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: The mudsnail, Bullacta exarata, is an important marine food mollusk for both economic and

: aquaculture purposes. However, the scarcity of genomic information has hindered genetic research and
breeding efforts. To address this gap, we developed a chromosome-level genome assembly utilizing
short reads, HiFilong reads, and Hi-C sequencing data. The final assembly measures 836.77 Mb, with
scaffold N50 and contig N50 values of 48.61 Mb and 1.00 Mb, respectively. Using Hi-C technology,
815.25 Mb (97.43%) of the contigs were anchored and arranged into 18 pseudochromosomes. A total

. of 358.66 Mb was identified as repeat elements, representing 42.86% of the genome. Furthermore,

. we predicted 85,914 non-coding RNAs and 17,996 protein-coding genes, with 93.48% of the protein-

. coding genes annotated. The BUSCO analysis indicated that the completeness of the genome assembly
and annotation is 94.55% and 96.65%, respectively. Phylogenetic analysis clarified the evolutionary
relationships between B. exarata and representative species in gastropoda. This high-quality reference
genome for B. exarata serves as a valuable resource for aquaculture, fisheries, and ecological research.

: Background & Summary

* Bullacta exarata (Philippi, 1849), commonly known as mudsnail, is a marine herbivorous gastropod belonging
. to the order Cephalaspidea and family Haminoeidae'. This species primarily inhabits intertidal mudflats along
. the eastern coast of China, where it feeds predominantly on microalgae and detritus®*. As an herbivorous gas-
. tropod, B. exarata plays a significant ecological role in coastal ecosystems. It exhibits gonochoristic reproductive
. traits characterized by external fertilization, and its life cycle includes planktonic larval stages, which are critical
. for dispersal and maintaining population connectivity across coastal regions*.

Beyond its ecological importance, B. exarata has substantial economic value as a fishery resource in eastern
China, with its aquaculture expanding steadily since artificial cultivation practices began in the 1980s°. This
growth has prompted extensive research into diverse aspects of its biology, including reproductive biology®,
ecotoxicology”®, population dynamics®'’, and spatial distribution patterns''. Furthermore, due to its sensitivity

to environmental fluctuations, B. exarata is recognized as a valuable bioindicator, capable of reflecting coastal
ecological health and pollution levels!?.

Conserving germplasm resources and preventing potential decline is crucial for safeguarding economically
important species. Recently, the aquaculture of B. exarata has faced challenges, including overfishing, inade-
quate management, decreasing yields, and smaller individuals, which are linked to reduced genetic variation
in cultured populations!?. The scarcity of genetic data for this species hampers research on genetic variation
and the development of breeding programs. Genomic data is vital for studying germplasm resources and eval-

: uating the genetic structure and diversity of populations'*. However, there is currently no research available on
. the genomic information of B. exarata. Advances in sequencing technologies, including long-read and Hi-C
. sequencing, along with the growing availability of extensive sequencing data, have accelerated the production of
. high-quality genome assemblies across numerous species'>1°. Additionally, the advancement of various genome
: assembly algorithms has facilitated this process'”.
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Fig. 1 The adult individual of B. exarata used in this study.

Library type Tissue | Raw data (Gb) | Clean data (Gb) | Coverage (X)
Ilumina sequencing Head | 45.19 41.34 49.40
PacBio sequencing Head |— 21.23 25.37
Hi-C Head 97.10 90.77 108.48
Head 5.49 5.39 —
RNA-seq sequencing
Foot 7.913 7.77 —

Table 1. Statistics of sequencing data used for B. exarata genome assembly in this study. The coverages of DNA-
Seq data were calculated using clean data size divided by the genome size 836.77 Mb =0.83677 Gb.

The availability of a high-quality genome for B. exarata will address key biological questions such as the
genetic basis underlying adaptive responses to environmental stressors, mechanisms driving population declines
in aquaculture, and the evolution of gastropod genomes through comparative genomic analyses. Furthermore,
it will significantly advance genetic research and breeding programs by enabling the identification of markers
associated with economically important traits, such as growth, stress resilience, and reproductive efficiency.

In the present study, we combined short reads, HiFi long reads, and Hi-C sequencing data to produce a
chromosome-level genome assembly for for B. exarata, representing the first genomic resource for the family
Haminoeidae. The length of the genome assembly was 836.77 Mb, with a scaffold N50 of 48.61 Mb and a contig
N50 of 1.00 Mb. We identified 358.66 MDb of repetitive elements, representing 42.86% of the assembled genome,
along with 17,996 protein-coding genes. This genome assembly and annotation will serve as a foundational
resource for identifying genome-wide molecular markers, which are essential for future genetic improvement
initiatives.

Methods

Sample collection. The B. exarata individual (total length 3.2 cm, Fig. 1) used for sample collection was col-
lected from a natural population in the Nantong, Jiangsu, China, and identified based on morphological features.
Fresh tissues, including foot and head trunks, were used for genome and transcriptome sequencing and analysis.
All samples were flash-frozen in liquid nitrogen and stored at —80 °C for later extraction. Before sampling, this
individual was anesthetized with Tricaine methanesulfonate (MS-222, 0.05 ppm). Genomic DNA was extracted
from B. exarata tissues using the phenol-chloroform method.

Genomic DNA sequencing. An Illumina short read library was initially prepared and sequenced on the
HiSeq X Ten platform, producing 150 bp paired-end short reads. A total of 45.19 Gb of raw Illumina short read
data was generated, resulting in 41.34 Gb of clean data after removing adapters and low-quality reads using Fastp
version 0.21.0 with default settings (Table 1). A PacBio HiFi-read library was generated and sequenced with a
SMRT cell on the PacBio Sequel II platform, resulting in 21.23 Gb of clean data from the raw reads produced
using the CCS model (Table 1). Using the standard protocol, the Hi-C library was prepared through in situ
cross-linking of nuclear DNA, extraction, and digestion with the restriction enzyme Dpnll. It was sequenced
on the Illumina HiSeq X Ten platform by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China) to generate
paired-end 150 bp reads, yielding 97.10 Gb of raw data and 90.77 Gb of clean data after filtering (Table 1).

Transcriptome sequencing. Total RNA was extracted from two tissues (head and foot) using TRIzol rea-
gent for transcriptome sequencing (on Illumina Novaseq 6000 platform by Genedenovo Biotechnology Co., Ltd.,
Guangzhou, China), resulting in 5.39 Gb and 7.77 Gb of clean RNA-seq data from the two tissues, respectively
(Table 1).

Genome size and heterozygosity estimation. The frequency distribution of 21-mers from clean short
reads was generated using Jellyfish v2.2.10'8. This k-mer database was then analyzed with GenomeScope 2.0 to
estimate various genome features, such as genome size, heterozygosity and repeat content. The estimated genome
size is approximately 860.25 Mb, with a heterozygosity rate of about 1.98% (Fig. 2).
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Fig. 2 Genome size estimation summary using k-mer (21-mer) analysis.

Key Hifiasm-derived contigs Hi-C scaffolded assembly
Total length 836,469,034 836,765,634
Contig/scaffold number 1614 139

Contig/scaffold N50 1,000,240 48,614,088

Average contig/scaffold length (bp) | 518,258.39 6,019,896.65

Largest contig/scaffold length (bp) 4,703,038 87,836,962

Table 2. Information of B. exarata genome assembly based on the Hifiasm-derived contigs and Hi-C scaffolded
assembly.

Genome assembly. HiFi reads were assembled into contigs using hifiasm v0.18.4%, and Gfatools was used
to convert the sequence graphs from GFA to FASTA format. Consequently, the B. exarata genome assembly has
a total length of approximately 836.47 Mb, comprising 1,614 contigs, with a contig N50 of 1.00 Mb (Table 2).
A multi-step strategy was implemented to assemble the B. exarata to the chromosome level using Hi-C reads.
Initially, raw Hi-C data were filtered with Fastp, followed by mapping the filtered data to the assembled genome
using Bowtie2 v2.4.5%!. This process retained 90.77 Gb of clean data (Table 1). Next, HiC-Pro v3.1.0%2 was employed
to identify and retain valid interacting paired-end reads from the uniquely mapped pairs, filtering out invalid
sequences. YaHS v1.2a?® was then used to assemble scaffolds into a chromosome-level genome, with manual
adjustments made using Juicebox to finalize the pseudochromosomes?*. The Hi-C-assisted chromosome-length
scaffolds achieved a final size of 836.77 Mb (Table 2, Fig. 3A), anchored on 18 pseudo-chromosomes that repre-
sent 97.43% of the genome, with lengths ranging from 25.27 Mb to 87.84 Mb (Table 3; Fig. 3B).

Repetitive sequence annotation. To identify and mask repeated elements, we employed both
homology-based and de novo methods. A de novo repeat sequence library was constructed using tools such
as LTR_Finder?, LTRharvest*, DeepTE?, HelitronScanner®®, MITE_Hunter_2?, Tirvish®** and RepLoc®!. The
RepeatMasker v4.1.5*2 and RepeatProteinMask v4.1.5%* were then used to annotate both novel and known repeat
sequences based on the de novo library and Repbase databases. Tandem repeats were identified using TRF
v4.0.9%. The analysis revealed that the B. exarata genome consists of approximately 42.86% (358.66 Mb) repeat
elements, including long terminal repeats (LTR, 22.06%), DNA transposons (9.62%), long interspersed nuclear
elements (LINE, 5.26%), tandem repeats (16.86%), and other elements (Table 4; Fig. 4).

Protein-coding gene prediction and annotation. To annotate protein-coding genes in the B. exarata
genome, we utilized three methods: de novo prediction, homology search, and transcript-based assembly. For
the transcriptome-based method, RNA-seq data were aligned to the B. exarata genome using Hisat2 v2.2.1%, fol-
lowed by assembly with StringTie v2.2.1°. The homologous method involved comparing the B. exarata genome
with the protein sequences of Aplysia californica using Miniprot v0.7%’. Additionally, we incorporated protein
sequences from the BUSCO and SwissProt databases as indirect homologous evidence. The de novo prediction
method was carried out using Augustus v3.5.0°® and SNAP. The results from all three prediction methods were
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Fig. 3 The landscape of genome assembly and annotation of the B. exarata. (A) Hi-C interaction heat map of
chromosomal level genome in B. exarata. (B) Chromosomal level genome feature distribution in B. exarata.
Outer to inner tracks: (a) Length of chromosome, with each tick indicating a span of 1 Mb; (b) Coding gene
density; (c) GC content distribution; (d) Repetitive sequence density; (e) DNA transposon density; (f) Density
of Line elements; (g) LTR element density; (h) The interconnections within the circle represent syntenic gene

pairs.

Chromosome Size(bp) Contig Number | GenBank AccNo
Chr01 8783692 118 CM106650.1
Chr02 60977552 92 CM106651.1
Chr03 56502489 104 CM106652.1
Chr04 52618390 87 CM106653.1
Chr05 49120446 59 CM106654.1
Chr06 48955948 108 CM106655.1
Chr07 48881058 78 CM106656.1
Chr08 48614088 82 CM106657.1
Chr09 44481240 81 CM106658.1
Chr10 41827734 80 CM106659.1
Chrll 40203854 70 CM106660.1
Chr12 37664760 79 CM106661.1
Chr13 37409015 86 CM106662.1
Chr14 35980102 71 CM106663.1
Chrl15 34546647 73 CM106664.1
Chrl6 32987537 73 CM106665.1
Chr17 31358973 68 CM106666.1
Chr18 25273163 81 CM106667.1
Total 815249958 1490

Table 3. Statistics of 18 chromosomes of B. exarata genome.

combined using EvidenceModeler v.1.1.1*°. A total of 17,996 protein-coding genes were identified by combining
the results from these three approaches (Table 5).

For functional annotation, we utilized five databases: NCBI non-redundant proteins (NR), SwissProt, KOG,
Gene Ontology (GO), and KEGG. The annotation was performed with DIAMOND v2.10* with a threshold for
e-value < le-5. In total, 16,822 genes (93.48% of the overall) were successfully annotated across the GO, KEGG,
KOG, NR and Swissprot database (Fig. 4).

Noncoding RNAs annotation. Transfer RNA (tRNA) and ribosome RNA (rRNA) were predicted using
tRNAscan-SE v2.0.9%? and Barrnap v0.9. MicroRNAs (miRNA) and small nuclear RNA (snRNA) were identified
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Type RepeatMasker (%) RepeatProteinMask (%) Trf (%) Combined (%)
DNA 79763009(9.5323) 885603(0.1058) 0 80468179(9.6166)
LTR 184206601(22.0141) 796202(0.0952) 0 184596070(22.0607)
LINE 41343978(4.9409) 5036349(0.6019) 0 44045743(5.2638)
SINE 0(0) 0(0) 0 0(0)

Simple_repeat 39245975(4.6902) 0(0) 0 39245975(4.6902)
Low_complexity 6951307(0.8307) 0(0) 0 6951307(0.8307)
Tandem Repeats 0(0) 0(0) 141106503(16.8633) 141106503(16.8633)
Unknown 16094704(1.9234) 0(0) 0 16094704(1.9234)
Total 319197160(38.1465) 6789794(0.8114) 141106503(16.8633) 358657165(42.8623)

Table 4. Statistical outcomes regarding repetitive sequences in the B. exarata genome.
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Fig. 4 Venn diagram illustrating the outcomes of functional annotation for B. exarata across five databases.

using Infernal Cmscan v 1.1.4* against the Rfam database*. In total, we predicted 84,428 tRNAs, 51 rRNAs, 241
snRNAs and 1194 miRNAs (Table 6).

Phylogenetic tree construction.  Orthologous gene groups used for phylogenetic analysis were identi-
fied by performing pairwise comparisons of protein sequences from B. exarata and other 14 species, includ-
ing Candidula unifasciata®, Biomphalaria glabrata*®, Elysia chlorotica®’, Pomacea canaliculata*®, Batillaria
attramentaria®, Patella vulgata™, Lottia gigantea®, Haliotis rufescens®?, Gigantopelta aegis>®, Pecten maximus™,
Mizuhopecten yessoensis®®, Crassostrea gigas®®, Octopus vulgaris®’, and Nautilus pompilius®s, using DIAMOND
BLASTP v2.1.11*" (e-value < 10°), followed by clustering into orthologous gene families using Proteinortho6.
Finally, a total of 1197 single-copy orthologous gene groups shared among these 15 species were selected for
phylogenetic tree construction (maximum-likelihood based) using IQ-TREE v2.4.0%. The optimal substitution
model for each gene was selected using ModelFinder®!. Branch support was evaluated using UFBoot2%* with 1,000
replicates. Divergence times were estimated using MCMCtree (PAML v4.9i)*® under a Bayesian framework, with
the tree rooted by O. vulgaris and N. pompilius, with root age at 603.7 million years ago (MYA).

Three calibration points were applied based on data from TimeTree (http://timetree.org/) and reference*®: the
divergence between P. maximus and M. yessoensis (220 MYA), P. canaliculata and L. gigantea (477.2 MYA), and
B. glabrata and P. canaliculata (385.1 MYA). The phylogeny suggests that B. exarata (Cephalaspidea) diverged
from B. glabrata (Stylommatophora) approximately 242.6 MYA (Fig. 5), highlighting their distinct evolutionary
trajectories within Gastropoda, which originated 475.4 MYA.

Data Records

The genome assembly of B. exarata is available in GenBank under accession JBLOGNO01%. The raw sequence
data, as well as the assembly, reported in this paper has been deposited in the Sequence Read Archive under
accession SRP553570%. Genome annotation files can be accessed on Figshare database®®.
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Method Software Gene number | mRNA number | Average exon number
De novo Augustus 24287 27045 8.61
SNAP 30668 30668 7.67
Aplysia californica | 10596 10596 7.60
Homology | Swissprot 15174 15174 9.51
Busco 572 572 8.83
RNA-seq StringTie 17184 17184 10.51
Integration | EVidenceModeler | 17429 17429 9.82
Final set Mikado 17996 25060 11.26

Table 5. Statistical outcomes of gene structure annotation in the B. exarata genome, obtained through three
different methods and subsequent integration.

Type Number Total length Percentage (%)
miRNA 1194 192230 0.023

rRNA 51 30573 0.0037

snRNA 241 34877 0.0042

tRNA 84428 6255173 0.7475

Total 85914 6512853 0.7783

Table 6. Statistics for noncoding RNA genes in the genome of B. exarata.
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Fig. 5 Phylogenetic tree with estimated divergence times for B. exarata and other 14 species.

Technical Validation

To evaluate the accuracy and completeness of the B. exarata genome assembly, we performed a BUSCO assess-
ment, identifying 902 complete BUSCO genes out of 954, which indicates a completeness of 94.55% (Table 7).
For assembly accuracy, we calculated the mapping rates by aligning Illumina and PacBio reads to the final
assembly using Samtools®” and Minimap2®, resulting in mapping rates of 98.71% and 98.86%, respectively.
These assessments demonstrate the superior quality of genome assembly. Additionally, the BUSCO assessment
for genome structure annotation revealed 922 complete genes out of 954 BUSCO groups, representing a com-
pleteness of 96.65% (Table 7).

SCIENTIFICDATA|  (2025) 12:1008 | https://doi.org/10.1038/s41597-025-05373-2 6


https://doi.org/10.1038/s41597-025-05373-2

www.nature.com/scientificdata/

Assembly Annotation
Type Number Percent (%) | Number Percent (%)
Complete BUSCOs (C) 902 94.55 922 96.65
Complete and single-copy BUSCOs (S) 877 91.93 896 93.92
Complete and duplicated BUSCOs (D) 25 2.62 26 2.73
Fragmented BUSCOs (F) 21 2.20 4 0.42
Missing BUSCOs (M) 31 3.25 28 2.94
Total BUSCO groups searched 954 100.00 954 100.00

Table 7. Statistics from the BUSCO assessment of the B. exarata genome assembly and annotation.

Code availability
All data processing commands and pipelines were executed following the manuals and protocols of the respective
bioinformatics software.
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