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q lAbstract-Experiments were conducted to 
determine the ability of the protistan parasite, 
Perkinsus marinus, to inhibit chemilumines- 
cence of hemocytes from the eastern oyster, 
Crassostrea virginica. Luminol-enhanced 
chemllutininescence (CL) was used to measure 
the production of reactive oxygen intermedi- 
atea (ROI) generated by oyster hemocytes using 
tymosan as a stimulant. To determine whether 
P. marinus supptesses ROI evoked from zymo- 
San-stimulated hemocytes, live or heat killed P. 
marinus in filtered estuarlne water (YRW) (sa- 
linity = 20 ppt) were added to (1) zymosan- 
stimulated hemodytes after CL reached its 
peak, or (2) hemocytes at the same time as 
zymosan, and reduction of CL responses were 
recorded. In both teats, controls received only 
estutie water. Live P. marinus meronts sig 
nificantly suppressed ROI production by zymo- 
san-stimulated hemocytes. The suppression of 
ROI production was dose dependent. Suppres- 
sion of ROI production from zymosan- 
stimulated hemocytes by heat killed P. marinus 
was significantly less than by live P. marinus. 
Similarly, CL of hemocytes was reduced, 
though not significantly when hemocytes were 
exposed to YRW prelncubated with P. mari- 
nus. When P. marinus meronts were used as a 
stimulant, no CL response was elicited. Results 
of this study suggest that P. marinus cells are 
able to suppress ROI release from oyster hemo- 
cytes, thus evading this component of the 
host’s defense. 
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Nomenclature 

CL chemiluminescence 
HKP heat killed P. marinus 
LP live P. marinus 
PMYRW P. marinus incubated York River water 
RLO Rickettsiales-like organisms 
ROI reactive oxygen intermediates 
YRW filtered estuarine water (York River wa- 

ZYM 
ter) 

zymosan 

Introduction 

Heavy mortalities of oysters in Chesa- 

peake Bay and on the east coast of the 
United States caused by the protozoan 
parasite, Perkinsus marinus, have been 
well documented (1,2) in recent years. 
Although the physiopathologic effects of 
the disease organism on the oysters have 
been studied extensively (3-9, very lit- 
tle is known about the evasive mecha- 
nisms of the parasite in escaping the 
host’s defense mechanisms. 

Defense mechanisms in vertebrate 
phagocytes involve complex processes 
including the production of toxic free ox- 
ygen radicals by the respiratory burst 
(6), and other enzymatic processes (7). 
When vertebrate macrophage mem- 
branes are stimulated by foreign parti- 
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cles or organisms, stimulation of 
NADPH oxidase (8,9) and activation of 
the hexose monophosphate pathway oc- 
curs. This process is accompanied by 
production of toxic reactive oxygen in- 
termediates (ROD such as OH-, H,Oz, 
‘02, and 0;) which may be involved in 
cellular killing. Also, H,Oz, along with 
myeloperoxidase and halide ions, results 
in the formation of hypohalites and sin- 
glet oxygen, which are microbicidal 
(10,ll). Similar mechanisms were noted 
in invertebrates such as the shore crab, 
Carcinus maenas (12), sea urchin, 
Strongylocentrotus nudus (I 3) and mol- 
lusts, Patinopecten yessoensis (14), 
Lymnea stagnalis (15), Planorborius 
corneus, Helix aspera (16), Biompha- 
laria glabrata (17), Pecten maximus (18), 
Crassostrea gigas and Ostrea edulis 
(19), and Crassostrea virginica (20-22). 
The microbicidal activity associated with 
the production of ROI has been dis- 
cussed by many authors (6,23-26). Re- 
lease of ROI production coincided with 
phagocytosis of zymosan particles and 
chemiluminescence activity in Lymnaea 
stagnalis (23), suggesting an association 
between phagocytosis, ROI production, 
and chemiluminescence. Production of 
both ROI and hydrogen peroxide inside 
the phagosomes of L. stag&is hemo- 
cytes has also been documented (15). 
Luminol-enhanced CL has been used to 
measure ROI production related to 
phagocytic activity in oyster species, C. 
gigas and 0. edulis (19) and C. virginica 
(2 1,22). Involvement of the myeloperox- 
idase system in the production of ROI 
has been demonstrated in the common 
mussel, Mytilus edulis (11) and in C. vir- 
ginica (Austin and Paynter, personal 
communication, November 1994). 

Although invertebrates lack a com- 
plex immune system like that of verte- 
brates, they possess an effective defense 
system comprising cellular (27,28) and 
humoral activities (29). Hemocytes com- 
prise a primary line of defense in mol- 
lusts and are responsible for activities 

such as inflammation, wound repair (27), 
phagocytosis, and encapsulation (27,30). 
Phagocytosis and degradation of P. 
marinus meronts have been demon- 
strated using transmission electron mi- 
croscopy (31,32). Stimulation of oyster 
hemocytes with P. marinus meronts, 
however, did not elicit any CL response 
(31, Chu and Volety, unpublished re- 
sults). This suggests that either P. mari- 
nus meronts are degraded by processes 
not mediated by ROI and/or P. marinus 
may be able to suppress, inhibit, or scav- 
enge the ROI released by the host hemo- 
cyte. Therefore, this study was con- 
ducted to investigate the possible sup- 
pression or inhibition of the host’s ROI 
production by P. marinus. 

Materials and Methods 

Oysters and Hemolymph Collection 

Hemolymph was withdrawn from 
oysters (2.5-3”) collected from the Rap- 
pahannock River, Virginia. One mL of 
hemolymph was collected from the ad- 
ductor muscle of individual oysters using 
a 27-gauge needle. Hemolymph was 
pooled and hemocyte concentration in 
the hemolymph was adjusted to 1 x lo6 
cells/ml for all CL assays in this study. 

P. marinus 

P. marinus meronts were cultured ac- 
cording to Gauthier and Vasta (33). The 
parasite has been subcultured for over 30 
generations in our laboratory. The para- 
sites were washed twice and resus- 
pended in 1 pm filtered estuarine water 
(York River Water, YRW) at a concen- 
tration of 60 x lo6 cells/ml. For the 
dose-response study, P. marinus cells 
were adjusted to the appropriate concen- 
trations using YRW. Both live and heat- 
killed (1OO’C for 15 minutes) P. marinus 
were washed and resuspended in YRW 
at the aforementioned concentration. 
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Zymosan 

Zymosan (Sigma, USA) particles 
were used as a stimulant for the oyster 
hemocytes. Zymosan particles were sus- 
pended in YRW at a concentration of 10 
mg/mL, heated for 30 min at lOO”C, 
washed twice, and resuspended in YRW 
at a concentration of 1 mg/mL. 

Chemiluminescence Assay 

1:60). Five hundred microliters of he- 
molymph and 500 PL luminol solution 
(triplicate samples were analyzed for 
each P. marinus concentration and con- 
trol) were placed in plastic scintillation 
vials, and baseline CL was measured. 
Production of ROI was initiated by the 
addition of 500 p.L of zymosan (500 pg) 
and 500 ~J,L of P. marinus (3.75, 7.5, 15, 
or 30 x lo6 cells) suspensions. For each 
sample, counts were measured for 2-3 h 
(8- 12 cycles, 15 min/cycle). 

The general procedure for Chemilumi- 
nescence (CL) measurement is as fol- 
lows: CL (counts per minute, CPM) was 
measured in a Beckman LS-3133T liquid 
scintillation counter in an out-of-coinci- 
dence mode at room temperature (22- 
23°C). Luminol (5-amino-2,3-dihydro- 
1,4_phthalazinedione, I:500 dilution) was 
prepared according to Scott and Klesius 
(34). Five hundred microliters he- 
molymph samples (0.5 x IO6 hemocytes/ 
sample, N = 3-41treatment) and 500 p.L 
luminol in YRW were aliquoted into 
plastic scintillation vials and baseline CL 
(CL of unstimulated hemocytes) levels 
were recorded for 15-30 min (2-3 cy- 
cles). Five hundred microliters of zymo- 
san suspension were then added to the 
hemocyte mixture and CL responses re- 
corded. Controls received 500 ~.LL of 
YRW containing no zymosan. CL counts 
were plotted against time, and the total 
CL response was expressed as the area 
under the CL curve induced by the ad- 
dition of zymosan/P. marinus from each 
assay. The CL area was integrated using 
a Numonics 2400 digitizer and expressed 
as CPM. 

2. Suppression of CL by P. marinus. The 
dose of P. marinus (hemocyte: P. mari- 
nus = 1:60) that produced the most ef- 
fective suppression of CL was used in 
this assay. Five hundred microliters of 
hemocyte and luminol mixture were ali- 
quoted into scintillation vials, and the 
CL baseline activity was measured for 
2-3 cycles (8 min/cycle). Five hundred 
microliters of zymosan was then added 
to the hemocyte mixture. When CL re- 
sponse reached its peak, 0.5 mL of a live 
(N = 4) or heat-killed (N = 4) P. mari- 
nus meront suspension (30 X lo6 cells) 
was added to the zymosan-stimulated 
hemocytes and reduction of CL activity 
was measured. Counts were conducted 
on each sample for 2-2.5 h (15-18 cy- 
cles, 8 mm/cycle). Zymosan-stimulated 
hemocytes (N = 4) with 500 FL of YRW 
added served as non-P. marinus con- 
trols. The second control (blank) re- 
ceived only 500 p,L of YRW. 

3. Inhibition of CL by P. marinus. In a 
manner similar to experiment 2 above, 
the same concentrations of hemocytes, 
parasites, and zymosan were used, with 
the exception that zymosan and P. mari- 
nus were added to the hemocyte suspen- 
sion at the same time. Experiments 

1. Dose-related response of hemocyte 
CL to I? marinus. P. marinus cells were 
adjusted to a concentration of 7.5, 15,30, 
and 60 x lo6 cells/ml in YRW (hemo- 
cyte: P. marinus = 1:7.5, 1:15, 1:30, and cell density of 60 X lo0 cells/ml (N = 

4. Effect of P. marinus secretions on 
hemocyte CL. Cultured meronts were 
washed twice with YRW under sterile 
conditions, resuspended in YRW at a _.. 
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6), and incubated at 25°C for 48 h. The 
cell suspensions were then centrifuged at 
12000 X g for 10 minutes and the super- 
natants (PMYRW) saved. Hemocytes in 
500 I_LL plasma were exposed to 500 PL 
of PMYRW. Controls were exposed to 
YRW. Zymosan was added to the hemo- 
cyte suspensions immediately following 
the addition of YRW on PMYRW, and 
CL responses were recorded. The sec- 
ond control (blank) received YRW. Acid 
phosphatase activity of the PMYRW and 
YRW was assayed using a calorimetric 
assay (Sigma Diagnostics) based on the 
release of p-nitrophenol and inorganic 
phosphate from p-nitrophenyl phosphate 
by the enzyme (35). 

Statistical Analyses 

To compare the areas under the CL 
curves between treatments of (i) Zymo- 
San-stimulated hemocytes exposed to 
different doses of P. marinus and (ii) 
heat-killed or live P. marinus-exposed 
and control hemocytes in both suppres- 
sion and inhibition assays, one-way anal- 
ysis of variance was used. Paired t test 
was used to determine the differences 
between PMYRW- and YRW-incubated 
hemocyte CL and acid phosphatase ac- 
tivities in PMYRW and YRW. Differ- 
ences were considered statistically sig- 
nificant if p < 0.05. All the experiments 
were repeated 3-4 times to determine 
the reproducibility. 

Results 

Since the results of all of the experi- 
ments showed a similar trend, the typical 
results of individual experiments are re- 
ported here. 

P. marinus suppressed the CL activ- 
ity of oyster hemocytes in a dose- 
dependent manner (Fig. 1). No signifi- 
cant reduction in CL was observed com- 
pared to controls when hemocytes were 
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Figure 1. Dose response of oyster hemocyte CL 
to P. marinus meronts. Treatments 1,2,3,4, and 
5 = YRW, 3.75, 7.5, 15, and 30 x lo6 P. marinus 
cells/5 x 1 O5 hemocytes. Mean CPM of triplicate 
samples f 1 SE. The same letters above the bars 
denote lack of significance (p > 0.05). 

exposed to 3.75 x lo6 P. marinus cells. 
However, suppression of the CL re- 
sponse was significant when hemocytes 
were exposed to 7.5, 15, and 30 x lo6 P. 
marinus cells. 

The reduction of CL was significantly 
higher (p < 0.05) in hemocytes exposed 
to live P. marinus as compared to heat- 
killed P. marinus or controls (Fig. 2) 
when P. marinus cells were added to the 
hemocytes at their peak CL response. 
However, the difference in CL response 
between control hemocytes and hemo- 
cytes exposed to heat-killed P. marinus 
was insignificant 0, > 0.05). 

Similar results were demonstrated 
when zymosan and live or heat-killed P. 
marinus were simultaneously added to 
the hemocytes (Fig. 3). A significant de- 
crease in CL activity in live P. marinus- 
exposed hemocytes (p < 0.05) was 
noted, as compared to heat-killed and 
non-P. marinus-exposed controls. 
Again, no significant differences in CL 
were observed between heat-killed P. 
marinus-exposed and control hemo- 
cytes. No CL response was elicited by 
hemocytes when P. marinus meronts 
were used as stimulant. 
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Figure 2. Suppression of zymosan-induced CL 
in oyster hemocytes by P. marinus. (HKP = heat 
killed-P. marinus; LP = live-P. marinus, ZYM = 
zymosan). P. marinus cells were added to hemo- 
cytes at their peak CL response. Mean CPM of 
four samples + 1 SE. The same letters above 
the bars denote lack of significance @ > 0.05). 

The CL response (mean + 1 SE) of 
hemocytes exposed to filtered YRW 
(control) was higher (49685 + 1717 cpm) 
than that of hemocytes exposed to 
PMYRW (45178 f 2266 cpm); however, 
the differences were statistically insignif- 
icant 0, < 0.15). The acid phosphatase 
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Figure 3. Inhibition of zymosan-induced CL in 
oyster hemocytes by P. marinus. (HKP = heat 
killed-P. marinus; LP = live-P. marinus, ZYM = 
zymosan). Mean CPM of four samples t 1 SE. 
The same letters above the bars denote lack of 
significance @ > 0.05). 

concentration (mean + 1 SE) in PMYRW 
was 101 + 10 mUnits/mL, but no acid 
phosphatase was detected in the controls. 

Discussion 

Certain protozoan parasites employ 
mechanisms such as active entry into 
host cells, entry into the host cells with- 
out triggering the respiratory burst, and 
suppression and/or inhibition of ROI 
production by phagocytes (36-39). 
Leishmania spp. enter the host macro- 
phage by triggering a receptor and caus- 
ing internalization, but not stimulating 
the respiratory burst (40). Lipophospho- 
glycan in cell membranes of Leishmania 
promastigotes inhibits the respiratory 
burst of monocytes, possibly by having 
an inhibitory effect on protein kinase C 
of the host cells (41). 

Electron microscopic studies by La 
Peyre (31) and Bushek et al. (32) indi- 
cated that the oyster hemocytes are able 
to recognize and phagocytose freshly 
isolated and laboratory cultured P. mari- 
nus cells, resulting in limited degradation 
of the parasite in the hemocytes. How- 
ever, no CL response was observed from 
hemocytes of either American (C. virgin- 
ica) or Pacific (C. gigas) oysters when 
exposed to P. marinus merozoites (31). 
These results suggest that intracellular 
killing of P. marinus may not be medi- 
ated by toxic metabolites. The degrada- 
tion of P. marinus by oyster hemocytes 
may be mediated by enzymatic factors 
such as the lysosomal enzymes. Pres- 
ence of lysosomal enzymes in molluscs 
has been documented (42-44). Pres- 
ently, the exact mechanism involved in 
intracellular killing of P. marinus by oys- 
ter hemocytes remains unclear. 

Results of the present study indicate 
that live P. marinus cells are able to sup- 
press and/or inhibit ROI release from 
oyster hemocytes. The lack of any inhi- 
bition of ROI production by zymosan- 
stimulated hemocytes when exposed to 
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heat-killed P. marinus may suggest that 
denaturation of the ROI suppressor(s) 
occurred in the parasite upon heating 
(Figs. 2 and 3). Similar results were re- 
ported by Le Gall et al. (18) when zymo- 
San-stimulated Pecten maximus hemo- 
cytes were exposed to live and heat- 
killed rickettsiales-like organisms 
(RLO). Their study demonstrated that 
exposure of P. maximus hemocytes to 
live RLO produced a greater suppression 
(45-74%) of CL activity compared to 
heat-killed RLO @l-58%). 

Investigations of Yoshino et al. (45) 
revealed that the extracellular cysteine 
proteinase(s) of Schistosoma mansoni 
degrade high molecular weight he- 
molymph proteins of the host, B. gla- 
brata. The YRW preincubated with P. 
marinus may contain extracellular prod- 
ucts (e.g., acid phosphatase, catalase, 
superoxide dismutase, glutathione 
peroxidase, aminopeptidase) from the 
parasite responsible for suppression/ 
inhibition of ROI production by oyster 
hemocytes . Antioxidant enzymes, such 
as superoxide dismutase, catalase (46), 
and glutathione peroxidase (47) were 
suggested to protect the parasite, S. 
mansoni from the mammalian host’s re- 
spiratory burst, thus enabling the para- 
site to survive in the host cell. Acid phos- 
phatase in L. donovani (48) and Rickettsi- 
ales-like organisms in P. muximus (18) re- 
duces superoxide production by the 
phagocytic cells. Hervio et al. (49) sug- 
gested a similar protective role for acid 
phosphatase present in Bonamia ostreae 
against the host’s (0. edulis) defense. 

Preliminary studies in our laboratory 
using standard assay procedures failed to 
detect superoxide dismutase, catalase, 
or glutathione peroxidase in P. marinus 
meronts (unpublished results). However, 

relatively high concentrations of intra- 
cellular (94 mU/mg protein) and extracel- 
lular (42 mu/lo6 cells) acid phosphatase 
activity were observed in P. marinus 
meronts (unpublished results) when 
compared to host hemocytes and serum. 
Acid phosphatase activities in whole he- 
molymph, supernatant, and hemocyte 
pellets in C. virginica were 1.8, 0.7, and 
47 mU/mg protein and in Mercenaria 
mercenaria, 3.5, 1.5, and 10.3 mU/mg 
protein, respectively (43). Our recent 
studies also revealed that the growth rate 
of P. marinus is higher at higher temper- 
atures (up to 25°C). The concentration of 
extracellular acid phosphatase in the cul- 
ture medium was positively correlated 
with cell number and temperature 
(manuscript in preparation). The possi- 
ble deficiency of detectable levels of 
other antioxidant enzymes and the pres- 
ence of acid phosphatase in P. marinus 
meronts suggest that acid phosphatase in 
P. marinus may be one of the enzymes 
that suppress the ROI production by the 
host’s hemocytes. However, the exact 
mechanism of the suppression of ROI 
production of oyster hemocytes by P. 
marinus meronts is not known at this 
time and needs further examination. 
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