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The oyster Ostrea denselamellosa is a live-bearing species with a sharp decline in the natural population. Despite
recent breakthroughs in long-read sequencing, high quality genomic data are very limited in O. denselamellosa.
Here, we carried out the first whole genome sequencing at the chromosome-level in O. denselamellosa. Our
studies yielded a 636 Mb assembly with scaffold N50 around 71.80 Mb. 608.3 Mb (95.6% of the assembly) were
anchored to 10 chromosomes. A total of 26,412 protein-coding genes were predicted, of which 22,636 (85.7%)
were functionally annotated. By comparative genomics, we found that long interspersed nuclear element (LINE)

and short interspersed nuclear element (SINE) made up a larger proportion in O. denselamellosa genome than in
other oysters'. Moreover, gene family analysis showed some initial insight into its evolution. This high-quality
genome of O. denselamellosa provides a valuable genomic resource for studies of evolution, adaption and con-

servation in oysters.

1. Introduction

The flat oyster Ostrea denselamellosa (NCBI: txid74434) is a potential
economically important species, naturally distributed in subtidal zone
along the coasts of China, Japan and Korea [1]. The O. denselamellosa
population has declined during the past years due to climate change,
reclamation, habitat destruction and over-exploitation [2]. Like other
oysters in the genus Ostrea, O. denselamellosa is a live-bearing species,
which differs significantly from oysters in genus Crassostrea, Saccostrea
and most other bivalves. During reproduction, the eggs are pressed into
the pallial cavity of female individuals, and then are fertilized and grow
to D-shaped larvae within 1-3 days there. The D-shaped larvae go
through a planktonic period, and then attach to a hard substrate to
become juvenile [3-5]. To date, O. denselamellosa can not be cultivated
due to its unique pattern of reproduction and maladaptation of larvae to
the high salinity environment of living adults [2]. However, live-bearing

is poorly researched in invertebrates. Previous studies in Ostrea were
mainly focused on its mitochondrial genome, seed production and bio-
logical characteristics [2,6,7].

With the rapid development of next-generation sequencing tech-
nology, more and more oyster genome data have become available, such
as Crassostrea gigas [8,9], Crassostrea hongkongensis [10,111, Crassostrea
virginica [12], Crassostrea ariakensis [13,14], and Saccostrea glomerata
[15]. However, the genomic features and evolutionary characteristics of
Ostrea remain poorly understood. High-quality genomic resources for
O. denselamellosa are particularly important. It can not only provide
genetic information for researchers to study their manage sustainable
conservation and economic development, but also provide a solid
foundation for subsequent research which makes O. denselamellosa a
promising model for live-bearing oysters.

In this study, we report the first chromosome-level genome sequence
for O. denselamellosa by utilizing PacBio long sequencing, [llumina short
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reads and high-throughput chromosome conformation capture (Hi-C)
technology. The genome sequence was annotated with full-length
transcriptome data and RNA-seq data. Comparative genomics and
comparative transcriptomics were used to explain the evolution and
phylogeny of O. denselamellosa. Together, these results will not only be
helpful to understand the evolution of O. denselamellosa but also
generate valuable genomic and genetic resources for breeding and
protection of live-bearing oysters.

2. Materials and methods
2.1. Sample collection and genome sequencing

Adult O. denselamellosa were collected in July 2020 from Jiaonan
(35.88°N, 119.97°E), Shandong Province, China. The O. denselamellosa
had an average shell height of 109.09 mm and shell length of 97.83 mm
(Fig. 1). Adductors, gonads, gills, labial palps and mantles were
dissected and frozen immediately in liquid nitrogen. The samples were
stored at —80 °C for later use of DNA and RNA extraction. Genomic DNA
from an adductor of a female oyster (Fig. S1) was used to build several
libraries with short and long DNA inserts. These include a 150 bp insert
Illumina paired-end library, 15 kb insert Pacbio hifi library and Hi-C
library for genome assembly by Illumina HiSeq X Ten platform (Illu-
mina HiSegX Ten, RRID:SCR_016385), Pacbio Sequel II platform (Pac-
Bio Sequel II System, RRID:SCR_017990) and Illumina HiSeq X platform
(Ilumina HiSeq X Ten, RRID:SCR_016385), respectively. In addition,
total RNA was extracted from adductor (smooth muscle), adductor
(striated muscle), gonads, gills, labial palps and mantle tissues of the
female individual used in whole genome sequencing and a male gonad
using TRIzol reagent. Seven libraries of the seven tissues mentioned
above were constructed for genome annotation. RNAs from all these
tissues were pooled together for full-length transcriptome sequencing
(Iso-Seq) library construction on a PacBio Sequel platform. The clean
data was generated by SMRTlink (v6.0) (https://www.pacb.com/suppo
rt/software-downloads/) with minLength = 50. Another twelve RNA-
seq libraries were constructed for different gene expression analysis,
including libraries of adductor, gonads, gills and mantle tissues from
each of the three female individuals in stage of ovulation. All RNA-seq
libraries were built by NovaSeq 6000 platform (Illumina NovaSeq
6000 Sequencing System, RRID:SCR_016387) in Novogene Company
(Beijing, China).

2.2. Genome assembly and assessment

[llumina paired-end reads were used as the first quality control by
FASTP (fastp, RRID:SCR_016962) [16] with the default parameter.
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JELLYFISH (v2.2.10) (Jellyfish, RRID:SCR_005491) [17] and PLATA-
NUS (v2.2.2) (Platanus, RRID:SCR_015531) [18] were employed to es-
timate the genome size based on a 19-mer distribution with high quality
Ilumina paired-end reads mentioned above. Heterozygosity was infer-
red using GENOMESCOPE (v2.0) (GenomeScope, RRID:SCR 017014)
[19]. MASURCA (v3.3.2) (MaSuRCA, RRID:SCR_010691) [20] was also
used to estimate the genome size.

PacBio hifi reads were used to assemble the contigs of
O. denselamellosa genome using HIFIASM (v0.14-r313) (Hifiasm, RRID:
SCR_021069) [21] with parameters “-13 -s 0.55”. Sequence redundancy
was removed with PURGE DUPS (v1.2.5) (purge dups, RRID:
SCR_021173) [22] based on the Illumina paired-end reads. After
assembling the draft genome of O. denselamellosa, we generated a
chromosome-level genome assembly by applying Hi-C technology to
anchor the scaffolds into the chromosomes. First, Hi-C reads of
O. denselamellosa were mapped to draft assembly by BWA (v0.7.8)
(BWA, RRID:SCR_010910) [23]. Then the contact matrix was con-
structed by JUICER (v1.6) (Juicer, RRID:SCR_017226) [24]. 3D-DNA
(v180922) (3D de novo assembly, RRID:SCR_017227) [25] was used
to detect and correct the assembly errors. Finally, JUICEBOX (Juicebox,
RRID:SCR_021172) (v1.11.08) [24] was used to visualize the results
generated by 3D-DNA and correct errors manually in order to optimize
the quality of chromosome-level genome sequence (Fig. S2).

Genome quality assessment was conducted using Benchmarking
Universal Single-Copy Orthologs (BUSCO) (v5.0.0) (BUSCO, RRID:
SCR_015008) [26] with the parameters of “-m genome”. We searched
the genome against 954 metazoan single-copy orthologues from meta-
zoa_odbl0  (https://busco-data.ezlab.org/v4/data/lineages/).  The
genome size and N50 were tested by QUAST (v5.0.2) (QUAST, RRID:
SCR 001228) [27].

2.3. Genome annotation

The chromosome-level genome assembly was used to build a de novo
database by REPEATMODELER (v2.0.1) (RepeatModeler, RRID:
SCR_015027) [28]. The data of Ostrea and Crassostrea extracted from
RepBase (v20181026) (Repbase, RRID:SCR_021169) [29] were referred
as the homologous database. The two databases were combined into one
as a combined database. REPEATMASKER (v4.1.2) (RepeatMasker,
RRID:SCR_012954) [30] was used with the parameters “-nolow -no_is
-norna -html -gff -dir” based on the combined database to detect de novo
and homology-based transposable elements (TEs). REPEATPRO-
TEINMASK was used with parameters “-engine ncbi -noLowSimple
-pvalue 0.0001” to predict protein masker. Finally, TANDEM REPEATS
FINDER (TRF) (v4.09.1) (Tandem Repeats Finder, RRID:SCR_022193)
[31] was used to detect simple or tandem repeats. BEDTOOLS (v2.30.0)

Fig. 1. Photographs of Ostrea denselamellosa. A. Left shell. B. Right shell.
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(BEDTools, RRID:SCR_006646) [32] was used with parameters “mask-
fasta -soft” to transform the repeat prediction result from hardmask to
softmask. The proportional distribution of DNA transposons, LTR,
Helitron, LINE and SINE retrotransposons in the genomes of 9 repre-
sentative Mollusca was generated. The path where we downloaded the
genome of other 8 Mollusca was shown in Table S1 and the repeat an-
notations were calculated in the same way as done for O. denselamellosa.
It is worth noting that the data extracted from the RepBase corresponded
to the genus in which the species belong to. The repeat landscapes were
built by using a R script which was modified from https://github.
com/ValentinaBoP/TransposableElements.

LTRHARVEST (v6.3.0) (LTRharvest, RRID:SCR_018970) [33] was
initially used to identify long terminal repeat (LTR) fragment in
O. denselamellosa genome (unmask version) with patameters “-minlenltr
80 -maxlenltr 7000 -mintsd 4 -maxtsd 6 -motif TGCA -seqids yes”. LTR
was finally detected by LTRRETRIEVER (v2.9.0) (https://github.
com/oushujun/LTR retriever) using the result from LTRHARVEST.
Kimura 2-Paramete was used to calculate the rate of nucleic acid mu-
tation which is necessary parameter for LTR retriever.

Genome structure and gene model prediction were constructed based
on MAKER (v3.01.03) (MAKER, RRID:SCR 005309) [34] by integrating
three approaches (homology-based prediction, ab initio annotation and
transcriptome-based prediction). Homology-based prediction was per-
formed using homologous protein sequences from C. virginica, Miz-
uhopecten yessoensis, C. gigas, Danio rerio and Mollusca data from uniport
(Table S1). RNA-seq data and Iso-seq data were assembled using
TRINITY (v2.12.0) (Trinity, RRID:SCR 013048) [35] and SMRTLINK
package (v9.0.0.92188) respectively. The assembled transcripts from
RNA-seq were aligned against the O. denselamellosa genome using Pro-
gram to Assemble Spliced Alignment (PASA) (v2.4.1) [36]. Then the
transcripts from PASA and SMRTLINK were combined and optimized by
CD-HIT (v4.8.1) (CD-HIT, RRID:SCR_007105) [37] with parameters “-c
0.97 -n 10 -d 0 -M 16000”. For ab initio annotation, BRAKER (v2.1.5)
(BRAKER, RRID:SCR_018964) [38] was used to create and train the
species model with softmasked assembly. AUGUSTUS (v3.4.0) (Augus-
tus, RRID:SCR_008417) [39] was used to predict genes based on the
species model trained by BRAKER. BUSCO was used to assess the quality
of structural annotation with the parameters of “-1 metazoa_odb10 -m
prot”.

The functional annotation was predicted by EGGNOG-MAPPER
(v2.1.0-1) [40] based on eggNOG orthology data (eggNOG, RRID:
SCR_002456) [41], Swiss-prot (I UniProtKB/Swiss-Prot, RRID:
SCR_021164) [42] database, NR, Interproscan (InterProScan, RRID:
SCR_005829) based on Pfam (Pfam, RRID:SCR_004726), PRINTS,
PANTHER, ProSiteProfiles and SMART database. Sequence searches
were performed using DIAMOND (DIAMOND, RRID:SCR_016071) [43]
with E-value 1e~>.

2.4. Genome phylogeny and gene family analysis

To better understand the genomic differences between
O. denselamellosa and other Mollusca, we obtained 14 published ge-
nomes including six Bivalves (pacific oyster C. gigas; eastern oyster
C. virginica; Sydney oyster S. glomerata; pearl oyster Pinctada fucata
martensii; scallops M. yessoensis and cold-seep mussel Bathymodiolus
platifrons), five Gastropods (owl limpet Lottia gigantea; snails Bio-
mphalaria glabrata, Pomacea canaliculate, Chrysomallon squamiferum and
California sea hare Aplysia californica), two Cephalopod (octopus
Octopus bimaculoides and Nautilus pompilius), and one Brachiopod (Lin-
gula anatina) designated as the outer group. Only the longest transcript
was selected for each gene with alternative splicing variants.

Gene family clusters of all 15 species were analyzed by ORTHO-
FINDER (v2.5.2) (OrthoFinder, RRID:SCR_017118) [44] with the infla-
tion parameter I set to 1.5. Phylogenetic tree was inferred by single-copy
orthologues. The single-copy orthologues were selected for alignment
using MUSCLE (v3.6) [45] and then were first concatenated into super-
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genes for each species and optimized by TRIMAL (v7.221) (trimAl,
RRID:SCR_017334) [46] with “-gt 0.6 -cons 60”. They were then sub-
sequently analyzed by maximum likelihood (ML) using RAXMLHPC-
PTHREADS (v8.2.12) (RAXML, RRID:SCR_006086) [47] with 1000
bootstrap replicates, and PROTGAMMAJTT was selected as amino acid
substitution model.

Protein sequences of all 15 species were used to build the divergence
time tree. First, CODEML from PAML package (v4.9j) (PAML, RRID:
SCR_014932) [48] was used to estimate substitution rate in per time
unit. Then MCMCTREE from PAML package was used to estimate the
divergence time. Five reference divergence time points (Table S2) were
retrieved from TimeTree database (http://timetree.org) (TimeTree,
RRID:SCR_021162) [49]. The burn-in, sample frequency, and number of
samples were set as 1 x 107, 1 x 10%and 1 x 104 respectively. Output
was visualized by FIGTREE (FigTree, RRID:SCR_008515) (v1.4.4) (htt
p://tree.bio.ed.ac.uk/software/figtree/).

CAFE (v5) (CAFE, RRID:SCR_005983) [50] was performed to analyze
the expansion and contraction of gene families with the estimated
phylogenetic tree information. Gene families with P-value < 0.05 were
referred as significantly expanded or contracted ones. The significantly
changed gene families were then used for GO and KEGG enrichment
analysis by CLUSTERPROFILER (v4.0.5) (clusterProfiler, RRID:
SCR_016884) [51]. The significantly overrepresented GO terms and
KEGG pathways were identified with FDR cutoff <0.05.

2.5. Synteny analysis

To identify the synteny relationships between O. denselamellosa, C.
gigas, C. ariakensis and C. virginica, we applied the method used in the
research of European flat oyster genome [52], the longest coding DNA
sequences (CDS) for each gene were identified in these four species
based on MCscanX in the JCVI toolkit (jevi, RRID:SCR_021641) [53].
The corresponding chromosome was determined by the fraction of genes
in a block of approximate 25 genes.

2.6. Analysis of positively selected genes by using branch-site model

A total of 6737 single-copy orthologues within a phylogenetic tree
were identified among O. denselamellosa, C. gigas, S. glomerata,
C. ariakensis and C. virginica using ORTHOFINDER. ParaAT [54] was
used to align the protein sequences and translate them to coding
sequence (cds). O. denselamellosa was designed as the “foreground”
branch-site and the rest as the “background” (C. gigas, S. glomerata,
C. ariakensisand and C. virginica). CODEML from PAML package was
used to estimate the rate of synonymous and non-synonymous sub-
stitutions. The alternative hypothesis was set as follows: model = 2,
NSsite = 2 and fix omega = 0 and null hypothesis: model = 2, NSsite =
2, fix omega = 1 and omega = 1. The wag model was employed as the
substitution model. Likelihood values were calculated using Chi-square
distribution in R, only genes with corrected P-value < 0.01 were
considered to be under positive selection or evolving rapidly.

2.7. Hox and ParaHox gene analysis

Hox and ParaHox genes are key regulators in body patterning and
tissue segmentation during development [55,56]. To investigate their
characteristics in O. denselamellosa, Hox and ParaHox gene clusters were
systematically analyzed among ten molluscs. The Hox and ParaHox
genes were identified in the O. denselamellosa genome using BLAST with
an E-value threshold of 1e 10 against all Hox and ParaHox genes from
the HomeoDB database (http://homeodb.zoo.ox.ac.uk/) (Table S3)
[571. The results were further confirmed by comparing to the Conserved
Domains Database (http://www.ncbi.nlm.nih.gov/cdd). The same
approach was also used to identify Hox and ParaHox genes in other
Mollusca genomes.
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2.8. Transcriptome analysis

The RNA-Seq results were first mapped to O.denselamellosa genome
by HISAT2 (v2-2.2.1) (HISAT2, RRID:SCR_015530) [58]. SAMTOOLS
(v1.9) (SAMTOOLS, RRID:SCR_002105) [59] was used to change the
format and sort the results. The quantity of transcriptomes was detected
by FEATURECOUNTS (v2.0.1) (featureCounts, RRID:SCR_012919) [60].
The result was standardized using TPM and TMM in order to balance the
differences between tissues and individuals. Differential gene expression
was analyzed using DESEQ2 R package (DESeq2, RRID:SCR_015687)
[61] based on unstandardized gene count result. Gene expression with P.
adjc <0.05 and absolute value of log2foldchange > 1 was considered as
significantly different expressed genes.

3. Results and discussion
3.1. High-quality genome assembly

The genome of O. denselamellosa was generated via the combination
of second-generation and third-generation sequencing technologies. As
shown in Table S4, a total of 28.52 Gb PacBio hifi reads (~47.22x) with
an average length of 14,458 bp were generated. This is above the general
requirement for sequencing coverage for assembly of a common diploid
genome. The clean data of Illumina pair-end reads and Hi-C reads were
approximately 30.09 Gb (~49.82x coverage) and 70.2 Gb (~116.23x
coverage), respectively. After error-correction and trimming, the high-
quality Illumina pair-end reads were used to estimate the genome size.
Based on JELLYFISH and PLATANUS analyses, the genome size was
estimated to be ~576 Mb and ~ 606 Mb, respectively, with high het-
erozygosity of 0.801% (Fig. S3). In addition, we also used MASURCA to
estimate genome size which gave an ~620 Mb estimation, slightly
bigger than the estimate generated by the kmer analysis. An initial
636.09 Mb genome assembly was obtained by HIFIASM, and 95.6% of
which were anchored onto 10 chromosomes (the same chromosomes
numbers as other oysters) (Fig. 2A, Table 1). The chromosome size
ranges from 33.26 to 81.40 Mb (Fig. 2B, Fig. S4, and Table S5). The
scaffold N50 was 71.80 Mb, the density of CG fluctuates over a certain
range with GC content 35.14% (Fig. 2B). This is similar to other molluscs
(33.31%-36.58%) (Table S6). We used BUSCO to evaluate the accuracy

AQM 100M 200M 300M 400M ~500M,

Fig. 2. Characterization and features of the O. denselamellosa genome.

-600M B
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Table 1
Basic information of the O. denselamellosa genome.

Characteristic HIFIASM

Total length 636,086,909 bp

GC (%) 35.14%
Number of chromosomes 10

Number of scaffolds 218

Number of contigs 138

Scaffold N50 71,800,000 bp
Contig N50 13,952,798 bp
Anchored (%) 95.60%

N's per 100 k 30.71 bp

and completeness of O. denselamellosa genome by searching against
metazoan single-copy orthologues. Overall, 937 out of 954 (98.2%)
complete genes were identified using BUSCO with 0.4% duplicate ratio
represented in the assembled genome (Table S7). Together, these results
indicate that the O. denselamellosa genome data were of high quality and
sufficient for subsequent analyses.

3.2. Genome annotation

Repetitive DNA elements including transposable elements (TEs), are
one of the driving forces in shaping genomic architecture and evolution
[62-64]. A total of 321.26 Mb repetitive sequences were identified in
O. denselamellosa genome using ab initio prediction and homologous
search. Togehter, they account for 50.51% of the O. denselamellosa
genome (Table 2). Among the repetitive sequences, the main component
was TEs, representing approximately 43.46% of the whole genome.
Retroelements ranked the major type of TEs with 18.55%.

Long interspersed nuclear element (LINE) and short interspersed
nuclear element (SINE) represented approximately 13.04% and 3.68%
of O. denselamellosa genome, respectively, which was much more than
those in other oysters' genomes (Fig. 3AB and Table S8). The divergence
distribution of repeat sequences indicated that LINE went through a
burst once in O. denselamellosa genome (Fig. 3C). This may be the reason
why LINE made up a significantly higher proportion of O. denselamellosa
genome than that of other oysters'. And such expansion of transposable
elements might result from lineage-specific evolutionary events.

The Long Terminal Repeats (LTR) retrotransposons elements play
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A. A genome-wide contact matrix of O. denselamellosa from Hi-C data. The blue squares represent the ten chromosomes, and the green squares represented the
scaffolds. It can be seen that the assembly was anchored to 10 chromosomes, and the fragment in the lower right represents the unanchored sequences. B. Char-
acterization and features of the O. denselamellosa genome. a, the ten chromosomes; b, gene density; c, transposable element (TE) density; d, guanine-cytosine (GC)
density and e, synteny block. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)


rridsoftware:SCR_015530
rridsoftware:SCR_002105
rridsoftware:SCR_012919
rridsoftware:SCR_015687

Z. Dong et al.

Table 2
Repetitive elements in O. denselamellosa genome.

Repeat Class No. elements  Total Length (Mb)  Percentage sequence (%)

Retroelemen 410,557 118.005389 18.55
SINE 138,557 23.395921 3.68
LINE 238,445 82.916912 13.04
LTR element 33,555 11.692556 1.84
DNA transposon 403,284 90.426744 14.22
Unclassified 368,460 68.031071 10.7
Total repeats - 276.463204 43.46
Rolling-circle 172,664 43.5723 6.85
Other 2803 0.28345 0.04
Small RNA 0 0 0
Satellites 4323 1.226663 0.19
Simple repeats 0 0 0
Low complexity 0 0 0
Total - 321.262167 50.51

important role in the genome evolution [65]. LINE function has been
studied in human and mice, as well as flies. It has been implicated in
chromosome inversions and evolution of new genes [66-68]. We spec-
ulate that LINE likely plays a role in oysters genome expansion and
structure organization, but the correctness of the assumptions and the
specific mechanism still need to be studied in the future. Sequence
analysis detected 233, 701, 469, 516 and 419 LTRs in the genome of
O. denselamellosa, C. gigas, C. virginica, C. ariakensis and S. glomerata,
respectively. By using the divergence between a pair of LTRs at both
ends, we were able to estimate the insertion time of LTRs in the four
oysters. Unlike Crassostrea, the LTRs of the O. denselamellosa and
S. glomerata had suddenly decrease at about 0.3 Mya (Fig. 3D). Due to
the lack of ancient genome references, the insert locations of the
expanded LTR in oysters and the effects on evolution and gene function
have yet to be investigated.

A total of 26,412 protein-coding genes were predicted by comparing
with the transcriptome data (RNA-Seq and Iso-Seq), (Table S9). The
average size of the protein-coding gene is 11,845.5 bp. Based on the
completeness assessment of the genome assembly, 95.7% complete
BUSCOs were found in 954 metazoan gene set (Fig. S5 and Table S10).
Functional annotation using EGGNOG databases showed that 62.45%
(16,495) of the genes had homologues in the O. denselamellosa genome
(Table S11). In total, 6794 KEGG pathways were annotated. Of which,
signal transduction, infectious diseases and endocrine system were on
the top (Fig. S6 and Table S12). In addition, 85.7% of the genes (22,636)
could be annotated with at least one public database (Fig. S7).

3.3. Phylogenetic analyses and genetic differences during evolution

3.3.1. Phylogenetic analysis and divergence time estimation

To examine the evolutionary relationships between O. denselamellosa
and other Lophotrochozoa, we analyzed protein coding sequences from
15 species. We identified 396,456 genes in 28,399 orthologs using
ORTHOFINDER. 444 of which were single-copy orthologs (Fig. 4A). A
phylogenetic and divergence time tree was constructed based on the
single-copy orthologs. The data showed that O. denselamellosa and
S. glomerata diverged from the recent common ancestor at around 86.28
Ma (in Cretaceous) (Fig. 4B). Our data also suggested that the diver-
gence time of Ostrea and Saccostrea and Crassostrea was around 104.13
Ma (Fig. 4B), while Bivalvia and Gastropoda diverged around 538.44
Ma. Our estimation is consistent with findings from previous studies
[69].

Three marine hypoxia events occurred in Cretaceous. One of which
was the oceanic anoxic event 3 (OAE3) occurred at 84.6-87.3 Ma [70].
Interestingly, OAE3 was considered as an important turning point in the
evolution of the Cretaceous climate system, representing a shift from
Cretaceous greenhouse climate to Paleocene cooling [71]. This coin-
cided with the appearance of mammals with placenta in Cretaceous.
Thus, we hypothesize that the unique live-bearing reproductive style of
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Ostrea might be related to improving survival in an oxygen-starved and
cold environment.

Next, we performed a gene family cluster analysis of
O. denselamellosa and four other oyster species (S. glomerata, C. gigas, C.
virginica and C. ariakensis). A core set of 12,119 gene families were
identified (Fig. 4C). S. glomerata shared considerably more unique gene
families (464) with O. denselamellosa. In contrast, C. ariakensis shared
the least with them (87). In addition, we found that there were fewer
lineage-specific gene families (344) in O. denselamellosa than in other
oyster species. It may mean that Ostrea has a lower evolutionary rate in
some genomic features compared with Crassostrea and Saccostrea.

3.3.2. Synteny analysis and genome evolution

The analysis revealed one to one correspondence between the
chromosomes of each two species among O. denselamellosa, C. gigas, and
C. ariakensis. Highly syntenic chromosomes were identified. These
include C. archr9- C. gichr4, C. archr8- C. gichrl, C. archr7- C. gichr10
and C. archr5- C. gichr7, O. dechr6- C. archr8, O. dechr7- C. archr7,
O. dechr10- C. archr5, O. dechr6- C. gichrl, O. dechr7- C. gichr10 and
O. dechr10- C. gichr7 (marked by red stars in Fig. 4D and Fig. S8).
Interestingly, some intrachromosomal inversions were found in some of
the homologous chromosomes of C. gichr8 - O. dechr3, C. gichr4 -
O. dechr4, C. gichr5 - O. dechr5, C. gichr3 - O. dechr8, C. gichr6 -
O. dechr9 and C. archr9 - O. dechr4, C. archr6 - O. dechr8, C. archr4 -
O. dechr9 (marked by black arrows in Fig. S8AB), which may be
attributed to the chromosome inversion between Ostrea and Crassostrea.
In addition, despite the high degree of collinearity of most chromo-
somes, the genomes of O. denselamellosa and C. virginica had undergone
some complex interchromosomal rearrangements. This is mostly shown
in C. vichr5 — O. dechr4, C. vichr6 — O. dechr4, C. vichr10 — O. dechr2 and
C. vichr9 - O. dechr2. Similar rearrangements also occurred comparing
C. ariakensis and C. virginica (marked by green boxes in Fig. 4D) chro-
mosomes, which may suggest that chromosome rearrangement in
C. virginica during evolution. However, this phenomenon could also be
caused by the low quality of C. virginica genome sequence data.

Hox and ParaHox genes are a class of highly conserved transcription
factors in the animal genomes, playing crucial roles in the early devel-
opment and patterning of body axis and segment identity in metazoans
[72-74]. The genomic organization of Hox and ParaHox genes varies
considerably among Mollusca [75-77]. However, the Hox and ParaHox
gene has been extensively studied in model animals, relatively little is
known about these genes and their function in Mollusca. Mollusca have
a high degree of morphological and evolutionary diversity, and pre-
liminary information of molluscan Hox and ParaHox gene may be
helpful for understanding and explaining the evolution of their
morphology or behavior in some extent [78]. In this study, we identified
10 Hox genes and 3 ParaHox genes in the O. denselamellosa genome
(Table S13). Similar findings were also observed in other oyster ge-
nomes. RNA-seq expression analysis of Hox and ParaHox genes reveals
some tissue-specific expression patterns in O. denselamellosa (Fig. S9).
Post1 and Post2 are extremely high-expressed in adductor. Meanwhile,
Hox and Lox expressed more in mantle compared to other tissues.

All of the Hox genes in O. denselamellosa genome were clustered
together on chromosome 6, which is the same as that in C. virginica,
C. gigas and M. yessoensis [12,69]. However, these clusters were broken
into three sections in the S. glomerata genome. In addition, we also found
that Antennapedia (Antp) gene was not present in O. denselamellosa
genome (Fig. 4F), which is consistent with previous findings in
C. hongkongensis, C. virginica and S. glomerata [10,69,79]. This provides
further support of Antp as a potential driver in byssus formation [80].

3.4. Gene family analysis
By comparing O. denselamellosa genome with other 14 Lopho-

trochozoa by CAFE, we found that 342 and 769 gene families were
expanded or contracted respectively. Among them, 72 gene families
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Fig. 3. Repeat element annotation of O. denselamellosa and other Mollusca.

Insertion Time (MYA)

A. Distribution of transposon elements (TEs) in the genome of ten oyster species. The different colors of the branches represent different genus. The results were
calculated by REPEATMODELER and RepeatMasker (the detail data is available in Table S8). Phylogenetic tree was constructed by FASTTREE based on the protein
sequences of each species. LINEs, long interspersed elements; SINEs, short interspersed elements. C.ar, C. ariakensis; C. gi, C. gigas; C. vi, C. virginica; O. de,
O. denselamellosa; S. glo, S. glomerata; P. fu, P. fucata martensii; M. ye, M. yessoensis; L. gi, L. gigantea; O. bi, O. bimaculoides. B. Comparison of the proportions of SINE,
LINE in the genomes of different species. C. Comparison of the transposable elements among Mollusca. The arrow indicates LINE burst once in O. denselamellosa
genome. The x-axis indicates divergence to consensus of transposable elements in the genome, a higher number indicateed a longer period of time before present. The
y-axis indicates the total and individual lengths (Mb) of transposable elements in each species. D. Count and insertion time of LTRs of five different oysters. The

arrows indicate two significant declines of LTR insertion.

have undergone significant expansion, whereas 172 families were sig-
nificant contracted. Such expansions and contractions are less than those
in S. glomerata (1381 expanded and 805 contracted gene families) which
is phylogenetically closest to O. denselamellosa compared with other
Lophotrochozoa. Since gene family expansion and contraction events
may accelerate gene evolution and elevate evolutionary rates [81], our
results supported the idea that O. denselamellosa is slow evolving species
in some extent.

GO analysis indicated that the expanded gene families in
O. denselamellosa were significantly enriched (FDR cutoff <0.05) in
multi-organism cellular process, dsRNA and caveola (Table S14,
Table S15, and Fig. S10ab). In addition, the contracted gene families

were mainly enriched in golgi cisterna membran , alpha-(1,2)-fucosyl-
transferase activity and carbohydrate binding (Table S16, S17, and
Fig. S10cd). Moreover, among members of the expanded gene families,
10 GO terms and 1 KEGG pathway (Ko04510) correlated with adhesion
function, 5 GO terms linked to cilia function and 13 GO terms in regu-
lation of hormones during reproduction (Fig. 5A). It has been suggested
that cilia may play a role in ovoviviparity [82]. Cilia on the surface of the
outer gill flaps (where the larvae would be exposed) were found to be
more developed than the inner gill flaps in the pregnant live-bearing
Mollusca Anodonta woodina [82]. In addition, the evolution of live-
bearing requires prolonged egg retention until embryogenesis is com-
plete [83]. Steroid hormones (GO:0043401) were shown to be involved
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in Table S2. The estimated divergence time (MYA: million years) is shown at each

branch point. Each lineage is shown in different colour blocks, the pink bars represent 95%HPD. O. denselamellosa is highlighted in dark yellow. Red and green
indicate gene family expansion (+) and contraction (—), respectively. C. Venn diagram of 5 different oyster homologous genes via their longest protein sequences. D.
Syntenic analysis via comparisons the longest CDS of O. denselamellosa with C. gigas, C. ariakensis and C. virginica. Different colors represent blocks on different
chromosomes. Red stars indicate highly syntenic chromosomes, green boxes indicate interchromosomal rearrangements. E. Hox and ParaHox gene cluster locus in the
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of this article.)

in regulating incubation chamber in lizards [84]. And studies have
shown that hormones are constantly changing during sexual maturation
and spawning in C. gigas [85]. Futhermore, some study in live-bearing
lizard and syngnathid fishes highlighted the potential roles of adhe-
sion (such as: GO:2000047) in embryo attachment [84,86]. Because
studies on hormones and cell adhesion have very limited genetic basis in
Molluscan, here, we are only inferring that genes related to cilia, hor-
mones and cell adhesion described above may contribute to the evolu-
tion of reproductive patterns in the O. denselamellosa.

Beacuse the lineage-specific genes were thought might provide some
potential candidates for further analysis in the process of evolution in
O. denselamellosa, we carried out enrichment analysis of the 334 lineage-
specific gene families and compared them with 4 other oyster species
containing 3006 genes. GO enrichment analysis showed that most genes
were enriched (FDR cutoff <0.05) in neuron (GO:0021884,
G0:0021879, GO:0021872, GO:0021954), behavior (GO:0035641,
G0:0035640, GO:0007626), response to light stimulus (GO:0050953,

GO0:0009416) (Fig. 5B, Fig. S11e and Table S18). All of these are asso-
ciated with the quick response to the changeable environment. More-
over, we identified 20 enriched KEGG pathways (FDR cutoff <0.05).
Three of them were primarily involved cell adhesion (ko04514), B cell
receptor signaling (ko04662) and steroid hormone biosynthesis
(ko00140) (Fig. 5C and Table S19), respectively. Inmune-related gene
families have been previously described in Ostrea edulis genomes
[52,87,88] which play an important role in adaptation to harsh envi-
ronments and defence against pathogens. Unlike most oysters,
O. denselamellosa lives in the subtidal zone with high salinity, and these
immune-related genes which are unique to the O. denselamellosa, may
help the it adapt to its unique living environment.

The branch-site model was performed using CODEML to identify
gene evolving under positive selection in O. denselamellosa compared
with four other oyster species. A total of 1122 genes were identified as
positive selected ones. However, only six GO terms were significantly
enriched (FDR cutoff <0.05). Two of them are, GO:0005818 and
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G0:0090545 related to microtubules and SNF2-like ATPase domain,
respectively (Table S20). O. denselamellosa keeps the larvae inside the
female mantle cavity for 1-3 days to protect them from external con-
ditions [89]. In addition, dead larvae will be found by the female oysters
and ejected from the mantle cavity [90,91]. These two behaviors
mentioned above tend to spend considerable energy. Genes related to
these GO terms may help to improve the efficiency of metabolism and
energy supply in order to meet the need of energy requirement for new
larvae or adult to create a better place for larval hatching. Together,
these expanded, unique and positive selected gene families may provide
important candidates gene for future research on production pattern
evolution and adaption in Ostrea even in oysters.

4. Conclusions

Here, by integrated analysis of third generation Pacbio long-read
sequencing, Hi-C technology, full-length transcriptome and Illumina
short reads, we provide a high-quality chromosomal-level genome as-
sembly and annotation of O. denselamellosa with scaffold N50 length =
71.80 Mb and 95.7% complete metazoan BUSCOs. Comparative
genomic analysis was performed to assess the evolutionary relationships
of O. denselamellosa and other Lophotrochozoa. We speculated that
reproduction evolution of the Ostrea may be related to OAE3. In addi-
tion, we found that the proportion of LINE and SINE expanded in the
genome of O. denselamellosa compared with other oysters', which may
contribute to its specific evolution. The divergence time of
O. denselamellosa was calculated, and the geological event related to the
adaptive evolution of O. denselamellosa was predicted. Furthermore,
after analyzing the expanded, unique gene families and positive selected
genes, GO and KEGG enrichment may provide O. denselamellosa with a
genomic basis for the evolution of live-bearing production, energy
metabolism, stress ability and immunity. The study will generate valu-
able genomic and genetic resources for studying the evolution in Ostrea
and for breeding and protection of live-bearing oysters.
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