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ABSTRACT
Unexplained oyster deaths may relate to changes in salinity, temperature, and pesticides contaminating the
seawater environment. The oyster’s defense response to foreign material (i.e. bacteria, pesticides) is
dependent on hemocytes (oyster blood cells). This research investigates the effects of temperature, salinity,
and pesticides on oyster hemocyte function. Flow cytometry was used for monitoring in vivo hemocyte
mortality and phagocytosis of Escherichia coli and Vibrio vulnificus in oysters acclimated at either 4oC, 25o
C, or 37oC in 10/oo, 150/oo or 320/oo salinity at days 0, 3, 5, and 7; and in oysters challenged in vivo for 7
days with a mixture of pesticides, Imidacloprid, Permethrin, and Fipronil. Regardless of temperature, %
hemocyte phagocytosis was 2-fold higher in 15 o/oo than in the 1 or 32 o/oo salinity groups. Pesticides in
vivo and in vitro decreased (p< 0.01) oyster hemocyte phagocytosis of E. coli and pesticides in vitro
increased (p< 0.01) hemocyte mortality. These results indicate that changes in salinity or exposure to
pesticides in estuaries can impair hemocyte function and increase susceptibility to bacterial infection and
contaminants consumed, thus increasing the mortality of oysters.
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1. INTRODUCTION
Oyster production represents an important global economic resource (USDA 2006). Periodic
increases in oyster deaths have become a major problem globally, severely limiting oyster production. The
causes of the sudden increase in oyster deaths, however, is unknown (Glude, 1974, Koganezawa, 1974,
Goulletquer et al. 1998, Cheney, et al., 2000). Oysters are “sessile” or attached organisms; therefore, they are
continuously exposed to the physiochemical modifications of their seawater environment. The circulatory
systems of oysters are open, exposing the blood (hemolymph) and circulating cells (hemocytes) and tissues
to variations in temperature, salinity, and pollutants, such as pesticides in the seawater (Shumway, 1977).
Oysters, like other bivalve mollusks, are both osmo- and thermo-conformers, therefore, the hemolymph
readily acquires the salinity and temperature of its seawater environment (Shumway, 1977).
The oyster’s estuary is subjected to large variations in both temperature and salinity (Turner 2006,
Pomeroy et al. 2000). Temperature is elevated (27oC-33oC) during the summer months and salinity fluctuates
(2-32 o/oo) with tidal cycles, rainfall, and drainage from adjacent terrestrial sites such as farmland and lawns
(Turner, 2006, Pomeroy et al. 2000).
The estuary is also subjected to pollutant loads. Among pollutants, pesticide contamination of
shellfish has become more common in estuarine areas over the past several decades due, in part, to chemical
run-off from farmland (EPA 2006). Pesticides are introduced into rivers when rainfall occurs and can enter
marine areas, particularly estuarine and coastal zones (EPA 2006). These pollutants may have major
ecological consequences and could endanger shellfish growth, reproduction, or survival (Banerjee et al.
1996). In the estuaries in the Apalachicola Bay, Florida, where 95% of Florida’s oysters are harvested, three
common pesticides that have been reported to contaminate water are Imidacloprid, Permethrin and Fipronil
(EPA 2006).
Pathogenic organisms including bacteria, viruses, and parasites contaminate the oysters’ estuaries
(EPA 2006). Infectious agents, such as Escherichia coli and Vibrio vulnificus, have been previously
correlated with low salinities and high temperatures (Cochran and Paul, 1998). Since the oyster does not
possess a thymus, spleen, or bone marrow; the primary defense mechanism against foreign organisms such
as bacteria 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 and are involved in phagocytosis, pinocytosis, encapsulation, and wound healing
(Cheng, 1996, Fournier et al. 2000). Granulocytes are one of the two types of hemocytes and have been
previously shown to be involved in phagocytosis and pinocytosis of foreign material. They are thought to
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contain hydrolytic enzymes and possibly produce reactive oxygen compounds that play a key role in killing
and degrading invading pathogenic organisms (Pipe 1992, Cheng 1996).
Hemocytes have been used as immune capacity indicators in many bivalve species (Gelder and
Moore 1986), even though some previous studies concluded that 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 provided evidence that unidentified non-cellular
components of hemolymph (serum) are also essential for the immune function of hemocytes (Leclerc 1996);
however, 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 pollutants may also negatively affect the oysters’ immune response. It is proposed that a cause of
oyster mortality outbreaks may be related to increased susceptibility to bacterial infection due to increased
temperature or changes in salinity during the summer months coupled with exposure to pollutants such as
pesticides. This study was specifically designed to determine whether changes in temperature, salinity, and
exposure to pesticides may negatively affect the viability of hemocytes and normal immune function as
assessed by hemocyte phagocytosis of bacteria. The specific species of oyster of interest to this investigation
was the economically important eastern oyster, Crassostrea virginica, for which there is limited information
regarding how environmental changes influence hemocyte activity (Hegaret et al. 2003).
The study hypothesis was that in vivo oyster hemocyte mortality and phagocytic activity against
bacteria could be negatively affected by increases in temperature, salinity, and pesticides; and futher that
normal hemocyte activity is dependent on the non-cellular serum component of hemolymph that may be
influenced by pesticides. The specific objectives of the study were as follows:
1.Determine by flow cytometry whether in vivo exposure to different temperatures (4oC, 25oC, or
37oC), salinities (1, 15, or 32 o/oo), and a mixture of three commonly used pesticides (Imidacloprid,
Permethrin, and Fipronil) affect the mortality of oyster hemocytes or the hemocyte phagocytic
activity against E. coli and V. vulnificus
2. Determine whether the serum component of the oysters’ hemolymph is required to prevent
hemocyte mortality and for normal phagocytosis of E. coli and V. vulnificus
3. Determine whether the in vitro exposure of pesticides affected oyster hemocyte mortality and
normal phagocytosis of E. coli and V. vulnificus
Copyright © 2008 Water Environment Federation. All rights reserved.
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2. METHODS
A. Overview and Rationale for Experimental Design
The Eastern oyster, Crassostrea virginica, was collected from approved shellfish harvesting waters
from Apalachicola Bay, Apalachicola, Florida. 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 o/oo) were selected because they are representative of the average salinity (15 o/oo); the
hypo- and hyper-salinities (1 and 32 o/oo, respectively) represent the range of salinities that may result from
fluctuations in tides and rainfall in the normal aquatic environment of C. virginica (Berrigan et al. 1991).
The three seasonal water temperatures that the C. virginica species would be exposed to are on average
4oC, 25oC, 37oC (EPA 2006). The three pesticides were chosen (Imidacloprid, Permethrin and Fipronil),
since they are commonly used in the area of Apalachicola Bay, Florida, and the concentration utilized (0.7
mg/L) represents the average concentration that may occur in a Florida estuary (EPA 2006). The time
periods (0, 3, 5, 7 days) were selected because the time required for the oyster to acclimate to different
temperatures and salinities has previously been estimated to be up to 3-5 days (Shumway 1977). Flow
cytometry was used as an evaluation technique because it is one of the most efficient methods for detecting
differences in light scatter as a result of specific chemicals entering cells.

B. Experimental Design for Objective 1
a. Temperature Treatments. Oysters were acclimated at 4 oC, 25 oC, or 32oC respectively, in one of nine
tanks (225 L) of recirculating artificial seawater. The temperatures of the tanks (4oC, 25oC, or 37oC) were
controlled by placing them in one of three large temperature-controlled incubators.
b. Salinity Treatments. Three tanks at each temperature were adjusted to a different salinity (1, 15 or 32
o

/oo) by using Instant Ocean Aquarium Sea Salt® (Aquarium Systems, Inc.).

c. Pesticide Treatments. Oysters were exposed to seawater with a mixture of pesticides (imidacloprid,
Permethrin, and Fipronil), which were each present at a concentration of 0.7 mg/L of seawater.
d. Time Period for Treatments. Oysters (n=5) were removed from each of the nine tanks for hemocyte
measurements on days 0, 3, 5, and 7.
e. 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.
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syringe equipped with needle (0.9x25mm). Hemolymph samples were pooled, centrifuged for 10 minutes at
100 x g, and resuspended in the serum fraction and used for flow cell cytometry analysis and microscopy
observation. Hemolymph samples were pooled to reduce inter-individual variation and to provide sufficient
hemocytes for experiments.
f. 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 μL of the oyster hemocyte
suspension. Hemocytes were incubated in the dark for 30 minutes at room temperature with 10 μL;of
propidium iodide (1.0 mg/L) (Interchim). Propidium iodide binds to double-stranded DNA and fluoresces at
wavelengths above 630 nm; it enters and stains nonviable cells but cannot cross the membrane of viable
cells, thereby making the dead hemocytes more fluorescent in the flow cytometer 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 fluorescence channel(s)
corresponding to the marker used. Hemocyte mortality was measured using red fluorescence and was
expressed as the percentage of dead hemocytes relative to the total number of hemocytes.
g. Bacteria Preparation. Both E. coli and V. vulnificus were cultured separately in heart infusion (HI) broth
at 37oC for 24 hours. The culture broths were then centrifuged for 10 minutes at 500 x g. The bacterial
pellets were washed two times with sterile phosphate buffer, pH 7.2. The bacterial phosphate buffer mixture
was adjusted by adding phosphate buffer until an optical density of 0.69 at 540 µm wavelength light was
achieved. This is equivalent to 1 x106 bacterial cells per mL.
h. Flow Cytometry Analysis of Hemocyte Phagocytosis of Bacteria. Phagocytosis was measured using the
two following methods: (1) oyster hemocyte ingestion of fluorosphere carboxylate-modified beads (1 μm)
(Interchim) in which a 200 μL aliquot of cell suspension was incubated for 60 minutes at 25oC with 10 μL of
a 1/10th dilution of fluorescent beads coated with heat-killed E. coli or V.vulnificus; and (2) stained E. coli or
V. vulnifucus with propidium iodide (1.0 mg/L, (Interchim) in which phagocytosis was expressed as the
percentage of hemocytes that had ingested the fluorescent bacterial coated beads or the propidium iodide
fluorescent E .coli or V. vulnificus.

C. Experimental Design for Objective 2
Hemolymph from oysters acclimated at 25oC in 15 o/oo salinity for 3 days was collected and
centrifuged for 10 minutes at 500 x g. The resulting cell-free serum was removed and artificial seawater
Copyright © 2008 Water Environment Federation. All rights reserved.
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(ASW) (15 0/oo) was added back to the untreated hemocytes and evaluated by flow cytometry for cell
mortality and phagocytosis activity against E. coli and V. vulnificus then compared to that observed when
hemocytes were suspended in normal hemolymph or 15 o/oo artificial seawater after 2 and 4 hours
incubation at 25oC.

D. Experimental Design for Objective 3
Hemolymph from oysters acclimated at 25oC in 15 o/oo salinity for 3 days was collected and
centrifuged for 10 minutes at 500 x g. The resulting cell-free serum was collected and seawater with 0.7
mg/L of individual pesticides added and mixed. The resulting pesticide-treated serum was added back to the
untreated hemocytes and evaluated by flow cytometry for cell mortality and phagocytosis activity against E.
coli and V. vulnificus and compared to that observed when hemocytes were suspended in normal hemolymph
or 15 o/oo artificial seawater after 2 and 4 hours incubation at 25oC.

E. Microscopy Observation
Light microscopy was used to determine the uniformity of the oyster hemocyte preparations and to
determine whether there were 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 microscope equipped with a camera.

F. Statistical Analysis
The means and standard deviations were determined for hemocyte mortality at 4oC, 25oC, or 37oC at
1, 15, or 32 o/oo salinity with and without pesticide exposure and hemocyte phagocytic activity against E.
coli and V. vulnificus in oysters acclimated at 4oC, 25oC, or 37 oC in 1, 15, or 32 o/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. vulnlificus at 4oC, 25oC,
and 37 oC at 1, 15 and 32 o/oo salinity on days 0, 3, 5, and 7 with and without pesticide exposure would be
the same and whether interactions between temperature, 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, positively-treated hemolymph and 15 o/oo artificial
seawater after 2 and 4 hours incubation at 25oC. The level of significance selected was (α) = 0.01, which
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means that there was only a 0.01 chance that the observed differences in means were due to chance and a
99.99% probability that the differences were due to the temperature, salinity, and hemolymph treatments.

3. RESULTS
A. Objective 1
Oyster in vivo hemocyte mortality was significantly (p< 0.01) increased for oysters acclimated in 1
o

/oo and 32 o/oo salinity without pesticide exposure when compared to hemocyte cell mortality in oysters

acclimated in 15 o/oo without pesticide exposure. Hemocyte mortality was significantly (p< 0.01) increased
for the oysters exposed to the mixture of pesticides when compared to oysters that were not exposed to the
mixture of pesticides regardless of salinity or temperature treatment. The data illustrated in Figure 1 indicate
that exposure to either low (1 o /oo) or high (32 o /oo) salinity significantly (p<0.01) increased the mortality
of oyster hemocytes relative to water with salinity equal to15 o /oo. The negative effect of either hypo- (1
o

/oo) or hyper- (32 o/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 o /oo salinity was on
average 10% compared to either 40% or 30% for the 1 and 32 %o salinities, respectively (Figure 1). No
significant differences (p>0.01) were detected between acclimatization days. No significant (p>0.01)
interactions between temperature, salinity, and incubation times were detected.
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Figure 1. In vivo percent oyster hemocyte mortality at 4oC, 25oC, 37oC at 1, 15, and 32 o/oo salinity at days
0, 3, 5 and 7 with and without pesticide exposure. Values are means of 3 replicates ± SD. Different letters
indicate significant differences (p< 0.01) between salinity groups.
Oyster in vivo hemocyte phagocytois of E. coli and V. vulnificus monitored by flow cytometry was
significantly lower (p< 0.01) in oysters acclimated in 1 and 32 o/oo salinity compared to hemocyte
phagocytosis in oysters acclimated in 15 o/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 o/oo was approximately 2-fold higher than in the 1 and 32 o/oo salinity groups
(Figure 2). In addition, the percentage of phagocytosis of E. coli by oyster hemocytes was markedly higher
than the phagocytosis of V. vulnificus regardless of the temperature or salinity. The percent hemocyte
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phagocytosis of V. vulnificus was only a fraction of 1% regardless of treatments in contrast to a 59%
maximum hemocyte phagocytosis of E. coli. No significant differences (p>0.01) were detected between
acclimatization days and no significant (p>0.01) treatment interactions were detected.

Figure 2. In vivo percent oyster hemocyte phagocytosis of E. coli ( ) , V. vulnificus (

) measured by flow

cytometry at 4, 25, 37 0C at 1, 15, and 32 0/oo salinity at Days 0, 3, 5 and 7. With ( ) and without pesticide
exposure. Values are means of 3 replicates ± SD. Different letters indicate significant differences (p< 0.01)
between salinity groups for E. coli. For V. vulnificus no differences were detected between the same salinity
groups.

B. Objectives 2 and 3
After incubation in either pesticide-treated cell-free serum or 15 o/oo artificial seawater (ASW),
hemocyte mortality was significantly increased (p< 0.01) when compared to hemocytes incubated in normal
Copyright © 2008 Water Environment Federation. All rights reserved.
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hemolymph serum (Figure 3). The hemocyte percent mortality was approximately 5-fold higher regardless
of incubation time (2 or 4 hours) in hemocytes incubated in either ASW or pesticide-treated serum compared
to hemocytes incubated in normal hemolymph serum (Figure 3).

Figure 3. Percent hemocyte mortality in hemocytes incubated for either 2 or 4 hours in either hemolymph,
artificial seawater (ASW), or pesticide-treated hemolymph. Values are means of 3 replicates. Different
letters indicate significant differences (p<0.01).
In addition, the phagocytic activity of the hemocytes toward E. coli and V. vulnificus was significantly (p<
0.01) decreased when compared to hemocytes incubated in normal hemolymph serum for 2 and 4 hours (Fig
4).
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Figure 4. Percent in vitro phagocytosis of either E. coli or V. vulnificus when hemocytes were incubated in
hemolymph, artificial seawater (ASW), or pesticide-treated hemolymph. Values are the means of 3
replicates. Different numbers indicate significant differences (p<0.01) between treatments. (Note different
scale-higher % phagocytosis for E. coli).

C. Light Microscopy of Hemocytes
Hemocytes taken from the acclimated oysters were observed to be morphologically intact and normal by
examination of photographs taken by light microscopy (Figure 5).

10 .Light Microscopy of Oyster Hemocytes.
Figure 5. Figure
Light
Microscopy of Oyster Hemocyte
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4. 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 different water temperatures. The
surprising and significant effect of hypo- and hyper-salinity on the oysters’ defense mechanism, provides
new evidence for potential negative effects of salinity changes on oyster production (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 comparison to the in vitro exposure, in vivo exposure of oysters to pesticides resulted in a
statistically significant lower rate of hemocyte mortality. In vivo exposure also 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 chemicals 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 whether there were differences in
the ability of the oysters’ hemocyte to phagocytize E. coli compared to V. vulnificus. The data clearly
indicated that the oysters’ hemocyte was much less capable of phagocytizing V. vulnificus compared to E.
coli. One explanation for this is that there may be differences between how the hemocyte membrane 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 viability 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 mechanism, which
could be linked to observed oyster 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 previously 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 may have affected the
oyster’s hemocyte activity. It is recognized that the hemocyte response to the specific temperature, salinity,
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and pesticide treatments may actually be somewhat different within the estuary where the oyster is also
exposed to other variables including 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 most relevant to the southeastern United
States.
The fact that it was only possible to evaluate a limited number of environmental factors in these
studies sets the stage for future investigations which are needed to characterize how other pollutants such as
chemicals used in fertilizers and contaminants from industrial wastes may also impact the observed seasonal
increase in oyster mortality. 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, as well as the mortality of these bacteria to oysters.
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 changes in salinity and pesticide contamination of the estuaries. The reason this is important is
that the bacterial content of the oysters harvested under these conditions are likely to be elevated, which may
lead to the previously unexplained increase in oyster deaths. In addition, when the oyster’s ability to kill
invading bacteria is impaired due to changes in environmental conditions, the increased bacterial content
may also pose a health risk to humans when the oysters are consumed raw (Potassman et al. 2002).

5. CONCLUSIONS
1. In vivo variations in salinity affects the ability of oyster hemocytes to resist foreign
bacterial invasion.
2. The significant differences in the eastern oyster 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 oyster hemocytes significantly increased oyster hemocyte
mortality and depressed hemocyte phagocytosis of both E. coli and V. vulnificus.
5. In comparison to the in vitro exposure, in vivo exposure of oysters to pesticides resulted in a statistically
significant lower rate of hemocyte mortality.
Copyright © 2008 Water Environment Federation. All rights reserved.
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6. ABBREVIATIONS AND ACRONYMS
FCS: Forward light scatter
SSC: Side light scatter
ASW: Artificial Seawater
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