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Abstract

TRANSCRIPTOME DE NOVO ASSEMBLY, CLUSTERING AND ANNOTATION OF NOVEL
TRANSCRIPTS
by

Fatemeh (Shaadi) Pooyaei Mehr

Advisors: Professor David Gruber / Robert DeSalle

Recent advances in Next Generation Sequencing (NGS) have allowed for unparalleled
access to genetic information for organisms in both the functional and phylogenetic
realms of biology. Analysis of the RNA transcripts of cells of organisms using Next
Generation Sequencing (called RNA-seq) has opened doors for unique insights into the
genomic complexity of organisms and has provided researchers with invaluable tools for
analysis of function of gene products and phylogenetic relatedness. Application of this
method has moved beyond model organisms. It has provided a lot of potentials, in
ecological research and comparative transcriptomics, in non-model organisms. This
thesis presents an overview on existing applications of RNA-seq in non-model
organisms. Furthermore, it presents a new clustering design on handling the data, which
led to identification of twelve new fluorescent protein isoforms in corals. In addition, de
novo assembly and annotation of the data from polychaete Hermodice carunculata made

possible the identification of one new phylogenetic marker and eight bioluminescent

iv



protein isoforms. Also, twelve new bilirubin-induced fluorescent proteins were identified
from false moray eel Kaupichthys hyproroides. This approach can be applied on any

other data.
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Chapter 1: Introduction

Part 1:

C1.1: Fluorescence and Bioluminescence

C1.1.1: Fluorescence

The mechanism of light production through absorbing photons, which temporarily excites
electrons to higher energy states, distinguishes fluorescence from other natural optical
phenomena such as bioluminescence and phosphorescence. As the excited electrons relax
to their basal state, they release energy at a longer wavelength. Since this excitation and
relaxation happens almost within picoseconds, the emission of light is visible while the
specimen is being illuminated. Chlorophyll, phycobiliproteins, and green fluorescent

proteins (GFPs) are examples of fluorescent proteins.

GFP was first detected in the hydromedusa Aequorea victoria [1, 2], and was at the time
considered a component of aequorin, a bioluminescent protein that was then thought to be
made up of multiple components. Aequorin produces blue bioluminescence in the
presence of Ca™, and homologues have been reported in the sea pansy Renilla reniformis
[3] and in the hydroids Obelia [4]and Clytia gregaria [5] . The blue bioluminescent light
(470nm) that is radiated by aequorin excites the closely located GFP, and green light is

emitted.



There are about 200 GFPs in the protein Data Bank distributed over about 125 species.
Up until the discovery of a luminescent species of eel [6], GFPs were defined as a group
of structurally homologous proteins from marine bioluminescent animals and non-
bioluminescent reef organisms, mostly corals, sea anemone [7] and others such as species
of comb jellies [8] and lancelets [9, 10]. Despite the high degree of structural homology
within this protein family, the amino acid sequence identity is very low. However, the
newly identified fluorescent protein (FP) from the luminescent eel is the exception to this
rule. A puzzling observation about this protein is the fact that it requires bilirubin as its
chromophore for being luminous. In addition, there are structural differences between
this Billirubin-induced Fluorescent Protein (BiFP) and canonical GFP such as wider beta

barrel, and maturation independent of oxygen in BiFP compared to GFP [6].

A major established application of FPs is in Forster resonance energy transfer (FRET) [3]
in which a fluorescent or bioluminescent donor is coupled with a fluorescent acceptor.
Light that is being emitted from the donor results in excitation of the acceptor. In the
process of this excitation, the fluorophore spontaneously forms by an oxidative
cyclization of three amino acids, and in the absence of a fluorescence cofactor ligand.
While the acceptor molecule is always fluorescent, the donor can be either fluorescent
itself or bioluminescent. FRET technology can be incorporated in microscopy,
electrophoresis, chromatographic assays and flow cytometry [11].

In order for the FRET to be efficient some fundamental criteria should be met: 1)

substantial spectral overlap between the donor and acceptor, 2) strong fluorescence of the



donor, 3) matched orientation of transition dipoles, 4) and ~50A separation between
donor and acceptor [5]. In order to test the donor-acceptor coupling possibility and their
applicability for FRET, a test has to be carried out in solution. For instance, it has been
suggested that an efficient complex forms in the case of Renilla luciferase and its
conjugate GFP [12] but not with other bioluminescent proteins [13]. In order to expand
our repertoire of FRET pairs, it is important to identify and test a diverse range of

bioluminescent molecules, both fluorescent and luminescent.

C1.1.2: Bioluminescence

Many species, from bacteria to fishes, utilize bioluminescence for a diverse range of
functions such as predation (dragonfish [14]), defense (arrow worms [15]) and
intraspecific communication (fireflies). In fact, many marine animals acquire their
primary visual stimulation via their biologically generated lights rather than sunlight [8].
Bioluminescence is produced as a result of a chemical reaction. The oxidation of a light-
emitting molecule, luciferin, generates light. An enzyme, called luciferase, controls the
rate of the bioluminescence reaction. These photoproteins are triggered to produce light

upon binding to ions such as Ca2+ or Mg2+ [16].

While luciferins are conserved, luciferases and photoproteins are variable, and have been
reported from a wide range of species. Luciferins of marine organism are reported to
exist in five major types including 1) Bacterial, 2) Dinoflagellate, 3) Cypridina, 4)

Coelenterazine, 5) other unknown types. For instance, Coelenterazine is thought to be the



light emitter in nine phyla, including protozoans, jellyfish, crustaceans, arrow worms,
mollusks and vertebrates. The accepted hypothesis implies that luciferins are acquired
though the diet [17]. However, their ultimate origins remain unknown.

It has been suggested that each luminescent hydrozoan genera (4dequorea, Obelia,
Mitrocoma, and Clytia) has one or more genes encoding bioluminescent photoproteins
with detectable sequence homology within hydrozoans, but with little homology to
luciferases from other cnidarians [8]. Chapter 3 of this thesis work is dedicated to test this

hypothesis.

The initial step required for the identification of any novel protein (such as fluorescent
and luminescent proteins) is the identification of its coding sequence. In the second part
of this chapter, I present the transcriptomic deep sequencing approach that I used to find
novel proteins from species whose genomes are not available. I will furthermore describe

how I used this approach to identify novel bioluminescent proteins.



Part 2:

C1.2.1: RNA-seq shines new light on the Tree of Life: How to use recent

methodological advances to break the transcriptome barrier

C1.2.2: Abstract

Recent advances in Next Generation Sequencing (NGS) have allowed for unparalleled
access to genetic information for organisms in both the functional and phylogenetic
realms of biology. Analysis of the RNA transcripts of cells of organisms using NGS
(called RNA-seq) has opened doors for unique insights into the genomic complexity of
organisms and has provided researchers with invaluable tools for analysis of function of
gene products and phylogenetic relatedness. We describe some of the recent approaches
to collecting, manipulating and analyzing RNA-seq data and provide a description of
pipelines for analysis of RNA-seq data. We discuss four major phases of data analysis in
RNA-seq studies — quality control, assembly, annotation and quantification — and provide
critical assessment of tools developed for these steps in data management for RNA-seq
studies. Finally, we provide a sample pipeline for how most RNA-seq studies can and

should proceed.



C1.2.3: Introduction

Over the past five years, massively parallel sequencing of cDNA libraries (RNA-Seq) has
proven itself as an efficient, robust and cost-effective means of rapidly obtaining entire
transcriptomes of organisms. Applications of RNA-Seq such as expression profiling,
monitoring splicing events, and novel transcript identification have been widely adopted
in model organisms. Yet, there is an increasing demand to apply RNA-Seq to improve
and deepen ecological and phylogenetic studies for organisms with little or no available
sequence information. Within non-model organisms, RNA-Seq approaches are beginning
to be used for applications such as developing novel gene markers for phylogenetic
studies [18], allele frequency detection for population genetics [19], novel toxin or
protein identification [20], metabolic pathway reconstruction for functional studies [21],
and even differential gene expression profiling [22]. Here, we review RNA-Seq
applications, advances and challenges and explore their potential to transform our
genomic understanding of non-model organisms. We also provide a brief application
strategy for utilizing short-read RNA-seq data for investigations into non-model

organisms.

Information on the expression of transcript isoforms in organisms is a valuable data
regarding the functional status of a cell. Many methods for exploring this landscape have
been implemented, providing important mechanistic insights into the regulation and
expression of RNA molecules. Quantitative analysis of transcript abundance was

developed using in sifu hybridization as early as 1980 [23], followed by qRT-PCR [24]



and high-throughput trancriptome, microarrays, in 1995 [25]. Microarrays later became
the primary method for monitoring gene expression fluctuation, surveying genome wide

DNA and protein binding interactions and long-range DNA interactions [26, 27].

Yet, as the new sequencing methods emerge, the existing microarray applications are
gradually shifting to sequence-based methods [28]. Generating complete transcriptomes
using Next-Generation Sequencing (NGS) methods, known as RNA-Seq, not only
provides high-resolution and dynamic range of gene expression measurements, but also
provides the opportunity to find novel transcribed sequences, and alternative splice

variants in organisms with available genomes [29, 30].

Surging interest in exploring the landscape of the comparative genomics in non-model
organisms has led to the application of NGS methods to generating cDNA libraries.
These libraries have an enormous sequencing depth and better reproducibility, producing
at least 100 to 10,000 times higher throughput than classical Sanger sequencing [31].
This level of sensitivity in examination of thousands of transcripts from species with no
available genome renders it easy to perform a wide range of biological studies including
phylogenomics [32], regulatory gene discovery [21, 22, 33, 34], molecular marker
development [35, 36], single nucleotide polymorphism (SNP) identification for trait
adaptation [37, 38], haplotype detection [19, 39], and differential gene expression

profiling [22, 40, 41].



Although most of the toolkits available for transcriptomic landscape analysis are based on
research involving model organisms, there is an unprecedented potential for research
involving other less well-studied organisms. This could be particularly useful for rare or
endangered species in which access to samples is limited or those of economic and
ecological importance. One of the major pitfalls in RNA-seq data analysis is the
bioinformatics challenge dealing with the massive amounts of data generated (300-600Gb
per lane). These bioinfomatics challenges include maintaining computational resources as
well as creating novel software to perform downstream analysis. Since most of the
available data analysis tools are based on their application in model organisms, their
application in non-model organism requires ad hoc implementation studies of the
genomics of organisms they were not designed for. However, as the number of available
software packages expands, so will the scope of RNA-seq applications to better

understand and investigate the Tree of Life.

C1.2.4: Available sequencing platforms

Many massively parallel DNA sequencing platforms have been developed in the last
decade [42]. Currently there are a handful of platforms that researchers use for NGS.
Read length and depth coverage in platforms such as 454, [llumina, Helicos, SOLiD ABI,
PacBio, and IonTorrent vary (Table C1.1). For example, [llumina and SOLiD ABI are
categorized under short-read sequencer methods and generate relatively short paired-end
(PE) reads (2 x 100bp for Illumina and 2 x 75bp for SOLiD ABI). They also sequence

with considerably high depth (200Gb for Illumina and 300Gb for SOIiD ABI). On the



other hand, 454 has reached read lengths of 500 base pairs, but its depth of coverage is
much less. While technical details vary among these platforms, they all generate single
DNA molecules at small dilutions. They allow direct production of DNA fragment with

no need for plasmid or vector for cloning [28].

C1.2.5: RNA-seq advances in model organisms

RNA-seq was developed in 2008 [29] for transcriptomic analysis, and has been widely
applied in model organisms to provide information on genes and their alternate isoform
mapping [43-45], gene expression [28, 41, 46], non-coding RNA identification [47]post-
transcriptional single nucleotide variation [48], and gene fusions [49]. It has been
effective at determining exon boundaries in Saccharomyces cerevisiae [30],
Caenorhabditis elegans [50], Mus musculus [29], and Homo sapiens [51]. RNA-seq also
provides better sensitivity in predicting exon boundaries compared to tilling arrays [52].
The quest for improvement in transcription start site mapping, strand specific
measurements, and small RNA characterization is constantly underway in model species

[53].

C1.2.6: RNA-seq potentials and challenges in non-model organisms

The advent of RNA-seq makes it possible to quickly and cheaply generate transcriptome

sequences in any organism for which RNA can be obtained. It provides access to the

coding sequences of hundreds of genes and opens up a diverse range of previously



unexplored questions in phylogenomics, population genetics, and functional genomics
research in non-model organisms. We provide selected examples of applications to each

endeavor below.

Phylogenomics: Within the scope of insect phylogenomics, using long-read NGS
transcriptomic data, a recent study explored the unresolved phylogenetic issues within the
Polyneopteran orders and provided support for monophyletic Polyneoptera [18].
Furthermore, recent implementation of transcriptomic data, combined with
morphological data from ostracod and pancrustacean taxa, has led to better phylogenetic
resolution of long-standing questions such as interordinal relationship related to this clade

of organisms [54].

Population Genetics: Genetic variation between populations can be utilized as molecular
markers in population genetics studies. In this regard, RNA-seq can be use to find
genetic variation in microsatellites, simple sequence repeats (SSR), and single-nucleotide
polymorphisms (SNP). For instance, recent work on the rainbow trout (Oncorhynchus
mykiss) reported SNPs in genes associated with variation in growth rate [37]. In another
study, comparative SNP analysis between two alfalfa (Medicago sativa) genotypes led to
the identification of candidate genes that may play a role in stem development and
different cell composition [55]. Furthermore, identification of simple sequence repeats
(SSRs), as a molecular marker, in the chickpea (Cicer arietinum) was accomplished using

the application of transcriptome sequencing and analysis [35].

10



Functional Genomics: Other applications focus on regulatory gene discovery and
metabolic pathway reconstruction. For instance, tea-specific major metabolic pathways
were reconstructed with deep RNA sequencing [21]. In addition, applications of this
method have led to identification of genes involved in sex differentiation, cold adaptation
and immunity in the tuatara (Sphenodon punctatus), the only surviving species of the

reptilian order Rhynchocephalia [56].

One advantage of RNA-seq is the ability to count the number of reads mapped on certain
areas of the transcriptome. This provides the opportunity of transcript abundance
measurement and quantification. Therefore it provides the possibility of capturing
differentially expressed genes under different conditions. Using this approach, for
example, a recent study captured differential up-regulation of anthocyanin biosynthesis

during the fruit ripening processes in the Chinese bayberry (Myrica rubra) [22].

RNA-seq provides intensely rich datasets that can be probed to investigate multitude

research questions. Therefore, the application of these methods has expanded the

potential for a much deeper genomic and evolutionary understanding. Depending on the

questions and available computational resources, certain strategies can be applied.

C1.2.7: RNA-seq application strategy in non-model organisms

RNA-seq data analysis in species with no available genome sequence consists of four

major steps; 1) Quality control and filtering, 2) De novo assembly, 3) Annotation and 4)

11



Transcript abundance quantification (Fig. C1.1A; C1.1B; C1.1C). In this review we
focus on short-read (i.e. [llumina) de novo assembly. Methods for other platforms vary,
but in general the approaches described below are a good starting point for understanding

the complexity of analysis of NGS RNA-Seq.

C1.2.7.1: 1) Quality control and filtering

Before assembly, quality assessment is a critical step to guarantee high accuracy of the
data for the subsequent steps. Sometimes, it is necessary to filter the data by removing
linkers, and low quality sequences which contain either numerous Ns (ambiguously
called nucleotides) or are shorter than 17-20bp. Several programs and toolkits have been
developed to perform various aspects of these steps in the workflow. FastQC is a useful
program to generate a quality overview [57]. NGSQC provides a collection of command
line programs to process and filter low quality reads [58]. Programs such as
AdapterRemoval [59] and Cutadapt [60] locate and remove adapter residues from the
read. Other programs such as Clean-Reads [61] and Seqtk [62] filter out the reads under
the minimum length and score quality criteria, and Clean-Reads can also remove vectors
and adapters (Table C1.2). Lastly, the filtered reads should be deposited to Sequence

Read Archive (http://www.ncbi.nlm.nih.gov/sra) at the National Center for

Biotechnology Information (NCBI) or some other archival resource.

12



C1.2.7.2: 2) De novo assembly

Assembling transcriptomes from short-read RNA-seq data is a computationally intensive
task. In genome-dependent transcriptome reconstruction, researchers take advantage of
the mapping-first approach to analyze the transcriptome data. The main goal in this kind
of analysis is gene expression measurements or novel transcript or gene variant
discovery. In such analysis, exon guided assemblies are carried out using programs such
as G.Mo.R.Se [63], Scripture [64], and Cufflinks [65]. These programs are useful for

capturing differentially expressed genes in samples with well-annotated genomes.

On the other hand, the surge of interest in the application of RNA-seq methods in non-
model species has led to the development of several genome-independent (de novo)
transcriptome reconstruction pipelines. Initially, the short-read assembly programs were
mainly based on de Bruijn graph genomic assemblers (Box C1.1) such as Velvet, ABySS,
Soapdenovo?2 [66-68]. De Bruijn graph assembly algorithms do not use a reference
genome and attempt to classify reads into distinct overlapping components (k-mer) that
represent all gene isoforms. The major problem with these genome-based programs lies
in their assumption that the read coverage is even. However, the depth of coverage
fluctuates significantly between transcripts isoforms. This phenomenon made it hard to
isolate erroneous sequences with low coverage when the mentioned programs were used

for transcriptome data.

13



Recently these programs adopted post-processing pipelines of de novo genome
assemblers such as Oases [69], Trans-ABySS [70] and SOAPdenovo-Trans [71] to
account for uneven range of coverage depth. The common denominator of these pipelines
is that they run the assembler at different k-mer lengths and merge these assemblies into
one [72]. Therefore, they are called mulit k-mer assemblers. The purpose of this method
is to capture both low expressed transcripts (lower values of k) and highly expressed

transcripts (high values of k) by combining a range of k-mers [73].

The pipeline presented in Trans-ABySS [70], SOAPdenovo-Trans [71] also detects
alternative splicing variants by searching for connected groups of contigs. Alternatively,
Trinity [74] is designed to recover assembly paths supported by actual reads and removes
ambiguous edges. It uses only one single k-mer to reconstruct highly expressed
transcripts to full-length assemblies. Trinity has been used to reconstruct full-length
splice variants in yeast, mouse and whitefly [74, 75]. Oases [69], uses a greedy
topological strategy, similar to Trinity, and combines it with multi k-mer strategy used in
Velvet. Oases claims to generate longer transcript assemblies compared to other methods
[69]. Another program, Rnnotator [76], orients the assembled sequences in the correct
mRNA sense strand orientation, which can be useful when the library preparation is not
strand specific. In contrast to other programs, KISSPLICE [77] does not generate the
entire transcriptome, instead it only outputs the variable regions of transcripts in different
conditions. It identifies SNPs, indels and alternative splicing events variants under each

experimental condition, which are useful in trait adaption or population structure studies.

14



Choice of assembler program depends on depth of coverage, complexity of the genome,
available computational resources (run-time), and the purpose of generating the data.
Quality statistics of assembled sequences can be used to assess the accuracy of the
assembled transcripts. The quality statistics varies depending on 1) number of reads
being mapped back to transcripts (RMBT), 2) N50 (50th percentile of length
distribution), 3) sequences mean length 4) longest generated transcripts. It is essential to
measure these parameters to choose the best assembly program, and make sure the
contigs with low coverage are removed from the assembly before progressing to the
annotation stage. Since these de novo assembly methods are new, tools to evaluate their
performance are yet being developed. Most of the existing statistic benchmarking toolkits
for de novo transcriptome assembly evaluation and quality control require ad hoc
implementation. Perl scripts for measuring some of these statistics such as N50, mean
length measurements and RMBT calculations, are available at

(https://github.com/spooyaei/NGS-eval).

Programs such as Trinity requires extensive computational resources (100 hours of 80 G
RAM to assemble 117 Mb genome), but it has been shown to perform the best for the
percentage of reads mapped back to transcripts measurement, when applied to
Drosophila melanogaster transcriptome [72]. However, the performance and
specification of these programs require detailed evaluation in more datasets with different
complexities. Based on recent work on the central nervous system of Lymnaea stagnalis,
OASES, Trinity and Rnnotator performed at the same level in terms of N50 length,

maximum contig length and contig number.

15



After the assembly step, an optional clustering step can be used to remove sequences with
99% identity to reduce the size of the data set. Some of the recently developed clustering
programs such as CD-hit [78], USEARCH [77] can accomplish this clustering step.
Lastly, the assembled sequences should be deposited in Transcriptome Shotgun
Assembly (http://www.ncbi.nlm.nih.gov/subs/tsa/) at the National Center for

Biotechnology Information (NCBI) or in other archival resources.

De novo assembly programs serve as a complementary approach when genome
sequences are unavailable or partially annotated (Table C1.3). However successfully
applying these programs presents unique challenges to bioinformaticians. Further
analysis and comparative studies in different species, with different transcriptome
complexity are required to provide guidelines and help direct the choice of assembly

programs for RNA-Seq.

C1.2.7.3: 3) Annotation

Homology searches against available annotated databases are the backbone of the
annotation step [79]. The parameters of the homology search step are dependent on the
availability of the database, computational recourses and the type of questions that are
addressed. Typically the annotation represents the percentage of the homology match

between the assembled sequences and the reference sequences.

16



If the genome of a subject species is not available, the sets of assembled contigs are
aligned to a reference transcriptome or proteome for the annotation. The reference
transcriptome most commonly is the closest evolutionary relative of the subject species.
Typically the reciprocal homology search is performed using BLAST [80]. This means
that the assembled transcriptome will be searched against the reference dataset, and all
the pairwise connections should be the best hit in both directions. Generating Open
Reading Frames (ORF) [81] from the transcriptome is optional and it depends on the

program of choice for the homology search.

One possible approach is to cluster the matched sequences around each homologous
reference sequence (Fig. C1.1C). For pre-clustering step, a list of matches with the best
bit-score is prepared and used as the input for these clustering programs. There are two
approaches to accomplish clustering. One approach is to use similarity based criteria to
establish a cluster. TribeMCL [82] is a useful program for clustering using this approach.
The second approach is to use a tree based approach to assess homology. OrthologID
[83] is an example of this approach. Homologous/orthologous sequences are then used

for further analysis such as functional annotation and transcript isoform identification.

For functional annotation and metabolic pathway reconstruction, Gene Onthology (GO)
[84] terms and categories are assigned to the sequences with matches in the NCBI protein
(NR) and nucleotide (NT) databases, SWISS-PROT [85], and Refseq [86]. Other

alternatives for functional annotation are domain-ID assignment to sequences by using
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InterPro scan [87] algorithm and Blast2GO [88] which is a functional annotation (Table

Cl.4).

C1.2.7.4: 4) Transcript abundance quantification

Another major goal of RNA-Seq studies is to quantify transcript/allele specific
abundance, which facilitates capturing the gene expression heterogeneity. This can be
achieved by mapping reads to a well-annotated reference genome, or to the annotated

assembled transcripts.

Expression profiling in RNA-seq is based on read count, which requires normalization to
account for variation in RNA fragmentation and variation between different runs. In
order to normalize read count, the total number of reads per kilobase of transcripts per
million mapped reads (RPKM) is used as a metric [29]. However, in case of paired-end
reads, the normalization is based on total fragment counts per kilobase of transcript per

million reads (FPKM).

In order to compute FPKM and RPKM, short-read alignment programs such as BWA
[89], BOWTIE [90], BOWTIE2 [91], MAQ [92], and SSAHAZ2 [93], among many
others, can be used. The alignments which are in SAM (Sequence Alignment/MAP)
format can be manipulated (sorting, merging, changing the test format to binary format
(BAM), and generating alignment per position format) with programs such as SAMtools

[94]. Application of SAMtools can provide SNP or variation calling too. In addition, the
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generated alignments can be visualized with programs such as IGV [95] and Bamview

[96] (Table C1.5).

In addition to command line tools, some bioinformatics groups have developed genome
utility tools and implemented some of these programs for NGS data handling and
analysis [97]. For example, we have implemented a BOWTIE runner into a Perl script for

FPKM calculation (https://github.com/spooyaei/NGS-eval). Regardless of program used,

accurate alignment to repetitive elements, or alignment to multiple locations is still hard
to resolve. According to a recent benchmarking of some of the short read alignment
programs, there is no “best-tool program” and each tool performs best under certain
conditions [98]. Evaluation of short-read mapping is an actively researched problem with
many aspects to be addressed. Further comparison of the performance of the current
transcriptome assemblers is still required to help users decide which mapping program

best fits their intended application.

C1.2.8: Conclusion

While massively parallel sequencing of cDNA libraries (RNA-Seq) is a fairly new
technology, it has already led to revolutionary changes in genomics research and other
related fields. Although it is proven to be an efficient, robust and cost-effective means of
rapidly obtaining entire transcriptomes, how the data handling is pipelined is still being
developed. The programs and technologies reviewed in this article for the application of

RNA-seq can be applied to any species, from model organisms to the newly discovered.
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The application strategies for utilizing short-read RNA-seq data presented in this article
may be helpful to those considering using this approach to test wide ranges of biological
hypotheses in non-model species. However, challenging steps still lie ahead of the

development of methods to utilize these data for large-scale genome annotation.

C1.2.9: Glossary

BAM (Binary Alignment/MAP) format: Binary format for storing (compressing) SAM

files.

Bit-score: Log scale version of an alignment score ( A numerical value that describes the

overall quality of an alignment).

BLAST: A program that finds similar regions between sequences.

Contigs: Set of overlapping DNA that represents a consensus region of DNA.

Coverage: The percent of a reference genome/transcriptome that is covered by read

sequences.

De Bruijn graph: A directed graph representing the overlap between DNA sequence

reads.
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Depth Coverage: Specific number of aligned reads that are counted per base position

Homology searches: A given sequence of DNA or protein is searched against all of the

different sequences in the database.

K-mer: Specific number of nucleotide sequences that can be used to identify fragments

within DNA

Mapping-first approach: Mapping the raw reads directly into the genome for assembly.

N50: A statistical value representing the weighted median of assembled transcripts (50%

of the assembled transcripts are longer than this value).

NGS - Next Generation Sequencing: DNA sequencing that operates in a massively

parallel way and generates orders of magnitude more data than Sanger sequencing.

Normalization: The process of compensating for technical differences between

genes/samples, to find real biological differences between them.

qRT-PCR (Quantitative reverse transcriptase PCR): A PCR technique used to determine

the amount of cDNA in the sample.
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Quality score of the reads: The integer mapping of p (i.e. the probability that the base is

correct).

Reads: Small DNA fragments, between 20 to 1000 bases, depending on the platform,

produced by DNA sequencing technology.

RMBT: Number of reads that could be mapped back to de novo assembled transcripts

RNA-Seq: Next Generation Sequencing can generate millions of reads. If the sequences

come from cDNA, the generated reads represent the RNA content of the cell and are

known as RNA-seq.

SAM (Sequence Alignment/MAP) format: Generic format for storing large nucleotide

sequence alignments.

Transcriptome: The collection of all mRNA products of a cell. Transcriptomes will

differ from cell type to cell type.

Tree of Life: A phylogenetic hypothesis about the relationships of organisms on our

planet.
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Figure C1.1: Work flow the genome independent RNA-seq data handling in non-model
species. This pipeline consists of three steps: A. Sample preparation and sequence data
generation, content in orange boxes denotes the material and procedures to generate the
data; B. Read quality filtering and assembly; C. Annotation. Blue boxes denotes the input
and output files produced during assembly and annotation; yellow boxes denote the
software and scripts used in this workflow; Green boxes refer to the potential application

and further analysis. (See text for more information)

24



Box C1.1. De Bruijn graphs assembly

Some transcriptome de novo assembly programs are built based on de Bruijn graphs.

In a de bruijn assembly graph, the edges of a graph are unique small sequences of length k
within reads. In this assembly graph, the nodes of the graph common subsequecnes of length
k-1 between edges. Therefore, and edge connects two nodes if the suffix of one node shares an
exact match of length k-2 with the prefix of the other connected node (Note 7). The de Bruijn
assembly algorithms compress the graph into contigs. These contigs are non-branching
subgraphs of the de Bruijn graph(Note 2). Contigs are extended until the extenstion branches.
Repeats cause branches in the graph and makes the graph ambiguous. The role of a good
assembler is to identify the correct path, representing the full picture of a transcriptome.

Note 1: Pop, Mihai. "Genome assembly reborn: recent computational challenges." Briefings in bioinformatics
10.4 (2009): 354-366.

Note 2: Schatz, Michael C., Arthur L. Delcher, and Steven L. Salzberg. "Assembly of large genomes using
second-generation sequencing." Genome research 20.9 (2010): 1165-1173.
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Table C1.1: Comparative features of Next Generation Sequencing Platforms

Platform Generated Sequences Characteristic
Read length Depth Coverage
lllumina 2x 100 bp 200 Gb
454/Roche 2x400 bp 0.6 Gb
Helicos 2x55bp 25 Gb
SOLID ABI 2x75bp 300Gb
PacBio 1000 bp 3Gb
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Table C1.2: Quality Control Programs

Program/Repository

Source Reference

FastQC

NGSQC
AdapterRemoval
Cutadapt

Clean-Reads

Seqtk

Sequence Read Archive

Transcriptome Shotgun Assembly

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://brainarray.mbni.med.umich.edu/brainarray/ngsqc/
http://code.google.com/p/adapterremoval/
https://github.com/marcelm/cutadapt
http://bioinf.comav.upv.es/clean_reads/
https://github.com/lh3/seqtk
http://www.ncbi.nlm.nih.gov/sra

http://www.ncbi.nlm.nih.gov/subs/tsa/
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Table C1.3.

Assembly Programs

Program Source Reference
G.Mo.R.Se http://www.genoscope.cns.fr/externe/gmorse/ [63]
Scripture http://www.broadinstitute.org/software/scripture/ [64]
Cufflinks http://cufflinks.cbcb.umd.edu [65]
Velvet http://www.ebi.ac.uk/~zerbino/velvet/ [66]
ABYySS http://www.bcgsc.ca/platform/bioinfo/software/abyss/releases/1.3.0 [67]
Soapdenovo? http://sourceforge.net/projects/soapdenovo2/ [68]
Oases http://www.ebi.ac.uk/~zerbino/oases/ [69]
transABySS http://www.bcgsc.ca/platform/bioinfo/software/trans-abyss [70]
SOAPdenovo-Trans http://sourceforge.net/projects/soapdenovotrans/ [71]
Rnnotator http://www.jgi.doe.gov/software/ [76]
KISSPLICE http://kissplice.prabi.fr/download/ [77]

Trinity http://sourceforge.net/projects/trinityrnaseq/ [74]
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Table C1.4. Annotation programs

Program Source Reference
NCBI BLAST http://www.ncbi.nlm.nih.gov/guide/howto/run-blast-local [80]
GetORF http://emboss.sourceforge.net/apps/cvs/emboss/apps/getorf.html [81]
TribeMCL http://freecode.com/projects/mcl-algorithm [82]
OrthologID http://nypg.bio.nyu.edu/orthologid/ [83]
GO http://www.geneontology.org [84]
SWISS-PROT http://www.uniprot.org/downloads [85]
Refseq http://www.ncbi.nlm.nih.gov/Ftp/ [86]

InterPro scan http://www.ebi.ac.uk/interpro/download.html;jsessionid=97AB129A255625E9D160F458661D877A [87]

Blast2GO http://www.blast2go.com/b2glaunch [88]
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Table C1.5. RNA Quantification Programs

Program Source Reference
BWA http://bio-bwa.sourceforge.net [89]
BOWTIE http://bowtie-bio.sourceforge.net/index.shtml [90]
BOWTIE2  http://bowtie-bio.sourceforge.net/bowtie2/index.shtml [91]
MAQ http://maq.sourceforge.net/mag-man.shtml [92]
SSAHA2 http://www.sanger.ac.uk/resources/software/ssaha2/ [93]
SAMtools http://samtools.sourceforge.net [94]
IGV http://www.broadinstitute.org/igv/ [95]
Bamview http://bamview.sourceforge.net [96]
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C2.1: Abstract

Background

Genomic and transcriptomic sequence data are essential tools for tackling ecological
problems. Using an approach that combines next-generation sequencing, de novo
transcriptome assembly, gene annotation and synthetic gene construction, we identify and

cluster the protein families from Favia corals from the northern Red Sea.

Results

We obtained 80 million 75 bp paired-end cDNA reads from two Favia adult samples
collected at 65 m (Favl, Fav2) on the Illumina GA platform, and generated two de novo
assemblies using ABySS and CAP3. After removing redundancy and filtering out low quality
reads, our transcriptome datasets contained 58,268 (Favl) and 62,469 (Fav2) contigs longer
than 100 bp, with N50 values of 1,665 bp and 1,439 bp, respectively. Using the proteome of
the sea anemone Nematostella vectensis as a reference, we were able to annotate almost 20%
of each dataset using reciprocal homology searches. Homologous clustering of these
annotated transcripts allowed us to divide them into 7,186 (Favi/) and 6,862 (Fav2)
homologous transcript clusters (E-value < 2e™°). Functional annotation categories were
assigned to homologous clusters using the functional annotation of Nematostella vectensis.
General annotation of the assembled transcripts was improved 1-3% using the Acropora
digitifera proteome. In addition, we screened these transcript isoform clusters for fluorescent
proteins (FPs) homologs and identified seven potential FP homologs in Favl, and four in
Fav2. These transcripts were validated as bona fide FP transcripts via robust fluorescence

heterologous expression. Annotation of the assembled contigs revealed that 1.34% and 1.61%
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(in Favl and Fav2, respectively) of the total assembled contigs likely originated from the

corals’ algal symbiont, Symbiodinium spp.

Conclusions

Here we present a study to identify the homologous transcript isoform clusters from the
transcriptome of Favia corals using a far-related reference proteome. Furthermore, the
symbiont-derived transcripts were isolated from the datasets and their contribution quantified.
This is the first annotated transcriptome of the genus Favia, a major increase in genomics

resources available in this important family of corals.

Keywords

K-mer, Contig, Open reading frame, Fluorescent protein, Blast, Clustering, High-throughput

sequencing, [llumina paired-end, Coral

C2.2: Background

With the advent of Next-Generation Sequencing (NGS) technology, genomic data acquisition
has become much easier, especially for non-model organisms [1]. The generation of
transcriptomes from non-model organisms has also benefitted from NGS advances.
Transcriptomic datasets can facilitate genome annotation, single-nucleotide polymorphism
(SNP) analysis [2], marker development for population genetic and adaptive evolutionary
studies [3], as well as functional classification [4] in non-model species. The application of
transcriptome deep sequencing in metabolic pathway reconstruction and gene marker
development has already shown great promise in Camellia sinesis [5], Cicer arietinum [6],

Sphenodon punctatus [7], and Anopheles funestus [8].
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This method is also valuable for relatively understudied species, such as Favia corals.
Though corals are high in economic and ecological value, limited genomic resources are
available, largely because samples are difficult to obtain. Because NGS requires only small
amounts of animal tissue, it is possible get large amounts of information from very small
samples (1-2 coral polyps). Recently, anthropogenic threats such as climate change, metal
pollution and oceanic acidification [9] have led to rapid declines in worldwide coral
populations, lending increased urgency to the need for genomic data. Detailed understanding
at the genomic and transcriptomic level will allow for the development experimental studies

to assess how the intensity and frequency of disturbances affects coral health and abundance.

Several studies have reported NGS long reads transcriptome sequencing of coral species such
as Acropora millepora [10,11] and Pocillopora damicornis [12]. In addition, other recent
studies have used the Short Sequence Reads (SSR) platform [13], or combined SSR and long
reads approach to explore whole transcriptome modulation in response to low pH in adult
Pocillopora damicornis [13], and in early life stages of Acropora millepora [14]. Yet, these

coral clades are quite phylogenetically divergent from Favia [15].

Favia is one of the most widely and uniformly distributed of all coral genera and is
phenotypically presented as massive, dome-shaped and flat. In many cases Favia species
exhibit cryptic species complexes and their phylogeny has been parodied as being a
“Bigmessidae” [16]. Favia is within the Faviidae that contains twenty-four genera, more than
any other coral family [17]. Faviidae is one of the highly fragmented families in their
population structure, and Indo-Pacific members appear to be distinct from Atlantic
counterparts. Therefore, adding more molecular markers to resolve their phylogeny will add

further resolution to coral systematics.
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We sequenced and assembled 58 Mbp of Illumina ¢cDNA reads from two coral Favia
samples, termed “Favi” and “Fav2,” that were collected at 65 m in the northern Red Sea
(Figure C2. 1). Reads were assembled into contigs and annotated to: 1) identify protein
family clusters using the proteome of Nematostella vectensis as a reference; 2) assign
functions to the protein family clusters using Nematostella vectensis GO, InterPro and KOG
functional annotation, 3) identify homologous proteins in Acropora digitifera using
sequence-based similarity searches; 4) identify symbiont-derived contigs in our assembly;
and 5) conduct phylogenetic assessment using three molecular markers (Cytb, COI, 28S) and
eleven full-length fluorescent proteins. The resulting data provide a valuable resource for

future studies in faviids and other corals.

C2.3: Results and discussion

C2.3.1: De novo assembly

Holobiont cDNA libraries were synthesized from the RNA of two individual adult Favia sp.
collected from the Gulf of Eilat in the Red Sea. Illumina runs performed on each separate,
normalized, cDNA pool generated approximately 80 million reads per sample with average
quality scores > Q20 at each base. The first step of assembly was carried out with ABySS
[18,19], a de Brujin graph assembler. In order to recover transcripts across a range of
expression levels, we carried out assembly across a range of k-mer values. Transcripts with
low depth (i.e. weakly expressed) are best recovered with low k-mer values, while high depth
(i.e. highly expressed) transcripts are best recovered with high k-mer values [20]. Using a
range of k-mer values also allows for the identification of expressed splice variants arising
from a single gene. As the Illumina read length was set to 75 bp, we chose initial k-mer

values ranging from 29 to 45 bp for each sample run.
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We evaluated various assembly parameters (e.g. total number of contigs, contigs longer than
100 bp, N50 length, and average contig length) as a function of k-mer length. The three k-
mer values (35, 39, 45 for Favl and 31, 35, 39 for Fav2) with the highest N50 length [21]
were selected as being most informative. In each sample, we eliminated contigs shorter than
150 bp [20] in the two k-mer assemblies with the shortest median contig length, but kept all
the contigs in the assembly with the longest median contig length in order to retain any
information useful for bridging in the subsequent assembly steps. Within each sample, the
three k-mer assemblies were then combined, and the combined contigs were assembled with
CAP3 (using default parameters), which computes overlaps to correct errors in constructing
contigs and generates consensus sequences for contigs [22], thus eliminating redundant
contigs. It has been suggested that assembly of ABySS followed CAP3 yield better contigs
[19]. As a result, the N50 length distribution improved after using CAP3, and the best N50
values increased from 1027 to 1665 in Fav/, and 742 to 1439 in Fav2 (Figure C2. 2). The
final assembled datasets, which were used for all subsequent analyses, contained 58,848
sequences in Favl and 62,469 sequences in Fav2. The N50 values of these two datasets were
higher than previous short-read publications [5,7,23] (675 bp, 1438 bp, 506 bp, respectively),
suggesting that the quality of our data was comparable to results in other non-model species

(For all commands and parameters, see Additional file 1: File S1).

C2.3.2: Homologous clustering of expressed coral transcripts

After using the EMBOSS package [24] to generate all possible open reading frames (ORFs)
from stop to stop for each assembled contig, the resulting predicted ORFs were searched for
sequence similarity against the Nematostella vectensis proteome [25], using reciprocal BlastP
(E-value <2¢7” [26] (Script 1). For the 519,766 predicted ORFs longer than 150 bp, 12,141

unique ORFs in Favl showed considerable sequence similarity to 7,186 existing protein
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sequences in Nematostella vectensis. Similarly, 12,425 unique ORFs in Fav2 showed
similarity to 6,862 Nematostella vectensis protein sequences (Additional file 2: File S2,
Additional file 3: File S3). The top Blast hits for each sample were saved in a pre-clustering
list using a Perl script (Script 2; Output files reported in Additional file 4: File S4, Additional
file 5: File S5). These lists were then used in TRIBE-MCL [27] to identify homologous
protein family clusters in a comprehensive and uniform way (Additional file 6: File S6,
Additional file 7: File S7). The main clustering parameter, inflation value (r), was selected as
default (r = 2.5). Favl and Fav2 had similar numbers (7,186 and 6,862, respectively) of
protein family clusters homologous to unique Nematostella vectensis proteins. These clusters

were subjected to further functional annotation.

In order to evaluate the completeness of our annotation using Nematostella vectensis as the
reference as opposed to using another available Cnidarian non-annotated proteome (Acropora
digitifera), we applied a newly-developed completeness metric [28] (In prep.) to determine
the proportion of the reference proteome covered by our sets of assembled transcripts. Only
those ORFs with length coverage >80% of the matched protein from the Nematostella
vectensis or Acropora digitifera proteome were included. Completeness measurements in
Favl and Fav2 compared to Nematostella vectensis were 29.54% and 28.20%, respectively;
when the same procedure was carried out using the unannotated proteome of Acropora
digitifera as a reference (23,677 ORFs downloaded from
http://marinegenomics.oist.jp/genomes/downloads?project_id=3. This showed an
improvement of only 1-3%, thus validating our usage of Nematostella vectensis as a reference

proteome (Additional file 8: Table C2. C2. S1).
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C2.3.3: Functional annotation and characterization of the isoform clusters in FavlI

To identify the putative function of 7,187 isoform clusters, Gene Ontology (GO) and protein
domain (KOG, InterPro) searches were performed using the functional annotation of the
Nematostella vectensis. (Data downloaded from the JGI genome project http://genome.jgi-
psf.org/Nemvel/Nemvel .download.html). The clusters were assigned gene names based on
the gene name annotation of the best Blast match for the sequences (Additional file 9: File
S8). This process successfully assigned gene names for 6,632 (92.27%) clusters using GO
term, KOG description, and InterPro description. Among 12,141 annotated best hits, 11,411
(93.98%) gene names were assigned to sequences. These provide a rough estimate of the
number of different genes expressed in Favl libraries. Broadly, the putative homologs of
genes involved in various cellular processes and pathways found to be functionally

conserved.

Based on GO terms assignment to clusters, a total of 4,678 (65%) clusters were assigned at
least one GO term, among which 11% were assigned at least one GO term in biological
processes, 48% in molecular function and 6% in cellular component category (Additional file
10: Figure C2. S1). Among the various biological processes, protein metabolism, and electron
transport were mostly highly represented (Table C2. 1). Protein metabolism is also highly

represented in other transcriptome characterization studies [6,7,29].
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Table C2. 1 Top 30 frequent annotated functions of homologous protein clusters in Favi

Top frequent GO-annotated homologous protein clusters in Favl

Go Categories/Description Count Percentage
Total Clusters 7,187

Total (GO-annotated) 4,677 65.1%
Molecular function 3,477 48.37%
1-Nucleic acid binding 241 5.15%
2-Protein kinase activity 218 4.66%
3-DNA binding 208 4.45%
4-Catalytic activity 173 3.70%
5-Calcium ion binding 158 3.38%
6-ATP binding 129 2.76%
7-Protein binding 119 2.54%
8-GTP binding 114 2.44%
9-Transporter activity 96 2.05%
10-Structural constituent of ribosome 82 1.75%
Biological process 776 16.59%
1-Metabolism 122 2.61%
2-Electron transport 88 1.88%
3-Intracellular signaling cascade 54 1.15%
4-Proteolysis and peptidolysis 48 1.03%
5-Protein folding 47 1.00%
6-Protein modification 31 0.66%
7-Cell adhesion 29 0.62%
8-Intracellular protein transport 26 0.56%
9-Carbohydrate metabolism 21 0.45%
10-Regulation of cell cycle 18 0.38%
Cellular Component 424 6%
1-Ubiquitin ligase complex 68 1.45%
2-Integral to membrane 58 1.24%
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3-Membrane 58 1.24%

4-Nucleus 46 0.98%
S-Intracellular 41 0.88%
6-Cytoplasm 26 0.56%
7-Cytoskeleton 24 0.51%
8-Nucleosome 16 0.34%
9-Chromatin 10 0.21%
10-Extracellular region 8 0.17%

Top 30 high frequent annotated homologous protein clusters under cellular component, molecular function and biological

processes. Full annotation included in Additional file 9: File S8.

According to assigned KOG descriptions to Favi clusters, a total of 6,326 (88%) clusters
were assigned at least one KOG description. However, this was 4,489 (62.45%) with InerPro
description assignment. This implies that the KOG description was most useful in assigning
domain description to our dataset compared to InterPro. The top most frequently detected
domain, associated with KOG and InterPro assignment, include conserved domain associated
with predicted E3 ubiquitin ligase, fibrillins and related proteins containing Ca2 + —binding
EGF-like domains, FOG: Zn-finger, GPCR Rhodopsin, and Ras GTPase superfamily. One of
the utilities of domain annotation is that it provides quick access to homologs of genes with
known roles in intercellular signaling pathway. The representation of genes involved in
intracellular signaling pathway was very similar to that of Acropora millepora [10].
However, a few families showed the events of expansion (for example, Patched, Hepatocyte
nuclear factor 4 and Activin-like kinase) and contraction (for example, Notch-delta, Frizzled,

Wnat etc.) indicating their functional significance (Table C2. 2).
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Table C2. 2 Intracellular signaling pathway genes annotated in Fav/

Intracellular signaling pathway proteins annotated in Favl

Pathway Protein name Sequences (n)
Hedgehog Patched 27
Sonic 2
Fused 1
Receptor activity (IFRD-C) 1
DUF699 2
Smoothened 12
JAK/STAT STAT protein 1
NFKB/Toll Nuclear factor NF-kappa-B 1
Intermediate in Toll-signaling 1
Toll-like receptor 1
NHR Hepatocyte nuclear factor 4 2
Notch Notch 4
TACE 3
RTK RTK signaling protein 1
TGF-beta Activin-like kinase 8
SMAD 9
TGF-beta-receptor 1
WNT Frizzled 9
Wnt 2

Further, we identified major transcription factors encoding transcripts. In comparison to
Acropora millerpora [10], the represented genes were somewhat similar. However, a few
families were newly reported in our dataset (For example, HMG box, T-box, ETSDomain,

MADS) (Table C2. 3).
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Table C2. 3 Major transcription factor families identified by conserved domain

annotation

Transcription factors identified by KOG/InterPro/GO annotation in Favl

Sequence description Sequences(n)
CBF 1
Transcriptional Coactivator P50 1
Transcriptional Coactivator P100 6
Transcriptional Coactivator CAPER 2
Homeobox domain 7
HSF-type DNA-binding 1
P53 DNA-binding domain 2
NF-X1-type zinc finger protein 3
Dimerization partner (TDP) 2
Fork head 15
Basic region leucine zipper & bZIP 6
Helix-loop-helix DNA binding domain 12
Myb-like DNA-binding domain 3
Zinc finger C2H2 type 3
Zinc finger MIZ type 1
HMG box 12
TBOX 5
ETS domain 12
MADS domain 4
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C2.3.4: Annotation of Symbiodinium-derived contigs

Holobiont coral tissues also contain eukaryotic dinoflagellate endosymbionts of the genus
Symbiodinium [30,31]. We therefore determined the contribution of symbiont-derived
transcripts in our analysis. First, we extracted the regions of cDNA contigs that corresponded
to each individual annotated ORF in two datasets (For commands, see Additional file 1: File
S1). Furthermore their similarity search against two Symbiodinium transcriptomes
(http://medinalab.org/zoox/) was performed using BlastN. In order to define an E-value as a
cutoff threshold, a reciprocal BlastN search between the Nematostella vectensis genome and
the two Symbiodinium transcriptomes showed an average E-value of ¢*°. Thus all contigs
with similarity higher than this threshold to Symbiodinium were defined as likely to be
symbiont-derived. Based on these results, 9% of the annotated ORFs (1.34% of the total
assembled contigs) of Favl were labeled as symbiont sequences, and 8.7% (1.61% of total
assembled contigs) of Fav2. FASTA files of these non-symbiont transcripts are reported
(Additional file 11: File S9, Additional file 12: File S10). Finally, we performed BlastX (E-
value equal to at least ¢°’) on the non-symbiont derived cDNA fragments against the
Nematostella vectensis proteome to confirm correct initial annotation by BlastP. All the
cDNA sequences matched to the same Nematostella vectensis IDs that were predicted using

BlastP.

C2.3.5: Phylogenetic assessment

Molecular markers, with enough resolution signals, are essential tools for population genetic
studies. Typically, combination of mitochondrial and nuclear markers are used to examine the
species relationships. In order to generate a Favia molecular marker dataset, we downloaded

Favia related sequences from NCBI. Similarity searches were carried out against this Favia
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dataset. Among various molecular markers, we chose COI, Cytb and 28S. Individual
sequence regions were identified and extracted from the cDNA contig files in both samples.
DNA alignments for each locus were generated using Clustal W2 with default parameters [32]
(Additional file 13: File S11, Additional file 14: File S12, Additional file 15: File S13).
Consequently, a matrix of these three loci was generated using FASconCAT [33]. A
Maximum likelihood phylogenetic analysis (RaxML) was carried out [34]. Maximum
likelihood phylogenetic analysis using three loci (COI, Cytb, 28S) suggests that these Favia
samples belong to faviids (Additional file 16: Figure C2. S2). Morphological analysis places
them as Favia albidus [17], a species that is not yet represented in NCBI. For example, out of
18 Favia species that have been described morphologically, only 15 of them have molecular
data in NCBI. Favia albidus, Favia helianthoides, and Favia marshae lack sequences of any
molecular markers in NCBI. Based on geological distribution [17] and morphology, we
suggest these two species belong to F. albidus. In fact, F. helianthoides has no morphological
similarities with our samples, and F. marshae habitat has never been reported in Red Sea
[17]. However, further skeletal samplings are required for final validation [35,36].
Regardless, this study increases the protein information of the faviids from 496 proteins to

over 12,000 proteins in NCBI.

C2.3.6: Characterization of one exemplary homologous protein cluster

From the protein clustering results, we chose to characterize a protein family with a natural
fluorescent property. One of the benefits of utilizing scleractinian corals as our model
organism is that they posses genes for fluorescent proteins (FPs), a rare characteristic in most
other phyla besides Cnidaria [37-40]. In Nematostella vectensis, six protein IDs encode for
FPs [41]. A search among the homologous sequence clusters with E values of at least 2¢ in

each transcriptome led to the identification of one protein cluster group per sample
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representing potential fluorescent proteins (FPs). A total of 11 new potential FPs were
identified, six belonging to the Favl sample and four belonging to the Fav2 sample. One
additional sequence, s23Contig9635-2 was found by increasing the E-value to 2¢° in Favl.
The alignment of these sequences with Nematostella vectensis fluorescent protein sequences
(JGI 1D:205348, 1D:206334), Branchiostoma GFPal [42] and GFP of Aequorea victoria
(GI:17943301) showed a considerable homology (Figure C2. 3). The conserved chromophore
region is located at the residues 303 to 305 based on the top sequence. Our data shows that
one of the newly identified potential fluorescent protein sequences (Fav! s23Contigl6657-5)
is 185 amino acids longer at the N-terminus (416 amino acids in total) and two of them were
shown to be 49 (Fav2 s62Contigl9888-6) and 41 amino acids (Fav2 s62Contig41210-3)
longer than the consensus length of reported sequences in NCBI (wild-type GFP from
Aequorea victoria is 236 amino acids) (Additional file 17: Figure C2. S3). This extended
region does not seem to interfere with the proper folding and expression of FP, however

further studies are required to reveal the function of these upstream domains.

Furthermore, the maximum likelihood trees were generated from the alignment of 156
fluorescent sequences, including the 11 newly identified sequences (Additional file 18:
Figure C2. S4, Additional file 19: File S14 contains all the accession numbers). There was a
strong bootstrap support for basal clade relationships within tree. This includes the order
Ceriantharia, and Pennatulacea, although low bootstrap support for FPs within order
Scleractinia. Ctenophore FP clustered with hydrozoan FP, therefore the cnidarian clade was
not monophyletic. Others have shown that incongruence with taxonomy is not unusual in
fluorescent proteins [43]. For better visualization, a smaller maximum likelihood sub-tree
was generated from 46 scleractinian FP sequences (Figure C2. 4). Although the bootstrap
values improved compared to Additional file 18: Figure C2. S4, some branches still exhibited

low bootstrap values. Nonetheless, using RaXML [27], we categorized the newly identified
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sequences into four clades and using ProtTest [44] we identified “PROTGAMMAWAGEF” as

the best-fit model.

In order to evaluate our assembly method and the possible impact of ABySS-specific errors
on the annotation accuracy of the long candidate FP sequence, we performed both Trans-
ABySS [20] and Trinity [45] on reads from FavI. Both assembly programs led to the
generation of sequences identical to Favl s23Contigl6657-5 as predicted using ABySS and

CAP3. (Additional file 20: File S15).

C2.3.7: Validation of the identified protein clusters as fluorescent proteins

The intrinsic fluorescence of FPs includes a unique chromophore that is formed post-
translationally within the protein upon autocatalytic cyclization and oxidation of residues X-
Tyr-Gly [46]. The fluorophore is located almost at the center of the cylinder and is
inaccessible to outside enzymes [46,47]. The GFP fluorophore is capable of forming under a
wide range of conditions and once formed is highly stable. The entire structure is very
resistant to denaturation by heat and denaturants. The three sequences with longer N-terminal
domains (s23Contigl6657-5, s62Contigl9888-6 and s62Contigd1210-3) were cloned into
mammalian expression vectors. We used Kozak analysis [48] to pick the best potential start
codon, and reading frames were generated using gene synthesis. The start codons are
underlined in red in Additional file 21: Figure C2. S5. The synthesized sequences were
optimized for expression in mammalian cell lines. The synthesized sequences showed
fluorescence when expressed in HEK-293 mammalian cells, thus validating them as genuine

FPs (Figure C2. 5).

C2.3.8: In Silico quantification of faviids transcripts
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In order to rule out the possibility of promiscuous domain assembly, we assessed the quality
of the de novo assembly of FP sequences, as well as all other transcripts, by mapping reads
on assembled contigs for each sample. Such read alignment to contigs is necessary to provide
support for new transcript identification as well as for determining gene expression levels
[49,50]. In order to measure the Reads Per Kilobase of exon model per Million mapped reads
(RPKM) [50], a sub-fasta cDNA region, corresponding to each ORF, within each contig was
generated. Reads were aligned to these annotated cDNA regions. Coverage (RPKM)
measurements were determined using a Perl script (Script 3). The results are reported
(Additional file 22: File S16, Additional file 23: File S17). The mapping of all the reads onto
the annotated faviids transcript showed that the number of reads corresponding to each
transcript ranged from 10 to 47,189, with an average of 850 reads per transcript in Favl, and
10 to 29,222, with an average of 766.37 reads per transcript in FavZ2, indicating a wide range
of expression level of faviids transcripts. It also indicates that very low expressed annotated
faviids transcripts were also represented in our assembly. The minimum coverage (RPKM) of
an annotated Fav! transcript was 3.89 and maximum of 6,919.20 with an average of 68.61.
The RPKM ranged from 3.60 to 8,576, with an average of 72.64 in Fav2. The average and
the range of RPKM per transcript is similar and somewhat higher (25.7) than other whole

transcriptome studies [26].

All the cDNA regions annotated for fluorescent property had reasonable coverage, including
the long candidate cDNA sequence (Favi s23Contigl 6657-5) (Additional file 21: Figure C2.
S5). Based on the calculated RPKMs for each of the identified fluorescent protein in both

samples, s23Contig19691-3 in Favl, and s62Contig57475-7 in Fav2 had the highest
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C2.4: Conclusions

In this study, we demonstrate a gene clustering strategy and utilize this in conjunction with
NGS contig assembly, sequence conservation measurements, annotation and expression
quantification for de novo assembled transcriptomic data. Working with two uncharacterized
faviid corals, we report 120,000 non-redundant transcripts to a genus whose sequence data
was previously limited to 496 in public databases. These results provided greatly enhanced
access to the expressed genes in Faviidae reef building corals, a potentially valuable resource
of genetic/functional markers for population structure and functional genomic studies. We
also took advantage of the optical properties of these corals expressed FPs to validate our
annotation methods to show that these sequences were indeed bonafide fluorescent protein
genes. These methods reported in this study are available via Open Source software programs

as well as our provided scripts.

C2.5: Methods

Coral collection and total RNA isolation

This study was conducted during May—June 2009 on a coral reef on the northern tip of the

Gulf of Eilat, in the northern Red Sea (29°30'N, 34°55'E).

Samples were collected at 65 m, using closed-circuit trimix rebreather system
(Megalodon™). The organisms were identified under water to the family level, Faviidae, and
brought to the surface in a black mesh bag to avoid sun exposure. The organisms were
immediately photographed and vouchered with white light and fluorescent photography as
described in [51] and stored in a shaded running-seawater facility. Within 1-2 hours of
collection, samples were rinsed in sterile-filtered artificial seawater and processed for RNA

and DNA. The tissue of the coral was extracted from the skeleton using QiaShredder
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(Qiagen). For RNA, the TriZol method was used and stored as an ethanol precipitate for
travel back to the US. DNA was extracted using Qiagen DNAeasy kit according to
manufacturer’s protocol and stored in at 4 °C. The specimens have been photo vouchered and
their genomic and transcriptomic raw materials are stored in the American Museum of

Natural History Ambrose Monell Cryo Collection.

Preparation and screening of cDNA library

[llumina sequencing using the GAII platform was performed at the Yale University W.M.
Keck Biotechnology Resource Laboratory according to manufacturer’s instructions (Illumina,
San Diego, CA) (Additional file 24: File S18) and using high quality RNA with a 28S rRNA
band at 4.5 kb that is at least twice the intensity of the 18 s rRNA band at 1.9 kb. The cDNA
library contained 77,804,306, 75-mer length reads. The sequencing data are deposited in
NCBI Sequencing Read Archive [52]. (The BiosampleIDs = SAMNO01761696,

SAMNO01761695).

De novo assembly

De novo assembly was carried out using ABySS with default settings across multiple k-mer
values [18]. After assessing different k-mer values, the three best k-mer assemblies (35-mer,
39-mer, 45-mer for Favl and 31-mer, 35-mer, 39-mer for Fav2) were selected and
concatenated for the second step of assembly. To evaluate the N50 length and the number of
assembled contigs using different k-mer values, we used a Perl script. CAP3 [22] was used to
remove redundancy across ABySS assemblies and to merge contigs into longer sequences.
All assembled contigs were subjected to annotation and further protein homology searches.
Trans-ABySS [20] and Trinity [45] were used to confirm the long ORFs, homologous to

fluorescent proteins, which were identified with ABySS and CAP3.
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Gene annotation and analysis

A set of possible Open Reading Frames (ORF), stop to stop from assembled sequences, was
generated using EMBOSS [24]. To annotate the de novo assembled sequences, a similarity
search against Nematostella vectensis proteome was conducted using BLASTP with two E
values of 2¢'” and 2¢™°. The resulting data (E-value of 2¢™") was filtered and clustered using
TRIBE-MCL [27]. Each homologous group was annotated using GO and KOG annotated
Nematostella vectensis data (http://genome.jgi-psf.org/Nemvel/Nemvel.download.html). For
Symbiodinium peptide annotation, a homology search using BLASTN with E values of 2¢™*°
against the Symbiodinium transcriptome (http://medinalab.org/zoox/) was carried out. The

final non-symbiont FASTA ¢cDNA fragments were reported.

Completeness measurement

The BlastP (E-value of 2¢>") output list generated from homology search of both samples
against Nematostella vectensis [41] and Acropora digitifera [53] was organized for
completeness measurements. The completeness formula according to [28] was implemented
into a Perl script (In prep) to determine the percentage of the reference proteome that is
covered by each of our sets of assembled transcripts. Length coverage of each of these

reference ORFs by a hit from our data set had to be at least 80%.

Phylogenetic analysis of FPs

The maximum likelihood tree of identified fluorescent protein was generated using RaXML
[34] under PROTGAMMAWAGF amino acid substitution model, selected based on the
results from ProtTest [44]. The alignment was generated using MAFFT [54] and
CLUSTALW?2 [32] with minor adjustment at the N-terminus region, when long gaps were

inconsistent with other isoforms. Bootstrap values were estimated based on 1,000 replicates
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and were given for all presented branches. The variant sites were visualized with geneious

(http://www.geneious.com). Dendroscope was used for visualization [55].

Phylogenetic assessment

Molecular barcodes for all the Favia related sequences were downloaded from NCBI. A
similarity search with sequences from our annotation was carried out against this Favia
dataset. Cytb, COI and 28S sequences were identified and extracted from the cDNA contig
files in both samples. DNA alignments for each locus were generated using ClustalW2 with
default parameters [32]. Consequently, a matrix of these three loci was generated using
FASconCAT [33]. A Maximum likelihood phylogenetic analysis (RaxML) was carried out
[34]. Bootstrap values were estimated based on 10,000 replicates and were given for all

presented branches. Dendroscope was used for visualization [55].

Cloning of fluorescent proteins

Three cDNA sequences (Favl s23Contigl6657, Fav2 s62Contigl9888-6 and Fav2
$62Contig41210-3) were synthesized and propagated in pUC57 (GenScript USA Inc.). Kozak
[48] analysis was used to determine the location of the potential start codon. The genes were
subcloned from pUCS57 into the Notl-BamHI site of the mammalian expression vector

pcDNA 3.1 (Invitrogen, Inc.) using standard recombinant techniques [56].

In Silico gene coverage measurements

Gene coverage levels were determined using a Perl script (Script 3). This script implements
Bowtie [57] to map reads to an annotated reference cDNA, and calculates the RPKM
according the formula used in [50]. For visualization, BWA [58] was used to generate the

read-to-contig alignment. The annotated cDNA from individual samples were used as the
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reference contig, and SAMtools [59] was used to generate binary files to be visualized in the

IGV [60] genome viewer (For commands, see Additional file 1: File S1).
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Additional files description

Additional file C2_1 as DOCX

Additional file 1: File S1 Parameters and commands used in this manuscript.

Additional file C2_2 as TXT

Additional file 2: Files S2 BlastP parsed output files against Nematostella vectensis

proteome for sample Fav/ and Fav2 with 2e-30.

Additional_file C2_3 as TXT

Additional file 3: Files S3 BlastP parsed output files against Nematostella vectensis

proteome for sample Fav/ and Fav2 with 2e-30.

Additional file C2_4 as TXT

Additional file 4: Files S4 TRIBE-MCL input files.

Additional_file C2_5 as TXT

Additional file 5: File SS TRIBE-MCL input files.

Additional_file C2_6 as TXT

Additional file 6: Files S6 Homologous protein clusters (TRIBE-MCL) output for

sample Favl and Fav?2.

53



Additional_file C2_7 as TXT

Additional file 7: File S7 Homologous protein clusters (TRIBE-MCL) output for sample

Favl and Fav2.

Additional file C2_8 as TIFF

Additional file 8: Table C2. S1 Completeness metrics for two samples compared to

Nematostella ventensis and Acropora digitifera.

Additional_file C2_9 as XLSX

Additional file 9: Files S8 GO,KOG, InterPro annotation for homologous protein

clusters in Favl.

Additional file C2 10 as TIFF

Additional file 10: Figure C2. S1 Distribution of Fav/ transcript clusters in different

GO categories.

Additional file C2_11 as FAS

Additional file 11: Files S9 FASTA files for cDNA region encoding for non-symbiont

annotated ORFs in Fav! and Fav2.

Additional_file C2_12 as FAS

Additional file 12: File S10 FASTA files for cDNA region encoding for non-symbiont

annotated ORFs in Favl and Fav?2.
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Additional_file C2_13 as PHY

Additional file 13: File S11 Alignment of Fav/ and Fav2 Cytb nucleotide sequences,

including other Favia species.

Additional file C2 14 as PHY

Additional file 14: File S12 Alignment of Fav/ and Fav2 COI nucleotide sequences,

including other Favia species.

Additional_file C2_15 as ALN

Additional file 15: File S13 Alignment of Fav/ and Fav2 28S nucleotide sequences,

including other Favia species.

Additional file C2 16 as TIFF

Additional file 16: Figure C2. S2 Maximum likelihood tree of three loci (COI, Cytb,
288S). Data matrix was generated from 15 Favia species and Favl and Fav2. Nucleotide
sequences were aligned using clustalw2 with default parameters, the 3 loci matrix was
generated using FASconCAT, and the tree was constructed using RaxML (See methods).

Montastrea cavernosa is selected as the out-group.

Additional_file C2_17 as TIFF

Additional file 17: Figure C2. S3 Amino acid sequence alignment of full-length

fluorescent protein isoforms.

Additional file C2 18 as TIFF

Additional file 18: Figure C2. S4 Maximum likelihood tree of 156 known fluorescent
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proteins, including our 11 newly identified sequences using RaxML. Shows the
relationships of the major groups of known fluorescent proteins. Major lineages cluster
together, although Ctenophore and Hydrozoa do not form a monophyletic group. Within
Anthozoa class, order Ceriantharia (orange); Actinaria (red); Pennatulacea (dark green);
and Scleractinia (black); Hydrozoa (purple); Copepoda (light green); Ctenophora (blue);
Chordata (turquoise blue), most basal group; Newly identified sequences are colored blue
within Scleractinia. The alignment was 1,000 times bootstrapped and B. floridae was the

out-group.

Additional file C2 19 as PHYLIP

Additional file 19: File S14 Alignment of 156 known fluorescent proteins, including the

11 newly identified FP sequences.

Additional_file C2_20 as TXT

Additional file 20: File S15 Search result in Trans-ABySS and Trinity assembly output

for homologous contig, similar to identified Fav/ s23Coting16657-5 produced by ABySS

and CAP3.

Additional_file C2_21 as TIFF

Additional file 21: Figure C2. S5 Read-to-contig alignment. 75 bp read alignments to

the coding region of s23Contigl6657-5, 1,377 bp total length.

Additional_file C2_22 as TXT

Additional file 22: Files S16 RPKM measurement for all annotated cDNA regions from

Favl and Fav2.
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Additional_file C2_23 as TXT

Additional file 23: File S17 RPKM measurement for all annotated cDNA regions from

Favl and Fav2.

Additional file C2_ 24 as PDF

Additional file 24: File S18 Protocol for preparing samples for sequencing of mRNA.

Scripts: They are deposited to

(https://github.com/spooyaei/coralAssembly) and can be downloaded.

Script 1: Perl script for performing blast search. Script 2: Perl script for pre-clustering the
blast parsed file. Script 3: Perl script to calculate RPKM for the assembled file. Script S1:
Perl script to shuffle short read sequences. Script S2: Perl script to measure the N50

statistics. Script S3: Unix shell script to remove Fasta files shorter than a threshold. Script

S4: Generate the sub-Fasta file. Script S5: Extract the cDNA
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Figure C2. 1: White light and fluorescent macrophotography of scleractinian coral
samples. Samples of Favia sp. were placed in a narrow photography tank against a thin plate
glass front. Fluorescent macro images (13.1 megapixel; Nikon D300S) were produced in a
dark room by covering the flash (Vivitar 185) with interference bandpass excitation filters
(Semrock, Rochester, NY). Longpass and bandpass emission filters (Semrock) were attached
to the front of the camera. A) White light image; B) ex. 450-500 nm; em. 514LP; C) ex.
500-550 nm, em. 555 LP
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Figure C2. 2: Contig length improvement after using CAP3. N50 (50% of the length of the
assembled sequences) is a parameter to assess the contig length distribution (A) Favl contig
length and N-values relationship. The thin lines represent the values for k-mer 35, 39, 45. The
N50 length values were 1027, 1009, 949 bp, respectively. The line with cross represents the
N-values after using CAP3, with N50 length of 1665. (B) Fav2 contig length and N-values
relationship. The N50 length values for k-mer 39, 45, 49 were 453, 408, 391 bp, respectively.
The N50 length values for k-mer 29, 31, 35 were 742, 734, 721 bp, respectively. The line with
cross represents the N-values after using CAP3, with the N50 length of 1439 bp.
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Figure C2. 3: Overlapping region of amino acid sequence alignment of one exemplary cluster of
identified homologous protein clusters. This gene family belongs to naturally expressed fluorescent
protein. Conserved chromophore region (XYQ) is located at the position 303—-305. The newly identi-
fied sequences with extended N-terminal are s23Contigl 6657-5, s23Contig40465-7 in Favl,
$62Contig19888-6, and s62Contig41210-3 in Fav2. The full-length alignment is reported in Addi-
tional file 17: Figure C2. S3.
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Figure C2. 4: Maximum likelihood tree of 46 known fluorescent proteins and 11 newly
identified fluorescent protein sequences using RaxML. The alignment was 1,000 times
bootstrapped and one FP sequence from Nematostella vectensis was the out-group. The newly
identified FP sequences are colored blue. Other colors represent different coral families;
Faviidae, red; Acroporidae, orange; Oculinidae, brown; Pectiniidae, dark green; Meandrini-
dae, dark purple; Mussidae, pink; Poritidae, green; Node labels are bootstrap supports. See
Additional file 19: File S14 for information on alignment.
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Figure C2. 5: Expression of an assembled contig in HEK293 mammalian cells yields
fluorescence. An open reading frame of contig 19888 from Fav2 was synthesized using
mammalian preferred codon usage (887 bases of s62Contigl1 9888) and subcloned into pcDNA
3.1, and transfected into HEK293 mammalian cells using Fugene (Boehringer-Mannheim).
The left panel depicts a phase contrast image of transfected HEK293 cells, and the right panel
depicts fluorescence (using FITC excitation and emission) from the same field. Scale bar =
100 microns.
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Chapter 3: An insight into Hermodice carunculata (Annelida, Amphinomidae) body

segment transcriptome

C3.1: Abstract

The amphinomid polychaete Hermodice carunculata is an important omnivore in coral
reef ecosystems, known to prey on a diverse suite of reef organisms. The availability of
genomic data for this and other species of Amphinomidae, a group with unclear
phylogenetic position within Annelida, is particularly scarce. In the specific case of
Hermodice carunculata, only a few genetic markers are available in public data bases
such as NCBI. Application of RNA sequencing provides reliable datasets for marker
development and novel protein identification for species with un-sequenced genomes.
We obtained 400 million 75-bp reads from Hi-seq [llumina genome analyzer. After
removing the low quality reads, the remaining reads were assembled with ABySS using a
range of kmer values, followed by BLAT. Assembled transcriptome contained 525,989
>=200bp contigs, with an N50 of 1095 bp, and mean length of 722.30 bp. Of these de
novo assembled transcript sequences, we focused on 58,454 predicted Open Reading
Frames (ORFs) longer than 200 amino acids for homology search against Capitella teleta
and Helobdella robusta, the most closely related species with available proteome. Of
these ORFs, 23,617 (40%) showed significant sequence homology (E™°) to Capitella
teleta proteome, and 20,468(35%) to Helobdella robusta. For functional annotation, Gene
Ontology (GO) terms and InterPro IDs were assigned to 32,500 ORFs longer than 200

amino acids (55.59%). In addition, four molecular marker transcripts encoding EF-1a,
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H3, CytB, and U2 snRNA previously unavailable for Hermodice carunculata were
annotated. Furthermore, these ORFs were searched against bioluminescent proteins
available in NCBI, and consequently eight full-length sequences were found to be
homologous to Renilla reniformis (Cnidaria) luciferase. This is the first report of
sequences homologous to luminescent proteins in an annelid. Also, eight Attractin-like
proteins, a species-specific sex pheromone useful for species delineation, were annotated.
The data presented here potentially allows to identify new molecular markers with
phylogenetic signal which can help to more accurately build the natural history and
phylogeography of Hermodice carunculata and other amphinomid populations, to
unravel the evolutionary relationships within the family and to elucidate the phylogenetic
position of amphinomidae within Annelida. This data provides an 11,548.74 % increase

(279 to 32,500) of available genetic data for this species in NCBI.

C3.2: Introduction

Fast growing interest in further exploring the complex landscape and dynamic of the
transcriptome in non-model organisms has led to the application of Next Generation
Sequencing (NGS) methods for generating cDNA libraries. These libraries have an
enormous sequencing depth and better reproducibility, producing at least 100 to 10,000
times higher throughput than classical Sanger sequencing [1]. This level of sensitivity in
examination of thousands of transcripts from species with no available genome renders it

easy to perform a wide range of biological studies including phylogenomics [2],
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regulatory gene discovery [3-6], molecular marker development [7], single nucleotide
polymorphism (SNP), identification for trait adaptation [8, 9], haplotype detection [10,

11], and differential gene expression profiling [3, 10].

The amphinomid polychaete Hermodice carunculata (Annelida, Amphinomidae) is an
important omnivore inhabiting coral reefs throughout the Atlantic Ocean, including the
Gulf of Mexico and the Caribbean Sea, as well as the Mediterranean and Red seas [12],
known to prey on a diverse suite of reef organisms such as zoanthids [13, 14],
scleractinian corals [15-18], milleporid hydrocorals [16, 19], anemones [20], and
gorgonians [16]. Hermodice carunculata is also a winter reservoir and spring-summer
vector for the coral-bleaching pathogen Vibrio shiloi [21], hence playing an ecologically
important and complex role in the health of coral reef ecosystems. Designing functional
genomics experiments, such as microarray, for host pathogen interaction, requires a

functionally annotated EST data from this species.

Amphinomidae is a well-delineated clade within aciculate polychaetes and it comprises
approximately 200 described species from 25 genera [22-24]. Amphinomids are
distributed worldwide and are known to inhabit intertidal, continental shelf and shallow
reef communities, with a few species also recorded from the deep sea [24]. The clade is
primarily identified by a series of morphological apomorphies including nuchal organs
situated on a caruncle, a ventral muscular eversible proboscis with thickened cuticle on
circular lamellae, and calcareous chaetae [23, 25]. Due to the lack of knowledge

regarding their morphological variability (particularly within closely related genera),
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previous studies based mainly on morphology have failed to clarify the evolutionary
history of the group, leading to taxonomic problems. In fact, several nominal species
have been regarded as congeners, often without evaluation of relevant molecular data.
This may explain the occurrence of several species with cosmopolitan distributions
within the clade [26]. Consequently, detailed revisions of species and even genera are
needed [24], which incorporate molecular phylogenetic studies to clarify the affinities
within the family [22]. Additionally, amphinomids have been regarded as
morphologically primitive and are considered of prime interest for determining the root
of the annelid Tree of Life [27]. Incrementing the available genetic data on Hermodice
carunculata represents an invaluable resource to understand the natural history of this
group of polychaetes in particular, and the evolution of annelids in general.

The nuclear genes 18S, 28S and the mitochondrial genes 16S and COI (cytochrome
oxidase ¢ subunit 1) are amongst the most popular molecular markers for phylogenetic
studies and have proven to be very valuable to clarify evolutionary relationships at
different levels within annelids [28], including amphinomids [12, 22, 24, 29], and many
other phyla [30-32]. Other genes less commonly used in annelid phylogenetic studies
such as the nuclear genes EF-1a (elongation factor 1a) [33], H3 (histone H3) [34] and U2
snRNA (U2 spliceosomal RNA) [34] as well as the mitochondrial CytB (cytochrome
oxidase b) [35], have been also proven to be useful to recover evolutionary relationships
among annelids [34]. However, the representation of the aforementioned markers in
NCBI for amphinomids is very limited. Previous to this study, the only available
sequences were EF-1a for Paramphinome jeffreysii and Chloeia pinnata and H3 and U2

snRNA for Eurythoe sp.
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Additionally, strong geographical population structure is common among polychaetes
and many complexes of cryptic species have been documented [36-38]. On the other
hand, studies that confirm the large geographic range of putative cosmopolitan species or
reveal weak population structure are scarce [39, 40]. Among amphinomid polychaetes in
particular, there are studies that suggest both the presence of cryptic speciation and
significant population structure [29] as well as genetic homogeneity among populations
of cosmopolitan species [12]. Studies that take advantage of newly developed
methodologies and recent advances in molecular techniques provide great resources to
further investigate species boundaries and conflictive evolutionary biology questions. For
example, a recent study in Hormogastridae (Annelida, Oligochaeta) transcriptomics
reported the precursor protein sequence of the sex pheromone Attractin as a reliable
phylogenetic marker recovering deep metazoan relationships as well as putatively
differentiate between closely related species of morphologically indistinguishable

earthworms [41].

There are several annelid lineages with bioluminescent and fluorescent species. Based on
the phylogenetic distribution of bioluminescent property, it is estimated that it has
evolved independently as many as 30 times [42]. Bioluminescence properties in some
terrestrial oligochaetes [43], and several species of marine fireworms have been
thoroughly studied [44, 45]. The benthic species Odontosyllis enopla (Annelida, Syllidae)
for example, uses bioluminescence mainly for reproduction. Females produce a
luminescent secretion that attracts males, which in turn gives off short flashes of light

while swimming towards the females. In addition to reproduction purposes, like most
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other luminescent organisms, annelids produce light in response to physical disturbances.
Hermodice carunculata displays a fluorescent pattern that consists of orange bands
across the dorsum, and a bright green or blue outline [46]. However, no fluorescent or
bioluminescent sequences have been isolated for this or any other annelid species to date.
Consequently, the genetic and biochemical basis of light production as well as the

evolution of this feature with the phylum are poorly understood.

In this study we used Illumina Hi-seq platform to generate a cDNA library of Hermodice
carunculata muscle tissue. Following a de novo assembly method, 400 million 75-bp
reads were assembled into 525,989 >= 200bp contigs. Of these we focused on 58,828
Open Reading Frames (ORFs) longer than 200 amino acids for sequence homology
search against non-redundant protein databank of Capitella teleta (Annelida,
Capitellidae) and Helobdella robusta (Annelida, Glossiphoniidae), the most closely
related species with available proteome and functional annotations. Our primary goal was
to produce a reference set of mRNA sequences for Hermodice carunculata, which will
facilitate annotation of the genome and future studies of polychaete phylogeny,

systematics and functional genomics.

C3.3: Results

C3.3.1: Sequencing and de novo assembly

To cover the Hermodice carunculata body segment transcriptome, total RNA was

extracted from three body-segment tissues. The (A)" RNA was isolated, sheered to
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smaller fragments, reverse transcribed to make cDNA for sequencing with Hi-seq
[Mlumina 2000. Four hundred million paired-end reads were obtained from one lane of
one plate, generating 97 gigabase pairs (Gbp) of raw data. Reads were checked for Phred-
like quality scores above the Q30 level with FastQC [47]. We used the proposed pipeline
proposed in [48] for de novo assembly. Hi-seq Illumina read sequences were assembled
into 525,989 contigs longer than 200bp, with an N50 of 1,095 and mean length of 722.30
bp, using ABySS [49] followed by Blat (with default parameters) [50] for redundancy
removal. A range of 8 kmers (21-55) were used for ABySS runs, with the parameter q = 3
to trim low-quality bases from the ends of reads for each run. The final data set was
filtered for contigs longer than 200 bp. Summary statistics for each kmer assembly, as
well as for the merged and redundant-removed set of contigs is outlined in Table C3.1.
The assembled transcripts are available in the supplementary material (File C3. S1).
Paired-end reads and assembled contigs that do not contain ambiguous bases have been
deposited into NCBI and can be downloaded through the NCBI Sequence Read Archive

(SRA) and Transcriptome Shotgun assembly (TSA) website.

Assemblies at higher kmers (e.g. 41-55) had lower mean length and N50, than assemblies
at lower kmers (21-35) (Table C3.1). This is in agreement with other summary statistics
of NGS reported de novo assembly data [51]. The lower N50 and mean in final merged
dataset compared with kmer 51 and kmer 55 is due to addition of shorter sequences from
lower kmer assemblies. As outlined in Table C3.1, the N50 has changed from 584 in
kmer 21 to 1095 bp in the merged set of contigs, indicating an improvement in the

assembly contig length. Although the majority of the contig length is between 200-600
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bp, we obtained 20,828 contigs, with length greater than 3,563 bp (Figure C3. 2). This
result indicates that the data has a very high quality for further annotation. Lastly, the
assembled sequences were deposited in Transcriptome Shotgun Assembly

(http://www.ncbi.nlm.nih.gov/subs/tsa/) at the NCBI.

A six frame translation (ORFs) from stop to stop for each assembled contig was
generated, using EMBOSS package [52]. This file contained 58,454 predicted ORFs

longer than 200 AA, with the N50 of 490 AA, and mean length of 443.92 AA.

C3.3.2: Comparative sequence similarity with other annelids

For comparative annotation, all ORFs longer than 200 AA (58,454) were searched

against two existing annelid proteome datasets Capitella teleta (htp:/genome jgi-

psf.org/Capcal/Capcal.home.html), and Helobdella robusta (http://genome.jgi-psf.org/Helrol/Helrol.home.html )

using BlastP [53] with a significant E-value of 2¢™"*. Similarity search showed that
23,617 (40.5%) ORFs have similarity higher than 70% against Capitella teleta, while
20,468 (35%) ORFs have similarity higher than 70% against Helobdella robusta (Figure
C3.3). This indicates that the proportion of sequences with matches in the proteome of
Capitella teleta is greater than the proportion of matches for Helobdella robusta. This is
expected, as Capitella teleta and Hermodice carunculata are both polychaete annelids, as
oppose to Helobdella robusta, a leech (Clitellata). In total, 15,841 transcripts had a
significant hit (70% length homology) in both datasets. These sequences are annelid-

restricted transcripts, which are shared between polychaetes and clitellates. These
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conserved sequences can be used for future genome annotation of any annelid species

(File C3.S2).

C3.3.3: Functional annotation and characterization

One of the important aspects of mining the transcriptomic data is assigning function to
individual transcript sequences. Functional annotation is an effective way to categorize
genes into functional classes. This is useful for understanding the physiological meaning
of large amounts of transcripts and evaluating functional differences between subgroups
of sequences. These data provides a tool for designing custom microarray experiments

related to annotated functions [54]. The gene ontology (GO,

http://www.geneontology.org) [55] [56] is an extensive scheme for this purpose. This
framework covers wide biological scopes, and with its directed acyclic graph (DAG)
structure, it accounts for biological dependencies. In addition, programs such as
InterProScan [57] [58] provide an integrated platform for domain-based searches against
databases such as PROSITE [59], PRINTS [60], Pfam [61], and SMART [62], in addition
to others. Over the past few years, resources have been developed for automatic GO term
and InterPro ID assignment to unknown sequences. Here we used Blast2GO [63] for

functional annotation, visualization and its associated statistics.

As part of the Blast2GO pipeline, ORFs longer than 200 AA (58,454) were subjected to

sequence homology search against the non-redundant protein database (NR) at NCBI,

using BlastP (E 10-10, cutoff =55, GO weight=5, HSP coverage=0). Followed by
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mapping to collect GO terms, and assigning reliable information to each query sequence.
Default values of Blast2GO annotation parameters were chosen to optimize the ratio
between annotation accuracy and coverage [64]. This provided a framework for
categorizing genes into functional annotation groups, namely biological process (sets of
molecular events or operations with a defined beginning and end), molecular function
(the primary activities of gene product at the molecular level, such as catalysis or
binding), and cellular compartment. Furthermore, InterPro IDs (protein domain IDs) were

assigned to sequences by running InterProScan (part of the Blast2Go pipeline).

Out of 58,454 predicted ORFs, excluding 8 sequences with ‘unknown’, 1,403 with ‘NA”’,
39 with ‘unnamed’, 4,164 ‘hypothetical’, and 31 with ‘putative’ terms assigned to them,
55.59 % (32,500) of the data contained definitive functional annotation. Then, sequences
were classified into three categories (GOslim): biological process, cellular component
and molecular function. Summary of classification of annotation is reported at Level 2. In
the molecular function, the clusters relating to “binding” and “catalytic activity” were
enriched (21,089 and 12,443, respectively) (Figures C3.4a; C3.4b). In the biological
process classification, “metabolic process” with 14,272 sequences, “cellular processes”
with 14,254 sequences, “biological regulation” with 8,818 sequences were large
compared to “regulation of anatomical structure size” and “cell growth” with about 200
sequences (Figures C3.4c; C3.4d). This is expected, as these data are not collected from
developmental stage with high rate of divisions. In cellular component category, the
cluster size of “cell” with 20,053 sequences and “organelle” with 11,413 sequences were

highly represented compared to “microbody” or “extracellular matrix” with less than 100
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sequences (Figure C3.4e; C3.4f). This pattern is very similar to recent analysis of Lymnae

stagnalis (pond snail) transcriptome functional annotation [4].

In terms of length distribution of annotated sequences, 70% to 90% of the sequences with
length ranging from 200 AA to 1,500 AA were functionally annotated, while 100% of the
sequences with length between 1,500 AA to 3,500 AA had a function assigned to them
(Figure C3.5). This result indicates that longer sequences have higher rate of annotation
than shorter sequences. A Fasta file containing all the annotated sequences, and a table
representing sequence IDs with their assigned GO terms and InterPro IDs and enzyme

codes are reported (Files C3.S3; C3.54).

C3.3.4: Identification of candidate genes and potential phylogenetic markers

Using reciprocal BLAST searches between the Hermodice carunculata transcriptome and
publicly available sequences, we have identified putative Hermodice carunculata
homologues of genes that have been previously used as phylogenetic markers in Annelida
but were unavailable for Hermodice carunculata and amphinomids in general, with a few
exceptions. We identified 900 homologous sequences of EF-1a, 101 homologous to H3,
7 homologous to CytB, and 400 homologous to U2 snRNA. We chose the longest
sequence in each category for downstream phylogenetic analysis. The alignment of each
of these sequences, along with the five best hits retrieved by BLAST from the NCBI
database, are available in the supplementary materials (Files C3.S5; C3.S6; C3.S7;

C3.88). Sequences were deposited in GeneBank.
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Additionally, as part of our annotation pipeline, seven homologous sequences to the sex
pheromone Attractin have been identified in the transcriptome of Hermodice
carunculata. A phylogenetic analysis was performed to evaluate the potential of the
Hermodice carunculata Attractin protein as a reliable phylogenetic marker for polychaete
systematics and evolutionary studies. Our analysis corroborates results by previous
authors [41] suggesting that Attractin represents an effective phylogenetic marker,
recovering deep metazoan relationships (Figure C3.6; File C3.S9) and important clades
such as Bilateria, its split into Deuterostomia and Protostomia, and the subdivision of the
latter in Ecdysozoa and Spiralia (Lohpotrochozoa). It also recovers Annelida as a
monophyletic group, finding Hermodice carunculata as a basal taxon within annelids

(Figure C3.6).

Furthermore, a search for sequence homology in the transcriptome of Hermodice
carunculata against 182 known bioluminescence related proteins including Obelin,
Aequorin, and other luciferases, found eight sequence transcripts showing an average of
44.9% homology to the luciferase protein of the phylogenetically distant sea pansy
Renilla reniformis (Cnidaria, Renillidae). An alignment of the Hermodice carunculata
putative luciferase with Renilla luciferase is generated (Figure C3.7). The corresponding

cDNA sequences are stored in a Fasta file (File C3.S10).

C3.3.5: In silico quantification of Hermodice carunculata transcript

In order to identify poor quality and potentially misassembled transcripts, reads were
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mapped back onto the non-redundant set of transcripts. The number of reads
corresponding to each transcript ranged from 2 to 9000 with an average of 1,644 reads,
indicating a wide range of expression (File C3.S11). This indicates that very low
expressed transcripts were represented in our dataset. Furthermore, we analyzed the
coverage of the functionally annotated transcripts. The minimum coverage was 2 FPKM
and maximum was 20,000 FPKM. Among these, 400 transcripts had a mean coverage

less than 3, or gaps were removed from dataset (Table C3.2).

C3.4: Discussion and conclusion

Several so-called cosmopolitan species within amphinomids have proven to consist of
various cryptic species [12]. Hermodice carunculata has a widespread distribution and
has been reported throughout the Atlantic Ocean, Mediterranean and Red seas [29, 65].
Despite its widespread distribution, there have been only a handful of studies related to
Hermodice carunculata and prior to this study, its representation in NCBI consisted of
only 279 nucleotide sequences. In a recent species delineation study, two mitochondrial
genes (COI and 16S rDNA) and the internal transcribed spacer 1 (ITS1) were used to find
evidence for cryptic speciation in Hermodice carunculata [12]. This analysis showed that
the genetic divergence is low among samples across the Atlantic and these particular
three genes do not reflect any genetic basis for the observed morphological differences
(variable filament abundance) among populations. Therefore, identification of adaptive
loci for phylogeographic application is necessary. However, a different study using COI

molecular data has found that Eurythoe complanata represents a complex of three
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genetically different and morphologically indistinguishable lineages inhabiting the
Atlantic and Pacific oceans. In the same line, the deep sea genus Archinome consists of
four genetically distinct lineages with no apparent morphological differences. Therefore,
the de novo assembled transcriptome presented herein for Hermodice carunculata, can
also be used to develop additional molecular phylogenetic markers to aid forthcoming
studies of species boundaries and evolutionary relationships within Amphinomidae.
Furthermore, amphinomids are a morphologically primitive basal group of annelids,
considered as a highly important taxon for defining the root of the annelid tree [27].
Thus, the vast amount of molecular data provided herein can also help to elucidate the

basal relationships of Annelida.

Additionally, sex pheromones have been postulated to drive cryptic speciation in
oligochaetes [41]. Within polychaetes, there are several species known to use
pheromones to attract the opposite sex and to control the release of the gametes such as
the scale worm Harmothoe imbricata [66], the rag worms Nereis succinea and
Platynereis dumerilii [67], and the lugworm Arenicola marina [67].

Fluorescent and bioluminescent proteins have been reported coupled together in
Aequorea macrodactyla [68]. Furthermore, since fluorescence was observed in our
sample (Figure C3.1), the presence of bioluminescent photoproteins can be hypothesized.
While within annelid polychaetes there are a number of bioluminescent distributed in
various families such as Acrocirridae (Swima), Chaetopteridae (Chaetopterus),
Flabelligeridae (Poeobius, Flota), Polynoidae (Harmothoe, Polynoe), Syllidae

(Odontosyllis, Eusyllis, Pionosyllis), Terebellidae (Polycirrus, Thelepus) and
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Tomopteridae (Tomopteris), so far no bioluminescent protein sequence has been reported
from this phylum (Shimomura, 2006). Thus, this is the first report of a homologous
sequence of a bioluminescent protein in Annelida. The fact that the putative Hermodice
carunculata luciferase shows highest homology to the luciferase of a phylogenetically
distant cnidarian (Renilla reniformis) can probably be attributable to the lack of publicly
available luciferase sequences from more closely related organisms. The transcriptomic
dataset presented herein can greatly help identify and characterize this putative
photoprotein and facilitate future studies about the genetic and biochemical basis of light

production in annelids.

An additional recent approach in estimating more accurate intraspecific and intrageneric
level relationships is using conserved blocks of homologous sequences shared between
genomic regions of multiple species [69]. Our data provides a complementary resource
for this kind of application in the future. Also, the annotation of the genomes is reliant on
transcriptome data for the exon intron boundary delimitation. Our data provides a great
database for future annotation of the genome in this species. These data provide a

valuable base for future ecological research in Hermodice carunculata.

C3.5: Materials and Methods

Sample collection

Scientific divers (D. Gruber, J. Sparks, and M. Lombardi) explored the cavern zone of

Norman’s Pond Cay Cave, Norman’s Pond Cay, Exumas, Bahamas (GPS N 23 47.181,
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W 076 08.428). The cavern zone can be explored to approximately 50 meters linear
penetration from the entrance, and to a depth of 40 m, where the passage narrows and

ambient light is lost.

Divers explored the walls of the cavern zone using compact LED lights for cryptic
invertebrate specimens. Two polychaete specimens were collected for identification and

further analysis.

RNA Extraction and Transcriptome Sequencing

Specimen of Hermodice carunculata was frozen in liquid nitrogen. Total RNA was
extracted from dissected tail muscles of one specimen. The muscle tissue was
homogenized in TriZol reagent (Life Technologies, NY) and the total RNA was
precipitated with isopropanol and dissolved in ddH,O. The quality of RNA was assessed
on a 2100 Bioanalyzer and with agarose gel electrophoresis. The total RNA was pooled
for Library preparation. Libraries were prepared using Hi-seq RNA sample preparation
kit (Illumina Inc, San Diego, CA) according to manufacturer’s instructions. One lane
was multiplexed for four samples and was sequenced as 80-bp PE reads. FASTQ file

generation was performed by CASAVA version 1.8.2 (llumina).

De novo assembly
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All the assemblies were performed on a server with 50 cores and 250 GB random access
memory. Obtained reads were de novo assembled, using ABySS [49] followed by Blat
[50], according to the proposed pipeline for merge and redundancy removal [48] in
conitgs generated by ABySS. In order to recover high and low expressed transcripts, a

range of kmers (21- 55) was used prior to merge with Blat.

Phylogenetic analysis

Sequences for the sex pheromone Attractin were downloaded from GenBank (accession
number generation is in progress) and aligned with the Hermodice carunculata translated
sequence using MUSCLE in SEAVIEW 4.3.0 [70]. A phylogenetic analysis using amino
acid sequences was conducted with RAXML ver. 7.7.1 [71] using maximum likelihood
optimality criterion with a JTT amino acid substitution model. Support values were
estimated using rapid bootstrap algorithm with 1,000 replicates. The protozoan symbiont

Capsaspora owczarzaki was specified as outgroup.
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Table C3.1 Summary statistics for individual and merged assemblies

Assembly  Number of trancripts >200 bp N50bp Mean length bp Max length vp Total number of bases

Kmer 21 143,194 584 505.54 7,342 72,390,913
Kmer 25 160,583 771 605.87 13,382 97,292,569
Kmer 29 188,890 631 523.05 8,878 98,798,757
Kmer 35 225,756 689 551.61 11,724 124,529,844
Kmer 41 179,143 891 633.86 18,825 113,552,250
Kmer 45 171,154 983 667.66 24,711 114,273,429
Kmer 51 156,387 1,096 713.03 17,800 111,509,378
Kmer 55 144,565 1,160 740.32 14,922 107,023,822
Final 525,989 1,095 722.30 24,711 379,922,870
ORFs >200AA 58,454 orrs) 490ma) 443.921aa) 8,167 aa) 25,948,636(aa)

For each kmer, data from ABySS assembly are shown. The “Final” assembly is the result of
merging the ABySS kmer assemblies and using BLAT to remove the redundancies. Predicted
ORFs longer than 200A A from this final contig set were subjected to annotation. Kmer= required
length of overlap match between two reads in ABySS; N50= length-weigthed median contig
length; bp= base pair; ORF= Open Reading Frame
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Table C3.2 Summary statistics of read counts and coverage

Total number of reads 426,555,924

Number of read used reads for assembly 141,684,860 (33.22%)
Number of unused reads 28,4871,064 (66.78%)
Number of non-redundant transcripts (>200 bp) 525,989

Number of non-redundant trasncripts with back-aligned reads (>200 bp) 525,939

Number of transcripts with coverage fpkm >1 (Filterd data 1) 176,412

Number of transcripts with coverage fpkm >5 ( Filtered data 2) 49,690

Average coverage for contigs from filtered dataset 2 (fpmk) 15.279

Average number of reads mapped per contig for filterd data 2 1644

bp = base pair; fpkm = paired-reads per kilo base per million ; contig= contiguous, overlapping
sequence read resulting from the assembly
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Figure C3.1: White light and fluorescent macrophotography of
Hermodice caranculata. It was placed in a narrow photography
tank against a thin plate glass front. Fluorescent macro images
(13.1 megapixel; Nikon D300S) were produced in a dark room
by covering the flash (Vivitar 185) with interference bandpass
excitation filters (Semrock, Rochester, NY). Longpass and band-
pass emission filters (Semrock) were attached to the front of
the camera. A) White light image; B) ex. 450-500nm; em. 514LP
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blastP hits from Capitella teleta, and Helobdella robusta proteome, respec-
tively.
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Chapter 4: Fluorescent Proteins in chlopsid eels

C4.1: Abstract

Discovery of the naturally expressed fluorescent proteins has expanded the utility of
fluorescent protein toolbox, useful for biomedical research. Using muscle transcriptome
deep sequencing, the target transcripts were predicted and supported by protein mass
spectrometry approach. Here, we report twelve new chromogenic ligand-inducible
fluorescent proteins from a false moray eel, Kaupichthys hyoproroides. These sequences
are homologous to the protein UnaG from Anguilla japonica, identified as a fluorescent
reporter in hypoxic or anoxic conditions, and a bilirubin quantifier biomarker in human
health clinical assays. In addition, we report for the first time deep sequencing of muscle
transcriptome from Kaupichthys hyoproroides, and its functional annotation. These data
provide a useful resource for future molecular ecology, functional genomics of this
species. These data brings a 26,628 % increase (52 to 13,904) of these species available

genetic data in NCBI.

C4.2: Background

The mechanism of light production through absorbing photons and releasing the excited

electrons at a higher energy states, distinguishes fluorescence from other natural optical

phenomena such as bioluminescence and phosphorescence. As the excited electrons relax

to their basal state, they release energy at the longer wavelength. This excitation and
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relaxation procedure causes the emission of a visible light. Conventional Green
Fluorescent Proteins (GFPs) have constitutive fluorescence. Their chromophore is located
near the center of the protein. Spontaneous formation of chromophore, within the folded
beta-can, includes cyclization, loss of water, and oxidation. In contrast to this archetype,
near-infrared proteins such as IFP1.4 [1], iRFP [2], and Wi-Phy [3] require external
covalently bound (phytochrome based) biliverdin for chromophore formation to reveal
the fluorescence property. In addition to these fluorescent proteins, recent discovery of a
protein with non-covalent, highly specific bilirubin binding utility, from Anguilla
japonica has expanded the conception of variation in mechanism of activation for this

family of proteins.

GFPs, with covalently bound and autocatalytic chromophore, are phylogenetically
diverse. They were originally discovered co-localized with the luminescent photocytes of
the jellyfish, dequorea victoria [4]. Fluorescent Proteins (FPs) have been found to be
widespread in non-bioluminescent anthozoans, especially scleractinian corals [5-9]. In
some anthozoans, pigments homologous to the FPs constitute up to 14% of the soluble
protein content [10], likely constituting an important protein for these organisms,
although the natural function is still unclear. In addition, homologues proteins to FPs
have recently been discovered in non-luminous planktonic copepods [11], lancelets [12],
and ctenophore [13]. All together, these constitute four major phyla including cnidarians,

arthropods, ctenophora, and chordates.
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In 2009, multiple peptides contributing to a novel GFP-like protein from Anguilla
Jjaponica were partially purified [14]. This protein, UnaG, has a molecular weight of ~ 16
kDa [14], and has been characterized as a fatty-acid-binding protein (FABP), and a
ligand-inducible FP. It is reported producing oxygen-independent green fluorescent
protein when bound to bilirubin, a membrane-permeable heme metabolite [15]. Although
quite different from traditional GFP, UnaG is the first reported photoprotein in
vertebrates, with a unique clinical and bioengineering use, as a bilirubin quantifying

biomarker.

Anguilla is one of 111 genera within the order Anguilliformes [16]. This order consists of
four major suborders, and one of these, Anguilloidei consisting seven families, includes
Anguillidae (freshwater eels), Chlopsidae (false morays). Anguillidae is famous for its
migratory behavior between growth habitats in freshwater and spawning areas, in tropical
and subtropical areas [17]. In contrast, its sister clade Chlopsidae, lives on coral reefs

with over 100 species occupying tropical oceans worldwide [18].

Identification of homologous sequences in cDNA libraries is reliant on some level of
sequence or pattern similarity. In the absence of full-length sequence similarity,
identification of reliable full-length transcripts encoding for the specific trait (i.e.
fluorescent property) is a challenging job. The accuracy of the predicted target transcripts
can be supported by identical, though fragmented, small peptides identifiable by protein
purification approaches such as Mass Spectrometry (MS). MS can provide insights into

the ingredient molecules of the sample and their fragmentation. We hypothesized here
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that highly expressed transcripts should share sequence identity with highly abundant

small peptide sequences from MS methods.

In this study, we report the identification of the twelve homologous proteins to UnaG FPs
from a false moray eel, Kaupichthys hyoproroides. We used deep sequencing cDNA
library to identify transcripts homologous to UnaG. Furthermore, we used Liquid
Chromotography-Mas Spectrometry (LC/MS) to find high confident homologous peptide
fragments for these proteins. In addition, we report, for the first time the de novo
assembled transcriptome from muscle tissue in this species, and its functional annotation.
This will provide 1) a useful genomic resource for future functional genomics studies in

this species, 2) an expanded toolbox for bilirubin clinical biomarker.

C4.3: Results

C4.3.1: Sample identification

The eel was identified as Kaupichthys hyoproroides (Order: Anguilliformes) based on the

wide, duck-like snout and pectoral placement (J. Sparks, AMNH), a shy and rare animal.

C4.3.2: Checking the fluorescent property of the animal

Kaupichthys hyoproroides exhibits bright green fluorescence with an emission peak of

~535nm (Figure C4.1) in the animals trunk musculature skin and muscle tissue, with the
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skin being almost entirely green fluorescent (Figure C4.2) under blue (450-500nm)
illumination. This peak is very similar to UnaG spectra isolated from from Anguilla

Jjaponica, with 535nm.

C4.3.3: De novo assembly

The RNA samples were prepared from muscle tissue of the tail of Kaupichthys
hyoproroides, and sequencing was performed in a multiplexed lane of a flow cell using
an [llumina Hi-seq 2000. To obtain better assembly, we examined two de novo assembly

tools such as Trinity [19], Trans-ABySS [20], to assemble 142, 526,414 M reads.

First, to capture both low and high expressed transcripts, we applied 14 different k-mer
lengths (21 to 59) for Trans-ABySS (with default parameters) [20]. We also performed
assemblies with Trinity and compared its performance criteria such as contig number,
N50 length, and maximum contig length with Trans-AByss. While the number of contigs
from Trans-ABySS seemed larger (206,683 for Trans-ABySS; 84,610 for Trinity), the
N50 (877pb for Trans-ABySS; 880pb for Trinity) and maximum contig length (8,547 bp
for Trans-ABySS; 13,309bp for Trinity) were larger in Trinity compared to Trans-
ABySS. These results indicated that Trans-ABySS produces greater number of shorter
contigs than Trinity. As previously reported results [21]. Because of higher N50 and
maximum contig length generated by Trinity, we chose to use the de novo assembled
sequences generated by this program for the downstream analysis. These data contained

84,610 sequences, with N50 of 880pb (Table C4.1). The mean length of assembled
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transcripts in this study was somewhat higher than that obtained in trascriptome studies in
eel Anguilla Anguilla, 531 bp [22]. A Fasta file of these transcripts is available as an

additional file (File C4.S1).

C4.3.4: In Silico quantification of transcripts

In order to identify potentially poor quality transcripts, reads were mapped back onto the
non-redundant set of assembled transcripts using Bowtie [23]. A total of 109,268,961
(76.67%) of reads had at least one reported alignment. The minimum coverage of a
transcript was 0.03 FPKM, and the maximum was 62,622 with the average of 9.44,
indicating a wide range of gene expression (Table C4.2). Among these, 65,877 (77.85%)
transcripts had FPKM >1, with the average of 11.93. Also, two transcripts had FPKM
bigger than 20,000, with homology to Parvalbumin and muscle related Actin, with FPKM

of 24,006 and 62,622, respectively.

C4.3.5: Functional annotation of the assembled transcripts

Using EMBOSS package [24], all possible open reading frames (ORFs), from stop to
stop for each assembled contig was generated. ORFs longer than 150 AA (23,768) were
searched for similarities against NCBI non-redundant (NR) protein database, using
BlastP (E-value < 26’10) [25]. We used Blast2GO [26] for running BlastP, mapping, and

GO term assignment to each transcript query sequence (default values of annotation
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parameters were chosen). Furthermore, InterPro (domain annotation) IDs assigned to

sequences using InterProScan (part of Blast2GO pipeline).

Out of 23,768 predicted ORFs, excluding 9,864 with ‘NA’, 13,904 (58.50%) sequences
were annotated with either GO terms or InterPro IDs. This provides a rough estimate of
the number of genes expressed in muscle tissue of Kaupichthys hyoproroides. A Fasta

file, and a table file of assigned functions of these annotated ORFs, is available as an

additional file. (File C4.S2; File C4.S3)

Based on assigned GO terms, sequences were classified into three categories (GOslim):
biological process, cellular component and molecular function. In the molecular function,
the terms relating to “binding”, “catalytic activity” and “transporter activity” were
enriched (654, 674 and 192, respectively) (Figures C4.3A). These terms represented 88%
of the total. In cellular component category, the cluster size of “cell” with 727 sequences

€6 Ce

and “organelle” with 215 sequences were highly represented compared to “ “extracellular
matrix” with less than 12 sequences (Figure C4.3B). In the biological process
classification, “metabolic process” with 685 sequences, “cellular processes” with 444
sequences, “localization” with 259 sequences were large compared to “reproduction” and
“growth” (Figures C4.3C). This is somewhat expected, as these data are not collected
from developmental stages with a high rate of growth or reproduction. This pattern is

very similar to a recent analysis of Lymnae stagnalis (pond snail) transcriptome

functional annotation [27].
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C4.3.6: Identification of Bilirubin-Inducible Fluorescent (BIF) transcripts (UnaG

homologs)

Since we observed fluorescent property in muscle and skin (Figure C4.2B; C4.2C), we
hypothesized that the deep sequenced cDNA library should provide a useful resource for
GFP homology search. In order to identify putative green fluorescent transcript isoforms,
156 naturally expressed GFP sequences from NCBI (based on accession numbers from
[28]), and nine partial novel fluorescent peptides from Anguilla japonica (reported in
table 2 of [14]), were downloaded. After using EMBOSS package [24] to generate all
possible open reading frames (ORFs) from stop to stop for each assembled contig, ORFs
were searched for sequence similarity against the GFP sequences and partial peptides,
using BlastP (E-value < 2¢™'°). For the 434,342 predicted ORFs longer than 150bp, 12
unique ORFs showed considerable sequence similarity to the eel polypeptide [14]
composed of peptide 5 (LVYVQK), 6 (WDGKETTVR) and 7 (ELSDGGDATTPTL).
Parallel to these findings, the cDNA encoding for full-length protein (139 AA) similar to
this peptide was recently characterized as a Fatty-acid-binding protein (FABP) [14].
According to this characterization, this protein shows fluorescent property. It holds
bilirubin-inducible activation property and is oxygen-independent (UnaG). In order to
examine the homology of newly characterized BIF protein (UnaG) to Kaupichthys
hyoproroides 12 transcript isoforms, we included this sequence into the alignment, as
well as a FABP sequence from a cod fish, Notothenia coriiceps (ID= AAC60358.1). The
alignment of these sequences with UnaG from Anguilla japonica showed a considerable

homology (Figure C4.4). The homology score between UnaG and these ORFs ranges
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from 55.4% to 24.1%. Two of the sequences (comp92260 c0 seql, and
comp92260 cl seql) were 100% identical at the amino acid level, but their nucleotide
sequence was different. Therefore, we considered them as separate transcript isoforms
and kept both of them. These 12 transcripts share 5 out of 7 residues critical for bilirubin
binding in UnaG (marked red in Figure C4.4), indicating that most likely they have
Bilirubin-Inducible Fluorescent (BIF) property, making good candidates for further

validation.

C4.3.7: Identification of purified muscle peptides with 100% identity to BIF

transcripts

In order to give more support to predicted transcript isoforms, we carried out protein
purification followed by mass spectrometry. Non-denatured extract of the muscle tissue
was clarified (see material and methods) and loaded the soluble fraction onto a native gel.
Two fluorescent bands were detected (Figure C4.5), excised and subjected to trypsin
digestion and LC-MS analysis. A trypsin peptide library of molecular weight was led to
identification of about 6,680 short peptides from each band. A fasta file was generated
using these peptides. These sequences were searched against putative Kaupichthys
hyoproroides Bilirubin-Inducible Fluorescent (BIF) transcripts, using BlastP with special
parameters for short sequence search (options = -W 2 -P 0 -¢ 2¢™""). Several matches were
found to align with 100% identity to each of these transcripts, suggesting that the

transcripts are likely to encode for putative BIF proteins.
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C4.4: Discussion and conclusion

Over the past decade, the discovery and application of fluorescent proteins in biomedical
research has brought improvements in many fields [29, 30]. Mechanism of chromophore
formation in commonly known fluorescent proteins (GFPs) is autocatalytic, and oxygen
dependent [31, 32]. This utility limits the application of these proteins in an aerobic
environment. Although other proteins such as Flavin mononucleotide (FMN)-based
fluorescent proteins have been engineered to show constitutive emission in aerobic and
anaerobic systems, the generated fluorescent property is very weak [32]. Therefore, it is
important to have more oxygen-independent fluorescent proteins with strong emission

property, useful as a reporter sensor.

In most cases, tags with fluorogenic chromophores offer a unique inducible fluorescent
optical property. They remain non-fluorescent until covalently bound to their exogenous
chemical ligand. Therefore, they can be used as switch-like fluorogenic probes. In the
case of UnaG and its homologous proteins, bilirubin chromogenic compound is located
inside in the beta-barrel and it gives the protein a similar inducible property. Because it is
highly specific to bilirubin, its switch-like application is limited in eukaryotic cell line
with no endogenous expression of bilirubin, or bacterial systems. Therefore, some further
genetic modification might be required to make the bilirubin replaceable with its
chemical variant. These newly identified proteins from Kaupichthys hyoproroides will

expand the versatility of this toolbox and its further application.
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Bilirubin is known to have physiological antioxidant and cell-protectant property [33]
[34]. Considering this possibility, the interaction of UnaG with bilirubin may play an
important role in regulating the free or transient pools of this metabolite for reducing the
cellular oxidative stress [15]. This non-covalent binding of bilirubin to UnaG has been
attributed to its function in maintaining muscle oxidative metabolism during long
distance migration. Our findings support the bilirubin contribution in muscle metabolism,
as it is expressed in the muscle of Kaupichthys hyoproroides as well. However its
implication seems to be broader than just migration purposes, as Kaupichthys

hyoproroides is not a migratory fish.

Altogether, identification of BIF in non-migratory moray eels shows that this protein has
been under convergent evolution in two families of Anguilloidei, both migratory and
non-migratory eel species. Although these results require further follow-up studies to
shed light on physiology of these proteins, they bring a broad functional perspective for

the role of this protein in these species.

C4.5: Material and Methods

Sample Collection

The Kaupichthys hyoproroides specimen were collected via SCUBA in the Caribbean

(off Lee Stocking Island, Bahamas). Rotenone was dispersed over a confined area on the
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reef slope or floor. The specimen was collected using small hand nets, and bagged for

transport back to the surface.

Emission spectra were collected using an Ocean Optics USB2000+ miniature
spectrometer (Dunedin, FL) equipped with a hand-held fiber optic probe (Ocean Optics
ZFQ-12135). Excitation spectra were achieved by the incorporation of particular band-
pass filters (Chroma Optics, Inc., VT). Emission spectra were recorded by applying the
fiber optic probe to specific anatomical parts of the individual fish specimen exhibiting
biofluorescence. This was repeated several times for each specimen to ensure the

accuracy of these measurements.

Individual eel specimens were placed in a narrow photographic tank. They were held flat
against a thin plate glass front for photography. Fluorescent macro images [4928 x 3264
(Nikon D7000); 2180 x 1800 pixel (Nikon D300S)] were produced in a dark room by
covering the flash (Nikon SB 600 and SB 800) with interference bandpass excitation
filters (Omega Optical, Brattleboro, VT; Semrock, Rochester, NY). Longpass (LP) and
bandpass (BP) emission filters (Semrock) were attached to the front of the camera lens. A
variety of excitation/emission filter pairs was tested on each sample to elicit the strongest
fluorescence emission: excitation 450—-500nm, emission 514 LP; excitation 500-550nm,

emission 555 and 561 LP.

RNA Extraction and deep cDNA Sequencing
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Specimens of Kaupichthys hyoproroides were frozen in liquid nitrogen. Total RNA
extracted from dissected tail muscles of a specimen. Muscle tissue was in TriZol reagent
(Life Technologies, NY) and the total RNA was precipitated with isopropanol and
dissolved in ddH2O. The quality of RNA was assessed on a 2100 Bioanalyzer and with
agarose gel electrophoresis-. The total RNA was pooled for Library preparation. Libraries
were prepared with Hi-seq RNA sample preparation kit (Illumina Inc, San Diego, CA)
according to manufacturer’s instructions. One lane was multiplexed for four samples and
was as 80-bp PE reads. FASTQ file generation was performed by CASAVA version 1.8.2

(llumina).

De novo Assembly

All the assemblies were performed on a server with 50 cores and 250 GB random access

memory. Obtained reads were de novo assembled using Trinity [19] and trans-ABySS

[20]. Trinity was used with the default parameter. Trans-ABySS was executed using

different k-mer length from 21 to 59, along with other default parameters.

Assembly validation

Gene coverage levels were determined using a Perl script to calculate the RPKM [28].

Contigs with RPKM smaller than 1 were removed for functional annotation.
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BIF protein annotation

A set of possible ORFs, stop to stop from assembled transcripts by Trinity, was generated
using EMBOSS-ref-. To annotate the BIF homologs, a similarity search against the small

polypeptide reported from [14] was conducted using BlastP with E value of 2¢™°.

Functional annotation

Using the 23,000 ORFs sequences longer than 150 AA, assignment of gene ontology

(GO) terms was performed by running BlastP, mapping and annotation with Blast2GO.

LC/MS

A non-denatured muscle was extract clarified by high-speed centrifugation, (50,000Xg
for 30 min) and the soluble fraction loaded onto a native gel (non-denaturing gel). Bands
were excised and subjected to trypsin digestion and LC-MS analysis. A trypsin peptide
library of molecular weight generated from the gel and searched against the fish database.
List of abundant peptides were downloaded and searched against putative BIF transcripts,

using BlastP (options = -W 2 -P 0 -¢ 2¢™").
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Table C4.1 Summary statistics for individual assemblies

Assembly Number of trancripts >200 bp ~ N50bp Mean length op  Max length bp Total number of bases

TransABySS 206,683 877 672.11 8,547 138,913,931
Trinity 84,610 880 641.00 13,309 54,235,411

N50= length-weigthed median contig length; bp= base pair; ORF= Open Reading Frame
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Table C4.2 Summary statistics of read counts and coverage

142,526,414
109,268,961 (76.67%)
33,257,453 (23.33%)

Total number of reads
Number of read used reads for assembly

Number of unused reads

Number of non-redundant transcripts (>200 bp) 84,610

Number of transcripts with coverage fpkm >1 (dataset 1) 65,877

Average coverage for contigs with coverage fpkm >1 11.93
1,649.71

Average number of reads mapped per contigs in dataset 1

bp = base pair; fpkm = paired-reads per kilo base per million ; contig= contiguous, overlapping
sequence read resulting from the assembly
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Caribbean Eel
== Caribbean Eel Tail
— Japonica
= Japonica Eel from paper
— Aequorea victoria GFP (Pure protein)
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Figure C4.1: Comparative spectra of Kaupichthys hyopro-
roides, Anguilla japonica (UnaG), and purified Aequorea
victoria GFP
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Figure C4. 2. Fluorescent a) head; b) skin and c¢) muscle of Kaupichthys
hyoproroides (Left). White light (top right) and fluorescent illumination
(bottom right) image of eel (Lee Stocking Island, BWI).
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Fig. C4.4. Twelve isoforms alignment, along with short peptide previously
identified from Anguilla japonica, and one other fish (Notothenia coriiceps)

fatty acid binding protein.
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Figure C4.5: Fluorescing bands, non-denaturing gel
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