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Abstract

Seriola quinqueradiata (yellowtail) is the most widely farmed and economically important fish

in aquaculture in Japan. In this study, we used the genome of haploid yellowtail fish larvae for

de novo assembly of whole-genome sequences, and built a high-quality draft genome for the

yellowtail. The total length of the assembled sequences was 627.3 Mb, consisting of 1,394 scaf-

fold sequences (>2 kb) with an N50 length of 1.43 Mb. A total of 27,693 protein-coding genes

were predicted for the draft genome, and among these, 25,832 predicted genes (93.3%) were

functionally annotated. Given our lack of knowledge of the yellowtail digestive system, and us-

ing the annotated draft genome as a reference, we conducted an RNA-Seq analysis of its three

digestive organs (stomach, intestine and rectum). The RNA-Seq results highlighted the impor-

tance of certain genes in encoding proteolytic enzymes necessary for digestion and absorption

in the yellowtail gastrointestinal tract, and this finding will accelerate development of formu-

lated feeds for this species. Since this study offers comprehensive annotation of predicted

protein-coding genes, it has potential broad application to our understanding of yellowtail biol-

ogy and aquaculture.
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1. Introduction

The genus Seriola (family Carangidae) contains nine recognized spe-
cies of carnivorous, marine fish, globally distributed in tropical, sub-
tropical and temperate ocean regions.1 Seriola species have a high
market value and several species are farmed around the world.2

Japan is the biggest producer of Seriola species, farming yellowtail
(S. quinqueradiata), greater amberjack (S. dumerili) and yellowtail
kingfish (S. lalandi). In 2016 the production of these three species
was 141,000 tons, accounting for over 56% of marine finfish aqua-
culture in Japan.3 Most of this production is accounted for by yel-
lowtail, which has the longest history of aquaculture, having started
in 1927 and expanded rapidly in the 1960s.4 Although yellowtail
aquaculture technologies have continued to improve, several chal-
lenges to the sustainable farming of this species remain to be
addressed. The price of fish meal used for yellowtail feed continues
to rise,5 necessitating a better understanding of yellowtail digestive
pathways and nutritional requirements in order to develop more
cost-effective feeds.

To improve aquaculture production efficiency, product quality,
sustainability and profitability, recent efforts have focussed on the
genetics and genomics of economically important aquaculture spe-
cies, particularly following the development of high-throughput
next-generation sequencing (NGS) technologies.6–8 Genetic maps9–11

and a whole genome radiation hybrid panel12 for yellowtail have
been constructed, and the detection of quantitative trait loci (QTL)
in yellowtail has recently been initiated for resistance to a monoge-
nean parasite, Benedenia seriolae,13 and sex-determination.14,15

However, the resources for genes and protein annotations for this
species are limited. Only 257 protein sequences have been deposited
at NCBI Genbank, taxonomy ID: 8161 (as of 11 July 2018). A com-
prehensive annotation of the overall protein-coding genes for the yel-
lowtail genome will help identify important genes and pathways
involved in the regulation of economically important traits. In addi-
tion, a well-annotated genome will provide a powerful tool for better
understanding yellowtail biology, and will enhance physiological
studies for optimization of breeding technologies, including the de-
velopment of artificial diets.

Recently, we demonstrated that use of the genome of a haploid
gynogenetic yellowtail larva leads to a significant improvement in de
novo assembly because allelic variation does not impede contig ex-
tension as it does for assembly of diploid genomes.16 Here, we pre-
sent a draft genome sequence for yellowtail based on a haploid
genome assembly and its annotation of protein-coding genes.
Furthermore, to better understand molecular mechanisms of feed di-
gestion and nutrient absorption in yellowtail, we performed RNA-
Seq analysis of the three major organs of the gastrointestinal (GI)
tract i.e. stomach, intestine and rectum, using the annotated draft
yellowtail genome as a reference. The analysis suggested that certain
proteolytic digestive enzymes play key roles in digestion and absorp-
tion, and could inform the choice of ingredients for the development
of yellowtail-specific feeds for use in aquaculture.

2. Materials and methods

2.1. Genome sequencing and assembly

Preparation of genomic DNA from haploid gynogenetic yellowtail
larvae induced by ultraviolet-irradiated sperm and the blood of its
dam (diploid genome) has been described in.16 For contig construc-
tion, the genomic shotgun libraries were prepared from the haploid
genomic DNA, and sequenced with the Ion PGM (two runs) and

Proton (four runs) platforms (Life Technologies, Carlsbad, CA).
These haploid reads were assembled using Newbler 3.0 (Roche
Diagnostics, Basel, Switzerland). Four Illumina paired-end (PE) li-
braries (insert size: 240, 360, 480 and 720 bp) and three mate-pair
(MP) libraries (insert size: 3–5, 10 and 20 kb) were constructed from
the diploid dam genomic DNA and sequenced on a NextSeq 500 se-
quencer (Illumina, San Diego, CA, USA) using 2 � 150 bp chemistry.
To improve sequence accuracy of the haploid contig sequences gen-
erated by Ion PGM and Proton sequencers, the Illumina PE reads
were mapped against the haploid contigs using Burrows–Wheeler
aligner-maximum exact matches (BWA-MEM),17 and nucleotide
mismatches or short indels were overridden by the Illumina read
sequences. We also carried out a de novo assembly of the four dip-
loid Illumina PE libraries (all merged 240 bp, and 10 Gb of 360, 480
and 720 bp inserts) with Platanus 1.2.4,18 and performed a sequence
comparison between the haploid and diploid contigs using
BLASTN19 (E value threshold of 1E – 20 and the bit score of the top
hit with a more than 2-fold difference over that of the second hit),20

and the diploid contigs absent in the haploid contigs were added to
the haploid contigs. These merged contigs were subjected to scaffold-
ing using Platanus 1.2.418 together with all the Illumina PE
(unmerged 240, 360, 480 and 720 bp insert) and MP reads (3–5, 10
and 20 kb insert), and gaps in the scaffolds were filled by the
Illumina PE reads (unmerged 240, 360, 480 and 720 bp inserts) with
the gap-close step in Platanus. The resulting scaffolds were further
assembled using RNA-Seq data sets generated in this study (de-
scribed later), by L_RNA_scaffolder.21

To confirm ploidy level and estimate genome size, Jellyfish soft-
ware22 was used to produce a k-mer distribution (19-mer) with the
Ion Proton haploid reads and with the Illumina PE diploid reads (all
merged 240 bp, and 10 Gb of 360, 480 and 720 bp inserts).

2.2. Linkage map construction and scaffold correction

To detect and correct scaffold misassemblies, we generated a double-
digest restriction-site associated DNA (ddRAD)-based genetic link-
age map of the yellowtail using a previously described method20

with slight modifications. Briefly, genomic DNA samples were
extracted from 161 full-sib progeny and their parents’ muscles using
the DNeasy Blood & Tissue Kit (Qiagen, Venlo, Netherlands). For
preparation of the ddRAD libraries, genomic DNA was digested us-
ing two restriction enzymes (PstI and MspI) and ligated to Ion Plus
Fragment Library Adapters using an Ion Xpress Plus gDNA
Fragment Library kit (Life technologies). The ligation products from
�25 individuals were pooled in equimolar proportions and size-
selected within a range of 200–260 bp using BluePippin (Sage
Science, Beverly, MA, USA). After size selection, the ddRAD libraries
were amplified by eight-cycle PCR, purified using Agencourt
AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA), and se-
quenced on the Ion Proton (Life technologies). Raw sequences were
filtered to discard those of low quality and demultiplexed using the
process_radtags programme in Stacks.23 BWA-MEM17 was used to
map the filtered ddRAD-Seq reads to the scaffold sequences, and the
output SAM file was filtered using custom Perl scripts based on the
following criteria: mapping quality (MQ) of � 30, length fraction of
0.95 and non-specific match handling of ignore. After local realign-
ment, single nucleotide polymorphism (SNP) calling was performed
using the Unified Genotyper module in the Genome Analysis Toolkit
(GATK)24 and the variants were filtered as follows: only bi-allelic
sites, genotype quality (GQ) of � 30, either reference (REF) or alter-
native (ALT) allele frequencies of � 95% in homozygous sites and
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both REF and ALT allele frequencies of � 30% in heterozygous sites.
The R/qtl package25 was employed for linkage analysis and linkage
map construction with the same parameters as previously described
in.20 Linkage group (LG) numbering and orientation followed that
of Fuji et al.10 To detect the possibility of misassembled chimeric
scaffolds, the linkage marker sequences were mapped to the scaffold
sequences with BLASTN using the same criteria as previously de-
scribed in20; the scaffolds attributed to two or more LGs were split
into consistent scaffolds based on the locations of markers. Scaffolds
>2 kb in length were used for subsequent analysis.

2.3. Evaluation of completeness of the final assembly

A completeness assessment was performed with gVolante26 using the
pipeline CEGMA (Core Eukaryotic Genes Mapping Approach)27

and the reference dataset Core Vertebrate Genes (CVGs).28 We also
assessed the assembly quality by Benchmarking Universal Single-
Copy Orthologues (BUSCO)29 version 3.0.2 with an Actinopterygii-
specific set of 4,584 single copy orthologs.

2.4. cDNA sequencing

For gene predictions, normalized, full-length enriched cDNA libraries
were constructed as follows: Total RNAs were isolated from eighteen
yellowtail tissues (gills, skin, fins, red muscle, white muscle, heart, kid-
ney, spleen, stomach, intestine, pyloric caeca, liver, gallbladder, retina,
cerebellum, optic lobe, olfactory lobe and ovary) using RNeasy Plus
Universal Mini Kit (Qiagen). The isolated total RNA samples were
treated with 2 U of TURBO DNase from the TURBO DNase-free Kit
(Life Technologies) at 37�C for 30 min as recommended by the manu-
facturer’s instructions. RNA integrity was assessed with an Agilent
Bioanalyzer 2100 with the RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara, CA, USA). Poly(A) þ RNA (mRNA) was
purified using the FastTrack MAG Micro mRNA Isolation Kit
(Invitrogen, Carlsbad, CA, USA). Equal amounts of mRNA were
pooled from each tissue and 500 ng of the pooled mRNA was used to
construct a full-length enriched cDNA library using the SMART PCR
cDNA Synthesis Kit (Clontech Laboratories, Inc. Palo Alto, CA, USA)
with modifications as described by Meyer et al.30 The primer used for
first-strand cDNA synthesis was a modified 3’ SMART CDS Primer II
A (AAGCAGTGGTATCAACGCA
GAGTCGCAGTCGGTACTTTTTTCTTTTTTV) including a recog-
nition site for the restriction enzyme BpmI,30 and the cDNA was am-
plified using the 5’ PCR Primer II A (AAGCAGTGGTATCAA
CGCAGAGT) with the KAPA library amplification kit (KAPA
Biosystems, Boston, MA, USA). Amplified cDNA was purified using
the QIAquick PCR Purification Kit (Qiagen) and normalized using a
Trimmer-2 cDNA normalization kit (Evrogen, Moscow, Russia). The
normalized cDNA was purified with the QIAquick PCR purification
kit, and the purified cDNA was digested with BpmI for 1 h at 37�C to
remove poly (A) tails. Finally, the digested cDNA was purified using a
QIAquick PCR purification kit. In addition to the 18-tissue normalized
cDNA library, additional full-length cDNA libraries for pituitary, tes-
tis, ovary haploid cells and digestive organs from larval fish (8–10
days post-hatch) were prepared individually with the SMART PCR
cDNA Synthesis Kit employing the same procedure as above. Among
these, the cDNA libraries for the digestive organs from the larval fish
were normalized using the methods above. These cDNA libraries were
sequenced with the 454 GS FLXþ (Roche Diagnostics), Ion PGM or
Proton platforms (Life Technologies). Detailed information on the
cDNA libraries with corresponding sequencers and sequence statistics
are summarized in Supplementary Table S2.

2.5. Gene prediction and annotation

Protein-coding genes in the yellowtail genome were predicted using
AUGUSTUS (version 3.1).31 First, repeat regions in the yellowtail
scaffold sequences (>2 kb) were masked by RepeatMasker32 accord-
ing to the yellowtail repeat database constructed by
RepeatModeler.33 Next, the RNA-Seq reads of yellowtail sequenced
in this study were mapped to the scaffolds using TopHat34 and as-
sembled with Cufflinks.35 Then, the scaffold sequences were scanned
with the Zebrafish model in AUGUSTUS, using the map information
of RNA-Seq as hints. The predicted gene sequences (24,728 genes)
were validated using BUSCO,29 and loci attributed to ‘complete’
(792 loci) were used to construct a yellowtail gene training model.
Moreover, protein sequences of 11 fish species: spotted gar
(Lepisosteus oculatus), Mexican tetra (Astyanax mexicanus), zebra-
fish (Danio rerio), Atlantic cod (Gadus morhua), Nile tilapia
(Oreochromis niloticus), platyfish (Xiphophorus maculatus),
Amazon molly (Poecilia formosa), medaka (Oryzias latipes), stickle-
back (Gasterosteus aculeatus), green puffer (Tetraodon nigroviridis)
and fugu (Takifugu rubripes), were downloaded from the Ensembl
database (Release 84),36 mapped to the yellowtail scaffolds by
TBLASTN37 with E-value < 10�5, and the map information was
used as hints in AUGUSTUS. Finally, the predicted gene sequences
were analysed with InterProScan38 and those matched by any do-
main or supported by any AUGUSTUS hint were collected as valid
protein-coding genes.

The predicted amino acid sequences were compared using
BLASTP19 (E value threshold of 1E � 5) against those of well-
annotated model fishes, medaka and zebrafish, in the Ensembl data-
base (Release 84),36 and against the NCBI non-redundant (nr) pro-
tein database. Functional annotation was performed using
Blast2GO39 and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Automatic Annotation Server.40 Orthologous gene cluster
analysis of yellowtail, Pacific bluefin tuna (Thunnus orientalis),41

croaker (Larimichthys crocea),42 Nile tilapia, medaka and zebrafish
was performed using the OrthoVenn43 web server with default
parameters (E-value 1e–5, inflation value 1.5). OrthoVenn was also
used to assign significantly enriched GO terms of species-specific
gene clusters based on a hypergeometric test (P-value < 0.05). The
same analysis also applied to comparisons within the genus Seriola
including yellowtail, S. dumerili (Genbank: BDQW01000000) and S.
dorsalis (Genbank: PEQF01000000).

2.6. RNA-Seq analysis of yellowtail GI tract

The three major organs of the GI tract: stomach, intestine and rec-
tum, were dissected from three healthy adult yellowtails (n ¼ 3)
obtained from brood stock maintained at the Goto laboratory of the
Seikai National Fisheries Research Institute, Nagasaki, Japan and
immediately immersed in RNAlater stabilized solution (Thermo
Fisher Scientific, Waltham, MA, USA). Total RNA was extracted us-
ing the Maxwell RSC simply RNA Kit (Promega, Madison, WI,
USA) and mRNA was purified from 3 mg total RNA using the Gene
Read Pure mRNA kit (Qiagen). Sequencing libraries were con-
structed from 5 ng of each mRNA sample using the Ion Total RNA-
Seq Kit v2 and sequenced with Ion Proton (Life technologies). RNA-
Seq data analysis was carried out using CLC Genomics Workbench
9.5.2 software (CLC Bio, Aarhus, Denmark) as follows: The low-
quality sequences were filtered with default parameters (quality limit
¼ 0.05 and ambiguous limit ¼ 2), and the filtered sequence reads
were mapped to the yellowtail reference genome constructed in this
study with default parameters (mismatch cost ¼ 2, insertion cost ¼ 3
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and deletion cost ¼ 3, length fraction ¼ 0.8 and similarity fraction ¼
0.8). Subsequently, transcripts per millions (TPMs)44 values for each
gene were calculated. The differentially expressed genes (DEGs) were
considered significant for the following criteria: a 2-fold or greater
change in expression with a false discovery rate P-value < 0.05.
Visualization of the DEGs was performed by constructing a hierar-
chical heatmap with Euclidean distance and complete linkage in the
CLC Genomics Workbench. To compare the over-represented func-
tional categories between the highly expressed genes (500 highest
TPM values) in the three tissues, a GO enrichment analysis was con-
ducted using the functional annotation tool, PANTHER version
12.0 (released 7 Ocotber 2017)45 using the zebrafish gene list. The
Bonferroni correction for multiple testing was applied with the cor-
rected P-value < 0.05 considered significantly over-represented in
the PANTHER analysis.

3. Results and discussion

3.1. Genome sequencing and assembly

Recent advances in the speed, accuracy and cost effectiveness of NGS
technologies have provided the opportunity for whole genome se-
quencing of even non-model organisms with no available reference
genomes. However, de novo assembly of diploid species, including tel-
eosts, remains challenging because of allelic variation. Recently, sev-
eral teleost studies have used DNA samples with theoretically no

allelic variations as biological starting material for genome assembly.
Zhang et al.46 reported a marked improvement in genome assembly
after employing doubled-haploid fugu individuals via mitotic gyno-
genesis. Although doubled haploid fishes are useful in genomic analy-
sis, limited doubled haploid fish lines are available, and their
establishment is labour-intensive, time-consuming and expensive. On
the other hand, the use of haploid larvae is a convenient means of
obtaining a non-allelic variation genome in fish if an artificial insemi-
nation technique is established, and we have already demonstrated the
effectiveness of genomic DNA from a haploid gynogenetic yellowtail
larva in genome assembly.16 However, there are two concerns related
to the use of haploid fish larvae for the construction of reference ge-
nome sequences. To overcome these concerns, we established an as-
sembling strategy (Fig. 1) as follows. First, defective regions may exist
in the haploid genome sequence due to allelic variations. Taking this
probability into account, we compared the haploid contigs with those
generated from its dam (diploid), and then merged the diploid sequen-
ces absent in the haploid contigs (Fig. 1). Second, because haploid lar-
vae die during early larval stages, the amount of DNA available from
a haploid fish larva is limited, and not sufficient for the preparation of
PE and MP libraries for scaffolding. To make up for this limitation,
the contigs were constructed from limited amounts of DNA from a
haploid fish, and scaffolding was performed using sufficiently avail-
able DNA from its dam (Fig. 1).

In this study, a total of 11.2 million reads (3.7 Gb) and 259.4 mil-
lion reads (51.9 Gb) from the haploid genome were generated from

Figure 1. Strategy for de novo assembly of the yellowtail (S. quinqueradiata) genome using the genome of haploid larvae. More detailed information on the se-

quencing libraries and the summary statistics of reads used in this study can be found in Supplementary Table S1, and contig and scaffold statistics are shown

in Supplementary Tables S3 and S4, respectively.
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Ion PGM and Ion Proton, respectively, and a total of 858 million
reads (129.1 Gb) were obtained from a series of Illumina PE (240 bp
insert: 27.8 Gb, 360 bp insert: 31.5 Gb, 480 bp insert: 25.3 Gb and
720 bp insert: 9.5 Gb) and MP (3–5 kb insert: 10.8 Gb, 10 kb insert:
12.2 Gb and 20 kb insert: 12.0 Gb) libraries of the diploid genome
(Supplementary Table S1). The genome size of the yellowtail has
been calculated to be �685 Mb based on the c-value,10 while the ge-
nome size based on k-mer frequency was estimated to be 603.8 and
602.7 Mb from the haploid and diploid reads datasets, respectively.
Thus, the generated sequence data (184.7 Gb) has 270- to 306-fold
coverage of its genome size. Figure 1 provides a flow diagram of the
genome assembly procedure used for this study; information on the
sequencing libraries and summary statistics of reads appears in
Supplementary Table S1. Because our previous study demonstrated
that the overlap-layout-consensus (OLC)-based de novo assembly
(i.e. Newbler) was the most efficient method for haploid reads gener-
ated from the Ion Torrent sequencing platform,16 the haploid reads
(55.6 Gb) were assembled by Newbler and generated 90,827 contigs
(>500 bp) with a total length with 611.9 Mb (Fig. 1, Contigs A and
Supplementary Table S3). On the other hand, a 52.1 Gb of diploid
reads from the four Illumina PE libraries (Supplementary Table S1)
were assembled with Platanus, a de novo assembler specifically
designed to reconstruct highly heterozygous genomes,18 and the
resulting assembly consists of 209,882 contigs (>500 bp) with a total
length with 596.7 Mb (Fig. 1, Contigs B and Supplementary Table
S3). Although different types of sequencers and assemblers were used
for the haploid and diploid reads, the assembly of the haploid ge-
nome significantly reduced the total number of contigs with longer
average and N50 contig lengths when compared with the diploid ge-
nome assembly (Supplementary Table S3). Furthermore, the k-mer
distribution of the diploid reads showed an additional small peak
which corresponds to heterozygous regions, i.e. a ‘hetero-peak’18

(Supplementary Fig. S1). These heterozygous regions may disrupt the
extension of contigs during the assembly process.16 Thus, these
results support the argument for using the haploid genome for de
novo assembly.

After sequence error correction of the haploid contigs using 94.1
Gb of Illumina PE reads (Fig. 1, Contigs A’), the diploid contigs
(Fig. 1, Contigs B) absent in the haploid contigs (Fig. 1, Contigs A’)
were added to the haploid contigs. This process could add 26,916
contigs (4.5 Mb) to the haploid contigs, and generated 162,987 con-
tigs (Fig. 1, Contigs C and Supplementary Table S3). These merged
contigs (Fig. 1, Contigs C) were subjected to scaffolding with 71.5
Gb of Illumina PE and 35.0 Gb of Illumina MP reads
(Supplementary Table S1), and the resulting scaffolds were filled by
71.5 Gb of Illumina PE reads (Supplementary Table S1). As a result,
1,225 scaffolds (>2 kb) were obtained (Fig. 1, Scaffolds A and
Supplementary Table S4). Further scaffolding using RNA-Seq data-
sets generated in this study (Supplementary Table S2) was conducted
and 1,155 scaffolds (>2 kb) were constructed (Fig. 1, Scaffolds B
and Supplementary Table S4). Finally, the linkage marker sequences
from the ddRAD-based genetic linkage map of the yellowtail gener-
ated in this study were used to correct the scaffold misassemblies
(Fig 1, Final scaffolds). The female and male maps (consisting of 1,
163 and 1, 147 ddRAD markers for female and male maps, respec-
tively) for LGs (LG1–LG24) are shown in Supplementary Fig. S2,
and the locations of genetic markers are listed in Supplementary
Table S5. The final assembly is composed of 1, 394 scaffolds (>2 kb)
and the total size of scaffolds is 627.3 Mb, with a G þ C content of
40.9%, an N50 length of 1.43 Mb (number of N50 or longer: 127)
and a largest scaffold size of 6.62 Mb (Table 1).

The completeness of the generated genome assembly was evalu-
ated using CEGMA analysis, which identified 97.86% complete and
98.28% partial genes from the 233 CVGs. This percentage of com-
plete gene hits is higher than that of model fish genome assemblies
such as medaka (93.56%), zebrafish (93.13%), stickleback
(92.27%) and spotted green puffer (90.56%), according to the
gVolante, Completeness Score Database (https://gvolante.riken.jp/
script/database.cgi (11 July 2018, date last accessed)). Recently, two
yellowtail genome assemblies (Squ_1.0 and Squ_2.0) have been de-
posited at DDBJ/EMBL/Genbank under accession numbers
BDJM01000000 (Squ_1.0) and BDMU00000000 (Squ_2.0).
According to assembly information at NCBI (https://www.ncbi.nlm.
nih.gov/assembly/organism/8161/all/ (11 July 2018, date last
accessed)), both assemblies were generated from diploid DNA sam-
ples with an Illumina Hiseq2500 platform and a long-read sequencer
PacBio RSII. Squ_2.0 is an updated version of Squ_1.0 and is repre-
sentative of the genome of this species at present. Although Squ_2.0
has fewer scaffolds (384) and a larger N50 scaffold size (5.6 Mb)
than our assembly, the assembly quality based on BUSCO and
CEGMA analysis showed that our assembly has higher scores than
those of Squ_2.0 in both analyses. Our assembly captured 97.27%
(4,459 out of 4,584) of complete BUSCOs, while Squ_2.0 captured
96.81% (4,438 out of 4,584). Similarly, CEGMA evaluation showed
that the completeness of our assembly and that of Squ_2.0 was
97.85% (228 out of 233) and 97.42% (227 out of 233), respectively.
Despite using relatively short sequence reads for the genome assem-
bly, we obtained a high level of completeness in BUSCO and
CEGMA analyses, suggesting the advantage of utilizing the haploid
genome for de novo assembly. Thus, we concluded that our assembly
has a more complete gene space than Squ_2.0 and is more suitable
for conducting gene-prediction and annotation of yellowtail.

3.2. Annotation of protein-coding genes

A total of 27,693 protein-coding genes were predicted for the yellow-
tail draft genome, based on AUGUSTUS, the yellowtail training
model and the transcript þ protein hints. A summary of the func-
tional annotation of the yellowtail predicted genes is shown in
Table 2 and the results of the functional annotation of the complete
set of predicted protein-coding genes are available in Supplementary
Table S7. Of the 27,693 predicted genes, 25,319 (91.4%) genes
matched (E value threshold of 1 E � 5) at least one entry in the
NCBI nr database, while 21,233 (76.7%) and 23,422 (84.6%) genes
matched with model fishes, medaka and zebrafish, respectively
(Table 2). A total of 18,575 (67.1%) genes mapped to at least one
GO term (biological process: 12,606 genes, cellular component:
11,784 genes and molecular function: 13,094 genes). In addition,
13,880 (50.1%) genes were mapped to KEGG pathways, while

Table 1. Assembly statistics of yellowtail genome

Number of scaffolds (>2 kb) 1,394
Total size of scaffolds (bp) 627,268,966
Average scaffold length (bp) 449,978
N50 scaffold length (bp) 1,433,177
N50 scaffold number 127
N90 scaffold length (bp) 404,933
N90 scaffold number 453
Longest scaffold (bp) 6,617,595
GC (%) 40.9

551M. Yasuike et al.

https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://gvolante.riken.jp/script/database.cgi
https://gvolante.riken.jp/script/database.cgi
https://www.ncbi.nlm.nih.gov/assembly/organism/8161/all/
https://www.ncbi.nlm.nih.gov/assembly/organism/8161/all/
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy024#supplementary-data


2,867 genes were identified to have at least one enzyme hit. The con-
served domain search (InterPro) showed that 25,035 (90.4%) genes
were identified to have at least one domain. Overall, 25,832 pre-
dicted genes (93.3%) of yellowtail were functionally annotated by at
least one database, and only 1,861 predicted genes (6.7%) were
unannotated (Table 2). This richness in functional annotation for
yellowtail protein-coding genes will help us to better understand
their biology in downstream studies, such as whole-transcriptome
analysis.

The genome-wide comparison of orthologous gene clusters was
performed to identify the degree of commonality across yellowtail
and five other teleost species: Pacific bluefin tuna, croaker, tilapia,
medaka and zebrafish. Based on sequence similarity of proteins, all
protein sequences from the six species were grouped into 21,658
clusters, from which 9,444 (43.6%) orthologous gene clusters were
shared by all six species and 20,787 (96.0%) orthologous clusters
contained at least two species (Fig. 2A). On the other hand,
871 (4.0%) single-species clusters: 114 clusters (336 genes) for yel-
lowtail, 125 clusters (364 genes) for Pacific bluefin tuna, 105 clusters
(236 genes) for croaker, 109 clusters (326 genes) for tilapia,
119 (490 genes) clusters for medaka and 299 (1,515 genes) clusters
for zebrafish, were identified (Fig. 2A), suggesting a lineage-specific
expansion of these clusters. As seen earlier, the number of zebrafish-
specific clusters was 2.4- to 2.7-fold higher than those for the other
five teleosts, including yellowtail, which may explain the notable
gene duplication and retention of recent duplicates in zebrafish after
a teleost-specific genome duplication event around 300 million years
ago.47 A hypergeometric test for assessing enriched GO terms in the
single-species clusters was performed. Overall, many immune-related
GO terms were found in the significantly enriched GO terms of
species-specific clusters, except for those in madaka, which showed
that transposon-related GO terms were the most significant (P ¼
2.58E-4) (Supplementary Table S8).

Focussing on the yellowtail-specific clusters, one of the most sig-
nificant GO terms was taurine: sodium symporter activity (GO:
0005369, P ¼ 0.015), containing two taurine transporter (TauT/
Slc6a6) genes, g27489 and g26790 (Supplementary Table S8). TauT
mediates cellular uptake of taurine (2-aminoethane sulphonic acid)
which is found in high concentrations in animal tissues.48 Taurine is
a vital nutrient for many fish species, particularly for carnivorous

fish, due to their limited taurine biosynthesis abilities.49 It has been
reported that taurine synthesis is markedly low or negligible in yel-
lowtail.50 Therefore, the absorption of taurine from feeds via TauT
is arguably important for yellowtail. Further study of the two TauT
genes from the yellowtail-specific cluster will provide insight into
taurine absorption in this species.

Draft genomes for greater amberjack (S. dumerili)51 and California
yellowtail (S. dorsalis)52 have recently been published. We compared
the predicted-protein sequences of yellowtail with those of these two
Seriola species. The protein sequences from yellowtail (27,693),
greater amberjack (22,005) and California yellowtail (25,789) were
grouped into 20,499 clusters from which 17,197 (84%) clusters were
shared across all three species, and 20,058 (97.8%) clusters contained
at least two species (Fig. 2B). We found 441 single-species clusters
(2.2%) including 221 clusters (814 genes) from yellowtail, 22 clusters
(53 genes) from greater amberjack and 198 clusters (416 genes) from
California yellowtail (Fig. 2B). As in the results of the comparisons
with five teleosts, the most significant enriched GO terms in yellowtail-
and greater amberjack-specific clusters were related to immune pro-
cesses such as antigen binding (GO: 0003823, P ¼ 5.1E-4) in yellow-
tail and positive regulation of interleukin-1 beta secretion (GO:
0050718, P ¼ 3.9E-4) in greater amberjack (Supplementary Table
S9). California yellowtail-specific clusters showed regulation of osteo-
clast differentiation (GO: 0045670, P ¼ 0.008) and regulation of
RNA stability (GO: 0043487, P ¼ 0.008) as the most enriched clus-
ters, but the significance of these data is unclear (Supplementary Table
S9). Together with the results of the comparison across six teleosts,
most of the species-specific clusters included immune-related GO
terms, suggesting that lineage-specific expansion of immune-related
genes is likely to play a key role in species diversification. This may be
due to the remarkable evolutionary plasticity of the teleost immune
system in response to habitat, specific environmental factors and
lineage-specific pathogens, and which is linked to the survival and ra-
diation of the teleost linnage.53,54

3.3. A snapshot of yellowtail GI tract transcriptome

We used our yellowtail reference genome for RNA-Seq analysis of
three major organs of the GI tract: stomach, intestine and rectum as
a first step toward understanding digestion and nutrient absorption
in yellowtail at the molecular level. This RNA-Seq generated
10,692,067–27,326,877 reads (mean read length: 135–167 bp) per
individual tissue type (Supplementary Table S6).

First, we characterized the highly expressed genes (top 500) in
each tissue using a GO enrichment analysis, because the highly
expressed genes can be considered to serve functionally important
roles in the respective tissues that will help us to understand the
mode of operation of each tissue. This analysis showed that most of
the enriched categories were shared between the intestine and
rectum, and included: ‘metallopeptidase activity’ (GO: 0008237,
nine genes each in intestine and rectum), ‘serine-type peptidase activ-
ity’ (GO: 0008236, 13 genes each in intestine and rectum), ‘peptidase
activity’ (GO: 0008233, 29 genes each in intestine and rectum), ‘hy-
drolase activity’ (GO: 0016787, 62 genes in intestine and 66 genes in
rectum) under the molecular function category, and ‘proteolysis’
(GO: 0006508, 31 genes in intestine and 33 genes in rectum) under
the biological process category (Fig. 3). These categories are involved
in the hydrolysis of proteins into smaller polypeptides, suggesting
that both the intestine and rectum function to digest protein in the
yellowtail. We also found enriched GO terms common in the stom-
ach and rectum that are related to proton transport activity,

Table 2. Functional annotation of the 27,693 yelowtail predicted

protein-coding genes

Database Number of the yellowtail
genes mached

Percentage of
annotated genes

NCBI non-redundant (nr)
databasea

25,319 91.4%

Medaka genesa 21,233 76.7%
Zebrafish genesa 23,422 84.6%
Gene ontrogy (GO) 18,575 67.1%

Biological process 12,606 45.5%
Cellular component 11,784 42.6%
Molecular function 13,094 47.3%

InterPro 25,035 90.4%
Enzyme 2,867 10.4%
KEGG pathway 13,880 50.1%
At least one functional

annotation
25,832 93.3%

Unannotated 1, 861 —

aBLASTP hit of less than 1E�5.
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including ‘proton-transporting ATP synthase activity, rotational
mechanism’ (GO: 0046933, five genes in stomach and six genes in
rectum), ‘hydrogen ion transmembrane transporter activity’ (GO:
0015078, seven genes in stomach and eight genes in rectum) under
the molecular function category, and ‘proton-transporting ATP syn-
thase complex’ (GO: 0045259, five genes in stomach and six genes
in rectum) under the cellular component category (Fig. 3). These
genes probably contribute to the acidity of the stomach necessary for
acid hydrolysis of feeds.55 In general, carnivorous fish have well de-
veloped stomachs capable of an acid digestion phase, whereas in
stomach-less fish such as carp, no such phase exists.56 In the rectum,

these genes may play a role in osmoregulation.57 The stomach has
more non-overlapping enriched GO terms than other organs, and
overexpressed ‘oxidoreductase activity’ (GO: 0016491, 24 genes),
‘isomerase activity’ (GO: 0016853, 11 genes) under the molecular
function category, ‘tricarboxylic acid cycle’ (GO: 0006099, five
genes), ‘glycolysis’ (GO: 0006096, six genes), ‘generation of precur-
sor metabolites and energy’ (GO: 0006091, 19 genes) under the bio-
logical process category, and ‘mitochondrial inner membrane’ (GO:
0005743, six genes) under the cellular component category (Fig. 3).
These GO terms suggest the role of the stomach in energy metabo-
lism. Although interpretation of the roles of these genes is unclear,

Figure 2. Venn diagram showing the number of unique and shared gene clusters in (A) six teleosts (yellowtail, Pacific bluefin tuna, croaker, tilapia, medaka and

zebrafish) and in (B) three Seriola species: yellowtail, greater amberjack (S. dumerili) and California yellowtail (S. dorsalis). Orthologous gene clusters were

identified and visualized using OrthoVenn.43 The bar charts below the Venn diagrams represent the total number of clusters that are unique to a single species

or shared between 2 and 6 species.
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these results suggest that the digestive function of the stomach differs
from that of the intestine and rectum in yellowtail.

Next, we surveyed DEGs among the three organs to identify
tissue-specific gene expression patterns. The number of DEGs in the
stomach, when compared with those in the intestine and rectum
were 6,001 and 6,040, respectively, indicating that the expression
pattern of the stomach was different from those of the intestine and
rectum, as expected by the GO enrichment analysis of the highly
expressed genes (Fig. 3). The comparison between the intestine and
the rectum also showed considerable differences in the gene expres-
sion pattern, with 2,195 DEGs, suggesting that each part has a spe-
cialized function in digestive and absorption processes. Similarly,
over 1,900 DEGs (fold-change cutoff of 2) were observed between
anterior-middle and posterior-intestinal segments (including the rec-
tum) in a carnivorous fish, European sea bass (Dicentrarchus labrax)
using a custom oligo microarray.58 Using a cluster analysis of the
DEGs, we extracted expression patterns that are characteristic of the
three tissue types (Supplementary Fig. S3). Figure 4 shows the heat
map of 30 DEGs with the highest coefficient of variation among the
three tissues.

A gene encoding potassium-transporting ATPase alpha chain
1 (g269), which has a role in acid production in the mammalian
stomach55,59 was specifically expressed in the stomach (Fig. 4). As
mentioned above, this gene may facilitate the acidic environment of
the yellowtail stomach. In addition, four genes (g6958, g17761,
g17762 and g23012) encoding pepsinogens, and activated to the ac-
tive form pepsin under acidic conditions,60 were specifically
expressed in the stomach (Fig. 4). In vertebrates, including fish, pep-
sin has been identified as the major acidic protease in the stomach,

acting during the earliest stage of protein digestion in breaking down
long-chain peptides.61,62 In particular, carnivorous fish have higher
pepsin levels in their stomachs than omnivorous fish with stomachs
and stomach-less fish,63 such as zebrafish, which lack the pepsinogen
gene.64 Another digestive enzyme, encoded by a chitinase gene
(g6038), was also found in the stomach-specific cluster (Fig. 4).
It has been reported that the fish stomach exhibits chitinase activity,
which is associated with the digestion of chitinous substances from
crustaceans.65,66 We found two stomach-specific genes, the Fc frag-
ment of IgG binding protein (FCGBP; g2075) and cysteine-rich secre-
tory protein 2 (CRISP2; g10639). FCGBP (g2075) is abundant in
the mucus of humans and mice, and may be functionally related to
the gel-forming mucins,67 while CRISP2 is strongly expressed in the
mammalian male reproductive tract.68 Since the function of these
two genes in fish has not been elucidated, further studies are required
to identify the role of these genes in the yellowtail stomach.

As expected following the results of the GO enrichment analysis
(Fig. 3), proteolytic digestive enzyme genes, a trypsinogen (precursor
of trypsin) gene (g15220), two chymotrypsinogen (precursor of chy-
motrypsin) genes (g21846 and g21847) and a carboxypeptidase B
gene (g11916) were found to be specifically expressed in the intestine
and the rectum (Fig. 4). In vertebrates including fish, hydrolysis and
absorption of proteins occurs primarily in the intestine.69 It has been
reported that trypsin activity in fish is significantly higher in the intes-
tine than in the stomach, which showed very little or no activity,61,62

and high trypsinogen mRNA expression levels were also found in the
intestine of Atlantic salmon (Salmo salar),70 Senegalese sole (Solea
senegalensis)71 and pufferfish (Takifugu obscurus).72 Our RNA-Seq
results suggest that both the intestine and rectum play major roles in

Figure 3. GO enrichment analysis of the top 500 highly expressed genes in the yellowtail stomach, intestine and rectum. This analysis was performed using

PANTHER45 and the zebrafish gene list was selected. Values indicate fold enrichment (P-value < 0.05 after Bonferroni correction) and NS means not significant.
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hydrolysis and absorption of proteins in yellowtail. It should be
noted that the gene expression of these proteolytic digestive enzymes
was low in the intestine of one fish (Fig. 4). Calduch-Giner et al.58

suggested that fish intestine transcriptomes are not static, but change
spatially, seasonally and with diet. Since the samples of GI tract ex-
amined were obtained from cultured yellowtail maintained under the
same conditions and sampled at the same time, our study suggests
that the expression of proteolytic enzymes also varies between indi-
viduals, and that such differences may cause different physiological
conditions in individuals.

Focussing on intestine-specific gene expression, three apolipopro-
tein genes, apolipo Eb (g15747), apolipo B-100 (g10622) and apo-
lipo A-1 (g15231), were included in this cluster (Fig. 4).
Apolipoproteins play a crucial role in lipid transport and uptake in
vertebrates and are synthesized mainly in the intestine and liver of
most teleosts.73–75 In addition, another intestine-specific gene, Type-
4 ice-structuring protein LS-12 (AFP4; g15894), which was first iso-
lated as an antifreeze protein from the serum of the longhorn sculpin
(Myoxocephalus octodecimspinosis),76 may also play a role in lipid
metabolism because it has an apolipoprotein A-II domain (InterPro:
IPR006801). It has also been reported that the expression of the
AFP4 gene was higher in the anterior-middle intestinal segments
than the posterior segment in European seabass.58 In contrast to

mammals, which use carbohydrates as their main energy source,
most fish predominantly make use of lipids.77 Therefore, these apoli-
poproteins and AFP4 may play important roles in lipid metabolism
in the yellowtail intestine. In addition to these lipid metabolism-
related genes, an acidic mammalian chitinase (AMCase) gene
(g23028) was found in the intestine-specific cluster (Fig. 4), and a
higher expression of this gene in the anterior-middle intestinal area
as opposed to posterior segments in European seabass has been
found.58 In the mouse, acidic mammalian AMCase can act in diges-
tion of chitin polymers even in the presence of pepsin C, trypsin and
chymotrypsin.78 This enzyme also plays a critical role in the human
immune response to pathogens.79 It should be noted that fish intes-
tines function as immune barriers to pathogens80,81 and that fish
apolipoproteins play a role in this immune function.82–84 Thus,
AMCase and apolipoproteins may have roles not only in digestion
and absorption but also in defense against intestinal pathogens. Four
muscle-related genes, myosin-11 (g20983), desmin (g10938), actin
(g20707) and filamin A (g9142) were highly expressed in the intes-
tine (Fig. 4). The GO enrichment analysis (Fig. 3) also showed the
over-representation of muscle-related GO terms in the intestine such
as ‘cytoskeleton’ (GO: 0005856, 22 genes), ‘actin cytoskeleton’ (GO:
0015629, 13 genes) and ‘intermediate filament cytoskeleton’ (GO:
0045111, 6 genes). Recently, Abrams et al.85 reported that zebrafish

Figure 4. Heat map of 30 DEGs with the highest coefficient of variation among the yellowtail stomach (st), intestine (int) and rectum (rec).
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myosin-11 (myh11) gene mutations affected intestinal motility. In
addition, a collagen a-1(I) chain gene (g10729) was found in the
intestine-specific expression cluster (Fig. 4), and its role in responding
to stretching of foetal human intestinal smooth muscle cells has been
investigated.86 Thus, these muscle-related genes of yellowtail may
have functions related to intestinal motility. Grau et al.87 suggested
the importance of intestinal motility for intestinal absorption in car-
nivorous fish with irregular intake of large quantities of food.

The rectum of yellowtail is separated from the posterior region of
the intestine by the ileo-rectal valve. As observed in the rectum of the
greater amberjack,87 the mucosa are more deeply folded than in
those of the intestine, and the rectum is also considered to play a role
in absorption.87 The rectum-specific cluster included two cathepsin
genes, cathepsin L1 (g24904) and cathepsin Z (g6016) (Fig. 4).
Cathepsin L1 gene also showed a higher expression in the anterior
segments than in the posterior segment of the intestinal tract in
zebrafish64 and European seabass.58 Cathepsins are essential lysoso-
mal proteolytic enzymes and the activity of cathepsin D has been
shown to be involved primarily with the posterior intestine in rain-
bow trout (Oncorhynchus mykiss).69 However, little is known about
the function of cathepsins in the fish rectum and studies are needed
to elucidate their role in digestion and absorption processes. Two
multiligand endocytic receptor genes, cubilin (g20710) and megalin
(g13916), were also found as rectum-specific genes (Fig. 4), and each
shown to mediate reabsorption of proteins and vitamins in mam-
mals. The megalin/cubilin complex delivers its ligands (proteins and
vitamins) to lysosomes, where all proteins are degraded, and the
amino acids and vitamins returned to circulation.88,89 Two rectum-
specific genes, deleted in malignant brain tumours 1 (DMBT1;
g13722) and macrophage mannose receptor 1 (g428), are possibly
involved in defense against bacterial pathogens.90,91 The gene
(g9672) encoding a-N-acetylgalactosaminidase, a lysosomal glycohy-
drolase,92 was also specifically expressed in the rectum (Fig. 4), al-
though the functions of this enzyme in the rectum are unknown.

The results of GO enrichment analysis of highly expressed genes and
cluster analysis of the DEGs together showed that the acid secretion-
related genes and acid-activated protease (pepsinogen) genes were specif-
ically expressed in the stomach, while the proteolytic digestive enzymes,
trypsin, chymotrypsin and carboxypeptidase B, were highly and
commonly expressed in the intestine and the rectum. In addition, the
RNA-Seq also revealed differences in gene expression patterns between
the intestine and the rectum. The possible lipid metabolism-related genes
(apolipoproteins and AFP4) were specifically expressed in the intestine,
while the genes involved in lysosomal digestive and reabsorption pro-
cesses (cathepsins, cubilin and megalin), were specifically expressed in
the rectum. These transcriptional signatures exhibit the main features of
the digestive tract of carnivorous fishes, which possess higher proteolytic
enzyme activities than herbivorous or omnivorous species,93,94 which in
general exhibit higher a-amylase (carbohydrate enzyme) activities.95 It
should be noted that two a-amylase genes (g13238 and g13239) were
found in the yellowtail, but their expression was low or undetected in
the three GI tissues. Efficiency of food absorption and conversion can
depend on the availability of digestive enzymes.96 Thus, these findings
suggest that proteolytic digestive enzymes play a key role in digestion
and nutrient absorption in the yellowtail GI tract.

3.4. Gene expression patterns of proteolytic digestive

enzymes

Because the RNA-Seq results suggested the importance of proteolytic
processes in the yellowtail GI tract, we further analysed the

expression patterns of proteolytic digestive enzymes in yellowtail. In
the yellowtail genome, we found 75 candidate genes for proteolytic
digestive enzymes: five pepsinogens, 19 trypsinogens, four chymo-
trypsinogens, 11 elastases, seven carboxypeptidases (A and B), four
aminopeptidase Ns, 19 cathepsins and six collagenases (Fig. 5A).
The expressional percentages of these categories were expressed as
TPM values for each tissue (Fig. 5B). The distribution patterns of
these enzymes varied among the three tissues. In the stomach, the ex-
pressional percentage was almost entirely occupied by pepsinogen
genes, which accounted for 99.9% of the total. Surprisingly, the
expression percentage of pepsinogens accounted for 45.6–65.0% of
the overall stomach transcriptome in three individuals. In the intes-
tine, the transcript levels of trypsinogens were very high (58.9%), fol-
lowed by chymotrypsinogens (15.4%), elastases (14.6%) and
carboxypeptidases (6.4%). These gene expression patterns are corre-
lated with the intestinal protease activity in carnivorous fish as ob-
served in previous studies. Eshel et al.97 estimated that trypsin
contributes to 40–50% of the overall protein digestion in carnivo-
rous fish intestines. Furthermore, it has been reported that trypsin ac-
tivity in carnivorous fish is about four times (3.9 times) that of
chymotrypsin activity, a relationship that is reversed in omnivorous
and herbivorous species.98 Similarly, the expressional percentage of
trypsinogen genes in yellowtail showed about four times (3.8 times)
that of chymotrypsinogen genes. Trypsinogen genes were also
expressed at the highest levels in the rectum (36.6%), but the expres-
sional percentage was lower than that of the intestine (58.9%).
Alternatively, cathepsin genes showed a high transcript level in the
rectum which accounted for 32.8%, the highest among the three
tissues.

To determine whether there are differential gene usages within
each category of proteolytic digestive enzymes, we further analysed
the expression levels of individual genes in the highly expressed cate-
gories in each tissue (Fig. 5B): pepsinogen genes in the stomach
(Fig. 5C), trypsinogen genes in the intestine and rectum (Fig. 5D) and
cathepsin genes in the rectum (Fig. 5E). This analysis revealed that
individual gene expression levels are different for each enzyme.
Of the five pepsinogen genes in the stomach, g23012 occupied
72.1% of the total expression value, followed by g6958 which
accounted for 16.0% (Fig. 5C). In teleosts, two types of pepsinogen
have been identified, pepsinogen A and pepsinogen C.99 Both
g23012 and g6958 genes encode pepsinogen A, and the amino acid
identity and similarity between these two sequences are 64.6 and
78.1%, respectively (Supplementary Fig. S4A). Of 19 trypsinogen
genes, only three, g15220, g121 and g15219, accounted for >70%
of the total in the intestine and rectum (Fig. 5D). Among them,
g15220 showed about half of the total expression value in the intes-
tine (46.9%) and rectum (51.7%). Based on amino acid sequence
identities, most trypsins can be classified into three basic Groups I–
III.100 g15220 and g15219 encode Trypsin I, and the amino acid
identity and similarity between them was 84.3 and 92.6%, respec-
tively. On the other hand, g121 encodes Trypsin III, and it has 69.0
and 82.7% amino acid identity and similarity with g15220, and 73.9
and 86.7% amino acid identity and similarity with g15219
(Supplementary Fig. S4B). Of 19 cathepsin genes in the rectum, the
transcript levels of g24904 (cathepsin L1) were highest (40.5%),
followed by g6016 (cathepsin Z, 29.3%) and g6015 (cathepsin Z,
18.2%). The protein homology values among them were low or
showed no significant similarity (Supplementary Fig. S4C).

Overall, these results suggest that most proteolytic digestion in the
yellowtail is related to the expression of specific genes, despite the
large number of proteolytic digestive enzyme genes in the genome
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Figure 5. Transcript levels of proteolytic digestive enzyme genes in the yellowtail stomach, intestine and rectum. (A) The number of proteolytic digestive en-

zyme genes identified in the yellowtail genome. (B) Expressional percentages based on TPM values for different categories of proteolytic enzyme genes. The

expression levels of individual genes in the highly expressed categories in each tissue are also shown in (C) pepsinogen genes in stomach, (D) trypsinogen

genes in intestine and rectum and (E) cathepsin genes in the rectum. The amino acid sequence identities and similarities between these highly expressed genes

can be found in Supplementary Fig. S4.
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(Fig. 5A). The highly expressed proteolytic digestive enzyme genes
identified in this study may play a key role in digestion in adult yel-
lowtail. This finding suggests that the identification of proteins di-
gestible by the products of these genes may lead to a yellowtail feed
formulation with enhanced digestibility. Lemeiux et al.96 reported
that among the activities of a number of enzymes, trypsin alone
showed a significant correlation with food conversion efficiency and
growth rate in the carnivorous Atlantic cod. Furthermore, it has
been demonstrated that trypsin isoforms showed differing substrate
preferences and distinct catalytic properties.100,101 Therefore, further
study of the substrate preferences of the products of the three highly
expressed trypsinogen genes (g15220, g121 and g15219) may inform
the makeup of yellowtail feed ingredients.

This study has focussed on adult yellowtail, and the gene expres-
sion patterns for digestive enzymes may be different for larval
stages.71 Studies of gene expression patterns for digestive enzymes in
larval stages of yellowtail will inform the development of formulated
diets for larvae of this species. In addition, the digestive systems of
fish show numerous structural and functional adaptations to their
feeding habits. Thus, the transcriptomes of digestive tissues in fish
are considered highly species-specific,58 suggesting that transcrip-
tome profiling of these tissues may be instructive for the development
of fish feed for species of interest in the aquaculture industry.

Availability

The draft genome sequence of S. quinqueradiata was submitted to
DDBJ under accession no. BEWX01000001–BEWX01001394
(1394 entries). The complete set of predicted protein-coding genes
are accessible at http://nrifs.fra.affrc.go.jp/ResearchCenter/5_BB/
genomes/Yellowtail_genes/index.html. The results of the functional
annotation of the predicted protein-coding genes are available in
Supplementary Table S7. Raw RNA-Seq datasets for the three diges-
tive organs of yellowtail have been deposited at DDBJ Sequence
Read Archive (DRA) under accession no. DRR107933–DRR107935
(stomach), DRR107936–DRR107938 (intestine) and DRR107939–
DRR107941 (rectum).
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