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ABSTRACT: The protozoan oyster parasite Perkinsus marinus causes extensive mortality in eastern
oyster (Crassostrea virginica) populations during summer and fall across much of the oyster’s distribu-
tion. Despite more than 40 yr of research on this particular parasite, no study has unequivocally demon-
strated a genetic basis for host resistance to P marinus nor has it been determined whether or not
there are races of P marinus that vary in virulence. Using recently developed techniques to culture
P mannus in vitro, we examined the resistance of 4 genetically distinct oyster populations that had
different natural histories of exposure to P marinus and the virulence of 4 geographically distinct
isolates of P. marinus. Offspring were produced from each oyster population and reared in a common
environment, then exposed to each isolate of P marinus. Oysters showed levels of resistance roughly
corresponding to the duration parental populations had been exposed to P marinus (Texas > Virgina
> New Jersey = Maine), indicating that those populations which have been exposed to P marinus for
more than 40 yr have developed some resistance. Parasites isolated from the Atlantic coast (Mobjack
Bay, VA and Delaware Bay, NJ, USA) produced heavier infections than those 1solated from the Gulf of
Mexico coast (Barataria Bay, LA and South Bay Laguna Madre, TX, USA), indicating that Atlantic
isolates were more virulent than Gulf 1solates. These data indicate that resistant races of the eastern
oyster exist, and imply the existence of virulent parasite races. No statistically significant interaction
was detected between oyster populations and parasite isolates. Relative infection intensities among
oyster populations remained more or less constant across parasite isolates and vice versa. The lack of
a significant interaction between host populations and parasite isclates indicated that mechanisms of
resistance and virulence were general, not race-specific.
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INTRODUCTION value of the oyster goes well beyond the commercial

value of this multi-species fishery. Oyster reefs add

Oysters have long been recognized as important
members of estuarine ecosystems (Mobius 1880). They
have been commercially harvested for centuries and
several species of fish, shrimp and crabs that have
been associated with oyster reefs (Arve 1960, Wells
1961, Bahr & Lanier 1981, Coen et al. 1995, Posey et
al. 1995) are also commercially harvested. But the
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hard substrate and vertical structure to a predomi-
nantly soft-sediment environment, which permits a
dramatic increase in biological diversity (Dame 1979,
Zimmerman et. al 1989). Wells (1961) provided a list of
303 species which are in some way dependent upon
reefs of the eastern oyster Crassostrea virginica. Oyster
reefs also function as biological filters and play an
important role in nutrient cycling (Haven & Morales-
Alamo 1970, Dame et al. 1980, 1984, 1989, Bahr &
Lanier 1981, Newell 1988, Baird & Ulanowicz 1989).
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The eastern oyster Crassostrea virginica inhabits es-
tuaries along the Atlantic and Gulf of Mexico coasts of
North America (Galtsoff 1964). Commercial landings
have been declining for more than a century (Chew
1981), primarily reflecting a decline in the abundance of
oysters (see for example Rothschild et al. 1994), although
changes in labor resources and restrictions on harvesting
by regulatory agencies for public health concerns have
reduced harvests in some areas (Gracy et al. 1978). The
ecological ramifications of this decline are difficult to
quantify, but, given the fundamental role of oysters in
estuaries, there are surely many. For example, Newell
(1988) estimated that oysters once filtered the entire
Chesapeake Bay (USA) every 3 d. According to his esti-
mates, it takes extant populations about 300 d. Ulanowicz
& Tuttle (1992) predicted dramatic changes would occur
in the trophic structure of the Chesapeake Bay if oyster
populations were restored to historic levels because their
extensive grazing of phytoplankton would shift trophic
dynamics from bottom-up to top-down control.

Fishing pressure has clearly been a leading factor in
the decline of oyster populations {Rothschild et al. 1994),
but parasites and disease have also played a major
role (Fisher 1988). At present, the most dominant para-
site is Perkinsus marinus, an Apicomplexan protozoan
(Levine 1978} that causes dermo disease which results in
widespread oyster mortality during summer and fall (Ray
1954, Andrews & Hewatt 1957, Mackin 1962, Andrews
1988). Perkinsus marinus is common from Delaware Bay
to Florida (USA) along the Atlantic coast and from
Florida to Mexico along the Gulf coast (Andrews 1988,
Ford 1992). Temperature and salinity are the primary
factors that govern its distribution, prevalence and in-
tensity in oysters and oyster populations. Oyster mor-
tality attributed to P marinus is highest during the
warmer parts of the year and both prevalence of the par-
asite and the intensity of infections tend to increase with
salinity. Nonetheless, P marinus tolerates temperatures
as low as 4°C and salinities as low as 4 ppt (Chu & Green
1989, Ragone & Burreson 1993, O'Farrell et al. 1995). All
stages of the parasite appear to be infective (Mackin
1962). Transmission occurs directly through the water
column (Ray 1954}, although other vectors may be in-
volved (White et al. 1987). Motile zoospores are pre-
sumably the primary life-stage involved in water-borne
transmission (Perkins & Menzel 1966), but naturally
occurring zoospores have not been observed. Regard-
less, once inside an oyster, P. marinus proliferates vege-
tatively until it becomes systemic (sexual stages are un-
known; Levine 1988). As systemic infections intensify,
parasite proliferation causes lysis and sloughing of tis-
sues that ultimately kill the oyster (Mackin 1951} During
P marinus epizootics, 100 % of the adult oysters on a bed
are likely to be infected (Bushek et al. 1994b) and up to
90 % may die from those infections (Andrews 1988).

Parasites can have important roles in ecological com-
munities. They can limit species distributions and
abundance by altering survival, reproductive output,
behavior, and intra- or interspecific interactions (e.qg.
Park 1948, Lauckner 1983, Sousa 1983, Curtis 1987,
Keymer & Read 1991). These effects have the potential
to change community structure, but because parasites
are generally small (often microscopic) and frequently
internalized within their host, elucidating their effects
is problematic. Sousa {1991) commented that models
of community structure often neglect to consider the
role of parasitism. The parasites of many commercially
important estuarine species have been extensively
studied to assess the impact on the commercial indus-
tries associated with each host species (Kinne 1980,
Lauckner 1983, Sindermann 1990), yet many funda-
mental questions concerning genetics, ecology and
evolution have remained unanswered. Unlike agricul-
turally important parasites (see Day 1974), few studies
have examined the genetic interactions between estu-
arine parasites and their hosts.

Host-parasite interactions are often described in
terms of the positive or negative effect each organism
has on the other (Cheng 1991). By most definitions,
parasites have a negative effect on their host, while the
host has a positive effect on the parasite. The negative
impact of a parasite on a host is called virulence,
whereas the ability of a host to tolerate or avoid the
negative impact of a parasite is called resistance. It is
important to recognize that both traits may vary along
a continuum. In fact, a resistant host may negatively
impact the parasite.

The relative magnitude of host resistance or parasite
virulence is a result of several factors. For example,
virulence may involve transmission rates, proliferation
rate in the host, and toxicity of the parasite. Similarly,
resistance may involve parasite avoidance, physical
barriers to infection, active parasite elimination, and
tolerance to infections. Both traits are dependent upon
each other and result from the interaction between the
2 species (Toft & Karter 1990) Thus, the genetic basis
of one cannot be determined without considering the
other (Nelson 1973, Day 1974). Resistance and viru-
lence will, by definition, coevolve if heritable genetic
variation exists for both traits. Assuming such variation
exists, isolation of host or parasite populations can lead
to the development of races (i.e. genetically distinct
sub-populations), and a variety of racial interactions
can occur between host and parasite populations
(Fig. 1). The interaction is quite complex, particularly
when resistance and virulence are viewed as con-
tinuous traits.

Host and parasite races have been described in
several natural systems. Typically, either the host or
the parasite is examined. Few studies have simultane-
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Fig. 1. Graphical representation of possible host-parasite in-
teractions. [n each plot, lines represents different host popula-
tions. Four distinct 1solates of the parasite to which the host
populations have been exposed are shown along the x-axis,
and the relative resistance of the host populations are mea-
sured along the y-axis. Environmental factors are presumed
constant, so variation is attributed to genetic differences among
host populations, parasite isolates, or both. (A) No variation in
resistance or virulence, no races are evident. (B) Variation in
resistance is due to genetic variation in the parasite, only
parasite races are evident. {C) Variation in resistance is due
to genetic variation in the host, only host races are evident.
{D} Genetic variation in resistance is due to genetic variation
in both the parasite and the host, races of both host and para-
site are evident without any interaction (i.e. the relative dif-
ferences in resistance among host races are the same across
parasite isolates). (E) Same as D except there is an inter-
action—the relative differences in resistance between hosts
changes across pathogen isolates

ously compared host resistance and parasite virulence
in natural populations, precluding a full understanding
of the ecological interaction. Wright (1977) demon-
strated an additive accumulation of genes conferring
resistance to strains of schistosomes between unse-
lected and naturally selected snail populations. Lively
(1990) described race-specific virulence of a trematode
parasite that infects the freshwater snail Potamopyrgus
antipodarum. Laboratory controlled cross-infectivity
studies indicated that trematodes were most infective
to snails obtained from the same locale as the parasite.
Thus, the trematodes were adapted to characteristics
of the local host population. A similar race-specific
interaction exists between the plant Amphicarpaea
bracteata and the pathogen Synchytrium decipiens;
isolates of the pathogen grew better on plants obtained

from the same location (Parker 1985). Burdon & Jarosz
(1991) and Jarosz & Burdon (1991) identified 10 races
of flax (host) and 13 races of rust fungus (parasite}
in natural populations, based on resistance-virulence
interactions. Interestingly, rust-resistant flax races
were evenly distributed among regions within the
overall distribution of the host, but virulent races of
rust were not. Evidently, evolutionary forces other than
host resistance were important in determining the
population genetic structure of the pathogen.

Virtually all investigations of host-parasite interac-
tions concerning oysters and their associated parasites
have been concerned with resistance of the oysters.
Resistant lines of the eastern oyster Crossostrea vir-
ginica have been developed against the protozoan
pathogen Haplosporidium nelsoni (Haskin & Ford
1979) which causes MSX disease in oysters, but it is
not known whether differentially virulent races of H.
nelsoni exist. Elston et al. (1987) provided evidence
demonstrating that European oysters Ostrea edulis,
from a population that has been naturally exposed to
the protozoan oyster pathogen Bonamia ostrea since
1963, were more resistant than oysters from popula-
tions that had never been exposed to B. ostrea. With
respect to the eastern oyster C. virginica and the
pathogen Perkinsus marinus, no investigations of racial
interactions have ever been conducted.

Races of Crassostrea virginica that vary in resistance
can only exist if there 1s genetic variation for resis-
tance. Population genetic studies have indicated that
gene flow is restricted among oyster populations,
although different levels of population genetic struc-
ture were identified with different techniques (Buroker
1983, Reeb & Avise 1990, Barber et al. 1991, Karl &
Avise 1993). Some races, resulting from isolation
among oyster populations, may exist. Divergence,
especially with respect to pathogen resistance, may
also occur because different populations of C. virginica
have different histories of exposure to Perkinsus mari-
nus. From Chesapeake Bay south, most oyster popula-
tions have been continuously exposed to P marinus for
more than 40 yr (Andrews 1988), while prior to 1990,
oyster populations north of Chesapeake Bay had little,
if any, exposure to this parasite (Ford 1992). Combined
with restricted gene flow, differential exposure to P,
marinus creates a strong potential for the evolution of
resistant oyster races. Such races may be detected by
comparing the response of southern oysters that have
been naturally exposed to P. marinus epizootics for
several generations (i.e. selected populations) against
northern oysters that have never, or only recently,
been exposed to P marinus (i.e. unselected popula-
tions). Variation in resistance to P marinus has been ob-
served in several previous studies (Ray 1954, Andrews
& Hewatt 1957 Mackin & Sparks 1962, Valiulis 1973},



130 Mar Ecol Prog Ser 139: 127-141, 1996

but differences in experimental protocol, potential en-
vironmental effects, the inability to accurately control
dose, and the inability to accurately measure resis-
tance all limit interpretation of results.

As with resistance of Crassostrea virginica, the exis-
tence of Perkinsus marinus races varying in virulence
also requires genetic variation and isolation of popula-
tions. Unlike C. virginica, however, there is no infor-
mation concerning the population genetics of P mari-
nus. Nonetheless, given the wide geographic and
environmental range of P. marinus and the following
observations, we suspected that there exist several
races of P marinus because: (1) Gulf and Atlantic pop-
ulations show different epizootiological patterns of
infection and remission (Andrews 1988); (2) persistent
differences of P marinus intensities exist among Gulf
coast estuaries (Wilson et al. 1990); (3) the rate at which
P marinus spreads between beds in Chesapeake Bay
has recently increased (Burreson & Andrews 1988);
and (4) P marinus has recently expanded its range
north along the Atlantic coast of the United States
(Ford 1992). Such observations could be founded in
genetic differences, environmental differences, or both.

We examined the ability of oysters from 4 genetically
distinct oyster populations to inhibit internal prolifera-
tion of Perkinsus marinus, and the ability of 4 geo-
graphically distinct isolates of P. marinus to proliferate
in oysters. Because it is massive proliferation of the
parasite that ultimately kills the oyster (Mackin 1951),
we considered the inhibition of parasite proliferation
by the host a direct measure of host resistance and the
parasite's ability to proliferate in its host a measure of
virulence. By simultaneously exposing the 4 oyster
populations to each of the 4 parasite isolates in a facto-
rial experiment, we were able to examine the potential
genetic interaction between these 2 species.

MATERIALS AND METHODS

Oyster populations. During the summer of 1991,
oysters were collected from 4 sites along the Atlantic and
Gulf coasts of the United States (Fig. 2): Damariscotta
River, Maine (ME); Delaware Bay, New Jersey (NJ);
Mobjack Bay, Virginia (VA); and Galveston Bay, Texas
(TX). NJ and TX oysters were collected from wild popu-
lations, while ME and VA oysters were collected from
captive populations that had been hatchery produced
from native stocks. Based on previous genetic studies
(Reeb & Avise 1990, Barber et al. 1991, Karl & Avise
1993), each population was assumed to be genetically
distinct. ME oyster populations had never been exposed
to Perkinsus marinus and, prior to collection, Delaware
Bay populations had only been exposed to a persistent
P marinus epizootic for 1 yr (Ford 1992, 1996). In con-
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Fig. 2. Source populations of Crassostrea virginica and Per-
kinsus marinus and experimental design. Abbreviations for
oyster populations (all USA): ME: Damariscotta River, Maine;
NJ: Delaware Bay, New Jersey; VA: Mobjack Bay, Virginia;
and TX: Galveston Bay, Texas. Abbreviations for parasite iso-
lates: DBNJ: Delaware Bay, New Jersey; MBVA: Mobjack
Bay, Virginia; BBLA: Barataria Bay, Louisiana; and LMTX:
South Bay Laguna Madre, Texas. F; generation oysters from
each population were exposed to each parasite isolate in
replicate 200 | tanks. N represents the total number of oysters
from each population that were equally distributed among
the 8 experimental tanks

trast, TX and VA oyster populations have been naturally
exposed to epizootics of P marinus for more than 40 yr
(Andrews 1988), about 20 overlapping generations.

To eliminate environmental effects, offspring were
produced from each population and reared in a com-
mon environment for 2 yr. Several controlled mass
spawns were conducted for each population, and the
offspring reared separately until used for experiments
(Table 1). This maximized genetic diversity among F,
offspring for future challenge experiments with Per-
kinsus marinus. Spawning of different oyster popula-
tions and subsequent rearing of larvae were tempo-
rally separated to prevent cross-contamination of larval
populations in the hatchery (Allen & Gaffney 1993).

For each controlled mass spawn, gametes were
obtained by thermal stimulation or dissected directly
from the gonads. To maximize effective population
size, equal numbers of eggs from each female were
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Table 1 Parental populations of F, oysters. Each stock was produced in 1991
using different parents, and reared separately until used for experiments.
Month and day are indicated for each spawn. Spawns were numbered consecu-
tively, and stocks were identified by spawn number Only those stocks used for
experiments are shown. On 2 occasions 3 spawns were pooled. Prevalence and
weighted prevalence of Perkinsus marinus in parents were determined with
the standard tissue assay (Ray 1966). ME: Damariscotta River, Maine, USA;
NJ: Delaware Bay, New Jersey, USA; VA: Mobjack Bay, Virginia, USA; TX:

Galveston Bay, Texas, USA

In July 1993, oysters of approxi-
mately equal size from each stock were
scrubbed clean, individually num-
bered and placed into a recirculating
quarantine system at Haskin Shellfish
Research Laboratory (Rutgers Univer-
sity, NJ). They were maintained at
room temperature (about 22°C), 25 ppt

Perkinsus marinus

prevalence prevalence

Oyster Spawn Stock Males Females Families

popu- date Percent

lation

ME 7Aug 1,46 9 9 27 0
7 Aug 2 3 3 9 0
7 Aug 3 3 3 9 0

NJ 13 Jul 7 3 3 9 67
13 Jul 8 3 3 9 50
15 Jul 9 3 3 9 50
15 Jul 10 2 3 9 60
17 Jul 11 3 3 6 50
17 Jul 12 3 3 9 17

VA 12Jun  1,2,3 3 3 9 50
12 Jun 4 1 1 1 100
12 Jun 6 1 1 1 100
12 Jun 10 1 1 1 100
29 Jul 15 11 4 44 a3

X 14 Oct 1 3 3 9 100
14 Oct 2 3 4 12 100
14 Oct 3 3 3 9 100
14 Oct 4 4 3 12 100

salinity, and fed cultured algae daily
(either live Isochrysis and Chaetoceros
spp., or Diet B, a slurry of Skeletonema
and Thalassiosira spp. produced by

Weighted

88 Coast Oyster Co., Sequim, WA, USA)
0.0 for 6 wk prior to inoculation with Per-
kinsus marinus isolates. Make-up water
?é for the quarantine system was filtered
0.9 through a 1 pm cartridge to reduce the
1.1 risk of accidental P marinus contami-
8? nation. A representative sample of oys-
ters from each population (n = 18 ME,
e 25 NJ, 12 VA, 21 TX) was sacrificed
2.0 for disease analysis prior to challenge
1.8 experiments with P marinus. Histologi-
27 cal examination revealed 2 MEs and
2.7 1 VA that were lightly infected with
2.8 Haplosporidium nelsoni, but none
2.4 . . .
30 were infected with P marinus, based

on body burden assays (Bushek et al.

pooled, then divided, and each division fertilized by a
different male (Falconer 1989, Allen et al. 1993). After
fertilization was complete, larvae from the same spawn
were reared together using standard hatchery tech-
niques. Mantle and rectal samples assayed with Ray's
fluid thioglycollate media (RFTM, Ray 1966) indicated
that parental oysters from ME were free of Perkinsus
marinus infections, while those from NJ, VA and TX
had increasingly heavier infections (Table 1). During
larval culture, all water was filtered to 1 pm and UV
irradiated to prevent contamination with P marinus
from local sources.

Competent larvae were set on scallop shells and
transferred to the boat basin of Rutgers University
Marine Field Station at the mouth of Great Bay, NJ,
for grow out. Perkinsus marinus and Haplosporidium
nelsoni (the etiological agent of MSX disease in oys-
ters) had previously been absent or at low prevalence
in oyster populations near this site (S. E. Ford pers.
comm.). The spat were caged in plastic mesh bags and
suspended just above mean low tide from fixed docks.
Bags and oysters were regularly tended and cleaned of
fouling organisms, silt and debris for 2 yr. Periodic
RFTM assays for P marinus were negative in live and
dead oysters examined throughout the grow out period
(data available from authors upon request).

1994b}. Since transmission of H. nelsoni
in the laboratory has consistently failed (Ford & Tripp
1996), these infections were considered inconsequential
and the remaining animals deemed suitable for the
infection trials with P marinus.

Isolates of Perkinsus marinus. P marinus infected
oysters were collected from Delaware Bay, NJ (DBNJ),
Mobjack Bay, VA (MBVA), Barataria Bay, LA (BBLA),
and South Bay Laguna Madre, TX (LMTX) (Fig 2).
These sites represented several potential population
groupings of the parasite: different estuaries, Atlantic
versus Gulf coast, and historical versus recently ex-
panded ranges of P marinus. To minimize environ-
mental differences among P marinus isolates, infec-
tions were transferred to a common stock of uninfected
ME oysters by holding the infected and uninfected
oysters in buckets with 1 pm filtered 25 ppt seawater
at 28°C for several weeks (Bushek 1994). ‘'Transfected’
oysters were identified by analyzing hemolymph
samples for P marinus (Gauthier & Fisher 1990) then
sacrificed and incubated in Ray's modified fluid thio-
glycollate medium (RFTM, Ray 1966). In vifro cultures
of each P. marinus isolate were established from in-
fected oysters using prezoosporangia obtained after
incubation of oysters in RFTM (La Peyre & Faisal 1995).
Cultures were maintained as described by La Peyre et
al. (1993) except that buffers were modified according
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to Freshney (1987) for maintenance in ambient air
rather than a 5% CO, atmosphere. Because oysters
become infected by filtering P marinus from the water
(Ray 1954), and heavily infected oysters can harbor
more than 10° P marinus cells per gram wet tissue
(Choi et al. 1989, Gauthier & Fisher 1990, Bushek et al.
1994hb), it is not likely that a particular oyster would
be infected by a single clone. Since in vitro cultures
were initiated from heavily infected oysters, each iso-
late is likely to be a population of many clones rather
than a monoclonal culture. Cultures were maintained
through at least 5 passages (consecutive subcultures)
prior to use in experiments. This, combined with the
transfer of infections to the common stock of ME
oysters, minimized environmental background differ-
ences that may have been present among collection
sites. These isolates have been deposited for future
research purposes with the American Type Culture
Collection (12301 Parklawn Drive, Rockville, Mary-
land 20852, USA) where they have been assigned the
following accession numbers: DBNJ = 50509, MBVA =
50510, BBLA = 50511, and LMTX = 50512.

Uniform suspensions of Perkinsus marinus meronts
(a single-celled vegetatively reproducing stage that
contains a large eccentric vacuole with a refringent
vacuoplast and is commonly observed histologically in
infected oysters) were generated by diluting actively
proliferating cultures. Briefly, in vitro cultures of each
isolate were subcultured at densities of 4 x 10° cells
ml™! in 75 cm? T-flasks containing 30 ml JL-ODRP-1
medium (La Peyre et al. 1993) buffered for ambient
CO,. These were maintained at 27°C. Three days later,
each culture was diluted to 50 ml with fresh medium.
After 3 more days, cultures were split, and diluted 1:1
with fresh medium for a total volume of 100 ml. With
each successive dilution, a higher proportion of the
cells were individual meronts, though many still
remained in clusters. On August 20 and September 1,
1993, parasites were harvested for infection trials.
Cultures were concentrated in 50 ml centrifuge tubes
{100 x g, 5 min), then resuspended in 15 ml 0.22 pm
FSW (filtered 24 ppt seawater] Clusters were sepa-
rated by successively triturating suspensions with 18
and 25-gauge syringe needles and the parasites were
enumerated with a hemocytometer Final volume of
each suspension was adjusted so that 5 x 10° cells g~
wet tissue could be delivered in 10 nl aliquots. Previ-
ous experiments indicated that this inoculum was nec-
essary to ensure infection (Bushek 1994).

Experimental design and execution. Offspring from
each oyster population were exposed to Perkinsus
marinus isolates in a factorial design (Fig. 2). Because
P marinus can be transmitted through the water,
oysters inoculated with different isolates had to be
maintained separately. Two replicate sets of 4 identical

200 | tanks were filled with 25 ppt, 1 um FSW and
aerated. One tank in each replicate set was designated
for each isolate. Oysters were dried of exterior mois-
ture and weighed individually on an analytical bal-
ance. A second weight was determined using a pan
balance submerged in water Wet tissue weight of each
oyster was estimated by subtracting its weight in water
from its weight in air. Wet weights ranged from 1.6 to
30.5 g and there was considerable overlap among the
4 oyster populations (ME = 2.2 to 23.3 g, NJ = 2.1 to
2399, VA=161t0 178 g, TX = 2.0 to 30.5 g). Despite
this overlap, mean wet weight of NJ (9.8 g) oysters was
significantly greater than that of each of the other
populations (ME =8.3 g, VA =729, TX = 7.8 g), which
were indistinguishable (Tukey's HSD, o = 0.05). To
reduce any potential effects due to size differences
among individual oysters or populations, parasite dose
was adjusted according to oyster wet weight as
described below. Oysters from each population were
then ranked by wet weight and divided into size
classes of 8 oysters each. The number of size classes
varied for each population (ME = 11, NJ = 24, VA = 10,
TX =18), according to the number of available oysters.
One oyster from each size class within each population
was assigned to each experimental tank using a ran-
dom number generator program. This assured that
each tank contained 63 oysters of approximately equal
size distribution.

The first replicate set of tanks was inoculated on
August 20, 1993, and the second replicate on Sep-
tember 1, 1993. For inoculation, oysters were notched
along the shell margin and 5 x 10° in vitro cultured
Perkinsus marinus g~' wet tissue weight injected into
the shell cavity. Hands and apparatus were washed
between handling different isolates with a 1 % dilution
of household bleach in hot, fresh water After inocula-
tion, oysters were left dry overnight and held shut with
a rubber band covering the notch to prevent inoculum
from leaking out. Rubber bands were removed, and
oysters returned to their respective tanks the following
morning. No control was run to test the effect of this
inoculation procedure on survival since similar proce-
dures have been used in other studies with little nega-
tive impact observed on the oysters (Ray 1954, Valiulis
1973, Gauthier & Vasta 1993, La Peyre et al. 1993).
Each tank was covered with a fitted lid to prevent cross-
contamination. Temperature was maintained at 27°C
with a submersible heater and salinity was 25 ppt.

Dead oysters were removed, temperature and salin-
ity recorded, and a diet of microalgae added to each
tank (51 of 5 x 10° cells ml™! live fsochrysis and Chaeto-
ceros spp., or Diet B} daily. Dissolved oxygen, ammo-
nia and nitrate concentrations were checked every
few days with a YSI DO meter and a Lamotte test kit.
Water was changed at least once each week. Waste



Bushek & Allen: Host-parasite interactions in the eastern oyster

water was sterilized with a minimum of 10 ppt Cl; prior
to disposal, as recommended by Elston (1990). Weight-
standardized Perkinsus marinus body burden (Bushek
et al. 1994b) was determined for all oysters that died
during the experiment, for a subsample of 5 NJ oysters
from each tank in the first replicate on Day 80 post-
inoculation, and for all remaining oysters on Day 94
post-inoculation.

Analysis. Several analyses were used to help inter-
pret the results of this study. Data analyzed included
oyster wet weight, days to death, cumulative mortality,
percent prevalence of parasite infections (= number
of infected oysters/total number of oysters in a treat-
ment), and weight-standardized body burden. All
statistical calculations were made using the statistical
analysis package SYSTAT. A regression of days to
death against oyster wet weight was used to determine
the relationship between post-inoculation survival and
size of the oyster. Cumulative percent mortality was
plotted against time by oyster population and by para-
site isolate to identify gross differences in mortality
rates. Rigorous statistical analyses of cumulative mor-
tality was avoided because most treatment replicates
contained fewer than 3 mortalities (data available
from authors upon request). Thus, low mortality
rates made further analyses tenuous. Analysis of
variance (ANOVA) was used to examine percent
prevalence of Perkinsus marinus and weight-
standardized body burden. Body burdens in
those oysters that died during the experiment
were analyzed separately from those that sur-
vived until the experiment was terminated. The
MGLH program in SYSTAT calculated a 2-factor
random model ANOVA with oyster population
and parasite 1solate as the random factors. This
program automatically adjusts for unbalanced
and balanced designs {Wilkinson 1990). Because
no mortalities occurred in TX oysters inoculated
with the LMTX isolate, a partial test of the inter-
action term was calculated by fitting a 1-way
ANOVA using each population-isolate combina-
tion as a treatment minus the TX-LMTX combi-
nation, then fitting an additive 2-factor model (i.e.
no interaction term) to the data and forming an F-
test statistic comparing the 2 models (D. Edwards
pers. comm.). Percent prevalence data were arc-
sine transformed (Sokal & Rohlf 1981) prior to
analysis to eliminate heterogeneity among vari-
ances (F .« test, a = 0.05). Weight-standardized
body burdens were log,, transformed because
variation among infections typically spans orders
of magnitude (Choi et al. 1989, Gauthier & Fisher
1990, Bushek et al. 1994b). A subsequent square
root transformation (Sokal & Rohlf 1981) elimi-
nated heterogeneity among variances (Fy,,, test,

Cumulative % mortality
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o = 0.05). To control for potentially confounding tank
effects, we used mean values for oyster populations
within each tank. After calculating each ANOVA, the a
priori hypotheses that (1) prevalence and intensity
(body burden) of P marinus would be lower in selected
(VA and TX) versus unselected (ME and NJ) oyster
populations, and (2) that the prevalence and intensity
of infections would differ between Atlantic (DBNJ and
MBVA) and Gulf (BBLA and LMTX) isolates of P
marinus were tested with single degrees of freedom
contrasts as recommended by Day & Quinn (1989).
Multiple comparisons were also conducted across
oyster population and parasite isolate, using Bonfer-
roni procedures as recommended by Wilkinson (1990).

RESULTS
Mortality rates and body burden
Total mortality of oysters after inoculation was 11%
and unrelated to oyster size (r> = 0.03, p = 0.230).

Pooled cumulative mortalities were similar by oyster
population (Fig. 3) and by Perkinsus marinus isolate

ILMI'X BBLA MBVA DBN.
ME ME ME ME ME ME ME ME =
|
NJNJ NI NS N) | NJ NN
VA | VA VA | vA VA || va va llva = O
™ x| rx o rx x| rx x |[1x | = ¥y
Rep 1 2 1 2 | 2 1 2

100

DAY

Fig. 3. Mortality rates of each oyster population pooled across all iso-
lates of in vitro cultured Perkinsus marinus. N for each population is

shown in Fig. 2
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LMTX BBI.A MBVA DBNJ
ME | ME ME || ME ME || ME ME || ME
NJ NJ NJ NJ NI N NJ NJ
VA VA VA VA VA VA VA VA
X X I'X ™ I'x X rx I'X

Cumulative % mortality

(Table 3). Two-way ANOVA indicated no inter-
action between population and isolate, but both
main effects were significant (Table 3). Planned
comparisons indicated infections were signifi-
cantly more prevalent in unselected versus
selected oyster populations, and significantly
more prevalent when Atlantic versus Gulf coast
parasites were injected. Prevalences of P mari-
nus in ME and NJ oysters were significantly
greater than in TX, but neither grouping was
distinguished from VA (Bonferroni multiple
comparison, o = 0.5). MBVA produced signifi-
cantly more infections than the LMTX, but
infection prevalences produced by DBNJ and
BBLA were not significantly different from any
isolate (Bonferroni multiple comparison, o =
0.5).

Analysis of weight-standardized body bur-
densinlive oysters (Table 4 and open squares in
Fig. 5) reflected the prevalence data. Infection
intensities ranged from 0 to 76 x 10® Perkinsus
marinus g~! wet tissue (Fig. 5). Most infections
were still well below the level of the inoculum,
but some had reached levels typically ob-

J served during mortalities in natural populations

DAY

Fig. 4. Mortality rates of oysters exposed to different isolates of in vitro
cultured Perkinsus marinus pooled across oyster populations. N = 126

perisolate (22 ME + 48 NJ + 20 VA + 36 TX)

(Fig. 4). Most oysters that died during the experiment
possessed body burdens below levels considered
lethal in natural populations: 10° cells g”! wet tissue
weight (Choi et al. 1989, Bushek et al. 1994b; Fig. 5)
Numbers of P marinus particles in oysters declined
from the initial number administered, during the first
2 mo post-inoculation. Shortly thereafter, body bur-
dens increased and some exceeded the initial dose of
P marinus. Two-way ANOVA, comparing mean logg
weight-standardized body burdens, indicated no inter-
action, no effect of race, and no effect of isolate in dead
oysters (Table 2).

Prevalence and body burden of surviving oysters

On Day 80, the subsample of NJ oysters indicated
infections were accumulating at different rates among
the isolates. Based on this information and the increas-
ing infection levels observed in dead oysters, the ex-
periment was terminated on Day 94 post-inoculation.

Prevalence of Perkinsus marinus ranged from 33
to 100% among oyster populations within each tank

100 (10° cell g°! wet tissue weight; see Choi et al.
1989, Bushek et al. 1994b). Two-way ANOVA
indicated no interaction between oyster popula-
tion and parasite isolate, but both main effects
were significant (Table 4, Fig. 6).

Log,y(P. marinus/g)

0 20 40 60 80 100
DAY

Fig. 5. Weight-standardized body burdens of oysters after in-
oculation with in vitro cultured Perkinsus marinus. Arrow on
the y-axis indicates the inoculation dose of P marinus. () Oys-
ters that died during the experiment; (&) oysters sacrificed on
Day 80; and (Q) oysters sacrificed at the end of the experiment.
Note that prior to 2 mo, body burdens tended to decline over
time, and that dead oysters with body burdens exceeding the
level of the inoculum did not occur until after the first 2 mo
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Table 2. Mean log,s weight-standardized body burdens of oysters
that died prior to experiments’ end, for each population x isolate
combination. Abbreviations of parasite 1solates and oyster popula-
tions are given in Table 1 and Fig. 2. Results of a 2-way ANOVA
are shown at the bottom of the table. Due to the lack of mortality in
the LMTX-TX replicates, only a partial interaction could be calcu-

lated (see 'Materials and methods’). nm = no mortality

Parasite Replicate
isolate ME NJ
DBNJ 1 3.2 4.8
2 2.0 5.4
MBVA 1 3.5 5.0
2 1.9 3.2
BBLA 1 6.8 0.0
2 0.0 2.3
LMTX 1 3.6 3.9
2 3.4 4.7
2-way ANOVA:
Source df MS
Population 3 0.095
Isolate 3 0.672
Population x Isolate 8 0.326
Error 13 0.523

Oyster population

VA TX
nm 2.3
1.0 0.8
4.4 6.8
3.9 1.3
2.1 3.3
2.7 0.4
nm nm
1.6 nm
Fratio p-value
0.182 >1.00
1.285 >0.10
0.623 >0.75

Rank order of mean infection In-
tensity among offspring populations
(columns, Table 4) was roughly inverse
to the rank order of infection intensity
found among parental oysters (see
Table 1). That is, ME and NJ offspring
were the most heavily infected, fol-
lowed by VA, then TX. Bonferroni mul-
tiple comparison of these data (Table 4)
indicated that TX oysters were signifi-
cantly less infected than ME and NJ
oysters, but not VA oysters. Infection in-
tensity in VA oysters was statistically in-
distinguishable from the other oyster
populations. A planned comparison of
selected versus unselected oysters was
significant (Table 4), corroborating the
data on disease prevalence (Table 3).

Mean weight-standardized body
burden of oysters inoculated with dif-
ferent isolates of Perkinsus marinus
are also summarized in Table 4 (rows).
Even before statistical analysis, it was
clear that MBVA was more infective
than the other isolates. In contrast to
the prevalence data in Table 3, Bon-
ferroni multiple comparison indicated
that MBVA was significantly different
from the other isolates which were sta-
tistically indistinguishable. The aver-
age magnitude of MBVA infections,
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however, was largely influenced by MBVA repli-
cate 1 Infection intensities in this replicate were
considerably higher than in all other tanks. Rea-
sons for this difference are unknown. Analysis
of the data without this tank, using an ANOVA
model for unbalanced designs, still indicated no
interaction and a significant effect of oyster popu-
lation (p = 0.001), but the effect of parasite isolate
diminished (p = 0.075) and Bonferroni multiple
comparison no longer distinguished among any
isolates. In spite of that, the contrast between
Atlantic and Gulf isolates remained significant,
with (p = 0.002) or without (p = 0.013) the inclusion
of MBVA replicate 1.

DISCUSSION

These data indicate that oyster populations pos-
sess different abilities to inhibit infection and pro-
liferation of Perkinsus marinus, and that isolates
of P marinus possess different levels of infectivity.
Body burden, the primary metric used in this

Table 3. Prevalence of Perkinsus marinus infections in oysters surviving until the
experiment was terminated. Values in parentheses represent numbers of oysters
that survived. Abbreviations of oyster populations and parasite isolates are
givenin Table 1 and Fig. 2. Subscripts next to oyster population and parasite iso-
late abbreviations represent results of Bonferroni multiple comparisons across
oyster populations or parasite isolates; those with the same letter were not
significantly different at o = 0.05, a > b. Selected: oysters naturally exposed to
P marinus epizootics for several generations; Unselected: oysters never (or only

recently) exposed to P marinus

Parasite  Repli- QOyster population Total
isolate cate ME, NJ, VA.b TXy
DBNJ, ; 1 807 (10) 889 (18) 60% (10) 50% (14) 72%

2 1007 (8) 819, (21) 56" (9) 629 (13)
MBVA, 1 1009 (10) 10094 (15) 86Y (7) 889 (17) 86"

2 88% (9]  86% (22) 75% (8)  65% (17}

Atlantic = 799,

BBLA, 1 807 (10) 719 (14) 100' (8) 53% (15) 71%

2 807, {10) 839, (23) 67" (9)  33% (15)
LMTX,, 1 50% (8)  71% (14) 70% (10) 44% (18)  59%

2 6074 (10) 867, (22) 5049 (8) 4490 (18)

Gulf =65,
Total 80 84"  70% 57
Unselected Selected
83 % 61 %

2-way ANOVA:
Source df MS Fratio p-value
Population 3 0.199 5.628 0.008
[solate 3 0.170 4.796 0.014
Population x Isolate 9 0.043 1.210 0.354
Error 16 0.035
Planned contrasts:
Selected vs Unselected (oysters) 1 0.448 12.647 0.003
Atlantic vs Gult (parasites) 1 0.275 7.610 0.013
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Table 4. Mean log;, weight-standardized body burdens, of
surviving oysters, for each race x isolate combination. Abbre-
viations of oyster populations and parasite isolates are given
in Table 1 and Fig. 2. Subscripts next to oyster population and
parastite isolate abbreviations represent results of Bonferroni
multiple comparisons across oyster populations or parasite
isolates; those with the same letter were not significantly dif-
ferent at o = 0.05, a » b. Selected and Unselected as in Table 3

Meaﬂ

Parasite  Repli- Oyster population
isolate cate ME, NJ, VA,, TX,

Atlantic:

DBNJ, 1 2.7 2.2 1.7 0.4 1.50
2 1.8 1.4 0.8 1.0

MBVA, 1 4.2 5.0 3.0 2.0 2.51
2 2.0 2.0 1.2 0.7

Gulf:

BBLA, 1 0.9 1.6 1.7 0.4 1.01
2 1.0 1.1 0.9 0.4

LMTX, 1 1.1 1.2 1.6 0.3 0.99
2 1.1 1.4 0.8 0.4

Means 1.85 1.99 146 071

Unselected Selected

2-way ANOVA:

Source df MS Fratio p-value

Population 3 0497 6.193 0005

Isolate 3 0.523 6.514 0.004

Population x Isolate 9 0.030 0.374 0.931

Error 16 0.080

Planned contrasts:
Selected vs Unselected (oysters) 1 0.925 11.515 0.004
Atlantic vs Gulf (parasites) 1 1.123 13.984 0.002

_

study, does not necessarily equate directly to mortality
in natural populations; however, numerous studies
have demonstrated that mortality follows intensifica-
tion of infections (see Andrews 1988 and references
therein) and histological studies have clearly demon-
strated that it is massive proliferation of P marinus that
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Fig. 6. Observed interaction between geographically distinct

isolates of Perkinsus marinus and genetically distinct popula-

tions of Crassostrea virginica. Each line represents a different

oyster population. Oyster population and parasite isolate
abbreviations as in Fig. 2

ultimately kills the host (Mackin 1951). Hence, we
interpret these data to indicate differences in host
resistance and parasite virulence. With this interpreta-
tion, the results contribute 3 important pieces of infor-
mation that provide insight into the ecological, genetic
and evolutionary interactions between P marinus and
Crassostrea virginica.

Populations of Crassostrea virginica which have
been naturally exposed to Perkinsus marinus for more
than 40 yr have become more resistant than unexposed
populations. A genetic basis for these differences in
resistance can be inferred because offspring from each
population were reared in a common environment
and exposed to equivalent doses of P marinus under
identical conditions. This supports previous studies
which implicated the existence of resistant populations
but were equivocal for various reasons, for example,
the absence of technology needed to control for envi-
ronmental effects, requlate P marinus dosage, or
accurately quantify infection intensities (Ray 1954,
Andrews & Hewatt 1957, Mackin & Sparks 1962,
Valiulis 1973, Bushek et al. 1994b).

Geographically distinct isolates of Perkinsus marinus
exhibited different levels of virulence when exposed
to oysters under identical conditions. Mackin (1962)
acknowledged that races differing in virulence may
exist, but lacking any evidence he assumed that differ-
ences in virulence were environmentally mediated.
The advent of in vitro culture methods for P marinus
(Gauthier & Vasta 1993, Kleinshuster & Swink 1993,
La Peyre et al. 1993) enabled us to compare virulence
among isolates under controlled laboratory conditions.
Although we lack information to indicate genetic dif-
ferences among the isolates, 'transfection’ of a common
stock of ME oysters and subsequent acclimation of the
isolates to in vitro culture should have minimized any
environmentally mediated differences among the
isolates such as differences in local salinity regimes,
nutritive value of oysters, etc. Thus, we suspect that the
differences observed have a genetic basis. Molecular
studies will likely identify genetic differences among
these Isolates, definitively identifying them as distinct
races. We have deposited the isolates with the Ameri-
can Tissue Culture Collection as described above and
they may be obtained for this purpose or for other
future research. It has been suggested that the MBVA
isolate was more vigorous and therefore more virulent
than the other isolates because the culture media used
in this study was developed with P marinus from the
same region (anonymous reviewer pers. comm.). This
does not alter interpretation of the data, rather it
provides another measure for differences among the
isolates and a potential proximate mechanism that
explains differences in virulence which are most likely
founded in genetic differences.
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The overall interaction was general, not race-
specific. There were no statistically significant inter-
actions between oyster population and parasite isolate
for any metric examined (Tables 2 to 4). Lack of an
interaction suggests that the relative infection levels
among oyster populations were more or less constant
across isolates as depicted in Fig. 1D. Fig. 6 shows
the actual interaction tested in Table 4. In contrast to
Fig. 1D, some lines cross the ME population as a result.
Nonetheless, they all follow a similar pattern indicat-
ing a general response to the various isolates rather
than a race-specific response.

Host-parasite dynamics

The pathogenic response between oyster host-
Perkinsus marinus parasite is undoubtedly determined
by a number of factors, including exposure rate, elimi-
nation rate, and parasite proliferation rate. We ob-
served body burdens decline in oysters that died dur-
ing the first 2 mo of the experiment. The cause of
mortality during this period is unclear since infection
intensities were well below those observed during epi-
zootics in natural populations (Choi et al. 1989). Only
after 2 mo did some oysters begin to die with infections
exceeding the initial dose. By Day 94, infection inten-
sities in surviving oysters were highly variable, some
lower and some higher than the initial inoculum. Evi-
dently, many oysters had eliminated a large proportion
of the inoculum, especially TX oysters. Atlantic isolates
of P marinus were apparently more difficult to elimi-
nate than the Gulf isolates.

Elimination of Perkinsus marinus by the oysters is
the likely cause of initial reductions in parasite load.
Diapedesis of oyster phagocytes laden with P marinus
was proposed by Mackin (1951) and he provided histo-
logical evidence of this defense mechanism. Bushek et
al. {1994a) followed the fate of Neutral Red labeled, in
vitro cultured P marinus used to inoculate oysters.
About 10% of the cells injected into the shell cavity
were recovered from feces, pseudofeces and water
collected over a 4 d period. An additional 1.4 % of the
inoculum was recovered from total body burden assays
on Day 4. Transmission electron micrographs of hemo-
cytes that had phagocytized injected cells appeared to
indicate that parasites could be digested, suggesting
that the bulk of the remaining parasites may have been
destroyed within the oyster. These data support the
supposition that oysters in the present study actively
eliminated P. marinus faster than the parasite was
proliferating, at least during the first 2 mo post-
inoculation. In nature, chronic exposure to high levels
of P marinus up to several million P marinus cells d~!
(Dungan & Roberson 1993, Li et al. 1994) probably

drives epizootics. Overwhelming doses of P marinus
undoubtedly shift the proliferation-elimination equi-
librium in favor of the parasite.

Refugia and fluctuating environmental conditions
probably play a prominent role in the maintenance of
this host-parasite association. Fluctuating environ-
mental conditions determine the prevalence and inten-
sity of parasitism, while refugia, such as the low
salinity areas in the upper reaches of an estuary, per-
mit a portion of the host population to survive extreme
epizootics. The situation is akin to predator-prey inter-
actions. During epizootics, parasites rapidly proliferate
and decimate the oyster population. With fewer hosts
to attack, the abundance of parasites declines and the
epizootic wanes. Those oysters that survived in refugia
rebuild the population and the cycle repeats itself
when conditions return that favor parasite prolifera-
tion. Along the Gulf coast, Crassostrea virginica and
Perkinsus marinus appear to have a stable coexis-
tence. It has been postulated that Gulf oysters are able
to outgrow P. marinus (Saunders et al. 1993). Gulf
oysters rapidly reach sexual maturity (Hopkins 1954)
and are able to reproduce several times before parasite
infections become lethal. Cooler temperatures in
Delaware and Chesapeake Bays slow growth and
delay sexual maturation. Coexistence of C. virginica
and P marinus in these areas is probably unstable
because oyster growth is slower, sexual maturity
occurs later in life, and spawning is less frequent com-
pared to the fast growing Gulf populations. Conse-
quently, as fisheries statistics have shown, Chesapeake
and Delaware Bay oyster populations are decreasing

Evolution of resistant oyster races

The extensive mortality caused by Perkinsus marinus
represents a strong selective force on natural oyster
populations. Intuitively, resistance to P marinus should
evolve rapidly and our results demonstrate that some
populations have become more resistant than others.
Yet, even resistant populations are still plagued by P,
marinus induced mortality. Ray (1954, pers. comm.;
cited in Ford & Tripp 1996) hypothesized several mech-
anisms that may explain this observation. First, many
oysters can reproduce before they succumb to P mari-
nus infections, allowing susceptible individuals to con-
tribute to succeeding generations and effectively slow
the development of resistant populations. Alternatively,
but with the same outcome, selection pressure for early
reproduction in P marinus afflicted oyster populations
may be stronger than that for resistance. Life history
theory states that earlier reproduction should evolve
when mortality acts on adults (Charlesworth 1980). For
example, in an elegant study by Reznick et al. (1990},
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removal of adult guppies by predators in natural popu-
lations reduced the age of maturation and increased
fecundity. Likewise, since P. marinus infections are
progressive and tend to kill mainly larger oysters, early
reproduction is probably favored. These effects are
compounded by the commercial fishery which selec-
tively removes the larger, presumably more resistant
oysters. In the Gulf of Mexico, oysters can become
reproductive within 1 mo (Hopkins 1954), and even
northern populations have the genetic capacity for
early reproduction. Finally, prevalence and intensity of
P. marinus is dependent upon freshwater inflow (Ray
1987). Higher flushing rates in the upper reaches of es-
tuaries probably dilute planktonic levels of P marinus
(Mackin 1962), creating a refuge for the oyster. Low
salinity and cool temperature, a combination common
during spring, apparently enhances the oyster's ability
to eliminate infections (Ragone & Burreson 1993).
These synergistic environmental conditions elevate the
safety of the refuge. Assuming there is a cost to main-
taining resistance (Keymer & Read 1991), susceptible
oysters may be selectively favored in these refugia and,
therefore, maintained in the population.

Evolution of virulent Perkinsus races

Our view of the evolutionary status of virulence in
Perkinsus marinus is consonant with current models of
host-parasite interactions. These models state that
parasite virulence may evolve towards certain stable
end points which tend to maximize the basic reproduc-
tive rate (Rp) of the parasite (Toft & Karter 1990). Where
exactly Ry is maximized depends upon the constrain-
ing relations between virulence and transmissibility
(Nowak & May 1994). Interestingly, Nowak & May
(1994) showed that the secondary infection of a host
by a more virulent parasite strain (so-called super-
infections} can be destabilizing by increasing the aver-
age level of virulence above the optimum for the para-
site population. Higher rates of superinfection lead to
higher levels of virulence.

Long-term continual declines in host populations
may lead to increases in virulence via superinfection.
Oyster populations have been declining in the mid-
Atlantic region for more than 100 yr (Rothschild et
al. 1994). As uninfected oysters become rare, the fre-
quency of superinfection must increase, assuming par-
asite abundance remains high. Subsequent increases
in virulence probably enable the parasite to exploit
resistant oysters, and possibly other species. In con-
trast, Gulf oysters appear to exist in a dynamic equi-
librium with Perkinsus marinus. Early reproduction
of Gulf oysters combined with extended reproductive
periods probably help to maintain an abundance of

uninfected oysters year round, keeping the frequency
of superinfection relatively low. Our results do not
demonstrate the evolution of increased virulence
per se, but do show that Atlantic isolates are more
virulent than Gulf isolates. Superinfection may be one
mechanism responsible for this difference.

Differences in virulence may also be related to
temperature optima for parasite proliferation. Under
in vitro laboratory conditions, Perkinsus marinus pro-
liferation rate increases rapidly with temperature to a
maximum of 35°C (Dungan & Hamilton 1995). Below
20°C, rates of proliferation rapidly decline with tem-
perature. The mid-Atlantic region experiences shorter
periods of warmer temperatures (>25°C) than the Gulf
coast. As a result, selection may favor higher rates of
proliferation at cooler temperatures in the mid-Atlantic.
At 27°C, Atlantic isolates of P. marinus produced
heavier infections than Gulf isolates. Had we com-
pared virulence at a higher temperature, differences
among isolates may have been absent, or results may
have been reversed. Further experiments using a vari-
ety of temperature regimes are needed to address this
question. The ability of Gulf coast oysters to ‘outgrow’
P marinus (Saunders et al. 1993) may be related to dif-
ferences in proliferation rates between Atlantic and
Gulf isolates, as well as the inherently faster growth of
Gulf oysters.

Practical implications: a role for selective breeding

The eastern oyster is both an important ecological
and economic resource. Our results have direct impli-
cations for its management. In particular, demonstra-
tion of genetic variation for resistance to Perkinsus
marinus among populations of Crassostrea virginica
indicates that selective breeding may be a viable
strategy. The absence of a race-specific interaction
simplifies breeding protocols, because a universally
resistant stock may be developed in one location and
used to combat any strain of P marinus. Had resistance
been race-specific, breeders would need to develop
resistant stocks for each virulent race of the parasite.
Of course, resistance should be developed for the most
virulent race in order to be most effective. Previous
attempts to produce P. marinus resistant oysters were
plagued by MSX disease caused by Haplosporidium
nelsoni, but researchers at Rutgers University have
recently made some progress using MSX resistant
oyster lines as a starting point— P. marinus selected
lines were less infected than unselected lines (S. K.
Allen Jr unpubl. data). Continued success should pro-
duce a line resistant to both P marinus and H. nelsoni.

Selective breeding is, however, only applicable to
captive populations. Even though disease pressure in
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wild populations has been high, natural selection has
not perceptively reduced the abundance of susceptible
oysters nor produced a population that is highly resis-
tant to this parasite. Therefore, it is not likely that
resistance will be maintained once artificially resistant
stocks are released into wild populations. The exis-
tence of parasite races that vary in virulence places
additional emphasis on the need to restrict movement
of oysters between natural bodies of water. Manage-
ment strategies should be directed towards reducing
the spread of virulent races as well as preventing the
introduction of Perkinsus marinus into uninfested
areas. Strategies which relay oysters (move oysters
within or among estuaries to avoid disease or repopu-
late unproductive and over harvested areas) may be
working against themselves by spreading virulent
races. Other vectors for transporting virulent races
may include packing house effluent and shell stocking
programs.
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