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Accumulation of excessive ammonia is a big threat to aquatic animals, which causes
adverse effects on the health, production reduction, and even high mortality. The razor
clam Sinonovacula constricta, a bivalve living in intertidal mudflat with a deep-burrowing
lifestyle, often faces a high concentration of ambient ammonia. However, there is less
available information concerning the toxic effects of ammonia on razor clam and its
molecular mechanisms of adaptation to ammonia stress. The aim of this study was
to investigate the effects of ammonia exposure on the gill and hepatopancreas of
razor clam by transcriptome sequencing. The results showed that the median lethal
concentration of ammonia was 244.55 mg/L for 96 h. A total of 1,415 and 306
differentially expressed genes (DEGs) were identified in the gill and hepatopancreas,
respectively. The functional annotation showed that DEGs of the gill were mainly
involved in the regulation of nitrogen compound metabolic process, nitrogen compound
transport, and amide transport. The DEGs of the hepatopancreas were mostly enriched
in oxidation-reduction process, response to stress, and amine metabolic process. The
expression levels of NHz/NH4 T transporting channels and Ht excreting-related genes,
including Rhesus glycoproteins (Rh), Na™/Kt-ATPase (NKA), Nat/H* exchanger,
V-ATPase (VHA), and carbonic anhydrase (CA), were upregulated significantly in the
gill (o < 0.05). In addition, the expression levels of glutamine and urea synthesis-related
genes that played vital roles in ammonia detoxification, such as glutamine synthetase
(GS), arginase (ARG), and argininosuccinate synthetase (ASS), were also increased
obviously in the hepatopancreas (p < 0.05). Taken together, our results indicate that
the synergistic action of ammonia excretion in the gill and ammonia metabolism in
the hepatopancreas might be the mechanism through which the clams tolerate to
environmental ammonia. This study provides a molecular basis for the better evaluation
of the responding mechanism of ammonia tolerance.

Keywords: ammonia tolerance, transcriptomic analysis, NH3/NH4* transporter, ammonia excretion and
metabolism, gene expression, Sinonovacula constricta
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INTRODUCTION

With the development of intensive aquaculture and high feed
inputs, ammonia has become a particularly harmful stress factor
to aquatic animals. Generally, there are mainly two chemical
forms of ammonia in water, namely, ionized (NH4") and
unionized (NH3) form. The latter is more toxic as the NHj
difftuse more easily across the cell membrane for its lipid
solubility and non-polarity (Cong et al., 2018). Meantime, other
environmental factors also affect the ratio of two forms of
ammonia. Higher pH and temperature (Miron et al, 2008;
Kir et al, 2015) can lead to higher ratio of NHj, as well
as lower salinity (Kir et al, 2019). Previous studies have
shown that excessive ammonia causes physiological dysfunctions,
such as decreased growth rate (Harris et al., 1998; Hu et al,
2018), changed histological structure in gill (Cong et al,
2017), disturbed energy and amino acid metabolism (Miranda-
Filho et al, 2009), and suppressed immunity response (Cui
et al, 2017). It also resulted in massive mortality (Chen
et al, 2019). Therefore, clarifying the strategies of ammonia
detoxification would provide reliable data for practical guidance
of reducing ammonia toxicological effects and protecting
aquaculture environment.

The detoxification mechanisms have been explored more
thoroughly in fishes and crustaceans than in molluscs.
Researchers pointed out that ammonotelism was one of
the primary strategies for detoxification in most teleosts,
including Nile tilapia (Oreochromis niloticus) (Zhu et al.,
2019), large-scale loach (Paramisgurnus dabryanus) (Shang
et al, 2021), and mudskipper (Boleophthalmus pectinirostris)
(Chew and Ip, 2014). You et al. (2018) found that NH,"/NHj;
transporting channels and H' excreting-related genes were
involved in ammonia excretion in the gill of mudskippers.
Meanwhile, non/less-toxic glutamine synthesis by glutamine
synthetase (GS) has been noted as another traditional strategy
to cope with high level of ammonia in teleosts (Ip et al,
2004). In addition, an unnegligible pathway of detoxifying
ammonia into urea, which had been commonly found in the
liver of ureogenic animals, maintained low concentration
of ammonia. It occurs principally through ornithine-urea
cycle involving catalysis of crucial enzymes, including
arginase (ARG), argininosuccinate synthetase (ASS), and
GS (Mommsen and Walsh, 1989; You et al., 2018; Sun
et al, 2021). Although the study on molecular mechanism
underlying regulation expose to ammonia in molluscs is still
at its infancy, preliminary studies have been reported. The
ammonia detoxification metabolism in triangle sail mussel
(Hyriopsis cumingii) may transfer ammonia into glutamine,
alanine, and aspartate (Zhao et al, 2021). In razor clam
Sinonovacula constricta, the potential protective strategies
of glutamine formation, which are mediated by glutamine
dehydrogenase (GDH) and GS, convert ammonia into non/less-
toxic nitrogenous compounds under ammonia stress (Zhang
H. et al, 2020). Taken together, more attention should be
paid to the comprehensive study on molecular response
mechanism of ammonia stress in mollusks, especially in terms of
ammonia excretion.

RNA sequencing is a well-established comprehensive subject
to explore molecular mechanisms in responding to abiotic
stresses, especially effective for blank areas of studies (Gao et al.,
2018; Stark et al., 2019). Recently, more and more studies have
investigated the complex interplay among cellular pathways
when exposed to ammonia (Yu et al., 2019; Xue et al., 2021).
However, only limited works have been reported in bivalves.
In Manila clam Ruditapes philippinarum, short- and long-
tern exposure to ammonia displayed the different responding
patterns in the gill via digital gene expression analysis. It
induced pathways of notch signaling and protein processing in
endoplasmic reticulum in short-term exposure and pathways of
gap junction, immunity, and key substance metabolism in long-
term exposure (Cong et al., 2018). Digestive gland transcriptome
analysis of response mechanism to ammonia in Asian clam
Corbicula fluminea revealed that the immunity and apoptotic
signaling pathways play important roles during stress (Zhang
etal, 2019). Although abovementioned studies revealed a mass of
important genes responding to ammonia stress in a few species,
the potential molecular mechanisms were not fully elucidated for
most economic molluscs.

The razor clam S. constricta is one of the most economically
important marine bivalves, which is widely distributed in the
intertidal zones and estuarine areas of China, Japan, Korea, and
Vietnam along the western Pacific Ocean with a deep-burrowing
lifestyle (Dong et al., 2020). According to the statistical data
from U.S. Environmental Protection Agency (USEPA), shellfish
are more sensitive to ammonia nitrogen. Of the top 10 sensitive
genera, eight genera belong to molluscs (USEPA, 2013). However,
the clam-fish/shrimps polyculture makes razor clam to face to
high concentration of ambient ammonia (Sun et al, 2021).
Therefore, S. constricta is a suitable model species to explore
the molecular mechanism of higher tolerance to ammonia in
molluscs. To date, the molecular mechanism of ammonia toxicity
has not been understood comprehensively in razor clam. In this
study, the influence of high concentration ammonia stress was
systematically evaluated by profiling the gill and hepatopancreas
transcriptomes of S. conmstricta, which were subjected to acute
challenge of 180 mg/L ammonia for 72 h. This study provides
insights into the molecular regulatory mechanism of ammonia
tolerance in bivalve.

MATERIALS AND METHODS

Clam Culture

The healthy razor clams (wet weight 9.43 £+ 1.60 g, shell
length 63.42 4+ 1.57 mm) were collected from aquafarm in
Xiangshan (Ningbo, China). Before the experiment, the clams
were acclimated for 1 week in 1,000 L tanks containing filtered
seawater (salinity 22) with aeration at the temperature (14-16°C).
During the acclimatization and ammonia exposure periods,
the clams were fed twice per day at 8:00 and 18:00 on a
diet of microalgae Chlorella vulgaris and Chaeroeeros moelleri.
All the seawater was renewed two times daily. The whole

experiment was maintained under a photoperiod of 12 h light and
12 h dark.
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Toxicity and Exposure Experiments of

Ammonia

The total ammonia nitrogen (TAN) concentrations were
designed by equal space between logarithm with the gradients
of 0, 120, 164, 225, 309, 423, and 579 mg/L. The stock
solution of 1,000 mg/L TAN (stock solution was disposed
of ammonium chloride NH4Cl; CNW, Shanghai, China, ACS
reagent grade >99%) was used for producing the desired
final concentrations of TAN. A total of 420 clams were
randomly divided into seven groups with three replicates
in each different ammonia concentration and cultured in
plastic tanks with 30 L of filtered seawater (20 individuals
in each replicate). Water quality parameters were tested
daily throughout the experiment. The pH and dissolved
oxygen were measured using HACH HQ30d pH meter (Hach
Company, CO, United States). The salinity and temperature
were tested by AZ8371 Salinometer (Hengxing, Taiwan, China)
and fish tank thermometer, respectively. During 96 h duration
of ammonia exposure, observation was performed every
12 h. To calculate the median lethal concentrations (LCsg),
the mortality rates were measured every 24 h until it
reached 100%.

Based on the median lethal concentrations (LCs¢-96 h)
of ammonia established in the toxicity tests, the clams were
subjected to a 96 h ammonia exposure at three concentrations
of 100, 140, and 180 mg/L comparing with 0 mg/L with
three replicate tanks for each treatment (100 clams per tank).
Daily acclimation was performed referred from Zhang H.
et al. (2020). Six individuals were randomly sampled from
each treatment at 0, 1, 3, 6, 9, 12, 24, 48, 72, and 96 h
time points, respectively. For each sampled clam, hemolymph
was immediately collected from adductor using a 2 mL
disposable sterilized syringe for pH value and ammonia
content analysis. The pH value was measured using HACH
HQ30d Portable Dissolved Oxygen Tester Conductivity Meter
pH meter (Hach Company). The ammonia content was
measured with the commercial kits (no. A086-1-1) of Nanjing
Jiancheng Bioengineering Co. (Nanjing, China) according to
the instructions of the manufacturer. Meanwhile, the gill and
hepatopancreas were dissected separately and frozen in liquid
nitrogen immediately for RNA extraction. Finally, the tissues
obtained at 72-h exposure to 180 mg/L group were considered
for RNA-seq analysis.

RNA Extraction and Transcriptome

Sequencing

Total RNA was extracted from the gill and hepatopancreas
at each time point using TRIzol reagent (Omega, Norcross,
GA, United States) according to the instructions of the
manufacturer. Then RNA concentration and integrity
was assessed using NanoDrop 2000 (Thermo Scientific,
Waltham, MA, United States). The c¢DNA libraries were
constructed by a NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (NEB, Ipswich, MA, United States) and then
assessed on the Agilent Bioanalyzer 2100 system. After quality

assessment, the sequencing was performed on Illumina Hiseq
2000 platform.

Transcriptome Assembly and Gene

Expression Quantification

Clean data were filtered out as reads containing adapter, poly-N,
and low-quality reads. The sequence quality was assessed by Q20,
Q30, and GC content. Trinity was used for clean reads assembly
(Grabherr etal., 2013). Subsequently, the clean reads were aligned
to the S. constricta reference genome (Dong et al., 2020) using
Tophat (Trapnell et al., 2009).

The gene expression levels were estimated using RSEM
(Dewey and Li, 2011). Then, gene expression was normalized
using the reads per kilobase per million mapped reads (RPKM).
Genes with low read counts (<10 reads) were filtered out before
gene expression analysis by using featureCounts software (Liao
et al., 2014). Differential expression analysis between ammonia-
N group (TG) and control group (CG) was performed using
the DESeq2. Differentially expressed genes (DEGs) were defined
with a fold change >2 and a cutoftf false discovery rate (FDR)
of 0.05.

Functional Annotation and Enrichment of

Differentially Expressed Genes
Gene function was annotated based on the following databases
including NR (NCBI non-redundant protein sequences)', Pfam
(Protein family),” KOG/COG (Clusters of Orthologous Groups
of proteins),” Swiss-Prot*, KEGG (Kyoto Encyclopedia of Genes
and Genomes),” and GO (Gene Ontology).®

To identify GO terms and KEGG pathways among the DEGs
under ammonia stress, enrichment analyses were implemented
by the software GOseq (Young et al, 2010) and KOBAS
(Chen et al, 2011), respectively, with a cutoff g-value of
0.05. The significantly enriched DEGs were subject to further
scrutiny to identify genes potentially involved in ammonia
stress response.

Validation of RNA-Seq Data by
Quantitative Real-Time PCR

To confirm the gene expression profiles from RNA-seq analysis,
six DEGs were selected to perform quantitative real-time PCR
(qRT-PCR) for tissues of gill and hepatopancreas, respectively.
Specific primers for candidate genes and the housekeeping gene
(Rs9) were designed based on the unigene sequences using Primer
Premier 5.0 software (Table 1).

Total RNA was extracted from the gill and hepatopancreas
tissues using the Omega RNA-Solv Reagent and was visualized
with agarose gel electrophoresis. The qQRT-PCR was performed
using the SYBR® PremixEXTaqTMII (Takara, Dalian, China) kit

Thttp://www.ncbinlm.nih.gov/
http://pfam.xfam.org/
*http://www.ncbi.nlm.nih.gov/COG/
*http://www.ebi.ac.uk/uniprot/
*http://www.genome.jp/kegg/
Chttp://www.geneontology.org/

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 832494


http://www.ncbi.nlm.nih.gov/
http://pfam.xfam.org/
http://www.ncbi.nlm.nih.gov/COG/
http://www.ebi.ac.uk/uniprot/
http://www.genome.jp/kegg/
http://www.geneontology.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lvetal

Clam Transcriptome Under Ammonia Stress

TABLE 1 | Primers used for gRT-PCR validation of differentially expressed genes.

Genes Forward primer (5'-3') Reverse primer (5'-3')

Sc-Rh GGGCTGTTGACATCGGTGAA CAGTTGAGAGAAAGCGAAGGC
Sc-NKA ~ CAGGTTGAATACCGACCCTAATG  GGCACCAATCCAAAGCAGC
Sc-NHE ~ TCCCCTCTCAACTCTCACACT GAGCAATCACTGGTTCATCG
Sc-V-ATP  GCAAGAGTGTGATGGACGA GCCAAGTTCAGGAAGAGAC
Sc-ASS GCGAAGGTGAACGGCATT GGTGTTAGGGTCCTCCAAAATAC
Sc-ARG ~ AAAACTCCCTGTGATGGC GGGGAAGGTCCACAAATA
Sc-Rs9 TGAAGTCTGGCGTGTCAAGT CGTCTCAAAAGGGCATTACC

on the Roche LightCycler® 480 System (Roche Diagnostics, Basel,
Switzerland). The PCR reaction was carried out in a total volume
of 20 pl, containing 10.0 pl of 2 x SYBR Green Master Mix
(Applied Biosystems), 2.0 1 500 ng of first-strand cDNA, 1.0 pl
of each primer (10 pmol/L), and 6.0 pl of PCR-grade DEPC
water. Then, the amplification parameters were set as follows:
initial denaturation at 95°C for 10 min, followed by 40 cycles
of 95°C for 10 s, 60°C for 60 s, and 40°C for 5 s in 96-well
optical reaction plates (Roche, Basel, Switzerland). All reactions
were performed in quadruplicate. The gene expression levels were
quantitatively analyzed and converted to fold differences by the
comparative CT method (2~ AACT pethod).

Statistical Analyses

The median lethal concentrations (LCs9-96 h) of ammonia
were calculated by the probit method (Denham, 2016). The
relationship between concentration of ammonia and mortality
was subjected to linear regression analysis. All data were
expressed as means + SD. The gene expression levels were
subjected to one-way ANOVA followed by least significant
difference (LSD) analysis. Statistical significance was defined
at p < 0.05. All statistical analyses were performed using the
SPSS version 13.0.

RESULTS

Median Lethal Concentration (LC5¢) of

Total Ammonia-Nitrogen and NH3-N
To calculate LCsp of TAN, we recorded the mortality per
24 h for a total of 96 h ammonia exposure till all clams

TABLE 2 | Mortality of S. constricta exposed to total ammonia nitrogen
during 96 h exposures.

Total ammonia No. of clams

nitrogen (mg/L)

Mortality rate (%)

24 h 48 h 72h 96 h
Control 60 0 0 0
120 60 0 5 5 15
164 60 5 10 15 25
225 60 5 15 30 45
309 60 5 20 50 75
423 60 10 30 80 90
579 60 20 45 95 100

died. As expected, the mortality rate was increased with the
increased concentration of TAN and exposure time (Table 2).
No death occurred in the CGs as well as the groups treated
with 120 mg/L of TAN for 24 h. All clams died after 96 h
of exposure in 579 mg/L of TAN. According to the statistical
method, the corresponding LCs of unionized ammonia (NH3-
N) was calculated (Table 3). The LCsq value of TAN determined
at 96 h was 244.55 mg/L and the corresponding LCs value of
NH;3-N was 9.69 mg/L.

Effects of Ammonia Content and pH in
Hemolymph

The ammonia content in the hemolymph of S. constricta
increased dramatically under ammonia exposure. After 1 h of
exposure, the ammonia content increased sharply and then
the level reached a plateau occurred after 24 h exposure in
all treatment groups. Finally, the highest value was up to
3,331.2 wmol/L at 96 h in 100 mg/L group. It is worthy to note
that ammonia contents showed an opposite decrease trend with
increased ammonia concentration during 12-96 h (Figure 1A).
Moreover, the pH of hemolymph showed significant decreases in
all treatment groups (Figure 1B).

Characterization of Transcriptome Data

The details on the transcriptome data for each sample are
summarized in Supplementary Table 1 and the raw sequence
data were deposited at the NCBI Sequence Read Archive
(SRA) with the accession numbers of SRR9943679-SRR9943690.
After data filtering, approximately 28.44 and 28.51 million
high-quality clean reads were obtained from the gill and
hepatopancreas, respectively. In total of 12 libraries, the
Q20 and Q30 were >97.07% and >92.83%. And the GC
content ranged from 40.10 to 43.13%. Among the samples
from the gill, 66.99-71.71% of the clean reads could be
mapped onto the reference genome, and the mapping rates
to the reference genome for hepatopancreas reads were 67.10-
69.90%.

Analysis of Differentially Expressed

Genes in Gill and Hepatopancreas

With the criteria of a FDR < 0.05, and [fold change of
expression level > 2, we identified 1,415 DEGs in the
gill after 72 h ammonia exposure, which included 1,029
upregulated and 386 downregulated genes. Meanwhile, there
were 306 DEGs in the hepatopancreas, which included 248
upregulated and 58 downregulated genes (Figure 2A). In

TABLE 3 | Median lethal concentration (LCsg) of total ammonia-N (TAN) and
unionized ammonia-N (NH3-N) exposed to S. constricta.

Exposure TAN (95% CI) (mg/L) NH3-N (95% CI) (mg/L)
time (h)

24 876.50 (642.97-2248.29) 34.71 (21.42-74.91)
48 589.73 (399.21-850.06) 23.36 (13.30-28.32)
72 314.29 (235.29-374.69) 12.45 (7.84-12.48)
96 244.55 (162.89-300.74) 9.69 (5.43-10.02)
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FIGURE 1 | Effects of ammonia concentration and pH in Sinonovacula
constricta hemolymph under ammonia stress. (A) Ammonia concentration is
mean £ SD (n = 3). Data with different letters are significantly different in the
same concentration group (p < 0.05). (B) pH value is mean + SD (n = 3).
Asterisk (*) indicates a significant difference between the exposed group and
its respective control (*p < 0.05; *p < 0.01; **p < 0.001).

addition, overlapping analysis of data sets from both two
tissues revealed 85 common DEGs in response to ammonia-
N stress, of which 79 genes were upregulated and four genes
were downregulated in both the gill and the hepatopancreas.
The remaining two genes were downregulated in the gill
but were upregulated in the hepatopancreas (Figure 2B and
Supplementary Table 2).

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway
Enrichment of Differentially Expressed
Genes

Gene ontology analysis was conducted to profile the functional
annotation of DEGs in the gill and hepatopancreas. The
DEGs were assigned into three GO terms including biological
process (BP), molecular function (MF), and cellular component
(CC), and the significantly enriched items were illustrated
(Figure 2C and Supplementary Figures 1, 2). In the gill,
DEGs primarily enriched in BP, including regulation of cellular
metabolic process (GO:0031323), regulation of biosynthetic

process (GO:0009889), regulation of nitrogen compound
metabolic process (GO:0051171), organic substance transport
(G0O:0071702), nitrogen compound transport (GO:0071705),
organic anion transport (GO:0015711), and amide transport
(GO:0042886) (Figure 2C). In the hepatopancreas, DEGs
were mainly enriched in oxidation-reduction process
(GO:0055114), response to oxidative stress (GO:0006979),
response to stress (GO:0006950), amine metabolic process
(GO:0009308), copper ion binding (GO:0005507), enzyme
inhibitor activity (GO:0004857), and antioxidant activity
(GO:0016209) (Figure 2D).

The results of KEGG enrichment analyses are summarized
in Table 4. Specifically, the upregulated DEGs in the gill were
related to protein processing in endoplasmic reticulum and
endocytosis (spu04141), autophagy/mitophagy (spu04140 and
spu04137), and aminoacyl-tRNA biosynthesis (spu00970). The
downregulated DEGs in the gill were related to nucleotide/base
excision repair (spu03420 and spu03410) and lysine degradation
(spu00310). At the same time, DEGs in the hepatopancreas
were assigned to Wnt signaling pathway (spu04310) and amino
acid metabolism, including arginine, proline, tyrosine, and
phenylalanine biosynthesis and metabolism (i.e., spu00220,
spu00330, spu00350, and spu00360). Despite no KEGG pathways
were significantly enriched, the DEGs were also analyzed
according to their KEGG pathways to describe the toxic effect
and response mechanism of ammonia in S. constricta, which
are summarized in Table 5. Ammonia exposure obviously
induced significant expressed changes of genes that were related
to nitrogen compounds-related metabolism and excretion,
pH regulation, immune, and apoptosis in both tissues. In
aforementioned pathways, DEGs involved in glutamine-
arginine-urea cycle such as ARG, ASS, and GS were mostly
upregulated in both the hepatopancreas and the gill, while
glutathione S-transferase (GST) related to antioxidant activity
was significantly downregulated. In addition, the RNA-seq
data showed that ammonium transporter (AMT) responsibility
for ammonia excretion was significantly downregulated after
72 h ammonia exposure in gill, which is the primary organ
for ammonia excretion. In contrast, carbonic anhydrase (CA)
related to nitrogen metabolism showed upregulation in the gill.
The abundant expression of immune response- and apoptosis-
related genes suggested that their corresponding pathways were
activated during ammonia stress.

Validation of Differentially Expressed
Genes by Quantitative Real-Time PCR

Four genes related to ammonia excretion (ie., Rh, NKA, V-
ATP, and NHE) in the gills and two genes related to ammonia
metabolism (i.e., ARG and ASS) in the hepatopancreas were
selected to verify the accuracy of RNA-seq data by qRT-PCR.
Rs9 were chosen as reference genes. As shown in Figure 3, four
genes in the gill (i.e., Rh, NKA, V-ATP, and NHE), as well as
ARG in the hepatopancreas, all presented the same trend with
earlier increase and later decrease when exposed to 180 mg/L
ammonia. Unlike the abovementioned genes, the expression of
ASS was increased along whole time points and reached the
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TABLE 4 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of differentially expressed genes (DEGs) in the gill and hepatopancreas of S. constricta under

ammonia exposure.
Tissue KEGG pathway enrichment Gene number (up) Gene number (down) KEGG pathway enrichment
Gill RNA transport 14 5 DNA replication
Protein processing in endoplasmic reticulum 13 4 Base excision repair
Endocytosis 13 3 Lysine degradation
Autophagy - animal 10 3 Other glycan degradation
Mitophagy - animal 7 5 Nucleotide excision repair
Aminoacyl-tRNA biosynthesis 6 2 Starch and sucrose metabolism
SNARE interactions in vesicular transport 3 2 Mismatch repair
Hepatopancreas AGE-RAGE signaling pathway in diabetic 3 1 Phenylalanine metabolism
complications
Wnt signaling pathway 2 Tyrosine metabolism
Arginine biosynthesis 1 1 Arginine and proline metabolism
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maximum at 96 h. It should be noted that the expression of Rh
in the treatment group was significantly decreased at 96 h when

compared with CG.

DISCUSSION

Tolerate Capacity to Ammonia Adapt to
the Deep-Burrowing Habit

Ammonia is one of major contaminants in aquaculture
environment. Its excessive accumulation would limit animal

health and production in aquaculture (Shang et al., 2021;
Shen et al., 2021). Therefore, it is necessary to know the
tolerance and lethal concentrations of ammonia nitrogen for
aquatic animals and controlling the ammonia nitrogen to safe
concentration in water environment.

In fact, the USEPA has accomplished the comparison of
available toxicity data for 69 genera and concluded that shellfish
may be more sensitive to ammonia than other aquatic animals
(USEPA, 2013; Zhang et al., 2019). However, only freshwater
molluscs, but no saltwater ones, were collected in their report.
Recently, many tests about the sublethal effects of ammonia

TABLE 5 | List of DEGs of the gill and hepatopancreas involved in responding to ammonia stress in S. constricta.

Gene ID Gill Hepatopancreas Symbol Gene description Function
logoFoldChange logoFoldChange

evm.TU.ctg235.6 1.92 3.67 ARG Arginase-1 Arginine metabolism
evm.TU.ctg413.46 1.67 —0.50 ASS Argininosuccinate synthetase Urea cycle
evm.TU.ctg154.24 —2.44 —4.00 GST Glutathione S-transferase Antioxidant activity
evm.TU.ctg103.20 —1.04 —-1.17 CAT Catalase Antioxidant activity
evm.TU.ctg295.3 - 4.75 GS Glutamine synthetase 1, mitochondrial Glutamine metabolism
evm.TU.ctg646.10 4.07 —0.45 GS Glutamine synthetase Glutamine metabolism
evm.TU.ctg528.25 1.91 —0.45 VHA V-type HT-transporting ATPase subunit a Oxidative phosphorylation
evm.TU.ctg6.79 2.83 - Rh Ammonium transporter 3 Ammonia excretion
evm.TU.ctg365.7 —4.28 —2.57 Rh Ammonium transporter Ammonia excretion
evm.TU.ctg271.27 —1.55 —0.50 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg271.28 —1.58 —0.63 Rh Ammonium transporter Rh type C Ammonia excretion
evm.TU.ctg8590.1 —1.86 1.56 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg8590.2 —2.83 —-0.32 Rh Ammonium transporter Rh type B Ammonia excretion
evm.TU.ctg1123.4.1 2.00 —0.69 NHE Sodium/hydrogen exchanger 2 pH regulation
evm.TU.ctg359.3 —1.36 0.21 NHE Sodium/hydrogen exchanger 9 pH regulation
evm.TU.ctgb24.7 —1.21 0.79 NHE Sodium/hydrogen exchanger 3-like pH regulation
evm.TU.ctg670.8 -0.18 —2.09 NHE Sodium/hydrogen exchanger 3 pH regulation
evm.TU.ctg1.112 2.39 -0.71 CA Carbonic anhydrase 2 Nitrogen metabolism
evm.TU.ctg187.10 2.72 0.35 CA Carbonic anhydrase 2 Nitrogen metabolism
evm.TU.ctg208.45 0.33 —1.64 CA Carbonic anhydrase 1 Nitrogen metabolism
evm.TU.ctg109.5 —0.26 —1.76 CA Carbonic anhydrase 1 Nitrogen metabolism
evm.TU.ctg155.36 1.12 - CA Carbonic anhydrase 13 Nitrogen metabolism
evm.TU.ctg162.3 2.24 - CA Carbonic anhydrase 14 Nitrogen metabolism
evm.TU.ctg943.3 1.75 4.10 CA Carbonic anhydrase 12 Nitrogen metabolism
evm.TU.ctg943.6 1.72 412 CA Carbonic anhydrase Nitrogen metabolism
evm.TU.ctg391.1 1.71 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg602.15 2.47 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg593.2 4.81 - CA Carbonic anhydrase-related protein 10 Nitrogen metabolism
evm.TU.ctg41.49 -0.74 —-6.82 OGG1 N-Glycosylase/DNA lyase Base excision repair
evm.TU.ctg449.31 1.61 2.64 DIS3L DIS3-like exonuclease 1 RNA degradation
evm.TU.ctg11.67 —-0.24 —-4.15 LIG1 DNA ligase 1-like DNA replication
evm.TU.ctg631.9 6.00 7.03 HSP70 Heat shock protein 70 B2 protein Protein processing in

endoplasmic reticulum
evm.TU.ctg184.25 2.01 0.26 HSP90 Heat shock protein 90 Protein processing in

endoplasmic reticulum
evm.TU.ctg642.1 2.58 215 TNFR16 Tumor necrosis factor receptor Apoptosis

superfamily member 16-like

evm.TU.ctg406.9 1.56 1.18 Bcl-xi Apoptosis regulator Bel-X Apoptosis
evm.TU.ctg30.30 2.51 -0.85 CTSB Cathepsin B Apoptosis
evm.TU.ctg131.15 2.31 1.67 AP-1 AP-1 Autophagy
evm.TU.ctg885.9 3.10 —0.65 CTSL Cathepsin L Immunity
evm.TU.ctg255.18 1.87 1.96 TLR Toll-like receptor 2 Immunity
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FIGURE 3 | Validation of RNA-seq profiles by qRT-PCR. (A-D) Represent the expression patterns of Rh, NKA, V-ATP, and NHE genes in the gill of S. constricta after
exposure to 180 mg/L ammonia for 96 h, respectively. (E,F) Panels represent the expression patterns of the ARG and ASS genes in the hepatopancreas after
exposure to 180 mg/L ammonia for 96 h, respectively. Vertical bars represent the mean + SD (n = 4). Asterisk (*) indicates a significant difference between the
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have been performed on saltwater animals, including the
shellfish. The available data are presented in Table 6. The
ammonia tolerance displayed a distinct difference among species.
Particularly, excellent ammonia tolerance had been found in
marine bivalves such as clam Estellarca olivacea (Zhang et al.,
2009), blood clam Tegillarca granosa (Lv et al, 2012), R.
philippinarum (Wang et al., 2007), and S. constricta (this study,
96-h LCsg: 244.55 mg/L). Notably, these four species are all

benthic bivalves. Weihrauch et al. (2004) had confirmed that
benthic animals (crabs and bivalves) faced to higher ambient
ammonia compared with those living free in the water. The
razor clam is one of typical deep-burrowing bivalves living in
intertidal zones, where the ammonia concentration is high in
water (Newton and Bartsch, 2010). Therefore, we speculated that
the deep-burrowing habitat possibly promoted the acquisition
of greater capacity to tolerate higher ambient ammonia in razor

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 832494


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

Lvetal

Clam Transcriptome Under Ammonia Stress

TABLE 6 | Range of the median lethal concentration LCs values of TAN among aquatic animals.

Species Life stage/size (mm) Temperature (°) pH Duration (h) LC5p (mg/L) References

Fish

Oncorhynchus mykiss 94 13.2 7.82 96 32.9 Thurston et al., 1981

Pimephales promelas 52 12.0 7.82 96 67.0 Thurston et al., 1981

Crustaceans

Macrobrachium amazonicum 926+ 7.0 24.9-27.2 7.6-7.9 96 36.59 Dutra et al., 2016

Freshwater mussels

Villosa iris Age 5 days 20 +1 7.41 96 11.4 Mummert et al., 2003

Lampsilis fasciola Age 5 days 20 +1 7.96 96 7.74 Mummert et al., 2003

Lampsilis cardium Juveniles, 104-108 21.3+ 0.1 7.2+041 96 19.4 Newton and Bartsch, 2010

Limnoperna fortunei Juveniles, 21-26 20.03 +2.98 7.7 +0.39 96 11.53 Montresor et al., 2013

Marine bivalves

Crassostrea virginica Adult, 48-62 20+ 2 7.70-8.23 96 17.79 Epifanio and Srna, 1975

Estellarca olivacea Juveniles, 2.72 4+ 0.25 254+ 0.5 8.3+0.2 96 50.0 Zhang et al., 2009
Adult, 16.08 + 1.34 556.9

Tegillarca granosa Adult, 11.82 £ 0.75 24 £ 0.5 8.1 96 348.40 £ 9.74 Lvetal, 2012

Ruditapes philippinarum Adult, 40.0 + 2.8 18+ 0.5 7.6 24 239.88 Wang et al., 2007

Sinonovacula constricta Adult, 63.42 &+ 1.57 14-16 8.17 £0.43 96 244.55 This study

clam. Hence, it is considered to be a suitable model to explore
the response mechanism of ammonia toxicity. In this study, the
molecular mechanism on response to high ammonia tolerance
was investigated through transcriptomic analysis.

Response to Ammonia Toxicity in

Sinonovacula constricta

Previous studies have shown that ammonia stress caused
a variety of adverse effects, such as energy metabolism
disturbance, induced oxidative stress and immune defense,
increased sensitivity of the animal to pathogens, and even death
(Cheng et al., 2015; Shang et al., 2021; Shen et al, 2021). In
this study, our results also demonstrated that ammonia exposure
induced the change of metabolic process, oxidative stress,
immune response, and apoptosis-related signaling pathways in S.
constricta.

Oxidative stress, one of the toxicity mechanisms of
environmental stress on aquatic organisms, is usually coupled
with DNA damage (Wang et al., 2016). In this study, the genes
encoding antioxidant enzymes, i.e., GST and catalase (CAT),
were significantly downregulated, suggesting a weakness in
compensatory mechanism due to excessive reactive oxygen
species (ROS). The excessive ROS might destruct cell membranes
with the formation of lipid peroxides and oxidized proteins
(Liang et al., 2016). In contrast, the accumulation of free radicals
resulted in the ischemia and hypoxia in cells, which further
aggravated the metabolic disorders and tissue damage (Zhang
et al., 2016). In addition, the gene encoding N-glycosylase/DNA
lyase, which was involved in base excision repair (Wyatt, 2009),
was also significantly downregulated after ammonia exposure
(logFoldChange = —6.82). The altered expressions of DIS3-like
exonuclease and DNA ligase 1 involved in RNA degradation and
DNA replication indicated the disorder of genetic information
processing (Staals et al., 2010), which might produce “protein-
oaf” causing metabolic impairments (Hasenbein et al., 2014).

Besides, previous study has been demonstrated that ammonia
has severe impacts on the immune system (Lu et al., 2016), and
functioned as predisposing factors, which accompanied with
low levels of pathogen infections, could lead to high mortalities
(Hasenbein et al., 2014). The DEGs related to immune defense,
including heat shock protein, toll-like receptor, and cathepsin
L, presented significant upregulation exposure to ammonia in
S. constricta. The similar findings have been reported in some
invertebrates, such as abalone Haliotis discus hannai (Shen
et al., 2015), Pacific white shrimp Litopenaeus vannamei (Liu
et al., 2020), and freshwater shrimp Macrobrachium nipponense
(Yu etal., 2019).

Ammonia Excretion in Gill of

Sinonovacula constricta

Most teleost fishes excrete ammonia across branchial and/or
epithelial surfaces to maintain appropriate internal ammonia
concentration, which is an effective way to protect against
ammonia toxicity under ammonia stress (You et al, 2018).
The bulk of ammonia excretion mainly occurred in the gill
is thought to depend on the cooperation of various transport
proteins, including Rh glycoproteins, Nat/K™-ATPase, and so
on (Sinha et al., 2015). As is well known, NHj3 diffusion across
the gills of ammoniotelic fish is facilitated by Rh glycoproteins
(Wood et al., 2013), such as Pacific hagfish Eptatretus stoutii
(Clifford et al., 2015), P. dabryanus (Shang et al., 2021), and
gulf toadfish Opsanus beta (Rodela et al., 2011). In addition,
ammonia has also been excreted as NH,* (Ip et al, 2001).
NH4 " possesses similar ionic characteristics, hydration shell
sizes, and water mobility rates compared with K™, which allows
it to compete against KT to be transported through the K*-
associated channels like NKA (Sinha et al., 2015). We found that
mRNA expressions of Rh glycoproteins and NKA were increased
significantly in the gill during ammonia stress, suggesting that
ammonia excretion in vivo was activated together by NH3/NH4™"
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transport proteins in S. constricta. However, Rh was dramatically
decreased after 96-h ammonia excretion. It is reported that
the expression of Rh and NKA, together with activities of
related enzymes in the gill tissue, decreased significantly with
increased ammonia concentration (Yang et al., 2010; Ren et al,,
2015). The reason leading to a decrease in the transcription
and activity of related enzymes may be the gradual changes
occurring in the gill morphology culminated in drastic lesions
when long-term exposure to high concentrations of ammonia
(Schram et al., 2010). Although the morphological change of
gill was not investigated in this study, a large number of DEGs
were enriched into the apoptosis-related signaling pathways,
suggesting the occurrence of gill injury after ammonia exposure.
The microstructure damage of gill tissue has been observed in
the gill of R. philippinarum after subacute exposure of ammonia,
which reinforces our assumption (Cong et al., 2017).

Ammonia excretion is augmented by acidic conditions in
the water because any NHj excreted into the water is rapidly
converted to and trapped as NH4" (Ip et al, 2001). There
are two potential mechanisms for this acidification, namely,
the hydration of CO, (also crossing the membrane as CO;
gas) to form H' and HCO;™ and the active transport of
protons via H* transport like V-type-HT-ATPase (VHA) and
Na®™/H*t exchanges (NHE) (Clifford et al., 2015; Tresguerres
et al., 2020). CA catalyzes the HCO;~ and HT reaction on
the gill surface, which contributes to the secretion of acid and
traps the excretion of NH4 ™ actively (Tresguerres et al., 2020).
The significant upregulation of CA genes was found in both
the tissues of TGs (Table 5). The expressions of VHA and NHE
were significantly upregulated in the gill. These results confirmed
that S. constricta could augment ammonia excretion by excreting
acid through H* pump, also like mudskipper Periophthalmus
magnuspinnatus (You et al., 2018). In summary, the upregulated
mRNA expression of Rh together with upregulated NKA, NHE,
and V-ATP suggested that the coordinated protective response of
ammonia excretion by NH3/NH,4 " transport proteins and acid-
trapping of ammonia by H™ transport contributed to maintain a
relatively low ammonia concentration in the body fluids during
ambient ammonia exposure in razor clam.

Detoxification of Endogenous Ammonia
via Glutamine Synthesis and Urea

Formation in Hepatopancreas

It has been reported that some fish convert excess ammonia
into low toxic compound glutamine to avoid ammonia toxicity
(Ip et al.,, 2001). The key enzymes in the pathway of glutamine
synthesis are GS and GDH. Glutamine is produced from
glutamate and NHy ™", which was catalyzed by GS. The GDH
catalyzes a-ketoglutarate and NHy™ to synthesize glutamate
(Ip et al, 2001). Hence, one mole of glutamine synthesis is
needed to consume two moles of NHyT, which is a highly
efficient choice for the detoxification of ammonia. Previous
study has shown that exposure to sublethal concentration of
NH3 could induce high activities of GS and GDH enzymes
in mudskipper Periophthalmodon schlosseri and Boleophthalmus
boddaerti (Peng et al., 1998). Exposure to ammonia also results

in significant increases in enzyme activity, protein content,
and mRNA levels of GS in liver, intestine, and muscle to
detoxify ammonia in the Chinese black sleeper Bostrichthys
sinensis (Anderson et al., 2002). In accordance with previous
results, the significant increased expressions of GS in both the
hepatopancreas and the gill in our results suggested that the
clam could also reduce the toxicity of ammonia by converting
ammonia into glutamine, although the mRNA level of GDH
showed no significant change in treatment group compared
with CG. However, a recent study showed a dramatic increase
in glutamate concentration in the hemocytes of S. constricta
exposure to ammonia coupled with an increment of relative
mRNA and protein expression of both GS and GDH (Zhang
H. et al,, 2020). Combined these results together, we believe
that it is an important protective strategy for razor clam to
convert ammonia into non- or less-toxic nitrogenous compounds
such as glutamate formation when faced high ambient ammonia
concentration (Zhang H. et al., 2020).

Accumulated ammonia could also be converted into urea
to reduce ammonia toxicity, while only a few species could
synthesize urea via the ornithine-urea cycle (Peng et al., 1998).
The urea production from ornithine cycle has usually been
suppressed in all freshwater teleosts, except for some airbreathers,
such as the tilapia fish Oreochromis alcalicus graham, which is the
only fish that can live in the high alkaline soda lake with pH 9.6-
10 (Randall et al., 1989). Besides, urea biosynthesis increases in
the estivating African lungfish Protopterus aethiopicus living in
shallow waters and burrowing beneath the substratum to survive
in estivation, as well as in Xenopus laevis under water-shortage
condition (Janssens and Cohen, 1968). Interestingly, there was a
significant increase in the urea content in the liver of P. schlosseri
after 48 h of aerial exposure, but no changes were observed in B.
boddaerti (Lim et al., 2001). Hence, these different results from
different fishes indicate that ammonia detoxification through
urea cycle is not a universal mechanism, but a unique adaptation
to some special environmental circumstances (Ip et al., 2001).
In this study, the significantly higher expression of ARG and
ASS in the hepatopancreas indicated that the pathway of urea
synthesis might have been activated in S. constricta when exposed
to high environmental ammonia. As we known, the razor clam
lives in intertidal mudflat amount of high ammonia, which place
to undergo overlying seawater changing gradually to overlying
air during low tide, particularly in summer with increased
temperature (Zhang W. Y. et al.,, 2020). Therefore, it is supported
that the retention of urea synthesis pathway contributes to the
survival of S. constricta under high ammonia stress during low
tide with the condition of extreme dry or heat. Since urea content
has not detected in this study, further investigation of this issue
is warranted.

CONCLUSION

This study carried out a preliminary analysis of the responding
mechanisms under ammonia stress in S. constricta. The higher
capacity of tolerance to ammonia was observed and the
96 h sublethal concentration of ammonia was 244.55 mg/L.
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A total of 1,415 and 306 DEGs were identified in the gill
and hepatopancreas subjected to 180 mg/L TAN for up
to 72 h. The DEGs in the gill were majorly enriched in
metabolic processes, including regulation of nitrogen compound
metabolic process, nitrogen compound transport, and amide
transport. Most of DEGs in the hepatopancreas were enriched
in oxidation-reduction process, response to stress, and amine
metabolic process. In addition, the expressions of ammonia
transport-related genes (e.g., Rh, VHA, NHE, and NKA) in
the gill were significantly changed under ammonia stress
(p < 0.05), indicating that the ammonia excretion by NH3/NH4
transport and HT transport proteins synergistically contributed
to maintain ammonia at a relative low level during ammonia
exposure. Besides, ammonia metabolism-related genes such as
GS, ARG, and ASS were upregulated in the hepatopancreas.
These results provided preliminary evidence for detoxification
of endogenous ammonia via glutamine synthesis and urea
formation in S. constricta. Furthermore, the pathways and
genes identified in this study would facilitate further studies
on the more detailed molecular mechanisms of the ammonia
detoxification in molluscs and promote molecular selective
breeding for ammonia-tolerance varieties.
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