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Introduction: The razor clam, Sinonvacula constricta, one of the important
mariculture bivalves in China, has unique flavor and wide salinity adaptability.
The unique flavor mainly depends on the content of free amino acids and other
umami substances in vivo. However, the flavor divergence of razor clam caused
by the variable salinity breeding environment, while the mechanisms
remain unclear.

Methods: Here, the razor clams were cultured in high salinity (30 ppt) and normal
salinity (20 ppt) for eight weeks, and the effects of salinity on free amino acids and
related genes expression in S. constricta were investigated by transcriptomics
and metabolomics method.

Results: The results showed the free amino acid content under high salinity
environment was significantly higher than normal salinity environment through
the duration of the experiment (P < 0.05). The combination of transcriptomic and
metabolomic data also indicated that high salinity environment resulted in
enhanced metabolism of free amino acids. Furthermore, eight genes such as
RALDH2, ACOX1, ALDH-E2 were potentially important for enhancing free amino
acids metabolism under high salinity environment.

Discussion: This study preliminarily explained the regulation processes of high

salinity environment on the metabolism of free amino acids in razor clams,
providing a reference for the flavor regulation mechanism.
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1 Introduction

Salinity is an important environmental factor that influences the
biochemical and physiological status of aquatic animals (Chen et al.,
2014; Pourmozaffar et al,, 2019). Affected by the tide, ocean
currents, and seawater evaporation, salinity has a drastic
fluctuation in the near-shore, especially in the intertidal zone
(Huong et al., 2010; Johnson et al, 2011). During long-term
evolution, aquatic animals have developed appropriate self-
defense mechanisms to maintain an optimal metabolic state in
response to salinity fluctuations (Zhang et al, 2020). Previous
investigations have reported that alanine (Ala), glutamic acid
(Glu), proline (Pro), and several other free amino acids serve as
the primary osmolytes for isosmotic regulation in aquatic animals
(Abe et al., 2005)—for example, taurine (Tau) is the main cellular
osmo-effector in teleosts, accounting for 40%-50% of the osmolality
change (Vislie, 1983). Ala and Glu play important roles in the
process of long-term osmotic stress tolerance in the white shrimp
Litopenaeus vannamei (Hurtado et al., 2007). Moreover, bivalves
exhibit different osmoregulatory mechanisms in response to varying
salinity environments (Deaton, 2009; Larsen et al., 2014). Ala, Pro,
arginine (Arg) and Tau were found to play an important role in the
osmotic adaptation of the Eastern oyster Crassostrea virginica, and
their contents increase significantly in the process of high osmotic
acclimation, while these decrease in the process of low osmotic
condition (Hosoi et al., 2003). It is widely accepted that free amino
acids also contribute to the taste and flavor of bivalves (Shahidi and
Cadwallader, 1997; Ran et al., 2017). This suggests that salinity can
affect the flavor of bivalves by altering the content of free amino
acids. Indeed in Pacific oyster Crassostrea gigas, the content of free
amino acids significantly increased with increasing salinity (Chen
et al.,, 2022a; Chen et al., 2022b).

The razor clam, Sinonovacula constricta, is a typically intertidal
and estuarine species that periodically experiences extreme salinity
stress due to intense tidal fluctuation. It can tolerate a broad range
of salinities ranging from 5 to 30 ppt (Ran et al., 2017). Razor clams
are widely distributed along the coastlines of China, Japan, and
South Korea (Jiang et al., 2010). In recent years, the breeding scale
of razor clams in the high-salinity sea area of northern China has
been expanding (FAO, 2022). S. constricta exhibited enhanced
umami and flavor in these areas, which was attributed to changes
in umami substances such as amino acids and lipids caused by
increased salinity (Ran et al., 2017; Li et al., 2021). However, the
specific regulatory mechanisms and the effects of medium- and
long-term high-salinity environments on free amino acid content
remain unclear.

RNA-seq data contain detailed information on the noncoding
RNA portion of the total RNA, making it a useful tool for
examining complex biological regulatory mechanisms (Vailati-
Riboni et al., 2017). Currently, the transcriptome of various
marine bivalves has been sequenced, providing a foundation for
comprehending the adaptive mechanism of marine invertebrates
under environmental stress (Lockwood and Somero, 2011; Xiao
et al,, 2018; Liu et al.,, 2019; Kong et al., 2022; Lv et al.,, 2022).
However, the transcriptome sequence cannot provide information
on metabolite levels (Li et al., 2021). Metabolomics is the science
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that studies all chemical processes involving metabolites. It can
quantify metabolites in organisms and reveal their responses to
external environmental factors (Vailati-Riboni et al., 2017).
Through the integrative analysis of both types of data, a more
comprehensive understanding can be gained regarding the key
regulatory genes involved in environmental stress. In the present
study, we employed transcriptomic analysis in conjunction with
ultrahigh performance liquid chromatography-mass spectrometry
(UHPLC-MS)-based metabolomics to investigate the mechanisms
of free amino acid metabolism in razor clams under elevated salinity
conditions and identify the key metabolic regulatory genes.

2 Materials and methods
2.1 Salinity challenge and sample collection

The healthy razor clams (wet weight 4.53 + 0.34 g; shell length
38.15 + 0.99 mm) were collected from an aquafarm in Ninghai
(Ningbo, China). The clams were acclimated in a holding tank for 7
days before being exposed to salinity. The salinity was increased
from 20 to 30 ppt at a rate of 2 ppt/day.

A total of 720 razor clams were divided into two groups, with a
salinity value of 20 ppt (S20, control group) and 30 ppt (S30, high-
salinity group) in the experimental exposure, and each group
underwent three separate tests. Each separate test was performed
in a 500-L tank. The desired seawater salinity was obtained by
mixing seawater with sea salt or freshwater. The water was changed
once a day, and the mixed living microalgae of Chaetoceros
calcitrans and Chlorella vulgaris were fed twice a day. The foot
muscles of six individuals were randomly sampled in the second
and eighth weeks for each group, frozen immediately in liquid
nitrogen, and then stored at -80°C.

2.2 Determination of free amino
acid content

The free amino acid content was determined by a Hitachi L-
8800 automatic amino acid analyzer (Hitachi, Tokyo, Japan).
Briefly, the lyophilized powder samples (0.1 g) were hydrolyzed
with 5 mL of HCI (0.01 mol/L) for 30 min, centrifuged, mixed with
8% sulfosalicylic acid for 12 h, and diluted with 0.02 mol/L HCL
Then, the hydrolysates were filtered through a membrane filter
(0.22 pm) and the filtered hydrolysates were applied to the amino
acid analyzer to determine the amino acid contents, which were
expressed as dry weight (mg/g).

2.3 RNA extraction, library construction,
sequencing and data analysis

The total RNA of the foot muscle tissue was extracted by using
Trizol reagent (TaKaRa, Japan), and the integrity was assessed using
the RNA Nano 6000 Assay kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA). A total of 24 libraries (six
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individuals were taken from each sampling point in the control and
treatment groups) were generated by using NEBNext® Ultra'™
RNA Library Prep kit for llumina® (NEB, USA). Then, the library
fragments were purified and PCR was performed. Lastly, the PCR
products were purified and library quality was assessed on the
Agilent Bioanalyzer 2100 system.

The reads with low quality were removed to obtain clean data, and
their Q20, Q30, and GC contents were calculated, and analysis was
performed based on these data. After that, the index of the reference
genome was constructed for comparison using HISAT2 v2.0.5. The
mapped reads of each sample were assembled by using StringTie
(v1.3.3b) in a reference-based approach (Pertea et al., 2015). Feature
Counts v1.5.0-p3 was used to count the reads numbers mapped to each
gene, and then the expected number of fragments per kilobase of
transcript per million fragments mapped (FPKM) base pairs sequenced
of each gene was calculated based on the length of the gene and reads
count mapped to this gene. DESeq2 software was used to analyze the
differential expression between the two comparison combinations. The
resulting P-values were adjusted using Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with an
adjusted P-value <0.05 as found by DESeq2 were assigned as
differentially expressed. The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
of differentially expressed genes (DEGs) was performed using cluster
Profiler software.

2.4 Validation of DEGs by qRT-PCR

To verify the accuracy of the RNA-seq results, we selected eight
DEGs under the highly affected pathways at high salinity conditions
for qRT-PCR. The primers were designed with Primer3 software
(Table 1), and 18S rRNA was used as the reference gene for
validating the relative expression profiling of the selected DEGs
(Kong et al., 2022). The synthesis of cDNA was performed using a
PrimeScript® RT reagent kit with gDNA Eraser (TaKaRa, Japan).

The total qRT-PCR reaction contained 500 ng of cDNA, 6.8 UL
of RNase-free water, 10 UL of 2 x TB Green® Premix Ex TaqTM 11
(TaKaRa, Japan), and 0.8 UL of each forward and reverse gene-
specific primer (10 mM). The cycling parameters included an initial
denaturation step at 95°C for 30 s, followed by 35 cycles at 95°C for
5sand 55°C for 30 s. The relative expression levels of the genes were
calculated by using 24T (Livak and Schmittgen, 2001).

2.5 LC-MS metabolomic data analysis

The foot muscle tissues (100 mg) were individually ground with
liquid nitrogen, and the homogenate was resuspended with prechilled
80% methanol by well vortex. The samples were incubated on ice for 5
min and then were centrifuged at 15,000 g (4°C for 20 min). A portion
of the supernatant was diluted to a final concentration containing 53%
methanol by using LC-MS-grade water. The samples were
subsequently transferred to a fresh Eppendorf tube and then were
centrifuged at 15,000 g (4°C for 20 min). Finally, the supernatant was
injected into the LC-MS/MS system analysis.
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TABLE 1 Primer sequences for the genes used in the gqRT-PCR.

Gene

Description
name escriptio

Primer sequence 5'-3’
E-
TCCCAACAGTTAACCCGGCA

R-
TCTTGCTGGCGTCCATCAGT

RALDH 2 | Retinal dehydrogenase 2

F-
Methionine adenosyl TGGTGACTGGTGCATCTGGT
transferase 2 subunit beta R-
TGTCAGGTCGCACTGTGTCA

MAT2B

F

O-acetyl serine (thiol)- AGAAGAAAGGTCTGCGGCCA

lyase 1 R-
TATTGGCGCCCCCTTCATGT

OAS-TLI

F-

Peroxisomal acyl-coenzyme AGGACGAAAGCTTGGCGACA

A oxidase 1 R-
TGCCATCCCTGGTCACCATT

ACOX1

F-

TGTCGCCTGTGCTATTGGGT

aminotransferase 2 R-
GGGCATCTCCGATCACTTCAA

AGT2 Alanine-glyoxylate

F-
AGACAAGCAGGTCGCCAGTT
R-

TGATGGGTGCTTTGGCTCGA

GS Glutamine synthetase

F-

ATGCCTTGCTGCACTGGAGA

Cys-3 Cystathionine gamma-lyase

TGTGCTGGCCTGACGGAATA

F-
AAGCGTGTGAGCCTGGAGTT
R-

AGTACAACACTGGCCGTGGT

ALDH-E2 ALDH class 2

The metabolites obtained from the LC-MS analysis were
identified by mapping against the KEGG database, the HMDB
database, and the LIPID Maps database for annotation. The
transformation of the metabolomics data, principal component
analysis (PCA), and partial least squares discriminant analysis
(PLS-DA) were conducted by using the software metaX to obtain
the VIP values for each metabolite (Wen et al., 2017). The P-value
and FC-value were calculated for each metabolite between the two
groups based on a t-test. The default criteria for differentially
accumulated metabolite (DAM) screening were VIP >1, P-value
<0.05, and FC 22 or FC <0.5. Correlation plots were prepared by
using the Corr plot package in R language.

2.6 Integrated analysis of transcriptome
and metabolome

Pearson product-moment correlation coefficient tests were
used to calculate the correlation coefficient between DEGs and
DAM:s associated with free amino acid metabolism pathways in a
high-salinity environment. The transcriptomic and metabolomic
datasets were integrated based on the metabolic pathway
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information obtained from the KEGG pathway mapping. The
combined analysis of the S20 and S30 groups was performed
using DEGs (FDR < 0.05 and [log2FC| > 1) and SDMs (VIP > 1
and P < 0.05). Furthermore, the DEGs and DAMs in the high
salinity and control groups were mapped to the KEGG database to
obtain a common pathway to propose the regulatory network of free
amino acid metabolism pathways for S. constricta based on the
upregulation and downregulation of genes and metabolites.

3 Results

3.1 Effect of salinity on the free amino acid
content of S. constricta

The 17 free amino acid contents in the foot muscle of the razor
clam were determined under medium- and long-term high-salinity
environments using the hydrochloric acid hydrolysis method (Table 2).
In the S20 group, the total free amino acids (TOFAA) contents in razor
clams ranged from 57.87 to 64.25 mg/g (Table 2). Aspartic acid (Asp),
serine (Ser), Glu, glycine (Gly), Ala, and Pro were the flavor amino
acids (FAA), accounting for 51.74%-60.39% of the full content
(Table 2). The exposure to high salinity increased the concentration

10.3389/fmars.2024.1368952

of TOFAA and FAA (Figures 1A, B). As shown in Table 2, the TOFAA
content in the muscle exposed to a high-salinity environment showed
an increase of approximately 40.70% and 43.04% in the second and
eighth weeks compared with the control group, while the FAA content
showed an increase of approximately 100.74% and 76.77%. The
contents of Glu (P < 0.05), Ala (P < 0.001), threonine (Thr) (P <
0.001), and Ser (P < 0.01) in the S30 group were significantly increased
compared to the S20 group throughout the entire trial, while the
contents of Ile and Tyr showed a significant increase in the second
week but not in the eighth week (Figures 1C, D). Ala was the dominant
free amino acid, accounting for 37.67%-38.62% (S20) and 51.96%-
61.74% (S30) of the total content, respectively (Table 2). Its content in
the high-salinity group increased most significantly compared to the
control group (Figure 1), implying its important role in the osmotic
adjustment of the razor clam.

3.2 Transcriptome-based identification of
DEGs in S. constricta after
salinity treatment

A total of 165.14 Gb clean bases were obtained by RNA-seq. In
the second week, 2,014 genes were found to have differential

TABLE 2 Content of free amino acids of S. constricta at different salinities and time.

Free amino acids (mg/qg)

Tau 6.79 + 1.12a 558 + 1.74a 7.36 + 1.93a 6.37 + 2.69a
Aspa 0.02 + 0.04a 0.08 + 0.06a 0.07 + 0.05a 0.14 £ 0.17a
Thr 0.63 + 0.16¢ 1.54 + 0.36ab 0.60 + 0.20c 1.02 + 0.26a
Ser" 1.29 £ 0.22¢ 2.36 + 0.57ab 1.75 + 0.79bc 3.12 £ 0.92a
Glu* 3.02 + 0.38b 4.04 £ 1.03a 2.78 + 0.44b 3.48 + 0.53ab
Glya 3.50 + 0.86¢ 5.55 + 2.19bc 7.62 * 1.59ab 10.63 £ 5.02a
Ala® 24.20 + 2.50c 55.81 £ 9.34a 22.35 £ 3.90c 43.01 + 7.34b
Val 2.32 +0.31a 1.65 + 0.34b 0.97 + 0.28¢c 1.37 £ 0.18b
Met 0.62 + 0.18a 0.38 + 0.13b 0.25 + 0.16bc 0.17 + 0.15¢
1 0.17 + 0.08b 0.39 £ 0.11a 0.22 + 0.08b 0.23 + 0.03b
e
Ph 0.28 + 0.12b 0.31 + 0.40b 1.17 £ 0.87a 1.02 £ 0.58a
e
L 1.73 £ 0.56a 0.66 + 0.28b 0.41 + 0.55b 0.27 + 0.06b
eu
Tyr 0.98 + 0.17¢ 3.32 + 1.06a 2.30 + 0.59b 1.83 + 0.4b
Lys 1.08 + 0.19ab 1.23 £0.18a 0.94 + 0.26b 0.86 + 0.21b
i 12.48 + 3.32a 1.12 £ 0.29b 2.10 + 4.86b 0.96 + 0.24b
is
Arg 3.92 + 0.83b 5.28 + 1.52ab 6.59 + 1.95a 6.91 + 1.55a
Pro* 122 £ 0.27a 1.09 + 0.56ab 0.38 + 0.46a 1.4 £ 0.94a
FAA 33.24 £ 3.07b 68.94 + 12.29a 34.95 + 4.63b 61.78 + 8.31a
TOFAA 64.25 £ 5.92b 90.4 + 16.18a 57.87 £ 8.29b 82.78 + 11.99a

Data are expressed as mean + SE (n = 6). Statistically significant differences are expressed with different letters (P < 0.05), while no differences were expressed using the same letter.

“Flavor amino acid.
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expression, with 706 genes upregulated and 1,308 genes
downregulated. In the eighth week, the total number of DEGs
increased to 2,371, with 1,405 upregulated and 966 downregulated.
To validate the precision levels of DEGs obtained from
transcriptome data, the expression levels of eight DEGs in the
amino acid metabolism pathway were measured by the qRT-PCR
method. The expression pattern of these DEGs detected by using
qRT-PCR was highly similar to that identified by RNA-seq
(Figures 2A, B).

To evaluate the significance of the DEGs, all DEGs identified in
muscle tissues in the second and eighth weeks were assigned GO
terms. In the GO analysis of DEGs, there were significant
enrichment items under the P-value <0.05 in the second and
eighth weeks, which were classified into biological process (BP),
cellular component (CC), or molecular function (MF) groups
(Supplementary Figure S1). The MF category had the largest
number of DEGs in the second week, while the CC category had
the largest number of DEGs in the eighth week. To further evaluate
the effect of salinity on biochemical pathways, DEGs were mapped
using the KEGG database (Supplementary Figure S2). In the second
week, some DEGs were involved in base excision repair,
biosynthesis of amino acids, and glycolysis/gluconeogenesis. In
the eighth week, DEGs were involved in the ribosome,
phagosome, fructose, and mannose metabolism. The activation of
the amino acid synthesis pathway indicated that de novo synthesis
was the main source of the increased amino acid content in S.
constricta under a high-salinity environment.

According to NR annotation, many DEGs were found to be
associated with amino acid metabolic pathways, including
RALDH?2, GS, OAS-TL1, ACOX1, etc. In the second week, OAS-
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TL1 (P < 0.05), GS (P < 0.001), and Cys-3 (P < 0.001) were
significantly upregulated, while ALDH-E2 was significantly
downregulated (P < 0.001). Additionally, in the eighth week, GS
was significantly upregulated (P < 0.001), and ALDH-E2 was
significantly downregulated (P < 0.01) (Figures 2C, D). In the
biosynthesis of amino acid pathways, MAT2B, OAS-TLI, Cys-3,
and other genes were significantly upregulated, indicating that the
whole pathway was activated in a high-salinity environment. These
results suggest that these genes may facilitate the acclimation of
razor clams to high salinity conditions.

3.3 Salinity-induced metabolomics profile

A total of 865 positive and 384 negative ion mode metabolites
were identified by using the LC-MS technique in the experimental
razor clam. The PCA and PLS-DA analyses revealed significant
differences in the metabolite profiles of the clams between the two
salinity groups, and the negative and positive electrospray
ionization (ESI) (ESI+ and ESI-) modes are shown in Figures 3A,
B, respectively.

The result was visualized using a clustered heat map, which
exhibits differences in metabolite concentrations between the S20
and S30 groups at two different time points (Figure 4). A total of 223
metabolites were found to be differentially accumulated (P < 0.05
and VIP > 1) in the S30 group compared with the S20 group in the
second week, while 203 metabolites were found in the eighth week.
Among these metabolites, most of them were classified as amino
acids and carbohydrates, such as phenylalanine, alanine, and o-D-
glucose-1, 6-bisphosphate. The KEGG analysis identified 20
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pathways based on both the -In (P-value) and pathway impact
scores for significantly different metabolites. In the second week, the
most relevant metabolic pathways were tryptophan metabolism and
mannose metabolism pathways, while fatty acid biosynthesis,
oxidative phosphorylation, and arachidonic acid metabolism were
the most relevant pathways in the eighth week.

3.4 Integrated analysis of metabolomics
and transcriptomics

The KEGG analysis of the aggregated genes and metabolites
data identified 25 pathways in the second week, including 23
metabolites and 56 genes. Among these pathways, eight were
found to be involved in amino acid metabolism, such as Ile, Arg,
and Ala metabolism (Table 3). Notably, Ala was significantly
accumulated as an intermediate metabolite of the biosynthesis of
amino acid pathways. In the eighth week, a total of 27 pathways
were identified, including 21 metabolites and 74 genes, and seven
pathways were involved in amino acid metabolism, such as the
metabolism of Tyr, Ala, and Asp (Table 3). Therefore, exposure to a
high-salinity environment may significantly affect amino acid
metabolism in razor clams.

4 Discussion

Intracellular free amino acids have been shown to play a
dominant role in regulating osmolality and cell volume in marine
animals (McNamara et al., 2004; Rivera-Ingraham and Lignot,
2017; Pourmozaffar et al, 2019). Studies have shown that free
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amino acids contribute 10%-20% to intracellular osmolarities in
some crustaceans, with Gly, Pro, Tau, and Ala being the most
common osmolytes (Lynch and Wood, 1966; McNamara et al.,
2004; Rivera-Ingraham and Lignot, 2017; Koyama et al., 2018). The
osmotic effect of free amino acids is more important in bivalves as it
contributes 20%-30% to intracellular osmolarities, and differences
in osmoregulatory free amino acids are observed among species
(Huo et al,, 2014; Pourmozaftar et al., 2019). For example, one of the
most essential osmoregulatory substances in the mussel Mya
arenaria was Gly, while the main osmoregulatory amino acid in
Baltic clam Macoma balthica was Ala (Song et al., 2023). In the
present research, the free amino acid content in S. constricta was
significantly increased under a high-salinity environment
(P < 0.05), especially Ala, implying that Ala may be the most
important amino acid osmolyte in the osmoregulation of S.
constricta. In addition, Ala is an important flavoring substance
(Abe et al., 2005; Fiirst, 2009), and the increased levels of Ala
resulting from high salinity are mainly responsible for the greater
popularity among consumers of shellfish cultured in high-salinity
environments (Ran et al., 2017). All these results showed that not
only is Ala an important osmotic regulator but it also plays a vital
role in contributing to the better flavor of S. constricta.

There are two basic mechanisms by which the quantities of free
amino acids in the tissues are varied for purposes of intracellular
isosmotic regulation (Shinji et al, 2012). The first mechanism
suggests that the biosynthesis of free amino acids plays a leading
role in providing the necessary amino acids for osmotic regulation
as there is a significant increase in demand for amino acids during
this process (Hosoi et al., 2003; Song et al., 2023). An alternative
mechanism suggests that de novo synthesis plays only a limited role
in supplying the free amino acids involved in osmotic regulation,
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groups. pos, ESI+ mode; neg, ESI- mode.

while protein decomposition in tissues remains the main source of
increased free amino acid content (Shinji et al., 2012). The
transcriptomics data showed that the synthesis pathway of free
amino acids was significantly affected in the high-salinity
environment, while the protein decomposition pathway was not
significantly enriched. Similar findings were observed for the S.
constricta and oysters Crassostrea brasiliana (Zacchi et al., 2017; Li
et al,, 2021), which support the first mechanism by showing that
salinity stress accelerated the biosynthesis of amino acids. These
results indicate that the primary mechanism of osmotic stress
leading to an increase in free amino acid content in bivalves is
the accelerated synthesis of free amino acids.

The combined analysis of omics data revealed that many DEGs
were significantly enriched in the amino acid metabolism pathway
under high salinity, such as ACOX1, RALDH2, and ALDH-E2 in the 3
alanine metabolism pathway. Previous studies have reported that
salinity stress activated the expression of genes related to amino acid

Frontiers in Marine Science

metabolic pathways, such as ATPGD, CSAD, and P5CS, in response to
changes in osmotic status and adaption to osmotic stress conditions in
the Manila clam Ruditapes philippinarum (Nie et al., 2017). Similarly,
in S. constricta, the changes in the expression of these genes at high
salinity occur because free amino acids play important roles in
regulating osmotic pressure in razor clams (Cao et al,, 2023). ACOX1
is an important gene in the development and nutritional regulation of
aquatic animals (Morais et al., 2007), which regulates the conversion
process between propionyl-COA and acrylyl-COA, thereby affecting
the synthesis of Ala (Oaxaca-Castillo et al., 2007). While RALDH2 and
ALDH-E2 have an Aldedh domain and belong to the aldehyde
dehydrogenase (ALDH) family, this family of dehydrogenases acts on
aldehyde substrates (Fleischman, 2012). ALDH is an enzyme that
participates in important cellular mechanisms such as aldehyde
detoxification and retinoic acid synthesis (Toledo-Guzman et al,
2019). It can accelerate the synthesis of B-alanine from B-amino
propionaldehyde (Jakoby, 1963). We observed an increase in the
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Heat map analysis of the metabolites with concentrations that differed between the S20 and S30 groups. pos, ESI+ mode; neg, ESI- mode.
(A, B) From the second week and (C, D) from the eighth week. (a) Metabolites with elevated concentrations, (b) metabolites with decreased
concentrations. The color denotes the relative abundance of each metabolite, going from less (blue) to more (red).

TABLE 3 Aggregated metabolites and genes in the KEGG pathway in the second and eighth weeks.

2" week 8" week
Description Metabolites Description Metabolites
RALDH2, . .
Valine, leucine, and Acetoacetate, Arginine Fumaric acid,
) . i o MCCCbeat, ) ) o GS
isoleucine degradation 3-methyl-2-oxobutanoic acid AGXT? biosynthesis Nacetylornithine
RALDH2, T i
Lysine degradation Acetoacetate SUV3OH2 myert(;:)l(r)lleism Fumaric acid FAHDI
D-sedoheptulose 7-phosphate,
D-erythrose 4-phosphate,
D et aron
Nice };ornitlhin)e OAS-TL1, TIM, Alanine, aspartate,
Biosynthesis of v T SHMT, RPE, and .
. i Lcystathionine, Fumaric acid GS, Gadl
amino acids . ENO4, CHAI, glutamate
Sadenosylmethionine, .
L IDH3G, Cys- metabolism
3-methyl-2-oxobutanoic acid,
. 3, AGXT2
L-histidine,
Sadenosyl-L-methionine
. Glycine, serine,
Serotonin, and L-Cystathionine,
Tryptophan metabolism N-formyl kynurenine indole, RALDH2, KFA . A K ? CTH, GRHPR
L-kynurenine threonine L-threonine
metabolism
L-cystathioni MAT2B,
- ionine,
Cysteine and N :ZZ:OS (l)metehionine OAS-TLL, Tryptophan Serotonin KYNU,
methionine metabolism t S AGXT2, M1Pi, metabolism ALDH-E2
S-adenosyl-L-methionine
Dnmtl, Cys-3
(Continued)
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TABLE 3 Continued

2™ week

Description Metabolites

10.3389/fmars.2024.1368952

RALDH2,
ACOX1

Pantothenic acid,

Beta-alanine metabolism
L-histidine

Arginine and S-adenosylmethionine,
Dproline,
proline metabolism proiine o
S-adenosyl-L-methionine

RALDH2, P4HA

8™ week
Description Metabolites
Bet CNDP2,
ali:'ne metabolism Pantothenic acid Gadl,
! ! ALDH-E2

. . N-acetylornithine, CTH, GS,
B h f

1osynthesis o L-cystathionine, MAT2B,
amino acids i

L-threonine ENO2, IDH

Histidine metabolism L-histidine RALDH?2

expression of RALDH?, while the expression of ACOXI and ALDH-E2
decreased in the S30 group. Additionally, there was a significant change
in Ala content. These results suggest that this regulation has a
significant importance for Ala synthesis. Therefore, we believe that
the razor clam can enhance the metabolism of free amino acids by
altering the expression of genes involved in free amino acid
biosynthesis to maintain osmotic pressure balance.

5 Conclusion

In conclusion, this study aimed to investigate the internal regulatory
mechanism of free amino acids under a high-salinity environment in S.
constricta through transcriptomic and metabolomic analyses. The
results showed that free amino acids (particularly, alanine) have a
significant effect on acclimation to a high-salinity environment.
Exposing the farmed S. constricta to a high-salinity environment for a
medium length of time would be an effective strategy to achieve its
unique flavor and delightful taste. The integrated transcriptomic and
metabolomic analyses revealed that hyperosmolality disturbed the
metabolic processes in razor clams, affecting the levels of amino acids
and some intermediate metabolites. We identified RALDH2, ACOX1,
and ALDH-E?2 involved in beta-alanine metabolism, and MAT2B, OAS-
TLI, Cys-3, and AGXT2 involved in the biosynthesis of amino acids, and
GS to be involved in alanine, aspartate, and glutamate metabolism.
These genes potentially play a significant role in regulating the flavor of
S. constricta.
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SUPPLEMENTARY FIGURE 1

Gene Ontology analysis of differentially expressed genes (DEGs). The
numbers represent the count of DEGs that have been enriched. (A) From
the second week and (B) from the eighth week.
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