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The introduced Asian mud-tidal gastropod Batillaria attramentaria has been
reported to quickly dominate its new habitat, Elkhorn Slough, USA, which has a
different osmotic condition from its native habitat. This species has also been
reported to have a substantial impact on the ecosystem of the new habitat. In this
study, we compared the gene expression profiles in response to temporary
salinity variation in native (Asian) and introduced (North American) snails and
elucidated the genetic mechanism underlying such rapid adaptation of the
introduced species. We examined the transcriptomes of four B. attramentaria
populations, including three from the native habitats and one from the
introduced habitat, in response to salinity variation. We found that 2,353,
2,505, 10,362, and 16,381 genes were differentially expressed due to their
lineages (Kuroshio vs. Tsushima), origins (native vs. introduced), locations
(Korea, Japan, or the USA), and salinity variations (stressful: 13, 23, and 43 PSU
vs. optimal: 33 PSU), respectively. We found that GO-enriched differentially
expressed genes involved in the detection of various abiotic and biotic stimuli
through sensory perception and genes involved in response to abiotic stimulus
and stress were upregulated when exposed to lower-salinity conditions in all
locations. The results indicated that B. attramentaria has adapted well to varied
salinity conditions and evolved after around 100 years of invasion in Elkhorn
Slough. This study provides valuable transcriptomic data on salinity stress
response genes in the tidal gastropod and contributes to the research on the
adaptive evolution of coastal gastropods.
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1 Introduction

The invasions of biological species, particularly those involving
rapid expansion from native ranges into new ecological habitats,
often cause evolutionary problems for native species and the
ecology of the encroached habitat. In biological invasions,
invasiveness is characterized by the selection process of
nonindigenous species, which is influenced by various factors
(Lee, 2002). Abiotic (Spalding et al,, 2007) and biotic factors
include advantageous traits, such as dispersal ability or
reproductive assurance, female-biased sex ratio, gamete quality,
and fecundity (Reznick and Ghalambor, 2001; Le Cam et al,
2009; Sussarellu et al., 2015); these traits have attracted scientific
attention. Moreover, the absence of parasites or predator species
specific to invading hosts in the new habitats enables their
successful inhabitation and expansion (Colautti et al., 2004;
Dunn, 2009; Strayer, 2012). Several studies conducted over the
last few decades have shown that the successful invasion of coastal
habitats depends not only on physiology and plasticity but also on
adaptive responses (Baker, 1965; Strayer, 1999; Wolff, 2000;
Stockwell et al, 2003; Sax et al., 2007). As insufficient genomic
information is available on invading marine organisms, research on
their genetic mechanisms of invasions requires more attention
(Prentis et al., 2008; Bock et al., 2016). Transcriptomic studies on
Mytilus bivalves (Lockwood et al., 2010; Lockwood and Somero,
2011) and Pacific oysters (Sussarellu et al., 2015) will provide
further insights in this direction.

Among various introduced organisms, the intertidal snail
Batillaria attramentaria is considered a model for studying
biological invasion because it exhibits direct development and
limited dispersal ability (Kojima et al, 2004) and forms a
relatively closed local population after translocation through
various human-mediated activities. B. attramentaria is the most
common Batillaria species in the Northwest Pacific Ocean. Its range
extends from southern Taiwan (Golikov, 1967) and Hong Kong
(Golikov and Gulbin, 1978) to southern Primorye, Sakhalin, and
northern Kuriles (Golikov, 1967; Golikov and Gulbin, 1978;
Golikov and Scarlato, 1985), encompassing the seacoasts of
China, Korea, and Japan between the latitudinal limits. Originally
from northeast Asia, B. attramentaria was introduced into the bays
and estuaries of the Pacific coast of North America by human-
mediated transport along with the importation of the Pacific oyster
Crassostrea gigas from Japan in the early nineteenth century
(Fisheries and Galtsoff, 1932). It appeared 30 years later in
Monterey Bay, Elkhorn Slough (Bonnot, 1935). B. attramentaria
then reproduced rapidly, and their small population increased. As a
result, these introduced snails have now become one of the most
common residents in these areas in the present time. The
introduced B. attramentaria have severely impacted other snail
populations on California mud flats. The native snail Cerithidea
californica and the introduced snail B. attramentaria feed on
epibenthic diatoms. As revealed in previous manipulative field
experiments and modeling projections (Byers, 2000a), because of
exploitative competition for food resources, B. attramentaria has
completely displaced the native snail C. californica in Elkhorn
Slough (Monterey County, California). It has also impacted other
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native snails in the bay and estuary regions along several northern
California marshes (Byers, 2000a; Byers, 2000b). On the other hand,
B. attramentaria species have positively impacted native species in
several areas in Washington, such as Padilla Bay, by providing their
dead shells as new rigid substrates for native hermit crabs (Pagurus
hirsutiusculus and P. granosimanus), along with the introduced
Atlantic slipper snail Crepidula convexa and the Asian sea anemone
Diadumene lineata (Wonham et al., 2005). While the ecological
aspects of the invasion of this species have been reported, its
adaptive physiological and genetic responses during the invasion
remain unclear because of the lack of genomic resources. However,
our previous study provided behavioral and transcriptomic data of
native B. attramentaria from Korea in response to salinity variation;
these findings can serve as the basis for studying the adaptive
evolution of snails (Ho et al., 2019; Ho et al., 2021).

In the intertidal zone, ecosystems are highly complex because of
the continuous fluctuation between dry and submerged conditions,
temperature changes, and salinity variation caused by river effluxes
and tides. Among these factors, salinity variation affects the ability
of marine organisms to adapt to this habitat (Somero, 2012; Shui
et al,, 2022). It is therefore convincing that the intertidal snail B.
attramentaria is well adapted to salinity fluctuations. The salinity
fluctuation occurring throughout the year varied among the
sampling sites and could be categorized as follows: low (29-33
PSU) in Japan (Fukuda et al., 2016; Okumura et al., 2021), moderate
(18-32 PSU) in Korea (Park et al., 2020), and high (0-30 PSU) in
the USA (Pennington and Chavez, 2000). In this study, B.
attramentaria snail populations belonging to two lineages,
Tushima and Kuroshio, were used based on our previous findings
(Ho et al,, 2015; Ho et al., 2021). These two lineages are classified
according to the northward Pacific Sea current passing by the north
and south of the Japanese archipelago (Kojima et al., 2004),
respectively. In this study, we assessed the differences in gene
expression patterns between the native and introduced B.
attramentaria snails and between the Tsushima and Kuroshio
lineage snails on continuous exposure to a range of salinity
conditions (13-43 PSU).

We also identified genes associated with salinity stress response
by comparing gene expression patterns between native and
introduced snails. The results may provide insights into how B.
attramentaria snails cope with life under varied salinity conditions.
They may also increase our understanding of the response patterns
of mud-tidal snails and highlight potentially relevant genes for
future research. To understand the genetic regulation mechanism to
withstand salinity fluctuation, we studied the transcriptomic
responses of native and introduced populations of B.
attramentaria to different salinity conditions (43, 33, 23, and 13
PSU). The findings will also help unravel the genetic mechanism
that has evolved between two divergent genetic lineages and
between native and introduced B. attramentaria populations. This
study extends our previous evolutionary, physiological, behavioral,
and transcriptional analyses of the salinity tolerance of B.
attramentaria from the Korean coast (Ho et al., 2015; Ho et al,,
2019; Ho et al,, 2021). The findings will also deepen our
understanding of the biological invasion and adaptive evolution
of B. attramentaria and thus provide insights into the adaptive
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molecular evolution of other marine invertebrates during their
invasion of new habitats.

2 Materials and methods
2.1 Sample collection

Native B. attramentaria (G. B. Sowerby I, 1855) snails were
collected from Hacheon-ri, Cheonlabuk-do, Republic of Korea
(ROK, 35°32'N, 126°33’E); from Nemuro city, Hokkaido
Prefecture, Japan (43°15'N, 145°28'E); and from Matsushima Bay,
Miyagi Prefecture, Japan (38°22'N, 141°4'E). The introduced snails
were collected from Monterey Bay, Elkhorn Slough, CA, USA (36°
49'N, 121°45'W) (Figure 1). Three native populations, including
one Korean and two Japanese snail populations (80 individuals per
population), were collected from sites with a moderate surface
salinity of 29-33 PSU. On the other hand, the intrusive
population consisting of 40 individuals was collected from a site
with a low surface salinity of 4 PSU. Surface salinities were
measured at the sampling time. Only adult individuals with
equivalent shell lengths (approximately 2.5 ¢m for native
populations and approximately 4 c¢cm for the introduced
population) were used for salinity acclimation, behavioral
observations, and transcriptomics experiments. All specimens
were grown in a plastic aquarium (25°C room temperature and
12-h light:12-h dark cycle) for 2 days before the long-term
acclimation experiments to reduce the effects of transport, as
described by Ho et al. (2019).

10.3389/fmars.2023.1251815

2.2 Salinity acclimation experiments

After performing species identification for a representative
snail, the snails from each sampling sites were randomly divided
into four groups for exposure to different salinity conditions (13, 23,
33, and 43 PSU) equally (20 snails per treatment for the Japanese
population and 10 snails per treatment for the USA population).
These four groups of each snail population were reared in separate
plastic aquaria (40 x 23 x 21 cm®) with an inclined layer of sea sand
on the bottom and fresh aerated artificial sea at salinities of 13, 23,
33, and 43 PSU for 30 days. Each snail in each group was marked
using nail polish (Eco Nail color, Innisfree, ROK) for their
identification. All animals were fed to satiation with excised fresh
seaweed (Ottogi, ROK) every 2 days throughout the
acclimation experiments.

2.3 Transcriptomic sequencing
and assembly

Only gill tissues of snails that were thoroughly acclimated to 13,
23, 33, and 43 PSU salinity regimes were used for de novo
transcriptomic analysis with three biological replicates per salinity
condition. Sample preparation and RNA isolation were performed
using the RNeasy Mini kit (Qiagen, Venlo, Netherlands). RNA
integrity was determined using a NanoDrop 1000 Spectrometer
(Thermo Scientific, DE, USA) and an Agilent 2100 Bioanalyzer
(Agilent Technologies, CA, USA). Next, library construction was
performed using the TruSeq RNA Library Prep Kit (Illumina, CA,
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transcriptomic analysis.
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USA). Transcriptomic sequencing was performed on an Illumina
HiSeq 4000 Genome Analyzer platform (Illumina, CA, USA). All
sequences were trimmed from adapter fragments using
Trimmomatic v.0.36 (Bolger et al., 2014) before further
processing. Trinity v.r20140717 (the Broad Institute and the
Hebrew University of Jerusalem) with default parameters was
used for the de novo assembly of short reads with at least the N50
values into longer fragments or contigs without N gaps and to create
the reference transcriptome (Grabherr et al, 2011). A total of 5
billion reads containing 528 billion bases were produced with an
average GC content of 44.52% and an average Q30 value of 95.60%.
In the following step, all the trimmed reads of each sample were
aligned to the de novo reference genome using Bowtie v.1.1.2
(Langmead et al., 2009) to generate a total of 626,765 genes and
obtain an estimated count of reads that would be used for creating a
read count matrix using HTSeq v.0.6.0 (Anders and Huber, 2010).
Moreover, all the identified contigs were clustered into a non-
redundant transcript, called Unigenes using the CD-HIT-EST v.4.6
program, which was further used for annotation, open reading
frame prediction, and expression analysis (Fu et al., 2012).

2.4 Multidimensional scaling

Multidimensional scaling (MDS) was performed to visualize the
level of similarity of the experimental variables of salinity levels and
animal populations of the variations in gene expression patterns
(Borg and Groenen, 2005). The results of MDS were assessed using
loading plots; the spatial clustering of experimental samples on
loading plots reflects the degree of similarity between
transcriptomes. The abundance values of all genes were
normalized to log2 (FPKM + 1) before MDS analysis. This
allowed the identification of any outlier samples or similar
expression patterns between sample groups. The results of MDS
were computed using a correlation matrix. The analysis was
performed using the R Statistics software (R Development Core
Team, 2011).

2.5 Ecological factors

In addition to exposure salinity, four ecological factors that
affect the behavioral and transcriptional differences among groups
were assessed: (1) genetic clades of each divergent lineage, i.e.,
lineage, (2) sample origin, (3) location, and (4) population. Lineage
was created by matching mitochondrial COI gene haplotypes of
each individual and categorized into two groups: Tsushima
(including Hacheon and Nemuro populations) and Kuroshio
(including Matsushima and Elkhorn Slough populations). Origin
was categorized into two groups: native (including populations
collected from the coastline of Korea and Japan) and introduced
(including a population collected from Elkhorn Slough, CA, USA)
groups. Location was categorized by the nation from which the
samples were collected: Korea, Japan, and the USA. Population
referred to the snails collected from the sampling sites (Hacheon in
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Korea, Nemuro and Matsushima in Japan, and Elkhorn Slough in
the USA).

2.6 Determination of significant changes in
gene expression

The DESeq2 package (Bioconductor) was used for the analysis
of differentially expressed genes (DEGs) (Anders and Huber, 2010;
Ching et al., 2014; Costa-Silva et al., 2017). DEGs were analyzed to
identify significant changes in gene expression in response to
salinity variation (13, 23, 33, and 43 PSU) between individuals
from different origins (native and introduced), lineages (Tsushima
and Kuroshio), locations (Korea, Japan, and the USA), and
populations (Hacheon, Nemuro, Matsushima, and Elkhorn
Slough). Two-way analysis of variance (two-way ANOVA) was
conducted to assess raw reads of pooled transcript data of all snails
from the four aforementioned locations (N = 48). In the two-way
ANOVA, exposure salinity, origin, location, population, and lineage
were modeled as fixed effects. We focused on genes that were
significant for the interactions of exposure salinity x origin,
exposure salinity x location, exposure salinity x population, and
exposure salinity x lineage. Subsequently, we identified origin-,
location-, and lineage-specific genes that may have contributed to
the adaptive evolutionary process of the species after approximately
100 years of introduction into the new habitat and determined the
genetic divergence among the two lineages, respectively. These
statistical analyses were performed using the same count matrix
and measuring fold change (fc) measurement with |fc| > 2. All p
values were adjusted with a false discovery rate (FDR) correction for
multiple testing using the Benjamini-Hochberg method (Benjamini
and Hochberg, 1995). These analyses were conducted using R
Statistics (R Development Core Team, 2011).

2.7 Gene annotation and
functional analysis

For the annotation of the transcriptome, all transcripts were
aligned against the protein reference databases Gene Ontology
Consortium (GO v.20150407, http://www.geneontology.org/) and
UniProtKB (reviewed as Swiss-Prot, http://www.uniprot.org/
downloads, released on 2012/04/20) using DIAMOND-FAST
V.0.4.7 (Buchfink et al,, 2015). GO enrichment analysis of DEGs
was performed on GOATOOLS (Klopfenstein et al., 2018) using
Fisher’s exact test, with the p-value corrected using the Benjamini-
Hochberg FDR statistical model. GO enrichment bubble plots were
drawn using the ggplot2 package in R (Wickham, 2011).

2.8 Short-read submission
The short-read (Illumina HiSeq 4000) data of the Korean

population (SRA accession number: SUB2798442), Nemuro and
USA populations (SRA accession number: SUB3156821), and
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Matsushima population (SRA accession number: PRINA980419)
can be found online at the NCBI website.

3 Results

3.1 Transcriptomic responses of the snails
to salinity variation

Trinity assembly generated 626,765 contigs from 48 samples
(Table 1). After normalization, there were 41,194 contigs that
remained for DEG analyses. DEGs across samples collected under
control (33 PSU) and stress (13, 23, and 43 PSU) conditions were
counted with fold change |fc| 22 and FDR-corrected p-value <0.05.
Both upregulated and downregulated DEGs were detected based on
ecological factors (Figure 2). An MDS plot, based on the pooled wide
transcriptomes of all 48 samples from Korea, Japan, and the USA, was
used to visualize the relationship of the DEGs with exposure salinity,
lineage, origin, location, and population (Figure 3). Among all
parameters, principal component 1 (PC1) explained 18% of the
variance in gene expression, whereas principal component 2 (PC2)
explained 11.9% of the variance in gene expression.

3.2 Lineage-specific DEGs in response to
salinity variation

The analysis of lineage-specific DEGs revealed a total of 2,353
significant DEGs in response to salinity variation between Kuroshio
and Tsushima snails (1,093 up- and 1,260 downregulated genes
(Figure 2A). The MDS analysis revealed that the USA and Japanese
(Matsushima) snail populations originated from the Kuroshio. On
the other hand, the Korean and Japanese (Nemuro) snail
populations were derived from the Tsushima lineage (Figure 3A).
Hierarchical clustering analysis revealed several gene expression
pattern changes among the two lineages, which can be seen as two
distinguished blocks in Figure 4A. GO enrichment analysis
suggested that among the many genes, vesicle and regulation of
metabolic process and sulfotransferase activity were upregulated
whereas organic cyclic compound binding and carbohydrate
binding genes were downregulated. By contrast, transferase and
catalytic activity genes were both upregulated and downregulated
(Figure 5). We also analyzed the gene expression patterns of
Kuroshio and Tsushima snail populations in response to different

TABLE 1 Data of transcriptome assembled from B. attramentaria
RNA sequences.

Unigene contig stats

Number of transcripts 626,765
GC (%) 44.52
N50 557
Average contig length (bp) 497.22
Total assembled bases (bp) 311,640,658
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salinity variations (Supplementary Figure 1). At a salinity of 13
PSU, both Kuroshio and Tsushima lineage snails exhibited a higher
number of overexpressed genes. Tsushima lineage snails had 1,799
genes and Kuroshio lineage snails had 1,1779 that were highly
expressed under the 13 PSU salinity condition (Supplementary
Figure 1). GO enrichment analysis of DEGs under the same
condition suggested that genes related to sulfur compound
metabolic process, peptidyl-amino acid modification, organic acid
metabolic process, molybdoprotein cofactor metabolic process,
methionine and aspartate family amino acid metabolic process,
response to stimulus and stress, and cellular metabolic process were
overexpressed in Tsushima lineage snails (Supplementary Figure 2).
On the other hand, genes related to transferase activity; response to
virus and other organisms; defense response to virus and other
organisms; transmembrane transporter activity; organic ion
binding; metal ion binding; and cation, calcium ion, cadherin,
and bile acid binding were overexpressed in Kuroshio lineage
snails (Supplementary Figure 2).

3.3 Geographic origin-specific responses
to salinity variation

The analysis of geographical origin-specific DEGs revealed a
response of a total of 2,505 significant DEGs to salinity variation
between native and introduced snails (856 upregulated and 1,649
downregulated genes) (Figure 2B). Two-way ANOVA considering
the effect of salinity x geographical origin (introduced vs. native
populations) x haplogroup interaction on the transcriptomic
response of the snail B. attramentaria revealed clustering of the
Matsushima population belonging to the native lineage with the
introduced population in the USA (Figure 3B). Hierarchical
clustering analysis revealed several gene expression pattern changes
among the geographical groups of native and introduced species,
which can be seen as two distinguished blocks in Figure 4B. GO
enrichment analysis suggested that transport, transferase activity, and
ion-binding and cation-binding genes were upregulated, whereas
cellular component organization genes were downregulated
(Figure 6). We also analyzed the gene expression patterns of
introduced and native snail populations in response to different
salinity variations (Supplementary Figure 3). In the introduced
snail population, a higher number of genes (990 genes) were
expressed under the 13 PSU salinity condition. Of these, 631 genes
were specific to the 13 PSU salinity condition (Supplementary
Figure 3A). GO enrichment analysis revealed that the Biological
Process (BP) category consisted of genes related to the regulation of
monoatomic ion and cation transport, metal ion transport, and
calcium ion transport (Supplementary Figure 4A). The Molecular
Function (MF) category consisted of genes related to serine and
serine-type peptidase activity, potassium:chloride symporter activity,
transmembrane transporter activity of several ions (such as
monoatomic anions and cations, metal ions, and inorganic ions),
and cadherin-binding activity. All these genes were highly expressed
in the introduced snail population (Supplementary Figure 4C). In the
native snail populations, the highest number of genes (1,669 genes)
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Bar plot showing the number of upregulated and downregulated DEGs in snail populations under salinity variations. DEGs according to (A) lineage,

(B) origin, (C) location, and (D) population.

were expressed under the 13 PSU salinity condition. Of these, 810
genes are specific to the 13 PSU salinity condition (Supplementary
Figure 1B). In the BP category, genes are related to cell division and
cell cycles were highly expressed in the native snail populations
(Supplementary Figure 4B). In the MF category, genes related to
transferase activity, catalytic activity, and carbohydrate-binding
activity were downregulated (Supplementary Figure 4D).

3.4 Location-specific responses to
salinity variation

Two-way ANOVA of the pooled transcriptomes of all snails
based on location-specific DEGs revealed 10,362 significant DEGs
considering the effect of salinity x location, as illustrated in a
heatmap in Figure 4C. Three distinct blocks could be seen: I
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FIGURE 4

Heatmap of DEGs (|fc| >2, FDR-corrected p < 0.05) in snail populations. Genes are ordered in rows. DEG analyses of groups of snails based on

(A) lineage (B) origin (C) location and (D) population.
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2888228822388

(Japan), II (Korea), and IIT (USA). The gene expression patterns
were similar with evident shifts among the blocks (Figure 4C),
suggesting the effect of location. Moreover, the gene expression
varied between columns within the block, possibly because of
salinity variation and plasticity among individuals.

Two-way ANOVA of the pairwise integrated DEGs of snails
from different locations (the USA vs. Korea, the USA vs. Japan, and
Korea vs. Japan) was conducted to investigate the gene expression
patterns with a significant salinity effect based on geographical
locations. Assessment of pooled DEGs of these populations
indicated that populations within the native group (Korea vs.
Japan) had a higher number of expressed genes (2,753
upregulated and 2,914 downregulated genes) than those among
the other groups (the USA vs. Japan and the USA vs. Korea: 2,138
and 2,350 up-regulated and 2,369 and 2,346 down-regulated genes,
respectively; Figure 2C). GO enrichment analysis of the Japanese vs.
Korean snails suggested that genes involved in response to
temperature stimulus and abiotic stimulus through the regulation
of metabolic process, macromolecule metabolic process-related
genes, and immune response-related genes were up-regulated
(Supplementary Figure 5A). Similarly, in the USA vs. Japanese
and Korean snail populations, genes related to the detection of
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stimulus due to temperature/abiotic factors/pain, genes related to
response to stress/other organisms/organonitrogen compounds/
external biotic stimulus, and immune response-related genes were
downregulated (Supplementary Figure 5B).

A two-way ANOVA on population-specific genes revealed 17,358
significant DEGs found in the analysis based on the effect of salinity x
population (Figure 4D). In addition, we investigated whether some of
the genes were shared between samples collected under control and
stress conditions from populations of Korea, Japan, and the USA. The
Venn diagrams revealed that the number of shared DEGs was
significantly altered in the stressed condition samples compared with
the control samples (13 vs. 43, 23 vs. 33, and 43 vs. 33) in all
populations (Figure 7). Compared with other salinity conditions,
more genes were expressed (both upregulated and downregulated) in
all populations under low salinity (13 PSU) (Figure 7; Supplementary
Figure 6). In particular, the USA snail population expressed more genes
(2,398 upregulated and 1,740 downregulated) under low salinity than
the other populations (Figure 7). The USA snail population had 1,533
highly expressed and 1,473 less expressed unique genes, whereas it
shared the maximum number of genes (368 genes upregulated and 144
genes downregulated genes) with the Korean snail population. In total,
49 highly expressed and 9 less expressed genes were shared among all
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Plot showing GO enrichment of upregulated and downregulated DEGs based on lineages (Kuroshio vs. Tsushima).

snail populations (Figure 7). Under the salinity 13 vs. 33 PSU salinity
condition, DEGs were mainly enriched in the BP category of GO terms.
For instance, genes related to response to temperature stimulus,
response to abiotic stimulus, catalytic activity, and transferase activity
were upregulated in both Japanese B. attramentaria populations,
compared with genes related to transport, calcium ion binding, ATP
binding, zinc ion binding, phosphatidylinositol binding, phospholipid
binding, and transition metal ion binding in Korean and the USA

populations (Supplementary Figures 7A-D). Genes related to defense
response to viruses, symbionts, and other organisms were highly
expressed specifically in the Korean snail population (Supplementary
Figure 7C). GO enrichment analysis revealed that the highly expressed
genes uniquely found in the USA snail population were mostly related
to cellular component organization and transmembrane transport in
the BP category and to organic cyclic compound, carbohydrate, anion,
cation, metal and calcium ion binding in the MF category.
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Venn diagram showing the number of DEGs of the snail population from different geographical locations exposed to different salinities (13, 23, and
43 PSU) in comparison with the control (33 PSU). The expressed results are with (|fc| > 2 and p < 0.05). The Kuroshio and Tsushima snail populations
are from Japan, the Hacheon population is from Korea, and the Elkhorn Slough population is from the USA.

4 Discussions

Invertebrates, particularly mollusks, are equipped with genetic
and behavioral mechanisms to tackle the constantly varying biotic
and abiotic factors in the coastal regions (Vermeij, 1973; Lockwood
et al, 2010; Lockwood and Somero, 2011; Gao et al., 2017; Leung
et al,, 2019). The intertidal snail B. attramentaria lives in the coastal
region and is daily exposed to the various of environmental
conditions (Ho et al,, 2019; Ho et al., 2021). To understand the
adaptive process of the intertidal gastropod B. attramentaria, we
examined its transcriptional response to one of the most significant
abiotic factors influencing adaptivity: salinity (13, 23, and 43 PSU).
We compared the transcriptomic response to this stressed salinity to
that of its optimal salinity (33 PSU) in experimental conditions. Our
study emphasizes the change in molecular mechanisms toward the
salinity variation behind the successful invasion of the B.
attramentaria to its new habitats. B. attramentaria species are
more susceptible to additional salinity changes because tidal
fluctuation often exposes them to extreme salinity. They respond
instantly when exposed to lower salinity (3 to 13 PSU) by
hermitization (closing of the mantle cavity) to impede water-salt
exchange with the low-salinity seawater (Ho et al.,, 2019; Ho et al,,
2021). Regardless of the population in different geographical
locations, B. attramentaria significantly expressed more genes when
exposed to low salinity (13 PSU) in this study (Figure 7). Most of
these highly expressed genes are related to stress detection and
response to salinity stress, e.g., genes related to the detection of
response to abiotic stress and genes related to the transportation of
ions for regulating osmoregulation. Similar findings have been
reported in the invasive marine mussel M. galloprovincialis. In this
mussel, the gene related to the efflux of inorganic ions and amino
acids is upregulated when exposed to lower salinity conditions
(Lockwood and Somero, 2011). During the low-salinity salinity
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phase in the intertidal region resulting from freshwater efflux from
the terrestrial region or rain, the osmolality of seawater decreases,
causing water to flood into the cellular cytoplasm. In response to this
stress, cells simultaneously reduce the concentration of solutes in
their cytoplasm to prevent uncontrolled swelling by allowing ions to
move freely through the transmembrane ion transporter across the
cell membrane and equalizing the ion concentration on either side of
the cell membrane (Silva and Wright, 1992; Lockwood and Somero,
2011). However, under salinity levels of 23 and 43 PSU, no
significantly expressed genes related to stress response were detected.

B. attramentaria has two divergent haplogroups, Tsushima and
Kuroshio, based on the northward Pacific Sea current passing by the
north and south of the Japanese archipelago (Kojima et al., 2004).
MDS analysis confirmed that the Kuroshio lineage was associated
with Japan (Matsushima) and the USA because of the shipment of
the Matsushima lineage of B. attramentaria shipment to the
American continent approximately 100 years ago (Bonnot, 1935).
On comparing the gene expression of the introduced snail
population with that of the native population, we found that the
introduced snail population (the USA) had a higher number of
significantly expressed genes.

Our findings suggest that the introduced snail population
inhabits environments with salinities ranging from 0 to 30 PSU,
compared with the native populations which inhabit ecosystems with
salinities that are always higher than 13 PSU (Pennington and
Chavez, 2000; Ho et al., 2015; Fukuda et al., 2016; Park et al., 2020;
Ho et al,, 2021; Okumura et al., 2021). The genes primarily expressed
in the introduced population under salinity stress are related to
cellular component organization and other GO categories. By
contrast, the native populations expressed genes related to cation/
ion/metal ion/zinc ion/calcium-binding activity, transferase activity,
and cellular and biological process regulation. Thus, under low
salinity (13 PSU), the introduced B. attramentaria species can
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activate normal biological functions, such as growth, which may
explain the high expression of genes related to the organization of
cellular components. These findings are consistent with those
reported in Mpytilus (Silva and Wright, 1992; Lockwood and
Somero, 2011), suggesting that cell-cycle process regulation is an
important factor affecting the salinity stress response of B.
attramentaria. By contrast, native populations of B. attramentaria,
which are not accustomed to such low salinity in their natural habitat,
activate osmotic regulatory mechanisms to cope with unusual
changes in salinity, which may explain the higher expression of
genes related to ion exchange noted in these populations.

Under salinity stress, we found that the genes of the two snail
populations lineages were expressed differently; however, little
variation existed within each population regardless of its
geographical location and origin.

5 Conclusion

This study supports the idea that the historical distribution of
B. attramentaria, the intraspecific variation in its genetic makeup,
the interaction, and the past exhibition of different salinity
fluctuation profiles have a specific effect on the behavioral and
transcriptomic responses to salinity variation. Consequently, these
location- and geographical origin-specific gene-expression
responses can help elucidate differences in salinity tolerance
capabilities. The present findings serve as an important step
toward understanding the genetic mechanisms underlying the
salinity tolerance and partial adaptation of the introduced
gastropod in its new habitat. This study sheds light on
fundamental processes that typically occur over prolonged
periods but in a contemporary timeframe by comparing the
whole transcriptome between populations and understanding
the mechanism underlying the response to salinity stress and
the differences in the capacities of B. attramentaria lineages to
respond to the salinity stress. Understanding how acclimation
ability varies between populations and species in nature and
knowing the relevant genes and mechanisms will be important
for characterizing and predicting the ecological and evolutionary
consequences of human-accelerated environmental change.
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