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Abstract

The Manila clam Ruditapes philippinarum has become a common and dominant macro-

benthic species in coastal areas of the northwestern Pacific and temperate waters of

Europe; it is also a major cultured shellfish, with annual worldwide production exceeding 3.3

million tonnes. This species faces greater risk of exposure to hypoxia as eutrophication

worsens throughout its coastal habitats; however, its tolerance to hypoxia remains unclear,

and the toxicological indicators including LC50 and LT50 have not yet been assessed. Previ-

ous studies on the effects of hypoxia on marine benthos have focused largely on functional

responses, such as metabolism and gene expression, leaving potential structural damage

to the mitochondria or the cells unknown. In this study we assessed the effects of hypoxia

on Manila clam in terms of survival, behavior, metabolism and cellular damage, using a

newly designed automated hypoxia simulation device that features exceptional accuracy

and good stability. The clams exhibited strong tolerance to hypoxia as the 20-day LC50 for

dissolved oxygen (DO) was estimated to be 0.57 mg L-1, and the LT50 at 0.5 mg L-1 DO was

422 hours. Adaptations included fewer buried clams and a depressed metabolism, while the

unexpected rise in the activities of key enzymes involved in glycolysis may indicate a diverse

strategy of shellfish under hypoxia. Cellular damage was observed as collapse of the mito-

chondrial cristae and both cellular and mitochondrial vacuolization. This multi-level study

complements and updates our knowledge of the effects of hypoxia on marine benthos, by

improving our understanding of the potential for marine ecological transformation under hyp-

oxic conditions and providing useful information for Manila clam farming.

Introduction

As the eutrophication of coastal waters intensifies, both the extent and strength of oxygen

depletion (hypoxia) increase [1,2]. Though certain mobile species can flee hypoxic zones, less-
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tolerant organisms with poor mobility often suffer mass mortalities under severe hypoxia [2–

4], often leading to further harmful ecological changes, such as jellyfish blooms [5,6] and other

forms of ecosystem degradation [7,8].

The commercially important Manila clam Ruditapes philippinarum has strong adaptability

to a wide range of salinities and water temperatures; the species has a widespread natural dis-

tribution in coastal areas of the northwestern Pacific and has become established on the Atlan-

tic coast of Europe. As a common and dominant species in many coastal regions, it functions

as a key part of food webs and the biogeochemical cycle in these marine and brackish ecosys-

tems [9–11]. Owing to its rapid growth and ample productivity, with more than 3.3 million

tons produced globally per year, Manila clam supports aquaculture industries in China, Korea

and Japan, and is among the top-25 aquatic species introduced in European countries like

Spain, France, Italy and Ireland [12,13]. However, worsening hypoxia in shallow coastal waters

and estuaries increasingly challenges the survival of Manila clam and mariculture industry

development. In China, the severity of summer hypoxia has been reportedly rising in coastal

areas of Shandong Peninsula, an important natural habitat and mariculture region for Manila

clam. Dissolved oxygen (DO) in Laizhou Bay and Rushan Bay dropped below 2.0 mg L-1, the

situation was worse in the Xiaoqing River estuary, with DO concentrations of less than 0.5 mg

L-1 [14–16]. In Japan, mass mortalities of Manila clam caused by hypoxia have occurred many

times during summer, bringing tremendous economic loss to the fishery [17,18].

The tolerance to hypoxia by marine benthos varies among taxa. Bivalves, such as Manila

clam, are believed to be more tolerant than fishes and crustaceans. The mean LC50 for several

common bivalves was estimated to be 1.42 ± 0.14 mg L-1, which is much lower than that esti-

mated for some crustaceans (2.45 ± 0.14 mg L-1) [4]. In addition, different species of bivalves

have different levels of tolerance; the LC50 for Atlantic surf clam Spisula solidissima was mea-

sured as 0.5 mg L-1, while for Baltic clam Macoma balthica it was 1.7 mg L-1 [19,20]. Previous

studies have indicated that Manila clams are able to survive more than a week in severe oxy-

gen-deficient conditions [17,18]. However, most experiments with this species have been con-

ducted at a single extremely low DO level, often < 0.5 mg L-1, and there are no quantitative

results for LC50 or LT50.

Animals have adopted a variety of strategies to survive hypoxia, from behavioral to meta-

bolic. Typically, a buried bivalve will first ensure its oxygen supply by emerging from the sedi-

ment, to then enhance its respiratory rate and the oxygen-carrying capability of the blood. But

if the hypoxia lasts for a relatively long time, a metabolic response may be crucial [21,22]. Far-

rer’s scallop Chlamys farreri and blue mussel Mytilus edulis, whose distribution overlaps with

that of Manila clam, were found to have depressed their oxygen consumption rate (OCR),

from 0.003 μg g-1 h-1 and 0.14 mg g-1 h-1 to 0.0005 μg g-1 h-1 and 0.05 mg g-1 h-1, respectively,

when DO levels dropped from 6.0 mg L-1 to less than 2.0 mg L-1 [23]. The activities of enzymes,

the driving force of metabolism, also react to hypoxic stress. In fishes, crustaceans and mol-

lusks, antioxidant enzymes like superoxide dismutase and catalase are widely reported as being

affected by hypoxia. As a natural response to protect an organism from physiological damage,

these enzymes are usually immediately activated when DO level starts to drop; yet under long-

term hypoxia their activities have a greater chance of becoming depressed, exposing the ben-

thos to other potential damage via environmental stress [24–26]. However, respiratory enzyme

activities, which are closely related to energy supply, have received little attention, especially in

bivalves. Moreover, recent studies of Manila clam as well as other marine benthos have focused

on functional responses, while structural responses at the cellular level are still unclear.

In the present research, long-term laboratory experiments were carried out to determine

the effects of hypoxia on the survival, behavior, metabolism and cellular damage of R. philippi-
narum. A novel hypoxia simulation device, designed following the principle of hysteresis and
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with a few other innovations, was adopted for the first time, enabling us to precisely reduce the

DO increment in the experimental design to as little as 0.2 mg L-1.

Materials and methods

Experimental animals and sediments

Manila clams used for the experiments were collected from Xidayang Cun Farm in Jiaozhou

Bay (36˚11’15"N, 120˚16’ 34"E) and the sampling was carried out by fishing boats using suck-

ing pumps. The sampling was approved by the Xidayang Cun Council. All clams were trans-

ported to the laboratory within three hours. During transportation, the clams were held in

storage boxes with seawater and with compressed air continuously pumped in. Before the

experiments, all clams were brushed and kept in aquariums without sediment. Two-thirds of

the water (salinity 30.0 ± 1.0) was replaced every two days, and Chlorella vulgaris (9.13 ± 2.48

mg L-1) was provided as food once a day. The water temperature was maintained at 22˚C

using heaters. Compressed air was pumped in for 30 minutes every 8 hours, and the DO con-

centration was closely monitored to ensure that it did not drop below 6.0 mg L-1. All aquari-

ums were covered with 2-mm-thick black canvas to avoid light stimulus.

Natural sediments were collected from the intertidal zone at the same site where the clams

were collected. During sampling, several surveying rods were inserted into the sediment to

specify the depth so that only the top 12 ± 3 cm of sediment inhabited by Manila clams was

collected. After transportation to the laboratory, the collected sediment was sieved through

2-mm mesh to remove other benthos and then placed in the experimental tanks to achieve a

12-cm sediment layer. The water above the sediment was 45 cm deep and there was no

headspace.

Before being placed in the experimental tanks, the clams were carefully examined for their

health and measured for weight and length. First, as a sign of health, the shells needed to be

strictly intact and in a half-open state when there was no stimulus. Next, when the siphons

were touched with a glass rod two times, the clam had to withdraw its siphons quickly. Among

the clams satisfying these requirements, the ones with a similar weight and length were

selected for the experiments (Table 1).

A novel hypoxia simulation device

To ensure more accurate and stable DO concentrations and to eliminate the disturbance intro-

duced by bubbling in nitrogen or changing the tank water, and thereby to maintain good

water quality during the long-term experiments, we developed an automated hypoxia simula-

tion device which also featured a temperature-control function. The device consisted of four

identical environmental simulation systems, a water-exchange system, and a central control

Table 1. Mean (± SD) shell length and wet weight of the Ruditapes philippinarum selected for the two hypoxia experiments.

Experiment Total number Shell length (mm) Wet weight (g)

Experiment 1 379 32.81 ± 1.44 No significant difference (analysis of variance,

p< 0.01)

6.85 ± 0.49 No significant difference (analysis of variance,

p< 0.01)Experiment

2.1

380 32.50 ± 2.01 6.80 ± 0.52

Experiment

2.2

384 31.98 ± 2.60 6.83 ± 0.44

Experiment

2.3

381 32.35 ± 0.94 6.90 ± 0.59

Experiment

2.4

384 32.68 ± 1.23 6.95 ± 0.57

https://doi.org/10.1371/journal.pone.0215158.t001
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system (Fig 1). For each environmental simulation system, a supply tank served as a chamber

to allow adjustment of the DO concentration and water temperature; this was placed below

four replicate experimental tanks. This design prevented the animals from being shocked by

the environmental oscillations. The supply tank was equipped with both a chiller and a heater

for temperature regulation, while DO adjustment was achieved by bubbling in nitrogen or

compressed air under the control of solenoid valves. To measure DO and water temperature,

sensors were installed inside the supply tank. Of these, the DO sensors were based on the prin-

ciple of luminescence quenching, which offers a variety of advantages over traditional electro-

chemical probes (e.g. no need for stirring; less potential for fouling; long-term stability without

calibration; and faster response time) [27]. Once the system was functioning, seawater was

pumped from the supply tank to the experimental tanks and then back again. Between them

was a purifier to filter out the metabolic wastes produced by the clams. The environmental

simulation system contained 1,160 L of seawater, with 800 L in the supply tank and 90 L in

Fig 1. Design of the automated hypoxia simulation device. (A) The sketch showed the main structure of the device.

The structure labeled with ‘a’ was the environmental simulation system; the structure labeled with ‘b’ was the water-

exchange system; the structure labeled with ‘c’ was the central control system. (B) A logic diagram indicated how the

device was running, including the water flow and gas flow.

https://doi.org/10.1371/journal.pone.0215158.g001
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each experimental tank. The huge water capacity together with the recirculating arrangement

ensured a fairly stable environment.

The water-exchange system featured a 900-L reserve tank which had a similar structure as

the supply tank. When the system was activated, the DO concentration and temperature of the

seawater in the reserve tank could be adjusted to the same levels as in the target supply tank.

After that, a certain volume of seawater would be discharged from the target supply tank, and

then an equal amount of seawater would be supplemented under the control of the water sole-

noid valves.

The central control system comprised a DO meter, a relay and a computer, which automati-

cally actuated the compressed air or nitrogen solenoid valves for adjusting the DO level and

also controlled the chiller or heater.

Since all sensors require time to output readings, the DO data received was often several

minutes old. However, this design would lead to an excessive input of nitrogen or oxygen once

the desired DO concentration had been reached. Worse, it would also lead to an excessive

input of the gas since it took time for oxygen to spread evenly in the water. To effectively solve

this problem, we employed the principle of hysteresis in designing the central control system.

The hysteresis principle involves a control for switching logic; this took the time-delay

described above into consideration, based on the relationship between the current DO read-

ing, the actual DO value, and the DO spreading time. Thus, the actuation and closing of the

solenoid valves could be performed before the DO reading exceeded the control range. In

addition, the water exchange could also proceed automatically by the actuation of a corre-

sponding water solenoid valve, after instructions were relayed.

The water supply and reserve tanks were made of polypropylene, while the experimental

tanks were made of acrylic. A DO meter (OX11875) and DO sensors (OX11250) were bought

from Loligo Systems (Viborg, Denmark). The pumps (MP-30R) were produced by Wenzhou

Xinxishan Co., Ltd (Wenzhou, China). The solenoid valves (Q22MD-L8) were produced by

Dalian Fangda Pneumatic Component Co., Ltd (Dalian, China). The water chillers, heaters

(HSLS1000R Series, 660 kW), and custom-made purifiers were provided by Dalian Huixin

Titanium Equipment Development Co., Ltd (Dalian, China).

Experiment 1: Responses under moderate and severe hypoxia

For the first 20-day hypoxia tolerance experiment, four DO concentrations were set: 0.5, 1.0

and 2.0 mg L-1 for the treatment groups, and 6.0 mg L-1 for the control group, corresponding

to the four environmental simulation systems of the device (salinity 30.0 ± 1.0; water tempera-

ture 22 ± 0.5˚C; flow rate 250 L h-1). Each clam selected from the holding aquarium was

marked with an individual number on the shell before being placed into an experimental tank.

Every 96 clams were randomly assigned to each of the four groups, with 24 clams assigned to

each of four replicate tanks. Three tanks (tanks A, B and C) were intended for observations of

survival and behavior, as well as the analyses of metabolism and cellular damage performed at

the end of the experiment; one tank (tank D) was intended for metabolism research on the

10th day of the experiment. The experimental tanks were covered with 2-mm-thick black can-

vas to block out sunlight. All clams could bury themselves and adapt to the environment for 96

hours. During the first 72 hours, we replaced any clams that died or did not bury, while during

the last 24 hours we only removed the dead or unburied ones without making replacements.

To check if a clam is dead, we touched the siphons or foot three times with a glass rod. If the

clam showed no response, it was judged to be dead. All handling was completed at least 8

hours before the experiment commenced. The animals were not fed during the acclimation

period and throughout the whole experiment.
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The DO concentration was maintained at 6.0 mg L-1 during the 96-hour adaptation period

and thereafter reduced to the target (treatment) values within 48 hours. During the experi-

ment, mortalities and the number of clams emerging from the sediment in tanks A, B and C

were monitored every 8 hours, while DO was monitored daily using the Winkler method, and

pH was measured at the beginning and end of the experiment. In addition, to maintain quality

of the seawater, one-third was replaced every 3 days.

On the 10th day of the experiment, 8 clams were chosen randomly from tank D for mea-

surements of OCR and ammonia-N excretion rate (AER) as well as for determination of the

O:N ratio, and another 8 clams were chosen for enzyme activities analysis.

At the end of the experiment, 19 clams were chosen randomly from tanks A, B and C. Of

these, 8 clams were used for the measurement of OCR and AER as well as determination of the

O:N ratio; 8 clams were used for enzyme activity analysis; and 3 clams were prepared for study

under a transmission electron microscope (TEM). To ensure randomness of sampling and

mitigate potential bias, a random-number software was used, and the clams were removed

according to the number on their shell. To collect clams still buried in the sediment and to

avoid excessive disturbance to them, a low-power pump was used to suck the sediment away,

layer by layer. After the buried clams were exposed, they were carefully removed for the given

analysis.

To measure the OCR, AER and O:N ratio, each chosen clam was immediately moved from

the experimental tank to a 1-L sealed beaker of water. The beaker was warmed by a 22˚C water

bath and covered with 2-mm-thick black canvas. Seawater stored in the supply tank was used

as the source water for the corresponding group of clams, except that the clams exposed to 0.5

mg L-1 DO were analyzed using the source water from the 1.0 mg L-1 DO supply tank, out of

concern that a starting DO concentration of 0.5 mg L-1 might be too low to control for error in

the OCR measurement. The source water was sterilized by ultraviolet lamp for 24 hours before

use. The concentrations of DO and ammonia-N were measured at the beginning and 1 hour

later. The calculation formulas were as follows:

OCR ¼
DO0 � DOt

W � T

AER ¼
N0 � Nt

W � T

O : N ¼
OCR
AER

where DO0 and N0, respectively, refer to the concentrations of DO and ammonia-N at the

beginning of the experiment, and DOt and Nt are the concentrations at the end; W is the dry

weight of the clam, and T is the duration of the measurement; the O:N ratio reflects the com-

position of metabolic fuel [28]. An O:N ratio with a value of 7 indicates that energy will be pro-

vided by protein; the higher the value, the more the energy supply is derived from fats and

carbohydrates instead of protein [29].

For measures of enzyme activity, the activities of lactate dehydrogenase (LDH), phospho-

fructokinase (PFK), and pyruvate kinase (PK) in adductor muscle were determined spectro-

photometrically by monitoring the absorbance change at 340 nm caused by the oxidation of

NADH. The adductor muscles were cut into roughly 3 × 3 × 3 mm sections and immediately

stored in liquid nitrogen. Commercial assay kits (the total protein assay kit A045-4, lactate

dehydrogenase assay kit A020-2, phosphofructokinase test kit A129 and pyruvate kinase assay

kit A076-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used according
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to the manufacturer’s instructions. The experimenter responsible for the measurements was

blinded to the treatment origin of the clams as the centrifuge tubes were renumbered after

sampling by another experimenter.

For observations with the TEM (JEM-1200EX; JEOL, Tokyo, Japan), foot muscles were sec-

tioned into roughly 2 × 2 × 3 mm pieces and immediately fixed with 1 mL of 2.5% glutaralde-

hyde fixative before being stored in a refrigerator at 4˚C. All samples were renumbered and

sent to the Medical College of Qingdao University (Qingdao, China) for cell and organelle

structure analysis within 2 hours; the experimenters were blinded from any information about

the experiment design as well as the clam treatment groups.

Before Experiment 1, we had carried out another two pre-experiments on survival and

behavioral response with the same experimental design as Experiment 1. One of the pre-exper-

iments was terminated on the 15th day for accidental electricity cut off.

Experiment 2: Survival rates within the key DO concentration range

To further explore the survival rate against DO concentration, especially the key DO concen-

tration range that corresponded to a drastic change in the survival rate, another set of 20-day

tolerance experiments was carried out. The DO concentrations were set based on the survival

results of Experiment 1, and 6.0 mg L-1 was adopted for all control groups. Each experiment

involved 96 randomly chosen clams in each group, with 24 clams in each of four replicate

tanks (Table 2). Other environmental conditions were kept the same as in Experiment 1 (salin-

ity 30.0 ± 1.0; water temperature 22 ± 0.5˚C; flow rate 250 L h-1). All tanks were covered with

2-mm-thick black canvas. Before the start of the experiments, all clams were allowed to adapt

for 96 hours. As before, we replaced any dead or unburied clams found during the first 72

hours, but only removed these without planting new ones during the following 24 hours. The

animals were not fed during the adaption periods and the whole experiments. Mortalities were

checked daily and DO was monitored by the Winkler method. One-third of the seawater was

replaced every three days, as in Experiment 1.

Statistical analyses

OCR, AER, O: N and all measures of enzyme activity were tested for statistical significance. To

ensure preciseness of the conclusions, all data were first tested for normality and homogeneity

of variances. If the results passed all two tests, analysis of variance (ANOVA) would be

adopted, and a Tukey test was used for multiple comparisons. If the results failed to pass nor-

mality tests or homogeneity of variances tests, the Kruskal–Wallis H-test was adopted, and

multiple comparisons were conducted with the Mann–Whitney U-test. The numbers of sur-

viving and buried clams were analyzed using the latter method, as nonparametric statistical

methods are more reliable (although less sensitive) than ANOVA when values for replicates

are not large enough (Supporting information). No difference being introduced by hypoxia

was given as the null hypothesis and a p-value of< 0.05 defined statistical significance of the

results.

Table 2. Dissolved oxygen (DO) concentrations used in Experiment 2.

Experiment number Treatment groups (3 tanks) DO (mg L-1) Control group (1 tank) DO (mg L-1) Replicates Date

2.1 0.40, 0.60, 0.80 6.0 4 March 10 to April 1, 2018

2.2 0.45, 0.65, 0.85 6.0 4 May 5 to 27, 2018

2.3 0.50, 0.70, 0.90 6.0 4 June 15 to July 7, 2018

2.4 0.55, 0.75, 0.95 6.0 4 April 7 to 29, 2018

https://doi.org/10.1371/journal.pone.0215158.t002
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To better control the potential deviation caused by other factors, we made a comparison

across Pre-experiment 1, Pre-experiment 2 and Experiment 1. The calibrated values (CV) of

survival rates and burial rates for each group in each experiment was defined as follows:

CVsurvival rate ¼
n2

n1

�
N1

N2

CVburial rate ¼
n3

n2

�
N2

N3

where n1 and n2, respectively, refer to the initial number of surviving clams in one specific

group and the number of surviving clams on the 15th day in the same group; N1 and N2,

respectively, refer to the initial number of surviving clams in the corresponding control group

and the number of surviving clams on the 15th day of the same control group; n3 and N3,

respectively, refer to the number of buried clams in the specific group and the corresponding

control group mentioned above. The CV were then compared across different DO concentra-

tions, using Kruskal–Wallis H-test.

The 20-day LC50 for 0.5 mg L-1 DO and the LT50 were determined using probit analysis

[30]. All statistical analyses were carried out with SPSS 16.0 (IBM, Armonk, New York State,

United States of America).

Results

Survival and behavioral response

The experimental DO concentrations were accurately and stably controlled by the automated

hypoxia simulation device during both experiments, which ensured reliability of the results

(Fig 2). The measures of DO concentration levels in all the experiments were attached to the

Supporting information.

Hypoxia poses a great threat to the survival of Manila clam. However, mortalities only

occurred under the low DO concentrations of 0.5 and 1.0 mg L-1, while a moderately hypoxic

environment of 2.0 mg L-1 did not cause any clams to die (Fig 3). During the first 7 days of

exposure, at all DO concentrations, the clams displayed strong tolerance to hypoxia as no mor-

talities were recorded. During the next 3 to 5 days, a few of the clams exposed to 0.5 mg L-1

DO began to die at a slow rate, followed by deaths among those exposed to 1.0 mg L-1 DO. The

survival rate decreased sharply among clams exposed to the most severe hypoxia (0.5 mg L-1

DO), resulting in much lower survival among these than the clams exposed to 1.0 mg L-1 DO

(p = 0.05). The LT50 at 0.5 mg L-1 DO was calculated as 422 hours, and the 20-day LC50 was

estimated to be 0.57 mg L-1 DO when the experiments using more DO concentrations were

conducted as part of Experiment 2. When the DO concentration was decreased from 1.0 to

0.4 mg L-1, survival dropped from nearly 90% to approximately 20%; survival began to drop

more suddenly around 0.8 mg L-1 DO and dropped most dramatically at about 0.6 mg L-1 DO

(Fig 4).

As shown in Table 3, the variances between the results of Experiment 1 and the two Pre-

experiments were small after calibration by control group, and the effects of hypoxia on sur-

vival and behavior were still significant, suggesting that there was little chance that Experiment

1 was affected by a potential factor.

As a major behavioral response towards hypoxia, the Manila clams emerged from the sedi-

ment in their tanks to obtain more oxygen; at the lower DO concentrations, the less the clams

buried (Fig 3). However, the clams that were successively exposed to all DO concentrations

seemed to reach a relatively stable condition around the 9th day, even after dramatic changes
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in burial rates. All clams exposed to 0.5 mg L-1 DO emerged at the surface of the sediment,

which suggests this level of hypoxia is an extremely challenging environment for the species.

Metabolic response

OCR, AER, and the O:N ratio were significantly influenced by hypoxia. However, these values

indicated a response only to certain DO concentrations, especially the lower concentrations

(Fig 5). By the end of the experiment, no difference in OCR was detected between the clams

exposed to 1.0, 2.0 and 6.0 mg L-1 DO (p = 0.878), whereas the clams exposed to 0.5 mg L-1

DO exhibited distinct respiratory depression (p = 0.022). For AER, a significant suppression

effect under hypoxia could be observed when the DO concentration dropped to 1.0 mg L-1 and

below. The clams exposed to 2.0 and 6.0 mg L-1 DO did not differ significantly in AER

(p = 0.85). The O:N ratio rose sharply when the DO dropped from 2.0 to 1.0 mg L-1 and below.

There was no significant difference between the results for clams removed on the 10th day and

at the end of the experiment, whether for values of OCR, AER or O:N (p> 0.05).

The effects of hypoxia on LDH, PFK, and PK activities in adductor muscle were significant.

Compared with the response mode of PK and PFK, whose activities peaked under the most

severe hypoxia (0.5 mg L-1 DO); LDH reached its highest activity at the DO concentration of 2

mg L-1 (Fig 6). The depression of LDH activity when the DO dropped from 2.0 to 1.0 mg L-1

may suggest diversified pathways of pyruvate. The results on the 10th day did not differ from

those at the end of the experiment (p> 0.05), except that LDH activity did not peak at the DO

concentration of 2.0 mg L-1.

Fig 2. Dissolved oxygen (DO) treatments used in Experiments 1 and 2; the control group in each experiment was

maintained at 6.0 mg L-1 DO. (A) Experiment 1 consisted of three treatment groups, set at 0.5, 1.0 and 2.0 mg L-1 DO,

and a control group. (B) Experiment 2 comprised four independent experiments with different sets of treatments:

Experiment 2.1 –treatments 0.40, 0.60 and 0.80 mg L-1 DO, and a control group; Experiment 2.2 –treatments 0.45, 0.65

and 0.85 mg L-1 DO, and a control group; Experiment 2.3 –treatments 0.50, 0.70 and 0.90 mg L-1, and a control group;

Experiment 2.4 –treatments 0.55, 0.75 and 0.95 mg L-1, and a control group.

https://doi.org/10.1371/journal.pone.0215158.g002
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Cellular damage

Under hypoxic stress, damage was observed at the cellular level in the Manila clams (Fig 7).

Mitochondria, the main site of aerobic respiration for cells, were damaged to various degrees,

with collapsed cristae, shriveled membranes and induced cell inclusion. Though the cell

remained intact with no membrane rupture, vacuolization was apparent from the lighter stain-

ing of chromatin. Other organelles seemed to present a normal appearance except that the

myofilaments tended to dissolve.

Discussion

Survival and behavioral response

Tolerance to hypoxia can vary widely among different aquatic taxa [31]. Fishes are considered

the most sensitive, with a high minimum oxygen requirement, followed by crustaceans and

echinoderms, while shellfish are the most tolerant [20]. The LC50 for DO and the LT50 at 0.5

mg L-1 DO indicate a strong tolerance to hypoxia by Manila clam, even compared with other

shellfish [19]. Hence, these bivalves are more likely to survive a moderately hypoxic episode

than other species, and thus the species may assume a dominant position in the marine and

brackish macrobenthic community.

The results presented here may prove useful for farming of this species as no mortalities

occurred at 2.0 mg L-1 DO, a concentration widely reported to occur in mariculture areas [15].

Fig 3. Changes in the number of surviving and buried Ruditapes philippinarum in Experiment 1. (A) Treatment

group exposed to 0.5 mg L-1 DO. The dashed lines denote the estimated critical-time thresholds dividing the curve into

different phases; the first dashed line marks the beginning of the mortalities, and the second cuts the rest of the curve

into two parts that could each be linearly fitted with best fitness (the largest sum of R values in Excel). (B) Treatment

group exposed to 1.0 mg L-1 DO. (C) Treatment group exposed to 2.0 mg L-1 DO. (D) Control group maintained at 6.0

mg L-1 DO. N = 72 per treatment.

https://doi.org/10.1371/journal.pone.0215158.g003
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For example, where it may not be advisable to raise scallops in coastal regions threatened by

oxygen deficiency, the culture of Manila clams may still be feasible and comparatively

Fig 4. Survival rates of the Ruditapes philippinarum in Experiment 2. Each circle represents one replicate in one

specific experiment. The 20-day LC50 for DO was estimated by probit analysis, based on the combined results of

Experiments 2.1–2.4. N = 96 per treatment.

https://doi.org/10.1371/journal.pone.0215158.g004

Table 3. Calibrated values (CV) for survival rates and burial rates of the Ruditapes philippinarum (� indicates p< 0.05).

Dissolved oxygen

(mg L-1)

Experiment

number

CV for survival rates on the 15th day CV for burial rates on the 15th day

0.5 Pre-experiment 1 0.63 A significant difference was detected (Kruskal–Wallis

H-test, H = 10.173, p = 0.017).

0.02 A significant difference was detected (Kruskal–Wallis

H-test, H = 10.532, p = 0.015).Pre-experiment 2 0.65 0.09

Experiment 1 0.66 0.05

Mean value 0.65� 0.05�

1.0 Pre-experiment 1 0.85 0.55

Pre-experiment 2 0.93 0.64

Experiment 1 0.89 0.62

Mean value 0.89� 0.60�

2.0 Pre-experiment 1 1.03 0.88

Pre-experiment 2 1.00 0.94

Experiment 1 1.00 0.95

Mean value 1.01 0.92�

6.0 Pre-experiment 1 1.00 1.00

Pre-experiment 2 1.00 1.00

Experiment 1 1.00 1.00

Mean value 1.00 1.00

https://doi.org/10.1371/journal.pone.0215158.t003
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profitable. In terms of severe hypoxia, the fate of Manila clams may depend on the duration of

the event. Unlike many other clam species, such as the widespread Macoma balthica which

begin to die immediately in hypoxic conditions [32], there might be two time thresholds for

Manila clam, as shown in Fig 3. The observation of a period of tolerance followed by a slow

rate of mortalities and then sudden mortalities indicates that a hypoxic episode lasting under a

week or one lasting more than one week can produce totally different outcomes for this

species.

Furthermore, when the survival rate was plotted against DO concentrations below 1.0 mg

L-1 in Experiment 2, we found that the curve was S-shaped rather than a straight line, implying

that subtle differences in DO during a severely hypoxic event could result in a different fate

for Manila clams. The ability of Manila clam to endure hypoxia may reach a limit when DO

drops below 0.8 mg L-1, and such low DO concentrations may result in rapid collapse of the

population.

Fig 5. Metabolic response to hypoxia by Ruditapes philippinarum on the 10th day and at the end of the

experiment, under different DO concentrations. (A) Oxygen consumption rate on the tenth day; (B) ammonia-N

excretion rate on the tenth day; (C) O:N ratio on the tenth day. (D) oxygen consumption rate at the end of experiment;

(E) ammonia-N excretion rate at the end of experiment; (F) O:N ratio at the end of experiment. Error bars indicate

mean ± SE (�� indicates p< 0.01, � indicates p< 0.05).

https://doi.org/10.1371/journal.pone.0215158.g005
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The behavioral response of the clams was quite immediate as the treated clams began to

emerge from the sediment within 48 hours. Under severe hypoxia (0.5 mg L-1), the number of

animals remaining buried reduced sharply and all of them emerged afterwards. These results

support the hypothesis that organisms facing hypoxia will first find ways to ensure their oxy-

gen supply before turning to anaerobic respiration [33]. However, tests with clams in other

kinds of sediments might yield different results because of differences in breathability and vari-

ations in the organic contents which might influence the abundance of aerobic microorgan-

isms. The ecological consequences of shellfish emergence in shallow coastal areas have been

widely discussed, and most researchers believe this increases the species’ risk of becoming prey

[34,35]. Further research should be conducted to consider other factors like the tolerance to

hypoxia by predators, and hypoxia strength and recovery times.

Fig 6. Biochemical responses to hypoxia measured in adductor muscle of Ruditapes philippinarum on the 10th day

and at the end of the experiment, under different DO concentrations. (A) Lactate dehydrogenase activity on the

tenth day; (B) phosphofructokinase activity on the tenth day; (C) pyruvate kinase activity on the tenth day. (D) lactate

dehydrogenase activity at the end of experiment; (E) phosphofructokinase activity at the end of experiment; (F)

pyruvate kinase activity at the end of experiment. Error bars indicate mean ± SE (�� indicates p< 0.01, � indicates

p< 0.05).

https://doi.org/10.1371/journal.pone.0215158.g006
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Metabolic response

Metabolic strategies under conditions of insufficient oxygen are vital for keeping an organism

alive. Stickle et al. (1989) found that the metabolic rates of several species of crustaceans and

mollusks were depressed under hypoxia, as reflected in their rates of heat dissipation [36].

For Manila clam, metabolic depression under hypoxia was obvious, as revealed by the lower

values of OCR and AER. An animal’s natural response is to reduce energy expenditure as

anaerobic fermentation runs at low efficiency [22]. Before we carried out these experiments,

we had expected that the depression of OCR would positively correlate with decreasing DO.

Surprisingly, depressed OCR was only observed under the most severely hypoxic condition

(0.5 mg L-1 DO), while other treatment groups exhibited no significant differences; this result

may provide us clues about the species’ strong tolerance. Compared with less-tolerant bivalves

whose OCR decrease under moderate hypoxia [37], the Manila clam exhibited a progressive

oxygen regulatory capacity, reflected in the relatively constant values of OCR, even at 1.0 mg

L-1 DO. Combined with its strong tolerance to a wide range of water temperatures as well as

salinities [38], the Manila clam can endure some of the most challenging shallow coastal envi-

ronments. Slightly different from the values for OCR, AER was depressed in both the 0.5 and

1.0 mg L-1 DO treatment groups, providing evidence that, in Manila clam, protein catabolism

is sensitive to reduced oxygen levels.

Based on the results of OCR and AER, the O:N ratio was about 10 under the DO concentra-

tions of 2.0 and 6.0 mg L-1, but the ratio rose to around 20 when DO dropped to 1.0 mg L-1

and below. Thus, it is likely that a major shift of energy supply happened as carbohydrates and

fats became the preferred elements. This shift suggests that energy-releasing efficiency could

be important as fats and carbohydrates are the most efficient nutrients for energy storage.

Considering that feeding would become depressed in a hypoxic environment [33], the clams

with more fat reserves may have a better chance of surviving.

To survive hypoxic challenges, a depressed metabolism itself is not sufficient. In the early

stage of hypoxia, the breakdown of phosphagens and the transamination of aspartate coupling

with glycolysis can serve as major pathways for energy production in invertebrates, leaving

succinate and alanine as end products [39–41]. But to survive long-term oxygen deficiency,

glycogen is one of the most crucial energy sources [42]. PFK, the key enzyme in glycolysis reg-

ulation (which was expected to be depressed, according to some previous studies with mol-

lusks), showed surprisingly increased activity as the DO concentration dropped to 0.5 mg L-1,

suggesting existence of the Pasteur effect (i.e., an increased glycolytic rate during anoxia

despite depressed metabolism) in Manila clam. The possible reason why PFK activity rose

when metabolism should be depressed may be that the metabolic intensity of the adductor

muscle is higher than the average metabolic intensity of Manila clam. Lushchak et al. (1998)

found that under hypoxia, PFK activity in the high-energy-consuming brain of the black scor-

pionfish Scorpaena porcus increased by 56% though it decreased significantly in the liver [43].

Thus, it could be inferred that the adductor muscle of the Manila clam, responsible for opening

and closing the shell, may consume more energy, exceeding the output of a depressed metabo-

lism and resulting in the upregulation of key enzyme activities in carbohydrate metabolism.

Furthermore, the duration of hypoxia may play a role. Nile tilapia, Oreochromis niloticus, an

Fig 7. Transmission electron microscope images of the foot muscle of Ruditapes philippinarum. (A), (B), (C) and (D) represent the DO

groups of 6.0, 2.0, 1.0 and 0.5 mg L-1, respectively. White arrows point to normal mitochondria while black arrows point to mitochondria with

collapsed cristae (judged by sparse cristae) and vacuolization (judged by shallower staining). Cell vacuolization was apparent according to the

shallower cell-staining. Some other cellular structures for point of reference are listed as follows: ‘a’ refer to glycogen granules; ‘b’ refer to

myofilaments; ‘c’ refer to cell membrane.

https://doi.org/10.1371/journal.pone.0215158.g007
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extremely hypoxia-tolerant fish, had decreased PFK activity in its white muscle and liver after

one day of exposure to hypoxia, yet the activity of PFK increased when the duration was pro-

longed to 30 days [44]. PK, another rate-limiting enzyme responsible for the reaction from

phosphoenolpyruvate to pyruvate, displayed a similar trend in activity change. It has been

widely revealed that under hypoxic conditions phosphoenolpyruvate can be catalyzed to oxalo-

acetate instead of pyruvate with the inhibition of PK and the activation of phosphoenolpyr-

uvate carboxykinase [45,46]. In the present study, PK activity in Manila clam showed no sign

of inhibition but increased under the lowest DO concentration, suggesting that the pyruvate

pathway may be preferred to the succinate pathway in situations of long-term exposure to

severe hypoxia.

To keep anaerobic glycolysis running, NADH generated from oxidation reactions must be

reoxidized, and LDH (the classic pyruvate reductae) is prevalent among different crustaceans,

echinoderms and some mollusks [47,48]. The LDH-activity response was quite different from

the other enzymes assessed, as it reached a maximum value under the DO concentration of 2.0

mg L-1 at the end of the experiment and declined with either an increase or decrease of DO.

One possible explanation is that since pyruvate is catalyzed by at least five more reductases,

which are usually called opine dehydrogenases, resulting in other end products, such as octo-

pine, strombine, alanopine and tauropine [49,50], LDH inactivity under severe hypoxia may

indicate a diversified reaction pathway. It is likely that alternative end products to lactate were

of great significance to maintain cellular homeostasis, since the accumulation of acid is largely

avoided.

Cellular damage

Tissue damage under hypoxic conditions has been previously demonstrated for Manila clam

[51], thus this study focused on damage at the cellular level. Previous studies reported that the

mitochondria of marine mollusks have strong resilience against environmental hypoxia, as

reflected mainly in substrate oxidation, phosphorylation and proton leak [52–54]. However,

we could not find any study of marine organisms that focused on structural responses of the

mitochondria to hypoxia. In the present study, we were able to detect cellular changes at an

ultrastructure level by examination with TEM. Compared with the clams in the control groups,

long-term hypoxia caused the collapse of mitochondrial cristae. Since the cristae are a crucial

place for respiratory enzymes to attach as well as a location where reactions proceed, this dam-

age may be ultimately responsible for death of the clam. Vacuolization in both the cells and

mitochondria may indicate cellular dysfunction, considering that vacuolization in animal cells

is related to pathology. Furthermore, the reoxygenation process may cause other injuries [55],

leaving the clams vulnerable to other environmental stresses or fluctuations. Thus, an impor-

tant direction for future research might be to study the post-effects of hypoxia on Manila clam

to better understand the complete ecological consequences.

Finding a reliable test environment to provide high DO accuracy and

stability

In experiments focusing on the effects of hypoxia on marine organisms, especially tolerance

assessments, the approach to creating the hypoxic environment will affect the credibility of the

results [19,56]. Simply bubbling nitrogen into an airtight chamber of water has been widely

adopted for its simplicity and cheapness. However, the nitrogen flow itself is somewhat of a

shock to the animals, and DO fluctuations caused by the time delay may eventually affect the

results [57]. Over the last two decades, in situ experiments have begun to prevail. With experi-

mental chambers placed on the seabed instead of setting up in the laboratory, less error is
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generally introduced by environmental factors. But most in situ devices designed to date only

have the capacity to simulate the transition from normoxia (normal levels of oxygen) to anoxia

by sealing the chambers, making it impossible to maintain precise DO concentrations [58,59].

As our results show, the newly designed automated device reliably controlled the set DO

concentrations precisely and accurately, owing to the device’s huge capacity, the water circulat-

ing feature via the supply tank, the luminescence-quenching DO sensors that enabled continu-

ous measurements, and the hysteresis principle we established to eliminate the gap between

the DO sensor’s response time and the mixing of the water. In addition, water-quality control

was given special attention in design of the device, as the purifier together with the water-

exchange system effectively reduced the concentrations of organic and inorganic impurities.

Conclusions

To investigate long-term tolerance to hypoxia by the commercially important Manila clam, a

series of laboratory experiments were carried out. This bivalve’s responses in terms of mortal-

ity, behavior and metabolism under a wide range of DO concentrations were determined in

the context of the 20-day LC50, respiratory enzyme activities, and cellular damage. A novel

hypoxia simulation device was used to ensure the accuracy and stability of the experimental

environment. The implications of the results are as follows: (1) Moderate or short-term hyp-

oxia does not threaten the survival of Manila clam; however, their behavioral response of

emerging from the sediment to get more oxygen could increase their chance of being preyed

upon by hypoxia-tolerant predators. (2) As a consequence of a strongly depressed metabolism

under severe hypoxia, energy would be consumed first by basic life-sustaining activities, thus

the animal’s growth and reproduction may be inhibited. (3) Manila clam may have a different

strategy for glycolysis regulation, as the activities of PFK and PK in adductor muscle showed

an unexpected rise after exposure to severe hypoxia, a finding that differs from determinations

for many other hypoxia-tolerant species. Finally, (4) Manila clams that survive a hypoxic envi-

ronment may subsequently suffer from further oxygen fluctuations, pathogens, or other envi-

ronmental stresses due to collapse of the mitochondrial cristae and vacuolization in both the

cells and the mitochondria.
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