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Abstract: The Asian seabass (or barramundi; Lates calcarifer) is a marine teleost and a
popular food fish in Southeast Asia and Australia. To date, comprehensive genome and
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transcriptome sequence information has not been available for this species in public
repositories. Here, we report a comprehensive de novo transcriptome assembly of the Asian
seabass. These data will be useful for the development of molecular tools for use in
aquaculture of Asian seabass as well as a resource for genome annotation. The transcriptome
was obtained from sequences generated from organs of multiple individuals using three
different next-generation sequencing platforms (454-FLX Titanium, SOLiD 3+, and
paired-end Illumina HiSeq 2000). The assembled transcriptome contains >80% of the
expected protein-coding loci, with 58% of these represented by a predicted full-length cDNA
sequence when compared to the available Nile tilapia RefSeq dataset. Detailed descriptions
of the various steps involved in sequencing and assembling a transcriptome are provided to
serve as a helpful guide for transcriptome projects involving de novo assembly of short
sequence reads for non-model teleosts or any species of interest.

Keywords: Asian seabass; barramundi; transcriptome sequencing; transcriptome assembly;
NGS; RNA-Seq

1. Introduction

The Asian seabass (or barramundi; Lates calcarifer) is a marine teleost from the Latidae family.
Apart from being a popular food fish in the Australian and Southeast Asian region [1], the species has
several characteristics that make it interesting for scientific research, namely: (i) it is able to adapt and
survive in a range of salinities [2]; (ii) it is catadromous, born in brackish water, moving to fresh water
to spend the juvenile stages there and migrating back downstream to brackish water or seawater to
breed [2]; and (iii) it is a protandrous sequential hermaphrodite, changing sex from male to female
between the ages of 3 and 8 years [3.4].

For more than a decade, our group has been involved in the breeding and selection program for
the Asian seabass. One particular focus has been studying the genetic information encoded by the
protein-coding loci, which is vital for the development of molecular tools required for gene expression
studies and genome annotation. The genome of the Asian seabass is estimated to be ~700 Mb and is
currently being assembled and annotated [5], while the mitochondrial genome has previously been
completely sequenced [6]. Transcriptome information for the Asian seabass to date is mainly represented
by ~22,000 EST sequences in GenBank along with a limited number of organ-specific transcriptome
studies and repetitive sequence analyses [7-9].

Comprehensive sequence characterization of the transcriptome is an essential first step to identify
protein-coding/regulatory regions of the genome and the development of tools for gene expression
studies. To this end, next-generation sequencing (NGS) technologies have enabled researchers to
generate vast amounts of sequence data at ever-decreasing costs. However, there are several confounding
variables pertaining to sample preparation and library construction that need to be optimized before
sequencing is performed. Moreover, subsequent bioinformatic analyses following the data generation
phase may pose a challenge for many small laboratories lacking expertise and/or computational resources.



J. Mar. Sci. Eng. 2015, 3 384

Here, we describe the multi-platform sequencing and de novo assembly of the Asian seabass
transcriptome. A multi-tiered approach was used wherein over one billion reads from three NGS
sequencing platforms were assembled in a step-wise manner. The assembled transcriptome was
represented by more than 200 thousand contigs, about half of which could be subsequently annotated
using BLAST searches. In addition to analyses of pathways and identification of organ-specific
transcripts, the transcriptome was also inventoried for microsatellite sequences. Limited sequence
information is available thus far for the Asian seabass. The present report will serve as a useful resource
for future studies on this species, since it provides information on the expressed regions of the genome.
In addition, we have also summarized our observations from comparing the various intermediate
assemblies, to serve as useful indicators for small non-genomics laboratories embarking on sequencing
and assembling a transcriptome.

Our publication adds to the growing number of NGS-based transcriptome studies on the
Asian seabass [7-9], and that of other food fishes such as Atlantic salmon (Salmo salar [10]), common
carp (Cyprinus carpio [11]), European seabass (Dicentrarchus labrax [12,13]), rainbow trout
(Oncorhynchus mykiss [14]), turbot (Scophthalmus maximus [15]), and striped bass (Morone saxatilis [16]).

2. Experimental Section
2.1. Sample and Library Preparation, Sequencing and Quality Control

At the start of the project, transcriptome information was first generated using the 454-FLX Titanium
(Roche Diagnostics, Branford, CT, USA) and SOLiD 3+ (Life Technologies, Inc., Carlsbad, CA, USA)
next-generation sequencing (NGS) platforms. Subsequently, the dataset was augmented by additional
sequences in the form of pair-end reads generated on the Illumina HiSeq 2000 platform (Illumina Inc.,
San Diego, CA, USA) to provide sequence depth in order to improve the assembly. The 454 and SOLiD
sequence data (incorporated and reassembled here) has been published and released previously [8]. The
assembly from the initial round of [llumina HiSeq sequencing (HiSeq Round 1, HR1) was also utilized
as part of a survey of repetitive elements in Asian seabass [7].

For the second round of Illumina HiSeq sequencing (HiSeq Round 2, HR2), total RNAs were
extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) from the following organs of multiple
Asian seabass individuals: adult brain (male and female); transforming gonads; testis; ovary; spleen
(vaccinated and unvaccinated); head kidney (vaccinated and unvaccinated); intestine (from fish fed with
various feeds); liver (from fish fed with various feeds); brain (from fish fed with various feeds); and
intestine (with probiotics treatment). Total RNAs were digested with DNase to remove trace levels of
DNA contamination. mRNAs were enriched by depletion of the ribosomal RNAs. The resulting mRNA
samples underwent strand-specific cDNA library synthesis [17] followed by ligation of an adaptor
suitable for Illumina sequencing as well as incorporating a sample-specific barcode to mark the individual
samples. Barcoded cDNA libraries were then pooled for efficient multiplex sequencing on the Illumina
HiSeq 2000 platform to generate 2x100 bp paired-end reads of up to 700 bp well defined mate-pair
distance (NCBI SRA BioProject Accession Number: SRP053272). Quality trimming and filtering was
performed using fastq quality trimmer (with parameters: -t 25 -1 30) and fastq quality filter (with
parameters: -q 20 -p 30) scripts available from FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/).
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For this dataset, an additional filtering step was also performed to remove perfect duplicate reads (100%
identical sequences) that had count >100 times using PRINSEQ (with parameters: -min_len 30 -derep 1 -
derep min 101 -trim_tail left 5 -trim_tail right 5 -trim ns_left 1 -trim_ns_right 1) in order to reduce
the data size to facilitate assembly [18].

2.2. Filtering of Contaminating Reads

Following trimming of low-quality reads, the sequences were filtered for rRNA reads as well as
those originating from microbial contaminants, which could have come from the environment of the fish
or during sample collection. To perform this filtering, a database was created consisting of the
Escherichia coli str. K-12 genome sequence (RefSeq accession number: NC 000913.2), 4174 viral
genome sequences from NCBI RefSeq and 49 rRNA sequences of Asian seabass or zebrafish origin
obtained from NCBI and SILVA [19]. All the reads and sequences incorporated in the assembly were
first compared with this database, by mapping short-reads using Bowtie with default parameters and by
aligning long reads using BLAST comparison [20]. Sequences identified to be of rRNA or microbial origin
were removed only if they did not find a match in the zebrafish (Danio rerio) and Nile tilapia
(Oreochromis niloticus) reference mRNA sequences (retrieved from UCSC and NCBI).

2.3. Sequence Assembly, Mapping and Redundancy Removal

The assembly of the filtered reads from various platforms was performed in a step-wise manner,
as shown in the flowchart in Figure 1. The 454 and SOLiD data were co-assembled using the “De novo
Assembly” tool in CLC Genomics Workbench (version 5.1; 80% length fraction, 80% similarity
fraction, with default insertion, deletion and mismatch costs), and then merged with ~22,000 Asian
seabass EST sequences from NCBI Genbank (Download date: 26 July 2012) as well as the published
Asian seabass intestine assembly [9], using CAP3 (with default parameters). The resulting contigs were
then further merged using CAP3 with an earlier HiSeq-based version of the transcriptome [6], to produce
the multiplatform (MP) assembly. The HiSeq derived data were from strand-specific cDNA libraries,
which marked the orientation of the reads with respect to the mRNA, greatly reducing the complexity
of the assembly process. The data from HR2 comprising ten libraries were assembled independently
using Trinity (version 10/11/2013), and the resulting assemblies were combined and subjected to a
redundancy removal using cd-hit-est (CD-HIT version 4.6.1 with parameters -aS 0.98, -c 0.98) to
produce a non-redundant dataset. Finally, the HR2 assembly was merged with the polished MP assembly
(see Supplementary File 1 for polishing steps) to generate the “final multiplatform” (FMP) transcriptome
sequence dataset [21].

2.4. GC Content and Microsatellites

The GC-content of the Asian seabass transcriptome was calculated using BedTools utilities using a
35 bp sliding window and further processed for plotting using in-house scripts [22]. The same analysis
was performed for RefSeq mRNA datasets of Japanese medaka (Oryzias latipes), Nile tilapia, zebrafish
and zebra mbuna (Maylandia zebra) for comparison.
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An inventory of the microsatellites in the transcriptome was obtained using Censor version 4.2.28

with the following parameters: censor.ncbi <filename> -nofilter -show_simple -bprg blastn -mode norm.

Mononucleotide repeats were ignored since they would be difficult to distinguish from polyadenylation

and sequencing errors.
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Figure 1. Pipeline describing the Asian seabass transcriptome assembly from three
next-generation sequencing platforms. The 454 and SOLiD sequence datasets were first
co-assembled, and later merged with Asian seabass ESTs from NCBI and a 454-based Asian
seabass intestine assembly [9]. These sequences were then merged with a previous version

sequences

of the Asian seabass transcriptome from the first round of HiSeq data [7] to produce a
“multiplatform” assembly, which was further polished to remove low-coverage and
redundant sequences. Independently, the second round of HiSeq data was assembled
(library-wise) using Trinity, and then clustered to remove redundancies. Finally, these
contigs were merged with the polished multiplatform assembly to generate the final Asian
seabass transcriptome dataset. The coloured boxes indicate the datasets that were used for
the downstream comparisons and analyses.

2.5. Generating a Refined Nile Tilapia Sequence Dataset as a Reference for Asian Seabass

Transcriptome Annotation

A sequence dataset from a closely related fish species, the Nile tilapia, was used to annotate

the assembled Asian seabass transcriptome and estimate the completeness of the assembly. The Nile

tilapia sequences were obtained from the NCBI RefSeq Protein database using the following search
query: “Oreochromis niloticus ”[PORGN: txid8128] AND srcdb refseq/PROP], which resulted in a
dataset of 46,501 sequences (downloaded in October 2013). However, this dataset contained redundant

sequences and hence had to be filtered before it was utilized. Removal of exact sequence duplicates

decreased the dataset to 39,796 sequences, and subsequently retaining only the longest sequence for
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those that have identical descriptions produced a refined Nile tilapia protein reference sequence dataset
of 26,675 sequences [21].

2.6. Sequence Annotation, Estimation of Completeness and Full-Length Sequence Prediction

Sequence annotation was performed using a BLASTX search of the assembled contigs against the
Nile tilapia RefSeq protein dataset described above using an e-value of 1e ® and retaining only the top
hit. Only hits that had alignment length of at least 65 amino acids were selected, and the number of
unique reference protein sequences represented by transcripts in our transcriptome was used to estimate
the completeness of the assembly.

To provide annotation for the contigs in the final assembly that did not have a BLASTX match to the
Nile tilapia protein sequence dataset, the search database was extended and the following BLAST searches
were performed: (i) BLASTN against the Nile tilapia RefSeq mRNA sequences; (ii)) BLASTX against a
database of RefSeq protein sequences of twelve additional ray-finned fishes, namely zebrafish, rainbow
trout, Burton’s mouthbrooder (Haplochromis burtoni), Japanese medaka (Oryzias latipes), channel
catfish (Ictalurus punctatus), Pundamilia nyererei, spotted gar (Lepisosteus oculates), Atlantic salmon,
zebra mbuna, spotted green pufferfish (7akifugu rubripes), Lyretail cichlid (Neolamprologus brichardi),
and Southern platyfish (Xiphophorus maculatus); and (iii) BLASTN against a database of RefSeq
mRNA sequences from the same 12 species listed above.

Augustus (version 2.5.5 with default parameters) was used to predict ORFs in the contigs that
remained unannotated after the BLAST searches described above [23]. We then aligned the remaining
unannotated contigs without predicted ORFs to a rough draft of the Asian seabass genome [5], to verify
if they were bona fide Asian seabass sequences.

Prediction of full-length cDNAs in the final assembly was performed using Full-LengtherNEXT
version 0.08 using the default parameters and the “vertebrates” taxon group as the reference database [24].

2.7. Sequence Conservation with Other Vertebrates

The final assembly was searched using BLASTX against seven vertebrate RefSeq protein sequence
datasets, namely those from Nile tilapia, Japanese medaka, zebrafish, spotted green pufferfish, human,
mouse and chicken to evaluate the conservation across the Asian seabass and these other species.
Analysis was also extended to include the predicted protein sequence dataset of the recently published
European seabass [25]. BLASTX alignment length cut-off was set at 65 amino acids.

2.8. Pathway Distribution and Analysis of Organ-Specific Sequences

Pathway analysis was performed on the annotated subset of the final assembly using the KEGG
Automatic Annotation Server (KAAS), with the parameters set to the eukaryotic representative set and
the “bi-directional best hit” assignment method [26]. The output data was parsed using in-house scripts
to obtain the percentage of KEGG pathway genes represented in our transcriptome [27]. For comparison,
the KEGG KAAS analysis was performed on the European seabass protein dataset and Nile tilapia
RefSeq protein dataset, while the KEGG pathway genes represented in the common carp and crucian
carp transcriptomes were also incorporated from published data [11,28].
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Since the second round of Illumina HiSeq sequencing (HR2) was done on individual samples from
different organs, a pair-wise comparison of the BLASTX results was performed to identify the
protein-coding loci that were represented in different subsets of the organ-derived transcriptomes.
As a measurement of sequence complexity, the cumulative contribution of each organ to the combined
transcriptome was also determined.

2.9. Evaluation of Asian Seabass Transcriptome as a Reference for RNA-seq Experiments

An evaluation of the usefulness of the Asian seabass transcriptome as a reference for differential
expression was performed by studying the differential expression between the testis and ovary RNA-seq
dataset that was generated and used for the assembly of the transcriptome. The reference dataset was
created from the Asian seabass full transcriptome by selecting sequences which had the greatest
percentage-aligned length to the Nile tilapia RefSeq protein sequences (26,675 sequences). This resulted
in a dataset of 22,022 Asian seabass sequences [21]. The testis and ovary reads were mapped against the
reference dataset using the “Map reads to reference” tool in CLC Genomics Workbench (version 8.0,
95% length fraction, 95% similarity fraction with default insertion, deletion and mismatch costs). The
BAM files were then imported into Partek® Genomics Suite® software (version 6.6, 2014) for differential
gene expression analysis using the RNA-seq analysis workflow. As we did not have technical replicates
in this RNA-seq experiment, the algorithm provides p-values using a chi-squared test with the
assumption that the transcripts are evenly distributed across all samples. The p-values were then adjusted
using the Bonferroni method. A list of differentially expressed genes between the testis and ovary was
obtained with corrected p-value <0.05 and fold-change >5. The Gene Ontology terms of these
differentially expressed genes were obtained using the Ensembl Biomart via the Nile tilapia RefSeq
protein accession numbers [29].

3. Results
3.1. Sequencing, Quality Control and Filtering of Reads

The Asian seabass transcriptome sequence data was generated using three NGS platforms, namely
454-FLX Titanium (~1 million reads), SOLiD 3+ (~38 million 50 bp reads) and paired-end Illumina
HiSeq 2000 (~1 billion reads from the two independent rounds of sequencing; Table 1). Adaptor and
quality trimming, followed by removal of rRNA or contaminating microbial reads resulted in ~0.9 million,
~18.1 million, and ~993 million filtered reads from the 454, SOLiD and HiSeq platforms, respectively
(Table 1, Supplementary File 1, Supplementary Figure S1).

3.2. Assembly of the Asian Seabass Transcriptome

The sequence data from various platforms were assembled in a multi-step manner as shown in Figure 1.
The assembly using combined 454 and SOLiD data generated 53,862 contigs, which were then merged
with 22,322 NCBI EST sequences and 81,479 sequences from a 454-based Asian seabass intestine
assembly published earlier [9], resulting in 157,457 contigs. A co-assembly of these contigs with the
previously reported HiSeq Round 1 (HR1) assembly [7] resulted in 362,369 contigs. Since we observed
the presence of contigs, which were identical except for short terminal overhangs, we performed a
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sequence clustering using cd-hit-est to retain only the longest representative for highly similar contigs,
resulting in a polished “Multiplatform” (MP) dataset of 196,871 contigs (Figure 1, Table 2).

Table 1. Number of reads before and after quality check (QC) and filtering of rRNA and
microbial reads.

454 SOLID HiSeq Normalized HiS.eq HiSeq Round 2
(HN) Unnormalized (HU) (HR2)
Raw reads 1,068,743 38,336,497 236,141,512 284,842,758 665,889,628
After adaptor and 1,043,802 18,792,575 225,382,446 262,102,222 520,397,768
quality trimming 98% * 49% 95% 92% 78%
After rRNA and 908,019 18,189,484 224,731,908 260,937,802 507,301,076
microbial removal 85% 47% 95% 92% 76%

* All percentages are approximate with respect to the raw read counts.

Table 2. Statistics for the intermediate Asian seabass transcriptome assemblies.

Number of . .
Number . Number of Average Contig Maximum
Assembly . Contigs after K .
of Contigs ! Contigs >1 kb * Length Contig Length
cd-hit-est
HiSeq Normalized (HN) 194,957 106,768 28,548 (27%) 885 17,036
HiSeq Unnormalized (HU) 265,022 126,377 40,752 (32%) 1082 30,061
HiSeq Round 1 (HR1) 363,785 182,911 47,458 (26%) 927 31,251
Multiplatform (MP) 362,369 196,871 51,947 (26%) 965 31,251

The reads from HiSeq Round 2 (HR2) were assembled in ten parts (one assembly per sample),
generating a total of 567,237 contigs. Clustering of these contigs by cd-hit-est to collapse highly similar
and redundant contigs resulted in a dataset of 196,399 sequences (Figure 1). Finally, these contigs were
merged with the MP assembly to produce the “Final Multiplatform” (FMP) Asian seabass transcriptome
assembly of 267,616 contigs with an average sequence length of 979 bp (Table 3).

3.3. GC-Content and Microsatellite Distribution

The GC-content of the Asian seabass transcriptome was ~46%, and the GC-content distribution was
similar to several related fish species (Table 3, Supplementary Figure S2). A total of 40,330 microsatellites
(or simple sequence repeats, SSRs) were identified. The most common repeat unit types were dinucleotides
(43.4%), followed by trinucleotides (30.6%). The most common motif was AC (30.6%), followed by
GGA, AG and GCA (13.1%, 9.7% and 5.9%, respectively; Supplementary Tables S1 and S2).

Table 3. Assembly statistics for the final multiplatform (FMP) Asian seabass transcriptome assembly.

Total length (bp) 262,023,963
Number of contigs 267,616
Number of contigs >1 kb 70,588
Min length (bp) 200
Max length (bp) 31,251
Average length (bp) 979
Total GC count (bp) 121,345,916

GC-content (%) 46.31
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3.4. Sequence Annotation of Transcriptome Contigs and Prediction of Full-Length cDNAs

The filtered Nile tilapia protein sequence dataset obtained from NCBI RefSeq (26,675 sequences)
was used as a benchmark to evaluate the assembled Asian seabass transcriptome. Approximately 37%
of our assembled contigs showed a match to the predicted protein dataset using BLASTX (alignment
length >65 amino acids; Supplementary Table S3). An additional 6% of the transcriptome contigs could
be annotated by subsequent BLASTN/BLASTX-searches against the Nile tilapia NCBI RefSeq mRNA
and datasets from 12 other fish species (Figure 2a). More than 99% of the annotated contigs were longer
than 5 kb in length, while the majority of unannotated contigs were short (<1 kb; Figure 2b).

An inspection of the remaining unannotated transcriptome contigs identified 1% with predicted
ORFs, and the remaining contigs (56%) could be mapped to the Asian seabass genome draft sequence
but could not be assigned ORFs with confidence (Figure 2a).

Of the 26,675 Nile Tilapia reference protein sequences, 22,021 (83%) were represented by one or
more contigs in our assembled transcriptome (Figure 3). Notably, 37,360 full-length cDNAs (FL-cDNAs)
were predicted from our assembled Asian seabass transcriptome, which correspond to 15,459 Nile tilapia
reference protein sequences (Figure 3).

(a) (b)

100 -
o 90 -
With hits to
With hits to Nile Tilapia 80 -
Nile Tilapia (BLASTN) gn 70 -
(BLASTX) 4% g
379 S 60
/0 G
With hits to 12 © 50 -
| — Other Teleosts =] 40
With hits to (BLASTX/N) 5
A.seabass draft \ 2% ;,_:, 30 -
ags:IelI(LI{)lf Contains 20
56% i predicted ORF 10 -
: 1% 0

0-1 1-2 2-3 34 4-5 5-6 6-7 7-8 8-9 9-10 >10
Contig length (kb)

m Annotated sequences ® Unannotated sequences

Figure 2. BLASTX/BLASTN-based annotation of the Asian seabass transcriptome.
(a) Proportion of the transcriptome that showed BLASTX/BLASTN matches against the
RefSeq datasets of Nile tilapia and 12 other teleosts. A total of 41% of the contigs had a
BLASTX/BLASTN match against Nile tilapia, while another 2% found a match to 12 other
teleosts, and 1% was predicted to contain ORFs. The remaining unannotated contigs showed
sequence similarity to the Asian seabass draft genome. (b) Distribution of annotated and
unannotated contig lengths. The unannotated sequences were found to be mostly short contigs
(<1 kb), while majority of the long contigs were annotated. All BLAST results were subjected
to an alignment length cutoff: >200 bp for BLASTN and 65 amino acids for BLASTX.
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Figure 3. Proportion of the Nile tilapia RefSeq protein dataset that was detected in the final
Asian seabass transcriptome as well as the full-length ¢cDNA (FL-cDNA) subset.
Using BLASTX, ~83% of the Nile tilapia RefSeq sequence homologs were detected in the
Asian seabass transcriptome, while ~58% were represented in the FL-cDNA subset.

3.5. Sequence Conservation with Other Vertebrate Species

To assess the degree of conservation between the Asian seabass and other teleost and vertebrate
species, a BLASTX analysis of our final assembly was performed against five teleosts, namely European
seabass, Nile tilapia, Japanese medaka, zebrafish, and spotted green pufferfish, as well as human, mouse
and chicken. Of the 102,390 contigs (38% of the transcriptome) that had a match to at least one of the
eight species, the European seabass had the largest number of BLAST-search matches with the Asian
seabass transcriptome (Figure 4). Further, 82,970 (81%) of the contigs found BLASTX matches in all
five fish species analyzed, and 76,780 (75%) found BLASTX-matches in all the eight vertebrate species
(Figure 4).

3.6. Pathway Distribution of Transcriptome Contigs

Pathway analysis was performed on the annotated subset of the final assembly using the KEGG
Automatic Annotation Server (KAAS). A total of 6500 out of 15,682 (41%) KEGG pathway genes were
represented by transcripts in the Asian seabass transcriptome (Supplementary Table S4). The following
three KEGG pathway categories were well represented in our transcriptome: genetic information
processing, cellular processes and organismal systems (75%, 71%, and 60%, respectively), while the
metabolism and environmental information processing pathways had a lower representation (~25% for
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both; Supplementary Table S4). A similar trend was observed when the results were compared to that
of the European seabass protein dataset, Nile tilapia RefSeq dataset and the transcriptome datasets of
common carp and crucian carp (Figure 5).

All Asian seabass assembled sequences

Found in at least one vertebrate species
(Dicentrarchus labrax, Oreochromis niloticus, Oryzias latipes,

Danio rerio, Takifugu rubripes, Homo sapiens, Mus musculus,
Gallus gallus)

Found in one fish species
(Dicentrarchus labrax)

Found in two fish species
(Dicentrarchus labrax, Oreochromis niloticus)

Found in three fish species
(Dicentrarchus labrax, Oreochromis niloticus, Oryzias latipes)

85,837

82,970 Found in four fish species
(Dicentrarchus labrax, Oreochromis niloticus, Oryzias latipes,
76,780 Danio rerio)

Found in five fish species
(Dicentrarchus labrax, Oreochromis niloticus, Oryzias latipes,
Danio rerio, Takifugu rubripes)

Found in all eight vertebrate species

(Dicentrarchus labrax, Oreochromis niloticus, Oryzias latipes,
Danio rerio, Takifugu rubripes, Homo sapiens, Mus musculus,
Gallus gallus)

Figure 4. Conservation of Asian seabass transcriptome sequences across eight vertebrate
species, including five teleost fish species. Based on a BLASTX search of the final transcriptome
assembly with the European seabass predicted protein dataset (Dicentrarchus labrax) and
the RefSeq protein datasets of the Nile tilapia (Oreochromis niloticus), Japanese medaka
(Oryzias latipes), zebrafish (Danio rerio), spotted green pufferfish (Takifugu rubripes),
human, mouse and chicken, ~38% of the contigs were found to have a hit with at least
one species, out of which ~81% were found in all five teleosts and ~75% were found in all
eight vertebrates.

3.7. Analysis of Organ-Specific Transcripts

Making use of the individual organ assemblies from HR2 (Figure 1), we identified protein-coding
sequences that were common to all organs as well as those that are unique to specific organs based on
the BLASTX results against Nile tilapia protein reference sequences. At the limit of detection, a total of
~15% of the reference sequences were represented by transcripts in a single organ, while only ~12% of
them were represented by transcripts in all the organs studied, indicating the importance of including
multiple organs to obtain a comprehensive transcriptome (Figure 6a, Supplementary Table S5). The
brain contributed ~60% of the expected protein-coding sequences and had the largest percentage (6.6%)
of unique reference protein sequences represented by transcripts (Figure 6a). The percentage of detected
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sequence homologs increased to ~71% when the testis was included. Subsequent inclusion of the other
organs showed a stepwise improvement of <5% from each organ (Figure 6b).
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Figure 5. Percentage of KEGG pathway genes detected in the Asian seabass final
transcriptome assembly, shown in comparison to the European seabass protein dataset,
common carp and crucian carp transcriptomes, as well as the Nile tilapia RefSeq protein
dataset. The KEGG pathways are shown in five main categories. The “genetic information
processing”, “cellular processes” and “organismal systems” categories were well represented
in the Asian seabass transcriptome, while the “metabolism” and “environmental information

processing” categories had a lower representation.
3.8. Application of the Asian Seabass Transcriptome for RNA-seq Experiments

Following a mapping of RNA-seq reads from testis and ovary samples against a reference dataset of
22,022 sequences derived from the Asian seabass transcriptome, a total of 6670 differentially expressed
transcripts were obtained (Supplementary Table S6). These were made up of 2440 transcripts with lower
and 4230 transcripts with higher expression in the testis compared to the ovary. Gene ontology terms of
these differentially expressed genes included biological processes such as reproduction (GO:0000003),
sexual reproduction (GO:0019953), the reproductive process (GO:0022414), the reproductive
developmental process (GO:0003006), gamete generation (GO:0007276), fertilization (GO:0009566)
and the reproductive cellular process (GO:0048610). Twenty-one of these transcripts were also shown
to have sex-related roles or differential expression in the gonads in previous studies (Table 4) [8,30-34].
This finding showed that the assembled transcriptome could be reliably used as a reference for

differential expression analyses.
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Figure 6. Analyses of the organ-specific assemblies. (a) Percentage of protein sequence
matches that were detected in all organs versus individual organs. Percentages were
calculated with respect to the number of detected protein sequence homologs in the HiSeq
Round 2 (HR2) assembly (21,514). About 12% of the detected homologs were common to
all organs, with the brain having the highest percentage of uniquely detected sequence
homologs; (b) The cumulative contribution of each organ to the transcriptome. The x-axis
shows the organs as they were successively added to the tabulation (from left to right).
For instance, the “Testis” data point shows the percentage of Nile tilapia protein sequence
homologs detected when the brain and testis data were considered, and so on. The order of
successively adding the data from the individual organs was based on the order of their
unique contributions as depicted in (a).

Table 4. Differentially expressed transcripts between the testis and ovary that show

sex-related roles or expression.

Contig32418 Testis up tdrd7 UT [8]

Differential
Gene Sex-Related Role or
Transcripts Expression . Reference
Symbol Expression *
(vs. Ovary)
Contig9986 Testis down dnd DIOT [30]
Head kidney comp8086 c0 seql Testis down tp53 uo [8]
Ovary_comp51781 c4 seql Testis down zp2 Uuo [8]
Contig9942 Testis down nanos3 DJOT [30]
Differentially expressed
MP_Contig36467 Testis down stra6 during gonad [30]
transformation
Contig29413 Testis down zp2 uo [8]
Contig31358 Testis down avi2 Uuo [8]
Contig26426 Testis down cyp26al uo [8]
Testis compl11815 c0 seql Testis up piwill UT [8]
Brain_comp205525 ¢3 seq2 Testis up sept6 uT [8]
Transiting gonad comp205341 c0 seq2 Testis up ar UT [8]
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Table 4. Cont.

Contigl15683 Testis up esrl UT [8]
Contig31060 Testis up sycp3 UJOT [31]

. . Influence on PGC number
Contig19652 Testis up wtlb . [32]

during gonad development
Testis comp102806 c0_seql Testis up cypl7al UT [8]
Liver comp139786 ¢2 seql Testis up nrba2 UT [8]
Spleen_comp222831 cl_seq3 Testis up pelil UT [30]
Testis comp113396 c0 seql Testis up star DJOT [30]

) . Facilitate enzymatic

Contig5958 Testis up cypl7a2 [33]

reactions in the gonads

Differentially expressed
. ) between wild type and
Testis comp195172 c0_seql Testis up odf3b [34]
PGC-depleted morphants

at 22 dpf
* DJOT: Down-regulated in juvenile ovotestis; UJOT: Up-regulated in juvenile ovotestis; UO: Up-regulated

in the ovary; UT: Up-regulated in the testis.
4. Discussion

The Asian seabass is an important food fish, with widespread aquaculture prevalence in the Indo-West
Pacific region. Although a few selective breeding programs do exist for this species, they are mainly
constrained by the lack of sequence information, as well as the lack of sufficient relatedness to fish species
with available sequence data. Here, we present the sequencing and de novo assembly of the Asian
seabass transcriptome, which was performed using data from three platforms in a multi-step manner.

The bulk of the sequences were generated on the Illumina HiSeq platform, with relatively smaller
amounts of data from the 454 and SOLIiD platforms as well as from NCBI ESTs and published data [9].
A multi-step approach was used to obtain a final assembly with 267,616 contigs, of which 43% could
be annotated by BLASTX/BLASTN. The contigs that contained unannotated ORFs could be either novel
Asian seabass transcripts or reflect the absence of sequence homologs in the public databases, while the
remaining unannotated contigs, which aligned to the draft genome, could possibly represent retained
introns or non-coding regions. It was also noteworthy that the two longest transcripts (~30 kb and ~31
kb; Table 2) showed sequence homology to the Nile Tilapia titin and titin-like sequences. The human
homolog of this gene is the largest known locus in the human genome comprising 363 exons encoding
an exceptionally long mRNA transcript greater than 100 kb in length [35]. The assembled transcriptome
will be useful for the ongoing annotation of the Asian seabass genome and also serve as a source of
information for numerous applications such as expression and comparative studies.

A large number of microsatellites were identified in the Asian seabass contigs, with the dinucleotide
count being higher than the trinucleotides. This trend is similar to microsatellite inventories reported in
other fish species [11,28,36]. However, the number of microsatellites identified in our study was found
to be considerably higher, possibly due to the larger amount of sequence data generated for the Asian
seabass compared to the previously reported transcriptomes. These inventoried microsatellites will likely
be a useful resource for future development of markers to aid in marker-assisted selection and breeding.
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Organ-specific sequence analyses demonstrated the importance of prioritizing and more importantly,
including organs with the highest contribution of unique transcripts (brain in this study) to a transcriptome.
It is also equally important to incorporate as many organs and conditions as possible to achieve a
comprehensive transcriptome, as seen in this study (~15% of predicted protein-coding sequences
appeared to be unique in each organ).

Based on our effort to sequence and assemble the de novo transcriptome, and the observations from
comparisons between the intermediate assemblies (Supplementary File 1), we have listed some guiding
principles that would be useful for any non-genomics lab interested in embarking on a similar project
(Supplementary File 2). In-depth reviews regarding assembly tools, metrics and pitfalls in dealing with
transcriptome assemblies and analyses have also been previously provided by several groups [37—40]. Many
transcriptome assemblies have relied on paired-end Illumina sequencing to achieve sequencing depth to
obtain a comprehensive transcriptome. However, a number of these assemblies, including ours, have
resulted in a high number of fragmented contigs [41-43]. As one of the vital factors for achieving a good
assembly is the read length, the advent of long-read technologies such as Pacific Biosciences’ Isoform
Sequencing could help in improving the contiguity of de novo transcriptome assemblies [44,45].

The transcriptome will be useful for the annotation of the genome, and can also be utilized for gene
expression studies through the design of microarrays, as we have done for the Asian seabass [46],
or by means of RNA-seq experiments [9,47,48]. In these RNA-seq studies, the transcriptome served as
a reference for read mapping and quantification of differential expression.

5. Conclusions

In conclusion, we have sequenced and de novo assembled the transcriptome of Asian seabass,
a commercially important food fish species. The annotation and various analyses reported here illustrate
the useful information that can be derived from a transcriptome. Additionally, we identified full-length
cDNA sequences and inventoried microsatellite information. As a supplement to our study, we have
provided our observations from the various approaches taken towards sequencing the transcriptome, as
well as several recommendations for non-genomics labs intending to study the transcriptome of any
species of interest. On the whole, the present study provides a comprehensive inventory of the Asian
seabass transcriptome which will be useful for the development of molecular tools to be used in
aquaculture of the species as well as to serve as an important resource for genome annotation.
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