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We exposed pen shells (Atrina lischkeana) to repeated periods of low—oxygen for 30 d and measured
their survival, behavior, glycogen content, and organic acid concentration. Exposure to low—oxygen had no
effect on survival. Animals moved upward above the sediment under low—oxygen conditions and downward
under aerobic conditions, repeating these movements for 19 d. The difference in shell height above the sedi-
ment before and after low—oxygen exposure gradually decreased; after 20 d there was no significant differ-
ence. Low—oxygen exposure also resulted in a significant decrease in glycogen content and in concentrations
of malate and fumarate. Thus, repeated exposure of pen shells to low—oxygen conditions reduces glycogen
content, alters metabolism, and affects vertical movements, all of which may cause ecological dysfunction.
We suggest that hypoxia might be one factor contributing to the collapse of pen shell resources.
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INTRODUCTION

Recently, there has been an increase in the docu-
mented occurrence of hypoxic water masses (<2mg
0,/L) in coastal areas around the world (Diaz and
Rosenberg, 2008; Rabalais et al., 2010; Wu, 2002; Yanagi,
2004). In general, hypoxia develops as a result of natu-
ral upwelling (Grantham et al., 2004) or anthropogenic
eutrophication (Barun et al., 1996; Kemp et al., 2005).
Eutrophication induced hypoxia is a particularly serious
problem, both for the environment (Middelburg and
Levin, 2009) and for biogeocenoses (Levin et al., 2009),
in many coastal areas. In the Ariake Sea, Japan, exces-
sive consumption of dissolved oxygen by decomposing
algae (red tides) can lead to hypoxia during the summer
(Tanaka and Odagiri, 2010). The hypoxic water mass in
the benthic region of the Ariake Sea is typically moved
by tidal currents within a short duration, ranging from
several hours to several days (Tokunaga et al., 2009; K.
Sugino, Fukuoka Fisheries & Marine Technology
Research Center Ariakekai Laboratory, pers. Comm.).
Therefore, it is expected to affect the benthic ecosys-
tems (Yoshino et al., 2010). It is thought that repeated
exposure to hypoxic water masses contributes to the
observed decrease in the abundance of benthic bivalves
in Japan (Hirano et al., 2010; Sato, 2006).

Pen shells Atrina lischkeana form the basis of an
important fishery in Japan. However, the species has
suffered a collapse after a mass mortality after 2000 in
the Ariake Sea, Kyushu (Matsui, 2002). This collapse has
been attributed to hypoxia (Matsui, 2002), deterioration
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of sediment (Yurimoto et al., 2008), predation by rays
(Kawahara et al., 2004), and increased sulfide levels (K.
Sugino, Fukuoka Fisheries & Marine Technology
Research Center Ariakekai Laboratory, pers. comm.),
though the exact cause remains unclear. The pen shells
in the Ariake Sea are repeatedly exposed to hypoxic
water transported by tidal currents (Tokunaga et al.,
2009). We hypothesized that repeated exposure to
hypoxia has contributed to the collapse of pen shell
resources.

A number of studies have evaluated the effects of
hypoxia on bivalves and have demonstrated a reduction
in survival (Uzaki et al., 2003), deterioration of the physi-
ological state (Sobral and Widdows, 1997), inhibition of
larval settlement, and decreased juvenile growth and
survival (Baker and Mann, 1992). Bivalves are known to
have a well-developed and specific anaerobic respira-
tory system (Hochachka, 1980). Under normal aerobic
conditions, bivalves can produce energy by glycogen
breakdown through the glycolytic pathway, the tricarbo-
xylic acid cycle (TCA cycle), and the electron transfer
system. Aerobic metabolism yields water and CO, as end
products. However, under anaerobic conditions, bivalves
can produce energy through the glycolytic pathway,
using glycogen and aspartate as substrates and using
backflow from part of the TCA cycle. Anaerobic metabo-
lism generates succinate, propionate, and opines as end
products. Bivalves produce 38 ATP by aerobic respira-
tion and produce only 6 ATP by anaerobic respiration
from one glycogen molecule (Hochachka, 1980). A
decrease in glycogen content (Zwaan and Skjoldal, 1979)
and changes in concentrations of certain organic acids
(e.g., succinate) (Isani et al., 1995; Porter et al., 1984)
usually occur during anaerobic respiration hence, glyco-
gen content and organic acid concentrations are indica-
tive of the physiological state in bivalves and their
response to hypoxia.

Exposure to hypoxia has a number of effects on the
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physiology of bivalves, including a reduction in respira-
tion and growth (Cheung et al., 2008), accumulation of
lactate (Zwaan et al., 1991), and a reduction in energy
intake (Liu et al., 2011), however in most cases these
studies were conducted under continuous low—oxygen
conditions. Benthic organisms in the costal environment
are often exposed to hypoxia periodically rather than con-
tinuously. Few studies have been performed on the
effects of periodic exposure of bivalves to hypoxic condi-
tions. Thus, little is known about the effects on metabo-
lism and energy reserves. Gunjikake et al. (2009)
reported a decrease in the survival of pen shells that
were repeatedly exposed to low—oxygen conditions simi-
lar to those found in the environment. However, that
study only evaluated the effect of repeated low—oxygen
exposure on survival and movement in the pen shell.
Our objective was to determine the effects of repeated
low—oxygen exposure on survival, behavior, and physiol-
ogy in pen shells. Our results provide insight into the
mechanisms leading to the decline of pen shell popula-
tions in Japan.

MATERIALS AND METHODS

Pen shell collection and maintenance

Pen shells were collected from the Ariake Sea, off
the shore of Oura, Kyushu, Japan, in July 2009. The pen
shells (average shell length + SD: 136.6 £ 7.2 mm) were
acclimatized in 3 L plastic aquaria (height 20 cm X diam-
eter 15 cm) filled with sand to a depth of 13 cm under a
flow of filtered seawater at a flow rate of about 1 L/min
for 16 d. Pen shells were fed daily in the morning with a
diet suspension “M-1" (Nosan Corporation, Yokohama,
Japan) at 1% of soft body weight. Animals were main-
tained under natural light conditions.

Repeated exposure of pen shells to low-oxygen

The exposure group consisted of 15 replicates, each
containing three pen shells in a plastic aquarium that
was supplied with a continuous flow of filtered seawater.
Water temperature ranged from 23.5 to 26.8°C during
the exposure period. No food was provided during the
experiment. During the 30 d exposure period, low—oxy-
gen conditions (<3.0mg O,/L.) were produced by bub-
bling the water with nitrogen gas on a daily basis as fol-
lows: at about 10 AM, the flow of seawater was stopped,
the aquaria surfaces were covered with plastic sheets to
prevent oxygen supply from air, and nitrogen gas was
bubbled into the tank. After 6 h of low—oxygen condi-
tion, at about 4 PM, the plastic sheets were removed and
the flow of air and seawater (1 L/min) resumed. The con-
trol groups were set up in the same manner as the expo-
sure group, except that the aquaria were supplied with
aeration throughout the experiment (>6.5mg O,/L).
The survival of the pen shells was checked daily, and indi-
viduals that failed to respond to a stimuli were consid-
ered dead and removed immediately.

Dissolved oxygen in each aquarium was monitored
using a luminescent dissolved oxygen meter (HQ30d;
Hach Company, Loveland, Colorado, USA) at 10 AM and

4 PM daily. Coincident with the measurement of DO, the
height of the shell extending above the sediment surface
was measured (to the nearest 5 mm) to indicate vertical
movement. On day 0, 9, 20, and 30, six bivalves were
randomly-selected and dissected, and their adductor
muscles were sampled and stored at —80°C until further
analysis.

Measurement of glycogen content

The thawed adductor muscles were separated into
subsamples that were used in subsequent analyses as fol-
lows: Glycogen content was measured using the anthrone
method (Kamata and Hamada, 1985). Briefly, 1.5 mL of
30% potassium hydroxide solution was added to ca. 0.2 g
of adductor muscle from a single individual and heated
for 20 min in a boiling water bath. Then, 0.25 mL of sat-
urated sodium sulfate solution and 2 mL of 95% ethanol
were added and heated until boiling. The samples were
centrifuged at 3,000 rpm for 5min at 5°C, and the pel-
lets were resuspended in 5ml of ultrapure water.
Following this, 5 mL of anthrone reagent (13.5 M sulfuric
acid, 12mM thiobromine, 4.7mM anthrone) was then
added to 1 mL of the suspension, heated in the boiling
water bath for 15 min, and the absorbance was measured
using a U-2001 spectrophotometer (Hitachi, Tokyo,
Japan) at 620 nm. Standard solutions (0, 0.125, 0.250,
0.500, 1.000mg/mL) were used to obtain a standard
curve. Glycogen content in the adductor muscle was cal-
culated and reported as mg glycogen per g wet weight of
adductor muscle.

Measurement of organic acid concentration

Concentrations of malate, pyruvate, lactate, succi-
nate, fumarate, and propionate in the adductor muscle
were measured using the method of Inoue et al. (2007).
These organic acids are typical aerobic or anaerobic
metabolites. Briefly, a subsample of the adductor mus-
cle (0.3 g) was homogenized by eight times the amount
by volume of 7% perchloric acid using a Polytron
homogenizer (PT3100; Kinematica, Littau, Switzerland).
The homogenate was centrifuged at 10,000 rpm for
30 min at 5°C, then the supernatant was filtered through
a 0.45um filter (DISMIC-13HP; ADVANTEC, Tokyo,
Japan). The different organic acids in the filtrate
(100 L) were separated using high performance liquid
chromatography (Waters 2690; Waters, Milford, MA, USA)
and an Aminex HPX-87H organic acid analysis column
(300 x 7.8mm; Bio-Rad Laboratories, Hercules, CA,
USA) at a flow rate of 0.6 mL/min and a pressure of
about 4 MPa. Column temperature was set at 60°C, and
the mobile phase consisted of 8 mM sulfuric acid. Organic
acid content was detected by a UV detector system
(Water 2487; Waters) at 210 nm, and a mixed standard
solution was used to obtain the standard curve.

Statistical analyses

Differences in survival between the control and
exposure groups were evaluated using the generalized
Wilcoxon test. Differences in glycogen content and
organic acid concentrations were tested using the
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Mann-Whitney U test (R 2.9.1 software; Ihaka and
Gentleman, 1996). Effect factor assessment on vertical
movement data and glycogen content was performed
using a two—way layout analysis of variance using SPSS
13.0 (SPSS, Inc., Chicago, IL, USA). In this analysis, low—
oxygen exposure and time were set as the effect factors.
The level of significance was P < 0.05.

RESULTS

Exposure to low oxygen and survival

The average concentration of dissolved oxygen in
the exposure group ranged from a low of 0.36 =+
0.08 mg O,/Li during the addition of nitrogen gas to 6.98
+ 0.08mg O,/L during aeration with flowing seawater.
The average in the control group was 6.92 = 0.18 mg O./L.
There was no significant difference in survival between
the control and exposure groups (Fig. 1).

Movement of pen shells above the sediment sur-
face

Under low—oxygen conditions, the pen shells
decreased the rate of shell opening/closing and gradually
became indistinct for some tissues during the experimen-
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Fig. 1. Survival of pen shell that were repeatedly exposed to
low—oxygen conditions for 6 h/d (@) and the control
(O) group.

Exposed shell height (cm)
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Fig. 2. Changes in the height of the pen shell measured from the
sediment surface to the top of the shell during repeated
(6 h during every 24 h period) low—oxygen exposure (@)
and the control group (()). Each point represents the
mean * SD.

tal period. The vertical movement of the pen shells is
illustrated in Fig. 2. The pen shells migrated upward dur-
ing the low—oxygen period then moved downward into
the sand until they were almost buried during the aero-
bic period. These vertical movements of pen shells were
repeated daily in association with exposure to low—oxy-
gen conditions. The difference in pen shell heights above
the sediment surface before and after low—oxygen expo-
sure was significant between Day 0 and Day 19 (P < 0.01;
Wilcoxon rank sum test) in the exposure group. This
difference gradually decreased thereafter, and was no
longer detectable after 20d of repeated low—oxygen
exposure. At the end of the experiment, the entire shell
was permanently exposed above the sediment. The
height above the sediment was significantly different
between the beginning and end of the experimental
period in the exposure group. There was no significant-
difference in pen shell heights before and after the 6 h
period in the control group.

Glycogen content

There was a significant decrease in glycogen con-
tent in the adductor muscle of the exposure group rela-
tive to the control (Fig. 3; P < 0.05 at both 9 days and 20
days). Both exposure and time had a significant effect
on glycogen content (Two—-way ANOVA P < 0.001, P <
0.05 respectively), but the interaction between time and
exposure was not significant.

Organic acid concentrations

In general, succinate and propionate are metabolites
of short and long term anaerobic respiration. Fig. 4
shows the organic acid concentrations in the adductor
muscles of pen shells. There was a significant decrease
in malate (P < 0.05 at both 9 day and 30 day) and fuma-
rate (P < 0.05 at both 9 day and 30 day) levels in pen
shells exposed to repeated low—oxygen conditions com-
pared with control. The treatment had a significant effect
on malate and fumarate levels (ANOVA, P < 0.05, P <
0.001, respectively). The effect of time on organic acid
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Fig. 3. Glycogen content in the adductor muscle of the pen shell
repeatedly exposed (6 h during every 24 h period) to
low—oxygen conditions () and in the control group
(). Each bar represents the mean + SD. * significantly
different from control group (Mann—Whitney U test, P <
0.05).
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Fig. 4. Organic acid concentrations in the adductor muscle of the pen shell exposed
to hypoxia () and in the control group (O)). Each bar is a mean = SD. * sig-
nificantly different from control group (Mann-Whitney U test, P < 0.05).

concentrations was significant for all organic acids
tested, except lactate (P < 0.001 for malate, pyruvate,
succinate, fumarate, propionate).

DISCUSSION

In the natural environment, pen shells in the Ariake
Sea are repeatedly exposed to hypoxic water masses as
a result of the ebb and flood of tides (Tokunaga et al.,
2009). The repeated exposure to low—oxygen in our
study was intended to simulate this phenomenon. We
observed pen shells moving upward under low—oxygen
conditions and downward under aerobic conditions. This
vertical movement was consistent each time animals
were exposed to low—oxygen conditions, similar to our
observations in a previous study (Gunjikake et al., 2009).
Yamamoto et al. (2006) also observed upward movement
of pen shells exposed to low—oxygen conditions (dis-
solved oxygen level 0.6 mm Hg) at 20°C for more than
30min, as did Matsui (2002) when pen shells were
exposed to hypoxic benthic water in the Ariake Sea.
Since biological demand for oxygen is high at the inter-
face of the sediment and the overlying water body, oxy-
gen concentrations above the sediment can be particu-
larly low and diminish quickly. As such, the upward
movement of pen shells during exposure to hypoxia may
be regarded as an adaptive behavior to obtain more oxy-
gen and to avoid this layer of hypoxic water. However,
this behavior also results in an increase in energy expend-
iture.

Our results suggest there is a reduction in glycogen
content in the adductor muscle of pen shells exposed to

repeated low—oxygen conditions for 9-20d. We attribute
this reduction to the inefficiency of anaerobic respira-
tion and to energy used for increased vertical move-
ments. During aerobic respiration, bivalves produce 38
ATP from one glycogen molecule. However, under anaer-
obic respiration they produce only 6 ATP (Hochachka,
1980). A reduction in glycogen content due to continu-
ous low—oxygen exposure for approximately 2-4 d has
also been reported in Scapharca inmaequivalvis (Isani
et al., 1989) and in the freshwater bivalve Pleurobema
coccineum (Badman and Chin, 1972). The decreasing
glycogen content in the control group was likely associ-
ated with the lack of feeding during the experimental
period. Regardless, the two-way layout analysis sug-
gests that low—oxygen exposure significantly affects gly-
cogen content, even after starving for 30 d.

The vertical movement distance gradually decreased
over time, and such movement ceased after 20 d expo-
sure. This decrease likely reflects a general decrease in
activity, reflected by the reduction in glycogen content
(difference of shell height at before and after low—oxy-
gen exposure versus glycogen content, spearman's rank
correlation P < 0.05). Taken together, our results suggest
that repeated exposure to hypoxia causes an acceler-
ated reduction in glycogen content as a result of anaero-
bic respiration and vertical movements.

We also observed a significant decrease in malate
and fumarate levels following repeated exposure to low
oxygen. This is consistent with prior observations in pen
shells exposed to low—oxygen conditions (W. Tanoue,
Faculty of Agriculture, Kyushu University, pers. comm.).
We hypothesize that the decrease is due to the accumu-
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lation of anaerobic metabolites (e.g., succinate) induced
by low—oxygen conditions. The recovery of malate and
fumarate levels is likely not as rapid as that of anaerobic
metabolites. Isani et al. (1989) noted an accumulation of
succinate in the bivalve Scapharca inaequivalvis
exposed to low oxygen, though levels returned to normal
within 4 h after return to aerobic conditions. We did not
detect the accumulation of succinate, lactate, or propi-
onate in exposed pen shells. This may be because speci-
mens were sampled about 18 h after their return to aero-
bic conditions, at which time they may have had already
recovered from the effects of anaerobic respiration.

Exposure of pen shells to low—oxygen conditions for
6 h every day for 30d (0.36 = 0.08 mg O,/L, 23.5-26.8°C)
did not affect survival. In contrast, Gunjikake et al.
(2009) recorded a significant increase in mortality of
pen shells exposed daily (6 h) to low—oxygen conditions
for 31d (0.36 = 0.03mg O,/L,, 24.7-30.0°C). This differ-
ence in survival rate may reflect the slightly higher
water temperatures in the earlier study. Akimoto et al.
(2004) reported 50% mortality in pen shells continu-
ously exposed to low-oxygen conditions for 72h at
27.5°C (dissolved oxygen level 14.9%). In general, tem-
perature decreases oxygen solubility and is associated
with a concurrent increase in metabolic rate and energy
expenditure in the bivalve (Ansell and Sivadas, 1973).
Furthermore, under low—oxygen conditions, bivalves
begin anaerobic respiration, which has low energy pro-
duction (ATP) efficiency compared with aerobic respira-
tion. It appears that exposure of pen shells to low—oxy-
gen conditions for a long time or exposure to repeated
low—-oxygen conditions at high temperatures results in
energy exhaustion and hence mass mortality.

Since the beginning of this century, a dramatic col-
lapse of pen shell resources has occurred in Ariake Sea.
Matsui (2002) documented the mass mortality of pen
shells after they moved upward in the sediment under
hypoxic water conditions during the summer. Our study
suggests that periodic exposure to hypoxic water results
in anaerobic metabolism and a subsequent reduction in
glycogen content. Repeated exposure of pen shells to
hypoxic water initially causes repeated upward and
downward movements in the sediment. However, after
several days the animals no longer exhibiting burrowing
behavior, instead remaining above the sediment surface.
Long et al. (2008) reported that exposure of the bivalve
Macoma balthica to low—oxygen conditions (< 2.5mg
0,/L) for 72 h reduced their burial depths and increased
their vulnerability to predators. Our results suggest that
hypoxia is likely to be a major cause of mass mortality of
pen shells, possibly in conjunction with other environ-
mental factors. This is consistent with Matsui (2002),
who concluded that the decrease in pen shell abundance
was due to exposure to hypoxic conditions and high tem-
peratures in the summer, and other factors, such as
becoming weak following reproduction.

In conclusion, repeated exposure of pen shells to
low—oxygen conditions reduces glycogen content and
initially induces upward and downward movements.
After several days of exposure, the animals remained

above the sediment so were perhaps vulnerable to pred-
ators. Our results may help to explain the collapse of
pen shell resources. Further studies should be carried
out to investigate the combined effect of exposure to
hypoxia and high temperatures. In addition, little is
known about the effects of predation, or of sulfide and
ammonia toxicity associated with hypoxia.
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