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Abstract
Sea urchins are studied as model organisms for developmental and systems biology, and the
sequencing of one species’ genome revealed many avenues for further studies. Sea urchins’
highly expanded innate immune system is a valuable resource for antimicrobials. Furthermore,
the gonads of male and female sea urchins, referred to as the roe, are a highly valued food
product internationally, with the largest demand from Asian countries such as Japan. The price
of roe is greatly influenced by sensory qualities such as colour, texture and flavour, and research
has focused on increasing roe quality to give it higher value.
Evechinus chloroticus (Kina) is a sea urchin species that is indigenous to New Zealand.
It is the type member of the Evechinus genus based on its morphological characteristics.
Previous research has focused on identifying physical factors affecting the commercial roe
quality of E. chloroticus, including protein and metabolite analysis, but there is almost no
genetic information available for this species. E. chloroticus is the only species in its genus and
has yet to be subjected to molecular phylogenetic analysis. This study aimed to increase the
amount of genetic data available for the E. chloroticus species through transcriptome assembly
and analysis, which would aid current and future research on E. chloroticus.
In this study, a de novo transcriptome assembly of Illumina sequencing data was carried
out. A total of 123 million 100 base length paired-end reads were generated using RNA-Seq
libraries from a range of E. chloroticus tissues from two individuals obtained from Fiordland,
New Zealand. The assembly resulted in a set of 75,002 transcripts with an accepted read
coverage and length, of which 24,655 transcripts could be functionally annotated using protein
similarity. Transcripts were further annotated with Gene Ontology, KEGG Orthology and
InterPro terms.
The first molecular phylogenetic analysis of E. chloroticus to other species of its family
was done using multiple genes. When sequences for the mitochondrial NADH dehydrogenase
genes were compared, E. chloroticus remained outside of a family level clade, which indicated
E. chloroticus is indeed a genetically distinct genus within its family.
A differential gene expression analysis was carried out using the new reference
transcriptome data. RNA-Seq libraries were generated from the roe of individual E. chloroticus
females that showed a distinct grade of roe colour (light, medium or dark) and the expression
of genes between different coloured roe was analysed. The results showed most gene expression
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in the roe remains consistent regardless of the roe colour, with a small proportion of genes
shown to have differential expression. Differentially expressed genes could now be investigated
to understand the role of genes whose expression correlates with colour.
This study has produced a large set of E. chloroticus transcripts (and predicted proteins)
along with functional annotations, vastly increasing the amount of genomic data available for
this species. This provides a resource for current and future studies on E. chloroticus, either to
increase its commercial value, or its use as a model organism. The phylogenetic results provide
a basis for further analysis of relationships between E. chloroticus and its family members, and
its evolutionary history. The differential gene expression results provide the first transcriptome
analysis of differences in roe colour and the data will be valuable for current and future
molecular research on roe colour qualities.
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Chapter 1 - Introduction
1.1 The sea urchin
There is a complete genome sequence available for one species of sea urchin,
Strongylocentrotus purpuratus, with some sequence data available for several other species
through online databases. So far, only the genome (Sodergen et al., 2006) and transcriptome
(Tu et al., 2012, 2014) for S. purpuratus has been published. Before the publication of data
from this thesis there was little genomic data available for the endemic New Zealand sea urchin
genus Evechinus. The published transcriptome for Evechinus (Gillard et al., 2014) provides a
significant contribution to available sea urchin genomic data.

1.1.1 The Echinodermata phylum
Sea urchins belong to the marine phylum Echinodermata. Echinoderms include several familiar
marine animals, with about 7000 living species and another 13,000 species known from fossil
records. As well as sea urchins, Echinoderms include sea lilies, sea stars, sand dollars and sea
cucumbers (Kroh and Mooi, 2011; Brusca and Brusca, 2003). Under the Echinodermata phylum,
sea urchins along with sand dollars make up the class Echinoidea. Fossil records of Echinoids
date back to Ordovician period, around 450 million years ago (Smith and Kroh, 2011; Smith
and Savill, 2001). Today, there are over 1,000 known species of sea urchin (Kroh and Mooi,
2011; Yokota et al., 2002).

1.1.2 The sea urchin as a model organism
Sea urchins have long been used as a model organism in areas such as developmental and
systems biology. The embryos have been used as a model system for studies including mitosis,
cell division, differentiation, and organ formation (Petzelt, 2005). Their importance as a
research model system for modern molecular, evolutionary, and cell biology led to the genome
sequencing project for the sea urchin species Strongylocentrotus purpuratus (Sodergen et al.,
2006). The 814 megabase genome was estimated to encode around 23,300 genes and had
several interesting properties for study. The genome was shown to share many pathways with
humans which included orthologs to human disease genes. Also discovered was the lack of an
adaptive immune system, and instead the sea urchin processed a large innate immune system
10

that contained a diverse range of pathogen-binding motifs (Sodergen et al., 2006). The many
innate immune proteins encoded in the sea urchin genome are considered a valuable resource
for antimicrobial applications and for furthering our understanding of the human innate immune
system (Smith, 2010). The gene structure of the S. purpuratus genome has been subsequently
further defined by transcriptome analysis (Tu et al., 2012, 2014). Aside from S. purpuratus
though, there is little genomic data available for any other species of sea urchin from public
databases. The current genomic data available for the sea urchin S. purpuratus has been a
valuable resource, as such increasing the number of species with genomic data is an important
area for future development.

1.1.3 Biology of the sea urchin
Sea urchin morphology has been well described by biologists in the past. Mortenson described
all species of sea urchin in “A Monograph of the Echinoidea” (1928 - 1951) (Yokota et al.,
2002). Echinoidea are divided into two groups based on their skeleton structure; Regularia
(regular) or Irregularia (irregular). The Irregularia group includes sand dollars and heart urchins.
All edible sea urchin belong to the Regularia group (Yokota et al., 2002).
Sea urchin larvae first start out with bilateral symmetry, as they grow to adulthood they
develop the pentamerous (five-point) radial symmetry common with Echinoderms, with body
parts organised around a central axis. The familiar round shell of the sea urchin, referred to as
the ‘test’, is a calcareous endoskeleton made up of separate plates joined by a collagen matrix.
The solid test surrounds the sea urchin, containing its internal organs and providing protection
(Figure 1.1). The protruding spines surrounding the test lie outside the main skeleton and are
moveable by separate muscles located at the base of each spine. Inside the test, the coelom
makes up the main body cavity. The coelom is filled with coelomic fluid used for circulation.
The coelomic fluid contains cells called coelomocytes, many of which are phagocytic and
involved in immune responses (Smith and Kroh, 2011; Brusca and Brusca, 2003).
The nervous system of sea urchins is simple, with no true brain. The decentralised nervous
system consists of a large nerve ring above the mouth, from which five radial nerves spread out
and branch off into finer nerve nets (Brusca and Brusca, 2003; Barnes, 1982).
The water vascular system of the sea urchin, a defining characteristic of Echinoderms, is
a system of fluid-filled canals derived from the coelom. The water vascular system has many
functions, primarily aiding in internal transport. It is also used to control a series of tube feet
that extend out from grooves between the test plates. Fluid is pumped into the tube feet and
11

they are operated by hydraulic pressure. The tube feet can function in attachment, locomotion,
feeding, and gas exchange (Smith and Kroh, 2011; Brusca and Brusca, 2003; Yokota et al.,
2002).
Sea urchins feed by a mastication apparatus within the mouth, called the Aristotle’s
lantern. This holds five calcareous protractible teeth that are used to scrape pieces of food off
into the mouth for ingestion. Sea urchins are primarily herbivorous, grazing on algae and plants,
but are potently omnivorous and will consume a great variety of food depending on its
availability (Lawrence et al., 2013; Smith and Kroh, 2011). Ingested food passes through their
simple gut track that joins the mouth to the anus. Digestive enzymes are secreted at the stomach
section of the gut to breakdown food, which is then passed through to the intestine section
where nutrients are absorbed (Holland, 2013; Brusca and Brusca, 2003).
Sea urchin are free spawning animals with both male and female individuals producing
separate gametes. Sea urchins contain multiple (five) gonads within their test. Germ cells within
the gonads produce either sperm in male sea urchins or eggs in female sea urchins. Gonoducts
connect the gonads to gonopores in the test where sperm or eggs can be released (Walker et al.,
2013; Brusca and Brusca, 2003).

Figure 1.1 - Sea urchin anatomy. Diagram of the internal organs of the sea urchin and their
arrangement within the test (Used with permission from Brusca and Brusca, 2003).
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1.1.4 Sea urchin roe as a valued food product
The male and female gonads of the sea urchin, also referred to as the roe, are a highly valued
food product internationally. The largest demand for roe comes from Japan where the sea urchin
roe, locally known as ‘uni’, is used for sushi. The demand for sea urchin roe has grown as
Japanese food increases in popularity in the North American food industry (Pearce et al., 2004).
Sea urchin fisheries have been described as a ‘boom and bust’ pattern, where sea urchins are
fished at separate locations until depletion causing declining stocks in many areas. In Japan, sea
urchin fisheries have been around for over 50 years, but catches have slowly declined despite
enhancement programmes (Andrew et al., 2002). New Japanese fisheries have been developed
on virgin stocks of sea urchin off the coasts of Chile, North America, and Australia, to meet
demands (Miller and Abraham, 2011). As the drops in stocks around the world cause the price
of roe to increase, research into sea urchin roe enhancement then becomes profitable.
Sea urchin roe is considered a high quality food product with the price greatly influenced
by several sensory qualities such as appearance, colour, texture, and flavour (Murata et al.,
2002). Enhancement of the roe, either by increasing the yield or improving sensory qualities,
would increase profits from a catch. This has driven research into identifying factors that cause
changes in roe size or quality.
Pearce et al. (2004) studied the effect of sea urchin size and diet on roe yield and quality
in the species Strongylocentrotus drobachiensis. These authors found that a prepared diet
significantly increased percentage yield after 6 weeks, compared to a natural kelp diet, and also
improved colour. The kelp diet though produced firmer gonads with better flavour.
Agatsuma et al. (2005) looked to identify factors causing brown colouration in the roe of
Strongylocentrotus nudus. They found that the preferred yellow colouration of roe occurred
more in sea urchins less than 7 years old, and brown colouration increased in older sea urchin
greater than 7 years old. They found a decrease in roe production was positively correlated to
brown colouration, which may have resulted from lack of available food. There is still a lot
unknown about the factors contributing to roe quality and this continues to be an active area of
research.
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1.2 Evechinus chloroticus, the New Zealand sea urchin
Research has been carried out by the University of Otago on improving the market value of E.
chloroticus roe. This included the PhD project of Daniel Garama, who was involved in this
project, which characterised proteins and metabolites in roe and developed a diet to enhance
roe quality (Garama, 2010).

1.2.1 Ecology of E. chloroticus
E. chloroticus (Valenciennes, 1846) (Figure 1.2) is a species of sea urchin that is endemic to
New Zealand. It is the most abundant species of sea urchin in New Zealand and one of the
largest known with the test reaching to 19 cm in diameter. Known locally by its Maori name
Kina, it was previously harvested by Maori for its roe before European arrival, and is now fished
in restricted areas around New Zealand under a quota and sold as a local delicacy (Barker, 2013).

Figure 1.2 - E. Chloroticus. An E. chloroticus individual kept for study at the Portobello
Marine Laboratory, University of Otago, Portobello, Otago Harbour (Photo taken by Chris
Brown and used with permission).
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New Zealand coastal zones contain abundant populations of E. chloroticus that are widely
distributed around the North and South Island, Stewart Island, and the Chatham Islands. They
are typically found in waters less than 12 m deep, with moderate current and wave action, and
little exposure. They are more commonly found living in dense, isolated groups. Dense
populations in the north can be found on shallow rocky reefs abundant with algae, while in the
south small aggregations around kelp groups are more common. They are found in great
abundance off the most southern coasts and around Stewart Island. Fiordland on the south west
coast holds populations within the fiords along the coastline (Barker, 2013; Dix 1970a). Being
primarily herbivorous, E. chloroticus feed mostly on a wide variety of algae and kelp, but like
other sea urchins can be omnivorous when food is limited (Barker, 2013).

1.2.2 The marketplace and roe quality
E. chloroticus is fished off the coast of New Zealand both commercially and recreationally for
its roe. The reported catch of E. chloroticus for the year 2013 was 875,031 kg, most of which
was obtained from the South Coast region (474,836 kg from SUR5). The commercial allowance
for E. chloroticus is set at 1,147,000 kg, with a customary allowance at 403,000 kg and a
recreational allowance at 325,000 kg (Ministry for primary industries, 2013). The majority of
E. chloroticus roe is sold within New Zealand on the domestic market, with some exports sent
to Australia. Fresh chilled roe is sold in 200 gram pottles with a wholesale price ranging from
$7.50 to $11.00 (Miller and Abraham, 2011).
The demand for roe in New Zealand is not as high as other overseas markets such as
Japan, and as such the price of roe is a lot less. Through the course of history overseas markets
have shown interest in obtaining supplies of the abundant E. chloroticus species from New
Zealand, but issues with the quality of E. chloroticus roe have so far prevented overseas
exportation. In New Zealand roe price is determined by the meat weight rather than quality
factors like colour. New Zealand consumers are not as concerned about the quality as overseas
consumers are, and as such improvements in yield have been a priority over improvements in
quality. Overseas markets, especially in Asia, have a much greater demand for high roe quality,
with such factors as colour greatly affecting the price. As it stands the current overall quality of
E. chloroticus roe caught is not at a high enough standard to establish an exportation industry
(Miller and Abraham, 2011).
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With the goal of establishing an export industry, research was carried out on factors
affecting roe quality in E. chloroticus and also in methods to provide roe enrichment. James
and Heath (2008) studied the long term roe enhancement of E. chloroticus in a 27 week
experiment. They showed that a nine week artificial diet produced optimal roe enrichment in
terms of roe yield, and food availability was found to have the greatest influence. Phillips et al.
(2009) studied the effects of gender, diet, and storage time on physical properties and sensory
quality of E. chloroticus roe. They developed a method for descriptive analysis of appearance,
odour, flavour and texture. They found that gender had the greatest influence on taste with male
roe tasting sweeter than female roe, which was bitterer. Phillips et al. (2010) later investigated
the effect of season on the taste qualities of E. chloroticus roe. They found that season, gender,
and sexual maturity affected roe quality. All year, male roe was consistently sweeter than
female roe. Female roe was least bitter during autumn, while there was little difference in male
sweetness between seasons. The biggest difference between the sexes was during sexual
maturity in spring and summer.

1.2.3 Pigmentation in E. chloroticus roe
The colour of sea urchin roe has a significant effect on the assessment of its quality.
Inconsistencies in the desired colour of E. chloroticus roe has been a major factor limiting its
quality. Desirable roe is a light orange to yellow colour, with undesirable colours being dark
brown to black. Currently, E. chloroticus appears to have greater inconsistencies in colour
compared to other commonly harvested sea urchins, with its roe more commonly having a dark
colouration (Figure 1.3).
The major source of pigmentation in sea urchin roe are carotenoids. Carotenoids are
natural pigment molecules that have many useful functions in plants and animals. They usually
show a red, orange or yellow colour (Kelly and Symonds, 2013). Carotenoids in animals
function mainly as antioxidants, and are also involved in vision and pigmentation (Kelly and
Symonds 2013; Britton, 2008). The major carotenoid found in sea urchin roe is echinenone.
This carotenoid is not found in their diet, and so is metabolised in vivo from dietary precursor
carotenoids, which are thought to be the beta carotenes abundant in algae (Symonds et al., 2007;
Symonds et al., 2009).
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Figure 1.3 - Colour variations of E. chloroticus roe. The roe of E. chloroticus can vary
significantly in its grade of colour, from a desirable yellow / orange colour to an undesirable
dark brown / black colour (Images taken by Daniel Garama and used with permission).

Despite carotenoids being the major pigmentation molecule, previous studies had not
shown a correlation between carotenoid levels and roe colour in E. chloroticus (Symonds et al.,
2007; Symonds et al., 2009). Garama et al. (2012) extracted and profiled carotenoids from the
roe of E. chloroticus and compared the difference between male and female, and between light
and dark coloured roe. The main carotenoid in the E. chloroticus roe was echinenone, with
small amounts of other carotenoids, including fucoxanthin and beta carotene. No significant
differences in carotenoid composition were found between male and female roe. Only small
differences in levels of minor carotenoids between the light and dark roe suggested that the
carotenoid composition of the roe was not accounting for the colour differences. It is thought
that other molecules present, such as carotenoid binding proteins, may be interacting with the
carotenoids and altering their pigmentation, causing the differences in colour (Symonds et al.,
2007; Symonds et al., 2009; Garama et al., 2012).
Proteomic analysis by Garama (2010) of light and dark coloured roe sought to identify
protein differences in E. chloroticus roe that were correlated to the colour difference. A number
of proteins were identified to be expressed differently in different coloured roe, but only a
portion could be identified by homologue matches. Proteins found unique to dark roe included
dodecenoyl-coenzyme delta isomerase (DCI) protein, aconitase and retinol dehydrogenase.
Proteins involved in iron interactions suggested a role of iron in pigmentation, and retinol
dehydrogenase was an example of a protein able to bind carotenoids. The presence of melanin
dehydrogenase in light roe but not in dark suggested less control of the levels of the brown
pigment melanin in dark roe. These results though remain a preliminary analysis of roe protein
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differences and are still under investigation. Further proteomic studies by Pilbrow et al. (2012)
included the identification of a carotenoid binding protein within E. chloroticus roe, which was
partially co-purified with a yellow pigment identified as echinenone.
The ability to influence roe colour in E. chloroticus was investigated by Garama (2010)
who fed several manufactured diets to E. chloroticus over a 10 week period. Diets included a
natural diet of kelp, a beta carotenoid diet, and a base diet devoid of carotenoids. The
manufactured diets produced lighter, more desirable roe colours than the kelp diet. The beta
carotene diet showed slight increases in orange / yellow pigmentation of the roe. The base diet
however also produced a lighter desirable colour, suggesting that it is carotenoids along with
other molecules that are responsible for darker roe colouration.

1.2.4 Phylogeny of E. chloroticus
E. chloroticus is currently placed as the single species of its genus Evechinus under the
Echinometridae family of sea urchins. The Echinometridae family includes species that are
geographically close to E. chloroticus such as Heliocidaris, located off the south coast of
Australia, and Echinometra, located in the Indo-West Pacific and Pacific to Atlantic oceans.
The Echinometridae family had recently been placed in a superfamily called Odontophora with
the Strongylocentrotidae and Toxopneustidae families based on phylogenetic and
morphological data (Kroh and Smith, 2010). The placement of E. chloroticus with the
Echinometridae species had been based on morphological evidence and was described as
morphologically close to species from the Heliocidaris genus, specifically H. tuberculata
(McRae, 1959). The genus Evechinus, the following history of which was described by McRae
(1958), was first placed in the Echinidae family by H. L. Clark (1912), who later (1925) shifted
Evechinus and Heliocidaris to the Strongylocentrodidae family based on the polyporus
ambulacral plates and circular ambitus of Heliocidaris, and the larval specialisation and the
pedicellariae of Evechinus. Their placement was later contended by Mortensen (1943) who
moved the genera to their current family Echinometridae based on the strongly developed single
lateral tooth of the gemmiform pedicellariae, the paired nature of the poison glands, and the
structure of the larval forms (McRae, 1958). The established relationships of E. chloroticus to
other sea urchin species has been based solely on morphological evidence and has yet to be
analysed at a genomic level.
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1.3 Transcriptome analysis study
Studies on roe quality of E. chloroticus have mostly been based around observing differences
in physical traits of roe. Recently, molecular studies on E. chloroticus have involved proteomic
and metabolite analysis in relation to roe colour (Garama 2010; Garama et al., 2012; Pilbrow
et al., 2012). There has yet to be a genetic study on E. chloroticus in relation to roe quality.
There is an opportunity to further molecular research by using a transcriptomic approach to
studying E. chloroticus, which was a major aim of this thesis.

1.3.1 Transcriptome analysis of E. chloroticus
A transcriptome study aims to analyse the gene activity within a certain cell type or tissue by
analysis of expressed RNA transcripts. Different cell types or tissues can have different profiles
of gene expression and analysis of their transcriptomes can lead to better understanding of how
certain gene expression contributes to a cells properties. The levels of transcript expression can
be quantified and used to compare differences in gene activity between different cells and
tissues (Adams, 2008).
Apart from the model sea urchin species S. purpuratus, there is little genomic information
available for most other sea urchin species. This includes E. chloroticus, of which there was
only one protein sequence and its transcript for the protein photolyase available (Isely et al.,
2009). Generating a dataset of reference transcripts as part of a transcriptome study would
greatly increase the amount of genetic information available to the E. chloroticus species and
could assist current and future studies involving E. chloroticus.

1.3.2 RNA-Seq
The number of transcriptome based studies has grown in recent years due to advancements in
Next Generation Sequencing (NGS), which provides a method for high-throughput sequencing
of DNA (DNA-Seq) or RNA (RNA-Seq) (Nagalaskshmi et al., 2010). NGS continues to
increase in through-put and accuracy while the time of sequencing and costs decrease. RNASeq has become a popular method for transcriptome study and provides several advantages over
an alternative microarray approach. While Microarrays allow the detection and quantification
of gene expression they only assess a set of known sequences. RNA-Seq assesses transcription
across the whole genome, which provides many advantages including identification of novel
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transcripts, non-coding RNAs, and alternative splicing. RNA-Seq is also known to give broader
range of detection and lower technical variation (Marguerat and Bähler, 2010; Wang et al.,
2010; Nookaew et al., 2012). RNA-Seq of an RNA sample from a tissue or selection of cells
produces data in the form of sequenced fragments of RNA called 'reads'. Millions of reads can
be generated by RNA-Seq and used for a number of downstream analysis methods, which
include assembling a dataset of reference transcripts to give the transcriptome for a sample, and
quantitation of reads to assess expression levels of transcripts within a sample.

1.3.3 De novo assembly analysis
The analysis of transcript expression within a sample requires the mapping of read data to a
reference transcriptome. If a genome is available for your species then reads can be mapped to
the genome for a reference based transcriptome assembly. Apart from well-studied species,
most organisms do not have a reference genome available. In such cases a transcriptome has to
be assembled de novo, without a reference. A de novo transcriptome assembly has the ability
to greatly increase the amount of genetic sequence data available for a novel species studied.
Advances in bioinformatics programs have seen a great improvement in the ability of de
novo transcriptome assembly programs to accurately assemble the transcriptome from read data,
and are now comparable to reference based methods (Grabherr et al., 2011; Zhao et al., 2011).
There are advantages and disadvantages of a de novo assembly over a reference based assembly.
Errors in read sequences have a much greater impact in a de novo assembly as the read
sequences will determine the final transcript sequence and any contaminating sequence will
affect the transcript assembly, this therefore requires greater care with the quality processing
steps prior to assembly. The advantages of de novo assembly are that assemblies are not affected
by a reference sequence and errors in the reference sequence or incomplete genome sequence
can be avoided. The computer resources, specifically the memory and CPU time that is needed
to assemble a transcriptome de novo is much less than is needed to assemble a genome sequence,
but is still significant. Improvements in de novo assembly programs are reducing assembly time
and resource requirements.
There are several different de novo assembly programs available. Currently the Trinity de
novo assembler is a popular program in active development. Trinity was first published in
Nature (Grabherr et al., 2011) with a recent Nature protocols paper (Haas et al., 2013). It has
shown good performance in comparative studies of de novo assemblers (Zhao et al., 2011;
Clarke et al., 2012).
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The Trinity assembly process (Figure 1.4) involves first the extraction of overlapping kmers (nucleotide sequences of a specific length) from RNA-Seq reads. Transcript contigs are
generated by extending sequences by overlapping k-mers. Contigs are then clustered into
components using read data to group related transcripts based on shared reads. The clustered
components represent gene regions, with contigs being alternatively spliced isoforms or
transcripts from a gene family. For each cluster, a de Bruijn graph is constructed to represent
the structural complexity of contigs. The final step involves tracing the de Bruijn graphs using
mapped read data to generate full-length transcripts for all isoforms (Haas et al., 2013). A file
is then generated containing sequence data for all assembled transcripts.

Figure 1.4 - Trinity de novo assembly process. Reads from RNA-Seq (e.g. Illumina
sequenced reads) are given as input into Trinity. Trinity has a three step process for assembly.
The first step (Inchworm) creates contigs from overlapping k-mers of reads. The second step
(Chrysalis) clusters contigs and builds de Bruijn graphs. The third step (Butterfly) produces
transcript sequences for all possible isoforms from the de Bruijn graphs (used with permission
from Haas et al., 2013)
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1.3.4 Function annotation
A transcriptome assembly generates a file of many unidentified transcript sequences. In order
to biologically interpret the results of down-stream analysis using the transcript dataset,
transcripts need to be assigned names and terms that provide information about their functions.
Annotation of new sequences can include similarity searches to other genes or proteins with
known functions. Novel sequence is searched and matched to nucleotide or protein sequences
within a database (such as NCBI GenBank (Benson et al., 2013) or UniProt (The UniProt
Consortium, 2013)) and the best matching sequence with the most similarity is considered to
share a similar function. Alternatively, novel sequence can be given functional annotation by
searching for conserved sequence domains or motifs within databases (such as InterPro at EBI
(Hunter et al., 2012)). Other terms for functional annotation including Gene Ontology (GO)
(Ashurner et al., 2000), Enzyme Commission (EC) numbers (Schomburg et al., 2004), and
KEGG pathways (Ogata et al., 1999) can be assigned to transcripts, normally from the results
of a sequence similarity or domain / motif search from which associated terms can be retrieved.
It is normal for a transcriptome assembly to generate a large dataset of transcripts that
need to be assigned functional annotation. The number of searches required makes functional
annotation of new transcript datasets a time consuming task and the only practical means is by
automating the searches. A widely used program for automating annotation is Blast2GO
(Conesa and Götz, 2008), which provides similarity searches to several online databases, as
well as InterPro domain searches. Results are automatically retrieved and stored in a data
structure. Blast2GO is able to provide GO annotations based on search results and EC
annotations based on associated GO terms. A limitation of automated searches though is the
sensitively, as one search setting is used for all transcripts, which may not be optimal for all
transcripts. Similarity searches also always require a matching known sequence or domain, so
completely novel sequences cannot be annotated.

1.3.5 Phylogenetic analysis
Molecular phylogenetic analysis studies can describe evolutionary relationships between
species by comparing sequence similarities of homologous genes. Genes that are highly
conserved through evolution, such as ribosomal RNA genes or mitochondrial genes, can be
used for phylogenetic analysis. Homologous gene sequences from different species are aligned
to assess sequence similarity and alignment results can be used to construct a phylogenetic tree.
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Phylogenetic trees can be interpreted to infer information about evolutionary relationships and
common ancestry (Harrison and Langdale, 2006).
A transcriptome assembly can assemble transcripts for common genes, which together
with available sequences for other species from databases can be used for a phylogenetic
analysis. Thus, a transcriptome assembly for E. chloroticus will provide the data needed for a
phylogenetic analysis of this species to other sea urchins.

1.5.6 Differential expression analysis using RNA-Seq
RNA-Seq has now become the standard method for analysing RNA expression levels. The reads
generated from RNA-Seq can be mapped to a set of reference transcripts and counted to
generate relative levels of transcript abundance. After normalisation of count data, expression
levels can be compared across different samples. When transcript expression levels are
compared between samples of different type or under different conditions, differentially
expressed transcripts can be detected. These transcripts can then be related back to the
differences in sample type. Reviews from Oshlack et al. (2010) and Garber et al. (2011)
describe standard protocols for differential expression by RNA-Seq.
Differential expression analysis by RNA-Seq has replaced Microarray analysis as the
primary method for gene expression studies. Many methodologies from Microarray analysis
has carried over to RNA-Seq, but differences in the measurement of expression levels are that
transcript expression is limited by sequencing depth and dependent on expression levels of other
transcripts. New statistical algorithms were developed for RNA-Seq to normalise expression
levels and to detect differential expression, commonly using a Poisson or negative binomial
distribution model (Rapaport et al., 2013).
There are several different statistical programs available for detecting differentially
expressed genes. Standard programs that are commonly used include EdgeR (Robinson et al.,
2010), DESeq (Anders and Huber, 2010), and limma (Smyth, 2004). There are several
comparison studies of differential expression programs, which usually report similar
performance between these standard programs (Kvam et al., 2011; Nookaew et al., 2012;
Rapaport et al., 2013).
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1.4 Research goals
The New Zealand sea urchin species E. chloroticus is an important animal to research. There
was an opportunity to perform the first transcriptome based analysis of E. chloroticus. Few
genomic data available for this species meant that assembling a transcriptome from various
tissues would greatly increase the genetic data available. The transcripts could be functionally
annotated and made available as a resource for current and future studies involving E.
chloroticus.
The recent proteomic studies on E. chloroticus that have aimed to identify causes for roe
quality variation in relation to roe colour will benefit from the availability of transcript sequence.
The transcripts for such proteins as carotenoid binding proteins could be identified, aiding this
area of research.
The genomic data available for many sea urchin species is limited outside of the model
species, S. purpuratus. Sea urchins have been shown to be a valuable research model, and
increasing the number of species with genomic data available will be valuable for future studies
involving the sea urchin.
A phylogenetic study has yet to be carried out on the E. chloroticus species. The addition
of new transcript data would allow the first phylogenetic analysis to be carried out and provide
novel information about the relationship of E. chloroticus to other sea urchin species.
Generating a reference transcriptome for E. chloroticus would enable other sequence
analysis protocols such as differential expression analysis. A differential expression analysis
between different roe samples expressing different grades of colour could identify transcripts
showing differential expression, which may relate to causes of colour differences.

1.5 Aims
 To assemble a whole transcriptome dataset for E. chloroticus using RNA from multiple
tissue types and functionally annotate transcripts to provide a resource of genetic data.
 To carry out a phylogenetic analysis of E. chloroticus and infer information about
evolutionary relationships to other sea urchin species.
 To carry out a differential expression analysis between different samples of E. chloroticus
roe that show differences in colour.
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Chapter 2 - Methods
2.1 Transcriptome assembly
Different transcripts are expressed in different tissues of organisms at different times and
conditions. Variation also exits between the tissues of male and female sexes. When assembling
a whole transcriptome of an organism, tissue samples had to be selected so that there was a
comprehensive enough range of expression conditions to sequence the most expressed
transcripts possible, to produce the comprehensive transcript dataset. To generate a whole E.
chloroticus transcriptome dataset it was chosen to select tissue samples from a male and female
individual. Tissue types selected for RNA extraction were the roe, gut, muscle and water
vascular system, along with a sample of the coelomic fluid. Six different RNA samples could
be chosen for sequencing. It was chosen to send a mixed sample of RNA that would contain
equal concentrations of RNA extracted from each of the five sample types from both a male
and female individual. The other four samples would include a male and female roe RNA
sample, and a male and female coelomic fluid RNA sample. The mixed samples would give a
broad range of RNA from expressed transcripts from multiple sample types. The specific RNA
samples for the four roe and coelomic fluid samples would allow the analysis of transcript
expression within these sample types.

2.1.1 Sample collection
The animals used for sample collection were animals housed at the Portobello Marine
Laboratory. These animals were originally collected from Doubtful Sound, Fiordland,
Southland, New Zealand, for studies carried out by the University of Otago. E. chloroticus were
collected previously by divers in open waters 1-8 m deep from kelp and rocky outcrops, before
being transported to the Portobello Marine Laboratory, University of Otago, Otago Harbour. E.
chloroticus were transported in temperature controlled and oxygenated buckets of sea water to
minimise stress before being placed in holding tanks. E. chloroticus were housed with a
continuous supply of flowing sea water and fed a ready supply of their natural diet of kelp
(Macrocystis pyrifera). E. chloroticus were housed for 3 years prior to selection for this study.
Of these specimens, one adult male and one adult female were selected for dissection and
sample collection.

25

The sample collection and RNA extraction protocol was performed by Dr. Daniel Garama
who had expertise in dissecting and harvesting samples from E. chloroticus, having performed
these protocols for previous studies involving E. chloroticus. The dissection process first
involved an incision between the Aristotle’s lantern and the test. This allowed the coelomic
fluid to be drained and collected. The test was then cracked in two halves from the aboral side.
The gut tract was dislodged and extracted. The roe was then removed from the test. Muscle
tissue was taken from beneath the spinal tubules. Tissue from the water vascular system was
taken. The tissue samples were washed in sea water to remove contaminating material. Once
harvested, samples were snap frozen with liquid nitrogen and stored at -80oC until needed.

2.1.2 RNA extraction and sequencing
The RNA extraction protocol carried out by Dr Daniel Garama included the five different
sample types collected for RNA extraction: the roe, muscle, gut, water vascular system and
coelomic fluid for both a male and female. Frozen tissue was grinded in a mortar and pestle to
disrupt the cells. RNA was then extracted from the disrupted tissues using the equipment,
buffers, and protocol from an RNAeasy kit with a Qiagen® shredder. Up to 700 µL of lysate
(consisted of up to 30 mg of tissue in lysis buffer) was loaded onto a Qiagen® shredder spin
column placed in a 2 mL collection tube and centrifuged for 3 minutes at maximum speed to
homogenise cells that passed through the spin column. The supernatant was removed by
pipetting, and added to 1 volume of 70% ethanol. Up to 700 µL of the homogenised sample
was transferred to an RNeasy spin column in a 2 mL collection tube and centrifuged for 15
seconds at 10k rpm, and the flow-through discarded. To the column 500 µL of the buffer RPE
was added and centrifuged at 10k rpm for 15 seconds, and discarded flow-through. Another
500 µL of buffer RPE was added to the column and centrifuged at 10k rpm for 2 minutes and
discarded flow-through. The column was placed in a new 1.5 mL collection tube and up to 50
µL of RNase-free water was added directly to the column membrane. Column was centrifuged
at 10k rpm for 1 minute to elute the RNA from the column membrane. Equal concentrations of
RNA were combined from all five sample types to produce the mixed RNA sample. Six RNA
samples of equal concentrations consisted of a male mix, roe and coelomic fluid sample, along
with a female mix, roe and coelomic fluid sample.
The cDNA library construction and sequencing was carried out by New Zealand
Genomics Limited (NZGL). Libraries of cDNA were constructed for the six samples using the
Illumina TruSeq Total RNA protocol. The samples were determined to have high RNA quality
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by NZGL for library construction (an RIN value of 8 or more was recommended by the TruSeq
protocol). The RIN values for the six tissue RNA samples, male mix, female mix, male roe,
female roe, male coelomic fluid, female coelomic fluid, were 8.1, 9.2, 8.9, 10, 7.7, and 8.8,
respectively. The total RNA from samples were fragmented by enzymatic cleavage and RNA
adapters were ligated to each end of the fragmented RNA molecules. Reverse transcription was
used to produce single stranded cDNA. PCR was used to amplify the cDNA using a common
and an index primer sequence (for multiplexing of samples). A gel purification step was then
used on the cDNA constructs to select for the correct fragment lengths before sequencing. The
six samples were sequenced together on a single lane of an Illumina HiSeq-2000 sequencer at
the University of Otago, which generated 100 base length paired-end read data. The NZGL run
number was NZGL00076.

2.1.3 Quality analysis
Sequence data were received in FASTQ formatted files, providing the sequence data for reads
as well as the associated Phred qualities (a score related to the probability of a base-calling error
during sequencing) assigned to each base of the read. Six pairs of FASTQ files were received,
relating to the forward and reverse paired ends for each of the six RNA samples sequenced. The
raw read data was submitted and made available from the NCBI Sequence Read Archive (SRA)
[Accessions: SRX365617, SRX366292, SRX366293, SRX366295, SRX366296, SRX366298].
When using next generation sequence data it was important to have appropriate steps for quality
control to ensure the accuracy of the results. This was especially important for studies involving
de novo assembly as there is often no reference data that can be compared to, and any errors in
the sequence data would be indistinguishable from true sequence. Quality control and
processing steps were important in ensuring only high quality, reliable sequence data was used
for assembly. The quality of read sequence was assessed using the FastQC program v0.10.1
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The FastQC program reports on
read quality (Appendix A.1), giving quality statistics which included the distribution of Phred
scores across read lengths, distribution of read lengths, GC percentage and over-represented
sequences.
Adapter or primer sequences were attached to the ends of reads during the library
construction step to provide a place for the DNA polymerase to start the replication of the read
sequence. The cDNA sequenced was designed in length so that sequencing will have stopped
before it reached the adapter sequence at the end of the read, but if the cDNA happened to be
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shorter than 100 nt then the adapter sequence could be sequenced into, adding that sequence to
the read. This sequence did not belong to the original sample and needed to be removed during
quality processing. Adapter sequences that were identified by FastQC as over-represented
sequence were first trimmed from read ends, based on sequence homology, using the FastqMcf
program from ea-utils v1.1.2 (https://code.google.com/p/ea-utils). Program command lines
with settings were given in Appendix A.2 for pre-processing, assembly and post-processing
steps.
The next step was the removal of low quality bases from read sequence. A quality score
was given for each base called for each read. This quality score was represented as a Phred
score, which represented the likelihood the base called is an error of sequencing. A high Phred
score of 20 was chosen as the minimal score for bases for use in the assembly, which
represented a minimal base accuracy of 99%. Adapter and base quality trimming can produce
trimmed reads that are too short to be useful in assembly. Reads with a base length less than 25
nt were filtered out. The DynamicTrim program was used for base quality trimming, and the
LengthSort program was used for length filtering. Both DynamicTrim and LengthSort are part
of the SolexaQA package v2.2 (http://solexaqa.sourceforge.net) (Cox et al., 2010) (Appendix
A.2).
Two other species that were sequenced in the same lane included Trichoderma virens and
Zea mays, both of which had complete genome sequences available. Libraries of cDNA samples
from these species were sequenced in multiplex with the E. chloroticus libraries. The Illumina
sequencing allowed the sequencing of multiple libraries in multiplex, where the reads were
separated into the different files determined by a barcode sequence that was added to reads
before sequencing. A limitation with this strategy though, was that errors in separating reads
into files by their barcodes could lead to a few misplaced reads (averaged 0.034% of reads per
sample) in the sequence files. The frequency of this occurring was very low, but did represent
sequence contamination. Draft assembly of the sequence data produced transcripts that could
be identified as T. virens and Z. mays, specifically the assembly of ribosomal sequences for
these species. The 16S mitochondrial RNA sequence for S. purpuratus was used to search
matching transcripts from a draft assembly, and sequences of long length (>1000 nt) with a low
scoring match to the sea urchin sequence was analysed. Among T. virens and Z. mays sequences
identified from this search a large transcript was identified as human mitochondrial sequence.
The presence of a fully constructed human mitochondrial DNA sequence showed that there was
human DNA contamination in one of the libraries. Alignment of reads to this sequence showed

28

the contamination was specific to sample 6, the female coelomic fluid sample. The removal of
this contamination was done before assembling accurate E. chloroticus transcripts.
The strategy used to remove contaminating sequence was to align all reads after the
quality processing to sequence data for the contaminating species. This method was also used
by other decontamination programs such as Deconseq (Schmieder and Edwards, 2011). Reads
that aligned were then separated into different files. A problem was that the reads that truly
represent E. chloroticus sequence may be removed due to a close enough similarity to these
species, specifically for highly conserved sequences like 16S/18S/28S ribosomal sequences. To
avoid the loss of true E. chloroticus reads, the reads that were separated out were then aligned
to transcriptome sequences of two different sea urchin species, S. purpuratus and Paracentrotus
lividus. Reads that then aligned to the sea urchin sequences were retained, and the reads that
failed to align were determined to be contaminating sequence and removed. All read files were
aligned to the genome scaffolds of T. virens (Assembled scaffolds (unmasked) v2 http://genome.jgi-psf.org/TriviGv29_8_2) and the gene CDS of Z. mays (ZMcds ftp://ftp.plantgdb.org/download/Genomes/ZmGDB) and aligning reads separated. Separated
reads were then aligned to transcriptome sequence of S. purpuratus (Accession: PRJNA81157)
(Qiang et al., 2012) and total EST data of P. lividus from the NCBI database
(http://www.ncbi.nlm.nih.gov). Reads aligning to sea urchin sequence were retained and reads
not aligning were removed. Before aligning to T. virens and Z. mays sequences, sample 6 was
screened first against the human genome (UCSC hg19), and aligning reads that did not align to
sea urchin sequence were removed. The alignments for contamination removal all used the
Bowtie2 aligner program v2.1.0 (http://bowtie-bio.sourceforge.net/bowtie2) (Langmead and
Salzberg, 2012) with settings of no-mixed and no-discordant (Appendix A.2). After quality
processing the reads from all six libraries were combined together for assembly into a total left,
total right and total single read files.

2.1.4 De novo assembly
The Trinity assembly program was chosen for the de novo assembly of reads into transcripts.
Trinity is a popular and actively developed de novo assembly program, developed by the Broad
Institute and Hebrew University of Jerusalem. The Trinity process for assembling
transcriptomes is described in their paper (Grabherr et al., 2011) and briefly on their website
(http://trinityrnaseq.sourceforge.net/). The Trinity method for de novo reconstruction of
transcripts from RNA-Seq data involves first partitioning read data into many individual de
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Bruijn graphs (a directed graph that represents overlapping sequence between the reads), which
represents transcriptional complexity at a given gene or locus. Each graph is then independently
processed to extract full-length splicing isoforms and separate transcripts for paralogous genes.
Sufficient computer resources were required to run de novo assembly software with large
amounts of read data, specifically a large amount of computer RAM. The biochemcompute
computer server hosted at the Biochemistry Department, University of Otago, was used to run
the Trinity program. The latest version of Trinity available, v25-02-2013, was used with default
settings for paired end read data, utilising 10 CPU cores and 200 GB of RAM (Appendix A.2).
The minimum length for transcripts reported was set at the default of 200 nt in length. The
assembly produced a FASTA file of the assembled transcript sequences.

2.1.5 Post-processing transcripts
After assembly, Perl scripts (Count_fasta.pl written by Joseph Fass, 2010, at The
Bioinformatics Core at UC Davis Genome Center) were used to calculate statistics for the
assembled transcript dataset, including the number of transcripts, average transcript length, total
transcript length, GC percentage and the N50 value (the base length value at which transcripts
of that length or longer make up at least 50% of the combined length of all transcripts).
Singleton reads and low read coverage could cause the assembly of many short transcripts.
The transcript dataset could be filtered to remove incomplete transcripts. The Trinity assembler
grouped transcripts that were assembled from the same de Bruijn graph (that shared reads
between them) into components of transcripts and could be identified by the transcript names.
The trinity components could be thought of as genes, with each sequence under the component
representing alternative isoforms. This gene level for transcripts was useful for isoform filtering
and later for differential expression analysis.
Post-processing of the dataset included the filtering of transcripts. Reads used in the
assembly were aligned to transcripts using the Bowtie aligner v0.12.9 (http://bowtiebio.sourceforge.net) (Langmead et al., 2009), aligning only corrected paired reads with no
mixed alignments, discordant alignments, or gaps allowed (Appendix A.2). A total of 90% of
the reads aligned to the transcripts. The RSEM (RNA-Seq by Expectation-Maximization)
program v1.2.3 (http://deweylab.biostat.wisc.edu/rsem) was then used to calculate the number
of reads that aligned to each transcript and generated expected counts for each transcript and
for each gene component, along with FPKM (Fragments Per Kilobase of exon per Million
fragments mapped) values and isoform percentages of transcripts (Appendix A.2). Transcripts
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could be filtered based on a number of values including their isoform percentage, FPKM values,
and length using a Trinity Perl script and the RSEM results. Different filtering criteria was used
and the effect on the transcript set tested. The chosen criteria for filtering was an isoform
percentage less than 1% and a FPKM value less than 0.5. Transcripts were later submitted to
the NCBI Transcriptome Shotgun Assembly (TSA) database [Accession: GAPB00000000].
To generate statistics on read representation, all reads in the assembly were aligned again
to both the total and reduced transcript sets. A less conservative search was used for read
representation using Bowtie2 and included single reads as well as the paired reads. Mixed
alignments and discordant alignments were allowed, as well as gaps (Appendix A.2). This
generated the read representation statistics for both the total and reduced transcript sets.

2.1.6 Assembly completeness
To assess the quality of the assembly, assembly completeness was analysed using two different
methods; the protein coverage distribution of sequence from a related species, and the
representation of core genes.
Transcript ORFs (Open Reading Frames) were translated to give a set of predicted
proteins

using

the

Transdecoder

program

provided

with

Trinity

v25-02-2013

(http://transdecoder.sourceforge.net/ [Accessed: 04-02-2014]). S. purpuratus protein sequences
were obtained from the NCBI database. A BLASTP search was used using a local installation
of BLAST+ v2.2.27 (Camacho et al., 2009) from NCBI to match the predicted E. chloroticus
proteins to the S. purpuratus proteins. For each E. chloroticus protein, the best match to an S.
purpuratus

protein

was

reported.

A

script

from

Trinity

(http://trinityrnaseq.sourceforge.net/analysis/full_length_transcript_analysis.html

[Accessed:

04-02-2014]) was then used to produce statistics for protein coverage percentages for the S.
purpuratus proteins that were hit. The results from this statistic showed how many S.
purpuratus proteins had a full-length or near full-length match to an E. chloroticus protein.
The other method used for assessing assembly completeness was the representation of
core conserved eukaryote proteins that were able to be assembled. This was assessed using the
CEGMA

(Core

Eukaryotic

Genes

Mapping

Approach)

program

v2.4

(http://korflab.ucdavis.edu/datasets/cegma) (Parra et al., 2007). CEGMA searches transcripts
for homology to a set of core conserved proteins in eukaryotes (proteins that have homologues
found in all eukaryotic species). It uses a subset of the NCBI euKaryotic clusters of Orthologous
Groups (KOGs) for a dataset of 448 conserved genes. It also reports on the representation of a
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subset of core eukaryotic genes (CEGs). The transcripts were searched using CEGMA and the
statistics reported.

2.2 Functional annotation
Functional annotation was carried out on the reduced set of transcripts to provide biological
information for interpretation of results of later analysis. For novel sequences, functional
annotation can be assigned by sequence similarity to known genes and proteins, or by
identifying known functional domains or motifs in the transcript sequence.

2.2.1 Protein similarity search
The BLAST2GO v.2.6.6 program (http://www.blast2go.com) (Conesa et al., 2005) was used
extensively for the functional annotation of transcripts. BLASTX (Camacho et al., 2009)
searches were used within BLAST2GO to the NCBI non-redundant protein database to identify
similar proteins using an E-value cut-off of 10-3 and the top 20 hits for each transcript were
recorded. This E-value cut-off was chosen to maximise the number of protein hits received, to
aid the annotation of the transcripts. The closest species to E. chloroticus with sequence data
available was S. purpuratus, and between the two species there was expected to be sequence
dissimilarity due to the different family levels and the evolutionary history of E. chloroticus
(the isolation of this species to only New Zealand). This E-value allowed results from distant
species from different orders, and was still significant enough to infer function information
from results. For the top protein hits for transcripts, the E-value distribution, and matching
species distribution were calculated.
With functional annotations for the transcript data available, biological interpretation of
analyses was made easier. For a first analysis using the sequence data and functional
annotations, the most abundant transcripts within specific samples were analysed. To generate
count data for transcripts the RSEM program was again used, though for aligning reads to
transcripts Bowtie2 was chosen over Bowtie. Bowtie2 was designed for aligning longer reads
100 nt or more, while the Bowtie aligner was designed to align reads around 50 nt back when
the length of reads was more limited. For this reason the Bowtie2 aligner was favoured. A
limitation with RSEM though was that it required only properly paired read alignments with no
gaps. Bowtie2 inherently did gapped alignments, making the output not useable with RSEM.
Bowtie did not produce gaps, making it the default aligner to use with RSEM. Changing default
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settings with Bowtie2 though could make it not allow gaps in the alignment, letting the output
be used with RSEM. Bowtie2 was used with the no-mixed, no-discordant settings and gbar set
at 999 to not allow gaps within 999 nt of read ends (giving a gap free alignment) (Appendix
A.2). The Trinity transcript component level was then used for gene level count data. The top
20 genes from four different samples, the male roe, female roe, male coelomic fluid and female
coelomic fluid, with the highest FPKM values were selected to show the expression levels of
the most abundant transcripts in those samples. For the unique genes in the list of 80, the log2
of the FPKM values for the genes across each sample were calculated. Using the scaled FPKM
values, genes were clustered together in a heatmap using the pheatmap package v0.7.4
(http://cran.r-project.org/web/packages/pheatmap/index.htm) within R v3.0.1 (R Core Team,
2013). Row clustering was done by Euclidean distance. This gave a scaled visualisation of the
expression levels of the most abundant genes across the different samples. Genes were
annotated using names from the best BLASTX results for their transcripts.

2.2.2 Functional term annotations
Gene Ontology (GO) annotations were assigned to transcripts by BLAST2GO using the
BLASTX results of matching proteins. BLAST2GO first has a mapping step where it retrieves
all the GO terms associated with the matching proteins for each transcript from the NCBI
database. GO terms are then given an evidence score based on the alignment score of the
associated protein and on the other GO terms that are mapping the transcript. GO terms that
meet the required evidence score are then given as annotations for the transcript.
InterPro searches were used within BLAST2GO to InterPro databases (Hunter et al.,
2012) to provide InterPro annotations of conserved protein domains and functional sites. Each
transcript was translated by BLAST2GO and the ORF was used for the InterPro search. The
InterPro search results were added as annotations to the transcripts. Additionally, BLAST2GO
could use the results of the InterPro search to add additional GO annotations to transcripts based
on GO terms that were associated with specific protein domains. Associated GO terms were
merged with the existing terms to provided additional GO annotation.
After GO annotation, Enzyme Commission (EC) numbers could be assigned to transcripts
based on associated GO terms. EC numbers could then be linked to enzymes in the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathway maps. The assignment of EC numbers
was one way to link transcripts to KEGG pathways by using annotation results from protein
matches. Another method was the assignment of KEGG Orthology (KO) terms using the KEGG
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Automatic Annotation Server (KAAS) (www.genome.jp/tools/kaas/) (Moriya et al., 2007). The
KAAS web program provided annotations based on BLAST comparisons against a manually
curated KEGG gene database, automatically assigning KO terms. Transcripts were additionally
annotated with KO terms using KAAS.

2.2.3 Unannotated transcript analysis
Transcripts that did not have a protein match, and were therefore left unannotated, were
analysed further to understand more about the nature of the unannotated set and whether certain
factors could be associated with transcripts that did not have a protein match.
Firstly, the representation of repeating elements was assessed for total and unannotated
transcript sets. The unannotated set may have contained transcripts with repeating sequence,
assembled from repeating elements, which may not have been annotatable. The RepeatMasker
program (http://www.repeatmasker.org) was used along with the latest (22-01-2013) Repbase
database (http://www.girinst.org/repbase) (Jurka et al., 2005) of repeating element motifs to
identify repeating elements in the transcript sets. Statistics for repeating elements were recorded
for total transcripts and the unannotated transcripts alone for comparison of element
representation. The statistics for repeating elements for the S. purpuratus genome was obtained
from the RepeatMasker site, and allowed the comparison of results for E. chloroticus to S.
purpuratus.
The unannotated set could possibly contain a greater proportion of redundant sequence.
The unannotated and total transcript sets were clustered at 90% sequence similarity to assess
transcript redundancy. Clustering was performed using the CD-HIT-EST program
(http://weizhong-lab.ucsd.edu/cd-hit) (Fu et al., 2012), which grouped similar nucleotide
sequences into clusters based on the set similarity threshold. A representative sequence could
then be given for sequences within a cluster, reducing the sequence redundancy within a dataset.
Lastly, the unannotated transcripts were searched for nucleotide sequence matches using
BLASTN to the NCBI non-redundant nucleotide database using an E-value cut-off of 10-6. A
more stringent E-value cut-off was used to provide more unique and meaningful nucleotide
matches from the BLASTN search.
The unannotated set could still contain biologically important transcripts that were unable
to be annotated by a protein similarity search. These included non-coding RNAs that did not
encode proteins, and therefore would not receive a protein match. With the recent identification
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of the S. purpuratus non-coding telomerase RNA sequence (Li et al., 2013), there was an
opportunity to discover this sequence in the unannotated set. The S. purpuratus nucleotide
sequence was obtained from NCBI [Accession: JQ684708] and used in a local BLASTN search
to identify an E. chloroticus telomerase RNA transcript. A single transcript was identified as a
match to the telomerase RNA and had not been annotated. The sequences for the S. purpuratus
and E. chloroticus telomerase RNA were aligned together in the Geneious v6.1.4 program
(http://www.geneious.com) using the Geneious aligner to assess conserved domains between
the transcripts and sequence homology.

2.3 Phylogenetic analysis
The assembly of E. chloroticus transcripts provided the genetic data needed for the first
phylogenetic study on E. chloroticus in comparison to other species of sea urchin. A
phylogenetic analysis involved the comparison of evolutionary conserved genes with low
mutation rates to assess relationships between species. The closer the sequence similarity
between conserved genes of two species, less mutations have occurred over time to make them
dissimilar, and the closer the evolutionary distance was between them. Genes from multiple
species could be compared together to produce a phylogenetic tree, showing relationships
between all the species.

2.3.1 Identification of evolutionary conserved genes for E. chloroticus
There were several different genes that were commonly used for phylogenetic analysis.
Selected genes had to be conserved and had a low rate of mutation to be comparable. Standard
genes used for phylogenetic analysis included ribosomal genes 18S and 28S, and the
mitochondrial genes 16S, cytochrome oxidase (CO), and NADH dehydrogenase (ND).
To identify transcripts for E. chloroticus genes needed for the phylogenetic analysis, S.
purpuratus sequences for the selected genes were obtained from the NCBI database. The S.
purpuratus transcripts were then used in a BLASTN search against the E. chloroticus transcript
dataset to identify matching transcripts for E. chloroticus. Sequence data for the required
phylogenetic genes could be obtained for E. chloroticus and did not appear to be truncated. The
E. chloroticus mitochondria genome sequence was found to be almost fully reconstructed
across several transcripts. E. chloroticus transcripts were aligned with the S. purpuratus
sequences within the Geneious program v6.1.4 using the Geneious Aligner at 70% identity. E.
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chloroticus and S. purpuratus sequences showed 81% nucleotide identity from the BLASTN
result, and 70% identity was the best setting available that reflected their similarity. E.
chloroticus sequences were then extracted based on the alignment and annotation of the S.
purpuratus sequences.
A limitation for this study was the availability of sequence from other sea urchin species
for phylogenetic comparison. E. chloroticus is placed in the family Echinometridae, which
currently holds nine different genera. Phylogenetic analysis could be carried out with other
sequences, but sequence data available for most members of the Echinometridae family is
limited and would make results difficult to interpret. It was decided that the phylogenetic
analysis of E. chloroticus should first be to species of the Echinometridae family, and therefore
needed to involve genes that were available to most of the species in the family. While there
has been few phylogenetic studies on the Echinometridae family, a study by Kinjo et al. (2006),
has provided sequence data for the ND1 and ND2 mitochondrial genes for a number of different
genera. This provided sufficient sequence data for species closest to E. chloroticus and
published phylogenetic results for the relationship of the other species that could be compared
to. It was decided that analysis with ND1 and ND2 genes would provide the most reliable
phylogenetic results and would be used for interpretation of the relationships of E. chloroticus.

2.3.2 Sequence alignments
The ND1 and ND2 sequence data for species of the Echinometridae family used in the study
by Kinjo et al. (2006), was obtained from the NCBI database [Accession: AB178488 –
AB178518]. 14 species from the Echinometridae family were used which included the six
Echinometra, E, sp. A, E. sp. C, E. lucunter, E. mathaei, E. oblonga, E. vanbrunti; the two
Colobocentrotus, C. atratus, C. mertensii; the two Hetrocentrotus, H. mammillatus, H.
trigonarius; the two Echinostrephus, E. aciculatus, E. molaris; and the two Heliocidaris, H.
crassispina, H. tuberculata. The two out-group species used were Tripneustes gratilla from the
sister family Toxopneustidae and S. purpuratus from the sister family Strongylocentrotidae.
Sequence data for S. purpuratus was obtained from NCBI [Accession: NC_001453]. The E.
chloroticus sequences previous identified were then added to this set for analysis. The selected
alignment method was the Geneious Aligner with the identity set at 70%. Other aligner methods
were tested (ClustalW, MUSCLE), along with different identity percentages for the alignment,
but they did not give improvements in the resulting trees (measured by increases in bootstrap
support of clades). Alignments for the ND1 genes and ND2 genes were made. The ND1 and
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ND2 gene sequences were then concatenated and aligned to produce ND1-ND2 sequence
results, as was done by Kinjo et al. (2006).

2.3.3 Phylogenetic trees
Phylogenetic trees were constructed within the Geneious program for the ND1, ND2 and ND1ND2 sequence alignments using standard approaches. Three different tree building methods
were selected, which included the maximum likelihood (ML), neighbour-joining (NJ) and
Bayesian estimation (Bayes). Each of these methods provided an alternative approach to
constructing a phylogenetic tree. Relationships that were observed across each method were
less likely to be method specific. Standard settings were used for the tree building programs.
NJ trees were constructed with the Geneious Tree Builder using the HKY85 (Hasegawa et al.,
1985) model with 1000 bootstrap repeats. The ML trees were constructed with the PhyML
Geneious module (Guindon et al., 2010) using the HKY85 model with 1000 bootstrap repeats
and estimated gamma distribution and invariable site proportion. The Bayes trees were
constructed with the MrBayes Geneious module (Huelsenbeck and Ronquist, 2001) using the
HKY85 model with gamma distribution and invariable site estimations, gamma categories of 4,
chain length of 50,000, heated chains at 4, subsampling frequency of 10, and a burn-in length
of 1000. A bootstrap threshold of 50% was used for displaying supported clades. Trees were
rooted using the T. gratilla species as the out-group species.

2.4 Gene expression analysis in different coloured roe
A differential expression analysis was undertaken for E. chloroticus using different roe samples
of different colour grades. This analysis looked to identify gene expression relating to colour
difference. The expression analysis experiment used RNA extracted from the roe of E.
chloroticus individuals that were observed to have different levels of pigmentation. Three
different grades of roe colour were to be compared. These were classified as either ‘light’,
‘medium’ or ‘dark’ colour grades. Light coloured roe was observed to be the yellow colouration
that was desirable from the marketplace. Medium coloured roe was observed to be a brown
colouration. Dark coloured roe was observed to be dark brown to black in colouration. These
colour grades were chosen to give the most distinct colour differences between the roe
conditions as possible for expression analysis.
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2.4.1 Sample selection and RNA sequencing
E. chloroticus specimens were obtained for this experiment. E. chloroticus were obtained
offshore from Bluff, New Zealand, using the services of Cando Fishing Limited. E. chloroticus
were immediately dissected to inspect the roe colour. Roe from individuals matching the colour
grades were snap frozen with liquid nitrogen and kept on ice while transported to the University
of Otago, where samples were kept frozen at -800C until used in experiments.
For the three different colour grades, light, medium, and dark, biological duplicates were
used, giving a total of six samples for sequencing. Only female roe was selected for use in this
experiment to remove male-female differences in gene expression from interfering with colour
related differences in expression. Each roe was sexed visually through a microscope, with the
presence of eggs determining female roe and the presence of sperm determining male roe. Roe
samples from individuals were selected to give distinctive differences between the colour
grades, and the biological duplicates were selected to be the most similar in colour. RNA was
extracted from six roe samples and cDNA libraries were constructed using the same protocols
detailed in methods section 2.1.2 for the transcriptome assembly. The RIN values for the six
roe RNA samples, light 1, light 2, medium 1, medium 2, dark 1, dark 2, were 8.7, 9.5, 8.7, 9.7,
8.7, and 9.9, respectively. A Ribo-Zero step from Illumina was used instead of size selection
for the removal of ribosomal RNA sequences. Libraries were then sequenced using RNA-Seq
on an Illumina HiSeq-2000 machine. The roe sample collection and RNA extraction protocols
were carried out by Dr Daniel Garama. Library construction and RNA-Seq was carried out by
NZGL with the run number NZGL00412.

2.4.2 Pooled sample analysis
The expression analysis experiment was originally designed around using three RNA samples
consisting of pooled RNA from five different E. chloroticus individuals for each of the three
colour grades; light, medium and dark. RNA-Seq data from these RNA samples ended up being
not usable for analysis of differential expression relating to the colour grades. The roe samples
from E. chloroticus individuals making up the pooled RNA samples were designed to be all
female to avoid sex specific expression from influencing results, but after the differential
expression analysis protocol, it was discovered that there were individuals in the medium and
dark colour grade pools that were male. This caused the majority of differential expression
results to represent male related transcripts, mostly relating to sperm production proteins, when
the light data were compared to the medium or dark data. This error in sample selection
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complicated the results of the expression analysis by masking any differential expression due
to the colour differences with differences due to the sex. Additionally, it was decided that a
pooled data approach did not give information about the variation between individuals and
therefore did not provide the right data needed for proper statistical analysis. Biological
replicates were instead chosen for analysis. While the pooled data were not suitable for
identification of differentially expressed genes, the expression data could be compared to the
replicate expression data for genes identified as differentially expressed to provide additional
information. The sample collection, RNA extraction, and RNA-Seq methods were the same for
the pooled samples as the replicate samples. The NZGL run number was NZGL00248.

2.4.3 Quality analysis
The quality of the read data was assessed using the FastQC program (Appendix A.1). The read
data had very good quality scores across the lengths of the reads. A potential problem was an
N base present at a single base position in about 40% of the reads for each forward read file.
This was caused by an error during the sequencing process where the hard disk recording the
data was completely filled. This caused the loss of sequence information for a single base
around the 50th base position for 40% of the reads for the forward pair, resulting in the N bases
at this position. Quality processing was made problematic due to the N bases, as quality
trimming caused a large proportion of the forward reads to be trimmed in half, losing a lot of
sequence data. Based on the high quality of the raw data, and the type of analysis the data was
to be used for, it was decided to not process to raw reads through quality trimming or length
filtering. The reasons behind this is later discussed.
The pooled read data was quality assessed using FastQC (Appendix A.1). Quality
processing of the pooled data used the same protocols as in method section 2.1.2 for the
transcriptome assembly, which involved removal of adapter sequences with FastqMcf, quality
trimming with DynamicTrim using a minimal Phred score of 20, and length filtering with
LengthSort using a minimal base length of 25 nt (Appendix A.2).

2.4.4 Read alignment and novel transcript assembly
The differential expression analysis could be carried out using sequences from the E.
chloroticus transcriptome previously assembled, but additional transcripts that are novel to the
new roe samples sequenced could also be assessed. There is a possibility for some genes to only
be expressed in a certain roe condition, and may not be represented in the original transcript set.
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To recover any novel transcripts present in the new roe samples, a de novo transcriptome
assembly was carried out using reads that did not align to previous transcripts.
Reads from each of the six samples were first aligned to the 75,002 transcripts from
previously assembled transcriptome dataset. The Bowtie2 aligner was used for aligning reads,
with settings for use with RSEM. This included no mixed alignments, no discordant alignments,
gbar set at 999 for gap free alignment, and the np was set at 0 (Appendix A.2). The np set to 0
meant that N values did not affect the alignment score of the reads. This was to accommodate
for the N bases previously described by not letting N bases not affect the alignment of reads.
Reads that did not align to a transcript were taken and de novo assembled using the Trinity
assembler program with the default settings, using 4 CPUs and 20G of RAM on the
Biochemcompute server at the Biochemistry Department, University of Otago. Transcripts with
a minimal length of 200 nt were reported in a FASTA file.
The resulting transcripts were filtered using the same reduction methods as section 2.1.4
of transcriptome assembly, using read abundance after alignment with Bowtie and read
counting with RSEM. Transcripts were filtered with an isoform percentage of 1%, but with an
increased FPKM of 10, as only transcripts that had a reasonable abundance level would be
useful for analysis. It was discovered after the filtering step that there were transcripts in the
novel set that were not novel when their sequence was compared to those for the original
transcripts. To remove ‘non-novel’ transcripts, the novel transcript set was searched against the
original transcript set for matching sequences using a local BLASTN search with a minimal Evalue of 10-20. Novel transcripts that had a significant match to a previous transcript, with an Evalue less than 10-20 and an 80% or more alignment length, were considered ‘non-novel’ and
removed. The resulting novel transcripts were then added to the original transcript set for
analysis.
Lastly, the reads from each of the six samples were aligned again to the new transcript set
using Bowtie2 with the same settings as previously used. The read alignment files for each
sample were then used to generate the read count data for genes. The reads from the three pooled
samples were also aligned to new transcript set using the same Bowtie2 alignment methods for
later analysis.

2.4.5 Count data generation
The RSEM program used the read alignment files to generate expected counts for all transcript
isoforms and for all genes using the trinity component level to define different genes. Both the
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isoform level and gene level expected counts could be used for differential expression analysis.
After assessing the results of both it was decided that the gene expression analysis would give
the most accurate results. The gene level expected count data for each of the six samples were
combined into a single file for input for the differential expression analysis programs.

2.4.6 Most abundant transcripts in female roe
The most abundant transcripts found in the roe of female E. chloroticus were analysed using
the count data for transcripts from the six female roe samples. The count data previously
generated was used for the gene level transcript components to generate the TMM-normalised
FPKM values used for cluster analysis (described later in section 2.4.9). The top 20 genes with
the highest FKPM values were taken from each of the six roe samples (light 1, light 2, medium
1, medium 2, dark 1, and dark 2). For each unique top gene the log2 of FPKM values was taken
for each sample and genes were clustered in a heatmap using pheatmaps within R. Clustering
of genes was based on the Euclidian distance of their expressions cross the six samples.
Similarities and differences in the expression of the most abundant transcripts in the different
coloured roe samples could then be compared.

2.4.7 Differential expression analysis of genes
The differential expression analysis was carried out within R with the aid of Trinity scripts,
using a standard EdgeR (Empirical analysis of digital gene expression data in R) (Robinson et
al., 2010) protocol for replicates (http://www.bioconductor.org/packages/2.9/bioc/html/
edgeR.html [Accessed: 04-02-2014]) (Appendix A.2). Genes were filtered before analysis
using a minimal row sum of 10, meaning genes had to have at least 10 counts combined across
all samples for them to be included in the analysis. Genes with counts that are too low cannot
be determined to be differentially expressed, as there were not enough expression data available
to observe a significant difference between conditions. Removing genes that cannot be
statistically detected as differentially expressed based on their limited number of total read
counts across the samples, helped to decrease the complexity of the data. Decreasing the number
of genes analysed improved the False Discovery Rate (FDR) probability values for the rest of
the genes. Three separate comparisons were carried out between the three different conditions:
light, medium, and dark. The two biological replicates for each condition provided information
on the variance of the data, improving the statistical significance of the results. The three
comparisons between conditions included: light against dark, light against medium, and
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medium against dark. The resulting lists of genes were recorded for each comparison, which
included for each gene the log2 fold change (logFC), log2 counts per million reads (logCPM),
p-value and the FDR adjusted p-value. Differentially expressed genes were then taken from the
lists using a FDR value less than 0.05 as being statistically significant. Functional annotation
information for genes was taken from the function annotation results previously obtained for
transcripts belonging to each gene. Novel genes that were detected to be differentially expressed
had functional annotations assigned using the same methods in section 2.2 for functional
annotation.

2.4.8 Gene set analysis of functional terms
Analysing changes in expression for functional sets of genes could give more reliable results,
as changes relating to functional terms and pathways are were variable than changes to specific
genes between different experiments. A gene set analysis could be carried out using the
differential expression results and associated functional terms for genes to assess the enrichment
of any functional terms in the differential gene set, compared to the total transcript set.
For each gene, associated transcripts had functional terms annotated including GO and
InterPro terms. Each unique functional term was combined from associated transcripts to give
gene level annotations. The R program GOSeq (Gene Ontology analyser for RNA-seq and other
length

biased

data)

(http://www.bioconductor.org/packages/2.13/bioc/html/goseq.html)

(Young et al., 2010) used both the total set of functional annotations for all transcripts, and the
set of functional annotations for differentially expressed genes to calculate probabilities that
functional terms were represented in the differential set by chance. GOSeq used the Wallenius
method for testing, and also used the lengths of genes to estimate gene bias. The analysis was
carried out for both the GO terms and the InterPro terms for each of the three comparison results
(Appendix A.2). The resulting lists of functional terms and associated p-values could be filtered
using a p-value cut-off of 0.05 to retrieve functional terms that were significantly enriched in
the differential gene set. The REVIGO website (http://revigo.irb.hr/) (Supek et al., 2011) was
used with the GO terms and p-value results for the reduction of similar GO terms, using a
reduction setting of 0.9.

2.4.9 Cluster analysis of gene expression
Analysing the expression profiles of groups of genes across the different samples can help to
present information about expression patterns and gene relationships that are correlated with
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sample types. Also, genes that have similar expression profiles could have a related function or
pathway which can help with analysing genes without annotation information.
For cluster analysis, normalised count data were first calculated. Using the gene count
data and gene lengths from RSEM, Trinity scripts (Appendix A.2) were used to calculate TMMnormalised FPKM values each gene and used for clustering steps. A TMM normalisation step
accounted for differences in the composition of RNA-Seq samples (Robinson and Oshlack,
2011). The FPKM values then allow the comparison of expression between different genes.
Genes that meet differential expression thresholds for at least one of the three comparisons were
selected for cluster analysis. Genes that had a FDR value less than 0.05 and a logFC greater
than 1 or less than -1 (equals a fold change of 2) for at least one comparison result were extracted,
and the TMM-normalised FPKM counts for each unique gene for each sample were joined.
FPKM values for selected differential genes were also calculated for the three pooled samples
and the results added to the cluster analysis for additional comparison of these samples. The
FPKM data had 1 added to their values before being log2 transformed. The FPKM values for
each gene row were scaled by subtracting the row mean from each data value, giving mean
centred data. Genes were then clustered together based on their expression across the different
samples using Euclidean distance. A heatmap was produced within R using heatmap.2, part of
gplots (http://cran.r-project.org/web/packages/gplots/index.html [Accessed: 04-02-2014]), to
display the clustered genes and their relative expression levels across the samples. The cluster
tree of genes was then split to divide gene clusters with similar expression profiles across
samples into separate subclusters for additional analysis. The branches of clustered genes
within the cluster tree that had a branch height equal to or more than 20% of the maximum
height of the tree were separated into different subcluster files. The value of 20% was
recommended by the Trinity program. The value chosen only needed to be able to sufficiently
split the heatmap into groups for data visualisation and could be altered based on the result
using the data. Line graphs were then produced for each subcluster file, displaying the
expression profiles of genes within the subcluster. Separation based on 20% of maximum tree
height was sufficient to separate the tree into gene groupings that allowed visualisation of
different expression profile patterns of genes. Genes with similar expression profiles were able
to be visualised and compared.
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Chapter 3 - Transcriptome analysis of
E. chloroticus
This chapter reports the results of the whole transcriptome assembly of E. chloroticus, followed
by functional annotation of transcripts, and later the phylogenetic analysis of E. chloroticus.
The results from this chapter were submitted and accepted for publication as a paper in the peerreviewed research journal BMC Genomics, published by BioMed Central in the UK. The paper
was titled "The transcriptome of the NZ endemic sea urchin Kina (Evechinus chloroticus)",
with contributing authors being Gareth B Gillard, Daniel J Garama and Chris M Brown. D.
Garama's contributions included sample collection and RNA extraction from E. chloroticus
tissue samples. C. Brown proposed and supervised the study. The manuscript draft was written
by G. Gillard, with D. Garama and C. Brown providing manuscript revision. This chapter
reproduces the published work (Gillard et al., 2014). The publication is provided as Appendix
G. Some alterations were made to this chapter since the publication.

3.1 Whole transcriptome assembly for E. chloroticus
3.1.1 Quality analysis of RNA-seq data
Libraries (cDNA) were constructed using RNA extracted from selected tissue samples from a
male and female E. chloroticus. RNA from an individual male and female, consisting of a mixed
total tissue sample, a roe tissue sample and coelomic fluid sample, were used to generate six
libraries. Sequencing was carried out on an Illumina HiSeq-2000 machine, which generated
123 million pairs of 100 base length paired-end reads. This gave a total of 24.8 Gb of sequence
data. The raw sequence data in FASTQ format was submitted to the NCBI SRA database, and
accessible through the BioProject [Accession: PRJN190637]. There was an average of 20
million pairs of reads per sample (Table 3.1). Sufficient sequencing depth was achieved with
the data to perform a high quality assembly of the transcripts expressed in the male and female
tissues.
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Table 3.1 - RNA-Seq data results for male and female samples.
Sample

RNA Source

GC%

# of bases

# of read pairs

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Male mixed
Female mixed
Male roe
Female Roe
Male coelomic fluid
Female coelomic
fluid

41
40
41
39
45
43

4.3 G
5G
4.9 G
3G
3.6 G
3.9 G

21,359,246
25,235,370
24,399,723
15,196,446
17,976,947
19,646,513

# of reads after QC (forward
read / reverse read)
20,699,281 / 20,112,762
24,481,434 / 23,443,073
23,600,271 / 22,990,650
14,733,089 / 14,354,869
17,219,938 / 16,689,922
19,038,395 / 18,495,061

The FASTQ files of read data were quality assessed (Appendix A.1). The Phred score
distribution across the read lengths showed the sequencing produced high quality data for each
FASTQ file. The expected drop in base Phred quality towards the ends of reads was observed,
but was minimal. There was minimal N bases present in the data, which represented an
unknown base. The GC content of the reads was similar between samples (Table 3.1). There
were no issues with the read qualities from the quality analysis. The results for over-represented
sequences identified Illumina TruSeq Adapter sequences (Index 2, 4, 5, 6, 7) and Illumina
Single End PCR Primer 1 sequence in several of the read files (Appendix A.2).
The quality control protocol carried out on the read data first involved the removal of
identified primer sequences from reads. This was followed by quality trimming bases from read
ends, then filtering reads based on a minimal length. The quality processing removed primer
sequences, increased the Phred score distribution across the read lengths, and removed reads
that were too short for assembly. A large proportion of reads remained after quality processing,
which highlighted the quality of the raw sequence data (Table 3.1).
From draft assemblies using these read files, it was detected that there were sources of
sequence contamination from other organisms. To remove reads from contaminating sources
before the final assembly, the reads from each file were put through a filtering protocol where
they were aligned to sequence data from contaminating organisms. The alignment results (Table
3.2) showed a small percentage of reads matched to sequences from contaminating organisms
that were sequenced in the same lane on the Illumina machine (Z. Mays, T. virens), with an
average of 0.6% of total reads aligning per sample. When these aligning reads were then aligned
to sea urchin sequence (S. purpuratus, P. lividus), a small percentage remained unaligned with
an average of 13% per sample. This resulted in a small proportion of the total reads after quality
processing being removed as contamination (average 0.034% of reads per sample). The female
coelomic fluid sample (sample 6) was also filtered to remove contamination of human DNA
before other organism contamination, after human mitochondrial DNA sequence was detected
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in this sample alone from a draft assembly. A much greater percentage of reads matched to
human sequence from sample 6 (19.3%) and a large percent of these matches did not match to
sea urchin sequence (89%). Unlike the previous contamination by barcode processing errors,
this represented human DNA contaminating the RNA sample before the creation of the cDNA
libraries. This therefore meant a much greater proportion of the read data could come from the
contamination, and this was seen in the increase in reads removed. The overall result of the
contamination removal was that minimal reads were removed from sample files, with the
exception of sample 6 where ~3.3 M reads were removed.

Table 3.2 - Alignment results for read contamination removal.
Sample

Total
reads

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

20,952,651
24,786,865
23,934,267
14,934,117
17,460,559
19,298,834

Cont.
unaligned
reads
20,870,282
24,678,848
23,904,935
14,883,486
17,094,273
Human
15,565,465
Cont
15,539,904

Cont. aligned
reads
82,369 | 0.39%
116,017 | 0.47%
29,332 | 0.12%
50,631 | 0.34%
366,286 | 2.1%
Human
3,733,370 | 19.3%
Cont
25,560 | 0.16%

Sea urchin
unaligned
reads
4,745 | 5.7%
9,872 | 8.5%
6,998 | 24%
3,557 | 7.0%
9,585 | 2.6%
Human
3,307,899 | 89%
Cont
8,172 | 32%

Sea urchin
aligned
reads
77,624
106,145
22,334
47,074
356,701
Human
425,471
Cont
17,388

Kept
reads
20,947,906
24,784,993
23,927,269
14,930,560
17,450,974
15,982,763

The quality control processes resulted in a total of 118,016,465 high quality reads, which
were 95.3% of the total raw reads. Out of this 94.5% remained paired-end, with the rest being
single reads. The paired-end and single reads were then used for transcriptome assembly.

3.1.2 De novo transcriptome assembly
The de novo assembly of the quality processed reads using the Trinity assembly program
resulted in 209,654 transcript isoforms. The post-assembly processing of the transcripts
involved the reduction of the transcript dataset to remove poorly constructed or redundant
transcripts or sequence that did not hold biological value. First, reads used in the assembly were
aligned to the assembled transcripts and lowly represented isoform sequences with less than 1%
of their gene (component) reads were removed, resulting in 186,427 transcripts. Transcripts had
a total length of 169,963,629 nt (~170 Mb) with a median length of 415 nt, mean length of 912
nt, GC% of 39.0 and an N50 of 1,839 (Table 3.3).
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Table 3.3 - Transcript assembly statistics.
Total

Reduced

(IsoPct 1)

(IsoPct, FPKM 0.5)

186,427

75,002

Total transcripts length (nt)

169,963,629

106,210,820

Mean transcript length (nt)

912

1,416

Median transcript length (nt)

415

923

Minimum transcript length (nt)

201

201

Maximum transcript length (nt)

19,251

19,251

N50 (nt)

1,839

2,242

GC %

39.0

38.7

Total read alignment %

92.2

91.2

Number of transcripts

Shown are results for the total dataset before FPKM filtering, with isoform percentage (IsoPct)
>=1%, and the reduced dataset, with isoform percentage (IsoPct) >=1% and FPKM >=0.5.

The length distribution and FPKM values of the transcript dataset showed that a large
proportion of the transcripts were short in length and had a low read coverage. To generate an
additional subset, transcripts with low coverage were to be filtered using a minimum FPKM
value. The effect of filtering on transcript numbers and transcript length distributions was
assessed for FPKM values of 1, 0.5 and 0.1 (Table 3.4 and Figure 3.1). The higher the FPKM
value filtered by, the greater the reduction in the number of transcripts and components in the
dataset. The aim was to reduce the number of predicted gene level components nearer to
expected values (the sea urchin S. purpuratus is predicted to have between 20-30k genes) and
reduce the proportion of short transcripts. The low FPKM value of 0.1 did not have a great
effect on the dataset, and did not reduce the large proportion of short transcripts by a significant
amount. FPKM values of 0.5 and 1 both significantly reduced transcript numbers and the
proportion of shorter transcripts. The large reduction in transcript numbers corresponded to a
large removal of short transcripts, 200 to 500 bases in length (Figure 3.1). After assessing the
results, it was chosen to filter transcripts based on a minimum FPKM value of 0.5. This value
would achieve the desired result of reducing the large proportion of short transcripts, which
also reduces transcript numbers more in line with expected numbers, and made the dataset more
manageable for further analysis. The lower, less conservative FPKM value of 0.5 was chosen
over a FPKM of 1 as it produced the desired filtering results, while minimising the risk of
important transcripts being filtered out.
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Table 3.4 - Filtering results on transcript dataset statistics.
Trinity
assembly

IsoPct 1

IsoPct 1,
FPKM 1

IsoPct 1,
FPKM 0.5

IsoPct 1,
FPKM 0.1

Total trinity
transcripts

209,654

186,427

52,287

75,002

171,754

Total trinity
components

133,534

133,483

32,568

44,196

121,687

2,027

1,839

2,309

2,242

1,859

Transcript
N50

Trinity assembly includes all transcripts. The filtering criteria used included isoform percentage
(IsoPct) and FPKM levels.
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i1f0.5

i1f1

Figure 3.1 - Length distribution of assembled transcripts for different filtering criteria.
The sizes of the Trinity assembled transcripts are shown. The filtering criteria were: none (total),
isoform percentage >=1% (i1), isoform percentage >=1% and FPKM >=0.5 (i1f0.5), and
isoform percentage >=1% and FPKM >=1 (i1f1).

Transcripts were filtered using a FPKM value of 0.5, which resulted in a reduced set of
75,002 transcripts. This FPKM of 0.5 corresponded to a minimum of 41 reads per kilobase of
transcript, which equated to an average base coverage of approximately 8.2. Removing the low
abundance transcripts doubled the median length to 923 (Table 3.3). Transcripts in the reduced
set had a total length of 106,210,820 nt (~106 Mb) with a median length of 923 nt, mean length
of 1,416 nt, GC% of 38.7, and a N50 of 2,242 nt (Table 3.3). This transcript set was then used
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for all further analyses. The set of transcripts was later submitted to the NCBI TSA database
[Accession: GAPB00000000]. Data files for transcript and predicted protein datasets are
available in appendix A.3.
The set of reads used in the assembly were aligned to the total and reduced transcript sets
for read representation (Table 3.3). Out of 118 million total read pairs, 92.2% of the reads
mapped to the transcripts in the total transcript set and 91.2% mapped to the reduced set. This
showed that the 111,425 transcripts removed from the total set represented only 1% of the total
reads.

3.1.3 Completeness of transcript assembly
After creating a dataset of assembled transcripts it was important to assess the quality of the
assembly in terms of gene completeness and reconstruction of full-length sequences. The
assessment of de novo assembled transcriptomes can be challenging, as there is most often no
reference sequence for the organism to compare the assembled transcripts with. The
completeness of the E. chloroticus transcriptome assembly was assessed by two means; the
reconstruction of transcripts with full-length proteins, and the representation of core conserved
genes.
To assess the reconstruction of full-length proteins, the reduced set of 75,002 transcripts
were scanned for possible open reading frames (ORFs). A total of 23,870 coded proteins were
predicted. These were tested for similarity to S. purpuratus proteins, available from the NCBI
protein database, using BLASTP with a cut-off E-value of 10-20. A total of 20,974 of the
predicted E. chloroticus proteins matched to 11,906 unique S. purpuratus proteins. For each
unique S. purpuratus protein, the length coverage was calculated using the best matching E.
chloroticus protein. The distribution of percent length coverage for the protein matches is
shown in figure 3.2. For the S. purpuratus proteins, 8,060 (68%) had a match to an E.
chloroticus protein with >90% alignment coverage. This showed that a majority of these
proteins were near full-length.
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Figure 3.2 - Protein length coverage against S. purpuratus proteins. Most matches to S.
purpuratus fall into the top bin (100-91%).

The eukaryotic clusters of Orthologous Groups (KOGs) from the Clusters of Orthologous
Groups (COG) represented a database of protein sequences with conserved domains between
eukaryotes. The CEGMA (Core Eukaryotic Genes Mapping Approach) program was used to
assess the representation of core eukaryotic proteins in the transcript set. CEGMA used a
representative set of 458 Core Eukaryotic Genes (CEGs) that were highly conserved between
eukaryotic species. A total of 453 of the 458 CEGs had a match to a transcript in the reduced
set. CEGMA also reported on a subset of 248 most highly conserved CEGs as a measurement
of genome completeness. Out of the subset of 248 CEGs there were matches to 246, with 243
being ‘complete’ (more than 70% of protein length aligned) and only 3 being partial. This
showed the transcriptome assembly was able to successfully assemble a majority of transcripts
for core eukaryotic genes.

3.1.4 Discussion
To annotate gene structure in the S. purpuratus genome (Sodergen et al., 2006), a variety of
RNA samples were collected from embryonic stages, post-embryonic larval stages, and a
variety of adult tissues. The RNA sequence data was mapped to the S. purpuratus genome for
a reference based assembly of the S. purpuratus transcriptome (Tu et al., 2012). For the aims
of this study, a whole transcriptome of adult tissues of E. chloroticus was carried out. Adult
tissues sequenced for the S. purpuratus transcriptome included the roe (ovary and testes), gut,
radial nerve, axial gland, and coelomocytes (Tu et al., 2012). The E. chloroticus tissues selected
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for RNA extraction were also chosen to provide a broad range of transcript expression for RNA
sequencing, aiming to produce a comprehensive transcript dataset that included expressed
transcripts across multiple organs and cell types. It was important to have a male and female
representative to account for differences in gene expression between the different sexes,
especially in the roe tissue. RNA was able to be extracted from almost all tissue types, including
all major organ systems for the sea urchin. The mixed RNA samples provided the greatest range
of expressed transcripts, and were the most important samples for generating the best whole
transcriptome, characterising the most number of transcripts possible. The other four samples
were of a single sex and sample type. These samples were chosen additionally to provide greater
sequencing depth for important tissue types and will allow analysis of transcript levels within
these specific locations.
The roe was an important tissue type for sequencing in this study, as it was the
reproductive organ and also the target of enrichment studies for E. chloroticus, including the
previous proteomic analysis (Garama, 2010; Sewell et al., 2008). Having data for transcript
expression specific to the roe would be important for studies involving the roe, and for possible
differential expression studies involving roe tissues.
The other single type sample was RNA extracted from a sample of the coelomic fluid.
The coelomic fluid had multiple important functions in sea urchins (transportation, immune
response) and contained cells called coelomocytes (Smith and Kroh, 2011; Brusca and Brusca,
2003). A major part of the sea urchin immune response involved the coelomocytes and these
cells have been studied to understand mechanisms of innate immunity (Nair et al., 2005; Hibino
et al., 2006; Smith et al., 2010). The coelomic fluid was therefore an important sample for
identifying immune related transcripts.
Having separate libraries for the roe and coelomic fluid meant that read abundance could
be measured and compared between the sample types. Transcripts could be assessed as to
whether they are abundant in the roe or coelomic fluid and the differences in expression
between these tissues as well as between the different sexes.
Before assembly, reads normally need to undergo a pre-processing step to reduce errors
produced by the sequencing platform during sequencing (El-Metwally et al., 2013). The quality
processing steps used in this study removed low quality bases from read ends. This successfully
improved the quality of the read data, as seen in the improvements in the Phred score
distribution graphs for the files (Appendix A.1). Filtering by read length was important as reads
could potentially be shortened significantly by the trimming steps. The minimal length for a
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read usable in the assembly was 25 nt. This is due to Trinity using k-mer lengths of 25, any
length shorter than the k-mer could not be used. The filtering length of 25 nt was ideal. The
large majority of reads remained between 90-100 nt in length (Appendix A.1). This highlighted
the good quality of the raw data.
The presence of contaminating reads from other organisms was unexpected. Analysis of
ribosomal transcripts assembled with very low E-value matches to sea urchin sequence revealed
transcript sequences that matched to several different species (Z. mays, T. virens and human).
The Z. mays and T. virens sequence was a considered to be the result of barcode calling errors
after the sequencing. Barcode errors can occur at primer synthesis, ligation, cDNA
amplification and sequencing steps (Buschmann and Bystrykh, 2013). Nucleotide substitutions
or insertions and deletions can occur in the barcode sequence leading to a small number of reads
being assigned to another sample. The other form of contamination was the human DNA found
to be within sample 6. Unlike the other contamination, this is not a technical error after
sequencing, but is sample contamination at some point before library construction and
sequencing. The protocol used for removing contamination for these three species involved
aligning reads to genomic sequence. This approach was the same as other decontamination
programs such as Deconseq (Schmieder and Edwards, 2011). To avoid removal of E.
chloroticus sequence, aligning reads were aligned to sea urchin transcriptome sequences, and
unaligned reads were then removed. This approach was designed to remove enough
contamination from the dataset, while still safeguarding against the removal of true E.
chloroticus reads. Reads from highly conserved genes such as the ribosomal RNA genes could
potentially be similar enough so that the aligner will align certain E. chloroticus reads to these
species. The methodology was, if certain E. chloroticus reads were similar enough to align to
sequences from other types of organisms, they would then align to sequence from a sea urchin
and be retained. A limitation with this approach was that contaminating reads from these species
could be retained if they align with sea urchin sequence. This is a trade-off between removing
contamination and avoiding removing true reads. Some contaminating reads remaining could
be tolerated. There was enough sequencing depth that the assembly of E. chloroticus transcripts
would not be affected, and any assembled transcripts for these species could be identified and
removed at a point after assembly. The results showed a very small proportion of reads removed
from the Z. mays and T. virens species. This is reasonable as the likelihood of reads being
misplaced should be very low. The proportion of reads removed from human was a lot larger.
This is expected as these reads were present in the library, and the proportion of human
sequence depends on what the concentration of human DNA was in the sample. It would be an
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improvement to do sequencing for de novo assembly with only a single species on a lane. There
were sufficient reads left from the quality processing for an in-depth assembly. Most reads were
high length and retained their read pair.
The assembly resulted in a lot of transcripts. Singleton reads or poor read coverage could
produce a lot of short transcripts from the assembly that had minimal amount of read data. Short
transcripts will most often not have any biological value. It is standard practice to reduce a
transcript set to counts that were more in line with expected gene numbers, and made the dataset
more easily manageable for downstream analysis protocols. It was common to see transcript
sets reduced based on sequence redundancy, often using a clustering method like CD-HIT-EST
and using a similarity of around 95%. Although this was a reasonable approach, this method
had limitations which contrasted with the assembly process. This method would reduce the
amount of different isoforms for transcripts, but these isoforms should be valid based on the
sequence data, and did not target singleton transcripts, short transcripts, or low, poorly
supported transcripts, all of which had low biological value and were more likely to contain
errors in their sequence. The protocol that was used to reduce the transcripts was a protocol
suggested by the Trinity development group. This first involved using the abundance levels of
transcripts from count data to filter out transcript isoforms that had less than 1% of the total
number of reads mapping to the transcript component, which represented a gene or locus level
for the transcripts. This process removed low abundance isoforms for genes. This removed poor
isoforms, reducing redundancy of the transcripts. This was a better approach than using a
clustering method for reducing redundancy, as it used the abundance levels of transcripts for
removing low expressed isoforms. Reduction by clustering only worked by using the sequence
data. There could be isoforms that had high sequence similarity, but were equally supported by
the read data, which could be potentially removed by clustering. Using an isoform percentage
filtering also had an advantage in that isoforms produced by few reads had a higher chance to
contain sequence errors, due to lower read coverage. This could lead to dissimilar transcripts
that would not be removed by sequence similarity clustering, but would be removed by
abundance filtering, and therefore this method was better for removing error containing
isoforms. The next step involved a second filtering step based on the FPKM values of transcript
abundance. A FPKM of 0.5 was chosen, as it reduced the transcript set to a reasonable number,
and reduced mostly short transcripts, which was the goal of the reduction process. This
reduction process improved a lot of the transcript statistics for the dataset. The transcripts that
were filtered out will still be available to analyse at a later point. The S. purpuratus
transcriptome study also used such filters for gene models (Tu et al., 2012). The FPKM of a
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gene model must of been over 0.5 (minimum coverage of ~50x). They state filters necessary
after assembly for removing as many false results as possible, to produce the best quality
assembly.
The read representation statistic showed that removal of the 111,425 transcripts with the
filtering protocol only resulted in 1% of the aligning reads being removed. This showed that
these transcripts represented a small proportion of the total read data. Transcripts that were
represented at this level of expression were less likely to have biological function within the
organism.
The completeness of the assembly was good based on the fact that the majority of E.
chloroticus proteins predicted had a match to a S. purpuratus protein, and the majority of best
matches were near full-length compared to the S. purpuratus sequence. The CEGMA result for
core gene representation was very good, with almost all genes being represented. The S.
purpuratus embryo transcriptome was first describe to have 11,000 to 12,000 of its genes
expressed (Samanta et al., 2006). A transcriptome expression profiling experiment on S.
purpuratus embryo cells described gene transcription at different stages of embryogenesis (Tu
et al., 2014). They showed on average ~11,500 genes were actively transcribed at each embryo
stage. The 11,906 unique S. purpuratus proteins that were matched to by E. chloroticus
transcripts was comparable to average number of active protein coding genes within a sea
urchin cell. These results showed that the sequencing depth and assembly protocol produced a
whole transcriptome assembly that was likely to be comprehensive.

3.2 Functional annotation of transcripts
3.2.1 Annotation by protein similarity
Functional annotation was carried out on the reduced set of 75,002 transcripts. BLASTX
searches were performed for each transcript against the NCBI non-redundant protein database
and for each result the top 20 hits with E-values less than 10-3 were saved. Blast2GO annotation
result files are available in appendix A.4.
A total of 24,655 of the 75,002 transcripts (33%) had a BLASTX match to a known
protein within the database (Figure 3.3A). The 50,347 transcripts (67%) without a BLASTX
result were mostly shorter length sequences (less than 2 kb) that likely did not have a protein
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coding sequence. However, included in this group though would be transcripts that coded for
novel proteins without any similar sequence in the database, as well as polyadenylated noncoding RNAs. The distribution of E-values for the top hits showed that 72% of transcripts had
a strong match to a database protein (E < 10-50) (Figure 3.3B). The species distribution for the
top hits showed 85% of the top hits to proteins from S. purpuratus (Figure 3.3C). Previous
research on S. purpuratus, including the genome sequencing project, had provided a set of
annotated proteins for this sea urchin species. This resource provided the majority of best
annotations for the E. chloroticus transcripts. The next species most represented in the top hits
at 2% was Saccoglossus kowalevskii. S. kowalevskii is a species of acorn worm, which were
closely related to members of the Echinodermata phylum. Out of the 458 transcripts with
protein top hits to S. kowalevskii, most appeared to have less significant matches to S.
purpuratus. The relatively large proportion of S. kowalevskii top hits could have been due to
longer, more complete protein sequence available for S. kowalevskii over S. purpuratus for
those transcripts. The proportion of others (9%) represented all other species with top hits to
less than 1% of the transcripts and of these 24 transcripts had ‘unknown’ species as their top
hit.

Figure 3.3 - BLASTX annotation results. (A) Proportions of transcripts with BLASTX
matches and GO terms annotated. (B) Distribution of E-values for the top hit for each transcript.
(C) Distribution of species for the top hit for each transcript. Analysis by BLAST2GO.
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3.2.2 Abundant transcripts in different samples
The most abundant transcripts within different samples were assessed. Reads were aligned to
transcripts to generate FPKM values at a gene level for male roe, female roe, male coelomic
fluid and female coelomic fluid samples. The top 20 transcripts with the highest FPKM values
for each sample are shown in appendix A.5. The expression levels of each unique top transcript
were compared across each sample by taking the log2 of the FPKM and clustered based on
Euclidean distance. The heatmap produced with these values (Figure 3.4) showed groups of
transcripts where the abundance related to sample type, sex, or both. There was a similar
expression of transcripts from the coelomic fluid between male and female. Ferritin was
expressed higher in cells from the coelomic fluid compared to the roe and also higher in the
male samples compared to the female samples. Several transcripts were similarly expressed at
high levels across all samples, which included essential proteins such as cytochrome b and c,
NADH dehydrogenase and a senescence-associated protein. Transcripts that were specifically
abundant in the male roe included sperm production related proteins, such as the sperm flagellar
membrane, flagellasialin precursor and creatine flagellar-like proteins. Levels of tubulin
proteins were also higher in male roe. Cell replication related proteins such as histone, cyclin
and ribonucleoside-diphosphate reductase were higher in roe samples than coelomic fluids.
Female roe specifically had higher levels of these transcripts compared to male.
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Figure 3.4 - Heatmap of most highly expressed transcripts from each tissue. Heatmap
showing the log2 FPKM values of most abundant transcripts. The colour legend shows the log 2
FPKM values each represents. Rows were clustered based on Euclidean distance.
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3.2.3 Repeating element representation
The number of transcripts with a BLASTX match (24,655) was similar to the number of
predicted proteins (23,870). A large portion of the transcripts (50,347) remained without a
significant BLASTX match. To analyse these transcripts further, the representation of repeated
sequences were assessed. Both the reduced set of transcripts and the unannotated set without a
BLASTX match were analysed using the RepeatMasker program with the latest Repbase
database to identify repeating elements (Appendix A.6).
The summary of RepeatMasker results (Table 3.5) shows repeating elements that were
detected, which included a number of different retroelements and DNA transposons. When
these results were compared to that for the S. purpuratus genome, obtained from the
RepeatMasker site, there were a lot of similarities in the relative counts for repeating elements.
SINEs represented the majority of retroelements for E. chloroticus, in S. purpuratus the
majority of retroelements were tRNA-related SINEs. The most represented LINEs for E.
chloroticus were the L2/CR1/Rex, the L2 was the most represented for S. purpuratus. For the
LTR elements the Gypsy/DIRS1 were the most represented for both. The most represented
DNA transposon for both was PiggyBac, which in S. purpuratus is the most abundant repeating
element taking up 31% of total repeated sequence (28% in E. chloroticus). There were a small
number of ncRNA fragments that corresponded mainly to rRNA.
The results for the reduced set of transcripts were compared to results from the
unannotated set using the percentage of sequence values for relative levels of element
abundance. Retroelements were slightly less abundant in the unannotated set (0.80% of total
sequence) when compared to the reduced set (1.12%), which was likely due to coded reverse
transcriptase annotated by BLASTX. There was a large decrease in LINEs (0.57% to 0.15%)
and LTRs (0.19% to 0.05%) in the unannotated set, but an increase in SINE elements (0.36%
to 0.59%). Comparing the abundance of DNA transposons there was an increase in the
unannotated set (1.14% to 1.98%), which mostly corresponded with the increase in PiggyBac
(0.66% to 1.25%). Overall, there was only a small increase in the proportion of total
interspersed repeats between the reduced set (2.34%) and the unannotated set (2.90%).
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Table 3.5 - Summary of repeating elements.
Number of transcripts
Total sequence length (MB)

Retroelements
SINEs:
Penelope
LINEs:
CRE/SLACS
L2/CR1/Rex
R1/LOA/Jockey
R2/R4/NeSL
RTE/Bov-B
L1/CIN4
LTR element:
BEL/Pao
Gypsy/DIRS1
DNA transposons
Hobo-Activator
Tc1-IS6030-Pogo
PiggyBac
Tourist/Harbinger
Other (Mirage,
P-element,Transib)
Unclassified
ncRNA fragments (mainly
rRNA)
Total interspersed repeats
Satellites
Simple repeats
Low complexity

Reduced set (Unannotated set)
75, 002 (50,347)
106 (44)
Number of elements
Percentage of
total sequence (%)
5,180 (2,922)
1.12 (0.80)
3,360 (2,349)
0.36 (0.59)
5 (0)
~0 (0)
1,398 (421)
0.57 (0.15)
0
0
999 (297)
0.40 (0.10)
32 (5)
0.01 (~0)
34 (7)
0.01 (~0)
134 (68)
0.04 (0.02)
112 (19)
0.07 (0.01)
442 (152)
0.19 (0.05)
106 (44)
0.05 (0.01)
314 (96)
0.14 (0.04)
9,363 (6,976)
1.14 (1.98)
566 (403)
0.05 (0.08)
1,305 (865)
0.14 (0.20)
4,862 (3,853)
0.66 (1.25)
86 (55)
0.02 (0.01)
1 (1)
~0 (~0)
552 (426)
110 (25)

0.08 (0.13)
0.02 (~0)

19 (0)
31,104 (17,306)
6,010 (3,170)

2.34 (2.90)
~0 (~0)
1.19 (1.51)
0.32 (0.41)

3.2.4 Redundancy and nucleotide similarity search
The redundancy of unannotated transcripts was assessed by clustering transcripts based on 90%
or more sequence similarity. Out of 50,347 transcripts, this resulted in 44,687 clusters of nonredundant transcripts. The 90% clustering reduced the unannotated transcript set to 89%. When
all 75,002 transcripts were clustered at 90% similarity, the transcript set was reduced to 85%.
There was no greater reduction in the unannotated set, which showed that the unannotated
transcripts did not contain greater sequence redundancy.
The proportion of nucleotide sequence matches to the unannotated transcripts was
assessed by using BLASTN to search against the NCBI non-redundant nucleotide database with
a cut-off E-value of 10-6. Only 3,254 (6.5%) transcripts had a match to a database nucleotide
sequence. These results for the unannotated transcripts showed that a large number of
transcripts in the reduced set contained novel sequence without a protein or nucleotide match
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to the NCBI non-redundant databases. These transcripts were not due to overly redundant
sequences or an increased proportion of repeated sequence.

3.2.5 Non-coding RNA analysis
There were challenges to providing a complete annotation of transcripts from a de novo
assembly. High-throughput annotation approaches such as multiple BLAST searches provided
a practical means to giving automated annotations to transcriptome datasets, but the broad
nature of this search was limited by the detail and sensitivity of the annotation. From the
proportion of unannotated E. chloroticus transcripts there would be biologically important
transcripts that could not be annotated by this approach.
As an example, a non-coding transcript for telomerase RNA was identified. Telomerase
RNA is a non-coding RNA that together with the telomerase reverse transcriptase protein forms
a ribonucleoprotein enzyme that is essential for synthesising the telomeric DNA repeats at the
ends of chromosomes (Blackburn and Collins, 2011). The first invertebrate telomerase RNA
sequence was recently identified using a targeted strategy in S. purpuratus (Li et al., 2013),
which gave an opportunity to attempt to identify a transcript homologue in E. chloroticus. A
BLASTN search using the 535 nt telomerase RNA sequence from S. purpuratus identified an
unannotated 520 nt transcript from E. chloroticus with an E-value less than 10-114. The E.
chloroticus and S. purpuratus sequences were aligned and conserved domains identified
(Appendix B). The E. chloroticus sequence showed close similarity to the S. purpuratus
sequence with 76% identity. The universal template-pseudoknot domain and the vertebrate
specific H/ACA domain could be identified. However, while the Box H and CAB box could be
identified, the terminal Box ACA motif was not covered, suggesting that the end of the E.
chloroticus assembly was truncated. While a number of transcripts could not be annotated with
multiple BLASTX/BLASTN searches, this unannotated set still contained biologically
important transcripts, such as the telomerase RNA that could be discovered through such a
detailed search.
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3.2.6 Gene Ontology annotation
Gene Ontology (GO) terms were assigned to transcripts through BLAST2GO. All GO terms
associated with the BLASTX matches were retrieved and mapped to each transcript. Scores
were computed for each GO term and the most specific terms used to annotate the transcript.
Out of the 24,655 transcripts with BLASTX results, 20,309 transcripts had GO mapping results
with 16,914 receiving GO annotations. Additional GO terms could be annotated to transcripts
using InterPro protein domains assigned through InterProScan. An additional 82 transcripts
with no BLASTX result received GO annotations through associated protein domains (Figure
3A). The top most represented GO terms for each of the three GO categories, Molecular
Function, Biological Process and Cellular Component, are shown in figure 3.5. The top
represented GO terms for Molecular Function were from binding domains; protein binding
(4,275) followed by zinc ion binding (1,646) and ATP binding (1,401). For Biological Process,
the top GO terms were signal transduction (773) followed by oxidation-reduction process (711)
and transmembrane transport (451). For Cellular Component, the top GO terms were cytoplasm
(1,379) followed by integral to membrane (1,348) and cytosol (1,198).

Figure 3.5 - GO annotations. Top 10 represented GO terms for each of the GO categories;
Molecular Function, Biological Process and Cellular Component. GO terms annotated by
protein similarity to the NCBI non-redundant database and from InterProScan results.
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3.2.7 Protein domain annotation
InterProScan was used to search the longest ORF from each transcript against the InterPro
database, an integrated database of protein domains and functional sites. This provided
additional annotation based on conserved structural domains; 40,573 transcripts received
InterPro annotation. Additional GO terms could be retrieved from the InterProScan results and
merged with existing GO annotations, 11,478 transcripts had GO terms associated with InterPro
results. The most represented features (Figure 3.6) were signal peptide cleavage sites (21,815)
and the transmembrane helix domains (14,717), followed by the P-loop containing nucleotide
triphosphate hydrolases superfamily (807 from SUPERFAMILY and 703 from GENE3D
databases). The next highest represented was the immunoglobulin-like fold (414) and the
reverse transcriptase family (403).

Figure 3.6 - InterPro annotations. Top 10 represented InterPro terms from the InterProScan
annotations.
The genome sequencing of S. purpuratus revealed that sea urchins have a large innate
immune system with many pathogen recognition genes, providing an opportunity to use the sea
urchin model in areas of evolutionary immunobiology (Hibino et al., 2006). The Toll-like
receptor family has expanded in sea urchins; the S. purpuratus genome contains 253 Toll-like
receptors (IPR000157, PF01582), whereas the human genome contains only 11. There were 45
matches within the E. chloroticus transcripts to a Toll-like receptor domain, and proteins from
these Toll-like receptor transcripts were predicted to be mostly full length (median percentage
coverage of 80% to S. purpuratus proteins). This new transcript data will be useful in studies
on the sea urchin immune system.
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3.2.8 EC and KEGG Orthology annotation
Using the annotated GO terms, associated EC numbers could be assigned to the transcripts. A
total of 4,227 transcripts were assigned 1,087 unique EC numbers, which were across 127
different KEGG pathways; the top represented pathways shown in figure 3.7. The top 8
pathways were related to metabolism; the most represented was the purine metabolism pathway
with 411 transcripts across 51 enzymes, followed by pyrimidine metabolism with 175
transcripts across 34 enzymes and glutathione metabolism with 94 transcripts across 15
enzymes.

Figure 3.7 - KEGG pathway annotations. Top represented KEGG pathways using EC
(Enzyme Commission) annotations, derived from GO annotations. Shown is the number of
transcripts matching to each pathway and the number of EC numbers represented in the
pathways.

The transcripts were also analysed using the KEGG Automatic Annotation Server
(KAAS) to provide annotations of KEGG Orthology (KO) codes, resulting in 7,173 transcripts
being annotated to 4,213 unique KOs. The most represented KOs is shown in figure 3.8.
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Figure 3.8 - KO annotations. Top 10 represented KO terms from the KAAS annotation results.

3.2.9 Discussion
Functional annotation was an important step for transcriptome analysis. It provided a lot of
value to the dataset, as biological interpretation was made possible for downstream analysis.
Functional annotation of newly assembled sequences without gene references available
presented a challenging task.
The automated BLASTX similarity searches provided a good set of functional
annotations to a large number of transcripts. The S. purpuratus model sea urchin species
provided the greatest amount of sea urchin protein data. There were ~23,000 predicted protein
coding genes from the genome assembly (Sodergren et al., 2006) and 21,092 were modelled
based on transcriptome mapping (Tu et al., 2012). High E-values were reported for the best
protein matches, with a great majority being to S. purpuratus species. This helped show the
success of the assembly in assembling full length proteins, which were matching to an
appropriate sea urchin species. The BLASTX method translated the transcript sequence and
looked for a protein match, making this search appropriate for annotating protein coding
transcripts. Non-coding RNAs would not receive annotations through this method, but there
were other protocols better suited (including the RNA-Seq method used) for the identification
of non-coding RNAs, such as using the Rfam database (Burge et al,, 2012) of RNA families.
GO annotations could be assigned to the majority of transcripts using BLAST2GO (Götz
et al., 2008) with protein matches and the most represented GO terms from the annotations
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were expected terms. The InterProScan (Hunter et al., 2012; Jones et al., 2014) search was
valuable in providing protein domain annotation. This type of search had the advantage of
providing annotation based on the sequence structure and not just sequence similarity as with
BLASTX. This could focus on important parts of a transcript sequence, like functional domains,
which will give a better understanding of the biological functions of a transcript. The
InterProScan was valuable in providing GO terms to some transcripts without protein matches,
and to provide an alternative method for assigning GO terms that could add to and validate
terms from the BLASTX search.
While many transcripts received InterPro terms, most were to the common signal peptide
cleavage sites (Petersen et al., 2011) and transmembrane helix domains (Krogh et al., 2001),
which were detected by single algorithms that gave a likelihood for the feature (Jones et
al.,2014). These two terms represented very common motifs that could be found in a great
number of E. chloroticus sequences, and likely did not directly relate to the function of a
transcript. Therefore these two terms were not as useful as others for determining the function
of transcripts when no other terms are available. The other top terms found included common
abundant motifs, like immunoglobulin-like folds, reverse transcriptase and protein kinase-like
domains, and were expected results.
The innate immune system of sea urchins has been of great interest (Nair et al., 2005;
Hibino et al., 2006; Smith et al., 2010). When looking for InterPro domains of interest involved
in the immune system, there were 45 matches to Toll-like receptor domains. While this number
is not as high as the 253 toll-like receptor containing genes found in S. purpuratus (Buckley
and Rast, 2012), not all Toll-like receptor genes within the organism would be expected to be
expressed in a normal state, and therefore not all transcripts for these genes would be present
in a tissue sample. This result was similar to that of the S. purpuratus transcriptome where only
28 different toll-like receptor genes were identified (Tu et al., 2012), and the authors discussed
it most likely reflected differential expression of the receptors and that most were not sampled
in healthy individuals. The reconstructed of these transcripts were good based on the coverage
to matching S. purpuratus proteins, and could be valuable for future studies involving the
immune systems of sea urchins.
The EC and KO annotations provided additional functional annotation by linking
transcripts to specific known enzyme functions within known biological pathways. The
annotation of EC numbers was through GO annotations from BLASTX results and InterPro
term results, while the KO annotations were from a direct similarity search of transcripts to a
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database of known enzyme sequences. It was good to see consistencies between top represented
KEGG pathways from EC numbers and the top KO terms. The glutathione metabolism pathway
and the glycine, serine and threonine metabolism pathway related to KO terms for glutathione
S-transferase, serine/threonine-protein phosphatase and NIMA-related kinase which was a
serine/threonine-protein kinase.
The functional classification of protein coding gene models in S. purpuratus showed the
majority of genes related to metabolism (Tu et al., 2012, 2014). This was comparable to the top
KEGG pathways represented relating to a metabolic process. Other comparable top ontology
terms for S. purpuratus were immunity proteins and zinc finger proteins (Tu et al., 2012) that
were represented in the top InterPro domain results for E. chloroticus.
The functional annotations were used to assess the most abundant transcripts within
different samples. The separate libraries of male roe, female roe, male coelomic fluid and
female coelomic fluid enabled the comparison of expression levels of transcripts between these
sample types. Results of the abundant transcripts and comparison of abundant transcripts
between different sample types were biologically reasonable. Essential transcripts for cell life
were abundant in all samples as expected. Expression between the male and female coelomic
fluid was consistent for all transcripts, while the male and female roe showed sex specific
differences in abundant transcripts specific to the roe, as expected for the reproductive organs.
The higher abundance of ribosomal proteins in the coelomic samples could suggest more active
transcription occurring in the coelomocytes compared to the roe cells. For comparison, the
results of the maternal transcriptome of S. purpuratus showed some of the most abundant
transcripts (present at any embryonic stage) were those encoding cyclins, replication
independent histones and metal binding proteins like ferritin (Tu et al., 2014). These proteins
were seen expressed in the most abundant transcript lists and heatmap for E. chloroticus.
Results from this comparison showed the usefulness of the functional annotations, which were
able to be used for the biological interpretation of transcripts. Further comparisons would be
possible with the data for selected transcripts of interest, comparing differences in their
expression in male and female and in the roe or coelomic fluid.
While a great number of transcripts could be annotated, the majority remained
unannotated. This set comprised transcripts without a coding sequence, or those that code for a
protein with no match to the database. The number of transcripts that received annotations was
similar to the number of predicted proteins based on ORFs and the number of proteins, which
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suggested that most protein coding transcripts received annotation. The nature of the
unannotated transcripts was assessed to understand more about the assembly results.
It was thought that repeating element sequences within certain RNA transcripts could
possibly cause the assembly of a large number of falsely separated transcripts (as identical kmers in the RNA create ambiguity when assembling parts of transcripts separated by a repeat),
and that these transcripts would not receive annotations. If a large number of transcripts that
contained a repeating sequence were assembled they would be problematic to include in the
dataset, as they provide no biological value. The total and unannotated sets of transcripts were
searched for known repeating elements and the results compared to see if there was an increase
of repeating sequence for unannotated transcripts. The results showed no large proportion of
repeating sequences for the unannotated transcripts, or significant differences when compared
to the total set. The results were similar to that for the S. purpuratus genome, giving additional
confidence in the assembly. This result showed that the assembler did not have trouble with
repeated element sequence and did not produce a lot of redundant transcripts. This ruled out
one possibility for explaining the large number of unannotated transcripts.
Next the redundancy of the unannotated transcripts was analysed. If the unannotated
transcripts were overly redundant it may explain the increased size of the unannotated
transcripts. The redundancy was not high, and at 90% clustering a large proportion of transcripts
remained. The percentage reduction of the unannotated transcripts was similar to that for the
total set, which showed that there was no greater redundancy for unannotated transcripts.
The unannotated transcripts were lastly put through a BLASTN search. This provides a
different approach to the BLASTX as it is based on nucleotide sequence to the nucleotide
database. The results of this search were low, with only a small proportion (6.5%) having a
nucleotide match. This helped rule out a possibility of many transcripts produced from DNA
fragments, by not finding matches to S. purpuratus chromosomes sequences.
The results suggested a large number of novel sequences, which were not due to
redundancy or repeating elements. The first transcriptome mapping of the S. purpuratus embryo
(Samanta et al., 2006) also found many short transcripts (≥ 200 nt) expressed from the genome
(around 51,000). Only a small fraction (~2,000) of those transcripts could be matched to protein
coding genes, and no appreciable fraction could be matched to non-coding sequences. There
was also little homology to known microRNAs. They noted those unknown transcripts could
potentially contain non-coding RNAs. This set could be further investigated to identify
transcripts of interest using other annotation approaches, such as direct single sequence searches.
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As an example of possible transcripts of interest within the unannotated set, the noncoding RNA for telomerase was searched for, which was made possible due to the recent
identification of the S. purpuratus sequence (Li et al., 2013). The E. chloroticus telomerase
RNA was successfully identified. It had not received a BLASTX or BLASTN match based on
the search criteria. The end of the sequence was truncated by a few nucleotides, which could be
due to the motif that is formed at the end of the RNA sequence, creating a basis to cleaving the
last bases off during the fragmentation step of library construction. The identification of the
telomerase showed that there were still biologically important transcripts within the transcript
dataset that could be annotated in the future.
There were limitations to annotating a large number of new sequences. Automated
protocols could limit the sensitivity of searches, but were the only practical means available for
large datasets. While further annotations would be possible with targeted searches, the majority
of biologically important transcripts that were coding known proteins would have functional
annotations available and could provide biological interpretation of results.

68

3.3 Phylogenetic analysis of E. chloroticus
There are few molecular studies on the phylogeny of the Echinometridae family. A study by
Kinjo et al. (2008) used the mitochondrial DNA phylogeny of Echinometridae to deduce the
evolutionary history of their larval skeletal morphology. They compared the mitochondrial
NADH dehydrogenase genes ND1 and ND2 of 14 Echinometridae species that represented a
majority of the genera. They constructed phylogenetic trees for the ND1, ND2 and ND1-ND2
combined sequences using neighbour-joining (NJ), maximum-likelihood (ML) and maximum
parsimony methods. Using the combination of the slower mutagenic ND1 and faster mutagenic
ND2, their ND1-ND2 phylogenetic tree grouped each genus into a monophyletic clade and
grouped the Echinometridae species together from two out-group species, which were from the
two sister families Strongylocentrotidae and Toxopneustidae. Groupings also formed between
different genera giving insight into the relationships within the Echinometridae family.
To analyse the relationship of E. chloroticus to other Echinometridae species, the
sequence data from the study by Kinjo et al. (2008) for the ND1 and ND2 mitochondrial genes
was used for a phylogenetic analysis with the addition of the E. chloroticus genes. Phylogenetic
trees were constructed for the ND1, ND2, and ND1-ND2 combined sequences using NJ, ML
and Bayesian inference (Bayes) methods (Figure 3.9) with supporting values of bootstrap
percentages. Sequence alignment files are available in appendix A.7.

3.3.1 Phylogenetic trees for ND genes
The resulting trees were very consistent with those from Kinjo et al. (2008). The ND1-ND2
trees (Figure 9A-C) supported the monophyly of each genus and the relationships between
genera reported in Kinjo et al. (2008) were represented in these trees. The grouping of all
Echinometridae species into a single clade from the two out-group species was not supported
for the ML tree, but was achieved with low support for the NJ tree and higher support for the
Bayes tree. Analysing the placement of E. chloroticus in the ND1-ND2 trees, E. chloroticus did
not form any clades with any of the other Echinometridae species. The ML tree placed E.
chloroticus in the same position as the out-group species S. purpuratus, separate from the
Echinometridae clades formed. The NJ tree placed E. chloroticus outside of the Echinometridae
family clade and in a clade with S. purpuratus. The Bayes tree, which had the highest supporting
values for each Echinometridae clade, placed E. chloroticus outside of a highly supported
family level clade for Echinometridae. These results showed E. chloroticus is phylogenetically
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distinct from the other species of its family. Kinjo et al. (2008) described ND2 as having higher
rates of mutation compared to other mitochondrial genes and therefore useful for determining
close relationships between species. The ND1 had a slower rate of mutation and was described
as being useful for determining distant relationships. In the separate ND2 trees (Figure 3.9G-I)
E. chloroticus was placed in the same positions as in the ND1-ND2 trees. The ND2 sequence
has therefore been significant in constructing the ND1-ND2 trees and the faster mutating gene
could not determine any relationships between E. chloroticus and the other Echinometridae. In
the ND1 trees (Figure 3.9D-F) E. chloroticus was placed in a clade with the two genera clades
for Heliocidaris and Echinostrephus with low support in the ML tree and higher support in the
Bayes tree. The Bayes tree though unexpectedly placed S. purpuratus as a sister to one of the
Echinometra clades. This result may have been the ability of the ND1 gene to detect distant
relationships, as these species belonged to the same superfamily. The results from the ND1 ML
and Bayes trees suggested a distant relationship between E. chloroticus and the Heliocidaris
and Echinostrephus genera.
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Figure 3.9 - Phylogenetic trees. Resulting trees for the phylogenetic analysis of
Echinometridae species based on the nucleotide sequences of ND1, ND2 and combined ND1ND2 genes. Trees were constructed using neighbour-joining (NJ), maximum-likelihood (ML),
and Bayesian inference (Bayes) methods. Numbers at each internal node represent the bootstrap
percentage values for the nodes support. The scale bar represents base substitutions per site.
Shown are the: ND1-ND2 NJ (A), ML (B), Bayes (C) trees; ND1 NJ (D), ML (E), Bayes (F)
trees; and ND2 NJ (G), ML (H), Bayes (I) trees.
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3.3.2 Discussion
The results of the phylogenetic comparison of these two mitochondrial genes showed E.
chloroticus as a distinct species that had significant genetic difference to other species of its
family. This difference was seen in the lack of clades formed between E. chloroticus and its
family members.
This greater difference in genetic sequence in E. chloroticus, compared with that of other
Echinometridae species, may be attributed to the fact that E. chloroticus had lived in isolation,
solely around the coasts of New Zealand, for millions of years since its speciation (Fell, 1953).
The geographical isolation of E. chloroticus would have prevented genetic exchange through
fertilisation with other Echinometridae. Mutations over time would cause genetic differences
to build up within the E. chloroticus species, and due to its isolation they would remain unique,
unable to be shared with other Echinometridae. This could have led to the early speciation of
E. chloroticus. The other species of Echinometridae remained in contact longer and could have
taken longer to speciate and become more genetically different from each other through unique
mutations. The earlier speciation of E. chloroticus would explain the greater number of genetic
differences in its gene sequences compared to other Echinometridae species, which led to its
distinct place in the phylogenetic trees.
Although separated, E. chloroticus has remained morphologically similar to other
Echinometridae species (McRae, 1959). This could be due to the similar environments the
species share, specifically with the Heliocidaris species off the southern coasts of Australia,
and there had not been pressures for greater morphological difference. E. chloroticus therefore
had remained morphologically similar to species within its family, but had become significantly
different phylogenetically due to its early separation and long period of isolation around New
Zealand.
A comprehensive phylogenetic analysis of the Echinometridae family was limited by the
availability of genome data for large range of sea urchin species. Such a study would be valuable
in uncovering the distant relationships between species within this family. There has also been
an interest in estimating the divergence times for Echinoidea species (Smith et al., 2006), and
a larger study including E. chloroticus would allow the prediction of the time of geographical
isolation of the species. This would be important for increasing our knowledge on the history
of this New Zealand native species.
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Chapter 4 - Gene expression analysis of
E. chloroticus roe
The results presented in this chapter was contributed to by Gareth B Gillard, Daniel J Garama
and Chris M Brown. All bioinformatic analysis was carried out by G. Gillard. D. Garama
contributed to sample collection and RNA extraction of E. chloroticus tissue samples. C. Brown
proposed and supervised the study.
The assembly of a reference transcriptome dataset for E. chloroticus had enabled several
kinds of bioinformatic analysis techniques to be carried out, and the functional annotation of
transcripts allowed the biological interpretation of results. Previous research that involved
molecular analysis of E. chloroticus roe, aimed to characterise the protein differences between
roe showing a difference in the lightness of its colour (Garama, 2010). A new approach of
analysis would be to characterise differences in transcript levels between different coloured E.
chloroticus roe by a differential gene expression analysis.
Differential gene expression analysis is a common application of RNA-Seq data that
looks to identify genes showing significantly different levels of transcript abundance or
expression between different sample types. Reads from RNA-Seq of different samples are
aligned to a reference transcriptome to generate levels of transcript expression in terms of read
counts. These are then used for statistical analysis to identify transcripts that have significantly
different levels of counts between different sample types, using biological replicates to assess
count variance within a sample type. Transcripts that are determined to be statistically
differently expressed between sample types can then be correlated to biological differences
between the sample types. A differential gene expression analysis was carried out between the
roe of different E. chloroticus that expressed different grades of roe colour, from light to dark.
The aim of this analysis was to detect differences in gene expression between different coloured
roe, and relate them to the differences in the roe colour. The results from this analysis would
provide novel data on roe colour quality.
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4.1 Differential gene expression between different
coloured E. chloroticus roe
E. chloroticus used for the differential gene expression experiment were obtained offshore from
Bluff, New Zealand. E. chloroticus were fished and immediately inspected for certain grades
of roe colour (methods section 2.4.1). Roe that matched certain colour grades were frozen in
liquid nitrogen and transported to the University of Otago for use in RNA-Seq. Different colour
grades were selected for analysis that would allow a correlation between the expression levels
of genes and the colour grade of the E. chloroticus roe.

4.1.1 Quality analysis of RNA-Seq data
Libraries (cDNA) were constructed using RNA extracted from the roe of different E.
chloroticus females that showed certain grades of colour. The three grades of colour assessed
were selected to be ‘light’ (yellow), ‘medium’ (brown) and ‘dark’ (dark-brown). Two biological
replicates for each colour grade were used, generating six libraries for RNA-Seq sequencing.
The sequencing generated 49 million pairs of 100 base length paired-end reads. There was an
average of 8.2 million pairs of reads per sample (Table 4.1). The amount of read data was
sufficient in depth for a differential expression analysis.

Table 4.1 - RNA-Seq data results for female roe samples.
Sample

GC%

# of bases

# of read pairs

Light1

44

1.4 G

7,218,282

Light 2

44

1.7 G

8,321,701

Medium 1

46

1.7 G

8,661,360

Medium 2

44

1.7 G

8,528,583

Dark 1

44

1.6 G

8,002,008

Dark 2

43

1.7 G

8,535,493

The FASTQ files of read data were quality assessed (Appendix A.1). The Phred score
distributions across the read lengths showed very high quality sequence data for all FASTQ
files. The distribution of Phred scores at any base did not drop below a score of 20, the minimum
cut-off value that would be used. The exception to this was the presence of N bases at a single
base position around the 50th base in the forward read files. As discussed in the methods section
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2.4.3 this was due to an error during sequencing. The sequence data were of high enough quality
that it was decided to forgo the read processing steps. The N bases would not likely have any
effects on the following analysis. There were no over-represented sequences detected in any of
the FASTQ files, meaning the adapter trimming step could be left out.
In addition to the replicate data, pooled data sets for colour grades had also been obtained
(Table 4.2). The data included three RNA samples which were created by pooling equal
concentrations of RNA from five different individuals that expressed a similar roe colour. The
three pooled samples related to the three different grades of colour; 'light', 'medium' and 'dark'.
The protocol for generating the pooled libraries and the RNA sequencing methods were the
same as for the replicate data. Analysis of the data detected that not all individuals within all
pools were of the same sex, which meant the data could not be used for primary detection of
differentially expressed genes relating to colour differences. Instead the pooled data were used
in a comparison of expression levels of selected genes (differentially expressed genes based on
the differential expression analysis) across the different samples.

Table 4.2 - RNA-Seq data results for pooled female roe samples.
Sample

GC%

# of bases

# of read pairs

# of read pairs after QC

Light pool

49

4.2 G

21,196,991

18,776,789

Medium pool

42

3.2 G

15,971,229

14,509,471

Dark pool

41

3G

14,970,572

13,616,525

The FASTQ files for the pooled read data were quality assessed (Appendix A.1). The
Phred score distributions across read lengths were high, but some bases had quality scores less
than 20 in some reads. There were no N bases present in any of the files. Only the light pooled
read file had over-represented sequences, which were unknown. These were removed from the
light pooled read file using the adapter trimming method. Quality trimming and length filtering
of reads was carried out using a Phred cut-off of 20 and minimum length of 25 nt. This resulted
in an average of 16 million pairs of reads per sample.

4.1.2 Novel transcript assembly
To generate the count data for the differential expression analysis, reads were first aligned to
the reduced transcriptome set previously assembled. The average percentage alignment of reads
from the replicate samples to the transcript set was 70.43%. While there were enough reads
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aligning to carry out further analysis, an attempt was made to improve the number of aligning
reads by assembling a new novel transcript set using the unaligned reads and adding the data to
the analysis.
Reads from each replicate sample that failed to align to the transcript set were combined
together for a de novo transcriptome assembly. The assembly protocol was the same as for the
original transcript set. A total of 14,545,510 reads was used in the assembly and this resulted in
a set of 171,959 novel transcripts, with minimum length of 200 nt. The reads used in the
assembly were aligned back to the novel transcripts with a 36.33% alignment rate. The novel
transcript set was filtered using the same protocol as the original transcript set, using a minimum
isoform percentage of 1% and an increased minimum FPKM value of 10 (for 5.2 million reads
aligning this equated to around 10 times average base coverage.). This reduced the set to 16,928
transcripts, which increased the N50 value from 630 to 1,167 nt (Table 4.3).

Table 4.3 - Novel transcript statistics.

Number of transcripts
N50

Raw transcripts

i1 f10 transcripts

i1 f10 no hits transcripts

171,959

16,928

9,598

630

1,167

1,257

Statistics are shown for the unfiltered dataset (Raw), filtered dataset with isoform percentage
>=1% (i1) and FPKM >=10 (f10), and filtered dataset with no blast hits to original transcripts.

When total reads from the replicate samples were aligned to the new novel transcripts,
the number of reads aligning was far greater than the number of unaligned reads that came from
the sample and was used to generate the novel transcripts. When the unaligned reads from the
light 1 sample that was used for the assembly was aligned to the novel transcripts, 27.02% (0.6
million) of the reads aligned. When all the reads from the light 1 sample were aligned to the
novel transcripts, 58.06% (4.2 million) of the reads aligned. After comparing the most abundant
transcripts from the novel set with the most abundant in the original reference set, it was
discovered that there were novel transcripts that had identical sequence to highly abundant
transcripts in the original set, which gave the unexpected alignment results. To remove nonnovel transcripts, the novel transcripts were searched against the original set and transcripts
with an E-value less than 10-20 and an 80% or more alignment length were removed. This
resulted in a new set of 9,598 novel transcripts with an N50 of 1,257 nt (Table 4.3). The novel
transcripts were added to original transcripts to create the transcript set used for further analysis.
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The reduced novel transcript dataset is available in appendix A.3. Reads from each replicate
sample were aligned to this set to generate the alignment data for read counting. The addition
of the novel transcripts gave an average 4.35% increase in the alignment percentage across the
samples (Table 4.4).

Table 4.4 - Read alignment statistics for roe colour samples.
Sample

Read alignment %

Read alignment %

Increase in %

with novel transcripts
Light 1

68.75

73.02

4.27

Light 2

68.63

73.89

5.26

Medium 1

73.87

76.92

3.05

Medium 2

70.93

75.67

4.74

Dark 1

71.44

75.51

4.07

Dark 2

68.94

73.62

4.68

4.1.3 Most abundant transcripts in female roe
The most abundant transcripts expressed in the female roe were analysed by taking the top 20
most highly expressed transcripts (with the highest FPKM values for their gene components)
from each sample (Appendix A.8) and comparing the FPKM values of each unique transcript
for each of the six female roe samples. The log2 of FPKM values for transcripts were clustered
based on Euclidean distance and displayed as a heatmap (Figure 4.1).
The top 20 transcripts for each female roe sample were very similar, with 37 unique
transcripts. The most highly expressed transcripts in female roe were for transforming growth
factor-beta-induced protein ig-h3, which were consistently the highest for each sample. Most
other abundant transcripts had relatively similar levels of expression, and were mostly
consistent between samples. Transcripts included a lot of ribosomal proteins, and other
important genes encoding cytochrome c oxidase, NADH dehydrogenase, senescenceassociated protein (this transcript was a partial mitochondrial sequence and contained rRNAs
18S and 28S) and ferritin. These transcripts were also seen to be the most abundant in several
tissues from the previous transcriptome analysis (Figure 3.4). There were just a few differences
between the female roe samples. The medium 1 roe sample showed relatively higher FPKM
levels for about half of the transcripts including ribosomal, NADH dehydrogenase, CO, and the
senescence-associated protein transcripts. You could suspect from this that the medium 1
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individual was more transcriptionally active based on gene expression of these core genes.
Other differences included the expression of two ig-h3 transcripts, one of which was not
expressed in the light 2 sample (Echl65113_c0), and one which was expressed at lower levels
in all samples but medium 1 and dark 2 (Echl65113_c1). As there were several different
transcripts for ig-h3, these differences were likely variations in the expression of certain
transcript isoforms between individuals. An interesting transcript was the unannotated
transcript Echl92054_c0. This transcript was one of the most abundant transcripts in the light 1
and light 2 samples, but showed decreased expression in the medium 1 and medium 2 samples
and further decreased expression in the dark 1 and dark 2 samples. This transcript appeared
differentially expressed in the following differential expression analysis between light and dark
roe, and will be discussed further as a transcript possibly correlated to colour differences.

Figure 4.1 - Heatmap of most highly expressed transcripts in female roe samples. Heatmap
showing the log2 FPKM values of most abundant transcripts in all six female roe samples,
including light, medium (med) and dark colour grades. The colour legend shows the log2 FPKM
values each represents. Rows are clustered based on Euclidean distance.
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4.1.4 Differentially expressed genes
A total of 50,819 genes, comprising 84,600 different transcripts were used in the differential
expression analysis. The expected count data for genes were used as input to the statistical
program for expression analysis. Three different comparisons were made between the three
different colour grades; dark against light, dark against medium, and light against medium. This
resulted in lists of genes with logFC, logCPM, p-value and FDR values for each comparison.
Significant genes were selected based on FDR values less than 0.05.
Table 4.5 shows the number of genes detected to have significant differential expression,
as well as numbers of genes up-regulated (positive logFC) or down-regulated (negative logFC)
in the second sample type of the comparison. Overall a small proportion of the total genes
analysed were detected to have significant differential expression. The dark against light
comparison had the greatest number of differentially expressed genes of the three comparisons,
with more than twice the count of light against medium and almost three times that of dark
against medium. With the light and dark samples having the greatest difference in colour grade,
it could be expected to see the greatest difference in gene expression between these sample
types if there are relationships between gene expression and colour.

Table 4.5 - Number of differentially expressed genes for each colour comparison.
Comparison

FDR < 0.05

Up-regulated

Down-regulated

Dark against light

146

59

87

Light against medium

60

40

20

Dark against medium

52

34

18

The differences in regulation (up-regulated / down-regulated) were within the second colour
grade, which was compared against the first.

Figure 4.2 shows the MA plot and volcano plot graphs for the expression results for each
comparison. The dots each represent a different gene and red dots indicate genes with a p-value
less than 0.05. The MA plots show the log2 fold change of genes against the log2 of their count
values. As expected the smaller the counts for a gene the greater the fold changes were, and
conversely genes with the highest counts had small fold changes. The volcano plots show the
inverse log10 of the FDR values against the log2 fold changes. As expected genes with lower
FDR values, indicating greater significance, were associated with greater fold changes.
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Figure 4.2 - Differential expression plots. Expression plots for each colour comparison; (A,
B) dark vs light, (C, D) dark vs medium and (E, F) dark vs light. MA plots (A, C, E) show the
log2 fold change of genes against their log2 count values. Volcano plots (B, D, F) show inverse
log10 FDR values for genes against the log2 fold change. Points in the plots represented a gene
in the analysis, with red dots representing genes with a p-value less than 0.05.
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The MA plots were very similar for each comparison, indicating that the overall count
variation is similar across each of the sample types. The dark against light MA plot (Figure
4.2A) seems to have slightly less logFC variance for genes with logCounts greater than 10. Less
variance in the data could lead to better p-values, which may explain the increased number of
genes detected to be differentially expressed in the dark against light comparison. The volcano
plots for each comparison had a similar distribution pattern. The dark against light comparison
though (Figure 4.2B) had a greater number of genes with low FDR values (above 5 for the 1log10(FDR) values) compared to the other two comparisons. The lower FDR values could be
due to lesser variance in some genes, as observed in the MA plot.
Annotations were assigned to genes using the annotations obtained for transcripts in the
previous functional annotation section. Novel transcripts had been put through the same
annotation process as section 3.2 to provide annotations for novel genes. Lists of genes upregulated and down-regulated for each comparison are shown in appendix C. Each gene had
the most informative annotation from its associated transcript annotations, along with the logFC,
logCPM and FDR values. Gene lists were ordered by the lowest FDR values.

4.1.5 Enrichment of functional terms
A gene set analysis was performed on the results of up-regulated and down-regulated genes for
each colour grade comparison. The annotation data was used to analyse the enrichment of
functional terms within the sets of differentially expressed genes. The representation of terms
within the subsets of significant genes was compared to the representation of terms within the
total set of genes and p-values were assigned to terms based on statistical analysis. Functional
terms that were taken has being significantly enriched had a p-value less than 0.05. Functional
terms analysed included GO terms and InterPro terms.
Table 4.6 shows the number of different GO terms and InterPro terms that were
significantly enriched in the up-regulated and down-regulated sets of genes for each comparison.
Lists of the specific enriched GO and InterPro terms are shown in appendix D for GO terms
and appendix E for InterPro terms.
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Table 4.6 - Counts of enriched functional terms for each comparison.
Comparison

Up-regulated

Down-regulated

Up-regulated

Down-regulated

InterPro terms

InterPro terms

GO terms

GO terms

Dark against light

22

46

40

14

Light against medium

17

16

16

20

Dark against medium

10

9

23

5

The differences in regulation (up-regulated / down-regulated) were within the second colour
grade, which was compared against the first.

4.1.6 Cluster analysis of gene expression profiles
A cluster analysis was performed on the differentially expressed genes to analyse expression
profiles across each of the samples and to assess groups of genes that cluster together based on
similar expression profiles. Genes that were selected for cluster analysis were those that were
differentially expressed in at least one of the comparisons, with a FDR value less than 0.05 and
a logFC greater than 1 or less than -1 (FC > 2 or < -2). To compare expression levels of different
genes across different samples relative counts of expression was used in the form of TMMnormalised FPKM values. The FPKM values of the selected genes for each sample were used
to cluster genes together based on the closeness of their expression profiles, using Euclidian
distance. In addition to the six replicate samples for light, medium and dark sample types, data
from three pooled datasets were used in the cluster analysis. This included a light pool sample,
a medium pool sample, and a dark pool sample. Each pooled sample had equal concentrations
of RNA from the roe of five different individuals, each with the same colour grade.
Figure 4.3 shows the resulting heatmap of the clustered genes. The rows of genes were
clustered together based on their expression across the different samples, and the columns of
samples were clustered together based on the expression values across the different genes. The
hierarchical trees show the distance of similarity of genes or samples. The smaller the distance
between two rows or columns the smaller the Euclidean distance and the closer the similarity.
The tree for the gene clusters was divided into 6 k-mer groups. The coloured bar underneath
the tree shows the groupings that best divide the gene clusters into six different representative
groups. The largest group represented about half of the genes, and seemed to include genes with
lower expression in the light and medium samples and higher expression in dark samples. The
next largest group represented about a third of the genes, and seemed to include genes with
higher expression in the light samples and lower expression in the medium and dark samples.
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Figure 4.3 - Heatmap of clustered genes. TMM-normalised FPKM values across the samples
for genes differentially expressed in at least one comparison. Genes were clustered based on
Euclidean distance and the tree diagrams for clustered samples and genes are shown above and
to the left respectively of the heatmap. Colour key shows a log2 colour scale for FPKM values.
The colour bar for the gene cluster tree shows gene groupings based on a k-means of 6.
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The clustering of the samples showed that the two light replicates and light pooled sample
were the most similar in gene expression. The two medium replicates and medium pooled
sample were clustered together, but did not have as much similarity as the light samples. The
two dark replicates clustered together with similar closeness to that of the light samples, but the
dark pooled unexpectedly did not cluster with the other dark samples. The dark pooled sample
instead was more similar to the medium samples. The medium samples, dark pooled sample,
and light samples were then clustered together before clustering the dark replicate samples. This
showed the dark pooled sample as an outlier in terms of gene expression when compared to the
dark replicates, this result should be taken into consideration when evaluating trends in the
expression profiles of genes.
The tree of gene clusters was split into multiple groupings, genes that shared similar
expression profiles were separated into subclusters. Genes within the subclusters had a branch
height less than 20% of the maximum height of the tree. The average expression levels of genes
within each subcluster was plotted across each sample to evaluate trends in subcluster
expression profiles. Two overall trends were looked for within the subclusters; increasing
expression from light to medium to dark samples, and decreasing expression from light to
medium to dark samples. Analysing genes in subclusters displaying one of the trends could
identify genes that have changes in expression that are related to changes in the colour of the
roe. A total of 12 subclusters displayed a trend of decreasing expression from light to dark
samples (Appendix F.1). A total of 7 subclusters were seen to display a trend of increasing
expression from light to dark (Appendix F.2). Less importance was placed on the expression
levels in the dark pooled sample when analysing the trends due to the dissimilarity observed
for all genes between the dark pooled sample and the dark replicate samples. Annotations for
genes within the different subclusters, along with their relative expression levels across the
different samples, are shown in figure 4.4 for down-regulated genes and figure 4.5 for upregulated genes.
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Figure 4.4 - Down-regulated subclusters. Genes are shown with annotations in subclusters
showing decreasing regulation from light to dark. Centered log2(FPKM+1) values are shown
for each gene across all available samples (light, medium and dark replicates (1, 2) and pooled
(p) samples) and are colour scaled based on maximum and minimum values within a subcluster.
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Figure 4.5 - Up-regulated subclusters. Genes are shown with annotations in subclusters
showing increasing regulation from light to dark. Centered log2(FPKM+1) values are shown
for each gene across all available all available samples (light, medium and dark replicates (1,
2) and pooled (p) samples) and are and colour scaled based on maximum and minimum values
within a subcluster.
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4.2 Discussion
The average alignment of reads was lower than expected when the reads from individuals were
aligned to the previous reference transcript dataset. This indicated that the reference transcript
set of 75,002 transcripts was still incomplete. To improve its coverage some missing transcripts
were reconstructed using the unaligned (novel) reads. While a large number (171,959) of
transcripts were assembled, only a small fraction of these reached cut-offs for abundance
filtering, and did not already have a strong match to a pre-existing transcript. The addition of
the 9,598 new transcripts increased the proportion of reads aligning to the 84,600 transcript
dataset. While many of reads still did not align (23-27%), the alignment percentages were
considered acceptable for the data and appropriate in downstream analysis. Unaligned reads
mainly corresponded to the lowly expressed transcripts that were filtered out. If many of these
reads formed many transcripts with few reads, it would result in a lot of short transcripts with
very low abundance. These transcripts should be removed as they do not have the read coverage
to be reliably accurate, enough expression to be biologically important, and were likely to be
incomplete sequence. There were a lot of reads used in the assembly that failed to align to
assembled transcripts (only 36% of reads aligned), which suggests a lot of the unaligned reads
related to singletons or low coverage sequence. The alignment results were likely to be due to
properties of the RNA sample and RNA-Seq data obtained rather than read processing
techniques. It appears that there was a large amount of background low level expression from
the genome, or perhaps genomic DNA contamination. The depth of sequencing was large
enough that the proportion of reads aligning (average of 6.2 million reads per sample) gave
sufficient read data for further analysis.
The results of accessing the most abundant transcripts between the different samples
showed that the most abundant transcripts within female roe had similar levels of expression in
each of the six roe samples. There were no differences observed in expression that could be
correlated to the colour of the sample. The only differences were higher expression levels of
core transcripts including ribosomal proteins for the medium 1 sample, but levels in the medium
2 sample were consistent with the rest of the samples so the differences in medium 1 were likely
to do with the individual, and not related to the medium colour. Overall, a difference in roe
colour did not correlate with gene expression of abundant transcripts within female roe. This
was perhaps unsurprising as most of these are constitutively expressed genes, such as ribosomal
proteins.
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The differential expression analysis detected over 200 genes significantly differentially
expressed between two sample types. Between sample types with the most similar colour, there
were 60 genes differentially expressed between light and medium, and 52 between medium and
dark coloured roe. This number was almost tripled to 146 between the light and dark samples
which had a greater difference in colour. The fact that there were greater differences between
the sample types that were most different in colour, compared to those less different in colour,
supports a correlation between gene expression and the roe colour. However, the relatively low
number of differentially expressed genes (258 of 50,819 genes) suggested that colour did not
have a significant effect on total gene expression in the roe. Although there was a very
noticeable difference in the roe phenotype between sea urchins with different coloured roe, this
may not be the result of large changes in biological processes within the roe tissue, and therefore
may not present significant differences in gene expression in the roe.
The results of the dark against light roe comparison showed 13 genes relatively highly
expressed in dark roe with high levels of significance (FDR < 10-6) and with 15 highly
significant genes relatively highly expressed in light. Of the genes included in the relatively
highly expressed in dark list, there were serine/threonine kinase (ankyrin repeat and death
domain-containing protein 1b) and phosphatase genes. Several transposon- and pathogenrelated genes such as btb poz domain-containing protein, tcb2 transposase, mobile element
jockey-like, pol-like protein, poliovirus receptor-related protein, dd186 up-regulated upon
bacterial challenge and macrophage mannose receptor-1-like were present. In addition several
metalloproteinase inhibitor genes

as well as a metalloproteinase

were present.

Metalloproteinases are protease enzymes that require a metal, commonly zinc, for activity and
are involved in the regulated degradation of extracellular matrix. The regulation of these
proteins is controlled by the metalloproteinase inhibitors, which bind and inhibit
metalloproteinase function. Metalloproteinase inhibitors have been reported in various marine
organisms (Thomas and Kim, 2010). Of the genes included in the relatively highly expressed
in light list, the most significant gene was to a eukaryotic initiation factor 4a, a protein involved
in gene expression. Several zinc finger proteins (potential transcription factors) were upregulated as well, which suggested changes in the regulation of gene expression had occurred.
As expected, there were fewer genes with significant changes between the closer colour
comparisons, light against medium roe and dark against medium roe, with at most 3 genes upregulated in a sample type with an FDR < 10-6. Zinc finger proteins were also detected upregulated in light compared to medium roe, and in medium compared to dark roe. This
suggested possible gene regulation related to colour difference. A metalloproteinase inhibitor
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gene was also seen up-regulated in medium compared to light roe. Genes up-regulated in dark
roe compared to both medium and light roe included the ankyrin repeat and death domaincontaining protein, macrophage mannose receptor 1, and a gamma-butyrobetaine dioxygenaselike protein. Gamma-butyrobetaine dioxygenase catalyses the biosynthesis of L-carnitine from
gamma-butyrobetaine. Carnitine is an essential fatty acid involved in transport across the
mitochondrial membrane.
How differences in gene expression relate to biological processes can be better
understood by analysing GO and InterPro terms associated with differentially expressed genes
between sample types. Calculating the terms with significant enrichment in differential gene
lists helps to remove common terms that are not significantly associated with the differential
gene sets, and show the terms that are statistically over-represented. When the results for
enriched InterPro terms were compared for each colour comparison there were several domain
types that were up-regulated in more than one colour comparison. Metalloproteinase inhibitor
domains (IPR008993) were over-represented in dark and medium roe samples when compared
to light roe. There was also an over-representation of glutaredoxin domains (IPR014025,
IPR011899, IPR002109) in dark and medium roe compared to light roe, which have antioxidant
properties. Light roe was found to have an over-representation of glutathione S-transferase
domains (IPR004045, IPR004046) compared to both medium and dark roe. These domains help
in the detoxifying of chemicals. Glutathione S-transferase was found to be the most represented
KO term annotated in the transcriptome, with more than 30 transcripts represented. It could be
that differences in expression of certain isoforms are seen between sample types, and not an
overall regulation of this function.
When the results for the enriched GO terms were compared, metalloendopeptidase
inhibitor activity (GO:0008191) was elevated in dark and medium roe when compared to light
roe. Gamma-butryrobetaine dioxygenase activity (GO:0008336) was elevated in dark roe
compared to both light and medium roe. There were more metabolic and biosynthesis processes
shown to be over-represented in light roe when compared to dark roe, such as inositol metabolic
process (GO:0006020), cellular macromolecule biosynthetic process (GO:0034645), cellular
aromatic compound metabolic process (GO:0006725), and fructose metabolic process
(GO:0006695). Cellular macromolecule biosynthetic process was also elevated in light roe
compared to medium roe, and cellular aromatic compound metabolic process was elevated in
medium roe compared to dark roe. Cholesterol biosynthetic process (GO:0006695) was found
elevated in light and medium roe compared to dark roe. There could be a diet difference between
individuals with different colour. Individuals with better food supply and nutrients may have
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increased regulation of genes in these metabolic and biosynthesis pathways, and may relate to
these GO terms seen over-represented in the lighter roe samples when compared to darker roe
samples.
The cluster analysis of genes differentially expressed in at least one comparison produced
many subclusters. Subclusters could be identified and grouped based on a general expression
pattern across sample types. Subclusters that showed a trend in the expression profiles of
decreasing in gene expression from light to dark roe were grouped into one list, and subclusters
showing increasing gene expression from light to dark roe were grouped into another. This
analysis was to identify genes that had increasing or decreasing levels of expression correlated
to the darkening of roe colour. Genes within the same clusters may have related functions.
Subclusters showing decreasing regulation from light to dark roe had more consistent
gene expression levels within sample types and more consistent downwards trends in
expression across sample types. An interesting group of genes is subcluster 7 for the decreasing
clusters (Figure 4.4). There are three genes within this subcluster, two of them have been
annotated as zinc finger proteins, with the third unannotated. The unannotated gene,
Echl92054_c0, has been of interest from previous results. This gene was identified to be within
the top 20 most abundant transcripts in a light sample, and was noted to be the only abundant
gene to show differences in expression between sample types. Having a similar expression
profile to zinc finger proteins, this gene may have also have a regulatory role in gene expression.
Certain families of zinc finger proteins are known to act as transcription factors (e.g. the
Sp1 family (Cook et al., 2006)). Transcription factors regulate gene expression within a cell
(Hobert, 2008). The decreasing the expression of potential transcription factors (e.g. zinc
fingers) seen, may be acting to alter gene expression activity. The GO results showed decreases
in some metabolic processes from light to dark roe, and this could possibly be related to an
availability of food. Individuals with darker roe may be in a situation where food has been
limited, and decreases in regulatory genes may relate to decreases in metabolism. Large shifts
in metabolism though would likely cause greater differences in gene expression, which were
not seen.
A major limitation to biologically interpreting results was the lack of annotation data for
many genes. When automatically annotating tens of thousands of genes for inclusion in
GenBank, a conservative approach was taken. However, many of the specific genes detected to
be differentially expressed between sample types did not have a protein match from the
annotation process. Without annotation data, these genes could not be related to biological
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activities, and did not provide GO terms for the enrichment analysis. Several unannotated genes
had high levels of significance, counts levels, and fold changes. The top 5 genes up-regulated
in dark roe (in the light against dark roe comparison) were unannotated, with FDR < 10-8-10-17,
logCPM > 3 and logFC > 9-11 (Appendix C.1). Transcripts for these genes were put through a
sensitive series of annotation steps which involved BLASTX and BLASTN searches with
reduced cut-off E-values, and to alternative databases such as UniProt. These additional screens
though were still unsuccessful in providing many annotations for these genes. This showed the
current challenges and limitations for analysis of de novo transcripts. It was possible that the
roe colour changes relates to an undiscovered process involving these novel genes. While there
were genes that could be detected to be significantly differentially expressed between the
different sample types, the results showed that gene expression remains mostly consistent
between roe of differing colour.
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Chapter 5 - Conclusions and future directions
5.1 Transcriptome assembly and annotation
The first aim of this project was to assemble a whole transcriptome dataset for the sea urchin
species E. chloroticus using multiple tissues and provide additional functional annotation data
for transcripts. The dataset would help facilitate new transcriptome based approaches to
understanding E. chloroticus biology and aid recent molecular research, including protein and
metabolite analysis, investigating causes of variation in E. chloroticus roe quality.
RNA-Seq of multiple tissues produced reads used in a de novo transcriptome assembly
to produce a high quality dataset of 75,002 transcripts for E. chloroticus, characterising many
expressed transcripts from different tissues. The read data and high quality transcriptome
dataset were submitted to NCBI SRA and TSA databases respectively. The data can be accessed
from the NCBI BioProject [Accession: PRJNA190637]. The transcript dataset was shown to be
of high quality, with successful full-length transcript reconstruction from results of coverage
percentages to S. purpuratus proteins (Figure 3.2), and comprehensive representation of
transcripts from results of core eukaryotic genes represented.
Other studies describing a de novo transcriptome assembly (an example being the
assembly for another New Zealand native species, the tuatara (Miller et al., 2012)), often
included a common method of reducing a transcriptome dataset with many transcripts into a
smaller representative set using similarity clustering on transcripts (typically around 95%). This
approach though does not specifically target the removal of poorly reconstructed transcripts and
has the potential to remove valid isoforms supported by the read data. In the tuatara study the
authors explained they did not require isoform information and wanted only the longest unique
transcripts. In this study though, the aim was to produce the most comprehensive dataset
possible for the E. chloroticus transcriptome, and this should include isoform information.
Having different isoform sequence would also be useful in differential expression studies, as
expression difference between isoforms may be investigated. Instead of clustering, a filtering
method outlined by the Trinity developers (Haas et al., 2013) was chosen, which used
abundance levels for dataset reduction. Isoform filtering removed low abundance isoforms not
supported, while FPKM filtering removed low abundance transcripts with low levels of read
coverage. The annotation of S. purpuratus gene models from a reference based assembly used
several filtering criteria, which included an FPKM filtering method as well to remove false
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reports (Tu et al., 2012). The results showed the successful, targeted removal of many small
transcripts with low abundance (Figure 3.1), maximising the removal of poorly reconstructed
transcripts and retaining as many supported transcripts as possible, and was suggested here as
the optimal method for transcript reduction for de novo assemblies. As more transcriptome
analyses begin to use Trinity and see publications, this approach is expected to become a
standard method involved in post-processing of transcriptome assemblies.
This project provided read data for four specific sample types of E. chloroticus, which
included a male and female sample of roe and coelomic fluid RNA. Having specific RNA-Seq
data for these samples could allow the identification of tissue and sex specific transcript
expression within these sample types (Figure 3.4). There were several other tissue sources
available within sea urchins, and while these were included in the mixed RNA sample, tissue
and sex specific samples could be taken for the gut, spine muscle and water vascular system.
RNA would be extracted using the same RNA extraction method (methods 2.1.2) described in
this study and sequenced using RNA-Seq to produce tissue and sex specific reads. This would
then provide an opportunity to map the reads to the reference transcriptome to profile more
tissue and sex specific transcript expression in the E. chloroticus transcriptome. Samples from
developmental (embryonic) stages, like those used for the S. purpuratus transcriptome (Tu et
al., 2012) would also facilitate the use of this sea urchin in developmental biology studies.
The gut of E. chloroticus could be seen to be host to various parasites. These organisms
were cleaned off the gut wall tissue using fresh sea water during the sample collection stage to
avoid including their RNA in the tissue sample. Some partial ribosomal sequences were still
detected though for a few bacteria species, including Vibrio gallaecicus (Beaz-Hidalgo et al.,
2009) and Vibrio lentus (Macián et al., 2001). Vibrio include pathogenic marine bacteria species
(Tompson et al., 2005), some associated with seafood food poisoning such as Vibrio vulnificus
(Vugia et al., 2013). A possible study extending from transcriptome analysis of E. chloroticus
would be a metagenomic analysis of the sea urchin gut track. Fresh samples would be taken
from the gut track of freshly caught E. chloroticus and would be unwashed to include any
parasites, plant material in the digested diet, and microorganisms like bacteria. The sequencing
of this sample (using RNA-Seq) could then provide read data for the assembly of conserved
genes, such as the 16S ribosomal RNA transcripts, that could be used in similarity searches to
identify and profile the different organisms present in the gut sample. From profiling the sea
urchin gut metagenome, this study could be extended to include different samples from E.
chloroticus with varying roe quality to analyse any potential correlations between pathogen
infection and the quality of roe.
93

The functional annotation of transcripts was carried out using protein similarity and motif
searches to sequence databases. Many transcripts were annotated with high significant E-values
(most > 10-50) to S. purpuratus proteins (Figure 3.3). Transcripts were further annotated with
GO terms (Figure 3.5), InterPro terms (Figure 3.6), EC numbers (Figure 3.7) and KO terms
(Figure 3.8), and the most represented terms in the transcript dataset were analysed. While many
transcripts could be annotated, there were still a lot left with no annotation. The unannotated
dataset was assessed for over representation of repeating sequence (Table 3.5), transcript
redundancy, and nucleotide matches, with none of these able to account for the majority
unannotated transcripts. These novel E. chloroticus transcripts presented an opportunity for the
application of more advanced or sensitive searches to discover novel genes. Specific sequence
searches were used here to data-mine unknown transcripts, like the search used for the
identification of the telomerase non-coding RNA transcript for E. chloroticus (Appendix B).
Many proteins detected in the roe proteomic analysis by Garama (2010) could not be identified,
because there was no matching protein in databases at the time, specifically for a S. purpuratus
protein. There is an opportunity to reanalyse unidentified proteins/peptides in Garama’s study
to predicted proteins from this new transcriptome dataset.
As search methods for identifying non-coding RNA sequence were not available in
automated search programs like BLAST2GO (Götz et al., 2008), new methods would need to
be applied to the transcript dataset to annotate non-coding RNA transcripts. Rfam (Burge et al.,
2012) represents a database of RNA families, including non-coding RNAs, cis-regulatory
elements and self-splicing RNAs. Conserved secondary structures could be used to annotate
sequences better than sequence similarity using covariance modelling. Unannotated transcripts
from the E. chloroticus transcript dataset could be used in a search using BLASTN against the
Rfam database to identify potential non-coding RNAs for E. chloroticus, which could then be
further analysed by corresponding Rfam covariance models.
The data produced in this study, including files for raw and reduced transcript datasets
and functional annotation files were made available online through the project website:
http://mrna.otago.ac.nz/Kina/, which will provide a place for current and future genomic data
for E. chloroticus.
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5.2 Phylogenetic analysis
The second aim of this project was to use the new transcriptome data to carry out a phylogenetic
analysis of E. chloroticus and infer evolutionary relationships. Transcript data for the ND1 and
ND2 genes were used along with data from other related species (from Kinjo et al., 2008) of
the Echinometridae family to construct several phylogenetic trees (Figure 3.9). The results
showed E. chloroticus was a genetically distinct species within its family by not forming any
clades with other Echinometridae species in the ND1-ND2 trees and remaining outside of a
highly supported family level clade. It was concluded from this result that E. chloroticus should
indeed be within its own genus Evechinus.
There were limitations for the phylogenetic analysis that left room for future research.
The sequences for several genes used in phylogenetic analysis were identified for E. chloroticus,
including the ribosomal 18S, 28S, 16S and COI sequences. Phylogenetic analysis was
attempted with these genes, but the results were not useful for interpretation because of low
bootstrap values (< 50%) for most clades in the trees. Limitations were the availability of
sequence data for a lot of sea urchin species, and the truncation of sequences for certain species.
If more sequence data for these genes were obtained for more species another phylogenetic
analysis of E. chloroticus could be carried out using these alternative genes.
The ND1-ND2 sequences were chosen for the Echinometridae family due to their
availability and the reliability of having published results for comparison (Kinjo et al., 2008).
Although most Echinometridae species were included, several species were not represented
(some being novel since the publication). Extra genetic sequence data would be needed for
these species to complete the picture of E. chloroticus relationships to all Echinometridae
family members. Other species that could be sequenced for a complete Echinometridae family
analysis are Caenocentrotus gibbosus, Selenechinus armatus, Zenocentrotus kellersi,
Zenocentrotus paradoxus, and species from Heliocidaris.
Heliocidaris was an important genus in phylogenetic analysis of E. chloroticus, being
geographically the closet species from the Echinometridae family to E. chloroticus and was
morphologically similar (McRae, 1959). The two Heliocidaris species used in the phylogenetic
anlaysis were H. crassipina and H. tuberculata. Roe samples could be obtained for other sea
urchins, including Heliocidaris species H. australiae, H. bajulus, H. robertsi and H.
erythrogramma, and sequenced (either through RNA-seq or targeted sequencing of selected
genes) to obtain sequence data for new species for the ND1 and ND2 genes for inclusion in the
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previous analysis, or data for other ribosomal genes like 16S and 18S. New phylogenetic trees
could be constructed from new sequence alignments of genes. A complete phylogenetic
analysis would then be possible between all Heliocidaris species and Evechinus.
The analysis included two species from each of the two sister families,
Strongylocentrotidae and Toxopneustidae, both belonging with Echinometridae to the same
superfamily Odontophora. E. chloroticus was found to be genetically distinct from its family
members. A possibility could be that E. chloroticus is more closely related to a different family.
This is suggested by E. chloroticus not being included in family level clades and the grouping
of E. chloroticus with S. purpuratus in some trees. As discussed in the introduction, the history
of E. chloroticus includes a point in time where it was placed in the Strongylocentrotidae family,
which includes S. purpuratus, by H. L. Clark in 1925 before being moved to Echinometridae
by Mortensen in 1943 (McRae, 1959). A larger phylogenetic study that includes more species
from the two other sea urchin families would be interesting to see which sea urchin family E.
chloroticus is most phylogenetically related to. This would include sequence data from several
genus from both the Strongylocentrotidae and Toxopneustidae families included in a
phylogenetic analysis, either using the ND1 and ND2 genes or other selected genes.

5.3 Differential expression analysis of different
coloured roe
Using the newly assembled transcriptome data, a differential expression analysis was
undertaken to detect genes that showed different levels of expression in E. chloroticus roe that
showed different qualities of colour. This included duplicate RNA-Seq samples from female E.
chloroticus that showed different grades of roe colour: light, medium or dark. A differential
expression analysis was carried out at the gene level between each of the different colour grades
using RNA-Seq read data. Most genes did not have significant differences in their expression,
with only a small proportion of genes showing differential expression between two different
colour grades (Table 4.5). The GO and InterPro terms were used in a gene set enrichment
analysis to analyse the over-representation of functional terms within differentially expressed
gene sets (Table 4.6). A cluster analysis was carried out using relative expression levels of
genes differentially expressed. Several clusters were identified to show decreasing (Figure 4.4)
or increasing (Figure 4.5) expression that were correlated to the increasing darkness of the roe.
Validation of results from the sequencing data could be carried out in a quantitative PCR
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experiment to compare fold changes for selected genes that were significantly differentially
expressed.
The complete analysis of the differentially expressed genes was limited by annotation
data available for some transcripts. This left opportunities for further transcript annotation
methods to allow better characterisation of the differentially expressed genes detected in this
study. Methods not appropriate or possible for automated annotation could be used. Transcripts
could be searched for sequence matches to specific conserved peptides (like in an enzyme active
site), which could suggest a protein function. These matches may only be to a small region of
the transcript and would otherwise produce a poor E-value (> 10-3) for the entire sequence
match. Regions of sequence could also be analysed for protein folding properties (like
hydrophobic regions or bonding sites) or RNA folds (using programs like LocARNA (Will et
al., 2012)), which could help classify the transcript or encoded protein.
Overall, the majority of gene expression remained consistent between different coloured
roe. A conclusion could be that the colour of the roe does not have a significant effect on gene
expression, or that the regulation of gene expression does not have an effect on roe colour.
There could be other levels of control or interactions at the translation level or protein level that
would not be detected by a transcriptome analysis. The origin of darker pigments may come
from another tissue, such as the gut. The gut tissue of the sea urchin has been shown to be a site
for metabolic processes including carotenoid metabolism (Symonds et al., 2007; Garama et al.,
2012) and the synthesis of major yolk proteins (Unuma et al., 2009). Dark pigments may
originate from processes within the gut tissue before the molecules are transported to the roe.
A possible future study could involve a gene expression analysis of the gut tissue between
different coloured individuals. There may be differences in metabolic processes in the gut
producing dark pigmentation molecules, which are then transported into the roe where they
alter the roe colour.
Two biological replicates were used in this study per sample type. Further RNA-Seq data
of the roe of more individuals that show different colour grades would provide more biological
replication and increased statistical power, giving increased levels of significance to
differentially expressed genes (Rapaport et al., 2013; Liu et al., 2014). This would allow the
selection of genes from the differentially expressed gene lists with the greatest significance
levels, for further analysis. There may be genes present that do have a correlated effect between
their expression levels and the colour of E. chloroticus roe.
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Another study could combine both a gene expression analysis of the gut and roe,
increasing the biological replication for increased statistical power. New E. chloroticus
individuals could be obtained off the southern coast for a new analysis. The individuals should
be chosen as geographically close as possible to limit habitat differences. Roe and gut tissues
would be dissected from female individuals and used for RNA extraction and RNA-Seq.
Between three to five sea urchin individuals could be chosen for different roe colour grades
(light, medium, dark). RNA-Seq read data generated would then be aligned to the reference
transcriptome for E. chloroticus and differential expression in the gut and roe tissues analysed
using the same protocols described in this study, and gene expression changes in the gut and
roe can be correlated with differences in roe colour.
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Appendix A - DVD of data files
File contents of DVD:
A.1_Fastqc_reports/
A.2_Program_command_lines.pdf
A.3_Transcript+protein_dataset_files/
A.4_Functional_annotation_files/
A.5_Transcript_abundance_files/
A.6_RepeatMasker_result_files/
A.7_Phylogeny_alignment_files/
A.8_Female_roe_transcript_abundance_files/
A.9_Differential_expression_result_files/
A.10_PDF_of_thesis.pdf
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Appendix B - E. chloroticus telomerase RNA sequence
alignment
Figure B - E. chloroticus telomerase RNA sequence alignment.
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Figure B - E. chloroticus telomerase RNA sequence alignment. Sequence alignment of E. chloroticus telomerase RNA to S. purpuratus telomerase
RNA was performed in the Geneious program using the Geneious aligner. Conserved sequence is highlighted black. Structural domains are labelled for
the template-pseudoknot (purple) and H/ACA (blue) domains.
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Appendix C - Gene lists for differentially expressed
genes in roe
Table C.1 - Dark against light: dark up-regulated genes list.
Table C.2 - Dark against light: light up-regulated genes list.
Table C.3 - Light against medium: light up-regulated gene list.
Table C.4 - Light against medium: medium up-regulated gene list.
Table C.5 - Dark against medium: dark up-regulated gene list.
Table C.6 - Dark against medium: medium up-regulated gene list.

114

Table C.1 - Dark against light: dark up-regulated genes list.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl80092_c0

---NA---

-11.12

4.56

4.31E-22

7.50E-18

Echl86214_c2

---NA---

-10.18

3.64

7.20E-20

6.26E-16

Echl90902_c0

---NA---

-7.61

3.40

2.70E-17

1.05E-13

novl74254_c0

---NA---

-9.65

3.13

5.23E-16

1.82E-12

novl60366_c0

---NA---

-9.92

3.41

9.35E-13

2.96E-09

Echl60151_c0

---NA---

-8.89

2.42

6.31E-12

1.83E-08

novl73848_c1

---NA--ankyrin repeat and death domain-containing
protein 1b
btb poz domain-containing protein partial

-5.90

3.79

2.06E-11

5.12E-08

-3.68

3.63

1.62E-09

2.97E-06

-6.25

2.10

1.75E-09

3.05E-06

-8.29

1.83

5.44E-09

7.58E-06

-8.31

1.85

7.29E-09

9.40E-06

Echl92738_c2

---NA--serine threonine-protein phosphatase 6
regulatory ankyrin repeat subunit a-like
---NA---

-3.90

3.22

7.02E-09

9.40E-06

novl21829_c0

macrophage mannose receptor 1-like

-8.13

1.69

7.82E-09

9.72E-06

novl68058_c0

---NA---

-7.95

1.54

1.81E-08

2.06E-05

novl73599_c0

---NA---

-4.36

2.98

1.84E-08

2.06E-05

Echl66451_c0

---NA---

-8.09

1.65

3.77E-08

3.76E-05

novl74868_c0

---NA---

-5.99

2.70

3.79E-08

3.76E-05

Echl86411_c4

ring domain

-3.91

3.19

3.77E-08

3.76E-05

Echl84105_c0

---NA---

-2.90

4.88

1.02E-07

9.55E-05

novl74195_c0

btb poz domain-containing protein kctd21

-5.06

1.82

1.19E-07

1.09E-04

novl58202_c0

---NA---

-5.64

1.57

1.75E-07

1.48E-04

Echl76384_c0

cornifelin isoform 1

-3.54

4.01

2.32E-07

1.88E-04

Echl80092_c1

gamma-butyrobetaine dioxygenase-like

-4.95

3.83

6.77E-07

5.01E-04

novl75175_c0

---NA---

-3.32

6.15

1.19E-06

8.60E-04

Echl64036_c0

s-crystallin sl11-like

-3.63

2.93

1.53E-06

1.06E-03

Echl84119_c1

---NA---

-3.69

2.17

1.86E-06

1.27E-03

novl74946_c1

transposable element tcb2 transposase

-2.87

3.11

2.89E-06

1.80E-03

novl69509_c0

---NA---

-3.66

2.31

3.09E-06

1.88E-03

novl26519_c0

---NA---

-7.20

0.90

3.74E-06

2.21E-03

Echl91605_c2

2,4-dienoyl-CoA reductase

-5.32

1.32

3.92E-06

2.28E-03

novl74731_c3

---NA---

-3.13

4.11

4.41E-06

2.48E-03

Echl86214_c9

---NA---

-2.73

3.60

4.41E-06

2.48E-03

novl16952_c0

---NA---

-7.27

0.97

4.76E-06

2.63E-03

novl158750_c0

-5.87

1.80

5.09E-06

2.77E-03

-3.43

4.33

5.66E-06

2.98E-03

-3.20

3.27

5.78E-06

3.00E-03

-3.46

3.06

5.95E-06

3.05E-03

-3.14

2.75

7.02E-06

3.54E-03

Echl86605_c0

---NA--rna-directed dna polymerase from mobile
element jockey-like
von willebrand factor type egf and pentraxin
domain-containing protein 1- partial
---NA--nucleoside diphosphate-linked moiety x motif
17
ankyrin repeat-containing protein

-3.89

2.36

8.23E-06

4.00E-03

novl64093_c0

---NA---

-7.22

0.94

8.59E-06

4.09E-03

Echl86621_c0

protein kinase c inhibitor aswz variant 5

-2.44

5.75

1.12E-05

5.21E-03

Echl81952_c0
Echl90426_c1
novl73402_c0
Echl77745_c0

Echl90630_c1
Echl84697_c2
novl74935_c0
Echl78652_c0
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Table C.1 - Dark against light: dark up-regulated genes list continued.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl70754_c0

---NA---

-7.25

0.97

1.18E-05

5.41E-03

novl60366_c2

-7.41

1.11

1.24E-05

5.58E-03

-7.02

11.39

1.26E-05

5.58E-03

-2.89

5.07

1.27E-05

5.58E-03

novl73508_c0

---NA--transforming growth factor-beta-induced
protein ig-h3
PREDICTED: uncharacterized protein
LOC754291
60s ribosomal protein l19-like

-4.90

8.66

1.41E-05

6.06E-03

Echl87656_c0

type i iodothyronine deiodinase-like

-3.55

2.80

1.53E-05

6.51E-03

novl75408_c1

-5.01

1.02

1.61E-05

6.65E-03

-4.56

1.36

1.61E-05

6.65E-03

novl69653_c0

---NA--a disintegrin and metalloproteinase with
thrombospondin motifs 7-like
---NA---

-3.72

1.97

2.00E-05

7.99E-03

Echl92486_c2

---NA---

-11.09

4.52

2.07E-05

8.19E-03

Echl74810_c0

---NA---

-2.13

7.91

2.26E-05

8.83E-03

Echl79630_c1

dd186 upregulated upon bacterial challenge

-2.95

2.34

2.40E-05

9.28E-03

Echl49047_c0

---NA---

-3.76

2.10

2.43E-05

9.29E-03

Echl89746_c3

---NA---

-4.73

2.32

2.47E-05

9.35E-03

novl71134_c0

-6.91

0.65

2.51E-05

9.41E-03

-4.95

1.01

2.74E-05

1.02E-02

novl66096_c0

---NA--PREDICTED: uncharacterized protein
LOC583513
---NA---

-7.06

0.81

2.83E-05

1.03E-02

Echl85836_c1

poliovirus receptor-related protein 1- partial

-3.79

2.06

2.83E-05

1.03E-02

novl158435_c0

-6.81

0.59

3.15E-05

1.12E-02

-2.40

3.41

3.16E-05

1.12E-02

Echl62428_c0

---NA--PREDICTED: uncharacterized protein
LOC583539
---NA---

-2.56

4.30

3.76E-05

1.32E-02

Echl75015_c0

---NA---

-4.37

1.27

4.51E-05

1.50E-02

novl71851_c0

---NA---

-2.69

2.42

4.41E-05

1.50E-02

Echl87607_c0

pol-like protein

-2.37

5.29

4.54E-05

1.50E-02

Echl85512_c1

---NA---

-2.52

2.73

5.65E-05

1.84E-02

novl67337_c0

metalloproteinase inhibitor 3-like

-2.65

2.37

6.07E-05

1.96E-02

novl24028_c0

-4.30

1.18

6.42E-05

2.03E-02

-2.92

2.35

7.31E-05

2.23E-02

-9.00

2.56

8.30E-05

2.51E-02

Echl69448_c0

---NA--1-aminocyclopropane-1-carboxylate
deaminase-like
ectonucleotide pyrophosphatase
phosphodiesterase family member 5
glucose-6-phosphate 1-epimerase-like

-2.51

3.69

8.47E-05

2.54E-02

novl75029_c0

glucose-6-phosphate 1-epimerase-like

-3.58

2.84

8.67E-05

2.58E-02

novl44898_c0

predicted protein

-4.91

1.68

8.94E-05

2.64E-02

Echl89881_c2

metalloproteinase inhibitor

-4.14

1.04

1.07E-04

3.08E-02

Echl82861_c0

-4.65

0.75

1.08E-04

3.09E-02

-6.84

0.58

1.12E-04

3.17E-02

Echl59355_c0

poliovirus receptor-related protein 1- partial
serine threonine-protein phosphatase 6
regulatory ankyrin repeat subunit a-like
---NA---

-2.95

2.15

1.20E-04

3.38E-02

Echl53054_c0

beta- -galactosyltransferase 1-like

-8.94

2.40

1.34E-04

3.55E-02

novl75950_c0

---NA---

-2.46

2.80

1.37E-04

3.61E-02

Echl85738_c0

---NA---

-2.13

3.23

1.42E-04

3.73E-02

Echl65113_c1
Echl80039_c0

Echl94028_c0

Echl79494_c0

Echl79318_c0

Echl80152_c0
novl25424_c0

novl66462_c0
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Table C.1 - Dark against light: dark up-regulated genes list continued.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl88739_c0

interferon regulatory factor 2

-2.68

4.55

1.50E-04

3.89E-02

Echl84262_c0

---NA---

-4.82

3.45

1.61E-04

4.08E-02

Echl78361_c0

superoxide dismutase isoform c

-3.71

1.18

1.60E-04

4.08E-02

Echl74335_c0

---NA---

-6.51

0.34

1.67E-04

4.21E-02

novl67980_c0

---NA---

-7.48

1.20

1.84E-04

4.47E-02

Echl88750_c1

---NA---

-6.46

0.33

1.97E-04

4.70E-02

Echl87946_c0

lrr and pyd domains-containing protein 3-like

-6.42

0.29

1.97E-04

4.70E-02

logFC

logCPM

PValue

FDR

Table C.2 - Dark against light: light up-regulated genes list
Gene ID

Annotation

Echl81675_c2

eukaryotic initiation factor 4a

8.79

7.23

3.20E-26

1.12E-21

Echl77350_c0

---NA---

11.27

4.72

2.22E-21

2.58E-17

novl43247_c0

hypothetical protein BRAFLDRAFT_105240

10.59

4.06

1.06E-18

7.35E-15

Echl474693_c0

hypothetical protein BRAFLDRAFT_105240

10.62

4.09

2.36E-18

1.37E-14

Echl92054_c0

---NA---

5.31

9.84

6.18E-18

3.07E-14

novl66422_c0

zinc finger protein 271

9.86

3.34

8.41E-18

3.66E-14

novl72619_c0

---NA---

4.06

5.19

7.70E-12

2.06E-08

Echl72967_c0

---NA---

5.34

3.00

7.30E-11

1.69E-07

novl75020_c0

---NA---

8.89

2.43

1.43E-10

3.12E-07

novl60182_c0

---NA---

8.95

2.49

1.68E-10

3.43E-07

Echl88069_c0

triosephosphate isomerase

3.67

4.59

4.13E-10

7.98E-07

Echl90338_c0

3.53

4.94

2.16E-09

3.38E-06

4.53

2.77

2.16E-09

3.38E-06

Echl92596_c3

dimethylglycine mitochondrial
hypothetical protein CAPTEDRAFT_81808,
partial
---NA---

5.24

8.29

2.23E-09

3.38E-06

novl68796_c0

---NA---

8.16

1.74

3.09E-09

4.48E-06

novl68538_c0

---NA---

8.09

1.68

9.22E-09

1.11E-05

novl68351_c0

---NA---

8.12

1.69

3.04E-08

3.31E-05

Echl81809_c0

---NA---

7.88

1.50

4.54E-08

4.39E-05

Echl92596_c1

---NA---

3.41

6.74

1.32E-07

1.18E-04

Echl80147_c0

---NA---

7.69

1.33

1.52E-07

1.32E-04

Echl190817_c0

hypothetical protein BRAFLDRAFT_78436

8.23

1.78

1.81E-07

1.50E-04

Echl73420_c0

---NA---

8.17

1.73

2.80E-07

2.21E-04

Echl35299_c0

chromosome 16 open reading frame 78

3.86

2.35

3.45E-07

2.66E-04

novl44677_c0

secreted frizzled-related protein 2-like

7.62

1.27

3.82E-07

2.89E-04

novl77316_c1

zinc finger

3.50

8.54

1.38E-06

9.80E-04

novl42694_c0

---NA---

8.20

1.81

1.97E-06

1.32E-03

Echl75683_c0

fibrillin-1-like isoform 1

7.34

1.03

2.06E-06

1.35E-03

novl74581_c0

deleted in malignant brain tumors 1

3.29

5.90

2.30E-06

1.48E-03

novl76411_c0

tyrosine kinase receptor cad96ca-like

3.88

4.16

2.60E-06

1.64E-03

novl75112_c1

---NA---

4.17

5.74

3.15E-06

1.89E-03

novl74987_c0

---NA---

2.45

4.42

5.18E-06

2.77E-03

novl73295_c0
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Table C.2 - Dark against light: light up-regulated genes list continued.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

novl73895_c0

squalene monooxygenase

3.98

2.30

7.33E-06

3.64E-03

Echl73163_c1

tubulin beta-2c chain

2.24

6.35

8.28E-06

4.00E-03

Echl60503_c0

---NA---

7.21

0.94

9.71E-06

4.57E-03

Echl81473_c0

---NA---

4.55

1.40

1.30E-05

5.65E-03

novl75794_c2

s-crystallin sl11-like

4.45

7.86

1.82E-05

7.46E-03

Echl54498_c0

---NA---

4.05

2.08

2.00E-05

7.99E-03

novl23846_c0

---NA---

4.77

0.85

4.16E-05

1.44E-02

novl53613_c0

---NA---

6.79

0.59

4.18E-05

1.44E-02

Echl84457_c0

aspartate aminotransferase

2.39

2.87

4.45E-05

1.50E-02

novl185542_c0

ras-like protein 2-like

3.97

2.28

5.64E-05

1.84E-02

novl105121_c0

---NA---

3.47

1.59

6.12E-05

1.96E-02

novl75465_c2

p2x purinoceptor 7-like

3.69

1.83

6.74E-05

2.11E-02

novl70720_c0

---NA---

3.81

1.29

6.87E-05

2.13E-02

Echl89327_c1

---NA---

3.96

2.43

7.04E-05

2.17E-02

Echl88654_c3

---NA---

6.77

0.59

9.87E-05

2.89E-02

Echl81382_c0

3.71

1.18

1.02E-04

2.96E-02

2.20

3.13

1.22E-04

3.38E-02

novl75039_c0

---NA--peptidase inhibitor 16 / 39s ribosomal protein
mitochondrial
zinc finger protein 271

2.43

2.53

1.31E-04

3.55E-02

novl71581_c0

---NA---

4.71

0.79

1.32E-04

3.55E-02

novl73288_c0

---NA---

4.92

1.02

1.33E-04

3.55E-02

Echl332203_c0

---NA---

6.55

0.39

1.33E-04

3.55E-02

Echl52026_c1

---NA---

8.77

2.35

1.30E-04

3.55E-02

Echl83126_c2

isoform e
cleavage and polyadenylation specificity
factor subunit 1
---NA---

2.11

4.86

1.52E-04

3.91E-02

2.05

6.12

1.72E-04

4.24E-02

2.13

3.44

1.71E-04

4.24E-02

---NA--PREDICTED: uncharacterized protein
LOC100891607
---NA---

6.76

0.53

1.71E-04

4.24E-02

3.47

3.54

1.80E-04

4.41E-02

4.77

0.90

1.93E-04

4.67E-02

Echl90210_c0

Echl92470_c0
Echl81764_c0
novl74508_c0
novl73144_c0
Echl77438_c0

Table C.3 - Light against medium: light up-regulated gene list.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

novl66422_c0

zinc finger protein

-9.71

3.17

2.22E-13

6.78E-09

Echl72967_c0

---NA---

-6.89

2.81

4.78E-11

3.26E-07

novl23879_c0

-4.50

2.84

6.60E-08

1.73E-04

-4.42

3.00

5.77E-08

1.73E-04

Echl83126_c0

multidrug resistance-associated protein 5-like
PREDICTED: uncharacterized protein
LOC100893299
nuclease harbi1-like

-3.94

4.40

1.09E-07

2.64E-04

novl67260_c0

---NA---

-8.11

1.70

1.36E-07

3.09E-04

Echl92054_c0

---NA---

-3.60

9.69

1.71E-06

2.53E-03

novl65127_c0

---NA---

-7.67

4.30

8.55E-06

1.03E-02

novl75873_c1
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Table C.3 - Light against medium: light up-regulated gene list continued.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl35299_c0

chromosome 16 open reading frame 78

-3.89

2.19

1.02E-05

1.15E-02

novl185542_c0

ras-like protein 2-like

-5.17

2.08

1.19E-05

1.27E-02

novl77316_c1

zinc finger

-3.22

8.34

2.79E-05

2.38E-02

novl75290_c0

---NA---

-2.84

3.55

3.27E-05

2.59E-02

novl37960_c0

---NA---

-11.25

4.65

3.51E-05

2.66E-02

novl68351_c0

---NA---

-4.62

1.60

4.38E-05

3.04E-02

Echl86417_c0

---NA---

-3.93

2.31

6.15E-05

3.94E-02

Echl86016_c1

zgc:174877 protein

-4.51

5.00

7.01E-05

4.34E-02

Echl75619_c0

equilibrative nucleoside transporter 1-like

-4.30

1.27

7.26E-05

4.34E-02

novl72619_c0

---NA---

-2.65

5.10

7.18E-05

4.34E-02

Echl87412_c0

glutathione s-transferase 3-like protein

-2.74

3.79

8.00E-05

4.62E-02

Table C.4 - Light against medium: medium up-regulated gene list.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl92486_c2

---NA---

12.21

5.57

3.98E-13

6.78E-09

novl73508_c0

60s ribosomal protein l19-like

6.74

10.23

2.02E-12

2.29E-08

Echl86214_c2

---NA---

9.70

3.09

1.02E-11

8.65E-08

novl58824_c0

---NA---

8.67

2.00

3.26E-09

1.85E-05

Echl38792_c0

---NA---

5.04

2.39

1.68E-08

8.20E-05

Echl80304_c0

---NA---

4.48

5.36

2.03E-08

8.63E-05

Echl89508_c0

---NA---

5.50

1.95

2.86E-08

1.08E-04

novl73848_c1

---NA---

5.08

2.66

4.25E-08

1.45E-04

Echl49047_c0

---NA---

5.01

2.90

6.54E-08

1.73E-04

Echl71593_c0

zinc finger protein

3.58

6.23

1.68E-07

3.58E-04

novl74868_c0

---NA---

5.23

1.68

2.18E-07

4.36E-04

Echl100225_c0

---NA---

8.98

2.45

4.07E-07

7.70E-04

Echl71841_c0

---NA---

8.46

1.71

6.19E-07

1.11E-03

novl66884_c0

5.97

1.64

7.40E-07

1.26E-03

6.71

2.13

8.73E-07

1.42E-03

Echl86411_c4

---NA--PREDICTED: uncharacterized protein
LOC752525
ring domain

4.13

3.08

1.15E-06

1.79E-03

novl57931_c0

---NA---

6.07

1.58

2.30E-06

3.26E-03

Echl89482_c1

cadherin 96ca

4.51

3.54

2.76E-06

3.77E-03

novl70497_c0

---NA---

7.85

1.17

4.53E-06

5.93E-03

novl67337_c0

metalloproteinase inhibitor 3-like

3.88

3.22

5.61E-06

7.08E-03

novl71221_c0

---NA---

7.38

0.86

8.79E-06

1.03E-02

novl68058_c0

---NA---

7.72

1.05

1.06E-05

1.16E-02

Echl71988_c0

---NA---

5.15

3.00

1.27E-05

1.31E-02

novl76428_c1

---NA---

8.59

1.77

1.69E-05

1.69E-02

novl67520_c0

---NA--transforming growth factor-beta-induced
protein ig-h3
sodium myo-inositol cotransporter 2

3.12

4.26

2.07E-05

2.02E-02

7.69

11.82

2.19E-05

2.08E-02

5.30

4.45

2.46E-05

2.26E-02

Echl62890_c0

Echl65113_c1
Echl88966_c1
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Table C.4 - Light against medium: medium up-regulated gene list continued.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl91605_c2

2,4-dienoyl-CoA reductase

5.44

1.07

2.57E-05

2.30E-02

Echl66451_c0

---NA---

7.16

0.70

2.72E-05

2.38E-02

Echl89827_c2

aggrecan core

4.30

6.41

2.92E-05

2.42E-02

novl64579_c0

---NA---

8.00

1.23

3.26E-05

2.59E-02

novl72088_c1

c-type lectin domain family 10 member a-like

8.37

5.72

3.37E-05

2.61E-02

Echl70754_c0

7.23

0.67

3.95E-05

2.91E-02

3.69

1.72

4.01E-05

2.91E-02

Echl85512_c1

---NA--PREDICTED: uncharacterized protein
LOC100894105
---NA---

3.02

2.85

4.31E-05

3.04E-02

Echl65806_c0

---NA---

7.07

0.65

4.88E-05

3.33E-02

novl47089_c0

7.10

0.58

5.62E-05

3.75E-02

7.00

0.55

6.13E-05

3.94E-02

Echl90902_c0

---NA--neurogenic locus notch homolog protein 1like
---NA---

6.49

2.24

6.24E-05

3.94E-02

novl138684_c0

---NA---

4.39

0.98

7.84E-05

4.61E-02

novl68341_c0

Echl53610_c0

Table C.5 - Dark against medium: dark up-regulated gene list.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

novl74254_c0

-9.49

2.89

8.86E-12

3.00E-07

-5.87

4.28

2.02E-11

3.00E-07

novl60366_c0

---NA--PREDICTED: uncharacterized protein
LOC100893299
---NA---

-9.76

3.17

3.45E-10

2.37E-06

Echl80984_c0

---NA---

-8.63

2.12

4.85E-08

1.64E-04

novl71288_c1

-8.34

1.82

7.66E-08

2.02E-04

-4.19

3.34

1.01E-07

2.32E-04

novl21829_c0

---NA--ankyrin repeat and death domain-containing
protein 1b
macrophage mannose receptor 1-like

-7.97

1.50

5.03E-07

1.01E-03

novl58202_c0

---NA---

-7.80

1.35

1.07E-06

1.75E-03

novl76933_c0

polehole-like protein

-3.24

5.79

3.53E-06

5.05E-03

Echl81113_c0

-3.26

5.72

4.53E-06

5.75E-03

-7.53

1.14

5.85E-06

6.92E-03

Echl80092_c1

glipr1-like protein 1-like
PREDICTED: uncharacterized protein
LOC583539
gamma-butyrobetaine dioxygenase-like

-4.89

3.57

6.47E-06

7.39E-03

novl67260_c0

---NA---

-7.73

1.28

8.13E-06

8.99E-03

Echl75015_c0

---NA---

-7.39

1.04

1.92E-05

1.86E-02

novl24028_c0

---NA---

-7.32

0.94

2.06E-05

1.86E-02

Echl88882_c1

---NA---

-7.69

1.31

3.09E-05

2.53E-02

novl68609_c0

---NA---

-7.03

0.72

4.68E-05

3.42E-02

novl69757_c0

deleted in malignant brain tumors 1

-3.12

4.04

6.29E-05

4.40E-02

novl75873_c1

Echl81952_c0

novl23277_c0
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Table C.6 - Dark against medium: medium up-regulated gene list.
Gene ID

Annotation

logFC

logCPM

PValue

FDR

Echl80304_c0

---NA---

5.71

5.26

2.62E-11

3.00E-07

Echl52026_c1

---NA---

10.31

3.53

5.87E-11

5.03E-07

Echl73420_c0

---NA---

9.52

2.73

9.22E-10

5.27E-06

novl58824_c0

---NA---

8.66

1.93

8.55E-09

4.19E-05

Echl81809_c0

---NA---

8.49

1.84

1.84E-08

7.88E-05

Echl77350_c0

---NA---

8.82

2.21

3.88E-08

1.48E-04

novl70053_c0

polycystic kidney disease protein-like

6.45

2.03

5.31E-08

1.64E-04

Echl82910_c1

---NA---

4.15

3.69

5.75E-08

1.64E-04

Echl89508_c0

---NA---

6.31

1.87

9.58E-08

2.32E-04

Echl80957_c0

---NA---

6.20

2.63

3.77E-07

8.07E-04

Echl474693_c0

hypothetical protein BRAFLDRAFT_105240

8.31

1.74

7.98E-07

1.44E-03

novl77096_c0

---NA---

7.90

1.29

7.65E-07

1.44E-03

Echl86138_c2

---NA---

8.27

1.71

8.92E-07

1.53E-03

Echl71593_c0

zinc finger protein

3.33

6.18

1.15E-06

1.79E-03

Echl71988_c0

---NA---

5.20

2.93

1.72E-06

2.57E-03

novl65779_c0

---NA---

7.62

1.01

3.68E-06

5.05E-03

novl72431_c0

---NA---

5.01

2.01

4.38E-06

5.75E-03

Echl81646_c0

---NA---

3.56

3.76

5.37E-06

6.57E-03

Echl88966_c1

sodium myo-inositol cotransporter 2

6.04

4.38

9.68E-06

1.04E-02

Echl89482_c1

cadherin 96ca

4.46

3.48

1.14E-05

1.19E-02

novl43247_c0

8.06

1.55

1.21E-05

1.22E-02

5.27

2.10

2.06E-05

1.86E-02

4.42

4.09

2.02E-05

1.86E-02

novl74508_c0

hypothetical protein BRAFLDRAFT_105240
PREDICTED: uncharacterized protein
LOC752525
PREDICTED: uncharacterized protein
LOC100891607
---NA---

7.26

0.69

2.37E-05

2.08E-02

novl74987_c0

---NA---

3.66

5.14

2.79E-05

2.39E-02

Echl92596_c3

5.38

8.12

3.10E-05

2.53E-02

4.32

1.78

3.27E-05

2.61E-02

novl64579_c0

---NA--1,2-dihydroxy-3-keto-5-methylthiopentene
dioxygenase-like
---NA---

7.99

1.17

4.02E-05

3.13E-02

novl74690_c1

---NA---

4.07

1.80

4.28E-05

3.26E-02

novl64490_c0

predicted protein

7.61

0.87

4.48E-05

3.34E-02

Echl69290_c0

---NA---

3.93

2.01

5.00E-05

3.57E-02

novl73895_c0

squalene monooxygenase

4.03

1.98

6.41E-05

4.40E-02

novl73248_c0

---NA--PREDICTED: uncharacterized protein
LOC100888474

3.63

5.82

6.87E-05

4.62E-02

7.35

0.68

7.41E-05

4.89E-02

Echl62890_c0
novl73144_c0

Echl82390_c0

Echl64199_c0
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Appendix D - Lists of GO terms enriched in the
differential gene sets
Table D.1 - Dark against light: dark over-represented GO terms list.
Table D.2 - Dark against light: light over-represented GO terms list.
Table D.3 - Light against medium: light over-represented GO terms
list.
Table D.4 - Light against medium: medium over-represented GO
terms list.
Table D.5 - Dark against medium: dark over-represented GO terms
list.
Table D.6 - Dark against medium: medium over-represented GO
terms list.
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Molecular function

Biological
Process

Table D.1 - Dark against light: dark over-represented GO terms list.
Overrepresented
p-value

GO ID

Description

GO:0060337

type I interferon-mediated signaling pathway

4.16E-03

GO:0060333

interferon-gamma-mediated signaling pathway

6.24E-03

GO:0009650

UV protection

1.13E-02

GO:0006801

superoxide metabolic process

1.81E-02

GO:0009607

response to biotic stimulus

2.27E-02

GO:0008191

metalloendopeptidase inhibitor activity

2.77E-04

GO:0008336

gamma-butyrobetaine dioxygenase activity

3.55E-03

GO:0000975

regulatory region DNA binding

8.31E-03

GO:0004784

superoxide dismutase activity

1.01E-02

GO:0004803

transposase activity

1.42E-02

GO:0030246

carbohydrate binding

1.94E-02

GO:0008378

galactosyltransferase activity

2.79E-02

GO:0016853

isomerase activity

3.98E-02

GO:0003824

catalytic activity

4.48E-02

Table D.2 - Dark against light: light over-represented GO terms list.
OverGO ID

Description

represented

Biological Process

p-value
GO:0030705

cytoskeleton-dependent intracellular transport

4.78E-03

GO:0006968

cellular defense response

5.35E-03

GO:0006020

inositol metabolic process

7.67E-03

GO:0042267

natural killer cell mediated cytotoxicity

8.41E-03

GO:0006379

mRNA cleavage

1.16E-02

GO:0034645

cellular macromolecule biosynthetic process

1.20E-02

GO:0006725

cellular aromatic compound metabolic process

1.47E-02

GO:0030182

neuron differentiation

1.68E-02

GO:0000289

nuclear-transcribed mRNA poly(A) tail shortening

1.95E-02

GO:0015976

carbon utilization

1.98E-02

GO:0006378

mRNA polyadenylation

1.98E-02

GO:0051084

'de novo' posttranslational protein folding

2.26E-02

GO:0006000

fructose metabolic process

2.74E-02

GO:0006695

cholesterol biosynthetic process

2.77E-02

GO:0051225

spindle assembly

2.89E-02

GO:0006013

mannose metabolic process

3.14E-02

GO:0007165

signal transduction

3.55E-02
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Table D.2 - Dark against light: light over-represented GO terms list continued.
OverGO ID

Description

represented

Molecular Function

Biological Process

p-value
GO:0006098

pentose-phosphate shunt

3.64E-02

GO:0006369

termination of RNA polymerase II transcription

3.65E-02

GO:0006406

mRNA export from nucleus

3.65E-02

GO:0051258

protein polymerization

3.86E-02

GO:0006096

glycolysis

3.90E-02

GO:0001764

neuron migration

3.95E-02

GO:0019221

cytokine-mediated signaling pathway

4.07E-02

GO:0010033

response to organic substance

4.68E-02

GO:0047865

dimethylglycine dehydrogenase activity

1.34E-03

GO:0004506

squalene monooxygenase activity

2.64E-03

GO:0004807

triose-phosphate isomerase activity

2.68E-03

GO:0050660

flavin adenine dinucleotide binding

4.91E-03

GO:0005542

folic acid binding

8.02E-03

GO:0042288

MHC class I protein binding

8.40E-03

GO:0015450

P-P-bond-hydrolysis-driven protein transmembrane transporter
activity

1.06E-02

GO:0003730

mRNA 3'-UTR binding

1.73E-02

GO:0042277

peptide binding

3.04E-02

Table D.3 - Light against medium: light over-represented GO terms list.
OverGO ID

Description

represented

Biological Process

p-value
GO:0009635

response to herbicide

2.00E-03

GO:0071285

cellular response to lithium ion

2.01E-03

GO:0015858

nucleoside transport

2.07E-03

GO:0035094

response to nicotine

2.85E-03

GO:0034645

cellular macromolecule biosynthetic process

3.78E-03

GO:0010043

response to zinc ion

5.35E-03

GO:0090304

nucleic acid metabolic process

1.09E-02

GO:0006805

xenobiotic metabolic process

1.20E-02

GO:0006749

glutathione metabolic process

1.25E-02

GO:0044260

cellular macromolecule metabolic process

2.20E-02

GO:0006259

DNA metabolic process

2.36E-02
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Table D.3 Light against medium – light over-represented GO terms list continued.
OverGO ID

Description

represented
p-value

Molecular Function

Biological
Process

GO:0015074

DNA integration

2.66E-02

GO:0006200

ATP catabolic process

4.79E-02

GO:0005337

nucleoside transmembrane transporter activity

2.12E-03

GO:0043295

glutathione binding

2.40E-03

GO:0004364

glutathione transferase activity

4.82E-03

GO:0042626
GO:0008144

ATPase activity, coupled to transmembrane movement of
substances
drug binding

7.44E-03
1.49E-02

Table D.4 - Light against medium: medium over-represented GO terms list.
OverGO ID

Description

represented

Molecular
Function

Biological Process

p-value
GO:0070857

regulation of bile acid biosynthetic process

1.76E-03

GO:0010715

regulation of extracellular matrix disassembly

2.63E-03

GO:2000573

positive regulation of DNA biosynthetic process

2.63E-03

GO:0048554

positive regulation of metalloenzyme activity

3.51E-03

GO:0007498

mesoderm development

8.75E-03

GO:0045862

positive regulation of proteolysis

8.75E-03

GO:0018108

peptidyl-tyrosine phosphorylation

1.54E-02

GO:0070374

positive regulation of ERK1 and ERK2 cascade

1.77E-02

GO:0008543

fibroblast growth factor receptor signalling pathway

3.99E-02

GO:0045454

cell redox homeostasis

4.00E-02

GO:0016477

cell migration

4.47E-02

GO:0005007

fibroblast growth factor-activated receptor activity

4.39E-03

GO:0017134

fibroblast growth factor binding

7.88E-03

GO:0008201

heparin binding

1.03E-02

GO:0008191

metalloendopeptidase inhibitor activity

1.05E-02

GO:0015035

protein disulfide oxidoreductase activity

2.39E-02
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Table D.5 - Dark against medium: dark over-represented GO terms list.

Biological
Process
Molecular
Function

Overrepresented
p-value
1.44E-02

GO ID

Description

GO:0044710

single-organism metabolic process

GO:0006554

lysine catabolic process

1.48E-02

GO:0008336

gamma-butyrobetaine dioxygenase activity

6.80E-04

GO:0005044

scavenger receptor activity

4.02E-02

GO:0030246

carbohydrate binding

4.07E-02

Molecular
Function

Biological Process

Table D.6 - Dark against medium: medium over-represented GO terms list.
Overrepresented
p-value

GO ID

Description

GO:0070857

regulation of bile acid biosynthetic process

GO:0010715

regulation of extracellular matrix disassembly

2.41E-03

GO:2000573

positive regulation of DNA biosynthetic process

2.41E-03

GO:0048554

positive regulation of metalloenzyme activity

3.20E-03

GO:0006595

polyamine metabolic process

3.94E-03

GO:0019509

L-methionine salvage from methylthioadenosine

6.28E-03

GO:0007498

mesoderm development

8.01E-03

GO:0045862

positive regulation of proteolysis

8.01E-03

GO:0006725

cellular aromatic compound metabolic process

8.79E-03

GO:0018108

peptidyl-tyrosine phosphorylation

1.39E-02

GO:0070374

positive regulation of ERK1 and ERK2 cascade

1.58E-02

GO:0006695

cholesterol biosynthetic process

1.65E-02

GO:0010033

response to organic substance

2.78E-02

GO:0008543

fibroblast growth factor receptor signalling pathway

3.60E-02

GO:0016477

cell migration

4.07E-02

GO:0010309

acireductone dioxygenase [iron(II)-requiring] activity

1.46E-03

GO:0004506

squalene monooxygenase activity

1.49E-03

GO:0005007

fibroblast growth factor-activated receptor activity

4.02E-03

GO:0017134

fibroblast growth factor binding

7.21E-03

GO:0008201

heparin binding

9.24E-03
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1.61E-03

Appendix E - List of InterPro terms enriched in
differential gene sets
Table E.1 - Dark against light: dark over-represented InterPro terms
list.
Table E.2 - Dark against light: light over-represented InterPro terms
list.
Table E.3 - Light against medium: light over-represented InterPro
terms list.
Table E.4 - Light against medium: medium over-represented InterPro
terms list.
Table E.5 - Dark against medium: dark over-represented InterPro
terms list.
Table E.6 - Dark against medium: medium over-represented InterPro
terms list.
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Table E.1 - Dark against light: dark over-represented InterPro terms list.
InterPro
Accession

OverEntry Name

Entry Type

represented
p-value

IPR001820

Proteinase inhibitor I35, tissue inhibitor of metalloproteinase

Family

2.31E-04

IPR001134

Netrin domain

Domain

5.65E-04

IPR008993

Tissue inhibitor of metalloproteinases-like, OB-fold

Domain

7.55E-04

IPR019817

Interferon regulatory factor, conserved site

IPR000884

Thrombospondin, type 1 repeat

Repeat

2.74E-03

IPR002110

Ankyrin repeat

Repeat

3.42E-03

IPR020683

Ankyrin repeat-containing domain

Domain

3.62E-03

IPR018152

Superoxide dismutase, copper/zinc, binding site

Binding site

3.87E-03

Family

3.87E-03

IPR024134

Superoxide dismutase (Cu/Zn) / superoxide dismutase copper
chaperone

Conserved
site

2.08E-03

IPR025532

Glucose-6-phosphate 1-epimerase

Family

3.95E-03

IPR020476

NUDIX hydrolase

Domain

4.12E-03

IPR023638

Ribosomal protein L19/L19e conserved site

IPR001346

Interferon regulatory factor DNA-binding domain

Domain

4.17E-03

IPR000196

Ribosomal protein L19/L19e domain

Domain

5.40E-03

IPR015972

Ribosomal protein L19/L19e, domain 1

Domain

5.40E-03

IPR015974

Ribosomal protein L19/L19e, domain 3

Domain

5.40E-03

IPR001424

Superoxide dismutase, copper/zinc binding domain

Domain

5.95E-03

IPR014718

Glycoside hydrolase-type carbohydrate-binding, subgroup

Domain

6.00E-03

IPR019808

Histidine triad, conserved site

IPR006586

ADAM, cysteine-rich

Domain

6.24E-03

IPR014025

Glutaredoxin subgroup

Domain

7.55E-03

IPR013098

Immunoglobulin I-set

Domain

8.01E-03

IPR008183

Aldose 1-/Glucose-6-phosphate 1-epimerase

Family

8.08E-03

IPR011899

Glutaredoxin, eukaryotic/viral

Domain

9.61E-03

IPR001310

Histidine triad (HIT) protein

Family

1.02E-02

IPR011767

Glutaredoxin active site

Active site

1.17E-02

IPR010376

Domain of unknown function, DUF971

Domain

1.18E-02

IPR001590

Peptidase M12B, ADAM/reprolysin

Domain

1.24E-02

IPR002492

Transposase, Tc1-like

Domain

1.42E-02

IPR011146

HIT-like domain

Domain

1.43E-02

IPR010294

ADAM-TS Spacer 1

Domain

1.45E-02

IPR013273

Peptidase M12B, ADAM-TS

Family

1.45E-02

Conserved
site

Conserved
site
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4.15E-03

6.04E-03

Table E.1 - Dark against light: dark over-represented InterPro terms list continued.
InterPro
Accession

OverEntry Name

Entry Type

represented
p-value

IPR002870

Peptidase M12B, propeptide

Domain

1.45E-02

IPR000782

FAS1 domain

Domain

1.54E-02

IPR006461

Uncharacterised protein family Cys-rich

Family

1.61E-02

IPR003819

Taurine catabolism dioxygenase TauD/TfdA

Family

1.78E-02

IPR002109

Glutaredoxin

Domain

1.97E-02

IPR002659

Glycosyl transferase, family 31

Family

2.01E-02

IPR007593

CD225/Dispanin family

Family

2.08E-02

IPR003131

Potassium channel tetramerisation-type BTB domain

Domain

2.46E-02

IPR011013

Galactose mutarotase-like domain

Domain

2.62E-02

IPR003599

Immunoglobulin subtype

Domain

3.46E-02

IPR000086

NUDIX hydrolase domain

Domain

3.83E-02

IPR015797

NUDIX hydrolase domain-like

Domain

4.03E-02

IPR024079

Metallopeptidase, catalytic domain

Domain

4.68E-02

IPR007110

Immunoglobulin-like domain

Domain

4.95E-02

Table E.2 - Dark against light: light over-represented InterPro terms list.

Family

Overrepresented
p-value
2.68E-03

Binding site

2.68E-03

Domain

2.68E-03

Active site

2.68E-03

Tim44-like domain

Domain

4.02E-03

IPR025139

Domain of unknown function DUF4062

Domain

6.69E-03

IPR002453

Beta tubulin

Family

9.20E-03

IPR018316

Tubulin/FtsZ, 2-layer sandwich domain

Domain

1.18E-02

IPR008280

Tubulin/FtsZ, C-terminal

Domain

1.42E-02

IPR003008

Tubulin/FtsZ, GTPase domain

Domain

1.94E-02

IPR000217

Tubulin

Family

2.23E-02

IPR004839

Aminotransferase, class I/classII

2.26E-02

IPR000629

RNA helicase, ATP-dependent, DEAD-box, conserved site

IPR013105

Tetratricopeptide TPR2

Domain
Conserved
site
Repeat

IPR014014

RNA helicase, DEAD-box type, Q motif

Domain

3.43E-02

IPR004045

Glutathione S-transferase, N-terminal

Domain

4.14E-02

IPR013785

Aldolase-type TIM barrel
Pyridoxal phosphate-dependent transferase, major region,
subdomain 2

Domain

4.16E-02

Domain

4.45E-02

InterPro
Accession

Entry Name

IPR000652

Triosephosphate isomerase

IPR004838

IPR020861

Aminotransferases, class-I, pyridoxal-phosphate-binding site
Cleavage/polyadenylation specificity factor, A subunit, Cterminal
Triosephosphate isomerase, active site

IPR007379

IPR004871

IPR015422

Entry Type
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2.46E-02
3.28E-02

Table E.2 - Dark against light: light over-represented InterPro terms list continued.
InterPro
Accession

Entry Name

IPR001584

Integrase, catalytic core

Domain

Overrepresented
p-value
4.68E-02

IPR004046

Glutathione S-transferase, C-terminal

Domain

4.81E-02

Entry Type

Table E.3 - Light against medium: light over-represented InterPro terms list.
InterPro
Accession

InterPro Entry Name

IPR003080

Glutathione S-transferase, alpha class

Family

Overrepresented
p-value
8.21E-04

IPR026244

Putative nuclease HARBI1

Family

1.15E-03

IPR002259

Equilibrative nucleoside transporter

Family

1.69E-03

IPR001140

ABC transporter, transmembrane domain

1.13E-02

IPR017871

ABC transporter, conserved site

IPR011527

ABC transporter type 1, transmembrane domain

Domain
Conserved
site
Domain

IPR026103

Harbinger transposase-derived nuclease

Family

1.21E-02

IPR004045

Glutathione S-transferase, N-terminal

Domain

1.30E-02

IPR004046

Glutathione S-transferase, C-terminal

Domain

1.51E-02

IPR001584

Integrase, catalytic core

Domain

1.51E-02

IPR003439

ABC transporter-like

Domain

1.55E-02

IPR027417

P-loop containing nucleoside triphosphate hydrolase

Domain

1.63E-02

IPR010987

Glutathione S-transferase, C-terminal-like

Domain

2.01E-02

IPR012337

Ribonuclease H-like domain

Domain

2.95E-02

IPR003593

AAA+ ATPase domain

Domain

3.92E-02

IPR012336

Thioredoxin-like fold

Domain

4.08E-02

Entry Type

1.14E-02
1.20E-02

Table E.4 - Light against medium: medium over-represented InterPro terms list.
Overrepresented
p-value

InterPro
Accession

Entry Name

IPR023638

Ribosomal protein L19/L19e conserved site

IPR000196

Ribosomal protein L19/L19e domain

IPR015972

Ribosomal protein L19/L19e, domain 1

Domain

2.42E-03

IPR015974

Ribosomal protein L19/L19e, domain 3

Domain

2.42E-03

IPR014025

Glutaredoxin subgroup

Domain

3.35E-03

IPR011899

Glutaredoxin, eukaryotic/viral

Domain

4.23E-03

IPR011767

Glutaredoxin active site

Active site

5.10E-03

IPR000782

FAS1 domain

Domain

6.75E-03

IPR002109

Glutaredoxin

Domain

8.58E-03

IPR001820

Proteinase inhibitor I35, tissue inhibitor of metalloproteinase

Family

9.62E-03

IPR019900

Sodium/solute symporter, subgroup

Family

1.22E-02

Entry Type
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Conserved
site
Domain

1.76E-03
2.42E-03

Table E.4 - Light against medium: medium over-represented InterPro terms list
continued.
InterPro
Accession

Entry Name

Entry Type

IPR001134

Netrin domain

Domain

Overrepresented
p-value
1.48E-02

IPR008993

Tissue inhibitor of metalloproteinases-like, OB-fold

Domain

1.72E-02

IPR001734

Sodium/solute symporter

Family

2.28E-02

IPR001245

Serine-threonine/tyrosine-protein kinase catalytic domain

Domain

4.44E-02

Table E.5 - Dark against medium: dark over-represented InterPro terms list.
InterPro
Accession

InterPro Entry Name

IPR010376

Domain of unknown function, DUF971

IPR003819

Taurine catabolism dioxygenase TauD/TfdA

IPR023415

Low-density lipoprotein (LDL) receptor class A, conserved site

IPR002172

Low-density lipoprotein (LDL) receptor class A repeat

IPR001304

Entry Type
Domain

Overrepresented
p-value
2.25E-03

Family
Conserved
site
Repeat

3.39E-03

C-type lectin

Domain

2.38E-02

IPR016186

C-type lectin-like

Domain

2.55E-02

IPR016187

C-type lectin fold

Domain

2.67E-02

IPR017448

Speract/scavenger receptor-related

Domain

3.47E-02

IPR001190

SRCR domain

Domain

3.64E-02

1.82E-02
2.15E-02

Table E.6 - Dark against medium: medium over-represented InterPro terms list.
InterPro
Accession

Entry Name

IPR004313

Acireductone dioxygenase ARD family

Family

Overrepresented
p-value
1.46E-03

IPR011051

RmlC-like cupin domain

Domain

6.21E-03

IPR019900

Sodium/solute symporter, subgroup

1.11E-02

IPR018378

C-type lectin, conserved site

IPR014710

RmlC-like jelly roll fold

Family
Conserved
site
Domain

IPR001734

Sodium/solute symporter

Family

2.03E-02

IPR001245

Serine-threonine/tyrosine-protein kinase catalytic domain

Domain

4.03E-02

IPR001304

C-type lectin

Domain

4.55E-02

IPR016186

C-type lectin-like

Domain

4.85E-02

Entry Type

131

1.33E-02
1.73E-02

Appendix F - Plots for subclusters of gene expression
profiles
Figure F.1 - Down-regulated subcluster plots.
Figure F.2 - Up-regulated subcluster plots.
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Figure F.1 - Down-regulated subcluster plots. The centered log2(FPKM+1) values for each
gene in a subcluster is shown across the samples, displayed as a line (grey) to visualise the tread
in expression profiles of genes and the average expression profile (blue) of each subcluster.
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Figure F.1 - Down-regulated subcluster plots continued.
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Figure F.2 - Up-regulated subcluster plots. The centered log2(FPKM+1) values for each gene
in a subcluster is shown across the samples, displayed as a line (grey) to visualise the tread in
expression profiles of genes and the average expression profile (blue) of each subcluster.
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Figure F.2 - Up-regulated subcluster plots continued.
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Appendix G - Chapter 3 Publication: The transcriptome
of the NZ endemic sea urchin Kina (Evechinus
chloroticus)
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Abstract
Background: Sea urchins are studied as model organisms for developmental and systems biology and also
produce highly valued food products. Evechinus chloroticus (Kina) is a sea urchin species that is indigenous to New
Zealand. It is the type member of the Evechinus genus based on its morphological characteristics. Previous research
has focused on identifying physical factors affecting commercial roe quality of E. chloroticus, but there is almost no
genetic information available for E. chloroticus. E. chloroticus is the only species in its genus and has yet to be
subject to molecular phylogenetic analysis.
Results: In this study we performed a de novo transcriptome assembly of Illumina sequencing data. A total of 123
million 100 base length paired-end reads were generated using RNA-Seq libraries from a range of E. chloroticus
tissues from two individuals obtained from Fiordland, New Zealand. The assembly resulted in a set of 75,002
transcripts with an accepted read coverage and length, of which 24,655 transcripts could be functionally annotated
using protein similarity. Transcripts could be further annotated with Gene Ontology, KEGG Orthology and InterPro
terms. With this sequence data we could perform the first phylogenetic analysis of E. chloroticus to other species
of its family using multiple genes. When sequences for the mitochondrial nitrogen dehydrogenase genes were
compared, E. chloroticus remained outside of a family level clade, which indicated E. chloroticus is indeed a
genetically distinct genus within its family.
Conclusions: This study has produced a large set of E. chloroticus transcripts/proteins along with functional
annotations, vastly increasing the amount of genomic data available for this species. This provides a resource for
current and future studies on E. chloroticus, either to increase its commercial value, or its use as a model organism.
The phylogenetic results provide a basis for further analysis of relationships between E. chloroticus, its family
members, and its evolutionary history.

Background
New Zealand coastal zones contain an abundant population of the native sea urchin species Evechinus chloroticus,
locally known by the Maori name, Kina. It is the type
member of its genus, but there has been little molecular
analysis performed on this species to date. Sea urchin roe
(gonads of male and female sea urchins) is a highly valued
food product internationally, with the largest demand
coming from Japan where the roe, locally known as “uni”,
is used for sushi. The demand for sea urchin roe has
grown as Japanese food increases in popularity in the
North American food industry [1]. Sea urchin roe is considered a high quality food product with the price greatly
influenced by factors such as appearance, colour, texture,
* Correspondence: chris.brown@otago.ac.nz
Biochemistry Department, University of Otago, Dunedin, New Zealand

and flavour [2]. E. chloroticus is fished off the coasts of
New Zealand both commercially and recreationally for its
roe. The reported commercial catch of E. chloroticus for
2013 was 875,031 kilograms, mainly obtained off the
South Coast [3]. The majority of E. chloroticus roe is sold
in New Zealand as a local delicacy, with some exports sent
to Australia [4].
There has been research interest in enhancing the
quality and yield of E. chloroticus roe to increase the return value for the domestic market. This would also potentially create opportunities for exportation to overseas
markets that demand specific qualities in roe [5]. Although most assessments of sea urchin roe quality have
previously been on physical differences, recent studies
sought to identify protein and metabolite differences
contributing to variation in quality for E. chloroticus roe,

© 2014 Gillard et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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specifically to variations in colour [6]. It was hypothesised from the results that binding proteins targeting carotenoid molecules, the major source of pigmentation in
roe, might affect colour. Efforts have thus been made to
identify carotenoid binding proteins in the roe [7]. Despite the research interest in E. chloroticus, very little genetic information was available for this species in public
databases. There was an opportunity to develop genetic
data for E. chloroticus, which would facilitate a genomic
based analysis. For this purpose, we conducted a whole
transcriptome sequencing project aiming to characterise
transcripts from various tissues. This would provide a
source of genetic information to aid current and future
research involving E. chloroticus.
As well as a valued food product, sea urchins have long
been used as a model organism in areas such as developmental and systems biology. Their importance as a research model system for modern molecular, evolutionary,
and cell biology led to the genome sequencing project for
the sea urchin species Strongylocentrotus purpuratus [8].
The genome was estimated to encode around 23,300
genes, and was shown to share many pathways with
humans including orthologs to human disease genes. Also
discovered was the lack of an adaptive immune system,
and instead the possession of a large innate immune system that contained a diverse range of pathogen-binding
motifs [8]. The many innate immune proteins encoded in
the sea urchin genome are considered a valuable resource
for antimicrobial applications and for furthering our understanding of the human innate immune system [9].
Gene structure in the S. purpuratus genome has subsequently been further defined by transcriptome analysis
[10], but aside from S. purpuratus there is little genomic
data available for any other sea urchin species from public
databases. Genomic data produced for the E. chloroticus
species would be a novel resource in addition to the
S. purpuratus data for any research involving the sea
urchin as a model system.
E. chloroticus is currently placed as the single species
of its genus Evechinus under the Echinometridae family
of sea urchins, which belong to the marine phylum Echinodermata. The Echinometridae family includes species
that are geographically close to E. chloroticus such as
Heliocidaris located off the south coast of Australia and
Echinometra located in the Indo-West Pacific and Pacific
to Atlantic oceans. The Echinometridae family had recently been placed in a superfamily called Odontophora
with the Strongylocentrotidae and Toxopneustidae families based phylogenetic and morphological data [11].
The placement of E. chloroticus with the Echinometridae
species had been based on morphological evidence and
was described as morphologically close to species from
the Heliocidaris genus, specifically H. tuberculata [12].
The genus Evechinus, the following history of which was
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described by McRae (1958) [12], was first placed in the
Echinidae family by H. L. Clark (1912) who later (1925)
shifted Evechinus and Heliocidaris to the Strongylocentrodidae family based on the polyporus ambulacral
plates and circular ambitus of Heliocidaris, and the larval specialisation and the pedicellariae of Evechinus.
Their placement was later contended by Mortensen
(1943) who moved the genera to their current family
Echinometridae based on the strongly developed single
lateral tooth of the gemmiform pedicellariae, the paired
nature of the poison glands, and the structure of
the larval forms [12]. The established relationships of
E. chloroticus to other sea urchin species has been
based solely on morphological evidence, and has yet to
be analysed at a genomic level. Obtaining transcriptome data would provide an opportunity to compare
the sequence similarity of E. chloroticus genes to other
sea urchins species and infer new information about its
phylogenetic relationships.
Here we describe the extraction of RNA from multiple
tissue types of E. chloroticus followed by their sequencing using Next Generation Sequence (NGS) technology.
Transcripts were reconstructed by de novo assembly and
annotated by sequence similarity to public protein databases to provide a set of transcripts along with functional annotations. Lastly, we describe the relationship
of E. chloroticus to other sea urchin species based on the
sequence similarity of selected genes.

Results and discussion
Sequencing and quality control

Libraries (cDNA) were constructed using RNA extracted
from selected tissue samples from a male and female E.
chloroticus. These animals were taken from Doubtful
Sound, Fiordland, New Zealand, and housed feeding on
kelp at the New Zealand Marine Studies Centre, Portobello, Dunedin, for 3 years. Tissues used for sequencing
included the roe, muscle, gut tissue, water vascular system and also a sample of the coelomic fluid. Samples
were harvested, snap frozen and total RNA extracted
using a RNAeasy kit with a Qiagen® shredder. Equal
amounts of total RNA from each tissue sample were
combined to give the mixed RNA sample. RNA from an
individual male and female, consisting of a mixed total
tissue sample, a roe tissue sample and a coelomic fluid
sample, were used to generate six libraries.
Sequencing was carried out on an Illumina HiSeq-2000
machine, which generated 123 million pairs of 100 base
length paired-end reads (24.8 Gb). The raw sequence data
in FASTQ format was submitted to the National Centre
for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) database and accessible through the BioProject [Accession: PRJNA190637]. Quality control was
carried out on the raw reads prior to assembly. This
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involved the removal of adapter sequences, trimming of
low quality bases (Q < 20) from both ends of reads and
discarding reads less than 25 bases in length. Reads
from potential contaminating species were also removed.
Quality control resulted in a total of 118,016,465 high
quality reads (95.3% of total raw reads) with 94.5%
remaining paired-end. These reads were then used for
transcript assembly.
De novo assembly

The de novo assembly of the quality processed reads
using the Trinity assembly program resulted in 209,654
transcript isoforms. Reads used in the assembly were
aligned to the assembled transcripts and lowly represented isoform sequences with less than 1% of their gene
(component) reads were removed resulting in 186,427
transcripts. This represents the total set of transcripts
from the assembly. Transcripts had a total length of
169,963,629 bp (~170 Mb) with a median length of
415 bp, mean length of 912 bp, GC% of 39.0, and a N50
of 1,839 bp (Table 1). A large proportion of the transcripts were short and had a low number of mapped
reads. To generate an additional subset transcripts with
low coverage were filtered using a minimum FPKM
(Fragments Per Kilobase of exon per Million fragments
mapped) value of 0.5, which resulted in a reduced set of
75,002 transcripts. This FPKM of 0.5 corresponded to a
minimum of 41 reads per kilobase of transcript, which
equated to an average base coverage of approximately
8.2. Removing the low abundance transcripts doubled
the median length to 923 (Table 1). The main reason for
producing a reduced set was for use in the annotation
step, shorter transcripts were less likely to be protein
coding and able to be annotated, also transcripts less
than 200 bp in length cannot be submitted to the NCBI
Transcriptome Shotgun Assembly database (TSA). Transcripts in the reduced set had a total length of
106,210,820 bp (~106 Mb) with a median length of
923 bp, mean length of 1,416 bp, GC% of 38.7, and a
N50 of 2,242 bp (Table 1). The length distribution of
Table 1 Assembly statistics
Total

Reduced

186,427

75,002

Total transcripts length (bp)

169,963,629

106,210,820

Mean transcript length (bp)

912

1,416

Median transcript length (bp)

415

923

Minimum transcript length (bp)

201

201

Maximum transcript length (bp)

19,251

19,251

N50 (bp)

1,839

2,242

GC %

39.0

38.7

Total read alignment %

92.2

91.2

Number of transcripts

transcripts for the total and reduced sets is shown in
Figure 1. As seen in the graph the large reduction in
transcripts between the sets after abundance filtering relates to a large removal of short transcripts between 200
to 500 bases in length. Transcripts were submitted to
the NCBI TSA database [Accession: GAPB00000000].
The set of reads used for the assembly was aligned to
the total and reduced transcript sets for read representation (Table 1). Out of 118 M total reads, 92.2% of the
reads mapped to the transcripts in the total transcript
set and 91.2% mapped to the reduced set. This showed
that the 111,425 transcripts removed from the total set
represented only 1% of the total reads.
The completeness of the assembly was assessed by two
means, the reconstruction of transcripts with full-length
proteins and the representation of core conserved genes.
To assess the reconstruction of full-length proteins, the
75,002 transcripts were scanned for possible open reading frames (ORFs). A total of 23,870 coded proteins were
predicted and tested for similarity to S. purpuratus proteins, available from the NCBI protein database, using
BLASTP with a cut-off E-value of 10-20. A total of
20,974 of the predicted E. chloroticus proteins matched
to 11,906 unique S. purpuratus proteins. For each unique
S. purpuratus protein the length coverage was calculated
using the best matching E. chloroticus protein and the distribution of percent length coverage is shown in Figure 2.
For the S. purpuratus proteins, 8,060 (68%) had a match
to an E. chloroticus protein with >90% alignment coverage.
This shows that a majority of these proteins were
near full-length. The euKaryotic clusters of Orthologous
Groups (KOGs) from the Clusters of Orthologous Groups
(COG) represents a database of protein sequences with
conserved domains between eukaryotes. The CEGMA
(Core Eukaryotic Genes Mapping Approach) program was
used to assess the representation of core eukaryotic
proteins in the transcript set. CEGMA uses a representative set of 458 Core Eukaryotic Genes (CEGs) that are
highly conserved between eukaryotic species. A total of
453 of the 458 CEGs had a match to a transcript in the
reduced set. CEGMA also reports on a subset of 248
most highly conserved CEGs as a measurement of genome completeness. Out of the subset of 248 CEGs
there were matches to 246 with 243 being ‘complete’
(more than 70% of protein length aligned) and only 3
being partial. This showed the transcriptome assembly
was able to successfully assemble a majority of transcripts for core eukaryotic genes.
Functional annotation

Functional annotation was carried out on the reduced
set of 75,002 transcripts. BLASTX searches were performed for each transcript against the NCBI nonredundant protein database and for each result the top
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Figure 1 Length distribution of assembled transcripts for total and reduced datasets. The sizes of the Trinity assembled transcripts are
shown. The reduced set has an FPKM >0.5.

20 hits with E-values less than 10-3 were saved. A
total of 24,655 of the 75,002 transcripts (33%) had a
BLASTX match to a known protein within the database
(Figure 3A). The 50,347 transcripts (67%) without a
BLASTX result were mostly shorter length sequences
(less than 2 kb) that likely do not have a protein coding
sequence. However, included in this group though will
be transcripts that code for novel proteins without any
similar sequence in the database, as well as polyadenylated non-coding RNAs.
The distribution of E-values for the top hits showed
that 72% of transcripts had a strong match to a database protein (E < 10-50) (Figure 3B). The species distribution for the top hits showed 85% of top hits to

9,000

Number of Proteins

8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
0
100-91 90-81 80-71 70-61 60-51 50-41 40-31 30-21 20-11 10-0

Length Coverage (%)
Figure 2 Protein length coverage against S. purpuratus proteins.
Most matches to S. purpuratus fall into the top bin (100-91%).

proteins from S. purpuratus (Figure 3C). Previous research on S. purpuratus, including the genome sequencing project, has provided a set of annotated proteins
for this sea urchin species. This resource provided the
majority of best annotations for the E. chloroticus transcripts. The next species most represented in the top
hits at 2% was Saccoglossus kowalevskii. S. kowalevskii
is a species of acorn worm, which are closely related to
members of the Echinodermata phylum [13]. Out of the
458 transcripts with protein top hits to S. kowalevskii,
most appeared to have less significant matches to S. purpuratus. The relatively large proportion of S. kowalevskii
top hits could be due to longer, more complete protein sequence available for S. kowalevskii over S. purpuratus for
those transcripts. The proportion of others (9%) represented all other specific species with top hits to less than
1% of the transcripts and of these 24 transcripts had ‘unknown’ species as their top hit.
The most abundant transcripts within different samples were assessed. Reads were aligned to transcripts to
generate FPKM values at a gene level for male roe, female roe, male coelomic fluid and female coelomic fluid
samples. The top 20 transcripts with highest FPKM
values for each sample can be seen in Additional file 1.
The expression levels of each unique top transcript were
compared across each sample by taking the log2 of the
FPKM and clustered based on Euclidean distance. The
heatmap produced with these values (Figure 4) showed
groups of transcripts where the abundance related to
sample type, sex, or both. The most abundant transcripts
from coelomic fluid cells were mostly ribosomal proteins, which were found to be relatively expressed less in
the roe. There was a similar expression of transcripts
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E-Value Distribution
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Capitella teleta 1%
Nematostella
vectensis 1%
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Results
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Results
50,347
67%
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Figure 3 BLASTX annotation results. (A) Proportions of transcripts with BLASTX matches and GO terms annotated. (B) Distribution of E-values
for the top hit for each transcript. (C) Distribution of species for the top hit for each transcript. Analysis by Blast2GO. The data is available on the
accompanying website.

from the coelomic fluid between male and female. Ferritin was expressed higher in cells from the coelomic
fluid compared to the roe and also higher in the male
samples compared to the female samples. Several transcripts were similarly expressed at high levels across all
samples, which included essential proteins such as cytochrome b and c, NADH and a senescence-associated
protein. Transcripts that were specifically abundant in
the male roe included sperm production related proteins, such as the sperm flagellar membrane, flagellasialin precursor and creatine flagellar-like proteins. Levels
of tubulin proteins were also higher in male roe. Cell
replication related proteins such as histone, cyclin and
ribonucleoside-diphosphate reductase were higher in roe
samples than coelomic fluids. Female roe specifically had
higher levels of these transcripts compared to male.
The number of transcripts with a BLASTX match
(24,655) was similar to the number of predicted proteins
(23,870). A large portion of the transcripts (50,347)
remained without a significant BLASTX match. To analyse these transcripts further we assessed the representation of repeated sequences. Both the reduced set of
transcripts and the unannotated set without a BLASTX
match were analysed using the RepeatMasker program
with the latest Repbase database to identify repeating elements. The summary of RepeatMasker results (Table 2)
shows repeating elements that were detected, which included a number of different retroelements and DNA
transposons. When these results were compared to that
for the S. purpuratus genome, obtained from the RepeatMasker site, there were a lot of similarities in the relative
counts for repeating elements. SINEs represented the
majority of retroelements for E. chloroticus, in S. purpuratus the majority of retroelements were tRNA-related
SINEs. The most represented LINEs for E. chloroticus
were the L2/CR1/Rex, the L2 was the most represented
for S. purpuratus. For the LTR elements the Gypsy/
DIRS1 were the most represented for both. The most
represented DNA transposon for both was PiggyBac,
which in S. purpuratus is the most abundant repeating

element taking up 31% of total repeated sequence (28%
in E. chloroticus). There were a small number of ncRNA
fragments that corresponded mainly to rRNA. The results for the reduced set of transcripts were compared to
results from the unannotated set using the percentage of
sequence values for relative levels of element abundance.
Retroelements were slightly less abundant in the unannotated set (0.80% of total sequence) when compared to
the reduced set (1.12%), which was likely due to coded
reverse transcriptases annotated by BLASTX. There was
a large decrease in LINEs (0.57% to 0.15%) and LTRs
(0.19% to 0.05%) in the unannotated set, but an increase
in SINE elements (0.36% to 0.59%). Comparing the
abundance of DNA transposons there was an increase in
the unannotated set (1.14% to 1.98%), which mostly corresponded with the increase in PiggyBac (0.66% to
1.25%). Overall, there was only a small increase in the
proportion of total interspersed repeats between the reduced set (2.34%) and the unannotated set (2.90%).
The redundancy of unannotated transcripts was assessed
by clustering transcripts based on 90% or more sequence
similarity. Out of 50,347 transcripts, this resulted in 44,687
clusters of non-redundant transcripts. The proportion of
nucleotide sequence matches to the unannotated transcripts was assessed by using BLASTN to search against
the NCBI non-redundant nucleotide database with a cutoff E-value of 10-6. Only 3,254 (6.5%) transcripts had a
match to a database nucleotide sequence. These results for
the unannotated transcripts showed that a large number
of transcripts in the reduced set contained novel sequence
without a protein or nucleotide match to the NCBI nonredundant databases. These transcripts are not due to
overly redundant sequences or an increased proportion of
repeated sequence.
There are challenges to providing a complete annotation of transcripts from a de novo assembly. Highthroughput annotation approaches such as multiple
BLAST searches provide a practical means to giving automated annotations to transcriptome datasets, but the
broad nature of this search is limited by the detail and
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Coelomic Fluid
Male

Female
Echl60391_c0 ---NA--Echl78201_c0 ferritin
Echl60404_c0 40s ribosomal protein s16
Echl71835_c0 ribosomal protein s25
Echl72811_c0 40s ribosomal protein s29-like
Echl35190_c0 40s ribosomal protein s18
Echl35179_c0 ribosomal protein s12
Echl74818_c0 small subunit ribosomal protein 28
Echl77631_c0 60s ribosomal protein l37a-like
Echl35187_c0 40s ribosomal protein s8
Echl93194_c0 ribosomal protein l30
Echl60242_c0 60s ribosomal protein l38
Echl78721_c0 40s ribosomal protein s3
Echl86746_c0 60s ribosomal protein l36a
Echl62651_c0 cg12324 protein
Echl69060_c0 40s ribosomal protein s24
Echl75027_c2 60s ribosomal protein l10a
Echl60367_c0 60s ribosomal protein l31
Echl62649_c0 ribosomal protein l8
Echl62407_c0 ribosomal protein l21
Echl60243_c0 ribosomal protein s13
Echl93198_c0 60s ribosomal protein l35a-like
Echl62428_c0 ---NA--Echl90973_c0 ---NA--Echl62617_c0 senescence-associated protein
Echl60275_c0 cytochrome c oxidase subunit I
Echl79614_c1 cytochrome b
Echl35180_c0 ---NA--Echl79614_c0 nadh dehydrogenase subunit 4
Echl86214_c10 cell division cycle 20 homolog (cerevisiae)
Echl87242_c10 g1 s-specific cyclin-e1
Echl69084_c0 ubiquitin c
Echl76757_c0 ribosomal protein s2-like isoform 3
Echl90842_c0 cathepsin l1 precursor
Echl88903_c0 ---NA--Echl83575_c0 ---NA--Echl93053_c1 ---NA--Echl82818_c1 beta 2c
Echl93193_c0 tubulin alpha-1 chain
Echl69349_c0 PREDICTED: uncharacterized protein LOC576051
Echl80089_c0 ---NA--Echl87871_c2 wd repeat- and fyve domain-containing protein 4
Echl62747_c0 flagellasialin precursor
Echl74188_c0 creatine kinase s mitochondrial-like
Echl80089_c1 63 kda sperm flagellar membrane protein
Echl76397_c0 fatty acid-binding intestinal
Echl70315_c0 deleted in malignant brain tumors 1
Echl35182_c0 lysozyme
Echl61888_c0 creatine flagellar-like
Echl84096_c2 glutamine synthetase
Echl84096_c3 ---NA--Echl35184_c1 high mobility group protein b2
Echl64038_c0 histone-like
Echl75110_c0 histone h2a
Echl83123_c0 histone h2b
Echl83133_c5 ribonucleoside-diphosphate reductase subunit m2
Echl83133_c6 ---NA--Echl78499_c0 cyclin b
Echl83499_c0 cyclin a

Figure 4 Heatmap of most highly expressed transcripts from each tissue. Heatmap showing the log2 FPKM values of most abundant
transcripts. The colour legend shows the log2 FPKM values each represents. Rows were clustered based on Euclidean distance.
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Table 2 Summary of repeating elements
Reduced set (Unannotated set)
Number of transcripts

75, 002 (50,347)

Total sequence length (MB)

Retroelements
SINEs:

106 (44)
Number of elements

Percentage of total sequence (%)

5,180 (2,922)

1.12 (0.80)

3,360 (2,349)

0.36 (0.59)

Penelope
LINEs:

5 (0)

~0 (0)

1,398 (421)

0.57 (0.15)

CRE/SLACS

0

0

L2/CR1/Rex

999 (297)

0.40 (0.10)

R1/LOA/Jockey

32 (5)

0.01 (~0)

R2/R4/NeSL

34 (7)

0.01 (~0)

RTE/Bov-B

134 (68)

0.04 (0.02)

L1/CIN4

112 (19)

0.07 (0.01)

LTR element:

442 (152)

0.19 (0.05)

BEL/Pao

106 (44)

0.05 (0.01)

Gypsy/DIRS1

314 (96)

0.14 (0.04)

9,363 (6,976)

1.14 (1.98)

Hobo-Activator

566 (403)

0.05 (0.08)

Tc1-IS6030-Pogo

1,305 (865)

0.14 (0.20)

DNA transposons

PiggyBac

4,862 (3,853)

0.66 (1.25)

86 (55)

0.02 (0.01)

Tourist/Harbinger

1 (1)

~0 (~0)

Unclassified

Other (Mirage,P-element,Transib)

552 (426)

0.08 (0.13)

ncRNA fragments (mainly rRNA)

110 (25)

Total interspersed repeats

0.02 (~0)
2.34 (2.90)

Satellites

19 (0)

~0 (~0)

Simple repeats

31,104 (17,306)

1.19 (1.51)

Low complexity

6,010 (3,170)

0.32 (0.41)

sensitivity of the annotation. From the proportion of
unannotated E. chloroticus transcripts there will be biologically important transcripts that could not be annotated by this approach.
As an example we looked to identify a non-coding transcript for telomerase RNA. Telomerase RNA is a noncoding RNA that together with the telomerase reverse
transcriptase protein forms a ribonucleoprotein enzyme
that is essential for synthesising the telomeric DNA repeats at the ends of chromosomes [14]. The first invertebrate telomerase RNA sequence was recently identified
using a targeted strategy in S. purpuratus [15], which gave
an opportunity to attempt to identify this transcript in
E. chloroticus. A BLASTN search using the 535 bp telomerase RNA sequence from S. purpuratus identified
an unannotated 520 bp transcript from E. chloroticus with
an E-value of less than 10-114. The E. chloroticus and
S. purpuratus sequences were aligned and conserved

domains identified (Additional file 2). The E. chloroticus
sequence showed close similarity to the S. purpuratus
sequence with 76% identity. The universal templatepseudoknot domain and the vertebrate specific H/ACA
domain could be identified. However, while the Box H
and CAB box could be identified, the terminal Box ACA
motif was not covered, suggesting that the end of the
E. chloroticus assembly was truncated. While a number
of transcripts could not be annotated with multiple
BLASTX/BLASTN searches, this unannotated set still
contains biologically important transcripts, such as the
telomerase RNA, that can be discovered through such a
detailed search.
Gene ontology (GO) annotation

Gene Ontology (GO) terms were assigned to transcripts
through Blast2GO. All GO terms associated with the
BLASTX matches were retrieved and mapped to each
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transcript. Scores were computed for each GO term and
the most specific terms used to annotate the transcript.
Out of the 24,655 transcripts with BLASTX results,
20,309 transcripts had GO mapping results with 16,914
receiving GO annotations. Additional GO terms could
be annotated to transcripts using InterPro protein domains assigned through InterProScan. An additional 82
transcripts with no BLASTX result received GO annotations through associated protein domains (Figure 3A).
The top most represented GO terms for each of the three
GO categories, molecular function, biological process
and cellular component, are shown in Figure 5. The
top represented GO terms for molecular function were
from binding domains; protein binding (4,275) followed
by zinc ion binding (1,646) and ATP binding (1,401).
For biological process, the top GO terms were signal
transduction (773) followed by oxidation-reduction
process (711) and transmembrane transport (451). For
cellular component, the top GO terms were cytoplasm
(1,379) followed by integral to membrane (1,348) and
cytosol (1,198).

integrated database of protein domains and functional
sites. This provided additional annotation based on conserved structural domains; 40,573 transcripts received
InterPro annotation. Additional GO terms could be retrieved from the InterProScan results and merged with
existing GO annotations, 11,478 transcripts had GO
terms associated with InterPro results. The most represented features (Figure 6) were signal peptide cleavage
sites (21,815) and the transmembrane helix domains
(14,717), followed by the P-loop containing nucleotide
triphosphate hydrolases superfamily (807 from SUPERFAMILY and 703 from GENE3D databases). The next
highest represented was the immunoglobulin-like fold
(414) and the reverse transcriptases family (403). The
genome sequencing of S. purpuratus revealed that sea
urchins have a large innate immune system with many
pathogen recognition genes, providing an opportunity
to use the sea urchin model in areas of evolutionary
immunobiology [16]. The Toll-like receptor family has
expanded in sea urchins; the S. purpuratus genome contains 253 Toll-like receptors (IPR000157, PF01582),
whereas the human genome contains only 11. There
were 45 matches within the E. chloroticus transcripts to
a Toll-like receptor domain, and proteins from these
Toll-like receptor transcripts were predicted to be

InterPro annotation

InterProScan was used to search with the longest ORF
from each transcript against the InterPro database, an
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Figure 5 GO annotations. Top 10 represented GO terms for each of the GO categories; Molecular Function, Biological Process and Cellular
Component. GO terms annotated by protein similarity to the NCBI non-redundant database and from InterProScan results.
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IPR013083: Zinc finger, RNG/FYVE/PHD-type

377

IPR015943: WD40/YVTN repeat-like-containing domain

379

IPR007087: Zinc finger, C2H2

386

IPR011009: Protein kinase-like domain

392

PTHR19446 (PANTHER): Reverse transcriptases

403

IPR013783: Immunoglobulin-like fold

414

G3DSA:3.40.50.300 (GENE3D): P-loop containing
nucleotide triphosphate hydrolases
SSF52540 (SUPERFAMILY): P-loop containing
nucleoside triphosphate hydrolases

703
807
19,717

tmhmm (TMHMM): Transmembrane helix

21,815

SignalP-NN(euk) (SIGNALP): Signal peptide cleavage site
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Figure 6 InterPro annotations. Top 10 represented InterPro terms from the InterProScan annotations.
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Phylogenetic analysis

Previously, the phylogenetic relationship of E. chloroticus
to other sea urchin species had not been analysed. The
genetic data produced from this study allowed a first
look at the phylogenetic relationship of E. chloroticus to
other members of its family. There are few molecular
studies on the phylogeny of the Echinometridae family.
A study by Kinjo et al., (2008) [17] used the mitochondrial DNA phylogeny of Echinometridae to deduce the
evolutionary history of their larval skeletal morphology.
They compared the mitochondrial NADH dehydrogenase genes ND1 and ND2 of 14 Echinometridae species

Transcripts
EC Numbers

350

lu

Using the annotated GO terms associated EC (Enzyme
Commission) numbers could be assigned to the transcripts. A total of 4,227 transcripts were assigned 1,087
unique EC numbers, which were across 127 different
KEGG pathways; the top represented pathways are
shown in Figure 7. The top 8 pathways were related to
metabolism; the most represented was the purine metabolism pathway with 411 transcripts across 51 enzymes,
followed by pyrimidine metabolism with 175 transcripts
across 34 enzymes and glutathione metabolism with 94
transcripts across 15 enzymes. The transcripts were also
analysed using the KEGG Automatic Annotation Server
(KAAS) to provide annotations of KEGG Orthology
(KO) codes, resulting in 7,173 transcripts being annotated to 4,213 unique KOs. The most represented KOs
are shown in Figure 8.

G

EC and KEGG Orthology annotations

that represented a majority of the genera. They constructed phylogenetic trees for the ND1, ND2 and ND1ND2 combined sequences using neighbour-joining (NJ),
maximum-likelihood (ML) and maximum parsimony
methods. Using the combination of the slower mutagenic ND1 and faster mutagenic ND2, their ND1-ND2
phylogenetic tree grouped each genus into a monophyletic clade and grouped the Echinometridae species

Counts

mostly full length (median percentage coverage of 80%
to S. purpuratus proteins). This new transcript data will
be useful in studies on the sea urchin immune system.

KEGG Pathway
Figure 7 KEGG pathway annotations. Top 10 represented KEGG
pathways using EC (Enzyme Commission) annotations, derived from
GO annotations. Shown is the number of transcripts matching to
each pathway and the number of EC numbers represented in
the pathways.
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K03283: heat shock 70kDa protein 1/8
K12741: heterogeneous nuclear ribonucleoprotein A1/A3
K15501: serine/threonine-protein phosphatase 6
regulatory subunit 3

KO Term

K00699: glucuronosyltransferase
K08857: NIMA (never in mitosis gene a)-related kinase
K05038: solute carrier family 6
K01104: protein-tyrosine phosphatase
K01672: carbonic anhydrase
K13207: CUG-BP- and ETR3-like factor
K00799: glutathione S-transferase
0
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Number of Transcripts
Figure 8 KO annotations. Top 10 represented KO terms from the KAAS annotation results.

together from two outgroup species, which were from
the two sister families Strongylocentrotidae and Toxopneustidae. Groupings also formed between different genera giving insight into the relationships within the
Echinometridae family. To analyse the relationship of E.
chloroticus to other Echinometridae species the sequence
data from the study by Kinjo et al., (2008) for the ND1
and ND2 mitochondrial genes was used for a phylogenetic analysis with the addition of the E. chloroticus genes.
Phylogenetic trees were constructed for the ND1, ND2,
and ND1-ND2 combined sequences using NJ, ML and
Bayesian inference (Bayes) methods (Figure 9) with supporting values of bootstrap percentages.
The resulting trees were very consistent with those from
Kinjo et al., (2008). The ND1-ND2 trees (Figure 9A-C)
supported the monophyly of each genus and the relationships between genera reported in Kinjo et al., (2008) were
represented in these trees. The grouping of all Echinometridae species into a single clade from the two outgroup
species was not supported for the ML tree, but was
achieved with low support for the NJ tree and higher
support for the Bayes tree. Analysing the placement of
E. chloroticus in the ND1-ND2 trees, E. chloroticus did not
form any clades with any of the other Echinometridae species. The ML tree placed E. chloroticus in the same position as the outgroup species S. purpuratus, separate from
the Echinometridae clades formed. The NJ tree placed
E. chloroticus outside of the Echinometridae family clade
and in a clade with S. purpuratus. The Bayes tree, which
had the highest supporting values for each Echinometridae
clade, placed E. chloroticus outside of a highly supported
family level clade for Echinometridae. These results
showed E. chloroticus is phylogenetically distinct from the
other species of its family.

Kinjo et al. (2008) described ND2 as having higher rates
of mutation compared to other mitochondrial genes and
therefore useful for determining close relationships between species. The ND1 had a slower rate of mutation
and was described as being useful for determining distant
relationships. In the separate ND2 trees (Figure 9G-I)
E. chloroticus was placed in the same positions as in
the ND1-ND2 trees. The ND2 sequence has therefore
been significant in constructing the ND1-ND2 trees
and the faster mutating gene could not determine any relationships between E. chloroticus and the other Echinometridae. In the ND1 trees (Figure 9D-F) E. chloroticus
was placed in a clade with the two genera clades for Heliocidaris and Echinostrephus with low support in the ML
tree and higher support in the Bayes tree. The Bayes tree
though unexpectedly placed S. purpuratus as a sister to
one of the Echinometra clades. This result may have been
the ability of the ND1 gene to detect distant relationships
as these species belonged to the same superfamily. The
results from the ND1 ML and Bayes trees suggested a distant relationship between E. chloroticus and the Heliocidaris and Echinostrephus genera.
The results of the phylogenetic comparison of these
two mitochondrial genes showed E. chloroticus as a distinct species that had significant genetic difference to
other species of its family. This greater difference in genetic sequence in E. chloroticus compared with that of
other Echinometridae species may be attributed to the
fact that E. chloroticus had lived in isolation, solely
around the coasts of New Zealand, for millions of years
since its speciation [18]. The geographical isolation of
E. chloroticus would have prevented genetic exchange
through fertilisation with other Echinometridae. Mutations over time would cause genetic differences to build
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Figure 9 Phylogenetic trees. Resulting trees for the phylogenetic analysis of Echinometridae species based on the nucleotide sequences of
ND1, ND2 and combined ND1-ND2 genes. Trees were constructed using neighbour-joining (NJ), maximum-likelihood (ML), and Bayesian inference
(Bayes) methods. Numbers at each internal node represent the bootstrap percentage values for the nodes support. The scale bar represents base
substitutions per site. Shown are the: ND1-ND2 NJ (A), ML (B), Bayes (C) trees; ND1 NJ (D), ML (E), Bayes (F) trees; and ND2 NJ (G), ML (H), Bayes
(I) trees.

up within the E. chloroticus species, and due to its isolation they would remain unique, unable to be shared with
other Echinometridae. This could have led to the early

speciation of E. chloroticus. The other species of Echinometridae remained in contact longer and could have
taken longer to speciate and become genetically different
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from each other through unique mutations. The earlier
speciation of E. chloroticus would explain the greater
number of genetic differences in its gene sequences
compared to other Echinometridae species, which led to
its distinct place in the phylogenetic trees. Although separated, E. chloroticus remained morphologically similar
to other Echinometridae species. This could be due
to the similar environments the species share, specifically with the Heliocidaris species off the southern coasts
of Australia, and there had not been pressures for
greater morphological difference. E. chloroticus therefore
had remained morphologically similar to species within
its family, but had become significantly different phylogenetically due to its early separation and long period of
isolation around New Zealand. A comprehensive phylogenetic analysis of the Echinometridae family is limited
by the range of species for which genomic data is available. Such a study would be valuable in uncovering the
distant relationships between species within this family
and to predict the time of the geographical isolation of
E. chloroticus.

Conclusions
We report the first genome wide dataset for the New
Zealand sea urchin species E. chloroticus. High-throughput
sequencing of RNA extracted from multiple tissue samples followed by de novo transcriptome assembly has
produced a dataset of 75,002 transcripts for E. chloroticus.
A total of 24,655 transcripts had a significant protein
match to the NCBI non-redundant database. Transcripts
were annotated with GO terms, InterPro domains and
KO terms to provide additional functional information.
This new data allowed the first phylogenetic analysis of
E. chloroticus to other species of its family Echinometridae. Comparison of ND1 and ND2 sequence revealed
E. chloroticus as being genetically distinct from its family,
as it did not form any strong clades with other family
members and remained outside of family level clades.
There is an opportunity to further analyse the phylogenetic relationship of E. chloroticus to other sea urchin
species and uncover its evolutionary history. This transcriptome data will provide a valuable resource of genomic information for this unique sea urchin species for
studies either looking to improve the commercialisation
of E. chloroticus or using the sea urchin as a model system. Additional datafiles including transcript datasets
and functional annotation data are available from the
project site: http://mRNA.otago.ac.nz/Kina/.
Methods
Sample collection and RNA extraction

E. chloroticus specimens were collected from Doubtful
Sound, Fiordland, New Zealand. The animals were
housed at the New Zealand Marine Studies Centre,
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Portobello, Dunedin, for 3 years and feed a natural diet
of kelp (Macrocystis pyrifera). Tissues were harvested
from a male and female individual and snap frozen using
liquid nitrogen. Using an RNAeasy kit with a Qiagen®
shredder RNA was extracted from tissues which included
the roe, muscle, gut and the water vascular system and
also from a sample of the coelomic fluid (containing total
coelomocyte cell components). Equal concentrations of
RNA were combined from all five sample types to produce
a mixed RNA sample. Six RNA samples of equal concentrations consisted of a male mix, roe and coelomic fluid
sample, along with a female mix, roe and coelomic fluid
sample. Samples with high RNA quality (an RNA Integrity
Number (RIN) of over 6) were processed for library
construction. E. chloroticus is an endemic species and is
of particular interest to southern Maori. Consultation
with Maori included the University of Otago Ngai Tahu
Consultation Committee.
Sequencing and quality control

Libraries (cDNA) were constructed for the six samples
using the Illumina TruSeq RNA protocol. Sequencing
was done on an Illumina HiSeq-2000 sequencer, generating 100 base paired-end reads. Reads saved in
FASTQ format were quality assessed using FASTQC
v0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc) for base quality and adapter sequence. Adapter
sequences detected were trimmed from read ends using
FastqMcf from ea-utils v1.1.2 (https://code.google.com/
p/ea-utils). Bases with low quality phred scores were
trimmed from either ends of reads using DynamicTrim
with a phred score cut-off of 20. Length filtering of
reads was performed using LengthSort with a minimal
length of 25 bases. Both DynamicTrim and LengthSort
are part of the SolexaQA package v2.2 (http://solexaqa.
sourceforge.net) [19]. Bowtie2 v2.1.0 (http://bowtie-bio.
sourceforge.net/bowtie2) [20] was used to align reads
to genomic sequences of possible contaminating species (e.g. Homo sapiens). Potential contaminating reads
were then aligned back to sea urchin genomic sequence, retaining any likely E. chloroticus reads.
De novo assembly

De novo assembly of the processed reads into transcripts
was carried out using the Trinity assembly program
release 2013-02-25 (http://trinityrnaseq.sourceforge.net)
[21] using default parameters. Minimum length for reported transcripts was 200 bases. To assess transcript
abundance paired reads were aligned to the transcripts
through a Trinity script, which used Bowtie v0.12.9
(http://bowtie-bio.sourceforge.net) [22] to align reads.
RSEM v1.2.3 (http://deweylab.biostat.wisc.edu/rsem) was
then used to generate isoform percentages and FPKM
values. Transcripts of the same trinity component could
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be treated as different sequence isoforms. Transcripts
that had less than 1% of the total reads for their component were considered unsupported isoforms and
removed from the set. Transcripts were then filtered
based on a minimal FPKM value of 0.5 which corresponded to 41 reads per kilobase to give a reduced set of
transcripts. This was to remove transcripts from the
assembly that had relatively low read support and were
therefore less likely to be complete. The majority of
transcripts removed were short, being less than 500
bases in length. The reduced set was then selected for
functional annotation. Transcript statistics were computed using in-house scripts. Bowtie2 v2.1.0 was used to
align all reads used in the assembly to the total and reduced transcript sets for read representation statistics.
Trinity scripts were used to generate the protein coverage statistics by extracting predicted E. chloroticus proteins from transcript ORFs, followed by BLASTP [23]
searches to S. purpuratus proteins obtained from the
NCBI database. The CEGMA v2.4 program (http://korflab.ucdavis.edu/datasets/cegma) [24] was used to provide KOG annotations of transcripts and reports for
completeness of Core Eukaryotic Genes.
Functional annotation

The Blast2GO v2.6.6 program (http://www.blast2go.
com) [25] was used extensively for the functional annotation of transcripts. BLASTX [23] searches were used
within Blast2GO to the NCBI non-redundant protein
database to identify similar proteins using an E-value
cut-off of 10-3 and the top 20 hits for each transcript
were recorded. The top hit for each transcript was selected for E-value and species distributions. Transcript
abundance was calculated by aligning reads from each
of the tissue samples to the transcripts using Bowtie2
v2.1.0 followed by RSEM for FPKM values. Using the
Trinity transcript component level for gene distinction,
the top 20 genes from each tissue sample with the
highest FPKM values were selected to show expression
levels of the most abundant transcripts. The pheatmap
package v0.7.4 [26] within R v3.0.1 [27] was used to create a heatmap using the log2 of FPKM values of each top
gene across each tissue. Rows were clustered by Euclidean distance. The RepeatMasker v2.2.27+ (http://www.
repeatmasker.org) program was used along with the latest (22-04-2013) Repbase database (http://www.girinst.
org/repbase) [28] to identify repeating elements. Default
settings were used and the query species was set as
Echinoidea. RepeatMasker used a Smith-WatermanGotoh type algorithm to search for matching sequences
to known interspersed repeats (retroelements, DNA transposons), simple repeats (microsatellites), and fragments of
ncRNAs, that were represented in the Repbase database.
Low complexity sequences (polypurine, polypyrimidine,
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and regions of extremely high AT (>87%) or GC (>89%)
content) were also identified with RepeatMasker. Clustering of transcripts was performed using CD-HIT-EST
(http://weizhong-lab.ucsd.edu/cd-hit) [29] at 90% similarity to assess transcript redundancy. For nucleotide
sequence matches, BLASTN [23] searches were used to
the NCBI non-redundant nucleotide database using an
E-value cut-off of 10-6. An increased E-value cut-off
was used to provide more unique and meaningful nucleotide matches from the BLASTN search. S. purpuratus
nucleotide sequence [Accession: JQ684708] was used in a
local BLASTN [23] search to identify an E. chloroticus telomerase RNA transcript and the sequences were aligned
in Geneious v6.1.4 program (http://www.geneious.com)
using the Geneious aligner. GO annotations were assigned
to transcripts by Blast2GO using the BLASTX results.
InterProScan [30] searches were used within Blast2GO to
InterPro databases [31] to provide InterPro annotations of
conserved protein domains and functional sites. Blast2GO
then used InterPro results to add additional GO annotations to transcripts based on associated terms. Enzyme
codes were assigned to transcripts by Blast2GO based on
associated GO terms providing results for EC numbers
and their KEGG pathways. The KEGG Automatic Annotation Server (KAAS) (http://www.genome.jp/tools/kaas)
[32] was used to annotate transcripts with KO codes.
Phylogenetic analysis

For the phylogenetic analysis of E. chloroticus and the
Echinometridae species, the ND1 and ND2 sequence data
used in Kinjo et al., (2008) [17] was downloaded from
the NCBI database [Accession: AB178488 - AB178518]. A
total of 14 species from the Echinometridae family were
used, which included the six Echinometra, E. sp. A, E. sp.
C, E. lucunter, E. mathaei, E. oblonga, E. vanbrunti; the
two Colobocentrotus, C. atratus, C. mertensii; the two Heterocentrotus, H. mammillatus, H. trigonarius; the two
Echinostrephus, E. aciculatus, E. molaris; and the two
Heliocidaris, H. crassispina, H. tuberculata. The two outgroup species used were Tripneustes gratilla from the
sister family Toxopneustidae and S. purpuratus from
the sister family Strongylocentrotidae. Sequence data for
S. purpuratus was obtained from NCBI [Accession:
NC_001453]. The E. chloroticus ND1 and ND2 sequence
was obtained by a BLASTN search with the S. purpuratus
genes against the assembled transcripts. The E. chloroticus
mitochondrial genome was almost fully reconstructed
across several transcripts. The transcript identified containing the ND1 and ND2 genes was aligned with all the
previous sequences and 819 matching bases for ND1 and
1059 matching bases for ND2 were extracted for the following analysis. The phylogenetic trees were constructed
within the Geneious v6.1.4 program. ND1, ND2, as well as
combined ND1-ND2 sequences from each species were
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aligned to each other. All alignments were carried out
using the Geneious Aligner within Geneious, set at 70%
identity. The NJ trees were constructed with the Geneious
Tree Builder using the HKY85 model [33] with 1000 bootstrap repeats. The ML trees were constructed with the
PhyML [34] Geneious module using the HKY85 model
with 1000 bootstrap repeats and estimated gamma distribution and invariable site proportion. The Bayes trees
were constructed with the MrBayes [35] Geneious module
using the HKY85 model with gamma distribution and invariable site estimations, gamma categories of 4, chain
length of 50,000, heated chains at 4, subsampling frequency of 10, and a burn-in length of 1000. All trees were
set at a bootstrap threshold of 50% and rooted using
T. gratilla as the outgroup.

Additional files
Additional file 1: Top expressed transcripts in tissue samples. Table
of the top 20 transcripts with the highest FPKM values for four different
tissue types; male roe, female roe, male coelomic fluid and female
coelomic fluid.
Additional file 2: E. chloroticus telomerase RNA sequence
alignment. Sequence alignment of E. chloroticus telomerase RNA to S.
purpuratus telomerase RNA was performed in the Geneious program
using the Genious aligner. Conserved sequence is highlighted black.
Structural domains are labelled for the template-pseudoknot (purple) and
H/ACA (blue) domains.

Page 14 of 15

6.

7.
8.

9.
10.

11.
12.
13.

14.
15.

16.

17.

18.
Competing interests
The authors declare that they have no competing interests.

19.

Authors’ contributions
GG carried out the bioinformatic analysis of the sequence data and drafted
the manuscript. DG contributed to sample collection, RNA extraction and
manuscript revision. CB proposed and supervised the study and contributed
to the manuscript. All authors have read and approved the final version of
the manuscript.

20.
21.

22.
Acknowledgements
We gratefully thank Campbell McManaway of Cando Fishing Ltd for
providing their time and services to acquire E. chloroticus specimens. Jodi
Pilbrow and Alan Carne for helpful discussions on Kina. NZ government
subsidised sequencing services were provided by New Zealand Genomics
Limited (http://www.nzgenomics.co.nz). Funding for this study was provided
by the University of Otago.

23.

24.
25.

Received: 29 October 2013 Accepted: 30 December 2013
Published: 20 January 2014
References
1. Pearce CM, Daggett TL, Robinson SMC: Effect of urchin size and diet on
gonad yield and quality in the green sea urchin (Strongylocentrotus
droebachiensis). Aquaculture 2004, 233(1–4):337–367.
2. Murata Y, Yokoyama M, Unuma T, Sata NU, Kuwahara R, Kaneniwa M:
Seasonal changes of bitterness and pulcherrimine content in gonads of
green sea urchin Hemicentrotus pulcherrimus at Iwaki in Fukushima
Prefecture. Fisheries Sci 2002, 68(1):184–189.
3. Ministry for primary industries. http://fs.fish.govt.nz/Page.aspx?
pk=7&tk=100&ey=2013.
4. Miller S, Abraham E: Characterisation of New Zealand kina fisheries.
New Zealand Fisheries Assessment Report 2011, 7:1–95.
5. James P, Heath P: Long term roe enchancement of Evechinus Chloroticus.
Aquaculture 2008, 278(1):89–96.

26.
27.
28.

29.
30.

31.

Garama D, Bremer P, Carne A: Extraction and analysis of carotenoids
from the New Zealand sea urchin Evechinus chloroticus gonads.
Acta Biochim Pol 2012, 59(1):83–85.
Pilbrow J, Garama D, Carne A: Carotenoid-binding proteins; accessories to
carotenoid function. Acta Biochim Pol 2012, 59(1):163–165.
Sodergren E, Weinstock GM, Davidson EH, Cameron RA, Gibbs RA, Weinstock
GM, Angerer RC, Angerer LM, Arnone MI, Burgess DR, et al: Research article The genome of the sea urchin Strongylocentrotus purpuratus. Science 2006,
314(5801):941–952.
Smith LC: Diversification of innate immune genes: lessons from the
purple sea urchin. Dis Model Mec 2010, 3(5–6):274–279.
Tu Q, Cameron A, Worley K, Gibbs R, Davidson E: Gene structure in the sea
urchin Strongylocentrotus purpuratus based on transcriptome analysis.
Genome Res 2012, 22(10):2079–2087.
Kroh A, Smith AB: The phylogeny and classification of post-Palaeozoic
echinoids. J Syst Palaeontol 2010, 8(2):147–212.
McRae A: Evechinus chloroticus (Val.), an Endemic New Zealand Echinoid.
Trans Roy Soc New Zealand 1959, 86:205–267.
Cameron CB, Garey JR, Swalla BJ: Evolution of the chordate body plan:
new insights from phylogenetic analyses of deuterostome phyla.
Proc Nat Acad Sci U S A 2000, 97(9):4469–4474.
Blackburn EH, Collins K: Telomerase: an RNP enzyme synthesizes DNA.
Cold Spring Harb Perspect Biol 2011, 3:a003558.
Li Y, Podlevsky JD, Marz M, Qi X, Hoffmann S, Stadler PF, Chen JJ:
Identification of purple sea urchin telomerase RNA using a nextgeneration sequencing based approach. RNA 2013, 19(6):852–860.
Hibino T, Loza-Coll M, Messier C, Majeske AJ, Cohen AH, Terwilliger DP,
Buckley KM, Brockton V, Nair SV, Berney K, et al: The immune gene
repertoire encoded in the purple sea urchin genome. Dev Biol 2006,
300(1):349–365.
Kinjo S, Shirayama Y, Wada H: Evolutionary history of larval skeletal
morphology in sea urchin Echinometridae (Echinoidea: Echinodermata)
as deduced from mitochondrial DNA molecular phylogeny. Evol Dev
2008, 10(5):632–641.
Fell HB: The Origin and Migrations of Australasian Echinoderm Faunas
Since the Mesozoic. Trans Roy Soc New Zealand 1953, 81:245–255.
Cox MP, Peterson DA, Biggs PJ: SolexaQA: At-a-glance quality assessment
of Illumina second-generation sequencing data. BMC Bioinformatics 2010,
11:485.
Langmead B, Salzberg SL: Fast gapped-read alignment with Bowtie 2.
Nat Methods 2012, 9(4):357–359.
Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis
X, Fan L, Raychowdhury R, Zeng Q, et al: Full-length transcriptome
assembly from RNA-Seq data without a reference genome. Nat
Biotechnol 2011, 29(7):644–652.
Langmead B, Trapnell C, Pop M, Salzberg SL: Ultrafast and memoryefficient alignment of short DNA sequences to the human genome.
Genome Biol 2009, 10(3):R25.
Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL: BLAST+: architecture and applications. BMC Bioinformatics
2009, 10:421.
Parra G, Bradnam K, Korf I: CEGMA: a pipeline to accurately annotate core
genes in eukaryotic genomes. Bioinformatics 2007, 23(9):1061–1067.
Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M: Blast2GO: a
universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics 2005, 21(18):3674–3676.
Kolde R: http://cran.r-project.org/web/packages/pheatmap/index.html.
R Core Team: R: A language and Environment for Statistical Computing. 301st
edition. Vienna, Austria: R Foundation for Statistical Computing; 2013.
Jurka J, Kapitonov VV, Pavlicek A, Klonowski P, Kohany O, Walichiewicz J:
Repbase Update, a database of eukaryotic repetitive elements. Cytogenet
Genome Res 2005, 110(1–4):462–467.
Fu L, Niu B, Zhu Z, Wu S, Li W: CD-HIT: accelerated for clustering the
next-generation sequencing data. Bioinformatics 2012, 28(23):3150–3152.
Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R, Lopez R:
InterProScan: protein domains identifier. Nucleic Acids Res 2005,
33:W116–120.
Hunter S, Jones P, Mitchell A, Apweiler R, Attwood TK, Bateman A, Bernard
T, Binns D, Bork P, Burge S, et al: InterPro in 2011: new developments
in the family and domain prediction database. Nucleic Acids Res 2012,
40(Database issue):D306–312.

Gillard et al. BMC Genomics 2014, 15:45
http://www.biomedcentral.com/1471-2164/15/45

Page 15 of 15

32. Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M: KAAS: an automatic
genome annotation and pathway reconstruction server. Nucleic Acids Res
2007, 35:W182–185.
33. Hasegawa M, Kishino H, Yano T: Dating of the human-ape splitting by a
molecular clock of mitochondrial DNA. J Mol Evol 1985, 22(2):160–174.
34. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O: New
algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst Biol 2010, 59(3):307–321.
35. Huelsenbeck JP, Ronquist F: MRBAYES: Bayesian inference of phylogenetic
trees. Bioinformatics 2001, 17(8):754–755.
doi:10.1186/1471-2164-15-45
Cite this article as: Gillard et al.: The transcriptome of the NZ endemic
sea urchin Kina (Evechinus chloroticus). BMC Genomics 2014 15:45.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

