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Impact of ocean acidification
on the physiology of digestive
gland of razor clams
Sinonovacula constricta

Jian Liang, Yuhang Liu, Feixia Zhu, Yongren Li,
Shuang Liang and Yongjun Guo*

Tianjin Key Laboratory of Aqua-ecology and Aquaculture, College of Fisheries, Tianjin Agricultural
University, Tianjin, China

Ocean acidification (OA) can have widespread implications for marine bivalves.
While our current understanding of OA effects on the physiological
performance is increasing, very little is known about the physiology of
digestive gland of marine bivalves in response to OA. Here, we examined
how the digestive system of razor clams (Sinonovacula constricta) responded
to OA. Following 35-day exposure to CO,-driven seawater acidification, no
significant decreases in phenotypic traits, such as dry body weight gain, specific
growth rate, condition index and survival rate, as well physiological functions,
such as activities of antioxidant and digestive enzymes, were observed,
demonstrating the resistance of razor clams under acidified conditions.
Histological results showed that some direct damages on the structure of
digestive gland was observed, including degradation of digestive tubular,
atrophy of epithelial cells, loose cell arrangement, even diffuse. This study
provides insights into the digestive performance of marine bivalves in a rapidly
acidifying ocean.
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Introduction

The stress of marine environmental variation will affect the physiological response, stress
tolerance, and adaptation potential of marine organisms (Dong et al., 2019; Liao et al., 2022;
Xu et al,, 2022), especially the increasingly severe ocean acidification. Ocean acidification
(OA), the continuing decline in global ocean pH, is one of the most significant consequences
of rapid increases in anthropogenic carbon dioxide (CO,) emissions since the industrial
Revolution (Intergovernmental Panel on Climate Change [TPCCJ, 2014). The pH of surface
ocean has dropped 0.1 units over the past 200 years and is projected to decrease 0.3-0.5 units
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by the end of this century (Intergovernmental Panel on Climate
Change [IPCC], 2014). Considering the unprecedented occurrence
rate of OA, whether marine organisms can keep up with and adapt
to rapid acidifying ocean has attracted widespread attention (Zhao
et al, 2020; Zhang et al, 2022). Many acute and short-term
exposure experiment have demonstrated that lowered seawater
pH can have widespread impacts on the growth, survival, and
essential physiological processes, such as shell formation,
metamorphosis, cellular acid-base homeostasis, biomineralization,
physiological energetic, immunity, development, and reproduction
of marine invertebrates (e.g., Kurihara, 2008; Talmage and Gobler,
2009; Zittier et al., 2015; Figueiredo et al., 2016; Xu et al., 2016; Zhao
et al,, 2019; Liu et al.,, 2020).

For bivalves, as the important marine calcifiers, their
exposures to OA have been widely demonstrated to inhibit shell
formation, growth, survival, and metamorphosis (Talmage and
Gobler, 2009; Liu et al,, 2020). The digestive gland is an important
functional tissue in mollusks (Zhang et al., 2022), which plays an
important role in nutrient intake, hormone synthesis, energy
metabolism and immune defense (Khan et al., 2018; Zhang
et al,, 2022). However, its response under OA conditions has
not been well understood. At present, for bivalves, the exposure to
OA has been widely demonstrated to inhibit the antioxidant
capacity (Wang et al, 2016; Zhang et al, 2022), damage the
tissue structure (Wang et al, 2019), and reduce the activity of
digestive enzymes (Kong et al, 2019; Xu et al, 2020). The
antioxidant defense system can remove excessive ROS produced
by biological organisms due to environmental changes and
prevent cells from oxidative damage (He et al., 2021). Digestive
enzymes play an important role in nutrient digestion, and their
activities can directly reflect the digestive capacity and nutritional
status and ultimately translate into the growth performance of
marine bivalves (Liang et al., 2021). However, in previous studies,
most bivalves were directly exposed to acidified seawater, while
most of the bivalves in the natural environment lived in the seabed
sediment. Therefore, the impact of OA on the digestive gland of
bivalves in the real living environment deserves further attention
and evaluation.

Razor clams (Sinonovacula constricta) are infaunal bivalve
species that constitute a considerable component of infaunal
soft-bottom communities, inhabiting fine sand, silt or sandy-
mud ocean floors (Fernandez-Tajes et al., 2010). As a traditional
seafood, they are widely distributed in global coastal areas and
are one of the important mariculture species in China. In 2020,
for example, their output exceeded 860,000 tons and breeding
area was nearly 4,326 hectares (Fishery Administration Bureau,
Ministry of Agriculture and Rural Affairs, National Fisheries
Technology Extension Station, 2021). However, as of now, the
responses of razor clams to the environmental changes and the
accompanied impacts on their fitness remain poorly understood.
In the present study, we evaluated the impacts of OA on the
growth index and survival of razor clam, as well as the
antioxidant capacity and enzyme activity of digestive gland.
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The results of this study will provide a better understanding of
the response and adaptive potential of bivalves in a rapidly
acidifying ocean.

Materials and methods

Individual collection and laboratory
acclimation

A total of 300 razor clams (50.95 + 2.45 mm shell length,
0.47 + 0.10 g dry tissue weight) were collected from a muddy
farming pond in Sanmen county, Zhejiang province, China
(29.057166N, 121.562862E). Upon arrival in the laboratory by
airplane, razor clams were immediately cleaned and acclimated
in an aquarium facility equipped with a filtering system and air
supply for one week. Environmental conditions of acclimation
with seawater temperature, salinity, pH, and dissolved oxygen
concentration were kept at 28°C, 18, 8.1 and >7 mg O, L™,
respectively, which were rather comparable to those recorded at
the sampling site and day of collection. Razor clams were fed
daily twice (at 8:00 am and 20:00 pm, respectively) with fresh
microalgae Isochrysis galbana. Considering that the fresh food
supply may offset the effects of ocean acidification on marine
bivalves (Thomsen et al., 2012) and fulfill their nutritional
requirements for metabolism (Xu et al, 2016), 2ml of
concentrated Chlorella vulgaris (2x10° cells ml™") was also fed
every time throughout the course of the experiment.

Experimental setup

To examine the influence of CO,-induced seawater
acidification on razor clams, two seawater recirculating
systems were established. Each system consists of three 45-L
exposure aquariums (housing 50 clams per aquarium), a 120-L
filtering aquarium (containing filter material), and a 70-L gas
mixing aquarium (containing bubble and temperature
regulator). By bubbling air or pure CO, gas into the gas
mixing aquarium, two scenarios of seawater pH (i.e., 8.1 and
7.7) were manipulated, the latter mimicking the future ocean
condition by the end of this century (Intergovernmental Panel
on Climate Change [IPCC], 2014). Seawater pH was monitored
using a digital pH controller (PB-10, sartorius, Germany), and
CO, gas flow regulated by mass flow controller (D08-8CM,
SEVENSTAR, China). The temperature of each system was
maintained by a digital temperature regulator (CN606,
CHANNG, China). In the gas mixing aquarium of each
system, seawater was continuously aerated by an air pump
(ACO-012, SunSun, China) to keep the water dissolved oxygen
levels. To make the simulation environmentally realistic, about
15cm of sandy-mud was laid in each exposure aquarium. When
all razor clams buried into the sediment, seawater pH of the
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system was gradually adjusted to the setting level, and after 24 h
of equilibration, the system reached a steady state. The
experiment lasted for 35d, during which seawater was renewed
by a quarter every three days, and constant lowered pH
condition was maintained. Razor clams were fed daily in the
same manner as during the acclimation period. Temperature,
salinity, pH, and mortality were recorded on a daily basis.

Sample preparation

Prior to sample collection, all razor clams were starved for
12h to empty their intestine. A total of 30 razor clams from each
system (i.e., 10 samples from each replicate) were randomly
selected to measure the growth performance. A total of 18
specimens (i.e., six samples from each replicate) were sampled
from each scenario and then carefully dissected on an ice tray to
obtain the digestive gland and stored at -80°C pending analyses
of enzyme activity. Besides, the visceral mass of 6 additional
sample (i.e., two samples from each replicate) was fixed with 10%
formalin solution for histological assay.

Growth performance analysis

The growth performance of razor clams from each system
was measured at the end of the experiment. The final dry body
weight (Wy), dry body weight gain (DWG) (Liu et al,, 2019),
specific growth rate (SGR) (Liu et al., 2019), condition index (CI)
(Xu et al., 2016), and survival rate (SR) were chosen and then
calculated using the following equations.

Dry weight gain(DWG) = Wy — W,
SGR(% /d) = (InW; — InW;) /D x 100
CI(%) = Wf/Wshell x 100

Survival rate(%) = Nf/N,- x 100

where W; (g) and W¢ (g) are the initial and final dry body weight of
razor clams, respectively. D (d) is the duration of experiment days.
When (g) is the finial dry shell weight. N; and Nyare the initial and
final number of surviving individuals, respectively.

Enzyme activity analysis

The digestive gland of three razor clams from each replicate was
mixed as one sample to determine activities of antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT),
malondialdehyde (MDA), and glutathione (GSH), and digestive
enzymes, including amylase (AMS) and lipase (LPS). The
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preparation method was based on our previous study (Liang et al,
2021). In brief, digestive gland samples were homogenized three
times with physiological salt solution (1:9W/V) in ice water for 30s,
using an electric mixer at 6,000 rpm. The homogenate was
centrifuged at 9000g at 4°C for 30m to remove tissue fragments
and lipids. The supernatant (enzyme extract) was then distributed
into 1.5 mL Eppendorf tubes and stored at —20°C until enzyme
detection. Activities of SOD, CAT, MDA, GSH, AMS, and LPS were
measured using kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), according to the manufacturer’s instructions.

Histological assay

The visceral mass fixed in the formalin solution were firstly
dehydrated through an increasing ethanol concentration series,
and then transparent and embedded in paraffin following the
standard procedures. The sections were 7-um thick and placed
on a glass slide. Histological strain was performed with
hematoxylin and eosin solution (Dridi et al., 2007). Images of
stained sections were collected by Motic BA600 digital scanning
microscope. There were 5 sections per slide and 2 slides for each
razor clam. That meant there were 60 sections for each group,
which met the requirement for statistical analysis (n=5x2x6).

Statistical analysis

All data obtained were presented as means + SEM, and
analyzed using software SPSS 22.0 (Chicago, IL, USA). The
variance equality of experimental results was firstly analyzed
using Lenene test, and then independent sample T test method
was used to determine the difference between the two groups.
The statistically significant difference was set as p< 0.05.

Results

Environmental conditions during the
experiment

Continuous monitoring of the recirculating systems showed
that scenarios of seawater acidification were successfully
achieved (Figure 1). Seawater pH targets were consistently
maintained throughout the experiment, with dissolved oxygen
concentrations above 6 mg L™, temperature varying from 22.3 to
26.1°C, and salinity maintained at 16-18 PSU.

Growth performance

The effects of seawater acidification on the growth
performance of razor clams were demonstrated in Figure 2.
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FIGURE 1

Daily records of seawater pH over the course of the experiment.

Exposure of razor clams to reduced seawater pH did not elicit
statistically significant decreases in Wy, DWG, SGR, and CI (p =
0.161, 0.161, 0.177, and 0.957, respectively). Under acidified
conditions, no mass mortality event occurred, as exemplified by
survival rate reaching 86% and its simultaneously gradual
decrease compared with individuals grown under ambient
conditions (Figure 3).

Activities of digestive and antioxidant
enzymes

In comparison to razor clams reared at pH 8.1, exposure to
lowered pH of 7.7 significantly depress activities of LPS (p = 0.02;
Figure 4I) in the 14-day exposure periods, but no significant
difference was observed in the 35-day exposure periods (p = 0.56;

FIGURE 2

W;, DWG, SGR, and Cl values of razor clam cultured under pH 7.7 and pH 8.1 exposure over the 35-day experiment. W (1): finial dry body
weight, DWG (l1): finial dry body weight gain, SGR (lll): specific growth rate, Cl (IV): condition index. Different lowercase letters indicate

significant differences (P<0.05) between the two groups.
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FIGURE 3
Time-survival rate relationship under pH 7.7 and pH 8.1 exposure.

Figure 4I). The activities of AMS had no significant difference
between the two groups until the end of the experiment (p = 0.45
on 14-day and p = 0.23 on 35-day; Figure 41I). In addition, the LPS
and AMS activities of the two groups at 35 days were significantly
higher than those at 14 days (p = 0.00 for all; Figure 4 and II). These
results suggest that acidification did not significantly reduce the
level of digestive enzymes in razor clam.

Likewise, when exposed to seawater acidification, activities of
antioxidant enzymes, such as CAT (p = 0.21 on 14-day and p = 0.09
on 35-day; Figure 41V), GSH (p =0.91 on 14-dayand p=0.70 on 35-
day; Figure 4V), and the level of MDA (p = 0.26 on 14-day and p =
0.37 on 35-day; Figure 4VT) were not significantly higher than those
assayed in razor clams grown under ambient conditions in whole
periods of acidification exposure, except for SOD, in which the pH
7.7 group showed significantly (p =0.03; Figure 4III) increase
activity compare with pH 8.1 group after 35-day of acidification
exposure. In addition, at the end of acidification exposure, the GSH
and MDA in both two groups displayed no significant difference (p
=0.94 and 0.78 for pH 7.7 group, p =0.61 and 0.70 for pH 8.1 group;
Figure 4V and VI) compared to those of the group in 14-day of
experiment periods, just except for CAT, in which significant lower
was observed in pH 8.1 group (p =0.04; Figure 41V). Meanwhile, the
level of SOD activities in both two groups after 35-day exposure
were all significantly higher (p =0.00 for all; Figure 4I1T) than those
of group in 14-day. In conclusion, the antioxidant capacity of razor
clam could not be significantly affected by acidification seawater.

Histological observation
The normal structure of digestive tubules (dt) in the

digestive gland is shown in Figure 51. The tubules consist of a
single layer of full rounded ciliated epithelial cells (ec) that
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narrow or even block the lumen. The interstitial tissue (it) was
composed of fibroblasts. Exposure to acidified sea water
apparently damaged the structure of the digestive tubes
(Figure 5II). Some severe lesions were observed in the pH 7.7
group, including degradation of digestive tubular, atrophy of
epithelial cells, and loose cell arrangement, manifesting as the
lumen enlarged abnormally and basement membrane of
epithelial cells became thin and discontinuous. At the same
time, the digestive glands in the pH 7.7 group showed extensive
local lesions, where diffuse digestive tubules and cellular fibrosis
(shown by arrows) appeared, which may be a precursor to
necrosis. In addition, a higher proportion of haemocyte
infiltrations were observed in the pH 7.7 group.

Discussion

Rapidly increasing anthropogenic CO, emissions are causing
ocean acidification and global warming. Elevated pCO, in seawater,
and associated reduction in pH, are expected to affect basic
physiological processes, ultimately affecting growth and
reproduction, and even survival in extreme cases (Wang et al,
2015; Xu et al., 2016). These environmental changes could have
serious consequences for all kinds of marine organisms.

Many studies have shown that OA negatively affected on the
survival, calcification, growth, development, and abundance of
marine bivalves at different levels of biological organization
(Kroeker et al., 2013). The effects of ocean acidification on the
growth and development of shellfish larvae are particularly
evident. Mercenaria mercenaria, Argopecten irradians, and
Crassostrea virginica are all negatively affected in terms of
their metamorphosis, growth, and survival (Talmage and
Gobler, 2009), which can most likely be attributed to
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FIGURE 4

LSP, AMS, SOD, CAT, MDA, and GSH content of razor clam
cultured under pH 7.7 and pH 8.1 exposure at the 14-day and
35-day experiment. LPS (I): lipase, AMS (II): amylase, SOD (lll)
Superoxide dismutase, CAT (IV): catalase, GSH (V): glutathione,
MDA (VI): malondialdehyde. Note: different capital letters
indicate significant differences (P<0.05) between the same
groups at different time points; different lowercase letters
indicate significant differences (P<0.05) between groups at the
same point in time.

impairments in their calcification physiologies. Presently, some
studies have demonstrated that acidification can adversely affect the
digestive performance of shellfish and hinder the absorption of
nutrients, which in turn reduced growth rate, fecundity, and
survival rate of shellfish (Wang et al., 2019; Kong et al., 2019; Xu
et al., 2020; Zhang et al., 2022). However, in this study, the
detrimental effects of OA on the growth performance were not
significant. There were no significant differences in Wf, DWG, SGR,
and CI between pH 7.7 group and pH 8.1 group. In particular, Cl is
an indicator that can track gonad development and spawning time
in bivalve mollusks (Gosling, 2003). For example, the CI of the
Ruditapes philippinarum was increased during gonad maturation
and decreased during spawning (Dang et al., 2010). A higher CI
value was observed at the end of the experiment, indicating the
gonad maturation. In addition, our results showed that the adverse
effects of reduced pH on CI were not significant at the end of the
experiment, suggesting that ocean acidification may not affect the
reproductive capacity of razor clam. In this study, we also found
that the acidified seawater did not significantly reduce the survival
rate of razor clams.
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The growth of aquatic animals depends on nutrient
utilization to a great extent, and digestive enzymes play an
important role in nutrient digestion (Liang et al., 2021). Their
activity directly reflects the digestive capacity and nutritional
status of aquatic animals (Furne et al., 2005). The digestive
glands have a specific pH environment and are susceptible to
changes in the pH of the microenvironment (Zhang et al., 2022).
An optimal pH will help ensure the activity of the digestive
enzyme (Krogdahl and Sell, 1989). It was reported that with the
decrease of pH in seawater, the pH in the stomach of sea urchin
larvae significantly decreased and resulting in inhibition of
digestive enzyme activity (Stumpp et al, 2011). We found
similar results in the present study, 2 kinds of digestive
enzymes including lipase and amylase, were inhibited to
varying degrees by OA. At the same time, it also shows that
there was certain difference in dietary carbohydrate and lipid
between pH 7.7 group and pH 8.1 group, but the differences
were not significant. This further demonstrated that razor clam
has the capacity to adapt their digestive physiology in response
to the acidification of living environment.

Tt is well known that the antioxidant defense system of digestive
gland is one of the important physiological functions of bivalves,
which can remove excessive ROS induced by environmental
changes and prevent cellular dysfunction (Wang et al,, 2019; He
et al,, 2021).The antioxidant defense system of organisms can be
divided into enzyme antioxidants, such as SOD and CAT, and non-
enzyme antioxidants, such as GSH and ascorbic acid (De Zwart
et al, 1999). In the present study, when acutely exposed to
acidification at the early stages, SOD, CAT, MDA, and GSH were
certainly decreased, indicating that short-term acidification did not
produce enough ROS in razor clam to activates its antioxidant
defense system. However, after long-term exposure to acidified
environment, CAT, and MDA were enhanced, especially SOD was
significantly higher than the pH 8.1 group, suggesting that razor
clam is either able to withstand acidification tress and/or can
implement positive physiological response to cope with
acidification stress. These results demonstrate the promise of
antioxidant related enzymes as indicators of acidification
influence on essential physiological processes. In addition,
prolonged acidification may cause damage to cells. Evidence
supporting this hypothesis comes from lower GSH than the
control group after 35 days of acidification exposure.

Impairment from ocean acidification at the cellular level can
extend to higher levels of biological tissues (He et al., 2021). This
kind of tissue impairment caused by environmental variation
can be basically divided into two types: one is the impairment
caused by defense reaction, including epithelial cell hypertrophy,
hyperplasia, edema (Cengiz and Unlu, 2006). The second is the
direct damage, including epithelial cell necrosis and shedding
(Wong and Wong, 2000). In this study, we observed some direct
damages on the structure of digestive gland, including
degradation of digestive tubular, atrophy of epithelial cells,
loose cell arrangement, even diffuse. Atrophy and death of the

frontiersin.org


https://doi.org/10.3389/fmars.2022.1010350
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liang et al.

10.3389/fmars.2022.1010350

FIGURE 5

Representative micrographs of observed histopathological alterations in the digestive glands of razor clams after 35 days of exposure to
seawater acidification. I: the pH 8.1 group; II: pH 7.7 group; dt, digestive tubules; it, interstitial tissue; ec, epithelial cell; ls, luminal stenosis; le,
luminal enlarged; hm, hemocyte. ae, atrophy of epithelial cells; bt: basement membrane of epithelial cells became thin; di, diffuse digestive

tubules.

epithelium may disrupt the integrity of the tubule wall, resulting
in leakage of digestive juices and threatening surrounding tissue
cells. This may be related to the diffusion of the tubules and
activation of antioxidant capacity of the present study. In
addition, excessive abnormal death of the digestive epithelium
may affect the secretion and flow of digestive juices, thereby
reducing enzymes and reducing digestive enzyme activity
(Zhang et al, 2022). This also explains why the activity of
digestive enzymes in pH 7.7 group was inhibited in this study.

Conclusions

Based on the above results, we speculated that the exposure
to acidifying seawater changes the inner pH of digestive gland,
which is not conducive to the activation of digestive enzymes.
Moreover, the decrease inner pH of the digestive gland
damages the structure of the digestive gland. Although the
inactivation of digestive enzymes is aggravated, the activity of
antioxidant enzymes is activated. However, these adverse
reactions did not cause significant effect on razor clams, in
line with the results of growth performance. These results
indicate that razor clams may have evolved to cope with
lowered seawater pH, especially considering that they are
used to live in muddy flats where the pH of pore water is
much lower than that of overlying water.
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