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Abstract: Salinity is a critical abiotic factor for all living organisms. The ability to adapt to different
salinity environments determines an organism’s survival and ecological niches. Litoditis marina is a
euryhaline marine nematode widely distributed in coastal ecosystems all over the world, although
numerous genes involved in its salinity response have been reported, the adaptive mechanisms
underlying its euryhalinity remain unexplored. Here, we utilized worms which have been acclimated
to either low-salinity or high-salinity conditions and evaluated their basal gene expression at both
transcriptomic and proteomic levels. We found that several conserved regulators, including osmolytes
biosynthesis genes, transthyretin-like family genes, V-type H+-transporting ATPase and potassium
channel genes, were involved in both short-term salinity stress response and long-term acclimation
processes. In addition, we identified genes related to cell volume regulation, such as actin regulatory
genes, Rho family small GTPases and diverse ion transporters, which might contribute to hyposaline
acclimation, while the glycerol biosynthesis genes gpdh-1 and gpdh-2 accompanied hypersaline
acclimation in L. marina. This study paves the way for further in-depth exploration of the adaptive
mechanisms underlying euryhalinity and may also contribute to the study of healthy ecosystems in
the context of global climate change.
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1. Introduction

Salinity is an important abiotic environmental factor, which affects survival, growth,
reproduction and ecological distribution of living organisms. Efficient sensation, response
and adaption to their external salinity environment is vital for all living individuals. The
imbalance of salt intake also affects human health, which is associated with a variety of car-
diovascular diseases and other physiological pathologies [1–3]. Therefore, osmoregulation
mechanisms have always been an important part of biology.

In the process of response and adaptation to salinity changes in the surrounding
environment, certain universal strategies are applied by different organisms, yet with
diversity in the details of regulation. Studies using brewer’s yeast as a model, have demon-
strated that osmotic sensation and transduction within a single eukaryotic cell can be highly
complex, acting in parallel pathways, and often cross-communicate with other signaling
processes [4,5]. Yeast cells accumulate glycerol as a compatible osmolyte under hyperos-
motic stress, and the high osmolarity glycerol (HOG) response pathway controls glycerol
accumulation at various levels including the activation of mitogen-activated protein kinase
(MAPK) pathway genes [5–7]. Upon acute osmotic shocks, cell volume changes rapidly.
Hyperosmotic shock causes cell shrinkage, while hypoosmotic stress leads to cell swelling.
Along with volume perturbation, the biophysical properties of the cell membrane, physio-
logical state in the cytosol, and DNA structure as well as gene expression in the nucleus will
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be affected [6,8]. It is known that the actin cytoskeleton [9–12]; signaling pathways such
as Rho family small GTP binding proteins [10,13,14] and MAPK [15–17]; membrane trans-
porters such as water channel aquaporins [18–21] and a variety of sodium, chloride- and
potassium-related ion channels [8,22–24] together with organic osmolytes such as glycerol,
myo-inositol, taurine and methylamines [25–27] play critical roles in the process of osmotic
regulation. These components are also involved in ensuing adaptive regulation of cells
under long-term osmotic stresses [6,8]. In multicellular organisms with more complicated
structures, osmoregulation is conducted mainly by osmoregulatory tissues and organs,
for instance, gills in crustaceans and fish, kidneys in mammals, which are even regulated
by their neuroendocrine systems [28–33]. Moreover, disruption to important members of
osmoregulatory processes, such as a variety of ion transporters, aquaporins and WNK
kinases, has been reported to contribute to diverse human diseases [28,34–37]. However,
the precise mechanisms of osmotic sensation, signal transduction and adaptation remain
poorly defined in invertebrate animals.

Marine nematode Litoditis marina has emerged as an excellent invertebrate system
for osmoregulation studies; it is a euryhaline nematode, inhabiting widely in the littoral
zone of coasts and estuaries all over the world [38–40]. In nematodes, the hypodermis
and its outer cuticle; the excretory system, which is composed of the H-shaped excretory
cell, the duct cell and the pore cell; as well as the intestine, are important osmoregulatory
tissues, as is well documented in studies on Caenorhabditis elegans [41,42]. Extensive studies
in C. elegans as well as some extremophilic nematodes have revealed a set of important
osmoregulatory genes in nematodes, for instance, metabolic genes related to synthesis and
accumulation of osmolytes glycerol and trehalose [43–46]; ion transport-related genes, such
as transient receptor potential cation channel (TRP)-family genes and chloride channel
genes [42]; aquaporin water channel genes [47,48]; extracellular proteins including some
collagens and osm genes [42,43,46,49–52] as well as genes related to MAPK, WNK-1/GCK-
3, Notch and insulin-like signaling pathways [42,45,46,52–55]. However, osmoregulatory
studies in the terrestrial nematode C. elegans were carried out mostly under hyperosmotic
conditions. With a simple body structure, a short lifecycle, an annotated reference genome
and applicable gene editing manipulation in L. marina, this euryhaline marine nematode can
thus be used as an experimental system in studying regulatory and adaptive mechanisms
underlying both hyperosmotic and hypoosmotic conditions to delineate the molecular
mechanisms underlying euryhalinity.

We have previously identified a broad range of salinity-responding genes in L. marina
when challenged with either low or high salinity stresses [39]. We demonstrated that
transthyretin-like family genes and heat-shock protein genes were presumably general
regulators involved in L. marina’s damage control mechanism in response to different
salinity stresses. Particularly, unsaturated fatty acid biosynthesis-related genes and certain
cytoskeleton-related genes probably play an important role in response to hyposaline stress,
whereas glycerol biosynthesis genes and cuticle-related collagen genes were involved in
the hypersaline stress response [39].

To further explore the adaptive mechanisms underlying its euryhalinity, L. marina
worms were acclimated to either lower or higher salinity culture conditions, and transcrip-
tomic and proteomic analyses were then performed to study the basal mRNA and protein
differences among worms acclimated to different salinity conditions. Nowadays, gradual
climate change has already accelerated rises in sea level, which will lead to decreasing
ocean salinity while increased salinization of coastal areas, as a result, more species will
encounter either hyposaline or hypersaline stresses. This research will not only pave the
way for further in-depth exploration on adaptive mechanisms underlying euryhalinity,
but also will provide insights into protection and administration of ecosystems which are
stressed by gradual climate change.
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2. Materials and Methods
2.1. Worms

Worms acclimated to seawater salinity environment (S30 group): The wild strain
of marine nematode L. marina, HQ1, was cultured on seawater-NGM (SW-NGM) agar
plates prepared with filtered natural seawater (Supplementary Table S1), as described
previously [38,39]. The salinity of seawater used for this condition was 3%. The Escherichia
coli strain OP50 was applied as a food source. Worms cultured under this condition were
propagated for about 3.5 years before this study.

Worms acclimated to low salinity environment (S3 group): HQ1 worms were trans-
ferred from SW-NGM agar plates to normal NGM agar plates containing 0.3% NaCl
(Supplementary Table S1), which is the standard culture condition for the terrestrial nema-
tode C. elegans. The E. coli OP50 was applied as a bacterial food source. Worms cultured
under this condition were propagated for about 1.5 years before this study.

Worms acclimated to a higher salinity environment (S50 group): HQ1 worms were
transferred from SW-NGM agar plates to the artificial seawater-NGM (ASW-NGM) agar
plates containing 5% sea salt (Supplementary Table S1). ASW-NGM agar plates were
prepared by artificial sea salt (Instant Ocean). E. coli OP50 was applied as the food source.
Worms cultured under this condition were propagated for about 3 months (more than
10 generations) before this study.

All worms were maintained at 20 ◦C in the laboratory.

2.2. Developmental Analysis under Different Salinity Conditions

For developmental analysis, 100 newly hatched L. marina L1 larvae were transferred
onto each indicated 35 mm diameter agar plate, seeded with 30 µL OP50. The number of
adult worms was scored every 24 h.

Data represent the average of three replicates. Statistical significance was determined
using the two-tailed Student’s t-test between two groups. p value < 0.05 was considered
statistically significant.

For egg laying time analysis, the earliest observed egg laying time on each assay plate
was recorded, 100 L1 larvae per plate in six replicates for each condition.

2.3. Lifespan Assay

Worms were cultured under optimal growth conditions for at least 3 generations
before lifespan assay. The lifespan assay was performed starting at day 1 of adulthood
as described previously [38,56], with minor modification. In brief, 35 mm diameter assay
plates seeded with 30 µL OP50 were prepared every day. Forty L4 females were transferred
to each assay plate, and incubated at 20 ◦C. The number of live and dead worms was
determined using a dissecting microscope every 24 h. Alive worms were transferred to
fresh OP50-seeded agar plates daily. Three replicates were analyzed. Worms were scored
as dead if no response was detected after prodding with a platinum wire. Dead worms on
the wall of the plate were not counted.

Statistical analysis of the average lifespan for worms acclimated to each salinity
condition was performed. Data represent the average of three replicates. The comparisons
between two groups were performed using the two-tailed Student’s t-test. p value < 0.05
was considered statistically significant.

2.4. Synchronized L1 Larvae Collection for Each Salinity Condition

The synchronized L1 larvae under each salinity condition were collected as previously
reported by Xie et al. [39]. Worms, acclimated to S3, S30 and S50 conditions, were allowed
to lay eggs overnight at 20 ◦C. Eggs were washed off and collected using corresponding
suitable solutions, specifically, M9 buffer for the S3 group, filtered sterile seawater for the
S30 group, and filtered sterile artificial seawater containing 5% sea salt (Instant Ocean)
for the S50 group. The eggs were then treated with worm bleaching solution (Sodium
hypochlorite solution:10 M NaOH:H2O = 4:1:10, prepared in terms of volume ratio) at
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room temperature for 1.5 min. Eggs were then washed twice with the corresponding
suitable solution. The clean eggs hatched overnight and developed into L1 larvae in the
corresponding suitable solution at 20 ◦C. The synchronized L1 larvae were collected by
filtration using a 500-grid nylon filter with 25 µm mesh size. The samples were frozen
immediately in liquid nitrogen.

2.5. RNA-Seq Analysis

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). With three
biological replicates for each group, a total of nine RNA libraries were prepared with
3 µg RNA using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New England
Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions. Then, RNA libraries
were sequenced on an Illumina NovaSeq 6000 platform and 150 bp paired-end reads
were generated.

First, clean data were obtained by removing reads containing sequencing adaptors,
reads having poly-N and low-quality ones from raw data. The minimum of base score
Q20 was over 97.79% and Q30 was over 93.64%. Then, the clean data were aligned to the
L. marina reference genome [38] by Hisat2 (v2.0.5, with the default parameters) [57], with
mapping ratio from 68.57% to 70.70% (Supplementary Table S2). New transcripts for novel
genes were predicted and assembled by StringTie (v1.3.3b, with the default parameters) [58],
then annotated with Pfam, SUPERFAMILY, Gene Ontology (GO) and KEGG databases.
Briefly, the functional annotation was performed using InterProScan v5.17-56.0 [59] by
searching against publicly available databases Pfam (http://pfam.xfam.org/, accessed on
27 July 2020), SUPERFAMILY (http://supfam.org, accessed on 27 July 2020), and GO (http:
//www.geneontology.org/, accessed on 27 July 2020), with an E value cutoff of 1 × 10−5.
KEGG function [60] was assigned using KOBAS 3.0 [61] by best hit (with an E value
cutoff of 1 × 10−5) to KEGG database (http://www.genome.jp/kegg/, accessed on 27 July
2020). Further, the read numbers mapped to each gene were analyzed using featureCounts
(v1.5.0-p3, with parameter -Q 10 -B -C) [62], and FPKM (expected number of fragments
per kilobase of transcript sequence per million base pairs sequenced of each gene) was
calculated based on the length of the gene and read counts mapped to this gene, which was
used for estimating gene expression levels. Hierarchical clustering for 9 samples performed
using the pheatmap package in R and shown in Supplementary Figure S1 indicated the
sample preparation was reliable. Subsequently, differential expression analysis of two
conditions was performed using the DESeq2 R package (v1.16.1) [63]. The resulting p
values were adjusted using the Benjamini and Hochberg approach for controlling the
false discovery rate. Genes with an adjusted p value (padj) < 0.05 found by DESeq2
were assigned as differentially expressed. Moreover, GO enrichment analysis and KEGG
pathway enrichment analysis for differentially expressed genes (DEGs) were achieved
by clusterProfiler R package (v3.4.4), an adjusted p value (padj) < 0.05 was considered
significantly enriched. GeneRatio was defined as the ratio of the number of differential
genes annotated to the GO term or on the KEGG pathway to the total number of differential
genes, respectively.

2.6. Proteomic Analysis

Worm samples were sonicated three times on ice using a high intensity ultrasonic
processor (pulsed at 25% power for 3 s on and 5 s off for 3 min, Scientz) in lysis buffer
(8 M urea, 1% protease inhibitor cocktail), with three biological replicates for each group.
The remaining debris was removed by centrifugation at 12,000× g at 4 ◦C for 10 min.
Then, the supernatant was collected, and the protein concentration was determined with
a BCA kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s
instructions. Protein samples were digested with trypsin (Promega, Madison, WI, USA)
at 1:50 trypsin-to-protein mass ratio overnight. After being desalted by Strata X C18 SPE
column (Phenomenex, Torrance, CA, USA) and vacuum-dried, peptides were labelled with

http://pfam.xfam.org/
http://supfam.org
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a tandem mass tags (TMT) kit (ThermoFisher Scientific, Waltham, MA, USA) according to
the manufacturer’s protocol.

Next, the TMT-labeled peptides were fractionated by high-pH reverse-phase HPLC
using Agilent 300 Extend-C18 column (5 µm particles, 4.6 mm ID, 250 mm length; Agilent,
Santa Clara, CA, USA). Briefly, peptides were first separated with a gradient of 8% to 32%
acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the peptides were combined into
9 fractions and dried by vacuum centrifugation.

Further, peptides were identified and quantified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Briefly, the tryptic peptides were dissolved in solvent A
(0.1% formic acid in 2% acetonitrile), directly loaded onto a home-made reversed-phase
analytical column (75 µm ID, 15 cm length). The gradient comprised an increase from 9%
to 22% solvent B (0.1% formic acid in 90% acetonitrile) over 40 min, 22% to 32% in 14 min
and climbing to 80% in 3 min then holding at 80% for the last 3 min, all at a constant flow
rate of 450 nL/min on an EASY-nLC 1200 UPLC system (ThermoFisher Scientific). The
peptides were subjected to a nanospray ionization (NSI) source followed by tandem mass
spectrometry (MS/MS) in Q Exactive HF-X (ThermoFisher Scientific) coupled online to
the UPLC. The electrospray voltage was set as 2.2 kV. The m/z scan range was 350 to 1400
for full scan, and intact peptides were detected in the Orbitrap at a resolution of 120,000.
Peptides were then selected for MS/MS using the normalized collisional energy (NCE)
setting at 28 and the ion fragments were detected in the Orbitrap at a resolution of 30,000.
A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS
scans with a 15 s dynamic exclusion was used. Automatic gain control (AGC) was set at
1 × 105. The fixed first mass was set as 100 m/z.

The resulting MS/MS data were processed using the Maxquant search engine (v1.5.2.8).
Tandem mass spectra were searched against the 17,661 protein database of L. marina [38]
concatenated with the reverse decoy database. Trypsin/p was specified as the cleavage
enzyme allowing up to 2 missing cleavages and 5 modifications per peptide. The mass
tolerance for precursor ions was set as 10 ppm in the first search and 5 ppm in the main
search, and the mass tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl on
Cys was specified as fixed modification, and acetylation on protein N-terminal, oxidation
on Met, deamidation on Asn and Gln were specified as variable modifications. Minimum
peptide length was set at 7. The quantitative method was set to TMT 10plex, and the
false discovery rate (FDR) for protein identification was adjusted to < 1%. All the other
parameters in MaxQuant were set to default values. A p value < 0.05 from t-tests and a fold
change > 1.3 or < 1/1.3 were set as the thresholds for significantly differentially expressed
proteins (DEPs).

A total of 306,324 spectrums were acquired, of which 78,015 unique spectrums were ob-
tained, and a total of 45,669 peptides were identified (Supplementary Table S3). The length
distribution analysis of peptides showed that most of them consisted of 7–20 amino acids,
which is in accordance with the quality control requirements (Supplementary Figure S2).
Subsequently, hierarchical clustering for 9 samples are shown in Supplementary Figure S3,
indicated the reliable sample preparation.

Moreover, different databases were selected for protein functional annotation. GO
annotation proteome was derived from the UniProt-GOA database (http://www.ebi.ac.
uk/GOA/, accessed on 30 July 2020). If the proteins were not annotated by UniProt-GOA
database, the InterProScan (https://www.ebi.ac.uk/interpro, accessed on 30 July 2020)
would be applied to annotate by protein sequence alignment method, which was also used
for protein domain functional description. KEGG online service tools KAAS was utilized to
predict the pathways in which the identified proteins were involved. Then the annotation
results were mapped on the KEGG pathway database using KEGG mapper. Subcellular
localizations of the protein were predicted by wolfpsort (http://wolfpsort.seq.cbrc.jp/,
accessed on 30 July 2020). COG annotation of the protein was achieved by eggnog-mapper
software (v2.0) with the default parameters.

http://www.ebi.ac.uk/GOA/
http://www.ebi.ac.uk/GOA/
https://www.ebi.ac.uk/interpro
http://wolfpsort.seq.cbrc.jp/
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Additionally, enrichment analysis of GO and KEGG pathway was conducted for DEPs
by Python, using an in-house script. Two-tailed Fisher’s exact test was employed to test
the enrichment of DEPs against the background of all identified proteins and a corrected
p value < 0.05 was considered significantly enriched. Ratio was defined as the ratio of the
number of differential proteins annotated to the GO term or on the KEGG pathway to the
total number of differential proteins, respectively.

3. Results
3.1. L. marina Is a Typical Euryhaline Marine Nematode

In the laboratory, marine nematode L. marina HQ1 is normally cultured on SW-NGM
agar plates prepared with seawater with a salinity of 3%, and this condition is referred to
as “S30” in this paper. Basic developmental characteristics were tested in the laboratory,
including the adulthood percentage, earliest egg laying time and lifespan. Under the S30
condition, although only 3% of newly hatched L1 larvae had developed into the adult
stage within 3 days at 20 ◦C, the adulthood percentage was as high as 92% within a week
(Figure 1A). The earliest observed egg laying time was around 84 h post L1 stage (Figure 1B).
Moreover, L4 worms lived as long as 29 days (Figure 1C), with an average lifespan of about
16 days (Figure 1D).

Interestingly, HQ1 worms acclimated quite well to the low-salinity condition (0.3% NaCl,
referred to as “S3”) which is the standard culture condition for terrestrial C. elegans. We
observed that, under S3 condition, 2% of L1s developed into adulthood within 3 days, the
adulthood percentage was about 92% on the 7th day, and the earliest egg laying time was
around 83 h post L1 stage, which showed no significant differences compared with the S30
group (Figure 1A,B). However, worms’ lifespan under S3 were slightly shorter: L4 worms
lived as long as 27 days (Figure 1C), with an average lifespan of about 13 days (Figure 1D).

HQ1 worms were able to propagate and acclimate to an even higher salinity environ-
ment (5% artificial sea salt, referred to as “S50”). Notably, L1 worms could not develop into
the adult stage within 3 days under the S50 condition. The percentage of adulthood on the
4th and the 5th days also showed significant differences between S50 and S30 groups, while
no differences were observed afterwards (Figure 1A). The earliest egg laying time for S50
worms was around 98 h post L1 stage, which showed a severe egg laying delay comparing
with both S30 and S3 worms (Figure 1B). L4 worms acclimated to the S50 condition could
live as long as 29 days (Figure 1C), with an average lifespan of about 15 days (Figure 1D),
which was similar to that of S30 worms.

Taken together, HQ1 worms could acclimate to a wide range of salinity and are
one typical euryhaline marine nematodes. How the worms regulate gene expression to
acclimate to different salinity environments, remains unknown. Next, we applied newly
hatched L1s to investigate the basal differences at both transcriptomic and proteomic
levels, respectively.

3.2. Analysis of the Basal Transcriptome for L. marina Acclimated to Different Salinity Environments

To investigate the basal transcriptomic differences of L. marina growing under different
salinity environments, we applied newly hatched L1s for RNA-seq analysis. Significant DEGs
were identified from different comparison groups (Figure 2A), with |log2foldchange| > 1 and
DESeq2 padj < 0.05 setting as the differential gene screening thresholds. Details of these
DEGs were listed in Supplementary File S1.

In the low-salinity S3 group, a total of 1191 genes were significantly up-regulated while
773 genes were down-regulated when compared with S30 group (Figure 2A). Based on
GO enrichment analysis, significant enrichment was only observed within down-regulated
DEGs. Such genes were mainly annotated to “chromosome”, “cellular macromolecu-
lar complex assembly”, “cellular component biogenesis”, “intracellular non-membrane-
bounded organelle”, “plasma membrane” and “extracellular matrix” (Figure 2B). Moreover,
“beta-alanine metabolism” pathway-related genes were significantly enriched among up-
regulated DEGs via KEGG pathway enrichment analysis (Supplementary Figure S4).
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Figure 1. Developmental characterization and lifespan of L. marina acclimated to different salinity
conditions. (A) For developmental analysis, 100 newly hatched L1s were transferred onto each
indicated 35 mm dimeter agar plate seeded with 30 µL OP50. The number of adult worms was scored
every day. (B) Egg laying time of L. marina acclimated to different salinity conditions. One hundred
newly hatched L1s were transferred onto each indicated 35 mm dimeter agar plate seeded with
30 µL OP50. The earliest observed egg laying time on each plate was recorded. Six replicates were
performed for each experimental condition. (C) For lifespan assay, 40 L4 females were transferred to
each assay plate, incubated at 20 ◦C. The number of live and dead worms was determined using a
dissecting microscope every 24 h. Live worms were transferred to fresh OP50-seeded plates daily.
Three replicates were analyzed. Worms were scored as dead if no response was detected after
prodding with a platinum wire. Dead worms on the wall of the plate were not counted. (D) Average
lifespan of L. marina acclimated to different salinity conditions. Error bars represent the standard error
of the mean from replicated experiments. Differences between groups were analyzed statistically
employing the two-tailed Student’s t-test. p < 0.05 was considered statistically significant. * p < 0.05,
** p < 0.01, *** p < 0.001, ns—not significant.

There were relatively fewer DEGs identified in the S50 versus S30 comparison group
compared with the S3 versus S30 comparison group (Figure 2A). Compared with the
S30 group, 114 genes were significantly up-regulated in S50 group, of which “purine
metabolism” pathway related genes were significantly enriched (Supplementary Figure S4).
In addition, there were 185 DEGs exhibiting significant down-regulation. We found that
genes annotated to “chromosome”, “cellular component biogenesis”, “intracellular or-
ganelle part”, “intracellular non-membrane-bounded organelle”, “serine-type endopep-
tidase inhibitor activity”, “structural constituent of cuticle” and other GO terms were
significantly enriched within these down-regulated DEGs (Figure 2B).
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nificantly down-regulated proteins, grey dots (NoSig) represent insignificantly differentially ex-
pressed proteins. (D) GO enrichment analysis for DEPs. Ratio of fold change >1.3 or <1/1.3; p value 
< 0.05 was set as the differential protein screening threshold. A corrected p value < 0.05 was 

Figure 2. Differentially expressed genes (DEGs) and proteins (DEPs) identified via transcriptomic and
proteomic analysis of L1 marine nematodes acclimated to low and high salinity conditions. (A) Vol-
cano plot of identified DEGs in different comparison groups via RNA-seq analysis (|log2foldchange|
> 1; DESeq2 padj < 0.05 was set as the differential gene screening threshold). Red dots (Up) represent
significantly up-regulated genes, green dots (Down) represent significantly down-regulated genes,
blue dots (NoSig) represent insignificantly differentially expressed genes. (B) GO enrichment analysis
for DEGs. |log2foldchange| > 1; DESeq2 padj < 0.05 was set as the differential gene screening
threshold. GO enrichment analysis of DEGs was achieved using the clusterProfiler R package (v3.4.4),
an adjusted p value (padj) < 0.05 was considered significantly enriched. The color from red to purple
represents the significance of the enrichment. GeneRatio was defined as the ratio of the number of
differential genes annotated to the GO term to the total number of differential genes. (C) Volcano plot
of identified DEPs in different comparison groups via proteomic analysis (Ratio of fold change > 1.3 or
< 1/1.3; p value < 0.05 was set as the differential protein screening threshold). Red dots (Up) represent
significantly up-regulated proteins, blue dots (Down) represent significantly down-regulated proteins,
grey dots (NoSig) represent insignificantly differentially expressed proteins. (D) GO enrichment analysis
for DEPs. Ratio of fold change > 1.3 or < 1/1.3; p value < 0.05 was set as the differential protein screening
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threshold. A corrected p value < 0.05 was considered significantly enriched. The color represents the
significance of the enrichment. Ratio was defined as the ratio of the number of differential proteins
annotated to the GO term to the number of background proteins.

Additionally, a comparison between the S3 and S50 groups was also conducted. There
were 1346 DEGs up-regulated in the S3 group (Figure 2A), of which “signaling”-related
genes were significantly enriched via GO enrichment analysis (Figure 2B). It was interest-
ingly to note that a set of small GTPase related genes were included (efa-6, exc-5, frm-3,
itsn-1, tag-77, tiam-1, unc-73, R05G6.10 and Y37A1B.17). On the other hand, 876 genes were
significantly up-regulated in S50 group (Figure 2A), of which “glutathione metabolism”,
“drug metabolism-cytochrome P450”, “fatty acid degradation”, “fatty acid metabolism”
and “metabolism of xenobiotics by cytochrome P450” pathway-related genes were enriched
(Supplementary Figure S4). Further, GO enrichment analysis demonstrated that “oxidore-
ductase activity” genes, “metallopeptidase activity” genes, “extracellular region” genes
(Notably, 9 out of the 13 enriched genes were transthyretin-like family genes, TTLs, such
as ttr-31, ttr-32, ttr-40, ttr-44 and ttr-51.), “heme binding” genes, “cofactor binding” genes,
“peptidase activity” genes, “iron ion binding” genes, “peroxisome” genes and others were
significantly enriched within up-regulated DEGs in the S50 group (Figure 2B).

3.3. Analysis of the Basal Proteome for L. marina Acclimated to Different Salinity Environments

In parallel, we also applied quantitative proteomic analysis to investigate the basal
protein differences among worms growing under different salinity environments. Newly
hatched L1s were used, the same developmental staged worms for above transcriptomic
analysis. A total of 6068 proteins were identified (Supplementary Table S3) and significant
DEPs were selected from different comparison groups (Figure 2C), with ratio of fold change
> 1.3 or < 1/1.3 and p value < 0.05 as the differential protein screening thresholds. Details
of these DEPs are listed in Supplementary File S2.

In the low-salinity S3 group, 144 up-regulated proteins and 168 down-regulated pro-
teins were selected, compared with the S30 group (Figure 2C). Among these up-regulated
DEPs, ribosome-related proteins were the most significantly enriched ones revealed by both
GO enrichment and KEGG pathway enrichment analysis (Figure 2D and Supplementary
Figure S5), others such as “vacuolar membrane” proteins, “dauer larval development”
proteins, “isomerase activity” proteins, “negative regulation of mitotic cell cycle” proteins,
“nematode larval development” proteins, “positive regulation of catabolic process” proteins
and “phosphatidylinositol phosphate binding” proteins were also significantly enriched
(Figure 2D). However, “extracellular region” proteins were the most significantly enriched
ones in down-regulated proteins. Besides, cytoskeleton related proteins (Supplementary
Table S4), defense response related proteins, “DNA packaging” proteins, “modified amino
acid binding” proteins, “metal ion binding” proteins and “divalent inorganic cation trans-
port” proteins were also significantly enriched (Figure 2D).

Compared with the S30 group, there were 56 proteins significantly up-regulated in
the S50 group (Figure 2C), of which ribosome-related proteins were also significantly
enriched via both GO enrichment and KEGG pathway enrichment analysis (Figure 2D
and Supplementary Figure S5). Moreover, “chromosomal region” proteins, “midbody”
proteins (Supplementary Table S4) and “phosphoric ester hydrolase activity” proteins were
also significantly enriched among these up-regulated DEPs (Figure 2D). Additionally, 105
down-regulated DEPs were found in the S50 group (Figure 2C). Proteins related with
“extracellular region” exhibited the most significant enrichment similar to the low-salinity
S3 group. Microtubule-related proteins (Supplementary Table S4), defense response related
proteins and “hydrolase activity, acting on ester bonds” proteins were also significantly
enriched among down-regulated DEPs (Figure 2D).

In addition, we also performed a comparison between the S3 and S50 groups, and
found 154 up-regulated DEPs in the S3 group and 143 in the S50 group (Figure 2C). Based
on KEGG pathway enrichment analysis, “lysosome” pathway-related proteins and “DNA
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replication” pathway-related proteins were the most significantly enriched ones in the S3
and S50 groups, respectively (Supplementary Figure S5). Besides, based on GO enrichment
analysis, “response to nicotine” proteins, “proton-transporting V-type ATPase complex”
proteins (including VHA-5 and VHA-6), “whole membrane” proteins, “regulation of cellu-
lar catabolic process” proteins, “spindle microtubule” proteins (Supplementary Table S4),
“negative regulation of mitotic cell cycle” proteins, “regulation of proteolysis” proteins,
“regulation of synapse organization” proteins exhibited significant enrichment in the S3
group (Figure 2D). In contrast, “MCM complex” proteins, “condensed chromosome” pro-
teins, “extracellular region” proteins, “cation transport” proteins, “nucleotide metabolic
process” proteins, “cell division site” proteins, “hydrolase activity, acting on glycosyl
bonds” proteins and others were significantly enriched in the S50 group (Figure 2D).

3.4. Identification of Genes Expressed Consistently at Both mRNA and Protein Levels in Different
Salinity Environments

Interestingly, not only was the salinity difference between the S50 and S30 conditions
smaller than that between the S3 and S30 conditions, but we also noticed a similar tendency
in the number of DEGs and DEPs identified within different comparisons (Figure 2A,C),
i.e., the difference between the S50 and S30 groups was smaller than that between the S3
versus S30 comparison pair, especially for DEGs. Herein, we will refer to these worms
which were acclimated to S3 environment as the “low-salinity group”, while worms grown
under S30 and S50 environments as the “high-salinity groups”. In order to identify crucial
genes related to euryhalinity, we tried to screen genes that were expressed consistently at
both mRNA and protein levels.

As shown in Figure 3A, 1638 genes were up-regulated specifically in the low-salinity
group (S3), compared with the high-salinity groups (S30 and S50), with the screening
thresholds set to fold change > 1.0, padj < 0.05 applied to the transcriptomic data. Simi-
larly, with the screening thresholds set to fold change > 1.0, p value < 0.05 applied to the
proteomic data, a total of 354 proteins were specifically up-regulated in the low-salinity
group. Furthermore, we combined the results from transcriptomic and proteomic analysis
and found that 78 genes exhibited consistent expression at both mRNA and protein levels.
Interestingly, we also found that 29 out of the above 78 genes, including the trehalose
biosynthesis gene tps-2, the transthyretin-like family genes ttr-15 and ttr-30, the ion trans-
port genes mca-1, twk-33 and vha-5, demonstrated specific induction upon hyposaline stress
in L. marina based on our previous data (Supplementary Table S5). Thus, these 78 genes
were considered low-salinity-specific genes, and their detailed information is summarized
in Table 1.

To identify high-salinity-specific genes, similar analysis was performed as described
above. Briefly, 1015 genes and 336 proteins were specifically up-regulated in high-salinity
groups (S30 and S50), respectively (Figure 3B). A total of 69 genes were further selected as
high-salinity-specific genes, with detailed information summarized in Table 2. Additionally,
there were 11 genes among these 69 genes, including the glycerol biosynthesis gene gpdh-1
and the cuticle related collagen gene col-160, can be specifically induced by hypersaline
stress (Supplementary Table S6).

Further, the differential genes expressed specifically under low- and high-salinity
conditions were classified based on their annotation information (Figure 3C). We found
that, under the low-salinity condition, the top six gene categories with annotated functions
were grouped into “signal transduction mechanisms” (arr-1, mnk-1, ppfr-1 and tnc-2),
“nucleotide transport and metabolism” (alh-3, ent-1, hint-3, pnp-1 and pyr-1), “cytoskeleton”
(ben-1, gsnl-1, tni-3 and tnt-3), “lipid transport and metabolism” (cest-26, faah-2 and ltah-1.1)
and “transcription” (dmd-7, gmeb-2, isw-1, ldb-1 and sta-1) (Figure 3C and Table 1). However,
“posttranslational modification, protein turnover, chaperones” (cpr-5, dpy-31, fkb-2, gst-
8 and rle-1), “amino acid transport and metabolism” (alh-6 and alh-9), “lipid transport
and metabolism” (acox-1.6, acs-7 and ges-1), “defense mechanisms” (clec-48, clec-49, cri-3
and mpst-1), “energy production and conversion” (alh-11, gpdh-1 and gpdh-2) and “signal
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transduction mechanisms” (lrp-1, etc.)-related genes were the top six categories under
high-salinity conditions (Figure 3C and Table 2).
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Figure 3. Identification of genes expressed consistently at both mRNA and protein levels under low-
and high-salinity conditions. (A) Identification of 78 genes with up-regulated expression at both
mRNA and protein levels under the low-salinity condition (S3 group) compared with high-salinity
conditions (S30 and S50 groups). DESeq2 padj < 0.05; fold change > 1 was set as the differential gene
screening threshold. p value < 0.05; Ratio > 1 was set as the differential protein screening threshold.
(B) Identification of 69 genes with up-regulated expression at both mRNA and protein levels under
high-salinity conditions (S30 and S50 groups) compared with the low-salinity condition (S3 group).
DESeq2 padj < 0.05; fold change > 1 was set as the differential gene screening threshold. p value < 0.05;
Ratio > 1 was set as the differential protein screening threshold. (C) Classification of differential genes
expressed under low- and high-salinity conditions based on COG annotation.



Genes 2022, 13, 651 12 of 24

Table 1. Detailed information for 78 common DEGs and DEPs up-regulated specifically under
low salinity.

Gene_id

Transcriptomic Level Proteomic Level

Gene Name
S3 vs. S30 S3 vs. S50 S3 vs. S30 S3 vs. S50

Fold
Change padj Fold

Change padj Ratio p Value Ratio p Value

Amino acid transport and metabolism [E]
EVM0001780 2.25 1.84 × 10−13 2.52 8.61 × 10−17 1.26 1.64 × 10−2 1.28 2.08 × 10−2 gdh-1 *
EVM0014029 1.59 2.17 × 10−2 2.14 6.98 × 10−5 1.15 1.32 × 10−2 1.10 3.28 × 10−2 Y51F10.4
EVM0015459 3.72 9.06 × 10−23 3.13 7.30 × 10−13 1.32 6.64 × 10−4 1.43 8.14 × 10−3 tatn-1 *
EVM0016867 27.80 6.84 × 10−9 257.43 4.23 × 10−9 1.25 3.13 × 10−4 1.28 2.62 × 10−3 ltah-1.1

Carbohydrate transport and metabolism [G]
EVM0004057 8.37 5.63 × 10−118 6.22 3.31 × 10−74 1.67 1.87 × 10−4 1.81 5.49 × 10−5 F08F3.4 *
EVM0009122 1.96 6.03 × 10−3 2.74 1.56 × 10−6 1.63 3.60 × 10−4 2.00 7.89 × 10−5 aman-1
EVM0012344 1.89 6.04 × 10−4 2.05 2.85 × 10−4 3.24 2.79 × 10−4 5.88 8.68 × 10−5 bus-2 *

Coenzyme transport and metabolism [H]
EVM0003915 7.82 5.50 × 10−36 10.40 3.53 × 10−58 2.06 1.26 × 10−3 2.59 9.80 × 10−4 amx-3

Cytoskeleton [Z]
EVM0003820 139.48 1.27 × 10−116 8007.93 3.44 × 10−25 6.48 5.34 × 10−6 8.40 5.33 × 10−5 tni-3
EVM0008149 2.25 9.45 × 10−7 3.58 6.89 × 10−16 1.73 4.48 × 10−5 2.12 4.03 × 10−4 gsnl-1
EVM0008515 2.71 4.75 × 10−4 3.05 4.50 × 10−5 1.16 2.10 × 10−2 1.36 2.66 × 10−3 –
EVM0010763 1.50 2.98 × 10−2 1.63 1.72 × 10−2 1.14 7.28 × 10−3 1.42 2.68 × 10−4 tnt-3
EVM0014264 1.59 1.54 × 10−3 1.67 7.27 × 10−4 1.23 1.80 × 10−3 1.33 2.29 × 10−4 ben-1

Defense mechanisms [V]
EVM0008469 1.32 6.62 × 10−3 1.50 8.32 × 10−4 1.23 9.30 × 10−3 1.16 4.24 × 10−2 vhp-1

Energy production and conversion [C]
EVM0007934 36.01 6.99 × 10−70 35.72 3.93 × 10−62 2.07 9.81 × 10−4 1.95 1.12 × 10−3 vha-5 *

Inorganic ion transport and metabolism [P]
EVM0000094 2.61 1.20 × 10−3 2.87 1.89 × 10−5 1.67 3.37 × 10−4 1.95 1.25 × 10−4 twk-33 *
EVM0008374 5.51 1.11 × 10−9 34.21 1.11 × 10−44 2.38 4.13 × 10−4 2.58 3.86 × 10−4 mca-1 *
EVM0009766 19.15 2.94 × 10−2 38.15 6.00 × 10−3 1.24 4.01 × 10−2 1.39 1.33 × 10−2 kcc-1

Intracellular trafficking, secretion, and vesicular transport [U]
EVM0000891 2.10 2.44 × 10−9 1.97 8.13 × 10−7 1.16 7.18 × 10−3 1.21 5.46 × 10−3 rab-7
EVM0013621 1.33 7.43 × 10−4 1.49 9.89 × 10−4 1.09 4.34 × 10−2 1.15 4.15 × 10−3 atg-2
EVM0016452 2.56 7.30 × 10−10 2.47 1.36 × 10−9 1.11 2.44 × 10−2 1.17 8.78 × 10−3 tps-2 *

Lipid transport and metabolism [I]
EVM0006214 2.90 5.00 × 10−6 1.87 1.54 × 10−2 1.16 1.98 × 10−2 1.21 1.13 × 10−2 Y71F9B.9 *
EVM0014613 1.91 6.07 × 10−7 1.69 5.75 × 10−4 1.12 2.86× 10−2 1.21 8.41 × 10−3 cest-26
EVM0016161 2.08 9.18 × 10−8 1.63 1.71 × 10−3 1.41 2.60 × 10−3 1.35 3.67 × 10−3 C01B10.3 *
EVM0016904 2.36 1.94 × 10−12 2.16 3.75 × 10−9 1.20 3.50 × 10−2 1.16 1.75 × 10−2 faah-2

Nucleotide transport and metabolism [F]
EVM0002534 2.15 1.97 × 10−9 2.37 3.56 × 10−9 1.09 2.85 × 10−3 1.05 2.18 × 10−2 pyr-1
EVM0007122 2.67 5.94 × 10−7 2.85 2.32 × 10−7 1.23 8.96 × 10−3 1.35 1.36 × 10−2 alh-3
EVM0007619 2.08 1.00 × 10−4 1.99 4.62 × 10−4 1.14 8.02 × 10−4 1.11 2.43 × 10−4 Y43F8C.13 *
EVM0010113 3.05 8.69 × 10−29 3.66 7.64 × 10−23 1.22 1.15 × 10−2 1.24 1.39 × 10−2 Y48A6B.7
EVM0012708 1.45 2.49 × 10−2 1.72 2.07 × 10−3 1.20 1.64 × 10−4 1.18 4.23 × 10−6 hint-3
EVM0015677 1.62 1.89 × 10−4 2.05 7.44 × 10−7 1.10 5.34 × 10−4 1.30 1.06 × 10−5 ent-1
EVM0017439 9.94 1.78 × 10−38 3.97 1.50 × 10−14 1.28 1.09 × 10−5 1.25 2.19 × 10−5 pnp-1 *

Posttranslational modification, protein turnover, chaperones [O]
EVM0013078 1.50 4.08 × 10−4 1.39 3.00 × 10−2 1.19 1.17 × 10−3 1.17 7.83 × 10−3 ahsa-1

Replication, recombination and repair [L]
EVM0003459 1.44 3.58 × 10−2 1.60 1.03 × 10−2 1.30 2.87 × 10−4 1.29 2.26 × 10−3 F21D5.5
EVM0012370 1.56 4.40 × 10−2 1.65 1.74 × 10−2 1.25 4.57 × 10−2 1.31 2.14 × 10−2 Y87G2A.19

RNA processing and modification [A]
EVM0009834 2.16 2.64 × 10−8 2.20 1.72 × 10−8 1.50 2.64 × 10−3 1.36 2.48 × 10−2 dxbp-1
EVM0002279 1.70 5.20 × 10−3 1.69 3.08 × 10−3 1.10 3.91 × 10−2 1.11 2.51 × 10−2 usip-1

Secondary metabolites biosynthesis, transport and catabolism [Q]
EVM0004846 3.40 3.73 × 10−6 3.62 4.03 × 10−7 1.21 1.91 × 10−2 1.25 2.88 × 10−4 amx-2
EVM0008743 2.93 4.91 × 10−2 3.41 2.05 × 10−2 1.17 1.66 × 10−3 1.26 1.39 × 10−2 R04B5.5 *
EVM0008816 143.66 3.37 × 10−39 2394.32 1.13 × 10−18 1.75 7.32 × 10−5 1.86 6.57 × 10−4 R05D8.7
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Table 1. Cont.

Gene_id

Transcriptomic Level Proteomic Level

Gene Name
S3 vs. S30 S3 vs. S50 S3 vs. S30 S3 vs. S50

Fold
Change padj Fold

Change padj Ratio p Value Ratio p Value

Signal transduction mechanisms [T]
EVM0002057 2.13 1.86 × 10−5 3.40 4.49 × 10−11 1.25 3.08 × 10−3 1.38 1.47 × 10−3 Y57A10A.26 *
EVM0002262 8.81 7.62 × 10−21 6.65 7.91 × 10−20 1.13 1.46 × 10−3 1.10 5.17 × 10−3 F38A5.2
EVM0003443 1.44 4.26 × 10−4 1.73 1.48 × 10−5 1.19 1.08 × 10−3 1.30 8.60 × 10−5 mnk-1
EVM0003881 1.36 7.08 × 10−3 1.62 5.01 × 10−5 1.12 2.07 × 10−3 1.14 8.04 × 10−3 ppfr-1
EVM0006886 1.89 3.05 × 10−8 2.61 3.38 × 10−21 1.19 4.70 × 10−2 1.17 9.03 × 10−3 T19D2.2
EVM0009042 1.65 3.96 × 10−3 2.10 9.24 × 10−5 1.14 2.44 × 10−2 1.18 1.36 × 10−2 tnc-2
EVM0012157 1.45 3.60 × 10−3 1.35 3.70 × 10−2 1.09 4.47 × 10−3 1.11 3.38 × 10−3 arr-1

Transcription [K]
EVM0002661 1.34 6.86 × 10−3 1.39 1.18 × 10−2 1.21 6.71 × 10−4 1.14 1.24 × 10−2 ldb-1
EVM0004245 48.12 2.54 × 10−33 137.83 7.64 × 10−23 1.09 8.29 × 10−3 1.04 5.04 × 10−3 sta-1
EVM0011147 1.47 1.82 × 10−4 1.74 5.70 × 10−6 1.26 7.41 × 10−3 1.27 2.21 × 10−2 isw-1
EVM0011991 1.36 2.63 × 10−2 1.39 2.06 × 10−2 1.35 2.19 × 10−2 1.39 6.50 × 10−3 gmeb-2
EVM0015999 4.12 4.12 × 10−26 15.20 5.43 × 10−63 1.29 1.46 × 10−2 1.57 8.14 × 10−4 dmd-7 *

Function unknown [S]
EVM0001362 1.54 2.88 × 10−3 5.71 1.21 × 10−13 2.61 1.66 × 10−4 4.27 6.79 × 10−5 – *
EVM0001899 2.14 1.43 × 10−6 1.79 1.89 × 10−5 1.35 2.53 × 10−3 1.33 4.27 × 10−2 anmt-3
EVM0002515 2.44 1.66 × 10−7 2.26 4.43 × 10−6 1.49 8.70 × 10−4 1.71 4.57 × 10−3 R02C2.7 *
EVM0002519 170.92 1.25 × 10−44 131.09 1.34 × 10−50 1.31 3.64 × 10−2 2.24 7.07 × 10−4 lfi-1
EVM0002991 10.48 1.66 × 10−30 137.72 4.88 × 10−31 2.81 6.07 × 10−5 2.73 6.24 × 10−4 rop-1
EVM0003311 1.72 1.98 × 10−5 1.38 1.26 × 10−2 1.29 9.94 × 10−4 1.49 6.50 × 10−3 C23H3.2 *
EVM0003972 16.96 1.75 × 10−15 14.33 2.22 × 10−15 1.72 2.28 × 10−3 2.60 2.65 × 10−4 ttr-15 *
EVM0004638 6.15 1.64 × 10−8 3.28 5.32 × 10−5 1.52 1.13 × 10−2 1.68 1.49 × 10−3 ttr-30 *
EVM0004934 1.53 7.09 × 10−4 1.56 4.59 × 10−3 1.08 5.46 × 10−3 1.13 1.56 × 10−3 arrd-25
EVM0005485 2.18 2.02 × 10−5 2.50 1.33 × 10−5 1.66 2.46 × 10−2 1.61 1.60 × 10−2 marg-1
EVM0006229 1.41 1.09 × 10−2 1.39 4.23 × 10−2 1.12 1.79 × 10−2 1.21 2.57 × 10−3 Y9C12A.1
EVM0006956 3.36 2.33 × 10−5 3.34 5.43 × 10−6 1.46 5.03 × 10−4 1.52 3.68 × 10−4 F36G3.2 *
EVM0009105 1.70 1.34 × 10−3 1.85 7.32 × 10−4 1.10 1.78 × 10−2 1.15 2.58 × 10−3 C44E4.5 *
EVM0009106 6.06 2.69 × 10−31 4.66 1.98 × 10−17 1.27 5.78 × 10−3 1.42 1.30 × 10−4 F46C5.10
EVM0009178 1.46 1.25 × 10−2 1.60 2.53 × 10−3 1.35 2.53 × 10−4 1.37 1.07 × 10−3 unc-132
EVM0009923 136.66 1.06 × 10−6 139.74 8.88 × 10−7 1.26 6.69 × 10−4 1.18 1.29 × 10−2 T09A5.15
EVM0010567 5.09 5.66 × 10−20 4.13 1.91 × 10−12 1.67 1.22 × 10−2 2.58 6.63 × 10−5 F52E1.14 *
EVM0011338 1.79 2.11 × 10−4 2.04 3.41 × 10−4 1.99 1.20 × 10−3 3.23 2.79 × 10−5 – *
EVM0011489 1.98 3.28 × 10−12 2.41 1.50 × 10−15 1.79 3.31 × 10−6 1.84 1.54 × 10−2 K07C11.8 *
EVM0011529 1.31 9.28 × 10−3 1.97 9.31 × 10−8 1.52 3.60 × 10−3 1.90 6.25 × 10−4 sfxn-1.2 *
EVM0012853 71.98 1.88 × 10−13 49.06 2.03 × 10−15 1.26 2.84 × 10−3 1.36 3.53 × 10−2 R02F2.7
EVM0013037 2.31 3.43 × 10−5 1.54 2.04 × 10−2 1.21 1.98 × 10−2 1.33 1.44 × 10−2 T16G1.6 *
EVM0014110 87.65 7.07 × 10−6 174.53 1.38 × 10−7 1.21 2.72 × 10−2 1.17 2.84 × 10−2 F53F1.2
EVM0014277 1.92 3.57 × 10−2 2.64 7.83 × 10−4 1.38 2.81 × 10−3 1.54 1.56 × 10−2 F36G3.2 *
EVM0017018 2.85 1.50 × 10−20 4.67 5.31 × 10−31 1.28 1.12 × 10−2 1.61 8.47 × 10−4 far-8
EVM0017308 6746.66 1.14 × 10−24 6896.64 1.92 × 10−24 3.83 4.29 × 10−5 4.29 4.94 × 10−5 T02B11.3 *

Note: Genes marked with a red asterisk can be specifically induced by low-salinity stress, as shown in
Supplementary Table S5 analyzed based on data from our previous study [39].

3.5. Identification of Genes and Their Corresponding Proteins, the Abundance of Which Was
Proportional to Environmental Salinity

In the present study, we found that DEGs enriched markedly based on RNA-seq
analysis, hardly exhibited enrichment at the protein level (Figure 2B,D), in fact, only
limited genes were expressed consistently at both mRNA and protein levels (Figure 3A,B).
Next, we focused on those genes whose abundance was directly or inversely proportional
to environmental salinity at both mRNA and protein levels, which were probably key
regulators or effectors associated with the effective osmoregulation of euryhaline L. marina.

We therefore combined transcriptomic and proteomic profiles and further found that
66 genes and their corresponding proteins demonstrated environmental salinity-dependent
patterns in expression (Supplementary File S3). Specifically, 38 genes were down-regulated
when salinity increased, while 28 genes were up-regulated when salinity increased (Figure 4
and Supplementary File S3).
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Table 2. Detailed information of 69 common DEGs and DEPs up-regulated specifically under high-
salinity environments.

Gene_id

Transcriptomic Level Proteomic Level

Gene Name
S30 vs. S3 S50 vs. S3 S30 vs. S3 S50 vs. S3

Fold
Change padj Fold

Change padj Ratio p Value Ratio p Value

Amino acid transport and metabolism [E]
EVM0002320 3.53 5.01 × 10−8 2.66 1.69 × 10−4 1.48 1.04 × 10−2 1.29 2.62 × 10−3 T03D8.6
EVM0004826 1.74 4.23 × 10−4 3.19 4.57 × 10−15 1.48 3.17 × 10−3 1.37 1.10 × 10−2 Y32F6A.4
EVM0006400 2.23 2.04 × 10−18 2.33 1.08 × 10−10 1.72 6.00 × 10−5 1.93 6.37 × 10−7 alh-6
EVM0007127 1.54 1.32 × 10−6 2.06 2.21 × 10−11 1.24 1.93 × 10−2 1.17 1.84 × 10−2 alh-9

Carbohydrate transport and metabolism [G]
EVM0013041 1.34 1.49 × 10−2 1.59 5.87 × 10−4 1.24 1.61 × 10−2 1.63 6.94 × 10−5 ttx-7
EVM0013408 2.12 2.27 × 10−9 3.74 1.73 × 10−14 1.25 1.38 × 10−2 1.26 6.31 × 10−4 F25A2.1
EVM0017389 1.90 1.49 × 10−2 2.70 2.24 × 10−6 1.31 2.35 × 10−2 1.30 1.79 × 10−2 aagr-1

Cell cycle control, cell division, chromosome partitioning [D]
EVM0001567 1.78 1.55 × 10−3 1.85 5.91 × 10−4 1.15 2.69 × 10−3 1.06 2.79 × 10−2 mua-6
EVM0007071 2.04 2.28 × 10−5 1.89 6.65 × 10−4 1.05 5.38 × 10−4 1.16 1.39 × 10−3 W01C8.5

Coenzyme transport and metabolism [H]
EVM0013159 3.82 1.80 × 10−13 4.08 1.39 × 10−15 1.29 7.43 × 10−4 1.57 1.11 × 10−3 F37C4.6 *
EVM0015524 1.39 3.80 × 10−2 1.43 3.60 × 10−2 1.14 1.22 × 10−2 1.11 7.32 × 10−3 –

Cytoskeleton [Z]
EVM0000074 2.29 1.84 × 10−7 2.19 2.89 × 10−6 1.42 6.68 × 10−5 1.22 2.34 × 10−3 tba-4

Defense mechanisms [V]
EVM0001236 7.77 6.41 × 10−25 6.66 2.80 × 10−14 1.96 1.62 × 10−3 1.40 3.10 × 10−2 clec-49
EVM0008192 3.56 9.74 × 10−15 3.92 6.69 × 10−15 1.66 1.67 × 10−4 1.38 9.47 × 10−3 clec-48 *
EVM0009848 1.55 1.22 × 10−4 2.07 1.26 × 10−6 1.10 4.69 × 10−2 1.12 5.00 × 10−2 cri-3
EVM0017657 1.41 3.58 × 10−2 1.82 1.35 × 10−4 1.18 8.56 × 10−3 1.12 1.05 × 10−2 mpst-1

Energy production and conversion [C]
EVM0001663 1.91 5.76 × 10−5 2.70 3.12 × 10−10 1.11 1.72 × 10−2 1.37 9.53 × 10−4 gpdh-1 *
EVM0005443 1.77 2.02 × 10−5 2.37 2.88 × 10−8 1.44 1.94 × 10−4 1.68 2.47 × 10−4 alh-11
EVM0011220 1.36 1.09 × 10−2 1.44 1.49 × 10−2 1.10 3.19 × 10−2 1.26 3.36 × 10−3 Y71G12B.10 *
EVM0013587 1.40 1.59 × 10−3 1.48 1.39 × 10−3 1.08 1.10 × 10−2 1.12 3.67 × 10−3 gpdh-2

Extracellular structures [W]
EVM0011248 2.13 1.60× 10−12 2.44 2.02 × 10−16 1.60 6.06 × 10−4 1.79 2.89 × 10−4 ost-1
EVM0013254 1.42 4.10 × 10−2 2.09 5.10 × 10−6 1.20 5.24 × 10−3 1.44 1.10 × 10−3 col-160 *

Inorganic ion transport and metabolism [P]
EVM0000243 1.95 2.34 × 10−3 1.82 4.86 × 10−3 1.38 1.59 × 10−3 1.28 1.31 × 10−2 snf-9 *
EVM0009288 1.26 2.60 × 10−2 1.68 6.71 × 10−5 1.72 4.17 × 10−4 1.57 8.33 × 10−4 aat-4

Intracellular trafficking, secretion, and vesicular transport [U]
EVM0008733 7.63 3.68 × 10−61 8.14 3.90 × 10−32 1.61 8.18 × 10−3 1.38 2.14 × 10−2 nex-2
EVM0015971 2.32 9.98 × 10−5 1.96 3.76 × 10−3 1.34 1.36 × 10−2 1.30 2.32 × 10−2 Y50D4A.1

Lipid transport and metabolism [I]
EVM0004076 2.13 1.09 × 10−5 4.37 2.62 × 10−18 1.54 9.47 × 10−5 1.80 3.00 × 10−5 acs-7
EVM0009809 2.11 2.78 × 10−3 2.59 1.23 × 10−5 1.12 2.83 × 10−2 1.28 1.82 × 10−3 acox-1.6
EVM0011984 1.70 2.10 × 10−2 3.04 4.27 × 10−8 1.23 2.16 × 10−4 1.22 1.75 × 10−3 T20B3.1
EVM0012282 2.23 9.01 × 10−11 2.26 4.81 × 10−8 1.22 6.27 × 10−3 1.20 1.22 × 10−2 Y25C1A.13
EVM0016519 1.96 1.44 × 10−5 2.56 7.18 × 10−17 1.57 1.02 × 10−2 1.71 4.47 × 10−3 ges-1

Posttranslational modification, protein turnover, chaperones [O]
EVM0002002 2.64 5.00 × 10−6 3.29 2.15 × 10−8 1.44 4.95 × 10−3 1.46 2.50 × 10−3 rle-1
EVM0003227 1.59 3.99 × 10−3 1.67 2.75 × 10−3 1.26 9.02 × 10−4 1.33 1.54 × 10−5 F44E7.4
EVM0003273 3.27 9.97 × 10−16 2.45 1.30 × 10−7 1.28 3.87 × 10−4 1.21 1.16 × 10−2 cpr-5
EVM0005041 2.61 4.92 × 10−12 3.08 3.01 × 10−12 1.44 1.96 × 10−2 1.22 2.19 × 10−2 C35B1.5
EVM0005930 2.66 1.03 × 10−12 3.02 1.89 × 10−16 1.34 2.74 × 10−2 1.47 4.03 × 10−3 gst-8
EVM0008252 2.56 1.71 × 10−16 2.68 4.85 × 10−13 1.74 1.89 × 10−2 1.50 1.49 × 10−2 fkb-2
EVM0008830 1.58 2.22 × 10−5 1.61 2.18 × 10−4 1.08 3.29 × 10−2 1.13 8.10 × 10−3 Y71H2AM.1
EVM0014265 1.30 2.24 × 10−2 1.78 9.72 × 10−7 1.32 2.91 × 10−2 1.24 4.66 × 10−2 dpy-31

Replication, recombination and repair [L]
EVM0004517 2.04 3.41 × 10−4 1.66 3.34 × 10−2 1.20 2.67 × 10−2 1.31 1.13 × 10−3 mcm-7
EVM0013043 2.09 6.08 × 10−3 2.23 1.26 × 10−3 1.19 4.98 × 10−2 1.30 6.29 × 10−5 mcm-4
EVM0017031 2.13 2.40 × 10−4 1.81 9.07 × 10−3 1.15 2.83 × 10−2 1.31 8.34 × 10−4 mcm-3
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Table 2. Cont.

Gene_id

Transcriptomic Level Proteomic Level

Gene Name
S30 vs. S3 S50 vs. S3 S30 vs. S3 S50 vs. S3

Fold
Change padj Fold

Change padj Ratio p Value Ratio p Value

Secondary metabolites biosynthesis, transport and catabolism [Q]
EVM0008044 3.25 2.55 × 10−21 3.26 6.19 × 10−12 1.35 1.61 × 10−2 1.24 6.73 × 10−3 comt-3

Signal transduction mechanisms [T]
EVM0007854 10.24 1.74 × 10−2 9.18 1.42 × 10−2 2.39 5.95 × 10−4 2.66 1.82 × 10−4 H10E21.4
EVM0008918 1.60 1.56 × 10−5 1.49 5.95 × 10−4 1.19 6.35 × 10−4 1.14 8.33 × 10−6 lrp-1 *

Transcription [K]
EVM0014859 1.66 7.09 × 10−3 1.62 4.20 × 10−3 1.19 8.92 × 10−4 1.11 2.70 × 10−2 sta-2

Function unknown [S]
EVM0000249 1.66 2.42 × 10−2 2.10 2.34 × 10−4 1.40 4.12 × 10−3 1.15 1.16 × 10−2 –
EVM0000791 1.92 1.77 × 10−3 2.86 1.06 × 10−4 1.32 3.06 × 10−2 1.59 7.65 × 10−4 bigr-1
EVM0001976 1.79 2.94 × 10−12 1.52 3.09 × 10−3 1.62 2.53 × 10−2 1.28 8.45 × 10−3 far-1
EVM0004494 1.36 3.68 × 10−2 1.87 2.75 × 10−7 1.24 6.34 × 10−5 1.24 1.35 × 10−3 F47G3.1
EVM0004595 2.28 5.74 × 10−3 4.69 1.53 × 10−12 1.17 7.26 × 10−3 1.46 8.77 × 10−4 F53F1.2
EVM0005666 1.78 4.90 × 10−3 2.67 1.16 × 10−6 1.09 1.45 × 10−2 1.23 1.80 × 10−4 bath-3
EVM0005758 1.39 3.91 × 10−2 1.48 2.03 × 10−2 1.11 1.41 × 10−3 1.15 3.84 × 10−2 –
EVM0006660 1.24 3.26 × 10−2 1.97 1.05 × 10−9 1.19 6.42 × 10−3 1.31 3.06 × 10−4 abcf-2
EVM0006900 1.80 4.62 × 10−7 2.22 2.13 × 10−10 2.19 6.66 × 10−5 2.91 2.36 × 10−5 F45E1.4
EVM0008841 4.75 6.94 × 10−10 3.32 5.93 × 10−10 1.74 4.43 × 10−6 1.35 1.70 × 10−4 –
EVM0009309 1.65 3.81 × 10−3 2.22 4.98 × 10−6 1.24 1.08 × 10−4 1.20 3.27 × 10−3 clec-62 *
EVM0009573 1.90 1.55 × 10−3 1.80 7.17 × 10−3 1.19 2.89 × 10−2 1.51 1.09 × 10−3 plin-1
EVM0010240 1.39 3.55 × 10−3 1.39 1.65 × 10−2 1.12 7.53 × 10−3 1.20 2.92 × 10−3 wdr-20
EVM0011170 1.86 4.54 × 10−2 1.80 4.45 × 10−2 1.89 1.03 × 10−2 1.68 1.31 × 10−3 ttr-27
EVM0011921 2.13 6.49 × 10−9 2.23 5.65 × 10−10 1.76 5.86 × 10−3 1.29 2.93 × 10−2 F47G3.4 *
EVM0012075 1.67 1.60 × 10−2 2.93 1.91 × 10−8 1.45 1.22 × 10−3 1.63 8.95 × 10−3 T10B10.4 *
EVM0012459 2.35 4.58 × 10−5 2.38 1.22 × 10−4 1.25 2.19 × 10−3 1.08 4.78 × 10−3 Y12A6A.1 *
EVM0013261 2.11 6.67 × 10−11 2.13 1.72 × 10−6 1.43 3.62 × 10−3 1.12 3.50 × 10−2 F42A10.7
EVM0013349 1.61 9.16 × 10−4 1.73 2.27 × 10−4 1.15 1.31 × 10−2 1.33 1.40 × 10−2 –
EVM0014431 1.46 2.47 × 10−3 1.42 9.95 × 10−3 1.05 1.57 × 10−2 1.13 2.88 × 10−2 such-1
EVM0014451 14.39 3.33 × 10−75 7.00 2.51 × 10−15 1.81 1.47 × 10−2 1.56 4.02 × 10−3 F57H12.6
EVM0014569 10.18 7.74 × 10−64 5.71 4.22 × 10−21 1.65 1.34 × 10−2 1.55 3.87 × 10−3 C39E9.8
EVM0016108 3.45 2.80 × 10−28 3.02 5.13 × 10−14 1.53 4.21 × 10−2 1.44 4.84 × 10−2 F55H12.4

Note: Genes marked with a red asterisk can be specifically induced by high-salinity stress, as shown in
Supplementary Table S6 analyzed based on data from our previous study [39].

We classified the candidates by their function annotation information and found that,
interestingly, “cytoskeleton”-related genes (ben-1, gsnl-1, tni-3, tnt-3 and EVM0008515),
“inorganic ion transport and metabolism”-related genes (kcc-1, mca-1 and twk-33), “signal
transduction mechanisms”-related genes (mnk-1, ppfr-1 and tnc-2), “transcription”-related
genes (dmd-7, gmeb-2 and isw-1) and others (“intracellular trafficking, secretion, and vesicu-
lar transport”, “nucleotide transport and metabolism” and “secondary metabolites biosyn-
thesis, transport and catabolism”) were notably grouped, showing up-regulation with
decreasing salinity (Figure 4A,B). On the contrary, “energy production and conversion”-
related genes (alh-11, gpdh-1, gpdh-2 and Y71G12B.10), “lipid transport and metabolism”-
related genes (acox-1.6, acs-7 and ges-1), “posttranslational modification, protein turnover,
chaperones”-related genes (gst-8, rle-1 and Y71H2AM.1), and others (“extracellular struc-
tures” and “defense mechanisms”) were grouped, exhibiting up-regulation with increasing
salinity (Figure 4A,B).

Together, the above genes could be key regulators or effectors in L. marina, involved in
its acclimation process to different salinity environments, and worthy of further in-depth
functional study in the future.
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Figure 4. Identification of genes and their corresponding proteins whose abundance was directly
or inversely proportional to environmental salinity. (A) Differential genes that were expressed in a
salinity-dependent pattern were classified based on COG annotation. Each dot represents an individ-
ual gene. Blue: genes/proteins that were down-regulated in expression with increasing salinity. Red:
genes/proteins that were up-regulated in expression with increasing salinity. Detailed information
can be found in Supplementary File S3. (B) Expression profiles of representative genes/proteins with
the opposite pattern.

4. Discussion

Effective osmotic regulation not only directly affects animals’ survival, but also shapes
their behaviors and distribution. There are various euryhaline fish in nature, such as
eels, which spending most of their lives in freshwater until they return to their spawn-
ing grounds in the sea, whereas salmon migrate from ocean through their natal river for
spawning [64–66]. During freshwater to seawater transition or vice versa, euryhaline



Genes 2022, 13, 651 17 of 24

fish although cope with external salinity changes in a species-specific way, evolutionary
conserved strategies do exist among them. The gill, intestine and kidney are the major
osmoregulatory tissues in fish and successful acclimation in both freshwater and seawater
environments depends on proper physiological, metabolic and structural adjustments
within these tissues, which also involves neuroendocrine regulation [29,67]. Euryhaline
fish have the ability to perceive salinity changes through multiple osmo-sensors, including
transmembrane proteins and cytoskeletal proteins, which results in early osmotic response
and regulation processes and the following regulatory expression and activities of diverse
genes and corresponding proteins involved in water- and ion transport, macromolecular
damage control, accumulation and transport of organic osmolytes and other physiologi-
cal processes together contribute to cellular stress response, cell volume regulation and
tissue remodeling [64,67–70]. In addition to the final physiological acclimation to external
salinity, there are also phenotypic differences in behavior and body morphology or size
between marine and freshwater populations, as reported in Fundulus and three-spined
sticklebacks [71,72]. Similar regulatory mechanisms have also been reported in crustaceans,
such as crabs and shrimps [30,31,73].

When animals encounter a stress-inducing habitat, they will first trigger early stress
responses and then might adapt to the new environment through subsequent adaptive reg-
ulation. Our previous report showed that L. marina L1 larvae were paralyzed immediately
upon both low- and high-salinity conditions, and the stressed worms exhibited develop-
mental defects afterwards [39]. In the present study, we observed that L. marina could
move, grow and propagate normally after acclimation to either hyposaline or hypersaline
environments, except for a relatively shortened lifespan for hyposaline-acclimated worms
and relatively delayed development of hypersaline-acclimated worms. We then analyzed
the basal transcriptomic and proteomic differences among L. marina worms acclimated to
different salinities, aiming to provide insight into invertebrate euryhalinity.

4.1. Cellular Stress Response Genes Might Play Essential Roles in L. marina Euryhalinity

Several basic aspects of the osmotic-induced cellular stress response are well docu-
mented, including regulation of the cell cycle and reallocation of metabolic energy [70].
Here, diverse genes related to “cell cycle control, cell division, chromosome partitioning”
and “replication, recombination and repair”, were identified in both low- and high-salinity-
acclimated groups, as summarized in Figure 3C. Similarly, metabolism-related genes
associated with “amino acid transport and metabolism”, “carbohydrate transport and
metabolism”, “coenzyme transport and metabolism”, “lipid transport and metabolism”,
“nucleotide transport and metabolism” and “energy production and conversion” also
exhibited differential expression patterns in worms growing under hyposaline and/or
hypersaline-acclimated conditions (Figure 3C). Interestingly, we found that many of these
genes, especially the metabolism-related ones, could also be induced by early short-term
salinity stresses [39], for instance, bus-2, gdh-1, pnp-1, tatn-1, C01B10.3, F08F3.4, Y43F8C.13
and Y71F9B.9 were responsive to hyposaline stress (Table 1 and Supplementary Table S5),
while gpdh-1, F37C4.6 and Y71G12B.10 were responsive to hypersaline stress (Table 2 and
Supplementary Table S6), suggesting the involvement of these genes in both osmotic stress
response and acclimation processes in euryhaline L. marina.

Another aspect of the osmotic-induced cellular stress response is programmed cell
death [70]. Previously, we reported a group of TTL genes presumably involved in apoptosis
and damage control regulation in response to both low- and high-salinity stresses in
L. marina [39]. Here, we found that diverse TTL genes were differentially expressed in
acclimation to different salinity environments. A total of 31 out of about 47 annotated
TTL genes in L. marina’s genome exhibited expression differences with significance in
at least one comparison group at either mRNA or protein level or both (Supplementary
Table S7). For instance, 10 TTL genes were significantly increased under the low-salinity
condition, 4 of which were increased at both mRNA and protein levels (EVM0016470/ttr-59,
EVM0008626/ttr-46, EVM0003972/ttr-15 and EVM0004638/ttr-30). In contrast, 17 TTL
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genes were up-regulated under high-salinity condition(s), 4 of which were significantly
up-regulated at both mRNA and protein levels (EVM0002004/ttr-51, EVM0005297/ttr-
44, EVM0007550/ttr-30 and EVM0011170/ttr-27). Together, this distinctively differential
regulation of diverse TTL genes in either hyposaline- or hypersaline-acclimated nematodes,
suggests that certain TTL genes might play essential roles in hyposaline acclimation, while
others might play essential roles in hypersaline acclimation. Moreover, 16 out of the above
31 salinity acclimation-related TTL genes were identified in our previous study [39], and
could be induced by both hypo- and hyper-osmotic stresses, such as ttr-30, ttr-44, ttr-46
and ttr-59 (Supplementary Table S7). As one of the largest nematode protein families, most
TTLs were predicted to be secreted [74,75]. Some TTL genes in C. elegans were responsive
to diverse environmental challenges including oxidative stress, pathogen exposure and
osmotic stress [52,76–79]. According to studies on ttr-52, which was reported as a bridging
factor involved in cell corpse engulfment, apoptosis and axon repair [75,80,81], and another
TTL gene, ttr-33, was reported as a potential secreted sensor or scavenger of oxidative
stress involved in neuroprotective mechanism [82]. We thus speculated that TTL genes
presumably function in apoptosis and damage-control machinery involved in the cellular
stress response to cope with salinity stresses and play important roles in both salinity
response and acclimation processes in euryhaline L. marina. How each TTL gene functions
in salinity acclimation deserves to be further explored.

4.2. Certain Cell Volume-Regulation Genes Might Contribute to Hyposaline Acclimation in L. marina

Cell volume is known to be affected by osmotic exposure [8,42]. Volume-dependent
regulation will be elicited to restore near-normal cell volume to maintain homeostasis
after volume perturbation [8]. The cytoskeleton was implicated as a potential volume
sensor and a mediator of volume-dependent regulation of various ion transporters and
channels [8,83,84]. It has been well documented that cytoskeletal remodeling, especially
actin-related, is involved in volume changes upon osmotic stress [11,85]. Previously, we
reported that several tubulin genes show significantly opposing transcriptional changes
between low- and high-salinity-stressed worms, indicating their potential roles in salinity
response in L. marina [39]. In the present study, although some tubulin-related proteins
were enriched in different salinity comparison groups based on the proteomic data, they
were hardly expressed consistently at the mRNA level (Figure 2D and Supplementary Table
S4). However, five cytoskeleton-related genes, ben-1, gsnl-1, tni-3, tnt-3 and EVM0008515,
exhibited remarkable elevation at both mRNA and protein levels in low-salinity-acclimated
worms (Table 1). Expression of all these five genes was inversely proportional to the
environmental salinity, increasing their abundance as salinity decreases (Figure 4B), sug-
gesting their important roles in hyposaline acclimation in L. marina. Three of these are
actin-regulatory genes, for example, tni-3 and tnt-3 are orthologs of human troponin I
and troponin T, respectively [86,87], gsnl-1 is an ortholog of the human gelsolin-family
gene [88,89]. Both troponin and gelsolin are involved in regulation of actin dynamics in
a calcium-dependent manner, playing important roles in various actin-related processes,
including cell structure, cell growth, cell motility, intracellular transport and muscle contrac-
tion [90–92]. Notably, to our knowledge, this is the first time a potential role for troponin-
and gelsolin-related proteins in hyposaline acclimation has been exhibited in L. marina, or
even in marine invertebrates.

Interestingly, corresponding to the expression profiles of the above actin-regulatory
genes, one plasma membrane calcium pump gene mca-1 [93,94] also exhibited elevation in
both mRNA and protein abundances when salinity decreased (Figure 4B). As an important
component for the maintenance of calcium homeostasis in cells, mca-1 probably has a role
in actin cytoskeleton regulation in L. marina. Besides, Rho family small GTPases have been
suspected to participate in the osmotically induced remodeling of the cytoskeleton [11,84].
Consistent with these findings, we also found a set of small GTPase-related genes via GO
enrichment analysis, which only increased their transcriptional levels under the low-salinity
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condition (Supplementary Table S8), indicating their potential involvement in cytoskeleton
regulation associated with hyposaline acclimation in L. marina.

In marine invertebrates and fish, ion transporters and channels play important roles in
osmoregulation [30,31,33,67,95]. One example is the upregulation of V-type H+-transporting
ATPase genes in response to low-salinity stress, which have been documented not only in
crustaceans, such as the shrimp Litopenaeus vannamei [96] and the mud crab Scylla paramamo-
sain [31], but also in the marine nematode L. marina [39], indicating their conserved function
among marine invertebrates. Besides, Bonzi et al. [66] reported that ion transport genes
showed significant expression differences in gill tissues between two natural populations
of Arabian pupfish (Aphanius dispar), which inhabit nearly fresh water and seawater areas.
In our present study, in addition to the V-type H+-transporting ATPase gene vha-5 and a
calcium pump gene mca-1 discussed above, expression of a potassium channel gene twk-
33 [97] and a potassium/chloride cotransporter gene kcc-1 [98], was also found inversely
proportional to the level of salinity, elevating both mRNA and protein abundances when
salinity was decreasing (Figure 4B). The increased abundance of potassium channel and
potassium/chloride cotransporter genes was consistent with their general requirement
mediating K+ and Cl− efflux to defend against cell swelling under hypoosmotic condi-
tions [8,99]. Of note, mca-1, twk-33 and vha-5 also demonstrated specific induction upon
hyposaline stress in our previous report [39] (Table 1 and Supplementary Table S5), we
therefore proposed that these above-mentioned ion transport-related genes play crucial
roles in both osmotic stress response and long-term acclimation processes specifically under
low-salinity conditions in L. marina.

4.3. The Glycerol Biosynthesis Genes gpdh-1 and gpdh-2 Accompanied Hypersaline Acclimation in
L. marina

It is known that the accumulation of organic osmolytes is a ubiquitous mechanism
in cellular osmoregulation [26,27]. There are a number of organic osmolytes such as
glycerol, trehalose, inositol, betaine and taurine, which allow cells to counteract the effects
of hyperosmolarity and to adapt to hyperosmotic conditions. For example, free amino
acids and methylamines are mainly utilized by most marine invertebrates [30,31], whereas
glycerol is the most important osmolyte for the terrestrial nematode C. elegans [42,46]. It is
well documented that an increased level of glycerol is essential for C. elegans’ survival in
hypertonic environments mediated by upregulation of the glycerol biosynthetic enzyme
gene gpdh-1 [43,46]. Burton et al. reported that if C. elegans was exposed to mild high-
salinity stress, its progeny could be protected from strong osmotic stress via increasing
the expression of gpdh-2, and this glycerol synthesis gene is essentially required for the
intergenerational osmotic protection [45]. In line with its terrestrial relative C. elegans, we
previously demonstrated that gpdh-1 was significantly induced by high-salinity stress in
L. marina, suggesting that glycerol as an essential osmolyte in both nematodes’ response
to hyperosmotic stress [39]. In the current study, two glycerol synthesis genes, gpdh-1
and gpdh-2, both showed significant up-regulation in high-salinity groups at both mRNA
and protein levels (Table 2 and Figure 4B), whose expression was directly proportional to
the level of salinity. Given gpdh-2 was not notably induced by salinity stress, our results
indicate that gpdh-2 might play a role in intergenerational osmotic protection inheritance
and hyperosmotic acclimation in the marine nematode L. marina. Together, our data suggest
that both gpdh-1 and gpdh-2 are essential to hypersaline acclimation in L. marina.

5. Conclusions

In conclusion, we have described for the first time the genome-wide transcriptional
and proteomic analysis of the marine nematode L. marina acclimated to either low- or high-
salinity conditions. We found that various cellular stress response genes may function as the
conserved regulators in both short-term salinity stress response and long-term acclimation
processes. Additionally, we identified diverse genes involved in cell volume regulation
which might contribute to hyposaline acclimation, and we also demonstrated that genes
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related to glycerol biosynthesis might accompany hypersaline acclimation in L. marina.
Thus, our data might lay the foundation to identify the key gene(s) for further in-depth
exploration on environmental adaptation mechanisms in euryhaline organisms, especially
in the context of global climate change and the corresponding marine salinity stresses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13040651/s1, Figure S1: Heatmap of expression levels
for all DEGs among nine samples; Figure S2: Length distribution of peptides identified by mass
spectrometry; Figure S3: Heatmap of expression levels for all DEPs among nine samples; Figure S4:
KEGG pathway enrichment analysis for DEGs identified via RNA-seq; Figure S5: KEGG pathway
enrichment analysis for DEPs identified via proteomic analysis; Table S1: Recipes for agar plates used
for different salinity culture conditions; Table S2: Statistics of mapping ratio; Table S3: Overview of
the LC-MS/MS analysis results; Table S4: Expression profiles of enriched tubulin related proteins
based on proteomic data via GO enrichment analysis; Table S5: 29 out of 78 low-salinity-specific
genes showed specific induction upon hyposaline stress in L. marina based on our previous data;
Table S6: 11 out of 69 high-salinity-specific genes showed specific induction upon hypersaline stress
in L. marina based on our previous data; Table S7: Expression profiles of 47 annotated transthyretin-
like (TTL) family genes in L. marina; Table S8: Up-regulation of small GTPase-related genes at
transcriptional level under low-salinity condition; File S1: Identified DEGs via RNA-seq analysis;
File S2: Identified DEPs via proteomic analysis; File S3: Sixty-six genes expressed proportionally to
environmental salinity.

Author Contributions: Conceptualization, Y.X. and L.Z.; formal analysis, Y.X.; funding acquisition,
Y.X. and L.Z.; investigation, Y.X.; supervision, L.Z.; validation, Y.X.; writing—original draft prepa-
ration, Y.X.; writing—review and editing, Y.X. and L.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China [No. 41806169];
Qingdao National Laboratory for Marine Science and Technology [No. YQ2018NO10]; the National
Key R and D Program of China [No. 2018YFD0901301]; “Talents from overseas Program, IOCAS”
of the Chinese Academy of Sciences; “Qingdao Innovation Leadership Program” [Grant 16-8-3-19-
zhc]; and Key deployment project of Centre for Ocean Mega-Research of Science, Chinese Academy
of Sciences.

Data Availability Statement: The RNA-seq raw data were submitted to the NCBI under the accession
code PRJNA778902. All raw proteomics data are available via ProteomeXchange under identifier
PXD029671.

Acknowledgments: We are grateful to all members of the L.Z. laboratory for their helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Caudarella, R.; Vescini, F.; Rizzoli, E.; Francucci, C.M. Salt intake, hypertension, and osteoporosis. J. Endocrinol. Investig. 2009, 32, 15–20.
2. Rust, P.; Ekmekcioglu, C. Impact of salt intake on the pathogenesis and treatment of hypertension. Adv. Exp. Med. Biol. 2017, 956, 61–84.

[CrossRef]
3. He, F.J.; MacGregor, G.A. Role of salt intake in prevention of cardiovascular disease: Controversies and challenges. Nat. Rev.

Cardiol. 2018, 15, 371–377. [CrossRef] [PubMed]
4. Brewster, J.L.; Gustin, M.C. Hog1: 20 years of discovery and impact. Sci. Signal. 2014, 7, re7. [CrossRef]
5. Hohmann, S. An integrated view on a eukaryotic osmoregulation system. Curr. Genet. 2015, 61, 373–382. [CrossRef] [PubMed]
6. Saito, H.; Posas, F. Response to hyperosmotic stress. Genetics 2012, 192, 289. [CrossRef] [PubMed]
7. Tatebayashi, K.; Yamamoto, K.; Tomida, T.; Nishimura, A.; Takayama, T.; Oyama, M.; Kozuka-Hata, H.; Adachi-Akahane, S.;

Tokunaga, Y.; Saito, H. Osmostress enhances activating phosphorylation of Hog1 MAP kinase by mono-phosphorylated Pbs2
MAP2K. EMBO J. 2020, 39, e103444. [CrossRef] [PubMed]

8. Hoffmann, E.K.; Lambert, I.H.; Pedersen, S.F. Physiology of cell volume regulation in vertebrates. Physiol. Rev. 2009, 89, 193–277.
[CrossRef]

9. Rizoli, S.B.; Rotstein, O.D.; Parodo, J.; Phillips, M.J.; Kapus, A. Hypertonic inhibition of exocytosis in neutrophils: Central role for
osmotic actin skeleton remodeling. Am. J. Physiol. Cell Physiol. 2000, 279, C619–C633. [CrossRef] [PubMed]

10. Carton, I.; Hermans, D.; Eggermont, J. Hypotonicity induces membrane protrusions and actin remodeling via activation of small
GTPases rac and Cdc42 in rat-1 fibroblasts. Am. J. Physiol. Cell Physiol. 2003, 285, C935–C944. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/genes13040651/s1
https://www.mdpi.com/article/10.3390/genes13040651/s1
http://doi.org/10.1007/5584_2016_147
http://doi.org/10.1038/s41569-018-0004-1
http://www.ncbi.nlm.nih.gov/pubmed/29713009
http://doi.org/10.1126/scisignal.2005458
http://doi.org/10.1007/s00294-015-0475-0
http://www.ncbi.nlm.nih.gov/pubmed/25663258
http://doi.org/10.1534/genetics.112.140863
http://www.ncbi.nlm.nih.gov/pubmed/23028184
http://doi.org/10.15252/embj.2019103444
http://www.ncbi.nlm.nih.gov/pubmed/32011004
http://doi.org/10.1152/physrev.00037.2007
http://doi.org/10.1152/ajpcell.2000.279.3.C619
http://www.ncbi.nlm.nih.gov/pubmed/10942712
http://doi.org/10.1152/ajpcell.00069.2003
http://www.ncbi.nlm.nih.gov/pubmed/12788692


Genes 2022, 13, 651 21 of 24

11. Di Ciano-Oliveira, C.; Thirone, A.C.; Szászi, K.; Kapus, A. Osmotic stress and the cytoskeleton: The R(h)ole of Rho GTPases. Acta
Physiol. 2006, 187, 257–272. [CrossRef] [PubMed]

12. Tamma, G.; Procino, G.; Svelto, M.; Valenti, G. Hypotonicity causes actin reorganization and recruitment of the actin-binding ERM
protein moesin in membrane protrusions in collecting duct principal cells. Am. J. Physiol. Cell Physiol. 2007, 292, C1476–C1484.
[CrossRef]

13. Raitt, D.C.; Posas, F.; Saito, H. Yeast Cdc42 GTPase and Ste20 PAK-like kinase regulate Sho1-dependent activation of the Hog1
MAPK pathway. EMBO J. 2000, 19, 4623–4631. [CrossRef] [PubMed]

14. Di Ciano-Oliveira, C.; Sirokmány, G.; Szászi, K.; Arthur, W.T.; Masszi, A.; Peterson, M.; Rotstein, O.D.; Kapus, A. Hyperosmotic
stress activates Rho: Differential involvement in Rho kinase-dependent MLC phosphorylation and NKCC activation. Am. J.
Physiol. Cell Physiol. 2003, 285, C555–C566. [CrossRef]

15. Posas, F.; Saito, H. Osmotic activation of the HOG MAPK pathway via Ste11p MAPKKK: Scaffold role of Pbs2p MAPKK. Science
1997, 276, 1702–1705. [CrossRef] [PubMed]

16. Uhlik, M.T.; Abell, A.N.; Johnson, N.L.; Sun, W.; Cuevas, B.D.; Lobel-Rice, K.E.; Horne, E.A.; Dell’Acqua, M.L.; Johnson, G.L.
Rac-MEKK3-MKK3 scaffolding for p38 MAPK activation during hyperosmotic shock. Nat. Cell Biol. 2003, 5, 1104–1110. [CrossRef]

17. Tanaka, K.; Tatebayashi, K.; Nishimura, A.; Yamamoto, K.; Yang, H.Y.; Saito, H. Yeast osmosensors Hkr1 and Msb2 activate the
Hog1 MAPK cascade by different mechanisms. Sci. Signal. 2014, 7, ra21. [CrossRef] [PubMed]

18. Liu, X.; Bandyopadhyay, B.C.; Nakamoto, T.; Singh, B.; Liedtke, W.; Melvin, J.E.; Ambudkar, I. A role for AQP5 in activation of
TRPV4 by hypotonicity: Concerted involvement of AQP5 and TRPV4 in regulation of cell volume recovery. J. Biol. Chem. 2006,
281, 15485–15495. [CrossRef]

19. Soveral, G.; Veiga, A.; Loureiro-Dias, M.C.; Tanghe, A.; Van Dijck, P.; Moura, T.F. Water channels are important for osmotic
adjustments of yeast cells at low temperature. Microbiology 2006, 152, 1515–1521. [CrossRef]

20. Galizia, L.; Flamenco, M.P.; Rivarola, V.; Capurro, C.; Ford, P. Role of AQP2 in activation of calcium entry by hypotonicity:
Implications in cell volume regulation. Am. J. Physiol. Ren. Physiol. 2008, 294, F582–F590. [CrossRef] [PubMed]

21. Furukawa, K.; Sidoux-Walter, F.; Hohmann, S. Expression of the yeast aquaporin Aqy2 affects cell surface properties under the
control of osmoregulatory and morphogenic signalling pathways. Mol. Microbiol. 2009, 74, 1272–1286. [CrossRef] [PubMed]

22. Lauf, P.K.; Theg, B.E. A chloride dependent K+ flux induced by N-ethylmaleimide in genetically low K+ sheep and goat
erythrocytes. Biochem. Biophys. Res. Commun. 1980, 92, 1422–1428. [CrossRef]

23. Liedtke, W.; Choe, Y.; Martí-Renom, M.A.; Bell, A.M.; Denis, C.S.; Sali, A.; Hudspeth, A.J.; Friedman, J.M.; Heller, S. Vanilloid
receptor-related osmotically activated channel (VR-OAC), a candidate vertebrate osmoreceptor. Cell 2000, 103, 525–535. [CrossRef]

24. Garnovskaya, M.N.; Mukhin, Y.V.; Vlasova, T.M.; Raymond, J.R. Hypertonicity activates Na+/H+ exchange through Janus kinase
2 and calmodulin. J. Biol. Chem. 2003, 278, 16908–16915. [CrossRef]

25. Yancey, P.H.; Clark, M.E.; Hand, S.C.; Bowlus, R.D.; Somero, G.N. Living with water stress: Evolution of osmolyte systems.
Science 1982, 217, 1214. [CrossRef]

26. Yancey, P.H. Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high osmolarity and other stresses.
J. Exp. Biol. 2005, 208, 2819–2830. [CrossRef]

27. Burg, M.B.; Ferraris, J.D. Intracellular organic osmolytes: Function and regulation. J. Biol. Chem. 2008, 283, 7309–7313. [CrossRef]
[PubMed]

28. Sinke, A.P.; Deen, P.M. The physiological implication of novel proteins in systemic osmoregulation. FASEB J. 2011, 25, 3279–3289.
[CrossRef]

29. Kültz, D. The combinatorial nature of osmosensing in fishes. Physiology 2012, 27, 259–275. [CrossRef]
30. Thabet, R.; Ayadi, H.; Koken, M.; Leignel, V. Homeostatic responses of crustaceans to salinity changes. Hydrobiologia 2017, 799, 1–20.

[CrossRef]
31. Niu, J.; Hu, X.L.; Ip, J.C.H.; Ma, K.Y.; Tang, Y.; Wang, Y.; Qin, J.; Qiu, J.W.; Chan, T.F.; Chu, K.H. Multi-omic approach provides

insights into osmoregulation and osmoconformation of the crab Scylla paramamosain. Sci. Rep. 2020, 10, 21771. [CrossRef]
32. Pool, A.H.; Wang, T.; Stafford, D.A.; Chance, R.K.; Lee, S.; Ngai, J.; Oka, Y. The cellular basis of distinct thirst modalities. Nature

2020, 588, 112–117. [CrossRef]
33. Vij, S.; Purushothaman, K.; Sridatta, P.S.R.; Jerry, D.R. Transcriptomic analysis of gill and kidney from Asian seabass (Lates

calcarifer) Acclimated to different salinities reveals pathways involved with euryhalinity. Genes 2020, 11, 733. [CrossRef]
34. Wilson, F.H.; Disse-Nicodème, S.; Choate, K.A.; Ishikawa, K.; Nelson-Williams, C.; Desitter, I.; Gunel, M.; Milford, D.V.; Lipkin,

G.W.; Achard, J.M.; et al. Human hypertension caused by mutations in WNK kinases. Science 2001, 293, 1107–1112. [CrossRef]
35. Meor Azlan, N.F.; Zhang, J. Role of the cation-chloride-cotransporters in cardiovascular disease. Cells 2020, 9, 2293. [CrossRef]
36. Silverman, H.A.; Chen, A.; Kravatz, N.L.; Chavan, S.S.; Chang, E.H. Involvement of neural transient receptor potential channels

in peripheral inflammation. Front. Immunol. 2020, 11, 590261. [CrossRef]
37. Li, Q.; Lu, B.; Yang, J.; Li, C.; Li, Y.; Chen, H.; Li, N.; Duan, L.; Gu, F.; Zhang, J.; et al. Molecular characterization of an aquaporin-2

mutation causing nephrogenic diabetes insipidus. Front. Endocrinol. 2021, 12, 665145. [CrossRef]
38. Xie, Y.; Zhang, P.; Xue, B.; Cao, X.; Ren, X.; Wang, L.; Sun, Y.; Yang, H.; Zhang, L. Establishment of a marine nematode model for

animal functional genomics, environmental adaptation and developmental evolution. bioRxiv 2020. [CrossRef]
39. Xie, Y.; Zhang, P.; Zhang, L. Genome-wide transcriptional responses of marine nematode litoditis marina to hyposaline and

hypersaline stresses. Front. Physiol. 2021, 12, 672099. [CrossRef]

http://doi.org/10.1111/j.1748-1716.2006.01535.x
http://www.ncbi.nlm.nih.gov/pubmed/16734763
http://doi.org/10.1152/ajpcell.00375.2006
http://doi.org/10.1093/emboj/19.17.4623
http://www.ncbi.nlm.nih.gov/pubmed/10970855
http://doi.org/10.1152/ajpcell.00086.2003
http://doi.org/10.1126/science.276.5319.1702
http://www.ncbi.nlm.nih.gov/pubmed/9180081
http://doi.org/10.1038/ncb1071
http://doi.org/10.1126/scisignal.2004780
http://www.ncbi.nlm.nih.gov/pubmed/24570489
http://doi.org/10.1074/jbc.M600549200
http://doi.org/10.1099/mic.0.28679-0
http://doi.org/10.1152/ajprenal.00427.2007
http://www.ncbi.nlm.nih.gov/pubmed/18094031
http://doi.org/10.1111/j.1365-2958.2009.06933.x
http://www.ncbi.nlm.nih.gov/pubmed/19889095
http://doi.org/10.1016/0006-291X(80)90445-3
http://doi.org/10.1016/S0092-8674(00)00143-4
http://doi.org/10.1074/jbc.M209883200
http://doi.org/10.1126/science.7112124
http://doi.org/10.1242/jeb.01730
http://doi.org/10.1074/jbc.R700042200
http://www.ncbi.nlm.nih.gov/pubmed/18256030
http://doi.org/10.1096/fj.11-188433
http://doi.org/10.1152/physiol.00014.2012
http://doi.org/10.1007/s10750-017-3232-1
http://doi.org/10.1038/s41598-020-78351-w
http://doi.org/10.1038/s41586-020-2821-8
http://doi.org/10.3390/genes11070733
http://doi.org/10.1126/science.1062844
http://doi.org/10.3390/cells9102293
http://doi.org/10.3389/fimmu.2020.590261
http://doi.org/10.3389/fendo.2021.665145
http://doi.org/10.1101/2020.03.06.980219
http://doi.org/10.3389/fphys.2021.672099


Genes 2022, 13, 651 22 of 24

40. Zhao, L.; Gao, F.; Gao, S.; Liang, Y.; Long, H.; Lv, Z.; Su, Y.; Ye, N.; Zhang, L.; Zhao, C.; et al. Biodiversity-based development and
evolution: The emerging research systems in model and non-model organisms. Sci. China Life Sci. 2021, 64, 1236–1280. [CrossRef]

41. Choe, K.P.; Strange, K. Molecular and genetic characterization of osmosensing and signal transduction in the nematode Caenorhab-
ditis elegans. FASEB J. 2007, 274, 5782–5789. [CrossRef]

42. Choe, K.P. Physiological and molecular mechanisms of salt and water homeostasis in the nematode Caenorhabditis elegans. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R175–R186. [CrossRef]

43. Lamitina, T.; Huang, C.G.; Strange, K. Genome-wide RNAi screening identifies protein damage as a regulator of osmoprotective
gene expression. Proc. Natl. Acad. Sci. USA 2006, 103, 12173. [CrossRef] [PubMed]

44. Adhikari, B.N.; Wall, D.H.; Adams, B.J. Desiccation survival in an antarctic nematode: Molecular analysis using expressed
sequenced tags. BMC Genom. 2009, 10, 69. [CrossRef] [PubMed]

45. Burton, N.O.; Furuta, T.; Webster, A.K.; Kaplan, R.E.; Baugh, L.R.; Arur, S.; Horvitz, H.R. Insulin-like signalling to the maternal
germline controls progeny response to osmotic stress. Nat. Cell Biol. 2017, 19, 252–257. [CrossRef] [PubMed]

46. Urso, S.J.; Lamitina, T. The C. elegans hypertonic stress response: Big insights from shrinking worms. Cell Physiol. Biochem. 2021,
55, 89–105. [CrossRef] [PubMed]

47. Huang, C.G.; Lamitina, T.; Agre, P.; Strange, K. Functional analysis of the aquaporin gene family in Caenorhabditis elegans. Am. J.
Physiol. Cell Physiol. 2007, 292, C1867–C1873. [CrossRef]

48. Igual Gil, C.; Jarius, M.; von Kries, J.P.; Rohlfing, A.K. Neuronal chemosensation and osmotic stress response converge in the
regulation of aqp-8 in C. elegans. Front. Physiol. 2017, 8, 380. [CrossRef]

49. Wheeler, J.M.; Thomas, J.H. Identification of a novel gene family involved in osmotic stress response in Caenorhabditis elegans.
Genetics 2006, 174, 1327–1336. [CrossRef]

50. Rohlfing, A.K.; Miteva, Y.; Moronetti, L.; He, L.; Lamitina, T. The Caenorhabditis elegans mucin-like protein OSM-8 negatively
regulates osmosensitive physiology via the transmembrane protein PTR-23. PLoS Genet. 2011, 7, e1001267. [CrossRef]

51. Dresen, A.; Finkbeiner, S.; Dottermusch, M.; Beume, J.S.; Li, Y.; Walz, G.; Neumann-Haefelin, E. Caenorhabditis elegans OSM-11
signaling regulates SKN-1/Nrf during embryonic development and adult longevity and stress response. Dev. Biol. 2015, 400,
118–131. [CrossRef]

52. Dodd, W.; Tang, L.; Lone, J.C.; Wimberly, K.; Wu, C.W.; Consalvo, C.; Wright, J.E.; Pujol, N.; Choe, K.P. A damage sensor
associated with the cuticle coordinates three core environmental stress responses in Caenorhabditis elegans. Genetics 2018, 208,
1467–1482. [CrossRef]

53. Lamitina, S.T.; Strange, K. Transcriptional targets of DAF-16 insulin signaling pathway protect C. elegans from extreme hypertonic
stress. Am. J. Physiol.-Cell Physiol. 2005, 288, C467–C474. [CrossRef]

54. Choe, K.P.; Strange, K. Evolutionarily conserved WNK and Ste20 kinases are essential for acute volume recovery and survival
after hypertonic shrinkage in Caenorhabditis elegans. Am. J. Physiol. Cell Physiol. 2007, 293, C915–C927. [CrossRef]

55. Burton, N.O.; Dwivedi, V.K.; Burkhart, K.B.; Kaplan, R.E.W.; Baugh, L.R.; Horvitz, H.R. Neurohormonal signaling via a
sulfotransferase antagonizes insulin-like signaling to regulate a Caenorhabditis elegans stress response. Nat. Commun. 2018, 9, 5152.
[CrossRef]

56. Lee, S.J.; Hwang, A.B.; Kenyon, C. Inhibition of respiration extends C. elegans life span via reactive oxygen species that increase
HIF-1 activity. Curr. Biol. 2010, 20, 2131–2136. [CrossRef]

57. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef]

58. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef]

59. Jones, P.; Binns, D.; Chang, H.-Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; et al.
InterProScan 5: Genome-scale protein function classification. Bioinformatics 2014, 30, 1236–1240. [CrossRef]

60. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
61. Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation

and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef] [PubMed]
62. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An efficient general purpose program for assigning sequence reads to genomic

features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]
63. 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. [CrossRef] [PubMed]
64. Whitehead, A.; Roach, J.L.; Zhang, S.; Galvez, F. Genomic mechanisms of evolved physiological plasticity in killifish distributed

along an environmental salinity gradient. Proc. Natl. Acad. Sci. USA 2011, 108, 6193–6198. [CrossRef]
65. Jones, F.C.; Grabherr, M.G.; Chan, Y.F.; Russell, P.; Mauceli, E.; Johnson, J.; Swofford, R.; Pirun, M.; Zody, M.C.; White, S.; et al.

The genomic basis of adaptive evolution in threespine sticklebacks. Nature 2012, 484, 55–61. [CrossRef]
66. Bonzi, L.C.; Monroe, A.A.; Lehmann, R.; Berumen, M.L.; Ravasi, T.; Schunter, C. The time course of molecular acclimation to

seawater in a euryhaline fish. Sci. Rep. 2021, 11, 18127. [CrossRef]
67. Kültz, D. Physiological mechanisms used by fish to cope with salinity stress. J. Exp. Biol. 2015, 218, 1907–1914. [CrossRef]
68. Copeland, D.E. Adaptive behavior of the chloride cell in the gill of fundulus heteroclitus. J. Morphol. 1950, 87, 369–379. [CrossRef]

http://doi.org/10.1007/s11427-020-1915-y
http://doi.org/10.1111/j.1742-4658.2007.06098.x
http://doi.org/10.1152/ajpregu.00109.2013
http://doi.org/10.1073/pnas.0602987103
http://www.ncbi.nlm.nih.gov/pubmed/16880390
http://doi.org/10.1186/1471-2164-10-69
http://www.ncbi.nlm.nih.gov/pubmed/19203352
http://doi.org/10.1038/ncb3470
http://www.ncbi.nlm.nih.gov/pubmed/28166192
http://doi.org/10.33594/000000332
http://www.ncbi.nlm.nih.gov/pubmed/33626269
http://doi.org/10.1152/ajpcell.00514.2006
http://doi.org/10.3389/fphys.2017.00380
http://doi.org/10.1534/genetics.106.059089
http://doi.org/10.1371/journal.pgen.1001267
http://doi.org/10.1016/j.ydbio.2015.01.021
http://doi.org/10.1534/genetics.118.300827
http://doi.org/10.1152/ajpcell.00451.2004
http://doi.org/10.1152/ajpcell.00126.2007
http://doi.org/10.1038/s41467-018-07640-w
http://doi.org/10.1016/j.cub.2010.10.057
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1038/nbt.3122
http://doi.org/10.1093/bioinformatics/btu031
http://doi.org/10.1093/nar/28.1.27
http://doi.org/10.1093/nar/gkr483
http://www.ncbi.nlm.nih.gov/pubmed/21715386
http://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1073/pnas.1017542108
http://doi.org/10.1038/nature10944
http://doi.org/10.1038/s41598-021-97295-3
http://doi.org/10.1242/jeb.118695
http://doi.org/10.1002/jmor.1050870208


Genes 2022, 13, 651 23 of 24

69. Tseng, Y.C.; Hwang, P.P. Some insights into energy metabolism for osmoregulation in fish. Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 2008, 148, 419–429. [CrossRef]

70. Evans, T.G.; Kültz, D. The cellular stress response in fish exposed to salinity fluctuations. J. Exp. Zool A Ecol. Integr. Physiol. 2020,
333, 421–435. [CrossRef]

71. Kültz, D.; Li, J.; Zhang, X.; Villarreal, F.; Pham, T.; Paguio, D. Population-specific plasma proteomes of marine and freshwater
three-spined sticklebacks (Gasterosteus aculeatus). Proteomics 2015, 15, 3980–3992. [CrossRef] [PubMed]

72. Styga, J.M.; Pienaar, J.; Scott, P.A.; Earley, R.L. Does body shape in fundulus adapt to variation in habitat salinity? Front. Physiol.
2019, 10, 1400. [CrossRef] [PubMed]

73. Rahi, M.L.; Mather, P.B.; Ezaz, T.; Hurwood, D.A. The molecular basis of freshwater adaptation in prawns: Insights from
comparative transcriptomics of three macrobrachium species. Genome Biol. Evol. 2019, 11, 1002–1018. [CrossRef] [PubMed]

74. Parkinson, J.; Mitreva, M.; Whitton, C.; Thomson, M.; Daub, J.; Martin, J.; Schmid, R.; Hall, N.; Barrell, B.; Waterston, R.H.; et al. A
transcriptomic analysis of the phylum nematoda. Nat. Genet. 2004, 36, 1259–1267. [CrossRef]

75. Wang, X.; Li, W.; Zhao, D.; Liu, B.; Shi, Y.; Chen, B.; Yang, H.; Guo, P.; Geng, X.; Shang, Z.; et al. Caenorhabditis elegans transthyretin-
like protein TTR-52 mediates recognition of apoptotic cells by the CED-1 phagocyte receptor. Nat. Cell Biol. 2010, 12, 655–664.
[CrossRef]

76. Oliveira, R.P.; Porter Abate, J.; Dilks, K.; Landis, J.; Ashraf, J.; Murphy, C.T.; Blackwell, T.K. Condition-adapted stress and
longevity gene regulation by Caenorhabditis elegans SKN-1/Nrf. Aging Cell 2009, 8, 524–541. [CrossRef]

77. Engelmann, I.; Griffon, A.; Tichit, L.; Montañana-Sanchis, F.; Wang, G.; Reinke, V.; Waterston, R.H.; Hillier, L.W.; Ewbank, J.J. A
comprehensive analysis of gene expression changes provoked by bacterial and fungal infection in C. elegans. PLoS ONE 2011, 6, e19055.
[CrossRef]

78. Schmeisser, S.; Priebe, S.; Groth, M.; Monajembashi, S.; Hemmerich, P.; Guthke, R.; Platzer, M.; Ristow, M. Neuronal ROS signaling
rather than AMPK/sirtuin-mediated energy sensing links dietary restriction to lifespan extension. Mol. Metab. 2013, 2, 92–102.
[CrossRef]

79. Treitz, C.; Cassidy, L.; Höckendorf, A.; Leippe, M.; Tholey, A. Quantitative proteome analysis of Caenorhabditis elegans upon
exposure to nematicidal bacillus thuringiensis. J. Proteom. 2015, 113, 337–350. [CrossRef]

80. Mapes, J.; Chen, Y.Z.; Kim, A.; Mitani, S.; Kang, B.H.; Xue, D. CED-1, CED-7, and TTR-52 regulate surface phosphatidylserine
expression on apoptotic and phagocytic cells. Curr. Biol. 2012, 22, 1267–1275. [CrossRef]

81. Neumann, B.; Coakley, S.; Giordano-Santini, R.; Linton, C.; Lee, E.S.; Nakagawa, A.; Xue, D.; Hilliard, M.A. EFF-1-mediated
regenerative axonal fusion requires components of the apoptotic pathway. Nature 2015, 517, 219–222. [CrossRef] [PubMed]

82. Offenburger, S.L.; Ho, X.Y.; Tachie-Menson, T.; Coakley, S.; Hilliard, M.A.; Gartner, A. 6-OHDA-induced dopaminergic neurode-
generation in Caenorhabditis elegans is promoted by the engulfment pathway and inhibited by the transthyretin-related protein
TTR-33. PLoS Genet. 2018, 14, e1007125. [CrossRef] [PubMed]

83. Henson, J.H. Relationships between the actin cytoskeleton and cell volume regulation. Microsc. Res. Tech. 1999, 47, 155–162.
[CrossRef]

84. 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. [CrossRef]

85. Di Ciano, C.; Nie, Z.; Szászi, K.; Lewis, A.; Uruno, T.; Zhan, X.; Rotstein, O.D.; Mak, A.; Kapus, A. Osmotic stress-induced
remodeling of the cortical cytoskeleton. Am. J. Physiol. Cell Physiol. 2002, 283, C850–C865. [CrossRef]

86. Meissner, B.; Warner, A.; Wong, K.; Dube, N.; Lorch, A.; McKay, S.J.; Khattra, J.; Rogalski, T.; Somasiri, A.; Chaudhry, I.; et al.
An integrated strategy to study muscle development and myofilament structure in Caenorhabditis elegans. PLoS Genet. 2009, 5,
e1000537. [CrossRef]

87. Takashima, Y.; Kitaoka, S.; Bando, T.; Kagawa, H. Expression profiles and unc-27 mutation rescue of the striated muscle type
troponin I isoform-3 in Caenorhabditis elegans. Genes Genet. Syst. 2012, 87, 243–251. [CrossRef]

88. Klaavuniemi, T.; Yamashiro, S.; Ono, S. Caenorhabditis elegans gelsolin-like protein 1 is a novel actin filament-severing protein with
four gelsolin-like repeats. J. Biol. Chem. 2008, 283, 26071–26080. [CrossRef]

89. Liu, Z.; Ono, S. Regulatory role of the second gelsolin-like domain of Caenorhabditis elegans gelsolin-like protein 1 (GSNL-1) in its
calcium-dependent conformation and actin-regulatory activities. Cytoskeleton 2013, 70, 228–239. [CrossRef]

90. Gordon, A.M.; Homsher, E.; Regnier, M. Regulation of contraction in striated muscle. Physiol. Rev. 2000, 80, 853–924. [CrossRef]
91. Ono, S. Mechanism of depolymerization and severing of actin filaments and its significance in cytoskeletal dynamics. In

International Review of Cytology; Academic Press: Cambridge, MA, USA, 2007; Volume 258, pp. 1–82.
92. Nag, S.; Larsson, M.; Robinson, R.C.; Burtnick, L.D. Gelsolin: The tail of a molecular gymnast. Cytoskeleton 2013, 70, 360–384.

[CrossRef] [PubMed]
93. Carafoli, E. Intracellular calcium homeostasis. Annu. Rev. Biochem. 1987, 56, 395–433. [CrossRef] [PubMed]
94. Kraev, A.; Kraev, N.; Carafoli, E. Identification and functional expression of the plasma membrane calcium ATPase gene family

from Caenorhabditis elegans. J. Biol. Chem. 1999, 274, 4254–4258. [CrossRef] [PubMed]
95. Zhang, Y.; Wu, Q.; Fang, S.; Li, S.; Zheng, H.; Zhang, Y.; Ikhwanuddin, M.; Ma, H. mRNA profile provides novel insights into

stress adaptation in mud crab megalopa, Scylla paramamosain after salinity stress. BMC Genom. 2020, 21, 559. [CrossRef]
96. Wang, L.; Wang, W.N.; Liu, Y.; Cai, D.X.; Li, J.Z.; Wang, A.L. Two types of ATPases from the Pacific white shrimp, litopenaeus

vannamei in response to environmental stress. Mol. Biol. Rep. 2012, 39, 6427–6438. [CrossRef]

http://doi.org/10.1016/j.cbpc.2008.04.009
http://doi.org/10.1002/jez.2350
http://doi.org/10.1002/pmic.201500132
http://www.ncbi.nlm.nih.gov/pubmed/26223892
http://doi.org/10.3389/fphys.2019.01400
http://www.ncbi.nlm.nih.gov/pubmed/31803063
http://doi.org/10.1093/gbe/evz045
http://www.ncbi.nlm.nih.gov/pubmed/30840062
http://doi.org/10.1038/ng1472
http://doi.org/10.1038/ncb2068
http://doi.org/10.1111/j.1474-9726.2009.00501.x
http://doi.org/10.1371/journal.pone.0019055
http://doi.org/10.1016/j.molmet.2013.02.002
http://doi.org/10.1016/j.jprot.2014.09.027
http://doi.org/10.1016/j.cub.2012.05.052
http://doi.org/10.1038/nature14102
http://www.ncbi.nlm.nih.gov/pubmed/25567286
http://doi.org/10.1371/journal.pgen.1007125
http://www.ncbi.nlm.nih.gov/pubmed/29346382
http://doi.org/10.1002/(SICI)1097-0029(19991015)47:2&lt;155::AID-JEMT7&gt;3.0.CO;2-T
http://doi.org/10.1016/S1095-6433(01)00429-9
http://doi.org/10.1152/ajpcell.00018.2002
http://doi.org/10.1371/journal.pgen.1000537
http://doi.org/10.1266/ggs.87.243
http://doi.org/10.1074/jbc.M803618200
http://doi.org/10.1002/cm.21103
http://doi.org/10.1152/physrev.2000.80.2.853
http://doi.org/10.1002/cm.21117
http://www.ncbi.nlm.nih.gov/pubmed/23749648
http://doi.org/10.1146/annurev.bi.56.070187.002143
http://www.ncbi.nlm.nih.gov/pubmed/3304139
http://doi.org/10.1074/jbc.274.7.4254
http://www.ncbi.nlm.nih.gov/pubmed/9933625
http://doi.org/10.1186/s12864-020-06965-5
http://doi.org/10.1007/s11033-012-1461-y


Genes 2022, 13, 651 24 of 24

97. Buckingham, S.D.; Kidd, J.F.; Law, R.J.; Franks, C.J.; Sattelle, D.B. Structure and function of two-pore-domain K+ channels:
Contributions from genetic model organisms. Trends Pharmacol. Sci. 2005, 26, 361–367. [CrossRef]

98. Holtzman, E.J.; Kumar, S.; Faaland, C.A.; Warner, F.; Logue, P.J.; Erickson, S.J.; Ricken, G.; Waldman, J.; Kumar, S.; Dunham, P.B.
Cloning, characterization, and gene organization of K-Cl cotransporter from pig and human kidney and C. elegans. Am. J. Physiol.
1998, 275, F550–F564. [CrossRef]

99. Strange, K. Cellular volume homeostasis. Adv. Physiol. Educ. 2004, 28, 155–159. [CrossRef]

http://doi.org/10.1016/j.tips.2005.05.003
http://doi.org/10.1152/ajprenal.1998.275.4.F550
http://doi.org/10.1152/advan.00034.2004

	Introduction 
	Materials and Methods 
	Worms 
	Developmental Analysis under Different Salinity Conditions 
	Lifespan Assay 
	Synchronized L1 Larvae Collection for Each Salinity Condition 
	RNA-Seq Analysis 
	Proteomic Analysis 

	Results 
	L. marina Is a Typical Euryhaline Marine Nematode 
	Analysis of the Basal Transcriptome for L. marina Acclimated to Different Salinity Environments 
	Analysis of the Basal Proteome for L. marina Acclimated to Different Salinity Environments 
	Identification of Genes Expressed Consistently at Both mRNA and Protein Levels in Different Salinity Environments 
	Identification of Genes and Their Corresponding Proteins, the Abundance of Which Was Proportional to Environmental Salinity 

	Discussion 
	Cellular Stress Response Genes Might Play Essential Roles in L. marina Euryhalinity 
	Certain Cell Volume-Regulation Genes Might Contribute to Hyposaline Acclimation in L. marina 
	The Glycerol Biosynthesis Genes gpdh-1 and gpdh-2 Accompanied Hypersaline Acclimation in L. marina 

	Conclusions 
	References

