JOURNAL OF

: EXPERIMENTAL
i MARINE BIOLOGY

i o Journal of Experimental Marine Biology and Ecology AND ECOLOGY

ELSEVIER 246 (2000) 223-240

www.elsevier.nl /locate/ jembe

Whole animal and gill tissue oxygen uptake in the Eastern
oyster, Crassostrea virginica: Effects of hypoxia,
hypercapnia, air exposure, and infection with the protozoan
parasite Perkinsus marinus®

Libby L. Willson, Louis E. Burnett*

Grice Marine Laboratory, University of Charleston, South Carolina, 205 Fort Johnson, Charleston,
SC 29412, USA

Received 28 September 1999; received in revised form 16 November 1999; accepted 7 December 1999

Abstract

The Eastern oyster, Crassostrea virginica, lives in shallow coastal waters and experiences many
different environmental extremes including hypoxia, hypercapnia and air exposure and many
oysters are infected with the protozoan parasite Perkinsus marinus. The effects of these conditions
on oyster metabolism, as measured by oxygen uptake, were investigated. Mild hypercapnia had no
effect on the ability of oysters to regulate oxygen uptake in hypoxic water, as measured by the B2
coefficient of oxygen regulation. The average B2 was — 0.060 X 10™% (£0.01X 10™° SEM.;
n=20; low and high CO, treatments combined) in oysters uninfected with P. marinus and
—0.056x10"° (+0.01X 10" ° SEM.; n=16; low and high CO, treatments combined) in
infected oysters. There was no significant effect of light to moderate infections of P. marinus on
oxygen regulation. Nor did the presence of P. marinus have an effect on the rate of oxygen uptake
of whole animals in well-aerated water. In well-aerated conditions, oxygen uptake was sig-
nificantly reduced by moderate hypercapnia in oysters when data from uninfected and infected
oysters were combined. Mean oxygen uptake of infected oysters under hypercapnia (pCO,, = 6-8
Torr; pH 7) was 9.10 wmol O, gww " h™* £0.62 SEM. (n=9), significantly different from
oxygen uptake under normocapnia (pCO, =<1 Torr; pH 8.2) (10.71 wmol O, gww ™ * h™* +0.62
SEM.; n=9). Similar to what occurred in infected whole animals, mean oxygen uptake of
uninfected gill tissues under high CO,, low pH conditions was 9.44 wmol O, gww ™ * h™* +0.95
S.E.M. (n=10), significantly different from oxygen uptake under low CO,, high pH conditions
(12.30 wmol O, gww™* h™* +0.95 SE.M.; n = 10). This result is due primarily to the low pH
induced by hypercapnia rather than a CO,-specific effect. The presence of P. marinus had no
effect on oxygen uptake in gill tissues. Intertidal oysters from South Carolina take up very little
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oxygen from the air when they are air exposed. Mean oxygen uptake in air at 25°C (5.66 X 10™*
umol O, g ww ™" h™'+265%x107* SEM.; n=11) is less than 0.1% of oxygen uptake in
seawater, suggesting that upon air exposure, oysters close their valves and isolate themselves from
air. Oxygen uptake in air is dlightly elevated at 35°C (9.28x 10" * pumol O, g ww™* h™*
+5.57 X 10~* SE.M.; n=11). There was not a strong correlation between oxygen uptake and P.
marinus infection intensity at either 25 or 35°C. [ 2000 Elsevier Science BV. All rights
reserved.
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1. Introduction

The Eastern oyster, Crassostrea virginica, lives in shalow coastal waters and
experiences many different environmental extremes of temperature, salinity, pH and
oxygen. In some parts of its range, oysters are abundant in the intertidal zone and are
exposed to air on a regular basis. This remarkable ability of C. virginica to succeed in
environments characterized by rapid changes accounts for its abundance in the past.
However, at present, oyster populations along the Atlantic coast are severely depleted
(MacKenzie, 1996). Factors responsible for this depletion include overharvesting
(Hargis and Haven, 1988; MacKenzie, 1996), disease (Ford and Tripp, 1996), poor
water quality (Seliger et al., 1985) and habitat destruction (Rothschild et al., 1994).
Oyster production along the Atlantic coast, including the Chesapeake Bay, has declined,
especialy since 1980 (MacKenzie, 1996). The commercial harvesting of oysters is now
a small fraction of what it once was. Maintenance and restoration of oyster populations
in East Coast estuaries have been the thrust of coastal management efforts.

Low dissolved oxygen, or hypoxia, is a magor factor limiting animal distribution and
is also responsible for affecting species composition in a community (Llanso, 1992).
Diurnal fluctuations in oxygen have been reported in estuarine waters along the East
Coast, including the Chesapeake Bay (Breitburg, 1990; Diaz and Rosenberg, 1995) and
the Southeast (Fulton et al., 1993; Cochran and Burnett, 1996; Lenihan and Peterson,
1998). Hypoxia has been well studied in the Chesapeake Bay, where dissolved oxygen
can drop to less than 2 mg | ~* (Breitburg, 1990). In South Carolina, the dissolved
oxygen in tidal salt marsh creeks can drop from approximately air saturation at high tide
to significantly lower values, often close to zero, a low tide (Cochran and Burnett,
1996). Dissolved oxygen is typically at its lowest during early morning low tides (Fulton
et a., 1993).

While hypoxia has been a water quality parameter used to indicate the heath of
estuaries (Officer et al., 1984; Breitburg, 1990; Nixon, 1993), the elevated levels of
carbon dioxide, or hypercapnia, that often accompany hypoxia are often overlooked.
Hypercapnia is a result of respiration and can acidify even shallow estuarine waters,
especialy during the night hours (Cochran and Burnett, 1996). When hypercapnia
occurs, organisms experience an acidification of the body fluids and tissues, which can
affect important physiological processes (Burnett, 1997). The degree to which organisms
can compensate for this acidosis is often limited (Burnett, 1997). In bivalves,
compensation for the hypercapnia-induced acidosis involves the dissolution of the
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calcium carbonate shell, (Lindinger et a., 1984; Dwyer and Burnett, 1996; Burnett,
1997). Until recently, hypercapnia has been largely ignored as a significant factor
influencing the health of estuarine organisms; it should be considered in concert with the
effects of hypoxia.

In addition to fluctuating water variables, South Carolina oysters experience frequent
periods of aeria exposure (Dame, 1979). Fully 95% of oysters in South Carolina are
intertidal (Dame, 1979). Oysters exposed to air experience a wide range of temperatures,
reaching as high as 55°C (L. Coen and D. Bushek, personal communication). These high
temperatures undoubtedly influence oyster metabolism. Emersed oysters are thought to
metabolize aerobically as their tissues acidify due to the accumulation of CO, (Dwyer
and Burnett, 1996), however, the mechanisms oysters use to continue aerobic metabo-
lism during air exposure are not clear. Although many intertidal animals utilize oxygen
from the air when immersed (Widdows et al., 1979; McMahon, 1988), oxygen uptake by
C. virginica exposed to air has not been demonstrated (Shumway, 1982). Nonetheless,
despite the harsh conditions associated with air exposure, oysters are abundant in the
intertidal zone in South Carolina

The presence of oyster disease is an important additional factor limiting the
abundance of oysters. The protozoan parasite Perkinsus marinus, also known as Dermo,
has contributed greatly to oyster mortality along the Atlantic and Gulf Coasts (Mackin
and Ray, 1954; Andrews and Hewatt, 1957; Mackin, 1962; Andrews, 1988). Infections
spread when prezoosporangia are released from infected, dying oysters into the water
column and are ingested by uninfected oysters (Ray, 1954; Mackin, 1962; Andrews,
1965, 1996). Once an oyster is infected, the parasite may spread to all tissues, causing
cell lysis and eventually death (Mackin, 1951).

It is the focus of this study to explore how the environmental variables of hypoxia,
hypercapnia, and air exposure, as well as infections of P. marinus, affect the aerobic
metabolism of oysters. A number of questions are addressed in this study. First, how
does elevated ambient CO, (hypercapnia) affect the degree to which oysters regulate
their oxygen uptake as oxygen pressure declines? Secondly, what is the effect of
hypercapnia on oxygen uptake of oysters in well aerated conditions (pO, = 125-145
Torr)? Thirdly, what are the effects of CO, and pH on oxygen uptake of gill tissues from
oysters? Preliminary experiments showed that under high CO,, low pH conditions, a
decrease in oxygen uptake in gill tissues occurred when compared to low CO,, high pH
conditions. Therefore, in this study, gill tissue experiments were designed to elucidate
the specific and independent effects of CO, and pH on the metabolism of gill tissues
uninfected with P. marinus. Fourthly, do oysters take up oxygen upon air exposure and if
so, is this influenced by temperature? Finally, how does the presence of P. marinus
affect aerobic metabolism of oysters under a variety of environmental conditions?

2. Methods
2.1. Experimental animals

In this study, both oysters infected with P. marinus and uninfected oysters were used.
Previous studies (Dwyer and Burnett, 1996; Bobo et al., 1997) have demonstrated that
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virtualy all South Carolina oysters were infected with P. marinus. Therefore, oysters
uninfected with P. marinus were obtained from tray culture in June, 1996 from the
Pemaguid Oyster Company, Waldoboro, Maine. Adult oysters (height = 60—78 mm)
were shipped on ice overnight to the Grice Marine Laboratory. South Carolina oysters
(height = 40—113 mm) were field collected regularly from Inlet Creek and on atidal flat
near the Grice Marine Laboratory, Charleston, South Carolina from September 1996 to
May 1997.

In order to determine the effects of P. marinus on whole animal oxygen uptake, it was
necessary to induce P. marinus infections in a subset of Maine oysters. This was done in
the laboratory by placing Maine oysters in aguaria with South Carolina oysters infected
with P. marinus for approximately 1 month. Likewise, the uninfected subset of Maine
oysters were held for approximately 1 month in the laboratory as well with no South
Carolina oysters and served as a control for infection. Both subsets of oysters were
maintained in well-aerated unfiltered seawater (25°C, 25%. salinity and pH 7.8-8.2) and
fed three times a week with Isochrysis galbana. Oysters were not fed for a period of 24
h prior to experiments. All statistical calculations were performed using the statistical
software Sigmastat. An apha level of P=0.05 was used in al tests of significant
differences.

2.2. Perkinsus marinus assay

The total body burden of P. marinus (Bushek et a., 1994) was determined for all
oysters except those used in gill tissue experiments. For gill tissue respirometry, only the
gill tissues used in the experiment were assayed. Immediately following an experiment,
the wet tissue from the whole animal or the gill tissues were homogenized and incubated
in 5 ml of Ray’s fluid thioglycollate medium (RFTM) (Ray, 1952) with 1 ml nystatin.
After 5-7 days of incubation, oyster tissues were digested in 2 mol |~* NaOH (20 ml
g ' tissue) at 60°C for 3 h. This process digests only the oyster tissue leaving the P.
marinus hypnospores intact (Choi et al., 1989). Samples were then washed twice with
digtilled water, stained with Lugol’s iodine, and P. marinus hypnospores were counted
using a hemocytometer (Choi et al., 1989) and quantified as the number of cells per
gram wet oyster tissue weight (g ww).

2.3. Whole animal respirometry

Whole animal oxygen uptake of Maine oysters, both those that were infected with P.
marinus and those that were uninfected, was measured under low CO,, high pH
conditions (pCO, = 1 Torr; pH 8.2; pO, = 155 Torr) and high CO,, low pH conditions
(pCO, =6-8 Torr; pH 7.0; pO, =155 Torr). Low CO,, high pH conditions occur
typically in well-aerated seawater. High CO,, low pH conditions mimic those that occur
during environmental hypoxia and hypercapnia (Cochran and Burnett, 1996).

For each oyster (uninfected oysters n = 10; infected oysters n=9), O, uptake was
measured first in low CO,, high pH and then in high CO,, low pH conditions within a
three day period. Each oyster was scrubbed with a dilute (1%) bleach solution that was
neutralized to pH 7.0, and rinsed thoroughly to kill or remove any exterior micro-
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organisms and residual chlorine. Oysters were placed in a respirometer (approximate
volume = 450 ml) and the respirometer was filled with artificial seawater (25%o), filtered
through a 0.45-um filter prior to use. Oxygen uptake was measured continuously by
monitoring the decline of pO, within the respirometer from 155 Torr to less than 10
Torr. It took from 2 to 8 h for the oysters to reduce the oxygen pressure within the
respirometer to 10 Torr, with most oysters taking approximately 6 h. Temperature was
held at 25+0.1°C. pO, was measured with a'Yellow Springs Instrument (Y Sl) model 58
oxygen meter and a'Y Sl model 5730 probe with a self stirring sensor tip. Output from
the meter was recorded using a Sable Systems Data Acquisition system. Throughout the
experiment, pH was monitored with a Corning combination pH electrode place directly
in the respirometer. Once the pO, in the respirometer fell to less than 10 Torr, the oyster
was removed and the seawater was gassed briefly with O, to raise the pO, to
approximately 100 Torr. Oxygen uptake of the seawater without the oyster was
measured and found to be negligible, demonstrating that oxygen uptake is attributed
solely to the oyster and associated parasites and bacteria within the shell. Also, oxygen
uptake of oyster shells (with the oyster removed) was measured and found to be
negligible. The volume of the seawater within the respirometer was also measured.
When oxygen uptake of a single oyster had been determined under both experimental
conditions the oyster was shucked, weighed and the oyster tissue assayed for P. marinus
(see P. marinus assay).

To analyze the data, oxygen uptake was averaged (Cochran and Burnett, 1996) over
each decade of oxygen pressure for each treatment (e.g. 140—-149 and 150-159 Torr).
These data were then normalized and analyzed using the quadratic (or second-degree)
polynomial model to determine the degree to which the animal is an oxygen regulator or
an oxygen conformer over a range of oxygen pressures (Mangum and van Winkle,
1973). From this model, the quadratic coefficient, B2 was calculated for each O, uptake
curve. The greater degree to which an organism regulates its O, uptake, the more
negative the B2 value. A two-factor repeated measures analysis of variance was used to
determine the fixed effects of hypercapnia and the presence of P. marinus infection on
the B2 value. In this analysis, the presence of P. marinus is considered a fixed factor,
since only the presence or absence, rather than infection intensity, was considered.

The effects of hypercapnia and P. marinus infection on O, uptake in whole animals
under well-aerated conditions (125-145 Torr) were also analyzed. For each oyster,
oxygen uptake between pO, 125 and 145 Torr was determined. A two-factor repeated
measures analysis of variance was performed to determine the fixed effects of
hypercapnia and P. marinus infection on oxygen uptake.

2.4. Low CO,, high pH experiments

Low CO,, high pH seawater conditions were obtained by gassing artificial seawater
with nitrogen to remove CO, (pCO, <1 Torr) resulting in a pH between 8.0 and 8.2.
The water was then gassed briefly with O, to achieve a pO, dlightly greater than air
saturation (i.e. > 155 Torr). As the oyster consumed oxygen, CO, accumulated in the
respirometer, gradually lowering the pH of the seawater. When low CO,, high pH
conditions were desired, the respirometer was flushed with low CO,, high pH seawater
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when the pH within the respirometer fell below 7.8 to raise the pH. The pO, of the
filtered seawater used to flush the respirometer was adjusted to approximate the pO,
within the respirometer. In this way, the pH of the water within the respirometer was
held above 7.8.

2.5. High CO,, low pH experiments

To obtain high CO,, low pH conditions (pCO, = 6-8 Torr; pH 7.0; pO, > 155 Torr),
seawater was gassed with a combination of O, and 1% CO, to achieve a pO, between
155 and 160 Torr and a pH between 6.9 and 7.0. Gas mixtures were supplied by
Waosthoff gas mixing pumps. Under high CO,, low pH conditions the pH never fell
below 6.9 and no flushing of the respirometer was necessary.

2.6. Gill tissue respirometry

Two separate experiments were performed using gill tissues from oysters. First, gill
tissues from Maine oysters uninfected with P. marinus were used to determine the
independent effects of CO, and pH on oxygen uptake. Secondly, gill tissues from South
Carolina oysters infected with P. marinus were used to determine the effects of infection
intensity and CO,, on oxygen uptake.

In Maine oysters uninfected with P. marinus, oxygen uptake by gill tissues was
measured between pO, 100 and 150 Torr under four different seawater conditions
(n =10 qill tissue segments per treatment) to determine the specific and independent
effects of pH and CO,. The mean weight of the gill segments from both Maine and
South Carolina oysters was 0.26 g+=0.02 S.E.M. In genera, it took approximately 20
min for the gill tissues to deplete the oxygen in the respirometer from 150 to 100 Torr.
Two seawater conditions are identical to the conditions under which whole animal O,
uptake was determined: low CO,, high pH and high CO,, low pH. To obtain these
conditions, artificial seawater was prepared as described above in whole animal
experiments. Oxygen uptake of gill tissues was aso measured under low CO,, low pH
and high CO,, high pH conditions. To obtain low CO,, low pH conditions (pCO, =1
Torr; pH 7.0; pO, = 155), seawater buffered with 10 mmol | ~* HEPES was gassed with
a combination of nitrogen and oxygen to remove CO, and achieve a pO, of
approximately 155 Torr. With continuous gassing, pH was titrated to 7.0 with 5 mmol
| ~* HCI. HEPES buffer was necessary with this treatment in order to maintain the pH at
7.0. To obtain high CO,, high pH conditions (pCO, = 6-8 Torr; pH 7.8; pO, =155
Torr), the buffered seawater was titrated with 5 mmol |~* NaOH while gassing with a
combination of O, and 1% CO, to achieve a pO, of approximately 155 Torr and a pH
of 7.8. Data from this experiment were analyzed using a two way analysis of variance to
determine the fixed effects of pH and CO, on oxygen uptake.

Oxygen uptake was also measured in the gill tissues of oysters infected with P.
marinus (South Carolina oysters) to determine the effects of P. marinus infection
intensity and CO, on oxygen uptake. Oxygen uptake by gill tissues was measured
between pO, 100 and 150 Torr under low CO,, high pH and high CO,, low pH
conditions (n = 56 gill tissue segments per treatment). Artificial seawater was prepared



L.L. Willson, L.E. Burnett / J. Exp. Mar. Biol. Ecol. 246 (2000) 223-240 229

as described in whole animal experiments. A two way analysis of variance was
performed to determine the fixed effects of P. marinus infection intensity (intensity
quantified using Mackin groupings) and CO, on oxygen uptake. Oxygen uptake values
were arranged in five groups corresponding to the levels of P. marinus infection
categorized by the Mackin scale (Gauthier and Fisher, 1990).

The procedure for both gill tissue experiments (Maine oysters uninfected with P.
marinus and South Carolina oysters infected with P. marinus) was identical. Gill tissue
from each oyster was excised (average weight of gill segment = 0.260.02 g). Oxygen
uptake by gill tissues was measured in a manner similar to that described above for
whole animals as the tissues depleted oxygen from filtered seawater. pO, was measured
in a respirometer using a (YSI) model 53 meter with a YSI model LN1532 probe.
Output from the meter was recorded on a Sable Systems Data Acquisition system.
Temperature was maintained at 25+0.1°C. The seawater was gassed to the appropriate
pCO,, pH and pO, levels for each treatment as described above. Prior to the oxygen
uptake measurement, each gill segment was rinsed with filtered seawater and incubated
separately for approximately 30 min under the appropriate treatment condition. Each gill
segment was then rinsed again with filtered seawater and placed in a closed respirometer
(approximate volume = 12 ml) with seawater identical to the conditions under which the
tissue was incubated. The rate of decline of pO, between 150 and 100 Torr in the closed
respirometer was recorded. When pO, in the respirometer dropped below 100 Torr, the
oxygen probe was removed and pH of the water was measured immediately. Gill tissue
wet weight and the water volume of the respirometer were measured. Each gill segment
was assayed for P. marinus as described above.

2.7. Aerial oxygen uptake

In air exposure experiments, only South Carolina oysters were used. Intertidal South
Carolina oysters were collected and held in well-aerated artificial seawater (25°C, 25%o
sdinity and pH 7.8-8.2). Oysters were not fed and measurements of aerial oxygen
uptake were made within 1 week of collection.

Oxygen uptake of air exposed oysters was measured at 25 and 35°C (*=1°C). Oxygen
uptake in the ribbed mussel, Geukensia demissa, was also measured for purposes of
comparison. Since there were no values in the literature for aerial oxygen uptake for C.
virginica, the methodology was validated by comparing oxygen uptake in the ribbed
mussel to known values in the literature.

Prior to each experiment, oysters (n = 11 oysters at each temperature) were scrubbed
with a dilute (1%) bleach solution that was neutralized to pH 7.0, and rinsed thoroughly
to remove or kill any exterior microorganisms. To minimize the disturbance of the oyster
upon exposure to air, a single oyster was placed in an open respirometer within a tank of
well-aerated seawater (25°C) and allowed to remain overnight. The following morning,
the respirometer containing the oyster was gently removed from the tank and the water
was slowly siphoned out of the respirometer, exposing the oyster to air. An air-tight lid,
containing a port for sampling air, was fitted on top of the respirometer and the
respirometer was placed in awater bath at either 25 or 35°C (*=1°C). Oysters exposed to
35°C were acutely exposed.
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Oxygen uptake was measured in air exposed oysters by monitoring oxygen depletion
in the respirometer. Initially, 2 ml of air was sampled from the respirometer and
analyzed for oxygen using an oxygen analyzer (Applied Electrochemistry S-3A/Il).
Thereafter, gas was sampled every 2 h for a period of 8 h. Each 2-ml gas sample
removed from the respirometer was replaced with 2 ml filtered seawater. Oysters were
positioned above the water in the respirometer. Oysters were then shucked, weighed, and
the whole animal assayed for P. marinus. Oxygen uptake of oyster shells was also
measured and found to be negligible. To compare oxygen uptake of whole oysters at 25
and 35°C, a one-way repeated measures analysis of variance was used.

3. Reaults

3.1. Whole animal respirometry

Following all whole animal experiments, oysters were analyzed for the total body
burden of P. marinus. The subset of Maine oysters that were maintained in aguaria with
no South Carolina oysters were found to be uninfected with P. marinus. Maine oysters
held in aquaria with South Carolina oysters to induce P. marinus infection had light to
moderate levels of P. marinus. Infection intensities ranged from 250 to 778 162 P.
marinus cells per gram wet weight * (g ww*). On the Mackin Scale (Gauthier and
Fisher, 1990), these infection levels ranged from near O to slightly above 4.

Oxygen uptake decreases as oxygen pressure declines (Fig. 1). The B2 coefficient
indicates the degree of oxygen regulation over a range of oxygen pressures (Mangum
and van Winkle, 1973), with more negative B2 values indicating greater regulation. A
two-way repeated measures analysis of variance, comparing B2 coefficients, shows that
there is no effect of hypercapnia (P = 0.912) and no effect of infection with P. marinus
(P=0.771) (Table 1). The average B2 was —0.060x 10 ® (+0.01x 10"% SEM.;
n = 20; low and high CO, treatments combined) in oysters uninfected with P. marinus
and —0.056x 10 ° (+0.01x 10" % SEM.; n=16; low and high CO, treatments
combined) in infected oysters.

Oxygen uptake of oysters in well-aerated conditions (pO, = 125-145 Torr) is
unaffected by infection with P. marinus (two-way repeated measures analysis of
variance; P = 0.251), but is significantly affected by hypercapnia (P = 0.017) (Fig. 2).
Moderately high CO, conditions significantly lower oxygen uptake (9.10 wmol O, g
ww ' h™* £0.62 SEM., n=9) compared with low CO, conditions (10.71 pmol O, g
ww ' h™' +0.62 SE.M., n=9) (Figs. 1 and 2), but the effect is not large and occurs
only when infection status is ignored.

3.2, Gill tissue respirometry

Two separate experiments were performed using gill tissues from oysters. In gill
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Fig. 1. Mean oxygen uptake (wmol g ww ™ h™*) for each decade of pO, in Crassostrea virginica uninfected
with Perkinsus marinus and subjected to both low (<1 Torr) and high (6-8 Torr) CO, pressures at 25%o
salinity and 25°C. Error bars show + SE.M. for low CO, and — S.EE.M. for high CO,.

Table 1

Comparison of B2 coefficients of several species of bivalved molluscs®

Species B2 coefficient ( X 10’3) Conditions Perkinsus marinus ~ Reference
infection status

Mean+SEM. (n) Range

Crassostrea virginica  — 0.054+0.01 (10) —0.002 to —0.132  Low CO,, High pH Uninfected Present study
—0.066+0.01 (10) —0.014 to —0.135 High CO,, Low pH Uninfected Present study
—0.060+0.02 (8) —0.026to —0.167 Low CO,, Infected; 250 to Present study
High pH 778162 cellsgww *
—0.052+0.02 (8) —0.005to —0.100 High CO,, Infected; 250 to Present study
Low pH 778162 cellsgww "
- 0.063 14%,, 30°C Unknown Shumway and Koehn (1982)
-0.110 28%0, 20°C
—0.097 28%0, 30°C
-012 245°C Unknown Galtsoff and Whipple (1931)
Geukensia demissa —-0.2280 —0.0831to —0.7810 Unknown Mangum and van Winkle (1973)
(= Modiolus demissus)
Rangia cuneata - 0.0695 —-0.0271to - 0.1300 Unknown Mangum and van Winkle (1973)

“Low CO,, high pH (pCO, =1 Torr; pH 8.2) and high CO,, low pH (pCO, = 6-8 Torr; pH 7.0) at 25%o
sdlinity and 25°C are indicated for the present study.
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Fig. 2. Mean ( + S.E.M.) oxygen uptake (uwmol g ww * h™") in Crassostrea virginica uninfected (n = 9) with
and infected (n + 9) with Perkinsus marinus subjected to low CO,, high pH (pCO, = 1 Torr; pH 8.2) and high
CO,, low pH (pCO, = 6-8 Torr; pH 7.0) at pO, = 125-145 Torr, 25%o salinity and 25°C. Infection intensities
ranged from 250 to 778 162 Perkinsus marinus cells per gram wet weight (g ww ™). * Denotes a significant
difference (P < 0.05, two-way RM ANOVA) and found only when data from uninfected and infected oysters
are combined (n = 18 for each treatment).

tissues uninfected with P. marinus, a two-way ANOVA comparing oxygen uptake at
high pO, (100-155 Torr) indicated that there was no effect of CO, (P = 0.603), but a
significant effect of pH (P = 0.041) (Fig. 3). When data for low and high CO,, treatments
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Fig. 3. Mean (+ S.E.M.) oxygen uptake (wmol g ww ™" h™") in gill tissues from Crassostrea virginica at high
pO, (100-155 Torr), 25%o salinity, 25°C and four treatments: low CO,, low pH (pCO, =<1 Torr; pH 7.0), low
CO,, high pH (pCO, =1 Torr; pH 7.8-8.0), high CO,, low pH (pCO, = 6-8 Torr; pH 7.0), and high CO,,
high pH (pCO, = 6-8 Torr; pH 7.8). * Denotes a significant difference between low and high pH treatments
(P <0.05, two-way ANOVA) and found only when data from low and high CO, treatments are combined.
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were combined, oxygen uptake decreased at low pH (9.44 wmol O, gww ' h™* +0.95
SEM., n=20, pH 7.0) when compared with high pH conditions (12.30 wmol O, g
ww ' h™ £0.95 SEM., n=20, pH 7.8) (Fig. 3).

In gill tissues infected with P. marinus, oxygen uptake under low CO,, high pH
conditions was compared with that under high CO,, low pH conditions. Infection levels
ranged from 2x 10° to 6.0x 10" P. marinus cells g ww . A two-way ANOVA,
comparing oxygen uptake, showed no effect of infection (P = 0.24) but a significant
effect of hypercapnia (P = 0.03) when infection levels are combined (Fig. 4). Oxygen
uptake was depressed under high CO,, low pH conditions (11.94 pmol O, gww * h™*
+0.71 SE.M., n = 56) compared with low CO,, high pH (14.20 pmol O, gww * h™*
+0.71 SEMM., n=56) (Fig. 4). Pairwise comparisons showed a significant difference
between oxygen uptake at high CO, at infection level 3 and high CO, at infection level
1 (P <0.05, t-test).

3.3 Air exposure

Oxygen uptake of oysters in air is less than 0.1% of their oxygen uptake in well
aerated seawater (Table 2). A one-way repeated measures analysis of variance indicated
that there was there was a significant effect of temperature on oxygen uptake in air
exposed oysters (P = 0.024). Aerial oxygen uptake measured at 25°C in the ribbed
mussel, Geukensia demissa, is similar to values in the literature (Coleman, 1976;
Widdows et al., 1979), thereby validating the methodology used in this study (Table 2).
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Fig. 4. Mean ( + S.E.M.) oxygen uptake (wmol g ww ' h™") of gill tissues from Crassostrea virginica at low
CO,, high pH (pCO, =1 Torr; pH 8.2) and high CO,, low pH (pCO, = 6-8 Torr; pH 7.0) at pO, = 120-140
Torr, 25%o salinity and 25°C. Infection intensities of Perkinsus marinus in gill tissues ranged from 1 to 5 on
the Mackin Scale (Gauthier and Fisher, 1990) or from 2300 to 60 million Perkinsus marinus cells per gram
wet weight (g ww ). * Denotes a significant difference between oxygen uptake at high CO, at infection level
3 and oxygen uptake a high CO, at infection level 1 (P <0.05, t-test). ** Denotes a significant difference
between oxygen uptake at low CO,, high pH and high CO,, low pH when data from all infection levels are
combined (P < 0.05, two-way ANOVA).
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Table 2
Comparison of aerial oxygen uptake in several species of bivalve molluscs (grams dry weight is abbreviated
gdw %)

Species °C O, uptake Reference

Original values wmol g dw " h™*

Mean Range

Crassostrea virginica 25 0.00025-0.0013 0.002 0.00098 Present study
wmol gww *h™%; n=11 to 0.005
35 0.00036—0.00204 0.004 0.0015 Present study
pmol gww *h % n=11 to 0.008
Geukensia demissa 25 1.26-4.77 9.5 4.8-18.2  Present study
(= Modiolus demissus) wmol gww * h™ n=3
20 023mO,gdw *h* 103 Widdows et al. (1979)
214 02-08mlO,gdw *h™* 9.0-357  Coleman (1976)
Mytilus edulis 20 005mO,gdw *h*t 11 Widdows et al. (1979)
264 04-08mlO,gdw *h™* 17.9-35.7 Coleman (1973)
Cardium edule 20 035mO,gdw *h* 156 Widdows et al. (1979)
Crassostrea rhizophorae 25 0315m O,gdw " h™ 141 Littlewood (1989)

4. Discussion

Oysters are profoundly affected by changes in ambient oxygen and, to a lesser extent,
carbon dioxide. Many investigators have examined the physiological responses of
bivalves to hypoxia (Bayne, 1967; Mangum and van Winkle, 1973; Taylor and Brand,
1975; Shumway and Koehn, 1982; Booth et a., 1984; Walsh et al., 1984; de Zwaan et
al., 1991; Wang and Widdows, 1993). However, the effects of hypercapnia (i.e. high
CO,), which often accompanies hypoxia (Cochran and Burnett, 1996), have been largely
ignored. In fact, it has been suggested that hypercapnia may play a critical role in
metabolic regulation (Lindinger et al., 1984). The present study indicates that both low
oxygen and, to a smaller extent, moderate hypercapnia (Figs. 1 and 2) act separately to
depress the rate of oxygen uptake, and, therefore, the aerobic metabolic rate of oysters.
The effects of these variables on anaerobic metabolism were not addressed in the present
work.

One advantage of lowering the aerobic metabolic rate is that energy demand can be
decreased, thereby conserving substances necessary to carry out physiological processes
(Grieshaber et al., 1994). However, metabolic rate depression is not without its
disadvantages. A lower aerobic metabolic rate likely explains the detrimental effects of
hypoxia on oyster larval settlement and development (Baker and Mann, 1992, 1994),
juvenile oyster growth (Baker and Mann, 1992), oyster immune responses (Boyd and
Burnett, 1999), adult oyster growth (Osman and Abbe, 1995) and adult survival
(Lenihan and Peterson, 1998).

The rate of oxygen uptake by oysters, under well-aerated conditions, as determined in
the present study was similar to that found by others with one exception (Table 3).
Shumway and Koehn (1982) report significantly lower oxygen uptake, a difference that
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Table 3
Comparison of studies measuring the oxygen uptake of Crassostrea virginica in well aerated conditions
(grams dry weight is abbreviated g dw ")

°C 0, uptake Reference
Original values pmol gdw™*h ~*
Mean Range
Whole animals
(anatomic size)
66-75 mmin length; 0.362gdw > 25 65-152umol O, gww *h™' 8 49-116  Present study; low CO,, high pH
66-75 mm in length; 0.362 g w25 4.5-14.4 umol O, g ww tht 69 34-110 Present study; high CO,, low pH
1.68-30gdw * 245 172-277mg O, gdw *h™* 54-87 Galtsoff (1964)
0.01-1.0 g dw ™ * 20 400-2000 wl O, g dw ' h™* 18-90 Dame (1972)
0.03-0.70 g dw ™ * 20 01m0,04gdw *ht 11 Shumway and Koehn (1962)
100X 70 mm 2% 0303ml 0,9 *h™* 103 Hammen (1969)
Gill tissues
(conditions)
20 1850-3000 ul O, gdw *h™* 83-134  Percy et . (1971)
25 1200 Wl 0, gdw ' h™t 54 Bass (1977)
20-28  1202-1281 ul O, gdw *h™* 54-58 Scott et al. (1985)
Low pH; 25%o 2% 27-197 umol O, gww *h™' 53 15-110  Present study
High pH; 25%o 25 59-231pmol O, gww *h™' 69 33-129°  Present study

“To determine level of P. marinus infection, it was not possible to determine dry weight of oyster tissues.
Original values are wmol O, g ww ™" h™™,

® Dry weight for whole animal oysters is 13.1% of the wet weight.

“Dry weight for gill tissues is 17.9% of the wet weight.

may be due to a 2—3-week period of starvation for their oysters. In contrast, oysters used
in the present study were fed three times a week and deprived of food 24 h prior to the
experiment. Other factors that may affect oxygen uptake of bivalves include season and
reproductive stage (Bayne, 1976).

Adult oysters regulate oxygen uptake over a wide range of oxygen tensions (Mitchell,
1914; Galtsoff and Whipple, 1931; Galtsoff, 1964; Shumway and Koehn, 1982; present
study). We employed a quantitative approach (Mangum and van Winkle, 1973) to
determine the degree of regulation. The quadratic coefficient, B2 calculated from the
quadratic model (Mangum and van Winkle, 1973), most often has a negative value
indicating the degree of oxygen regulation, with more negative B2 coefficients indicating
a higher degree of oxygen regulation. Although the B2 coefficient has no real biological
meaning it is useful when comparing results from different treatments. The average B2
coefficient of oysters under low CO,, high pH conditions is — 0.054 +0.01 X 10",
indicating a moderate regulatory response. Under the different experimental treatments
mean B2 values ranged from — 0.052 X 10" ° to — 0.066 X 10~ ° (Table 1), although no
statistical differences were detected. These values are lower than those reported by
Shumway and Koehn (1982) (B2= —0.212x10 ° a 20°C and 28%. sdlinity).
However, these authors appeared to have analyzed their data using oxygen values as
percent air saturation instead of partial pressure in units of Torr, as prescribed by
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Mangum and van Winkle (1973). We analyzed their data using oxygen partial pressure,
and the resulting B2 values are much closer to the values reported here, but still indicate
a dightly greater degree of regulation (Table 1). We also calculated a B2 of —0.12 X
10° using the data of Galtsoff and Whipple (1931). The reasons for these differences
are unclear but nutritional state and season may be factors. Other bivalves, such as the
ribbed mussel, Geukensia demissa and the clam, Rangia cuneata demonstrate stronger
regulatory responses than C. virginica with mean B2 values of —0.228x 10 ° and
—0.070 X 10~ °, respectively (Mangum and van Winkle, 1973) (Table 1). However, it is
clear in al cases that at oxygen pressures less than 60 Torr oysters decrease oxygen
uptake (Fig. 1).

Although moderate hypercapnia depresses the oxygen uptake of oysters under well
aerated conditions (Fig. 2), the ability of oysters to regulate oxygen uptake over a wide
range of oxygen tensions is unaffected by moderately high CO, (Table 1). These results
are similar to those found for other estuarine organisms such as the grass shrimp,
Palaeomonetes pugio, and the mummichog, Fundulus heteroclitus, where elevated CO,,
does not influence oxygen regulation (Cochran and Burnett, 1996). Interestingly,
Galtsoff and Whipple (1931) were concerned about the effects of metabolite accumula
tion in the respirometer in their studies of C. virginica. They investigated the specific
effects of CO, and, like the results of the present study, found no influence of CO, on
oxygen uptake at water pH down to 6.6.

Oxygen uptake of isolated tissues may differ markedly from those observed in whole
animals (Percy et al., 1971). However, the results of the present study demonstrate
similar rates of oxygen uptake by whole animals and gill tissues and similar responses of
each to hypercapnia (Figs. 2 and 3). If dight differences in size and experimental
conditions are accounted for, oxygen uptake by gill tissues of oysters in the present
study are similar to gill tissues in oysters from other studies (Percy et al., 1971; Bass,
1977; Scott et al., 1985) (Table 3). In gill tissues, high CO,, low pH conditions lower
oxygen uptake significantly (Fig. 3), but this is due specifically to low pH. A similar
metabolic depression occurs in oysters infected with P. marinus, where high CO,, low
pH conditions significantly lower oxygen uptake when all levels of infection are
considered (Fig. 4). If each infection level is considered separately, no significant
difference in oxygen uptake is found between CO, trestments, with the exception of
infection level 3. This is likely due to a smaller sample size for each infection level.
Clearly gill tissues decrease their metabolism in response to low pH, suggesting that
these tissues may be sensitive to acidic end-products of anaerobic metabolism as well as
to low environmental pH. These results are similar to those found in the marine worm,
Spunculus nudus, where low extracellular pH depresses aerobic metabolism in body
wall musculature under both hypercapnic and normocapnic conditions (Reipschlager and
Portner, 1996). These authors have aso shown that pCO, is not specifically responsible
for depression of metabolism in S. nudus.

The depression of metabolism observed in oyster gill tissues may be due to a
reduction in ciliary motion that occurs under high CO,, low pH conditions (Galtsoff and
Whipple, 1931). Reipschldger and Portner (1996) suggest that on a cellular level, ion
channels and transport proteins may be sensitive to changes in pH, thereby causing a
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decrease in metabolic rate. They also suggest that when the pH is low, there may be a
decrease in the energy demand for intracellular pH regulation and thus, a decrease in
overall tissue metabolic rate (Reipschlager and Portner, 1996).

The depression of aerobic metabolism by low pH may be an important mechanism in
oysters. Using microcalorimetry, Stickle et al. (1989) showed that oysters maintained
75% of their normoxic energy consumption in extreme hypoxia ( <5% air saturation).
At this same oxygen level, oxygen uptake is approximately 10% of that in well-aerated
water (present study) accounting for approximately 15% of the overall metabolism, the
balance being anaerobic.

Oxygen uptake appears to be unaffected by P. marinus. Newell et al. (1994) came to a
similar conclusion, although they did not measure oxygen uptake directly. However,
only light to moderate infections were present in oysters used in the present study. With
heavier infection levels differences may be detected. The lack of an influence of P.
marinus on oxygen uptake in whole oysters or gill tissues is not entirely unexpected.
Measurements of oxygen uptake by P. marinus in culture suggest that the oxygen
demand by the parasite is only 0.3% of tota oxygen uptake in an infected oyster
(Milardo and Burnett, 1997). Thus, P. marinus does not appear to be competing with the
oyster for available oxygen.

In many areas along the East Coast, C. virginica is primarily subtidal (Wallace and
Lunz, 1968), however, oysters in South Carolina are primarily intertidal (Lunz, 1950)
and therefore, experience periods of air exposure. Intertidal bivalves demonstrate a
variety of responses to immersion. While some bivalves simply isolate themselves by
closing their valves until they are submerged again, others utilize the aerial environment
as a source of oxygen to maintain a partialy, albeit reduced, aerobic metabolism
(Widdows et a., 1979; McMahon, 1988) (Table 3). McMahon (1988) suggested that
strategies used by bivalves are largely determined by their position in the intertidal zone.
Upon immersion, low and mid-littoral bivalve species generally close their valves and
rely primarily on anaerobic pathways coupled with a large reduction in metabolic rate
(Widdows et al., 1979; see review by McMahon, 1988). Conversely, high littoral
bivalves, such as Geukensia demissa, open their shells and obtain oxygen from the air
(Lent, 1968). Tropical bivalves also demonstrate gaping and take up oxygen from the air
(Littlewood, 1989). The results of the present study indicate that intertidal oysters from
South Carolina do not demonstrate an observable shell gape and take up only minuscule
amounts of oxygen from the air at 25 and 35°C (Table 3).

It is likely that low pH during immersion (Dwyer and Burnett, 1996) plays a critical
role in metabolic depression and may induce a switch to anaerobic metabolism
(Reipschlager and Portner, 1996). The low levels of pH used in this study precipitate a
small, but significant decrease in aerobic metabolism. The more severe acidosis that
develops during immersion (pH 6.58; Dwyer and Burnett, 1996) could reduce aerobic
metabolism further and facilitate the switch to anaerobic metabolism.

Oyster metabolism is clearly capable of changing as a function of oxygen and pH. The
flexibility of the oyster in responding to environmental conditions by regulating its
aerobic metabolism in mild hypoxia and shifting to anaerobic metabolism has no doubt
contributed to its ahility to survive under harsh conditions. It will be interesting to see
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how the pH and oxygen levels within the oyster tissues change with hypercapnic
hypoxia and air exposure and to understand how the importance of these variables in
regulating anaerobic metabolism.
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