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Ruditapes philippinarum

Zhichao Zhang1,2, Jun Wang1,2, Zhongming Huo1,2,
Hongtao Nie1,2, Xiwu Yan1,2 and Jianfeng Ding1,2*

1College of Fisheries and Life Science, Dalian Ocean University, Dalian, China, 2Engineering Research
Center of Shellfish Culture and Breeding in Liaoning Province, Dalian Ocean University, Dalian, China
Cysteine sulfinate decarboxylase (CSAD) is a rate-limiting enzyme in taurine

biosynthesis. In this study, the structure and expression characteristics of the

RpCSAD gene in Ruditapes philippinarum were analyzed. The pyridoxal

phosphate (PLP)-dependent amino acid carboxylase structural domains and

catalytic active sites of six copies of RpCSAD were highly conserved. Tissue

expression analysis demonstrated that RpCSAD1 and RpCSAD3-6 was primarily

expressed in the mantle tissue, and RpCSAD2 in the water tube and gonad tissue.

After exposure to hyposalinity stress, the expression levels of RpCSADs were

found to be upregulated in all three shell-colored groups of clams. Remarkably,

there was a pronounced increase in the expression of RpCSAD1-6 observed

specifically in the zebra shell-color groups. These findings strongly suggest the

involvement of taurine metabolism in the response of zebra shell-color clams to

low salinity stress, thereby emphasizing its critical role in the adaptation

mechanisms. These findings could contribute to a better understanding the

mechanisms of osmotic stress tolerance in shellfish.

KEYWORDS

Ruditapes philippinarum, taurine, cysteine sulfinate decarboxylase, hyposalinity stress,
expression profile
Introduction

As tides, seasonal rainfall, evaporation, and terrestrial freshwater runoff can all lead to

periodic changes in the salinity of the intertidal environment, marine organisms inhabiting

the coastal intertidal zone must be able to adapt their physiological activities to changes in

salinity. Invertebrates such as shellfish living in the intertidal zone can adapt to fluctuations

in seawater salinity by altering the osmotic pressure of their internal environment (Yancey

et al., 1982; Gilles, 1987). Free amino acids, including alanine, glycine, proline, taurine, and
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glutamate, are involved in maintaining the osmotic pressure balance

of the cells (Allen and Garrett, 1972; Zurburg and De Zwaan, 1981).

Taurine is the most abundant free amino acid in bivalve shellfish

(Neufeld and Wright, 1995; Na et al., 2015; Zhu et al., 2018), and

plays an important role in processes such as resistance, growth, and

development. In oysters, taurine can increase the activity of the

mitochondrial electron transport system and increase the amount

of ATP synthesis under hyperosmotic stress, providing more energy

to cope with osmotic stress (Sokolov and Sokolova, 2019). It was

found that the mussel Mytilus galloprovincialis juveniles with a

larger gill surface area had higher filter feeding efficiency and grew

much faster than individuals with a smaller gill surface area (Prieto

et al., 2020). There exists a significant negative correlation between

the surface area of gill tissue and taurine content in the mussel M.

galloprovincialis (Babarro et al., 2011). Transcriptome analysis of

the pearl mussel Pinctada fucata also revealed significant differences

in the expression of cysteine sulfite decarboxylase between different

sizes of pearl mussel (Shi and He, 2014), Therefore, the synthesis of

taurine in shellfish may affect the efficiency of filter feeding by

influencing the surface area of the gills, and thus their growth

process. Haliotis rufescens needs to maintain a constant level of

taurine in its body from embryo to larvae before metamorphosis to

ensure normal development of the embryo (Jaeckle and Manahan,

1989).The level of taurine in the planktonic larval stage of the oyster

Crassostrea gigas assists it in adapting to dramatic changes in

environmental osmolarity during development (Welborn and

Manahan, 1995), confirming that taurine also plays an important

role in shellfish development similar to that of vertebrates.

Therefore, a better understanding of taurine metabolism in

shellfish will help to elucidate the mechanisms of growth,

development, and stress resistance in shellfish.

Taurine is mainly synthesized in shellfish from cysteine (Allen

and Garrett, 1972). There are two synthetic pathways involved in

this process. The first pathway converts cysteamine to taurine via

cysteamine dioxygenase ADO. The second pathway involves the

oxidation of cysteine to cysteine sulfite via cysteine dioxygenase

CDO. In this pathway, cysteine is oxidized to cysteine sulfinic acid

(CSA) by cysteine dioxygenase CDO, followed by decarboxylation

to taurine by cysteine sulfinic acid decarboxylase (CSAD), which is

the rate-limiting enzyme for taurine biosynthesis (Peck and

Awapara, 1967; Jacobsen and Smith, 1968). Taurine transport

protein (TAUT) is primarily involved in the cellular transport of

taurine (Tappaz, 2004). However, relatively little research has been

conducted on taurine synthase genes in shellfish, and only

cysteamine dioxygenase has been cloned in mussels (Nagasaki

et al., 2015). Recently, cysteamine dioxygenase CDO and cysteine

sulfinic acid decarboxylase (CSAD) have been cloned from the

deep-sea clam Phreagena okutanii (Kuroda et al., 2021).

Additionally, in the mussel Bathymodiolus septentrionalis,

cysteine dioxygenase CDO and cysteine sulfinic acid

decarboxylase (CSAD) have been cloned (Kuroda et al., 2021).

The taurine transporter protein (TAUT) found in the mussel B.

septemdierum, the oyster C. gigas, the hard-shell clam Meretrix
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lusoria, and the razor clam Sinonovacula constricta has been shown

to be involved in adaptation to changes in environmental osmolality

(Hosoi et al., 2007; Lin et al., 2016; Nakamura-Kusakabe et al., 2016;

Huang et al., 2021).

Manila clam, R. philippinarum, is one of the most extensively

cultivated bivalves along the Chinese coast. Our previous study on

the R. philippinarum genome identified several genes involved in

taurine synthesis and metabolism (Jian-feng et al., 2013; Dong-min

et al., 2017). In this study, we aim to identify the key enzyme gene

for taurine synthesis, RpCSAD, which is annotated in the genome

sequence, and elucidate the role of the RpCSAD gene in the low-salt

adaptation process of clams and investigate its contribution to the

development of stress tolerance in clams with different shell colors.
Materials and methods

Experimental animals

A total of 300 clams with intact and vigorous shells, measuring

(3.0 ± 0.5) cm in length, were temporarily reared for one week in a

flat-bottomed plastic tank containing 50 L of water maintained at a

temperature of (18.0 ± 0.5) °C and a salinity of 30 ppt. The water

was changed once daily, and Spirulina powder was fed to the clams

once in the morning and once in the evening.
Gene identification, structural and
evolutionary analysis

The identification of the RpCSAD gene was primarily based on

the genome data of the R. philippinarum (NCBI accession number

PRJNA479743) (Yan et al., 2019). The CSAD sequences obtained

from the clam genome annotation results were reconfirmed by the

online conserved region analysis tool CDD and the sequence

alignment tool BlastX on the NCBI website (https://

www.ncbi.nlm.nih.gov). Amino acid alignment of the putative

proteins was conducted using the Clustalx1.83 software.

Phylogenetic trees were constructed based on the neighbor-

joining method using MEGA 11.0 software. Amino acid

secondary structures were mapped using the online tool ESPript

3.0 (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).
Tissue expression analysis of the
RpCSAD gene

Four clams, each of the three shell-color group, were dissected

on ice trays. Tissues including the foot, mantle, gill, water tube,

digestive glands, gonads, and labial palps were carefully extracted

and snap-frozen in liquid nitrogen. These tissue samples were

subsequently stored at -80°C in a refrigerator for future tissue

expression analysis.
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Expression of the RpCSAD gene under low
salt stress in R. philippinarum

Sixty individuals from each shell-color group of clams, namely

orange, white, and zebra-shell color groups, were selected and

divided into two parallel groups, consisting of 30 individuals

each. The experimental control group was maintained at a

salinity of 30 ppt, while the low-salt treatment group was exposed

to a salinity of 14 ppt, which was determined to be the threshold

value that the clams could tolerate. Four individuals were randomly

selected from each treatment group at 0, 8, 16, 24, 48, 72, and 96

hours after treatment, and their water tube tissues were collected,

frozen in liquid nitrogen, and stored at -80°C for subsequent gene

expression analysis.
RNA extraction and reverse transcription

The total RNA extraction was performed using an RNA

extraction kit according to the manufacturer’s protocol(Tiangen,

Bejing, China). To assess the RNA integrity, 1.5% agarose gel

electrophoresis was performed. The quality of RNA was further

evaluated by measuring the A260/A280 ratio using a nucleic acid

analyzer(Bio-Rad, Hercules, CA, USA). Reverse transcription was

conducted using a reverse transcription kit(Takara, Dalian, China).
RT-qPCR assay

The gene expression assay was performed via RT-qPCR using

the Tubulin gene as an internal reference for analyzing the

expression of the RpCSAD gene. Primers were designed using

Primer 5.0 software (Premier Biosoft International, Palo Alto,

CA), and the specific primer sequences are presented in Table 1.

To calculate the relative gene expression, the 2-ddCt method was

utilized (Livak and Schmittgen, 2001).
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Data analysis

Gene expression data were analyzed using SPSS 20.0 software.

Tissue expression analysis was conducted with water tube tissue

expression as a reference, and salinity stress expression analysis was

performed using the expression of the 0h control as a reference. The

experimental results were expressed as mean ± standard deviation

(Means ± S.D.) and analyzed using one-way ANOVA with

Duncan’s method for multiple comparisons. The significance level

was set at 0.05.
Results

Structural characterization and
evolutionary analysis of the RpCSAD

Amino acid comparisons revealed that the putative RpCSAD

proteins exhibited 50.2% identity with other vertebrate and

invertebrate CSAD. Additionally, the identified RpCSAD proteins

all contained structural domains containing pyridoxal phosphate

(PLP)-dependent amino acid carboxylase and catalytic active

sites (Figure 1).
Phylogenetic analysis of the RpCSAD

The phylogenetic tree constructed using the CSAD gene

sequences of 18 species including mammals and mollusks

(Figure 2) showed that the CSAD of vertebrates and invertebrates

were clustered independently, and the CSAD of crustaceans and

shellfish were also clustered independently. The CSAD of the

shellfish was divided into two branches, and the RpCSAD1,

RpCSAD2, RpCSAD5 and RpCSAD6 of the Manila clam clustered

together, while RpCSAD3 and RpCSAD4 clustered in the other

branch of the mollusks.
Tissue expression analysis of the
RpCSAD mRNA

The expression of RpCSAD1 in different tissues was significantly

different (P < 0.05) with the highest expression in mantle tissue, the

lowest expression in gonad, labial palps and gill (Figure 3). The

expression of RpCSAD2 was significantly higher (P < 0.05) in water

tube and gonad tissue than in labial palps tissue, while the

expression of RpCSAD3, RpCSAD4, RpCSAD5 and RpCSAD6 was

highest (P<0.05) in mantle tissue, followed by water tube, foot,

gonad, labial palps, gill and digestive gland. In particular, the

expression of RpCSAD5 was highest (P < 0.05) in water tube

tissue, while the expression of RpCSAD6 was highest (P < 0.05) in

mantle tissue.
TABLE 1 Primers used for qRT-PCR.

Primer Sequence

RpCSAD1-F
RpCSAD1-R
RpCSAD2-F
Rp CSAD2-R
RpCSAD3-F
RpCSAD3-R
RpCSAD4–F
RpCSAD4-R
RpCSAD5-F
RpCSAD5-R
RpCSAD6-F
RpCSAD6-R
Tubulin-F
Tubulin-R

ACTGGCTGACAGACGCCTTG
CACCGCCGTCAAATCCAACG
TAGCGGGTACCTGGCTGACA
AGCATCACCACCGTCAAATCCA
GCCAGTGAAGACAGGCTGTTG
ACTGGAGTTGAGGGCCTCTGT
TGGAAGGCTCTCGGTGACGA
TGGTGCATTGAAATTCCGGCAAA
AGACGACCTGGAACGCCAGA
TGCAAGAGCGTCCAATGGGT
CCCAGCAATCAAGGCTGGTA
TCTCCTGCACCAGGAAATCCA
AAGCGTCTATGATTCTGG
GGTAAGGGCAAAGGTAT
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Expression of RpCSAD mRNA in three
shell-color groups of R. philippinarum
under low salt stress

Under low salt stress, the RpCSAD1 gene expression increased

significantly in the orange and zebra shell-color groups at 72h and

8h, respectively (P < 0.05), and decreased in the white shell-color

group with the lowest value observed at 48h (P < 0.05). The

RpCSAD2 gene expression was significantly higher in the orange

shell-color group at 24h and 48h (P < 0.05) with the highest value

observed at 72h (P < 0.05). The white and zebra shell-color groups
Frontiers in Marine Science 04
showed the highest expression at 96h (P<0.05). The RpCSAD3 gene

expression was significantly higher in the white shell-color group at

8h, 72h, and 96h (P < 0.05), while the orange and zebra shell-color

groups showed the highest expression at 24h and 16h, respectively

(P < 0.05). The RpCSAD4 gene expression was significantly higher

in the orange and white shell-color groups at 48h and 8h,

respectively (P < 0.05), and in the zebra shell-color group at 96h

(P<0.05). The RpCSAD5 gene expression was significantly higher in

the orange shell-color group at 8h (P < 0.05) and in the orange and

zebra shell-color groups at 24h and 16h, respectively (P < 0.05). The

RpCSAD6 gene expression was highest at 24h in both orange and
FIGURE 1

Multiple Comparison of RpCSAD Amino Acids in R. philippinarum Pyridoxal 5’-phosphate binding sites are marked with black triangles, Lysine
residues in the catalytically active site are marked with green quadrilateral symbols.
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zebra shell-color groups of clams (P < 0.05), and significantly higher

in the white shell-color group at 8h (P < 0.05) (Figure 4).
Discussion

In our study, a genome-wide analysis was conducted to identify

six RpCSAD genes in the clam genome. CSAD belongs to the type II

PLP-dependent amino acid decarboxylase carboxylase family

(Sandmeier et al., 1994). Structural domains, conserved motifs,
Frontiers in Marine Science 05
and amino acid structures of RpCSAD were highly conserved and

similar to CSAD proteins in human, rat, and oyster species.

Evolutionary analysis also supports this hypothesis by

demonstrating that RpCSAD in R. philippinarum has a closer

genetic distance to bivalves.

In the Pacific oyster C. gigas, CSAD was found to be highly

expressed in gonad, hemolymph, and adductor muscle tissues,

while lower expression was observed in gill tissues (Zhao et al.,

2017). Conversely, in the deep-sea mussel Bathymodiolus

septemdierum, CSAD gene expression was higher in the gill,
FIGURE 2

Phylogenetic analysis of the RpCSAD in R. philippinarum.
FIGURE 3

Tissue Expression of RpCSAD in R. philippinarum Different lowercase letters indicate that the expression of the same gene is significantly different in
different tissues (P<0.05).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1176006
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2023.1176006
followed by the gonad, foot, and mantle (Haga et al., 2015). In our

study, the expression of the clam RpCSAD gene was found to be

higher in the mantle and water tube tissues, which are in direct

contact with the external environment where osmotic pressure

varies. This suggests that RpCSAD plays an important role in

regulating osmotic pressure in clams.

Cysteine sulfonic acid decarboxylase (CSAD) plays a crucial

role in the hypersaline adaptation of certain shellfish. In juvenile S.

constricta, one copy was significantly up-regulated only under acute

high salt stress, while the remaining copies were significantly up-

regulated under both acute low and high salt stress (Ma et al., 2019).

In the oyster C. gigas, one copy of the CSAD gene was significantly

reduced under low salt stress and significantly increased under high

salt stress, while the other copy was significantly increased under

low salt stress conditions (Meng et al., 2013). In our study, six copies

of the RpCSAD gene also showed different patterns of expression

changes following low salt stress. This divergence in expression is a

possible sub-functionalization of genes following replication, as

confirmed in oyster genomic studies where stress response genes

are more likely to retain similar replication than all genes on average
Frontiers in Marine Science 06
and expression differences exist in homologues with highly similar

sequences (Zhang et al., 2012).

Intracellular taurine exhibits antioxidant properties by

diminishing superoxide production in the electron transport chain

and augmenting the efficacy of antioxidant enzymes (Shimada et al.,

2015). Shellfish frequently respond to sudden alterations in salinity by

closing their shells, resulting in transient insufficiency of oxygen

uptake and subsequent accumulation of electrons, which promotes

the formation of reactive oxygen species (ROS) (Storey, 1996). Studies

have preliminarily substantiated this process, revealing that a

reduction in salinity from 19.6‰ to 8‰ led to heightened ROS

levels in Anadara kagoshimensis hemolymphocytes, resulting in a

3.5-fold increase in ROS production (Kladchenko et al., 2021).

Similarly, low salt stress can induce increased ROS production in

abalone (Martello et al., 2000; Boamah et al., 2022). Furthermore, in

R. philippinarum, genes encoding antioxidant enzymes initially

demonstrate heightened expression followed by recovery after

exposure to hypoxic stress, signifying clams’ capacity to elevate

ROS production under hypoxic conditions (Dong-min et al., 2017).

Therefore, the observed upregulation of RpCSAD expression in clams
FIGURE 4

Relative expression of RpCSAD gene in three shell colors groups of R. philippinarum under low-salt stress Different lowercase letters indicate
significant differences between different shell colors at the same time; Different capital letters indicate significant differences between different time
points of the same shell color clam (P<0.05).
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during the brief period following hyposalinity stress in this study may

be ascribed to the compensatory effect of taurine depletion induced

by heightened ROS levels due to hypoxia. Prior studies have reported

varying levels of stress resistance among different shell-colored R.

philippinarum individuals under low salt stress conditions (Jian-feng

et al., 2013; Dong-min et al., 2017). Additionally, significant

differences in taurine content have been observed among oysters

and noble scallops with varying shell colors (Zhu et al., 2018; Tan

et al., 2019). Consequently, the observed variability in RpCSAD gene

expression among the three shell-colored groups of clams during low

salt stress could contribute to the differences in stress resistance

observed in R. philippinarum with varying shell colors. Nevertheless,

further experimental data are required to validate this hypothesis.
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