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Ammonia nitrogen is a common toxic substance in the aquatic system, which seriously
threatens the survival and growth of clams. However, less is known about the ammonia
metabolism and detoxification strategy in razor clam. In this study, the polymorphism
of the Glutamine synthetase gene from Sinonovacula constricta (Sc-GS) was found to
be related to ammonia tolerance. By comparing the coding sequence (CDS) region
of Sc-GS from two geographical populations, a total of 14 and 12 single nucleotide
polymorphisms (SNPs) were identified, respectively, of which 10 loci were shared
between the two populations. Among them, the locus c.1133T > G exhibited an
extremely significant and strong association with ammonia tolerance in both populations
(P < 0.01), and it was missense mutation, which led to the amino acid change
from leucine (Leu) to arginine (Arg). Furthermore, the results about H&E staining and
immunohistochemistry of Sc-GS protein in gills and hepatopancreas revealed that it
was specifically localized in the lateral cilia of gill filaments and the endothelial cells
of hepatocytes. After inhibiting the Sc-GS expression by RNA interference (RNAi)
technology, the transcript levels of Sc-GS were extremely significantly downregulated
at 24, 48, 72, and 96 h (P < 0.01) in the hepatopancreas. Taken together, these
results indicated that the Sc-GS gene may participate in ammonia metabolism. In
addition, these results will help to demonstrate the role of Sc-GS in ammonia nitrogen
metabolism and provide markers related to ammonia nitrogen tolerance for molecular
marker-assisted selection (MAS) of the razor clam.

Keywords: Sinonovacula constricta, ammonia tolerance, Glutamine synthetase, SNP, immunohistochemistry,
RNAi

INTRODUCTION

As we all know, the bivalve aquaculture industry is one of the fastest-growing global food sectors,
and 89% of bivalves produced all over the world are from aquaculture (FAO, 2020). At present,
mollusk aquaculture has accounted for 70% (20 million tons) of the total production of aquatic
animals (FAO, 2020). The razor clam Sinonovacula constricta, which is an economically and
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ecologically important marine bivalve, with an annual output
of 860,265 tons in 2020 (The Ministry of Agriculture and
Fishery of the People’s Republic of China, 2021), was mainly
polycultured with shrimps, crabs, and fish in Zhejiang and Fujian
provinces of China (Li et al., 2015). Under a high-intensive
cultivation situation, clams were threatened by various complex
contaminants, such as nitrite and ammonia, which were typically
important toxicity effectors in aquaculture systems (Cheng et al.,
2019). S. constricta, as a benthic bivalve, often lives in mudflats
or under 30 ∼ 40 cm of mud in ponds (Frankic and Hershner,
2003), they tend to experience more severe ammonia stress than
other aquatic organisms (Zhang et al., 2020). Although it has been
demonstrated that mollusks have a high tolerance to ammonia
nitrogen (Widman et al., 2008), there are few reports on their
detoxification mechanism of ammonia.

Ammonia exists in seawater with two different forms: NH4
+

(ionized form) and NH3 (unionized form) (Francis-Floyd et al.,
2009), of which NH3 (ammonia nitrogen) is toxic to the health
of aquatic organisms because it can easily diffuse across the
cell membrane (Randall and Tsui, 2002). In addition, ammonia
is a primary environmental factor that can rapidly increase
the mortality rate in the aquaculture industry and often brings
serious economic losses to the aquatic cultivation industry
(Schock et al., 2013). The high-concentration ammonia can reach
a lethal effect on most aquatic animals, especially for invertebrates
such as Manila clam Ruditapes philippinarum (Cong et al., 2017),
Pacific white shrimp Litopenaeus vannamei (Zhang L. et al.,
2018), and giant river prawn Macrobrachium rosenbergii (Dong
et al., 2020). In addition, the different tissues from the same
species differently respond to ammonia stress. For instance,
it has been reported that ammonia level was higher in the
hepatopancreases and gills than hemolymph and muscle when
black tiger prawn Penaeus monodon was exposed to 0.718 mM
ammonia (Chen and Chen, 2000). Similarly, the ammonia
contents in the liver of swamp eel (Monopterus albus) had
the highest levels under the 0.75 mM ammonia exposure (Ip
et al., 2004). Furthermore, accumulating evidence has shown
that their gills suffered significant physiological and histological
damage when mollusk was exposed to toxic substances (e.g.,
the concentration of pH or ammonia exceeds the normal level)
(Saravana and Geraldine, 2000; Henry et al., 2012). Accordingly,
the lesion degree of the liver and gill is often used to assess
the toxicity degree of harmful substances of aquatic animals
(Mishra and Mohanty, 2008). In recent years, it has been
reported the protein localization of genes related to ammonia-
nitrogen excretion (Bucking et al., 2013; Boo et al., 2018; Sunga
et al., 2020). However, at present, less is known about the
protein localization of genes related to ammonia metabolism
in the gill and hepatopancreas of benthic mollusk exposed
to high ammonia.

Previous studies found that the synthesis of glutamine (Gln)
was one of the most critical strategies to defend against ammonia
toxicity, which was adopted by many invertebrates and vertebrate
organisms, such as yellow catfish Pelteobagrus fulvidraco (Li
et al., 2016), sea cucumber Apostichopus japonicus (Wang et al.,
2014), swimming crab Portunus trituberculatus (Si et al., 2018),
and L. vannamei (Qiu et al., 2018). Non-toxic Gln can be

stored in the body and is used for other anabolic processes
(Zhang et al., 2020). Gln was composed of glutamate (Glu)
and ammonium (NH4

+), which was catalyzed by Glutamine
synthetase (GS) (Tok et al., 2011). GS was a multifunctional
enzyme in nitrogen metabolism, which was a gateway to the
conversion of inorganic nitrogen into organic nitrogen (Ding
et al., 2018). However, few studies focus on the role of the GS gene
on ammonia detoxification metabolism in mollusks. Zhang et al.
(2020) found that the mRNA and protein expression levels of the
GS gene from S. constricta (Sc-GS) were significantly increased
under ammonia challenge (P < 0.05), which were higher in
gills and hepatopancreases than foot, mantle, adductor muscle
and haemocytes. Therefore, the Sc-GS gene was considered as
the main object of the study, and its correlation with ammonia
tolerance was analyzed by probing its gene polymorphism in
two typical geographical populations of S. constricta. In addition,
we tried to explore the histocellular localization and function of
Sc-GS protein in response to ammonia nitrogen stress. Then,
we identified the mRNA expression levels of Sc-GS at different
times after RNA interference (RNAi) technology. These results
provide a basis for screening the candidate genes of ammonia-
nitrogen tolerance and for studying the molecular mechanism of
ammonia-nitrogen metabolism regulation.

MATERIALS AND METHODS

Ethics Statement
The razor clams used in this study were from the Genetic
Breeding Research Center of Zhejiang Wanli University,
China, and all experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Zhejiang Wanli University, China.

Sample Collection and Challenge
Experiments
Two geographical populations of the razor clam S. constricta
(shell length = 51.49 ± 4.32 mm, wet weight = 7.58 ± 1.45 g),
consisting of 3,000 individuals at the age of 1 year, were
sampled from Zhejiang (ZJ) and Fujian (FJ) provinces in China,
respectively. Then, these clams were used for single nucleotide
polymorphism (SNP) analysis, H&E, and immunohistochemistry
test of the Sc-GS gene. All the clams were maintained in a 500-
L recirculating seawater tank with a temperature of 23.5◦C and
a salinity of 20 with aeration for 3 days before experimentation
and were fed with golden-brown algae two times per day.
Before the ammonia stress experiment, 6 healthy clams were
selected from the ZJ population for histological morphology
study. During the ammonia challenge experiment, 2,400 clams
from each population were randomly divided into 6 tanks
(500 L), 3 control groups (CGs), and 3 ammonia stress groups
(AGs). The CGs were filled with natural seawater, and the
stress concentrations of ammonia in AGs were 180 mg/L (actual
concentration = 174.00 ± 5.81 mg/L, the corresponding NH3
concentrations was 7.23 ± 0.17 mg/L, according to the 96-h
LC50 values of the study by Zhang et al., 2020). The ammonia
concentration was adjusted by diluting 1,000 mg/L total ammonia
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stock solution that is disposed of NH4Cl (Sangon, Shanghai,
China). All the clams were monitored at intervals of 2 h for the
removal of dead individuals in time, and at the same time, the
pH of AGs and CGs were detected to maintain at about 8 for
ammonia exposure for 120 h.

The surviving clams from the 6 AGs (i.e., 3 AGs in each
population) throughout the ammonia challenge experiment
were divided into an ammonia tolerant group (TG). Then, the
hepatopancreases of individuals in the TGs were dissected for
RNA extraction. At the same time, gills and hepatopancreases of
five clams were collected from AG and CG of the FJ population
for the histocellular localization study.

RNA Interference Experiment
Live and healthy clams (1-year old, shell
length = 52.15 ± 4.12 mm, and wet weight = 7.73 ± 1.38 g)
were collected at the Ningbo Marine and Fishery Science and
Technology Innovation Base (Zhejiang province, China) for
RNAi assays. The control conditions of these clams acclimatized
in seawater were the same as mentioned earlier.

For the Sc-GS RNAi assay, 300 healthy clams were selected
and divided into 6 groups, in which three groups were treated as
AGs and the remaining three groups as the CGs (the treatments
of AGs and CGs were the same as mentioned earlier) for
120 h. The siRNA-negative control (NC, Table 1) and diethyl
pyrocarbonate (DEPC)-treated water (DEPC-W) were used as a
CG. Sc-GS small interfering RNA (siRNA-GS, Sangon, Shanghai,
China, Table 1) was diluted to 5,000 ng/µl with DEPC-W
and injected into the adductor muscle of clams in one group
of AGs, and the remaining two groups were injected into
NC and DEPC-W, respectively. The same treatment was used
for the CGs. Then, the hepatopancreases of six clams from
each group were collected at 0, 24, 48, 72, 96, and 120 h
postinjection. These selected hepatopancreases were cut into
pieces for RNA extraction.

RNA Extraction and cDNA Synthesis
The quality and quantity of RNA samples extracted using TRIzol
Reagent (Omega, R6830-02, United States) were evaluated by
1% agarose gel electrophoresis and were quantified with UV
spectrophotometers. For each sample, 2 µg DNase I-treated RNA
was reverse-transcribed using the RT-PCR Kit (Takara, Dalian,
China). The thermal cycles were conducted in a PCR machine
(Bio-Rad, California, United States).

Primers and PCR Amplification
We designed the gene-specific primers using Primer 5 software
based on the sequence of Sc-GS gene (GenBank accession No.
MK451701). The PCR conditions and purification methods were
same as those reported by Sun et al. (2021).

Association Analysis Between
Polymorphisms and Ammonia Tolerance
The nucleotide sequences of the Sc-GS gene in different
individuals were aligned using MEGA 7 and Mutation
Surveyor software. The base locus with two peaks at the

nearly same height was defined as a heterozygous locus.
The genotype frequencies and their associations with
ammonia tolerance were analyzed by SPSS version 22. The
information of these SNPs between two populations was
calculated by PopGen32.

Paraffin Section, H&E, and
Immunofluorescence Staining
The gills and hepatopancreases of clams were first fixed in
4% paraformaldehyde at 4◦C, then dehydrated, and finally
embedded in paraffin sections. The paraffin sections (5 µm) were
dewaxed with xylene and rehydrated with gradient ethanol, then
stained with hematoxylin (10 min) and eosin (30 s), respectively.
Additionally, immunofluorescence staining was carried out to
analyze the expression changes of Sc-GS. The dewaxed paraffin
sections were sealed with 5% skimmed milk powder solution
at room temperature for 1.5 h after the antigen retrieval by
ethylenediaminetetraacetic acid (EDTA), and then, the sections
were added with primary antibody (Sc-GS, 1:250) overnight at
4◦C, washing three times [0.01 M phosphate-buffered saline
(PBS), 10 min per time]. Fluorescein isothiocyanate (FITC)-
labeled murine anti-rabbit IgG as a secondary antibody (1:150,
containing 4’,6-diamidino-2-phenylindole (DAPI)) was added
in a dark room and protected from light for 1 h at room
temperature and washed three times (0.01 M PBS, 10 min per
time). Finally, a fluorescence microscope (Nikon 80i, Japan) was
used to take photographs.

Quantitative Real-Time PCR
The expression profiles of Sc-GS were analyzed by using triplicate
quantitative real-time PCR (qRT-PCR). Primers Sc-GS-F1/R1
(Table 1) were designed by Primer 5, and the Ribosomal protein
S9 (RS9, Table 1) gene was selected as an internal reference gene
(Zhao et al., 2018). A 7500 Fast Real-Time PCR Machine (ABI,
United States) was used for PCR, and the relative value of 2−11Ct

was adopted for data processing (Montresor et al., 2013). SPSS
version 22 was used to analyze the quantitative differences of
fluorescence results. One-way ANOVA was used to compare the
difference between groups.

RESULTS

Single Nucleotide Polymorphism
Identification and Association Analysis
of Glutamine Synthetase Gene From
Sinonovacula constricta Gene Exons
In the ammonia challenge experiment, the first dead clam
was observed at 22 h in the FJ population. The clams in
both populations who survived after 120 h ammonia stress
were contemplated as the TG, overall, 130 and 116 surviving
clams were collected from ZJ and FJ populations, respectively.
During the entire experimental period, no dead clam was
found in the CG.

In this study, 14 and 12 SNPs were genotyped successfully in
FJ and ZJ populations, respectively. Then, the genotyping results
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TABLE 1 | Primers and sequences of the experiments.

Primers Sequences (5′–3′) Applications

siRNA-GS-F GCCUCAAGCACAUCGAGAATT RNAi

siRNA-GS-R UUCUCGAUGUGCUUGAGGCTT

NC-F UUCUCCGAACGUGUCACGUTT RNAi

NC-R ACGUGACACGUUCGGAGAATT

Sc-GS-F1 TTTATGAACGACCCAAAGTCCA qRT-PCR

Sc-GS-R1 TTCACTGTTTGATAATAACGGCTG

RS9-F TGAAGTCTGGCGTGTCAAGT qRT-PCR for the reference gene

RS9-R CGTCTCAAAAGGGCATTACC

Sc-GS-F2 GGAGAAGGACTCAGAAGCAAG SNP

Sc-GS-R2 AATAACCTCCGTGACTGTGTAA

of TG and CG individuals were used for the statistics of genotype
frequencies. It was worth noting that only SNP c.1133T > G was
strongly and significantly associated with the ammonia tolerance
in both two populations (P < 0.01) (Table 2). Notably, 6 out of the
12 SNPs in the ZJ population were transitions, while there were
7 transitions out of the 14 SNPs in the FJ population (Table 2).
It was noteworthy that c.1133T > G was a non-synonymous
mutation, resulting in an amino acid exchange from leucine (Leu)
to arginine (Arg).

Histological Structure and Histocellular
Localization of Glutamine Synthetase
Gene From Sinonovacula constricta
Protein
The histological structure, expression level and histocellular
localization of Sc-GS in the gills and hepatopancreas
were determined by paraffin section, HE staining and
immunohistochemistry assay. The gills were made up of
two gill flaps on the left and right sides. A pair of gill flaps in
the middle of both sides of the mantle cavity was inner gill
flaps, while a pair on both sides was outer gill flaps. Each gill
flap was composed of ascending and descending gill lamellae,
which was composed of numerous gill filaments in dense clusters
perpendicular to the longitudinal axis of the body. These gill
filaments could be subdivided into flat cells and columnar cells of
frontal cilia and lateral cilia according to their different positions
(Figure 1A). Then, the FITC-labeled antibody selected in this
study could specifically bind to Sc-GS protein, which led to
the protein expression region showing green fluorescence. In
view of this, we found that the columnar cells of lateral cilia of
gills in the AG showed stronger positive signals than those in
CG (Figure 2).

The hepatopancreas surrounded the sides of the stomach and
was made up of individual hepatocyte cells. The hepatic sinusoid
formed between hepatocytes cells was composed of endothelial
cells (Figure 1B). On this basis, the endothelial cells of a hepatic
sinusoid in the AG were showed a positive signal in relation
to CG (Figure 3). Furthermore, the combination of green and
blue signals showed that the two colors were not coincident,
indicating that Sc-GS protein was not expressed in the nucleus
(Figures 2, 3).

Expression of Glutamine Synthetase
Gene From Sinonovacula constricta
After RNA Interference Silencing
The function of Sc-GS in hepatopancreas was further investigated
by RNAi. In AGs, the mRNA expression level of Sc-GS in
hepatopancreas was extremely significantly (P < 0.01) lower
at 24, 48, 72, and 96 h in siRNA-GS than that in NC, which
downregulated to approximately 86.44, 89.10, 91.17, and 84.45%,
respectively (Figure 4A). Similarly, the mRNA expression level
of Sc-GS in CGs was extremely significantly (P < 0.01) lower at
24, 48, 72, and 96 h in siRNA-GS compared to that in NC, which
downregulated to approximately 71.69, 74.44, 80.44, and 80.03%,
respectively (Figure 4B). In addition, the variation trend of the
mRNA expression level of Sc-GS genes in DEPC-W and NC in
each group (AG or CG) was roughly the same.

DISCUSSION

Ammonia was a major toxicant in the aquatic system, which
led to adverse effects such as growth reduction (Sinha et al.,
2012), oxidative stress and damage (Zhang M. et al., 2018),
immune suppression (Li et al., 2016), histological changes (Cheng
et al., 2019), and mortality. However, it is still quite limited
to the understanding of the molecular mechanism of ammonia
tolerance in aquatic animals. It is well known that GS can
catalyze the synthesis of Gln from NH4

+ and Glu, which in turn
provides a substrate for the synthesis of urea-related formula
phosphate synthetase III (i.e., it plays a central role in the urea
cycle) (Wang and Walsh, 2000). So far, the research on the
GS genes in aquatic organisms has mainly focused on fish and
crustaceans (Ip et al., 2005; Qiu et al., 2018; Dong et al., 2020). On
the contrary, research on the ammonia nitrogen detoxification
metabolism of Sc-GS is very scarce. In this study, our objective
was to identify the polymorphisms in the Sc-GS gene and
to investigate the association between its polymorphisms and
tolerance to ammonia. In addition, we explored the histocellular
localization and function of the Sc-GS gene in response to
ammonia tolerance using H&E staining, immunohistochemistry,
and RNAi technology.

Studies on L. vannamei (Qiu et al., 2018) and pharaoh
cuttlefish Sepia pharaonis (Peng et al., 2017) have shown that
the mRNA and protein expression level of GS in some tissues
(i.e., liver, muscle, intestine, and gills) was increased significantly
when exposed to ammonia. Our previous studies showed that Sc-
GS could be involved in ammonia detoxification (Zhang et al.,
2020). In this study, 12 SNPs were detected in the Sc-GS gene
(1 per 87 bp) of the ZJ population, while 14 SNPs (1 per 74 bp)
were found in the FJ population. The difference in the numbers
of SNPs between the ZJ and FJ populations may be due to the
population genetic divergence or the deviation of sequencing.
To our knowledge, the highest levels of DNA polymorphism
were reported in the animal kingdom such as nematode
Caenorhabditis remanei (Cutter et al., 2006) and ascidian Ciona
savignyi (Small et al., 2007) with 1 per 20 bp. In addition to
that, the density of SNPs in insect species was often highly
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TABLE 2 | Genotype, variation type, and gene frequency of single nucleotide polymorphisms (SNPs) in Glutamine synthetase gene from Sinonovacula constricta (Sc-GS).

Position/Variation type Genotype ZJ FJ

TG/CG χ2/P-value TG/CG χ2/P-value

Number Genotype frequency Number Genotype frequency

c.363C > T/Transition CC 107/87 82.3/80.55 0.534/0.766 86/84 74.14/89.36 7.907/0.019

CT 18/18 13.85/16.67 16/6 13.79/6.38

TT 5/3 3.85/2.78 14/4 12.07/4.26

c.420T > C/Transition TT 63/52 48.46/48.15 0.115/0.944 48/47 41.38/50 1.641/0.44

TC 45/36 34.62/33.33 46/33 39.66/35.11

CC 22/20 16.92/18.52 22/14 18.96/14.89

c.446C > T/Transition CC 130/108 100/100 − 101/88 87.07/93.62 1.8/0.18

CT 0/0 0/0 15/6 12.93/6.38

c.465T > G/Transversion TT 117/96 90/88.89 0.439/0.803 98/86 84.48/91.49 2.563/0.278

TG 11/9 8.46/8.33 15/6 12.93/6.38

GG 2/3 1.54/2.78 3/2 2.59/2.13

c.477G > A/Transition GG 87/74 66.92/68.52 3.804/0.149 74/61 63.79/64.89 0.159/0.924

GA 37/23 28.46/21.29 25/21 21.55/22.34

AA 6/11 4.62/10.19 17/12 14.86/12.77

c.504C > T/Transition CC 115/95 88.46/87.96 0.251/0.882 116/94 100/100 −

CT 13/12 10/11.11 0/0 0/0

TT 2/1 1.54/0.93 0/0 0/0

c.600T > A/Transversion TT 109/89 83.85/82.41 0.217/0.897 94/84 81.04/89.36 2.788/0.248

TA 18/17 13.85/15.74 11/5 9.48/5.32

AA 3/2 2.3/1.85 11/5 9.48/5.32

c.673T > C/Transition TT 116/97 89.23/89.82 0.069/0.966 99/78 85.34/82.98 0.734/0.693

TC 12/9 9.23/8.33 12/13 10.35/13.83

CC 2/2 1.54/1.85 5/3 4.31/3.19

c.804A > T/Transversion AA 110/91 84.62/84.26 1.569/0.456 102/82 87.93/87.23 0.118/0.943

AT 19/14 14.61/12.96 11/10 9.48/10.64

TT 1/3 0.77/2.78 3/2 2.59/2.13

c.813G > A/Transition GG 114/95 87.69/87.96 1.569/0.456 98/77 84.48/81.92 1.261/0.532

GA 14/11 10.77/10.19 15/16 12.93/17.02

AA 2/2 1.54/1.85 3/1 2.59/1.06

c.822C > T/Transition CC 130/108 100/100 − 96/86 82.76/91.49 2.711/0.1

CT 0/0 0/0 20/8 17.24/8.51

c.898C > A/Transversion CC 130/108 100/100 − 101/84 87.07/89.36 0.088/0.767

CA 0/0 0/0 15/10 12.93/10.64

c.981T > C/Transition TT 105/82 80.77/75.93 2.219/0.33 86/62 74.14/65.96 6.382/0.041

TC 23/21 17.69/19.44 18/27 15.52/28.72

CC 2/5 1.54/4.63 12/5 10.34/5.3

c.987C > T/Transition CC 118/92 90.77/85.18 1.809/0.405 116/94 100/100 −

CT 11/15 8.46/13.89 0/0 0/0

TT 1/1 0.77/0.93 0/0 0/0

c.1073C > T/Transition CC 130/108 100/100 − 100/82 86.20/87.23 0.047/0.989

CT 0/0 0/0 16/12 13.80/12.77

c.1133T > G/Transversion TT 82/87 63.08/80.56 8.964/0.005 105/70 90.52/74.47 8.509/0.004

TG 48/21 36.92/19.44 11/24 9.48/25.53

The loci in bold were those that showed significant differences between the two populations.

polymorphic, e.g., 1 per 50 bp in fruit fly Drosophila (Shapiro
et al., 2007) and 1 per 125 bp in mosquitoes Aedes aegypti
(Morlais and Severson, 2003). Similarly, accumulating evidence
has shown that a high density of DNA polymorphism was
detected in mollusks (Saavedra and Bachère, 2006). This study

reached the same conclusion as mentioned earlier, indicating that
bivalves have abundant genetic variation. Notably, we found two
types of mutation, namely, transversion and transition in two
populations. In this study, the frequency of the transition of C-T
was much higher than that of A-G, which can be explained by the

Frontiers in Marine Science | www.frontiersin.org 5 December 2021 | Volume 8 | Article 793118

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-793118 November 30, 2021 Time: 15:33 # 6

Sun et al. Sc-GS Gene Associated With Ammonia-Tolerance

FIGURE 1 | Paraffin section observation of gills (A) and the hepatopancreas (B) in the Sinonovacula constricta. CCFC, columnar cells of frontal cilia; CCLC,
columnar cells of lateral cilia; FC, flat cells; HS, hepatic sinusoid; EC, endothelial cells; H, hepatocytes. Scale bars were 50 µm.

FIGURE 2 | Immunofluorescence of Glutamine synthetase gene from Sinonovacula constricta (Sc-GS) in the gills. Sc-GS protein was stained with the anti-GS
antibody in green, and nuclei were stained with DAPI in blue. The merged images were colocalized with Sc-GS protein (green) and DAPI (blue) in the columnar cells
of lateral cilia of gills. Scale bars were 50 µm.

fact that C in the C&G sequence has been often methylated and
can be spontaneously deaminated to form T (Yoon et al., 2001).

The discovery of SNPs with missense mutation provides a
new possibility for molecular marker-assisted selection (MAS)
of aquatic animal varieties with economic traits to relieve
environmental stress (Syvänen, 2001; Wang et al., 2013). It
has been shown that three SNPs about factor inhibiting HIF-1
(Fih-1) found in Wuchang bream Megalobrama amblycephala
were significantly associated with hypoxia traits (Zhang et al.,
2016). A study on the association between candidate gene
and heat tolerance in bay scallop Argopecten irradians showed
that SNP all-53308-760T/C may be related to heat (Du et al.,
2014). Similarly, SNPs in other candidate genes for related
heat tolerance, such as metallothionein 1 and heat shock
protein 90, have been reported in bay scallops (Yang et al.,
2013, 2015). Notably, high-concentration ammonia is a harmful

environmental factor in the survival, development, and growth
of aquatic animals. In this regard, it is significant to explore the
molecular markers associated with ammonia tolerance. It has
been reported that one SNP (C > T545) of hemocyanin may
be served as a marker for selecting high growth performance in
ammonia-tolerant L. vannamei (Janpoom et al., 2020). Another
study on L. vannamei showed that 12 SNP loci related to
ammonia resistance may be significantly associated with disease
resistance, which can provide the critical potential for genetic
selection to increase the production of shrimp (Lu et al., 2018).
These findings highlight the usefulness of missense mutation
SNP in environmental resistance-related MAS. In this study,
one missense mutation (c.1133T > G) was identified in the
Sc-GS gene, which mutated from Leu to Arg between two
populations. Furthermore, the protein homology analysis showed
that c.1133T > G had high homology in mollusk, suggesting that
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FIGURE 3 | Immunofluorescence of Sc-GS in hepatopancreas. Sc-GS protein was stained with the anti-GS antibody in green, and nuclei were stained with DAPI in
blue. The merged images were colocalized with Sc-GS protein (green) and DAPI (blue) in the endothelial cells of hepatic sinusoid. Scale bars were 50 µm.

FIGURE 4 | Relative expression of Sc-GS genes in the hepatopancreas after RNA interference (RNAi) Time-course expression of Sc-GS genes in ammonia stress
group (AG) after RNAi (A). Time-course expression of Sc-GS genes in the control group (CG) after RNAi (B). Vertical bars represent the mean ± SD (n = 4).
∗∗ Denotes an extremely significant difference between Sc-GS small interfering RNA (siRNA-GS) and negative control (NC) (P < 0.01).

this locus plays an important role in the normal structure and
function of Sc-GS (Zhang et al., 2020). As we all know, Leu was
a non-polar hydrophobic amino acid (Madeira et al., 2013), and
Arg was a polar hydrophilic amino acid with side chain charged
(Harms et al., 2011), which changes the conformation of proteins.
It has been shown that heterozygous variant c.35G > T (i.e.,
a substitution of Arg to Leu) identified in exon 1 of CRYAA
gene was closely related to the human congenital cataract and
microphthalmia (Song et al., 2018). Therefore, we speculate that
the mutation c.1133T > G may affect the secondary structure of
the mutant protein, leading to changes in its folded conformation
and stability, eventually resulting in changes in the function
of the GS gene. At present, the genetic selection program for
S. constricta with high ammonia tolerance is still in its infancy.
Our findings suggest that c.1133T > G, which was found

associated with ammonia tolerance in both populations, can be
used as a universal marker for further breeding in S. constricta.

Immunohistochemistry has become the most effective method
for protein expression localization due to its advantages
of visualization of target proteins (Lugos et al., 2020).
Hepatopancreas was known to be the essential digestion and
detoxification organ (Wu et al., 2013). At high levels of ammonia,
the hepatopancreases of aquatic animals are injured in different
degrees and even cause death (Mishra and Mohanty, 2008).
Similarly, in this study, the distribution of Sc-GS protein
was changed after the ammonia challenge, which was highly
expressed in the cytoplasm of endothelial cells, and the same
conclusions were found in the livers of vertebrates such as
chicken (Smith and Campbell, 1988; Ueberham et al., 2004).
Thus, it can be concluded that Sc-GS protein in hepatopancreas
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from razor clam may play a key role in the detoxification process
of dealing with high ammonia concentration in the organism.

The RNA interference was first discovered in the nematode
worm Caenorhabditis elegans as a response to double-stranded
RNA (dsRNA), which leads to the silencing of homologous genes
(Fire et al., 1998). Fabioux et al. (2009) successfully induced
Pacific oyster Crassostrea gigas sterility by injecting dsRNA of the
Oyvlg gene into an oyster, which was the first report that RNAi
induced homologous gene silencing in mollusk. In addition,
dsRNA of PfN23 gene was injected into the adult pearl oyster
(Pinctada fucata), resulting in a disordered of nacre surface,
suggesting that PfN23 gene may be a key accelerator in the
control of crystal growth in nacre (Fang et al., 2012). Similarly,
the expression of the BMP7 gene was successfully suppressed
by injecting dsRNA into the razor clam, indicating that the
BMP7 gene plays a vital role in repairing shell damage (Zhao
et al., 2020). Moreover, in our previous study, the silencing of
Glutamate dehydrogenase, a gene related to ammonia nitrogen
detoxification, was induced by the injection of specific siRNA
into the razor clam (Sun et al., 2021). Beyond that, a study in GS
RNAi transgenic rice showed that GS contributed an important
role in the amelioration of NH4

+ toxicity (Le et al., 2018).
In addition, the extended developmental duration and pupal
weight losses in fruit fly could be associated with a disruption in
ammonia metabolism after GS gene silence (Hazel et al., 2003;
Zhang M. Y. et al., 2018). In this study, the mRNA expression
of Sc-GS genes in the hepatopancreas was successfully inhibited
by injecting specific siRNA into S. constricta, thus providing a
practical method to characterize the function of Sc-GS in response
to ammonia stress.

CONCLUSION

The genetic improvement for stress tolerance is extremely
beneficial for the sustainable development of the clam
aquaculture industry. In this study, a significant difference in
the SNP with the missense mutation (c.1133T > G) in Sc-
GS was detected between the two geographical populations.

Further results of H&E staining, immunohistochemistry, and
RNAi indicated that the Sc-GS gene plays a vital role in the
detoxification of ammonia in razor clam. Collectively, these
findings could provide candidate markers for the molecular
selective breeding of ammonia-tolerant clams in the future and
could provide a basis for the detoxification metabolism of bivalves
under ammonia stress.
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