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ABSTRACT

In this study, we de novo assembled whole genomes of two small body-sized West Pacific sciacnids
(Larimichthys polyactis and Collichthys lucidus) and compared them with published genome data of two
closely-related, large body-sized species (Larimichthys crocea and Miichthys miiuy) and one distantly-related,
large body-sized outgroup species (Dicentrarchus labrax). The phylogeny constructed using 7,403 single-copy
orthologs shared among the five species indicated that L. crocea and L. polyactis diverged about 42 MYA. The
two sibling taxa are more closely-related to C. /ucidus than M. miiuy. We further identified four growth-related
genes (CDHR2, PGC, PTN and PDGFA) that host five diagnostic amino acid variants on body size traits in the
fishes, splitting small-body sized L. polyactis and C. lucidus from large-body sized L. crocea, M. miiuy and D.
labrax. The results provide new genomic resources and guidelines to facilitate future endeavors in studying

functional genomics and developing selective breeding programs for desirable growth traits in sciaenids.
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1. Introduction

Sciaenids (Family: Sciaenidae) are a group of fish species in the Order of Perciformes with 50 genera of
more than 210 species worldwide, mainly inhabiting in tropical and subtropical coastal sediment and estuary
areas [1]. Body size and growth characters vary noticeably in sciaenids. The redlip yellow croaker (Larimichthys
polyactis, Bleeker 1877), large yellow croaker (L. crocea, Richardson 1846), spine head croaker (Collichthys
lucidus, Richardson 1844) and miiuy croaker (Miichthys miiuy, Basilewsky 1855) are among the most closely
related and commercially important marine sciaenid species native to the coastal areas of West Pacific [2-4].
Adult L. polyactis and C. lucidus are smaller body-sized, typically reaching up to 20-30cm and 8-16 cm
(http://www.fishbase.org), respectively; L. crocea and M. miiuy in contrast have noticeably bigger body sizes
and can grow up to 30-40 cm and 45-55 cm in adult size (http://www.fishbase.org), respectively.

Growth is a quantitative (or complex) trait that is mediated by multiple genes distributed across the
genome and by environmental factors [5]. It is strongly reflected in body size characters, such as body length,
height and weight. In aquaculture, developing growth-related molecular markers is of core commercial interest
[6, 7].

By taking advantage of latest advances in next-generation genome sequencing and bioinformatics
technology, this study was aimed to de novo assemble whole genomes of L. polyactis and C. lucidus and
examine genes on body size and growth traits. This research will provide new genomic resources and guidelines
to develop molecular-based breeding programs in the sciaenids with desired growth characters and facilitate

sustainable marine fish farming and fisheries.

2. Materials and Methods
2.1 Sample and genomic DNA preparation

One L. polyactis sample (adult; 13 cm body length) and one C. /ucidus sample (adult; 10 cm body length)
were collected from the East China Sea off the coast of Zhejiang, China in 2015 and 2016, respectively,
following governmental fishery regulations. The whole fish samples were preserved at the point of capture in

95% ethanol and later transferred and stored at a -40 °C freezer in the laboratory.

Muscle tissue was taken from the fish samples and proceeded with genomic DNA extraction using the

standard phenol—chloroform extraction protocol. Genomic DNA was dissolved in TE buffer and stored at -40 °

C. The concentrations of DNA in the samples were quantified using spectrophotometry.

We sequenced L. polyactis and C. lucidus genomes using whole genome shotgun approaches. To facilitate
the hierarchical assembly, we constructed two short-insert-paired-end (PE) libraries of 200 bp and 450 bp for L.
polyactis, and 280 bp and 450 bp for C. lucidus and one mate-pair (MP) library of 5 kb for both species.
Followed the library construction, DNA sequencing was carried out with standard procedures (Illumina Inc.

California, USA) in Berry Genomics Biotechnology Co., Ltd (Beijing, China).

2.2 Genome assembly
The initial reads were evaluated with FASTQC [8]. Low-quality reads were removed using Trimmomatic

0.36 [9] and subsequently corrected by SOAPec2.01 [10]. We assembled the genomes using the Platanus
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Assembler v1.2.154 [11]. The short reads (200-500 bp) were used to build contigs with default parameters.
Scaffolds were oriented by adding mated-pair sequencing reads (5 kb). Gaps in the initial assembly were
subsequently filled with reads from the short-insert libraries using GapCloser [10]. The alignment ratio was

calculated with SAMtools v1.659 [12].

2.3 Genome annotation

We used LTR_FINDER [13] and RepeatModeller v1.0.4 (www.repeatmasker.org/ RepeatModeler.html) to
detect repetitive sequences, and RepeatMasker v4.0.5 [14] to align them against the de novo Repeat Sequence
Library and Repbase TE Library (RepBase16.02). Tandem repeats in the genome were identified using Tandem
Repeat Finder v4.04 [15]. RepeatProteinMask [14] was used to identify TE-related protein.

We used homology-based and de novo-based methods to predict protein-coding genes. (i) For the
homology prediction, Astatotilapia calliptera (GCF_900246225)[16], Anabas testudineus
(GCF _900324465)[17], Boleophthalmus pectinirostris (GCF_000788275)[18], Dicentrarchus labrax
(GCA_000689215)[19], Danio rerio (GCF_000002035.6)[20] and Larimichthys crocea (GCF_000972845.2)
[21] proteomes were used. We performed TBLASTN v2.2.19 [22] to map genes against L. polyactis and C.
lucidus genomes (a cut-off e-value of 1e-5). Genewise v2.2.0 [23] was used to reconstruct gene models on
genomic sections that yield hits strong enough to support the presence of a homologous gene (a cut-off e-value
of 0.25). (ii) For the de novo prediction, we used SNAP v2006-07-28 [24], GenScan [25], glimmerHMM [26]
and Augustus v2.5.5 [27]. The model choice was based on the information of high-quality annotation of L.
crocea genes. Finally, we merged the homology and de novo-based models to form a comprehensive and non-

redundant set of genes using EvidenceModeler [28].

2.4 Pseudochromosome construction and collinearity analysis

We conducted a synteny analysis to evaluate the quality of the draft whole genome sequences of L.
polyactis and C. lucidus. Using the program Ragtag [29], we constructed L. polyactis and C. lucidus
pseudochromosome by referring to as chromosome-level genomes of L. crocea (GCA_000972845.2) [21] and
C. lucidus (GCA_004119915.2) [30]. We subsequently used “Lastal-p30-m100-e¢0.05” in LAST v885 [31] to
aligned both pseudochromosomes against L. crocea‘s genome and used "maf-swap" to change the sequence
order in MAF format to obtain the best pairs of alignment blocks. We depicted syntenic relationships using
circle diagrams and other genome basic information, including gene density, repeat element density and GC

content by CIRCOS v16 [32].

2.5 Gene family and phylogenetic analysis

Besides the genomes of two small body-sized species (L. polyactis and C. lucidus) obtained in this study,
we conducted a comparative analysis using the published genome data of L. crocea (GCF_000972845.2) [21]
and M. miiuy (JXSJ00000000.1) [33]. In terms of adult body size, e.g. maximum standard length, L. polyactis
(21.8 cm) and C. lucidus (19.8 cm) are noticeably smaller than L. crocea (24.4 cm) and M. miiuy (64.3 cm) [34].
In addition, a species in Perciformes outside of Sciaenidae, D. labrax (GCA_000689215.1) [19] was used as an
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outgroup species that can grow up to 100 cm at maturity (http://www.fishbase.org). The protein sequences of all
the five species were aligned in pairs using the program of BLASTP [35]. The cut-off e-value was set to le-5.
OrthoMCL 2.0.9 [36] was used in both the gene family and the clustering analysis.

We conducted a phylogenetic analysis using single-copy orthologs shared among the five species. The
protein sequences were aligned with MUSCLE [37] and then concatenated using in-house Perl scripts. We used
RAxML v 8.2.9 [38] to construct maximum likelihood trees. Finally, four degeneration sites of codons were
extracted from the aligned sequences and used for the divergence time calculation for the phylogeny based on
the fossil data from http://www.timetree.org/ using baseml and mcmctree in the software package PAML v4.9¢
[39]

2.6 Growth-related candidate genes

To identify candidate genes contributing to body size differences, we followed the KEGG pathway and GO
terms and selected growth-related genes. We then performed all-against-all alignment using BLASTP [35] using
an e-value cutoff of le-5. We defined reciprocal best hit protein pairs among these taxa as orthologs. We
characterized diagnostic amino acid variants between the small body-sized fishes (SMF) composed of L.
polyactis and C. lucidus and the large body-sized fishes (LGF) including L. crocea, M. miiuy, and D. labrax.
Finally, we simulated 3D structures of the proteins using Phyre2 [40] and then visualized them using UCSF
Chimera [41].

3 Results & Discussion
3.1 Genome de novo assembly and assessment

L. polyactis had a sequence depth (coverage of raw sequence data obtained) of 141 x, assembled genome
size of 692 Mb, GC content of 41.4%, length of contigs N50 of 7.9 kb, scaffolds N50 of 146 kb, and max
sequence length of 1.5 Mb. The genome BUSCO completeness score in L. polyactis is 87.5% with 1.9%
duplicated genes; C. lucidus had a sequence depth of 235 x, assembled genome size of 672 Mb, GC content of
41.2%, length of contigs N50 of 12 kb, scaffolds N50 of 664 kb, and max sequence length of 5.9 Mb. The
genome BUSCO completeness score in C. lucidus is 90.9% with 2.1% duplicated genes. Table 1 provides
detailed information for the genome assembly.

Overall, more than 98% Illumina reads were mapped to the assembled genomes of L. polyactis (98.49%)
and C. lucidus (98.59%). The sequencing data were deposited into the NCBI in the Sequence Read Archive
(SRA) under the BioProject numbers: L. polyactis, PRINA587872 (GenBank assembly accession #:

GCA _010119295.1) and C. lucidus, PRINA580353 (GenBank assembly accession #: GCA_009852395.1). The
scaffolds were clustered and ordered onto 24 pseudochromosomes of L. polyactis and C. lucidus covering

approximately 87.9% and 82.4% of L. crocea‘s genome, respectively (Fig 1).
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' Larimichthys crocea ~ Larimichthys crocea

Fig 1. Syntenic patterns of orthologs on the pseudochromosomes of Larimichthys polyactis (left) and

Collichthys lucidus (right) shared with the genome of L _crocea 2.0 (GCA_000972845.2)

This study de novo assembled the genomes of L. polyactis and C. lucidus. The genome of L. polyactis was
the first built and annotated version. Overall, our results indicated that the two genome assemblies were

reasonably complete.

3.2 Repeat sequence and protein-coding gene prediction

On the assembled genomes, we identified 16.8% repetitive sequences (116.4 Mb) in L. polyactis and
18.8% (126.6 Mb) in C. lucidus. These are higher than those in M. miiuy (109.1 Mb) and lower than those in L.
crocea (136.1 Mb) and D. labrax (156.5 Mb; Fig 2). These proportions of repeated sequences are within the

normal range compared with that of closely related species.
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Fig 2. The number of repetitive sequence elements (repeat sequences) in base pair (right) and maximum
likelihood phylogeny based on gene sequences of 7,403 single-copy orthologs (left) of Larimichthys crocea, L.
polyactis, Collichthys lucidus, Miichthys miiuy and Dicentrarchus labrax. The number of bootstrap replicates is
2,000.
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By integrating gene-sets that were predicted based on and homology-based methods, we identified a total
0f 29,950 protein-coding genes (CDS) with a BUSCO completeness value of 80.1% in L. polyactis genome and
28,601 CDS with a BUSCO completeness value of 85.3% in C. lucidus genome (Table 1). On average, the
length of CDS is 1,181.6 bp in L. polyactis and 1,370.7 bp in C. lucidus. The size of exons is 176.3 bp in L.
polyactis and 170.2 bp in C. lucidus. The proportions of protein sequences in L. polyactis (75.1%) and in C.
lucidus (85.3%) are similar with those in other species in Actinopterygii available in the public databases. All
these data manifested that the assembled genomes and annotation results provide useful resources for the further

growth trait analysis.

Table 1 Statistic information of whole genome sequence data obtained in Larimichthys polyactis and

Collichthys lucidus.
Species L. polyactis C. lucidus
Sequence depth 141x 235X
Genome size (BUSCO) 692 Mb (87.5%) 672 Mb (90.9%)
PE1 (200 bp/280 bp) 72.0 Gb (200 bp) 76.8 Gb (280 bp)
PE2 (450 bp) 29.8 Gb 39.8 Gb
MP (5 kb) 32.8Gb 39.5 Gb
N50/Contigs (Scaffolds) 7.9 kb (146 kb) 12 kb (664 kb)
Gene number (BUSCO) 29,950 (80.1%) 28,601 (85.3%)
Repeat sequence (Ratio) 116.4 Mb (16.8%) 126.6 Mb (18.8%)

3.3 Phylogenetics and growth-related candidate genes

We compared the gene repertoires to examine gene families in the five species (D. labrax, L. crocea, M.
miiuy, C. lucidus and L. polyactis). The clustering analysis identified a total of 19,471 gene families, of which
11,091 were shared among all the five species, while 429 reflected by the overlapping area of circles (Venn

diagram in Fig 3) were limited within the sciaenids.

Fig 3. Venn diagram shows the number of gene families shared among five species in Perciformes, including

Larimichthys crocea, L. polyactis, Collichthys lucidus, Miichthys miiuy and Dicentrarchus labrax.
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The phylogeny based on sequence data of 7,403 single-copy orthologs that had relatively longer CDS
sequences in all the five species indicated that L. crocea and L. polyactis diverged about 42 MYA. The two
sibling taxa separated from C. lucidus about 67-43 MYA are more closely related to C. lucidus than M. miiuy
(Fig 2). This result is concordant with the hypotheses derived from morphology and molecular data reported
previously [2, 4].

L. polyactis and C. lucidus differ from L. crocea, M. miiuy and D. labrax noticeably in growth and body
size characters. The characters constitute the main target of breeding and reproductive output in fishes and
therefore should be related to adaptive variation in natural populations. In this study, we identified four growth-
related genes (CDHR2, PGC, PTN and PDGFA) that host diagnostic amino acid variants on body size difference
in the fishes, splitting SMF (L. polyactis and C. lucidus) from LGF (L. crocea, M. miiuy and D. labrax; See
details in Table 2).

Table 2 The biological functions of four growth-related genes (CDHR2, PGC, PTN and PDGFA) that host
diagnostic amino acid variants on body size difference in the fishes, splitting SMF (Larimichthys polyactis and
Collichthys lucidus) and LGF (L. crocea, Miichthys miiuy and Dicentrarchus labrax). The genes and their
physical base pair positions on specific clusters are defined in the reference genome sequence of L crocea 2.0
(GCA_000972845.2). The use of amino acids abides by the International Union of Pure and Applied Chemistry
(IUPAC) codes.

Diagnostic AAs
Cluster Gene Position Gene annotation
LGF SMF
8369 CDHR2 1037 E Cadherin-related family member 2
1104 D E
6535 PGC 295 Q Gastricsin
5716 PTN 105 M L Growth factor activity mdk-a
11497 PDGFA 2-3 RA GT Platelet-derived growth factor subunit A

CDHR?2 hosts two diagnostic amino acid variants, i.e. Glu'®*7and Asp''% in SMF and Asp'®and Glu''%* in
LGF including the outgroup (D. labrax). The gene has a cadherin binding activity and a calcium ion binding
activity and is involved in several processed, including animal organ development [42]; PGC, PTN and PDGFA
each host one diagnostic amino acid variant; PTN has a Met!% in SMF and Leu'® in LGF that can promote cell
survival and cell proliferation through MAPK pathway activation in humans [43]; PDGFA has a variant of
Arg?Ala® in SMF and Gly?Thr? in LGF and is involved in the embryonic cranial skeleton and neurocranium
morphogenesis [44, 45]; PGC has a GIn** in SMF and Arg?®® in LGF and encodes an aspartic proteinase that is
a digestive enzyme produced in the stomach[46]. In addition, our genomic comparisons of SMF against LGF
predicted, through 3D structure simulations (See 3D model in Fig 4), the body-size specific variant located in

PGC’s functional domain may affect the function by changing the conformation of amino acid residues.
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Fig 4. The simulated 3D structural difference resulted from the diagnostic variant site on the protein of PGC
between SMF (Larimichthys polyactis and Collichthys lucidus) and LGF (L. crocea, Miichthys miiuy and
Dicentrarchus labrax).

In conclusion, the results provide new genome resources and guidelines to facilitate future endeavors in
studying functional genomics and developing selective breeding programs for desirable growth traits in the
sciaenids.
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