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Abstract

Crassostrea ariakensis naturally distributes in the intertidal and estuary region with relative low salinity ranging from 10 to 25%e.
To understand the adaptive capacity of oysters to salinity stress, we conducted transcriptome analysis to investigate the metabolic
pathways of salinity stress effectors in oysters from two different geographical sites, namely at salinities of 16, 23, and 30%.. We
completed transcriptome sequencing of 18 samples and a total of 52,392 unigenes were obtained after assembly. Differentially
expressed gene (DEG) analysis and weighted gene correlation network analysis (WGCNA) were performed using RNA-Seq
transcriptomic data from eye-spot larvae at different salinities and from different populations. The results showed that at
moderately high salinities (23 and 30%o), genes related to osmotic agents, oxidation-reduction processes, and related regulatory
networks of complex transcriptional regulation and signal transduction pathways dominated to counteract the salinity stress.
Moreover, there were adaptive differences in salinity response mechanisms, especially at high salinity, in oyster larvae from
different populations. These results provide a framework for understanding the interactions of multiple pathways at the system
level and for elucidating the complex cellular processes involved in responding to osmotic stress and maintaining growth.
Furthermore, the results facilitate further research into the biological processes underlying physiological adaptations to hyper-
tonic stress in marine invertebrates and provide a molecular basis for our subsequent search for high salinity—tolerant populations.

Keywords High-salinity adaptation - Wild populations - Larvae transcriptome - Weighted gene correlation network analysis -
Crassostrea ariakensis

Introduction (Philippart et al. 2011; Anderson et al. 2015). Salinity differ-
ences in sea areas limit the survival and distribution of marine
organisms (Gunter 1961). The blood osmolarities of most ma-

rine invertebrates are close to the osmolarities of seawater.

The living environment of marine organisms is changing rap-
idly worldwide due to global warming and human activity
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They can live in the ocean as osmoconformers, but lack the
ability to regulate the osmotic pressure of the internal medium
(Berger and Kharazova 1997). Salinity stress is a part of the
environmental characteristics of intertidal zone (Macinnes and
Calabrese 1979). In such areas, the environment varies from
being nearly freshwater when there is rain to being highly
saline or exhibiting dry salt conditions when there is drying
between tidal inundations (Barnes 1999). Thus, oysters often
have to experience large and sometimes rapid fluctuations in
salinity, and they thrive within a wide range of salinities, from
below 10%o0 to over 35%o (Pauley et al. 1988). Unlike other
intertidal animals, oysters are attached to rocks and the lack of
mobility forces them to evolve many regulatory mechanisms
to adapt to highly dynamic and stressful environments (Barnes
1999). The tolerance of the oyster to extreme stress conditions
makes it an excellent study module for examining stress re-
sponses and adaptation (Heilmayer et al. 2008; Abdelrahman
etal. 2017).

Crassostrea ariakensis is one of the most common and
most well-known oyster species in China (Ang et al. 1993).
It has been bred for centuries in China and is widely distrib-
uted from the Lizijiang (the Oyster River) on the northern
border with Korea to Beihai near the Vietnamese border
(Zhou and Allen 2003). This disconnected distribution makes
this species an ideal model to study adaptive divergence in
marine invertebrates.

Unlike other oysters, C. ariakensis is mainly distributed in
rivers and estuaries with salinities ranging from 10 to 25%o
(Wang et al. 2004). However, conditions of high water tem-
perature and high salinity accompanying long droughts cause
shellfish immunity to decline rapidly, leaving them prone to
outbreaks of various diseases and large-scale deaths (Lacoste
et al. 2002). In recent years, because of the scarcity of rainwa-
ter, the runoff of rivers into the sea has dropped sharply, and
large-scale oyster deaths have occurred frequently. Therefore,
the mechanisms of high salinity tolerance and the breeding of
high salinity—tolerant varieties of C. ariakensis have attracted
increasing attention. Previous transcriptomic, proteomic, and
alternative splicing studies on C. gigas under salinity stress
have shown that osmotic tolerance is a complex physiological
characteristic that supports cell survival (Zhao et al. 2012;
Zhou and Allen 2003; Yan et al. 2017; Huang et al. 2016).
Salinity stress effectors and free amino acid (FAA) metabo-
lism pathways have been suggested to be critical to adaptation
to fluctuating salinities (Hosoi et al. 2007; Meng et al. 2013).
A systematic study of cellular responses to salinity could pro-
vide new insights into the mechanisms of osmotic tolerance.
Meng et al. (2013) performed transcriptomic analysis of the
Pacific oyster at seven different salinities using RNA-Seq
technology, and Zhao et al. (2016) performed weighted gene
correlation network analysis (WGCNA) and further analyzed
the related gene expression modules. Compared with those on
C. gigas, only a few physiological studies have been

investigated on C. ariakensis with regard to salinity responses,
and there is a lack of relevant information at the molecular
level on the adaptation of this species to high salinity.

Li et al. (2018) revealed that two geographical populations
of C. gigas exhibited adaptive divergence of overall
transcriptomic expression in response to acute heat stress,
suggesting the potential for adaptive divergence in addition
to plasticity in C. ariakensis with disconnected distributions.
We selected oysters from different geographical sites of
C. ariakensis, including Binzhou, Shandong Province
China, and the western coast of North Korea. F; oysters of
the two populations cultured in the same environment showed
significantly differential growth and survival, confirming the
adaptive divergence of the geographic populations of the
C. ariakensis (unpublished data). Compared with adults, oys-
ter larvae are more sensitive to high salinity (Ko et al. 2014).
And salt tolerance of larvae may be the main factor affecting
the natural distribution of oysters. Thus, the eye-spot larvae
were selected to study the salinity adaptive mechanism. A
salinity of 16%o is typical in an estuarine area, a salinity of
30%o is normal for seawater in most regions of China, and a
salinity of 23%o is considered transitional. For C. ariakensis, a
previous report has suggested that oyster larval growth and
survival is significantly higher in 16%o salinity than in 30%o
salinity (Xue et al. 2007).

In this study, we conducted detailed RNA-Seq analysis of
the gene expression of eye-spot larvae from two populations
under three different salinity treatments. Using pairwise com-
parisons and WGCNA, we identified differentially expressed
genes (DEGs), modules of coexpressed genes, and candidate
hub genes for each salinity level and for each population. In
particular, we used these transcriptome results to discuss the
adaptive divergence in salinity of the two geographical popu-
lations. This systematic work provides insights into the mech-
anism of adaptation of C. ariakensis to moderately high salin-
ity at the molecular level.

Materials and Methods
Oyster Samples

Parental oysters collected from Binzhou (BZ), Shandong
Province, China, and Yalu River Estuary of North Korea
(CX) were maintained in a nursery in Rushan City,
Shandong Province. Ripening took place indoors at a salinity
0f 23%o. Thirty males and 30 females were hybridized at two
sampling sites. Thirty female eggs were mixed together and
then divided into 30 beakers on average. The eggs in each
beaker were fertilized with the sperms from each of the 30
mature male oysters. All samples were placed in large ponds
and cultured at different salinities (16, 23, or 30%o; Sall6,
Sal23, and Sal30, respectively). The population developed at
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the similar rate and eye-stage larvae were randomly collected
at the same time and stored in liquid nitrogen. Sea water and
aerated fresh water were used to produce the experimental
water with required salinity gradient. The salinities were mea-
sured by a Knauer semimicro osmometer.

RNA Extraction

We completed transcriptome sequencing of 18 samples, which
included three biological replicates for each of the three dif-
ferent salinities for each of the two geographical sites. Total
RNA was extracted from approximately 20 mg of eye-spot
larvae with an RNAprep Pure Tissue Kit (Tiangen, Beijing,
China) according to the manufacturer’s instructions. RNA
quality was assessed via 1.2% gel electrophoresis. RNA con-
centrations were measured at 260 nm using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
MA, USA).

cDNA Library Construction and Sequencing

The total RNA for each sample was sent to BioMarker
(Beijing, China) for library construction and sequencing.
Then, an Agilent 2100 Bioanalyzer and ABI StepOne Plus
Real-Time PCR System were used for quantification and qual-
ification of the sample library, after which the library was
sequenced using an [llumina HiSeq X Ten platform. Raw data
generated from Illumina sequencing were preprocessed to re-
move nonsense sequences containing adapter, poly-N, and
low-quality reads. A minimum length of 50 bp after trimming
was applied. After high-quality sequencing data were obtain-
ed, the transcriptome was assembled with Trinity (Grabherr
etal. 2011).

Differential Expression, Cluster Analysis,
and Enrichment Analysis

Differential expression analysis was performed using the
DESeq2 (Anders and Huber 2010) R package. DEGs were
filtered based on a false discovery rate (FDR)<0.01 and a
fold change (FC)>2 in each pairwise comparison. Then the
collected DEGs were aligned with the database using BLAST
algorithm with an E value of <1e—5. TopGO (Franceschini
et al. 2013) software was used to perform enrichment analysis
of'the DEGs between samples with annotations from the Gene
Ontology (GO) database. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) database is the main public database of
pathway information (Kanehisa et al. 2010) and was used to
perform pathway analysis. Principal component analysis
(PCA) was used based on the average fragments per kb of
transcript per million mapped reads (FPKM) values for all
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the expressed genes in each sample. To help remove scale
issues in PCA, all data were logarithmically transformed.

Gene Correlation Network Construction

The gene network was constructed using the R package
WGCNA following the procedure described by Langfelder
and Horvath (2008). After the low expression genes (FPKM
< 1) had been filtered out from all gene expression libraries,
correlation networks were constructed on the basis of pairwise
correlations of gene expression across all samples. Modules
are defined as highly interconnected clusters, and genes within
the same modules have high correlation. In the weighted gene
correlation network, any two genes were connected, and the
edge weight was determined by the topology overlap measure
calculated in the WGCNA package. The higher the weight is,
the stronger the interaction between the two genes is. The sum
of the weights of all edges of a node is defined as connectivity,
and the top 1% (or 5%) of the genes with the highest connec-
tivity in the network were called the hub gene (Yang et al.
2014).

Hub Gene Selection and Visualization

Hub genes with high connectivity may have more important
biological significance in modules (Zhou et al. 2014). For
each module, we selected the top ten genes with the highest
connectivity as the hub genes of the module to analyze the
different molecular mechanisms associated with the different
wild populations and with adaptation to the different salinities.
In addition, DEGs with high connectivity were selected as
genes of interest. Correlation patterns and the interactions of
the hub genes were visualized using Cytoscape (Shannon
et al. 2003).

Result

Identification of the Expressed Transcripts
of Eye-Spot Larvae

Eighteen cDNA libraries were sequenced from eye-spot lar-
vae that had been subjected to three different salinities.
Approximately 18.91-26.44 million 125-bp paired-end reads
were generated for the 18 samples through RNA-Seq
(Table 1). Among the clean reads, the number of sequences
that could be mapped onto the reference transcriptome ranged
from 14.9 to 19.8 million, and the percentage of clean reads
ranged from 74.20 to 79.90% in the different libraries. The
raw sequence reads have been submitted to the Sequence
Read Archive (SRA) in the NCBI database and have been
assigned SRA accession numbers (PRINAS13213).
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Table 1 Transcriptome sequencing and assembly statistics for 18 samples from two populations at three salinities
Sample ID Binzhou (BZ) North Korea (CX)
Salinity: 16%o Salinity: 23%o Salinity: 30%o Salinity: 16%o Salinity: 23%o Salinity: 30%o
Sl6a S16b Sléc S23a S23b S23c¢c S30a S30b S30c Sl6a Sl16b Sléc S23a S23b S23¢ S30a S30b S30c
No. ofreads ~ 20.02 24.47 1891 22.03 25.04 24.83 21.00 22.03 22.60 20.39 22.66 22.34 21.53 21.74 22.51 26.44 21.49 2048
(<10°)
No. of base 598 730 565 658 748 742 626 658 675 608 677 6.66 642 650 6.72 788 642 6.11
pairs (x10%)
No. of mapped 16.00 18.34 1490 16.71 19.34 1896 15.74 16.94 17.39 1549 17.71 16.83 1598 16.59 17.30 19.80 16.28 15.48
reads (x10°)
Mapped 79.90 7496 78.79 75.84 7725 7637 74.94 76.87 76.97 7594 78.16 75.35 7420 76.32 76.85 7489 75.77 75.58
percentage
(%)

Global Transcriptome Comparison Between the Two
Wild Populations

To investigate the global transcriptomic differences between
BZ and CX oysters at different salinities, we performed PCA
in each sample (Fig. 1). Under the 16%0 and 23%o salinity
treatments, there were clear differences in transcript expres-
sion between the two populations, although there was some
overlap between the populations (Fig. S1, S2). Interestingly,
the BZ and CX samples from the Sal30 treatment showed
significant differences and could be clearly assigned to two
groups.

Identification of DEGs Between the Two Populations

In organisms, different gene products coordinate with each
other to perform biological functions; pathway annotation
analysis of DEGs is therefore helpful to further understand
the functions of DEGs. To identify the genes that were asso-
ciated with the adaptive divergence at different salinities, we
conducted pairwise comparisons between populations BZ and
CX at each salinity. At Sall6, pairwise comparisons of the
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Fig. 1 Principal component analysis (PCA) plot showed the clustering of
the transcriptomes of the two populations at a salinity of 30%o (Sal30)

BZSall6 and CXSall6 groups showed that 83 genes were
significantly differentially expressed (Fig. 2(a)). Among these,
51 genes were significantly upregulated and 32 genes were
significantly downregulated in BZ relative to CX samples.
Representative upregulated and downregulated DEGs are
listed in Tables 2 and 3, respectively, according to their func-
tional categories. The data listed have been tested for signifi-
cance and filtered based on a false discovery rate (FDR) <
0.01. The FPKMs in Table 2, 4, and 5 are average.
Oxidation-reduction process genes were enriched and upreg-
ulated in the BZSall6 group, including dihydropyrimidine
dehydrogenase [NADP(+)] and eosinophil peroxidase. The
expression of calcium ion binding—related and aminopepti-
dase activity—related genes in the amino acid transport and
metabolism category and of the carboxypeptidase B and eo-
sinophil peroxidase genes in the chitin metabolic process

a

BZSal16 BZSal23 BZSal30
CXSal16 51423 = =
CXSal23 — 0+5 —
CXSal30 — — 65+13
b

BZSal16 BZSal23 BZSal30
BZSal16 = 16+5 200+22
BZSal23 16+5 - 0
BZSal30 200+22 0 =
C

CXSal16 CXSal23 CXSal30
CX8Sal16 — 3+1 17+11
CXSal23 3+1 — 2+5
CXSal30 17+11 2+5 —

Fig. 2 Number of DEGs for each population and salinity.(a) Number of
DEGs between Sall6, Sal23, and Sal30 in each population. (b) Number
of DEGs in BZ larvae at Sall6, Sal23, and Sal30. (c) Number of DEGs in
CX larvae at Sall6, Sal23, and Sal30. The DEGs were filtered according
to an FDR <0.01 and an FC >2. The numbers in red and black indicate
the number of upregulated and downregulated genes, respectively, in the
sample at the top of the column compared with the sample at the begin-
ning of the row
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Table2 FPKM values and functional categories of genes significantly upregulated in BZ samples compared to CX samples

Gene name FPKM FPKM Description Anno Database
BZS16 vs CXS16 BZS16 CXS16
Oxidation-reduction process
c114526.graph_cl 4.26 231 Dihydropyrimidine dehydrogenase NR [C. gigas]
[NADP(+)]
cl111321.graph_cl 13.35 8.27 Eosinophil peroxidase NR [C. gigas]
Amino acid transport and metabolism
c115283.graph_c0 0.47 0.16 Amino acid transport and metabolism eggNOG
c109616.graph_c0 2.17 1.18 Aminopeptidase activity G0:0004177
Chitin metabolic process
¢107509.graph_c0 0.90 0.42 Carboxypeptidase B NRJ[C. gigas]
c107912.graph_c0 1.97 0.64 Chitin metabolic process GO0:0006030
BZS30 vs CXS30 BZS30 CXS30
Response to stimulus
c103218.graph_c0 4.84 1.93 Peptidase inhibitor activity GO:0030414
c106234.graph_c0 8.93 431 Immune response GO:0006955
cl11115.graph_c0 27.39 8.34 ATP-binding cassette subfamily NR[C. virginica)
A member 3-like
Metabolic process
c109304.graph_c0 64.99 34.79 Glutamine-fructose-6-phosphate GO0:0004360
transaminase (isomerizing) activity
c90402.graph_c0 16.67 1.41 Lactate metabolic process GO:0006089
€99473.graph_c0 4.77 1.53 Sodium-dependent proline transporter NRJ[C. gigas]
c115425.graph_c0 15.69 6.60 Transferase activity, GO:0016758
transferring hexosyl groups
Oxidation-reduction process
c100530.graph_c0 20.05 3.90 Oxidoreductase activity GO:0016491

category was approximately twofold higher in the BZSall6
group than in the CXSall6 group.

At Sal23, only 5 genes were downregulated in BZ samples
compared with CX samples (Fig. 2(a)). Representative

Table 3  FPKM values and functional categories of genes significantly downregulated in BZ samples compared to CX samples

Gene name FPKM FPKM Description Anno Database
BZS16 vs CXS16 BZS16 CXSl16
Metabolism
c97797.graph_c0 53.15 97.47 Exopeptidase activity G0:0008238
¢86404.graph_c0 0.38 1.09 Hydrolase activity GO:0016787
¢100530.graph_c1 2.17 7.05 Oxidoreductase activity G0O:0016491
BZS23 vs CXS23 BZS23 CX8S23
Replication, recombination, and repair
¢103329.graph_c0 323 17.94 DNA topoisomerase 1 NR[C. gigas]
Chitin metabolic process
¢101687.graph_c0 0.20 4.46 Chitin binding GO0:0008061
BZS30 vs CXS30 BZS30 CXS30
Replication, recombination, and repair
¢103329.graph_c0 4.64 19.23 DNA topoisomerase 1 NR[C. gigas]
Amino acid transport and metabolism
c103565.graph_c0 4.89 12.82 N-acetylneuraminate lyase B NR[C. gigas]
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Table 4 FPKM values and functional categories of genes significantly upregulated and downregulated in BZ samples under different salinities

Gene name FPKM FPKM Description Anno Database
BZS23 vs BZ16 BZS23 BZ16
¢100530.graph_c1 45.85 0.71 Oxidation-reduction process GO:0055114
cl113316.graph_c2 35.75 2.96 Serine-type endopeptidase activity GO0:0004252
c90130.graph_c0 2391 0.37 Oxidation-reduction process GO:0055114
c108628.graph_c0 41.16 0.80 Protein phosphorylation GO:0006468
c103218.graph_c0 5.88 0.67 Peptidase inhibitor activity GO0:0030414
c109904.graph_c0 24.49 0.26 Cell cycle control, cell division, COG
chromosome partitioning
¢112620.graph_c0 3.97 7.53 Ion transmembrane transport GO0:0034220
c94094.graph_c0 0.95 9.75 Extracellular ligand—gated ion channel activity GO0:0005230
BZS30 vs BZ16 BZS30 BZ16
Response to stimulus
c101153.graph_c0 2.71 242 GTP binding G0:0005525
c100577.graph _cl 4.92 1.44 G protein—coupled receptor activity GO0:0004930
c101153.graph_c0 242 0.77 GTP binding GO:0005525
c106234.graph_c0 8.93 3.79 Immune response GO:0006955
c113731.graph_c0 15.28 0.66 Response to oxidative stress GO:0006979
Amino acid transport and metabolism
c112661.graph cl 17.12 2.81 Peroxidase activity G0:0004601
¢90936.graph_c0 3.46 0.25 N-acetyltransferase activity GO:0008080
Carbohydrate metabolic process
¢93723.graph_c0 3223 3.76 Hydrolase activity, hydrolyzing O-glycosyl compounds GO0:0004553
c111563.graph_c0 4.62 1.11 Cysteine-type endopeptidase activity GO0:0004197
Ammonium transporter family
c104661.graph_c0 Ammonium transmembrane transporter activity GO:0008519

downregulated DEGs at Sal23 are listed in Table 3. More
specifically, a DNA topoisomerase activity—related gene
showed 5.55-fold greater expression in CX samples than in
BZ samples. Similarly, a chitin metabolic process—related

than in BZ samples.

gene showed 22.03-fold greater expression in CX samples

Among eye-spot larvae subjected to Sal30, 65 and 13 genes
were found to be significantly upregulated and downregulated,

Table 5 FPKM values and functional categories of genes significantly upregulated and downregulated in CX samples under different salinities

Gene name FPKM FPKM Description Anno Database
CXS23 vs CXS16 CXS23 CXS16

¢109547.graph_c0 4.88 0.70 GTP binding GO:0005525
¢97207.graph_c0 30.89 4.63 GTP binding GO:0005525
c81472.graph_c0 1.13 0.01 Cytochrome-c oxidase activity G0:0004129
CXS30 vs CXS23 CXS30 CXS23

¢109910.graph_c0 36.20 12.64 Methylation G0:0032259
c91330.graph_c0 18.69 39.74 Early growth response protein 3 NRI[C. gigas]
¢101687.graph_c0 0.48 4.46 Chitin binding GO:0008061
CXS30 vs CXS16 CXS30 CXS16

c110986.graph_c0 70.19 48.56 Sulfotransferase activity GO:0008146
c113443.graph c0 15.79 27.68 Cytochrome P450 3A24 NRI[C. gigas]
c101834.graph_c0 2083.97 4863.02 Carnosine synthase 1 NR[C. gigas]
c103774.graph_c0 25.75 36.12 Pyridoxal 5'-phosphate synthase G0O:0036381

(glutamine hydrolysing) activity
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respectively, in BZ larvae compared with CX larvae (Fig. 2(a)).
The upregulated and downregulated DEGs are shown in Tables 2
and 3, respectively. In our study, four candidate genes associated
with stimulus responses were highly expressed in the BZ group.
Eight metabolic process candidate genes were found to be sig-
nificantly enriched, including genes associated with carbohydrate
metabolic processes, lactate metabolic processes, and inorganic
ion transport and metabolism. The representative genes included
glutamine-fructose-6-phosphate aminotransferase [isomerizing]
2 isoform X7, glyoxalase 3—like, and glycosyltransferase-like
family 2. A gene involved in oxidation-reduction processes (su-
shi, von Willebrand factor type A) showed over fivefold greater
expression in the BZSal30 group than in the CXSal30 group.
Notably, a large number of genes annotated as stimulus response
genes, such as the slit-like protein, tumor necrosis factor family,
and ATP-binding cassette subfamily A member 3-like genes,
were upregulated in the BZSal30 group compared to the
CXSal30 group.

The upregulated genes in the CXSal30 group compared to
the BZSal30 group included DNA topoisomerase 1, which is
associated with replication, recombination, and repair process-
es (KOG class annotation), and N-acetylneuraminate lyase B,
which participates in amino acid transport and metabolism
(eggNOG class annotation).

Identification of DEGs Among the Different Salinity
Treatments

Pairwise comparisons were also performed to identify the
DEGs among the three salinity treatments at both locations.
The numbers of DEGs among the BZSall6, BZSal23, and
BZSal30 groups are shown in Fig. 2(b). In the BZ population,
compared with the BZSal16 group, the BZSal30 group dem-
onstrated 200 upregulated genes, while the BZSal23 group
showed 16 upregulated and 5 downregulated genes. No
DEGs were evident in comparisons between the BZSal23
and BZSal30 groups.

A total of 40 genes associated with stimulus responses, amino
acid transport, and metabolism and oxidation-reduction process-
es were annotated among the 200 genes upregulated in the
BZSal30 group compared to the BZSall6 group. Some repre-
sentative genes are shown in Table 4. Twelve genes involved in
stimulus responses were enriched at high salinity. Multiple amino
acid transport and metabolism genes were also highly enriched in
the BZSal30 group. The analyses further revealed these genes to
include diamine acetyltransferase 2, glucose dehydrogenase (ac-
ceptor), and glutamine-fructose-6-phosphate aminotransferase.
In addition, 3 carbohydrate metabolic process—related genes were
highly enriched in the BZSal30 group. Interestingly, the enrich-
ment results showed that there were two apoptotic process—
related genes among the DEGs, one of which was caspase-3
isoform X1.
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Pairwise comparisons of the BZSal23 and BZSall6 groups
showed that 21 genes were significantly differentially expressed
(Fig. 2(b)). Among them were genes involved in amino acid
transport and metabolism, oxidation-reduction processes, stimu-
lus responses, and cell cycle control, and these genes were highly
upregulated in the BZSal23 group compared to the BZSall6
group. lon transmembrane transport-related and biological
regulation—related genes were downregulated in the BZSal23
group compared to the BZSall6 group.

The numbers of DEGs among the CXSall6, CXSal23, and
CXSal30 groups are shown in Fig. 2(c). The CX population
had fewer DEGs than the BZ population. Analyses similar to
those used for the BZ population were used to identify
enriched DEGs in the CX population, and the results are
shown in Table 5. Of the only 3 upregulated genes identified
in the CXSal23 group compared to the CXSall6 group, 2
were enriched for signal transduction and are involved in stim-
ulus responses. The other gene, cytochrome-c oxidase subunit
111, was annotated as being involved in a variety of pathways,
including oxidative phosphorylation (ko00190), cardiac mus-
cle contraction (ko04260), and nonalcoholic fatty liver disease
(NAFLD) (ko04932) in the KEGG database.

The enrichment results for the comparison of the CXSal23
and CXSal30 groups showed that the expression of
phosphoethanolamine N-methyltransferase 3 isoform X2
was threefold higher in the CXSal30 group than in the
CXSal23 group; this gene is involved in glycerophospholipid
metabolism and methylation. In addition, the expression of
three genes encoding signaling molecules, including early
growth response protein 3 and a gene involved in chitin me-
tabolism, was significantly reduced in the CXSal30 group
compared to the CXSal23 group. Of the 18 upregulated
DEGs identified in the CXSal30 group compared to the
CXSall6 group, two were associated with cell cycle control,
cell division, and chromosome partitioning, and one was iden-
tified as carbohydrate sulfotransferase 15. Of the 11 down-
regulated DEGs in the CXS30 group compared to the CXS16
group, three interesting genes were enriched: cytochrome
P450 3A24, carnosine synthase 1, and pyridoxal 5'-phosphate
synthase subunit SNZERR. KEGG pathway analysis showed
that these genes are involved in linoleic acid metabolism
(ko00591) and retinol metabolism (ko00830); arginine and
proline metabolism (ko00330), histidine metabolism
(ko00340), and beta-alanine metabolism (ko00410); and vita-
min B6 metabolism (ko00750), respectively.

Construction of Gene Correlation Networks

To obtain a comprehensive understanding of the genes
expressed in the gradually rising salinities at the two sites
and to identify the specific genes that are highly associated
with salinity adaptation, WGCNA was performed. After the
low expression genes (FPKM < 1) had been filtered out from
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all gene expression libraries, 5664 genes were retained.
Correlation networks were constructed on the basis of
pairwise correlations of gene expression across all samples.
Modules were defined as clusters of highly interconnected
genes; genes within the same cluster had high correlation co-
efficients. This analysis identified 11 distinct modules (labeled
with different colors), which are shown in the dendrogram in
Fig. 3a. The major tree branches define the modules.

The green module, with 430 identified genes, was highly
associated with Sal30. In addition, the 2145 genes identified
as being in the turquoise module were also highly correlated
with Sal30. The royal blue module (52 genes) was associated
with Sal23. Many modules were highly associated with Sall6,
including the red module (1027 genes), the magenta module
(744 genes), the light cyan module (138 genes), the midnight
blue module (169 genes), the royal blue module (52 genes),
and the tan module (111 genes). Regarding the different loca-
tions, the turquoise module, representing 2145 genes, was
highly associated with BZ. The dark red module (50 genes),
the midnight blue module (169 genes), and the tan module
(111 genes) were highly related to CX.

WGCNA can also be employed to construct gene net-
works, in which each node represents a gene and the
connecting lines (edges) between genes represent correla-
tions (Yang et al. 2014). Hub genes are the genes that
show the most connections in the network, as indicated
by their high Ky (eigengene connectivity) values. The
top ten genes with the highest Kyg values in each of the
specific modules are shown in Table 6. Notably, hub
genes in highly connected modules may be more biolog-
ically significant than hub genes in global networks (Zhou
et al. 2014). We chose the genes with the highest connec-
tivity in each module as the hub genes to discuss the
molecular mechanisms associated with the different wild
populations and with adaptation to the different salinities.

The correlation patterns and the interactions of the hub
genes were visualized with Cytoscape (Shannon et al. 2003).
The correlation network of the dark red module (CX-specific)
is shown in Fig. 4a. Genes encoding ETS-related transcription
factor Elf-3, a toll-like protein, a slit-like protein, two myeloid
differentiation primary response MyD88 proteins, proline-
rich receptor-like protein kinase PERK6, and myeloid differ-
entiation factor 88-1 were identified as candidate hub genes
for this module (Fig. 4a, Table 6). Most of the genes were
annotated with the signal transduction function, and the rest
were annotated as being involved in negative regulation of
peptidase activity, transcription, and regulation of
transcription.

The correlation network of the turquoise module (BZ-
specific) is shown in Fig. 4b. Genes encoding or asso-
ciated with protein TANCI isoform XI, phospholipid-
transporting ATPase VA, titin isoform X10, posttransla-
tional modification, protein broad—minded isoform X3,

protein argonaute-2 isoform X5, protein DENNDOGA iso-
form X1, leucine-rich repeats, and immunoglobulin-like
domains protein 2 and capicua-like protein were identi-
fied as candidate hub genes for this module (Fig. 4b,
Table 6). These genes are related to zinc ion binding,
magnesium ion binding, nucleic acid binding, transcrip-
tion, and posttranslational modification.

The correlation network of the red module (Sall6-specific)
is shown in Fig. 4c. Scavenger receptor cysteine—rich domain
protein, sarcoplasmic calcium—binding protein, collagen al-
pha-1(XII) chain-like isoform X1, chitin-binding peritrophin-
A domain protein, ATP-dependent RNA helicase DHX58, and
perlucin were identified as candidate hub genes for the red
module. These candidate genes are involved in calcium bind-
ing, signal transduction, chitin metabolic processes, and apo-
ptotic processes.

The correlation network of the royal blue module
(Sal23-specific) is shown in Fig. 4d. The candidate hub
genes for this module included an expansin family protein
and a 31-kDa antigen that bind oxygen during oxygen
transport processes.

The correlation network of the green module (Sal30-
specific) is shown in Fig. 4e. Genes encoding or related to
protein-coupled receptor activity, the universal stress protein

family, mucin-2-like protein, animal heme peroxidase, and

phospholipid scramblase 1-like isoform X6 were identified
as candidate hub genes for this module. In addition, these
genes were enriched for the G protein—coupled receptor sig-
naling pathway, stress responses, proteolysis, transmembrane
transport, phospholipid scrambling, and chitin metabolic
processes.

Functional Annotation of Salinity Stress—Related
Modules

To identify the characteristics of the salinity stress—related
modules and the biological responses to salinity stress, the
modules were functionally annotated according to the includ-
ed genes (Table 7). The results of GO annotation showed that
the metabolic process, cellular process, and single-organism
process terms were enriched in the red module, royal blue
module, and green module. These three modules had distinct
characteristics.

In addition to the oxidation-reduction process, regulation of
transcription (DNA-templated), and proteolysis terms, which
were also enriched in the other two modules, the metabolic
process and carbohydrate metabolic process terms were high-
ly enriched in the red module. In addition, compared with the
other modules, the red module (Sall6-specific) had greater
enrichment of developmental process and biological adhesion
genes.

For the royal blue module (Sal23-specific), the GO enrich-
ment results showed that besides oxidation-reduction
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processes and single-organism metabolic processes, neuro-
peptide signaling pathways, oxygen transport, and lipid ho-
meostasis also play important roles in this module. The genes
related to sensory perception of pain were also enriched.

The green module was highly associated with Sal30. More
biological process and molecular function GO terms, e.g.,
protein phosphorylation, ion transmembrane transport, carbo-
hydrate metabolic process, and antioxidant activity, were
enriched in the green module than in the other two modules.
The top-ranked biological process functional annotations
enriched in the Sal30-responsive green module included the
oxidation-reduction process, translation, regulation of tran-
scription (DNA-templated), proteolysis, and G protein—
coupled receptor signaling pathway terms.

To further explore the characteristics of relevant modules
under high-salinity stress, the green module was selected, and
pathway analysis was performed (Fig. 5). Pathway enrichment
analysis (Fig. 5) showed that the phosphatidylinositol signal-
ing system, metabolism of xenobiotics by cytochrome P450,
drug metabolism by cytochrome P450, glutathione metabo-
lism, arachidonic acid metabolism, and amino sugar and nu-
cleotide sugar metabolism were the most enriched pathways
in the green module.

Discussion

In this study, we performed transcriptomic comparisons of
eye-spot larvae from two sites subjected to different salinity
treatments. WGCNA was performed to identify sample-
specific modules and candidate hub genes. In data analysis,
we focused not only on highly significant individual DEGs
but also on interactions among genes. Such analysis might
contribute to scientifically sound hypotheses. The results pro-
vide comprehensive information on genes involved in salinity
adaptation mechanisms.

Osmolytes

As previous studies have reported, osmolytes, such as large
amounts of nitrogenous solutes, amino acids, and inorganic
ions, play primary roles in the osmoregulatory activities of
osmoconformers (Berger and Kharazova 1997; Yuan et al.
2017; Jiang et al. 2019). In our study, the identified DEG-
and WGCNA-enriched genes may be related to the metabo-
lism and biosynthesis of osmotic regulators.

lon Channels
In this study, enrichment analysis of DEGs and the genes
identified in WGCNA revealed some binding-related molec-

ular functions, many of which were associated with ions. Our
study highlighted significantly upregulated ion-binding genes
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such as neuronal acetylcholine receptor subunit beta-2, sodi-
um-coupled monocarboxylate transporter 1-like, and protein
TANCI isoform X1. Previous studies have indicated that ion
channels help maintain the homeostasis of potassium and cal-
cium ions under osmotic stress (Hasegawa et al. 2000).
Calcium ions could regulate cell volume by controlling mem-
brane activity during low osmotic stress in mollusks (Hirschi
1999; Mccarty and Oneil 1992). In addition, studies on
C. gigas have shown that increased expression of calcium
channels may activate calcium-activated potassium ion chan-
nels to maintain potassium ion concentration. Our results in-
dicated that increased Ca®* channel gene expression may have
altered Ca”* currents, increasing the activity of calcium-gated
K* channels to maintain ionic balance under hyperosmotic
conditions (Sal23 or Sal30).

FAAs

In the BZ population, many amino acid regulatory genes,
including glucose dehydrogenase, were differentially
expressed at high salinity compared with low salinity. In
addition, hydrolysis-related serine-type endopeptidase
activity—related genes and N-acetylneuraminate lyase B
and aminopeptidase activity—related genes were enriched
among the DEGs in other groups. These findings suggest
that amino acids may be involved in osmotic stress regu-
lation in high-salinity environments. Previous studies
have shown that intracellular FAAs regulation in one of
the main mechanisms to regulate cell volume and respond
to osmotic stress in bivalves (Pierce and Amende 1981;
Robertson et al. 2017). In addition, Meng et al. (2013) has
been studied the molecular mechanism of FAA osmotic
adjustment in oysters. They also explained that one of
the mechanisms respond to low osmotic pressure is vol-
ume reduction, such as increased metabolic rate, which
releases ammonia from organs into hemolymph or bathing
medium in oysters.

Our conclusions not only supplement the existing in-
formation on responses to hyperosmotic conditions but
also confirm previous research. An important component
of the oyster response to salinity stress is osmotic adapta-
tion. In order to adapt to the rapid and large fluctuation of
seawater salinity in the intertidal environment, oysters and
other marine organisms adapt to the environment by
adjusting the intracellular osmotic concentration to change

Fig. 3 WGCNA of genes in BZ and CX at each salinity. a Hierarchical P>
cluster tree showed correlation modules identified by WGCNA. Each leaf
in the tree represents one gene. The major tree branches constitute 11
modules, labeled with different color. b Module—sample association.
Each row corresponds to a module, labeled with ME (module eigengene)
and a color as in (a). The number of genes in each module is indicated on
the left. The color in the boxes represents —log(P), the Fisher exact test P
value, according to the color legend on the right
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the cell volume. The osmotic regulation of FAAs is one of
these important mechanisms. Amino acids tend to be hy-
drolyzed to release ammonia under both hypertonic and
hypotonic stress. Previous studies have indicated that gly-
cine, proline, and taurine are the main osmotic pressure—
responsive FAA in C. gigas (Hosoi et al. 2003).
Compared with that in the BZSall6 group, the expres-
sion of the diamine acetyltransferase 2 gene, which is
involved in arginine and proline metabolism, was 1384-
fold greater in the BZSal30 group (Table 4). In addition,
some DEGs between CXSal23 and CXSal30 were

enriched in the arginine and proline metabolism
(ko00330) pathway in KEGG analysis. The expression
of genes related to this coding pathway increases under
hyperosmotic conditions. In animal cell, intracellular pro-
line concentration is mainly controlled via biosynthetic
and catabolic (Szabados and Savoure 2010). Under os-
motic stress conditions, the regulation mechanism is the
same (Szabados and Savoure 2010). Many previous stud-
ies have consistently shown that proline accumulates un-
der high osmotic stress (Bishop et al. 1994; Meng et al.
2013; Yang et al. 2014). Such accumulation of proline, a

Table 6 Candidate hub genes in the CX, BZ, SAL16, SAL23, and SAL30 modules

Gene name Kug value Description Anno Database
CX-specific dark red module
€99849.graph _c0 0.98 Regulation of transcription, DNA-templated GO:0006355
c109196.graph_c0 0.98 Transcription COG
c103218.graph_c0 0.98 Peptidase inhibitor activity GO0:0030414
c95068.graph_c0 0.98 Signal transduction GO:0007165
c90749.graph _c0 0.97 Integral component of membrane GO:0016021
c103597.graph_c0 0.97 Signal transduction GO:0007165
c105523.graph_c0 0.97 Signal transduction GO:0007165
BZ-specific turquoise module
c114007.graph_c2 0.99 Zinc ion binding G0:0008270
¢103262.graph_cl 0.99 Phospholipid translocation GO:0045332
c106546.graph_c0 0.99 Titin isoform X10 NR[C. gigas]
c115295.graph cl 0.99 Posttranslational modification KOG
cl112714.graph_c0 0.99 Protein broad—minded isoform X3 NR[C. gigas]
€99159.graph_c0 0.99 Nucleic acid binding G0O:0003676
c113621.graph c0 0.99 Transport protein Avl9 KOG
€99532.graph_c0 0.99 Transcription COG
c107726.graph_c0 0.99 Transcription KOG
SAL16-specific red module
c95803.graph_c0 0.99 Calcium ion binding GO0:0005509
€96766.graph _c0 0.98 Signal transduction GO:0007165
c80391.graph c0 0.98 Chitin binding GO0:0008061
c106881.graph_c0 0.98 ATP binding GO0:0005524
€91902.graph_c0 0.98 Perlucin NR[C. gigas]
SAL23-specific royal blue module
c45403.graph_c0 0.99 Energy production and conversion KOG
c80760.graph _c0 0.99 Iron ion binding; oxygen binding GO0:0005506 GO:0019825
c115547.graph_c0 0.97 Cell wall/membrane/envelope biogenesis COG
SAL30-specific green module
c101361.graph _c0 0.98 G protein—coupled receptor activity G0:0004930
¢99296.graph _c0 0.98 Response to stress GO:0006950
c108510.graph_cl 0.98 Proteolysis GO:0006508
c111321.graph_cl 0.97 Response to oxidative stress GO:0006979
c104651.graph_c3 0.97 Phospholipid scrambling GO:0017121
¢106089.graph_c0 0.97 Chitin metabolic process GO:0006030
¢107293.graph_c0 0.97 Transmembrane transport GO:0055085
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Fig. 4 Correlation network analysis of specific modules. The correlation networks in each module that were highly associated with CX, BZ, Sall6,
Sal23, and Sal30 are shown in a, b, ¢, d, and e, respectively. The candidate hub genes are shown in yellow
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Table 7 Top-ranked functional
annotations enriched in salinity-

responsive modules

Module  Category GO ID Term P value
Red (Sall6-specific)
Biological process ~ GO:0055114  Oxidation-reduction process 1.69E-01
Biological process ~ GO:0006355  Regulation of transcription, DNA-templated 1.49E-03
Biological process ~ GO:0006508  Proteolysis 6.36E-01
Biological process ~ GO:0007186 G protein—coupled receptor signaling pathway  1.37E—03
Biological process ~ GO:0055085  Transmembrane transport 4.80E-05
Royal blue (Sal23-specific)
Biological process ~ GO:0055114  Oxidation-reduction process 4.80E-05
Biological process ~ GO:0007218  Neuropeptide signaling pathway 1.69E-01
Biological process ~ GO:0044710  Single-organism metabolic process 8.93E-01
Biological process ~ GO:0015671  Oxygen transport 2.60E-01
Biological process ~ GO:0019233  Sensory perception of pain 5.02E-01
Green (Sal30-specific)
Biological process ~ GO:0055114  Oxidation-reduction process 6.73E-01
Biological process ~ GO:0006412  Translation 4 g 1.69E-01
Biological process ~ GO:0006355  Regulation of transcription, DNA-templated 2.40E-04
Biological process ~ GO:0006508  Proteolysis 0.63624
Biological process ~ GO:0007186 G protein—coupled receptor signaling pathway  1.49E—03

compatible solute, leads to an increase in cell osmotic pres-
sure, which can drive water inflow or reduce water outflow.

ROS Signal Transduction Pathways

Among the WGCNA results, the most interesting results
were found for the red, royal blue, and green modules,
which were highly correlated with salinities of 16, 23,
and 30%o, respectively. Among the top 5 hub genes in
these three modules, the first-ranked genes were found
to be involved in oxidation-reduction, and several hub
genes in these modules participated in this process. In
addition, a large number of DEGs in the different popu-
lations and salinities were enriched for oxidation-
reduction processes, and the expression of these genes
differed by tens of times (Tables 2, 4, and 5). Changes
in temperature, oxygen levels, and salinity in natural and
artificial conditions can cause stress by disrupting the bal-
ance between the production and elimination of reactive
oxygen species (ROS) (Lushchak 2011). Previous studies
have shown that reduced expression of oxidation-
reduction process genes in hypoosmotic conditions repre-
sents a protective strategy to reduce cell stress and ROS,
but the strategy is different in hyperosmotic conditions
(Meng et al. 2013; Zhao et al. 2016). In the study of
osmotic stress in crabs and Japanese eels, the expression
of oxidation-reduction-associated genes was also ob-
served (Paital and Chainy 2010). Our results support these
findings and suggest that oysters also need elevated
oxidation-reduction gene expression to cope with high
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salinity. This increased expression helps to eliminate the
imbalance between ROS production and elimination
caused by changes in temperature, oxygen content, and
salinity under natural or artificial conditions (Lushchak
2011). ROS signal transduction pathways have been iden-
tified as salinity stress signal transduction pathways.

Transcriptional Regulation and Signal Transduction

The DEGs in the oysters from the different populations sub-
jected to the different salinity treatments were mainly enriched
for transcriptional regulation and signal transduction, and
analysis of biological processes related to developmental reg-
ulation revealed enrichment for chitin metabolism. Previous
studies have shown that transcriptional regulation and signal
transduction are widely involved in the salinity stress re-
sponses of organisms (Brewster et al. 1993; Causton et al.
2001). In addition, these mechanisms also exist in C. gigas
(Ko et al. 2014). Enrichment of transcriptional regulation—re-
lated, G protein—coupled receptor signaling pathway—related,
and transmembrane transport—related genes was identified in
biological processes related to larval growth and development,
and these genes were selected as candidate hub genes at Sall6
(Table 6). Our results are in line with the findings of other
studies on oysters and other organisms. We found that the
positive regulation of developmental process—related genes
was abundant at the mRNA level. This enrichment of a large
number of developmental regulation—related genes may be
due to our selection of eye-stage larvae as experimental mate-
rials, as this stage is very important for oyster development. In
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Fig. 5 KEGG pathway analysis of the green module

addition, moderately high salinity did not completely destroy
the growth and development of the oysters from the BZ or CX
populations. Therefore, salinity stimulation has an important
impact on the development process, leading to the expression
of relevant genes that support appropriate responses to help
organisms adapt to adverse environments.

Different Salinity Stress Responses in Different
Populations

We selected two specific wild populations to investigate
adaptive divergence of oysters under high-salinity stress.
In this study, there was somewhat distinct transcriptional
activity between the BZ and CX populations at Sall6 and
Sal23 (Fig. S1, S2), but the two populations showed
greater transcriptomic differences at Sal30 (Fig. 1).
Adaptive divergence for oysters is more common than
previously thought due to environmental variation in the
intertidal zone. Li et al. (2017) found that temperature

T T 3 |
5% 10% 15% 20%
Annotated Genes

drives the divergence of subspecies C. gigas and
C. angulata. In addition, environmental stress also con-
tributes to the divergence of organisms between the inter-
tidal and subtidal zones and between connected distribu-
tions of the same species (Weng and Wang 2014). Our
study complements these findings on divergence with in-
formation on a disconnected distribution of C. ariakensis.

DEG analysis between the two populations showed that
the DEGs at Sal30 were annotated with metabolic pro-
cess, oxidation-reduction process, amino acid transport,
and metabolism terms; in addition, the expression levels
of these genes in the BZ population were higher than
those in the CX population. Moreover, at high salinity,
more DEGs were identified in the BZ population than in
the CX population, which corresponds to the relative
higher environmental salinity level of the BZ population
than CX. The enrichment results for hub genes in
WGCNA revealed many transcription-related genes that
were selected as candidate hub genes for CX (Table 6).
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For BZ, most of the candidate genes are related to ion
channels. In this study, differences in salinity responses
between different populations existed at the gene expres-
sion level. Kim et al. (2014) assessed the levels and pat-
terns of genetic variation of five concatenated mtDNA
regions in C. ariakensis in Korea via DNA sequence anal-
ysis. The two populations we used are considered to be in
the same clades as those in Kim et al.’s study. Clearly, our
method has higher resolution, and transcriptome analysis
can further identify divergence between populations.
Furthermore, the F; oysters of the two populations cul-
tured in the same environment exhibited clear differences
in larval growth at salinities of 16%o, 23%0, and 30%., and
in a high-salinity stress experiment for the juvenile oys-
ters, the BZ population had a higher survival rate than the
CX population (unpublished data). The overall expression
differences, the differences in adaptation mechanisms, and
the preliminary growth and survival data (unpublished
data) in this study all indicate that there is divergence in
tolerance to high salinity between the two populations.
We can safely infer that there is significant genetic adap-
tation between these wild populations of C. ariakensis.

Temporal and spatial variations in salinity and other
environmental factors are characteristic of the intertidal
zone and place evolutionary pressure on intertidal organ-
isms through negative impacts or through selection for
fitness (Barranger et al. 2014; Sanford and Kelly 2011;
Weng and Wang 2014). These two effects can be passed
on to offspring, leading to genetic diversity and species
formation. The discontinuous distribution of C. ariakensis
and environmental variation may lead to the development
of different response mechanisms to high salinity among
wild populations under different salinities. In addition to
salinity, many other evolutionary forces have acted on
oysters. Profiling of genes responsive to high temperature
in C. gigas and C. angulata in China has suggested that
temperature may be the driving force of the divergence of
the two subspecies (Li et al. 2017). In addition to temper-
ature, metals, pathogens, and aquaculture may be evolu-
tionary forces affecting the genetic structure of oyster
populations (Li et al. 2013; Weng and Wang 2014).

Comparing adaptive differences between populations
and related species is a promising method for identifying
biological processes. Such analysis is important for estab-
lishing environmental tolerance ranges and revealing the
molecular basis of stress adaptation (Tomanek 2014). In
general, the wide and disconnected geographical distribu-
tion of C. ariakensis makes it an excellent model with
which to study stress responses and the mechanisms of
divergence of these responses. The results of this study
provide a molecular basis for subsequent research on the
development of high salinity—tolerant populations that can
be cultured at normal seawater salinity.
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Overall, we found that oyster larvac may activate sev-
eral cellular processes to adapt to osmotic stress and that
amino acids and ammonia are the major regulators of
osmotic balance through ion transport. Genes involved
in oxidation-reduction may reduce the production of
ROS that can damage all cellular components. At moder-
ately low salinity (16%o), cellular macromolecule biosyn-
thesis and carbohydrate metabolism are abundant. Such
activation of energy supply and cell differentiation pro-
cesses indicates that 16%o is a relatively suitable salinity.
At moderately high salinity (23 and 30%o), osmotic
agents, oxidation-reduction processes, and related regula-
tory networks of complex transcriptional regulation and
signal transduction pathways dominate to counteract the
salinity stress. Moreover, there are differences in the
mechanisms of salinity responses in oysters from different
geographical sites. Our findings provide a molecular basis
for our subsequent research on the culture of high
salinity—tolerant populations. Overall, our systematic
study provides a framework for understanding the inter-
actions of multiple pathways at the system level by which
oyster larvae respond to moderate levels of high-salinity
stress.
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