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Large yellow croaker (Larimichthys crocea) has been demonstrated to be divided into three geographical
stocks from south to north along the coast of China, including Nanhai, Mindong, and Daiqu. Although
multiple versions of L. crocea have been published, no high-quality Nanhai and Daiqu genomes have

. been assembled, hampering the assessment of the fine-scale genetic structure and adversely affecting

. wild stock conservation, fishery management, and germplasm exploitation of large yellow croaker.

. Tofillthe gap, we sequenced the genomes of three L. crocea stocks using a combination of PacBio and

© Hi-C technologies. We assembled each genome (~712 Mb) into 24 chromosomes with a contig N50 of
19.46-29.71 Mb and an integration efficiency of 88.13-92.80%. Furthermore, 26,851-28,133 protein-

. coding genes were predicted. The reference genomes of three geographical stocks of L. crocea provide

. vital resources for future research on the conservation and utilization of genetic diversity.

Background & Summary
Large yellow croaker (Larimichthys crocea) is a marine fish that inhabits the nearshore seas and estuaries of the
northwestern Pacific Ocean, typically in temperate areas. The Chinese mariculture industry currently yields over
281,000 tons of large yellow croaker, indicating the important economic value of this fish!. Abundant genomic
resources have been established for this species, comprising six genetic maps®”/, three draft genomes utilizing
Mlumina technology®~'?, a draft genome using the combination of Illumina and PacBio sequencing technolo-
gies'!, and a chromosome-level reference genome generated based on PacBio and Hi-C technologies'>.
: In the 1960s, some studies divided the large yellow croaker along the Chinese coastline into three stocks
. based on morphological data: Naozhou stock (NZ, located in the west South China Sea), Min-Yuedong stock
© (MYD, located in the eastern South China Sea and Taiwan Strait), and Daiqu stock (DQ, located in the East
* China Sea)!*!. In recent years, with the application of molecular genetic markers, more studies have reported
. the analysis of the population structure of large yellow croaker. Lin et al. have utilized a UPGMA tree based on
: eight strictly chosen simple sequence repeats (SSRs) to classify the species into NZ, MY (i.e. MYD), and DQ
stocks'®. Single nucleotide polymorphism (SNP), as a new generation of genetic markers, has also been used to
. evaluate the genetic structure of populations. Principal component analysis (PCA) based on SNP data reveals
. that large yellow croaker populations can be divided into three stocks, i.e., Nanhai (NH, distributed in the South
. China Sea and the Taiwan Strait), Mindong (MD, distributed near the Taiwan Strait, i.e. MYD or MY) and Daiqu
© (DQ, distributed in the East China Sea)'®. Chen et al. also reported that climate change drove the boundary
. between Naozhou (i.e. Nanhai) stock and Min-Yuedong (i.e. Mindong) stock might have moved northwards
. from the Pearl River Estuary to the northern part of the Taiwan Strait, accompanied by highly asymmetric
introgression'®. A series of studies have shown that there are differences in genetic information among the three
geographical stocks of large yellow croaker. However, so far, only the chromosome-level reference genome of
Mindong stock has been reported!?. The lack of high-quality reference genomes of the other two stocks hinders
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Fig. 1 Geographical distribution of three large yellow croaker stocks. The sampling points of the three fish
sequenced in this paper are marked as red dots. NH, Nanhai; MD, Mindong; DQ, Daiqu.

the assessment of the fine-scale genetic structure of large yellow croaker and adversely affects the population
genetic and evolutionary studies, wild stock conservation, fishery management, and germplasm exploitation.

To fill the gap, we sequenced and constructed reference genomes for L. crocea from three geographical stocks
of Nanhai (NH), Mindong (MD), and Daiqu (DQ). Using a combination of the PacBio single-molecule real-time
sequencing technique (SMRT) and high-through chromosome conformation capture (Hi-C) technologies, we
assembled each genome at the chromosome level with a total length of 706.71-722.73 Mb, a contig N50 of
19.46-29.71 Mb, a scaffold N50 of 27.00-27.83 Mb, and a complete BUSCO value of 98.5%-98.7%. To supply
materials for gene annotation and conduct functional analysis, we additionally sequenced the transcriptomes of
4 tissues for each of the three stocks of L. crocea. A total of 209.84-219.64 Mb (29.69%-30.39% of the assemblies)
of repeat content, 26,851-28,133 protein-coding genes, and 21,156-33,583 ncRNAs were identified. In conclu-
sion, this study reports high-quality chromosome-level reference genomes of different geographical stocks of
large yellow croaker for the first time, serving as valuable genomic resources for large yellow croaker and provid-
ing a vital reference for future research on the conservation and utilization of genetic diversity.

Methods

Sample collection and nucleic acid extraction. Three healthy female L. crocea from NH, MD, and DQ
stocks were obtained from Dongshan Sea (Huizhou, Guangdong), Sandu Bay (Ningde, Fujian), Xiangshan Bay
(Ningbo, Zhejiang) in China, respectively (indicated in Fig. 1). Muscle, brain, liver, and spleen were sampled from
each fish. All samples were snap-frozen in liquid nitrogen and stored at —80 °C to preserve nucleic acid integ-
rity. Genomic DNA (gDNA) of L. crocea was extracted from muscle tissues using an SDS-based DNA extraction
method'”, while total RNA was extracted from the brain, spleen, liver, and muscle by a TRIzoL kit (Invitrogen,
CA, USA) and mixed at an equal concentration for transcriptome sequencing. The quality of gDNA was assessed
by 1.5% agarose gel electrophoresis and DNA was quantified by a Qubit fluorometer (Thermo Fisher Scientific,
Waltham, MA). The quality of RNA was assessed by the Fragment Analyzer 5400 (Agilent Technologies, CA, USA).

Library construction and sequencing. For HiFi read generation, high-molecular-weight (HMW) gDNA
was sheared to 15,000-20,000 bp, and the PacBio HiFi library was constructed using the SMRTbell Express
Template Prep Kit 2.0 (Pacbio, USA). The genomic library was sequenced in CCS mode on the PacBio Sequel I
system at Novogene (Tianjin, China). A total of 52.18-56.59 Gb of CCS clean reads were obtained with an average
read length of 7,947-8,284 bp, resulting in 73.84-79.94-fold coverage of the three L. crocea genomes. For Hi-C
library construction, the Mbol restriction enzyme was used to digest the cross-linked high-molecular-weight
(HMW) gDNA. DNA was purified by the phenol-chloroform extraction and randomly sheared into 300-500 bp
fragments. After the addition of A-tails to the fragment ends and the subsequent ligation by the Illumina
paired-end (PE) sequencing adapters, Hi-C sequencing libraries were amplified by PCR (12-14 cycles) and
sequenced on the Illumina platform to obtain PE150 reads. Finally, 43.16-45.78 Gb of paired-end clean reads
were generated from the Hi-C library. The RNA-seq library was constructed using the NEBNext UltraTM RNA
Library Prep Kit for Illumina (NEB, USA) following the manufacturer’s recommendations and sequenced on the
Ilumina Novaseq 6000 platform. A total of 24.65-25.58 Gb of paired-end clean reads were generated from the
RNA-seq library. For the PacBio Iso-Seq library, RNA was converted into cDNA using the SMARTer PCR cDNA
Synthesis Kit (Clontech, USA). The library was then sequenced on the PacBio Sequel II system at Novogene
(Tianjin). As shown in Table 1, 30.10-60.44 Gb of long reads were obtained from the sequencing of Iso-Seq
libraries.
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Nanhai
Insert Clean Average Read | N50 Read Sequencing
Library Type Size (bp) | Raw Data (Gb) | Data (Gb) Length (bp) Length (bp) | Coverage (X)
PacBio 15,000 54.45 53.67 7,979 18,340 74.26
Hi-C — 45.58 44.65 150 150 61.78
RNA-seq — 25.96 25.22 150 150 34.90
Iso-Seq 15,000 61.99 60.44 2,870 3,131 83.63
Total — 187.98 — — — 260.10
Mindong
Library Type ISlllzseel&)p) Raw Data (Gb) (C(l;:;n Paa ?Z;lg":ﬁe(i‘;;ld Eesx?glt{;?gp) zz%ti:;len(gx )
PacBio 15,000 57.31 56.59 7,947 17,196 79.94
Hi-C — 44.32 43.16 150 150 60.97
RNA-Seq — 25.37 24.65 150 150 34.82
Iso-Seq 15,000 31.06 30.10 2317 2,614 42.52
Total — 158.06 — — — 223.29
Daiqu
ey Type | gy | RawDuta (G| e Dae T versenend [NStkad | Tsequencing
PacBio 15,000 53.39 52.18 8,284 16,426 73.84
Hi-C — 46.94 45.78 150 150 64.78
RNA-Seq — 26.36 25.58 150 150 36.20
Iso-Seq 15,000 43.23 41.99 2,541 2,945 59.32
Total — 169.92 — — — 240.44

Table 1. Summary of genome sequencing data generated with multiple sequencing technologies.

Nanhai Mindong Daiqu
Contig N50 length (bp) 29,707,432 22,390,275 19,462,943
Number of contigs longer than N50 12 14 15
Contig N90 size (bp) 21,349,300 4,981,666 3,757,600
Number of contigs longer than N90 23 37 45
Number of contigs 100 87 101
Maximum contig length (bp) 37,108,484 32,894,421 29,773,975
Total contig length (bp) 722,733,342 707,863,745 706,709,296
GC (%) 41.62 41.51 41.55
Complete BUSCO value 98.70% 98.50% 98.60%

Table 2. Statistics of the genome assemblies of three geographical stocks of L. crocea.

Genome assembly. HiFiasm!'® (v0.18.5) was used to generate contig-level genomes based on the HiFi long
reads with default parameters, resulting in three preliminary assemblies of each of the three stocks. For NH stock,
the assembly contained 100 contigs, with a total length of 722.73 Mb and a contig N50 of 29.71 Mb. For MD stock,
the assembled genome size was 707.86 Mb, including 87 contigs, with a contig N50 of 22.39 Mb. For DQ stock,
we gained the preliminary assembly with a total length of 706.71 Mb, including 101 contigs, with a contig N50
of 18.46 Mb. The complete BUSCO value ranged from 98.5% to 98.7%, indicating eximious assembly integrity
(Table 2).

Hi-C sequencing data was provided to Juicer'® (v1.11.08) and 3D-DNA pipeline?® for chromosome-level
genome assemblies of the three L. crocea stocks. We mapped Hi-C clean reads to the preliminary genomes by
Juicer. Then, the genomic proximity signal in the Hi-C datasets was used to obtain the chromosome-level scaf-
folds. Subsequently, the 3D-DNA pipeline was used for scaffolding the genomes. Ultimately, chromosome-level
genomes were finalized by using Juicebox?! to adjust misjoins, translocations, inversions, and chromo-
some boundaries. The size of each chromosome-level genome assembly was estimated to be 636.97 Mb (NH
stock, 88.13% of the total length of contigs), 656.91 Mb (MD stock, 92.80% of the total length of contigs), and
644.04 Mb (DQ stock, 91.13% of the total length of contigs). All three assemblies contained 24 chromosomes,
with an average chromosome length of 26.54 Mb, 27.37 Mb, and 26.83 Mb, respectively (Table 3).

Annotation of repetitive sequences. The repetitive sequences of three L. crocea genomes were identified
using both homology-based and de novo strategies. First, RepeatModeler?? (v2.0.1) was utilized to detect repetitive
sequences and generate a de novo repeat library. Then, unknown repeats were classified by TEclassTest.pl in TEclass®
(v2.1.3). In another way, repeat elements were forecasted based on the library from RepeatMasker®* (v4.1.2).
Finally, all repetitive regions were integrated and masked. Totally, 219.63 Mb (30.39% of the assembled genome),
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Nanhai Mindong Daiqu
Number of Number of Number of
Length(bp) | Contigs Length(bp) | Contigs Length(bp) | Contigs
Chrl 31,937,939 2 32,384,000 5 32,220,500 7
Chr2 22,433,500 2 23,745,000 3 23,649,500 3
Chr3 26,997,500 2 27,356,968 4 27,239,557 4
Chr4 29,281,500 3 30,063,000 1 29,089,500 4
Chr5 32,015,000 2 32,832,437 7 32,669,338 5
Chr6 24,467,500 2 23,970,398 2 24,662,500 6
Chr7 29,896,000 2 30,288,000 3 29,506,000 6
Chr8 27,377,939 4 28,045,500 3 27,835,500 2
Chr9 24,197,000 2 25,179,494 4 24,252,500 4
Chr10 26,284,561 4 26,391,000 2 26,591,670 4
Chrll 33,685,500 1 34,788,824 6 33,444,500 4
Chr12 24,632,500 1 25,375,006 3 24,637,500 4
Chr13 15,004,000 1 15,086,500 2 14,368,500 6
Chr14 28,998,500 2 30,089,777 5 29,370,500 3
Chrl5 27,105,500 2 28,982,000 3 26,971,943 2
Chrl6 24,299,000 2 24,287,102 2 22,754,500 4
Chr17 24,562,500 2 25,650,214 4 25,786,500 4
Chr18 29,176,000 3 31,122,000 3 31,900,500 5
Chr19 29,080,500 3 29,863,000 4 29,382,912 2
Chr20 31,337,500 2 31,289,994 3 31,726,500 4
Chr21 26,181,500 3 28,358,506 2 26,924,000 4
Chr22 28,167,061 2 29,193,006 1 28,352,000 5
Chr23 21,017,061 2 21,695,006 2 20,601,943 6
Chr24 18,839,061 2 20,870,461 6 20,101,000 3
Average | 26,540,609 2 27,371,133 3 26,834,973 4
Total 636,974,622 53 656,907,193 80 644,039,363 101

Table 3. Assembly summary of the 24 chromosomes in each geographical stock of L. crocea.

Nanhai Mindong Daiqu
Proportion in Proportion in Proportion in

Repeat type Length (bp) | Genome (%) Length (bp) | Genome (%) | Length (bp) | Genome (%)
DNA 53,977,575 7.47 51,091,402 7.22 47,941,893 6.78
LINE 25,457,058 3.52 23,771,962 3.36 23,326,575 33
SINE 2,313,407 0.32 1,697,023 0.24 1,979,285 0.28
LTR 47,735,601 6.6 32,061,757 | 4.53 29,002,078 4.1
Rolling-circles | 10,543,695 1.46 11,805,383 1.67 12,286,555 1.74
Satellites 5,745,281 0.79 1,815,337 0.26 2,957,376 0.42
Simple Repeat | 754,355 0.1 327,963 0.05 147,572 0.02
Unknown 73,100,583 10.11 89,247,179 12.61 92,194,487 13.05
Total 219,627,555 | 30.39 211,818,077 | 29.92 209,836,019 | 29.69

Table 4. Classification of repetitive elements in three geographical stocks of L. crocea genomes.

211.82Mb (29.92%), and 209.84 Mb (29.69%) of consistent and non-redundant repeat sequences were obtained
from genomes of NH, MD, and DQ stocks, respectively. The most abundant repetitive elements for three genomes
were DNA transposons. Notably, 47.74 Mb LTRs (6.6% of the assembled genome) were identified from the
genome of NH stock, which was higher than the other two stocks (Table 4, Fig. 2A-C).

Genome annotation. For noncoding RNA (ncRNA) annotation, Infernal®® (v1.1.4) was utilized based on
the Rfam database (http://eggnogdb.embl.de/). Five types of ncRNA were identified from the L. crocea genomes.
For NH stock, 7,110 tRNAs, 1,699 miRNAs, 23,465 rRNAs, 1,305 snRNAs, and 4 IncRNAs were identified. For
MD stock, there were 6,206 tRNAs, 2,032 miRNAs, 11,805 rRNAs, 1,109 snRNAs and 4 IncRNAs. For DQ stock,
6,331 tRNAs, 2,085 miRNAs, 15,114 rRNAs, 960 snRNAs, and 3 IncRNAs were identified (Table 5, Fig. 3).

For gene structure annotation, both ab intio and transcriptome-based strategies were used for gene pre-
diction in the genome of each stock after soft-masking all repeat regions. RNA-seq data was assembled into
transcripts using Trinity?® (v2.8.5). For the ab intio approach, BRAKER2? was executed based on the transcripts
assembled from RNA-seq and known genes of L. crocea and Cyprinus carpio. For the transcriptome-assisted
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Fig. 2 Gene and repetitive element annotations of three L. crocea genomes. A-C: Distribution of divergence
rate for TEs in Nanhai (NH) genome (A), Mindong (MD) genome (B), and Daiqu (DQ) genome (C). D-F:
Venn diagrams of functional annotation based on different databases in NH genome (D), MD genome (E),
and DQ genome (F).
tRNA 7,110 520,052 0.072 6,206 460,261 0.065 6,331 470,611 0.067
miRNA 1,699 119,826 0.017 2,032 142,822 0.020 2,085 146,432 0.021
rRNA 23,465 3,270,910 0.453 11,805 1,483,551 0.210 15,114 1,828,122 0.259
snRNA 1,305 194,613 0.027 1,109 166,645 0.024 960 134,608 0.019
IncRNA 4 660 0.000 4 660 0.000 3 597 0.000

Table 5. Classification of ncRNAs in three geographical stocks of L. crocea genomes.
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Fig. 3 Circos plot of the reference genomes of three geographical stocks of L. crocea. Circos plot of 24
chromosome-level scaffolds, representing annotation results of genes and ncRNA of (A) Nanhai (NH) stock,

(B) Mindong (MD) stock, (C) Daiqu (DQ) stock. The tracks from inside to outside are ncRNA abundance of the
positive strand, ncRNA abundance of the negative strand, GC content, gene abundance of the positive strand,
gene abundance of the negative strand, and 24 chromosome-level scaffolds.

Gene structure Annotation Nanhai Mindong Daiqu
Number of protein-coding genes 36,151 36,151 33,013
Average transcript length (bp) 8,292.48 9,023.64 8,893.20
Average exons per gene 7.32 7.69 7.64
Average exon length (bp) 167.36 166.07 168.38
Average CDS length (bp) 1,231.69 1,285.40 1,294.75
Average intron length (bp) 1,119.10 1,171.66 1,144.78
Number (Percent)
Gene function Annotation Nanhai Mindong Daiqu

SwissProt 21,633 (59.84%) 21,372 (59.12%) 21,552 (65.28%)
Nr 27,899 (77.17%) 26,646 (73.71%) 27,073 (82.01%)
KEGG 16,443 (45.48%) 16,319 (45.14%) 16,395 (49.66%)
InterPro 20,852 (57.68%) 20,580 (56.93%) 20,781 (62.95%)
TrEMBL 27,762 (76.79%) 26,539 (73.41%) 26,988 (81.75%)
Annotated 28,133 (77.82%) 26,851 (74.27%) 27,279 (82.63%)
Unannotated 8,018 (22.18%) 9,300 (25.73%) 5,734 (17.37%)

Table 6. Gene structure and function annotation in three geographical stocks of L. crocea genomes.

approach, RNA-seq data was aligned to the genomes to assemble into transcriptome by HISAT2?¢ (v2.2.1) and
StringTie? (v2.1.4). After that, the open reading frame (ORF) was predicted via TransDecoder (https://github.
com/TransDecoder/TransDecoder) (v5.5.0). Eventually, EvidenceModeler (v1.1.1) was adopted to produce
comprehensive gene sets, which was further annotated for protein-coding gene structure by PASA*® (v2.4.1).
As aresult, we predicted 36,151 (NH stock), 36,151 (MD stock), and 33,013 (DQ stock) protein-coding genes,
respectively, which were subsequently used for functional annotation (Table 6).

For functional annotation of protein-coding genes, Diamond?*! (v2.0.6) was applied to align protein-coding
genes to the NCBI nr, TrTEMBL (http://www.uniprot.org/), and Swiss-Prot (http://www.uniprot.org/) protein
databases with the threshold of E-values less than 1 x 10~>. The annotation of GO and KEGG pathways was
performed using InterProScan® (v5.53) and the online website KEGG Automatic Annotation Server®® (KAAS,
https://www.genome.jp/tools/kaas/). After integration and de-redundancy, a total of 28,133 (NH stock), 26,851
(MD stock), and 27,279 (DQ stock) protein-coding genes were annotated (Table 6, Figs. 2D-F, 3).

Data Records

All the PacBio long DNA reads, Hi-C reads, Illumina short RNA reads, and PacBio long RNA reads are
available from NCBI via the accession numbers SRR29302595-SRR29302606%. The assembled genomes of
NH, MD, and DQ have been deposited at Genbank under the accession numbers of JBEDUZ000000000%,
JBEDUY000000000°%, and JBEDUX000000000%, respectively. Moreover, the assembled genomes and genome
annotation are available on Figshare®-.

Technical Validation

Evaluation of genome assemblies and annotation. To ensure the accuracy and integrity of the assem-
blies, we assessed the completeness of the final genome assemblies using Benchmarking Universal Single-Copy
Orthologues (BUSCO)*! with the Actinopterygii_odb10 lineage database. Out of 3,640 single-copy orthologues,
all of the three assemblies have > 98.5% BUSCO completeness, which are comparable to those of NH (98.7%), MD

SCIENTIFICDATA|  (2024) 11:1364 | https://doi.org/10.1038/s41597-024-04126-x 6


https://doi.org/10.1038/s41597-024-04126-x
https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
http://www.uniprot.org/
http://www.uniprot.org/
https://www.genome.jp/tools/kaas/

www.nature.com/scientificdata/

(98.5%), DQ (98.6%) (Supplementary Table 1). We additionally used merqury* (version 1.3) to assess the quality
of the three assemblies. The results revealed exceptionally low error rates across all three genomes, with QV values
exceeding 60 (Supplementary Table 2), which is sufficient to indicate that all three assemblies are of good quality.

We plotted the Hi-C interaction heatmaps of the chromosomes in each of the three assemblies (Supplementary
Fig. 1). The contigs were anchored on 24 chromosomes in all three genomes, which formed squared boxes along
the main diagonal of the heatmap matrix. The assembled chromosomes in each of the three assembled genomes
display high collinearity with those of the large yellow croaker reference genome published in 2019'2, indicating
that the structures of the assembled genomes are consistent. Meanwhile, for all three genomes, the number of
gaps in the assembled chromosomes was significantly reduced compared with the genome released in 2019'2
(Supplementary Fig. 2). No gap was observed in chr9 and chr10 of the NH genome and chr6 of the MD genome.
These results demonstrate improvements in the assembly and anchoring completeness of the new genomes.

Moreover, we successfully obtained a total of 36,151, 36,151, and 33,013 protein-coding genes by combining ab initio
strategies and transcriptome-assisted approaches in NH, MD, and DQ genomes, respectively. A total of 28,133,26,851,
and 27,279 genes were functionally annotated in at least one of these databases in three genomes (Fig. 2D-FE Table 6).
Taken together, these results suggest that the three assembled L. crocea genomes were of superior quality.

Code availability
The software settings and parameters used in this study are as follows:

Genome assembly:

Hifiasm: all parameters were set as default.

Genome annotation:

(1) RepeatModeler: parameters: -engine ncbi.

(2) TEclass: all parameters were set as default.

(3) RepeatMasker: parameters: -e ncbi -no_is -nolow -norna -gff -poly -html -a.
(4) BRAKER?2: all parameters were set as default.

(5) HISAT2: parameters: --dta.

(6) EvidenceModeler: parameters: all parameters were set as default.

(7) PASA: --ALIGNERS blat.

(8) InterProScan: parameters: -appl Pfam -goterms -iprlookup —pa.

No custom code was used during this study for the curation and validation of the dataset.
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