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Abstract: Increases in Arctic temperatures have accelerated melting of the Greenland icesheet, exposing intertidal organisms, such as the blue mussel Mytilus edulis, to high air temperatures and
low salinities in summer. However, the interaction of these combined stressors is poorly described
at the transcriptional level. Comparing expression profiles of M. edulis from experimentally warmed
(30 °C and 33 °C) animals kept at control (23‰) and low salinities (15‰) revealed a significant lack
of enrichment for Gene Ontology terms (GO), indicating that similar processes were active under
all conditions. However, there was a progressive increase in the abundance of upregulated genes
as each stressor was applied, with synergistic increases at 33 °C and 15‰, suggesting combined
stressors push the animal towards their tolerance thresholds. Further analyses comparing the effects
of salinity alone (23‰, 15‰ and 5‰) showed high expression of stress and osmoregulatory marker
genes at the lowest salinity, implying that the cell is carrying out intracellular osmoregulation to
maintain the cytosol as hyperosmotic. Identification of aquaporins and vacuolar-type ATPase transcripts suggested the cell may use fluid-filled cavities to excrete excess intracellular water, as previously identified in embryonic freshwater mussels. These results indicate that M. edulis has considerable resilience to heat stress and highly efficient mechanisms to acclimatise to lowered salinity in
a changing world.
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1. Introduction
The thermal response of organisms is one of the best quantified in biology (e.g.,
Clarke and Johnston, 1999; Gillooly et al., 2001 [1,2]) and is essential for predicting the
effects of climate change [3,4]. However, knowledge of how additional stressors modify
organismal thermal tolerance is still surprisingly limited. In recent years, the Arctic has
experienced a rate of warming that is three times higher than the global average [5]. In
Greenland, warmer air temperatures have increased melting from glaciers and land ice
[6,7], contributing to increased coastal freshwater input and observed declines in sub-surface salinity levels [8]. This has direct consequences for the inhabitants of nearshore ecosystems, especially intertidal organisms, which face the dual challenge of increasingly
warmer air temperatures and fresher coastal waters under current and future climate scenarios [9,10].
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The blue mussel, Mytilus edulis, is a boreal bivalve mollusc that has a distribution
stretching from warm temperate to polar latitudes. It is a common inhabitant of the intertidal benthic communities of west Greenland fjords [11] and is exposed to a wide range of
air temperatures and salinities. For example, M. edulis exhibits freeze-tolerant abilities
[12,13], with a lower lethal limit (LLT50) of −13 °C measured in populations from west
Greenland [14]. At the opposite end of the scale, high intertidal air temperatures of ~36 °C
are becoming more common in the Greenland intertidal zone [15]; however, recent studies
have demonstrated a remarkable resilience to high air temperatures in M. edulis [14,16,17].
Upper lethal temperatures for M. edulis have been observed to be between 25 °C and 38
°C [14,18–20]. This high degree of thermal tolerance in Mytilus species is largely dependent on environmental conditions, with acclimation and the predictability of thermal stress
being considered key modifiers of thermal resilience [17,21].
With regards to salinity tolerance, M. edulis are euryhaline osmoconformers [22], with
extracellular fluids being isosmotic with their surrounding medium [23]. Their haline
range extends from full-strength seawater (35‰) to very low salinity (~5‰) brackish waters [19,24], although they can tolerate salinities close to zero for limited periods of time
[25–27]. Short-term low salinity tolerance in M. edulis is initially possible through behavioural mechanisms, which can include closing their shell valves and the exhalant siphon
on instant exposure to lowering salinity water [26]. This effectively traps water within the
mantle cavity, which can be maintained at a higher osmolality than the external seawater
[28]. However, build-up of metabolic waste products, in addition to respiratory and feeding requirements, eventually encourages valve gaping. This brings the mantle tissue in
direct contact with external water, initiating osmotic rebalancing of the haemolymph. In
turn, this triggers cell volume regulatory changes, which in molluscs constitutes an efflux
of intracellular organic osmolytes across the cell membrane [29–31], allowing cells to adjust their osmotic concentration to match that of the extracellular fluid. These cellular adjustments mark the beginning of the acclimatisation process, considered to take one to
four weeks in laboratory conditions [32]. Both short and long-term salinity-tolerance strategies come at a considerable metabolic cost, and consequently mussels living in lower
salinity environments have higher respiration rates [33], are smaller [34,35], have thinner
shells [36] and exhibit depressed shell growth rates [37,38].
Temperature and salinity are considered “master factors” with regard to development, growth and survival of marine animals [39]. As such, the combined effects of temperature and salinity may interact in a complex, non-linear manner, producing responses
that would not have been predicted from observing a single variable in isolation [40]. Low
salinity has already been demonstrated to significantly depress the temperature at which
mortality occur in M. edulis from west Greenland [16], suggesting a synergistic interaction
between temperature and salinity. At the molecular level, abrupt environmental change
often involves the production of stress proteins, such as heat shock proteins (HSPs) [41].
For Mytilus species, upregulation of HSPs has been observed in response to heat stress
[16,42,43] and osmotic stress [16,42,44]. Previous studies comparing differential gene expression in Mytilus species under both high temperature and low salinity conditions observed only a small number of overlapping genes, which showed divergent expression
patterns [43,44]. However, Nielsen et al. (2021) [16] observed upregulation of HSP70 under both low salinity and heat stress.
This study aims to build on findings from a previous ecophysiological study [16] to
further explore the molecular responses of M. edulis to thermal and osmotic stress by using
an RNA-Seq approach. This technique offers detailed molecular insight into the direct responses to environmental stressors by quantifying the presence of transcribed RNA molecules at the point of sampling. A subset of samples generated by Nielsen et al. (2021) [16]
where mean mortality was <25% have been used in the RNA-Seq analyses in this study.
These samples were partitioned into two separate analyses, with 23‰ at 5 °C used as a
control in each experiment:
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(1) Low salinity exposure: using samples held at 23‰, 15‰ and 5‰, all at 5 °C. A
focus of this analysis was to investigate the physiological mechanisms that mussels employ at very low salinities by analysing the regulation of key marker genes previously
identified as important in bivalve osmoregulation including ion channel, aquaporin and
osmolyte transporter genes [44,45].
(2) Heat stress and low salinity exposure: the interaction between temperature and
salinity using samples held at 23‰ and 15‰, subjected to air exposures of 30 °C and 33
°C. This analysis focused on the interaction between the two stressors and interrogated
the extent of the molecular overlap and energy resource allocation.
2. Materials and Methods
2.1. Specimen Collection
Blue mussels (M. edulis) were collected from the lower intertidal zone of Kobbefjord
south of Nuuk, Greenland (64°10′50.8″ N, 51°32′28.1″ W) in August 2019. Mussels were
kept in seawater obtained from the collection site and held at 5 °C for 3 days before transfer to a holding facility at Aarhus University, Denmark. They were then divided into four
aquaria with daily seawater changes, in which water temperature was maintained at 5 °C
and salinity at ~23‰, corresponding to the salinity of the collection site. The mussels were
exposed to 5 °C air twice a day for 1.5 h at 12 h intervals (simulating a semi-diurnal tide)
for one week, prior to starting experimentation to acclimate the animals to the new experimental conditions.
2.2. Salinity and Temperature Experiments
Mussels were distributed among 48, 0.5L buckets (n = 10 per bucket; total mussels n
= 480). The buckets had holes drilled to allow water to pass through exposing the mussels
to air, when simulating a low tide. The buckets were distributed between 12 aquaria, four
for each of the three salinity conditions (5‰, 15‰ and 23‰). Within each salinity treatment, mussels were exposed to experimental air temperatures of 5 °C, 30 °C and 33 °C
every 12th hour for 1.5 h over a 6-day period. As M. edulis has an upper temperature limit
of 36 °C, temperature values close to the upper limit were chosen. Each treatment combination had four replicate buckets, totalling 40 mussels per treatment combination. For a
detailed methodological description of the mussel sampling procedure and physiological
experimental design, see Nielsen et al. (2021) [16].
At the end of the experiment, mussel length was measured, and gill tissue dissected.
Gill samples were flash-frozen and stored at −80 °C until use.
2.3. RNA Extraction and Sequencing
Prior to selecting samples for RNA extraction, tank effects were tested on mortality
data using a Fischer’s exact test of independence on any tank where mortality was observed (four tanks). There were no tank effects (p > 0.6), and hence animals were sampled
from each replicate tank for each treatment. A number of treatments from Nielsen et al.
(2021) [16] have been excluded. The 36 °C air temperature treatment resulted in 100%
mortality, while mortality in mussels exposed to 5‰ salinity and subjected to heat stress
(both 30 °C and 33 °C) was >50%, representing a median lethal mortality (LD50). Seven
treatments were selected for transcriptomic analysis, based on the previous results of
Nielsen et al. (2021) [16], and comprised the following conditions, hereafter referred to by
the name in brackets: 23‰ at 5 °C (control), 23‰ at 30 °C (30 °C), 23‰ at 33 °C (33 °C),
15‰ at 5 °C (low salinity), 15‰ at 30 °C (low salinity + 30 °C), 15‰ at 33 °C (low salinity
+ 33 °C) and 5‰ at 5 °C (very low salinity) (n = 5 per treatment; n = 35 samples in total).
Mussel shell length was used as the selection criterion for choosing samples to extract
RNA. Mussels with shell lengths as near as possible to the mean of all samples (34.7 ±
0.13mm) were chosen to ensure the animals sampled were of a similar age. This represented one from each of the four tank replicates per treatment plus a fifth based on the
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nearest suitable size. For each sample, ~30 mg of gill tissue was extracted using the SV
total RNA isolation system (Promega, Madison, WI, USA) (which includes a DNase treatment), according to manufacturers’ instructions. All samples were checked for RNA purity and concentration on a NanoDrop™ (ThermoFisher, Waltham, MA, USA) spectrophotometer and an Agilent TapeStation™ (Agilent, Santa Clara, CA, USA). Thirty-five
individual samples with an RNA integrity number (RIN) ≥8 were sent for library preparation and NovaSec 6000 PE150 (Illumina, San Diego, CA, USA) sequencing at Novogene
(Cambridge, UK).
2.4. Bioinformatics
The raw sequencing reads from the 35 samples were subjected to quality control,
transcript assembly and downstream analysis. This was performed by NovoGene via the
following bioinformatics pipeline. Raw-read data were quality-controlled for error rate
distribution using Phred score and GC content distribution. Data filtering removed Illumina adaptor sequences, low-quality reads with uncertain nucleotides (N > 10%) and
reads with low quality bases that constituted >50% of the read. Transcriptome assembly
using the cleaned reads was carried out de novo using Trinity 2.6.6 (with parameters minKmerCov = 3 and min_glue = 4), and utilising modules Inchworm, Chrysalis and Butterfly
[46]. Hierarchical clustering was performed using Corset 4.6 [47], with parameters set to
default (except; -f ture, -m 10), whose groups contigs were based on shared reads, while
contigs differentially expressed between treatments were also separated, ultimately removing read redundancy. The longest transcripts from each cluster were selected as unigenes, and these were subjected to gene annotation. Seven gene databases (NR, NT,
KEGG, SwissProt, Pfam, GO and KOG; see Table 1) were utilised to achieve functional
gene annotation for the unigenes. For each database, the following software and parameters were implemented: NCBI blast 2.9.0 with an e-value threshold of 1 × 10−5 was performed against the NT database [48]. Diamond 0.8.22 [49] with an e-value threshold of 1
× 10−5 was used to blast unigenes against the NR, KOG and Swiss-Prot databases. HMMER
3.1, utilising the hmmscan package with an e-value threshold of 0.01, was used to search
the Pfam database [50]. GO annotation was achieved utilising the protein annotation results from NR and Pfam within Blast2GO b2g4pipe_v2.5 [51] software with an e value
threshold of 1 × 10−6. KEGG annotation [52,53] was carried out using KASS (KEGG Automatic Annotation Server) [54] with an e-value threshold of 1 × 10−5. GO enrichment was
performed using GOseq 1.32.0 [55] and topGO 2.32.0 [56] with a corrected p value of <0.05.
KEGG enrichment was performed using KOBAS 3.0 [52] with a corrected p value of <0.05.
Table 1. Blue mussel (M. edulis) transcriptome assembly statistics and gene annotation rates.

Assembly Statistics
Number of nucleotides (nt)
Number of unigenes
Unigene minimum length (bp)
Unigene mean length (bp)
Unigene medium length (bp)
Unigene maximum length (bp)
N50
N90
Number of unigenes between 200 bp–500 bp
Number of unigenes between 500 bp–1k bp
Number of unigenes between 1k bp–2k bp
Annotation Rates
Database
NR (NCBI non-redundant protein sequences)

394,372,995
449,638
301
877
621
17,583
1104
420
165,273
163,324
89,465
% annotation
35.08
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NT (NCBI nucleotide sequences)
KEGG (Kyoto Encyclopaedia of Genes and Genomes
Orthologues)
Swiss-Prot: (Manually annotated protein sequences)
Pfam: (Protein domains and families)
GO: (Gene Ontology)
KOG: (euKaryotic Orthologous Groups)
Annotated in all Databases
Annotated in at least one Database

9.75
5.4
19.35
12.33
9.54
7.96
0.51
40.68

For the gene-expression analysis, the de novo transcriptome was used as a reference
sequence to map reads and quantify expression level using RSEM 1.2.28 (with parameters
--estimate-rspd -mismatch-rate 0.3) [57] and Bowtie2 2.4.4 [58], outputting a read count of
each transcript for each sample and then converting to a FPKM value (Fragments Per
Kilobase per Million fragments mapped) [59]. The threshold for expression was set at
FPKM >0.3. The differential expression analysis was carried out in DESeq2 1.26 [60]
(which normalised read counts and estimated an FDR value using BH [61] with an adjusted p value of <0.05), and in edgeR 3.28 [62] with normalisation via TMM and an FDR
value estimated using BH [61] with a log2fold change >1 and an adjusted p value of < 0.005.
The heatmap was generated in R 4.0.5 [63] within R Studio 1.1.456 [64] using the package
pheatmap 1.0.12 [65], utilising FPKM values, which were log-transformed to account for
zeros (e.g., log(count + 1)) and z-scored. Transcriptome data validation was undertaken
by mapping the transcriptome onto a sample of primers (HSP70 and HSP90) used in
Nielsen et al. (2021) [16] in Geneious Prime (2022.0.1) [66].
Specific genes associated with the classical stress response identified in previous
Greenland Mytilus studies [16,17], and those identified as being associated with osmoregulation in previous studies (e.g., Lockwood and Somero, 2011 [44]; Meng et al., 2013 [45]),
were investigated in more detail via datamining of the differentially expressed gene lists.
To determine the identity of putative aquaporin transcripts differentially expressed in the
low salinity treatments (5‰ vs. control; 15‰ vs. control; 5‰ vs. 15‰), a phylogenetic
tree was produced. A maximum likelihood phylogeny was generated in IQ-TREE 1.6.12
[67], using known aquaporin amino acid sequences from human, mouse, cow, fish and
mollusc, in combination with the three translated aquaporin sequences from this study.
For each representative species, amino acid sequences of AQP0-12 were downloaded from
GenBank, with the exception of AQP2, AQP5 and AQP6 in the zebrafish Danio rerio as
tetrapod orthologues were absent; while in the scallop, Mizuhopecten yessoensis, aquaporin
genes were predicted from genome analysis, so only a single sequence representative from
each for the four aquaporin classes has been included (for accession numbers see; Table
S1). A 338-length amino acid sequence alignment was created using MAFFT 7.489 [68]
using the L-INS-i method and subsequently hand-edited in Geneious Prime 2021.2.2 [66]
to remove poorly aligned and divergent regions. Automatic model testing and selection
was implemented within IQ-TREE using ModelFinder [69] with the LG + I+G4 model of
sequence evolution selected based on the BIC scores. Bootstrap replicates (×1000) were
performed within IQ-TREE using the ultrafast bootstrap [70].
3. Results
3.1. Transcriptome Statistics
RNA extracted from gill tissue samples from 35 individual Mytilus edulis was sequenced, generating over 913 million raw reads. After removing adaptor sequences and
poor-quality reads, the transcriptome generated comprised 449,638 unigenes (Table 1).
Trinity transcript and unigene figures were very similar (99.96 %); therefore, we have only
reported the unigene data. Library coverage across the 35 samples ranged from 18,925,398
to 32,269,107 clean reads with a Phred Q20 score ranging from 96.83% to 98.31% (Table
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S2). Seven annotation databases were used to provide gene annotation, with the highest
rates achieved using the NR (NCBI non-redundant protein sequences) database with a
35.08% annotation rate (Table 1). Due to the lack of availability of a full M. edulis genome
for reference, the majority of annotations (>80%) comprised sequence similarities to four
bivalve species: Mytilus galloprovincialis (27%), Mizuhopecten yessoensis (22.9%), Magallana
gigas (previously reported as Crassostrea gigas) (16%), and Crassostrea virginica (14.8%), and
one gastropod mollusc species (Lottia gigantea (1.7%).
3.2. Differential expression and GO enrichment
The results of RNA-Seq analysis revealed high numbers of differentially expressed
gene transcripts under all treatment comparisons ranging from 8515 to 17,998 (Table 2).
Due to these large numbers, analyses concentrated on the exploitation of GO enrichment
data and more detailed analyses of candidate genes putatively involved in osmoregulation and the stress response.
Table 2. Differential gene expression counts in blue mussels (M. edulis) subjected to different heat
and osmotic stress treatments. Treatment descriptions are as follows: control (23‰ at 5 °C), low
salinity (15‰ at 5 °C), very low salinity (5‰ at 5 °C), 30 °C (23‰ at 30 °C), 33 °C (23‰ at 33 °C),
low salinity + 30 °C (15‰ at 30 °C), and low salinity + 33 °C (15‰ at 33 °C).

Comparison
Low salinity exposure
Low salinity vs. control
Very low salinity vs. control
Very low salinity vs. low salinity
Heat stress + low salinity exposure
30 °C vs. control
33 °C vs. control
33 °C vs. 30 °C
Low salinity + 30 °C vs. 30 °C
Low salinity + 33 °C vs. 33 °C
Low salinity + 33 °C vs. low salinity + 30 °C
Low salinity + 30 °C vs. low salinity
Low salinity + 33 °C vs. low salinity

Upregulated Genes

Downregulated Genes

Total Genes

5004
17,267
10,466

3768
6824
5354

8772
24,091
15,820

7002
7033
3958
3781
6243
7506
4722
10,796

4195
8824
8314
4734
2802
4948
4540
7202

11,197
15,857
12,272
8515
9045
12,454
9262
17,998

3.3. Low Salinity Exposure
These analyses comprised data generated from mussels exposed to different salinities (23‰, 15‰ and 5‰), all held at 5 °C. This was to identify the transcriptional effects
of low salinity at the ambient temperature of the fjord, from which the animals were
sourced. At 5 °C, differential gene expression increased with decreasing salinity, with the
lowest salinity (5‰) revealing a massive upregulation of gene transcripts compared to the
control (17,267 gene transcripts). This was reflected in the GO enrichment analysis, which
revealed an increase in the number of upregulated enriched categories as salinity decreased (Figure 1; Table S3). Cell Adhesion (Biological Process) was one of the most significantly enriched categories at both low and very low salinity when compared with control samples (Figure 1). Nine genes were shared across both low salinity treatment comparisons (Table S4(i); Spreadsheet S1). These included calcium-dependant cadherins (e.g.,
PCDH9 and FAT4), which can function as transmembrane proteins connecting the actin
cytoskeleton indirectly to neighbouring cells [71], and ependymin-related proteins (e.g.,
EPDR1), a diverse multifunctional gene family, some members of which have been shown
to be upregulated in response to environmental stress in bivalves and gastropods [72]. At
very low salinity (5‰), five GO enrichment categories were significantly upregulated
compared to the control. This included the GO term category Cytoskeleton (Cellular Component), reflecting the most significantly upregulated gene, Profilin (log2fold change 11.57;
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Adjusted p value 6.87 × 10−46), which encodes an actin-binding protein involved in cell
shape changes and cytoskeleton rearrangement [73] (Spreadsheet S1). Directly comparing
very low salinity (5‰) vs. low salinity (15‰) revealed five significantly enriched GO categories, with DNA-binding Transcription Factor Activity (Molecular Process) being the
most significant, which was also the case in the 5‰ vs. control comparison. Twenty-four
genes were shared across both treatment comparisons for DNA-binding Transcription
Factor Activity (e.g., CREBL2 and Kat6b) (Table S4(i); Spreadsheet S1). Genes identified as
being specific to osmoregulatory processes revealed high levels of expression at very low
salinity (5‰ vs. control) and when very low salinity and low salinity (5‰ vs. 15‰) were
directly compared, but there were a much lower number of upregulated gene transcripts
for osmoregulatory regulated genes at low salinity (15‰ vs. control) (Table 3; Figure 2;
Spreadsheet S2).

Figure 1. Diagrammatic Gene Ontology term (GO) enrichment results for upregulated gene expression in blue mussels (M. edulis) from low salinity exposure treatment comparisons. Green tick represents enrichment between treatments. Lists within grey boxes are significantly enriched GO term
categories representing functional profiles of the overexpressed set of genes from the sample comparisons (See Table S3 and S4(i), Spreadsheet S1).
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Figure 2. Heatmap showing relative fold change expression of differentially expressed putative osmoregulatory genes in blue mussels (M. edulis) from low salinity exposure treatment comparisons,
with SwissProt gene transcript descriptions (see Spreadsheet S3 for transcript identification and
FPKM values). Colour scale bar indicates relative expression: red = upregulation; blue = downregulation.
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Table 3. Osmoregulatory marker genes identified in the differentially expressed profiles from low
salinity exposure treatment comparisons, using the SwissProt annotations (see Spreadsheet S2 for
gene transcript lists). ↑: represents upregulated genes, ↓: represents downregulated genes.

Gene Type

Ion channel: Potassium channel
Ion channel: Chloride channel
Ion channel: Calcium channel
Ion exchangers
Aquaporins
ATPase pumps (V-type)
ATPase pumps (Other)
Osmolyte transporters (SLC6A5/SLC6A9)

Comparisons
Very low
Very low
Low salinity
salinity
salinity
vs.
vs.
vs.
control
control
low salinity
↑
↓
↑
↓
↑
↓
2
2
14
0
5
1
0
0
4
0
2
0
1
0
6
2
4
1
1
1
8
0
4
0
0
1
1
0
2
0
0
2
3
2
3
0
0
0
11
1
3
0
4
0
17
5
7
0

3.4. Heat Stress and Low Salinity Exposure
These analyses concentrated on mussels exposed to two salinities (23‰ and 15‰),
with each subjected to heat shocks of 30 °C and 33 °C during air exposure (control conditions were 23‰ and 5 °C). Differential gene expression patterns under both heat stress
treatments (30 °C and 33 °C at 23‰) compared to the control (5 °C at 23‰) revealed similar numbers of upregulated genes (~7000 gene transcripts) at each temperature, while for
downregulated genes there was over double the number at 33 °C vs. control than at 30 °C
vs. control (Table 2). However, under low salinity exposure (15‰), 4722 gene transcripts
were upregulated at 30 °C vs. low salinity (30 °C at 15‰ vs. 5 °C at 15‰), whereas there
were 10,796 upregulated at 33 °C vs. low salinity (33 °C at 15‰ vs. 5 °C at 15‰), representing a 129% difference and indicating the synergistic effects of salinity and heat stress
(Table 2).
GO term enrichment analysis revealed significant upregulated gene enrichment under both heat stress treatments compared to the control (Figure 3; Table S3). Cell Morphogenesis (Biological Process) was the most significantly enriched GO term, with 40% of
genes shared under both conditions (30 °C vs. control and 33 °C vs. control; Table S4(ii)).
A closer inspection of the putative genes involved revealed they encoded heat shock proteins/chaperones (e.g., HSP70) (Spreadsheet S4). Under the 30 °C treatment, Cell Morphogenesis (Biological Process) was the only significantly enriched category; however, at the
higher temperature of 33 °C, eight additional categories were enriched (Figure 3; Table
S3). Those defined as Molecular Function GO categories included DNA-binding Transcription Factor Activity, Enzyme Binding and Unfolded Protein Binding, with genes
identified as being involved in transcription activity (e.g., AP-1, CREBL2, ATF-2), programmed cell death (e.g., Ces-2) and molecular chaperone activities (e.g., HSP70, HSP90,
CCT3) (Spreadsheet S4). There was no gene enrichment when heat stress treatments were
directly compared at control salinity (33 °C vs. 30 °C both at 23‰), or between the same
temperatures at different salinities (Figure 3), indicating that similar processes were upregulated in each treatment. However, when heat stress treatments were compared at
lower salinity (low salinity + 33 °C vs. low salinity + 30 °C), seven GO terms were enriched
(Figure 3; Table S3; Spreadsheet S5), further indicating the synergistic effects of combined
heat and salinity stress. When exposed to low salinity (15‰), there was a larger number
of significantly enriched GO terms for each heat stress treatment compared to control salinity (five categories at low salinity + 30 °C compared to one at 30 °C; 19 categories at low
salinity + 33 °C compared to nine at 33 °C), with Cell Morphogenesis (Biological Process)
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again being the most significant (Figure 3; Table S3). When comparing both 33 °C treatments (15‰ and 23‰) with their respective 5 °C treatments, nine GO enrichment categories were shared (Figure 3; Table S4(v); Spreadsheet S6), with Cell Morphogenesis (Biological Process) and DNA-binding Transcription Factor Activity (Molecular Function)
both being highly significant. Shared genes in the enriched categories relate to stress responses, ubiquitination and protein folding (e.g., HSP70, HSPA5 and UBC), transcription
activity genes (e.g., FOSL2, CREBL2) and genes involved in protein syntheses such as elongation factors (e.g., EEF2) (Spreadsheet S6). Interestingly, although GO enrichment analysis did not reveal specific terms related to environmental stress, many of the genes underlying the significantly upregulated enriched categories (i.e., Cell Morphogenesis and
Unfolded Protein Binding) are classically associated with stress responses (e.g., HSP70)
(Spreadsheet S6).

Figure 3. Diagrammatic gene ontology (GO) term enrichment results for upregulated gene expression in blue mussels (M. edulis) from heat stress and low salinity exposure treatments. Green tick
represents enrichment between treatments. Red no symbol indicates a lack of significant gene enrichment. Lists within grey boxes are significantly enriched GO term categories representing functional profiles of the overexpressed set of genes from the sample comparisons (See Table S3 and
S4(ii–v), Spreadsheet S4–S6).
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3.5. Stress-Related Genes
Datamining of the differentially expressed gene lists (under the Swiss-Prot and NR
database annotations) using terms related to oxidative stress, apoptosis, and osmotic and
heat shock stress responses (keywords: caspase, catalase, superoxide dismutase, thioredoxin, glutathione, hypoxia, p38 and heat shock) highlighted the clear induction of candidate heat shock genes under the different treatments (Table 4; Spreadsheet S7). Interestingly, the highest number of heat shock gene transcripts were found in the very low salinity treatment compared to the control (202 transcripts in total). Furthermore, the majority of identified heat shock gene transcripts in each treatment comparison showed highest
sequence similarity to HSP70 family genes, specifically HSPA12A and HSPA12B. Comparing the differentially expressed gene transcripts (utilising the SwissProt description) for
independent effects of heat stress (30 °C and 33 °C vs. control) and independent effects of
low salinity exposure (15‰ and 5‰ vs. control) revealed 143 unique HSPA12A unigene
transcripts and 119 unique HSPA12B unigene transcripts (Spreadsheet S8). Less pronounced was the number of transcripts related to classic stress response enzymes associated with oxidative stress and hypoxia (e.g., catalase, superoxide dismutase, thioredoxin
and glutathione gene families). Interestingly, there were no upregulated transcripts annotated as p38 mitogen-activated protein kinases, which are considered to play an important
role in hypoosmotic stress signalling [74,75]. Gene transcripts related to programmed cell
death (e.g., caspase related genes) showed the highest expression in the very low salinity
treatment compared to the control (51 transcripts). To validate the transcriptome data, a
sample of primers utilised in Nielsen et al. (2021) [16] to amplify stress genes (HSP70 and
HSP90) was mapped against the transcriptome generated in this study. These formed
strong alignments with a number of gene transcripts (>95% identical sites) (Figure S1).
Matching transcripts were checked against the differential expression gene lists in this
study and demonstrated similar gene expression patterns, as observed by Nielsen et al.
(2021) [16] (Figure S1).
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Table 4. Upregulated stress response genes in blue mussels (M. edulis) identified in differentially expressed gene lists from the different treatment comparison,
using the SwissProt and NR database annotations.

Gene Family

Catalase
Caspase
Glutathione
Hypoxia
Superoxide dismutase
Thioredoxin
p38 mitogen-activated
protein kinases
Heat shock proteins

All stress genes

Family Member

HSPA12A
HSPA12B
small HSP
HSP68
HSPA5
HSP70B2
HSC70
HSP90
HSP110
HSP70 Family
HSP total

Comparisons
Low sal. + 33
Low sal. + 30 °C
°C
vs.
vs.
low salinity
low salinity
0
0
10
16
5
15
0
1
4
11
2
7

0
16
12
1
4
5

0
8
8
0
8
4

Low sal. + 30
°C
vs.
30 °C
0
9
7
0
5
3

0

0

0

0

0

0

0

0

0

27
12
24
23
1
8
2
0
1
39
137
175

11
9
24
23
10
11
4
0
0
29
121
149

15
20
0
1
0
2
1
0
0
4
43
67

21
20
1
1
0
1
0
1
0
4
49
86

17
19
22
24
7
9
6
7
1
31
143
164

21
22
23
22
12
10
5
10
1
36
162
212

18
9
1
0
0
0
1
1
0
1
31
60

61
59
22
19
0
9
3
1
0
28
202
285

54
48
13
16
0
9
7
3
0
27
177
230

30 °C
33 °C
vs.
vs.
control control

Low sal. + 33 °C
vs.
33 °C
0
13
13
2
6
3

0
14
4
0
4
7

Very low
salinity
vs.
control
0
51
14
2
5
11

Very low
salinity
vs.
low salinity
0
39
11
1
1
1

Low salinity
vs.
control
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3.6. Aquaporin Genes and Phylogenetic Analysis
Within the low salinity treatment comparisons (5‰ vs. control; 15‰ vs. control; 5‰
vs. 15‰), three putative aquaporin gene transcripts were identified in the differentially
expressed gene lists (Table 3; Figure 2; Spreadsheet S2). Aquaporin channels comprise
numerous functionally distinct family members. These have been traditionally divided
into four major functional groups, AQP1-like, AQP3-like, AQP8-like and AQP11-like
types, based on their distinct evolutionary origin [76]. Previous RNA-Seq studies have
successfully used phylogenetic analysis to evaluate the origin of putative aquaporin transcripts identified in a transcriptome (e.g., Calcino et al., 2019 [77]), which provides greater
confidence of gene family member identity, compared to blast sequence similarity
searches. Phylogenetic analysis utilising the downloaded GenBank aquaporin sequences
in combination with the three identified in this study has resolved the four main aquaporin types (AQP1-like, AQP3-like, AQP8-like and AQP11-like) into four well supported
clades (Bootstrap values (BS) >90%). Two of the three putative aquaporin transcripts identified formed a clade with the AQP8-like aquaporins (97% BS), while the third clustered
within the AQP1-like aquaporin clade (Figure 4).

Figure 4. Maximum likelihood unrooted phylogeny of aquaporin genes AQP0-12 from GenBank
including human, mouse, cattle, fish and mollusc (for GenBank assession numbers, see Table S1),
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and blue mussel (M. edulis) putative aquaporins transcripts identified in this study (highlighted in
white boxes). Bootstrap values at nodes. AQP2, AQP5 and AQP6 orthologues are absent in the
zebrafish Danio rerio. The scallop, Mizuhopecten yessoensis aquaporin genes are predicted from genome analysis; therefore, only a single sequence representative from each for the four aquaporin
classes has been included.

4. Discussion
Previous work investigating the effects of heat and osmotic stress on M. edulis survival demonstrated that exposure to reduced salinity decreased the temperature at which
mortality occurred (see Figure 2 in Nielsen et al. (2021) [16]. The molecular results presented here offer insight into the underlying mechanisms that account for these observed
outcomes. The results for the effects of increased air temperature on M. edulis confirm the
high degree of thermal tolerance previously observed by Clark et al. (2021) [17], who examined the effect of temperatures up to 32 °C on M. edulis using RNA-Seq. In the current
study, significant enrichment for the cellular stress response (CSR), in particular apoptosis-related functions, was not observed. However, the presence of multiple heat shock
genes, revealed through differentially expressed datamining (Table 4) and within enriched GO terms at 33 °C (e.g., Cell Morphogenesis and Unfolded Protein Binding), suggested that stress pathways were clearly active. Furthermore, there was no GO term enrichment when directly comparing the 33 °C and 30 °C treatments. This reflected the lack
of mortality observed in Nielsen et al. (2021) [16] in mussels exposed to heat shock at both
30 °C and 33 °C.
The molecular response to low salinity (15‰) was indicative of at least partial acclimation to low salinity, evidenced by the relative low number of upregulated genes (particularly stress and osmoregulatory genes) and low number of enriched GO terms, reflecting the 100% survival rates after 6 days of exposure [16]. M. edulis has an extremely wide
estuarine and marine distribution [19], and the molecular mechanisms revealed here
demonstrate a remarkable degree of efficiency at dealing with osmotic stress, especially
considering that the mussels used in this experiment were already acclimated to a salinity
(23‰) significantly below full-strength sea water that averages 35‰. This degree of euryhalinity is likely reflective of acclimatisation to the summer environmental conditions
experienced by M. edulis in the inner Greenland fjords where they were collected [16,78].
In mussels exposed to low salinity, the effects of heat shock increased the overall gene
expression (3781 gene transcripts upregulated at 30 °C at 15‰ and 6243 upregulated at 33
°C at 15‰; Table 2), including increased numbers of stress genes (67 upregulated at 30 °C
at 15‰ and 86 upregulated at 33 °C at 15‰; Table 4), compared to the effects of heat shock
alone (30 °C at 23‰ and 33 °C at 23‰). Furthermore, directly comparing the heat-stressed
treatments at low salinity (low salinity + 33 °C vs. low salinity + 30 °C) revealed seven
significantly enriched categories, while there was no enrichment when directly comparing
33 °C and 30 °C at control salinity. The mortality data for these treatments (low salinity +
30 °C/33 °C) from Nielsen et al. (2021) [16] show a small increase in mortality at 30 °C
increasing to around 20% of the sample population at 33 °C. Taken together, this indicates
that accommodating both environmental stressors represents a tipping point in the mussels’ ability to cope with stress. At very low salinity (5‰), that threshold has clearly been
breached, evidenced by the dramatic rise in mortality as heat stress was applied [16].
When multiple environmental stressors are applied at the same time, they may interact in complex, non-additive ways (e.g., synergistic or antagonistic) resulting in outcomes
that are difficult to predict from one stressor alone [79]. Additionally, each environmental
stressor may impact differing molecular and physiological pathways of an organism, resulting in an energy allocation trade-off between competing demands for metabolic functions [40]. For example, cell volume regulation in response to reduced salinity is metabolically costly [31]. At the same time, organisms remodel the composition of membrane
phospholipids in response to salinity and temperature changes using different mecha-
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nisms [80,81], while the energy required to maintain basal metabolic rate, on average, increases with temperature [1,2,4]. Therefore, when both stressors are applied in combination, metabolic resources may become limiting, and a trade-off occurs. Previous studies
comparing differential gene expression in Mytilus species under both high temperature
and low salinity observed only a small number of overlapping genes, which responded in
divergent expression patterns [43,44]. In contrast, in the current study, directly comparing
differentially expressed gene transcripts between low salinity compared to control (15‰
at 5 °C vs. 23‰ at 5 °C) and 30 °C heat stress compared to control (30 °C at 23‰ vs. 5 °C
at 23‰) revealed 1148 upregulated and 1072 downregulated shared gene transcripts
(Spreadsheet S9), suggesting that there was a substantial number of molecular responses
shared by each independent stressor. It is important to note that Lockwood and Somero
(2011) [44] measured the acute response to hypo-osmotic shock (over a four-hour immersion), while the reduction in salinity was from 35‰ to 29.75‰. In addition, the use of
microarrays in their experiment constrained the number of genes examined, potentially
obscuring differentially expressed genes, particularly from closely related gene family
members. These are all factors likely accounting for the discrepancy in outcomes between
Lockwood and Somero (2011) [44] and the current study. Our study clearly showed that
the combination of stressors appeared to work in a synergistic fashion on a gene expression level, with gene upregulation more than doubling at the highest stressor combination
(low salinity + 33 °C vs. low salinity) compared to the effects of the slightly lower heat
stress (low salinity + 30 °C vs. low salinity). As competition for resource allocation between osmoregulation and heat stress was stretched, additional stress responses appeared
to be triggered, perhaps in a positive feedback-type scenario. Ultimately, the drain on energy resources appeared to reduce the capacity for M. edulis to tolerate heat stress. However, the large overlap in genes responsible for salinity tolerance and heat shock suggested
that both stressors stimulate similar components of the CSR. The level of macromolecular
damage rather than the specificity of the abiotic stressor is considered to be the trigger for
the CSR [82,83], meaning that pre-conditioning to one stressor may confer an increased
tolerance to another, a phenomenon known as cross-tolerance [84–86]. Pre-conditioning
was not a component of the current study; however, testing the hypothesis that an osmotic
shock and subsequent recovery may offer increased tolerance to heat shock in M. edulis
would be an interesting avenue for future researchers.
4.1. HSPA12 Genes
An interesting finding was the lack of GO term enrichment for HSPs or the CSR when
heat stress treatments were compared at different salinities (Figure 3). However, there was
high expression of a set of HSP70 family genes, HSPA12, upregulated under every treatment. HSPA12 genes are structurally and functionally distinct from the classical HSP70
family members, with phylogenetic analysis implying that they have highly divergent origins from other HSP70s [87–89]. Clark et al. (2021) [17] found a similar expansion of
HSPA12 genes and a concurrent lack of enrichment for a cellular stress response in M.
edulis upon heat shock. Clark et al. (2021) [17] suggested that through the process of gene
duplication events, multiple copies of HSPA12 proteins have taken on subtly differing
roles and collectively act as intertidal stress regulators, offering substantial thermal tolerance. Enhanced expression of HSPA12 genes in other marine bivalves suggests that particular sub-sets of HSPA12 are stressor-specific, with variations in expression levels
demonstrated in response to toxic shock and heavy-metal contamination [90,91]. Indeed,
in the current study large numbers of unique HSPA12 gene transcripts were identified
under both heat stress and hypoosmotic exposure. For example, out of 143 identified
HSPA12A gene transcripts, 23 were uniquely differentially expressed as a response to heat
stress, 45 for hypoosmotic stress and 25 were shared between stressors (Spreadsheet S8).
These results highlight the specific role that HSPA12 may undertake in response to osmotic stress and imply that their stressor specific sub-functionalisation is a key molecular
adaptation enabling stress tolerance in extreme environments.
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4.2. Molecular Response to Low Salinity Exposure
The finding that low salinity reduces the thermal resilience of M. edulis focussed the
current analyses on the molecular responses to osmotic stress. The molecular data from
M. edulis exposed to low salinity at 5 °C demonstrated changes for processes involved in
osmoregulation and cell volume regulation. At the lowest salinity, there was significant
upregulation of genes putatively involved in active membrane transport such as ATPase
pumps (e.g., ATP2B3 and nkb-3), potassium and chloride ion membrane channels (e.g.,
KOR2, Sh, Kcnk10, CLIC6, CLCD) and ion exchangers (e.g., SLC9B2 and SLC8A1), indicating a change in osmoregulatory response (Table 3; Figure 2; Spreadsheet S2). In addition,
there was also significant upregulation of organic osmolyte transporter genes (e.g.,
SLC6A5 and SLC6A9), suggesting an increased demand to balance solute concentrations.
As an osmoconformer, M. edulis is considered to have little ability to regulate extracellular
fluid osmolality when exposed to decreasing salinity [23,92]. Instead, to balance homeostasis within the cell, mussels reduce cytosol solute concentrations to match that of the
external environment, primarily through adjustments in the intracellular concentration of
free amino acids and other small organic osmolytes [30,93]. The inorganic ion proportion
of intracellular osmolality (e.g., K+, Na+, Cl−) is suggested to remain at a relatively constant
level (~500–600 mOsm kg−1 within marine animals [94]). In the 5‰ treatment, the cytosol
of M. edulis was likely to be highly hyperosmotic in comparison to the external haemolymph, which would be expected to be near isosmotic with the external low salinity seawater due to the lack of extracellular osmoregulatory abilities [23,92]. To maintain the
minimum level of ions and organic osmolytes necessary for cellular functions, active uptake from the extracellular fluids is necessary. This was reflected by the increased upregulation at 5‰ (5‰ vs. control) of ATPase genes including ATP2B3 (log2fold change 6.12;
Adjusted p value 2.75 × 10−4), and osmolyte transporter genes including sodium- and chloride-dependent glycine transporter gene, SLC6A5 (log2fold change 6.15; Adjusted p value
7.33 × 10−6), which had been previously identified as a marker gene for the effects of low
salinity [45]. Lockwood and Somero (2011) [44] investigated low salinity stress in two
Mytilus species, M. galloprovincialis and M. trossulus, and observed upregulation of ion
channels but downregulation of ion and amino acid transporters in response to an acute
low salinity (29.75‰) exposure over four hours. This response was considered to reflect
the need to allow ion concentrations to equalise, while reducing active transport of ions
and osmolytes into the cell, which would be hyperosmotic to the external medium. In
contrast, the duration of osmotic stress in our study was six days, akin to the beginning of
an acclimation process, which has been proposed to take between one and four weeks in
temperate marine animals [32]. In addition, the Mytilus species, M. galloprovincialis and M.
trossulus in Lockwood and Somero (2011) [44], were originally acclimated to 35‰ and
then exposed to only a four-hour immersion at ~30‰ prior to sampling, representing a
15% change in osmotic pressure. M. edulis in the current study was already acclimated to
23‰ in the natural environment and then experienced a ~35% and ~78% change in osmotic pressure when exposed for six days at 15‰ and 5‰ salinity respectively. Therefore,
it is not surprising to find considerable differences in transcriptomic response between
these two sets of low salinity experiments, with the former assessing the acute response,
while this study is a longer-term acclimation experiment, with larger changes in external
salinity. Previous investigations into the long-term acclimation to salinity stress in the blue
crab, Callinectes sapidus, demonstrated an increase in the activity and synthesis of ATPase
pumps in posterior gill tissue [95]. In the current experiment, upregulation of a number
of ATPase pumps at 5‰ salinity is consistent with these findings.
After six days of exposure to 15‰ salinity, there was relatively little differential expression of genes related to ion channels (15‰ vs. control) in comparison to 5‰ salinity
(5‰ vs. control) (Table 3). At 15‰ salinity (15‰ vs. control), one copy of a potassium
voltage-gated channel gene (Sh) and one potassium channel gene (KOR2) were downregulated; however, one calcium-activated potassium channel gene (orai1) and one potassium
channel gene (SK) were upregulated (Figure 2; Spreadsheet S2). Interestingly, the same

Genes 2022, 13, x FOR PEER REVIEW

17 of 24

potassium voltage-gated channel gene, Sh, that was downregulated at 15‰ salinity (15‰
vs. control) was significantly upregulated in the 5‰ vs. 15‰ salinity treatment. The activation of voltage-gated channels is considered to occur within milliseconds upon membrane depolarisation [96], allowing for rapid osmotic re-balancing. The downregulation
of a potassium voltage-gated channel after six days exposure at 15‰ suggests that membrane depolarisation has led to a stable change in osmotic balance. Meng et al. (2013) [45]
observed a similar expression pattern in the Pacific oyster, Magallana gigas, after seven
days exposure to 15‰ salinity. As 15‰ salinity is a value comparable to the ionic osmolality of the cell cytosol (~ 500–600 mOsm kg−1 [94]), presumably adjustments to balance
the osmotic gradient may have already taken place over a shorter time frame, and at the
point of sampling there was no requirement for an osmoregulatory adjustment. This is
further validated by the relatively small number of classical stress response genes upregulated at 15‰ (15‰ vs. control) in this study, indicating that M. edulis has partially acclimated or is near to acclimating to the lower salinity.
At 5‰ salinity (5‰ vs. control), the increased upregulation of potassium and chloride channel proteins in addition to ion exchangers and osmolyte transporters likely reflected the ongoing need to maintain the intracellular environment as hyperosmotic to the
haemolymph. At the same time, water would be osmotically drawn into the cytosol. Aquaporins are membrane channel proteins that allow for the passive transport of water and
uncharged solutes [97,98] and are considered to play an essential role in osmoregulation
in molluscs [76]. Interestingly, there was significant upregulation of an aquaporin transcript at 5‰ salinity (5‰ vs. control) and two when 5‰ and 15‰ treatments were compared. Increased aquaporin production within the external cellular membrane would enable passive water flow into the cell, which would appear counterproductive, considering
the cell is likely already dealing with excess intracellular water. In the freshwater mussel,
Dreissena rostriformis, recent evidence suggests that during embryogenesis, aquaporins,
vacuolar-type ATPase (V-ATPase) and sodium/hydrogen exchangers are involved in osmoregulation in low salinity environments, and were likely a key evolutionary step in the
transition from marine to freshwater tolerance [77]. Calcino et al. (2019) [77] described the
formation of embryonic ‘cleavage cavities’, which fill with excess cellular water that is
later discharged outside the cell. These membrane-bound cavities are acidified by VATPase pumps, creating an internal solute concentration higher than the rest of the cell
cytosol. Aquaporin water channels facilitate the movement of water down osmotic gradients into the swelling cavity, which is later expelled at the cell membrane, possibly in a
manner similar to contractile vacuoles in protists [99,100]. Phylogenetic analysis of the
putative aquaporin transcripts identified in the low salinity exposure analysis from the
current study showed clustering within both AQP1-like and AQP8-like clades for the upregulated aquaporins. AQP1-like aquaporins are considered to be classical aquaporins,
allowing for selective uptake of water molecules, while AQP8-like aquaporins are ammonia-selective and have been termed aquaamoniaporins [76]. Interestingly, in vertebrate
hepatocytes it has been demonstrated that AQP8 plays a significant role in water transport
during bile secretion, where it is localised in intracellular vesicles [100]. Upon cAMP signalling, AQP8-associated vesicles can be rapidly inserted into the cell membrane between
cells, facilitating the movement of water to form a fluid-filled structure called the canaliculus, which has been suggested to be very similar in form to the cleavage cavities observed
in D. rostriformis [77]. At 15‰ salinity (15‰ vs. control), there was downregulation of a
separate aquaporin identified by the phylogeny as ATP8-like, which interestingly showed
neutral expression at 5‰ (5‰ vs. control). This implies that these particular aquaporins
were located in the external cell membrane. By reducing their synthesis while exposed to
low salinity (15‰), the cell minimises passive water movement into the cytosol to prevent
excess swelling, and cell volume regulation is undertaken. Very similar RNA-Seq results
were observed in the Pacific oyster, M. gigas, after seven days exposure to low salinity,
where the lowest expression for three aquaporin mRNA was at 15‰ salinity [45].
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In this study, there was upregulation of putative V-ATPase transcripts (e.g.,
Atp6v0a1, ATP6AP1) at 5‰ salinity (5‰ vs. control), and three more (VhaAC39-1, Vha26,
Atp6v0a1) when 5‰ and 15‰ treatments were compared. In addition, sodium/hydrogen
and sodium/calcium exchangers were upregulated at 5‰ salinity (5‰ vs. control) (e.g.,
SLC9B2 and SLC8A1), suggesting the need to recover sodium from the extracellular fluid.
Together, the finding of increased expression of aquaporins, V-ATPase and ion exchangers at very low salinity suggested that M. edulis may use a similar method for coping with
the constant influx of osmotically driven water at very low salinities as observed in embryotic freshwater bivalves and fluid transport in more complex adult vertebrate organs
[77,100].
4.3. Cytoskeleton
The actin cytoskeleton is considered to play an essential role in cell volume regulation
under osmotic stress [101]. For cells in a hypotonic environment, as in the case of very low
salinity, the influx of osmotically drawn water causes the cell to swell, which can result in
extensive re-organisation of the actin cytoskeleton [101]. Within the current study, many
significantly upregulated genes (including Profilin) and a number of GO terms (Cytoskeleton and Cell Adhesion) relating to the actin cytoskeleton were identified. This suggests
that the long-term effects of low salinity exposure induced structural changes to the cell
cytoskeleton to counter the effects of maintaining homeostasis in a hypotonic environment. Previous studies have identified upregulation of Profilin in response to osmotic
stress in annelids [102], in addition to both oxidative and heavy-metal stress in M. galloprovincialis [103,104]. Osmotic stress is also associated with specific heat shock proteins, in
particular small heat shock proteins (sHSPs), which are known to colocalise with the cell
cytoskeleton when under osmotic stress [105]. Our data show significant upregulation in
sHSPs under very low salinity (5‰ vs. control), while there was almost none at 15‰,
compared to control salinity. Previous studies on renal and ocular physiology have shown
that sHSPs are synthesised on exposure to high NaCl concentrations and remain at high
levels as long as cells are exposed to osmotic stress [106,107]. Beck et al.(2000) [108] suggested that it is the tonicity not the osmolality that is responsible for the presence of sHSPs,
which likely play a role in acclimation to differing salinities by their involvement in cytoskeleton modulation. It is therefore possible that the high expression of sHSPs at very low
salinity (5‰) in our data suggests the cell is under constant cellular stress as a result of
swelling due to the hypotonic environment, while their almost complete absence at 15‰
implies that the cell osmolality is in balance with the external medium and therefore acclimation is near completion.
5. Conclusions
The molecular data within this study confirm that M. edulis has considerable resilience to heat stress and highly efficient mechanisms to acclimatise to lowered salinity.
Thermal and osmotic stress tolerance appear to be regulated by stressor-specific sets of
HSPA12 genes, which may function as intertidal stress regulators, as previously suggested
[17]. However, although both stressors also induce several shared molecular responses,
when they are applied in combination their synergistic effects can push the animal to the
edge of their tolerance thresholds before either factor alone. This implies that, although
acclimation to lower salinity (15‰) is possible, the underlying energetic cost for maintaining homeostasis appears to be greater than at pre-acclimation levels, which may help account for the observed impacts on growth and morphology in M. edulis living in lower
salinity environments [34,36,38]. At very low salinities, the molecular data suggested M.
edulis is in a constant state of stress and appeared to be activating an osmoregulatory response to maintain a hyperosmotic intracellular environment while also implementing
structural changes to the cell cytoskeleton. We suggest that M. edulis may use a similar
mechanism to excrete excess intracellular water to that found in embryonic freshwater
mussels and more complex adult vertebrate organs [77,100].
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The current study highlights the importance of combined stressor studies for predicting the future range abundance and distribution of Arctic intertidal species. Furthermore,
it is also of clear value for the mussel aquaculture industry when identifying future sites
for commercial ventures in view of predicted environmental changes. Overall, these results inform our understanding of how M. edulis responds at the molecular level to the
effects of heat stress, freshening, and their combined interaction, offering insights into the
ability of intertidal mussels to resist future climate changes, and a measure of their physiological limitations.
Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/genes13010155/s1. Table S1. Accession numbers for aquaporin
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Gene Ontology term (GO) enrichment results for upregulated gene expression in blue mussels (M.
edulis). Table S4. Shared Gene Ontology term (GO) enrichment categories for upregulated gene expression between different blue mussels (M. edulis) treatment condition comparisons, highlighting
the number of shared genes within shared GO terms for: (i) low salinity exposure, (ii) heat stress,
(iii) heat stress under low salinity exposure, (iv) 30°C heat stress under low salinity exposure (v)
33°C heat stress under low salinity exposure. Figure S1. Primer sequences used in Nielsen et al.
(2021) aligned with mapped transcripts from the blue mussel (M. edulis) transcriptome in this study.
Shaded base pairs highlight agreements, a) HSP70 primer alignment showing 100% identical sites
to the best matching transcript, b) HSP90 primer alignment showing 95% identical sites to the best
matching transcripts, c) Heatmap showing relative fold change expression of identified transcripts
using primer sequences. Cluster 53306.116803 (representing HSP90), and clusters 53306.127741 and
53306.129262 (representing HSP70) show similar expression patterns to the results seen in Nielsen
et al. (2021). Spreadsheet S1. Shared genes in GO enrichment analyses between low salinity acclimated treatments (15‰ vs. control; 5‰ vs. control; 5‰ vs. 15‰), and Cytoskeleton GO term genes
significantly enriched in very low salinity vs control (5‰ vs. control). Spreadsheet S2. Osmoregulatory marker genes identified from differentially expressed gene lists using the SwissProt database
annotations. Spreadsheet S3. Gene transcript identification and FPKM values used in the heatmap
(Figure 2) of differentially expressed putative osmoregulatory genes in blue mussels (M. edulis) from
low salinity exposure treatment comparisons, with SwissProt gene transcript descriptions. Spreadsheet S4. GO terms and gene transcripts significantly enriched in heat stress treatments (30°C vs.
control; 33°C vs. control; 33°C vs 30°C). Spreadsheet S5. GO terms and gene transcripts significantly
enriched in heat stress at low salinity treatments (30°C+low salinity vs. low salinity; 33°C+low salinity vs low salinity; 33°C+low salinity vs 30°C+low salinity). Spreadsheet S6. GO terms and gene
transcripts significantly enriched in 33°C heat stress at 23‰ and 15‰ salinity treatments (low salinity+33°C vs low salinity; 33°C vs control). Spreadsheet S7. Stress genes identified through datamining the differentially expressed upregulated gene lists (under the Swiss-Prot and NR database
annotations) using keywords: caspase, catalase, superoxide dismutase, thioredoxin, glutathione, hypoxia, p38 and heat shock. Spreadsheet S8. Numbers of shared and unique HSPA12 gene transcripts
identified in the differentially expressed gene lists (utilising the SwissProt description) for heat
stress (30°C and 33°C vs control) and low salinity acclimation (15‰ and 5‰ vs control). Spreadsheet
S9. Shared genes transcripts between low salinity vs. control (15‰ at 5 °C vs. 23‰ at 5 °C) and 30
°C vs. control (30 °C at 23‰ vs. 5 °C at 23‰).
Author Contributions: Conceptualisation, M.S.C., L.S.P., J.T., E.M.H. and N.J.B.; physiology experiment, J.T., M.K.S. and J.G.S.; acquisition of tissue: J.T., M.K.S., J.G.S. and M.S.C.; RNA extraction,
N.J.B.; data analysis, N.J.B. and M.S.C.; writing—original draft preparation, N.J.B. with input from
M.S.C.; writing-review and editing, all authors; supervision, M.S.C., L.S.P. and E.M.H. All authors
have read and agreed to the published version of the manuscript.
Funding: This project was financed by the Natural Environment Research Council (NERC) core
funding to B.A.S. N.J.B. was supported by the NERC C-CLEAR PhD studentship (grant number
NE/S007164/1). JT was supported by a Marie Skłodowska-Curie Individual Fellowship (IF) under
contract number 797387 and by the Carlsberg Foundation (CF17-0743). M.K.S. was supported by
De-icing Arctic Coasts (DANCEA MST-113-00157).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Genes 2022, 13, x FOR PEER REVIEW

20 of 24

Data Availability Statement: RNA-Seq data has been deposited in the ArrayExpress database at
EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-11178) (accessed on
14/01/2022) under accession number E-MTAB-11178. The assembled transcriptome has been deposited in the European Nucleotide Archive (ENA) under accession number ERZ4783392 accessible via
https://www.ebi.ac.uk/ena/browser/view/PRJEB48959 (accessed on 14/01/2022).
Conflicts of Interest: The authors declare that they have no known competing financial or personal
interests that have influenced the work reported in this paper.

References
1.
2.
3.
4.
5.
6.

7.

8.
9.
10.
11.

12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.
23.
24.

Clarke, A.; Johnston, N.M. Scaling of metabolic rate with body mass and temperature in teleost fish. J. Anim. Ecol. 1999, 68, 893–
905. https://doi.org/10.1046/j.1365-2656.1999.00337.x.
Gillooly, J.F.; Brown, J.H.; West, G.B.; Savage, V.M.; Charnov, E.L. Effects of size and temperature on metabolic rate. Science
2001, 293, 2248–2251. https://doi.org/10.1126/science.1061967.
Peck, L.S.; Clark, M.S.; Morley, S.A.; Massey, A.; Rossetti, H. Animal temperature limits and ecological relevance: Effects of size,
activity and rates of change. Funct. Ecol. 2009, 23, 248–256. https://doi.org/10.1111/j.1365-2435.2008.01537.x.
Peck, L.S. A Cold limit to adaptation in the sea. Trends Ecol. Evol. 2016, 31, 13–26. https://doi.org/10.1016/j.tree.2015.09.014.
AMAP. Arctic Climate Change Update 2021: Key Trends and Impacts. Summary for Policy-Makers; Arctic Monitoring and Assessment
Programme (AMAP): Tromsø, Norway, 2021; 16p.
Kjeldsen, K.K.; Korsgaard, N.J.; Bjørk, A.A.; Khan, S.A.; Box, J.E.; Funder, S.; Larsen, N.K.; Bamber, J.L.; Colgan, W.; van den
Broeke, M.; et al. Spatial and temporal distribution of mass loss from the Greenland Ice Sheet since AD 1900. Nature 2015, 528,
396–400. https://doi.org/10.1038/nature16183.
Mouginot, J.; Rignot, E.; Bjørk, A.A.; van den Broeke, M.; Millan, R.; Morlighem, M.; Noël, B.; Scheuchl, B.; Wood, M. Forty-six
years of Greenland Ice Sheet mass balance from 1972 to 2018. Proc. Natl. Acad. Sci. USA 2019, 116, 9239–9244.
https://doi.org/10.1073/pnas.1904242116.
Sejr, M.K.; Stedmon, C.A.; Bendtsen, J.; Abermann, J.; Juul-Pedersen, T.; Mortensen, J.; Rysgaard, S. Evidence of local and
regional freshening of Northeast Greenland coastal waters. Sci. Rep. 2017, 7, 7–12. https://doi.org/10.1038/s41598-017-10610-9.
Frölicher, T.L.; Fischer, E.M.; Gruber, N. Marine heatwaves under global warming. Nature 2018, 560, 360–364.
https://doi.org/10.1038/s41586-018-0383-9.
Shu, Q.; Qiao, F.; Song, Z.; Zhao, J.; Li, X. Projected Freshening of the Arctic Ocean in the 21st Century. J. Geophys. Res. Ocean.
2018, 123, 9232–9244. https://doi.org/10.1029/2018JC014036.
Thyrring, J.; Wegeberg, S.; Blicher, M.E.; Krause-Jensen, D.; Høgslund, S.; Olesen, B.; Jozef, W., Jr.; Mouritsen, K.N.; Peck, L.S.;
Sejr, M.K. Latitudinal patterns in intertidal ecosystem structure in West Greenland suggest resilience to climate change.
Ecography 2021, 44, 1156–1168. https://doi.org/10.1111/ecog.05381.
Vallière, D.; Guderley, H.; Larochelle, J. Cryoprotective mechanisms in subtidally cultivated and intertidal blue mussels (Mytilus
edulis) from the Magdalen Islands, Québec. J. Therm. Biol. 1990, 15, 233–238. https://doi.org/10.1016/0306-4565(90)90007-5.
Williams, R.J. Freezing tolerance in Mytilus edulis. Comp. Biochem. Physiol. 1970, 35, 145–161. https://doi.org/10.1016/0010406X(70)90918-7.
Thyrring, J.; Tremblay, R.; Sejr, M.K. Local cold adaption increases the thermal window of temperate mussels in the Arctic.
Conserv. Physiol. 2019, 7, coz098. https://doi.org/10.1093/conphys/coz098.
Thyrring, J.; Blicher, M.E.; Sørensen, J.G.; Wegeberg, S.; Sejr, M.K. Rising air temperatures will increase intertidal mussel
abundance in the Arctic. Mar. Ecol. Prog. Ser. 2017, 584, 91–104. https://doi.org/10.3354/meps12369.
Nielsen, M.B.; Vogensen, T.K.; Thyrring, J.; Sørensen, J.G.; Sejr, M.K. Freshening increases the susceptibility to heat stress in
intertidal mussels (Mytilus edulis) from the Arctic. J. Anim. Ecol. 2021, 90, 1515–1524. https://doi.org/10.1111/1365-2656.13472.
Clark, M.S.; Peck, L.S.; Thyrring, J. Resilience in Greenland intertidal Mytilus: The hidden stress defense. Sci. Total Environ. 2021,
767, 144366. https://doi.org/10.1016/j.scitotenv.2020.144366.
Jones, S.J.; Lima, F.P.; Wethey, D.S. Rising environmental temperatures and biogeography: Poleward range contraction of the
blue mussel, Mytilus edulis L., in the western Atlantic. J. Biogeogr. 2010, 37, 2243–2259. https://doi.org/10.1111/j.13652699.2010.02386.x.
Bayne, B.L. Marine Mussels, Their Ecology and Physiology; Bayne, B.L., Ed.; Cambridge University Press: Cambridge, UK, 1976.
Thyrring, J.; Rysgaard, S.; Blicher, M.E.; Sejr, M.K. Metabolic cold adaptation and aerobic performance of blue mussels (Mytilus
edulis) along a temperature gradient into the High Arctic region. Mar. Biol. 2015, 162, 235–243. https://doi.org/10.1007/s00227014-2575-7.
Connor, K.; Gracey, A.Y. Cycles of heat and aerial-exposure induce changes in the transcriptome related to cell regulation and
metabolism in Mytilus californianus. Mar. Biol. 2020, 167, 1–12. https://doi.org/10.1007/s00227-020-03750-6.
Krogh, A. Osmotic Regulation in Aquatic Animals; Cambridge University Press: Cambridge, UK, 1939.
Davenport, J. Is Mytilus edulis a short term osmoregulator? Comp. Biochem. Physiol. Part. A Physiol. 1979, 64, 91–95.
https://doi.org/10.1016/0300-9629(79)90436-5.
Vuorinen, I.; Antsulevich, A.E.; Maximovich, N.V. Spatial distribution and growth of the common mussel Mytilus edulis L. in
the archipelago of SW-Finland, northern Baltic Sea. Boreal Environ. Res. 2002, 7, 41–52.

Genes 2022, 13, x FOR PEER REVIEW

25.
26.
27.

28.
29.
30.
31.
32.
33.

34.
35.
36.

37.
38.
39.
40.
41.
42.

43.
44.
45.

46.

47.
48.

49.
50.

21 of 24

Cawthorne, D.F. A comparative study of the closure responses of some cirripede species exposed to falling seawater
concentrations. J. Mar. Biol. Assoc. UK 1979, 59, 811–817. https://doi.org/10.1017/S0025315400036857.
Davenport, J. The isolation response of mussels (Mytilus edulis L.) exposed to falling sea-water concentrations. J. Mar. Biol. Assoc.
UK 1979, 59, 123–132. https://doi.org/10.1017/S0025315400046221.
Duarte, C.M.; Rodriguez-Navarro, A.B.; Delgado-Huertas, A.; Krause-Jensen, D. Dense Mytilus beds along freshwaterinfluenced greenland shores: Resistance to corrosive waters under high food supply. Estuaries Coasts 2020, 43, 387–395.
https://doi.org/10.1007/s12237-019-00682-3.
Davenport, J. The opening response of mussels (Mytilus edulis) exposed to rising sea-water concentrations. J. Mar. Biol. Assoc.
UK 1981, 61, 667–678. https://doi.org/10.1017/S0025315400048116.
Pierce, S.K., Jr.; Greenberg, M.J. The nature of cellular volume regulation in marine bivalves. J. Exp. Biol. 1972, 57, 681–692.
https://doi.org/10.1242/jeb.57.3.681.
Deaton, L. Osmotic and ionic regulation in molluscs. In Osmotic and Ionic Regulation: Cells and Animals; 1st ed.; Evans, D.H., Eds.;
CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2009; pp. 107–134.
Hawkins, A.J.; Hilbish, T.J. The costs of cell volume regulation: Protein metabolism during hyperosmotic adjustment. J. Mar.
Biol. Assoc. UK 1992, 72, 569–578. https://doi.org/10.1017/S002531540005935X.
Khlebovich, V.V. Acclimation of animal organisms: basic theory and applied aspects. Biol. Bull. Rev. 2017, 7, 279–286.
https://doi.org/10.1134/s2079086417040053.
Stickle, W.B.; Sabourin, T.D. Effects of salinity on the respiration and heart rate of the common mussel, Mytilus edulis L., and
the black chiton, Katherina tunicata (Wood). J. Exp. Mar. Bio. Ecol. 1979, 41, 257–268. https://doi.org/10.1016/0022-0981(79)901357.
Tedengren, M.; Kautsky, N. Comparative study of the physiology and its probable effect on size in blue mussels (Mytilus edulis L.)
from the North Sea and the Northern Baltic Proper. Ophelia 1986, 25, 147–155. https://doi.org/10.1080/00785326.1986.10429746.
Kautsky, N. Growth and size structure in a Baltic Mytilus edulis L. population. Mar. Biol. 1982, 68, 117–133.
Telesca, L.; Peck, L.S.; Sanders, T.; Thyrring, J.; Sejr, M.K.; Harper, E.M. Biomineralization plasticity and environmental
heterogeneity predict geographical resilience patterns of foundation species to future change. Glob. Chang. Biol. 2019, 25, 4179–
4193. https://doi.org/10.1111/gcb.14758.
Almada-Villela, P.C. The effects of reduced salinity on the shell growth of small Mytilus edulis. J. Mar. Biol. Assoc. UK 1984, 64,
171–182. https://doi.org/10.1017/S0025315400059713.
Landes, A.; Dolmer, P.; Poulsen, L.K.; Petersen, J.K.; Vismann, B. Growth and respiration in blue mussels (Mytilus spp.) from
different salinity regimes. J. Shellfish Res. 2015, 34, 373–382. https://doi.org/10.2983/035.034.0220.
Kinne, O. The effects of temperature and salinity on marine and brackish water animals. II. Salinity and temperature-salinity
combinations. Oceanogr. Mar. Biol. Ann. Rev. 1964, 2, 281–339.
Sokolova, I.M. Energy-limited tolerance to stress as a conceptual framework to integrate the effects of multiple stressors. Integr.
Comp. Biol. 2013, 53, 597–608. https://doi.org/10.1093/icb/ict028.
Ritossa, F. A new puffing pattern induced by temperature shock and DNP in Drosophila. Experientia 1962, 18, 571–573.
https://doi.org/10.1007/BF02172188.
Buckley, B.A.; Owen, M.-E.; Hofmann, G.E. Adjusting the thermostat: The threshold induction temperature for the heat-shock
response in intertidal mussels (genus Mytilus) changes as a function of thermal history. J. Exp. Biol. 2001, 204, 3571–3579.
https://doi.org/10.1242/jeb.204.20.3571.
Lockwood, B.L.; Sanders, J.G.; Somero, G.N. Transcriptomic responses to heat stress in invasive and native blue mussels (genus
Mytilus): Molecular correlates of invasive success. J. Exp. Biol. 2010, 213, 3548–3558. https://doi.org/10.1242/jeb.046094.
Lockwood, B.L.; Somero, G.N. Transcriptomic responses to salinity stress in invasive and native blue mussels (genus Mytilus).
Mol. Ecol. 2011, 20, 517–529. https://doi.org/10.1111/j.1365-294X.2010.04973.x.
Meng, J.; Zhu, Q.; Zhang, L.; Li, C.; Li, L.; She, Z.; Huang, B.; Zhang, G. Genome and transcriptome analyses provide insight
8,
e58563.
into
the
euryhaline
adaptation
mechanism
of
Crassostrea
gigas.
PLoS
ONE
2013,
https://doi.org/10.1371/journal.pone.0058563.
Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng,
Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644–652.
https://doi.org/10.1038/nbt.1883.
Davidson, N.M.; Oshlack, A. Corset: enabling differential gene expression analysis for de novoassembled transcriptomes.
Genome Biol. 2014, 15, 410. https://doi.org/10.1186/s13059-014-0410-6.
Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A
new
generation
of
protein
database
search
programs.
Nucleic
Acids
Res.
1997,
25,
3389–3402.
https://doi.org/10.1093/nar/25.17.3389.
Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59–60.
https://doi.org/10.1038/nmeth.3176.
Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.E.; Paladin, L.; Raj, S.;
Richardson, L.J.; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412–D419.
https://doi.org/10.1093/nar/gkaa913.

Genes 2022, 13, x FOR PEER REVIEW

51.

52.
53.

54.
55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.

67.
68.
69.
70.
71.
72.
73.

74.

75.
76.
77.

22 of 24

Götz, S.; García-Gómez, J.M.; Terol, J.; Williams, T.D.; Nagaraj, S.H.; Nueda, M.J.; Robles, M.; Talón, M.; Dopazo, J.; Conesa, A.
High-throughput functional annotation and data mining with the Blast2GO suite. Nucleic Acids Res. 2008, 36, 3420–3435.
https://doi.org/10.1093/nar/gkn176.
Mao, X.; Cai, T.; Olyarchuk, J.G.; Wei, L. Automated genome annotation and pathway identification using the KEGG Orthology
(KO) as a controlled vocabulary. Bioinformatics 2005, 21, 3787–3793. https://doi.org/10.1093/bioinformatics/bti430.
Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.; Okuda, S.; Tokimatsu, T.;
et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 2008, 36 (Suppl. 1), D480–D484.
https://doi.org/10.1093/nar/gkm882.
Moriya, Y.; Itoh, M.; Okuda, S.; Yoshizawa, A.C.; Kanehisa, M. KAAS: An automatic genome annotation and pathway
reconstruction server. Nucleic Acids Res. 2007, 35 (Suppl. 2), W182–W185. https://doi.org/10.1093/nar/gkm321.
Young, M.D.; Wakefield, M.J.; Smyth, G.K.; Oshlack, A. Gene ontology analysis for RNA-seq: Accounting for selection bias.
Genome Biol. 2010, 11, R14. https://doi.org/10.1186/gb-2010-11-2-r14.
Alexa, A.; Rahnenführer, J.; Lengauer, T. Improved scoring of functional groups from gene expression data by decorrelating
GO graph structure. Bioinformatics 2006, 22, 1600–1607. https://doi.org/10.1093/bioinformatics/btl140.
Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. https://doi.org/10.1186/1471-2105-12-323.
Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
https://doi.org/10.1038/nmeth.1923.
Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation.
Nat. Biotechnol. 2010, 28, 511–515. https://doi.org/10.1038/nbt.1621.
Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. https://doi.org/10.1186/s13059-014-0550-8.
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289–300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.
Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. https://doi.org/10.1093/bioinformatics/btp616.
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021.
R Studio Team. R Studio: Integrated Development for R; R Studio: Boston, MA, USA, 2016.
Kolde, R. Pheatmap: Pretty Heatmaps. 2019. Available online: https://CRAN.R-project.org/package=pheatmap (accessed on
18/12/2021).
Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649.
Trifinopoulos, J.; Nguyen, L.-T.; von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum
likelihood analysis. Nucleic Acids Res. 2016, 44, W232–W235. https://doi.org/10.1093/nar/gkw256.
Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and
visualization. Brief. Bioinform. 2019, 20, 1160–1166. https://doi.org/10.1093/bib/bbx108.
Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587.
Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the ultrafast bootstrap
approximation. Mol. Biol. Evol. 2017, 35, 518–522. https://doi.org/10.1093/molbev/msx281.
Steinberg, M.S.; McNutt, P.M. Cadherins and their connections: Adhesion junctions have broader functions. Curr. Opin. Cell
Biol. 1999, 11, 554–560. https://doi.org/10.1016/S0955-0674(99)00027-7.
McDougall, C.; Hammond, M.J.; Dailey, S.C.; Somorjai, I.M.L.; Cummins, S.F.; Degnan, B.M. The evolution of ependyminrelated proteins. BMC Evol. Biol. 2018, 18, 182. https://doi.org/10.1186/s12862-018-1306-y.
Pimm, M.L.; Hotaling, J.; Henty-Ridilla, J.L. Chapter Five—Profilin choreographs actin and microtubules in cells and cancer. In
Actin Cytoskeleton in Cancer Progression and Metastasis—Part A; Thomas, C., Galluzzi, L.B.T., Eds.; Academic Press: Cambridge,
MA, USA, 2020; Volume 355, pp. 155–204. https://doi.org/10.1016/bs.ircmb.2020.05.005.
Hamer, B.; Jakšić, Ž.; Pavičić-Hamer, D.; Perić, L.; Medaković, D.; Ivanković, D.; Pavičić, J.; Zilberberg, C.; Schröder, H.C.;
Müller, W.E.G.; Smodlaka, N.; et al. Effect of hypoosmotic stress by low salinity acclimation of Mediterranean mussels Mytilus
galloprovincialis on biological parameters used for pollution assessment. Aquat. Toxicol. 2008, 89, 137–151.
https://doi.org/10.1016/j.aquatox.2008.06.015.
Gaitanaki, C.; Kefaloyianni, E.; Marmari, A.; Beis, I. Various stressors rapidly activate the p38-MAPK signaling pathway in
Mytilus galloprovincialis (Lam.). Mol. Cell. Biochem. 2004, 260, 119–127. https://doi.org/10.1023/B:MCBI.0000026064.73671.91.
Kosicka, E.; Lesicki, A.; Pieńkowska, J.R. Molluscan aquaporins: An overview, with some notes on their role in the entry into
aestivation in gastropods. Molluscan Res. 2020, 40, 101–111. https://doi.org/10.1080/13235818.2020.1716442.
Calcino, A.D.; De Oliveira, A.L.; Simakov, O.; Schwaha, T.; Zieger, E.; Wollesen, T.; Wanninger, A. The quagga mussel genome
and the evolution of freshwater tolerance. DNA Res. 2019, 26, 411–422. https://doi.org/10.1093/dnares/dsz019.

Genes 2022, 13, x FOR PEER REVIEW

78.

79.
80.
81.
82.
83.
84.

85.
86.
87.
88.
89.

90.

91.
92.
93.
94.
95.

96.
97.
98.
99.
100.

101.
102.

103.
104.

23 of 24

Sejr, M.K.; Mouritsen, K.N.; Krause-Jensen, D.; Olesen, B.; Blicher, M.E.; Thyrring, J. Small scale factors modify impacts of
temperature, ice scour and waves and drive rocky intertidal community structure in a Greenland fjord. Front. Mar. Sci. 2021, 7,
1178.
Kroeker, K.J.; Kordas, R.L.; Harley, C.D.G. Embracing interactions in ocean acidification research: Confronting multiple stressor
scenarios and context dependence. Biol. Lett. 2017, 13, 20160802. https://doi.org/10.1098/rsbl.2016.0802.
Hazel, J.R.; Eugene Williams, E. The role of alterations in membrane lipid composition in enabling physiological adaptation of
organisms to their physical environment. Prog. Lipid Res. 1990, 29, 167–227. https://doi.org/10.1016/0163-7827(90)90002-3.
Thyrring, J.; Tremblay, R.; Sejr, M.K. Importance of ice algae and pelagic phytoplankton as food sources revealed by fatty acid
trophic markers in a keystone species (Mytilus trossulus) from the High Arctic. Mar. Ecol. Prog. Ser. 2017, 572, 155–164.
Evans, T.G.; Kültz, D. The cellular stress response in fish exposed to salinity fluctuations. J. Exp. Zool. Part A Ecol. Integr. Physiol.
2020, 333, 421–435. https://doi.org/10.1002/jez.2350.
Kültz, D. Defining biological stress and stress responses based on principles of physics. J. Exp. Zool. Part A Ecol. Integr. Physiol.
2020, 333, 350–358. https://doi.org/10.1002/jez.2340.
Kampinga, H.H.; Brunsting, J.F.; Stege, G.J.J.; Burgman, P.W.J.J.; Konings, A.W.T. Thermal protein denaturation and protein
aggregation in cells made thermotolerant by various chemicals: Role of heat shock proteins. Exp. Cell Res. 1995, 219, 536–546.
https://doi.org/10.1006/excr.1995.1262.
Todgham, A.E.; Schulte, P.M.; Iwama, G.K. Cross-tolerance in the tidepool sculpin: The role of heat shock proteins. Physiol.
Biochem. Zool. 2005, 78, 133–144. https://doi.org/10.1086/425205.
Collins, M.; Clark, M.S.; Spicer, J.I.; Truebano, M. Transcriptional frontloading contributes to cross-tolerance between stressors.
Evol. Appl. 2021, 14, 577–587. https://doi.org/10.1111/eva.13142.
Radons, J. The human HSP70 family of chaperones: where do we stand? Cell Stress Chaperones 2016, 21, 379–404.
https://doi.org/10.1007/s12192-016-0676-6.
Han, Z.; Truong, Q.A.; Park, S.; Breslow, J.L. Two Hsp70 family members expressed in atherosclerotic lesions. Proc. Natl. Acad.
Sci. USA 2003, 100, 1256–1261. https://doi.org/10.1073/pnas.252764399.
Brocchieri, L.; Conway de Macario, E.; Macario, A.J.L. Hsp70 genes in the human genome: Conservation and differentiation
patterns predict a wide array of overlapping and specialized functions. BMC Evol. Biol. 2008, 8, 19. https://doi.org/10.1186/14712148-8-19.
Cheng, J.; Xun, X.; Kong, Y.; Wang, S.; Yang, Z.; Li, Y.; Kong, D.; Wang, S.; Zhang, L.; Hu, X.; et al. Hsp70 gene expansions in
the scallop Patinopecten yessoensis and their expression regulation after exposure to the toxic dinoflagellate Alexandrium catenella.
Fish. Shellfish Immunol. 2016, 58, 266–273. https://doi.org/10.1016/j.fsi.2016.09.009.
Zhang, G.; Fang, X.; Guo, X.; Li, L.; Luo, R.; Xu, F.; Yang, P.; Zhang, L.; Wang, X.; Qi, H.; et al. The oyster genome reveals stress
adaptation and complexity of shell formation. Nature 2012, 490, 49–54. https://doi.org/10.1038/nature11413.
Davenport, J. Osmotic control in marine animals. Symp. Soc. Exp. Biol. 1985, 39, 207–244.
Hauton, C. Effects of salinity as a stressor to aquatic invertebrates. In Stressors in the Marine Environment; Solan, M., Whiteley,
N., Eds.; Oxford University Press: Oxford, UK, 2016. https://doi.org/10.1093/acprof:oso/9780198718826.003.0001.
Kirschner, L.B. Water and ions. In Environmental and Metabolic Animal Physiology; Prosser, C.L., Ed.; Wiley-Liss: New York, NY,
USA, 1991; pp. 13–107.
Lovett, D.L.; Verzi, M.P.; Burgents, J.E.; Tanner, C.A.; Glomski, K.; Lee, J.J.; Towle, D.W. Expression profiles of Na+,K+-ATPase
during acute and chronic hypo-osmotic stress in the blue crab Callinectes sapidus. Biol. Bull. 2006, 211, 58–65.
https://doi.org/10.2307/4134578.
Marom, S. Slow changes in the availability of voltage-gated ion channels: Effects on the dynamics of excitable membranes. J.
Membr. Biol. 1998, 161, 105–113. https://doi.org/10.1007/s002329900318.
Finn, R.N.; Cerdà, J. Evolution and functional diversity of aquaporins. Biol. Bull. 2015, 229, 6–23.
https://doi.org/10.1086/BBLv229n1p6.
Agre, P.; Preston, G.M.; Smith, B.L.; Jung, J.S.; Raina, S.; Moon, C.; Guggino, W.B.; Nielsen, S. Aquaporin CHIP: The archetypal
molecular water channel. Am. J. Physiol. Physiol. 1993, 265, F463–F476. https://doi.org/10.1152/ajprenal.1993.265.4.F463.
Tani, T.; Tominaga, T.; Allen, R.D.; Naitoh, Y. Development of periodic tension in the contractile vacuole complex membrane
of Paramecium governs its membrane dynamics. Cell Biol. Int. 2002, 26, 853–860. https://doi.org/10.1006/cbir.2002.0937.
Huebert, R.C.; Splinter, P.L.; Garcia, F.; Marinelli, R.A.; Larusso, N.F. Expression and localization of aquaporin water channels
in rat hepatocytes. Evidence for a role in canalicular bile secretion. J. Biol. Chem. 2002, 277, 22710–22717.
https://doi.org/10.1074/jbc.M202394200.
Pedersen, S.F.; Hoffmann, E.K.; Mills, J.W. The cytoskeleton and cell volume regulation. Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 2001, 130, 385–399. https://doi.org/10.1016/S1095-6433(01)00429-9.
Tang, R.; Lan, P.; Ding, C.; Wang, J.; Zhang, T.; Wang, X. A new perspective on the toxicity of arsenic-contaminated soil: Tandem
mass
tag
proteomics
and
metabolomics
in
earthworms.
J.
Hazard.
Mater.
2020,
398,
122825.
https://doi.org/10.1016/j.jhazmat.2020.122825.
Xu, L.; Peng, X.; Yu, D.; Ji, C.; Zhao, J.; Wu, H. Proteomic responses reveal the differential effects induced by cadmium in mussels
Mytilus galloprovincialis at early life stages. Fish. Shellfish Immunol. 2016, 55, 510–515. https://doi.org/10.1016/j.fsi.2016.06.017.
Ji, C.; Wu, H.; Wei, L.; Zhao, J. ITRAQ-based quantitative proteomic analyses on the gender-specific responses in mussel Mytilus
galloprovincialis to tetrabromobisphenol A. Aquat. Toxicol. 2014, 157, 30–40. https://doi.org/10.1016/j.aquatox.2014.09.008.

Genes 2022, 13, x FOR PEER REVIEW

24 of 24

105. Leicht, B. G.; Biessmann, H.; Palter, K. B.; Bonner, J. J. Small heat shock proteins of Drosophila associate with the cytoskeleton.
Proc. Natl. Acad. Sci. U. S. A. 1986, 83 (1), 90–94. https://doi.org/10.1073/pnas.83.1.90
106. Dasgupta, S.; Hohman, T.C.; Carper, D. Hypertonic stress induces αB-crystallin expression. Exp. Eye Res. 1992, 54, 461–470.
https://doi.org/10.1016/0014-4835(92)90058-Z.
107. Neuhofer, W.; Müller, E.; Burger-Kentischer, A.; Fraek, M.L.; Thurau, K.; Beck, F.X. Pretreatment with hypertonic NaCl protects
MDCK cells against high urea concentrations. Pflug. Arch. Eur. J. Physiol. 1998, 435, 407–414.
https://doi.org/10.1007/s004240050531.
108. Beck, F.-X.; Neuhofer, W.; Müller, E. Molecular chaperones in the kidney: distribution, putative roles, and regulation. Am. J.
Physiol. Physiol. 2000, 279, F203–F215. https://doi.org/10.1152/ajprenal.2000.279.2.F203.

