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The northern hard clam, Mercenaria mercenaria (Linnaeus, 1758), is an important
ecological and economic resource along the U.S. Eastern Seaboard and is
primarily limited to salinities above 25 ppt. Areas below 25 ppt or experiencing
extended drops in salinity do not support growth or survival rates necessary for
productive aquaculture. The purpose of this study was to better understand the
molecular response of the hard clam to low salinity stress. In the spring of 2019
and 2021, the VIMS Eastern Shore Laboratory secured unique hard clam lines
representative of the genetic diversity across the natural range along the US east
coast. Salinity treatments of 35 ppt and 15 ppt were conducted for 26 hours in the
summer of 2021 with two different age groups from eight clam lines. RNA
sequencing data from either gill tissue (adults) or pooled whole-body tissue
(juveniles) were used to assess the transcriptomic response of clams to short-
term low salinity stress. This study found 545 genes in adult gills and 465 genes in
juvenile whole-bodies that were significantly differentially expressed when clams
were exposed to a salinity of 15 ppt versus 35 ppt. Heat shock, apoptosis, and
cellular polarity genes were among the significantly differentially expressed
genes, based on a log2 fold change > 1 and a false discovery rate < 0.05, and
were both up and down regulated in response to 15 ppt versus 35 ppt. Pathways,
including protein processing in the endoplasmic reticulum and fluid shear stress,
were significantly enriched in response to 15 ppt versus 35 ppt. These results
improve the understanding of how hard clams respond to low salinity stress and
provide a foundation for further exploration of low salinity tolerance in hard
clams to benefit the aquaculture industry.
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Introduction

The northern hard clam, Mercenaria mercenaria (Linnaeus
1758, hereafter hard clam), is an infaunal species that plays key
ecological roles as a filter feeder and prey item. It has been an
important human food and economic resource along the U.S.
Eastern Seaboard for millennia. Its life history has allowed
Mercenaria to persist in the mid-Atlantic through multiple major
climate change events and sea level fluctuations since the Upper
Miocene (~5-20 MYA) (Palmer, 1927; Ward and Powars, 1989). In
addition to historical and current wild harvests, the species supports
a large aquaculture industry along its native range from the Gulf of
Mexico to the Gulf of St. Lawrence and has been introduced to other
regions of the world for aquaculture (Heppell, 1961; Hanna, 19665
Harte, 2001; Chew, 2001). Virginia is the largest producer of
northern hard clams in the U.S., with farm gate sales estimated at
$38.8 million in 2018 and $57.8 million in 2021 (Hudson and
Virginia Sea Grant Marine Advisory Program, 2019; Snyder, 2021).
Hard clam aquaculture is primarily limited to higher salinity areas
(> 25 parts per thousand (ppt)) where clams grow at economically
viable rates. Even in optimal salinity areas, hard clams are
vulnerable to extreme precipitation events, which can cause
extended hyposaline stress that exceeds their ability to close and
wait for external conditions to improve, threatening natural and
aquacultured hard clams. Climate change is predicted to impact the
El Nino-Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO) variability, as well as tropical cyclones,
increasing heavy rainfall events along the U.S. East Coast, which
may cause rapid decreases in salinity, destabilizing coastal
ecosystems (Karl and Trenberth, 2003; Durack et al.,, 2012).

The hard clam is considered a stenohaline species and inhabits
high salinity estuarine and coastal marine environments, exhibiting
an ability to survive in a range of habitats that are subject to
fluctuating conditions (Palmer, 1927; Roegner and Mann, 1990;
Harte, 2001). Hard clams are restricted to salinities above 12 ppt
and are not abundant in waters below 18 ppt (Roegner and Mann,
1990). A true physiological lower salinity limit may be higher than
the salinity averages for the reported natural distribution, given a
behavioral response that allows the hard clam to temporarily escape
adverse conditions by “clamming up.” The scope of hard clam
salinity tolerance increases with age and tissue mass. Salinity
tolerance for planktonic larvae has been reported to be between
20 and 35 ppt (Castagna and Chanley, 1973; Roegner and Mann,
1990), while juvenile clams can survive salinities as low as 15 ppt
(Roegner and Mann, 1990; Baker et al., 2005). Adult hard clams can
tolerate a salinity range from 12 to 45 ppt, but reproduction is
inhibited below 15 ppt, and the optimal salinity for adult survival
and growth is around 26-27 ppt (Davis, 1958; Loosanoff and Davis,
1963; Davis and Calabrese, 1964; Castagna and Chanley, 1973;
Roegner and Mann, 1990).

Survival at acute or chronic low salinities has negative
consequences for the overall health, growth rate, and reproductive
success of marine bivalves. Although adult hard clams have been
known to survive at 12 ppt, they do not grow (Carregosa et al., 2014;
Roegner and Mann, 1990) and may remain “stunted” after recovery.
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As an osmoconformer, the internal medium of the hard clam
fluctuates according to the osmolality of the environment and
these shifts in salinity affect physiological responses (Deaton,
2008). Salinity affects the pumping rate of the gills of hard clams,
and rates can fall from 8 L h™ at optimal salinities down to < 1 Lh™
at 15 ppt (Hamwi, 1969). The gills of marine bivalves regulate
oxygen consumption and food collection simultaneously. Water
pumping is driven by cilia on the surface of the gills, thin
membrane-bound structures with high surface-to-volume ratios
that are immediately exposed to changing external conditions
when the shellfish valves are open (Grizzle et al., 2001; Deaton,
2008). While studies have illuminated some of the physiological
responses of the hard clam to shifts in salinity, the molecular
mechanisms, including which genes are expressed under low
salinity stress, are not well understood. Transcriptomics has been
used in conjunction with breeding programs in other organisms to
enhance tolerance to environmental conditions (Niu et al., 2013;
Zhang et al., 2019; Cleveland et al., 2020). The identification of key
genes that respond to low salinity stress is a first step in exploring
the potential for breeding hard clams robust to low salinity. The
availability of lower salinity lines would allow for the expansion of
the hard clam aquaculture industry into lower salinity waters and
provide an understanding of how the species may acclimate to
predicted increases in short-term low salinity stress events induced
by climate change.

Previous studies have identified genes and gene families
expressed within the hard clam genome under other
environmental stressors (i.e., heat and hypoxia) (Song et al., 2021;
Hu et al., 2022; Song et al., 2022) and long-term salinity challenges
(Zhou et al,, 2022; Zeng et al, 2024). Our work used shorter
exposure times (26 hours) to focus on the initial response to low
salinity stress. The objective of this current study was to identify key
genes expressed in the gills of adults and whole bodies of juvenile
hard clams and identify cellular pathways involved in the response
to short-term low salinity stress.

Materials and methods
Salinity experiments

The clam lines used in salinity challenge experiments were reared
at the VIMS Eastern Shore Laboratory (ESL) in the Castagna Shellfish
Research Hatchery from wild broodstock groups collected from six
geographic locations representing the north-south distribution of the
species along the Atlantic coast and two low salinity populations from
Chesapeake Bay: 1) Cape Cod, Massachusetts (CC), 2)
Wachapreague Virginia (WC), 3) Great Bay, New Jersey (NJ]), 4)
Pocomoke Sound, Virginia (PS), 5) Mobjack Bay, Virginia (MB), and
6) Bogue Sound, North Carolina (NC). The genetic characterization
of these populations can be found in Ropp et al. (2023). The MB and
PS populations represented the lowest salinity stocks growing on the
eastern and western sides of Chesapeake Bay and were not found to
be genetically distinct from one another in Ropp et al. (2023).
Likewise, WC and NJ coastal populations were not found to be
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significantly genetically different, and their genetic composition
reflected the mixing of alleles from northern (CC) and southern
(NC) M. mercenaria populations. In April 2019, spawns of WC,
PS, MB, NJ, and CC were separately made, and the resulting progeny
were considered adults at the time of these experiments as their age
and size indicated they were at or near sexual maturity
(Supplementary Table 1). In April of 2021, crosses between
lines were made as WC x WC, WC x PS, and NC x CC, and the
resulting F1 individuals will be referred to as juveniles
(Supplementary Figure 1). These crosses were created to study how
the genetic combination of populations from high and low salinity
environments (WC x PS), and warm and cold-water environments
(NC x CC) respond to different stressors as part of a NOAA Sea
Grant award to R. Snyder et al., VIMS (NA170AR4170228).

In June of 2021, individuals from each of the five clam lines
produced in 2019 (adults) were taken from ESL clam beds off
Wachapreague, Virginia, placed in labeled line-specific bags of ~50
animals/bag, and housed in a Taylor Float off the ESL dock until
salinity experiments began. Salinities ranged from 25-35 ppt in
Wachapreague Channel. Experimental salinity conditions included
35 ppt and 15 ppt and were chosen based on the salinity tolerance
range of adult (12-45 ppt) and juvenile (15-35 ppt) clams (Roegner
and Mann, 1990). The control salinity of 35 ppt was selected based
on the salinity (25-35 ppt) experienced by hard clams in the waters
around Wachapreague, Virginia. Experimental waters were 1.0 im
filtered, UV-treated seawater diluted with DI water as appropriate
to attain the desired salinity. For each salinity condition, four clams
(8 in total/bag) were randomly selected from each of the five line-
specific bags and held in five beakers containing 900 ml of 35 ppt
UV treated, filtered seawater with an air stone for 1 to 6 hours
before experiments began. All clams used in experiments were held
for the same amount of time before the experiments were initiated.
Ammonia levels in the beakers were monitored before each
experiment to keep concentrations below 0.25 ppm. At the
beginning of the experiment, the four adult clams from each line
were put into beakers containing 900 ml of water at the
experimental salinity condition (10 beakers total). Each beaker
was placed in a water table of 25°C circulating, shallow fresh
water. Each beaker included an air stone and the water was
changed every 12 hrs. After 26 hrs. of exposure to the designated
salinity condition, three clams were randomly selected from each
beaker for sampling. A total of 30 mg of gill tissue was quickly
harvested from each clam and preserved in a separate microfuge
tube containing 300 ul of RNAprotect Reagent (QIAGEN, Valencia,
CA) to create three technical replicates for each clam line by salinity
condition. The shell height of each sampled clam was measured
using a caliper and recorded in millimeters to the second decimal
place. No mortality was observed among the clams used in the
experiments. All tissue samples were stored at -20°C at the VIMS
ESL, transported in a cooler back to the VIMS Gloucester Point
campus, and stored at -80°C until RNA was isolated.

In June 2021, ~70-day old juvenile clams were taken from
upwellers (~32 ppt), placed in 35 ppt UV treated, filtered seawater,
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and cleaned. For each salinity treatment, three replicates of ten clams
were made for each of the three clam lines (18 sets in total).
Experimental salinity conditions included 35 and 15 ppt. Each clam
in each replicate was imaged and measured using Image] software
(Schneider et al., 2012). All 18 replicates (3 clam lines x 3 replicates x 2
salinity treatments) were placed into separate PVC pipe sieves and a
replicate from each clam line was placed in a tank containing 6400 ml
of seawater at the experimental salinity condition with an air stone (6
tanks with 3 PVC sieves). Treatment tanks were placed in a water table
of circulating shallow fresh water that regulated temperature at 25°C.
After 26 hrs. of exposure, four of the ten clams for each line by
treatment and replicate were randomly selected. No mortality was
observed among the clams used in the experiments. Due to their small
size, gill tissue alone could not be harvested, so all soft tissue from the
four juvenile clams was pooled to reach the minimum amount of tissue
needed for each sample (30mg). Pooled tissue (30mg) was preserved,
stored, and transferred in the same manner as the adult tissues.

Sample preparation and sequencing

A total of 48 samples were selected for RNA-Seq and included
technical replicates (n=3) for each salinity (n=2) and each adult line
(n=5) and juvenile line (n=3) (Supplementary Tables 2 and 3). Tissue
samples were placed in 2 ml RNase Free PowerBead Tubes with 1.4
mm ceramic beads and 350 pl of Buffer RTL (QIAGEN, Valencia,
CA). Tissue samples were lysed and homogenized using the FastPrep-
24 (MP Biomedicals, Irvine, CA) set to 4.0 m/s for 2 rounds of 20
seconds. Total RNA was extracted from the homogenate using the
RNeasy extraction kit following the recommended protocol
(QIAGEN, Valencia, CA). RNase-free DNase I (Thermo Fisher
Scientific, Waltham, MA), was used to degrade genomic DNA in
the total RNA samples. RNA purity was checked by assessing A260/
280 and A260/230 ratios using a NanoDrop ™ 2000
spectrophotometer (Thermo Fisher Scientific), and total RNA
concentration was measured with the Qubit™ 4.0 Fluorometer
(Invitrogen). Approximately 30 pl of total RNA (see results for
RNA concentration range) from each sample was sent to Novogene
Corporation Inc. (Sacramento, CA) for library preparation and
sequencing on an Illumina NovaSeq PE150 (6 G raw data per sample).

Filtering and alignment of sequences

The raw RNA-Seq data received from Novogene were
transferred to a William & Mary high performance computing
(HPC) account and uploaded to the National Center for
Biotechnology Information (PRJNA854038) Sequence Read
Archive (SRA). The quality of the sequences in each sample was
checked using FastQC v0.11.9 (Andrews, 2010) and summarized
using MultiQC v1.4 (Ewels et al., 2016). Adapters and poly-A tails
were trimmed using Trimmomatic v0.36 with specifications to use
truseq3-pe-2.fa adapter sequences, remove the first 10 nucleotides
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of each read, remove the first and last nucleotides of a read if they
fell below a quality of 3, remove reads less than 36 base pairs long,
and scan the read with a 4-base wide sliding window, cutting when
the average quality per base dropped below 25 (illuminaclip =
truseq3-pe-2.fa:2:30:10:2:true, headcrop = 10, leading = 3, trailing =
3, minlen = 36, slidingwindow = 4:25) (Bolger et al., 2014). After
trimming, the quality was rechecked using FastQC (Andrews, 2010)
and summarized using MultiQC (Ewels et al., 2016). The hard clam
reference genome and gene annotation files from Song et al. (2021)
were downloaded from NCBI (https://www.ncbinlm.nih.gov/
bioproject/783326). The genome and annotation files were
indexed using the faidx command in Samtools v1.3.1 (Li et al,
2009). The genome was indexed, and sequenced reads (FASTQ
files) were mapped to the indexed reference genome using HISAT2
v2.2.1 (Kim et al, 2019). Alignment quality was assessed using
Qualimap v2.2.1 (Garcia-Alcalde et al., 2012) and the stats
command in Samtools v1.15.1 (Danecek et al., 2021) and
summarized using MultiQC (Ewels et al., 2016). HTSeq (Putri
et al, 2022) was implemented using Anaconda v2021.11
(Anaconda Software Distribution, 2021) to count the number of
reads mapped to each feature or gene using the sequenced read
alignments from HISAT2 v2.2.1 and the gene annotation GFF file
from NCBI. Read fragments were assigned to the exons of a gene,
and because whole mRNA/genes were of interest for this study,
exons with the same gene accession or locus tag were combined, and
the counts were summed.

Principal component analysis

Count data from HTSeq was imported using the R package:
DESeq2 v1.36.0 (Love et al.,, 2014) as implemented in Bioconductor
v3.15. After importing read count data, adult and juvenile data were
analyzed separately. The R package tidyverse v1.3.2 was used
(Wickham et al., 2019) to ensure that analyses were reproducible.
Features/genes that had less than 10 counts across samples were
excluded. For both adult and juvenile clam samples, separate
variance stabilizing transformation (VST) (Anders and Huber,
2010), regularized-logarithm transformation (RLT) (Love et al,
2014), and generalized linear model principal component analysis
(PCA) (GLMPCA) (Townes et al., 2019) were conducted using the
following programs implemented in R: DESeq2 v1.36.0 (Love et al.,
2014), glmpca v0.2.0 (Townes et al, 2019) and ggplot2 v3.3.6
(Slowikowski, 2021). All three data transformations were used to
assess if any transformations altered PCA outputs and to identify
outliers. One sample, 15 WC_G_3 (the third replicate for the 15
ppt WC experiment), was an outlier within FastQC, Qualimap,
Samtools, and GLMPCA outputs (but not VST or RLT) and was
removed from all subsequent analyses.

Gene expression analysis

Deseq2 was used to identify genes differentially expressed
between 15 ppt and 35 ppt in the gill tissues of adult clams and
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the whole bodies of juvenile clams. DESeq2 uses a shrinkage
estimator and a negative binomial distribution to calculate
dispersion and fold change. The shrinkage estimator apeglm
v1.18.0 (Zhu et al, 2018) in R was used for all analyses. Apeglm
takes genes with high dispersion or low counts and shrinks the log2
fold change closer to 0. Differentially expressed genes (DEGs) were
defined as those transcripts with an absolute log2 fold change (LFC)
> 1 and a false discovery rate (FDR) < 0.05 (Benjamini and
Hochberg, 1995). For both adults and juveniles, all retained clam
lines and samples were included, but clam line as a variable was not
included in the two models (design = ~ salinity). To visualize genes
with an absolute LFC > 1 and FDR < 0.05, volcano plots were
created using EnhancedVolcano v1.14.0 (Blighe et al., 2022) in R. A
Venn diagram was created to examine overlap in DEGs among the
adults and juveniles using VennDiagram v1.7.3 (Chen, 2022) in R.

KEGG enrichment analysis

To identify possible pathways that the products of DEGs could
be involved in, protein sequences translated from each gene, which
were features that started with “XM_" and had an absolute LFC > 1
and FDR < 0.05, were obtained in FASTA format from NCBI using
gene accession numbers and rentrez v1.2.3 (Winter, 2017) in R.
This included both up and down-regulated genes. Protein
sequences were then uploaded to BlastKOALA and Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthology (KO)
identifiers (K numbers) were assigned to genes encoding
those proteins (Kanehisa et al., 2016, 2021). K numbers were
then used with clusterProfiler v4.2.1 (Wu et al, 2021) in R to
conduct KEGG pathway over-representation analysis and KEGG
module over-representation analysis. The Benjamini-Hochberg
method was used to adjust p-values. Different pathways and LFC
visualizations were created using pathview v1.36.0 (Luo and
Brouwer, 2013) in R.

The gene and protein name terminology will be used in
accordance with the following criteria: italics will be used for
genes (e.g., HSP70, Hsp72). Non-italics will be used for proteins
(e.g., HSP70, Hsp72). Capital letters will refer to the whole protein
or gene family (e.g., HSP70, HSP70). Lowercase letters will refer to a
specific protein or gene from a family (e.g., Hsp72, Hsp72).

Results
Sample quality and quantity

Quality and quantity assessments were performed on RNA
samples before being sent to Novogene for sequencing. Samples
had a mean A260/280 of 2.08 with a range from 2.00 to 2.22 and a
mean A260/230 of 1.24 with a range from 0.43 to 2.23 based on
NanoDrop measurements. The mean RNA concentration was 88.33
ng/ul (57.7 to 118.5 ng/ul) based on Qubit measurements and all
were above the RNA concentration value required by Novogene.
Although some 260/230 values were low, they all were within the
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limits set by Novogene for sequencing. Novogene performed quality
and quantity assessment and reported a mean RNA concentration
of 112.9 ng/ul (74.13 to 173.89 ng/ul). The mean RNA integrity
number (RIN) was 7.48 and ranged from 3.4 to 9.1, with only one
sample below the desired threshold value of 4 (Supplementary
Tables 2 and 3). All samples were of sufficient quality and
quantity for library preparation and sequencing. After
sequencing, Novogene reported the mean number and standard
deviation of raw reads to be 4.76E+07 + 5.69E+06, the mean size
and standard deviation of raw data to be 7.15 + 0.85 Gb, the total
size of raw data to be 340 Gb, the mean effective percent to be 97.95
+ 0.44, the mean error percent to be 0.0290 + 0.0031, the mean Q20
and Q30 percent to be 97.90 + 0.12 and 93.89 + 0.31 respectively,
and the mean GC content to be 38.26 *+ 1.42. Sequencing and
alignment quality metrics for each sample can be found in
Supplementary Tables 4 and 5.

After sequences were filtered and trimmed to remove adaptors
and retain only high-quality sequence fragments, reads were aligned
to the hard clam genome, and the resulting alignment quality
metrics were summarized. One sample, Wachapreague replicate 3
from the 15 ppt experiment (Wach_3_G_15 or A_3_15), was a
consistent outlier in all quality checks. This sample had the highest
GC content (46%), the second highest duplication of reads (77-
79.2%), the lowest overrepresented sequences (0%), the highest 5’-3
bias (7.18), the highest mapping percent (85.3%), and the highest
percent of reads mapped to exonic regions (88.2%) and was
removed from all subsequent analysis. After this sample was
removed, the average GC content was 37% (36% to 39%), the
average read duplication was 60.79% (53% to 90%), the average of
overrepresented sequences was 0.38% (0.14% to 1.36%), and the
average number of sequences per sample was 23.6 million (19.40 to
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30.60 million). From the alignment summaries, the average 5-3’
bias was 1.40 (1.24 to 1.60), the average percent of reads mapped to
exonic regions was 74.16% (66.38% to 78.93%), and the average
reads aligned per sample was 38.08 million (30.80 to 51.20 million).
The average error rate was 0.60% (0.53% to 0.67%), and the average
mapped percentage was 80.76% (77.60% to 85.30%).

PCA

The PCA identified the main axis of variance patterns and
outliers among samples. In the VST PCA based on the adult clam
samples, 12% of the variance was explained by PC1 and 10% by
PC2. (Figure 1). Similarly, in the RLT PCA for the adults, 12% of the
variance was explained by PC1 and 11% by PC2. In the VST PCA
for the juvenile clam samples, 28% of the variance was explained by
PCl1 and 18% by PC2 (Figure 2), while in the RLT PCA for the
juveniles, 28% of the variance was explained by PCI and 18% by
PC2 (Supplementary Figure 2). The VST and RLT PCAs clustered
the WC x WC and WC x PS juvenile samples differently. For the
VST PCA, samples are grouped by salinity treatment first, then by
clam line, whereas in the RLT PCA, samples grouped by clam line
first, then by salinity treatment. The GLMPCA had a similar pattern
to the RLT PCA.

Response to low salinity in adult gills

In total, 545 genes were significantly differentially expressed (DEG)
between the 15 and 35 ppt treatments within the adults. Of the 545
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FIGURE 1

Variance stabilizing transformation PCA of PC1 & PC2 for adult clam samples lines totaling 22% of the variance explained. Sample 15_Wach_G_3 was

removed as an outlier and is not included in this PCA.
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Variance stabilizing transformation PCA of PC1 & PC2 for juvenile clam samples lines totaling 46% of the variance explained.

DEGs, 408 (74.9%) were up-regulated, and 137 (25.1%) were down-
regulated in the 15 ppt treatment (Figure 3) relative to the 35 ppt
treatment. Genes of interest that were significantly differentially
expressed included heat shock protein genes, all of which were up-
regulated in response to 15 ppt compared to 35 ppt, along with

inhibitors of apoptosis genes and a sodium/potassium/calcium
exchanger gene, which were also up-regulated at 15 ppt. Specific
genes identified and discussed as potentially important for stress
response in adults can be found in Table 1. All significantly
differentially expressed genes can be found in Supplementary Table 6.

Adult Clam Lines 15 ppt vs 35 ppt
Up regulated = 408, Down regulated = 137, Sig Genes = 545

@ Not sig.

25 1

20 1
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FIGURE 3
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Shrunken Log, FC

total = 25484 variables

Volcano plot of gene expression between 15 ppt and 35 ppt in adult clams. The -log(base 10) of the adjusted p-value is on the y-axis and the
Shrunken LFC is on the x-axis. Dots in black represent genes that fall outside the FDR and LFC thresholds. Dots in yellow represent genes that have
an absolute LFC >1 but have an FDR > 0.05. Dots in indigo represent genes that have an FDR < 0.05 but have an absolute LFC < 1. Dots in coral
represent genes that are significantly differentially expressed between 15 and 35 ppt and make up a total of 545 genes. Of those, 408 are up-

regulated in 15 ppt, and 137 are down-regulated in 15 ppt.
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TABLE 1 Adult hard clam characterized genes of interest with significantly different expression levels between 35 and 15 ppt exposure.

Category LFC LFC SE pvalue
XM_045306916.1 alpha-crystallin A chain-like (LOC123527454) 9675722 | 23841 02702 | 579E20 | 1.65E-16
XM_045360456.1 heat shock protein beta-1-like (LOC123566409) 3136829 | 19976 02315 | 297E19 | 563E-16
XM_045329467.1  heat shock protein HSP 90-beta-like (LOC123543395) = 7009.5196 = 17524 02156 | 247E-17 | 376E-14
XM_045309476.1 heat shock protein 70 B2-like LOC123529238 74,0467 54345 08427 | 498E-12  1.97E-09
et XM_045309466.1 heat shock protein 70 B2-like LOC123529228 77.6202 52242 07878 | 144E-12  6.00E-10
Shock Protein XM_045309457.1 heat shock protein 70 B2-like (LOC123529220) 53.3039 4.9606 09129 | 234E09 | 4.24E-07
XM_045309308.1 heat shock protein 70 B2-like (LOC123529101) 41.1542 46686 06699 | 151E-13  803E-11

heat shock 70 kDa protein-like
XM_045349252.1 14324367 | 1.4876 03471 | 7.78E07  5.89E-05
(LOC123557647)
endoplasmic reticulum chaperone BiP-
XM_045320928.1 A 40759109 22186 03046 | 176E-14  LISE-11
like (LOC123537239)
baculoviral IAP repeat-containing protein 7-A-
» XM_045346781.1 actioviral LAY repeal-containing protein 1361.1375 46732 07584 | 335E-11  1.06E-08
Inhibitors like (LOC123556206)
of Apoptosis
XM_045346799.1 putative inhibitor of apoptosis (LOC123556214) 16244682 3.9261 06845 | 436E-10  9.77E-08
bable sodium/potassium/calci h
Solute Carrier XM_045332571.1 probable sodium/potassium/calcium exchanger 2.5555 3.7298 08998 | 161E-07  1.60E-05
CG1090 (LOC123546367)

Category refers to gene family. Gene is the NCBI Accession number. Name is the name given for each feature on NCBI. Base mean is the average of the normalized count values, divided by the
size factor, taken over all the samples. LFC is the log2 fold change. LEC SE is the LFC standard error. The pvalue is the Wald test p-value, where the null hypothesis is that there is no effect of

treatment on the gene. The padj is the adjusted p-value based on the Benjamini-Hochberg method, or false discovery rate (FDR).

Response to low salinity in whole-body of
juveniles

Overall, 465 genes were significantly differentially expressed
between the 15 and 35 ppt treatments within the juveniles. Of
those, 303 (65.2%) were up-regulated and 162 (34.8%) were down-
regulated in the 15 ppt treatment (Figure 4) relative to the 35 ppt
treatment. Many genes in the inhibitor of apoptosis family were
differentially expressed and were both down and up-regulated at 15
ppt versus 35 ppt. Many solute carrier genes were also significantly
differentially expressed, and those mentioned in the discussion were
all up-regulated. Specific genes identified and discussed as potentially
important for stress response in juveniles can be found in Table 2. All
significantly differentially expressed genes can be found in
Supplementary Table 7.

The overlapping DEGS between adults and
juveniles

When DEGs from the adults (n=545) and juveniles (n=465)
were compared, 71 genes were commonly differentially expressed
between the two life stages (Figure 5, Supplementary Table 8). These
71 genes made up 13.03% of adult genes and 15.27% of the juvenile
genes. Of these 71 genes, 55 were up-regulated, and 15 were down-
regulated in all clams exposed to 15 ppt versus 35 ppt. A single
uncharacterized non-coding RNA gene was up-regulated in
juveniles and down-regulated in adults when exposed to the 15
ppt treatment relative to the 35 ppt treatment. A wide variety of

Frontiers in Marine Science

genes were identified among these 71 including heat shock protein,
inhibitors of apoptosis, and solute carrier specific genes.

KEGG pathways in adults

Out of the 545 genes identified as significantly differentially
expressed between the 15 and 35 ppt treatments in the adult
samples, 498 were recognized from amino acid sequences deposited
in the NCBI database. Of the 498 amino acid sequences, 283 (56.8%)
were assigned a K number by BlastKOALA and were used in
enrichment analysis (Supplementary Table 9). Of these, 86 of the
enriched pathways had an adjusted p-value < 0.05 (Figure 6,
Supplementary Table 11). These pathways included those involved
in axon regeneration, sphingolipid signaling, fluid shear stress and
atherosclerosis, tight junction, AMPK signaling, axon guidance, Rap
1 signaling, cGMP-PKG signaling, cAMP signaling, and protein
processing in the endoplasmic reticulum.

KEGG pathways in juveniles

Of the 465 genes identified as significantly differentially
expressed between the 15 and 35 ppt treatments within the
juvenile samples, 415 were recognized from amino acid sequences
deposited in the NCBI database. Of the 415 amino acid sequences,
175 (42.2%) were assigned a K number by BlastKOALA and were
used in enrichment analysis (Supplementary Table 10). Of these, 19
of the enriched pathways had an adjusted p-value < 0.05. (Figure 7,
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FIGURE 4

total = 25891 variables

Volcano plot of gene expression between 15 ppt and 35 ppt in juvenile clams. The -log(base 10) of the adjusted p-value is on the y-axis and the
Shrunken LFC is on the x-axis. Dots in black represent genes that fall outside the FDR and LFC thresholds. Dots in yellow represent genes that have
an absolute LFC >1 but have an FDR > 0.05. Those dots in indigo represent genes that have an FDR < 0.05 but have an absolute LFC < 1. Dots in
coral represent genes that are significantly differentially expressed between 15 and 35 ppt and make up a total of 465 genes. Of those, 303 are up-

regulated in 15 ppt, and 162 are down-regulated in 15 ppt.

Supplementary Table 12). Pathways included those involved in
axon regeneration, sphingolipid signaling, mineral absorption, fluid
shear stress and atherosclerosis, adherens junction, AMPK signaling
pathway and Rapl signaling.

Discussion

This is the first study to specifically focus on the transcriptomic
response of adult and juvenile hard clams, Mercenaria mercenaria,
to short-term low salinity stress. Key genes expressed under low
salinity stress for metabolic and other cellular function pathways
were identified. Some notable genes included heat shock proteins,
inhibitors of apoptosis, and solute carrier proteins. Enriched
pathways may inform how the hard clam responds to low salinity
stress. Enriched pathways identified by this study included protein
processing in the endoplasmic reticulum, fluid shear stress and
atherosclerosis, Rapl signaling, axon regeneration, sphingolipids
signaling, adherens junction, AMPK signaling, cGMP-PKG
signaling, cCAMP signaling, tight junction, among others. The data
generated by this study contributes to a better understanding of
hard clam biology and key genes and pathways that can be a focus
for future studies. Throughout this discussion, the focus is on
mRNA or protein coding RNA levels because transcripts were
measured. However, the functional roles of the proteins translated
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from these mRNAs will be discussed with the knowledge that this
may not represent levels of protein expression. Studies in some
systems have demonstrated a correlation between differentially
expressed mRNA levels and relative levels of their corresponding
proteins (Koussounadis et al., 2015; Cheng et al., 2016). Future
studies in clams are needed to verify the levels of the specific
proteins mentioned in this discussion.

Juveniles show more uniform response to
low salinity than adults

The adult PCA predominantly clustered samples by line,
reflecting the genetic structure of the populations used to
establish the lines as described in Ropp et al. (2023). Some
samples separated by salinity, but within some lines there was
overlap between samples exposed to different salinities. There was
some overlap between the adult Cape Cod and New Jersey samples.
However, the results also suggest a lack of consistency among clam
lines in response to low salinity (Figure 1). This could be interpreted
in a couple of ways. Either each clam line responded slightly
differently to low salinity stress or 26 hours of exposure to low
salinity was not long enough for all individuals to fully respond. The
juvenile PCA showed a different pattern than the adults. The
WCxPS and WCxWC lines clustered together in PCl, separate
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TABLE 2 Juvenile hard clam characterized genes with significantly different expression levels between 35 and 15 ppt exposure.

Category

LFC SE

pvalue

10.3389/fmars.2025.1574486

Solute Carrier

XM_045351851.1

XM_045360561.1

Sodium-dependent phosphate
transport protein 2B-
like (LOC123559775)

solute carrier family 12
member 3-
like (LOC123566450)

618.4400

242.2278

3.7424

2.7458

0.2534

0.2280

1.20E-50

1.03E-34

1.04E-46

5.95E-31

XM_045308299.1

sodium- and chloride-
dependent GABA transporter
2-like (LOC123528532)

38.4478

1.0593

0.2578

1.53E-06

7.83E-05

XM_045305991.1

sodium- and chloride-
dependent glycine transporter
1-like
(LOC123526743)

138.1374

1.1652

0.3239

1.20E-05

4.51E-04

XM_045338374.1

sodium- and chloride-
dependent glycine transporter
2-like
(LOC123549924)

4.5533

1.6512

0.7976

0.0010

0.0155

XM_045344695.1

XM_045332154.1

monocarboxylate transporter
13-like
(LOC123554495)

sodium-coupled
monocarboxylate transporter
1-like
(LOC12354964)

50.0973

5.6023

1.7188

1.6342

0.4391

0.8882

3.34E-06

0.0015

1.53E-04

0.0209

XM_045315108.1

sodium-coupled
monocarboxylate transporter
2-like
(LOCI123533465)

4.8454

1.2529

0.7897

0.0024

0.0286

Inhibitors
of Apoptosis

XM_045346781.1

XM_045344029.1

baculoviral IAP repeat-
containing protein 7-A-
like (LOC123556206)

baculoviral IAP repeat-
containing protein 2-
like (LOC123554115)

338.9549

129.7698

4.0756

-1.9935

0.4384

0.2690

7.20E-22

5.64E-15

8.92E-19

2.57E-12

XM_045346799.1

putative inhibitor of
apoptosis (LOC123556214)

288.4672

3.6696

0.5025

1.20E-14

5.21E-12

XM_045346777.1

baculoviral IAP repeat-
containing protein 3-
like (LOC123556203)

244.5211

-1.3569

0.2074

2.67E-12

6.70E-10

XM_045328576.1

procathepsin L-
like (LOC123542641)

39.0956

-1.5724

0.3275

6.61E-08

4.96E-06

XM_045339860.1

baculoviral IAP repeat-
containing protein 3-
like (LOC1235511142)

90.5763

1.21417

0.2929

1.36E-06

7.12E-05

XM_045340036.1

baculoviral IAP repeat-
containing protein 3-
like (LOC123551253)

95.8502

2.2407

0.5570

2.10E-06

1.04E-04

XM_045339865.1

baculoviral IAP repeat-
containing protein 3-
Like (LOC123551145)

22.4733

1.5154

0.4461

2.41E-05

8.06E-04

XM_045323272.1

inhibitor of apoptosis protein-
like
(LOC123538866)

9.3151

-1.3985

0.9127

0.0022

0.0274
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TABLE 2 Continued

Base

Category Mean LFC LFC SE pvalue padj

E3 ubiquitin-protein ligase
XM_045339994.1 XIAP-like 19.2917 -1.3754 0.9850 0.0025 0.0295
(LOC123551228)

Category refers to gene family. Gene is the NCBI Accession number. Name is the name given for each feature on NCBI. Base mean is the average of the normalized count values, divided by the
size factor, taken over all the samples. LFC is the log2 fold change. LFC SE is the LFC standard error. The pvalue is the Wald test p-value, where the null hypothesis is that there is no effect of
treatment on the gene. The padj is the adjusted p-value based on the Benjamini-Hochberg method, or false discovery rate (FDR).

from the NCxCC line, and in PC2, there was separation based on  optimal salinities to 0.5- 3.5 L h-1 (Hamwi, 1969), reducing the
salinity exposure (Figure 2). Since WCxPS and WCxWC clams  clam’s ability to support proper metabolic processes and energy
shared the same Wachapreague parental line (Supplementary  demands and leading to physiological stress. The probable sodium/
Figure 1), it is reasonable that they grouped together and  potassium/calcium exchanger CGI090 gene was up-regulated in
separated from NCxCC samples. These results indicate that  response to exposure to 15 ppt in the gills of adult hard clams,
juveniles had a more uniform response to low salinity stress  suggesting the gills respond by producing proteins responsible for
across lines within the 26 hour period than the adults. This is  ion transport to compensate for the change in salinity (Table 1). A
consistent with the literature and the understanding that low  study by Zhou et al. (2022) found that the cAMP-PKA pathway
salinity tolerance in hard clams increases with age. plays an important osmoregulatory role in the gills of hard clams by
transporting sodium, potassium, and calcium in and out of cells.
Zhou et al. observed the temporary activation of the cAMP-PKA
Sodium/potassium/calcium excha nger pathway (expression of key genes and ion concentration levels) after
gene expressed in hard clam gills clams were exposed to low salinity conditions (10 psu) for one day
and a dramatic downregulation of the pathway after 5 days of low
The genes differentially expressed in response to 15 ppt give  salinity exposure. These findings are consistent with the current
insight into the molecular response of gills subjected to osmotic  study that found the cAMP signaling pathway was enriched in the
stress. The ciliary action on the gills of hard clams produces a water  gills of hard clams after 26 hours of exposure to 15 ppt (Figure 6).
current that pumps water in and out of the mantle cavity and across
the gills, allowing for gas exchange and food capture (Grizzle et al.,
2001). Salinity may impact the pumping rate and feeding by ~Heat shock protein genes expressed in
disturbing the ionic balance needed for proper ciliary movement. hard clam glllS
At 15 ppt, pumping rates may fall from the 8 L h-1 observed at more
At the cellular-level, the ability to respond to environmental
conditions requires the proper processing of the transcripts and
Juvenile 18 ppt Up Juvenile 15 ppt Down proteins produced. In this study, several genes that were the most
highly expressed at 15 ppt compared to 35 ppt as measured by
significance and LFC within the adult gill tissues encoded proteins
in the heat shock family. Heat shock proteins (HSPs) are

Adult 15 ppt Up Adult 15 ppt Down

conserved across eukaryotic lineages and have been shown to be
involved in the physiological stress response in marine bivalves,
contributing to their ability to adapt to changing environmental
conditions (Fabbri et al., 2008). HSPs are best known for their role
in stress response but include a wide range of functions (i.e., acting
as molecular chaperones, folding newly synthesized polypeptides,
refolding metastable proteins, assembling protein complexes,
dissociating protein aggregate dissociations, and degrading
misfolded proteins) (Hu et al., 2020). All HSP genes identified
in this study were up-regulated in response to 15 ppt compared to

FIGURE 5 35 ppt.

Venn diagram of the number of genes that are significantly The top characterized gene based on adjusted p-value in this
differentially expressed (absolute LFC > 1 and FDR < 0.05) similarly
or differently among the gills of adult clams and the whole body of
juveniles. In total, 71 genes were significantly differentially expressed protein family (sHSP) that encodes proteins with chaperone-like
in both adults and juveniles. Of these 55 were up-regulated and 15

were down-regulated in response to 15 ppt versus 35 ppt. One gene . .
was up-regulated in juveniles and down-regulated in adults. increasing cellular tolerance to stress (Augusteyn, 2004). The gene

encoding heat shock protein beta-1-like (HspBI or Hsp27), also a

study was alpha-crystallin A chain, a gene in the small heat-shock

properties to prevent the aggregation of denatured proteins,
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Dot plot of relevant KEGG pathway over representation or enrichment analysis for adult genes. Fold Enrichment on the x-axis was calculated by
dividing the percentage of genes in the current dataset that were identified as encoding proteins in a specific pathway, by the percentage of genes
in the background (KEGG Orthology-KO) dataset that are in the same pathway. Enriched pathway names are on the y-axis, sorted from highest to
lowest fold enrichment. Circle size is scaled to indicate the number of genes that were significantly differentially expressed in that pathway. P.adjust

represents adjusted p-value using the Benjamini-Hochberg method.

member of the sHSP family, was in the top fifteen characterized
genes based on adjusted p-value (Table 1). HspB1 is best known for
counteracting the accumulation of oxidized proteins and protecting
cells against oxidative stress (Fabbri et al., 2008). sHSPs are thought
to be ATP-independent chaperones that are important in refolding
proteins in combination with other heat shock proteins (HSPs)
(Narberhaus, 2002).
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The HSP70 family defends against environmental stressors by
helping to maintain protein homeostasis (Fabbri et al., 2008). Six
genes in the HSP70 family were upregulated in response to 15 ppt
(Table 1). Four heat shock protein 70 B2-like genes (Hsp70 B2) were up-
regulated. Two other DEGs in the HSP70 family, but not in the B2
group, were also identified and up-regulated: heat shock 70 kDa protein-
like (Hsp70) and heat shock 70 kDa protein 4-like (Hsp74) genes.
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Dot plot of relevant KEGG pathway over representation or enrichment analysis for juvenile genes. Fold Enrichment on the x-axis was calculated by
dividing the percentage of genes in the current dataset that were identified as encoding proteins in a specific pathway, by the percentage of genes
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adjusted p-value using the Benjamini-Hochberg method.

Consistent with the findings of the current study, a study by Hu et al,,
2022, identified a massive expansion of HSP70 genes in the genome of
M. mercenaria compared to previously studied bivalves and found that
most HSP70 tandemly duplicated gene pairs were up-regulated under
heat and hypoxia stress in the gills of adult hard clams. Upon
encountering stressful conditions, hard clams may shut their valves,
which could lead to hypoxic conditions over time. Hard clams have
been known to sustain valve closure for up to 18 days at -1° to 6°C
(Loosanoff, 1939) and survive. It is possible that since HSP70 genes are
expressed in response to heat and hypoxic conditions within the gills of
adult hard clams, they are also expressed under hypoosmotic stress.
Higher expression of HSP70 genes in response to low salinity stress has
also been observed in studies of other bivalves. HSP70 genes were up-
regulated in the gills of the blue mussel, Mytilus edulis, after six days of
exposure to low salinity stress (5 ppt vs 23 ppt and 15 ppt) (Barrett et al,,
2022). A study by Nie et al. (2017) exposed the manila clam, Ruditapes
philippinarum to 32 ppt (control) and 15 ppt for 96 hours and collected
tissue samples at 0, 3, 6, 12, 24, 48, 72, and 96 hour post-exposure;
HSP70 genes were the most highly expressed in the gills as compared to
other tissues and expression fluctuated throughout the 96 hours and
among different clam lines, but HSP70 was up-regulated in all
experiments at 15 ppt compared to 32 ppt (Nie et al.,, 2017).
Members of the 90 kDa heat-shock protein (HSP90) family play
a vital role in protein regulation and cell signaling and act
downstream of the HSP70 chaperone system (Fabbri et al., 2008).
The gene for heat shock protein 90- beta-like (Hsp90B) was in the
top fifteen genes by significance in adult clams exposed to low
salinity compared to those at high salinity in this current study
(Table 1). Like HSP70 genes, HSP90 genes were also found to be up-
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regulated in the blue mussel, Mytilus edulis, after exposure to low
salinity stress (Barrett et al, 2022) and up-regulated in M.
mercenaria after exposure to heat and hypoxic stress (Hu et al,
2022). Song et al. (2022) compared the transcriptomic response of
M. mercenaria and its close relative, M. campechiensis, to chronic
heat stress and found that the genes encoding Hsp70B2 and HspBI
were up-regulated in both species and the Hsp90 gene was up-
regulated in M. campechiensis. Overall, these studies suggest that
HSP90 in conjunction with HSP70 and sHSPs are important stress
response genes for the hard clam and specific HSP genes may be
expressed in response to low salinity stress. Homologs of these heat
shock proteins are associated with tubulins and other proteins in
cilia complexes, suggesting they may be involved in maintaining
cilia function in clam gills under osmotic stress (Williams and
Nelsen, 1997; Gherman et al., 2006)

Protein homeostasis is maintained by guiding and preserving
the proper folding of proteins in the endoplasmic reticulum (ER),
and heat shock proteins are the main regulators. The gene for the
endoplasmic reticulum chaperone BiP-like (BiP), also known as
heat shock protein family A, member 5 (HspA5), was identified in
this current study (Table 1). BiP is the sole chaperone of HSP70 and
one of the most abundant proteins in the ER, indicating that it is
critical for protein folding (Adams et al., 2019). BiP, along with
HSP90 and HSP70 amino acid sequences, were assigned to an
enriched KEGG pathway, protein processing in the endoplasmic
reticulum (Figure 6, Supplementary Figure 3). These results indicate
that when subjected to low salinity stress (15 ppt), the gills of adult
hard clams may employ quality control machinery like molecular
chaperones and HSPs to ensure proper protein folding and to detect
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misfolding and perform degradation of proteins in the endoplasmic
reticulum (ER) (Hartl et al., 2011).

Solute carrier genes expressed in juvenile
clams

This is the first study to investigate the gene expression response
in juvenile clams following low salinity stress. Juvenile clams are
typically raised in upweller systems on ambient waters for multiple
weeks between settlement at approximately 12 mm and out planting
in grow-out beds. The reliance on ambient water carries a risk of
sub-optimal water conditions, including low DO, high or low
temperature, sedimentation, and low salinity, resulting in stress
and mortality. Salinity depression from rain events can also affect
the growth and survival rates of juvenile clams planted at grow-out
sites. Juvenile clams can tolerate lower salinities for relatively short
periods and have been known to survive 14 ppt for 6 days with
limited mortality (Baker et al, 2005), but how their long-term
growth is affected is unknown. In the event of external osmolarity
change, osmoconformers must reallocate their energy towards
regulating the solute concentrations including ions and small
organic molecules via channels and transporters located
throughout their cell membranes (Pierce, 1982). The top genes as
determined based on FDR and LFC that were up-regulated under 15
ppt compared to 35 ppt in this study included sodium-dependent
phosphate transport protein 2B (NPT2b), and solute carrier family
12 member 3 (SLCI2A3) (Table 2) genes. NPT2b is a cotransporter
of Na* and HPO,* in the solute carrier family 34 (SLC34) (Virkki
et al., 2007). Phosphorus (P) is an essential element for all living
organisms, and in the form of inorganic phosphate (Pi), it can be
used for ATP synthesis, phospholipids, genetic material, and
intracellular signaling (Knowles, 1980; Olsen et al., 2006).
SLC12A3 is a Na* CI cotransporter (NCC), where both ions are
transported into the cell, and constitute most of the solutes in the
cells and body fluids of multi-cellular eukaryotic organisms
(Dawson and Liu, 2008). Sodium and chloride distribution is
critical for osmotic homeostasis and for maintaining ionic
membrane potentials. A study by Zeng et al. (2024) looked at the
molecular response of hard clams to long-term low salinity stress
and found DEGs encoding amino acid transporters, ion channel
proteins, and water channel proteins. Zeng et al. observed two
monocarboxylate transporters that were significantly up-regulated
in response to 15ppt compared to 35 ppt, consistent with the
current study’s findings of upregulation of monocarboxylate
transporters (Table 2). The current study also observed the up-
regulation of sodium- and chloride-dependent glycine transporter 1
(SLC6AY), sodium- and chloride-dependent glycine transporter 2
(SLC6A5), and sodium- and chloride-dependent GABA transporter
2 (SLC6A13) (Table 2). SLC6A13 was also observed by Zeng et al.
(2024) but was up-regulated in response to 35 ppt, an opposite
response than the current study that observed an up-regulation in
response to 15 ppt. This finding agrees with other studies that have
concluded that gene expression changes with the length of exposure
to stressful environmental conditions.
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Inhibitors of apoptosis genes expressed in
juvenile clams

Along with regulating cell volume and solute concentrations,
controlling cell death or apoptosis under stressful conditions is
crucial for the survival of an organism. Inhibitors of apoptosis
(IAPs) primarily suppress caspases, the effector proteases in
programmed cell death. IAPs have also been found to play a role
in signaling cascades that are part of the innate immune response,
cell migration, and cell-cycle regulation (Portt et al., 2011; Gyrd-
Hansen and Meier, 2010; Fulda, 2014). In this current study,
multiple JAPs and IAP-related genes were differentially expressed
within juvenile clam tissues after the 15 ppt treatment (Table 2).
Baculoviral IAP repeat-containing protein 7-A, a putative inhibitor
of apoptosis, and three baculoviral IAP repeat-containing protein 3
genes were all up-regulated while baculoviral IAP repeat-containing
protein 2, another baculoviral IAP repeat-containing protein 3,
procathepsin L, two E3 ubiquitin-protein ligase XIAP, and inhibitor
of apoptosis protein genes were down-regulated. Sequencing of the
hard clam genome has revealed a massive expansion and
diversification of IAPs, and after exposure to air for 8 and 16
days, IAPs were found to be both significantly up- and down-
regulated with the highest expression observed in the hemolymph
as compared to other organs (Song et al,, 2021). Song et al., 2021
also concluded that the expression of IAPs was specific to certain
stressors; 134 TAPs were expressed under at least one environmental
stressor (high temperature, low oxygen, or low salinity), but only 3
IAPs were found to be expressed under all three stressors. The gene
expression pattern of JAPs found within juvenile clams during this
current study may be specific to low salinity stress and important
for resilience against hypoosmotic conditions.

Overlap between adults and juveniles

When the 545 DEGs from the adult samples and 465 DEGs from
the juvenile samples were compared, 71 genes were differently
expressed in both the gills of adults and the whole bodies of
juveniles. Of these 71 genes, 55 were up-regulated and 15 were
down-regulated after 26 hours in 15 ppt versus 35 ppt in both adult
and juvenile samples (Figure 5). The limited overlap in differentially
expressed genes between the adults and juveniles suggests that gene
expression may be specific to tissue type and age. The 71 genes that do
overlap may be expressed in many tissue types and across age when low
salinity stress is encountered and could be candidates for further
studies. These overlapping genes included genes in the heat shock
protein family, IAP-related genes, and genes that encode channels/
transporters, and among many others (Supplementary Table 8).
Results suggest that regulation of protein folding, apoptosis, and
solute movement across cell membranes are important processes for
the hard clam to combat low salinity, regardless of age or tissue type.
While the regulation of single genes/proteins can give insight into the
processes involved in low salinity stress response, groups of proteins
can shed light on specific pathways that may be important. The
enriched pathways with biological significance that overlapped
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between the adults and juveniles identified in this study include the
fluid shear stress response and atherosclerosis (FSS) pathways
(Figures 6, 7). The FSS pathway is known for its relationship to
cardiovascular disease in humans, while shear stress is the frictional
force that blood flow has on endothelial surfaces (McSweeney et al.,
2016). A study by Boamah et al. (2022) found that DEGs were
significantly enriched in the FSS pathways of abalone under low
salinity stress. Like in abalone and other marine molluscs, the gills
and other epithelial cells of the body cavity in hard clams are
constantly exposed to hemolymph flow that could produce a shear-
like stress under low salinity exposure, especially since gill pumping
rates have been shown to decline with drops in salinity (Hamwi,
1969). This current study also identified several other interesting
pathways that lack research within a clam system and could be the
focus of future studies. These include Rapl signaling, axon
regeneration, sphingolipids signaling, adherens junction, AMPK
signaling, vitamin digestion and absorption, mineral absorption,
c¢GMP-PKG signaling, lipid and atherosclerosis, tight junction,
aldosterone-regulated sodium reabsorption and more (Figures 6,
7). KEGG pathway enrichment analytical tools are useful but are
built upon a limited number of species. Whether the pathways that
were found to be significantly enriched in this study apply to a
bivalve system needs confirmation. All significantly differently
expressed genes were used in the analysis, so that the enriched
pathways may include either up or down regulated genes, and some
pathways may include both up and down regulated genes. While the
genes/proteins belonging to these pathways may still be valuable in
understanding low salinity stress response in hard clams, the
specific functions of these pathways in the hard clam system still
need to be explored.

Conclusion

As the largest producers of hard clams in the U.S,, Virginia clam
growers, along with producers from other states, are looking for ways to
maintain and expand production including expanding operations into
lower salinity areas. Potential threats to wild and aquacultured clams
need to be assessed and understood so steps can be taken to devise
mitigation strategies. One anticipated threat is the predicted increase in
extreme precipitation events that lower salinities in coastal areas,
potentially killing or stunting the growth of hard clams. Hatcheries
and clam growers rely on ambient water to feed and support their
clams throughout their lives, with limited options to accommodate
drops in salinity. Genetics and selective breeding have been used as
successful tools in many aquaculture settings to enhance favorable
characteristics like growth, survival, and stress response in animals
(Abdelrahman et al,, 2017; Sae-Lim et al., 2017; Hollenbeck and
Johnston, 2018; Houston et al., 2020). With advancements in
transcriptomic analysis, we can better understand how animals
respond to stress, which genes may be important in stress response,
and if response differs among lines and populations. Therefore,
breeding programs can use transcriptomics to identify genes and
clam lines to target, enhancing selection methods. This approach has
been used for other organisms, including the intertidal clam
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(Sinonovacula constricta), the Pacific oyster (Crassostrea gigas), and
the rainbow trout (Oncorhynchus mykiss) (Niu et al., 2013; Zhang et al,,
2019; Cleveland et al., 2020). The findings of the current study revealed
the importance of heat shock proteins, inhibitors of apoptosis, and
osmotic effector molecule regulators in the response to low salinity
stress by adult and juvenile clams and provided insight into the
processes that occur within adults and juveniles under low salinity
stress by identifying key genes and pathways that could be the
foundation for future studies. Future studies should examine whether
genes identified in this study are differentially expressed in clams grown
in different salinity environments. These data can be used to determine
if there are links between expression levels and growth and survival
metrics so that certain genes can be targeted for breeding more tolerant

clam lines.
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