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Ammonia is the most common contaminant in aquaculture systems. Due to the
unexpected deterioration of natural seawater quality caused by harmful alga blooms
in summer, the water exchange cycle for the culture ponds of the swimming crab
Portunus trituberculatus, an important aquaculture species in China, is often much
longer, and the crabs may be exposed to long-term ammonia stress. However, less
information is available regarding the long-term effects of ammonia in marine decapod
crustaceans. Therefore, it is of great significance to understand the toxic effects of
prolonged ammonia in decapods. In this study, alteration of histology, cellular stress
responses (CSRs), and apoptosis in the hepatopancreas of P trituberculatus, an
important aquaculture species, during ammonia stress (5, 15, and 45 mg-L~") for 1, 7,
and 15 days and recovery at the normal condition for 7 days, were analyzed. Our results
demonstrated a serious impact of long-term (15 days) ammonia stress by depressing
crab CSR especially when ammonia concentration exceeds 15 mg-L~". Overall, short-
(1 day) and medium-term (7 days) ammonia stress induced CSR, evidenced by
upregulated expression of the genes involved in antioxidant defense (SOD, CAT, and
GPX), apoptosis (053, Bax, and Caspase-3), heat shock response (HSR) (Hsp70 and
Hsp90), unfolded protein response (UPR) (IRET, ATF6, and XBP1), and DNA damage
response (DDR) (ATR and DNA-PKcs). However, long-term (15 days) ammonia stress,
especially when exposed to the ammonia of 15 and 45 mg-L~", resulted in a higher
level of apoptosis and severe damage of hepatopancreas, which may be related to
the depressed CSR including antioxidant defense, HSR, UPR, and DDR. Notably, after
recovery, the expressions of many genes involved in apoptosis, antioxidant response,
HSR, UPR, and DDR in the groups exposed to ammonia at 15 and 45 mg-L~" were still
significantly different to that of the control group. In summary, care should be taken when
P trituberculatus is exposed to ammonia over 15 mg-L~' especially when exposure
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duration is longer than 15 days, as the CSR could be compromised. This study provides
a reference for a comprehensive understanding of CSR in decapod crustaceans under
ammonia stress and will be beneficial for management in the intensive culture of the

swimming crab.

Keywords: crab, prolonged ammonia, unfolded protein response, DNA damage response, apoptosis, antioxidant

response

INTRODUCTION

Ammonia is the most common contaminant in aquaculture
systems and, in fact, the major limiting factor during aquaculture
that causes massive mortality of culture animals and results in
huge economic losses to the industry (Romano and Zeng, 2013;
Wang et al,, 2017; Zhao et al, 2020). It typically presents in
ionized (NH4T) and unionized (NH3) forms in water. Ammonia,
in particular the unionized form, not only disrupts various
physiological responses including the antioxidant defense but
also amplifies the effect of other environmental factors (Li et al.,
2008; Barbieri, 2010; Kim et al, 2020). In recent years, the
water exchange cycle of marine ponds along coastal areas in
northern China is usually prolonged in summer to avoid the
potential threat of harmful alga blooms in natural seawater.
This undoubtedly increased the risk for exposure of aquaculture
animals to accumulated ammonia for a long period. Therefore,
it is essential to investigate the long-term effect of ammonia on
aquaculture animals.

Environmental stresses including ammonia exposure can
inflict damages on cellular macromolecules and induce cellular
stress responses (CSR), the defense reactions to the threat
of macromolecular damages, which is critical for enabling
organisms to cope with stressful stimuli (Kiiltz, 2005). It has been
reported that ammonia can cause overproduction of reactive
oxygen species (ROS) and oxidative damage to lipid, protein,
and DNA in aquatic organisms ($ahin and Gumiisli, 2004;
Zhao et al, 2019; Bandara et al, 2021). To prevent cellular
oxidative damage, the Keapl-Nrf2 pathway senses oxidative
stress and coordinates downstream cytoprotective proteins
including superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPX; Kopacz et al, 2020; Sies and
Jones, 2020). However, ammonia stress exceeding a threshold
often depresses the antioxidant capability of aquatic animals to
scavenge excessive ROS (Zhang et al., 2015; Liang et al., 2016; Yu
et al., 2020; Cao et al., 2021). Oxidative stress is usually coupled
with and the accumulation of misfolded protein, also known as
endoplasmic reticulum (ER) stress. To cope with ER stress, the
unfolded protein response (UPR) is triggered to maintain protein
homeostasis (Dandekar et al., 2015; Liang et al., 2016; Di Conza
and Ho, 2020; Zhang et al., 2021). Furthermore, the UPR has also
been reported to interact with the DNA damage response (DDR),
a pathway involved in detecting and repairing DNA lesions, to
maintain genome integrity (Burger et al., 2019; Gonzélez-Quiroz
etal., 2020). Hence, multiple cytoprotective CSR may be activated
to counteract ammonia-induced damage in aquatic animals.

When CSR capacity is impaired and not sufficient for
alleviation of cellular stress, apoptosis will be activated to

eliminate the damaged cells (Kiiltz, 2005; Somero, 2020).
Apoptosis is usually initiated and transduced via the intrinsic
(mitochondrial) or the extrinsic (receptor-mediated) pathway
(Elmore, 2007; Eimon and Ashkenazi, 2010). It has been reported
that acute high environment ammonia (HEA) can induce
apoptosis in aquatic animals via the p53-Bax mitochondrial
signaling pathway (Cheng et al., 2015, 2019; Liang et al., 2016;
Zhang et al., 2020; Meng et al., 2021; Yan et al., 2021). However,
the relation of CSR and apoptosis in aquatic animals during
long-term ammonia stress is still largely unknown.

The swimming crab Portunus trituberculatus is an important
aquaculture species in China. In recent years, a few studies have
been conducted on the effect of acute or short-term ammonia
stress in intensive culture of P. trituberculatus (Yue et al., 2010;
Pan et al, 2018; Si et al., 2020), while scarce information
is available in terms of long-term culture conditions. In this
study, we hypothesize that long-term ammonia may impair
CSR capability and result in tissue damage in the swimming
crab. To investigate the CSR and tissue damage during long-
term ammonia stress, we analyzed changes in the activities
of antioxidant enzymes, expression of the genes involved in
antioxidant defense, UPR, DDR, the heat shock response (HSR),
and apoptosis pathways, as well as histology of hepatopancreatic
tissue of the swimming crabs exposed to ammonia (5, 15, and
45 mg'L_l) for short- (1 day), medium- (7 days), and long-
term (15 days) period, respectively. Our study may provide
a reference for the comprehensive understanding of CSR in
decapod crustaceans under ammonia stress and will be beneficial
for management in intensive culture.

MATERIALS AND METHODS

Crab Collection and Maintenance

This experiment was conducted in Blue Valley Campus of
Qingdao Agricultural University from August to September
2020. To avoid gender differences in physiology, subadults
of male P. trituberculatus (body weight: 1154 + 22.1 g;
carapace width: 96.3 £ 6.3 mm) were obtained from a local
farm in Jiaonan district (Qingdao, Shandong, China) and were
acclimated for 2 weeks before experiment initiation. During
acclimation, seawater (temperature: 23 + 1°C; salinity: 30%o; pH:
7.5, NO,™: <0.03 mg-L™%; NO; : <0.46 mg-L™!), which meets
the standard “water quality standard for fisheries” (GB 11607-89)
and a photoperiod of 14:10 h light: dark, were provided. Crabs
were fed once every day with fresh Ruditapes philippinarum, and
feces were removed after 3 h of feeding. The seawater of 1/2
in each tank was exchanged daily. Each tank was continuously
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aerated with air stones. As P. trituberculatus is a non-protected
species, no special permission is needed in this experiment.

Experimental Protocol

After acclimation, healthy individuals in the intermolt stage of
legal size (~100 g wet weight) were chosen and randomly divided
into four groups (80 crabs in each group). For each group, 80
crabs were randomly allocated into four tanks (20 individuals
in each tank) as four replicates. One group in natural seawater
was used as the control group. The other three groups were
exposed to low (5 mg-L™! Typmm, LA), medium (15 mg-L~!
Tamm> MA), and high concentration (45 mg-L_1 T amm,> HA)
of ammonia for at most 15 days, respectively. After ammonia
exposure, treatment groups recovered in normal seawater for
7 days. The ammonia concentrations were chosen based on our
preliminary experiment, which showed that the mortality of the
crabs was ~50% at 15 mg-L~! after 15 days of exposure, while it
was ~90% when exposed to 45 mg-L~ 1.

During the experiment, 1/2 of seawater in each container
was daily exchanged with fresh seawater at desired ammonia
concentration, which was prepared with solid ammonium
chloride (NH4Cl, CAS: 12125-02-9, purity >99.5%) (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China). During the
ammonia exposure, we monitored the ammonia levels in the
water and adjusted it with freshly prepared stock solution daily to
ensure consistency. On day 1 (short-term stress), day 7 (medium-
term stress), and day 15 (long-term stress) following ammonia
exposure and after recovery, five to six crabs in each group were
randomly chosen for hepatopancreatic sampling. All samples
were stored at —80°C for further analysis.

Histological Analysis

After 15 days of stress, the hepatopancreas was fixed in 4%
paraformaldehyde with a volume of 10 times the sample.
The fixed specimens were trimmed into processing cassettes,
dehydrated in graded ethanol solutions (70, 80, 90, and 99% for
1-2 h in each step) (CAS: 64-17-5, purity >99.8%) (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China), cleared in 100%
xylene (CAS: 1330-20-7, purity >99%) (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), and embedded in pure
paraffin wax (CAS: 8002-74-2). The sections (5-6 pm) were
prepared with a microtome, stained with hematoxylin-eosin
(HE), and observed under a light microscope (Olympus, Tokyo,
Japan). After observation, the relative area of the tubule (%) and
relative area of the lumen (%) (4-5 fields for each individual, and
three individuals for each treatment) were quantified according
to the previous study (Huang et al, 2020) and using the
CaseViewer 2.0 software.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick End
Labeling Assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay was carried out using a Fluorescein
TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan,
China), according to the manufacturer’s instructions. Briefly,

the fixed hepatopancreatic samples were dehydrated in graded
concentrations of ethanol, embedded in paraffin wax, divided
into sections, and mounted on glass slides. The tissue sections
were deparaffinized, rehydrated, and treated with protease K
solution at 37°C for 25 min, and then washed three times
with phosphate buffer solution (PBS). After that, the slides were
incubated with the TUNEL reagent in a humid chamber at 37°C
for 2 h, washed three times with PBS, counterstained with 4’,6-
diamidino-2-phenylindole (DAPI), and visualized on a Nikon
Eclipse 80i (Nikon, Melville, NY, United States).

Determination of Antioxidant Enzymes
Hepatopancreatic tissue was powdered under liquid nitrogen,
weighed, and homogenized in 0.85% ice-cold saline solution
(w:v = 1:9). Homogenates were immediately centrifuged for
10 min at 4°C and 3,000 r/min. The collected supernatants were
used for the determination of activities of SOD, CAT, and GPX.
All preparation procedures were carried out at 4°C.

The activities of SOD and CAT were determined using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the method described in our
previous study (Lu et al, 2016). One SOD unit was defined
as the amount of SOD capable of inhibiting 50% of nitrite
formation per milligram of protein. One CAT activity unit was
defined as the decomposition of 1 mmol H,O, per second per
milligram of protein.

The GPX can catalyze the oxidation of reduced glutathione by
H,0,. Thus, the GPX activity could be obtained by monitoring
the depletion of reduced glutathione at 412 nm. According
to the protocol of the commercial GPX assay kit, each tissue
homogenate (0.2 ml) was mixed with 0.2 ml GSH solution
(1 mmol L™1). After incubation at 37°C for 5 min, 0.1 ml
work solution I was added and then incubated at 37°C for
another 5 min. After mixing with 2 ml work solution II, the
reaction system was centrifuged for 10 min at 3,500 r/min. The
supernatant of 1 ml was then collected; mixed with work solution
III (1.0 ml), IV (0.25 ml), and V (0.05 ml); and reacted for 15 min
at room temperature. The absorbance of the final reaction system
at 412 nm was recorded to calculate the GPX activity. One GPX
unit was defined as the amount catalyzing the oxidation of 1 pmol
glutathione at 37°C per min for per milligram protein. The final
absorbances of all reaction systems in a transparent 96 well plate
with flat bottom were read at 550 nm for SOD, 405 nm for CAT,
and 412 nm for GPX using Synergy multifunctional enzyme plate
analyzer. All enzyme activities were expressed as U-mg prot ..

Quantitative Real-Time PCR

Total RNAs from hepatopancreas were extracted using TRIzol
Reagent (Invitrogen, Carlsbad, CA, United States). After
confirmation of RNA concentration and purity, 1 jLg of total RNA
was reversely transcribed into complementary DNA (cDNA)
using Evo M-MLV RT Kit (Accurate Biology, Changsha, China).
Real-time quantitative PCR (RT-qPCR) was then conducted to
quantify the mRNA expression levels of Keapl (kelch-like ECH
associated protein 1), SOD, CAT, GPX, ATR (ataxia-telangiectasia
mutated and Rad3 related), DNA-PKcs (DNA-dependent protein
kinase catalytic subunit), IRE1 (inositol-requiring enzymes 1),
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XBP1 (X-box binding protein 1), ATF-6 (activating transcription
factor 6), Hsp70 (heat shock protein 70), Hsp90 (heat shock protein
90), p53, Bax, and caspase-3. B-actin was used as the internal
control. Specific primers were designed based on gene sequences
from our previous transcriptome data or previous studies (Zhang
et al., 2009; Cui et al., 2010; Meng et al., 2014, 2015, 2020; Ren
et al., 2016; Table 1). The reactions were performed with the
following program: 95°C for 30 s; 94°C for 5 s, and 60°C for 15 s
(35-40 cycles). Relative mRNA expression levels were calculated
using the 274 A% method.

Statistical Analysis

Data in this study were expressed as mean + SD. The SPSS
20.0 software was used to conduct the data analysis. All data
were first tested for normality (Kolmogorov-Smirnov test) and
homogeneity of variances (Levene’s test), and where necessary
log-transformations were applied to meet these assumptions.
One-way ANOVA analysis was conducted followed by Duncan’s
multiple comparisons test. The detailed statistics are listed
in the Supplementary Table 1. P < 0.05 was considered
statistically significant.

RESULTS

Histological Changes in Hepatopancreas

Significant histological changes in hepatopancreas under
ammonia stress were noticed after day 15 [relative area of tubule,
F(DFn = 3, DFd = 54) = 30.699, P = 0.000; relative area of
lumen, F(DFn = 3, DFd = 54) = 38.289, P = 0.000] (Figure 1).
The hepatopancreas of the control crab was kept in the normal
stellate lumen, and R cells were dominant in hepatic tubules.
Compared with the control group, the relative area of tubule
in the three treatment groups became significantly smaller
(P < 0.05). For the LA group, a less clear asterisk-like appearance
and a significant dilation of the tubule lumen were observed
(P < 0.05). The asterisk-like appearance of the tubule lumen

TABLE 1 | Sequences of the specific primers.

Genes Forward Reverse

Keap1 ACAGTCTGTGGCTCTTGGTG ~ CAACCTGCCTCACTCGACAT
SOD TCTGAGTCCAGGTCAACACG  CCGTGGGTAGTCATGTAGGG
CAT ATGAGCAGGCAGAGAAGTGG TCAAGTGTGATGCGACCAAC
GPX ACTCAGTCACCACCCAGACC CACACCGGAGAGAGCCTTAG
ATR GTTGTGCGGTCATTGGTCAC  ACAAGTCCTGCCCATTAGCC
DNA-PKcs CTTCCGCATTCAGGCTCATC  TAATGGACGTGGAGGTGGAG
IRET CCTGCTGTGGACTCTTGAGA  ACTGCTGTGTTGAGTGAGGT
XBP1 GTGATGGACTCTGCACTGC GGGTTCCAGGACTGTTGCT
ATF-6 TACCACAGCTGACACACGC GCAGCAGGTTCGTCTCCAT
Hsp70 CCGTATCCCTAAGACCCAGAAA CAGCCTCAGACTTATCACCACAAA
Hsp90 CTATCCCATCAGGCTCCTTGTT CACCTACATCCTCAATCTTTGG
P53 GAGGATGAAACTGCGGCTGA  AACTCTGTCCCTCCCACTAC
Bax TGACCGCCATTATGACCAGT  AGAAATGCAGGACGTGAGGA
Caspase-3 TGGCAGTGGTGGCTTGTCT CGTGGCTTGTTGAGCAGTG
B-actin AGCGAGGCTACACCTTCAC TCCAGGGAGGAGGAAGAAG

disappeared in the MA and HA groups and their tubule lumen
was significantly larger than the control group (P < 0.05) and
the LA group (P < 0.05). The hepatopancreatic cells of MA
and HA groups also showed various degrees of tumefaction,
disintegration, and apoptosis characteristic changes such as
nuclear condense. Notably, the most serious damage by HEA
occurred in the HA groups, whose cell and nucleus integrities
were severely disrupted.

Antioxidant Response

As shown in Figure 2, the SOD activity was only induced in the
LA group on day 7 (P < 0.05). The CAT activity of the LA group
was similar to that of the control group, while the CAT activity of
the MA and HA groups was significantly decreased after 7 days
of ammonia stress (P < 0.05). The GPX activity of the LA and
MA groups showed no significant difference compared with the
control group. For the HA group, the GPX activity significantly
reduced after 15 days of exposure (P < 0.05). Notably, the activity
of CAT and GPX in the MA group was significantly higher than
that of the control level after recovery (P < 0.05).

Following ammonia exposure, mRNA expression of SOD was
upregulated after short-term stress in the MA group (P < 0.05),
while a significant downregulation was observed in the MA and
HA groups after day 15 (P < 0.05) (Figure 3). Overall, the
CAT expression was negatively related to ammonia stress. During
stress, the CAT expression was significantly downregulated in
the HA group at each time interval (P < 0.05). The mRNA
expression of GPX was upregulated in the MA and HA groups
on day 1, while it returned to the control level after day 7
for the HA group and after day 15 for the MA group. The
ammonia stress resulted in a downregulation of Keapl in all
treatment groups, and a significant difference was observed in
the MA and HA groups at each time interval (P < 0.05).
Notably, after recovery, the MA and HA groups showed
increased levels of CAT and GPX but decreased expression
of Keapl.

Expression of the Heat Shock Proteins

The expressions of Hsp70 and Hsp90 in the MA and HA groups
were significantly upregulated at day 1 (P < 0.05), while they
were downregulated at day 15 (Figure 4). During recovery,
except for the Hsp90 expression of the LA group, all treatment
groups showed a significant upregulation of Hsp70 and Hsp90 in
comparison with the control group (P < 0.05).

Expression of the Genes Involved in
Unfolded Protein Response

The short- and medium-term stress significantly upregulated the
mRNA expression of ATF6 and XBP1I (P < 0.05), which returned
to the control level at day 15 (Figure 5). During stress, the mRNA
expression of IRE] kept stable in all treatments except for the
HA group at day 7. After recovery, an upregulation of IREI,
ATF6, and XBPI was observed in the MA and HA groups, while
a significant difference was only recorded in the XBP1I expression
of the HA group (P < 0.05).
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mean + S.D., n = 13-15, with P < 0.05 considered significant.

FIGURE 1 | Histological changes in the hepatopancreas of ammonia-stressed R trituberculatus. (A) Relative area of tubule, (B) relative area of lumen. Red arrow:
damaged cellular structure. Green arrow: nuclear condense. Data are represented as mean + S.D., with P < 0.05 considered significant. Data are represented as
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Expression of the Genes Involved in DNA
Damage Response

As shown in Figure 6, ATR was only upregulated in the HA group
on day 7. For DNA-PKcs, an upregulation was observed in the HA
group at days 1 and 7, while a significant downregulation in the
HA group was noticed at day 15 (P < 0.05).

Apoptosis and Related Gene Expression
The mRNA expression of p53, Bax, and caspase-3 in the MA
and HA groups increased significantly (P < 0.05) after ammonia
exposure (Figure 7). It was noticed that only the p53 expression
returned to the control level on day 15. After recovery, the Bax
expression in the MA and HA groups and caspase-3 expression in
the HA group remained at a higher level than those in the control
group, and a statistical significance was recorded in the Bax
expression of the MA group (P < 0.05). As shown in Figure 8,
an increase in the TUNEL-positive cells was observed in all three
treatment groups after day 15.

DISCUSSION

Long-term elevation of ammonia levels in aquaculture systems
can often be experienced by crustaceans, which can result in
massive mortality. However, there has been limited information

regarding the toxic effects in crustaceans under prolonged
ammonia stress. In this study, histological analysis showed that
the relative area of tubule and lumen in hepatopancreas in all
treatment groups were significantly decreased and increased,
respectively, after 15 days of ammonia exposure. In addition,
the hepatopancreatic cells in the MA (15 mg-L™!) and HA
(45 mg-L™!) groups also exhibited disintegration, tumefaction,
and apoptotic characteristics. These results clearly demonstrated
that long-term HEA could cause hepatopancreatic damage in
the swimming crab.

Cellular stress responses are crucial for organisms to maintain
cellular homeostasis under environmental stress, including
ammonia exposure (Swan and Sistonen, 2015; Kiiltz, 2020).
Previous studies showed that HEA can cause over-generation
of ROS and result in oxidative stress in aquatic animals
(Cheng et al, 2019; Zhang et al., 2020; Zhao et al., 2020).
The Keapl-Nrf2 pathway plays a critical role in alleviating
oxidative stress via upregulating its downstream antioxidant
enzymes. The activity of the Nrf2 transcription factor is primarily
controlled by Keapl which acts as a negative regulator of Nrf2
(Ganan-Gomez et al,, 2013). In this study, the Keapl expression
was significantly downregulated in the MA and HA groups,
accompanied by the upregulation of SOD and GPX observed after
ammonia exposure for days 1 and 7, as well as after recovery.
These results indicated that HEA at 15-45 mg-L™! can induce
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FIGURE 2 | The enzymes activities in hepatopancreas of P, trituberculatus after ammonia stress and recovery. Data are represented as mean + S.D., n = 4-6, with
P < 0.05 considered significant. Different letters represent significant differences among different groups.
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mean + S.D., n = 3, with P < 0.05 considered significant. Different letters represent significant differences among different groups.
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mean + S.D., n = 3, with P < 0.05 considered significant. Different letters represent significant differences among different groups.

oxidative stress and activate the Keapl-Nrf2 pathway in the
hepatopancreas of the swimming crab. On day 15 after exposure,
the expression of Keapl remained low in the MA and HA
groups, but the expression of antioxidant enzymes also exhibited
downregulation, which suggested that long-term HEA at 15-
45 mg-L ™! could influence the Keap1-Nrf2 signaling and impair
antioxidant defense in P. trituberculatus. Interestingly, there was
a discrepancy in changes in the activity and mRNA expression
of GPX after ammonia exposure. The GPX activity in the
treatment groups at most sampling points showed no significant

difference with the control group, while the GPX expression
was upregulated in the treatment groups after different exposure
times. This discrepancy was also observed in a previous study,
which may be attributed to decreased contents of glutathione, the
substrate of GPX, after ammonia stress (Li and Qi, 2019).
Oxidative stress is usually coupled with ER stress, leading to
the induction of HSR and UPR, which can protect proteins by
facilitating protein folding or degrading unfolded and misfolded
protein (Kalmar and Greensmith, 2009; Dandekar et al., 2015; Di
Conza and Ho, 2020). Activation of UPR is mediated by several
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master regulators, such as IRE1, XBP1, and ATF6 (Dandekar
et al,, 2015; Di Conza and Ho, 2020). In this study, upregulation
of IRE1, XBP1, and ATF6 was observed in the MA and HA groups
at 1 and 7 days of post-exposure. Similarly, Hsp70 and Hsp90 were
also upregulated after 1-day ammonia exposure. These results
indicated that UPR and HSR were activated to relieve ammonia-
induced ER stress and restore ER homeostasis after short-term
exposure. Interestingly, the expression of the genes involved in
HSR and UPR returned to the control level or was even lower
than that of the control after the long-term stress, which implies

that long-term ammonia stress could inhibit UPR and HSR, and
may impact protein homeostasis in the swimming crab.
Environmental stress, including ammonia, can pose a
considerable threat to genome integrity and lead to diverse DNA
lesions, among which DNA double-strand breaks (DSB) are
considered one of the most cytotoxic lesions (Khan and Alj,
2017; Zhang et al., 2020). After sensing DSB, ATM, ATR, and
DNA-PKcs recruitment to DSBs initiate the DSB signaling to
repair DNA, which is known as DDR (Blackford and Jackson,
2017; Burger et al,, 2019). The result of this study indicated that
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detected by DAPI (blue).

FIGURE 8 | TUNEL assay of hepatopancreas from control, LA, MA, and HA groups. The apoptotic cells were detected by TUNEL (green) and the nuclei were

short-term ammonia exposure can activate DDR, as evidenced
by the upregulation of ATR and DNA-PKcs. Similar to the genes
involved in antioxidant defense, UPR, and HSR, the expression of
ATR and DNA-PKcs was also reduced to the control level or lower
than that of the control level. Taking those results together, we
may speculate that long-term ammonia exposure over 15 mg-L ™!
can compromise CSR, including antioxidant defense, UPR, HSR,
and DDR, in the hepatopancreas of P. trituberculatus.

It has been demonstrated that oxidative stress, ER stress, and
DNA damage can interfere with cell homeostasis and activate
proapoptotic signaling (Chandra et al., 2000; Tabas and Ron,
2011). Previous studies have shown ammonia-induced apoptosis
in aquatic animals (Cheng et al., 2015, 2019; Liang et al., 20165
Zhang et al., 2020). This was also observed in our study when
the crabs were exposed to HEA of 15-45 mg-L ™!, as indicated

by the TUNEL assay. Recent studies in aquatic animals reported
that ammonia induced apoptosis in the hepatopancreas via
the p53-Bax signaling pathway (Cheng et al., 2015; Jia et al,
2015). In the pathway, activation of p53 upregulates proapoptotic
genes, including the Bax, which causes the activation of caspases
and eventually apoptosis (Schuler and Green, 2001). For the
MA and HA groups, the expression of p53, Bax, and caspase-
3, the executioner of apoptosis, were significantly upregulated.
We, thus, inferred that the p53-Bax-mediated caspase-dependent
apoptotic pathway was involved in the HEA-induced apoptosis in
the swimming crab.

In summary, the ammonia level exceeding 15 mg-Lf1 is
harmful to the swimming crab P. trituberculatus. Long-term
ammonia exposure compromised CSR and induced apoptosis
and tissue damage in the hepatopancreas. Even recovery of 7 days
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could not eliminate the detrimental effects of the long-
term ammonia exposure at 15-45 mg-L~!. This might be
an important reason why crabs cannot withstand HEA
for a long time.
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