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Abstract

The Amaryllidaceae have characteristic isoquinoline alkaloids including galanthamine that is
approved for treatment of Alzheimer’s disease. The daffodil (Narcissus pseudonarcissus) is an
industrial source of this alkaloid. This project undertook analysis of the daffodil transcriptome as
an approach to understanding this alkaloid biosynthetic pathway.

Material from the basal plate of var. Carlton was analysed using the Roche 454 GS FLX Titanium
and Illumina HiSeq platforms to assemble reference transcripts (45324 transcripts from 454,
165065 from Illumina). Annotation was via a bespoke BLAST pipeline utilizing UniProt, TAIR,
Rfam and RefSeq. Further functional annotation and enrichment studies were carried out using
the DAVID platform encompassing KEGG, GO and EC annotations. [llumina HiSeq sequencing of a
second variety, Andrew’s Choice, was used alongside the reference transcripts to identify SNPs
and transcript level differences. A bioinformatics method to determine ploidy indicated both
varieties were triploid, in agreement with microscopy results. The level of selected transcripts was
also assessed using qPCR.

Several transcripts putatively involved in alkaloid biosynthesis were identified. Comp75950_c0_s1
showed homology to a C4H gene from peppers and could be involve in protocatechuic acid
biosynthesis in daffodils. Two transcripts, Daff106212 and Contig1404, were predicted to catalyse
the synthesis of norbelladine from protocatechuic acid and tyramine, and its subsequence
conversion to 4’-0-methylnorbelladine. Finally, transcripts HDA57HAOAK3FX and Daff88927 were
suggested for the final step in galanthamine biosynthesis, an intermolecular phenol coupling.

This is the first transcriptomic comparison of two daffodil varieties and is an important resource

for further investigation into genes involved in Amaryllidaceae alkaloid biosynthesis.
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1 Chapter one: The use of Second-generation
sequencing technologies for the study of medicinally
important alkaloids - a case study in galanthamine
production in daffodils

1.1 Introduction

Galanthamine is a specialized plant secondary metabolite currently extracted
from snowdrops and daffodils for use in the pharmaceutical industry as the
active ingredient in a drug that slows the progression of Alzheimer’s disease 1.
Plant secondary metabolites such as this have been exploited throughout
history as flavours, pigments, medicines and as industrial raw materials 2. The
compounds themselves are often species-specific and are thought to be involved
in plant defense and in the attraction of pollinators 2. Galanthamine is a member
of a group of metabolites known as alkaloids that also includes other
compounds with potent biological activity such as codeine and morphine 3. The
plants often remain the main source of these compounds as the chemical
synthesis is difficult due to the chiral nature of the compounds # The direct
extraction from plants, however still produces low yields as the levels of
alkaloids in plants vary greatly between species and individuals as well as in
response to environmental conditions and therefore they are considered trace
compounds 5. Although methods of metabolic engineering and biosynthesis via
microbial systems have been successful for compounds of this type, these
methods rely heavily on knowledge on the biosynthesis of the compounds

within the source species °.

As secondary metabolite biosynthesis often involves diversions from primary
metabolism and complex non-linear pathways it is difficult to predict the
enzymes involved 7. Although studies have shown that the enzymes involved

come from a small number of gene families, these families have large variation



of function within them and it is often not possible to predict function using

sequence analysis alone 8.

One method of investigating the biosynthesis of alkaloids is functional
genomics. Major advances in DNA sequencing technology have made genomic
sequencing a relatively cheap and quick way of obtaining vast quantities of data,
even from non-model plants 911 With the rapid development and
corresponding reduction in cost of second-generation sequencing technologies,
transcriptomics has become the go-to method of functional genomic studies in
previously unexploited non-model plants 1213, In particular the massively
parallel sequencing of RNA, “RNA-Seq”, has revolutionized plant research, from
the initial uses of transcriptomics for EST library production, mapping of short
reads to reference genomes to the development of de novo assembly of the
improved read lengths of second-generation techniques, transcriptomics has led
the way to the discovery of genes involved in alkaloid biosynthesis in several

plants 5,14,15.

Two key transcriptomic analyses in the discovery of putative alkaloid
biosynthetic genes are similarity searches and functional annotation of the
transcriptome. Functional annotation via BLAST searches against public
databases of Gene Ontology, KEGG and EC classification have been used to
predict genes involved in other alkaloid producing pathways 2516, Also, with the
enzymes involved in alkaloid production predicted to be from a small number of
large gene families, homology studies into specific gene types has been
successful in predicting alkaloid biosynthetic genes in some plants 1718, These
predicted genes can then be used in further downstream analysis to aid in the

discovery of plants and systems with higher alkaloid producing properties.

One valuable tool in the analysis of these predicted genes is transcript level
differences or differential expression (DE) 13161920 By combining DE studies
with transcriptome sequencing it is possible to assess key steps in alkaloid

production 21. As a transcriptome shows all the transcribed elements (exonic



regions) at a given time point, comparisons of daffodil individuals with differing
levels of galanthamine from the same time point in growth may predict genes

that are up or down regulated within the galanthamine pathway.

The rapid development of functional genomics has also lead to the revolution of
DNA markers used in plant research and breeding programs 22. The first and
second generation of markers such as RFLPs, RAPDs, SSRs and AFLPS rely on
costly gel based assays and are time consuming 22. The development of SNPs, a
third generation marker system, not only avoids the gel-based methods but
SNPs are also considered functional markers, linking traits with alleles?3. They
are the most abundant marker system and have the potential to lead to
agronomically important alleles 24, SNPs have been used in agriculturally and
medicinally important plants as cost effective marker-associated selection in
fingerprinting, association studies and population analysis 2. In this project it is
hoped that by discovering SNPs between two varieties of daffodil with known
differences in galanthamine levels (see appendix section 6.3) it will be possible

to predict SNP markers linked to galanthamine production.

This project aims to produce a reference transcriptome of a high galanthamine
producing variety of daffodil, Carlton, at a time point known to correlate with
high galanthamine levels. By comparing this reference to short reads from both
Carlton and a low producing variety, Andrew’s Choice, it is hoped that both non-
synonymous SNPs and differences in transcript levels can be determined in

putative genes involved in the production of galanthamine.



1.2 Daffodil- Narcissus pseudonarcissus

Figure 1-1 Daffodil variety Carlton.

The Narcissus genus is among the 80 genera of the monocotyledon
Amaryllidaceae family, and includes all daffodils 26. They originate from the
Mediterranean area, from lowland pastures to rocky hillsides 27.28. The plants
undergo hybridization easily in both the wild and cultivation, resulting in over
25,000 distinct cultivars 26. All species are summer-dormant bulbs that grow
throughout the autumn/winter with most flowering in the spring, and are insect

pollinated 28,

The taxonomy of the family is highly contested with Narcissus pseudonarcissus
being one of the most controversial groups due to the ease of hybridization and
varying DNA content and polyploidism 2. The genus has been shown through
several cytogenetic and flow cytometry studies to have diverse DNA content and
ploidy levels, with genome size and ploidy differing within seven of the most
studied species, (N. asturiensis, N. bulbocodium, N. broussonetii, N. cantabricus,
N. poeticus, N. pseudonarcissus and N. tazetta) 30. One of the most extensive
cytometry studies is the 2008 study of 355 accessions by Zonneveld. He
identified highly variable DNA content within varieties with the same ploidy
level. For example, in diploids the somatic nuclear DNA content (2C) varied
from 14 to 38 pg 30. As for polyploids the largest polyploid reported was the
nonoploid N. dubius, which had a DNA content of 96.3 pg.

The varieties studied in this project are N. pseudonarcissus cv. Carlton and N.



pseudonarcissus cv Andrew’s Choice. In his study Zonneveld did not look at
either of these varieties, although he did measure the DNA content of 46
Narcissus pseudonarcissus samples with DNA content ranging from a diploid
(2n=14) ssp pseudonarcissus L with 22.7pg to a tetraploid (2n=28) ssp nobilis
with a DNA content of 45.9pg 30. The majority of the samples were diploid apart
from N nobilis and two triploid samples of ssp major (Curtis) Baker also known
as N. hispanicus that had DNA contents of 36.5 and 36.1pg respectively 30.
Carlton was investigated in 1993 in a study looking at only 16 varieties of
Narcissus and was found to be a tetraploid; Andrews Choice has not been
investigated for DNA content or ploidy level 31. This diversity within the genus
has been exploited in the ornamental industry to produce a wide variety of
interesting phenotypes 32. As well as interest from the ornamental breeders
daffodils have become an important medicinal plant due to their production of

biologically active alkaloids such a galanthamine 33.

1.3 Amaryllidaceae alkaloids - History of their

medicinal properties
There are 500 structurally diverse Amaryllidaceae alkaloids which have been

identified by progressive chemical analysis since the 1950s 34 Within the
Narcissus genus alone there are over 100 known alkaloids with varying
bioactivity 35. The earliest record of the use of galanthamine, the most widely
studied Amaryllidaceae alkaloid, is possibly from ancient Greece. It has been
suggested that symptoms matching that of acetylcholine syndrome are
described by Homer in the Odyssey and were alleviated by a plant extract
known as “moly” thought to be from the snowdrop (Galanthus spp.) which was
known to grow in Greece 3¢. Snowdrops have been used in Russia and Eastern
Europe for centuries in traditional medicine. Although their endogenous role is
relatively unknown, extracts of Narcissus have been used for centuries to treat a
wide variety of ailments 36. Through second hand accounts and unconfirmed
reports extracts have been linked to the treatment of post-polio paralysis and

myasthenia gravis via the reversal of neuromuscular blockade, as well the ease



of nerve pain and other neuromuscular or central nervous system disturbances

1-

Galanthamine is a member of one of the nine distinct groups of Amaryllidaceae
alkaloids 37. These are grouped based on their skeletal characterization, as
shown in Figure 1.2. The bioactivities of these alkaloids are varied but include
analgesic properties, acetylcholine esterase inhibition, hypotensive properties,
anticonvulsive properties, anti-inflammatory properties, cytotoxic properties

and antimalarial properties 37.
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Figure 1-2 The nine distinct types of amaryllidaceae alkaloids

The alkaloids shown are the representative alkaloid for that type 37.



1.3.1 Galanthamine - as a folk medicine
Galanthamine is the most widely studied Amaryllidaceae alkaloid and is

currently approved for use in the treatment of Alzheimer’s disease and is the
main focus of this thesis 38. In the 1950s the active ingredient galanthamine was
first characterized after a Bulgarian pharmacologist witnessed snowdrop
extracts being used to alleviate headaches 1. The structure was determined in
1953 and its acetylcholine esterase inhibiting properties discovered shortly
thereafter 3940, It was also implicated as a treatment for poliomyelitis in
Eastern Europe in the 1960s when extracts from Caucasian snowdrop bulbs
were effective on two children showing early symptoms 1. It is however
because of its acetylcholine esterase (AChE) inhibiting properties that

galanthamine is of pharmacological interest.

1.3.2 Other Amaryllidaceae alkaloids with potential medical uses:
Narciclasine and Lycorine
Most of the work on amaryllidaceae alkaloids has focused on the chemical

structure of the pharmacophores and functional groups to look for possible new
lead compounds for structural based drug design. Lycorine has shown activity
against several cancer lines as it is shown to induce apoptosis via the
mitochondria of cancerous cells 4142, This is of particular interest as lycorine
shows cytostatic activity in those cells resistant to apoptosis, since 90% of
cancer patients die from metastases, which are intrinsically resistant to
apoptosis 43. Derivatives of lycorine have shown anti-plasmodial action against
sleeping sickness, malaria, and also against the viral diseases poliomyelitis and
SARS 4446, Derivatives of this alkaloid are also currently being explored for anti-
dengue virus activity and as a broad spectrum anti pathogenic fungi agent with

a study looking at 24 crop pathogenic fungi 4748

Narciclasine has also shown anti-cancerous properties against those cells
resistant to apoptosis stimuli. It is thought to target cEFIA elongation factor
causing cyto-skeletal disorganization 4°. More recently it has been shown to

impair actin cytoskeleton organization in experimental models of brain cancers

50,



1.4 Galanthamine

1.4.1 Asaproven drugin Alzheimer’s disease
Galanthamine is a centrally acting competitive and reversible ACHE inhibitor

approved by the National Institute for Health and Clinical Excellence (NICE) for
the treatment of mild to moderately severe cases of Alzheimer’s disease 3851, It
is currently extracted for this purpose from snowdrops (Galanthus spp), red
spider lily (Lycorus radiate) and daffodils (Narcissus spp) with varying intra and

inter-species yields 52.

Alzheimer’s disease is the main cause of dementia in the elderly with over 20
million sufferers worldwide; in 2009 there were 500,000 sufferers in the UK
alone, reaching almost 800,000 by 2012 385153, There is no known cure for the
disease and due to prolonged life expectancy the worldwide cost is predicted to
double every five years with the worldwide cost in 2005 alone estimated at
US$315 billion. Within the UK, in 2012 it was predicted to cost £23 billion a year
with a predicted increase to £27 billion by 2018 5354, Alzheimer’s disease is a
progressive neurodegenerative disease resulting in serious cognitive
dysfunction with symptoms including memory loss, language deficits,
depression, behavioral issues, psychosis and can lead to motor dysfunction and
Parkinson-like symptoms 5255, The pathology of the disease is relatively
unknown but the major causative factors are known to be deficiency of
acetylcholine (Ach), a neurotransmitter linked to cognitive function, along with
plaque build-up and inflammation in the brain 55. Therefore it is very important
that drugs used to treat the disease, like galanthamine, can pass through the

blood brain barrier.

Galanthamine has a dual mechanism against Alzheimer’s disease. Firstly it has
been shown to inhibit the enzymatic activity of AChE in the brain resulting in
increased levels of ACh and secondly it allosterically modulates nicotinic ACh
receptors, increasing the stimulatory effect of ACh 1. This second mode of action

is attributed to galanthamine’s ability to bind at both the pre and post-synaptic
8



nicotinic receptors at a different site to ACh allowing the response to be
increased as both bind simultaneously °657.  This dual action makes
galanthamine a more attractive treatment than other currently available drugs
such as donepezil and rivastigmine as they do not affect the nicotinic receptors
35, Due to the complex structure of galanthamine the main source of the
compound remains plants as chemical synthesis produces very low yields at

high cost.



1.4.2 Chemical synthesis
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Figure 1-3 Guillou et al synthetic pathway of galanthamine (adapted from Guillou et al,, 2001).

Synthesis was achieved via oxonarwedine (H) in an eight-step Heck reaction leading to a 12% yield of

galanthamine 58.

Total synthesis of galanthamine is possible but it is not commercially viable due

to the intrinsic complexity of the chiral centres. The main limiting step is the
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unfavorable intramolecular oxidative para-ortho coupling of the phenolic ring
459, Barton and Kirby carried out the initial chemical synthetic work on
galanthamine and in 1962 they successfully synthesized galanthamine. This was
achieved at a 1% yield via biomimetic and intramolecular phenol coupling to
simultaneously give the quaternary carbon centre and tetracyclic framework ©9,
In more recent years the yield has been improved to levels of about 12% by
Guillou et al in 2001 and Tanimoto et al in 2007. Guillou based the synthesis on
that of +- oxonarwedine using an eight-step process (see Fig 1.3) involving a
Heck reaction resulting in a 12% yield 8. Tanimoto et al utilized an 11-step
process starting from D glucose to give a yield of 12.8%. The stereo specific
quaternary carbon is created using a Claisen rearrangement on the chiral
cyclohexanol derived from the D-glucose ¢l. The low yields and complicated
synthesis of galanthamine results in the continued use of the plant for

commercial production.

1.4.3 Biosynthesis
As is proven with other alkaloids, studying the biosynthetic pathway can lead to

valuable information that can be used to increase biotechnological production
62, It could eventually lead to the cloning and expression of the rate limiting
enzymes responsible for phenol oxidative coupling reaction 4. Limited work has
been carried out to try and elude the biosynthetic pathway of galanthamine.
Barton and Cohen in 1957 suggested that all amaryllidaceae alkaloids are
derivatives of norbelladine via intra-molecular oxidative phenol coupling after a
radiolabelling experiment using a 1#4C-labelled norbelladine derivatives as
precursors in N. pseudonarcissus cv. King Alfred. ¢3. It was predicted that a
dienone was the first intermediate but the ether bridge formation mechanism
was unknown. In 1969 work by Fuganti suggested the precursor was 4’-0O-
methylnorbelladine (R = CHsz in figure 1.4) via the incorporation of this
compound into galanthamine while studying the biosynthesis of
haemanthamine ¢4 In 1970 Bhandark and Kirby suggested it was narwedine
(R=H in figure 1.4) following an experiment that incorporated 3H narwedine

into galanthamine 6465, The work carried out by Eichhorn set out to test these

11



theories as the previous experiments had poor incorporation rates. He used
carrier free radioactive labeled precursors to achieve up to 27% incorporation

rate, proving 4’-O-methylnorbelladine to be the primary universal precursor 4.

Catechol-O- methyltransferase

HO N :©\/I,\I

R HO

R
[cHasAm SAH
R=H= Norbelladine R=H [OCH3]4'-O-Methylnorbelladine
R=CH3 = N-Methylnorbelladine R=CH3 =[OCH3]4'-O-Methyl-N-

methylnorbelladine

Figure 1-4 Enzymatic synthesis of norbelladine derivatives as shown by Eichhorn in Leucojum
vernum (adapted from Eichhorn., 1998).

The experiments showed that N-methylnorbelladine was the primary precursor 4.

The key step in galanthamine production is the phenol oxidative para-ortho’
coupling of 4’-O-methylnorbelladine to yield a hypothetical dienone. These
reactions involve the oxidation of phenols by one-electron transfers, producing
radicals that pair to form new C-C or C-O bonds 6. From other studies on similar
pathways it can be predicted that this step is carried out via a highly specific
P450 dependent oxidase without introducing oxygen in the final product #6768,
P450s are a class of haem protein-dependent mixed function oxidase that use
NADPH or NADH to produce an organic compound and a molecule of water ¢°.
In BIA (Benzylisoquinoline alkaloids) production a very similar step involving
intra-molecular para-ortho’ coupling of (R)-reticuline to the dienone
salutaridine (Fig 1.5) is catalyzed via a P450 linked NADPH and O2 dependent

microsomal bound plant specific enzyme 79.

MeQO

HO

MeO

(R)-Reticuline | Salutaridine

Figure 1-5 Intramolecular para-ortho coupling reaction catalysed by a microsomal cytochrome
P450 enzyme.%,

12



The role of P450 enzymes in phenol coupling reactions in alkaloid biosynthesis
and other enzymes characterized in similar pathways is further discussed in

chapter four.

1.5 The use of functional genomics in plant science
As discussed the rapid development of this area has lead to a cheap and efficient

method of data collection on non-model plants such as daffodils. The main
turning point came with the release of second-generation sequencing

technologies.

1.5.1 The development of Second-generation sequencing technologies
Sanger sequencing was the most widely used DNA sequencing method from its

widespread introduction in the 1980s until the early 21st century?’:. Within the
plant community reference genomes were sequenced using this method,
starting with the landmark Arabidopsis genome in 2000, providing the first
plant genome sequence, followed by important crop plants such as rice,
sorghum and soybean 7175, Sanger sequencing is time consuming, costly and
requires detailed sample preparation. It often requires DNA cloning in bacteria
which can result in host bias 72. Due to the high cost and amount of time taken to
produce the data, large and complex genomes of important plants such as wheat
(~16GB genome size) could not be determined using this method. Furthermore,
most plants with specialized metabolites of medicinal interest such as daffodils
are of interest to small communities of researchers and therefore are likely to
have few genomic resources 2. New technologies that could produce more data
at a lower cost were required for larger genomes and non-model organisms,
resulting in development of a new generation of sequencing techniques known

as “second-generation sequencing”.

Prior to the development of second-generation sequencing technologies the
standard method for collecting genomic information on non-model plants was

the generation of random expressed sequence tags (ESTs) via Sanger
13



sequencing 73. Second-generation methods set out to confront the intrinsic
problems associated with Sanger sequencing, by using a “sequencing by
synthesis” approach as a quicker and cheaper process 74 that resulted in 3-4
times the magnitude of DNA sequence compared to Sanger, making it a viable

method for understanding complex genomes and non-model organisms 71.

The key characteristics of second-generation technologies that made them
fundamentally different were the introduction of in vitro cloning and in situ
amplification as well as the use of chain extension chemistry as opposed to
chain termination. The three main commercial products, 454-pyrosequencing,
[llumina and Ion Torrent all share similar methodologies, with individual clonal
DNA templates being sequenced in parallel via cycles of base additions and
imaging 76. They differ in their methods for detecting incorporation. Each

platform is briefly described below.

1.5.1.1 454 pyrosequencing

Roche’s 454 pyrosequencing is a “sequence by synthesis” method and is centred
around pyrophosphate chemistry using beads containing sulfurylase and
luciferase 77. A single-stranded template DNA library is created via shearing the
DNA into fragments that are ligated to two adaptors that allow the
immobilization of the strands onto the beads 78. The DNA fragments are
amplified independently via emulsion-based amplification and sequencing
occurs with one nucleotide being used per cycle 7°. The incorporation of this
nucleotide results in the release of pyrophosphate that is converted via the
sulfurylase to ATP. It is the hydrolysis of this ATP by luciferase, releasing
oxyluciferin and light, that is measured followed by a wash and the next cycle 77.
The 454 chemistry results in indel sequencing errors, in part due to the lack of
terminating moieties resulting in multiple incorporations in any one cycle 77.
This is particularly evident in sequences with regions of homopolymers as it is

difficult to distinguish between high numbers of the same nucleotide such as 4

14



As instead of 5 As.

1.5.1.2 Illumina sequencing

[llumina sequencing technology (Illumina Inc.) is also a “sequencing by
synthesis” method. The DNA in this case is also amplified in situ via bridge PCR
to result in clusters of around 1000 copies 77. Unlike other methods Illumina
uses nucleotides labeled both with a fluorescent dye and a terminating moiety
allowing for the use of all four nucleotides at once 80. After a nucleotide is
incorporated it is detected and identified according to its dye, the dye and
termination group is removed and the next cycle occurs 77. Due to the use of all
four nucleotides at once and the termination group preventing numerous
incorporations per cycle Illumina does not suffer the same indel sequencing
errors as seen in 454 and lon torrent. The main error in Illumina sequencing is
substitution, that is identification of the wrong nucleotide caused by incomplete
or missing blocking groups or residual interference from incomplete cleavage of
the fluorescent label in previous cycles 8l Illumina sequencing and its

comparison to 454 are further explained in chapters two and three.

1.5.1.3 Ion Torrent

Ion Torrent (Life Technologies Corporation) was first implemented in 2010, and
is a semiconductor sequencing technology. Unlike the 454 and Illumina
methods it does not rely on enzymatic reactions, fluorescence or chemical
luminescence 82, It exploits the biochemical reactions that occur during
nucleotide incorporation leading to the release of hydrogen ions that in turn
cause a change in pH 82. The technology involves the use of a micro-array chip
which is flooded with one nucleotide at a time. If the nucleotide is incorporated
a change in pH is recorded via an ion-sensitive layer under the wells 10. This
method was intended to be high speed and relative low cost with a run time of
around two hours and a capacity for >1GB of data in 2012 82. However, as of
2011 its read length capabilities were only around 200bp and so it was
considered more suitable for use in microbial studies, re-sequencing and was

not widely used in plant transcriptome projects 82. A further limitation to lon
15



Torrent was its poor ability to handle homopolymers. The error associated with
Ion Torrent was predominately indel based (error rate of 1% per base) 8L
However, unlike the other methods, its use of native nucleotides avoided the
noise seen in both 454 and Illumina from the use of fluorescence or blocking

groups.

The second-generation technologies of Roche 454 (e.g. GS FLX Titanium) and
the Illumina platforms (such as HiSeq) were therefore considered high-
throughput techniques 7576 appropriate for non-model plant genomic studies
and from 2010 to 2013 were the most widely adopted methods. The Roche 454
produced over a million reads at lengths of up to 700 bp in a 10 hour run with
total amounts of 400-600 megabases of sequencing. lllumina HiSeq 2000 had a
raw base accuracy of over 99.5%, producing on average over 1 billion high

quality reads during an 11 day run, resulting in gigabites of data 7.

1.5.2 From genome to transcriptome
One of the most discussed and studied areas surrounding second-generation

sequencing is its use in transcriptomics, otherwise known as “RNA-Seq” 1183384,
RNA-Seq involves the sequencing of the transcribed regions of DNA (mRNA that
is converted to cDNA). Through focused studies on the coding regions the
amount of repetitive regions sampled within the sequence data is reduced,
increasing the informative content and easing assembly. It is possible using this
method to look at the complete repertoire of transcribed events occurring in a
specific tissue at any one time and is therefore of particular use in non-model
large genome plants with limited genomic data. This method can be used to
characterize genes, look for novel transcripts, compare mutations and gene
expression between individuals and produce de-novo assemblies of reference

transcriptomes 84,
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1.5.3 The use of second-generation sequencing in plant science
Since the introduction of second-generation sequencing techniques in 2005,

research into non-model plants with large genomes has developed rapidly.
Transcriptomic projects are becoming the norm for research into non-model
plant species. The first commercially available platform, Roche’s 454 pyro-
sequencing was in 2010/2011 the system of choice for de novo assembly of

transcriptomes due to its longer read lengths as can be seen in Table 1.1 11,

Table 1-1 The state of second-generation sequencing in 2009.

The three commercially available technologies vary greatly in run time, read length and number. (All data

taken from Deschamps and Campbell, 2009) 25

Sequencing platform | Run time Read length (bp) Reads per run (million)
Roche 454 FLX 10 hours 400-500 ~1

[llumina GAIIx 5.5 days 100 160

ABI SOLiD 6-7 days 50 500

When these platforms first emerged de novo assembly was thought to be
impossible due to the short read lengths first achieved by these technologies (in
2008 454 reached read lengths approaching 300bp whereas Illumina and SOLiD
were close to 35bp) 8588, The data from the sequencers of this new generation
were therefore originally used for sequence consensus applications, gene
expression analysis, genome annotation, EST library production, discovery of
small RNA molecules and SNP profiling 778, As of the end of February 2010,
four of the seven hundred and forty eukaryotic genome projects involved
second-generation sequencing 77. Other second-generation projects looking at
plants included 454 EST library constructions for Arabidopsis thaliana,
Medicago truncatula (a model legume) and Zea mays (maize). However,
following the first fully second-generation de novo genome assembly of the giant
panda in 2010, the use of second-generation sequencing for de novo projects has

rapidly increased 9.

17



De novo transcript assembly has become a rapid and viable approach for plants
with large genomes and 454 rapidly became the technique of choice for de novo
assembly, with Illumina’s short reads being used alongside these reference
transcriptomes for SNP discovery and transcript differences to investigate
numerous biological pathways 77. This was in part due to the increased coverage
seen with [llumina over 454, due to its capacity to produce 100 fold more reads
with a 5 fold increased read depth on assembled contigs 2. With the introduction
of the Illumina HiSeq2000 in mid 2010 with a 2-5 fold rate increase in data
acquisition over the GA series, [llumina sequencing became the choice for short
read mapping back to references °1. The increased coverage seen with Illumina

compared to 454 allows for investigation into rare transcripts.

1.5.4 Transcriptomic studies on non-model plants
Between 2007, with the proof of concept transcriptome study of Arabidopsis

thaliana seedlings, and 2012, there were over 50 plant transcriptomic studies
involving RNA-Seq via either 454 or Illumina 138392, As read lengths improved
(454 in 2005 100bp to 700bp in 2014, Illlumina 25bp in 2006 to 300 in 2013)
the second-generation technologies overtook traditional sequencing methods
for a variety of studies including EST library creation, de novo transcriptome,
genome annotation, discovery of markers (SNPs and SSRs) and a wide variety of
studies looking as specific traits and relationships 1383. De novo transcriptome
assembly has been carried out on non-model plants including certain species of
fern and eucalyptus as well as garlic, pea, chestnut and chickpea 93-98, as well as
being used in larger collaborative efforts such as the 1KP project, aiming to
sequence over 1000 plants. To date this latter project has generated data on
over 1300 samples of which 111 are monocots and 6 from the Amaryllidaceae
family 99. So far the project has not released its main publication but a list of

companion papers can be found at:

https://pods.iplantcollaborative.org/wiki/display/iptol/OneKP+companion+pa

pers 9°.

As well as de novo assembly, second-generation sequencing has been used to
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analyse primary and secondary metabolism, traits such as C4 photosynthesis
and response to biotic and abiotic stress 159697,100-103 Eyen with the rapidly
growing number of transcriptomic projects on plant species only a fraction of

the plant world has so far been explored.

1.5.5 The future of sequencing technologies
Study of transcriptomics in plants is continuing to grow with the ever-changing

state of sequencing technologies. A new era of third-generation technologies has
now been ushered in. Second-generation technologies such as 454 that were at
the forefront of non-model transcriptome studies only a few years ago are now
giving way to the newer technologies with the growing desire for longer reads,
reduced computational requirements and cheaper sequencing driving the
technology forward. In fact Roche has decided to no longer support the 454
platform and it is set for full decommission by mid 2016 104, The development of
the new generation of sequencers is, as in the past with the second generation
platforms, being pushed forward by human genetics with the aim of producing a

whole genome sequence for less than $1000 .

The third-generation sequencers include the commercially available SMRT
(single molecule real time) sequencer by Pacific Biosciences and Oxford’s
nanopore sequencers 105106, Both methods allow for the removal of PCR in the
preparation steps, not only rapidly decreasing DNA preparation time but also
removing the risk of bias and error introduced via PCR (LIN 2012). Although the
two methods differ on the signal used to detect nucleotide incorporation (SMRT
uses fluorescence whereas nanopore use electric current), both methods collect
the signals in real-time 10. The average read length produced by SMRT is
1300bp and the potential is there for nanopore technologies to reach lengths of
>5kbp and speeds of 1bp/ns 107,

There are also fourth-generation sequencing techniques, which are still in the
experimental stage but are aimed at producing contextual sequencing, zooming
in on individual transcripts within a cell or specific tissue °. These ideas are very
much at a proof of concept phase, one such project referred to as “in Situ”
involved the detection and genotyping of individual mRNA molecules in human
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and mouse cells resulting in the detection of a somatic point mutation and
differentiation between members of a gene family 108.As human research forces
these technological advancements, the plant science community will reap the
benefit, making sequencing of large genome non-model plants more affordable

and increasing the ability for de novo assembly.

1.5.6 Transcriptomics in the study of the biosynthesis of plant alkaloids
and other high value compounds
With the rapid developments in sequencing technology, large collaborative

efforts are now being made to study plants with secondary metabolites of
biotechnological importance 26109110, The objective is to discover metabolic
pathways, compare genes in known gene families implicated in secondary
metabolism and discover key genes/enzymes for production of valuable

compounds.

Alkaloids is the term given to a diverse group of compounds containing nitrogen
in a heterocyclic ring. Several key types of alkaloids have been used medicinally
for centuries including benzylisoquinoline, monoterpene indole and
amaryllidaceae alkaloids 18110, This includes the Monoterpene indole alkaloids
(MIAs) vinblastine and vincristine (Catharanthus roseus) with anti-cancer
properties, the BIA opiates including codeine (poppy) and the tropine and
purine alkaloids nicotine and caffeine from tobacco (Nicotiana tabacum) and

coffee (Coffea arabica) respectively 32 (see fig 1.6).
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Figure 1-6 Chemical structure of widely used alkaloids (adapted from Takos et al.,, 2013).

The compounds themselves are often species-specific but there is evidence that
similar gene families are involved in the production of several compounds 5111,
The opium poppy is one of the most widely studied alkaloid producing plants. A
study in 2010 by Desgagne-Penix and colleagues produced a transcriptome
using 454 sequencing that identified 427,369 ESTs (average length 462bp). The
resulting assembly produced over 90,000 transcripts that were annotated using
a BLAST database pipeline against well known databases such as UNIPROT 112,
This, along with proteomic data, resulted in the identification of genes involved
in secondary metabolism 2. Work specifically aimed at secondary metabolites
has also been carried out in smaller projects in other non-model plants. For
example, the work carried out by Guo et al (2013) on the traditional Chinese
medicine plant Dendrobium officinale employed the 454 GS FLX titanium
platform to produce 553,054 ESTs with an average length of 417bp. These were
assembled into 36,907 unique contigs with 69.7% being annotated. The work
carried out on this plant led to the annotation of 69 unique sequences relating
to 25 genes in alkaloid backbone biosynthesis as seen in the KEGG database 5.
This study also reaffirmed the fact that key enzyme classes needed in the
production of most secondary metabolites are cytochrome P450s,
aminotransferases and methyltransferases and suggested that these may be co-

expressed 5. These will be discussed further in Chapter four.
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One of the biggest collaborative transcriptomic plant projects is the
PhytoMetaSyn collaboration 2¢ that has brought together thirteen research
groups from seven Canadian institutes to produce genomic/metabolic resources
for 75 plants known to produce high-value compounds. The project has
discovered genes involved in biosynthesis of codeine and morphine, enzymes in
diterpenoid biosynthesis for fragrances, undertaken de novo synthesis of
sesquiterpenoids in yeast and characterized an enzyme involved in the

biosynthesis of the bioactive compound thapsigargin 113117,

A further large-scale project on 14 medicinally important plants has included
investigation into the biosynthesis of MIAs by studying transcriptomes of
pooled samples from different tissues of three MIAs producing plants,

Camtotheca acuminate, Catharanthus roseus and Rauvolfia serpentina 119,

1.5.7 Transcript expression analysis in the search for agronomically and
medicinally important compounds

Secondary metabolism, like primary metabolism, is a highly regulated process,
with the most important mechanism in regulation suggested to be the amount
of mRNA present 118, Therefore, by looking at the differing levels of mRNA
between individuals, or at different time points alongside metabolite profiling, it
may be possible to predict individual genes involved in target pathways 11°. This
can be particularly valuable in the study of alkaloid biosynthesis as alkaloids are
often produced in specific tissue or at certain time points in development or

under certain conditions.

Transcript level differences have been used in several projects for this purpose.
One such study was carried out by Fridman et al in wild varieties of tomato.
Differential expression studies on two varieties with clear differences in levels
of methylketones led to the discovery of methylketone synthase 1. The EST was
shown to be highly expressed in the variety PI1126449 known to produce
methylketones compared to LA1777 that did not produce the compounds 129,
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As the gene families linked to secondary metabolism can contain numerous
members that often use similar substrates and produce similar products it is
difficult to determine which carry out specific reactions in alkaloid production
119 By carrying out correlation studies looking at both mRNA expression and
metabolite levels it is possible to predict links. This has been success in the
study of BIA biosynthesis identifying and validating four NMTs in three

speciesi2l,

By comparing transcript level differences between Carlton and Andrew’s Choice
it may be possible to predict genes involved in amaryllidaceae alkaloid

biosynthesis in this way.

1.5.8 SNP analysis in the search for high value compounds
As already discussed, the rapid development of DNA and specifically functional

markers such as SNPs has revolutionized plant research and molecular breeding
programs. Markers were originally used for genetic mapping but are now used
in a variety of studies including characterizing germplasm, gene isolation,
marker-assisted breeding and interrogation of target alleles 23. DNA markers
are composed of small regions of DNA that show polymorphism between
individuals of the same species. They can be random (RDMs) phenotypic neutral
markers or functional markers that show polymorphism in coding regions that
affects the phenotype 23. RDMs have been used in biodiversity studies such as
the 1001 genome project in Arabidopsis but recombination can break the link
between RDMs and target loci on alleles and so are limited in their diagnostic
uses 122, A more suitable method for representation of genetic variation is the
use of functional markers as they are developed from coding regions that affect
the phenotype. SNPs are the most abundant marker system, predicted to be an
order of magnitude higher than that of SSRs, with a predicted average frequency
of 1 SNP per 100-300bp 22. Plant SNP studies have shown homologous SNPs to
be more frequent. In wheat the frequency is about 1 per 20bp and 1 per 70bp in

maize 22. SNPs have been used in numerous plant studies to predict genes of
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agronomical value including the discovery of a SNP next to a waxy gene
involved in amylose production in rice, a semi-dwarfing gene in rice as well as
in a marker assisted breeding study into soybean resistance to cyst nematode
123-126_1t is hoped that similar SNP discovery methods can be used in daffodils to

look for putative genes in alkaloid biosynthesis.
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1.6 Conclusion and Hypothesis

1.6.1 Conclusion
Alkaloids are a large group of compounds with diverse medicinal uses and

research into their biosynthesis is imperative to allow for further exploitation of
their varied bioactivities. The use of RNA-Seq allows for a project of this scope.
With the huge increase in transcriptomic data providing high sequence depth of
coverage it is hoped that novel biosynthetic genes (and rare transcripts) for the

unique compounds specific to alkaloid production in daffodils can be discovered

2-

1.6.2 Hypothesis

The biosynthesis of galanthamine and other alkaloids depends on controlled
expression of genes for proteins that catalyse synthesis and sequestration of the
alkaloids. Candidate genes can be identified following assembly and annotation
of a de novo daffodil transcriptome. Annotation will rely on information in
public databases from relatively distantly related species, including plants that
also synthesise alkaloids. However, genes for secondary metabolism are known
to fall into multi-membered families so additional information will be required
to support candidates within gene families. A comparison will therefore also be
made between two daffodil varieties that differ in galanthamine content,
focusing on differences in transcript levels and identification of SNPs in
homologs of genes that are predicted to be involved in alkaloid metabolism in
other plants with the hypothesis that these differences may underlie the

differences in secondary metabolites.
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2 Chapter two - Construction of a reference
transcriptome

2.1 Introduction

2.1.1 The use of Second-generation sequencing for de-novo assembly of
transcriptomes in plants that produce medicinally important
metabolites

One of the fundamental aspects of looking at the transcriptomes of plants of this

nature is the need for de novo assembly of second-generation data due to the
lack of genomic references. One of the most widely used technologies in 2010 to
generate data for de-novo assembly was Roche 454 GS FLX titanium
pyrosequencing. This method was advantageous since it produced longer reads
than several of the other possible platforms making assembly more accurate >
Several research groups have used 454 sequencing to produce a reference that
can then be used alongside shorter reads from platforms that produce great

number of reads to identify mutations and gene expression differences 212127,

2.1.2 454 Sequencing technology
The 454 sequencing technology is explained in section 1.5.1.1. The resulting

reads can then be used to create reference transcripts via de novo assembly.

2.1.3 Assemblers for de novo assembly of second-generation
transcriptome data
There are two main strategies for assembling sequence data of this type,

depending on whether the data is first mapped or assembled de novo. Mapping
involves matching reads to a reference genome or transcriptome then merging
overlapping reads into transcripts. However, for projects where no reference
genome or closely related species is available (as for many plants at present)
the sequence must be assembled using de novo methods. In theory de novo
assembly should result in the complete reconstruction of the transcriptome
allowing for the identification of all expressed genes, separate isoforms and
expression levels. However, there are two main issues to be addressed when

assembling transcript data. First, the second-generation techniques result in
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large numbers of short reads (20-100 million reads per sample in plants and
animals) that increase assembly difficulty 128, There is a high computational and
memory cost involved in the assembly of these short reads, further increased
with paired-end alignment and assemblies that can involve TBs of data (input
and intermediate). Secondly, alternative splicing can result in shared exons
between genes resulting in misassembled and concatenated sequences 128. The
454 platform has its own mapping and assembly program known as GS de novo
assembler more commonly called “Newbler” this program utilizes an modified

version of overlap assembly.

2.1.4 Overlap assembly methods
This method was introduced with shotgun sequencing during the 1990s and has

limited use with second-generation sequencing techniques due to the high
computation costs of pairwise alignment on short reads and the overall increase
of reads produced by the new methods 8. Alongside the initial release of
second-generation techniques the overlap method was altered to incorporate a
clustering step that would allow it to be used with the higher number of long
reads seen with 454 data 83. The original process involved the creation of nodes,
where each read represents a node, and edges are formed between two nodes
when they overlap, followed by simplification steps to confirm overlap across
both read orientations to remove transitive (false or redundant) nodes and
edges resulting in a chain of nodes or “contig” 128. As read number increased the
computation time became too great to compare every read and so the reads
were clustered into similar groups and overlap looked for within the clusters,
current programs that use this improved overlap method include Mira, Phusion

and Newbler as well as the Sanger assembler CAP3 85129-131,

2.1.5 Analysing transcriptome de novo assemblies
There are several key statistics that can be used to assess the assembly of de

novo assemblies, these are explained briefly below.
Number of contigs assembled: This can only be compared when the number

of contigs is known either through the use of simulated data or a genome
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reference. This is further complicated as contigs are often fragments of
transcripts and so without a full reference this is not useful as an analysis of
transcriptome assemblies.

N50: This is a measurement related to contig length; it is defined as the size of
the smallest contig so that 50% of the total length of all contigs is represented in
the contigs of size N50 or above. Although this has some use in transcriptomics,
it is more insightful in genomic assembly as a higher N50 suggests less breaks in
the genome, whereas transcriptomes are necessarily fragmented 128,

Reads mapped back to transcripts (RMBT): This is the number of raw or
filtered reads that map back to the assembled transcripts, often given as a
percentage 132,

Contigs mapped back to reference transcriptome or genome (CMBR): This
is similar to RMBT but involves the mapping of the assembled contigs back to a
reference transcriptome or genome. This is not possible in de novo assemblies
without a reference but can be used with simulated data or known references to

test the accuracy of the assemblers.

2.1.6 Annotation of de novo assemblies - The use of BLAST searches
against known databases
Without an annotated genome in daffodils or closely related species it is

important that the assembled transcripts are annotated. A method used by
several projects is the use of BLAST to align transcripts to sequences from
publically available databases. The use of databases such as UniProt, SwissProt,
RefSeq, Interpro and Rfam have been used to produce annotations in plants
such as olive, chili pepper and Dendrobium officinale with percentage of
transcripts annotated ranging between 47 and 69%?2514101133 [t is hoped that a
similar pathway involving UniProt, TAIR, Rfam and RefSeq can be used to

annotate the daffodil transcripts.

28



2.1.7 RNA extraction from plants with high phenol, sugar and secondary
metabolite levels
The initial step in sequencing a transcriptome is the extraction of RNA for the

production of a cDNA library. RNA extraction from plants is made difficult due
to the varying levels and varieties of storage compounds and secondary
products contained in plants 134 There is currently no standard method of
isolation that works for all plant species. Plant tissues that have high levels of
polysaccharides, polyphenols and lipids have proven to be problematic when
attempting to extract RNA with the widely used guanidium-phenol-chloroform
extraction method 135. Chang and colleagues addressed fundamental issues in
RNA extraction using these methods and proposed an alternative method for
the extraction of RNA from pine trees in 1993 136, One of the main problems
associated with RNA extraction from many plants is the oxidation of the
phenolic compounds that then bind irreversibly to nucleic acids and so
precipitate with or degrade the RNA 135136, To combat this issue the use of PVP
(polyvinylpyrrolidone), a strong polyphenolic compound binding agent that
reduces nucleic acid degradation and [3-mercaptoethanol as a reducing agent
were introduced 135, The methods also utilize CTAB
(hexadecyltrimethylammonium bromide) instead of phenol to remove proteins
thus minimizing the damage to poly A (+)-RNA that can occur in phenol
extractions 136, This CTAB method has since been modified by numerous groups
to isolate RNA successfully from difficult plants such as bilberry (Vaccinium
myrtillus L.) and peanuts (Arachis hypogaea L.) 134135 One additional
modification by Dang and Chen was the introduction of a lithium chloride
precipitation step that forms an RNA pellet leaving any DNA in the supernatant
135, RNA extracted via these modified methods has proven to be suitable for
cDNA preparation and RT-PCR reactions. Since daffodils have high levels of such
problematic compounds a modified version of the 1993 method was used to

extract RNA 134135,

2.1.8 cDNA library preparation
A transcriptome consists of sequence data derived from mRNA, resulting in the

analysis of only transcribed genes as previously discussed. The total RNA
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within the cell consists of >80% rRNA and, so that its three molecules do not
dominate, this must be removed, or the mRNA fraction isolated, before cDNA
can be prepared. Two recommended methods to isolate mRNA are mRNA
selection and rRNA depletion. The poly (A) tail of most mRNAs can be used to
select for mRNA by utilizing their interaction with poly(T) oligomers. This
property is exploited in Kkits, such as the Invitrogen Dynabeads® mRNA
purification kit, where the poly(T) is covalently bound to magnetic beads. Other
RNA molecules, which lack the poly (A) tail will not bind to the beads and wash
away (life-technologies, 2008). The rRNA depletion strategy is independent of
polyadenylation or presence of a 5’-cap structure on the RNA and so offers a
fuller isolation of the transcriptome 137. The depletion method in Invitrogen’s
RiboMinus ™ plant kit for RNA-Seq removes rRNAs derived from cytoplasm
(25/26S and 17/18S), chloroplast (23S and 16S), and mitochondrion (18S) from
the total RNA. Both methods show high efficiency in the preparation of mRNA
and therefore for a project of this type it would be beneficial to test both
methods since neither method had been used with the Carlton variety

previously.
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2.2 Aims and Objectives

2.2.1 Overview of aims and objectives
Currently there is limited genomic or transcriptomic data available for daffodils,

with no reference genome for daffodils or for any closely related plant. This
project aimed to create an annotated transcriptome. In order to do this, a
suitable method of RNA extraction, a modified CTAB method, was used to avoid
contamination from oxidization of phenols. A cDNA library was then created for
454 pyrosequencing. This used two different methods of mRNA purification to

determine which produced the greatest depletion in rRNA.

2.2.2 Data assembly and annotation
The sequenced library was assembled de-novo using the Newbler software

supplied with the Roche/454 platform, which has been specifically developed to
deal with 454 sequencing data. Finally, a BLAST database pipeline was created
to annotate the assembly against several key public databases, UNIPROT, TAIR,
RefSeq and Rfam. Several groups working on non-model plants, since it is
possible to infer annotations from well-known plants from public databases
have used this strategy. As discussed in section 2.1.6 strategies likes this have
resulted in transcriptomes with over 60% of the contigs being annotated >111,
The annotated assembly has then been used for downstream analysis as a

reference for read mapping, SNP discovery and gene expression profiling.
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2.3 Methods

2.3.1 Plant material for reference transcriptome
Bulbs of Narcissus pseudonarcissus L. var. Carlton were obtained from Alzeim

Ltd. The supplier to Alzeim was New Generation Daffodils
(http://www.newgenerationdaffodils.com). Thirty bulbs of Carlton were
planted in pots (36 cm diameter, 27.5 cm depth), 15 bulbs per pot on
14/12/2010. The bulbs were grown in a mixture of John Innes number 3 soil
(Keith Singleton Horticulture, Cumbria, UK) and 3.0-6.0 mm Perlite supercoarse
(William Sinclair horticulture Ltd, Lincoln.). Bulbs were planted at a depth of
15.2 cm. The pots were placed on the Institute roof thus experiencing normal

weather conditions and inspected regularly, watering as necessary.

2.3.2 Basal plate extraction
Whole plants were dug up in mid April 2011 after the foliage had died back as

this is the time predicted to show the highest level of galanthamine in the bulbs
(personal communication with Dr X Chang). Four plants were washed in cold
water and any remaining foliage removed. The roots were then removed and
the basal plate cut from the bulb. This was then cut into small pieces of 1-2 mm
thick, frozen in liquid nitrogen and stored at -80 °C until required. The basal
plate was used in order to avoid the high levels of chloroplast transcripts
expected in the bulb tissue causing rare or lowly expressed transcripts to be

missed in the resulting sequencing.

2.3.3 Production of cDNA library

2.3.3.1 Total RNA extraction - CTAB method
The method was modified from Chang et al, (1993). The frozen basal plate

tissue was ground in a pestle and mortar under liquid nitrogen. Extraction
buffer (2% CTAB, 2% PVP40, 100mM Tris-HCl, 25mM EDTA, 2M Nac(l, 0.5g I,
2% [B-mercaptoethanol) was warmed to 65°C and 2g powdered frozen tissue
added before vortexing until homogeneous. The solutions were then incubated
for 20 min at 65°C then placed on ice. The solutions were extracted 3 times in
10ml chloroform:isoamylalcohol (24:1). The phases were separated via
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centrifugation at 3696 g (Sorvall Legend RT with round buckets 75006533) at
4°C for 15 min carrying the supernatant (top layer) through between each
extraction. Then 2.5 ml 10M lithium chloride was added to the supernatant and
vortexed. The nucleic acid precipitate was allowed to form overnight at 4°C
followed by centrifugation at 3696 g (Sorvall Legend RT with round buckets
75006533) for 30 min at 4°C. At this stage the RNA was purified using the
RNeasy Plant mini kit (Qiagen) following the manufacturers RNA clean up

protocol and dissolved in RNAse free water.

To determine the quality and quantity of RNA, 1ul was analyzed
spectrophotometrically (Labtech NanoDrop® ND-1000 spectrophotometer).
This determined concentration and OD ratios 260:280 and 260:230. The RNA
was then analysed for degradation using formaldehyde gels following the

method of Chang et al., (1993).

2.3.3.2 mRNA isolation
Two different protocols were used to isolate mRNA from the total RNA

preparation to determine whether mRNA depletion or rRNA selection produced

the higher yield and quality of mRNA for cDNA library preparation.

2.3.3.3 rRNA depletion
Sample 1 (concentration 10 pg total RNA in 1.1 pl) was rRNA depleted using the

Ribominus kit (Invitrogen) according to the manufacturer’s protocol. The
method works by hybridizing rRNA molecules to locked nucleic acid probes for

known rRNA molecules 138,

2.3.3.4 mRNA selection
Sample 2 (45 pg total RNA in 5 pl) was mRNA selected using the Dynabeads

mRNA purification kit (Invitrogen) according to manufacturers protocol. This
method involves the pairing of the poly A chains on the 3’ end of mRNA to the

oligo (dT)zs residues on the surface of the beads 137.
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2.3.3.5 cDNA Library preparation
Following rRNA depletion (sample 1) or mRNA selection (sample 2), both were

used to construct cDNA libraries following the manufacturer’s
recommendations for the GS FLX titanium series cDNA Rapid Library
Preparation Method (Roche). Both preparations started with 200 ng RNA. Since
the samples would be pooled for sequencing, adaptor ligation was carried out to
barcode the separate samples. Sample 1 was ligated to RL MID6, ATATCGCGAG,
(Roche) and sample two to RL MID7, CGTGTCTCTA, (Roche).

The libraries were analyzed to check that the rRNA had been removed and that
the fragmentation had been successful after depletion, fragmentation and at the
end of the preparation using Agilent RNA 6000 Nano Kits. The resulting

libraries were stored at -80°C until sequencing.

2.3.4 Creation of a reference transcriptome

2.3.4.1 454 Pyrosequencing
Both libraries were sequenced at the Centre for Genomic Research (CGR) at the

University of Liverpool. This was carried out on the Roche 454 Pyrosequencing
Titanium FLX series instrument. The libraries were amplified independently

then pooled on half a plate for sequencing.

2.3.4.2 Assembly of reads from sequencing of barcoded libraries
The resulting sff files from the 454-pyrosequencing runs were assembled using

the GS De Novo Assembler Newbler program (version 2.5). The program was
run using the default settings. The two sff files corresponding to the barcoded

libraries were first assembled independently and then assembled together.

2.3.4.3 Re-sequencing of sample 2 and full assembly from all GS FLX data
Sample 2 was re-sequenced at the CGR to give a greater coverage of the

transcriptome due to the low read number of the original sequencing run.
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A further assembly was carried out using the GS De Novo Assembler Newbler
program (version 2.5). This assembly will be known as the full assembly from

here on.

2.3.4.4 Manual annotation and the creation of an automated annotation
pipeline for the joint and full assemblies using “full_annotation.pl”
The two assemblies were annotated separately using the same methodology as

described below. The annotation was implemented using a variety of custom-
built perl scripts and command line. The steps involved are shown in figure 2.1.
The individual steps in the pipeline were combined to produce a single script

that ran the whole pipeline from the command line in one step.
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Step 1

Any transcripts that were |
Step 2 not annotated were carried
forward to the next step
.
Any transcripts that were ,‘
Step 3 not annotated were carried
p forward to the next step
& J
' Any transcripts that were |
not annotated were carried
Step 4 forward to the next step
L&
Any transcripts that were |
not annotated were carried
Step 5 forward to the next step
Step 6

Figure 2-1 Annotation pipeline using "full_annotation.pl".

The steps were implemented using perl scripts and command line prompts. The eventual aim would be to
have this as a simple pipeline that can be used by non-bioinformaticians for future analysis. The script
“full_annotation.pl” can be seen on appendix disc. The steps in blue were carried out using the command
line version of BLAST 2.2.27+, using BLASTX for steps 2,4 and 6 and BLASTN for step 3 with the -m 8
tabulated output option and -b 1 and -v 1 options for upper limits on number of database sequences to
show alignments for and number of one-line descriptions to show. The steps in red were carried out via a
perl script created by Richard Gregory of the CGR at the University of Liverpool that removes high scoring
pair results so that each transcript has only one hit. The steps in green were implemented using a variety
of UNIX commands and perl hashes to pull out the sequences from the fasta file that had no hits.
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2.4 Results

2.4.1 Creation of a cDNA library

2.4.1.1 RNA extraction - CTAB Method
Analysis for total RNA quality after extraction and purification is shown in

Figures 2.2 and 2.3.

18S RNA PEAK 28S RNA PEAK
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Figure 2-2 Total RNA electropherogram for sample 1

The rRNA ratio (28S/18S) was 1.4 with an RNA integrity number (RIN) of 7.3 and a final concentration of
9.25 pg pl1. FU = fluorescence units.
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Figure 2-3 Total RNA electropherogram for sample 2
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Tlhle rRNA ratio (285/18S) was 1.5 with an RNA integrity number of 7.3 and a final concentration of 9.30 pg
w1,

The RNA integrity (RIN) number was above the degradation threshold of 6. At
this point the 28S/18S ratio remains close to 2 and the baseline signal is
relatively low. The 28S peak is clearly more intense than the 18S peak (ideal
theoretical ratio is 2:1 based on the observed ratio in mammalian RNA). The
18S and 28S are the small and large subunits of the ribosomal RNA. It is rare to
see ratios of exactly 2 or higher due to the relative instability of the 28S RNA
compared to the 18S RNA. Therefore both samples were deemed to be of a high
enough yield and quality to continue with the mRNA isolation step prior to

cDNA library preparation.

2.4.1.2 mRNA isolation

2.4.1.2.1 rRNA depletion of sample 1
Sample 1 was rRNA depleted using the Ribominus kit (Invitrogen). The method

required a starting amount of 10 pg of total RNA. The depletion was carried out
and the sample was then fragmented to the required range for sequencing (600-
1200bp) at a final concentration of 40 ng ul-1. The recovery at this step was 4%
(optimum range 1-10%). As no 28S or 18S peaks could be seen on the Agilent
gel and 28S/18S ratio was 0.0, (Figs 2.4, 2.5) it suggested over 95% rRNA

depletion and the lack of obvious peaks suggested successful fragmentation.

[FU]
10—
No visible 185 or 285 peaks
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Figure 2-4 Depleted sample 1 electropherogram

The lack of obvious peaks except for the marker peak at 25nt suggests successful depletion.
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Figure 2-5 Fragmented sample 1 electropherogram

The lack of any obvious peaks suggests fragmentation was successful.

2.4.1.2.2 mRNA selection of sample 2
The second sample of total RNA was subjected to mRNA selection using the

Dynabeads mRNA purification kit (Invitrogen). The starting amount was 45 g
total RNA in 5 pl. The resulting 28s:18s ratio of 0.7 suggested an 80% depletion
rate with a recovery of 0.8% total RNA. This is below the optimum level of 2-4%
but was considered acceptable at this stage due to the limited availability of the

sample material.
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Figure 2-6 Fragmented sample 2 electropherogram

28s/18s ratio suggests good fragmentation with 80% depletion. The marker peak is clearly visible at 25nt.
The small 18s and 28s peaks suggest less depletion than that seen for sample 1. This is reflected in the
calculated depletion of 80%.

Both fragmented samples were used to produce cDNA libraries for sequencing.
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2.4.1.3 cDNA library preparation

2.4.1.3.1 Sample 1
A fragmented cDNA library was constructed using the GS FLX titanium series

cDNA Rapid Library Preparation protocol. The final concentration was 6 x 108.
The resulting cDNA library fragments ranged between 500-2000 bp with an
average size of 820 bp. This is well within the working range of the 454

platform.
Range 500bp
[F U ] . to 2000bp 10380
100 - ; fragments 4
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Figure 2-7 High sensitivity DNA assay electropherogram for cDNA library from sample 1

The two peaks at 35 and 10380 are marker peaks.

2.4.1.3.2 Sample 2
A cDNA library was then constructed in the same way as sample 1 with MID7

adaptors (CGTGTCTCTA). The final library concentration was 6.5 x 108. The
fragments ranged from 476-1983 bp with an average of 825 bp, within the

working range of 454 sequencing.
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Figure 2-8 High sensitivity DNA assay electropherogram for cDNA library from sample 2

Library consisted of fragments in the range of 476-1983 bp with an average length of 825 bp. The two

dominant peaks at 35 and 10380 are marker peaks.

2.4.2 Production of a reference transcriptome

2.4.2.1 Assembly of reads from sequencing of the barcoded libraries
The initial (joint) assembly of the 454 -pyrosequencing data of sample 1 and 2

via Newbler (v.2.5) resulted in 226,848 ESTs of which 189,297 were assembled.
The assembled reads produced 32,853 transcripts consisting of 1728 (5%)
contigs and 31,224 (95%) singletons. The average contig size was 733bp with
an average trimmed raw read length of 397.858bp and the largest contig was

6849bp.

2.4.2.2 Mapping of barcoded libraries to the joint assembly
The two separately barcoded libraries were assembled independently and

mapped back to the joint assembly. This was used to test the coverage of the
transcriptome by each library. The results of assembly and mapping to joint

assembly are shown in tables 2.1 and 2.2.
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Table 2-1 Assembly comparisons of the two samples

Sample 1 Sample 2
Total number of reads 150708 76190
Number of aligned reads to joint | 132064 (88%) 55290 (73%)

assembly

Number of assembled reads

116607 (77%)

49752 (65%)

Number of singletons 14465 18750
Number of contigs 463 1111
Number of reads too short to assemble 3760 1703
Average contig length 780bp 719bp
N50 714bp 700bp
Largest contig 6669bp 5328bp
Average Length of trimmed reads 405.1bp 383.389bp
Table 2-2 Comparison of the two samples mapping to joint assembly

Sample 1 Sample 2
Total number of reads mapped to joint | 77980 (97%) 55087(98%)

assembly

Inferred read error =

0.96%

inferred read

error = 1.06%

Number of contigs and singletons partially

7653 (51%)

10606 (53%)

mapped
Percentage of reads fully mapped 21.49% 32.74%
Percentage of reads not mapped 0.02% 0.08%

From tables 2.1 and 2.2 it can be seen that both samples produced similar
assemblies and mapping. The contigs were annotated using the UNIPROT
retrieve program (http://www.uniprot.org/?tab=mapping&tab=batch). This
was implemented to look for ribosomal hits to make sure that rRNA depletion
had been successful and only mRNA had been sequenced. Neither method
revealed any ribosomal RNA sequences suggesting that both methods of mRNA
isolation were successful. Sample 2 was sent for further sequencing to increase

coverage due to a sequencing error in the initial run leading to lower read

numbers than seen for sample 1.
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2.4.2.3 Re-sequencing of the sample 2
The re-sequencing of the sample resulted in 87763 reads with an average

(trimmed) read length of 385bp. This shows only a small improvement on read
number over the initial sequencing and could suggest an error in the cDNA
library preparation. It was initially assembled alone to give 1082 contigs with
an average length of 862bp. It was decided that a full assembly involving the
trimmed reads from all three sequencing runs (Sample 1 and Sample 2 the

Sample 2 repeat) should be carried out to build a consensus reference.

2.4.2.4 Assembly of the re-sequenced data with the initial barcoded data
(full assembly)
The initial samples along with the re-sequenced Sample 2 data were assembled

using Newbler (v2.6) that resulted in the assembly of 161,739 of the 314,591
ESTs produced. The assembled reads produced 41,302 (91%) singletons and
4022 (9%) contigs. The average contig size was 755bp with an average trimmed

raw read length of 395bp and the largest contig was 6932bp.

2.4.2.5 Mapping of thee sequencing samples to full assembly

Table 2-3 Mapping of the three separate sequencing samples to the full assembly.

Sample 1 Sample 2 Sample 2
repeat

Total number of reads | 134676 (89.37%) 61028(80.15%) | 66037

mapped to joint assembly (75.26%))

Inferred read error (%) 0.52 0.72 1.23

43



2.4.3 Annotation and creation of an automated annotation pipeline for
the joint and full assemblies

2.4.3.1 Joint assembly
[ Pyrosequencing using GS FLX Titanium 454 Platform followed by Assembly ]

using Newbler (v2.6) as described in 2.3.1 and 2.3.4.

l

[ BLAST SEARCH ANNOTATION PIPELINE (threshold e<10°) ]

(as described in the next steps)

l

TAIR protein database BLAST search : 14,139 unique matches of which 171 associated with
mitochondria (ATM) and 134 associated with Chloroplastic material (ATC).
LS J
' ™y
TAIR cDNA database BLAST search: 136 unique matches of which 3 are ATM
and 11 ATC
LS J
' ™\

Rfam database BLAST search: 52 unique matches

l

UNIPROT database BLAST search; 189 unique matches

LS J
[ RefSeq database; 12,963 unique matches ]
Annotation of contigs and singletons using the combined results of the above BLAST
searches leaving 5373 contigs and singletons that did not hit against any database.

Figure 2-9 Pipeline to show the steps of the annotation of the joint assembly.

The pipeline resulted in the annotation of 27479 of the 32852 singletons and contigs (84%).

Figure 2.9 shows the steps involved and the results of the annotation pipeline.
The number of hits shown for each BLAST search is post clean up (removal of
high scoring pairs and low scoring results). The further investigation of this
annotation into functionality and possible putative genes involved in secondary

metabolism is described in chapter four.
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2.4.3.2 Full assembly
[ Pyrosequencing using GS FLX Titanium 454 Platform followed by Assembly ]

using Newbler (v2.6) as described in2.3.4

l

BLAST SEARCH ANNOTATION PIPELINE (threshold e<10°)
(as described in the next steps)

l

TAIR protein database BLAST search : 11,544 unique matches of which 34 associated with
mitochondria (ATM) and 39 associated with Chloroplastic material (ATC).

L A
TAIR cDNA database BLAST search: 114 unigue matches of which 2 are ATM
and 6 ATC
' ™\

Rfam database BLAST search: 20 unique matches

l

UNIPROT database BLAST search; 373 unique matches

l

RefSeq database; 1519 unique matches

|

Annotation of contigs and singletons using the combined results of the ahove BLAST
searches leaving 6831 contigs and singletons that did not hit against any database.

Figure 2-10 Pipeline to show the steps involved in the annotation of the full assembly.

The pipeline resulted in the annotation of 67% of the singletons and contigs assembled.

Figure 2.10 shows the steps involved and the results of the annotation pipeline.
The number of hits shown for each BLAST search is post clean up (removal of
high scoring pairs and low scoring results so that only the top hit for each contig
is used for annotation). The next step is further investigation of the annotated

hits (see Chapter four).
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2.5 Discussion

RNA extraction from plants with high levels of phenols, sugars and secondary
metabolites such as N. pseudonarcissus Carlton is a difficult process. The use of
the CTAB method with the modified LiCl step 127 followed by RNA clean up
produced high yields of RNA from this specific variety. This was tested using the
Labtech NanoDrop® ND-1000 spectrophotometer and an Agilent RNA 6000
Nano Kit. The results were comparable to similar extractions in other plants in
that sample 1 had an RIN of 7.3 and 28S/18S ratio of 1.4 with an A260/Azs0 ratio
of 1.97 whereas sample 2 had a RIN of 7.3, 285/18S ratio of 1.5 and an
Az60/Az80 ratio of 1.98. These are similar to the ranges found in peanut
(A260/A280 1.99-2.06) and soybean, sunflower, oil seed and canola
(A260/A280 2.06-2.17) 126, The ratios were also similar to the original
methodology paper by Chang et al in 1993 on pine trees (A260/Az280 1.7-2.0). The
final concentrations of RNA of sample 1 (9.25pg pl-1) and sample 2 (9.30 pg pl-1)
along with the Azeo/A280 ratios were considered suitable for cDNA library
preparation as the minimum amount of RNA required is 200ng with an OD
(A260/A280) of 21.8 139, The method however, is not consistent, with variation in
yield and RNA degradation level observed (not shown). Further evaluation of
RNA extraction methods and kits would be beneficial and therefore further
trials were carried out for RNA extraction for a second variety of Narcissus

pseudonarcissus var. Andrew’s Choice.

The two methods of mRNA isolation (rRNA depletion and mRNA selection)
used standard methods and kits, and both gave acceptable levels of rRNA
depletion, (95% and 80% respectively). The mRNA recovery step for sample
one was within range (1-10%). The second sample was below the normally
accepted level (2-4%) but after discussion with the sequencing team at the
University of Liverpool Centre for Genomic Research it was decided that the
sample was still viable and would be used to produce a sequencing library. This
was in part due to the fact that it was of great importance and there was very
little tissue available at the time from the basal plate of Carlton in the right

growth phase. Two similarly sized cDNA libraries were finally produced
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(sample 1= 6x108, 500-2000bp with an average fragment length of 820bp;
sample 2 = 6.5x108, 476-1983bp with an average fragment length of 820bp).

The reads resulting from the sequencing of the two samples were combined
and assembled. The initial assembly resulted in 226898 ESTs of which 189,297
(average trimmed read length of ~398bp) were assembled into 32,853
transcripts with an average contig length of 733bp. The raw reads from the two
samples were mapped back to the joint assembly and both resulted in over 97%
RMBT which suggests a good assembly of raw reads 140. However the majority
of assembled transcripts were singletons and so this may suggest poor overlap
between the two samples, as they are both from the same variety and the same
tissue type you would expect some overlap of reads. The project would benefit
from further sequencing or perhaps assembly of the separate samples using
Newbler and a second assembly of the transcripts produced via a program such
as Cap3 131, This would allow for the collapsing of singletons and contigs into
bigger transcripts and has been used in other similar projects, it would also
make repeats or chimeric sequences more apparent as the original references
could be mapped to each other and any reads that do not map could then be

used alongside the assembled transcripts in a second assembly 110,

Some additional sequencing was carried out on sample 2 as the CGR noted there
was an error during sequencing that might explain the much lower number of
raw reads produced for this sample. However the re-sequencing resulted in
similar numbers of reads and a separate assembly of this run showed similar
contig numbers (1082, average length 862bp) and average raw read lengths
(385bp). The lower number of reads was therefore not attributable to
sequencing error but was possibly caused by a poor cDNA library preparation
as suggested by the lower than ideal mRNA recovery step of sample 2 (section

2.4.1.1.2).

The final full assembly encompassing all three sequencing sets (sample 1 and
the two runs of sample 2 resulted in just under 100,000 reads of which 161,739

were assembled to give just over 45,000 transcripts. The mapping of the three
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samples showed that sample 2 mapped back to the reference better than the
two sample 2 runs (89% compared with 80 and 70%) suggesting that more of
the sample 1 reads were used in the assembly, again suggesting that sample 2
may not have provided a good quality cDNA library. Overall however, these
results are comparable to those seen in similar projects such as that previously
discussed in Dendrobium officinale where the 454 sequencing resulted in

553,054 reads assembled to 36,907 transcripts with an average length of 417 5.

In order to gain any further understanding of this transcriptome, the
transcripts must be annotated. No reference genome is available for N.
pseudonarcissus or related species, so this transcriptome must be annotated de
novo Several projects involved in the production of de novo assemblies of
transcriptomes use widely available public databases to assign annotations to
the novel transcriptomes. BLAST searches against TAIR, UNIPROT, RefSeq and
Rfam were therefore carried out resulting in 67% of the transcripts being

annotated; similar to other projects of this nature 5100,

The reference created in this chapter (known as the 454 reference or assembly
throughout later chapters) is a building block for the investigation into alkaloid
biosynthesis in daffodils. In order to identify transcripts linked to alkaloid
production, it is vital that this reference and its annotation are built upon. It is
not only useful to annotation de novo assemblies via homology such as BLAST
searches but also to confer functionality and compare to other alkaloid

producing systems. This is carried out in the following chapters.
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3 Chapter three: Implementing Second-generation
sequencing data for discovering polymorphic and
transcript level differences between two varieties of
Narcissus pseudonarcissus with distinct differences
in galanthamine levels.

3.1 Introduction

As discussed in Chapter One the development of second-generation sequencing
techniques such as the Roche 454 pyrosequencing and Illumina platforms have
allowed investigation of transcriptomes and genomes of non-model organisms
with large genomes. With the influx of data from non-model plants, research is
shifting towards specific areas of interest. One area, which is rapidly developing,
is the use of second-generation sequencing to investigate the biosynthesis of

medicinally important secondary metabolites 2.

This project initially employed 454-pyrosequencing to produce a reference
transcriptome for the Narcissus pseudonarcissus variety Carlton, as described in
Chapter Two. The resulting reference transcriptome could then be used to look

for genes linked to galanthamine production.

3.1.1 Illumina Sequencing
[llumina, like 454 sequencing, is a “sequencing by synthesis” method.

Sequencing templates are clustered on flow cell surfaces and fluorescently
labeled dNTPS are added one at a time. Incorporation bias is avoided and raw
error rates are reduced by having all 4 dNTPs in equal amounts, adding only one
nucleotide per cycle and measuring fluorescence at the end of each cycle 8°. The
desire to fully utilize the large amounts of data created by Illumina to capture
the full transcript profile has led to the creation of de novo assemblers

developed specifically to assemble these shorter reads.
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3.1.2 Assembly of Illumina reads
With the introduction of Illumina sequencing technologies and the vastly

increased read number (~160x that of 454 in 2010) the overlap method of
assembly (section 2.1.4) became increasingly redundant and so a novel method

using de Bruijn graphs was developed 25.

3.1.2.1 Assemblers that use de Bruijn graphs
For de Bruijn graphs, reads are broken down into nodes of a chosen length “k”

(known as k-mers) connected by edges if nodes overlap by k-1 nucleotides.
This results in all solutions by which linear sequence can be reconstructed and
in the case of transcriptomes each path in the graph is a possible transcript 149,
A scoring algorithm can then be used with the original sequence and any mate
pair information to remove nonsensical solutions 132. The basis of these aligners
is the identification of overlap between “k-mers” if there are differences the
graphs branch, forming split ends if no further identity is seen or bubbles in the
case of single nucleotide differences or INDELs 83. One issue of these bubbles is
the difficulty in distinguishing whether they are caused by natural variation of
sequencing error. Further deviation from the linear graphs can occur due to
alternative splicing or improper trimming or filtering of low quality reads, this
makes aligning reads more difficult especially for transcriptomes 83. Within
genome assemblies issues such as sequencing error can be resolved by looking
at the coverage of each base and removing k-mers with low coverage, however
in transcriptomes the coverage is intrinsically uneven 83. Coverage is altered by
SNPs, alternative splicing and transcripts that have naturally low expression
meaning real transcripts or SNPs can be lost if using a traditional coverage cut-
off 83, It is possible to use a normalized library for transcriptomes but
quantification is lost and so for a project of this nature looking at gene
expression cannot used such a strategy. In order to confront these issues, add-
ons, software looking at quality per base prior to assembly to remove erroneous
reads and novel assemblers specifically designed for de novo transcriptome
assemblies have been introduced. Several comparisons have been carried out

on the performance of these assemblers and the findings will be briefly
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described below. Trinity and SOAPdenovo-Trans will then be explained in

further detail.

3.1.2.2 Comparison of assemblers
In the construction of de Bruijn graphs there are clear differences between

genomes and transcriptomes. In genomes only a relatively small number of
large connected sequence graphs are constructed to show read connections
across the entire chromosome 132, For transcriptions however, due to the
complexity of non-overlapping loci caused by non-transcription of intergenic
sequence, large numbers of individual graphs are generated thus greatly
increasing computation time132. A balance is needed that allows for the removal
of variation caused by sequencing error and other technical issues while
retaining true biological variation. Along with memory usage and computational
time the key statistics discussed in 2.1.5 are used to compare de novo
transcriptome assemblers (number of contigs assembled, N50, RMBT and

CMBR).

Several assemblers have been compared using these statistics; the most widely
compared are Trinity, a program developed specifically for de novo
transcriptome assembly, Oases (Velvet) originally developed to resolve pre-
existing errors and repeats in short read genome assembly, SOAPdenovo,
designed as part of the SOAP suite from the Beijing Genomics Institute for
human genome de novo assembly, ABySS, designed to speed up short read
assembly by assembling the reads in parallel, Scripture, designed for ab initio
reconstruction of mammalian cell RNA genome and Cufflinks an open source
algorithm designed to discover transcripts and estimate abundance in one
132141-145. Of these only Trinity was specifically designed for de novo
transcriptome assembly although SOAPdenovo now has a transcriptome
assembler available called SOAPdenovo-Trans. (This has not been extensively
compared to the others and so is not discussed here but see section 3.1.2.4 for
more details). Clarke and colleagues carried out comparisons of Trinity, ABySS,

Velvet and its transcriptome algorithm Oases using simulated and real RNA-Seq
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data on artificial RNA templates and human transcripts 128, The study found that
no method was superior to all others. Trinity performed well across all tests
but was not consistent in assembling full-length transcripts, although it had an
N50 just above the average transcript length, 90% RMBT but only 46% CMBR
128 Grabherr et al compared their assembler, Trinity, to ABySS (and its modified
transcriptome assembler TRANS-ABySS), SOAPdenovo, Scripture and Cufflinks.
The study showed that Trinity out-performed the other de novo assemblers and
was comparable to genome assemblers when looking at fission yeast, mice and
whitefly (Bemisia tabaci) 132. It showed higher sensitivity (number of reference
transcripts successfully reconstructed to full length) than the other assemblers
tested and was comparable for both transcriptome coverage and RMBT rates
132, Zhao et al also compared the assemblers Trinity, SOAPdenovo, Oases and
ABySS. Trinity resulted in the best RMBT percentage and performed well across
the tests but had a long run-time (Oases had the longest). The shortest run-time
was that of SOAPdenovo but this performed poorly in other aspects. ABySS
showed a balance between run-time and performance but Trinity was

nevertheless considered the best single k-mer method 140.

Trinity was specifically designed for de novo assembly of transcriptomes and
has performed well compared to other assemblers. It was therefore decided to
assemble the Narcissus data using Trinity. However, there has been little
assessment of the 2013 SOAPdenovo-Trans transcriptome assembler so this

was compared with Trinity.

3.1.2.3 Trinity
Trinity uses de Bruijn graphs and an enumeration algorithm for scoring all

possible paths, along with actual read and paired-end information to remove
nonsensical edges to leave plausible transcripts or isoforms 140, The use of
paired-end read data allows for better resolution of miss-assemblies as it
increases the distance that Trinity can look for ambiguities 132, Trinity is made
up of three modules; Inchworm assembles the reads into a unique set of

transcripts employing a ‘greedy’ k-mer approach, only choosing the ‘best’
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representation for a set of alternative variants that share k-mers (due to
alternate splicing, gene duplication or allelic variation). Chrysalis examines the
complexity of overlap between variants, which was ignored by Inchworm. It
clusters related contigs and constructs a graph for each cluster. Then, Butterfly
is the final step that analyses all the graphs, and paths within them, taking into
consideration read-pairs. This step reports all possible transcripts, theoretically
resolving alternative splicing isoforms, and those transcripts representing

paralogous genes 132,

3.1.2.4 SOAPdenovo-Trans
This modified version of SOAPdenovo2 was created for use with the 1000 Plants

project (www.onekp.com) and combines the de Bruijn graph method with a
local error removal method similar to that from Trinity and the graph traversal
method from Oases 146, The graph traversal method is an algorithm that
analyses the clustered sub-graphs after graph simplification to generate all
possible transcripts from linear, fork and bubble paths 146, In initial testing
SOAPdenovo-Trans showed slightly higher but comparable performance to
Trinity on small and large rice datasets with 91.8% and 89.5% correct
transcript assembly (Trinity-84.6% and 81.5%) 146. The assembler consists of
two main modules. Firstly, Contig assembly uses the same de Bruijn graph
technique as SOAPdenovo but carries out the sequence error removal step in
two ways. Initially low-frequency k-mers and edges are removed using the same
global removal step as SOAPdenovo 146, However, transcriptomes intrinsically
show varying levels of expression and if a sequencing error occurs in highly
expressed genes this will be missed via the global threshold. Since these
erroneous k-mers in highly expressed transcripts may be above the error
threshold, they are removed locally as in Trinity. By using a non-constant
threshold < 5% of the total or maximum depth of adjacent graph elements it is
possible to remove these highly expressed sequence errors and account for

variable expression seen in transcriptomes.
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Transcript assembly is carried out in four steps and incorporates scaffolding
methods from SOAPdenovo and graph traversal from Oases. Scaffold
construction uses paired-ends and maps reads back to the contigs to form
linkages. Graph simplification then removes sequence errors and short repeated
regions. There is also more stringent linearization of the transcripts to account
for alternative splicing. Short contigs (< 100bp) are removed but this results in
gaps that must be filled later. Graph traversal then clusters contigs using the
Oases algorithm to predict possible transcripts. Finally the gap filling method
from SOAPdenovo is carried out with paired-end information to create a

consensus.

3.1.3 Aligning short reads back to reference transcriptomes -
comparison of available tools
The increase in data available through second and third-generation sequencing

requires efficient mapping programs to map the relatively short reads back to
references. Mapping of short reads is used in genome re-sequencing, DNA
methylation studies, RNA-Seq, ChIP-Seq, studies into structural variants, SNP
discovery, differential expression studies and metagenomics 147. As with de novo
transcriptome assemblers there is no industry standard; programs are often
used as a personal preference since each has advantages and disadvantages. The
process can be computationally costly and so there is often a compromise
between quality and time when setting parameters to neglect quality scores,
limit the number of mismatches, disable gapped alignments or limit the gap

length as well as ignoring available SNP data 147.

Several studies have compared mapping programs, especially those most widely
used, Bowtie, created by Langmead at the centre for bioinformatics and
Computational biology at the University of Maryland and BWA devised by Li and
Durbin from the Sanger institute, both of which use the Burrows-Wheeler
Transformation indexing methodology 148149, These will be explained in greater
detail in the following section, after a discussion of the key features of mapping
with respect to the nature of sequencing data and current methodologies

(Hatem et al, 2013).
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The chemistry of sequencing reactions, in both first and second-generation
technologies, means that the ends of reads are less likely to contain errors and
so are used in seeding to improve accuracy 147. The increased length of reads as
second-generation technologies developed, as well as making de novo assembly
of transcriptomes practical, has also meant that algorithms for seeding and
assessing errors in reads have needed development. Mapping tools for [llumina
data can use a base quality score, Q, for each base to decide mismatch locations
and accept/reject reads based on the sum of these scores at mismatch locations.
Q is defined as -10logio(e), where e is the probability a base being called
incorrectly, and was developed from the Phred quality scoring method used
with automated Sanger sequencing 147. Inserting or deleting gaps (INDELS),
within limits set by the user, can be used to maximize sequence alignment, but
with a penalty of increasing computational time. Computation time is also
increased by using paired-end reads, but this increases mapping confidence as
the distance between the two ends can be more accurately predicted as well as
reducing miss-assemblies 147. With alternative splicing leading to transcripts
that share sequence and the removal of non-coding regions (introns) and
joining of the coding regions (exons) the mapping process is further
complicated. This is amplified if the sequence covers the exon-exon junction, as
the intron length is therefore unknown (can range from 250-65130 nucleotides
in model eukaryotic organisms) 150, Finally as mismatches are often only one
nucleotide it is difficult to distinguish if they are genuine mismatches or SNPs
and so knowing the location of SNPS helps resolves true mismatches as well as
coverage depending on the overall coverage profile of the assembly as discussed

earlier. 147,

The first step in any mapping program is the indexing of either the reference or
the raw reads using either a hash table or Burrows-Wheeler Transform
indexing. The latter is used in the widely adopted alignment programs Bowtie

and BWA.
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3.1.4 Hash Tables
A hash table is made with the sequence as the key and a list of positions where

the sequence is found as the value 147, Several currently available alignment
programs use this method, differing in whether they index the reference or the
reads. Four of the most well-known programs that index the reference genome
are FANGS (designed to map 454 reads to a reference), NOVOalign (commercial
aligner from Novocraft), Mr and MrsFAST (both designed for prediction of copy
number variation in duplicated sequences that index k-mers and provide all
mapping loci, but without allowing gaps in the case of MrsFAST) and GSNAP
(designed by GenenTech Inc) where the genome is split into overlapping 12nt
oligomers, sampled every 3 nts so that the location of these substrings can be

found and combined 151-155,

Two programs that use a read index are RMAP, (Cold Spring Harbor’s Solexa
read aligner) and MAQ, (a Sanger Institute and BGI joint project to align shotgun
reads to a reference genome) that can be used to scan a genome through

multiple hashes of reads 149.156,

3.1.5 Burrows Wheeler Transformation (BWT) aligners
The BWT is a reversible permutation of characters in a text and is used for

compression and indexing 157. It was first created by Burrows and Wheeler in
1994 and is now used alongside the FM index proposed by Ferragina and
Manzini in 2000 158159, BWA, Bowtie and SOAP2 (designed by Li et al to improve
computer memory usage and improve alignment of the SOAP platform) all use
BWT 148149,160  See figure 3.1. They differ in their approaches to exact and
inexact matching. For exact matching (seeds match reference exactly) both
Bowtie and BWA use FM indexes of the reference and a modified FM matching
algorithm 147, SOAP2 combines both BWT and hashes to index, to speed up exact
matching 147. BWA has a specific inexact matching algorithm that uses a
backtracking method to search for matches between the substrings of the
reference and the query sequence within a defined distance 149. SOAP2 however
carries out inexact matching by splitting reads into fragments related to the

number of mismatches 160,
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Sabaaba $abaaba
abaaba a$abaab as$abaab
ba$abaa aabas$ab [}
+ > abas$aba > abasaba -abbasaa
aabagsab abaabas
baabag§a bag$j$abaa
s abaabas$ baabas$a

Figure 3-1 Schematic of a BWT.
a) Sequence to be transformed has $ attached to it ($ is a terminator that is not in the sequence and
is considered lexicographically prior to all other characters ($<A<C<G<T))
b) All possible permutations of the sequence are stacked vertically starting with $sequence (shown
highlighted in red)

c¢) The rows are then ordered alphabetically

d) The BWT is the final column of the ordered matrix
148

3.1.6 Comparison of available aligners
The key considerations when comparing aligners are throughput, memory

footprint, and the percentage of mapped reads (both correct and incorrectly
mapped) 147. Aligners such as MAQ and SOAP have a very high computation
cost; in order to align the 140 billion bases for the human genome project MAQ
would take >5 CPU months and SOAP >3 CPU years 148, Therefore aligners with
this high level of computation cost are not advisable for second-generation
projects due to the high number of short reads. Bowtie and BWA are much
faster, with Bowtie showing alignment to the human genome at >25 million
35bp reads per hour due to the reduced memory usage required for BWT
methods 161, The memory footprint for the human genome project using Bowtie
was only 1.3Gb 148, Most users keep the default settings on the aligners, which

are as follows, along with any user options for both Bowtie and BWA.

Bowtie: the maximum number of mismatches in the seed is set as a default of 2
but can be 0, 1, 2 or 3 with the seed length set to 28. The maximum number of
mismatches in the read is based on the read length. These can clearly affect the
percentage of mapped reads. The quality threshold is set at 70. Paired-end reads

and gapped alignments are allowed in Bowtie analysis and the minimum and
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maximum insert size for paired-end reads is set to 0 and 250 in Bowtie, or 0 and

500 in the newer version Bowtie2 147,

BWA: BWA disables seeding. Its maximum number of mismatches per read is
also set according to the length of the read. Gapped alignment is allowed, as are
paired-end reads, with the minimum and maximum insertion being the same as

Bowtie2 147,

3.1.6.1 Bowtie or BWA
Several studies have been carried out to compare the two methods without

either being clearly superior to the other, so the choice of which to use is really
a case of personal preference. Bowtie was shown to be more accurate in
mismatch experiments carried out by Hatem et al., (2013) while Medina-Medina
et al,, (2012) recommended both, stating that Bowtie was faster but BWA was
more sensitive on the human data tested. In SNP calling, Wong et al., (2012)
found that Bowtie mapped more and detected more SNPs than MAQ (BWA'’s
successor) with more false negatives reported for BWA. A study by le Roex et al,,
(2012) on SNPs in African Buffalo showed similar levels of positive polymorphic
determination (Bowtie 43-54% and BWA 57-58% were shown to be real
polymorphisms) but fewer reads were mapped overall with BWA. As for data
with high level of repeats, Yu et al, (2012) showed that both methods

performed equally well with similar false positive rates in repeated regions.

Therefore it was decided that Bowtie would be used in the project since it
performs similarly to BWA and can be used alongside VarScan (SNP finding

program used in this project).

3.1.7 Analysis of polymorphic differences
The increase in available data and extensive sequence depth with second and

third-generation sequencing technologies has caused a shift away from
tradition capillary methods for SNP discovery towards aligners and sequence-

based SNP callers 162, The extensive read depth allows for detection of rare
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variants and rare transcripts, making it possible to look for transcripts involved
in the production of relatively lowly produced molecules such as alkaloids and

other secondary metabolites.

The use of transcriptome based molecular markers has the potential to make a
great impact on trait linkage studies 111. The use of transcriptomes can decrease
the cost of SNP discovery by allowing for the analysis of the intermediate step
between gene and protein linking functionality, by focusing in on the
transcribed elements it is possible to look for markers directly linked to
phenotypes of interest in areas more likely to undergo recombination 163, In this
project it is hoped that by looking for polymorphic differences between two
closely related varieties of Narcissus pseudonarcissus, possible SNP markers
could be determined linked to galanthamine production. The first step in the
process is the analysis of the whole transcriptome before narrowing the search

to possible alkaloid biosynthesis related genes (Chapter four).

As with the other techniques discussed in this chapter, the rapid increase in
sequence data and methodologies has resulted in a rapid growth and
development of novel SNP calling programs, and there is no one method
preferred or endorsed by the bioinformatics community 164, However most
current SNP “callers” are developed for use with diploid species and rely on
base-calling and mapping quality for sources of error 165, The methodologies
currently employed detect single locus differences in diploids. However due to
the genomic nature of polyploids this is not viable 166, Seventy percent of
angiosperms are known to be polyploids so as studies on non-model organisms
increase, the need for SNP callers that can deal with varying levels of polyploidy

is becoming more apparent 167.

3.1.7.1 Identification of SNPs in polyploids
There are several fundamental biological issues involved in SNP discovery in

polyploids. Firstly the difficulty in resolving auto and allopolyploid makes

predicting the expected allelic frequencies extremely difficult 167168, [deally, in
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an allopolyploid if the progenitor diploid species are known for an even
numbered polyploid then they can be treated as separate genomes 1¢7. However
the progenitor species are often not known or complicated due to duplication
events making SNP/orthologous allelic copies difficult to resolve 167. The
determination of allelic frequency or copy number is also affected by
recombination, highly repetitive sequences, in or out breeding and asexual or
sexual reproduction 167168, Ninety nine percent of apomictic plants are
polyploids and often have uneven polyploidy (e.g. triploids). The subgenomic
makeup of polyploids also gives rise to distorted frequency and dominance as

well as the existence of partial heterozygotes (see figure 3.2) 168,

- A Partial heterozygotes
Distorted intensity

In diploids:
(example shown in tetraploid)

re Homozygotes: AA, BB, CC
A mutation (G to T} in one subgenome could result in the
following combinations: Heterozygotes: AB, AC, BC

In polyploids:

1) GG;GG 2) TG;GG 3) TI;6G Homozygotes: AAAA, BBBB, CCCC

full heterozygotes: ABCD, BCDE, CDEF

partial heterozygotes: ABBC, ABBB, CDBB

Figure 3-2 differences between polyploids and diploids that alters copy number prediction.
(Example shown is tetraploid, not all possible variations or states of heterozygosity are shown)
A) One mutation within a subgenome can distort the distribution of allelic frequency
1) A quadriplex T configuration
2) Asimplex T configuration

3) Aduplex T configuration

B) Partial heterozygotes give rise to varying levels of allelic frequencies
168

Current SNP detection programs give only one alternative allele; often even
those that are capable of dealing with polyploid data still only consider the true
SNP frequency as 0.5 in heterozygotes and so miss true SNPs in polyploids 168,
Therefore to gain full understanding of the polymorphic differences between
the two varieties, a bespoke perl script pileup_parser.pl was designed to parse
the pileup output from the SAMtools mpileup tool that is used by some SNP

callers. This could be used alongside VarScan, another SNP caller, to look at the
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exact differences between the varieties. VarScan was chosen because it could
take the same input file as pileup_parser.pl and was compatible with several
aligners such as Newbler, Bowtie and Novalign unlike most SNP calling
programs that only work with one specific aligner 162. More over the most
recent version of VarScan (version 2) allows for SAM/BAM inputs making it a
more universal caller 16°. The VarScan output can easily be compared with the
output from the bespoke perl script and has been shown to perform well on
both 454 and Illumina data, allowing for easy determination of polymorphic
differences from both the 454 and Illumina datasets acquired for Narcissus

pseudonarcissus 162,

3.1.7.2 VarScan
VarScan can be used on both individual and pooled samples and has been tried

and tested on both 454 and Illumina data. It is widely used as it takes the direct
output of many read aligning programs 170. The pileup format output from
SAMtools is analysed and the alignments scored and sorted on a per read basis
162 It is able to report SNPs and INDELs with their corresponding
chromosome/contig co-ordinates, alleles, flanking sequence and read counts 162,
The best alignment for each read is screened for sequence differences after the
removal of low identity and/or ambiguous alignments. It takes into
consideration coverage, quality, variant frequency and the number of reads that
support each alignment and the user can adjust these parameters. In a study of
454 data comparing VarScan and Newbler, VarScan was able to correctly
predict over twice the number of SNPs (59.78% compared with 22.28%). It
showed comparable results in a comparison with MAQ using Illumina data
(97.21% compared to 94.71%, although only 3 of the SNPS passed the MAQ
SNPfilter)162, This study shows a clear difference in using 454 or Illumina reads,
a large number of the SNPS (60% compared to 97%) were not found in the 454
data, this might have been due to the pooled nature of the Illumina data as well
as the improved coverage (70X compared to 125X). The new version of VarScan,

version 2, has several key improvements including:

61



1. Input can now be in the SAM or BAM file format allowing for
compatibility with the pileup formatted output from the mpileup
program of the SAMtools suite that uses Bowtie as an aligner.

2. Increased performance and ease of use since it now runs in Java and
so can be used with any operating system.

3. In addition to detecting variants, VarScan 2 can call consensus
genotypes based on real counts and allele frequencies.

4. Detects exome-based copy number alteration.

169

3.1.7.3 Pileup_parser.pl perl script for determining all possible allele
variation
Both VarScan and the pileup_parser.pl script quantify the variation between the

reference and the short Illumina reads by using the pileup file from SAMtools
mpileup. SAMtools mpileup uses the output from Bowtie in a sorted BAM file
format and the reference as a fasta file; an example pileup output format can be

seen in figure 3.3.
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DDDDDDDDBDDDE@DOCCCCCDCIC

Figure 3-3 Example of SAMtools pileup output format.

The tab-separated values represent the contig, base co-ordinate, reference base, number of reads, read
bases and base qualities.

. match to reference on forward strand

, match on reverse strand

A/C/G/T/N/a/c/g/t/n show alternative nucleotide “mismatch”

+ followed by a number and letters indicates an insertion

- followed by a number and letters indicates a deletion

A start of read segment

$ end of a read segment

For simplicity, as no open reading frame information was available and only

SNP information was required, the script was written to discount $, » as well as
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INDELS as these should be relatively rare in transcriptomes due to the frame
shifts caused by INDELs that could prevent the transcription of the genes. The
script parses the pileup output to give information on the contig ID, position,
reference, number of reads that support an A, T,C,G,N,a,ct,g or n nucleotide, the
total number of reads, the percentage of reads that hit A, T,C,G,N,a,c,t,g or n, the
total percentage and total percentage of SNP if present. An example output is
shown in figure 3.4. The implementation of the script and its results are
discussed in sections 3.3.2, 3.4.2.6 and 3.4.2.7. The script pileup_parser.pl can be
found in the folder “scripts” on the Appendix disc.

comp32869 c0 seql 8 T
100 0.461538461538462
comp32869 cO0_seql 9 G
100 0.148809523809524
comp32869 cO0_seql 10 T

100 1.74418604651163

Figure 3-4 Example of output from pileup_parser.pl script.

Parses the pileup file to give contig ID, position, reference, ,

, , total percentage and percentage of SNP if present.

3.1.7.4 The use of pileup_parser.pl to predict ploidy levels at the nucleotide
level
The perl script is also used to predict ploidy level within the data. Sequential

examination of the percentage of every nucleotide at every position within a
sequence can be used to identify alternative alleles and their percentages of
reads will determine the ploidy level at each locus. For example, in an “ideal”
tetraploid, at any locus each alternative allele would have 25% of the total
reads, while there would be 33.3% for triploids. The perl script takes
percentages at each position and predicts “triploid” if three nucleotides are
represented at over 20% with the final nucleotide representing less than 10%.
Tetraploid is predicted if all four nucleotides represent over 20%. Those loci
that have no alternative allele are labeled “same” as well as those with
nucleotides representing less than 15% each. This is an estimation as it does not
take into account any quality data or total number of reads and so is only used

as a guide.
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3.1.8 Analysis of transcript level differences between individuals from
two varieties of Narcissus pseudonarcissus
A further tool available for investigating secondary metabolite production in

plants is the analysis of transcript expression. Differential expression (DE) is
used in a wide variety of studies including identifying differences between
tissues, studying developmental changes and microRNA target prediction. This
is discussed in detail in the introduction chapter section 1.5.7. The first step is a
transcriptome wide analysis of differential expression. In order to look at
differential expression it is important to acquire accurate estimates of
expression while taking into account both technical and biological variation 171,
However due to both financial constraints in this study, as well as sample
availability, it was not possible to carry out repeats on the Illumina sequencing
and so in this project the difference between two individuals from the two
varieties will be compared and used to predict variation that can be analysed
further using qPCR in numerous samples from different individuals of each

variety.

It was decided that since the project aimed to discover putative genes involved
in galanthamine production, and variation within this subset of data, an initial
bioinformatics analysis would be used. The method must be able to
accommodate two different varieties (conditions) and RNA-Seq data and
therefore Bayesian inference of transcripts from sequencing data (BitSeq) was
chosen. This approach is also compatible with Bowtie, which was the aligner of

choice in this project.

3.1.8.1 BitSeq
In theory, with correct sample preparation the number of reads aligned to a

given gene is proportionate to the abundance of fragments or transcripts for
that gene. However splicing occurs during transcription resulting in multiple
transcript sequences that share the same genic sequence 171172, Since the origin
of these shared sequences can be difficult to determine, expression must be
estimated in a probabilistic way. BitSeq uses a Bayesian approach 171, improving
on previous methods by combining a probabilistic model of read generation
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with a MCMC (Markov Chain Monte Carlo) algorithm for Bayesian inference
over the model. This allows for the consideration of uncertainty unlike previous
methods such as the expectation-maximization approach that only resulted in a
point estimate of transcript abundance. Other methods using MCMC and
Bayesian approaches do not allow for the multi-alignment of transcripts
permitted within BitSeq, which thus gives a better representation of the
transcriptome 171, Overall, BitSeq incorporates read and alignment quality,
adjusts for non-uniform distribution and can handle paired-end reads for DE

between two conditions, or plant varieties171.

3.1.9 Transposon element variation within plants
Initial work on the assembly of the raw Illumina data in this chapter showed

unusually long contigs for de novo assembly (>5000bp, with maximum length
30656bp and a range of coverage from 1.93 to 7432.51X) suggesting further
filtering was required. A personal communication with the Trinity group
suggested that the longer sequences might be due to transposon contamination,

or concatenated sequences.

As discussed in section 1.5.2 of chapter one, plants show great diversity in
genome size ranging from 64 Mbp (Genlisea margaratae) to 150 Gbp (Paris
japonica) 173. The difference is not only caused by polyploidy events but also the
amplification of transposons and related sequences 173. Transposable elements
(TEs) make up 15-84% of plant genomes and influence evolution via increasing
genome size and altering gene function 174 Examples of this influence can be
seen throughout the plant world; in maize genome size changes are linked to
long terminal repeat (LTR) TEs, the sunflower (Helianthus annuus) genome
contains 81% TEs (77% LTR) and the genome of wild rice (Zizania palustris)
has doubled without a ploidy change due to expansion of Copia and Gypsy TEs.

TEs are also linked to the varied genome size seen in species of grass 173175,

There are two main classes of TE in plants, those that transpose through an RNA

intermediate such as LTR/Copia and LTR/Gypsy and those that move through a
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DNA intermediate 174, TEs vary greatly in copy number and sequence between
closely related species and within the same species as well as varying in
heterogeneity. The reverse transcriptase domain has been shown to be between
5-75% heterogenic 174, These repeated sequences could cause issues with de
novo assembly since the sequence can cause branches in de Bruijn graphs and
lead to the assembly of chimeric sequence. Therefore, as the number and the
level of activity of TEs in daffodils is unknown, and the genes of interest are
likely to be rarer transcripts, the removal of such repeated TE reads would be

beneficial 173.

There are several methods available that could be suited for this purpose;

3.1.9.1 TransposonPSI
TransposonPSI is a PSI-BLAST application from the Broad Institute used to

identify homologues of protein or nucleic acid sequences from diverse families
of TEs 176, It contains a database of TEs that include gypsy and Copia
polyproteins, cryptons, helitrons, numerous DNA transposon families and LINE
retrotransposon orfs 176, It produces two output files, allHits that contains all
possible PSIBLASTP matches and topHIts that gives the best hit. As this covers a
wide diversity of TEs it was used since no TE information is currently available

for Narcissus.

3.1.9.2 TREP
Another database with potential for identifying TEs is the TREP database of the

International Triticeae Mapping Initiative (ITMI) 177. This is an extensive
database that contains repetitive DNA sequences from different Triticeae
species. As this is well annotated and Triticeae well studied it is hoped that this
database will be extensive and could lead to TE discovery in Narcissus. This
database could simply be used to create a BLAST database and the Narcissus
sequences compared for homologues, although to run BLAST on raw reads is

inefficient.
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3.1.9.3 BMTagger
An alternative method would be to use the program BMTagger (Best Match

Tagger), developed as part of the NCBI Human microbiome project to remove
human sequence contamination 178, As the program requires an indexed
reference of the human genome to match against it is possible to submit any
indexed reference such as the TREP database. BMTagger has two key steps.
First, bmfilter classifies reads as contaminants by looking for 18mers that match
the reference. This step does not require alignment and so it much faster than
BLAST or BWA 178 [f sequences are not classified during this step an alignment
to the reference with up to two errors allowed is attempted, Any alignments
found in the 1st mate (of paired end reads) also results in the removal of the 2nd

mate 178,

As there is no precedent for this sort of work in Narcissus TEs will be identified
using TransposonPSI, BLAST against TREP and BMTagger against TREP and the
results compared to find the most stringent method. (See sections 3.3.5 and
3.4.2.10)
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3.2 Aims and Objectives
To produce and analyse high depth short-read sequence data of two daffodil

varieties with known differences in alkaloid levels, RNA from the basal plate of
one individual from each variety was sequenced on the [llumina Hi-Seq platform

for comparison to the 454 references created in Chapter two.

The reads were assembled de novo to account for any transcripts missed by the
lower coverage 454 reference as well as mapped back to the reference and back
to the assembled Illumina data to evaluate transcriptome wide variation
between the varieties. Differences were determined in both SNP calling and DE

analysis.
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3.3 Methodology

3.3.1 Illumina library preparation, sequencing, assembly and annotation

3.3.1.1 Extraction of RNA from N. pseudonarcissus var Andrew’s Choice
The CTAB method (Chang et al, 1993) followed by Qiagen RNeasy Plant kit

RNA clean up was tested for the Andrew’s Choice variety. Unfortunately this
method showed varying results and so a trial was conducted of alternative
methods of RNA extraction. Several RNA extraction kits from commercial
sources were compared with each other and the CTAB method (see Table 3.1).
All methods were tested using frozen tissue of Andrew’s Choice from 2011 field

trial replicates that were not otherwise needed for downstream processing.
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Table 3-1 Methods used in RNA extraction trial for Andrew's choice.

All kits were used as per manufacturer’s instructions unless stated in the methodology column.

Methodology Manufacturer Catalogue
Number
CTAB followed by Qiagen RNeasy clean up CTAB Chang et 74903

al,, 1993, Qiagen

MoBio Power Plant RNA extraction kit followed | MoBio and MoBio: 13500-50,
by RNeasy clean up with optional DNase on Qiagen Qiagen: 74903 and
column step. Optional step during MoBio 79254

protocol of adding 50pl of PSS (phenol

separation solution) was included

MoBio Power Plant RNA extraction kit with MoBio 13500-50
optional PSS usage.

MoBio Power Plant RNA extraction kit with MoBio 13500-50 and
optional PSS usage. Followed by Mo bio RTS 15200-50

DNase.

MoBio Power Plant RNA extraction kit with MoBio and MoBio: 13500-50,
optional PSS usage. Followed by Qiagen RNeasy | Qiagen Qiagen: 74903

clean up.

InnuSPEED Plant RNA kit using Mo biolyzer for
homogenisation (two 45 second cycles at
4200rpm) [using MoBio Powerlyzer™ 24 bench
top bead-bead homogenizer cat no- 13155] and
PL lysis solution.

Analytik-Jena

Supplied by Web
Scientific to test.
No current
catalogue number

InnuPREP Plant RNA kit using PL lysis solution.
Lysis (20 min, room temperature) vortexed
every 2-3 min.

Analytik-Jena

Supplied by Web
Scientific to test.
No current
catalogue number

3.3.1.2 Illumina cDNA library preparation for N. pseudonarcissus var.
Carlton and N. pseudonarcissus var. Andrew's Choice

RNA from two different Basal plate samples of Andrew's Choice and two
different basal plate samples of Carlton were utilized to produce RNA-Seq
libraries. The initial RNA samples were analyzed using an Agilent RNA 6000
Nano Chip (see section 3.4.2.1). The rRNA from the four samples was then
removed using the Epibio Ribo-Zero™ rRNA removal kit (plant seed and root)
following the manufacturer’s instructions with step 3.d, being carried out using

the Agencourt RNACleanup up kit.

The four samples were then used to produce four ScriptSeq™ RNA-Seq libraries
using the Epibio® ScriptSeq™ v2 RNA-Seq Library Preparation Kit following the

manufacturer’s protocol. In order to sequence all samples in one pool, ScriptSeq
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Index PCR Primers were used at step 4.e. (see table 3.2). Step 4.f of the protocol
was carried out using the Agencourt AMPure XP kit. The four resulting libraries
were analyzed using both a Quibit fluorometer with RNA assay kit and an

Agilent Bioanalyser Nano High Sensitivity DNA chip (see section 3.4.2.2).

Table 3-2 ScriptSeq Index PCR primers used in library preparation.

Sample ScriptSeq Index PCR Primer Primer sequence
Andrew’s Choice 1 | Index 3 GCCTAA
Andrew’s Choice 2 | Index 4 TGGTCA
Carlton 1 Index 5 CACTGT
Carlton 2 Index 6 ATTGGC
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3.3.1.3 Analysis of Sequence data

Comparison of
assemblers-Trinity
performed better

/ Determination of \ -

percentage of T
reference hit by i
illumina reads and
coverage to
determine viability
for SNP discovery — 6rrent SNP callers ah ‘
454 reference had not designed for
higher depth of polyploids. VarScan
coverage for the can be used to give
section of the positions of SNPs along
transcriptome it with a custom perl
K represented. / script to acquire
polyploid allelic
information from ‘

\ mpileup output. /

Figure 3-5 Schematic of Illumina data analysis.

The above steps were implemented using a variety of RNA-Seq analysis tools and custom scripts. The steps

are described in detail in the following sections.
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3.3.1.4 Basic script and program running
All perl scripts and programs were run via the command line on an 8 core (dual

4-core 2.13GHz E5506) Intel Xeon machine with 48 GB RAM and 1TB scratch
(2x 1TB disks, RAID1)) unless otherwise stated. The command line prompts can

be seen in appendix section 6.10.

3.3.1.5 Trimming and Filtering of raw reads
The raw Illumina reads were trimmed to remove the ScriptSeq Index PCR

Primers used for library preparation. The Centre for Genomic Research at the
University of Liverpool removed the primers using Cutadapt, an open source
program that removes adapter sequences from high-throughput sequencing

data 179. Cutadapt was implemented using the default settings.

The reads were then filtered and trimmed depending on quality scores. The NGS
QC Toolbox version 2.3 (http://59.163.192.90:8080/ngsqctoolkit/) was used to
both filter and trim the reads. The first filtering step was carried out using the
illuQC.pl script in NGSQCToolkit_v2.3/QC that filters reads on the percentage of
bases that have a given quality score. The script was run with the paired end
option so that both reads were removed if one fell below the given parameters.
The filter for adapters and primers was turned off as the adapters were already
removed. The percentage of bases that were required to be above the set quality

score (20, default setting) was also used at the default setting of 70%.

The filtered reads were then trimmed using Trimming.pl in
NGSQCToolkit_v2.3/Trimming. This script trims low quality bases from the 3’
end of reads and removes reads below a set read length. The script was run as
with the default settings except the minimum quality score was increased from

20 to 30 in order to have a more stringent removal of low quality reads.
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3.3.1.6 Comparison of de novo assembly using Trinity and SOAPdenovo-
Trans
Two methods of de novo assembly were used the first method was Trinity and it

was run as a paired end assembly with the system memory usage for the
jellyfish step set at 54G as this was the highest accepted level for the system
used. The number of CPUs was set as the suggested default of 16.

The second method was SOAPdenovo-Trans-127kmer version run as a paired
end assembly using the default settings for both read and scaffold assembly

with the average insert size set to 215 as this was the average for the raw reads.

3.3.1.7 Mapping of trimmed Illumina reads to the Trinity assembly,
SOAPdenovo-Trans and the 454 references
Bowtie2 was used to align the raw Illumina reads of both Carlton and Andrew’s

Choice to the three assemblies. BowtieZ was run on all assemblies using the
following command line prompts. The default settings of an end-to-end
alignment with the default minimum score threshold of -0.6 + 0.6 * L, where L is
the read length. The default alignment mode is also used that searches for

multiple alignments and reports the best one.

A comparison of the resulting alignments was carried out by analyzing the
percentage of reads aligned compared to the percentage of the reference hit by
the reads, and the coverage of these alignments. In order to do this a script,
coverageStatsSplitByChr_v2.pl (written by Kevin Ashelford and modified by
Laura Gardiner at the University of Liverpool CGI), was used to work out the
coverage of each read and the percentage of the reference hit. This script
requires a sorted BAM file as input and so SAMtools was used to convert the
SAM files from Bowtie to sorted BAM files. An average of these were then

determined to compare the three assemblies.
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The coverageStatsSplitByChr_v2.pl script was run and the results analysed to
give the percentage of reference hit and average depth of coverage using awk

commands. See appendix section 6.10 .

3.3.2 SNP calling using custom SNP caller for polyploid samples and the
prediction of ploidy level
As discussed in section 3.1.7.1 and 3.1.7.2, the version of VarScan used only

considers SNPs with 0.5% heterozygosity and so does not give full details on
polyploids. It also does not take into account a second or third alternative allele
when determining the percentage of total reads that represent each allele, for
example if at a single loci the reference is C and 30 reads are C, 30 are A and 30
are T the percentage is only worked out for each allele as a percentage of 60 not
90. Therefore the pileup_parser.pl script was used along side the VarScan
results to pull out the true percentage of reads for each possible allele. This
information was then used to analysis possible non-synonymous SNPs as is
shown in chapter four. VarScan was run with a minimum read depth of 20, a
minimum of 100 supporting reads to call a variant and an average read quality
cut off of 20

The perl script was also used to look at polyploidal variation at the individual
loci level and so after it was run the results were parsed to count the number of

“triploid” and “tetraploid” labels for each loci.

In order to determine if the SNPs found were seen in both varieties, between the
varieties or only in Carlton the results were compared on position of SNP,
reference and alternative allele suggested. The main analysis to look for non-
synonymous SNPS in putative genes (chapter four) was only carried out on

SNPs thought to be between varieties.
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3.3.3 Transcript level differences determined using BitSeq
BitSeq was used to determine differential expression of transcripts between the

two varieties of daffodil. The program requires a SAM file, which is generated
via mapping to the reference transcriptome using Bowtie. An index was first
creating using the reference transcripts from the Carlton data. The default
setting for the step were altered from 5 to 2 for the number of Burrows-
Wheeler rows marked and from 10 to 12 for the number of characters to use to
create the look up table for the initial Burrows-Wheeler range determination.
These were changed as the BitSeq example analysis suggests that these settings
work better for data of this nature.

After this step, Bowtie is used to map the reads to the reference index with a
maximum number of mismatches of 3 without trimming the low-quality end of
each read pre alignment as this was already carried out during filtering and
trimming and would increase computational time. At this stage BitSeq can then
be run following  the example from  the BitSeq wiki,
http://code.google.com/p/bitseq/wiki/BitSeq.

The resulting files from the BitSeq analysis consist of a file with the PPLR data
and a separate file with the contig IDs. Using a simple combination of command
line prompts, the first 8 lines (headers and description of data) were removed
and the data matched up with the contig IDs. The file was then altered to make
any tabs spaces for ease of use in later steps. The perl script tabtospace.pl can
be found in the appendix section. The resulting .pplr file could be used alongside
a simple split script that pulls out those contigs with significant differences
between the two conditions (varieties), that is to say those with a PPLR of >0.95
and <0.05. The testsplit_bitseq.pl script can be found in the scripts folder on the

appendix disc.

3.3.4 Annotation of Trinity assembly
The assembled Illumina data was annotated using the same pipeline used for

the 454 data (section 2.3.4.5).
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3.3.5 Removal of transposon elements from raw reads - comparison of
three methods
Three methods were tested to determine which removed the greatest number

of raw reads.

3.3.5.1 BMTagger
This program is described in the introduction of this chapter. The program was

run using the default settings. The resulting files were then used with a perl
script (Dr ] Kelly, University of Liverpool) to extract the reads that matched
TREP from the original reads ready to re-assemble the reads without
transposon contamination. The script is in the appendix section.

The resulting assembly can be compared to the assemblies from the other

methods.

3.3.5.2 TransposonPSI
TransposonPSl.pl is a perl script and so was run as written. Only the top hit file

was used in the analysis. The output file was filtered and the used alongside the
script by Dr Kelly to remove the transposon elements from the filtered and

trimmed reads ready for assembly.

3.3.5.3 BLAST against TREP
The format converter FastqtoFasta.pl from NGStoolkit was used to convert the

raw files to fasta files then the BLAST (version 2.2.27+, scoring matrix
Blosum62) search was run against the 2008 TREP database with the output set
to tabulated for ease of comparison and annotation with the search limited to
one hit per transcript. The resulting BLAST output was parsed using a bespoke
perl script for an e-value cut off of e). The perl script

remove_low_scoring_blast.pl can be found in the scripts folder on appendix disc.

3.3.6 Re-assembly of reads post TE removal
BMTagger results were used for re-assembly using Trinity version 2012-10-05

using the same settings as the original assembly for comparison.
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3.3.7 Annotation of the re-assembled data
The new Trinity assembly was annotated using the same pipeline as described

in section 2.3.4.5.

3.3.8 SNP and transcript level differences re-evaluated post transposon
removal
The SNP and transcript level differences were re-analysed using the new

assembly as described in sections 3.3.2 and 3.3.3 and compared to the original

analysis.
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3.4 Results
3.4.1 Extraction of RNA

3.4.1.1 Andrew’s Choice
The results of the trial can be seen in the Appendix, table x. It was clear that the

best method was the Analytik-Jena InnuPREP plant RNA Kit with the PL lysis
solution. The kit gave consistent high yields and consistent 260/280 ratios.
Therefore this method was used alongside a DNase step (Qiagen DNase kit) for
the Andrew’s Choice variety. The two samples from two different bulbs grown
in the same conditions had total concentrations of 696 ng pl-land 474 ng pl-1 pre
DNase clean up. Both samples had 260/280 ratios within the range (1.8-2.3)
suggesting pure RNA and 260/230 ratios indicating no protein contamination.

The samples were stored at -80°C until needed for cDNA library preparation.

3.4.1.2 Carlton
The same method as for Andrew’s Choice was used to prepare two samples of

Carlton RNA from two different bulbs grown under the same conditions as the
Andrew’s Choice. The resulting concentrations pre DNase clean up were 997 ng
ul-land 687 ng pl-l. These were also stored at -80 °C until needed for cDNA

library preparation.

3.4.2 RNA-Seq library preparation

3.4.2.1 Total RNA analysis
The four samples were analyzed for total RNA concentration using the Agilent

RNA 6000 Nano Chip. The results can be seen in table 3.3.

Table 3-3 Total RNA Nano Chip results for the four total RNA samples for consideration for library
preparation.

Sample Concentration (ng pl-1) 28S/18Sratio | RIN
Andrew’s Choice 1 416.69 1.80 8.1
Andrews’ Choice 2 465.16 1.99 8.6
Carlton 1 398.58 1.61 8.6
Carlton 2 466.81 1.74 8.6
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From table 3.3 it is can be seen that all four samples have RIN > 6, which is the
degradation threshold, suggesting good quality RNA. The 28S/18S ratio
confirms this because they are all close to the optimum of 2.0 obtained in non-
degraded RNA. This is further demonstrated in figures 3.6-3.9 by the clear
single peaks at 18s and 28s and the relatively smooth graphs. All four samples

were carried forward to library preparation.
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Figure 3-6 Total RNA electropherogram from Andrew's Choice sample 1

The rRNA ratio (28S/18S) was 1.8 with a RIN of 8.1 and a final concentration of 416.69 ng pl-1.
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Figure 3-7 Total RNA electropherogram from Andrew's Choice sample 2

The rRNA ratio (28S/18S) was 1.99 with a RIN of 8.6 and a final concentration of 465.16 ng pl-1.
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Figure 3-8 Total RNA electropherogram from Carlton sample 1.

The rRNA ratio (28S/18S) was 1.61 with a RIN of 8.6 and a final concentration of 398.58 ng pl-1.
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Figure 3-9 Total RNA electropherogram from Carlton sample 2

The rRNA ratio (28S/18S) was 1.75 with a RIN of 8.6 and a final concentration of 466.81 ng pl-1.

3.4.2.2 cDNA library preparation

The four samples were used to prepare RNA-Seq libraries as described in
3.3.1.2. The resulting libraries were analyzed for quality using a Quibit
fluorometer and an Agilent High Sensitivity DNA chip. The results can be seen in

table 3.4.

Table 3-4 ¢cDNA library final analysis.

The concentration was determined by the Quibit analysis and the average fragment size from
the High Sensitivity DNA Chip.

Sample Concentration (pg Molarity Average Fragment size
i) (nM) (bp)

Andrew’s Choice 1 0.24 1.04 355

Andrew’s Choice 2 0.26 0.86 468

Carlton 1 0.68 3.2 328

Carlton 2 0.90 3.4 405
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Electropherograms of the resulting libraries can be seen in Figures 3.10 to 3.13.
Ideally for [llumina sequencing a molarity of over 1nM is required and therefore
Andrew’s Choice sample 1 was selected for sequencing. Of the two Carlton
samples it was decided that sample 2 should be used for sequencing as it has a

higher molarity and higher average bp size of fragments.
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Figure 3-10 cDNA library electropherogram for Andrew's Choice sample 1.
The marker peaks are clearly visible at 35 and 10380 bp. The library is evenly fragmented, as no large

peaks are visible. Ideally the fragmented area should show more distinct peaks but as this is a valuable
sample it will still be sequenced as the molarity is above 1nM and the average fragment size is 355.
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Figure 3-11 cDNA library electropherogram for Andrew's Choice sample 2.
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The marker peaks are clear at 35 and 10380 bp. The fragmented area is more widely dispersed
and of lower molarity than that of sample 1 and therefore will not be used for sequencing.
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Figure 3-12 cDNA library electropherogram for Carlton sample 1.

The marker peaks are clear at 35 and 10380 bp. The fragmented region is of a much higher molarity than

that seen for Andrew’s Choice, however the average fragment size for this library was the lowest of the
four, 328bp.

[FU] sémple?

120

| 100+

80

60—

40—

204 k
\_4_’/\\\%\‘_“«%

0 —— N N
Tl T ] T Tl s T bl
35 100 200 300 500 1000 103380 [bp]

Figure 3-13 cDNA library electropherogram for Carlton sample 2.

The marker peaks are clearly visible at 35 and 10380 bp. The fragmented region is comparable
in molarity and spread to that of Carlton sample 1. However the average fragment size is much
larger, 405bp, therefore this sample was selected for sequencing.

3.4.2.3 Trimming and Filtering of raw reads
The results of the adaptor trimming and quality filtering and trimming can be

seen in tables 3.5 and 3.6. Both varieties showed high percentages of high

quality reads after the final trimming step (96.6% forward and 95.4% reverse
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reads for Carlton and 96.56% forward and 95.21% reverse reads for Andrew’s
Choice) with clearly reduced levels of non-ATCG bases (0.01% forward and
0.11% reverse reads for both varieties). The reverse reads from both varieties
showed higher levels of non-ATGC bases and therefore slightly lower levels of

high quality reads.
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Table 3-5 Comparison of Carlton Illumina reads after adaptor trimming, quality filtering and quality trimming.

The percentage of reads with non-ATGC bases is significantly reduced without significantly reducing the number of high quality reads.

Carlton forward Carlton reverse | Carlton forward Carlton reverse Carlton forward Carlton reverse post
Sample name post Cutadapt post Cutadapt post filtering post filtering post trimming trimming
Minimum read length 1 1 1 1 20 20
Maximum read length 100 100 100 100 100 100
Average read length 94.52 94.68 94.42 94.48 94.17 94.05
Total number of
reads 15575323 15575323 14825941 14825941 14806569 14806569
Total number of
reads with non-ATGC
bases 246413 1234958 206265 1101884 189590 1063571
Percentage of reads
with non-ATGC bases 1.58% 7.93% 1.39% 7.43% 1.28% 7.18%
Total number of
bases 1472165118 1474613644 1399937253 1400746087 1394344344 1392555397
Total number of high
quality bases 1443938440 1410384386 1383593690 1377280745 1346885430 1328459060
Percentage of high
quality bases 98.08% 95.64% 98.83% 98.32% 96.60% 95.40%
Total number of non-
ATGC bases 291377 5274180 235489 1600297 205235 1556979
Percentage of non-
ATGC bases 0.02% 0.36% 0.02% 0.11% 0.01% 0.11%
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Table 3-6 Comparison of Andrew's Choice Illumina reads after adaptor trimming, quality filtering and quality trimming.

The results are very similar to those of Carlton suggesting that both varieties were sequenced equally effectively.

Sample name

Andrew’s choice
forward post

Andrew’s choice
reverse post

Andrew's choice
forward post

Andrew's choice
reverse post

Andrew's choice
forward post

Andrew's choice
reverse post

Cutadapt Cutadapt filtering filtering trimming trimming
Minimum read
length 1 1 1 1 20 20
Maximum read
length 100 100 100 100 100 100
Average read length 93.19 93.43 93.11 93.15 94.99 94.86
Total number of
reads 13945808 13945808 13187964 13187964 12853764 12853764
Total number of
reads with non-
ATGC bases 215968 1098861 178954 973819 164889 943026
Percentage of reads
with non-ATGC
bases 1.55% 7.88% 1.36% 7.38% 1.28% 7.34%
Total number of
bases 1299547169 1302946984 1227939145 1228479921 1221023045 1219308786
Total number of HQ
bases 1273925396 1237555422 1213408193 1207208031 1179003144 1160861352
Percentage of HQ
bases 98.03% 94.98% 98.82% 98.27% 96.56% 95.21%
Total number of
non-ATGC bases 255426 4638930 204560 1408963 178537 1373991
Percentage of non-
ATGC bases 0.02% 0.36% 0.02% 0.11% 0.01% 0.11%
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3.4.2.4 Comparison of de novo assembly using Trinity and SOAPdenovo-
Trans
The results of both assemblies are shown in table 3.7. Trinity produced much

longer contigs than SOAPdenovo-Trans. The latter assembly’s shortest length is
the same as the maximum length of the raw reads. The average read length
(183bp) in SOAPdenovo-Trans is also low compared to the Trinity 511bp. The
longest length seen by Trinity (30656 bp) is unlikely to be a true transcript due
to the difficulty of assembling short reads into transcripts of this size and could

be caused by repetitive sequences or contamination. (See section 3.4.2.10)

Table 3-7 Comparison of de novo assemblers.

Assembler Trinity SOAPdenovo-Trans
17429

Number of contigs and (3458 contigs and 13971

singletons 165905 singletons)

Average length (bp) 511 183

Shortest length (bp) 201 100

Longest length 30656 6864

N50 679 236

3.4.2.5 Mapping of trimmed Illumina reads to the Trinity, SOAPdenovo-
Trans and 454 assemblies
The results can be seen in table 3.8. It is clear that for both varieties the 454

reference and SOAPdenovo-Trans assembly had much higher depth of coverage
and lower number of total transcripts. By mapping the Illumina reads back to
both the 454 and the SOAPdenovo-Trans reference it was clear that a large
proportion of the reads were not mapping, suggesting that both references did
not cover the entire transcriptome (only about 30% of the Illumina reads were
accounted for in this mapping back to both the 454 reference and SOAPdenovo-
Trans assembly (See section 3.5.2). The Trinity assembly gave better overall

representation of the transcriptome.
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Table 3-8 Comparison of mapping to the 454, Trinity and SOAPdenovo-Trans assemblies.

Variety

Carlton

Andrew’s Choice

Carlton
Reference
used to
map to

454
reference

Trinity
assembly

SOAPdeno
vo-Trans
assembly

454
reference

Trinity
assembly

SOAPdeno
vo-Trans
assembly

Percentag
e of
reference
hit by
Illumina
reads
Percentag
e of
Illumina
reads that
could be
mapped
back to
the
reference

95.42% 99.72%

86.45% 82.85% 73.42% 97.24%

75.65% 39.91%

30.84% 26.02% 56.38% 24.58%

Depth of

coverage 72X 12X 111X 61X 12X 92X

The 454 reference has much higher coverage and the percentage of the
reference hit is more similar for the two varieties. All three assemblies involve
only Carlton reads and so a lower level of mapping would be expected for the
Andrew’s Choice reads, however the high levels of mapping seen with Andrew’s

choice agree with the idea that the two varieties are closely related.

3.4.2.6 SNP calling using custom SNP caller and VarScan
The full VarScan and pileup_parser.pl outputs can be found on the appendix disc

(pileup_parser is in the scripts folder on the appendix disc). A basic comparison
of the number of SNPs found in both assemblies can be seen in table 3.8.

Only the varietal differences are shown. For full inter and intra varietal SNP
data see table 3.15 in the SNP calling in both the original and TE removed
assembly section of this chapter.

A more in-depth study into these SNPs and the transcripts is described in

chapter four.
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Table 3-8 Intervarietal SNPs called using the two references.

Reference mapped No of SNPs
discovered

454 4032

Trinity 5766

The parsing script pulls out every alternative allele but has no constraints.
VarScan has stringent cut offs but only shows one alternative allele. Combining
the two methods results in the discovery of the true allelic variation in triploid

species.

3.4.2.7 The prediction of ploidy level in Carlton and Andrew'’s Choice

The pileup_parser.pl results were parsed and the percentage of loci that showed
more than one nucleotide at a specific loci were analysed. Out of the 23949 loci
predicted to differ from the reference 98.09% were labeled “triploid” for
Carlton and 98.54% were labeled “triploid” for Andrew’s Choice. To be
considered triploid the alternative alleles and the reference allele had to have an
overall read percentage of 20 % or higher with the forth allele having a
percentage of less than 10%. The remaining ~2% in both were labeled as
tetraploids. To be considered tetraploid all four alleles had to be represented by

209% or more of the total number of reads.

3.4.2.8 Transcript level differences determined using BitSeq
Table 3.10 shows the number of contigs or singletons that are predicted to have

significant transcript level differences between the two varieties and the
percentage of the total number of transcripts this represents. The 454 data set
resulted in 0.25% with a PPLR >0.95 (suggest a significant probability that the
transcripts are up-regulated in the Andrew’s Choice individual) and 1.34% with
a PPLR <0.05 (suggesting down-regulation in the Andrew’s Choice individual).
The Illumina Trinity data resulted in 0.23% >0.95 and 0.29% <0.05. These
transcripts are investigated in chapter four. The data shown is a summary of the

results, showing only the PPLR values, the full BitSeq output containing PPLR,
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mean log2 fold change, confidence intervals and mean condition and mean
expressions are shown in on the appendix disc. Only PPLR values are shown in
table 3.10 as BitSeq suggests that these values can be used to “rank transcripts
based on DE belief”. Although PPLR and p values are not interchangeable PPLR
is still considered a viable method for predicting differences and can be used

like p-values with a user defined cutoff.

Table 3-9 BitSeq results for both the 454 and Trinity assemblies.

Showing the difference in transcript levels between two individuals from two varieties of
Narcissus pseudonarcissus (Carlton and Andrew’s Choice).

Assembly 454 Trinity
Total number of 20349 165905
contigs/singletons

Transcripts with PPLR of >0.95 50 378
Transcripts with PPLR of <0.05 272 475
Percentage >0.95 0.25 0.23
Percentage <0.05 1.34 0.29

3.4.2.9 Annotation of Trinity assembly
The annotation pipeline described in chapter 2.3.4.5 was used on the Trinity

assembly. It resulted in the annotation of 63826 transcripts (38.47%). The four
databases searched and the number of unique hits found in each can be found in

table 3.17 compared to the annotation of the post TE removal assembly.

3.4.2.10Removal of transposon elements from raw reads - comparison of
three methods

Table 3-10 Comparison of three methods of TE discovery.

The reads that hit TEs were removed from the raw and trimmed and filtered reads using all
three methods to compare the resulting assemblies.

Method Variety Number of reads | Total number of Percentage of
removed reads reads removed
Raw Trimme Raw Trimmed | Raw | Trimme
reads | d and reads and read | dand
filtered filtered S filtered
reads reads reads
BMTagger Carlton 3944 | 41133 1557532 | 1480656 | 0.253 | 0.278
6 3 9
Andrew’ | 4474 | 54113 1394580 | 1285376 | 0.321 | 0.421
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s choice 5 8 4
BLAST Carlton 1428 | 1158 1557532 | 1480656 | 0.009 | 0.008
3 9
Andrew’ | 1174 | 917 1394580 | 1285376 | 0.008 | 0.007
s choice 8 4
TransposonPS | Carlton 6078 | Notran 1557532 | 1480656 | 0.390 | Na
I 8 3 9
Andrew’ | 3679 | Notran 1394580 | 1285376 | 0.264 | Na
s choice | 0 8 4

It is clear from table 3.12 that the BLAST search against TREP gave the lowest
number of predicted TE transcripts; both BMTagger and TransposonPSI
resulted in greater but similar numbers. The main difference between these two
methods was the run time. BMTagger runs in a matter of hours whereas
TransposonPSI took several weeks to run. All three methods were carried

forward to assembly for further analysis.
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3.4.2.11Assembly comparison of the three TE removal methods

Table 3-11 Comparison of Trinity assemblies of the three TE removal methods.

Statistics were determined using the NGStoolkit statistical program N50stats.pl

BLAST BMTagger TransposonPSI
Raw Trimmed | Raw Trimmed | Raw reads
reads and reads and
filtered filtered
reads reads
Total 169689 165176 169518 165065 169191
sequences
Total 84360430 | 82035348 | 84014952 | 81805100 | 84698744
bases
Min 201 201 201 201 201
sequence
length
Max 21617 30656 21617 30656 30656
sequence
length
Average 497.15 496.65 495.61 495.59 500.61
sequence
length
Median 294 294 294 294 295
sequence
length
N25 1526 1513 1511 1511 1543
length
N50 634 630 629 626 644
length
N75 301 300 300 300 302
length
N90 231 231 231 231 231
length
N95 215 215 214 215 215
length
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As can be seen in table 3.13 all three methods gave very similar assemblies. The
filtering and trimming step removed ~4000 sequences in each method.
Therefore it was decided that filtering and trimming should be carried out prior
to TE removal. As the BLAST and BMTagger produced a similar number of
sequences and the same max sequence length, it was decided to carry the
BMTagger removal forward since it was quicker than BLAST and removed the
most raw reads. TransposonPSI was deemed too time consuming compared to

the other methods with no clear advantage.

3.4.2.12Mapping of TE removed reads to both the 454 reference and the TE
removed Trinity assembly
The differences between the above results and those seen in table 3.14 are

minimal, the results suggest that the removal of TE only improves mapping by
<1% for all varieties and references. This is consistent with the <1% of raw
reads removed via these methods.

Table 3-12 Comparison of raw reads mapped back to the 454 reference and the Trinity Illumina de
novo assembly.

Percentage of reference hit is determined using the coverageStatsSplitByChr_v2.pl script to determine the
percentage of the reference hit by the raw reads. Percentage of Illumina reads mapped is the alignment

percentage given by Bowtie2 representing the percentage of raw reads that were successfully mapped to
the reference. The depth of coverage is the average read coverage seen from the mapping.

Variety Carlton Andrew’s choice

Post-TE Post-TE
Reference 454 Trinity Trinity
Assembly reference | assembly 454 reference | assembly

Percentage of
reference hit 86.49% 95.59% 82.78% 73.62%
Percentage of
Illumina reads
mapped 30.74% 75.27% 25.92% 56.31%

Depth of coverage | 72X 12X 60X 12X
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3.4.2.13SNP calling in both the Original and Post-TE removal assembly
A B
C D

Figure 3-14 Venn Diagram showing SNP cross over between varieties

A shows the SNP cross over between Carlton and Andrew’s choice in the original (no TE removal) 454

results. B shows the same cross over for the post TE removal results. C shows the original results for the
[llumina data. D shows the cross over for the post TE removal [llumina results.

The inter-varietal SNPs range from 4032-8383 depending on the reference and
if the raw reads have had the TEs removed or not. Transcripts that show the
same intra-varietal and inter-varietal SNPs, and SNPs found in transcripts
predicted to be involved in galanthamine production are discussed further in

chapter four.

3.4.2.14 Transcript level differences
Table 3-15 BitSeq results for 454 reference, Original and Post-TE assemblies.

The 454 post-transposon removal represents the mapping of the filtered, trimmed and TE
removed [llumina reads mapped to the initial 454 reference.

| Reference | 454 | Original | 454 post TE | Trinity post |
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Trinity removal TE removal
Total number | 20349 165905 20349 165065
of transcripts
Transcripts 50 378 86 169
with PPLR of
>0.95
Transcripts 272 475 321 145
with PPLR of
<0.05
Percentage 0.25 0.23 0.42 0.1
>0.95
Percentage 1.34 0.29 1.58 0.09
<0.05

Table 3.15 shows the transcript levels in the two varieties are very similar with
less than 1% showing PPLR of >0.95 and less than 2% showing PPLR of <0.05.
The full BitSeq results including fold change differences can be seen in on the

appendix disc.

3.4.2.15Annotation post TE removal
The Assembly from section 3.3.6 was annotated using the same pipeline as

section 2.3.4.5. The pipeline annotated 62852 (38.1%) of the transcripts. The
annotations from the four databases, TAIR, UNIPROT, Rfam and RefSeq were
compared to those produced in 3.3.4 to evaluate any differences seen. The

comparison is show in table 3.16.

Table 3-16 Comparison of assembly annotation of Original and Post-TE removal assemblies.

The annotation pipeline only allows each transcript to be annotated once, starting with TAIR. Those that
are not annotated can then move onto the next database in the order of UniProt, Rfam and then RefSeq.
The numbers shown represent the unique hits.

Database Number of transcripts annotated Percentage of transcripts
annotated
Original Post TE Original Post TE
Trinity removal Trinity removal
assembly Trinity assembly Trinity
assembly assembly

TAIR 53827 52861 32.4 32

UniProt 2315 2270 1.4 1.4

Rfam 209 204 0.1 0.1

RefSeq 7475 7517 4.5 4.6

Total 63826 62852 38.5 38.1
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3.5 Discussion

3.5.1 Production of cDNA libraries and read quality control
As discussed in section 2.1.7, extraction of RNA from plants with high levels of

phenols, sugars and secondary metabolites is difficult. The CTAB method used
in the production of the 454 reference was not suitable for extraction from
Andrew’s Choice. The Analytik-Jena InnuPREP plant RNA kit with the PL lysis
buffer (specifically designed for high phenolic plants) was found to be a suitable
method and was used for both varieties. From these samples four cDNA
libraries were prepared and then one from each variety was carried forward to
sequencing, sample 1 for Andrew’s Choice as its molarity was over 1nM
(recommended limit for [llumina) and sample 2 from Carlton as its molarity was
3.4 compared to sample 1 at 3.2nM. The sequencing of these samples resulted
in two paired-end data sets with similar numbers of reads (average read lengths
100bp)(Andrew’s Choice 13945808 pairs and Carlton 15575323 pairs). The
raw reads were first trimmed using Cutadapt to remove the index primers and
then filtered and trimmed to remove any reads shorter than 20bp, then those
with less than 70% of bases having a quality score of 20 or more and finally
bases from the end of reads that had a quality score of below 30. This resulted
in the removal of ~5% of reads from each set with the reverse reads showing
slightly higher levels of non ATGC bases. This could be due to several factors;
base content can affect quality, also, if the forward and reverse reads do not
overlap they can have different levels of quality and, finally, longer molecules
can result in lower quality sequencing 180. By trimming reads that had less than
70% bases with a quality score higher than 20 it was possible to produce high
quality reads that could then be assembled with more confidence. As de novo
assembly was required it was very important to remove bases and reads of low
quality that could result in a non-representative assembly. It was also important
to remove smaller reads (<20bp) that could again interfere with the assembly

as both Trinity and SOAPdenovo-Trans work best on longer reads (~100bp).
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3.5.2 Assembly of Illumina reads
Determining accuracy and coverage of an assembled transcriptome is much

more difficult than that of a genome. It is further complicated if the
transcriptome is from a non-model plant with no reference genome or closely
related reference. There are several methods for assessing the quality of an

assembly and they are discussed below in relationship to the daffodil data.

Initial results showed that Trinity produced much longer contigs, possibly
suggesting a better assembly of the short reads. In transcriptomic de novo
assemblies the use of N50 or the length of a transcript as a statistic for assessing
an assembly is limited as unlike genomes where the longer the N50 the better,
the assemblies of transcriptomes are intrinsically fragmented 132. A higher N50
does not always relate to a better assembly and often those seen in
transcriptome studies are higher than the actual N50 which could be linked to
misassembly and concatenation of reads. However the short lengths of the
SOAPdenovo-Trans assembly suggested a poor assembly, as the shortest length
was the same as the maximum length of the raw reads. The average read length
of 183bp from SOAPdenovo is also very low compared to average lengths in
other transcriptomic projects. For example, the Trinity assembly result is much
closer to the lengths seen in other Illumina assemblies such as Pelargonium x
hortorum, (850bp Trinity) maritime pine (Pinus pinaster) (495bp) and Centella

asialica (474bp) 111,127,181,

It is possible if a closely related species has been sequenced to produce a
genome reference, or if there is a reference genome for the plant of interest that
a Fermi estimation of the number of transcripts expected can be carried out 83.
Major plants have been predicted to have 20,000 to 40,000 genes, however not
all of these will be present in the transcriptome and so an estimate can be made
using micro array data along with a reference genome, for example it was
predicted that the Arabidopsis leaf transcriptome would contain around 15,000
83, Polyploids and transcriptomes with a recent duplication event may have
more but the overall number of contigs assembled can still be compared to

other plant species. In the project by Xiao et al assembly from 75 species
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resulted in transcriptomes containing between 31000 and 70000 contigs 2.
While the diploid Centella asiatica transcriptome had 79041 tentative unique
transcripts while both the diploid maritime pine (P. pinaster) and the allo-
tetraploid Nicotiana benthamiana had much higher numbers of contigs (210513

and 235000 contigs) these are similar to those seen in [llumina.

One method of ascertaining the quality of an assembly is short read mapping,
firstly the raw reads back to the assembly and also back to a reference genome
if available 182, The raw reads were mapped back to the 454, Trinity and
SOAPdenovo-Trans assemblies. From the results it was clear that by using only
the 454 assembly over 60% of the raw Illumina reads were not being exploited
as only 30.84% (Carlton) and 26.02% (Andrew’s Choice) of the Illumina reads
mapped back to the 454 reference. Leaving out 60% of the [llumina reads would
omit exploration of a significant data-set and so it was decided that a de novo
assembly of the Illumina reads should be used alongside the 454 reference for
further investigation such as SNP and transcript level analysis. Illumina
sequencing has been shown to result in much deeper coverage of a
transcriptome, as seen in this marked difference in coverage in this data set. A
project by Zhang et al looking at two Geraniaceae transcriptomes showed that
[llumina produced greater coverage 127. This is not surprising as the Illumina
sequencing produced almost 40 times the amount of data as that seen in 454,
(similarly in this project the 454 produced around 150000 reads and the
[llumina produced close to 15000000) however when they reduced the number
of [llumina reads to match that of the 454 the resulting assemblies still showed
a marked increase in coverage 127. When the two techniques first appeared 454
had much longer read lengths and so was the platform of choice for de novo
assembly, however as read length increased with [llumina and the improvement
of de novo assemblers, [llumina is now more widely used. As is evident by the

decommissioning of 454 104,

No standard method currently exists for the combination of the two sequencing
methods to produce one reference 2181, Of the two methods of Illumina de novo

assembly, the SOAPdenovo-Trans reference had a much higher depth of
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coverage (111X and 92X compared to 12X for Trinity) for the section of the
transcriptome it represented. However only ~30% of the raw reads were able
to map back to the SOAPdenovo-Trans reference. This is similar to the
percentage of raw reads that mapped back to the 454 assembly. The Trinity
assembly resulted in a much higher use of the raw reads (75.65% and 56.38%
compared to 26.02% and 24.58%) suggesting better overall representation of
the sub-genomes of the transcriptome. This, and the low average transcript
length seen with SOAPdenovo-Trans, resulted in the use of the Trinity assembly
for further analysis as looking at any SNP differences between the homologous
copies would be required to also assess the variation between the two varieties.
In plants with closely related reference genomes it is possible to compare the
assembly to a reference and look at the transcripts ortholog hit ratio, that is the
number of bases in a matched region divided by the length of the best matched
sequence. An OHT of 1.0 suggested complete transcripts, however this assumes
that the best match is indeed an ortholog with conserved length 182, This is
obviously linked to evolutionary distance, duplication events, loss of genes or
silencing of one genome by another in polyploids can greatly affect this statistic
as novel or significantly different transcripts may not map or may map poorly
182 As no closely related genome exists for daffodils a more useful statistic may
be the percentage of transcripts with unique hits to known plant proteins

(specifically those known to be well conserved) this is discussed in section 3.5.4.

3.5.3 Removal of TEs
As de novo assembly of short reads is very difficult, longer contigs such as those

seen in genome assemblies often suggest repetitive regions, TEs or
concatenated transcripts. Although these repetitive regions are not thought to
be transcribed the large maximum contig length of 30656bp in the Trinity
assembly could be caused by concatenated transcripts, contamination or as
suggested by a personal communication with the Trinity developers TEs.
Therefore investigation into TEs was carried out on the Trinity data after the
initial annotation step. This was originally carried out on the raw reads and then
on the trimmed and filtered reads. Since these latter steps removed almost 5%

of the raw reads, it would be beneficial to carry out filtering and trimming prior
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to the TE removal as leaving in this 5% of unfiltered reads could affect the

assembly.

The method with the most stringent cut off was used to remove TEs as this
would reduce the amount of data and should also reduce the number of false
transcripts analysed. The BLAST search against TREP gave the lowest number
of possible TE transcripts and so was not used for further investigation as the
aim of this step was to remove as many erroneous reads as possible. The other
two methods gave very similar results (0.2-0.4% reads removed) but took very
different lengths of time (BMTagger took less than 2 hours whereas
TransposonPSI took over a month). Therefore BMTagger was considered the
most suitable method. Even then, the relatively low number of reads removed
did not result in the removal of the longer transcripts. Although the use of basal
plate was in part to avoid chloroplast contamination it may be that some of
these longer transcripts are chloroplast associated. More over as there was no
way of sterilizing the bulbs prior to RNA extraction it is possible that there was
some bacterial contamination. It would be beneficial to a project of this nature
to remove any transcripts that are linked to bacteria or chloroplasts if the
overall aim was to produce a full-annotated transcriptome. However as only one
tissue at one time point was used in the creation of the library the whole
transcript is unlikely to be represented. The annotation pipeline did not
annotate these longer transcripts, essentially excluding them from the putative
gene search and due to time constraints and as the aim of the project was to
look for putative genes involved in galanthamine production, no further analysis

was carried out on the longer transcripts.

3.5.4 Annotation of Transcripts
To look for putative genes involved in alkaloid production the original 454

reference and Trinity assembly were used for transcriptome annotation,
transcriptome wide SNP discovery and transcript level analysis and the results
were compared to those gained for the data sets with the TE associated

transcripts removed. Annotation was carried out on both Trinity assemblies in
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the same way as that for the 454 reference in chapter two. The results in table
3.17 show very little difference between the two assemblies with both resulting
in ~38% annotation. This is comparable to other transcriptomic projects in
plants; in the diploid P. hortorum and Geranium maderense (2n=68) Zhang et al
reported an annotation rate of 37% and 49% using a number of assemblers
including Trinity and SOAPdenovo-Trans 127. Similar annotation levels were
seen in a velvet assembly in Centella asiatica, a combined assembly of Pinus
pinaster (using MIRA, CAP3 and ABySS) and a slightly higher average was seen
in Xiao’s 75 plant project (using MIRA for 454 and Velvet-OASES for I[llumina
reads) (53.04%, 46.6% and 68%) 2111181 The exact breakdown of the
annotations and further investigation such as Gene Ontology annotations to
look for GO enrichment and functional information between the two assemblies
and their use in the discovery of putative genes involved in galanthamine

production is described in detail in chapter four.

3.5.5 SNP and transcript level difference analysis
Transcriptome wide SNP discovery and transcript level differences were also

carried out on both data sets (Original and post TE removal). This was carried
out to look for differences between the two varieties as they are closely related
but there is very little to no data available on their genetic similarities. As they
were grown under the same conditions and are known to produce different
levels of galanthamine it was hoped that any difference seen in their
transcriptomes could lead to the discovery of putative transcript differences
linked to the biosynthesis of galanthamine. The results suggest that they have
similar transcriptomes. Not only were Andrew’s Choice raw reads mapped back
to both the 454 and Trinity Carlton assemblies well (>70%) but their transcript
levels show very few differences. In the 454 data the proportion of transcripts
that showed significant differences between the two varieties were 0.25% in the
original and 0.42% post TE removal for those with a PPLR above 0.95 (up-
regulated in the Andrew’s Choice individual) and 1.34% and 1.58% for those
with a PPLR <0.05% (down-regulated in the Andrew’s Choice individual). The

change in number following the TE removal could be due to the improved
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mapping of quality raw reads to the 454 reference. The Illumina assembly also
showed low levels of difference, 0.23% and 0.1% with PPLR >0.95 and 0.29%
and 0.09% with PPLR <0.05%. The change in percentage seen here could be a
direct result of TE removal producing a more accurate assembly for transcript
level analysis. The next step in the analysis of these results is the investigation
into transcripts that show different levels and the identification of any that
could be involved in alkaloid production. Ideally for studies of this kind
involving differential expression analysis the most accurate estimates are
required, therefore it is standard practice and often a requirement of widely
used differential expression methods to have replicates. In a study of this kind it
is important to account for all sources of variation and so both technical and
biological replicates are best practice 171. Replicates can be used to normalize
data and to account for changes in transcriptomic expression at different time
points. However due to financial constraints repeating of the sequencing runs
were not possible in this project. The data shown only compared one Carlton
plant to one Andrew’s choice plant at one time point, therefore this can only be
used as a guide for further investigation. In order to look more closely at the
differences between the varieties qPCR will be carried out involving both
technical and biological replicates to look at transcripts that show significant
differences in the sequence based differential expression analysis. This is

described in chapter four.

SNP markers are a useful method of determining differences between varieties
linked to phenotypes such as alkaloid production. As discussed in the
introduction of this chapter (section 3.1.7.2) VarScan is capable of discovering
SNPs in polyploids but only considers them true SNPs if the frequency of the
minor allele is >0.5. Therefore by using VarScan to determine the loci of SNPs
alongside the pileup_parser.pl script that gives raw values for each alternative
allele it is possible to look for SNPs with frequencies below 0.5 as would be
predicted in polyploids. The results of the transcriptome wide SNP discovery
resulted in a range of inter-varietal SNPs (4032-8363) depending on the

assembly used. The relatively low number of transcripts with inter-varietal
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polymorphisms compared to the total number of transcripts suggests that the
two varieties are very similar; this is of particular interest when looking for
differences in transcripts linked to secondary metabolites. Further investigation
into inter-varietal SNPs in genes predicted to be involved in alkaloid production

was the next step, as discussed in chapter four.

3.5.6 Bioinformatics approach to predicting ploidy level of Carlton and
Andrew’s Choice

The pileup_parser.pl script predicted ploidy level at individual loci to give a
transcriptome wide view of ploidy within the sub-transcriptomes. It does not
however take in to account any quality of reads and so sequence errors are not
removed from the analysis. This script allows for further confirmation of ploidy
alongside chromosome counting for an overall view. It also gives information on
the heterozygosity of the sub-transcriptomes. Both Carlton and Andrew’s
Choice showed ~98% of loci with variation to be triploid. The majority of loci
were the same as the reference with ~86000-88000 loci labeled “same” (the
three nucleotides different from the reference having 0 reads) and ~1800000-
2005000 labeled “nothing” (the reference nucleotide is represented by 25% or
more of total reads with the three other alleles representing less than 15%). The
SNP percentage was 1.2% in Carlton and 1.01% in Andrew’s Choice which is
comparable to a predicted SNP frequency of 1 per 100-300 bp, this is lower than
that seen in the wheat and maize genomes (1 in 20bp and 1 in 70bp) 22. A lower
frequency would be expected in a transcriptome as only the transcribed region
is analysed and so any SNPs present in introns or non-transcribed regions
would be lost. The rate of variation seen in Andrew’s Choice (1.01%) when
mapped to the Carlton reference suggests that the two varieties are closely
related, in agreement with the limited information available on the pedigree of
Andrew’s Choice (personal communication, Alzeim Ltd). This script could be
developed further to incorporate quality and total read numbers as well as any
available ratios on ploidy level at an individual level in allo or auto polyploids to

predict ploidy level in any organism. This is discussed in Chapter 5 section 5.6.5.
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4 Chapter Four: Analysis of transcriptome data to determine
putative transcripts linked to Amaryllidaceae alkaloid
biosynthesis

4.1 Introduction

4.1.1 Methods of annotation for gene function prediction in non-model de
novo transcriptomes
The analysis in chapter three gave a generalized annotation based on similarity

to sequences from a wide variety of databases. Assigning genes an annotation
based on sequence similarity alone can lead to incorrect predictions of
biological functions. Although secondary metabolite biosynthesis has been
shown to involve only a relatively small number of gene families, these families
contain large numbers of enzymatic isoforms (paralogs) that may or may not
share the same or similar function. If these new paralogs have a different
substrate specificity or altered kinetic characteristics they could also have a new
biological role 183, This emergence of paralogs is caused by gene duplication
(one of the major sources of evolution) and has in turn generated the large
number (>200 000) and diversity seen in plant secondary metabolites 183. In
order to identify genes involved in secondary metabolism it is therefore
important to accurately predict the function of the genes as well as give an
annotation based around sequence similarity. Numerous databases are now
available that try to link the metabolite or gene to its biological function and
these can be used to create an annotated backdrop for pathway analysis known

as enrichment studies 184,

Three key databases that can be used for this purpose and that have been
successful in other alkaloid biosynthesis studies are the Kyoto Encyclopedia of
Genes and Genomes (KEGG), Gene Ontology (GO) and Enzyme Commission

number (EC number) 2185-187 and these are discussed below.
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4.1.1.1 Gene Ontology (GO)
GO is one of the most successful examples of ‘systematic description of biology’

and is widely used in whole genome/transcriptome annotation projects 188. The
Gene Ontology consortium began as a collaboration between the model
organism databases of Flybase, Mouse Genome Informatics (MGI) and
Saccharomyces Genome Database (SGD) 185, The goal of the project was to create
a universal nomenclature to aid in the knowledge transfer of biological roles of
genes or gene products recorded in studies to date. The ontologies were created
utilizing several databases including SwissPROT
(http://www.ebi.ac.uk/uniprot), Genbank
(http://www.ncbi.nlm.nih.gov/genbank/), PIR (http://pir.georgetown.edu),
MIPS (http://mips.helmholtz-muenchen.de/proj/ppi/), YPD and wormPD
(https://portal.biobase-international.com/cgi-bin/portal /login.cgi), Pfam
(http://pfam.xfam.org), SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/) and
ENZYME (http://enzyme.expasy.org). The Ontology system is split into three
modules:
Biological Process: Terms in this group include cell growth and
maintenance as well as more specific terms such as translation. They
represent the biological “objective” of the gene or gene product,
accomplished by one or more molecular processes 185.
Molecular Process: This includes terms such as enzyme or more
specific terms such as adenylate cyclase. These describe the biochemical
activity of the gene product but not where or when the activity occurs 185,
Cellular Component: This final module describes the location of the
gene product activity, such as ribosome or Golgi apparatus 185
Genes are associated with numerous terms and any linked terms are also
inferred, so a very specific term will also be intrinsically linked back to the most
basic term available 188. The annotations are both manually curated and
computationally assigned based on current biological knowledge 189. The
evidence used ranges from experimental (the most reliable annotation method)
to indirectly derived information from computational studies. Although the
latter allows for the annotation of genes from non-model organisms lacking

experimental evidence, it also increases the risk of false positives 188190,
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Computational annotations such as sequence similarity predictions of paralogs
or orthologs can cause false positives as gene duplication and speciation can

result in a change of function 188-190,

4.1.1.2 Kyoto Encyclopedia of Genes and Genomes (KEGG)
KEGG was developed in 1995 as part of the Human Genome Program of the

Ministry of Education, Science, Sport and Culture in Japan 186, This database
links genomic data with higher order functional information. It is often used in
investigation into biosynthetic pathways as it is one of the largest and most
comprehensive databases linking metabolism to gene available 184, Its two main
databases are:
Gene Database: catalog of genes and annotations from complete and
partial genomes 186,
Pathway Database: graphical representations of cellular processes,
representing higher order functional information 186, An example would
be the phenylpropanoid pathway, which is the starting point for

numerous larger pathways such as Amaryllidaceae alkaloid biosynthesis.

KEGG has been used in numerous studies on secondary metabolites. However, it
is important to review the results of this or any other functional database
carefully 25111, KEGG contains a generalized set of pathways that are conserved
throughout the plant, microbial and animal world as well as more specific
pathways that stem from these. As part of this, there are sets of broad terms
such as ‘metabolism pathway’ that have little meaning when assigned function
184 Further complications can arise if a pathway contains either very many or
very few enzymes or intermediates, since such pathways can bias downstream
analysis such as enrichment studies. A final point to consider when scrutinizing
the results of database searches is that many pathways are species specific and
it is possible that a pathway that does not exist in a certain species or organism

can be predicted to be present or show enrichment in later enrichment studies

184,
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4.1.1.3 The Enzyme Commission (EC number)
The Enzyme Commission number is a numerical classification system for

enzymes based upon the chemical reactions that they catalyze 1°1. The original
list was created in 1992 and has been updated periodically ever since 192. It is a
unified classification system that may help with annotation of unknown
transcripts or genes.

The use of KEGG, EC and GO annotation gives important information on the
functionality of genes but without analysing the relationship between genes
within the transcriptome. As primary and secondary metabolism involved a
very complex network of genes and pathways, with very similar genes carrying
out different roles, it is imperative that the overall relationship between the
predicted genes and their relative abundance as well as metabolite levels are
analysed. The databases discussed above offer a backdrop for enrichment
studies, also known as pathway analysis studies, that examine gene to gene

interactions and relationships 184,

4.1.1.4 Enrichment analysis
Enrichment studies involve looking for genes that are represented by

significantly larger or smaller numbers of reads within a transcriptome by
comparing a list of genes that could potentially be involved in the pathway of
interest to a background (often the whole transcriptome) 193. It requires the
genes of interest to be associated with the metabolites of interest and annotated
with as much information as possible such as chemical family, metabolic
pathway and gene family 184, [t is important when using GO, KEGG, EC or any
other annotation, that enrichment alone is not considered conclusive. To be
confident that a higher proportion of genes annotated with a specific term exist
among the genes of interest compared against the whole data set, it is important
that the enrichment score is compared to the probability of occurrence by
chance. For example, if within a gene set of 100 secondary metabolism genes, 5
genes are annotated as PAL but there are only 6 PAL genes in the whole data,

set this must be taken into account 188,
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With an increase in sequencing data from second and third-generation
techniques, methods for annotation enrichment have also grown rapidly and
there is no current “gold standard” method. From 2005 to 2010 the number of
tools available increased from 14 to 68 193. These tools have been classified into
3 types:
Singular enrichment analysis (SEA): this method looks at a list of
genes deemed interesting or important and one gene at a time. It
therefore does not take relationships into account 193. By only utilizing
GO terms, its analytical abilities are limited as, although rapidly
increasing, the number of GO terms is still limited and often too broad to
infer functionality.
Gene set enrichment analysis (GSEA): Although this looks at all genes
in a data set, it examines each independently, thus missing important
relationship details 194, In addition, it is not well suited to the daffodil
dataset since GSEA requires a quantitative biological value for each gene,
such as fold change and differential expression 194, Although a DE study
was carried out on the daffodil data, it originated from only two
individuals and so would not have the reproducibility required for a
GSEA method.
Modular Enrichment Analysis (MEA): This method looks for
relationships between terms leading to a reduction in redundancy
although several MEA tools rely on only one source of annotation such as
GO 193, However some, such as the Database for Annotation, Visualization
and Integrated Discovery (DAVID), has functional classification tools that

use a range of sources to determine enrichment 194,

4.1.2 DAVID enrichment analysis
David is a “module-centric approach for functional analysis of large gene sets”

that highlights over-represented biological terms 195, DAVID compares
annotation profile similarities between genes and so gives broader functionality
groupings than methods relying on only, for example, sequence similarity or

gene family determination 195. It is necessary to combine as many annotation
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methods and characterisations as possible to infer functionality linked to
secondary metabolite production. DAVID’s knowledgebase brings together
clusters of over 40 publicly available functional annotation databases 1%. By
linking all available identifiers for a given gene to a single DAVID ID the data is
centralized, speeding up analysis and functional annotation 1%,

The analysis is carried out using EASE (Expression Analysis Systematic
Explorer) scores with all individual EASE scores for all members of a group
counting towards the overall group score, not just those genes on a list of
interest 195, EASE scores are a modified version of a one-tailed Fischer exact
probability test 197. These calculate the probability of random sampling of genes
in a population in relation to the whole data set. For example if 10 genes in a
sample list of 100 were annotated as methyltransferases and the background
list of 1000 contained 12, the test would estimate the probability of finding the
methyltransferases in both the background and sample set and compare the
probabilities 197. The EASE scoring takes into account the distribution of gene
types and so adjusts for rarer or more common genes using a jackknife method
197 This is particularly useful in biological studies since the Fischer exact test
would make a rare category with just one gene significant if that gene was
present in the list of interest rather than a category with a large number of
genes in the main population and relatively few in the interest list 197. EASE
scores offer a compromise between the two extremes making more biological
relevant probability predictions. DAVID utilizes EASE scores to group together
clusters of genes with similar functions and looks for patterns of enrichment for

the clusters containing the genes of interest.

Therefore, in order to carry out enrichment analysis, it is first important to
create a suitable background and list of genes that are of interest (known as the
GOI list in this project). The background must be appropriate to the gene of
interest list. The full transcriptome could be used but the analysis often requires
GO terms or UniProt IDs and only those transcripts that can be annotated can be
used. A large number of transcripts are often not annotated in non-model plants

and this can cause bias in an enrichment study 188. A compromise must be made
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when annotating the background list. Although using a closely related species
may lead to more accurate annotations, if this species has few annotations it will
produce few annotations for the species of interest and so a better-described
species, such as Arabidopsis thaliana in plant research, would be more
appropriate 189, For the gene of interest list database searches such as KEGG, GO
and EC can be used as a starting point to find genes in similar pathways or
families 5111198, However alongside this it is useful to look at the research
literature on genes and enzymes that have been identified in the biosynthetic
pathways in other alkaloid producing plants to limit the number of predicted

genes 18199,

4.1.3 Alkaloid biosynthesis studies
Three of the most studied pathways, for economic and pharmacological reasons,

are those involved in the production of codeine and morphine in Papaver
somniferum, capsaicin and other capsaicinoids in Capsicum annuum and
compounds such as rosmarinic acid from Lamiaceae herbs 15200201 These and
many other secondary metabolite pathways involve only a small collection of
gene families that are used to create and modify a key precursor sometimes
referred to as a scaffold (see tables 4.1, 4.2 and 4.3 for details of enzymes linked
to secondary metabolites in poppies, Capsicum and Lamiaceae)202, The
generation of these precursors involves the use of primary metabolite
substrates as building blocks for several precursors generated through a small
set of enzymatic reactions 292, These precursor, such as strictosidine for terpene
indole alkaloids and norcoclaurine for BlAs, are then modified to create the
large and diverse number of metabolites seen within these secondary

metabolite families 110,203,204,

Modification of the key precursor can occur either via redox chemistry such as
oxidation or through group transfers such as alkylation, acylation and
glycosylation 202, The enzymes involved in these modifications can often be
related but with different substrate specificity, or can be part of a pathway
involving several different enzyme classes 202,
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The following discussion focuses in on two classes of enzymes that are involved
in alkaloid production in several plant systems and could be suggested for the
galanthamine pathway, namely P450 monooxidases and Pictet-Spenglerases
17,203,205:206, These will be discussed in relation to their involvement in secondary
metabolism and the pathways chosen for investigation to create a database of

predicted gene homologs.

4.1.3.1 P450 subfamilies linked to secondary metabolism
Cytochrome P450s are a class of haem enzymes named for their maximum

optical absorbance at 450 nm (in a reduced state complex with carbon
monoxide) 207, They are found in numerous plant organelles including the
endoplasmic reticulum, mitochondria, plastids and Golgi bodies 298, The first
plant P450 was identified in 1969 in cotton and the first to be sequenced was
CYP71A1 from avocado 209210, Amino acid similarity is used in the classification
of P450s. If the similarity between two is over 40% they belong to the same
family. Within a family, a similarity above 55% classifies the proteins within the

same subfamily 208,

P450s are involved in many processes in both primary and secondary
metabolism and are predicted to account for up to 1% of plant genome
annotations. For example there are 246 P450s annotated in Arabidopsis, 356 in
rice, 312 in popl