromone-degrading enzyme (Maibeche-
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Coisne et al., 2004). The finding of two CYP genes with predicted products
showing amino acid sequence similarity to this pheromone-degrading
enzyme, amongst a cluster of OR genes, was intriguing. The possibility
that the products of these genes operate in the same system for the
detection and metabolism of related compounds is an exciting one and is

worthy of further experimental investigation.

Figure 3.4 Diagrammatic representation of the Heliconius melpomene
scaffold containing clusters of olfactory receptor genes (in red) along with

P450 genes (blue). In case of each gene the exon structure is depicted
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3.3.5 Gene clusters in Heliconius melpomene

It has been seen that uneven distribution of P450s in the genome occurs
due to clustered organization. In H. melpomene 36 P450s were found in
nine clusters of three or more (Table 3.2). All the gene clusters belonged to
CYP3 or CYP4 clades. Six genes from CYP4 clade formed the largest gene
cluster. Three genes were in the forward orientation and the other three
genes were in the reverse orientation (Figure 3.5). It consisted of five genes
belonging to CYP340 family and one gene from CYP421 family. The
presence of large P450 gene clusters, sometimes containing members of
different P450 families, has been observed in other insects and plants e.g.

Drosophila melanogaster and Arabidopsis thaliana (Tijet et al., 2000).
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Table 3.2 Cytochrome P450 gene clusters in Heliconius melpomene

genome
Gene Orientation n HMEL Stable ID Scaffold number Gene number/ cluster
CYP6AE40 reverse - scf7180001249711 3
CYP6AE41 reverse - scf7180001249711
CYP6AE42 reverse - scf7180001249711
CYP6AN9 forward HMELOO7566 scf7180001249436
CYP6AN11 forward HMELOO7566 scf7180001249436 4
CYP6AN12 reverse HMELOO7567 scf7180001249436
CYP6AN13 forward HMELOO7568 scf7180001249436
CYP9A45 reverse HMELO13741 scf7180001250505
CYP9A41 forward HMELO13737 scf7180001250505 5
CYP9A42 forward HMELO013742 scf7180001250505
CYP9A43 reverse HMELO13739 scf7180001250505
CYP9A44 reverse HMELO13738 scf7180001250505
CYP405A5 reverse HMELO016673 scf7180001250781
CYP405A6 reverse HMELO16674 scf7180001250781 3
CYP405A4 reverse HMELO16675 scf7180001250781
CYP4CG5 reverse HMELO03583 scf7180001245460
CYP4CG9 reverse HMELO03581 scf7180001245460 4
CYP4CG10 reverse HMELO03582 scf7180001245460
CYP4CG13 reverse HMELO03584 scf7180001245460
CYP4CG4 reverse HMELO08770 scf7180001249777
CYP4CG11 reverse HMELO08768 scf7180001249777 3
CYP4CG12 reverse HMELOO08772 scf7180001249777
CYP340R6 reverse HMELO13957 scf7180001250535
CYP340P1 reverse HMELO13954 scf7180001250535 4
CYP340R3 reverse HMELO13955 scf7180001250535
CYP340R4 reverse HMELO013956 scf7180001250535
CYP340R2 forward HMEL010931 scf7180001250201
CYP340R5 reverse HMELO10936 scf7180001250201
CYP340N1 forward HMELO010939 scf7180001250201
CYP340R1 forward HMELO010930 scf7180001250201 6
CYP421A1 reverse HMELO010934 scf7180001250201
CYP340Q1 forward HMELO10935 scf7180001250201
CYP341A8 forward HMELO17148 scf7180001250807
CYP341A9 forward HMELO17149 scf7180001250807 3
CYP341A10 forward HMELO17150 scf7180001250807
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Figure 3.5 Largest cytochrome P450 gene cluster (belonging to CYP4
clade) in Heliconius melpomene. The scaffold number is presented on the
left hand side of the figure and the approximate position of each gene on
the scaffold is depicted. The arrow represents the orientation of the gene

on the scaffold
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3.3.6 Comparison of Bombyx mori and Heliconius melpomene

The B. mori genome contains 78 genes and 6 pseudogenes. On the other
hand in case of H. melpomene, 99 genes and only a single pseudogene was
found. In B. mori 38 P450s are found in eight clusters of 3 or more and 34
singletons. Whereas in H. melpomene 36 P450s were found in nine
clusters of three or more and 27 singletons (Figure 3.6). However unlike B.
mori no cluster was found with genes from mixed clades. B. mori is the
only insect in which clusters from mixed clades (microsomal and
mitochondrial) have been reported so far (Junwen et al., 2011). The single
pseudogene found in H. melpomene was CYP333-un which was also found
in B. mori, suggesting that this was a true pseudogene rather than an
artefact of sequencing or assembling error. Figure 3.6 clearly shows that
there are differences in the distribution of genes in different
families/subfamilies of P450s in B. mori and H. melpomene with

subfamilies showing genome specific gene expansions.
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Figure 3.6 Distribution of P450 subfamilies in Bombyx mori and

Heliconius melpomene

=
o

? ] EBm EHmM
g
v 7
o
w
S
s
25
-4}
2
£ 4 -
=3
=
3 4
2 |
1]
0 l
& @ S “ &
,3"' QO:Q’:% & Q'b@s %?Q Q'b& "9‘:'5"’2 ,;\:%f\q%@?; o qo,b q “'iq ‘\th'_ﬁbvq@&‘fl _sbéqté‘ c\q‘b&fb‘?} & @:"’@Q"’@q“’@%"@q”’@
FLLLL T FLLLELLE LS <~,~ e CLLLL LS
10
9 -
8 -
v 7 B
o
w
S
&
o 5 4
z
£ 4
3
Z 3
2 -
1 -
0 4
‘”Q@\"Q ) ‘qua O'b Q%&vfb&%""\’g ‘i\ﬁ: 4%“’@%@@/&%’\% u@vu'&-ﬁh Q“ (;\ Q\y Qv‘}Qb‘ o> 'bd\' &v'b“y?'bo’v'b":’)y%"’a’%@%oqﬁ"’oy &
&7 N & & & & & ¢ i) N &
C@”’g”’cﬂ‘\‘ﬁd‘\qc\ddd‘ﬁc\c@dqé‘z & -ﬂdﬁﬁﬂa‘ic\%qc\

P450 subfamily

68




3.4 DISCUSSION

Analysis of the available insect CYP genes indicate that they fall into four
major clades — CYP2, CYP3, CYP4 and mitochondrial clades. Each insect
genome contains about 100 or so P450 genes, all evolved from a common
ancestor and each coding for a different P450 enzyme (Feyereisen, 1999).
Given the incomplete nature of the genome and the limited transcriptomic
data examined it can not be determined that all of the P450 genes in the
genome have been sampled here. However the number of P450s in H.
melpomene was comparable to the number found in other insect genomes.
This seemed to follow the general trend across different insect orders with
majority of the enzymes belonging to the CYP3 clade followed by the CYP4
clade. CYP2 and mitochondrial clades generally forms 1:1 orthologues for

all insects.

The number of P450s in insect genomes currently ranges from 48 in Apis
mellifera to 164 in Aedes aegyptii. In a given species, the majority of P450s
are primarily for the detoxification of xenobiotics (Scott, 2008). As more
and more insect genomes are being sequenced, it is apparent that P450s
have a much broader role in insects. Analysis of other insect genomes
suggests that Heliconius melpomene appears to have a fairly typical
number of P450s. Although the total number of P450s is similar to other
insect genomes, it differs in the distribution into various families and
subfamilies within each clade. Large scale gene duplication events have
been assumed to correspond to major evolutionary changes (De Bodt et
al.,, 2005). Acquisition of new biological functions has been associated
with proliferation of gene families followed by functional diversification of

paralogues (Ohno, 1970).

Comparing gene families responsible for xenobiotic metabolism among
different insects can point to species specific genes. On comparing the
distribution of P450s in B. mori and H. melpomene, two striking
differences can be seen in CYP3 and CYP4 clades. The CYP6 family, of
CYP3 clade, in H. melpomene has undergone gene expansion especially in

the CYP6AB subfamily. It has nine members in this subfamily as
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compared to only three members found in B. mori. Another gene subfamily
with a large number of genes is CYP4CG of CYP4 clade. It has nine
members in H. melpomene but no members found in B. mori (Figure 3.6).
Members of CYP405SA subfamily are also missing from B. mori genome. It
includes one of the two P450s involved in cyanogenesis. H. melpomene
contains three members of this subfamily which show close orthology to Z.
filipendulae. Resistance of Zygaena species to hydrogen cyanides (HCN)
has been well known since the beginning of the twentieth century
(Zagrobelny, 2004). The biosynthetic pathway of cynaogenic glucosides is
very simple and the entire pathway is encoded by three genes: two
cytochrome P450s and a UDP-glycosyltransferase (UGT). All three genes
(CYP332A3, CYP405A2 and UGT33A1) have been recently identified in Z.
filipendulae (Jensen et al., 2011). CYP332A3 of Z. filipendula, shows close
orthology with CYP332A1 of H. melpomene with bootstrap support of
100%. CYP405SA2 of Z. filipendulae show close orthology to H. melpomene
CYP405A4, CYP405A5 and CYP405A6, however, at this stage we cannot
predict which of the three is most likely to be involved in cyanogenesis.

(Figure 3.3).

Co-localisation of cytochrome P450 genes with olfactory receptor (OR)
genes was also revealed during annotation of P450 encoding genes in the
H. melpomene genome. Two CYP genes (CYP366B1 and CYP366B2) were
found amongst a cluster of OR genes. ORs are seven-transmembrane
domain G protein-coupled receptors expressed in the antennae and
maxillary palps of insects. These receptors bind to environmental
chemicals and transform the chemical signal into activation of neurons,
allowing the detection and perception of odours that may be important in
finding a suitable mate or food source (Sanchez-Gracia et al., 2009). In the
genome of H. melpomene, 70 OR genes have been identified. Several of
these exist in small genomic clusters, and appear from phylogenetic
analyses to be Heliconius specific and therefore the product of recent gene
duplication events. The most striking of these is the cluster identified on

scf7180001250804 on chromosome 5, which includes the genes
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HmelOR35, 36, 38-40 and the more divergent HmelOR37 (The Heliconius

Genome Consortium, 2012).

It is difficult to accurately predict the function of the OR genes at this
locus. Mouse models suggest that a single OR may respond to multiple
odorants, and one odour may activate several ORs (Malnic et al., 1999).
Consistent with an ability to recognise diverse ligands, wide variation in
primary peptide sequence is found between ORs, and the difficulty of
crystallising membrane proteins has meant it is challenging to obtain
structural and functional information (Floriano et al.,, 2000). As a result,
the molecular mechanisms underlying OR activity and the response to
chemical stimulants remain unclear, and the specificity of an OR may not
be readily predicted from the gene sequence that encodes it; whether the
chromosome 5 OR genes are associated with the response to pheromones
or plant odorants awaits further study. In D. melanogaster, the OR genes
are roughly evenly spread throughout the genome (Robertson et al., 2003).
Although there are two loci at which an OR gene is positioned very close to
a CYP gene (Or49b is adjacent to Cyp9hl and Or85e is ~8 kb from

Cyp313b1l), there are no directly comparable clusters in this species.

3.5 CONCLUSION

Insects have evolved to tolerate plant allelochemicals and insecticides by
diverse strategies such as the amplification P450s superfamily. Analysis of
the H. melpomene genome has revealed several candidates for the
biosynthesis and detoxification of xenobiotics. Potential members of this
superfamily represented in our dataset included 100 P450s. The result
suggests that H. melpomene has a wide range of xenobiotic metabolising
enzymes in the same clade as other insects, but with distinct changes in
the population of each clade/family. This suggests that this superfamily
expand independent of the clade/family and depend on the substrate
specificity required to cope with a new xenobiotic stress. On comparison
with the other insect genomes, it shows that this dataset represent nearly

complete collection of P450 genes. The elucidation of the function of the
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various families and subfamilies of each clade can provide an important
insight into the ability of H. melpomene to respond to environmental
changes. In summary, the annotation of the CYP genes in H. melpomene
finds a total complement that is consistent with other insect genomes.
There are no striking expansions or deletions in any of the CYP clades.
However, within clades there are differences in gene count between
different families, and the phylogenetic analysis (Figure 3.2) reveals where
Lepidopteran-specific and Heliconius-specific expansions have occurred.
Together with the identification of P450s with EST support this study can
help to determine the key genes, such as the genes involved in Heliconius

adaptation to cyanogenic host plants.
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CHAPTER 4

Analysis of the Lucilia sericata transcriptome: xenobiotic

metabolising enzyme superfamilies and SNP detection

4.1 INTRODUCTION

The blowflies Lucilia sericata and Lucilia cuprina are responsible for
causing myiasis in sheep and other animals (Stevens and Wall, 1996).
They are facultative ectoparasites that have become the primary pest of
domesticated sheep around the world (Hartley et al., 2006). Although
similar in morphology and ecology, the different populations of these
sibling species are known to vary in their importance as pests in different
parts of the world (Stevens and Wall, 1996). The blowfly Lucilia sericata is
also one of the primary species of blowflies used in maggot therapy (Tourle
et al.,, 2009). Further, L. sericata larvae are a potential source of novel
antimicrobials, as they produce compounds with antibiotic activities
which can influence the formation of biofilms in bacteria (Cazandera et al.,
2009). This species, along with other similar species, are used in forensic
studies to estimate post mortem intervals (Tarone et al., 2007, Gallagher
et al.,, 2010). In short, L. sericata has been associated with numerous
areas of research in the field of medical, forensic, ecological, evolutionary
and veterinary sciences (Paul et al.,, 2009, Anderson, 2000, Denno and
Cothran, 1976, Mellenthin et al.,, 2006, Fischer et al, 2004) and is

therefore both an important and interesting pest.

Genomic information on L. sericata is still sparse, despite its association
with numerous areas of research (Sze et al., 2012). This is because the
majority of research to date has been focused on its sibling species, L.
cuprina, which is a model organism for insecticide resistance (Lee et al.,
2011). L. cuprina has evolved resistance to two forms of
organophosphorous insecticides (OP), diazinon and malathion. Diazinon
resistance being more prevalent than malathion resistance (Hartley et al.,
20006). In Australian L. cuprina, two single nucleotide polymorphisms in

the aE7 gene encoding esterase-3 are associated with OP resistance
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(Newcomb et al., 2005). However, very little information is available for OP
resistance outside of Australasia. Limited information available for L.
sericata also suggests the occurrence of these mutations in the New
Zealand population but at a much lower frequency than within its sibling

species L. cuprina (Hartley et al., 2006).

In the past the high cost of sequencing could have been one of the main
reasons for the limited sequence data available for L. sericata. Although
genome sequencing costs have reduced drastically, for many non-model
organisms whole genome sequencing is still impractical. Transcriptome
sequencing, however, provides a cost effective alternative to get a quick
access to the genetic information for any organism (Kumar and Blaxter,
2010). Concentrating sequencing efforts on transcribed regions allows
analysis of only the expressed part of the genome, which cannot be easily
predicted with the genome sequence alone. Sequencing of the normalised
cDNA libraries decreases the bias towards sequencing highly expressed

genes (Mundry et al., 2012).

Recent advances in next generation sequencing technologies and
bioinformatics analysis has made it possible to identify novel genes and
gene functions in non-model systems. 454 pyrosequencing is an ideal
technique for transcriptome sequencing as the sequence length is
comparable to that achieved with traditional Sanger sequencing (Wall et
al., 2009). Although the sequence depth is lower than the other high
throughput sequencing technologies, 454 generates comparatively longer
reads. This makes it possible to generate a reliable assembly even in the
absence of a sequenced reference genome, which is usually the case when
dealing with non-model organisms (Rothberg and Leamon, 2008). In
addition, the newer version of Newbler assembler available for assembling
454 reads, allows reliable de novo assembly of the cDNA sequences and

grouping together of the presumptive gene isoforms (Nyberg et al., 2012).

In the current study, L. sericata reads generated by 454 pyrosequencing

were assembled to generate a reference transcriptome. The assembled
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data was utilised to identify gene families associated with detoxification.
Insects mainly rely on three enzyme superfamilies - cytochrome P450s,
glutathione-S-transferases and carboxyl/cholinesterases to detoxify
potentially toxic xenobiotics in their diets or habitats. Insecticide
resistance is generally attributed to the wup-regulation of enzymes
associated with xenobiotic metabolism and detoxification (Ranson et al.,
2002). On the other hand underrepresentation of these genes in an
organism makes then more sensitive to insecticides, for example as in the
Honey bee, Apis mellifera (Consortium, 2006). Therefore the main goal of
this project was to identify putative members of these three gene

superfamilies in the L. sericata transcriptome.

This newly generated genetic information was also used to identify single
nucleotide polymorphisms (SNPs) in the UK population. The project
utilised Illumina RNA-seq data generated for UK populations to carry out
SNP discovery. The Illumina data also enabled a comprehensive
assessment of the extent of E3 mutation in the UK. This study can serve
as a basis for future SNP analysis of the Lucilia sericata population

outside Australasia.
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4.2 METHODOLOGY

4.2.1 Datasets used

For the reference transcriptome, Lucilia sericata samples from five
different geographical locations (Australia, New Zealand, South Africa, UK
and USA) were obtained to generate a mixed source ‘reference’
transcriptome. The cDNA library was prepared from pooled whole larvae
and adults of five L. sericata populations. Enriched, full length cDNA was
generated from 2ug RNA using SMART PCR cDNA synthesis kit (BD
Clonetech). PrimeScript reverse transcription enzyme (Takara) was used to
perform reverse transcription. In order to reduce over abundant
transcripts, the double stranded cDNA was further normalised using the
Trimmer cDNA normalisation kit (Evrogen). The normalised cDNA library
was 454 sequenced at the Advanced Genomic facility at the University of
Liverpool.

The [llumina single end RNA-seq data for the UK population, sequenced at

University of Exeter, was further used for SNP detection.

4.2.2 454 transcriptome assembly

The assembly was performed using Roche Newbler software version 2.5p1
from the command line with the -cdna flag, and SMART adaptors were
trimmed from the raw 454 data using the -vt option. Assembly was
conducted on a 64-bit UNIX server (running on Debian OS) with 96GB
RAM.

4.2.3 BLAST2GO analysis

The assembled contigs were analysed using automated Blast2GO software
suite V2.6.2 (Conesa et al., 2005). The analysis included BLAST searches,
functional annotation with GO, InterPro terms (InterProScan), EC codes
and metabolic pathways. BLASTx searches were performed remotely on
NCBI server against non-redundant (nr) protein database using QBLAST.
The program extracted the GO terms associated with blast hits and
returned a list of GO annotations which are represented as hierarchical

categories with increasing specificity. Next the GO terms were modulated
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using ANNEX, the annotation augmentation tool followed by GOSIlim
(consisting of a subset of the GO vocabulary encompassing key ontological
terms and a mapping function between full GO and GOSlim). EC codes
and KEGG metabolic pathway annotations were obtained by directly
mapping the GO terms to their equivalent enzyme codes. InterPro
searches were performed on the InterProEBI web server remotely via

BLAST2GO.

4.2.4 Manual curation of sequences encoding xenobiotic metabolising
enzyme superfamilies

Sequences encoding cytochrome P450s (P450s), glutathione-S-
transferases (GSTs) and carboxyl/cholinesterases (CCEs) were identified
using previously annotated Drosophila melanogaster P450, GSTs and
CCEs protein sequences. Each of the full length D. melanogaster reference
sequence was used as input for BLAST search against the assembled L.
sericata transcriptome. TBLASTn searches were conducted using
standalone BLAST. To ensure exhaustive search, each contig was further
BLAST searched to obtain the reads corresponding to the particular
contig. All the reads obtained were reassembled using geneious software
(Drummond et al., 2009). The consensus sequence was checked for frame
shifts using NCBI BLASTx. Each contig was manually corrected for any
misassembly, where possible. The final corrected consensus sequence was
translated using EXPASY translate tool. Longest open reading frame was
selected to carry out BLASTp searches to confirm the presence of the
P450s, GSTs and CCEs superfamily and to check if the sequence has
complete or partial protein domain. The curated cytochrome P450
sequences were sent to Dr David Nelson (cytochrome p450 consortium) for
further analysis and to assign them names. In case of GSTs and CCEs
classification was done on the basis of phylogenetic analysis (see next

section).

4.2.5 Phylogenetic analysis
Consensus phylogenetic trees were constructed for each gene superfamily.

All the putative full length and partial protein sequences were further
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analysed to classify them into individual gene families/clades. The curated
L. sericata sequences for each superfamily along with the corresponding
reference protein sequences from other insect genome were aligned.
MUSCLE software (Edgar, 2004) was used to perform multiple sequence
alignment. This alignment was manually refined, where required. For the
construction of the phylogenetic tree, the Neighbor-Joining (NJ) method
with bootstrap analysis of 1000 replicates was applied to the multiple
sequence alignment using MEGA 5.0 (Tamura et al.,, 2011).

4.2.6 Variant calling

RNA-seq reads ([llumina sequences from UK population) were first aligned
to the reference transcriptome using Bowtie2 (Langmead and Salzberg,
2012). It is an ultra-fast and memory efficient tool for aligning sequence
reads to the reference. As the RNA-seq reads were unpaired, Bowtie
command with “U’ flag was used with all the other parameters set at
default. Post processing of the mapped data and variant calling was done
with SAMTools software package version 0.1.18 (Li et al.,, 2009). The
Bowtie2 output SAM file was converted to the binary version (BAM file)
using SAMTools. The BAM file was sorted and indexed and SAMTools
function ‘mpileup’ and ‘bcftools’ were used for variant calling. The output
of this step served as the starting dataset for variant analysis. The initially
identified variants were further filtered with vcfutils.pl using ‘varfilter’
command. Variants were called only at positions where the minimum
mapping quality (-Q) and coverage (-d) were 25 and maximum read depth

(-D) was set at 200.
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4.3 RESULTS

4.3.1 454 transcriptome assembly

521,493 L. sericata reads were assembled into 32,928 contigs using Roche
Newbler software version 2.5pl. The contigs were further assembled into
isotigs and isogroups, where ‘isogroups’ are defined as transcripts, ‘isotigs’
are splice variants and ‘contigs’ are separate exons. The 454
transcriptome assembly had 26,348 isotigs with an average length of 1465
bp (NSO = 1972 bp) and average contig coverage of 2.8. These were
grouped into 14,741 isogroups having an average contig coverage of 2.2
and average isotig coverage of 1.8. After removing contigs shorter than 100
bp, the trimmed assembly had a total of 29,115 contigs. The overall GC
content of the contigs was 33.74%. Table 4.1 has the detailed assembly

statistics for the 454 transcriptome assembly.

Table 4.1 Sequence assembly statistics for the Newbler assembly of

Lucilia sericata transcriptome

Reads

Total number of reads 521493
Average read length 364.04
Number of bases 190905830

Isogroup Metrics

Number of Isogroups 14741
Average contig coverage 2.2
Average isotig coverage 1.8

Isotig Metrics

Number of Isotigs 26348
Average contig coverage 2.8
Number of bases 38613379
Average isotig size 1465
Largest isotig size 17221
N50 Isotig size 1972

Large Contig Metrics
Number of contigs 15464
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Number of bases
Average contig size
N50 contig size

Largest contig size

All Contig Metrics

Number of contigs

Number of bases

Number of trimmed contigs

Percent GC content

16252105
1050
1192
6600

32926
20325906
29115
33.74%

4.3.2 Sequence analysis of the assembled transcriptome (BLAST2GO)

Out of 29,115 contigs, 45.21% (13163nsequences) returned an above cut-
off BLAST hit to the NCBI non-redundant (nr) database (BLASTx le-3).
The majority of the BLASTx hits for the L. sericata transcriptome
sequences were against Drosophila (Figure 4.1). This is because Drosophila
spp. are the best studied Dipterans with several sequenced genomes and
thus make up the bulk of all the Dipteran sequences present in GenBank.
Only a small percentage of sequences had top Blast hits against Lucilia
cuprina and Lucilia sericata themselves (highlighted in Figure 4.1). This is
due to the paucity of sequence information currently available for these

species. Figure 4.1 shows the species distribution of the top Blast hits for

L. sericata contigs.
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Figure 4.1 Species distribution of the top blast hits for Lucilia sericata

contigs
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Gene ontology (GO) terms were assigned to predict the function of the
sequences and to categorise them. A total of 8,961 of L. sericata contigs
could be annotated with GO terms. These contigs were assigned to the
three standard GO classifications - molecular functions, cellular
components and biological processes. Within the classification of
molecular functions, 7,174 sequences were identified, majority of these
were predicted to have binding activities, of which 48.90% appeared under
binding and 33.19 % appeared under catalytic activity. A total of 4606
sequences were annotated with cellular component classification, 47.87%
belonged to cell and 24.71% belonged to the organelle category. Within
classification of biological processes, of the total of 5,884 annotated
sequences, 19.81% appeared in the metabolic process category followed by
19.93% in the cellular process category (Figure 4.2). The combined
number of sequences across the different classifications is more than the
sequences annotated with the GO terms as a single sequence may be

described by several terms in the three classifications.



Figure 4.2 Gene ontology (GO) assignment for the Lucilia sericata contigs.
The data presented represents the level 2 analysis, illustrating general

functional categories.
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The InterPro database was also used to classify the sequences on the
basis of the putative function. In total, 16,743 contigs returned a hit
against the InterPro database. The summary of the top twenty
superfamilies and domains for the L. sericata contigs is shown in Table
4.2. Higher frequency of the cytochrome P450 and protein kinase domains
were observed (as seen in Table 4.2). Cytchrome P450s are a diverse
family of enzymes which have a crucial role in xenobiotic metabolism.
However, L. sericata sequences also had overrepresented small GTPase
superfamilies and Zinc finger domains which is not the case in other

insect datasets available (Pauchet et al., 2009, Hull et al., 2013).
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Table 4.2 Summary of the top twenty InterPro superfamilies and domains

represented in the Lucilia sericata transciptome.

SUPERFAMILY DOMAIN
Interpro Frequency Description Interpro Frequency Description
IPR0O01128 652 Cytochrome P450 IPROO7087 739 Zinc finger, C2H2
IPRO00175 212 Sodium:neurotransmitter | IPRO00719 688 Protein kinase,
symporter catalytic domain
IPR020849 206 Small GTPase IPRO15880 567 Zinc finger,
superfamily, Ras type C2H2-like
IPR002198 175 Short-chain IPRO02557 426 Chitin binding
dehydrogenase/reductase domain
SDR
IPRO11701 153 Major facilitator IPRO11009 368 Protein kinase-
superfamily like domain
IPRO03579 152 Small GTPase IPR002290 368 Serine/threonine-
superfamily, Rab type / dual specificity
protein kinase,
catalytic domain
IPR002401 136 Cytochrome P450, E- IPRO17986 347 WD40-repeat-
class, group I containing
domain
IPRO01806 134 Small GTPase IPRO00504 326 RNA recognition
superfamily motif domain
IPR002041 121 Ran GTPase IPRO13087 326 Zinc finger C2H2-
type/integrase
DNA-binding
domain
IPRO03578 113 Small GTPase IPR015943 292 WD40/YVTN
superfamily, Rho type repeat-like-
containing
domain
IPRO0O0718 108 Peptidase M13 IPRO16040 268 NAD(P)-binding
domain
IPR001548 106 Peptidase M2, peptidyl- IPR013783 260 Immunoglobulin-
dipeptidase A like fold
IPR0O02213 106 UDP-glucuronosyl/UDP- | IPRO16024 258 Armadillo-type
glucosyltransferase fold
IPRO00618 98 Insect cuticle protein IPRO01650 247 Helicase, C-
terminal
IPR0O05828 96 General substrate IPR0O20683 231 Ankyrin repeat-
transporter containing
domain
IPRO01314 90 Peptidase S1A, IPRO16024 223 Armadillo-type
chymotrypsin-type fold
IPROO1757 87 Cation-transporting P- IPRO12336 220 Thioredoxin-like
type ATPase fold
IPR0O04119 80 Protein of unknown IPRO12677 212 Nucleotide-
function DUF227 binding, alpha-
beta plait
IPRO00734 79 Lipase IPR0O20635 210 Tyrosine-protein
kinase, catalytic
domain
IPRO00276 76 G protein-coupled IPRO11989 204 Armadillo-like

receptor, rhodopsin-like

helical
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4.3.3 Manual curation of xenobiotic metabolising enzyme
superfamilies

Representatives of all the three main xenobiotic metabolising enzyme
superfamilies (P450s, GSTs and CCEs) were identified in the L. sericata

transcriptome and curated manually.

4.3.3.1 Putative glutathione S-transferases (GSTSs)

A total of 32 contigs were identified which were predicted to encode the
GST protein domain in the L. sericata transcriptome. 28 unique contigs
were manually curated of which 15 sequences were found to be full
length. Analysis of the L. sericata transcriptome identified 28 putative
cytosolic GSTs. This was similar to the number found in the genomes of
mosquitoes Aedes aegypti and Anopheles gambiae but fewer than in the
genome of Drosophila melanogaster (Table 4.3). No microsomal GSTs were
identified from the L. serciata transcriptome. There are six classes of
cytosolic GSTs - delta, epsilon, omega, theta, zeta and sigma (Low et al.,
2007). The distribution of these GSTs across the six classes differs
substantially across different insect orders. Delta and epsilon classes are
insect specific and are most strongly associated with detoxification
functions (Claudianos et al., 2006). Delta and epsilon classes are the
largest classes in most of the insect orders (Oakeshott et al., 2010). In
case of the L. sericata transcriptome, the number of delta and epsilon
GSTs was comparable to the number found in the genomes of other
sequenced insects in the same order, namely 8-12 delta GSTs and 8-14
epsilon GSTs (Table 4.3). However seven theta GSTs were found in the
transcriptome of L. sericata, about twice the number found in the
genomes of A. aegypti (4), D. melanogaster (4) or A. gambiae (2). Local gene
duplication is the most likely possibility for high number of GSTs in this
particular class (Figure 4.3) but this would need to be confirmed by an
examination of the genome. Similarly, for the zeta class, the number of
GSTs (3) found in the blowfly transcriptome was higher as compared to
the genomes of other insects of the same order. In contrast to the higher
number of epsilon and theta GSTs, no EST support was found for the

existence of sigma and omega classes in the blowfly (Table 4.3).
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Table 4.3 Number of annotated insect glutathione-S-transferases (GSTs)

and their distribution across different GST classes in the order Diptera

DIPTERA
CLASS Drosophila Anopheles Aedes *Lucilia
melanogaster gambiae aegypti sericata
Cytosolic GSTs
Delta 11 12 8 10
Epsilon 14 8 8 8
Omega 5 1 1 )
Sigma 1 1 1 o
Theta 4 2 4 7
Zeta 2 1 1 3
Microsomal GSTs 0 3 3 o
GST Total 37 28 27 28

(* numbers based on transcriptome data)

Data taken from the this study and (Oakeshott et al., 2010)
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Figure 4.3 Un-rooted Neighbour joining tree showing the phylogenetic
analysis of glutathione S-transferase (GSTs) proteins of Lucilia sericata
(shown in bold) in relation to other GST proteins from Drosophila
melanogaster (Dm), Anopheles gambiae (Ag), Apis mellifera (Am),
Acyrthosiphon pisum (Ap) and Bombyx mori (Bm). Bootstrap values higher
than 50% are marked with an asterisk (*) next to the nodes and represent
the percentage of 1,000 replicate trees that preserved the corresponding
clade. Positions containing alignment gaps and missing data were

eliminated with pairwise deletion.
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4.3.3.2 Putative cytochrome P450s (P450s)

Analysis of the L. sericata transcriptome identified a total of 131 P450
related contigs. These contigs were manually curated. All the curated
sequences were sent to Dr David Nelson (Cytochrome P450 naming
consortium) to assign them their correct names. Fifty six sequences were
assigned complete names and the rest were placed in different gene ‘bins’
and assigned partial names. Most of the sequences with partial names
were truncated and contained incomplete P450 domains. The presence of
an incomplete domain could result from sequencing errors or
misassemblies. For further analysis, only the sequences which were
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assigned complete names were used (Appendix C Table S4.1). The majority
of these sequences belonged to the CYP3 clade (36), followed by the CYP4
clade (10), the CYP mitochondrial clade (8) and the least number
belonging to the CYP 2 clade (2) (Table 4.4).

Four distinct clades could be identified using phylogenetic analysis (Figure
4.4). The CYP3 clade includes the large CYP6 and CYP9 families in
insects (Feyeresein, 2006). In L. sericata, the CYP 6 and CYP9 families are
represented by twenty-four and two members respectively. The CYP3 and
CYP4 clades were both abundant in all the Dipteran insects annotated so
far, with the exception of L. sericata where the CYP4 clade contained only
ten putative P450s (Table 4.4). Under-representation of the CYP4 clade in
L. sericata could be due to the absence of members of this clade in the
current transcriptomic dataset and additional genes may therefore await

discovery.

Table 4.4 Number of annotated insect cytochrome P450s and their

distribution across different clades in the order Diptera

DIPTERA
CLADE Drosophila Anopheles Aedes *Lucilia
melanogaster gambiae aegypti sericata
CYP4 32 45 59 10
CYP3 36 42 84 36
CYP2 6 10 11 2
Mitochondrial 11 9 10
P450 Total 85 106 164 56

(* numbers based on transcriptome data)

Data taken from the this study and (Oakeshott et al., 2010)
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Figure 4.4 Un-rooted Neighbour joining tree showing the phylogenetic
analysis of cytochrome P450s (P450s) proteins of Lucilia sericata (shown in
bold) in relation to other P450 proteins from Drosophila melanogaster
(Dm), Anopheles gambiae (Ag), Apis mellifera (Am), Acyrthosiphon pisum
(Ap), Bombyx mori (Bm), Tribolium castaneum (Tc) and Lucilia cuprina (Lc).
Bootstrap values higher than 50% are marked with an asterisk (*) next to
the nodes and represent the percentage of 1,000 replicate trees that
preserved the corresponding clade. Positions containing alignment gaps

and missing data were eliminated with pairwise deletion.

4.3.3.3 Putative carboxyl/cholinesterases (CCEs)

Carboxyl/cholinesterases (CCEs) can be classified into thirteen clades and
three distinct classes (Ramsey et al.,, 2007). Phylogenetic analysis was
carried out in order to classify the L. sericata CCEs into various clades

(Figure 4.5). Nine of these clades were represented in the L. sericata
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transcriptome (Table 4.5, Figure 4.5). Clades with no L. sericata CCEs
were clade A, clade C, clade G and clade I. Thirty four members of the
CCE superfamily were found in the L. sericata transcriptome, compared to
thirty five, fifty one and fifty four CCEs that have been identified in the
genomes of D. melanogaster, A. gambiae and A. aegytpi respectively (Table
4.5). Thirty putative L. sericata CCEs were classified into the different CCE
classes/clades. However four CCE sequences were too short to be reliably

classified into any one of the clades.

The dietary/detoxification class consists of clade A-C which is involved in
the detoxification of xenobiotics. The majority of CCEs in the L. sericata
transcriptome belong to this class. Clade B of this class was represented
by sixteen putative members which is equal to the number found in the A.
gambiae genome and significantly higher than that of D melanogaster (13).
A. aegyptii (22) has the highest number of CCEs belonging to clade B. In
Australian L. cuprina, two single nucleotide polymorphisms in aE7 gene
encoding the esterase 3 (E3) are associated with organophosphate
resistance (Hartley et al, 2006). Two L. sericata sequences (Ls11154,
Ls44527) of the clade B were found to be highly similar to esterase 3 (E3)

of L. cuprina.

L. sericata shows an apparent reduction in the diversity in CCEs involved
in hormone/pheromone processing (clades D-G). Five members belonged
to clade D as compared to three in D. melanogaster. Clade D is absent in
A. gambiae and A. aegyptii. Members of clade E were in the range of 2-4 in
other sequenced Dipterans. One putative member was found in clade F,
which is low as compared to three members in D. melanogaster, six
members each in A. gambiae and A. aegyptii. No members were found in
clade G. Similarly neuro/development class (clades H-M) had a
significantly lower number as compared to the other sequenced Dipterans
(Table 4.5). As previously noted, however, the apparent lack of these genes

might be an artefact of the transcriptome approach.
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Table 4.5 Number of annotated insect carboxyl/cholinesterases (CCEs)

and their distribution across different clades in the order Diptera

DIPTERA
CLASS Drosophila Anopheles Aedes *Lucilia
melanogaster gambiae aegypti sericata
Dietary class
A clade 0 0 0 (0]
B clade 13 16 22 16
C clade 0 0 0 0o
Hormone/semiochemical
processing
D clade 3 0 0] 5
E clade 2 4 2 2
F clade 3 6 6 1
G clade 0 4 6 0o
Neuro/developmental
H clade 5 10 7 2
I clade 1 1 1 o
J clade 1 2 2 1
K clade 1 1 1 1
L clade 4 S S 1
M clade 2 2 2 1
Unknown - - - 4
CCE Total 35 51 54 34

(* numbers based on transcriptome data)

Data taken from the this study and (Oakeshott et al., 2010)
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Figure 4.5 Un-rooted Neighbour joining tree showing the phylogenetic
analysis of carboxyl/cholinesterases (CCEs) proteins of Lucilia sericata
(shown in bold) in relation to other CCE proteins from Drosophila
melanogaster (Dm), Anopheles gambiae (Ag), Apis mellifera (Am) and
Lucilia cuprina (Lc). Bootstrap values higher than 50% are marked with
an asterisk (*) next to the nodes and represent the percentage of 1000
replicate trees that preserved the corresponding clade. Positions
containing alignment gaps and missing data were eliminated with pairwise

deletion. The letters on the nodes represent the CCE clades as listed in

Table 4.4
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4.3.4 Variant calling

The assembled transcriptome was also used as a reference for SNP calling.
Single end, RNA-seq reads were mapped to the reference transcriptome
using Bowtie2. Only reliable, high quality SNPs were considered. In total,

SAMtool detected 26,478 variant sites, when the [llumina sequences from
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the UK population where mapped to the reference transcriptome. Out of
the total variant sites, 11,050 were SNPs and the rest were ‘indels’
(insertions or deletions) (Appendix C Figure S4.1). The initially detected
SNPs were filtered using stringent parameter (coverage and mapping
quality of 25 and maximum depth of 200) to select only reliable good
quality SNPs. 2800 SNPs had mapping quality and coverage higher than
the set filters (Figure 4.6).

Figure 4.6 Distribution of SNP quality scores in the UK population of
Lucilia sericata. The graph represents only good quality SNPS after

filtering using stringent parameter.
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4.3.4.1 E3 mutation in the UK population

Single nucleotide polymorphisms in the aE7 gene encoding esterase 3 (E3)
at position 137 and 251 are associated with diazinon and malathion
resistance respectively. Diazinon resistance is absent or rare outside of
Australasia whereas malathion resistance is more widespread (Hartley et
al.,, 20006). In order to find out the extent of the E3 mutation in the UK
population, single end RNA-seq reads were mapped against the manually
curated CCE sequences with high similarity to L. cuprina E3 (Ls44527,
Ls11154). Although Ls44527 had good coverage, it was truncated and
hence contained only the diazinon region. A single Illumina read was
found to have a SNP at the 137 position. As the SNP was at the end of the
sequence, it could not be determined with confidence whether it is a very
low frequency true SNP or simply a sequencing error (Appendix C Figure
S4.2). However several other good quality SNPs were detected within this
contig. On the other hand Ls11154 had very low coverage and no SNPs

were detected in either position 137 or 251.
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4.4 DISCUSSION

Lucilia sericata has been associated with numerous areas of research in
the field of medical, forensic, ecological, evolutionary and veterinary
sciences (Paul et al., 2009, Anderson, 2000, Denno and Cothran, 1976,
Mellenthin et al.,, 2006, Fischer et al., 2004). Despite its association with
several areas of research there is still paucity of the sequence information
available publically for this species. Transcriptome sequencing provides an
alternative to get a quick access to the genetic information for any
organism. It is cost effective and computationally less intensive than whole
genome sequencing (Kumar and Blaxter, 2010). Transcriptome analysis
using 454 pyrosequencing has now been reported for several non-model
organisms (Pauchet et al.,, 2009, Karatolos et al.,, 2011, Hull et al.,, 2013).
A similar strategy was implemented in the current project to generate a
reliable reference transcriptome to enhance the genomic resources
available for this species. Although Sze et al. (Sze et al.,, 2012) have
recently attempted to assemble a L. sericata transcriptome; their work
mainly focuses on the different strategies for assembling the data as
compared to a thorough analysis of the assembled transcriptome itself. In
contrast this study provides a detailed analysis of the assembled 454
transcriptome itself. The NSO values generated for this assembly were also
higher than any of the assemblies generated by Sze et al., using various

parameters (Table 4.1).

Blast2GO analysis of the assembled sequences illustrate that the
distribution of GO terms within the three categories was consistent with
other insect transcriptomes (Figure 4.2). The InterProScan results further
support this observation. Apart from the superfamilies/domains expected
to be dominant in the insect sequences (such as cytochrome P450 and
protein kinase), overrepresentation of small GTPase superfamilies and zinc
finger domains were observed (Table 4.2). These superfamilies and
domains are associated with various signalling pathways (Raymond et al.,
2001, Berrocal-Lobo et al., 2010). The higher frequency of the mentioned
superfamilies and domains in this dataset is intriguing and worthy of

further investigation.
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The transcriptomic data was further used to identify xenobiotic
metabolising enzyme superfamilies (P450s, GSTs and CCEs).
Representatives of all the three enzyme superfamilies were found in the
transcriptome of L. sericata. The number of putative members is
comparable to the other sequenced Dipterans, which further suggests the
relative completeness of the assembled transcriptome. The data suggests
that L. sericata has modest detoxification capabilities. Of the three
superfamilies, putative P450s in particular were lower than the number
found in other sequenced Dipterans (Table 4.4). However, additional
P450s may await discovery due to the absence from this dataset. In
contrast, the number of CCEs and GSTs were within the range of other
sequenced insects of the same order (Table 4.3, Table 4.5). The data
highlights the general and species specific trends amongst sequenced

Dipterans, namely D. melanogaster, A. gambiae, A. aegypti and L. sericata.

Identification of sequences related to detoxification revealed putative
candidates that could be involved in insecticide resistance. Several
members of the CYP3 and CYP4 clades of P450s, particularly the CYP6,
CYP9 and CYP4 families, have been linked with insecticide resistance.
Similarly, the insect specific GST classes, delta and epsilon are often
associated with detoxification. In case of the CCEs, the esterases involved
in detoxification of xenobiotics belong to the dietary class. Another clade
associated with insecticide resistance is clade J (acetylcholinesterase),
members of this clade are targets for organophosphate and carbamate
insecticides  (Grafton-Cardwell et al., 2004). Single putative
acetylcholinesterase was identified in this dataset, which could also have a
potential role in insecticide resistance. However, their potential role in

insecticides resistance would require further investigation.

This newly generated genetic information was also used to identify single
nucleotide polymorphisms (SNPs) in the UK population. The [llumina data
further enabled to carry out a comprehensive assessment of the extent of

E3 mutation in the UK population. In Australian L. cuprina, two single
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nucleotide polymorphisms in aE7 gene encoding the esterase 3 (E3) are
associated with two forms of organophosphate resistance. Single amino
acid replacement (Glyl37Asp) is associated with diazinon resistance and
two replacements (Trp251Leu/Ser) are associated with malathion
resistance (Claudianos et al., 1999). Esterase based OP resistance is well
documented for L. cuprina, especially in the populations from Australasia.
However, limited information is available for OP resistance in L. sericata
(Hartley et al., 2006). In the UK population of L. sericata, a single example
of diazinon associated SNP was found, but it could not be confirmed that
this was not due to a sequencing error. The ability to compare sequencing
data from different population around the world will substantially enhance
our understanding of the spread of malathion and diazinon resistance
outside Australasia. This study can therefore serve as the basis for future

SNP analysis of different L. sericata populations from around the world.

Thus L. sericata transcriptome could also serve as a useful genomic
resource in facilitating the future investigation in functional genomic, gene
mapping and other genetics studies. This will in turn benefit medical,
agricultural, ecology, evolution, and forensic research in this species. The
large dataset generated could also be used in population level genomics
and comparative genomic studies. Furthermore, the annotated sequences
will facilitate the investigation of fundamental biology of L. sericata and
provide a helpful comparison point for genomic studies in both sibling

species L. sericata and L. cuprina.
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4.5 CONCLUSION

L. sericata is a non-model organism that is associated with numerous
areas of research but lacked genomic resources. Until recently, research
involving the characterisation of molecular mechanism underlying
insecticide resistance in L. sericata was hampered due to lack of genomic
information. 454 pyrosequencing of the transcriptome generated 29,115
unique contigs which has dramatically improved the sequence information
available for this species. Analysis of the L. sericata transcriptome has
revealed several gene candidates for the biosynthesis and detoxification of
xenobiotics. Potential detoxification genes represented in this dataset
included 28 GSTs, 56 P450s and 34 CCEs. Comparison with the other
members of this order shows that the dataset represent nearly complete
collection of such genes from the three superfamilies. The elucidation of
the function of the various classes and clades of these superfamilies can
provide an important insight into the ability of L. sericata to respond to
environmental changes. This newly generated genetic information further
identified 2800 good quality SNPs in the UK population. This study can
therefore serve as the basis for future SNP analysis of different L. sericata
populations from around the world. The results also prove that
transcriptome sequencing is a good technique to enhance the genomic

resources available for non-model organisms.
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CHAPTER 5

Removing microbial messages from 454 generated beetle

transcriptomes

5.1 INTRODUCTION

In this chapter we analysed the midgut transcriptomes of five beetle
species and their gut associated microorganisms. The datasets consisted
of 454 transcriptomes which had been generated by others in previous
projects in our laboratory (Pauchet et al.,, 2009, Pauchet et al., 2010). The
the main objective of this project was to survey the midgut transcriptomes
of five beetle species (Gastrophysa viridula, Chyrsomela tremulae,
Leptinotarsa decemlineata, Sitophilus oryzae and Callosobrunchus
maculatus) and to separate the microbial messages ‘contaminating’ them.
It has been observed that when sequencing RNA from field collected
organisms, microbial sequences often get sequenced along with those of
the host. Dealing with these mixed sequences is therefore a major
challenge when sequencing samples from wild populations, especially if

the associated microbe is a eukaryotic endoparasite.

Rapid improvement in the efficiency and the speed of sequencing along
with the falling cost has made it possible even for small research groups to
sequence their favourite organisms of interest. This has shifted focus from
a few laboratory based ‘model’ organisms to ‘non-model’ organisms and
even those obtained directly from nature. Although next generation
sequencing technologies allows us to directly sequence organisms
obtained from the environment, analysing such data can have several
technical challenges. The most important of these is to deal with
sequences of the associated microorganisms that get sequenced along
with the host RNA (Friedel et al., 2005). Prior knowledge of all the
sequences of microbes associated with the host is one potential way of
dealing with this problem. It is therefore possible to physically separate
the microbe and the host DNA/RNA by electronic subtraction. However
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this process is time consuming and laborious and does not guarantee the
final sequenced host data set will be free from sequences of the microbial
contaminant. It becomes even more difficult to obtain pure samples in

case of endoparasites (Emmersen et al., 2007).

As more and more species are being sequenced, such data can offer an
opportunity to discover additional sequences derived from their associated
microbes. For example, Salzberg and others (Salzberg et al.,, 2005)
discovered three new strains of the endosymbiont Wolbachia pipientis by
surveying three different species of the fruit flies Drosophila ananassae, D.
simulans, and D. mojavensis. To do this they simply electronically
extracted and assembled all the sequences that matched with the genome
of the previously sequenced Drosophila melanogaster wolbachia strain

(wMel) by identifying raw reads that were similar to wMel.

Similarly, sequencing projects designed to target the Pea aphid
(Acyrthosiphon pisum) also generated sequences of the primary symbiotic
bacteria Buchnera aphidicola (Consortium, 2010). Screening of the aphid
genome data for sequences of bacterial origin revealed large number of
bacterial sequences, even after a pre-processing step to remove vector
contamination. However by separating and reassembling the bacterial
sequences along with gap closure by PCR resulted in a complete
reconstruction of the genome of Buchnera. Sequences from aphid
secondary symbionts, Regiella insecticola and Hamiltonella defensa, were
also obtained. Similarly an improved understanding of the relationship
between host and their associated microorganisms, has been facilitated by
the development of genomic resources in several other aphid species
(Huang et al., 2010, Huerta-Cepas et al.,, 2010). For example, analysis of
the Soya bean aphid transcriptome resulted in the identification of
potential transcripts belonging to both the aphid and its associated

symbionts (Liu et al., 2012).

However, when sequencing a new species, genomic information of all its

associated microorganisms is not always available. To this end however,
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instead of considering the sequencing of mixed samples as a problem, it
can also be regarded as a means of gaining insight into the simultaneous
gene expression of both the host and the endoparasite as performed in
new techniques such as dual-RNA seq (Westermann et al.,, 2012). To
achieve this efficiently, a reliable method is required which can classify the
sequences according to their origin with a reasonable degree of accuracy
without the need to know the genome/transcriptome sequences of both

the host and endoparasite beforehand.

In conclusion, all the above mentioned examples took advantage of the
existing genomic information, in order to computationally separate the
sequences of the host and associated microbes. However, this richness of
background genomic/transcriptomic information is not always available
for all the organisms. Kumar and Blaxter (Kumar and Blaxter, 2011) used
a strategy that could be used in this situation where the genomic
sequences where previously unknown or were significantly divergent from
the related species. The current project used similar approaches by testing
bioinformatic pipelines to identify and separate insect sequences from

those of their eukaryotic endoparasites.
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5.2 METHODOLOGY

5.2.1 Beetle 454 derived transcriptomes

The five beetle datasets consisted of 454 derived transcriptomes from the
larval midgut of G. viridula, C. tremulae and L. decemlineata, the adult
midgut of S. oryzae and whole C. maculatus larvae. The full length,
enriched, cDNAs were generated from 2ug RNA using SMART PCR cDNA
synthesis kit (BD Clonetech). PrimeScript reverse transcription enzyme
(Takara) was used to perform reverse transcription. In order to reduce over
abundant transcripts, the double stranded cDNAs were further
normalised using the Trimmer cDNA normalisation kit (Evrogen). To
obtain the transcriptomes of the five beetle species, the normalised cDNA
libraries were 454 sequenced at the Advanced Genomic facility at the

University of Liverpool (Pauchet et al., 2009, Pauchet et al., 2010).

5.2.2 Preliminary assembly

C. tremulae reads obtained by 454 pyrosequencer were pre-processed
(removal of Poly-A tails and SMART adaptors) and clustered using the
MIRA v2.9.26x3 assembler with the de novo, normal, EST, 454
parameters. Specifying a minimum read length of 40 nt, a minimum
sequence overlap of 40 nt and a minimum percentage overlap identity of
80%. Pre-processing and assembly of the remaining beetle datasets (G.
viridula, L. decemlineata, S. oryzae and C. maculatus) was achieved using

our in-house pipeline called ‘est2assembly’ (Papanicolaou et al., 2009).

5.2.3 Estimation of taxonomic composition of the preliminary
assembly
We used the following software and scripts in the analysis pipeline:
1) Standalone blast suite+ downloaded and installed from
ftp:/ /ftp.ncbi.nih.gov/blast/executables /blast+/LATEST
2) NCBI blast database downloaded from
ftp:/ /ftp.ncbi.nih.gov/blast/db/

3) NCBI taxonomy dumps downloaded and unpacked from

ftp:/ /ftp.ncbi.nih.gov/pub/taxonomy/gi taxid prot.dmp.gz;

ftp:/ /ftp.ncbi.nih.gov/pub/taxonomy/taxdump.tar.gz
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4) Perl script blast_taxonomy_report.pl (Kumar and Blaxter, 2011)
Contigs from each beetle preliminary assembly were queried against the
NCBI nr database using BLASTx with default parameters. To estimate the
taxonomic composition, blast_taxonomy_report.pl script was used. This
perl script annotated each contig with the taxonomic order of the best
BLAST hit. Graphs were generated to visualise the taxonomic distribution

at phylum and order level.

5.2.4 Separation of contigs on the basis of most abundant taxonomic
groups

In order to separate contigs of the most abundant taxonomic groups in the
mixed transcriptomes:

1) Taxon specific blast databases were created for the most abundant
groups. BLASTx searches with E-value cutoff of le-5, were carried
out against the specific databases to separate the contigs belonging
to different organisms. Using the BLAST similarity result, contigs
from preliminary assembly were separated as belonging to one of the
taxonomic groups, all or none. Contigs that gave hits with all the
databases with similar bit scores were classified as all. Contigs with
no blast hits or a bit score of less than 50 were classified as none.

2) The pre-existing Perl script blast_separate_taxa.pl developed by
Kumar and Blaxter (Kumar and Blaxter, 2012) was used to separate
the contigs based on the above classification. Further BLASTn
searches were carried out to find out reads corresponding specific
contigs.

3) A custom Perl script written in house was used to obtain reads

corresponding to the contigs of interest

5.2.5 Taxon specific re-assembly

The separated reads were used to generate taxon specific assemblies using
Roche Newbler software version 2.5pl from the command line with the -
cdna flag. Assembly was conducted on a 64-bit UNIX server (running on

Debian OS) with 96GB RAM.
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5.2.6 BLAST2GO analysis

The assembled contigs were analysed using automated Blast2GO software
suite V2.6.2 (Conesa et al., 2005). This analysis included BLAST searches,
functional annotation with GO, InterPro terms (InterProScan), EC codes
and metabolic pathways. BLASTx searches were performed remotely on
NCBI server against non-redundant (nr) protein database using QBLAST.
The program extracted the GO terms associated with blast hits and
returned a list of GO annotations which are represented as hierarchical
categories with increasing specificity. Next the GO terms were modulated
using ANNEX, the annotation augmentation tool followed by GOSlim
(consisting of a subset of the GO vocabulary encompassing key ontological
terms and a mapping function between full GO and GOSlim). EC codes
and KEGG metabolic pathway annotations were obtained by directly
mapping the GO terms to their equivalent enzyme codes. InterPro
searches were performed on the InterProEBI web server remotely via

BLAST2GO.
5.2.7 Codon usage and GC content

The overall GC content and the codon usage was also calculated for each

assembly using EMBOSS tool ‘cusp’ (Rice et al., 2000).
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5.3 RESULTS

5.3.1 BLAST annotation and estimation of taxonomic composition

The transcriptome assemblies of the five beetle species were screened to
estimate the taxonomic composition by conducting BLASTx searches
against NCBI nr database and annotating each contig with the taxonomic
information. In the five beetle datasets, the potential level of associated
microbes/contaminants varied from approximately 16%-27% (Table 5.1).
Green dock beetle had the highest percentage of contigs having homology
to species other than that of arthropods. With the exception of the Green
dock beetle dataset, the other four beetle datasets had less than 2% of
contigs in each non arthropoda phylum/division (Figure 5.1). In the four
beetle datasets (Cowpea weevil, Poplar leaf beetle, Colorado potato beetle
and Rice weevil) low percentage of contigs were found to belong to different
genera of microorganisms (less than 2%) so they were not analysed
further. However in case of the Green dock beetle a high percentage of
contigs were found to belong specifically to microsporidia. Approximately
7% of the total contigs showed homology to microsporidia (Figure 5.1).
Hence, the Green dock beetle dataset was used as a test-bed in which to
trial the different bioinformatic pipelines to accurately classify and

separate insect sequences from those of their eukaryotic endoparasites.
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Table 5.1 Summary of Blast results and taxon analysis for the five beetle

454 transcriptome datasets

Number of Gastrophysa Callosobruchus Chrysomela Leptinotarsa Sitophilus
contigs viridula maculatus tremulae decemlineata oryzae
Total Contigs 20817 32584 10969 21692 22989
BLASTX hits 19056 29915 10356 20593 21617

No hits 1761 2669 613 1099 1372
Arthropoda 13828 24312 (81.27) 8240 (79.57) 16263 18137
tophits (72.57) (78.97) (83.90)
(percent)

Tophits with 5228 (27.43) 5603 (18.73) 2116 (20.43) 4330 (21.03) 3480
other phylums (16.10)

(percent)

Figure 5.1 Phylum level distribution of microbes/contaminants in the five

beetle datasets. X axis shows the most abundant phylums/division found

in the five datasets and Y-axis shows the percentage of contigs belonging

to each phylum/division
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Gv — Gastrophysa viridula (Green dock beetle)

Cm- Callosobruchus maculatus (Cowpea weevil)

Ct- Chrysomela tremulae (Poplar leaf beetle)

Ld- Leptinotarsa decemlineata (Colorado potato beetle)

So- Sitophilus oryzae (Rice weevil)
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5.3.2 Classification of contigs and separation of reads

Analysis of BLAST and annotation results for the 20817 Green dock beetle
contigs revealed that a total of 1284 contigs (7.4% of the green dock
contigs with BLASTx hits) had BLASTx hits to microsporidia. Figure 5.2
shows the distribution of the abundant group of microbes/contaminants
found in the Green dock beetle dataset. Microsporidia formed the major
group of associated microbes in this datasets. Microsporidia and
arthropoda specific databases were used as filters to create subsets of
contigs belonging to the two phylum/division of interest. For this subset of
NCBI database specific to the two taxa were downloaded and BLASTx
searches were carried out using all green dock beetle contigs as query
against each database with the E value cutoff of 1le-5. Out of the total
20817 contigs, 15778 contigs returned Blast hits against the arthropoda
database whereas 4777 contigs returned blast hits against the
microporidial database. Contigs which gave hits against both the
databases were reclassified or discarded on the basis of the bit score. If
the bit score was more than 50 against one of the database it was
reclassified otherwise the contig was discarded. Following the
classification step, 14772 contigs were classified as arthropoda and 1279
contigs were classified as microsporidia. Custom perl scripts were used to
separate the classified contigs into two groups. BLASTn searches and
custom Perl scripts were wused to extract pre-processed reads

corresponding to each contig.
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Figure 5.2 Pie chart showing the distribution of the most abundant
microbes/contaminants found in the Gastrophysa viridula 454 midgut

transcriptome dataset

5.3.3 Taxon specific re-assembly

The 745,794 putative Green dock beetle 454 reads obtained for
arthropoda specific contigs were reassembled using Roche Newbler
software version 2.5pl. Of these, 667,487 reads were assembled into
15,276 contigs. These contigs were then assembled into 12,368 f‘isotigs’
having an average length of 1,676 bp (NSO = 2111 bp) and average contig
coverage of 2.4. These contigs were further grouped into 7,633 isogroups
with average contig coverage of 2 and average isotig coverage of 1.6. All the
contigs shorter than 100 bp were removed. The resulting final 12,787
contigs had an average length of 970.83 bp and average read coverage of

19.83. The overall GC content of all the contigs was 38.09%.

Similarly 105,425 putative microsporidial reads were reassembled using
Roche Newbler software version 2.5pl. Of these, 103,670 reads were
assembled into 1,638 contigs. These contigs were further assembled into
1495 isotigs with an average length of 1508 bp (NSO = 1956 bp) and
average contig coverage of 1.4. The contigs were grouped into 1,294
isogroups having an average contig coverage of 1.3 and average isotig
coverage of 1.2. After removing contigs shorter than 100 bp, the trimmed

assembly had a total of 1,464 contigs with an average length of 1306.33
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bp and average read coverage of 19.45. The overall GC content of the
contigs was 34.05%. Detailed assembly statistics for the two assemblies

are given in table 5.2

Table 5.2 Sequence assembly statistics for the Newbler reassembly of
separated Green dock beetle midgut (Gastrophysa viridula) and

microsporidial sequences

G. viridula Microsporidia
Reads
Total number of reads 745794 105425
Average read length 364.41 368.05
Number of bases 278497163 40052880
Number of reads assembled 667487 103670
Isogroup Metrics
Number of Isogroups 7633 1294
Average contig coverage 2 1.3
Largest contig coverage 305 12
Number with one contig 5308 1109
Average isotig coverage 1.6 1.2
Largest isotig coverage 81 9
Number with one isotig 5408 1151
Isotig Metrics
Number of Isotigs 12368 1495
Average contig coverage 2.4 1.4
Largest contig coverage 15 7
Number with one contig 5753 1223
Number of bases 20735431 2255376
Average isotig size 1676 1508
Largest isotig size 7744 6395
N50 Isotig size 2111 1956
Large Contig Metrics
Number of contigs 8098 1216
Number of bases 11156733 1823773
Average contig size 1377 1499
NS5O contig size 1661 1832
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Largest contig size
Q40 plus bases

Q39 minus bases

All Contig Metrics

5934
10784323 (96.66%)
372410 (3.34%)

6395
1782421 (97.73%)
41352 (2.27%)

Number of contigs 15276 1638
Number of bases 12516583 1916044
Number of trimmed contigs 12787 1464
Average contig length 970.83 1306.33
Average contig coverage 19.83 19.45
Percent GC content 38.09 34.05
5.3.4 Sequence analysis of the taxon specific reassemblies

(BLAST2GO)

The majority of the Blast hits for the Green dock beetle stringent assembly
were against the Red flour beetle, Tribolium casteneum (75.65%). This may
simply be because T. casteneum is the only beetle genome that has been
fully sequenced to date and thus makes up the bulk of all the beetle
sequences present in GenBank. A small percentage of shorter sequences
had Blast hits against Nosema ceranae (0.49%) but most of these were
against hypothetical proteins. Figure 5.3(a) shows the species distribution
of the top ten Blast hits for the Green dock beetle contigs. Similarly, for
the microsporidial assembly, 96.58% of sequences had significant blast
hits against the microsporidial division of fungi. Figure 5.3(b) shows the
species distribution of the top ten blast hits for the microsporidial contigs.
84.26% of the sequences had a top Blast hit against the microsporidium
Nosema ceranae. Approximately 3% of the sequences had top Blast hits

against taxa other than microspordia.
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Figure 5.3 Species distribution of the top ten blast hits (a) Green dock

beetle contigs (Gv),

(@)

(b) microsporidial contigs (Ms)
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Gene ontology (GO) terms were assigned to predict the function of the
sequences and to categorise them. A total of 7,933 of Green dock beetle
contigs had blast hits, of which 3,782 (47.67%) could be annotated with
GO terms. These contigs were assigned to the three standard GO
classifications, namely molecular function, cellular components and
biological processes. Within the classification of molecular processes,
2,276 sequences were identified, the majority of these were predicted to
have binding activities, of which 25.02% appeared under protein binding
and 19.14 % appeared under small molecular binding. A total of 1,390
sequences were annotated with the cellular component classification, with
61.22% belonging to the ‘cell’ and 22.62% belonging to the ‘organelle’
category. Within the classification of ‘biological processes’, of the total
1,546 annotated sequences, 41.96% appeared in the ‘metabolic process’
category and 24.87% in the ‘cellular process’ category (Figure 5.4). The

combined number of sequences across the different classifications is more
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than the sequences annotated with the GO terms as a single sequence can

be described by several terms in the three classifications.

However, 1,226 of the microsporidial contigs had Blast hits, of which 824
(67%) were annotated with GO terms. A total of 339 sequences were
annotated with the molecular processes classification, 28.69 % belonged
to hydrolase activity and 20.88% belonged to nucleic acid binding
category. Of the total of 224 sequences annotated with cellular component
classification, 42.31% appeared in the cell and 31.60% belonged to the
organelle category. Within the classification of biological processes, 343
sequences were annotated, 38.80% appeared in the cellular process
category followed by 35.18% in the metabolic process category (Figure
5.4).
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Figure 5.4 Gene ontology (GO) assignment for the Gastrophysa viridula

contigs (Gv) and microsporidial contigs

(Ms).
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InterPro database was also used to classify the sequences on the basis of

the putative function. The summary of the top ten superfamilies and

domains for the Green dock beetle and microsporidial sequences is shown

in Table 5.3. Insect gut has a major role in digestion and xenobiotic

metabolism therefore higher frequency of the cytochrome P450s and

protein kinase is expected (as seen in Table 5.3). However Green dock

beetle sequences had over-represented small GTPase superfamilies and

Zinc finger domains which is not the case in other available insect midgut

datasets (Pauchet et al.,, 2009, Pauchet et al.,, 2010). The most frequent

InterPro superfamily/domain

in the microsporidial sequences were

proteasome/chaperonin superfamilies and WD 40 repeat domains which

are used in protein-protein interactions.
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Table 5.3 (a) Summary of the top ten InterPro superfamilies and domains

represented in the Gastrophysa viridula larval midgut transcriptome (Gv)

SUPERFAMILY (Gv) DOMAIN (Gv)
Interpro Frequency Description Interpro Frequency Description
IPR0O01806 41 Small GTPase superfamily IPRO07087 173 Zinc finger, C2H2
IPRO03579 34 Small GTPase superfamily, IPRO15880 151 Zinc finger, C2H2-like
Rab type
IPR020849 34 Small GTPase superfamily, IPR0O13087 139 Zinc finger C2H2-
Ras type type/integrase DNA-
binding domain
IPR001128 33 Cytochrome P450 IPR0O11009 105 Protein kinase-like
domain
IPR005828 32 General substrate IPR015943 97 WD40/YVTN repeat-
transporter like-containing
domain
IPR0O02198 31 Short-chain IPRO16040 95 NAD(P)-binding
dehydrogenase/reductase domain
SDR
IPRO11701 30 Major facilitator superfamily | IPR017986 89 WD40-repeat-
containing domain
IPRO03578 29 Small GTPase superfamily, IPRO00719 86 Protein kinase,
Rho type catalytic domain
IPR002347 27 Glucose/ribitol IPR013083 83 Zinc finger,
dehydrogenase RING/FYVE/PHD-type
IPRO13128 21 Peptidase C1A, papain IPRO16024 73 Armadillo-type fold
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(b) Summary of the top ten InterPro superfamilies and domains

represented in the separated microsporidial sequences (Ms).

SUPERFAMILY (Ms) DOMAIN (Ms)
InterPro Frequency Description InterPro Frequency Description
IPRO01353 9 Proteasome, subunit IPR015943 31 WD40/YVTN repeat-
alpha/beta like-containing domain
IPR002423 8 Chaperonin Cpn60/TCP-1 | IPR017986 29 WD40-repeat-containing
domain
IPR0O01208 7 Mini-chromosome IPRO11009 26 Protein kinase-like
maintenance, DNA- domain
dependent ATPase
IPRO03579 7 Small GTPase superfamily, | IPRO00719 24 Protein kinase, catalytic
Rab type domain
IPRO15712 6 DNA-directed RNA IPRO03593 20 AAA+ ATPase domain
polymerase, subunit 2
IPR0O01806 6 Small GTPase superfamily | [PR014001 20 Helicase, superfamily
1/2, ATP-binding
domain
IPR0O03578 6 Small GTPase superfamily, | IPRO01650 19 Helicase, C-terminal
Rho type
IPR020849 6 Small GTPase superfamily, | IPRO16024 17 Armadillo-type fold
Ras type
IPR0O17998 6 Chaperone, tailless IPR002290 16 Serine/threonine- /
complex polypeptide 1 dual-specificity protein
kinase, catalytic domain
IPR023332 5 Proteasome A-type IPR014729 14 Rossmann-like

subunit

alpha/beta/alpha
sandwich fold

5.3.5 GC content and codon usage

The overall GC content and the codon usage of the separated Green dock

beetle and the microsporidial assemblies were compared with the other

four beetle datasets (Cowpea weevil, Poplar leaf beetle, Colarado potato

beetle and Rice weevil). The overall GC content of majority of the beetle

dataset was in the range of 37-38% with the exception of rice weevil

(Sitophilus oryzae) which had a GC content of 35.69%. The microsporidial
assembly had a lower GC content (34.08%) than the beetle assemblies

(Table 5.4). Similarly the codon bias results showed differences in the

frequency of codon usage for three amino acids, between the beetle and

the microsporidial datasets. (Table 5.5, Appendix D TableS5.1)
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TABLE 5.4 Overall %GC content for each of the five beetle transcriptomes

and microporidial sequences

Organism %GC content
Callosobruchus maculatus 38.38
Chrysomela tremulae 37.92
Leptinotarsa decemlineata 37.76
Sitophilus oryzae 35.69
Gastrophysa viridula 38.12
Microsporidia 34.05

TABLE 5.5 Codon usage frequencies (percent) for three amino acids -
isoleucine, serine and valine in Callosobruchus maculatus (Cm),
Chrysomela tremulae (Ct), Leptinotarsa decemlineata (Ld), Sitophilus

oryzae (So), Gastrophysa viridula (Gv) and microsporidia (Ms)

Codon Amino acid | Cm Ct Ld So Gv Ms

ATA Isoleucine 35.8 33.9 33.5 36.6 35.5 44.7
ATC Isoleucine 24.4 24 24.1 20.7 24 19.4
ATT Isoleucine 39.8 42.1 42.4 42.7 40.5 35.8
AGC Serine 14 12 11.4 12.3 10.8 10.6
AGT Serine 18.5 17.7 17.8 19.3 18.1 25.3
TCA Serine 22.8 25.3 24.3 21 26.1 24

TCC Serine 13.9 14.6 14.9 14.2 13.3 10.5
TCG Serine 9.4 9 10.2 10.6 10.7 8.6

TCT Serine 21.4 21.4 21.4 22.6 21.1 20.9
GTA Valine 27.3 25.5 25.4 28 26.9 37.9
GTC Valine 18.7 18 18.6 17.8 18.3 15.9
GTG Valine 21.3 22.4 20.5 18.6 22.2 21.2
GTT Valine 32.7 34.1 35.5 35.6 32.6 24
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5.4 DISCUSSION

The main aim of this chapter was to survey the five beetle transcriptomes
and to classify and separate sequences of microbes/contaminants, if
present in the sampled tissue. It was found that out of the five datasets
only the Green dock beetle dataset had a significant proportion of
microsporidial sequences present. Hence this dataset was analysed
further using a set of in house derived analysis pipelines. As the sequence
dataset was from a non-model organism, it was essential to use a strategy
which could classify the sequences according to their taxa with a
reasonable degree of confidence and without the prior need to know the

sequence of the host or the microbe.

Separation of mixed sequences can be achieved by different methods
ranging from homology based approach, machine learning and statistical
methods. The canonical approach uses homology searches to resolve the
origin of the species. Whereas, other approaches, separate sequences
based on GC content, codon usage, etc (such as GC method (Huitema et
al., 2003), problastic approach (Maor et al., 2003), likelihood method
(Hraber and Weller, 2001) and Support Vector Machines (Rudd and Tetko,
2005, Friedel et al., 2005). These methods have different caveats and the
choice of method depends on the type of dataset. If the genome sequence
of the organism (or closely related species) is available, the sequences can
be directly mapped to the genomes. But for non-model organism this is
not the case. Methods that rely on GC content or codon usage cannot be
used if both the organisms have similar codon usage. Similarly, biased
representation of the taxa in existing databases decreases the reliability of
homology approaches such as BLAST. This problem has been tackled by
using advanced methods where restricted databases were used for
homology search. Hsiang and Goodwin (Hsiang and Goodwin, 2003) used
subset of database consisting of a single plant and fungal genome, each
closely related to the infected plant and fungal pathogen. Mixed sequences
can also be classified using metagenomic methods (Mitra et al.,, 2011,

Brady and Salzberg, 2009). But most of these methods are often
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standardised for classifying prokaryotes and cannot reliably be used for
eukaryotes. Kumar and Blaxter (Kumar and Blaxter, 2011) used a method
similar to that used in metagenomics to separate mixed sequences from a
nematode and its bacterial endosymbiont. They utilized the information of
the sequence similarity search, sequence coverage and GC content of each

sequence.

Separating mixed sequences becomes even more challenging if both the
organisms are eukaryotic and have insufficient sequencing data available
for the same or related species (Maor et al., 2003). The accuracy also
depends on the depth of coverage which is very low in case of data
obtained from 454 pyrosequencing. The separation of the Green dock
beetle dataset was difficult as the mixed sequences belonged to eukaryotic
organisms. The sequences had low coverage and were found to have
similar GC content, hence the sequence coverage and DNA composition
was not considered while separating the mixed sequences. Instead the
advanced homology based approach was implemented where two
restricted databases consisting of arthropoda and microsporidia were

used.

Blast annotation and taxonomic composition results clearly show that out
of the five beetle datasets, Green dock beetle had the highest percentage of
contamination. The majority of the non arthropoda sequences had
homology to microsporidia (Figure 5.2). Pauchet et al. (Pauchet et al.,
2010) found similar results when they surveyed the same EST datasets for
homologs of the ribosomal protein genes from Tribolium. For the four
beetle EST datasets (Cowpea weevil, Poplar leaf beetle, Colarado potato
beetle and Rice weevil), only a single set of transcipts were found which
indicated that no contamination was present. In contrast, for the Green
dock beetle EST dataset they obtained two distinct hits. According to their
analysis the second set of transcripts came from another eukaryotic
organism, presumably microsporidial contaminant. Approximately 6% of
all green dock beetle contigs matched one of the two microsporidian

genomes, Nosema ceranae or Encephalitozoon cuniculi.
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Analysis of the separated sequences, suggest that the Green dock beetle
was infected with microsporidia, when sequenced. The InterProScan
results further support this observation. Apart from the
superfamilies/domains expected to be dominant in the green dock beetle
gut sequences (such as cytochrome P450 and protein kinase),
overrepresentation of small GTPase superfamilies and Zinc finger domains
were observed (Table 5.3). These superfamilies and domains are
associated with various signalling pathways (Raymond et al, 2001,
Berrocal-Lobo et al.,, 2010). Insects have an innate immune response
system which helps it to effectively combat a pathogen attack. Different
signalling pathways are used to activate this innate immune response,
depending on the type of pathogen present (Tsakas and Marmaras, 2010).
Several studies have shown that the midgut plays a critical role in the
immune response as well as digestion and xenobiotic metabolism (Freitak
et al., 2009, Xu et al.,, 2012). The higher frequency of the mentioned
superfamilies and domains in this beetle dataset could thus represent a

stress response to the microsporidial infection.

Similarly, higher frequency of proteasomes, chaperonins and WD 40
repeats in the microsporidial sequences could be associated with the
variety of stress encountered by this organism within the host. Strong
representation of the proteasomes involved in protein degradation and
proteins of chaperonins family was needed to ensure reliable protein
folding in another microsporidia, 7. hominis (Heinz et al., 2012).
Proteasomes are multi subunit proteins in eukaryotes that are believed to
be involved in selective intracellular proteolysis, antigen presentation and
cell cycle regulation. The WD40 repeats are found in a number of
eukaryotic proteins involved in signal transduction, RNA processing, gene
regulation, cell division, cytoskeleton assembly and protein degradation
(Reddy et al., 2008, Smith et al., 1999). Microsporidia have a highly
reduced genome and like many other intracellular pathogens they tend to
lose many protein and biochemical pathways as they rely on the host to

provide the required substrate (Peyretaillade et al., 2011). The proteins
121



which are retained are highly derived and prone to misfolding, therefore
the large representation of the above mentioned superfamilies/domains
may be required to maintain the protein functionality. Hence suggesting
that, these superfamilies/domains play an important role in cellular

defence system and provide it resistance against host.

Microsporidia constitute a diverse group of obligate intracellular parasites
that can infect many eukaryotes including humans and insects
(Dussaubat et al.,, 2012). These pathogens belong to a group of highly
reduced fungi. There are over 1200 species of microsporidia and relatively
small number of genomes are available till date (Katinka et al.,, 2001).
Genome mapping tools, homology searches and percent GC content were
used in order to determine the species of microsporidia sequences
obtained from the green dock beetle dataset. Although BLASTx results had
maximum hits against N. ceranea sequences, less than 3 % of the
sequences could be mapped to the N. ceranea genome. Similar results
were obtained for the BLASTn results. The percent GC content of the
microsporidial sequences too was different from the GC content of the N.
ceranea genome. Diversity in the percent GC content within the same
genus has also been observed in sequenced genomes of other
microsporidial genus (Appendix D TableS5.2). All this information
suggested that the microsporidial sequences in the current study do not
belong to N. ceranea but a distantly related species of the same genus.
However due to the lack of sequenced microsporidial genomes, the exact

species could not be determined.

5.5 CONCLUSION

In summary, the survey of the five beetle transcriptome datasets revealed
that Green dock beetle contained a significant number of sequences
belonging to microsporidia. Overrepresentation of superfamilies and
domains implicated in the immune response suggested that the Green
dock beetle midgut was infected with this obligate intracellular organism

at the time of sequencing. Further investigation of the contigs containing
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these motifs can give a better insight into the interaction of this beetle
host with the microporidial pathogen. Therefore, instead of considering
mixed samples as a problem, it can be regarded as means of gaining
insight into simultaneous gene expression of both the host and the
associated microorganism. The choice of method used for separating
mixed sequences depends on the organisms and the sequence information
available. Due to the affordability of the next generation sequencing
technology, the wealth of sequencing information is expanding rapidly.
Hence, the advanced homology method can be used to classify the
sequences according to their origin with reasonable degree of accuracy

without the need to know the genome/ transcriptome sequences

beforehand.
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CHAPTER 6

An overview of the impact of next generation sequencing on the

annotation of gene families involved in xenobiotic metabolism

Four different NGS datasets from the non-model organisms T.
vaporariorum, H. melpomene, L. sericata and G. viridula were analysed in
this thesis. Molecular research in these insects was hindered in the past
by limited sequence information. In the work presented here,
transcriptome data generated by 454 pyrosequencing was used as a
starting point to study the genomics of these ecologically and economically
important insects. Transcriptome data was used to generate a reliable
reference for more detailed functional characterisation (Chapters 2, 4 and
5). In the case of the butterfly, H. melpomene, transcriptome data was
used to identify and validate the cytochrome P450 gene models, establish
intronic-exonic regions and to identify alternatively spliced regions
(Chapter 3). Furthermore, [llumina generated RNA-seq data was used for

SNP characterisation in L. sericata (Chapter 4).

6.1 NGS and Xenobiotic metabolising gene families in insects

The projects discussed in this thesis describe the transcriptomics of non-
model insect species, including the assembly and annotation of the
associated ESTs, and their potential to develop functional genomics tools
for these species. The main focus of the study was to annotate the three
gene superfamilies (P450s, GSTs and CCEs) involved in detoxification and
to carry out comparative genomics to identify potential genes associated
with resistance. These gene superfamilies have been the subject of
analysis for every sequenced insect genome, mainly because they include
resistance gene candidates. The extent and diversity of these three gene
families shows large variation in the annotated insect species (Adams et
al., 2000, Holt et al., 2002, Nene et al., 2007, Yu et al.,, 2009, Junwen et
al., 2011) and this diversity will be further discussed in this closing

chapter.
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Insecticide resistance across many species has been attributed to the up-
regulation of enzymes associated with the xenobiotic detoxification and
metabolism (Feyereisen, 1995), whereas the under representation of these
enzymes in species like the Honeybee have been linked to their unusual
sensitivity to insecticides (Claudianos et al., 2006). Major pests like
Blowfly and Whitefly have proven remarkably adapt in evolving resistance
to insecticides due to mutations or over expression of genes belonging to
these gene families (Oakeshott et al.,, 2003, Newcomb et al., 2005, Wang et
al., 2010).

Across different insect orders, specific trends can be observed within
different clades/classes of these gene families. The major differences are
in the clades/classes involved in xenobiotic metabolism. In GSTs the delta
and epsilon classes are often involved in insecticide resistance. Similarly,
members of CYP3 and CYP4 clades of P450s are associated with
xenobiotic metabolism. In case of CCE enzymes implicated in imparting
resistance in most cases belong to the dietary/detoxification class.
Identification and further characterisation of these genes can improve our
understanding of the rapid evolution and adaptation of insects to changes

in their environment.

The data generated in the current study helped to identify several putative
candidates involved in xenobiotic metabolism. Potential detoxification
transcripts represented in T. vaporariorum dataset included 17 GSTs, 57
P450s and 27 CCEs. Comparative analysis of T. vaporariorum dataset with
other insects of the same order revealed several putative candidates that
could be involved in insecticide resistance. 10 putative GSTs were found
in the Delta-Epsilon class. In case of P450s - CYP6CM2, CYP6CM3,
CYP6DP1, CYP6DZ1 and other members of CYP3 and CYP4 clades
identified in this study could be implicated in imparting insecticide
resistance to T. vaporariorum. It had twice as many CCEs in
dietary/detoxification class as compared to other sequenced insects of the
same order (A. pisum and M. persicae). One of the putative members of

this class (contig 12282) had high homology to COEI gene (accession
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number ABV45410) of B. tabaci which is found to be over expressed in
strains resistant to organophosphates (Alon et al., 2008). Another member
of the same clade (contig 12863) was identified in only TV6 library which
was constructed using imidacloprid resistant strain. This could therefore

have a potential role in the neonicotinoid resistance of this strain.

Similarly, representatives of all the three enzyme superfamilies were found
in the transcriptome of L. sericata. Potential detoxification transcripts
represented in this dataset included 28 GSTs, 56 P450s and 34 CCEs.
Several putative candidates in the clades/classes implicated in xenobiotic
metabolism were identified. Two putative L. sericata sequences (Ls11154,
Ls44527) of the dietary/detoxification class of CCEs were found to be
highly similar to L. cuprina aE7 gene which is associated with

organophosphate resistance (Hartley et al., 2006).

Analysis of the H. melpomene genome revealed several candidates for the
biosynthesis and detoxification of xenobiotics. The number of P450s in
insect genomes currently ranges from 48 in Apis mellifera to 164 in Aedes
aegyptii (Consortium, 2006, Nene et al.,, 2007). 100 P450s were identified
in H. melpomene genome. Comparison with B. mori revealed several H.

melpomene and Lepidopteran specific gene expansions.

With an increasing number and diversity of insect genomes becoming
available, the diversity of these three enzyme superfamilies can be better
appreciated and their evolution in insects can be further understood. The
availability of sequencing information from a wide range of insects may
reveal more functions for these large superfamilies. This in turn can
improve our understanding of their importance in the adaptation of

insects to new ecological niches.
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6.2 Advantages of utilising NGS technologies in non-model species
research

Next generation sequencing technologies (NGS) have a great potential to
help address numerous gene and genome level questions in molecular
biology, by providing a rapid and cost effective means of generating
sequencing resources for almost any organism. NGS provides a means to
engage in the genomics of non-model species that lack other sequence
resources and have no prior history of functional genetics. Thus shifting
the research focus from few laboratory based model organisms towards
natural populations of wider ecological and evolutionary relevance

(Ekblom and Galindo, 2011).

The choice of NGS platform used for sequencing depends on the question
being addressed and readily available genomic resources for the organism
of interest or its related species. While Roche 454 pyrosequencing is better
for de novo sequencing due to long sequence reads, Illumina is preferred
for gene expression studies and SNP characterisation as it provides deep
coverage. Most published works on non-model organisms have utilised
Roche 454 pyrosequencing for assembly and annotation, due to its longer
reads (400-700bp) (Kumar and Blaxter, 2010). As it is not feasible to
invest heavily in genome resources for every species or natural
populations, transcriptome sequencing projects for non-model organism
are a better alternative, as they cost less and are computationally more
tractable (Kumar, 2010). Furthermore, concentrating the sequencing effort
on the expressed part of the genome allows analysis of the expressed
region which cannot be predicted from the genome sequence alone

(Mundry et al., 2012).

6.3 Bioinformatic challenges and limitations of NGS data in non-
model organism research

Rapid progress in the NGS technologies is exponentially increasing the
sequence throughput and large scale studies in
genomics/transcriptomics of non-model organisms are becoming a reality

(Liu et al., 2012). With the advancement in the NGS technologies, the
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focus is now shifting towards solving the bioinformatics challenges in
order to make sense of large datasets. Although the actual cost of
sequencing has substantially decreased, before planning the methodology,
it is important to consider other expenses, skills and infrastructure
required for sample preparation and data analysis. The storage and
analysis of the large volume of sequencing data is very challenging
(Mundry et al., 2012). Computing power can also be an issue for the data
processing of these large datasets. Computing systems with large
memories and multiple cores are required for the parallel processing of the
sheer volume of NGS data. Alternatively, cloud computing resources can
be rented as a service and the end users do not require the knowledge for
the maintenance, physical location or configuration of the system that
delivers the service. It is not only an attractive framework for parallel
computing for data analysis, but it also allows for massive data storage
(Martin and Wang, 2011, Thudi et al., 2012). Therefore, cloud computing
is a better alternative especially for labs that occasionally generate NGS
dataset, as it provides computational facilities and storage services on a

need to use basis.

In addition to the infrastructure, another important consideration is the
type of NGS data generated. If the whole genome sequencing is not the
end goal, transcriptome or expressed sequence tags (ESTs) can be
generated instead, which costs less but still yields sufficient information to
develop genomic resources for any organism (Bouck and Vision, 2007).
However, use of EST data for study of gene families has certain
limitations. Transcripts from genes expressed at a low level may not be
sequenced at all. Hence, absence of a particular transcript from a given
dataset is not a strong evidence for the absence of the corresponding gene
from the genome; it may simply remain to be discovered. When using EST
data for gene discovery, it gives no information about the genomic
position, gene order or location of structures such as introns. Without the
positional information accurate identification of species specific genes and
gene family expansions can be problematic. And homologous relationships

between chromosomal regions cannot be conclusively established (Bouck
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and Vision, 2007). Although this can be deduced by comparing with
genomic sequence from closely related species, for non-model organisms

this is usually not the case.

Furthermore, it is difficult to distinguish alleles and alternative spliced
variants from paralogs during assembly. Lack of a reference genome
makes it difficult to validate the assembly and to evaluate the assembled
contigs (Wang et al., 2004). ESTs are subject to sampling bias (i.e.
underrepresentation of rare transcripts) this can be overcome to a certain
extent by sampling RNA from multiple tissue types and from different
developmental stages. In order to further reduce redundancies, cDNA
libraries can be standardised by using normalisation procedure. This can
enrich the diversity of transcripts captured in the EST collection (Nagaraj
et al., 2007). However this is not required when carrying out gene

expression analysis.

Another most widely used application of NGS in non-model organisms is
rapid and cost effective SNP characterisation. SNPs can be obtained from
either genome or transcriptome of any organism. Variant calling tools
identify same base call discrepancies occurring in multiple sequences as
SNPs, assuming that redundant reads represent actual SNPs rather than
sequencing error. In most cases this can be dealt by using stringent
filtering parameters to select only reliable good quality SNPs. One obvious
problem with SNP detection from NGS data is that sequencing errors show
a similar signature to low frequency SNP alleles. It is even more
problematic to confirm SNPs with low coverage or towards the end of the

reads where the sequence quality is comparatively lower.

As NGS is becoming affordable, the type of organisms being sequenced
has shifted from few laboratory-based organisms to wild populations.
These natural populations can often be contaminated and obtaining pure
samples by separating mixed sequences can be problematic if there is no
prior knowledge of the contaminant. Sequence separation becomes even

more challenging if both the organisms are eukaryotic and have
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insufficient sequencing data available for the same or related species.
Various strategies can be applied to separate mixed sequences, however
they all have different caveats. It is essential to select the method on the
basis of the type of organisms and the sequence information available.
However instead of considering mixed sequences as a problem, it can be
regarded as means of gaining insight into host-parasite interaction and

studying pathogen-infected host tissues (Kumar and Blaxter, 2011).

With the decrease in sequencing costs and increases in accuracy,
sequence length and coverage, the future bottle neck is most likely be the
data analysis rather than generating sequence data. Assembling the data
is computationally intensive and parameter settings need to be determined
depending on the properties of the dataset. However, advances in high
performance computing will greatly reduce the time required for analysis
of large datasets. Despite the above mentioned caveats, NGS technologies
and bioinformatics can open up avenues to develop functional genomics
resources for diverse species of interest to ecologists and evolutionary

biologists.

6.4 FUTURE PERSPECTIVES

The work presented in this thesis has helped in developing genomic
resources for four non-model insect species (T. vaporariorum, H.
melopmene, L. sericata and G. viridula), which in turn can help in their
future research. In chapter 2, annotation of T. vaporariorum transcriptome
for gene families involved in xenobiotic metabolism revealed a number of
transcripts that have potential role in conferring insecticide resistance.
Elucidation of the exact function of these gene candidates and their
potential role in imparting insecticides resistance can provide an
important insight into the ability of T. wvaporariorum to respond to

environmental changes.

The main aim of Chapter 3 was to identify all the CYP genes in the genome
and transcriptome of H. melpomene. Annotation of P450 encoding genes in

the H. melpomene genome revealed co-localisation of cytochrome P450
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genes with olfactory receptor (OR) genes. The possibility that the products
of these genes operate in the same system for the detection and
metabolism of related compounds is an exciting one and is worthy of
further experimental investigation. We also found four putative candidates
with close orthology to CYP genes involved in cyanogenesis in Z.
filipendulae. To confirm the role of these genes in Heliconius adaptation to

cyanogenic host plants would require more experimentation.

The SNPs generated in Chapter 4 need to be validated by alternative
methods before being used in further studies as true genetic markers. The
transcriptomic reference and validated SNPs can therefore serve as the
basis for future SNP analysis and enhance our understanding of the
spread of malathion and diazinon resistance in different L. sericata
populations from around the world. In addition, the annotated sequences
will facilitate the investigation of fundamental biology of L. sericata and

can be further compared to its sibling species L. cuprina.

Finally, the data in Chapter 5 can help in understanding host-parasite
interactions. The Green dock beetle midgut data was found to be
contaminated with microsporidia, suggesting that the insect was infected
when sequenced. Overrepresentation of superfamilies and domains
implicated in the immune response can give a better insight into the
interaction of this beetle host with the microsporidial parasite.
Furthermore, investigating contigs containing these motifs can help
understand the innate response of the host to infection. Similarly
thorough examination of the separated microsporidial data can help to
understand how endoparasites like microsporidia can cope with variety of
stress encountered inside the host. Thus providing the basis for further
exploration and understanding of the fundamental mechanisms of stress

response.
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APPENDIX A

Table S2.1: List of putative Trialeurodes vaporariorum cytochrome P450s
with complete names

CLADE CYP CLADE CYP

CYP2 CYP18A1 CYP4 CYP4AV6
CYP2 CYP304G1 CYP4 CYP4C63
CYP2 CYP306A1 CYP4 CYP4CR1
CYP3 CYP6CM2 CYP4 CYP4CS1
CYP3 CYP6CM3 CYP4 CYP4CT1
CYP3 CYP6CM4 CYP4 CYP4G59
CYP3 CYP6DB2 CYP4 CYP4G60
CYP3 CYP6DP1 CYP4 CYP4G61
CYP3 CYP6DP2 CYP4 CYP380D1
CYP3 CYP6DQ1 CYP4 CYP380E1
CYP3 CYP6DRI1 CYP4 CYP403A1
CYP3 CYP6DS1 CYP4 CYP403A2
CYP3 CYP6DS2 Mito CYP301A1
CYP3 CYP6DS3 Mito CYP301B1
CYP3 CYP6DT1 Mito CYP302A1
CYP3 CYP6DT2 Mito CYP314A1
CYP3 CYP6DT3 Mito CYP315A1
CYP3 CYP6DT4 Mito CYP353C1
CYP3 CYP6DTS Mito CYP404A1
CYP3 CYP6DT6

CYP3 CYP6DT7

CYP3 CYP6DU1

CYP3 CYP6DV1

CYP3 CYP6DV2

CYP3 CYP6DV3

CYP3 CYP6DW1

CYP3 CYP6DX1

CYP3 CYP6DX2

CYP3 CYP6DY1

CYP3 CYP6DZ1

CYP3 CYP6DZ2

CYP3 CYP6EA1

CYP3 CYP401A1

CYP3 CYP402A1

CYP3 CYP402B1
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APPENDIX B

Table S3.1: Number of cytochrome P450 genes in Heliconius melpomene

CLADE orientation | HMEL stable id Scaffold start of gene | end of gene

CYP2
CYP15C1 forward HMELOO06305 | scf7180001249124 36557 46518
CYP18A1l forward HMELOO5066 | scf7180001247540 51408 55164
CYP306A1 reverse HMELOO05067 | scf7180001247540 58791 52970
CYP303A1 reverse HMELOO7289 | scf7180001249384 275986 264001
CYP304F6 reverse HMELO15610 | scf7180001250686 124281 114056
CYP304F5 forward HMELO15784 | scf7180001250700 236595 241698
CYP305B2 forward HMELO10376 | scf7180001250079 12208 24960
CYP305B1 forward HMELO010377 | scf7180001250079 35227 51919
CYP307A1 reverse HMELO11518 | scf7180001250246 191834 184993

CYP3
CYP6AB18 reverse HMELO11177 | scf7180001250217 219238 216935
CYP6AB15 reverse HMELO11177 | scf7180001250217 212312 207936
CYP6AB29 reverse HMELO11177 | scf7180001250217 206504 203038
CYP6AB16 reverse HMELO08256 | scf7180001249662 12767 15027
CYP6AB17 reverse HMELOO8256 | scf7180001249662 4935 6821
CYP6AB25 forward HMELO003453 | scf7180001245305 4308 7079
CYPOAB26 reverse HMELOO0O3682 | scf7180001245570 187498 189657
CYPOAB27 reverse HMELO12288 | scf7180001250361 521377 522537
CYP6AB30 reverse HMEL012288 | scf7180001250361 511264 512659
CYP6AE33 reverse HMELO10595 | scf7180001250135 42305 44172
CYP6AE34 reverse HMELO10595 | scf7180001250135 45815 47967
CYP6AE35 forward HMELOO03566 | scf7180001245448 281303 283277
CYP6AE40 reverse HMELOO8479 | scf7180001249711 366070 364035
CYP6AE41 reverse HMELO008479 | scf7180001249711 369660 367633
CYP6AE42 reverse HMELO08479 | scf7180001249711 373241 371335
CYP6AN9 forward HMELOO7566 | scf7180001249436 27545 29512
CYP6AN11 forward HMELOO7566 | scf7180001249436 32787 34973
CYP6AN12 reverse HMELOO7567 | scf7180001249436 37134 39677
CYP6AN13 forward HMELOO7568 | scf7180001249436 40747 42513
CYP6AN10 forward HMELO013102 | scf7180001250438 161377 165974
CYP6CT2 forward HMELOO0O6595 | scf7180001249232 2550 7523
CYP6FA1 forward HMELO17153 | scf7180001250808 10835 12839
CYP6FA2 reverse HMELO17154 | scf7180001250808 16092 17733
CYP9A45 reverse HMELO013741 scf7180001250505 196327 203153
CYP9A41 forward HMELO13737 | scf7180001250505 159394 167933
CYP9A42 forward HMELO13742 | scf7180001250505 205630 212225
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CYP9A43
CYP9A44
CYP9A46
CYP9G9
CYP324A1
CYP324A3
CYP324A4
CYP324A2
CYP324A5
CYP332A1
CYP337C1
CYP321C2
CYP337C3
CYP337C4
CYP337C5
CYP354A6
CYP354A7
CYP4
CYP405A5
CYP405A6
CYP405A4
CYP4G71
CYP4G73
CYP4L22
CYP4AM27
CYP4M28
CYP4S16
CYP4CG6
CYP4CG7
CYP4CG5S
CYP4CG9
CYP4CG10
CYP4CG13
CYP4CG4
CYP4CG11
CYP4CG12
CYP340R6
CYP340P1
CYP340R3
CYP340R4

reverse
reverse
forward
reverse
forward
reverse
reverse
reverse
reverse
forward
forward
reverse
reverse
reverse
forward
forward

forward

reverse
reverse
reverse
reverse
reverse
forward
forward
forward
forward
reverse
forward
reverse
reverse
reverse
reverse
reverse
reverse
reverse
reverse
reverse
reverse

reverse

HMELO13739
HMELO13738
HMELO12008
HMELO06125
HMELO17463
HMELO17464
HMELO17464
HMELOO5373
HMELOO05373
HMELO013081
HMELO04530
HMELOO04447
HMELO04449
HMELO04449
HMELO09495
HMELO012954
HMELO12955

HMELO16673
HMELO16674
HMELO16675
HMELO16705
HMELOO0O6588
HMELOO09876
HMELO05932
HMELOO05933
HMELOO5553
HMELO010693
HMELO002471
HMELOO3583
HMELOO03581
HMELOO3582
HMELOO0O3584
HMELOO8770
HMELOO8768
HMELOO8772
HMELO013957
HMELO13954
HMELO13955
HMELO13956

scf7180001250505
scf7180001250505
scf7180001250330
scf7180001249092
scf7180001250824
scf7180001250824
scf7180001250824
scf7180001247934
scf7180001247934
scf7180001250434
scf7180001246721
scf7180001246642
scf7180001246642
scf7180001246642
scf7180001249880
scf7180001250418
scf7180001250418

scf7180001250781
scf7180001250781
scf7180001250781
scf7180001250781
scf7180001249228
scf7180001249962
scf7180001249024
scf7180001249024
scf7180001248286
scf7180001250150
scf7180001242087
scf7180001245460
scf7180001245460
scf7180001245460
scf7180001245460
scf7180001249777
scf7180001249777
scf7180001249777
scf7180001250535
scf7180001250535
scf7180001250535
scf7180001250535

177227
168863
4486
1162
968626
992015
989411
6490
1
200752
343856
19990
90665
94514
312093
546296
557646

742844
749004
759942
1337669
44520
66
200744
212577
127536
11219
65878
17161
216
10610
27438
276044
269095
285346
39781
387
11714
24632

191055
176210
10545
10532
973286
999228
986114
10581
4237
205929
346033
21489
93667
97719
313946
552720
560846

746355
754629
764980
1347334
50967
7455
207450
216975
135130
19965
71023
24633
6396
15956
31702
282180
275154
286728
50562
3811
12931
30083
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CYP340R2
CYP340RS5
CYP340N1
CYP340R1
CYP421A1
CYP340Q1
CYP341E1
CYP341E2
CYP341E3
CYP341A8
CYP341A9
CYP341A10
CYP341F1
CYP366B1
CYP366B2
CYP367A3
CYP367B3
Mito
CYP333B13
CYP333B14
CYP301A1
CYP301B1
CYP49A1
CYP333-
unl
CYP333A4
CYP302A1
CYP339A2

forward
reverse
forward
forward
reverse
forward
reverse
forward
forward
forward
forward
forward
reverse
reverse
reverse
reverse

reverse

Forward
Forward
Forward
Reverse

Reverse

Forward
Forward
Forward

forward

HMELO010931
HMELO10936
HMELO010939
HMELO010930
HMELO10934
HMELO10935
HMELO013801
HMELO13797
HMELOO5374
HMELO17148
HMELO17149
HMELO17150
HMELOO06318
HMELO17070
HMELO17074
HMELOO2116
HMELOO2115

HMELO002625
HMELOO0O3058
HMELOO7856
HMELOO0O7941

HMELO12587
HMELO12676
HMELO16930
HMELO17316

scf7180001250201
scf7180001250201
scf7180001250201
scf7180001250201
scf7180001250201
scf7180001250201
scf7180001250519
scf7180001250519
scf7180001247939
scf7180001250807
scf7180001250807
scf7180001250807
scf7180001249127
scf7180001250804
scf7180001250804
scf7180001240868
scf7180001240868

scf7180001242575
scf7180001242575
scf7180001243663
scf7180001249521
scf7180001249546

scf7180001250375
scf7180001250380
scf7180001250793
scf7180001250816

7526
39882
50719

2218
22139
33999
36696

33
5383
923477
929771
945945
53909
49153
70866
91265
81527

58256
64347
37559
36409
38041

2856
387826
212441
148411

19989
47608
55126
4819
30520
38269
39668
2170
9558
926856
936399
948771
58711
53603
76335
98439
86401

61189
66683
49276
45025
42251

5962
391496
214527
152568
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Table S3.2: List of Heliconius melpomene CYP genes having EST support

Clade CYP Genes

CYP2 CYP18A1

CYP2 CYP303A1
CYP2 CYP304F6
CYP2 CYP304F5
CYP2 CYP306A1
CYP3 CYP6ABI18
CYP3 CYP6AB15
CYP3 CYP6AB16
CYP3 CYP6AB17
CYP3 CYP6AE33
CYP3 CYP6AE34
CYP3 CYP6AE35
CYP3 CYP6AE40
CYP3 CYP6CT2

CYP3 CYP9A45

CYP3 CYP9A41

CYP3 CYP9A42

CYP3 CYP9A43

CYP3 CYP9A44

CYP3 CYP9G9

CYP3 CYP324A1
CYP3 CYP324A3
CYP3 CYP332A1
CYP3 CYP337C1
CYP3 CYP354A6
CYP4 CYP4G71

CYP4 CYP4L22

CYP4 CYP4M27
CYP4 CYP4S16

CYP4 CYP4CG4
CYP4 CYP4CGS
CYP4 CYP4CG6
CYP4 CYP4CG7
CYP4 CYP405A4
MITO CYP301B1
MITO CYP333A4
MITO CYP333B13
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APPENDIX C
Table S4.1: List of putative Lucilia sericata cytochrome P450s with

complete names

CLADE CYP CLADE CYP

CYP2 CYP305A1 CYP4 CYP311A1
CYP2 CYP18A1 CYP4 CYP313B2
CYP3 CYP28E1 CYP4 CYP4AAl
CYP3 CYP28G1 CYP4 CYP4ACS
CYP3 CYP28G2 CYP4 CYP4AD1
CYP3 CYP28G3 CYP4 CYP4AE2
CYP3 CYP28G4 CYP4 CYP4D29
CYP3 CYP308B1 CYP4 CYP4D30
CYP3 CYP310B1 CYP4 CYP4G46
CYP3 CYP317A2 CYP4 CYP4G80
CYP3 CYP437A2 CYP4 CYP4P7
CYP3 CYP438A1 Mito CYP301A1
CYP3 CYP6A27 Mito CYP12A11
CYP3 CYP6A28 Mito CYP12A7
CYP3 CYP6A29 Mito CYP12G1
CYP3 CYP6A30 Mito CYP12A9
CYP3 CYP6A31 Mito CYP302A1
CYP3 CYP6A42 Mito CYP12A10
CYP3 CYP6A43 Mito CYP12D2
CYP3 CYP6A44

CYP3 CYP6A45

CYP3 CYP6A46

CYP3 CYP6A47

CYP3 CYP6A48

CYP3 CYP6A49

CYP3 CYP6C2

CYP3 CYP6D6

CYP3 CYP6D7

CYP3 CYP6FR1

CYP3 CYP6FR2

CYP3 CYP6FS1

CYP3 CYP6FT1

CYP3 CYP6G3

CYP3 CYP6GS5

CYP3 CYP6V2

CYP3 CYP9F4

CYP3 CYPIF5
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Figure S4.1 Distribution of SNP quality scores in the UK population of
Lucilia sericata. The graph represents default quality SNPS before filtering

using stringent parameter.
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Figure S4.2 Screenshot of the IGV viewer showing diazinon region in the
Ls44527 contig. The lser_cce_sorted.bam region is the mapped Illumina
reads from the UK population. A single Illumina read has a SNP in the

position associated with diazinon resistance.
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APPENDIX D
TABLE S5.1 Codon usage frequencies (percent) for Callosobruchus
maculatus (Cm), Chrysomela tremulae (Ct), Leptinotarsa decemlineata (Ld),

Sitophilus oryzae (So), Gastrophysa viridula (Gv) and microsporidia (Ms)

codon AA Cm Ct Ld So Gv Ms
GCA A 0.346 0.352 0.348 0.322 0.361 0.44
GCC A 0.201 0.219 0.211 0.215 0.204 0.14
GCG A 0.132 0.116 0.127 0.145 0.128 0.123
GCT A 0.321 0.312 0.314 0.318 0.306 0.292
TGC C 0.392 0.38 0.376 0.351 0.362 0.307
TGT C 0.608 0.62 0.624 0.649 0.638 0.693
GAC D 0.381 0.346 0.366 0.373 0.347 0.388
GAT D 0.619 0.654 0.634 0.627 0.653 0.612
GAA E 0.66 0.68 0.678 0.689 0.682 0.709
GAG E 0.34 0.32 0.322 0.311 0.318 0.291
TTC F 0.358 0.386 0.387 0.315 0.41 0.341
TTT F 0.642 0.614 0.613 0.685 0.59 0.659
GGA G 0.337 0.356 0.359 0.341 0.364 0.374
GGC G 0.203 0.185 0.184 0.197 0.185 0.164
GGG G 0.167 0.186 0.177 0.17 0.169 0.127
GGT G 0.292 0.274 0.28 0.292 0.282 0.335
CAC H 0.387 0.372 0.378 0.377 0.366 0.37
CAT H 0.613 0.628 0.622 0.623 0.634 0.63
ATA I 0.358 0.339 0.335 0.366 0.355 0.447
ATC I 0.244 0.24 0.241 0.207 0.24 0.194
ATT I 0.398 0.421 0.424 0.427 0.405 0.358
AAA K 0.665 0.674 0.683 0.712 0.676 0.643
AAG K 0.335 0.326 0.317 0.288 0.324 0.357
CTA L 0.13 0.12 0.115 0.127 0.127 0.151
CTC L 0.107 0.117 0.121 0.093 0.12 0.071
CTG L 0.15 0.146 0.147 0.125 0.148 0.104
CTT L 0.187 0.184 0.19 0.182 0.179 0.194
TTA L 0.207 0.195 0.196 0.27 0.188 0.245
TTG L 0.219 0.238 0.231 0.203 0.239 0.236
ATG M 1 1 1 1 1 1
AAC N 0.398 0.362 0.382 0.367 0.356 0.35
AAT N 0.602 0.638 0.618 0.633 0.644 0.65
CCA P 0.389 0.405 0.39 0.379 0.401 0.422
ccc P 0.167 0.186 0.178 0.171 0.167 0.124
CCG P 0.13 0.117 0.135 0.15 0.131 0.13
CCT P 0.314 0.291 0.297 0.3 0.301 0.324
CAA Q 0.591 0.616 0.615 0.62 0.619 0.699
CAG Q 0.409 0.384 0.385 0.38 0.381 0.301
AGA R 0.342 0.372 0.346 0.339 0.359 0.387
AGG R 0.208 0.211 0.198 0.186 0.19 0.164
CGA R 0.146 0.151 0.165 0.158 0.175 0.149
CGC R 0.087 0.071 0.073 0.084 0.073 0.07
CGG R 0.084 0.086 0.09 0.093 0.081 0.067
CGT R 0.134 0.109 0.128 0.14 0.122 0.163
AGC S 0.14 0.12 0.114 0.123 0.108 0.106
AGT S 0.185 0.177 0.178 0.193 0.181 0.253
TCA S 0.228 0.253 0.243 0.21 0.261 0.24
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TCC
TCG
TCT
ACA
ACC
ACG
ACT
GTA
GTC
GTG
GTT
TGG
TAC
TAT
TAA
TAG
TGA

IS << HHE SRR

0.139
0.094
0.214
0.367
0.2
0.142
0.291
0.273
0.187
0.213
0.327

0.378
0.622
0.384
0.243
0.373

0.146
0.09
0.214
0.37
0.212
0.124
0.294
0.255
0.18
0.224
0.341

0.341
0.659
0.355
0.221
0.424

0.149
0.102
0.214
0.36
0.198
0.134
0.308
0.254
0.186
0.205
0.355

0.356
0.644
0.37
0.216
0.413

0.142
0.106
0.226
0.361
0.192
0.149
0.298
0.28
0.178
0.186
0.356

0.348
0.652
0.479
0.226
0.295

0.133
0.107
0.211
0.381
0.184
0.133
0.302
0.269
0.183
0.222
0.326

0.346
0.654
0.333
0.226
0.441

0.105
0.086
0.209
0.451
0.119
0.126
0.304
0.379
0.159
0.212
0.24

0.404
0.596
0.408
0.256
0.337
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TABLE S5.2 Percent GC content of scaffolds for the sequenced

microsporidial genomes

Organism %GC
N. parisii ERTm1 34.42
Nematocida spl ERTm2 38.34
N. parisii ERTm3 34.46
Nematocida spl ERTm6 38.3
V. culicis floridensis 39.75
V. corneae ATCC 50505 36.47
E. aedis 22.47
E. cuniculi Ecl 46.9
E. cuniculi EclIl 46.85
E. cuniculi EclII 46.83
E. cuniculi GB-M1 47.31
E. intestinalis ATCC 50506 41.53
N. ceranae BRLO1 25.27
A. algerae PRA109 23.3
A. algerae PRA339 23.41

Source: http:/ /www.broadinstitute.org/annotation/genome /microsporidia_comparative /Genome Stats.html
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APPENDIX E
LIST OF PUBLICATIONS

Related to the thesis

Chauhan, R., Jones, R., Wilkinson, P., Pauchet, Y., ffrench-
Constant, R. H. (2013). Cytochrome P450 encoding genes from the
Heliconius genome as candidates for cyanogenesis. (Insect Molecular

Biology)

The Heliconius Genome Consortium, Dasmahapatra, K. K., Walters,
et al, Chauhan, R., et al. (2012). Butterfly genome reveals
promiscuous exchange of mimicry adaptations among species.

Nature, 487, 94-98. doi:10.1038 /nature11041

Karatolos, N., Pauchet, Y., Wilkinson, P., Chauhan, R., Denholm, 1.,
Gorman, K., Nelson, D. R., Bass, C., ffrench-Constant, R. H.,
Williamson, M. S. (2011). Pyrosequencing the transcriptome of the
greenhouse whitefly, Trialeurodes vaporariorum, reveals multiple
transcripts encoding insecticide targets and detoxifying enzymes.

BMC Genomics, 12, 56. doi:10.1186/1471-2164-12-56

Not related to the thesis

Ferreira, P.G., Patalano, S., Chauhan, R., ffrench-Constant, R.,
Gabaldon, T., Guigo, R., Sumner, S. (2013). Transcriptome analyses
of primitively eusocial wasps reveal novel insights into the evolution
of sociality and the origin of alternative phenotypes. Genome

Biology, 14, R20. doi:10.1186/gb-2013-14-2-r20

Pauchet, Y., Wilkinson, P., Chauhan, R., ffrench-Constant, R.
H. (2010). Diversity of beetle genes encoding novel plant cell wall
degrading enzymes. PLoS One, 5, €15635.
doi:10.1371/journal.pone.0015635
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