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Ammonia occurs naturally in seawater and exists in
two forms: as un-ionized ammonia (NH3) and as
ammonium ion (NHj). The concentrations of each in
seawater is dependant on pH and temperature, with
the proportion of un-ionized ammonia increasing at a
higher pH and temperature (Emerson et al., 1975).
Findings have shown that un-ionized ammonia is the
more toxic of the two forms. It is acutely toxic to a
number of marine organisms including fish, bivalves,
and crustaceans. Oftentimes, fish are more sensitive to
un-ionized ammonia than invertebrates (Arthur et al.,
1987). Recent studies also have shown the sublethal,
chronic effects of ammonia exposure on marine
organisms, with end points such as growth and feeding
rates greatly affected at low concentrations (Boardman
et al., 2004; Huber et al., 1997).

In this study, the sublethal effects of ammonia
exposure were tested using two well-established cellu-
lar biomarkers in oysters (Crassostrea virginica). The
two biomarkers included an indicator of cellular dam-
age (lysosomal destabilization) and an indicator of
cellular detoxification (glutathione concentration).
Previous findings have shown lysosomal destabilization
to be a sensitive biomarker of physiologic stress in
Crassostrea virginica, and to be affected by both nat-
ural and anthropogenic stressors (Keppler et al., 2006;
Ringwood et al., 1998). Glutathione serves numerous
essential functions within the cell, including detoxifi-
cation of metals and oxy-radicals, and there is evidence
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that glutathione depletion is associated with exacer-
bation of adverse effects in marine bivalves (Conners
and Ringwood, 2000; Meister and Anderson, 1983).
This study serves to highlight the sublethal cellular
toxicity of ammonia for the oyster, Crassostrea virgi-
nica.

Materials and Methods

Oysters (4.8 + 0.8 cm) and seawater were collected
from a control site on Lighthouse Creek, South Caro-
lina, an area unpolluted by metals, polycyclic aromatic
hydrocarbons, or ammonia, according to extensive
sediment analysis (Hyland et al., 1998). An initial
subset of oysters was dissected at the beginning of each
exposure to determine the lysosomal destabilization
levels and glutathione concentrations at day zero.
Treatment oysters were scrubbed and randomly placed
into 3.0 L of control seawater (filtered and adjusted to
25 parts per thousand [ppt]).

Each treatment consisted of two replicates com-
prising five oysters each (10 oysters per treatment).
Each replicate was continuously aerated. The pH,
salinity, temperature, and total ammonia were mea-
sured daily for each replicate in the 48-h exposure, and
on days 2, 5, and 7 in the 7-day exposure. Total
ammonia was measured using a Hach DR/700 (Hach
Company, Loveland, Colorado) colorimeter and Hach
method 8155. Un-ionized ammonia (NH;) was calcu-
lated using the total measured ammonia values to-
gether with the tables and equations found in Emerson
et al. (1975). Each replicate was fed approximately
4.5 x 107 cells of Isochrysis galbana paste every 24 h.
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Table 1 Measured (total) and calculated (un-ionized) ammonia concentrations for each exposure assay®

48-h exposure

7-Day exposure

mg/L Total Un-ionized mg/L Total Un-ionized
0 0.54 + 0.37 0.01 + 0.01 0 0.60 + 0.37 0.01 + 0.01
10 8.92 + 0.50 0.30 + 0.08 10 8.93 + 0.97 0.25 + 0.06
20 15.93 + 0.74 0.58 £ 0.15 20 15.93 + 0.74 0.52 = 0.09
40 34.58 + 0.74 1.31 £ 0.19 40 3194 + 121 1.02 + 0.08

? Values in mg/L; total expressed as mean + standard deviation

A 48-h range-finding study was conducted with three
nominal concentrations of ammonia (0, 10, 20, and 40
mg/L) prepared from a stock solution of American
Chemical Society (ACS) grade ammonium chloride. A
7-day exposure also was performed, using the same
nominal ammonia concentrations and assay conditions,
to determine effects of longer term exposure. Test
solutions (50% per replicate) were removed and re-
placed with fresh solutions on day 5. At the end of the
exposure period, oyster digestive gland tissues were
dissected out for immediate lysosomal destabilization
analysis, and the remaining digestive gland tissue was
frozen at —80°C for glutathione concentration analysis.

The lysosomal destabilization assay was conducted
following the methods described in Ringwood et al.
(1998). Briefly, digestive gland tissue was disaggregat-
ed in Ca*", Mg*" free saline and trypsin solution, then
washed. The cell suspensions then were incubated in
neutral red (NR) for 1 h. Cells were examined with a
light microscope to evaluate NR retention in the
lysosomes, and data were expressed as the percentage
of cells with destabilized lysosomes per oyster.

Glutathione concentrations of individual oysters
were determined using the enzymatic recycling assay
(Anderson, 1985; Ringwood et al., 1999). Briefly,
digestive gland tissues were homogenized in 5% sul-
fosalicyclic acid and centrifuged. The supernatant was
mixed with reduced pf-nicotinamide adenine di-
nucleotide phosphate buffer containing 5,5’-dithiobis
[2-nitrobenzoic acid] (DTNB). Glutathione reductase
was added, and the rate of DTNB formation was
monitored at 405 nm over a 100-s interval. Glutathi-
one concentrations were calculated from a standard
curve.

The data were analyzed using Sigma Stat. (Systat
Software, Inc., Point Richmond, California) Differ-
ences between treatments were examined using anal-
ysis of variance, with the Student-Newman-Keuls
method used for multiple comparisons. Pearson prod-
uct-moment correlations and linear regressions were
used to determine relationships between cellular bio-
marker responses and ammonia concentrations.
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Results and Discussion

Water chemistry was similar for both exposure exper-
iments. The temperature, salinity, and pH averaged,
respectively, 20.8 = 0.7°C, 24.0=x09 ppt, and
793 +£0.11 for the 48-h study, and 21.3 + 0.6°C,
25.0 + 0.3 ppt, and 7.86 + 0.10 for the 7-day study. The
total and un-ionized ammonia concentrations for each
exposure are listed in Table 1. The total ammonia
concentrations were relatively stable throughout the
course of the exposures. The slightly elevated ammonia
levels measured in the 0-mg/L treatment may indicate
normal ammonia excretion by the oysters (Srna and
Baggaley, 1976).

In both experiments, exposure to elevated ammonia
concentrations caused a significant increase in lyso-
somal destabilization (Fig. 1). Oysters exposed to 20
and 40 mg/L of ammonia had significantly elevated
lysosomal destabilization rates, ranging from 38% to
53%. Lysosomal destabilization levels exceeding 35%
have been associated with significant impairment in
digestive gland tissues. Such levels also have been
linked to reduced gamete viability and poor rates of
embryonic development (Ringwood et al., 2004).
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Fig. 1 Effect of ammonia exposures on lysosomal destabilization
in Crassostrea virginica. An asterisk (*) indicates a significant
difference from the control oysters (0 mg/L) during the same
exposure period. Values are mean + standard deviation
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Fig. 2 Effect of ammonia exposures on glutathione concentra-
tions in Crassostrea virginica. An asterisk (*) indicates a
significant difference from the control oysters (0 mg/L) during
the same exposure period. Values are mean + standard deviation

There was a positive trend between lysosomal desta-
bilization and total ammonia concentration after the
exposures (48 h: R* = 0.88, p = 0.06; 7 days: R* = 0.88,
p = 0.06). The similarity in lysosomal destabilization
rates between the day 0 and 0-mg/L oysters indicate
that the oysters were not stressed before the exposures.

In both experiments, ammonia exposures caused a
significant decrease in glutathione concentrations
(Fig. 2). After 48 h, glutathione concentrations in the
40-mg/L treatment were decreased by approximately
43%, as compared with the control. However, these
glutathione concentrations (~825 nM/g) may still be
within the normal range of healthy oysters. After 7
days, however, glutathione concentrations in both the
20- and 40-mg/L treatments were significantly less than
in the control, decreasing by 26% and 67%, respec-
tively. The oysters exposed to total ammonia of 40 mg/
L were significantly stressed, with glutathione concen-
trations decreasing to 513 nM/g. Findings have shown
that oysters with low glutathione concentrations have
an increased susceptibility to contaminant exposure,
both in the adults and in the embryos from glutathione-
depleted adults (Conners and Ringwood, 2000; Ring-
wood et al., 2004). There was a positive trend between
glutathione concentrations and ammonia concentra-
tions after 48 h (R* = 0.87; p = 0.07), and a significant
relationship at 7 days (R* = 0.97; p = 0.02). The 0-mg/L
and day O oysters had similar glutathione concentra-
tions, again indicating that the oysters were not stres-
sed before the exposures.

There is little information available about the sub-
lethal effects of ammonia exposure on bivalves.
Epifanio and Srna (1975) found that total ammonia
concentrations of approximately 4 and 8 mg/L affected
the algal clearance rate in juvenile and adult Crassos-

trea virginica. In a different bivalve, Mulinia lateralis,
Huber et al. (1997) found the growth EC50 for total
ammonia to be 11 mg/L (0.3 mg/L of un-ionized
ammonia). The results of this study show that C.
virginica also is significantly affected by short-term
sublethal concentrations of ammonia. The effects of
chronic ammonia exposure could result eventually in
an increased susceptibility to contaminant stress in
both the adults and the embryos, or a decrease in
reproductive capability.

Recent studies have found that ammonia concentra-
tions can range from 0.01 to 0.22 mg/L in undeveloped,
urbanized, and industrialized estuarine watersheds
(Lewitus et al., 2004; Scharler and Baird 2003). Al-
though these values are comparatively lower than the
exposure concentrations used in this study, ammonia
concentrations have been measured upward of 85 mg/L
at untreated animal wastewater outfalls (Stone et al.,
2004). Further studies are needed to determine what
sublethal effects occur in oysters exposed to lower
concentrations of ammonia over a longer period.
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