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yster production represents an
important global economic resource
(USDA 2006). Periodic increases in
oyster deaths have become a major problem
globally, severely limiting production, but the
causes of the sudden increase in oyster deaths
is unknown (Glude, 1974, Koganezawa, 1974,
Goulletquer et al. 1998, Cheney, et al., 2000).

The oyster’s estuary is subjected to large
variations in both temperature and salinity
(Turner 2006, Pomeroy et al. 2000).
Temperature is elevated (80-92°F) during the
summer months, and salinity fluctuates (2-32
parts per thousand [°/oo]) with tidal cycles,
rainfall, and drainage carrying pollutants from
adjacent terrestrial sites such as farmland and
lawns (Turner, 2006, Pomeroy et al. 2000).

Among pollutants, pesticide contamina-
tion of shellfish has become more common in
estuarine areas over the past several decades, in
part because of chemical run-off from farm-
land (EPA 2006). Pesticides are introduced
into rivers when rainfall occurs and then can
enter marine areas, particularly estuarine and
coastal zones (EPA 2006). These pollutants
may have major ecological consequences and
could endanger shellfish growth, reproduc-
tion, or survival (Banerjee et al. 1996).

In the estuaries in the Apalachicola Bay,
where 95 percent of Florida’s oysters are har-
vested, three common pesticides that have
been reported to contaminate water are imida-
cloprid, permethrin and fipronil (EPA 2006).

Opysters are “sessile” or attached organ-
isms, so they are continually exposed to the
physiochemical modifications of their seawa-

ter environment. Their circulatory system is
open, exposing the blood (hemolymph) and
circulating cells (hemocytes) and tissues to
variations in temperature, salinity, and pollu-
tants such as pesticides in the seawater
(Shumway, 1977). Like other bivalve mol-
lusks, they are both osmo- and thermo-con-
formers; therefore, the hemolymph readily
acquires the salinity and temperature of its
seawater environment (Shumway, 1977).

Pathogenic organisms including bacte-
ria, viruses, and parasites contaminate the
oysters’ estuaries (EPA 2006), and the number
of infectious agents such as Escherichia coli
and Vibrio vulnificus) have been correlated
previously with low salinities and high tem-
peratures (Cochran and Paul, 1998). Since the
oyster does not possess a thymus, spleen, or
bone marrow, the primary defense mecha-
nism against foreign organisms such as bacte-
ria involves circulating hemocytes which are
the invertebrate blood cells required for the
immune response (Cheng, 1975).

Hemocytes constitute the main line of
defense against “non-self” material such as
bacteria and pollutants. They also are
involved in phagocytosis, pinocytosis, encap-
sulation, and wound healing (Cheng, 1996,
Fournier et al. 2000).

Granulocytes are one of the two types of
hemocytes and previously have been shown to
be involved in phagocytosis and pinocytosis of
foreign material. They are thought to contain
hydrolytic enzymes and possibly to produce
reactive oxygen compounds that play a key role
in killing and degrading deadly invading path-
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ogenic organisms (Pipe 1992, Cheng 1996).

Hemocytes have been used as immune
capacity indicators in many bivalve species
(Gelder and Moore 1986), but even though
some previous studies have been conducted,
the factors that control oyster hemocyte
phagocytosis and mortality remain unclear
and have not been definitively characterized
(Hegaret et al. 2003; Gagnaire et al. 2006;
Pruzzo et al. 2005).

Previous studies have provided evidence
that unidentified non-cellular components of
hemolymph (serum) are also essential for the
immune function of hemocytes (Leclerc 1996),
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but little is known about whether changes in
temperature, salinity, or exposure to pesticides
could alter these protective serum factors.

Previous studies have failed to identify
how the changes in water temperature and
salinity may affect the ability of the hemocytes
to protect the oyster from invading organisms,
or to determine whether the presence of pollu-
tants may also affect the oysters’ immune
response negatively. It is proposed that a cause
of oyster mortality outbreaks may be related to
increased susceptibility to bacterial infection
because of increased temperature or changes in
salinity during the summer months, coupled
with exposure to pollutants such as pesticides.

The present study was designed specifi-
cally to determine if changes in temperature,
salinity, and exposure to pesticides, in addi-
tion to alterations in the non-cellular compo-
nents of hemolymph serum, may have nega-
tive effects on the viability of hemocytes and
normal immune function as assessed by
hemocyte phagocytosis of bacteria. In this
investigation, the specific species of oyster of
interest was the economically important east-
ern oyster, Crassostrea virginica, for which
information is limited regarding how envi-
ronmental changes influence hemocyte activ-
ity (Hegaret et al. 2003).

The hypothesis of the present study was
that in vivo oyster hemocyte mortality and
phagocytic activity against bacteria could be
affected negatively by an increase in tempera-
ture, salinity, and pesticides, and that normal
hemocyte activity is dependent on the non-
cellular serum component of hemolymph
that may be influenced by common pesti-
cides that pollute estuaries.

The specific objectives of the study were:
(1) To determine by flow cytometry if in vivo

exposure to different temperatures (4, 25,

or 37°C), salinities (1, 15, or 32 °/00), and

a mixture of three commonly used pesti-

cides (imidacloprid, permethrin and

fipronil) would affect the mortality of oys-
ter hemocytes or the hemocyte phagocyt-
ic activity against E. coli and V. vulnificus.
(2) To determine if the serum component of
the oysters’ hemolymph is required to pre-
vent hemocyte mortality and for normal
phagocytosis of E. coli and V. vulnificus.
(3) To determine if the in vitro exposure of
pesticides will affect oyster hemocyte

mortality and normal phagocytosis of E.

coli and V. vulnificus.

Overview & Rationale
for Experimental Design

The Eastern oyster, Crassostrea virginica,
was collected from approved shellfish har-
vesting waters from Apalachicola Bay. Flow
cytometry was used to evaluate the effects of

different temperatures, salinities, and
hemolymph serum on hemocyte mortality
and phagocytosis of common pathogenic
bacteria (E. coli and V. vulnificus) at timed
intervals in acclimatized oysters. The specific
salinity treatments (1, 15, 32 °/oo) were
selected because they are representative of the
average salinity (15 °/00), and the hypo and
hyper-salinities (1 and 32 °/oo, respectively)
represent the range of salinities that may
result from fluctuations in tides and rainfall
in the normal aquatic environment of the C.
virginica species (Berrigan et al. 1991).

The three seasonal water temperatures
that the C. virginica species would be exposed
to are on average 4, 25, or 37°C (EPA 2006).
The three pesticides were chosen (imidaclo-
prid, permethrin, and fipronil) because they
are commonly used in the area of Apalachicola
Bay, and the concentrations (0.7 mg/L) repre-
sents the concentration that may occur in a
Florida estuary (EPA 2006). The time periods
(zero, three, five, and seven days) were selected
because the time required for the oyster to
acclimate to different temperatures and salini-
ties previously had been estimated to be up to
three to five days (Shumway 1977).

Experimental Design for Objective |

Temperature Treatments
Opysters were acclimated at 4, 25, or 37°C,

respectively, in one of nine tanks (225 L) of
recirculating artificial seawater. The tempera-
tures of the tanks were controlled by placing
the tanks in one of three large temperature-
controlled incubators.

Salinity Treatments

Three tanks at each of the temperatures
were adjusted to a different salinity (1, 15, or
32 °/oo) by using Instant Ocean Aquarium
Sea Salt® (Aquarium Systems Inc.).

Pesticide Treatments

Opysters were exposed to seawater with a
mixture of pesticides (imidacloprid, permethrin
and fipronil) at a concentration of 0.7 mg/L.

Time Period for Treatments

Oysters (n=5) were removed from each
of the nine tanks for hemocyte measure-
ments on Days 0, 3, 5, and 7.

Hemolymph/Hemocyte Collection

A hole was notched in each oyster using
a drill. Hemolymph was then withdrawn from
the pericardial cavity and posterior adductor
muscle sinus of five oysters using a 10-ml.
syringe equipped with needle (0.9x25mm).
Hemolymph samples were pooled, cen-
trifuged for 10 minutes at 100 x g, resuspend-
ed in the serum fraction, and used for flow cell
cytometry analysis and microscopy observa-
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tion. Hemolymph samples were pooled to
reduce inter-individual variation and to pro-
vide sufficient hemocytes for experiments.

Flow Cytometry Analysis
of Hemocyte Mortality

Hemolymph samples were monitored
within two hours of collection for hemocyte
mortality by a modification of the method of
Hegaret et al. (2003) using an EPICS XL 4,
Beckman Coulter Flow Cytometer. Mortality
was quantified using 200 pl of the oyster
hemocyte suspension. Hemocytes were incu-
bated in the dark for 30 minutes at room tem-
perature with 10 pl of propidium iodide (1.0
mg/L) (Interchim). Propidium iodide binds to
double-stranded DNA and fluoresces at wave-
lengths above 630 nmy; it enters and stains non-
viable cells but can not cross the membrane of
viable cells, thereby making the dead hemo-
cytes more fluorescent in the flow cytometer’s
light detector (Hegaret et al. 2003).

For each sample, 10,000 hemocytes were
counted. Results were depicted as cell
cytograms indicating cell size (FSC value) and
cell complexity (SSC value) and the fluores-
cence channel(s) corresponding to the mark-
er used. Hemocyte mortality was measured
using red fluorescence and was expressed as
the percentage of dead hemocytes relative to
the total number of hemocytes.

Bacteria Preparation

Both E. coliand V. vulnificus were cultured
separately in heart infusion (HI) broth at 37°C
for 24 hours. The culture broths were then cen-
trifuged for 10 minutes at 500 x g. The bacteri-
al pellets were washed two times with sterile
phosphate buffer, pH 7.2. The bacterial phos-
phate buffer mixture was adjusted by adding
phosphate buffer until an optical density of 0.69
at 540 pm wavelength light was achieved. This
is equivalent to 1 x10° bacterial cells per ml.

Flow Cytometry Analysis of

Hemocyte Phagocytosis of Bacteria
Phagocytosis was measured using two

different methods that included:

(1) Opyster hemocyte ingestion of fluoros-
phere carboxylate-modified beads (1
Mm) (Interchim). A 200 ML aliquot of
cell suspension was incubated for 60
minutes at 25°C with 10 UL of a 1/10th
dilution of fluorescent beads coated with
heat-killed E. coli or V.vulnificus; or

(2) Stained E. coli or V. vulnifucus with pro-
pidium iodide (1.0 mg/L, (Interchim).
Phagocytosis was expressed as the per-
centage of hemocytes that had ingested
the fluorescent bacterial coated beads or
ingestion of propidium iodide fluores-
cent E .coli or V. vulnificus.

Continued on page 8
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Experimental Design for Objective 2

Hemolymph from oysters acclimated at
25°C in 15 °/oo salinity for three days was col-
lected and centrifuged for 10 minutes at 500 x
g. The resulting cell-free serum was removed
and artificial seawater (ASW) (15 °/00) was
added back to the untreated hemocytes and
evaluated by flow cytometry for cell mortality
and phagocytosis activity against E. coliand V.
vulnificus and compared to that observed
when hemocytes were suspended in normal
hemolymph or 15 °/oo artificial seawater after
two and four hours incubation at 25°C.

Experimental Design for Objective 3

Hemolymph from oysters acclimated at
25°C1in 15 °/oo salinity for three days was col-
lected and centrifuged for 10 minutes at 500
x g. The resulting cell-free serum was collect-
ed and 0.7 mg/L seawater of pesticides were
added and mixed. The resulting pesticide-
treated serum was added back to the untreat-
ed hemocytes and evaluated by flow cytome-
try for cell mortality and phagocytosis activi-
ty against E. coli and V. vulnificus and com-
pared to that observed when hemocytes were
suspended in normal hemolymph or 15 /oo
artificial seawater after two and four hours
incubation at 25°C.
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Figure 1. In vivo percent oyster hemocyte mortality at 4, 25, or 37°C at 1, 15, and 32 °/oo sdlinity at
Days O, 3, 5, and 7 with and without pesticide exposure. Values are means of three replicates + SD.
Different letters indicate significant differences (p< 0.01) between salinity groups.
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Microscopy Observation

Light microscopy was used to determine
how uniform the oyster hemocyte preparations
were and to assess if there were any osmotic or
temperature effects on the morphology of the
hemocytes (Ford et al. 1994). Hemocytes were
placed on a microscope glass slide with cover
slip and observed using a Nikon light micro-
scope equipped with a camera.

Statistical Analysis

The means and standard deviations were
determined for hemocyte mortality at 4, 25, or
37°Cat 1, 15, or 32 °/oo salinity with and with-
out pesticide exposure and hemocyte phago-
cytic activity against E. coli and V. vulnificus in
oysters acclimated at 4, 25, or 37°Cin 1, 15, or
32 °/oo salinity on Days 0, 3, 5, and 7 in the
presence and absence of the pesticide mixture.

Analysis of variance (ANOVA) was used
to test the null hypothesis that the hemocyte
mortality and phagocytosis of E. coli and V.
vulnificus at 4, 25, or 37°C at 1, 15 and 32 °/oo
salinity on Days 0, 3, 5, and 7 with and with-
out pesticide exposure would be the same,
and whether interactions among tempera-
ture, salinity, and pesticide exposure existed.
ANOVA was also used to test for significant
differences between means of phagocytosis
of E. coli and V. vulnificus by hemocytes
resuspended in normal hemolymph, posi-
tively treated hemolymph and 15 °/oo artifi-
cial seawater after two and four hours incu-
bation at 25°C.

The level of significance selected was (&)
= .01, which means that there was only a 0.01
chance that the observed differences in means
were due to chance and a 99.99 percent proba-
bility that the differences were due to the tem-
perature, salinity, and hemolymph treatments.

Results

Objective 1

Oyster in vivo hemocyte mortality was
significantly (p< 0.01) increased for oysters
acclimated for Days 0, 3, 5,and 7 in 1 °/0oo and
32 °/oo salinity without pesticide exposure
when compared to hemocyte cell mortality in
oysters acclimated in 15 °/oo at 4, 25, or 37°C
without pesticide exposure. Hemocyte mor-
tality was significantly (p< 0.01) increased for
the oysters exposed to the mixture of pesti-
cides when compared to oysters that were not
exposed to the mixture of pesticides for three,
five, and seven days, regardless of salinity or
temperature treatment.

The data illustrated in Figure 1 indicate
that exposure to either low (1 °/0o) or high
(32 °/oo) salinity significantly (p<0.01)
increased the mortality of oyster hemocytes

Continued on page 10
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relative to 15 °/0o. The negative effect of either
hypo (1 °/oo) or hyper (32 °/oo) salinity on
hemocyte viability was independent of the
water temperatures evaluated in this study.

Regardless of temperature, the mortality
of hemocytes exposed to 15 °/0o was on aver-
age 10 percent, compared to either 40 percent
or 30 percent for the 1 and 32 °/oo salinities,
respectively (Figure 1). No significant differ-
ences (p>0.01) were detected between
acclimatization days. No significant (p>0.01)
interactions among temperature, salinity, and
incubation times were detected.

Opyster in vivo hemocyte phagocytois of
E. coli and V. vulnificus monitored by flow
cytometry was significantly lower (p< 0.01)
in oysters acclimated for Days 0, 3, 5, and 7 at
4,25, or 37°C in 1 and 32 °/0o salinity, com-
pared to hemocyte phagocytosis in oysters
acclimated in 15 °/oo salinity (Figure 2). The
effect of salinity on hemocyte phagocytosis
was independent of the water temperature.
Regardless of temperature, the percent
hemocyte phagocytosis for the 15 °/oo was
approximately two-fold higher than in the 1
and 32 °/oo salinity groups (Figure 2).

In addition, the percentage of phagocy-
tosis of E. coli by oyster hemocytes was
markedly higher than the phagocytosis of V.
vulnificus, regardless of the temperature or
salinity. The percent hemocyte phagocytosis
of V. vulnificus was only a fraction of 1 per-
cent regardless of treatments, in contrast to a
59 percent maximum hemocyte phagocytosis
of E. coli. No significant (p>0.01) differences
were detected between acclimatization days,
and no significant (p>0.01) treatment inter-
actions were detected.

In vivo pesticide exposure to the oysters
significantly (p>0.01) increased hemocyte
mortality and decreased hemocyte phagocy-
tosis of both E. coli and V. vulnificus at Days
3, 5, and 7, regardless of salinity or tempera-
ture treatment.

Objectives 2 & 3
After incubation in either pesticide-

treated cell-free serum or 15 °/oo artificial
seawater (ASW), hemocyte mortality was sig-
nificantly (p< 0.01) increased when com-
pared to hemocytes incubated in normal
hemolymph serum (Figure 3). The hemocyte
percent mortality was approximately five-
fold higher, regardless of incubation time
(two or four hours) in hemocytes incubated

Figure 3. Percent hemocyte mortality in hemocytes incubated for either two or four
b, 4 hours in either hemolymph, ASW, or pesticide-treated hemolymph. Values are
means of three replicates. Different letters indicate significant (p<0.01) differences.



in either ASW (15 °/00) or pesticide-treated
serum, compared to hemocytes incubated in
normal hemolymph serum (Figure 3).

Also, the phagocytic activity of the
hemocytes toward E. coliand V. vulnificus was
significantly (p< 0.01) decreased when com-
pared to hemocytes incubated in normal
hemolymph serum for two and four hours
(Figure 4).

Light microscopy of hemocyte
Hemocytes taken from the acclimated

oysters were observed to be intact morpholog-
ically and normal by examination of photo-
graphs taken by light microscopy (Figure 5).

Discussion

The results of this study indicate that in
contrast to our hypothesis, the viability and
phagocytic activity of hemocytes did not
change when the oysters were exposed to dif-
ferent water temperatures. The surprising
and dramatic effects of hypo- or hyper-salin-
ity on the oysters’ defense mechanism pro-
vide new evidence for potential negative
effects of salinity changes on oyster produc-
tion (Turner 2006).

The hypothesis that pesticides would
have a negative effect on the oysters’ immune
system was supported by the in vitro data
which indicated that exposure of the oyster
hemocytes to pesticides significantly
increased hemocyte mortality and depressed
hemocyte phagocytosis of both E. coli and V.
vulnificus. In contrast to the in vitro expo-
sure, however, in vivo exposure of oysters to
pesticides unexpectedly decreased the hemo-
cyte mortality, yet still depressed hemocyte
phagocytosis of E. coli and V. vulnificus.

The reasons for the differences between
in vitro and in vivo hemocyte mortality when
exposed to pesticides may possibly involve a
biological transformation of the pesticides
once these chemicals entered the oyster’s
digestive tract. It is known that many chemi-
cals can be altered through digestive tract
enzymes and the P-450 microsomal enzymes
(Woodburn et al. 2003).

The design of the study also provided
the opportunity to observe if there were dif-
ferences in the ability of the oysters’ hemo-
cyte to phagocytize E. coli compared to V. vul-
nificus. The data clearly indicate that the oys-
ters’ hemocyte is much less capable of phago-
cytizing V. vulnificus compared to E. coli. One
potential explanation is that there may be dif-
ferences between how the hemocyte mem-
brane receptor recognizes either E. coli or V.
vulnificus before these bacteria are engulfed
and phagocytized.

These findings indicate that salinity and
the presence of pesticides may play a more
important role in the oyster hemocyte viabil-
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Figure 4. Percent in vitro phagocytosis of either E. coli or V. vulnificus when hemocytes were incubated
in hemolymph, ASW, or pesticide-treated hemolymph. Values are the means of three replicates.
Different numbers indicate significant (p<0.01) differences among treatments (note different scale-higher

percent phagocytosis for E. coli).

ity and activity than previously thought. The
current study alerts the scientific community
to the negative effects that alterations in
salinity have on the oysters’ defense mecha-
nism that may be linked to the observed oys-
ter mortality outbreaks.

The results of this study could also lead
to a better understanding of the possible
interactions between abiotic environmental
factors (temperature, salinity, pesticides) and
biotic factors associated with the “immune”
system of oysters, and the resulting effect on
susceptibility to infections. The finding that
the oysters’ hemocyte is much less capable of
phagocytizing V. vulnificus compared to E.
coli provides an explanation for the previous-
ly observed in vivo natural decay of E. coli
compared to V. vulnificus (Wright et al.
1996).

It was not possible to investigate all of
the potential environmental factors that also
may have affected the oyster’s hemocyte
activity. It is recognized that the hemocyte
response to the specific temperature, salinity,
and pesticide treatments may actually be
somewhat different within the estuary, where
the oyster is exposed to other variables that
include other pollutants, different amounts

of dissolved oxygen, and changes in pH. Since
estuaries in different regions of the country
are exposed to different seasonal changes in
temperature and salinity, the application of
these data may be more relevant to the south-
eastern U.S.

The fact that it was possible to evaluate
only a limited number of environmental fac-
tors in these studies sets the stage for future
investigations which are needed to character-
ize how other pollutants such as chemicals
used in fertilizers and contaminants from
industrial wastes also may impact the
observed seasonal increase in oyster mortali-
ty. In addition, future studies are needed to
identify and characterize the serum factors
required for the oysters’ immune response
and to investigate the role of these factors in
hemocyte viability. Future investigations are
needed to determine the physiological basis
of the observed differences in hemocyte
phagocytosis of E. coli and V. vulnificus.

Since the study identified the fact that the
oyster’s immunity to common bacteria may be
impaired when salinity is either too high or
too low and pesticides are present, monitoring
systems should be put in place to track

Continued on page 12
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changes in salinity and pesticide contamina-
tion of the estuaries. This is important because
the bacterial content of the oysters harvested
under these conditions is likely to be elevated,
which may lead to the previously unexplained
increase in oyster deaths. When the oysters’
ability to kill invading bacteria is impaired
because of changes in environmental condi-
tions, the increased bacterial content also may
pose a health risk to humans when the oysters
are consumed raw (Potassman et al. 2002).

The findings from this study should be
reported to the U.S. Environmental
Protection Agency (EPA), whose National
Estuary Program (NEP) could take a variety
of regulatory and non-regulatory approaches
to reduce pesticide contamination of oyster
estuaries (EPA 2006).

The mission of the NEP is to identify,
restore, and protect nationally significant
estuaries in the U.S. To accomplish this, the
program involves local communities, includ-
ing oyster farmers and others, with an eco-
nomic and environmentally related process.
When the NEP is notified of the published
results of this study, the new information can
be communicated through this organized
program to design ways to monitor environ-
mental changes and to take steps to reduce
contamination by pollutants such as pesti-
cides. In this way, the people and communi-
ties that have the most to gain from an eco-
nomic, environmental, and health-related
perspective can develop specific action plans.

For example, by controlling runoffs
from farms and lawns, contamination of
estuaries with toxic chemicals such as the
pesticides investigated in this study can be
reduced. Also, efforts can be made to elimi-
nate the use of specific pesticides by changing
to alternative systems of controlling insect
infestation on cropland and lawns.

The results of this study will be impor-
tant to initiate and implement new NEP pro-
grams to protect the oysters” estuaries, since
this program relies on new scientific evidence
regarding the biological effects of chemicals
on the animals inhabiting the contaminated
estuaries and the potential effect of the con-
taminates on the seafood and on human
health if the seafood is consumed (Banatvala
et al. 1997).

Conclusions

1. In vivo variations in salinity could affect
the ability of oyster hemocytes to resist
foreign bacterial invasion.

2. Significant differences in the eastern oys-
ter hemocyte phagocytic activity towards
E. coli compared to V. vulnificus may be
partially related to changes in salinity.

3. Non-cellular serum components are

required for the hemocyte to phagocytize
E. coli and V. vulnificus.

4. In vitro exposure of pesticides to the oys-
ter hemocytes significantly increased oys-
ter hemocyte mortality and depressed
hemocyte phagocytosis of both E. coli and
V. vulnificus.

5. In contrast to the in vitro exposure, in vivo
exposure of oysters to pesticides decreased
the hemocyte mortality yet still depressed
hemocyte phagocytosis of E. coli and V.
vulnificus.
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