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Abstract

Next-generation sequencing has significantly advanced omics and post-omics technologies, facilitating detailed analysis of whole-
genome profiles through comparative genomics and reshaping our understanding of evolutionary and ecological dynamics for more
precise biotechnological applications. Specifically, analyzing genomic similarities and differences through synteny and structural vari-
ations (SVs) has clarified the relationship between genetic variations and phenotypic changes. This study represents the first instance
of employing chromosome-level comparative genomics and long-read SV detection in the Pacific oyster Crassostrea gigas, a species
crucial for both ecology and economy, aiming to pinpoint genes and genomic regions linked to growth and disease. Utilizing the latest
Pacific oyster genomes and their PacBio long reads, we uncovered significant genetic variability that explains differences between in-
dividuals. By integrating results from five state-of-the-art read mappers (LRA, Minimap2, NGMLR, Vulcan, and WinnowMap) and two
SV callers (cuteSV and Sniffles2), we identified between 193 355 and 219501 SVs, accounting for 183 Mb (31.2%) and 228 Mb (35.2%) of
the total genome in two distinct reference genomes, respectively. This approach, leveraging PacBio long reads, surpassed short-read
technologies in identifying candidate genes associated with SVs, such as bone morphogenetic proteins and superoxide dismutase,
thereby highlighting their potential roles in growth and disease resistance. Our findings offer a comprehensive view of comparative
genomics and long-read SVs, revealing their significance in oyster genome evolution and providing valuable insights for future marine

biotechnological research, including the development of genome editing and surrogate broodstock technologies.
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Introduction

Recent advancements in a broad spectrum of omics
fields-including genomics, transcriptomics, proteomics,
epigenomics, nutrigenomics, lipidomics, glycomics, and
metabolomics-and post-omics technologies have significantly
transformed Dbiotechnological research. These integrated
omics methodologies offer a holistic view by characterizing
and quantifying biological molecules (Li et al. 2011, Amer
and Baidoo 2021, Veenstra 2021, Jeon et al. 2024), thereby
facilitating a deeper understanding of organismal structures
and functions. This approach has become pivotal in life sci-
ences for elucidating complex biological phenomena (Amer
and Baidoo 2021, Veenstra 2021). Marine biotechnology,
although still emerging, has notably benefited from these ad-
vancements, leveraging omics technologies to explore marine
biodiversity with remarkable depth and breadth. Particularly,
genomics and transcriptomics have undergone a transforma-
tive shift, fueled by the decreasing costs of next-generation
sequencing, enhancements in bioinformatics, and greater
availability of high-performance computing (HPC) (Jung
et al. 2019, Jung et al. 2020a, Jung et al. 2020b, Jeon et al.
2023). The advent of long and ultra-long read sequencing

technologies, such as those from Pacific Biosciences (PacBio)
and Oxford Nanopore, has further propelled genomic studies,
offering unparalleled accuracy in decoding complex genomes.
These developments have not only advanced our comprehen-
sion of marine biotechnology but have also fostered progress
in aquaculture and fisheries (Wang et al. 2015, Eyun et al.
2017, Peng et al. 2020, Danecek et al. 2021, Pefialoza et al.
2021, Polinski et al. 2021, Qi et al. 2021, Song et al. 2021).
Yet, despite these technological strides, the vast biodiversity
present in aquatic ecosystems presents a formidable challenge
in fully harnessing the potential of massive genomic resources.

Genomic variations, including single nucleotide vari-
ants/polymorphisms (SNVs/SNPs), small insertions and dele-
tions (InDels), copy number variations (CNVs), and structural
variations (SVs) (Consortium 20135), are crucial for studies
in molecular evolution, population genetics, comparative ge-
nomics, and genomics-assisted breeding (Benoit 2020, Hous-
ton et al. 2020, Varshney et al. 2021, Jones and Wilson 2022).
These variations, identified through reference genomes and
genome-wide diversity panels, offer insights into the con-
nection between allelic variations and phenotypes (Varshney
et al. 2021). Despite these advancements, chromosome-level
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comparative genomics and long-read SV detection remain
nascent, limiting our understanding of phenotypic variabil-
ity and functional genomics, particularly in marine biotech-
nology. Comparative genomics, comparing genome sequences
across species, has become a key analytical tool, enabling
the discovery of genes and enzymes critical to biological sys-
tems and driving biotechnological innovations. In marine bi-
ology, recent comparative genomic studies have highlighted
significant findings, such as the expansion of meiotic cell cy-
cle genes and a unique histone variant in amphitriploid fish
(Wang et al. 2022), mechanisms of virulence and antimicro-
bial resistance in Flavobacterium columnare isolates in carp
and trout (Declercq et al. 2021), duplication of immune genes
in Crassostrea hongkongensis (Peng et al. 2020), adaptations
in longevity, neural functions, and immunity in the Ameri-
can lobster (Polinski et al. 2021), and insights into evolution,
salinity adaptation, and sex determination in Portunus tritu-
berculatus (Lv et al. 2022). These discoveries underscore the
power of comparative genomics in unraveling the complexi-
ties of marine life and its potential applications in biotechnol-
ogy.

SVs, encompassing genomic rearrangements like deletions,
insertions, inversions, duplications, and translocations of over
50 bp (Sudmant et al. 2015), are intimately linked with dis-
ease, evolutionary dynamics (e.g. gene losses, transposon ac-
tivity), gene regulation (e.g. transcription factor rearrange-
ment), and complex phenotypes (e.g. mating, reproduction
isolation) (Jiang et al. 2020, Jiang et al. 2021, Kim et al.
2024). Long-read sequencing technologies, unlike their short-
read counterparts, have profoundly enhanced our ability to
characterize SVs (Beyter et al. 2021), thereby enriching our
comprehension of mutation, evolutionary mechanisms, heri-
tability gaps, and uncovering new biological insights (Logsdon
etal.2020). Despite these advances, optimizing sequencing for
maximal yield and performance poses challenges, particularly
due to the intricate SV patterns that emerge from the noise
inherent in long reads. In the realm of aquatic research, long-
read SV analysis has yielded significant discoveries, including
the identification of a crucial 7.8 Mb inversion on chromo-
some 12 for Atlantic herring’s ecological adaptation (Petters-
son et al. 2019), the observation of widespread hemizygos-
ity in mollusks (Calcino et al. 2021), and the documentation
of extensive apoptosis inhibitor diversification in Mercenaria
mercenaria (Song et al. 2021), highlighting the critical role of
SVs in understanding marine life’s genetic complexity.

The Pacific oyster (C. gigas), a key player in global seafood
production (Troost 2010, Zhao et al. 2012), has been the fo-
cus of numerous selective breeding programs aimed at en-
hancing its economically valuable traits due to its signifi-
cant contribution to aquaculture (Evans and Langdon 2006,
Li et al. 2011, de Melo et al. 2016). SNPs, the most preva-
lent form of genetic variation (Lapégue et al. 2014, Wang et
al. 2015, Gutierrez et al. 2017, Qi et al. 2021), have been
widely used in various studies to understand and improve
these traits (Hedgecock et al. 2015, She et al. 2015, Wang et
al. 2016, Li et al. 2018, Shi et al. 2020). Despite some ge-
nomic variation maps (Qi et al. 2021) and SVs (Jiao et al.
2021) being identified with short-read sequencing technolo-
gies, the potential of chromosome-level comparative genomics
and long-read SVs in marine biotechnology for the Pacific oys-
ter has yet to be fully tapped. This study presents a pioneer-
ing bioinformatics analysis that constructs a comprehensive
overview of chromosome-level genomics and long-read SV
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landscapes in the Pacific oyster. By utilizing two recent high-
quality, chromosome-level genomes assembled with PacBio
long reads and Hi-C scaffolding technology (Pefialoza et al.
2021, Qi et al. 2021), our work marks a significant advance-
ment in marine biotechnology. This approach not only deep-
ens our understanding of the oyster’s biology and evolution
but also opens new avenues for genetic improvement and the
exploitation of marine resources through biotechnological in-
novations, setting the stage for groundbreaking developments
in aquaculture breeding and marine bioproducts.

Materials and methods

Pacific oyster dataset and comparative genomics

Two genomes of the Pacific oyster, C. gigas, were obtained
from the National Center for Biotechnology Information
(NCBI) database, as detailed in Table 1. For improved clarity
in our analysis, we have designated these genomes as C. gi-
gas1 (Qietal.2021) and C. gigas2 (Penaloza et al. 2021). The
whole-genome alignment between the two reference genomes
was conducted using MUM&Co (ver. 3.8) of MUMmer (ver.
4) with default parameters (O’Donnell and Fischer 2020). The
alignment of C. gigas1 (as the reference genome) against C. gi-
gas2 (as the query genome) is designated as Cg1RCg2Q. Con-
versely, the alignment of C. gigas2 (as the reference genome)
against C. gigasl (as the query genome) is referred to as
Cg2RCg1Q.

Structural variations

Due to the limitations of short-read sequencing in accurately
detecting long-range SVs (Jiao et al. 2021, Gao et al. 2022),
our study exclusively utilized PacBio long reads for recip-
rocal alignments against two reference genomes of the Pa-
cific oyster: raw reads from C. gigas1 aligned to the C. gi-
gas2 reference genome (denoted as Cg2RCg1PB) and vice
versa (Cg1RCg2PB). We employed five different aligners for
the alignments: LRA (ver.1.3.4) (Ren and Chaisson 2021),
Minimap2 (ver. 2.28) (Li 2018), NGMLR (ver. 0.2.7) (Sed-
lazeck et al. 2018), Vulcan (ver. 1.0.3) (Fu et al. 2021), and
WinnowMap (ver. 2.03) (Jain et al. 2020), all set to their
default parameters. SV detection, including insertions (INS),
deletions (DEL), duplications (DUP), inversions (INV), and
translocations/breakends (TRA/BND), was conducted using
cuteSV (ver. 1.0.13) (Jiang et al. 2020) and Sniffles2 (ver.
2.6.0) (Smolka et al. 2024) with defaults for all five align-
ers. Low-quality SVs (quality score <5) were further removed
using vcftools (ver. 0.1.16) (Danecek et al. 2021) to ensure
high specificity, retaining only SVs marked as “PASS” in both
variant-calling processes. Alignment coverage was calculated
via the SAMtools (ver. 1.15.1) depth command (Danecek et
al. 2021). The SURVIVOR software (ver. 1.0.7) (Jeffares et al.
2017) merge module was then used to consolidate SV findings,
addressing methodological discrepancies. To increase confi-
dence in merged SV calls and reduce methodological artifacts,
merging required a minimum support of both two SV callers
(cuteSV and Sniffles2) and a minimum SV size of 30 bp across
all SV types. To determine an optimal merging threshold that
maximizes specificity and reliability, we evaluated maximum
merging distances ranging from 100 bp to 1000 bp in 100 bp
increments. After assessing the stability of SV counts across
genomic annotations, consistent overlap between callers, and
minimal merging artifacts, we selected 400 bp as the opti-
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Table 1. Summary of two C. gigas datasets used in this study.

Features

NCBI

Reference

Dataset 1 (C. gigas1)
Genome assembly
information

Raw data accession

https://www.ncbi.nlm.nih.gov/assembly/GCA_011032805.1/

Qi et al. (2021)

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA598006/

https://www.ncbi.nlm.nih.gov/sra?linkname=
bioproject_sra_all&from_uid=598006

Dataset 2 (C. gigas2)
Genome assembly
information

Raw data accession

https://www.ncbi.nlm.nih.gov/assembly/GCF_902806645.1/

Pefialoza et al. (2021)

https://www.ncbi.nlm.nih.gov/bioproject/PRJEB35351/

https://www.ncbi.nlm.nih.gov/sra?linkname=
bioproject_sra_all&from_uid=596972

mal merging threshold. We summarized the SVs using a Venn
diagram created with an online tool and visualized each SV
type (https://bioinformatics.psb.ugent.be/webtools/Venn), ex-
cept for translocations, using shinyCircos (Yu et al. 2018), ex-
cluding unanchored scaffolds from C. gigas2. For detailed SV
inspection, Samplot (ver. 1.3.1) (Beyter et al. 2021) was em-
ployed after excluding unanchored scaffolds from C. gigas2.
These analyses were conducted on HPC facilities at the Aus-
tralian National University and Chung-Ang University, lever-
aging the PBSpro HPC environment. The scripts utilized in
this study are available on GitHub, accompanied by compre-
hensive explanations (https:/github.com/OZTaekOppa/lrsv_
oysters).

Results and discussion

The alignment of reads to the two Pacific oyster reference
genomes (Pefialoza et al. 2021, Qi et al. 2021) resulted
in mapping rates varying between 77.59% and 99.45%
for Cg1RCg2PB, and 85.38% to 99.66% for Cg2RCg1PB
(Table 2). These rates were obtained under uniform compu-
tational settings, with the NGMLR aligner showing the low-
est mapping rates but the longest runtimes for both datasets.
Conversely, Vulcan displayed the highest mapping rates, while
Minimap2 was the most time-efficient aligner for both sets
of data (Table 2). INS and DEL emerged as the predomi-
nant types of SVs, regardless of the alignment method chosen.
Notably, the NGMLR aligner identified the least variety of
SV types, whereas Minimap2 and the Vulcan aligner detected
the most, excluding inversions (INV) and duplications (DUP),
across both datasets (Table 3).

We evaluated merging distances from 100 to 1000 bp
and observed that the total number of consensus SVs sta-
bilized at approximately 400 bp across all tested alignment
tools (LRA, minimap2, NGMLR, Vulcan, and WinnowMap)
(Supplementary Fig. 1). Increasing the merging distance be-
yond 400 bp did not significantly increase SV numbers, indi-
cating minimal gain and potential risk of merging biologically
distinct events. Additionally, the proportion of SVs detected in
non-repeat gene regions (~26%-27%) versus repeat-rich re-
gions (~58%-60%) remained consistent across merging dis-
tances, confirming that SV detection in genic regions is robust
and not adversely impacted by the chosen merging param-
eter (Supplementary Table 1). Therefore, we concluded that
a 400 bp merging distance provides the optimal balance be-
tween sensitivity and specificity, ensuring accurate and biolog-
ically interpretable SV detection.

Upon consolidating the variant call format (VCF) files us-
ing SURVIVOR, a comprehensive count of 193 355 putative
SVs, spanning 183 Mb of the C. gigas1 genome, and 219 501
SVs, covering 228 Mb of the C. gigas2 genome, were cata-
logued (Table 3). The size of SVs identified ranged from 38 bp
(INS) to 99658 bp (INV) in Cg1RCg2PB, averaging 953 bp,
whereas for Cg2RCg1PB, sizes ranged from 38 bp (INS) to
99489 bp (DEL), with an average SV size of 1050 bp. Using
MUM&Co, the whole-genome alignment resulted in a total
of 11263 alignments for Cg1RCg2Q and 11 520 alignments
for Cg2RCg1Q (Table 4).

Figure 1 illustrates the distribution of SVs across the
genome, revealing that the majority of SVs were under 500 bp
in length. Interestingly, 47% of variants in the Cg1RCg2PB
dataset and 41% in the Cg2RCg1PB dataset were identified
(overlapped) by at least one alignment tool, as shown in Fig. 2.
Notably, LRA, followed by Minimap2 or NGMLR, detected
the highest number of unique SV types compared to other
aligners.

A comparative analysis of the two C. gigas genome assem-
blies revealed a diverse array of SV types across the chromo-
somes, detailed in Table 3. The genomic landscapes of SVs in
the Pacific oysters are depicted in a Circos plot shown in Fig. 3.
However, no translocations (TRAs) were detected, likely due
to the challenge of identifying numerous small regions. Across
both oyster genomes, a consistent pattern emerged for all SV
types, with INS and DEL constituting the majority, account-
ing for 98.16% and 97.82% in Cg1RCg2PB and Cg2RCg1PB
datasets, respectively. Further analysis revealed specific bam
file profiles and SV types for putative INSs (ranging from 495
to 2677 bp) and DELs (ranging from 655 to 19406 bp) in
two immune-related genes using Cg2RCg1PB, as illustrated
in Fig. 4. Notably, a significant deletion of 19406 bp was ob-
served at the end of the bone morphogenetic protein gene on
chromosome 1 (Fig. 4a), and a 655 bp deletion at the start
of the superoxide dismutase/extracellular superoxide gene on
chromosome 9 (Fig. 4b). Additionally, the application of long-
read sequencing technology was pivotal in uncovering a super-
sized (~100 kb) DEL (Fig. 4c), INV (Fig. 4d), and DUP (Fig.
4e), impacting several genes.

Genomic SVs are key components of genetic diversity
within organisms, significantly impacting biological functions
and traits, including disease susceptibility. Although SNPs
and small insertions or deletions (indels <50 bp) have been
widely studied, the exploration of larger genome SVs (over
50 bp)—crucial for understanding disease, evolutionary pro-
cesses, gene regulation, chromosome rearrangements, and
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Table 2. Alignment statistics obtained through various methods in this study.

Jung et al.

Cg1RCg2PB *

Cg2RCglPB *

Mapping rate (%)

Computing time (hrs)

Mapping rate (%)

Computing time (hrs)

91.60
97.70
85.38
99.66
95.62

21.8

9.3
85.4
30.4
14.4

LRA 85.93 11.0
Minimap2 96.37 4.6
NGMLR 77.59 35.8
Vulcan 99.45 16.9
WinnowMap 91.31 7.7

2Cg1RCg2PB (C. gigas] reference genome with C. gigas2 PacBio reads) and Cg2RCg1PB (C. gigas2 reference genome with C. gigas1 PacBio reads).
bComputing time indicates the total wall time on the HPC system at the Australian National University, utilizing 100 GB RAM and 8 CPU cores).

Table 3. Summary of statistics concerning SVs identified using various methods.

Methods® INS DEL INV DUP TRAP Total
Cg1RCg2PB
LRA cuteSV 100 840 92410 827 5 56 194138
Sniffles2 101496 90268 801 1 5749 198315
Minimap2 cuteSV 111048 105 340 721 386 6604 224099
Sniffles2 94 602 98286 871 841 6003 200603
NGMLR cuteSV 86485 85505 521 2080 2947 177538
Sniffles2 88021 83863 1153 1758 6638 181433
Vulcan cuteSV 102772 95907 680 643 8148 208150
Sniffles2 86973 89114 830 893 6044 183 854
WinnowMap cuteSV 92704 89755 733 523 5864 189579
Sniffles2 79308 84178 993 1115 7969 173563
SURVIVOR® cuteSV & Sniffles2d 92493 97302 840 1000 1720 193355
Cg2RCg1PB
LRA cuteSV 118436 105160 1010 22 250 224878
Sniffles2 115814 96 531 950 3 8837 222135
Minimap2 cuteSV 128072 120409 1080 449 11909 261919
Sniffles2 104 484 102773 925 702 6368 215252
NGMLR cuteSV 105578 100558 786 2708 5112 214742
Sniffles2 105025 89697 1127 1584 10441 207874
Vulcan cuteSV 124122 113983 1105 765 15340 255315
Sniffles2 100989 96403 925 784 6768 205869
WinnowMap cuteSV 112578 106758 1497 876 13349 235058
Sniffles2 93141 90 550 1263 1092 9710 195756
SURVIVOR® cuteSV & Sniffles2d 104 746 109975 1162 1196 2422 219501

3Methods represent the combination of alignment tools (LRA, Minimap2, NGMLR, Vulcan, and WinnowMap) and variant calling processes (cuteSV and

Sniffles2)
bTRA (a.k.a. BND) was not included in the overall length calculation.
¢SURVIVOR was used as the tool to merge the SV VCF outcomes.

dcuteSV and Sniffles2 were used to cross-validate the confidence of the SVs.

Table 4. Summary of assembly-based whole genome alignment for SV
detection in this study.

Features CglRCg2Q Cg2RCg1Q
Deletions 4714 4831
Insertions 5747 5798
Duplications 179 169
Contractions 97 73
Inversions 155 218
Translocations 371 431
Total SVs 11263 11520

complex phenotypes (Jiang et al. 2020, Jiang et al. 2021)—
remains limited due to detection challenges (Bertolotti et al.
2020, Qi et al. 2021). In this study, we present the first de-
tailed SV landscape of the Pacific oyster, created by aligning
chromosome-level genome assemblies from two distinct re-
search groups and analyzing comprehensive whole-genome
long-read data. We also pinpointed syntenic regions within

the SV landscape, highlighting genes linked to growth and im-
mune functions. This work sheds light on the Pacific oyster’s
genome evolution and domestication, influenced by selection
pressures, providing valuable insights for future genetic stud-
ies and breeding programs.

SVs are pivotal genetic alterations that contribute signifi-
cantly to traits crucial for domestication and artificial breed-
ing (Chakraborty et al. 2019, Liu et al. 2019), exemplified
by grapevine berry color (Zhou et al. 2019) and dietary
shifts in gray wolves and dholes (Wang et al. 2022). How-
ever, the exploration of SVs in aquatic species, particularly
in fast-growing Pacific oyster strains through whole-genome
re-sequencing with Illumina short-read technology, is sparse
(Jiao et al. 2021). While short-read analyses (<1 kb) have
provided valuable insights into the genetic basis of SVs in
Pacific oyster breeding (Jiao et al. 2021), the inherent lim-
itations of this technology, primarily due to its inability to
span larger SVs directly, necessitate indirect detection meth-
ods (split reads, read pairs, read depths, and local de novo
assembly) (Gao et al. 2022). In contrast, long-read sequenc-
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Figure 1. Size distribution for SVs inferred from the Pacific oyster reference genomes Cg1RCg2PB and Cg2RCg1PB.
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Figure 2. Comparison of the five SV datasets between the Pacific oyster reference genomes Cg1RCg2PB (a) and Cg2RCg1PB (b). The numbers in each
section of the diagram represent the total number of all SV types identified in each comparison, without categorization by SV types.

ing technologies like PacBio and Oxford Nanopore, capable
of producing reads exceeding 100 kb, offer significant advan-
tages in identifying large SVs and complex genomic regions
(Jungetal.2019, Jung et al. 2020b, Beyter et al. 2021), thereby
enhancing our understanding of missing heritability and un-
veiling new biological insights (Logsdon et al. 2020). Despite
challenges in optimizing yield, our study undertook a compar-
ative analysis using five long-read aligners across two PacBio
datasets and chromosome-level genome assemblies (Pefialoza
et al. 2021, Qi et al. 2021) to establish a benchmark for SV
analysis in aquatic organisms. This approach highlighted the
variability in read alignment efficacy and SV detection across
different sequencing datasets and genome assemblies, under-
scoring the potential of long-read sequencing in revealing the
genetic architecture of significant traits in aquatic species.
While employing five distinct alignment tools, we observed
variations in performance, resource consumption, and out-
comes, as detailed in Tables 2 and 3. After utilizing SUR-
VIVOR for data merging, we identified 193 355 and 219 501
SVs in the C. gigas1 and C. gigas2 genomes, respectively, cov-

ering 183 Mb (31.2%) and 228 Mb (35.2%) of their total
genomic content. This contrasts with a previous study using
short-read sequencing that identified 511 170 short SVs and
979 486 CNVs (including INSs and DELs), with 63 100 short
SVs and 58182 CNVs deemed common across at least 20
samples (Jiao et al. 2021). Our analysis revealed a threefold in-
crease in SV detection (merged with SURVIVOR) compared to
common variations identified in the short-read study, demon-
strating concordance, particularly in the high frequency of
INSs and DELs observed with both sequencing approaches.
Notably, Minimap2 outperformed other aligners in SV detec-
tion, excluding INV and DUP. When evaluating the efficiency
and user-friendliness of long-read alignment tools, the combi-
nation of Minimap2, Vulcan, and WinnowMap with cuteSV
stood out as particularly accessible for beginners due to lower
computational requirements and ease of use (Table 2). Con-
versely, NGMLR, though effective, may not be the best op-
tion for balancing speed and accuracy in SV detection. This
discrepancy underscores the necessity of cautious interpreta-
tion (Jiang et al. 2020, Jiang et al. 2021) when applying these
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Figure 3. Genomic SV landscape of the Pacific oysters for the reference genomes Cg1RCg2PB (a) and Cg2RCg1PB (b). Track information is listed as
follows (outer to inner circles) (a) chromosome number and size, (b) deletion, (c) duplication, (d) insertion, and (e) inversion.
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Figure 4. Images of SVs identified using the Pacific oyster reference genome Cg2RCg1PB. Putative insertion and deletion calls are shown in two
immune-related genes: bone morphogenetic protein on Chromosome 1 (a) and superoxide dismutase and extracellular superoxide on Chromosome 9
(b). Examples of putative large deletions (DEL; c), inversions (INV; d), and duplications (DUP; e) across different chromosomes.

tools to non-model and marine species genomes (Jung et al.
2020Db), as the success observed in model organisms might
not directly translate due to unique challenges such as repeti-
tive sequences, sequencing errors, and chimeric reads (e.g. split
reads and break ends) (Jiang et al. 2020). Our study, there-
fore, lays down the essential groundwork for guiding future
genomic research in marine species, indicating that while cer-
tain tools may be more suitable for initial explorations, com-

prehensive analyses may require a nuanced approach consid-
ering the specificities of each genome.

Identifying candidate genes linked with SVs underscores the
complex relationship between genetic variations and biologi-
cal traits, suggesting a significant impact on genome evolution
and domestication processes in Pacific oysters. Notably, genes
encoding bone morphogenetic proteins, which belong to the
transforming growth factor B superfamily, are implicated in
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vital biological functions, including embryonic development
and immune responses (Tirapé et al. 2007). We identified sev-
eral INSs (~195 bp at the start) and DELs (19 406 bp) within
divergent SV regions on Chromosome 1, highlighting the ge-
netic variability in regions encoding these critical proteins. Ad-
ditionally, the gene for extracellular superoxide dismutase, es-
sential for the oyster immune system and known for its role in
lipopolysaccharide (LPS) binding and expression in hemocytes
(Gonzalez et al. 20035, Tirapé et al. 2007), exhibited distinct
INSs and DELs within significantly divergent SV loci on Chro-
mosome 9. Remarkably, large SVs including DEL, INV, and
DUP ranging 40 kb to 100 kb, spanned multiple genes, reveal-
ing genetic complexities not previously captured by short-read
sequencing. These findings suggest a deeper layer of genetic
influence on growth and immunity traits in Pacific oysters,
calling for extensive research across diverse cultural and pop-
ulation settings to fully understand the implications of these
candidate genes and SVs.

The widespread use of long-read sequencing technologies
and the improvement in genome assembly quality have en-
abled a thorough investigation of the full spectrum of SVs.
This advancement allows for the accurate identification of
SVs and syntenic regions, revealing new biological insights.
Recent research indicates that achieving 20x coverage with
PacBio or Oxford Nanopore technologies is sufficient to com-
prehensively detect SVs. This level of coverage effectively bal-
ances computational efficiency with the cost-effectiveness of
sequencing (Jiang et al. 2020, Jiang et al. 2021, Reis et al.
2023).
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