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Environmental Factors: Response to Metals
G. ROESIJADI

INTRODUCTION

Human activities are considered to be majorfac
tors that influence the geochemical cycle of metals
(Salomons and Forstner 1984). The total annual tox
icityof allanthropogenically-mobilized metals (based
on dilution to drinking water standards) is reported
to exceed that of other classes of compounds such as
radioactive or organic wastes (Nriagu and Pacyna
1988). Aquatic environments, both marine and fresh
water, are affected by thisanthropogenic mobilization
of metals.

The ability of marine bivalves to concentrate
metals in soft tissues to high concentrations is well-
known. Increased concernoveranthropogenic conta
mination of the marine environment by metals and
the possibility of human exposure throughconsump
tion of shellfish has stimulated interest in under

standing the bioaccumulation of metals by bivalves
and the ecological implications of such bioaccumula
tion. The concentrations of metals in bivalve tissues,
the potential detrimental effects of metals on the
health of exposed organisms and their consumers,
and the biological and physical-chemical factors that
control related processes have been topics of wide
concern.

Many metals are natural constituents of the envi
ronment and are essential to cellular function. Marine

animals normally accumulate metals from a seawater
environment that is extremely low in metal con
centrations. Concentrations of metals in the tissues of

marine animals are normally four to five orders of

magnitude higher than those in surrounding seawater
(usually tens of nanograms per literor lower in seawa
ter compared to milligrams per kilogram and greater
in tissues [Simkiss et al. 1982]). In oysters, as in nu
merous other marine animals, the enhanced bioaccu
mulation that results in environments subjected to
anthropogenic contamination is superimposed on
this natural ability to concentrate metals. Processes
that control bioaccumulation and intracellular distri

bution are responsible for the observed concentra
tions of metals in tissues. These processes include
chemical events that result in the presence of bioavail-
able metal species and biological processes that con
trol metal metabolism.

It is well established that metal concentrations in

oyster tissues are highly variable and influenced by
natural and anthropogenically-induced changes in
environmental conditions. Ranges of concentrations
of selected metals in the eastern oyster, Crassostrea
virginica, are shown in Table 1. These reflect low
metal concentrations in oysters in relatively unconta-
minated environments, as well as elevated concentra
tions in oysters from contaminated environments.
Seasonal variability would be expected to affect oys
ters in both contaminated and uncontaminated envi

ronments.

Monitoring efforts, such as the National Status
and Trends Program of the U.S. National Oceanic
and Atmospheric Administration (Lauenstein et al.
1990), have provided information on metal concen
trations in C. virginica from various habitats. This
chapter focuses on our understanding of factors that
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516 The Eastern Oyster

Table 1. Range ofmetal concentrations (ug gdry weight-1
tissue) in Crassostrea virginica from the Adantic coast of
North America (summarized fromNOAA 1987).

Element Range

Antimony 0.07 to 4

Arsenic 3.17 to 42.67

Cadmium 0.39 to 13

Chromium 0.12 to 4.9

Copper 14.7 to 1603

Mercury 0.01 to 0.48

Nickel 0.55 to 12.57

Selenium 0.93 to 5.67

Silver 0.3 to 7

Tin 0.02 to 0.58

Zinc 300 to 13000

influence variability in metal bioaccumulation, turn
over of metals, metal toxicity, and cellular mecha
nisms of metal sequestration in the eastern oyster.
Sections are also included on the effects of organotin
on oysters (a special case in which oysters are recog
nized target organisms) and the public health impli
cations of metal bioaccumulation in oysters. Studies
on otherbivalve molluscs, particularly species of oys
ters other than C. virginica, are included where ap
propriate. Acomprehensive review of responses ofbi
valve molluscs to metals in the environment, which
includes much of the early work on C. virginica, was
published previously (Cunningham 1979). Addi
tionally, relatively recent reviews on metal bioaccu
mulation (Luoma 1983; Rosejadi and Robinson
1993) and the mechanisms of metal toxicity (Viaren-
go 1989) in aquatic organisms are available.

VARIABILITY IN METAL

BIOACCUMULATION AND

IMPLICATIONS FOR

BIOMONITORING

In reviewing the early literature on metal con
centrations in C. virginica, Galtsoff(1964) noted re

lationships between concentrations in oyster tissues
and the degree of industrialization near oyster habi
tats. Notably, concentrations of certain metals such as
copper, lead, and iron were higher in areas ofgreater
human activities. The influence of season and geo
graphical location on thevariability ofmetal concen
trations in oyster tissues was recognized as well. Nu
merous studies have now shown that the concentra

tions ofmetals in C. virginica exhibit considerable in
dividual and seasonal variability (Engel 1988). The
range of concentrations (Table 1) can be quite large
for some metals and reflects both natural variability
and anthropogenic contamination.

Factors that can contribute to variability in oys
ter metal concentrations are of environmental and

biological origin. Seasonal cycles in metal concentra
tions in oysters are governed by local environmental
conditions that determine availability of metals and
food supplies and bybiological processes, such as re
production, which influence endogenous cycles (Fra-
zier 1975). Superimposed on these factors would be
the individual variability associated with genetic vari
ation and nonsynchronous physiological and bio
chemical processes.

The geochemistry of the surrounding environ
ment and chemical speciation of metals in the exter
nal medium are recognized as major environmental
factors thatdetermine local bioavailability and are re
sponsible for the amount and chemical form of met
als in the environment. For many metals, the ionic
form is regarded as the form that is available for up
take bymarine organisms, although uptake of organ
ic complexes can occur (e.g., George and Coombs
1977). Salinity and the presence of organic substan
ces such as humic and fulvic acids (Morel and Her-
ing 1993) are recognized as majorenvironmental fac
tors that affect metal speciation in coastal waters.
Thus, in marine environments with different or fluc

tuating conditions of salinity, organic matter, or sus
pended particulate matter, the bioavailability of met
als may vary considerably and result in considerable
variability in tissue metal concentrations in resident
organisms.

In the case of cadmium, for example, the ionic
species, which is the bioavailable form, is complexed
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by chloride ions and rendered unavailable for uptake
(Sunda et al. 1978). Thus, cadmium bioaccumulation
is expected to decrease as salinity increases. Accord
ingly, a decrease in cadmium bioaccumulation is cor
related with an increase in the p[Cd2+l, the negative
logarithm of the molar concentration of cadmium
ions (Fig. 1). For both cadmium (Phelps et al. 1985)
and silver(Sanderset al. 1991), bioaccumulation is in
versely correlated with salinity in natural oyster popu
lations. In contrast, the presence of organic rather
than inorganic complexes has been found to be most
important in controlling bioavailability of copper to

p[Cd'

Figure 1. Relationship between cadmium bioaccumula
tion by Crassostrea virginica and either (A) salinity or (B)
p[Cd2+]. Bioaccumulation is reduced as both salinity and
p[Cd2+] increase. Higher p[Cd2+] indicates lower concen
trations of the free cadmium ion.There is a linear log-log
relationship between accumulated Cd and p[Cd2+]. Oys
ters were exposed to 1000 ug Cd L"1 for 7 d. Redrawn
withdatafrom Engel et al. (1981).

oysters (Zamuda and Sunda 1982; Zamuda et al.
1985). This finding is consistent with the general
body of information regarding bioavailability of cop
per in marine environments. Most of the naturally-
occurring copper in marine and estuarine waters is
considered to be unavailable as a result of binding to
dissolved and particulate organic substances. With sil
ver, binding to suspended particulate matter and in
corporation into phytoplankton reduces bioavailabili
ty in comparison with the dissolved forms of the met
al (Abbe and Sanders 1990). Temperature has also
been shown to influence the rate of accumulation of

available forms of metals in oysters (Zaroogian and
Cheer 1976; Hung 1982).

The reproductive cycle of the oyster, which is
characterized by seasonal changes in nutrient reserves
and release of gametes (see Thompson et al., Chapter
9), also contributes to the variability in metal content
in oysters (Engel 1988). In somecases, the variability
is not the result of net movement of metals into or

from organisms, but simply reflects changes in bio-
mass associated with use or storage of nutrient re
serves and amount of gametes. Thesechanges in bio-
mass can alter metal concentrations by diluting or
concentrating the poolof metals contained in the tis
sues. Suchchanges can confoundassessment of metal
bioaccumulation because changes (or lack of chan
ges) in metal concentrations may not accurately re
flect the dynamics of metal loss or gain in individuals
(Fig. 2). In this example, tissue cadmium concentra
tions in cadmium-exposed C virginica transferred
and held unfed in clean seawater were not gready al
tered, suggesting minimal release of cadmium after
cessation of exposure. However, cadmium content
calculated on a mass-per-individual basis rather than
as concentration indicated a net loss of 56% of the

accumulated cadmium. This apparent discrepancy
was explained by a decrease in tissue mass that ac
companied the loss of cadmium after oysters were
starved in cadmium-free seawater. In a similar vein,
natural populations of the Pacific oyster, Crassostrea
gigas, exhibited seasonal variability in the concentra
tions of cadmium, cobalt, copper, iron, lead, nickel,
and zinc, which was mainly attributable to fluctua
tions in the mass of tissues rather than the mass of
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the metals in the tissues (Boyden and Phillips 1981).
The exception was manganese which was less affect
ed by fluctuations in tissue mass.

Differences incapabilities for accumulating met
als can also arise in different populations of C vir
ginica. For example, two separate oyster populations
in Chesapeake Bay can be differentiated on the basis
oftheir growth (i.e., one stunted, one not) and large
differences in their abilities to accumulate copper
and zinc (Phelps and Hetzel 1987). The actual basis
for the latter difference has yet to be determined, al-
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Figure 2. Cadmium content expressed as either (A) mass
individual"1 or concentration and (B) the dry weight of
cadmium-exposed Crassostrea virginica after transfer to
clean seawater. Both mass of cadmium and oyster dry
weight decline over time. As a result, the cadmium con
centration does not exhibit any discernable change after
thetransfer. Oysters were exposed to 14.6 to 15.4 ugCd
L'1 for 40 weeks before transfer to clean seawater. Re
drawn withdata from Zaroogian (1979).

though genetic variability in metal-metabolizing ca
pabilities was suggested as a possibility. Oysters col
lected from Chesapeake Bay (Maryland waters) and
Beaufort, North Carolina, have also been shown to
differ in their abilities to bioaccumulate copper un
der similar experimental conditions (Engel 1988),
theMaryland oysters exhibiting a greater capacity for
bioaccumulation.

This variability in metal content can serve to
confound attempts to use oysters to monitor envi
ronmental metal contamination. If the monitoring
period is of relatively short duration, contamination
of oysters attributable to elevated concentrations of
metals in theenvironment may beobscured bylong-
term variability. This is illustrated by data on zinc
from two studies that examined the response of C
virginica transplanted to a Chesapeake Bay tributary
(Fig. 3). In one (Frazier 1975), cultivated oysters
were transplanted to an uncontaminated reference
site in September 1971 and monitored through May
1973. During that period, zinc concentrations in
oyster tissues exhibited seasonal variability, ranging
from about 2,000 to 5,000 ug g dry weight-1 (Fig.
3). Relatively low and stable periods between Octo
ber and June were interrupted by increases that
peaked at about August. In a second study (Frazier
1976), the timing of which coincided with the sec
ond year of the one described above (Frazier 1975),
oysters acclimatized to conditions at the same refer
ence site were transplanted to a metal-contaminated
site in September 1972 (Fig. 3). Oysters were also
maintained at the reference site as a control. The ef

fect of transplant to the contaminated sitewas an in
crease in the zinc concentration to about 5,000 jig
g-1, in comparison with a mean ofabout2,000 ugg-1
foroysters at the reference site. However, the variabil
ityand high values for oysters at the reference site in
the first studyobscures the biological significance of
the observed elevation in the second (Frazier 1975).

Considerable year-to-year variability in seasonal
changes was also observed with cadmium in oysters
maintained at the same reference siteover a four-year
period (Frazier 1979). Cadmiumconcentrations dur
ing the four years fluctuated from 2.5 to 17ugg-1, a
seven-fold range. Peak cadmium concentrations dur-
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ing two of those years exceeded values attained by
oysters transferred! to the contaminated site in the
transplant study above (Frazier 1976). Although con
tamination by metjals can probably account for the
difference in the metal content of the oysters at the
contaminated siteand its reference group, the biolog
ical significance of] the elevated bioaccumulation at
thecontaminated siteisambiguous in lightof fluctu
ations over thelonger term in oysters at the reference
site (Frazier 1975). These examples emphasize the
importance of considering the implications of long-
term variability in tissue metal concentrations when
interpreting the results ofshort-term studies. The sig
nificance of observed changes attributable to anthro
pogenic contamination exists in the context of the
overall naturalvariability.

Several approaches have beenused in monitoring
protocols in dealing with the problem of variability
in metal content. Among these arethe use of individ
uals of similar size;! coordination of sampling accord
ingto season; use of transplant protocols rather than
analysis of indigenous individuals; and use of inbred,
cultured strains in transplant protocols in orderto re
ducegenetic variability between samples. Preliminary
estimations of sample sizes required to show statisti
cally-significant differences for desired levels of prob
ability have facilitated later analysis of data (Boyden

and Phillips 1981; Wright et. al. 1985). However,
theapparent changes or differences in concentrations
of metals that mayhave beenthe result of differences
in oyster reproductive condition rather than metal
contenthave yet to be adequately addressed. Analysis
of specific tissues such as gills, which are considered
to be less influenced by seasonal changes in biomass
(Lytton et al. 1985), may aid in reducing variability
in metal concentrations. Normalization of the metal

content to a conservative marker of oyster size that is
directly related to cell number, such as DNA con
tent, rather than to weight should also be considered
as an alternative method of expressing metal con
centration.

Huggett et al. (1973) proposed that ratios among
accumulated metalswould be relatively constant un
der "natural" conditions, and that departures from
constancy could be interpreted as the influence of
"non-natural" or anthropogenic metal inputs and,
therefore, could be useful in environmental monitor
ing. The requisite assumptions were that (1) natural
weathering of rocks is the contributor of metals in
non-industrialized areas, (2) the ratios of these metals
to each otherarerelatively constant within a drainage
basin, and (3) oysters accumulate a constant percent
age of each element available to them. Through such
analysis, Huggett et. al. (1973) designated several lo-
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Figure 3. Zinc concentrations in Crassostrea virginica transplanted to two sites in the Rhode River, a tributary of theChesa
peake Bay: a reference site considered to be minimally affected byhumanactivities and a contaminated site in the vicinity
of a boat manufacturing company and a marina. Redrawn from data derived from the results of twostudies (Frazier 1975,
1976).
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cations in Chesapeake Bay as sites of copper- and
zinc-contamination. Abbe and Sanders (1986) ap
plied this method indemonstrating thatelevations in
copper in oysters transplanted to a site near a power
plant were due to accumulation of copper that was
discharged from the plant, anobservation reinforced by
analysis of copper in the surrounding water (Wright
and Zamuda 1991). Although shown to beuseful un
derspecific circumstances, this approach has notbeen
widely adopted. Its general applicability is weakened
by the third assumption, which requires that, under
normal conditions, organisms will reflect the same
relative geochemical composition as seen in the envi
ronment.

Aconsensus on the best approaches for using the
metal content of oysters to monitor environmental
metal-contamination has yet to emerge, although the
use of oysters as sentinel organisms is a common ac
tivity. There is a need for identifying sources of vari
ability prior to instituting monitoring programs with
oysters (Engel 1988). An understanding of the un
derlying basis for variability in metal concentrations
in oyster tissues and incorporation of derived con
cepts into the interpretation of data will contribute
to improving our ability to separate "signal from
noise" and to interpret the signal in the context of
long-term variations.

METAL TURNOVER IN

EASTERN OYSTERS

Information on turnover of metals is central to
understanding seasonal cycles in metal content and
the toxicokinetics of metals. Additionally, the impor
tance of oysters as a human food resource requires
that concentrations of metals in commercial popula
tions are within acceptable levels for consumption.
An understanding of the dynamics and mechanisms
that underlie metal release is also necessary for evalu
ating the feasibility of relaying contaminated oysters
for depuration of metals, as is currently done for
cleansing of microorganisms.

The changes in oyster metal content, whetherin
creases or decreases, are best viewed as the result ofcon
tinuous processes that are defined physiologically as
the outcome of the instantaneous processes of influx

(uptake rate) and efflux (release rate). The direction
of the netflux (influx-efflux) determines whether sub
stances are bioaccumulated or lost as a function of

the relative magnitudes of the unidirectional fluxes.
Most studies have described changes in metal con
centration or mass, which reflect changes in netflux.
Influx and efflux have rarely been measured directly
in studies on trace metals.

Relatively large changes in the magnitude and
direction of netflux of metals in oysters in the natural
environment can be inferred from the reported pat
terns of metal bioaccumulation as a function of time.

For example, over the course of a single year, the
amount of cadmium in C. virginica (mass Cd indi
vidual-1) in a relatively clean environment increased
about 7-fold, then dropped to a level 0.4 times that
of the maximum (Frazier 1975). Copper, iron, man
ganese, and zinc in C. virginica (Frazier 1975, 1979)
andcadmium, cobalt, copper, iron, lead, manganese,
nickel, and zinc in C. gigas (Boyden and Phillips
1981) also exhibited seasonal fluctuations, although
of lesser relative magnitude.

Greig and Wenzloff (1978) reported little or no
decline in theconcentrations ofsilver, cadmium, cop
per, and zincin C virginica transferred from a metal-
contaminated environment in Connecticut to a re

portedly clean environment in North Carolina. Za-
roogian (1979) also observed no decline in cadmium
in laboratory-exposed oysters transferred to unconta-
minated seawater when the cadmium content was

expressed as concentration, although a decline had
actually occurred in the cadmium body burden (ex
pressed as mass Cd individual-1) (Fig. 2). The bio
logical half-life for cadmium estimated from the lat
ter study is about 110 d, based on loss of cadmium
mass. Van Dolah et al. (1987) reported that the rate
of cadmium loss is at least biphasic, with an overall
half-life ofabout 200 d, which is in the same order of

magnitude. The rateof cadmiumloss was also shown
to be accelerated by increases in salinity, dissolved,
organic compounds in the seawater, and temperature
(Van Dolah et al. 1987). Cadmiumin gills of C. vir
ginica, with a half-life of about 35 d (Roesijadi and
Klerks 1989), appears to be turningover more rapid
ly than in the whole animal, suggesting that the gill
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cadmium is translocating to compartments within
the organism thatturn over more slowly

The half-life of inorganic mercury in mercury-ex
posed oysters transferred to uncontaminated water is
9 to 35 d, depending on temperature (Cunningham
and Tripp 1975a). At an exposure of 10 ug Hg L-1,
the decline occurs |over the first 18 d after transfer,
with little change thereafter (Cunningham andTripp
1975a). Accumulation of inorganic mercury by C.
virginica was reported as biphasic, with an initially-ex
ponential accumulation phase lasting about 40 h fol
lowed by a linear accumulation phase (Mason et al.
1976). In this study, mercury was released during the
exponential phase with a half-life of0.2 to 1.2 d at ex
posure concentrations ranging from 10 to 100 ug L-1.
During the linear phase of accumulation that oc
curred afterward, mercury uptake was described as ir
reversible because no release was detected during this
period. Thus, the general patterns of mercury turn
over described in these two studies are similar, al
though the actual values are not in agreement. With
regard to the inorganic and organic forms of the mer
cury, different patterns ofchange occur in specific tis
sues when mercury-exposed C virginica is transferred
to clean seawater (Cunningham and Tripp, 1975b).
This occurrence is indicative of differential loss and

redistribution of the two forms. Loss ofnickel after an

experimental exposure was reported to occur with a
half-life of about 200 d (Zaroogian and Johnson
1984).

Although of interest for their mechanistic con
siderations, discrepancies in experimental proce
dures, particularly in the bioaccumulation phases
thatprecede themeasurement of loss, can complicate
comparisons ofstudies such as those described above.
Bioaccumulation of cadmium over sustained periods
of time, which probably occurred in the field study
of Greig and Wenzloff(1978), can result in the for
mation of stable cadmium-ligand pools that require
extremely long times for loss to be observed. Con
versely, short-term laboratory exposure may result in
the presence of metals in relatively labile pools that
are more rapidly lost when the individual is trans
ferred to a clean environment. As seen above with
mercury (Cunningham and Tripp 1975a; Mason et
al. 1976), differences in experimental procedures can

also result in quantitative discrepancies, although gen
eral patterns of change are preserved. The methods
for expression of metal content in terms of mass or
concentration can also influence conclusions. Given

such qualifications, the general summary is that ac
cumulatedmetals decline at relatively slowrates in C.
virginica. Slow turnover, coupled with continued up
take, contributes to the high levels of metals that
have beenreported for oysters.

CELLULAR MECHANISMS OF

METAL SEQUESTRATION

Mechanisms involved with the cellular sequestra
tion of metals serve as the basis for the ability of or
ganisms to accumulate metals and can also confer
protection against metal toxicity. These mechanisms
include deposition in granules associated with granu
lar hemocytesand binding bymetal-binding proteins
such as metallothionein, which are two of the most
extensively studied processes associated with metal
sequestration in molluscs.

Granular Deposits

Early investigators reported theexistence of"green"
oysters whose color was due to high concentrations of
accumulated copper (see citations inGaltsoff 1964 and
Bryan et al. 1987). Consumption ofgreen individuals
of the European flat oyster, Ostrea edulis, is believed to
be related to an outbreak of human poisoning in
France in the mid-1800s (described in Bryan et al.
1987). These oysters were collected in industrialized
areas where environmental concentrations of copper
were extremely high due to past mining activities. A
similar example of green specimens of copper-rich C.
virginica has been observed in a copper-contaminated
environment, i.e., in the vicinity of effluent discharges
from a power plant using copper-nickel heat exchang
ers (Roosenburg 1969).

Although copper-laden oysters may have been
harmful to human consumers, the oysters themselves
are apparendy tolerant of high concentrations in tis
sues with little ill effect (Shuster and Pringle 1969).
Concentrations of copper exceeding 3,000 ug g dry
weight-1 have been reported in O. edulis without caus-
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ing apparent toxicity to the oyster. Cellular mecha
nisms for metal detoxification would be expected to
be responsible for this tolerance.

It was recognized several decades ago that oysters
possess specialized cells, the granular hemocytes, that
serve to concentrate copper and zinc (see citations in
Bryan et al. 1987). They occur normally and, in cop
per-exposed individuals, the sequestration of large
amounts ofcopper by these cells is responsible for the
characteristic coloration of the "green" oysters. Metal
concentrations as high as 13,000 ug Cu g-1 and
25,000 ug Zn g dry weight-1 have been observed in
granular hemocytes of "green" O. edulis from an estu
ary in southwest England that was the site of past
mining activities (George et al. 1978). The metals in
these cells are typically sequestered in membrane-
bound granular structures resembling lysosomes.
Three types ofmetal-sequestering granular hemocytes
are reported to occur in O. edulis (Pine et al. 1984)
(Fig. 4, 5): (1) copper-sequestering, (2) zinc-seques
tering, and (3) mixed copper- and zinc-sequestering.
Only the last type has been observed in other oyster
species to date (Pine et al. 1984).

Granular hemocytes can sequester over 90% of
the total body burden of copper and zinc in C. gigas
(Thomson et al. 1985). They naturally infiltrate the
interstitial space between the cells of solid tissues, and
tissues that are rich in these cells exhibit greater capa
bility for concentrating metals than those that are not
(Ruddell and Rains 1975; Lytton et al. 1985). Esti
mates for mantle tissues of C. virginica showed that the
granular hemocytes represent about 2 to 8% of total
cell numbers (calculated from Ruddell and Rains
1975). In C. gigas, the copper and zinc concentrations
in different tissues correlate well with the abundance

of granular hemocytes, with concentrations in gills >
digestive glands > gonads (Lytton et al. 1985). In this
species, a high density of granular hemocytes is ob
served in tissues whose mass is not substantially af
fected by changes in reproductive and nutritional
state (i.e., gills, mantle, and digestive gland). A low
density is observed in tissues that are affected to a
high degree by such changes, i.e., gonads and glyco
gen stores (Lytton et al.1985). Results for O. edulis
(Pirie et al. 1984) are consistent with these findings.
The individual variability observed in whole-oyster

metal concentration is correlated with fluctuations in

the mass of tissues that harbor low populations of
these cells. These fluctuations either dilute or amplify
the contribution of granular hemocytes to the whole-
oyster metal concentration.

Iron and calcium have also been detected in gran
ular hemocytes, although at much lower concentra
tions than either copper or zinc (Thomson et al.
1985). Cadmium was not detected in the granular
hemocytes of gills of cadmium-exposed O. edulis, al
though a considerable amount was accumulated in
thewhole gill (George et al. 1983). In contrast, in C.
gigas, cadmium was shown to accumulate in granular
hemocytes in the gills and otherorgans (Martoja and
Martin 1985). This difference in cadmium secuestra-
tion between the two species has yet to be explained.
It may represent interspecific differences in the intra
cellular distribution of cadmium, a factor that has
been noted for these two species (Frazier and George,
1983). However, because the studies of George et al.
(1983) and Martoja and Martin (1985) also differed
in sample preparation and analytical procedures, it is
possible that methodological differences are responsi
ble for thediscrepancy.

The general phenomenon of metal sequestration
in membrane-bound vesicles has been ascribed a role

in metal detoxification (Coombs and George 1979).
For copper and zinc, sequestration of metals in the
granular hemocytes is a normally-occurring process
that results in the accumulation of considerable

amounts of these metals by the whole oyster. Thus,
exposure to elevated copper or zinc results in an en
hanced metal content in structures already involved
in the routine metabolism of metals.

Granular hemocytes are best understood for their
central role in cellular defense mechanisms. Thus,
the natural occurrence ofhigh concentrations afcop
per and zinc in these cells led to early speculation
that these metals may play a role in the inflammatory
response (Ruddell 1971a), possibly as anti-metabo
lites against pathogens (Ruddell and Rains 1975).
These cells migrate to areas of tissue damage and ex
trude a greenish, copper-rich substance with appar
ent bactericidal action at sites of wound repair in C.
gigas (Ruddell 1971a). Zinc is also released from the
granules of these cells as the latterswell in response to



Figure 4. Electron micrographs ofhemocytes in gills ofthree oyster species. Ostrea edulis: (A) zinc-specific cell; (B) cop
per-specific cell; (C) copper/zinc mixed cell; and (D) structural detail of granule contents in mixed cell. Crassostrea gigas:
(E) structural detail ofgranule contents in mixed cell. 0. puelchana: (F) copper/zinc mixed cell. C. gigas: (G) copper/zinc
mixed cell. From Pirie et al. (1984).
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physical or chemical trauma (Ruddell 1971b). On
the basis of these observations, Pirie et al. (1984) also
proposed a defensive role for the mixed copper- and
zinc-rich granular hemocytes in O. edulis, C. gigas,
and the mud oyster, O. puelchana1, although direct
evidence was not presented. Unfortunately, apart

1 Note that the taxonomic status ofaustral ostreid species is
controversial. These authors orginally identified this
species as O. angasi, but the editorshave renamed it here
after the convention ofCarriker and Gafrhey (Chapter 1).
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from the studies mentioned above, there appear to be
no other reports on this aspect ofamoebocyte func
tion. It is possible that the ability of oysters to accu
mulate such high concentrations of metals in the
granular hemocytes is related to normal functions as
sociated with proteaion against pathogens and dis
ease. Further research is obviously needed to clarify
and expand on the observations made in the early
studies ofRuddell and coworkers.

The localization of copper andzinc in the mem
brane-bound granules of the granular hemocytes is
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Figure 5. X-ray spectra ofhemocytes in gills of three oyster species: (A) Ostrea edulis, zinc-specific cell; (B) O. edulis, cop
per-specific cell; (C) O. edulis, copper/zinc mixed cell; (D) O. edulis, single granule mixed cell; (E) O. puelchana, cop
per/zinc mixed cell; (F) Crassostrea gigas, copper/zinc mixed cell. From Pirie etal. (1984).
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consistent with the results of early biochemical stud
ies on the distribution of zinc in oyster tissues (both
C. virginica and 0. edulis). Relatively large amounts
of zinc (about 40% of the total cellularzinc) are asso
ciated with a heavy pelleted fraction that sediments
at 7,500 to 9,000 g min"1 (Wolfe 1970; Coombs
1974) and would include the dense granules of the
hemocytes. Most of the balance of zinc was associat
ed with low molecular mass compounds, reportedly
taurine, lysine, ATP, and homarine (Coombs 1974).
Themetabolic significance of this zinc, which is con
sidered to greatly exceed the requirements ofzinc-de
pendent enzymes, has yet to bedetermined.

Metallothioneins and Other

Metal-binding Proteins

Metallothioneins represent a class of low molecu
lar mass, metal-binding polypeptides that are widely
distributed in organisms as diverse as prokaryotes,
protists, fungi, plants, and animals. These molecules
are regarded as central in themetabolism anddetoxi
fication of certain metals, notably copper, zinc, cad
mium, and mercury (see Hamer 1986and Kagi and
Kojima 1987 for recent reviews on metallothionein
biochemistry). The biochemical characteristics for
Class I metallothionein (see Fowler et al. 1987 for
nomenclature), which are based on proteins isolated
from mammals, include (1) molecular mass of 6,000
to 7,000 daltons, (2) high cysteine content (ca. 30%
of total residues) and absence of aromatic amino
acids, (3) the ability to be induced bymetal-exposure
and to bind large amounts of the metals, and (4) a
unique primary structure based on the locations of
the numerous cysteines, which are responsible for the
high metal-affinity. Of special note from the ecologi
cal perspective is that induction of metallothionein
by metal exposure is associated with increased toler
ance to metal toxicity (e.g., Roesijadi et al. 1987) and
adaptation to metal-contaminated habitats (Klerks
and Weis 1986). Induction of metallothionein also
has implications for the trophic transfer of metals.
The increased cellular capacity for sequestering metals
conferred by metallothionein induction and the asso
ciated tolerance to metal toxicity mayenable exposed
individuals to survive and pass on higher amounts of

metals to consumers. Many invertebrate species have
been shown to possess proteins that resemble metal
lothionein in some properties: low molecular mass,
high amounts of bound metal, and induction by
metal exposure. However, few of these proteins have
been purified and characterized to theextent thathas
permitted their classification as me-tallothionein.
Thus, progress in understanding structure-function
relationships in invertebrate species has occurred
slowly.

Crassostrea virginica was thefirst invertebrate spe
cies for which a cadmium-binding protein withsome
properties similar to metallothionein was reported
(Casterline and Yip 1975). Subsequent workon this
species has extended the initial observations to in
clude physiological observations and more detailed
characterization of metallothionein (e.g., Engel and
Fowler 1979; Frazier 1979; Ridlington and Fowler
1979; Engel and Brouwer 1982; Fowler et al. 1986;
Roesijadi and Klerks 1989; Roesijadi et al. 1989,
1991) and metallothionein cDNA (Unger et al.
1991).

Two metal-binding proteins thatcanbeclassified
as Class I metallothionein have been purified and
characterized for C. virginica from Chesapeake Bay
(Table 2).Theyexist mainly ascadmium-, zinc-bind
ing proteins and are identical in amino acid se
quence. They differ from each otheronly in thatone
is N-acetylated and the other is not (Roesijadi et al.
1991; Unger et al. 1991). Molecular masses are 7,187
and 7,229 daltons for the non-acetylated and acety-
lated forms, respectively (Unger et al. 1991). A com
parison of the amino acid sequence with metalloth
ioneins from otherspecies, apart from othermolluscs
(Dallinger et al. 1993, Mackay et al. 1993), indicated
that those from the oyster are most similar to metal
lothioneins from vertebrates rather than to those for

other invertebrates reported to date (e.g., sea urchin,
brachyuran crabs, nematode [Roesijadi et al. 1989;
Unger et al. 1991]).

Crassostrea virginica from theNorthCarolina coast
(e.g., Engel and Brouwer 1982; Fowler et al. 1986)
has been reported to possess metal-binding proteins
that occur as two molecular mass variants, one similar
to that above for oysters from Chesapeake Bay in
molecular mass (i.e., about 10,000 daltons from
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Table 2. Deduced amino sequence for oyster metallothionein derived from sequencing clones of PCR-amplified cDNA
and primer extension reaction offmRNA (Unger et al. 1991). In the mature protein, the N-terminal methionine residue is
not present and serine is the N-terminal amino acid residue (Roesijadi et al. 1989, 1991). The mature protein occurs in N-
acetylated and non-acetylated forms (Roesijadi et al. 1991). The positions of the cysteines, which are considered to be
characteristic ofmetallothionein, are shown in bold type.

10 20

Met Ser Asp Pro Cys Asn Cys He Glu Thr Gly Thr Cys Ala Cys Ser Asp Ser Cys Pro Ala Thr Gly Cys Lys

30 40 50
Cys Gly Pro Gly Cys Lys Cys Gly Asp Asp Cys Lys Cys Ala Gly Cys Lys Val Lys Cys Ser Cys Thr Ser Glu

60 70

Gly Gly Cys Lys Cys Gly Glu Lys Cys Thr Gly Pro Ala Thr Cys Lys Cys Gly Ser Gly Cys Ser Cys Lys Lys

Sephadex G-75 gel chromatography) and another of
twice the mass (i.e., about 20,000 daltons), possibly
in dimer conformation (Fig. 6). Although the identity
of the 10,000 dalton peak most likely is the metal
lothionein already characterized for this oyster (Roesi
jadi et al. 1989, 1991; Unger et al. 1991), the 20,000
protein(s) has yetto be analyzed in detail. Cadmium-
binding proteins of similar masses also occur in the
blue mussel, Mytilus edulis. In this case, amino acid
sequencing has verified their identity as metalloth
ioneins (Mackay et al. 1993), the 20,000 MW vari
ants existing as dimers with subunits of roughly
10,000 daltons. The basis for the discrepancy in the
two groups of oysters has not been determined, al
though procedural variations among investigators
seem an unlikely explanation because similar proce
dures have been used in the various studies (in some
cases, the same investigators have observed the two
variants). According to Engel (1988), Cape Hatteras
is the demarcation that divides C. virginica into
northern populations that possess the 10,000 dalton
forms and southern populations that possess both
10,000 and 20,000 dalton forms. An intriguing ques
tion on the biochemical diversity of metallothioneins
in different populations of C. virginica, thus, remains
to befurther investigated.

The gill ofcadmium-exposed oysters is an impor
tantorgan for theuptake and sequestration ofcadmi

um (George et al. 1983; Roesijadi and Klerks 1989).
In C. virginica, metallothioneins have been further
studied in this organ and have been found to be the
main cadmium-binding molecules in the cytosol of
gill cells (Roesijadi and Klerks 1989). Non-thionein-
bound cadmium is mainly associated with particulate
structures, most likely with granular hemocytes. Nor
mally, about half of thegill cadmium is bound in the
particulate fraction ofgill tissues (Roesijadi and Klerks
1989). The balance is in the cytosol, with about half
the cytosolic content bound to metallothioneins.
Basal metallothionein synthesis is low and favors syn
thesis ofthe N-acetylated form ofthe protein over its
non-acetylated counterpart (Roesijadi et al. 1991).
The basal concentrations of the two proteins are also
very low, with the N-acetylated protein being the
dominant form. These observations contrast with ear
lier work that reported no such basal levels of metal-
lothionein-bound cadmium in C virginica (Siewicki
et al. 1983b). Procedural differences may account for
the lack ofdetection in the latter study.

Experimental induction of gill metallothioneins
in C. virginica occurs within 1 to 4 d after initiation of
exposure to 50 pg CdL-1 at 16 to 20°C (Roesijadi
andKlerks 1989; Roesijadi et al. 1991). Induction re
sults in increased rates of cadmium-binding to these
proteins and reduced rates of cadmium-binding to
other soluble proteins in thecytosolic fraction and to
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the particulate structures in the pelleted fraction (Fig.
7). As a result, thelatter structures accumulate cadmi
um at a reduced rate (Roesijadi and Klerks 1989).
Formation of the acetylated form of metallothionein
predominates immediately after induction, although
after 7 d both theacetylated andnon-acetylated forms
are synthesized atsimilar rates (Roesijadi et al. 1991).
Half-lives for turnover of the two forms of metallo
thionein are about 4 d in the absence of elevated cad
mium concentrations in the external medium and 10
to20d in its presence (Roesijadi et al. 1991).

In natural environments contaminated by met
als, the concentrations of metals, although elevated,
are still very low in comparison with exposure con
centrations normally used to elicit responses in the
laboratory. Analysis ofmetallothioneins in gills of C.
virginica from the lower Patuxent River (Maryland),
a population that is elevated in cadmium (MDE
1990), indicated that the acetylated form is predom
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inant (Roesijadi, unpub. data). This observation is
consistent with ourfindings that basal and near-basal
synthesis favors the acetylated form (Roesijadi et al.
1991).

The work conducted thus far with C. virginica
suggests that this species may be unique among oys
ters in displaying a significant role for metalloth
ionein in intracellular cadmium-binding. Studies on
C gigas and O. edulis indicate a lesser role for metal
lothionein in such binding, with greater involvement
by small molecules whose size is < 3,000 daltons
(Howard and Nickless 1977; Frazier and George
1983). Additional research will be required to resolve
this question ofinterspecific variability in the use of
metallothionein in metalsequestration.

The coordinated function of the granular hemo
cytes and metallothioneins has yet to be studied in
detail. Cadmium-induced metallothionein is report
ed to occur in hemocytes of the blue mussel (Steinert

10 20 30 40 50

Chromatographic fraction number

60

Figure 6. Sephadex G-75 gel chromatogram of cytosol of Crassostrea virginica exposed to cadmium in the laboratory. Two
variants, designated MT20 and MT10, are evident and correspond to molecular masses of about 20,000 and 10,000 dal
tons, respectively. Unpublished data from D.W. Engel, NMFS Laboratory, Beaufort, N.C., pers. comm.
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and Pickwell 1988). In C. gigas, the presence ofcad
mium-binding proteins in hemocytes of cadmium-
exposed oysters was inferred from the co-occurrence
ofcadmium and sulfhydryl groups in cells examined
in histological sections (Martoja and Martin 1985).

Apart from metallothionein, few other metal-
binding proteins have been identified in oysters.
Webb et al. (1985) described the iron-binding pro
tein ferritin in the tropical rock oyster, Saccostrea cu-
cullata. In other bivalves, high molecular mass pro
teins (>70,000 daltons) are involved in binding met
als in cell-free hemolymph (Carpene and George
1981; Robinson and Ryan 1988). These circulating
proteins have been proposed as a possible transport
form for metals in the hemolymph and are analogous
toalbumins in the blood ofhigher animals.
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Figure 7. Cadmium-binding rates for metallothionein
(MT), the pelleted fraction, and high molecular mass cy
tosolic proteins (HMM, <70,000 daltons) ofgills ofCras
sostrea virginica during continuous exposure to 50 ug Cd
L"1. Induction of metallothionein and increased cadmi
um-binding rates for metallothionein after 1 d are associ
ated with reduced binding rates of cadmium to theother
structures. Mean ±1 standard error. Redrawn with data
from Roesijadi etal. (1989) using a factor of5Xfor con
version ofthe cadmium-binding rate in the cytosolic frac
tions, which were originally normalized towet weight.

TOXIC EFFECTS OF METALS ON
OYSTERS

The toxicity ofmetals is based, to a large degree,
on coordination chemistry and its influence on the
binding of metals to intracellular ligands. Metals
with greater covalent characteristics will have higher
affinity for O, N, and Sligands that are prevalent in
biological macromolecules (Niebohr and Richardson
1980). Ifnot intercepted by mechanisms for seques
tration and detoxification, metal ions are free to in
teract and bind tosensitive cellular sites. Inappropri
ate binding ofmetals to structures such as enzymes
and membranes, followed by subsequent disruption
of vital processes, has been considered to be one of
the major mechanisms for producing toxicity (Mah
ler 1961).

Some metals are also capable ofstimulating pro
duction of free radicals that can undergo peroxida
tion reactions and result in the destabilization of
membranes (Viarengo 1989). For example, copper
can destabilize the lysosomal membrane of the mus
sel, M. edulis, with a resultant decrease in the latency
oflysosomal enzyme activities (Harrison and Berger
1982). Because these types of effects by metals are
considered to be widespread in animal systems, simi
lar responses can probably be expected in oysters un
derappropriate conditions.

Adult oysters are relatively tolerant of metals that
have been accumulated by tissues as noted above in
the discussions of bioaccumulation and the cellular
disposition ofmetals. Moreover, our understanding of
the toxicity ofmetals to oysters is mainly derived from
the results oflaboratory experiments, which typically
have used very high exposure concentrations to elicit
responses in comparison with concentrations that ex
ist in the natural environment. Of the metals cadmi
um, chromium, copper, and zinc, only cadmium at
100 and 200 pg L-1 caused significant mortalities in
C virginica during 20 weeks of exposure, although
considerable accumulation of all the metals had oc
curred (Shuster and Pringle 1969). General emacia
tion oftissues and inhibition ofshell growth were also
observed in the cadmium-exposed oysters. Consistent
with emaciation, condition index was reduced in oys
ters exposed to 200 pg Cd L"1 for 2 weeks (Roesijadi
and Klerks 1989). Cadmium at 100 pg L_1 did not af-
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feet gill respiration rates and morphology, but did ele
vate respiration rates at 600 pg L-1 (Engel and Fowler
1979). Copper at50 pg L"1, the lowest exposure con
centration of this study, significandy increased respira
tion and disrupted gill ultrastructure (Engel and
Fowler 1979). At 100 pgCu L"1, thewater content of
gill tissues was also significantly elevated over those of
unexposed individuals.

Elevated concentrations (normalized to dry
weight) of cadmium, copper, and zinc in tissues of
oysters transplanted to a metal-contaminated sitewas
accompanied by a reduction in shell thickness (Fra
zier 1976). The manganese concentration of the shell
was also greatly reduced in this study, although it is
not known whether this is related to processes that
result in impairment of shell growth. The reduction
in shell thickness was attributed to the effect of cad

mium, although direct evidence was lacking. De
creased shell growth has been observed in oysters ex
posed to cadmium, but not copper, zinc, or chromi
um (Shuster and Pringle 1969). Cadmium is also
known to inhibit enzymes involved in shell forma
tion (e.g., carbonic anhydrase) and can also compete
with calcium in calcium transport pathways (Hinkle
etal. 1987).

There is also some indication that metal exposure
mayhaveadverse effects on the cellular defense mech
anisms of oysters (see Cheng, Chapter 8). George et
al. (1983) reported that cadmium exposure at 100 pg
Cd L-1 results in a reduction in the numbers ofcop
per-zinc-bearing granular hemocytes of O. edulis.
These cells are similar to those proposed to have de
fensive properties in C. gigas (Ruddell 1971a, b) and
are likely related to cells that have been characterized
as having the most bactericidal and phagocytic activi
ty in C. virginica (Cheng et al. 1975; Cheng and
Garrabrant 1977). Exposure of intact C virginica to
high cadmium concentrations (1,000 pg L"1) results
in cadmium-inhibition of phagocytosis by individual
granular hemocytes Cheng (1988a, b). However, ex
posure of isolated hemocytes in vitro to high concen
trations of various metals, including cadmium, at
1,000 and 5,000 pg L_1 either stimulated or had no
effects on phagocytosis (Cheng and Sullivan 1984).
Thus, exposure of isolated cells in vitro did not elicit
the same response as that of cells sampled from ex

posed individuals. Taken together with the results of
George et al. (1983), it appears that cadmium expo
sure of oysters can adversely affect the function of
granular hemocytes. With copper, exposure at 1,000
pg L-1 decreased the relative numbers ofphagocytos-
ing cells, but increased the number of bacterial cells
phagocytosed per granulocyte, which was theopposite
of that seen with cadmium. It should be noted for

these studies that exposure concentrations of1,000 pg
Cd orCu L_1 are extremely high. In the case ofcadmi
um, it is at least five times that which results in overt

toxic effects in adult C. virginica (Shuster and Pring
le 1969) andover four orders ofmagnitude above nat
ural background concentrations in marine waters
(Bruland 1983). Additionally, the normal function of
granular hemocytes in sequestering large amounts of
metals, particularly copper and zinc, needs to be con
sidered when assessing the toxic effects ofmetal expo
sure to these cells.

The early developmental stages of bivalve mol
luscs are most sensitive to metal toxicity. These stages
undergo rapid cellular differentiation and, thus, are
highly susceptible to perturbations associated with in
appropriate metal-binding. Reports that metals such
as mercury, cadmium, and copper are capable of in
hibiting RNA-polymerase (Novello and Stirpe 1969;
Hidalgo et al. 1976), an enzyme that is central to
gene expression, are consistent with the enhanced
sensitivity ofearly life stages that are undergoing rapid
cellular differentiation. Metal toxicity in embryos and
larvae of C. virginica is ranked as mercury > silver >
copper > nickel (Calabrese et al. 1973, 1977). Em
bryos are slightly more sensitive than larvae. When
copper toxicity in adult C. gigas (Okazaki 1976) is
compared with that of larvae, the larvae are much
more sensitive (12 d LC50 oflarvae =33 pg CuL-1; 4
d LC50 ofadults =560 pg CuL-1). Synergistic effects
ofcopper, mercury, and zinc on embryonic develop
ment are also observed in C. virginica (Maclnnes
1981). With copper, both salinity and temperature
influence toxicity, with low salinity (i.e., 17.5 ppt)
and low and high temperature (i.e., 20° and 30° C)
being particularly detrimental (Maclnnes and Cal
abrese 1979).

Unsuccessful settlement of spat was reported
when high concentrations of copper were present in
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the "aufwuchs" (or organic/bacterial film) of oyster
shells on which spat normally attach (Phelps and Mi-
hursky 1986).

Exposure of adult C. virginica to 15 pg Cd L-1
for 37 weeks results in the production of abnormal
larvae as offspring (Zaroogian and Morrison 1981).
The cause for such abnormalities may be related to
toxic effects on gonadal development in adults, which
carry over to effects on cellular differentiation in lar
vae. The effects on early developmental stages may be
related to complications arising from metal-induced
changes in energy metabolism of developing gametes.
Respiration rate in oocytes is low compared with the
respiration rate in embryos, and serves to conserve
nutrient reserves prior to fertilization (Akberali et al.
1984). This rate may be stimulated by metal expo
sure. Cadmium, for example, is considered to be a
potent uncoupler of oxidative phosphorylation (Ja
cobs et al. 1956). With copper, stimulation of respira
tion rates in unfertilized eggs has been attributed to
an uncoupling of oxidative phosphorylation in M.
edulis (Akberali et al. 1984). Metal-induced uncou
pling of oxidative phosphorylation in eggs prior to
spawning may result in the release of nutrient-deplet
ed,energetically-inferior eggs. If carried over into em
bryonic development, nutrient reserves, already re
duced at the egg stage, may not be sufficient to sup
port theATP production needed foranabolic process
esduringembryogenesis.

TRIBUTYLTIN AND OYSTERS:

AN ONGOING CASE HISTORY

Unlike most contaminant compounds for which
toxicity has generally been extremely difficult to
demonstrate insitu, organotin compounds, principal
ly tributyltin, from anti-fouling paints have proved
the exception. Organotins are compounds in which
the tin atom iscovalently bonded to organic moieties.
In this regard, they are similar to organomercurial and
organolead compounds and exhibit a behavior based
on lipophilic characteristics. This behavior distin
guishes them from inorganic metals whose behavior is
governed by stability constants and affinities for
charged ligands. Having been formulated to kill or
ganisms that settle on the surfaces of submerged

structures, tributyltin-based paints are extremely ef
fective foruse asanti-fouling agents. Concern over us
ing them had arisen because their distribution could
not be restricted to the structures to be protectedand
because leaching from painted surfaces resulted in ex
posures to non-target organisms. Comprehensive
treatment of this subject is summarized in the pro
ceedings of several symposia (MTS 1986, 1987; Mee
and Fowler 1991;see also Capuzzo, Chapter 15).

The proximity of many oyster populations to ar
eas of heavy organotin use inadvertently targeted
them for toxic effects. In France, severe reductions in

C. gigas abundances, which adversely affected a com
mercial fishery, were attributed to the effects of trib
utyltin that had leached from the painted hulls of
nearby boats. Concentrations that adversely affect
early life-history stages of oysters are very low and
within the range of values detected in contaminated
environments. Forty-eight-hour LC50 values for trib
utyltin for oyster embryos and larvae, including those
of C. virginica, range from 0.4 to 4 pg L-1 (Thain
1986; Rexrode 1987). Tributyltin concentrations as
low as 0.02 pg L"1 retard growth of O. edulis spat.
Such effects are believed to have been responsible for
the reduced recruitment of oysters into tributyltin-af-
fected areas in France (Alzieu 1986).

Exposure of adult C. gigas and O. edulis to trib
utyltin results in deformed shell growth characterized
byabnormal thickening of shells and a phenomenon
referred to as chambering (Alzieu 1986), in which
spaces filled with a gelatinous protein (Krampitz et
al. 1983) are formed within the shell. In C. gigas,
shell-thickening can become so severe as to cause
oysters to grow into a ball-shaped structure, a re
sponse considered to be diagnostic of tributyltin ex
posure. Based on chambering as a criterion of toxici
ty, reports of tributyltin toxicity on C. gigas popula
tions have been reported from areas as far-reaching as
France, England, and the Pacific coast of the United
States.

Effects of tributyltin on sexual differentiation
have also been observed in O. edulis (Bryan et al.
1987). Populations exposed to tributyltin tend to fa
vor a predominance of male individuals suggesting
possible effects on hormonal mechanisms reminis
centof the imposex, or appearance of male character-
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istics in females, observed in certain gastropods ex
posed to tributyltin (Bryan et al. 1987).

Although data on the effects of tributyltin on C
virginica are limited, it appears that this species is
more tolerant thah either C. gigas or O. edulis. The
48h LC50 of 4 pg L-1 for larvae of C. virginica
(Roberts et al. 1987) is higher than the range of 0.4
to 1.9 pgL-1 reported for larvae of C. gigas (Rexrode
1987). The value of 2 pgL-1 required to inhibit spat
growth in C. virginica (Thain 1986) is also consider
ably higher than the range of 0.02 to 0.2 pg L-1 re
portedfor C. gigas and O. edulis (Rexrode 1987). For
adult C. virginica, the only reported effect of trib
utyltin has been mortality at 1.1 pg L-1 at 4 weeks of
exposure (Roberts et al. 1987). No effects were ob
served on fertilization of gametes spawned from ex
posed adults or on sexual differentiation in C. vir
ginica, in contrast to what has been observed in O.
edulis.

The symptoms of tributyltin toxicity to oyster
populations are reversible, and oysters moved to un-
contaminated areas are able to resume normal shell

growth. In France, previously-affected areas have seen
recoveries in populations of C. gigas after institution
ofa partial ban on the use of organotin-based paints
(Alzieu 1986, 1991). Similar bans in the United
Kingdom (Abel et al. 1987) and the United States
(Anonymous 1988) should benefit the health of resi
dent oyster populations. Environmental monitoring
of butyltin and tributyltin residues in the tissues of C.
virginica in the Gulf of Mexico indicates a reduction
in the environmental loading of these substances be
tween 1989 and 1990 (Wade et al. 1991), after limi
tations in their use in antifouling paints had been in
stituted in the United States.

PUBLIC HEALTH IMPLICATIONS

OF METAL BIOACCUMULATION

IN OYSTERS

The potential for human poisoning from inges
tion ofmetal-contaminated shellfish served as the ba

sis forearly studies on metal bioaccumulation in oys
ters (e.g., Shuster and Pringle 1969; Zaroogian and
Cheer 1976). In a]few instances, occurrences of such

poisoning have beenattributed to metal-contaminat
ed oysters (cited in Lytton et al. 1985; Bryan et al.
1987). However, few studies have directly addressed
this topic by examining the effects of consuming
metal-contaminated oysters in higheranimals.

Hardy et al. (1984) constructed an experimental
food chain linking phytoplankton, C virginica, and a
strain of laboratory mouse, Mus musculus, in order to
determine the efficiency of trophic transfer of cadmi
um and to estimate potential harm to a mammalian
consumer. Eastern oysters exposed for 13 d in a med
ium that contained a total of10.4 pg CdL-1 (70% in
phytoplankton; 30% dissolved in seawater) accumu
lated 8.2 pg Cd g dry weight-1. When cadmium-
laden oysters were incorporated into a mouse diet,
only 0.83% of the cadmium in the oyster tissues was
retained by mice. Although the transfer efficiency of
cadmium from oysters to miceis low, enhancedreten
tion of hepatic and renal cadmium occurs in mice fed
diets containing cadmium-contaminated oysters (Sul
livan et al. 1984; Siewicki et al. 1987) in comparison
with other forms of cadmium-amended diets (Siewic
kiet al. 1987). Thus,cadmium in C. virginica appears
to be present in a form that ismore easily assimilated
by mice. A similar phenomenon has also been ob
served with the distribution of cadmium when mice

are fed cadmium-contaminated C. gigas, hard clam,
Mercenaria mercenaria, and soft-shell clam, Mya are-
naria (Siewicki et al. 1987). By extrapolating the
mouse data to humans, it was estimated that a non
smoking individual would have to consume 11,071
oysters over a 40 year period(i.e., 5 oysters a week) to
increase the cadmium content of the kidneys, a
known target of cadmium toxicity, by 5% (Hardy et
al. 1984). Cadmium concentrations that would result
in renal tubular damage would require an increase in
the kidney cadmium of about 400%. It was conclud
edthatonly an extremely high rate ofconsumption of
contaminated oysters would beexpected to constitute
a public health concern (Hardyet al. 1984).

In a related study (Siewicki et al. 1983a), mice
were fed a diet containing 1.8 pgCd g dryweight-1 of
which 20% was cadmium-contaminated oyster tissue.
Theoyster tissue component ofthediet was 9 pgCdg
dry weight-1 (normalized to the mass ofthe oyster tis
sue component of the diet). After 28 d, mice on this
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diet exhibited reduced hematocrit and hemoglobin
levels that are symptomatic of altered iron metabolism
(Siewicki et al. 1983a). These latter changes can bere
lated to the disruption of pathways for heme biosyn
thesis and degradation and the anemia normally asso
ciated withcadmium toxicity in mammals. Again, cad
mium associated with oyster tissue was more toxic to
mice than equivalent amounts of cadmium salts spiked
direcdy into the basal diet. Concentrations of cadmi
umin C. virginica thatapproach or exceed the9 pgCd
gdry weight-1 in eastern oysters used by Siewicki etal.
(1983b) have been reported in oyster tissue samples in
various locations (Shuster and Pringle 1969; Frazier
1975; NOAA 1987; MDE 1990). These locations in
clude Copano Bay, Texas; Delaware Bay, Delaware;
and Chesapeake Bay, Maryland. Concentrations of
cadmium in oysters from a tributary of Chesapeake
Bay exceeded 30 pg Cd g dry weight-1 (calculated
from MDE [19901 using a factor of 5x forconversion
ofthecadmium concentration originally normalized to
wetweight). Lauenstein et al. (1990) have shown that
thecadmium contentof oysters from some locales may
have undergone declines, although sites with contami
nated oysters were still observed.

When the data on cadmium residues in oyster
populations are considered together with the results
from Siewicki et al. (1983b) described above, the pos
sibility exists that cadmium concentrations in some
oyster populations may represent ahuman health con
cern to heavy consumers of cadmium-contaminated
oysters over time-scales shorter than the 40 years esti
mated by Hardy et al. (1984). At the present time,
however, the evidence consists of a limited number
ofstudies and the responses of mice continuously fed
a diet containing a high proportion of cadmium-
contaminated oyster tissues. The health-related issue
of consumption of metal-contaminated shellfish by
humans remains a topic of continuing concern (Ah
med, 1991; Fowler, 1991).

SUMMARY

There is nowa considerable bodyof literature on
metals in oysters. Our general understanding of met
al bioavailability and bioaccumulation has benefited

from studies on these organisms. Some of the cellular
mechanisms for metal regulation in oysters have been
identified, although studies to date on this topic are
at an early stage and have largely been descriptive. In
view of the central role that structures such asgranu
lar hemocytes and metallothionein appear to play in
the sequestration of metals, continued study of these
structures and their contribution to the regulation of
metals at the cellular and organismal levels should
provide a better understanding of the biological basis
for metal accumulation, turnover, and variability. It
appears also that the chemical form of some metals
(e.g., cadmium) in oyster tissues may have unique
properties with respect to tissue distribution and ef
fects of metals in mammalian consumers.

The relationship between metal toxicity and the
viability of C. virginica populations is of practical
concern due to the current population declines and
the continued input of anthropogenically-derived
metals to oyster habitats. Oysters in metal-contami
nated habitats are known to possess elevated concen
trations of metals in tissues. However, the contribu
tion of metal contamination to population declines is
currently conjectural and mustbeconsidered togeth
erwithotherfactors suchasfishing pressure, changes
in trophic dynamics, the influence of infections by
pathogenic organisms, and contamination ofdieen
vironment byotheranthropogenically-derived chem
icals. Increased understanding of the regulation of
metals at the cell and whole animal levels, the dual

role of metals as both facilitative and toxic agents in
the function of cellular defense mechanisms, toxico-

logical ramifications of exposures to metals at envi
ronmentally-realistic concentrations, and interactions
with other physico-chemical and biological factors is
needed to better address the question of anthropo
genic metal contamination as a potential limiting
factor to the viability of oyster populations.
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Chapter 15

The Bioaccumulation and Biological Effects of
Lipophilic Organic Contaminants

Judith McDowell Capuzzo

INTRODUCTION

Bivalve molluscs have been used extensively dur
ing thepast two decades as sentinel monitors ofchem
ical contamination (Buder1973;NRC 1980;Parting
ton et al. 1983) and more recendy as organisms in the
monitoring ofbiological effects (Bayne et al. 1988). As
the relationships between concentrations of chemical
contaminants and biological responses in bivalve mol
luscs continue to be explored, the toxic action of spe
cific compounds andgroups ofcompounds have been
elucidated. However, our knowledge of cause and ef
fect relationships among tissue burdens of many cont
aminants and biological consequences in manyspecies
is still incomplete. Lipophilic organic contaminants
such as PAHs (polycyclic aromatic hydrocarbons),
PCBs (polychlorinated biphenyls), andother synthet
ic compounds for which PAHs and PCBs serve in
part as model compounds, are highly resistant to
degradation in the marine environment. Thus, such
compounds or their metabolites may accumulate to
high concentrations in animal tissues and interfere
with normal metabolic processes that affect growth,
development, and reproduction (Capuzzo et al.
1988). The bioavailability, bioconcentration, and tox
ic effects of lipophilic contaminants are related to
their pharmacological and toxicological properties
(Abernathy et al. 1986; Capuzzo 1987; Widdows et
al. 1987; Donkinet al. 1990). The limited capacity of
bivalve molluscs to detoxify organic contaminants

(Livingstone andFarrar 1984; Stegeman 1985) results
in their uptake and accumulation in high concentra
tions.

Biological effects associated with bioconcentra
tion of lipophilic contaminants have been attributed
to theuptake ofspecific compounds or their metabo
lites, rather than the total body burden of hydrocar
bons or chlorinated hydrocarbons (Anderson et al.
1980; Malins and Hodgins 1981; Widdows et al.
1982, 1987; Capuzzo et al. 1984). Biological effects
oforganic contaminants have been observed at all lev
els of biological hierarchy from cellular through com
munity (Mclntyre and Pearce 1980; Capuzzo 1987;
Moore et al. 1989). For bivalve molluscs, exposure to
organic contaminants has resulted in impairment of
physiological mechanisms (Widdows 1985); his-
topathological disorders (Lowe 1988; Moore 1988);
and loss of reproductive potential (Neff and Haensly
1982; Berthou et al. 1987). Empirical data suggest
that linkages exist among (1) histopathological, bio-
energetic, developmental, and reproductive abnor
malities; (2) the physiological and molecular process
es involved in uptake, retention, and loss of contami
nants; and (3) the toxicity or transformation of lipo
philic contaminants (Capuzzo et al. 1988). Numer
ous reviews have examined the biological effects of li
pophilic organic contaminants on aquatic organisms
(e.g., Mclntyre and Pearce 1980; Capuzzo 1987;
Moore et al. 1989). This chapter reviews the data
available on the bioaccumulation and biological ef-
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fects of organic contaminants on the eastern oyster,
Crassostrea virginica. Such information is important
not only in assessing theecological effects ofbioaccu
mulation but also in assessing the public health risks
associated with the consumption of a commercially
valuable resource.

BIOACCUMULATION

General Considerations

Uptake and bioconcentration of organic conta
minants by marine bivalves are dependent on the
bioavailability of specific compounds, the duration
ofexposure, and the physiological condition ofpop
ulations. Species differ in their rate of uptake due to
variations in both biotic and abiotic factors (Stege-
man andTeal 1973; Clark and Finley 1974; Neff et
al. 1976; Vandermeulen and Gordon 1976; Augen-
feld et al. 1980; Boehm et al. 1982; and Farrington
et al. 1982). Variations in filtration rates may influ
ence the volume ofwater exchanged by anorganism,
and thus influence the contact between an organism
and contaminants in both aqueous and particulate
phases. Lipid content of a bivalve mollusc may vary
seasonally, influencing both the total body burden of
contaminants and the distribution to specific tissues.
Finally, habitat differences may result in variations in
particle size, particle reactivity with contaminants,
andpore water availability. Bioavailability and release
of organic contaminants from bivalve molluscs varies
as a function of compound solubility, concentration,
and partitioning between tissues and water as esti
mated by the octanol/water partition coefficients
(KqW) of individual compounds. Differences in con
taminant concentrations among species of bivalves
from different habitats may be the result ofphysico-
chemical differences in the availability of sediment-
bound contaminants.

Bioconcentration patterns of different organic
contaminants are influenced by physico-chemical
properties such as molecular configuration or stearic
properties of specific compounds that influence bio
transformation and membrane transfer kinetics (Shaw
and Connell 1984; Farrington etal. 1986), by biologi
cal factors such as partitioning between storage lipids

and structural lipids (Neff 1979; Chiou 1985), and
by differential distribution of contaminants among
different tissues (Widdows et al. 1982). Steady-state
pharmacokinetic models generally used to describe
the kinetics ofuptake and release oflipophilic organ
ic contaminants consider that partitioning between
the environment and the organism is controlled by
steady-state uptake anddepuration and theorganism
is considered to bea single homogeneous unit (Mori-
arty 1975). In such a model, the log of the biocon
centration factor (KB) is linear to the log of the oc-
tanol-water partition coefficient (Kow) of a specific
compound (Fig. 1; Geyer et al. 1982; Mackay 1982;
Pruelletal. 1986).

Forbivalves, however, empirical dataon the rela
tionship of KB to KqW often deviate from the pre
dicted values derived from single compartment mod
els, suggesting the interaction of several factors in de
termining bioconcentration, with the potential for
major seasonal differences to occur. Such factors may
include differential uptake and release rates, dietary
input, differential distribution within the organism,
seasonal variability in lipid content, and metabolic
transformations. Seasonal variation in biological re
sponses to contaminant uptake and bioconcentration
may be related to dependency on specific metabolic
processes, such as storage and mobilization of lipid
reserves during reproductive events (Capuzzo 1987;
Capuzzo et al. 1989). Distribution patterns ofspecif
ic classes or organic contaminants are discussed in
thefollowing sections.

Petroleum Hydrocarbons

The uptake of petroleum hydrocarbons by oys
ters has been documented in numerous studies and

is consistent with observations made on other

species of bivalve molluscs. Whileeastern oysters ex
posed to No. 2 fuel oil accumulated aromatic com
pounds to a higher degree than aliphatic com
pounds relative to the composition of No. 2 fuel oil,
they also released aromatic compounds more rapidly
upon transfer to uncontaminated seawater (Stege-
man and Teal 1973). Bieri and Stamoudis (1977)
also observed accumulation and release of various
hydrocarbons by eastern oysters exposed to No. 2
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fuel oil in a semi-natural exposure system. Alkanes,
branched alkanes, and olefins were accumulated and
released first followed by the alkylnaphthalenes
(with up to five alkyl carbons), the biphenyls (with
up to two alkyl carbons), and the fluorenes (with up
to one methyl group). Highly substituted naph
thalenes, biphenyls, and fluorenes, in addition to
dibenzothiophenes and phenanthrenes, were accu
mulated and released last. Polycyclic aromatic hy
drocarbons accumulated even after aqueous concen
trations had fallen to undetectable levels; ingestion
ofdetrital particles was suggested as a possible mech
anism of uptake of hydrocarbons (Bieri and Sta-
moudis 1977).

Berthou et al. (1987) reviewed hydrocarbon ac
cumulation data for the European flat oyster, Ostrea
edulis, and the Pacific oyster, Crassostrea gigas, after
the wreck of the oil tanker Amoco Cadizoff the coast
ofBrittany, France. Uptake and depuration ofspecif
ic hydrocarbons reflected differences in hydrocarbon
availability in the sediments resulting from weather
ing processes inaddition tophysico-chemical proper
ties ofspecific compounds. Rapid accumulation ofa

wide range of hydrocarbons was followed by an ini
tial rapid loss of alkanes and low molecular weight
hydrocarbons, but the persistence of polcyclic aro
matic hydrocarbons and dibenzothiophenes was also
noted (Laseter et al. 1981; Frioucourt et al. 1982). In
transplant experiments where O. edulis and C. gigas
were transferred to heavily oiled areas, Berthou et al.
(1987) confirmed the rapid accumulation of hydro
carbons by both species. Depuration of hydrocar
bons by both species of oysters growing naturally at
the spill site and the transplanted oysters transferred
away from the spill site revealed a strong dependency
ofdepuration rates on length ofexposure. Crassostrea
gigas exposed to oil contamination for 18 months in
the Aber-Benoit showed no depuration five months
after transfer to the uncontaminated site whereasoys
ters exposed at the same location for a shorter dura
tion (45 d) showed rapid depuration. Ostrea edulis
also showed more rapid depuration than C. gigas.
Residual hydrocarbons consisting primarily of PAHs
including dibenzothiophenes persisted in both spe
cies long after the initial depuration. Seven years after
the spill, Pacific oysters kept at the oiled site showed

Log Kow

Figure 1. Relationship of bioconcentration factors (BCF) to octanol-water partition coefficients (KqW). Data for Mytilus
edulis fromGeyeret al. (1982).
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residual hydrocarbon concentrations two to five times
the concentrations at the uncontaminated sites.

A two-phase depuration of hydrocarbons ob
served in both species of oysters after the Amoco
Cadiz spill is consistent with observations made on
other species of bivalve molluscs. Neff (1979) pro
posed that a two-phase depuration was consistent
with the mobilization of molluscan lipid stores. He
suggested that uptake and storage ofhydrocarbons in
depot lipids, such as energy reserves or gonadal re
serves, may be retained until those reserves are mobi
lized for nutritional or reproductive needs. Hydro
carbons associated with more hydrophobic compart
ments, such as membrane lipids, may be more rapid
ly released when ambient concentrations decrease.
Farrington et al. (1982) concluded that molecular
weight and solubility ofhydrocarbons were the main
controlling factors in the release ofhydrocarbons, al
though molecular type and configuration were addi
tional factors. The role of lipid compartments in
depuration processes in bivalve molluscs may be
more complex than that suggested by Neff (1979)
because simple hydrocarbon/lipid ratios have not

been observed (Berthou et al. 1987; Capuzzo et al.
1989) and multiple lipid compartments may be in
volved.

Bender et al. (1988) examined the distribution
of PAHs in eastern oysters from the Elizabeth River,
Virginia, and conducted laboratory studies compar
ing the uptake and depuration of PAHs by eastern
oysters and hard clams, Mercenaria mercenaria, with
exposure to contaminated sediments from the Eliza
beth River. Animals were exposed to contaminated
sediments for 28 d, followed by a 28-d depuration
phase. Oysters accumulated three to four times more
total PAH than clams. Although uptake rates for
both species are similar, clams had higher depuration
rates. Bioconcentration factors for oysters ranged
from 1600 for phenantiirene to 36,000 for methyl-
pyrene (Table 1;Fig. 2).

Wade et al. (1988a) examined the distribution of
PAHs in sediments and eastern oysters at 153 sta
tions inthe GulfofMexico. They observed compara
ble concentrations of total PAHs in sediments and
oysters, but the molecular distribution of PAHs dif
fered. Oyster samples showed a predominance of2-,

Table 1. Bioconcentration ofpolycyclic aromatic hydrocarbons by the oyster, Crassostrea virginica:

Compound

Phenanthrene

Methylphenanthrene

Fluoranthene

Pyrene
Methylpyrene
Chrysene
Benz(a)anthracene
Benzo(a)fluorene
Benzo(b)fluorene

Benzo(a)pyrene
Benzo(e)pyrene
Benzofluoranthene
Perylene

Uptake
kl

Depuration
k2

3-ring compounds
330 0.206

529 0.103

4-ring compounds
821 0.118

921 0.104

2365 0.066

1187 0.046

1310 0.045
508 0.066

1410 0.072

5-ringcompounds
639 0.032

790 0.023
794 0.009

817 0.075

a Data from Bender et al. (1988).
bkl and k2 are rate constants per hour; BCF is determined by kl/k2.

Bioconcentration

Factor BCFb

1,604

5,151

6,965

8,857

36,074

26,019

28,846

8,796

19,666

19,673

33,731

84,217
10,861
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3- and 4-ring PAH compounds, whereas sediment
samples had low concentrations of low molecular
weight PAHs (2- and 3-ring) and higher concentra
tions of 5-ring compounds (Fig. 3). Based on ratios
ofphenanthrene to anthracene in both oyster and
sediment samples, the authors suggested that the
dominant source of PAHs at mostsampling sites was
pyrolysis offossil fuels.

Polychlorinated Biphenyls and
Other Chlorinated Compounds

Chlorinated hydrocarbons, including PCBs and
chlorinated pesticides such as DDT, are among the
most persistent organic contaminants in the marine
environment. Distribution of these contaminants in
the eastern oyster has been examined several times
during thepast two decades (Buder 1973; Farrington

Ph MePh Fl

et al. 1983; Sericano et al. 1990). In the most recent
survey as part of the NOAA Status and Trends Pro
gram, eastern oysters from 51 sites in the Gulf of
Mexico were sampled and analyzed for PCBs and
chlorinated pesticides (Sericano et al. 1990). The
PCBs were analyzed both as isomer groups (e.g.,
trichlorobiphenyls, tetrachlorobiphenyls, etc.) and
specific chlorobiphenyl congeners. The distribution
of PCBs in oysters was significantly different from
that observed in sediments sampled from the same
sites. Sediment samples showed a high prevalence of
penta- and hexachlorobiphenyls, with some tetra-
and heptachlorobiphenyls; the four isomer groups
comprised >89% of the total sedimentary PCB con
centration. In oysters, pentachloropbiphenyls were
present inthe highest proportion (46.8%) with some
tetra- and hexachlorobiphenyls (21.0 and 22.3%, re-

Py JMePy' Ch " BA ' BaF ' BbF BaP BeP

Polycyclic aromatic hydrocarbons

BFI Pe

Figure 2. Bioconcentration (BCF) of PAHs in Crassostrea virginica from the Elizabeth River, Virginia. Data from Bender et
al. (1988); Ph-phenanthrene, MePh-methylphenanthrene, Fl-fluoranthene, Py-pyrene, MePy-methylpyrene, Ch-chrysene,
BA-benz(a)anthracene, BaF-benzo(a)fluorene, BbF-benzo(b)fluorene, BaP-benzo(a)pyrene, BeP-benzo(e)pyrene, BFl-ben-
zofluoranthene,and Pe-Perylene.
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spectively (Fig. 4). This observation is consistent
with observations made by other investigators on the
distribution ofPCBs in organisms from PCB-conta-
minated areas (Shaw and Connell 1982; Boon et al.
1985; Farrington et al. 1986; Capuzzo et al. 1989).
The lesser chlorinated chlorobiphenyl congeners (di-,
tri-, tetra-) are highly water soluble and tend not to
accumulate. Higher chlorinated congeners have unfa
vorable stearic configurations to allow bioaccumula
tion tooccur (Shaw and Connell 1984). Highest con
centrations inoyster and sediment samples were found
in Matagorda Bay, Texas; Galveston Bay, Texas; Tampa
Bay, Florida; and Choctawhatchee Bay, Florida.

Sericano et al. (1990) also evaluated the distribu
tion ofhexachlorobenzene, lindane, aldrin, heptachlor,
heptachlor epoxide, alpha-chlordane, trans-nonachlor,
dieldrin, mirex, and DDT and its metabolites (o-p'
DDE, p-p' DDE, o-p'DDD,p-p'DDD, o-p' DDT,
and p-p' DDT) in bivalves and sediment from the
Gulf of Mexico. In general, sediment concentrations
of chlorinated hydrocarbons were relatively low
throughout the range ofstations sampled. Exceptions
include relatively high concentrations of non-DDT

pesticides insediment samples at sites east of the Mis
sissippi River, such as Choctawhatchee Bay, Naples
Bay, Tampa Bay, and St. Andrews Bay, Florida. Alarge
number of samples from the survey contained trans-
nonachlor, alpha-chlordane, anddieldrin, whereas rel
atively few samples contained lindane, aldrin, hep
tachlor, and heptachlor epoxide.

Concentrations of non-DDT pesticides in east
ern oysters were generally 10 to 30 times higher than
concentrations found in Gulf of Mexico sediments.
The most prevalent compounds were alpha-chlor
dane, trans-nonachlor, and dieldrin, with concentra
tions ranging over two orders of magnitude. "Hot
spots" for non-DDT pesticides in oysters included
Galveston Bay, Mississippi Sound, Tampa Bay and
St.Andrews Bay.

Total DDT (sum of the parent compound and
each of its metabolites) was the most prevalent chlo
rinated pesticide insediment and oyster samples dur
ing the survey, with 88 to 95% ofthe samples having
measurable concentrations of DDT over the 2-year
sampling period. Highest concentrations of DDT
were found in sites in the region between Mobile

Polycyclic aromatic hydrocarbon rings

Figure 3. Comparison of PAH distribution in eastern oysters and Gulf of Mexico sediments. Data from Wade et al
(1988a).
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Bay, Alabama, and St. Andrews Bay, Florida, and at
Matagorda Bay and Galveston Bay, Texas. The rela
tive distribution of DDT and its metabolites differed

to some extentbetween oyster and sedimentsamples,
with a higher proportion of total DDT in oysters be
ing DDE and a significantly lower proportion as
DDT. Butler and Schutzmann (1978) also observed
a higher ratio of DDE to DDT in marine organisms.
Sericano et al. (1990) compared their data on DDT
distribution in oysters with data collected by Butler
(1973) from 1965 to 1972 and suggested that total
DDT concentrations have declined by a factor of 2
to 10-fold over the past 15 to 20 years, which iscon
sistent with the decline in DDT use in the U.S. dur

ing the past two decades.

Organotin Compounds

The widespread use of organotin compounds in
anti-fouling paints, especially tributyltin (TBT), has
led to great concern during the past decade aboutpo
tential accumulation and effects ofTBT on non-tar

n

D

get organisms in coastal embayments (see also Roesi
jadi, Chapter 14). Wade et al. (1988b) examined the
distribution of tributyltin and its less toxic breakdown
products (dibutyltin and monobutyltin) in bivalves
collected from the U.S. coastline. Bivalves, including
Crassostrea virginica and Ostrea sandwichensis, concen
trated organotin compounds and TBT accounted for
25 to 100% of the organotin burden (mean = 74%).
Concentrations of TBT in bivalves varied by site,
with the highest concentrations being detected in
those collected from harbor areas. A more detailed

study of organotin distribution in C. virginica from
Galveston Bay was conducted to assess potential dif
ferences in spatial and temporal variability (Wade et
al. 1988b). Sample sites within Galveston Bay were
selected on the basis of relative differences in TBT

input and samples were collected from January
through December 1986. The results indicated that
organotin accumulation in oysters was responsive to
the predicted trends in TBT input. Seasonal varia
tion revealed the lowest proportion of TBT (relative

Chlorobiphenyl Isomer Groups

Figure 4. Comparison of PCB distribution in eastern oysters and Gulfof Mexico sediments. Data from Sericano et al.
(1990).
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to di- and monobutyltin) in summer months, which
may be the result of higher biodegradation rates of
TBT in the water column or higher biotransforma
tion rates in oyster tissues; ambient water concentra
tions ofTBTwere not reported.

Bivalves rapidly accumulate tributyltin, reach an
equilibrium plateau, and slowly depurate. Hall and
Pinkney (1985) reported bioconcentration factors for
TBT of between 2,300 to 11,400. Bioconcentration
of TBT may be governed by more than physical-
chemical factors because the bioconcentration factors
exceed those predicted from octanol-water partition
coefficients (KqW; Cardwell and Sheldon 1986; Laugh-
lin et al. 1986). Laughlin (1986) suggested thatnon
specific binding ofTBT may also be an important
process in bioconcentration of TBT in invertebrates.

BIOLOGICAL EFFECTS

General Considerations

Theresponses oforganisms to toxic chemicals can
be manifested at four levels ofbiological organization:
(1) biochemical and cellular; (2) organismal, includ
ing the integration of physiological, biochemical, and
behavioral responses; (3) population, including alter
ations in population dynamics; and (4) community,
resulting in changes in community structure and dy
namics (Table 2). Biological effects can be manifested
atbiochemical, cellular, and organismal levels oforga
nization before disturbances at the population level
develop (Capuzzo 1981). All responses are not disrup
tive in nature anddo not necessarily result in degener
ation at the next level of organization. Onlywhen the
compensatory or adaptive mechanisms at one level be
gin to fail do deleterious effects become apparent at
the next level. An important aspect ofcomparing re
sponses at various levels of biological organization is
ascertaining the degree to which adaptive responses at
each of the four levels can persist with increasing con
centrations of contaminants. The initial responses in
each case are the triggering of mechanisms to reduce
or resist the effect of the toxicant; these mechanisms
may include the induction of toxicant-metabolizing
processes (at the biochemical level) or the selection of

toxicant resistant forms (at the population level).
Adaptive processes are capable of countering disrup
tive processes until the system reaches a threshold for
the toxicant, at which point the adaptive potential is
completely overridden by the degeneration imposed
on thesystem bydisruptive effects.

For predictive purposes, it is important to under
stand the early warning signs of stress at each level of
organization before compensatory mechanisms are
surpassed. From the biochemical level to the com
munity level, the degree of system complexity, the
number of compensatory mechanisms available, and
the lag time to measure a response increase dramati
cally, thereby increasing the predictive difficulties at
each level. Chronic exposure to chemical contami
nants can alter reproductive and developmental po
tential ofpopulations of marine organisms, resulting
in possible changes in population structure and dy
namics. It is difficult to ascertain, however, the rela
tionship between chronic responses of organisms to
contaminants and large-scale alterations in the func
tioning of marine ecosystems or the sustainable yield
ofcommercially valuable species.

Although a wide range of sublethal stress indices
have been proposed for evaluation of chronic re
sponses of organisms to contaminants, few have been
linked to the survival potential of the individual or
ganism or the reproductive potential of the popula
tion. Experimental studies directed at determining
effects on energy metabolism or effects that influence
growth andreproduction would bemost appropriate
for linking effects at higher levels oforganization.

The effects of lipophilic organic contaminants
on marine bivalve molluscs have been examined ex

tensively during the past decade. Most studies have
been conducted on the blue mussel, Mytilus edulis
(e.g., Bayne et al. 1985, 1988), with an effort to inte
grate responses over several levels of biological hierar
chyand to examine responses linked to specific class
es of contaminants. Recent work has extended this

approach to other species of bivalve molluscs, suchas
the subtropical turkey wing mussel, Area zebra (Ad
dison and Clarke 1990; Widdows et al. 1990).

Research on the effects of contaminants on the

eastern oyster has been more limited in scope; studies
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onoysters have focused to a large extent on histopath-
ological responses and there are few studies on phy
siological or biochemical responses. The link between
molluscan disease research and contaminant exposure
is poorly understood in many instances, thus leading
to a discontinuity between studies of contaminant
bioavailability and distribution and studies of biologi
cal damage in oyster populations. Cause andeffect re
lationships between a specific contaminant anda bio
logical response have been difficult to interpret. Al

though such a relationship has been suggested in
some instances, data are incomplete to link toxic
mechanisms with an observed response.

Biotransformation and

Disease Responses

Bivalve molluscs generally have been considered
to have a relatively lowcapacity for detoxifying xeno-
biotic compounds through cytochrome P-450 mono-

Table 2.Types ofresponses ofmarine organisms tochemical contaminants atdifferent levels ofbiological hierarchy.

Level

Biochemical-Cellular

Organismal

Population

Community

Types of Responses

Toxication

Metabolic impairment

Cellular damage

Detoxication

Physiological changes

Behavioral changes

Susceptibility to disease

Reproductive effort

Larval viability

Adjustment in ratefunctions

Immune responses

Age/Size structure

Recruitment

Mortality

Biomass

Adjustment of reproductive

output and other

demographic characteristics

Species abundance

Species distribution

Biomass

Trophic interactions

Ecosystem adaptation

Effects at Next Level

Toxic metabolites

Disruption in energetics and cellular processes

Adaptation

Reduction in population performance

Regulation andadaptation of populations

Effects on species productivity and

coexisting species and community

Adaptation of population

Replacement by moreadaptive competitors

Reduced secondary production

No change in community
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oxygenase reactions with low rates of in vitro PAH
metabolism being detected (Anderson 1978; Living
stone and Farrar 1984; Stegeman 1985). Although
the dominant metabolites of benzo(a)pyrene detected
in molluscs have been primarily quinone derivatives,
rather than the diol derivatives observed in fish (Stege
man 1985; Stegeman and Lech 1991), relatively high
concentrations of diol derivatives have been detected

in some bivalve molluscs (Anderson 1985). Stegeman
(1985) suggested that PAH metabolism in bivalve
molluscs may proceed through several catalytic mech
anisms including peroxidative mechanisms in addi
tion to cytochrome P-450 monooxygenase. The im
portance of other catalytic mechanisms in the bio
transformation of PAH in molluscs has not been ex
amined.

Metabolism of other compounds such as aro
matic amines and tributyltin has also been investigat
ed. Biotransformation ofaromatic amines appears to
proceed rapidly and yield metabolites with muta
genic properties (Anderson and Doos 1983; Kurelec
et al. 1985; Kurelec and Krca 1987; Knezovich et al.
1988). Lee (1985) demonstrated limited ability of
the eastern oyster to metabolize tributyltin oxide to
dibutyltin.

Moore et al. (1980) suggested that because of the
low level of enzymatic activity of components of the
detoxication system, xenobiotic metabolism did not
play a major role in the removal of xenobiotic com
pounds from bivalve tissues; however, it may be im
plicated in the formation of toxic metabolites that in
duce histopathological changes such as neoplasms
and that alter lysosomal function. Stegeman and
Lech (1991) discussed the evidence that might sug
gest a relationship between biotransformation of or
ganic contaminants and disease processes in bivalve
molluscs. The formation of mutagenic metabolites of
aromatic amines (Anderson and Doos 1983) and the
formation of DNA adducts by these same com
pounds (Kurelec et al. 1988) suggest possible toxic
mechanisms for at least some compounds to influ
ence histopathological damage. Nacci et al. (1992)
reported an increased incidence in DNA strand
breaks in blue mussels and eastern oysters from con

taminated areas (New Bedford Harbor, Massachu
setts, and the Elizabeth River, Virginia, respectively).

The occurrence of neoplastic diseases in bivalve
molluscs and the relationship with body burdens of
toxic chemicals (especially PAHs) has been reviewed
by Mix (1986, 1988). He concluded that most stud
ies published before 1988 indicated no correlation
between PAH concentration and the prevalence of
disease in bivalve molluscs. He also suggested, how
ever, that our limited understanding of the distribu
tion of toxic chemicals in the environment, their ef
fects on cellular and physiological processes, and
mechanisms of biotransformation, hinder our aDility
to explore the relationship between contaminant ex
posure and disease progression.

Gardner et al. (1991) have provided strong em
pirical evidence of a causal relationship between con
taminant exposure and the prevalence of neoplasia in
the eastern oyster. They examined the induction of
neoplasia with exposure to sediments from Black
Rock Harbor, Long Island Sound. Contaminants in
the sediment mixture that accumulated in oyster tis
sues included compounds with carcinogenic and tu
mor promoting potential (Table 3). Neoplastic con
ditions were observed in eastern oysters within 30 to
60 d of laboratory exposure to contaminated sedi
ments and 30 to 40 d of field exposure. The neopla
sia most commonly observed in laboratory studies
were of the renal excretory system, gills, gonads, gas
trointestinal system, heart, and embryonic neural tis
sue, whereas in field studies neoplasia of thegill, kid
ney, and gastrointestinal system were observed.

Chu and Hale (1994) examined the relationship
between contaminant exposure and susceptibility to
infectious diseases in the eastern oyster. Oysters were
exposed to 0%, 15% and 30% dilutions of water sol
uble fractions from contaminated sediments collected

in the Elizabeth River (New Jersey) and then chal
lenged with meronts of the protozoan parasite Per-
kinsus marinus (Dermo). Contaminant exposure en
hanced preexisting infections and increased the oys
ters' susceptibility to experimentally induced infec
tion. Contaminant analysis of the water soluble frac
tions from contaminated sediments showed a high
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prevalence ofPAHs and heterocyclic compounds. The
authors concluded that contaminant exposure may
play a significant role in increasing susceptibility of
the eastern oyster to Dermo infections, either through
enhanced virulence of P.marinus or decreased host re

sistance.

Effects of Petroleum Hydrocarbons
and PAHs

The long term effects of oil exposure were exam
ined for oyster populations (C gigas and O. edulis) on
the Brittany coast after the spillage of crude oil from

Table 3. Concentration (ng gdry weight"1) of organic contaminants in eastern oysters, Crassostrea virginica, and in sedi
ments from Black Rock Harbor, Long Island Sound, to which oysters were exposed (Gardner etal. 1991). "-" =no data.

Ratio

Compound Oysters Sediments Oysters/Sediment

Sufficient evidence as;carcinogens

Benz(a)anthracene 695 3450 0.20

Benzo(a)pyrene 88 3160 0.03

Benzfluoranthene 364 5970 0.06

Indeno(l ,2,3-cd)pyrene 22 -
-

Dibenz(a,h)anthracene 9 -
-

Hexachlorobenzene 0.2 -
-

Chlordanes 100 - -

Chrysene

Benzo(e)pyrene

Fluorene

Phenanthrene

Perylene

Benz(g,h,i)perylene

Coronene

Anthracene

Fluoranthene

DDT and metabolites

PCBs (Aroclor 1254)

Pyrene

Limited evidenceas carcinogens

1260 4450

Inadequate evidence ascarcinogens

264 2880

42 635

553 4020

17 504

37

1.3

evidence as carcinogens

191 1330

1777 5800

Cancer promoters

1183

1143 7170

2950 7250

0.28

0.09

0.07

0.14

0.03

0.14

0.31

0.16

0.41
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theAmoco Cadiz (Berthou et al. 1987). Lesions of the
digestive tract epithelium, gonads, interstitial tissue,
and gills were observed and correlated with hydrocar
bon exposure (Neff and Haensly 1982; Balouet et al.
1986). The highest prevalence oflesions in the diges
tive tract epithelium and gonadal epithelium was ob
served during the year ofthe spill (1978), returning to
background levels within 3 to 5years. These findings
are consistent with the observations of severe alter
ations in the histology ofthe digestive gland and go
nad in the eastern oyster with chronic exposure to pe
troleum hydrocarbons (Barszcz et al. 1978).

Cellular and physiological responses of bivalve
molluscs to petroleum hydrocarbons and specific
polycyclic aromatic hydrocarbons have been examined
indetail during the past decade (reviewed by Moore et
al. 1989). Alterations in lysosomal structure and func
tion are consistent with observations ofdegeneration
ofdigestive gland epithelium, atrophy ofdigestive
tubules, and degeneration (or atresion) of reproduc
tive tissues (Lowe et al. 1981; Moore and Clarke
1982; Couch 1984; Lowe and Pipe 1985,1986,1987;
Pipe and Moore 1985). Lysosomal disturbances result
in autolytic and autophagic activities linked to atro
phy ofdigestive cells (Moore etal. 1989). High levels
oflipophilic contaminants in theblue mussel coincid
ed with the formation ofpathologically enlarged lyso-
somes in the digestive epithelium, aberrations in lipid
distribution and alterations in digestive cell architec
ture (Lowe 1988). Effects oflipophilic organic conta
minants on the reproductive system of M. edulis in
cluded a reduction in the volume ofstorage cells in
the mande, reduction in the volume ofripe gametes,
and increased degeneration or atresion of oocytes
(Lowe and Pipe 1985, 1986, 1987). Lowe and Pipe
(1987) suggested that the reallocation ofenergy re
serves from resorbed oocytes to storage cells might
serve asa resistance strategy to counter the deleterious
effects ofhydrocarbon exposure.

The most important physiological changes asso
ciated with exposure to petroleum hydrocarbons or
other lipophilic organic contaminants are those re
sponses that may affect an organisms growth and
survival and thus its potential to contribute to the
population gene pool. Alterations in growth poten
tial may take place as a result ofchanges in feeding

behavior, respiratory metabolism, or digestive effi
ciencies. Deviations from control values for physio
logical rate functions (e.g., respiration rates and feed
ing rates) and reductions in energy balance, mea
sured as scope for growth (Widdows et al. 1982;
Bayne et al. 1985) and carbon turnover (Gilfillan et
al. 1976; Gilfillan and Vandermeulen 1978), have
correlated with reduced growth rates measured for
bivalve populations from oil contaminated habitats.
Alterations in bioenergetics and growth of bivalve
molluscs appear to be related to tissue burdens of
aromatic hydrocarbons (Gilfillan et al. 1977; Wid
dows et al. 1982; 1985, 1987; Donkin et al. 1990).
Widdows et al. (1982) demonstrated a negative cor
relation between cellular and physiological stress in
dices (lysosomal properties and scope for growth)
and tissue concentrations of aromatic hydrocarbons
with long-term exposure ofMytilus edulis to low con
centrations ofNorth Sea crude oil. Recovery of blue
mussels after long-term exposure to low concentra
tions ofdiesel oil coincided with depuration of aro
matic hydrocarbons (Widdows et al. 1987). Donkin
et al. (1990) suggested that reductions in scope for
growth in M. edulis were related to the accumulation
of 2- and 3-ring aromatic hydrocarbons, because
these compounds induced a narcotizing effect on cil
iary feeding mechanisms.

Effects of Organotin Compounds

The effects of tributyltin on bivalve molluscs, es
pecially oysters, have been examined by several inves
tigators, those studies stemming primarily from con
cerns ofthe effects ofTBT on growth and reproduc
tion of oysters in growing areas in Europe (Alzieu
1986). His and Robert (1983) examined the effects
ofTBT acetate on embryogenesis and larval develop
ment in the Pacific oyster. Responses ranged from
slow growth atconcentrations greater than 0.1 pg L"1
to inhibition of fecundity at concentrations above
100 pg L-1. Shell malformations or "chambering"
(Alzieu et al. 1982; Waldock and Thain 1983), re
duced condition index (Henderson 1986; Davies et
al. 1988), and reduced growth of transplanted ani
mals (Stephenson et al. 1986) have been observed
among field populations of C. gigas where TBTwas a
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suspected contaminant. Thain (1986) examined ef
fects ofTBT on reproductive performance in Ostrea
edulis. Impairment ofovarian development and con
sequent reduction in larval production were observed
atconcentrations of0.25 mg L"1 or more; reduction
in spat growth was also observed in C. gigas but not
in O. edulis.

Histopathological responses of Crassostrea gigas to
tributyltin fluoride were examined by Chagot et al.
(1990). Aberrations included effects on digestive
gland epithelium, gill epithelium, hemocytosis, and
shell chambering. The digestive gland was the most
susceptible organ toTBT exposure with effects being
observed at concentrations as lowas 2 ng L"1. Other
responses include chromosomal aberrations (Dixon

and Prosser 1986), reduced larval survival (Beau
mont and Budd 1984; Roberts 1987), and altered
defense mechanisms of hemocytes (Fisher et al.
1990). Asummary of theresponses ofoysters to trib
utyltin is presented inTable 4.

Exposure to Multiple Contaminants

As indicated bythedistribution ofchemical con
taminant data discussed above, many contaminants
do not occur in isolation, but organisms are often ex
posed to complex environmental mixtures ofseveral
lipophilic organic contaminants. Examination of re
sponses to multiple classes ofcontaminants and the
interaction of environmental factors, such as seasonal

Table 4. Effects of tributyltin on the Pacific oyster, Crassostrea gigas.

Concentration (pg L*1)

100

10

3-5

1

0.5

0.2

0.15

0.1

0.06

Effect

Inhibition of fecundity

Absence of the formation of trochophores

Absence of veligers
Malformation of trochophores

Abnormal veligers
Malformation of trochophores

Numerous larval anomalies,

totalmortality - 8 d

Perturbation in larval food

assimilation

Shell chambering

Normal D-larvae,

slow growth
high mortality - 12d

Histopathological changes
in digestive gland andgill

Reference

His and Robert (1983)

His and Robert (1983)

His and Robert (1983)

His and Robert (1983)

His and Robert (1983)

His and Robert (1983)

Waldock and Thain (1983)

His and Robert (1983)

Chagotetal. (1990)
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variability in response, can add new insight to the ad
ditive, synergistic or antagonistic effects ofmultiple
contaminants. Differences in interspecific sensitivity
and seasonal variation in intraspecific responses may
be related to dependency on specific metabolic pro
cesses, such as storage and mobilization of lipid re
serves during reproductive events (Capuzzo 1987).

Responses ofMytilus edulis collected along acont
aminant gradient in Langesundsfjord, Norway, in
cluded alterations in lipid distribution, reductions in
scope for growth, and increased occurrence of histo
pathological responses coincident with accumulation
ofPAHs and PCBs (Capuzzo and Leavitt 1988; Lowe
1988; Moore 1988; Widdows and Johnson 1988).
Blue mussels transplanted from an uncontaminated
site on Cape Cod, Massachusetts, to a site heavily
contaminated with both PCBs and PAHs in New
Bedford Harbor, Massachusetts, showed alterations in
energetics, reduced allocation oflipids to reproductive
processes, and reduced physiological condition, coin
cident with accumulation of high concentrations of
both PCBs and PAHs (Capuzzo et al. 1989; Capuz
zo, In press).

Widdows et al. (1990) examined changes in
scope for growth in the turkey wing mussel collected
along contaminant gradients in thewaters surround
ing Bermuda. Reduction in scope for growth as a re
sult ofboth reductions in feeding rates and increases
in metabolic expenditures correlated with significant
accumulation oflead, tri- and di-butyltin, petroleum
hydrocarbons and their polar oxygenated derivatives,
and PCBs. Widdows etal. (1990) suggested that the
decreases in feeding rates could beattributed to non
specific narcosis associated with the accumulation of
low molecular weight hydrocarbons (Donkin et al.,
1990), whereas the increases in energy expenditures
through increased metabolic rates could be related to
the accumulation ofTBT through effects on oxida
tive phosphorylation. Turkey wing mussels collected
along the same gradient showed changes inbiochem
ical composition, especially in the ratio of neutral to
polar lipids and carbohydrate content (Leavitt et al.
1990).

Capuzzo etal. (1989) observed the greatest differ
ences in condition index and lipid reserves of blue
mussels from contaminated and uncontaminated sites

during the pre-spawning period, consistent with the
accumulation and use of lipid reserves for reproduc
tive development. After spawning, no differences in
condition index were evident and lipid reserves were
diminished to minimum levels. Roper et al. (1991)
examined seasonal fluctuations in several biochemical
and condition indices in Crassostrea gigas atapolluted
and an unpolluted site in Manukau Harbor, New
Zealand. Biochemical and condition indices varied
seasonally andwith site, with oysters from theconta
minated site showing consistendy lower condition in
dices and disruption in normal reproductive develop
ment. Theobserved responses could notbeattributed
toaspecific contaminant, although the additional ob
servation ofshell chambering suggested that TBT ex
posure may atleast have been partially responsible.

SUMMARY

Bioaccumulation of lipophilic organic contami
nants in oysters is consistent with patterns of bio
accumulation predicted from general patterns ob
served in other species of marine bivalve molluscs.
The major factors controlling the distribution ofor
ganic contaminants are the relativeconcentrations of
individual contaminants in ambient waters and sedi
ment pore waters of benthic habitats, modified to
some extent by differences in partitioning between
organisms and water (as indicated by differences in
KqW), and seasonal variations in lipid content. For
some contaminants, such as tributyltin, both physi
cal-chemical factors and non-specific binding may
influence the ultimate fate ofTBT. Although the
range ofstudies conducted on biological responses of
oysters to organic contaminants is more limited in
scope than studies using the blue mussel, patterns of
response at various levels of biological hierarchy are
consistent and suggest that ourunderstanding oftox
ic mechanisms may be transferred from one species
to another.

Specific questions that remain unanswered are:

1. What are the mechanisms by which neoplastic
conditions of bivalve molluscs are induced by
lipophilic organic contaminants?
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2. To what extent is biotransformation of contami

nants involved in the responses of bivalve mol
luscs at different levels of biological hierarchy?

3. How does exposure to multiple classes of conta
minants alterbiological responses of bivalve mol
luscs?

4. Are responses in bivalve molluscs reversible with
depuration of organic contaminants?

The eastern oyster mayserve as an ideal testspe
cies to resolve these questions, particularly in estuar
ine habitats and the Gulf of Mexico where ambient

concentrations of organic contaminants have been
well documented.
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Chapter 16

Predators, Pests, and Competitors
Marie E. White and Elizabeth A. Wilson

INTRODUCTION

Oyster bed communities, dominated in eastern
North American coastal waters by the eastern oyster,
Crassostrea virginica, furnish diverse habitats for many
species ofsmall fish, worms, crabs, and other inverte
brates. These organisms may function as commensals,
predators, pests, or competitors. Individuals typically
classified as predators, pests, orcompetitors ofoysters
actually may function commensally under some cir
cumstances, depending onfood and space availability
and the life stage ofthe organism. Commensal organ
isms neither noticeably hurt the structural integrity of
the oysters shell or internal body nor do they com
pete for food resources. Commensal behavior will not
be considered further in this chapter.

Predators can easily locate oysters as prey; howev
er, the oysters thick carbonate shell must bepenetrat
ed before the tissue can be consumed. Some crabs and
fish have developed appendages, or oral structures, or
both, thatare capable ofquickly crushing theexterior
shell, especially of smaller oysters. Larger eastern oys
ters, (> ca. 8 cm) — those often termed "market-size"
— suffer less predation due to their large size and
shell thickness. The wide euryhaline tolerance of oys
ters also prevents more stenohaline predators from
reaching their potential prey. With the exception of
the blue crab, Callinectes sapidus, most major preda
tors of eastern oysters are restricted to saline waters
above 15ppt (Wells 1961).

Pests may at first appear similar to commensals
but detract from the health of the oyster by either

weakening the shell or body, or by competing for
food. Fortunately for oyster populations, extensive
damage from pests rarely occurs because pests are of
ten small or uncommon.

It is often difficult to ascertain if an organism isa
competitor because, rather than directly injuring oys
ters, these organisms out-compete them for space,
food, or both. Ultimately, mortality of larval and ju
venile oysters is increased. Long-term damage to the
oyster community is minimized because most com
peting organisms are seasonal.

In this chapter, we discuss the important preda
tors, pests, and competitors ofeastern oysters in that
order. In general, within these broad categories the
species or groups that are responsible for the most
harm are considered first.

PREDATORS

Predatory Gastropods

Predatory gastropods, common inhabitants ofma
rine environments, can inflict severe damage on oys
ter populations. Three species, Urosalpinx cinerea,
Eupleura caudata, and Thais haemastoma, are particu
larly destructive (Butler 1954; Galtsoff 1964; Hof-
stetter 1977). Urosalpinx cinerea is the most widely
distributed of these species, being found at depths
from the intertidal to ca. 30 m along the eastern and
western Canadian shores, the entire east coast of the
United States, and in Washington and California
(Carriker 1953; Galtsoff 1964). Eupleura caudata is
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found in the same waters as U. cinerea but is not as
abundant (Galtsoff 1964). Thais haemastoma is dis
tributed along the South Atlantic and Gulf coasts;
the genus Thais is documented on theAtlantic and
Pacific coasts (Galtsoff 1964).

Also known as drills and borers, these gastropods
are characterized by heavy shells, slow movement,
voracious appetites, and the characteristic hole that
they bore in the preys shell (Butler 1954; Carriker
1955b). Although the mechanism ofboring by preda
tory gastropods is not well understood, boring seems
to be accomplished through a combination of me
chanical and and chemical action. Carriker (1961,
1973) suggests a chemo-mechanical action, with the
abrasive action ofthe radula working on the shell af
ter it has been softened by secretions from an acces
sory boring organ (ABO).

In U. cinerea and E. caudata, the ABO is a sepa
rate organ located in the anterior mid-ventral portion
ofthe foot (Carriker 1961). Secretions from theABO
are neutral, not acidic, and may be a chelating agent
or an enzyme (Carriker1961).These secretions soften
and loosen the surface crystals ofshell calcite and also
etch the non-biological inorganically deposited calcite
and aragonite crystals in the shell matrix (Carriker
1961). Laboratory observations of these gastropods
indicate that they alternate the use of the ABO and
the radula in boring. During the early stages ofbor
ing, the snail rasps the periostracum from the shell
surface. When active boring begins, the snail rasps for
a few minutes; then it retracts the proboscis and
brings the ABO direcdy over the hole. The ABO is
then extended into the hole and is left there, sealed
from outside seawater by the foot, for periods ofafew
to 55 minutes. The ABO is withdrawn and rasping
continues. These processes alternate until the shell is
successfully bored (Carriker 1961).

Apparendy, T. haemastoma employs two methods
to kill oysters. In the first, itdrills mechanically, using
radular movement termed the "band-over-pulley"
method (Butler 1954; Gunter 1979), then inserts its
long proboscis through the hole and extracts the oys
ter flesh (Burkenroad 1931; Chapman 1956). About
30% of oysters killed by T. haemastoma show no
signs ofmechanical injury to the shell, indicating
that the snail may also use paralytic material to gain

entry between the valve margins (McGraw and Gun
ter 1972; Gunter 1979). McGraw and Gunter (1972)
reported the presence ofa yellow mucus secreted by
the hypobranchial gland that inhibited ciliary move
ment in the oyster, possibly acting as an anesthetic.
Carriker (1961) suggests that Thais soo. also have ac
cessory boring organs, so they may also use the che
mo-mechanical method described above. It is possi
ble that drilling is a secondary process in larger T.
haemastoma, but is more important in smaller drills
that may not be capable ofproducing sufficient toxin
(McGraw and Gunter 1972).

Urosalpinx cinerea and E. caudata are the most
common carnivorous gastropods along the Atlantic
coast, being found from Canada to Florida (Chest
nut 1956;Mackin 1959; Galtsoff1964). Numerical
ly, these gastropods can be very abundant on oyster
beds; Chestnut (1956) reported as many as 106 m-2
in North Carolina, and MacKenzie (1970) found
abundances ranging from less than 1 to 20 individu
als m-2. These drills are responsible for considerable
mortality in commercial oyster populations, especial
ly among juveniles (spat), because oftheir high abun
dances (Carriker 1955b; Galtsoff 1964). For Long Is
land Sound, MacKenzie (1981) reports consumption
by U. cinerea and E caudata to be 0.13 oysters week-1
drill-1 from early to mid June, increasing to 0.7 oysters
weekr1 drill"1 through late July. Total mortality ofthe
oysters on the bed neared 15% by late July and about
50% by late August; about 33% ofspat were killed
during this period (MacKenzie 1981).

Salinity is one of the main physical factors gov
erning the distribution of drills. Urosalpinx cinerea
and E. caudata, although estuarine species, are limit
ed to salinities above 15 ppt (Zachary and Haven
1973). MacKenzie (1981) reported asalinity require
ment ofgreater than 12 to 17 ppt. Drills are euryha-
line organisms and can tolerate exposure to unfavor
able environmental conditions for short time periods
by tightly closing their operculum and isolating
themselves from the surrounding environment
(Shearer and MacKenzie 1959). The duration of ex
posure to unfavorable salinity conditions is impor
tant in determining the effect of these fluctuations
on drills (Zachary and Haven 1973). Both species
tolerate short-term fluctuations insalinity better than
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thegreater stress of long-term exposure to low salini
ties (Zachary and Haven 1973).

At low salinities, U. cinerea and E. caudata de
crease or halt drilling activity. As salinity increases
above 15 ppt, activity increases in a characteristic pat
tern (Carriker 1955b; Zachary and Haven 1973).
First, drills can attach themselves to substrates, then
their locomotion increases, drilling and feeding com
mences, and, finally, at optimal salinities, theycande
posit eggs (Zachary and Haven 1973).

Extremes in environmental temperatures also lim
it activity of drills (Manzi 1970a, b). Feeding ceases in
most species of drills at about 10°C (Carriker 1955b;
MacKenzie 1970, 1981; Manzi 1970a). Specifically,
Manzi (1970a) demonstrated that the feeding rate of
E. caudata increased as temperatures rose from 10 to
27°C and then decreased again as temperatures in
creased to 30°C. Maximum feeding occurred from
25 to 27.5°C. Urosalpinx cinerea reached peak feed
ing rates at 25°C and ceased feeding at 30°C (Hanks
1957). Feeding stopped in U cinerea at low tempera
tures, and, in the northern part of their range, 75%
of these gastropods also buriedthemselves in the sub
strate and became totally inactive (Carriker 1955a).

The combined effects of sub-optimal salinities
and temperatures are particularly crucial. For exam
ple, U. cinerea can survive salinities as lowas 12 to 17
ppt duringwarm temperatures but can survive even
lowersalinities in the winter (Carriker 1955b). Great
est mortality of U cinerea occurred when fluctuating
salinities fell below 9 ppt (Zachary and Haven 1973).

Urosalpinx cinerea and E. caudata are not limited
to feeding on oysters: they also eat barnacles and
mussels (Carriker 1955b; MacKenzie 1981). When
feeding on oysters, U. cinerea preferentially attacks
small or thin-shelled individuals (Carriker 1955b),
possibly young oysters, that are growing rapidly, have
high metabolic rates, and release metabolites that at
tract the drills (Haskin 1950). Drills can also more
easily penetrate these oysters. Wood (1968) intro
duced the term "ingestive conditioning" to describe
the tendency for predators to respond preferentially
to effluents of previously ingested prey. Urosalpinx
cinerea exhibits ingestive conditioning, selecting prey
species on which they had previously fed rather than
newly introduced prey species (Pratt 1974). In fact,

Rittschof et al. (1984) established the existence of
prey preference in the embryonic and larval stages of
drills by exposing these stages to prey odors. Both E.
caudata and U cinerea are cannibalistic in the labora

tory, even when other preyspecies are available (Car
riker 1955b; Manzi 1970a). Cannibalism in E. cau
data was positively correlated with temperature and
feeding rates (Manzi 1970a).

The southern oyster drill, Thau haemastoma, is the
most destructive eastern oyster predator from North
Carolina to the GulfofMexico (Chestnut 1956; Men-
zel et al. 1958; Hofstetter 1977; MacKenzie 1977a).
Two subspecies have been identified: T. h. floridana
from North Carolina to Florida and the Caribbean

and T. h. haysae found in Florida, Louisiana, and
Texas (Galtsoff 1964). Thais haemastoma can be ex
tremely abundant on productive oyster beds, even to
the point of being more numerous than oysters. Pop
ulation densities range from zero on beds in the low
salinity Mobile Bay, Alabama, areato over 27,000 in
dividuals hectare"1 in some high salinity areas (Hof
stetter 1977). Drill larvae in the Gulf of Mexico are
present in thewater column from Mayto September,
with peak abundances in July or August (Pollard
1973). Excellent reviews of the biology and ecology
of T. haemastoma may be found in Butler (1954) and
Gunter (1979).

The range of T. haemastoma is limited by its in
tolerance of low salinity (Chapman 1959; Hofstetter
1977). In nature, 77 haemastoma requires salinities
greater than 15 ppt (MacKenzie 1977a); at salinities
below 10ppt, thedrills become immobile, andexpo
sure to 7 ppt for 1 to 2 weeks is lethal (Galtsoff
1964). In laboratory studies, however, T. haemastoma
has been shown to bemore tolerant, surviving salini
ties as low as 5 ppt at 20°C for at least 10 d (Stickle
and Howey 1975), whereas 77 haemastoma were never
observed in nature at salinities below 7.5 ppt (Stickle
and Howey 1975; Garton and Stickle 1980). There
fore, it is likely that drills living in areas with diurnal
tidal fluctuations are exposed to salinity regimes that
areperiodically less than optimal (Garton and Stickle
1980).

Under flood conditions producing sustained sali
nities below 15 ppt, drill populations are eliminated.
Breithaupt and Dugas (1979) reported thathigh Mis-
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sissippi River discharge accompanied by high rainfall
in 1973 completely eliminated drills from oyster seed
grounds east of theMississippi in theGulfofMexico.
They further found that even after two years, reinfes-
tation hadnot occurred; however, they cautioned that
repopulation rates may differ regionally due to physi
cally controlling factors such as bottom type, current
patterns, available food, and most importantly, salini
ty regimes.

Thais haemastoma isalso affected byvariability in
temperature: it becomes torpid below 12°C and in
active at temperatures below 10°C (Gunter 1979;
Garton and Stickle 1980). The temperature thresh
old for initiation of predation by this species is be
tween 10 to 12.5°C, but varies with salinity (Garton
and Stickle 1980).

Thais haemastoma isan extremely efficient preda
tor andconsumes large numbersof oyster spat (Chap
man 1959). For example, in Mobile Bay, Alabama, it
killed more than 80% of young oysters in a nine-
month period in an area where salinity averaged over
20 ppt (May and Bland 1970; Hofstetter 1977).
Chapman (1959) reported that 77 haemastoma de
stroyed most of the spat on already depleted oyster
beds and about half of the spat and large oysters on
more densely populated, productive oyster beds. Al
though this predation can represent an enormous re
duction in oyster populations, 77 haemastoma prefers
oysters as preyonly if other preyspecies arescarce or
absent (Buder 1954; Chapman 1959). In laboratory
experiments, 77 haemastoma selected mussels over
eastern oyster spat, and chose barnacles, clams, and
hydroids over larger oysters (Butler 1954).

Prey selection in 77 haemastoma can be explained
by food value (Garton 1986).This species appears to
bean optimal forager, being able to recognize thefood
value of prey and then to select prey that will result in
optimal growth (Palmer 1983; 1984). Foraging effi
ciency for T. haemastoma increases with itssize and age
because its ability to attack larger oysters increases
with size (Brown and Richardson 1987). Small snails
lack the individual ability to feed on large oysters but
can group together to sucessfully attackoysters (Gar
ton 1986; Brown and Richardson 1987). Group feed
ing is profitable to the individual only if the prey is
large and difficult to handle. Thus, prey selection by
different size classes of 77 haemastoma can be ex

plained based on theenergetic considerations of food
value versus handling timeof prey (Brown and Rich
ardson 1987).

Other species of predatory gastropods, often less
abundant and ubiquitous, may have an effect on oys
terpopulations. The crown conch, Melongena corona,
occurs at densities ofabout one individual 100 m"2in

the Gulf of Mexico (Hathaway 1958) where it lives
on soft, protected intertidal bottoms (Gunter and
Menzel 1957; Menzel et al. 1958). It is possible that
these numbers are an underestimate because individ

uals are often buried in the substrate (Menzel and
Nichy 1958). Melongena corona feeds on a variety of
molluscs and detritus and is often associated with

oyster beds (Hathaway 1958), but probably onlykills
small numbers of oysters. Research by Hathaway
(1958) and Menzel et al. (1958) suggests that M. co
rona may not excrete toxins, but may kill oysters di-
recdy or cause their adductor muscle to relax. Obser
vations of oysters clamping the proboscis of crown
conchs between tighdyclosed valves for hours (Hath
away 1958; Menzel et al. 1958) also support the idea
that conches do not secrete a toxin that is deleterious

to the oyster.
Busycon contrarium, the lightning whelk, isanoth

er species of gastropod that feeds on oysters. It occurs
on oyster beds, often buried in the substrate, and may
number as many as one individual 25 m"2 of reefsur
face (Menzel and Nichy 1958). It attacks oysters by
chipping at the outer margin of the shell and then
wedging the valves apart with its foot until the pro
boscis can be inserted (Carriker 1951; Menzel and
Nichy 1958). During a summer study of inter- and
subtidal oysters on a native oyster bed in Alligator
Harbor, Florida, Nichy and Menzel (I960) observed
mortality of at least 75 to 80% of oysters within the
middle and lower subtidal levels of the reef. They at
tributedthismortality to B. contrarium.

Many methods of controlling carnivorous gas
tropods have been investigated because these species
are so numerous and can cause large losses of com
mercially valuable oyster populations. These methods
may be divided into three categories: physical, chem
ical, and biological.

Physical methods of controlling drills include
trapping and burying. Trapping success depends on
using bait as an attractant, replenishing the bait fre-
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quently, and maintaining good quality bait in the
traps (Andrews 1955b; McHugh 1956, 1957). Mc-
Hugh (1956) used a wire mesh tray filled with seed
oysters to attract and catch the drills. The catch rate
of drills declined jwith the amount of time the trap
was left out because the number of drills attracted to

the bait reached equilibrium, i.e., the numberofdrills
present on the bait remained constant. The amount
andquality of baitare also very important; thus, traps
must be checked and rebaited often for the catch rate

to remain high (McHugh 1957). Trapping of drills
has been used rarely as a method of control. Another
method used a modified agricultural plow to bury
drills 5 to 6 cm below the sediment surface (Loo-
sanoffand Nomejko 1958). However, this method
was ineffective as nearly all the drills crawled back to
the surface. Furthermore, this is not a method that
could beapplied to oyster beds even if it was effective,
as theoysters would also bekilled byburial.

Chemical methods for controlling drills include
the use of substances toxic to drills, such as copper
(Glude 1957). Drills, in common with other gas
tropods, exhibit reluctance to cross barriers of metallic
copper, due to a characteristic of the copper and not
the physical presence of a barrier (Glude 1957;
Huguenin 1977). To be effective, the copper barrier
must be as wide as the largest drill to be excluded
(Huguenin 1977). Such barriers are not totally effec
tive for thaids because the pelagic larvae can be car
ried over the barrier, or larger drills can be transported
across the barrier by other organisms such as horse
shoe crabs (MacKenzie 1962; Huguenin 1977). Uro
salpinx cinerea and E. caudata, which do not have
pelagic larvae, are more easily controlled and reinfes-
tation rates are lower (Pollard 1973). This method has
never been used on a commercial scale.

Two pesticides, "Sevin" (a methyl carbamate) and
"Polystream" (a mixture of chlorinated benzenes),
were studied several decades ago for possible use in
control of drills (Wood and Roberts 1963; Haven et
al. 1966). "Sevin" is highly toxic to crustaceans and
does not kill the drills immediately, whereas "Poly
stream" kills the snails immediately and was thought
at that time to inflict litde or no damage on bottom
communities (Wood and Roberts 1963). Treatments
with these pesticides were typically mosteffective dur
ing April and May (MacKenzie 1971). Drills that

werenot killed immediately did not feed normally for
a few months, resulting in substantially decreased oys
ter mortality during that period (MacKenzie 1971).
This method was used in Long Island Sound in the
1960s, when about 100 hectares of oyster bottom
were effectively treated. Since then, use of these
chemicals on natural oyster bars has not been ap
proved by the U.S. Food and Drug Administration.
Today, it is widely recognized that the application of
toxic chemicals may have far-reaching adverse effects
beyond the use intended. Thus, toxic chemical appli
cations are more closely regulated.

Biological methods for controlling drills include
the introduction of natural predators into the local
environment. Parorchis acanthus, a digenetic trema-
tode parasite of T. haemastoma (Cooley 1958, 1962),
destroys the drills liver, and to a lesser extent, itsgo
nad. Although individual infections of P. acanthus in
T. haemastoma can be heavy, natural infection inci
dence is low, so use of this parasite as an effective
method of biological control is doubtful (Cooley
1958, 1962). A second possible but unlikely biologi
cal control may bethe moon snail, Polinices duplicata,
that feeds on drills (Flower 1954). Ecological im
plications must be carefully considered when using
anyof these methods. Both oysters and benthiccom
munity constituents may be injured or destroyed
along with the predators if the methods of control are
not wisely chosen. In addition, the absence of drills
may result in overcrowding of spat because drills can
greatly influence spat survival (Andrews 1955a).

Predation by Crabs

Crabs kill many eastern oysters, particularly spat
and juveniles (Galtsoff 1964). The stone crab, Me-
nippe mercenaria, mud crab, Panopeus herbstii, rock
crab, Cancer irroratus, and blue crab, Callinectes sapi-
dus, are all responsible for considerable mortality in
natural oyster populations along the Atlantic and
Gulfcoasts of the United States (Menzel and Hop
kins 1956; Krantz and Chamberlin 1978; Bisker and
Castagna 1987).

Species of stone crabs occur along the Atlantic
coast from North Carolina to the Gulf of Mexico

(Menzel and Hopkins 1956). On the Gulf coast, M.
mercenaria is the most numerous species on oyster
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beds and is responsible for considerable oyster mor
tality (Menzel and Nichy 1958; Mackin 1959; Hof
stetter 1977). Stone crabs have large, heavy claws so
M. mercenaria is capable of crushing even large, mar
ket-size oysters (Mackin 1959). It isprobable that the
damage to and loss of market-size oysters by stone
crabs is often underestimated because the destruction

of the shell isso complete (Mackin 1959).
Stone crabs are intolerant of low salinity, being

limited to regions where the average salinity remains
above 12 to 15 ppt throughout the year (Menzel et
al. 1958). High salinity episodes during droughts,
similar to that which occurred in Apalachicola Bay,
Florida, during 1956, probably allow the stone crab
to become established in oyster communities that
had previously been outside their salinity range
(Menzel et al. 1966). Stone crabs occur in lower in-
tertidal and subtidal areas and will feed only when
covered by water, remaining in their burrows if ex
posed by lowtides (Nichyand Menzel 1960).

Population density estimates for stone crabs are
limited; however, Menzel et al. (1958) estimated one
crab (50 to 100 mm carapace width) m~2 on Florida
oyster beds. In Louisiana, density estimates were as
high as 8,649 stone crabs hectare-1 (Menzel andHop
kins 1956). Cumulative predation rates on all sizes of
oyster by stone crab populations have been estimated
to beabout0.6 oysters crab"1 d"1 or 219 oysters crab"1
year-1 (Menzel and Hopkins 1956). Stone crabs may
prefer barnacles as food when available, but in their
absence will typically choose small oysters over large
ones (Powell and Gunter 1968).

The mud crab, Panopeus herbstii, is the largest
xanthid crab in Chesapeake Bay, and the cause of
considerable mortality on Chesapeake Bay oyster
beds each year, with average predation rates in labo
ratory experiments as high as 21.5 spat crab-1 d-1
(Bisker and Castagna 1987). Reported population
densities vary from 13 to 103 crabs m"2 (Bisker and
Castagna 1987). Panopeus herbstii remains active at
temperatures below 12°C and tolerates salinities from
10 to 34 ppt (Schwartz and Cargo 1960; Bisker and
Castagna 1987). It is not migratory and remains a
constant threat to oyster populations throughout the
year (Bisker and Castagna 1987).

Panopeus herbstii is a very efficient predator with
a large moliform tooth on the crushing edge of the

dactyl of the major claw. This tooth allows the crab
to openoysters twice thesize of those opened byoth
er crab species of similar carapace size (Bisker and
Castagna 1987). Predation rates for P. herbstii are di
rectly proportional to crabsize and inversely propor
tional to oyster size (Bisker and Castagna 1987). In
laboratory studies, mud crabs with mean carapace
widths of 7.1 and 25.2 mm caused significant mor
tality to oyster spat that were 8.1 and 24.6 mm shell
height, respectively. Daily predation rates for various
species of mud crabs have been estimated at 0.4 to
19 oyster spat crab-1 d-1 (Bisker and Castagna 1987).

The mud crab, Neopanope texana, demonstrates
different predation patterns on spat depending on
whether the spat are attached or unattached to sub
strates. It will only feed on attached individuals less
than 10 mm in size, but will attack spat up to 25
mm if they are unattached. Spat that areattached to
substrate are much more difficult for the crab to ma

nipulate and open successfully (Krantz and Cham-
berlin 1978). Bisker and Castagna (1987) suggest
that this difficulty may be true for other species of
mud crab as well.

The blue crab, Callinectes sapidus, also preys on
oysters along the Atlantic and Gulf coasts (Menzel
and Hopkins 1956; Menzel et al. 1958; Hofstetter
1977). Nichy and Menzel (I960) observed that blue
crabs followed the incoming tideas it covered an oys
ter bed and tested each oyster, bypassing many until
they found a suitable choice. Some researchers have
postulated that C. sapidus passes over adult oysters
because they are too large for the crabs to open the
shell (Menzel and Hopkins 1956; Nichy and Menzel
1960); however, C. sapidus have been observed to
open 7 cm (shell length) clams, Rangia cuneata, a
species with an exceptionally thick and strong shell
(V. S. Kennedy, Horn Point Environmental Labora
tory, pers. comm.).

Blue crabs use different methods for opening
oysters, depending on the size of the prey. Small spat,
less than 15 mm shell height, are typically crushed,
whereas theshells of larger oysters are usually chipped
around the edge with the chelae. Meat is extracted
with mouth parts and chelae tips. The largest crabs
are able to crushan adult oystersumbo (Krantz and
Chamberlin 1978). Cultchless oyster spat, initially
set on mylarsheets, are particularly easy for C sapi-
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dus to open. These spat, which have a weak spot on
the lower valve where they were attached to mylar
substrate, are easily crushed (Krantz and Chamberlin
1978). Krantz and Chamberlin (1978) reported 79
to 99% mortalities in cultchless oysters, 3 to 40 mm
long, kept in uncovered trays in the upper Chesa
peake Bay. The ability to open larger spat increases
with increasing crab size; blue crabs that were 9.3,
24.5, and 85.5 mm in carapace width caused signifi
cant mortality to spat that were 3.4, 13.9, and 24.4
mm in shell height, respectively (Bisker and Castagna
1987). Menzel and Hopkins (1956) estimated preda
tion rates of bluecrabs on oysters to be 19spat crab-1
d-1 on Florida oyster beds. Bisker and Castagna
(1987) found a high efficiency of predation in blue
crabs, particularly on spat, with a rate of 16.7 spat
(24.4 mm shell height) crab-1 d-1 in Virginia.

Blue crabs are very mobile, making population
densities difficult to estimate (Nichy and Menzel
1960); however, Wells (1961) estimated about four
crabs forevery 6 m of oyster reefedge. The activity of
C. sapidus is limited by low temperatures such that
the crabs cease feeding when temperatures are below
13°C(Bisker and Castagna 1987).

Elner and Lavoie (1983) compared predation
rates for the rock crab, Cancer irroratus, mud crab,
Neopanope sayi, and the American lobster, Homarus
americanus, on eastern oysters. They found these
crustaceans couldnot attack oysters larger than 30 to
35 mm shell length. The bestmethod for controlling
crab predation on oyster populations appears to be
isolation of the spat in protected trays, possibly until
they reach 30 to 35 mm. This technique is impracti
calfor natural oyster beds, however.

Polyclad Flatworms

Polyclad turbellarian flatworms are common
members of many oyster bed communities along all
three coasts ofNorth America (Woelke 1957; Mackin
1959;Landers and Toner 1962; Finucane and Camp
bell 1968; Hofstetter 1977). Stylochus ellipticus and
Stybchus frontalis (=inimicus) are the most common
species along theAtlantic and Gulfcoasts. The north
ern limit of the range of S. ellipticus is Prince Edward
Island, but the species iscommonsouth of Massachu
setts and its range extends to Texas (Hyman 1940). It
is the most important species in Chesapeake Bay

(Webster and Medford 1961; Christensen 1973). Sty
lochusfrontalis is common from Florida to Texas, per
haps reaching as far north as the Carolinas (Hyman
1940). Also known as "oyster leeches" (Pearse 1938;
Pearse and Wharton 1938; Galtsoff 1964; Finucane
and Campbell 1968) and "oyster wafers" (Menzel et
al. 1958), these species have beenassociated with inci
dences of high mortality ineastern oyster populations,
particularly among spat (Hopkins 1955; Loosanoff
1956; Woelke 1957; Mackin 1959; Provenzano
1961). Nevertheless, their relative importance as oys
ter predators in natural populations remains undeter
mined (Gunter 1953).

The turbellarian flatworms are thin, flat, and el
liptical, with slighdy wrinkled margins (Pearse and
Wharton 1938; Webster and Medford 1961). They
vary in colorwithin a species from brown or gray to
dark pink or orange. Paired tentacles are locatednear
the anterior end and numerous eyespots are found
around the anterior marginand also on the tentacles.
The mouthwith the pharynx, which canbeeverted a
great distance, is abouthalfway back from the anteri
or end, on the ventral side (Webster and Medford
1961).

Flatworms are hermaphroditic and extremely fe
cund: estimates of egg production for Stylochusfron
talis are 21,970 eggs flatworm-1 month-1 (Pearse and
Wharton 1938; Woelke 1957) and up to 39,000
eggs over 48 h at 21°C for S. ellipticus (Chintala and
Kennedy 1993). The larvae, which are pelagic and
metamorphose after 11 to 21 d (Pearse andWharton
1938; Woelke 1957), often settle in very high num
bers on oysters, as many as one flatworm shell-1 d-1
(Provenzano 1961). Flatworms grow rapidly (Pearse
and Wharton 1938) and become fairly large. S.
frontalis has been reported as long as 51 mm, and S.
ellipticus as large as 25 mm (Pearse and Wharton
1938; Webster and Medford 1961). Mostspecies live
for one year (Pearse and Wharton 1938), becoming
sexually mature earlyin their lifecycle. Stylochusfron
talis has been reported to becomesexually mature af
ter just two months (Pearse and Wharton 1938).

Flatworm species vary in their tolerance to chan
ges insalinity andtemperature. Stylochus frontalis flour
ishes at rather high salinities, usually greater than 15
ppt, but can also tolerate salinity as low as 6 ppt
(Pearse and Wharton 1938). Pearse and Wharton
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(1938) further noted that S. frontalis does not lay
eggs at salinities below 15 ppt, and does not crawl at
temperatures below 12°C and above 34°C.

Stybchus ellipticus also is somewhat limited by
temperature and salinity. In laboratory experiments,
Landers and Toner (1962) showed that it can survive
abrupt changes in salinity from 27 ppt to 7.5 ppt at
room temperature. There was 20% mortality at 5
ppt and 100% mortality at salinities from 0 to 2.5
ppt. Individuals acclimated to 5 ppt, however, could
survive salinities of 2.5 ppt if the transition was slow.
Provenzano (1961) reported that settlement of S. el
lipticus occurred onlywhen the salinity was below 20
ppt. Therate and extent oflocomotion of5. ellipticus
varies erratically with temperature but normally de
creases as temperature decreases (Landers and Toner
1962). Landers and Rhodes (1970) reported that
temperatures below 10°C led to a progressive de
crease in predation rate and that the lower salinity
limit for S. ellipticus appeared to beabout 5 ppt. The
combined effects ofchanges in both temperature and
salinity are probably more important thanifonly one
factor is changed (Landers andToner 1962).

Flatworms of the genus Stybchus enter oysters
through their partially gaping valves. Stybchus ellip
ticus preferentially attacks small oysters but large flat-
worms can kill oysters as large as 6 cm (Landers and
Rhodes 1970). In laboratory studies, as few as three
S. frontalis killed and ate an adult oyster in a week
(Finucane and Campbell 1968). Stybchus spp. may
preferentially attack already weakened or diseased
oysters (Hofstetter 1977).

Densities of flatworms vary according to year, lo
cation, and season. Densities of 1.4 to 50 S. frontalis
m-2 have been reported from Apalachicola Bay, Flori
da (Menzel et al. 1958). Stybchus spp. are also com
monon beds in Galveston Bay, Texas, where as many
as 500 flatworms per sample have been collected
(Hofstetter 1977). In Florida, 1,300 flatworms bush
el"1 of oysters have been reported on some beds.
This infestation resulted in 30 to 90% mortality in
the spat population (Hofstetter 1977).

Evidence for the importance of flatworms in oys
ter predation comes from laboratory feeding experi
ments and field observations of flatworms in newly
dead oysters. For this reason, there is still some dis
agreement as to the extentof damage caused bythese

animals to natural oyster populations (Hofstetter
1977). Recent field research byNewell and Kennedy
(1992) examined thesurvival of three sizes of spat in
mid Chesapeake Bay. They found that at 7 mmspat
are relatively immune to flatworm predation. Based
on their field and laboratory studies, they postulated
that in early and mid-summer, flatworms may be too
small to feed on oysters; thus, in years when spatfall
is in the early summer, increased recruitment may
occur. Results of this research and workby Newell et
al. (1989) indicated that there is a very lowsurvival
rate of spat smaller than 2 mm on natural cultch,
probably due to predation by S. ellipticus. In an early
study, Provenzano (1961) reported 100% mortality
of spat in isolated salt water ponds used for oyster
culture in Marthas Vineyard, Massachusetts. These
ponds had limited exchange with the surrounding
environment and other natural oyster predators, with
theexception of S. ellipticus, were absent. As many as
15 & ellipticus were found within the valves of a sin
gle oyster shell, thus implicating this flatworm as the
culprit in the mass mortality.

Although flatworms will attack barnacles and
oysters, prey preference may be more a consequence
of environmental factors than of choice (Christensen
1973). In studies comparing the preference of flat-
worms for barnacles or oysters, flatworms preferred
prey items that corresponded to those common in
their natural habitat, e.g., flatworms that were taken
from areas where barnacles were common and oysters
were rare preferred barnacles (Landers and Rhodes
1970). Ultimately, salinity may be the governing fac
tor in prey selection. If barnacles tend to be more
common in higher salinity regions and oysters more
common in lower salinity regions, prey availability
may be controlled by salinity and, thus, prey prefer
ence may be limited by the environment (Landers
and Rhodes 1970). Another possibility is that tem
poral events in a location can control prey availabili
ty. In some regions, barnacles settle before oysters,
providing the basis of the prey population for the
flatworms.

Extensive mortality of oysters due to these poly
clad flatworms has typically occurred under crowded
mariculture conditions (Woelke 1957; Provenzano
1961). Under most conditions, barnacles are proba
bly the preferred prey; however, mariculture condi-
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tions of high oyster density may yield circumstances
conducive to predation on oysters by turbellarian
worms (Christensen 1973). Control of flatworms in
trays of hatchery oyster seed may be accomplished by
submersing the seed in either fresh or highly saline
water (Gunter 1953; Woelke 1957; Provenzano 1961).
Such submersion immediately eliminates flatworms
but further precautions must be taken to protect oys
ters from reinfestation.

Starfish

The starfish, Asterias forbesi, is a common and
highly destructive oyster predator in Long Island
Sound and areas northward (Mackin 1959; Galtsoff
1964; MacKenzie 1970). It is responsible for consid
erable mortality each year, especially ofspat,and dur
ing years ofextreme abundance can cause catastroph
ic losses in oyster populations (Mackin 1959; Galt
soff 1964; MacKenzie 1970). As with many oyster
predators, starfish cannot invade beds where salinity
falls below 16 to 18 ppt (Galtsoff 1964).

Mackin (1959) reported that sudden, large in
creases in starfish populations appeared to occur in
7-year cycles. These "plagues" of starfish do not de
pend on availability of oysters, but are probably the
result of a high percentage of survival of the free-
swimming larvae and a successful set of young star
fish (Mackin 1959; Galtsoff 1964). In New England
waters, starfish reproduce just before oysters spawn,
so a year class of oyster spatcan be eliminated by an
unusually successful starfish set (Galtsoff 1964).

Starfish move slowly and randomly across the
bottom (Galtsoff 1964) and during these feeding for
ays can move a few hundred meters in several weeks
(MacKenzie 1970). Galtsoff (1964) stated that star
fish can also be carried passively by tidalcurrents, and
in thiswayaretransported to newoyster grounds, but
this is probably not correct.

MacKenzie (1970) reported that young starfish
on 15 commercial oyster beds in Connecticut waters
were responsible for the death of about 1%of the oys
ter spat during a 6-month period in 1963, whereas
adult starfish killed about 25% of the spat. Starfish
use two different methods to open oysters: (1) they
use force and (2) they secrete an anesthetic substance
from their stomachs to numb the oysters and cause

them to gape (Galtsoff 1964; MacKenzie 1970).
When the valves gape about a millimeter, the starfish
extends its thin-walled stomach into the opening and
begins to digest the oyster. Although crabs leave chip
marks on oyster shells and boring gastropods often
leave holes, it is uncertain whether starfish leave any
identifying mark on their prey. Galtsoff (1964) con
tends that they leave none, whereas MacKenzie
(1970) reports that the shells of oysters preyed upon
by starfish have the distinct appearance of being filed
to a blunt edge around at least partof the circumfer
ence of the shell where the starfish's tube feet pulled
offthe thin edge of the oysters shell.

In oyster-producing areas, control of starfish po
pulations becomes particularly important when the
starfish are highly abundant. Starfish can be killed by
submersion in highly saline water or by the addition
ofquicklime spread over theoyster beds (Shearer and
MacKenzie 1959; Galtsoff 1964; MacKenzie 1970).
Mops dragged over thebottom have also been used to
entangle and capture starfish. The formerly common
practice of chopping up captured starfish and dump
ing the bodies overboard only results in increased
numbers of starfish, as thechopped-up pieces regener
ate new arms.

Fish

Fishare common oysterpredators in many estu
arine communities,with species compositionvarying
with community, depth, temperature, and local con
ditions. Fish efficiently locate oysters through visual
contact, although this issometimes supplemented by
chemoreception. For instance, the goby, Gobiosoma
bosci, uses volatile compounds emitted from the oys
ter to determine the oyster's location (Hoese and
Hoese 1967). In Chesapeake Bay, fish predators in
clude toadfish, Opsanus tau, and the cow-nosed ray,
Rhinoptera bomasis, (Krantz and Chamberlin 1978).
MacKenzie (1970) reported that the summer floun
der, Paralichthys dentatus, caused damage to oyster
populations in Connecticut waters. Sheepshead, Ar-
chosargus probatocephalus, and skates, Raja spp., can
be major oyster predators in the Gulf of Mexico
(Menzel and Hopkins 1956; MacKenzie 1977a).
Drumfish, Pogonias cromis, maybe a particularly sig
nificant oyster predator, ranging along the eastern
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United States and Gulf coasts. In Louisiana, drum
fish consume oysters by crushing their shells (Mat-
thiessen 1971). Nearly all oyster predators are limited
to consuming smaller oysters but drumfish and cow-
nosed ray can prey uponoysters over ca. 8 cm (Smith
andMerriner 1978).

Some fish may also function as a positive influ
ence in oyster communities. Toadfish, for example, al
though capable ofeating oysters, prefer crabs and thus
reduce overall predation on the oyster population
(McDermott 1964). Skilletfish, Gobiesox strumosus, an
estuarine and marine species on the GulfandAdantic
coasts, lays its eggs in empty oyster shells, resulting in
shells that are incleaner condition for subsequent set-
dement byoyster larvae (Runyan 1961). The author
states, however, that G. strumosus may act as a vector
for oyster parasites. The above complex interactions
exemplify whygreat caution must be exercised when
determining therole ofan organism in thecommuni
tybecause organisms often function in more thanone
ecological capacity.

Predation on Oyster Larvae

Adults of many benthic invertebrates, especially
sessile species, are unable to escape the physical and
biological variability of their environment. Thus,
many adult organisms, being quite vulnerable, have
developed elaborate defense, feeding, and protective
mechanisms. Larvae, however, are smaller, less pro
tected and more vulnerable to predation; they are fed
upon by pelagic and benthic filter feeders (Min
kovsky 1974). Benthic predators thathave been stud
iedas to their effects on oyster larvae include the sea
anemone, Diadumene leucolena, barnacle, Balanus im-
provisus, and two species of solitary ascidians (Mac
Kenzie 1977b; Steinberg and Kennedy 1979; Osman
etal. 1989).

Diadumene leucobna has been thought to limit
oyster populations throughout the Chesapeake Bay
region (MacKenzie 1977b). Densities of sea anemo
nes on oyster beds have been estimated at 104 indi
viduals m"2 for live oyster beds and 176 individuals
m-2 on shell beds and sea anemones have been esti

mated to occupy about 15 to 25% of the surface area
of live shells (MacKenzie 1977b; Steinberg and Ken
nedy 1979). It has been thought that on oyster beds

where high densities ofD. leucolena occur, many oys
ter larvae are consumed by this species. Observations
by Steinberg and Kennedy (1979) show that barna
cles, under laboratory conditions, are capable of in
gesting or damaging oyster larvae in sufficient num
bers to cause a large reduction in larval abundance.
Also in support of these findings is the presence of
semi-digested oyster larvae in the guts of barnacles.
Osman et al. (1989) conducted experiments with the
solitary ascidians Ciona intestinalis and Styela clava in
the presence of eastern oyster larvae. The ascidians
preyed on 29% to 96% oflarvae in the experiments.

Controlling sea anemone and barnacle popula
tions on productive oyster beds has been suggested as
a means to increase successful setting of oyster larvae
and thereby the number of oysters reaching market
size (MacKenzie 1977b). However, later work by
MacKenzie (1981) in both laboratory and field stud
ies suggest that although potentially important, most
benthic invertebrates (including oysters) play at most
a minor role in larval mortality.

Purcell etal. (1991) examined predation on plank-
tonic larvae by the scyphozoan, Chrysaora quinquecir-
rha, and ctenophore, Mnemiopsis leidyi. Their work
showed that medusae of C. quinquecirrha do not in
gest or digest bivalve veliger larvae; however, scyphis-
tomae of the species do digest veliger larvae. The
ctenophore, M. kidyi, does prey on bivalve veligers.
Although C. quinquecirrha medusae may consume
some bivalve veligers, ultimately they may reduce pre
dation on these larvae byalso feeding onctenophores.

PESTS

Cliona spp.

Some of the most common intertidal pests of
oysters are estuarine sponges belonging to the family
Clionidae ofwhich seven species of thegenus Cliona
are found along the Atlantic and Gulf coasts of the
United States. Two of the most important species to
oyster ecology are Cliona truitti, found in lower salin
ity regimes, and Cliona celata, more abundant at
higher salinities (Hopkins 1962). These two species
are sometimes used as indicator species; abundant C.
celata signifies that high salinity has prevailed for sev
eral months, whereas C. truitti indicates prevalence
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of salinities of 10 to 15 ppt (Hopkins 1962). These
species are easily distinguished: C. celata has yellow
papillae that form large coarse holes in the oyster
shell, whereas C. truitti, and all other estuarine clion-

ids, forms small holes.
All Cliona spp. can excavate habitations in oyster

shells. The oyster's calcareous substratum completely
encloses the sponge body except for papillae that ex
tend through the shell to the outside environment.
Hatch (1980) describes three major hypotheses
about the mode of penetration of Clionidae into
their substratum: "an extensive chemical dissolution

of the substratum, usually assumed to be the action
ofsome acidic etching agent; an exclusively mechani
cal removal of the substratum; and a chemomechani-
calmechanism in which the substratumischemically
softened or loosened and subsequendy mechanically
removed. The most tenable mechanism is the combi

nation of a localized chemical dissolution coupled
with mechanical dislodging of fragments of the sub
stratum and their subsequent transport out of the
sponge galleries."

Oyster beds have varying levels ofsponge infesta
tions but some geographical regions appear to be
more prone than others (Galtsoff 1964). It is not al
ways obvious why oysters become infested. On the
eastern shore of Chesapeake Bay, Hopkins (1962)
observed that at one study site, C. celata was found
on most Urosalpinx cinerea but rarely on oysters. Cli
ona spp. also may inhabit dead oyster shells. Guida
(1976) states that the burrowing alpha stage of C.
celata is restricted to the shell; however, it can grow
out of itsgalleries and eventually cover the shell (beta
stage) and even eventually become free-living (gam
ma stage). The beta and gamma stages are subject to
greater predation pressure due to their exposure out
side the shell.

Guida (1976) observed that many species of or
ganisms, including molluscs, crustaceans, polychaetes,
and echinoderms eat exposed C. celata under labora
toryconditions. His field studies corroborated his lab
oratory observations, showing that predation by these
species maybe important in controlling sponge popu
lations. Furthermore, Guida (1976) postulated that
sponges are potentially important to community
structure and energy flow in oyster reefcommunities

because theyareconsumed by many predators within
the community, not justa few rare specialists.

Oyster shells are weakened by the excavations of
Cliona spp. The extensive matrices or galleries formed
by the sponge allow the shell to be broken easily.
Heavily perforated shells predispose the oyster to pre
dation by organisms such as fish and crabs. In addi
tion, some oyster competitors, forexample the hooked
mussel, Ischadium recurvum, can insert byssal threads
into the holesmade by the spongeand becomemore
firmly attached (Turner 1985).

Cliona spp. rarely erode the oyster shell through
to the shell cavity, usually doingso only in old, heavy
infestations. If the oyster shell ispenetrated complete
ly, the oyster quickly lays down conchiolin to prevent
contact between tissues and the sponge (Galtsoff
1964). If the oyster is unable to protect its tissues
through shell deposition, the sponge becomes pa-
thenogenic, forming adhesions on the oysters tissue
(Overstreet 1978).

The continuous expenditure of energy by the oy
ster to deposit new shell might have implications on
reproduction and sex determination in oysters. Bahr
and Hillman (1967) conducted a study examining
four groups of oysters: "fed" oysters with normal and
filed shells and "starved" oysters with normaland filed
shells. "Starved" oysters had marked retardation of the
gonads and males appeared to predominate in oysters
that were filed. The authors speculated that whether
or not food was limited, oogenesis mightrequire more
energy than production of sperm. If the shells of oys
ters aredamaged and gametogenesis occurs, the limit
ed energy available may then favor sperm production.
Although this isa single study, it brings up interesting
questions. Forexample, whenoysters aredamaged, do
the above processes become important in influencing
population structure? More work needs to be con
ducted to answer this question (see also Thompson et
al., Chapter 9).

Polydora spp. and Boccardia spp.

Members of the genus Polydora, also known as
mud worms, are found along the Atlantic and Gulf
coasts of the United States. The two main species of
Polydora of importance to oyster ecology, P. websteri
and P. ligni, live subtidally and bore into oyster shells,
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resulting in mud-filled shell blisters (Larsen 1978).
These species, together with Boccardia hamata, an
other mud worm, are frequendy found in association
with oysters, although associations with hermit crabs,
other bivalves, barnacles, and objects such as floating
wood, also have been recorded (Galtsoff 1964; Lar
sen 1978).

The early life histories of P. websteri and P. ligni
are similar: both species lay encapsulated eggs that
are attached to the inner surface at the tube in which

the mud worm lives (Galtsoff 1964). Polydora ligni
lives in tubes consisting of mud particles held togeth
er by mucus secreted by the antennae and body sur
face (Galtsoff 1964). The eggs develop in 4 to 8 d,
depending on the temperature; larvae have a plank-
tonic stage of an undetermined duration (Galtsoff
1964). The larvae setde on the outer surface of an
oyster shell and immediately bore into the shell cavi
ty, subsequently crawling between the mantle and
shell (Haigler 1969). Polydora websteri uses a chemi
cal agent to penetrate all layers of the oyster shell; P.
ligni does not penetrate the calcareous substrate or
form blisters (Haigler 1969). The boring process for
P. websteri requires about 24 h to penetrate the chalky
deposits, 7 d for calcite-ostracum, and 30 d for con-
chiolin (Haigler 1969).

Polydora spp. do not direcdy attack the hosts tis
sues; however, mortality or ill health may result indi
rectly. For instance, when oysters are infected with
high abundances of P. websteri, energy is directed to
wards shell maintenance and repairs rather than
growth or reproduction (Owen 1957; Larsen 1978).
The ensuing poor health also may make the oyster
more susceptible to disease (Korringa 1952). High in
festations make the shell brittle (Skeel 1979), render
ingtheoyster prone to predatory attacks.

Boccardia hamata is closely related to Polydora
spp. It occurs in the internal galleries of C. virginica
shells and in tubes on the oyster shells. It isquitepos
sible that this species also actively burrows into the
shell, thus making it a potential oyster pest (Larsen
1978). Boccardia hamata deposits its eggs in a long
string. Development proceeds in the string until the
6-setiger stage when the larvae are released into the
plankton (Dean and Blake 1966). The pelagic larvae
grow to the 16 or 17-setiger stage and then meta

morphose, with the entire pelagic stage lasting about
3 weeks (Dean and Blake 1966).

Two types of chemical control could possibly be
used for Polydora spp. and Boccardia spp. (MacKenzie
andShearer 1959): (1) vermifuges that cause the mud
worms to emerge from their tubes and leave the hosts
shell, or (2) vermicides that kill the mud worms in the
tubes, ordinarily not eliciting emergence. Sodium
chloride, however, is probably the most practical
method for killing these mud worms; 87 to 98% of
P. websteri were killed after a 10 to 15 minute submer

sion in saturated salt solution followed by at least 15
minutes of drying (MacKenzie and Shearer 1959). In
the past, oysters were immersed in O-dichloroben-
zene for not longer than 3 h and then transferred to
seawater to facilitate emergence of mud worms (Mac
Kenzie and Shearer 1959). Today chemicals such as
these are known to be highly toxic and are no longer
used.

Pea Crabs

The pea crab, Pinnotheres ostreum, is symbiotic
with a variety of hosts including bivalves, polychaetes,
and echinoderms (Kruczynski 1974). Peacrabs enter
the shell cavity of oysters and remain there for mostof
their lives. Reported incidences of infection vary
among oyster beds and range from 6 to 80% (Sandoz
and Hopkins 1947; Haven 1958).

Like manyother oyster commensals and pests, P.
ostreum is restricted to high salinities. Beach (1969)
found that embryonic development was not possible
at salinities below 15 ppt. As salinity increases, there
is an increase in the number of oysters infected with
P. ostreum (Flower and McDermott 1952). In addi
tion to salinity, submergence also appears to be im
portant, as highest infection rates occur subtidally.
Beach (1969) hypothesized that pea crabs have a
greater opportunity to find new hostswith increasing
periods of submergence.

The life history of pea crabs has beenwell docu
mented by Silas and Alagarswami (1967). Pea crabs
undergo five life stages before reaching maturity. First
stages of males and females are adapted to swim
ming, searching, and invading a host (Christensen
and McDermott 1958). Pea crabs grow-to maturity
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in the mantle cavity of the oyster (Stauber 1945).
Copulation occurs within the oyster with the small,
free-living, hard-stage male entering an oyster con
taining a female^ copulating with the female, and
then returning to its free-living existence (Christen
sen and McDermott 1958; Barnes 1980). Eggs are
carried by the female for 3 to 5 weeks, followed by a
larval periodof 3 to 4 weeks. Infestation of oysters by
new pea crabs most likely occurs in summer or au
tumn (Stauber 1945; Christensen and McDermott
1958).

Pinnotheres ostreum probably locates new hosts
through combined visual and chemosensory tech
niques. Chemoreceptors have been observed on the
antennules of P. maculatus and have been indicated as

important in several of its life stages (Derby and
Atema 1980). The pinnotherid crabs live primarily
on the oyster's gills in the mantle cavity, except at
verysmall sizes when they can be found in the water
conducting channels in the back of the gills (Haven
et al. 1978). Pearce (1964) notes that some life stages
of P. maculatus are free-living while others are found
in the host. Indirecdy, pea crabs affect their hosts by
removing food particles captured by the oyster gill
and thereby depriving the oyster of possible nutri
tion. Oysters with pea crabs were found to have less
meat per shell cavity volume (Haven 1958). Pea
crabs also inflict direct injury when attached to the
oysters demibranchs, causing gill erosion and inter
fering with both the ability and efficiency of food
collection (Stauber 1945). Even though gill damage
may be extensive, rapid recovery can occur once the
peacrabs are removed.

Boonea impressa

The ectoparasitic gastropod, Boonea impressa, is
commonly found on oyster beds along the Adantic
and Gulfcoasts of the United States. Numbers of up
to one hundred snails have been reported on a single
oyster (Hopkins 1956; Robertson 1978). Boonea im
pressa feeds, asdo otherpyramidellids, byattaching its
proboscis to the oysters mande and then piercing the
host's body wall with a buccal styletand usinga buc
cal pump to suck the body fluids (Fretter and Gra
ham 1949; Allen 1958; Maas 1965).

Boonea impressa has a life span of about one year.
Larval development lasts from 3 to 5 d, followed by a
lecithotrophic period ofoneweek (White et al. 1985).
Powell et al. (1987a) observed that on some oyster
beds, juvenile B. impressa preferred the slipper shells
Crepidula plana as a host, whereas adults were found
almost exclusively on eastern oysters. Powell et al.
(1987a) further commented that juvenile snails may
feed on hosts different from those of adults for a vari

etyof reasons, including: (1) mechanically, it is easier
for small snails to feed on a smaller host, (2) a wider
host preference by juveniles avoids a shortage of food
supply, and (3) it allows foravoidance of competition
between adult and juvenile snails.

Boonea impressa forms patches or aggregations on
oyster beds. Patches occur independendy of the host
and usually remain stable for a period of 5 to 6 d
(Wilson et al. 1988b). Powell et al. (1987b) found
that snails were contagiously distributed and posi
tively spatially autocorrelated on Texas oyster beds.
Compared with wave-exposed beds, patches were
larger and better developed on sheltered or enclosed
beds where snail movement could occur more freely
(Powell et al. 1987b). Snail aggregations become very
important in oyster bed ecology because although
the effect of an individual snail may be limited, the
damage done by aggregations may be considerable.
The damage inflicted will depend upon snail patch
size, patch duration, snail behavior and size distri
bution, and oyster size distribution (Wilson et al.
1988b).

Boonea impressa was initially thought to be inca
pable of significantly damaging oyster health but re
cent evidence indicates that large numbers can inflict
substantial harm. In laboratory and field experiments,
oysters parasitized by large numbers of B. impressa
gained significandy less weight than unparasitized oys
ters, with mortality occurring in small oysters (White
et al. 1984; 1988a; Wilson et al. 1988a). Ward and
Langdon (1986) found that B. impressa reduced the
energy available to oysters for growth and mainte
nance. White et al. (1988a) developed a model based
on energy budgets to estimate the effect of B. impressa
on oysters; model predictions indicated that B. im
pressa could reduce the energy available for growth
and reproduction by 2 to 12% on natural oyster beds.
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In addition, B. impressa parasitism altered the bio
chemical composition ofthe oyster, resulting primari
ly in reduced carbohydrate concentration (White et
al. 1988b). Possibly the most significant effect of this
ectoparasite is its ability to both transfer and intensify
existing infections of Perkinsus marinus (White et al.
1987), a main cause ofoyster disease and mortality in
some Gulfregions andnorth to theChesapeake.

Clams and Mussels

Clams and mussels are not as abundant or ubiq
uitous as other oyster pests, yet in given localities
theymaybe found in sufficient numbers to influence
oyster populations. In the northwest Gulfof Mexico,
oysters have been found to be bored bythe polyclad
clam, Dipbthyra smithi, and the mussels, Lithophaga
bisubata and Lithophaga aristata (Ogle 1976). Ischa-
dium recurvum may be capable of reducing oyster
health depending on abundance. Dense clumps of
mussels with one or more oysters in poor condition
in the middle of the clump can be found in some
years (Engle and Chapman 1952). Although only
limited information is available on their effect, mus
sels and clams appear to be important in oyster com
munities, but more extensive research is necessary to
determine their effects on oyster bed communities.

COMPETITORS

The presence of competitors can reduce the suc
cess of oyster populations by competing for food or
space. (Organisms that compete with oysters for set
tlement space are often referred to as fouling organ
isms.) Ultimately this competition may result in oys
ter death or injury when competitors are abundant.
Although competitors usually influence larvae and
juveniles, in severe cases adults also may be affected.
Organisms from manymarine phyla mayfunction as
competitors for all or part of their lives, e.g., algae,
arthropods, anemones, bryozoans, sponges, poly-
chaetes, annelids, and molluscs.

Effects of competitors include: (1) consumption
of oyster larvae before settlement (see section on
Predators), (2) prevention of oyster larval settlement

by coverage of oyster setting area, (3) emission of a
noxious chemical to repel possible oyster settlement,
(4) overgrowth resulting in death from physical trau
ma, (5) poisoning of oyster spat by adjacent organ
isms, and (6) degradation of the structural integrity
of the oyster shell. Coverage is probably the most
common of the above effects on oyster communities,
occurring when the oyster shell is overgrown by the
competingorganisms.

Competitors arecommon in almost alloyster bed
communities, although specific oyster beds may be
completely free of competitors. Unlike the communi
ty dominants, competitors display a marked seasonal
cycle, with high mortality occurring in the fouling
communities with the onset of colder temperatures
(Galtsoff 1964). As temperatures warm, oyster larval
settlement and the settlement of fouling organisms
often occur at roughly the same time (Shaw 1967).
Coincident settingcan be detrimental to oyster larvae
because surface area for settlement is limited. In addi

tion, oyster spat mortality may also be high because
many competitors have more rapid post-settlement
growth (MacKenzie 1970). It is fortunate for oysters,
however, that most competitors are seasonal and,
therefore, injurious effects on oyster populations are
somewhat minimized. If the abundances of fouling
organisms were not reduced seasonally, then available
settlement space for oyster larvae might be eliminat
ed.

The eastern oyster hasbeenstudied aspart of the
fouling communities of eastern Long Island Sound
(Osmanet al. 1989;Zajacet al. 1989)and at Woods
Hole, Massachusetts (Osman et al. 1990). A variety
of sessile invertebrates (ascidians, barnacles, bry
ozoans) affected settlement success and post-settle
ment growth and mortality of oysters (Osman et al.
1989). Most species removed settlement space by
virtue of their presence. After settlement, oyster spat
survival and growth was usually associated negatively
with the presence of sessile species. Osman et al.
(1989) and Zajac et al. (1989) suggested that compe
tition for food was the most likely cause of reduced
survival and growth. Additional experiments by Os
man et al. (1990) revealed that ontogenetic changes
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in trophic relationships can result in increased com
plexity of interactions among eastern oyster larvae
andspat andsessile competitors and predators.

Morales-Alamo and Mann (1990) examined the
effect of differences in time of cultch planting on set
tlement and survival of oyster spat in Maryland.
Their studies showed that recruitment and growth of
oyster spat varied depending on the time when the
cultch was planted. This was a result of variations in
fouling during the study period. Rheinhardt and
Mann (1990) studied epibenthic fouling in Virginia
waters and found that the initial dominant biofoul-

ing species was replaced by other species through
time. These authors postulated that this is a result of
disturbance: oyster shells were moved around on the
bottom, freeing space and allowing neworganisms to
settle and eventually replace community dominants.
Thus, in the oyster bed environment the community
structure may change continually over time (Rhein
hardt and Mann 1990).

Some of the most common and abundant of the

fouling competitors of oysters are the slipper shells,
Crepidula fornicata and Crepidula plana. They are
suspension feeders, whose long gill filaments provide
increased surface area for food collection (Barnes
1980). Slipper shell larvae and oyster larvae appear to
settle at about thesame time, though until about two
months of age, slipper shells grow more rapidly than
oyster spat. Oyster spatmortality resulting from slip
per shell overgrowth was as high as 58% in one
region of Connecticut (MacKenzie 1970). Slipper
shells also may interfere with oyster spat success by
competing for food. Although reduced food intake is
unlikely to result in mortality, growth may beslowed.

Adult Crepidula spp. can have entirely different
effects on oyster populations compared with juve
niles. Through deposits of feces and pseudofeces, C.
fornicata can alter hard substrates to muddy ones,
making them unsuitable for oyster larval settlement
(Barnes et al. 1973). Crepidula fornicata also may be
capable of ingesting large numbers of young oyster
larvae (Kennedy and Breisch 1981).Anothervery in
direct yet potentially important relationship is that
between Crepidula spp. and juvenile Boonea impressa,

which may depend on Crepidula spp. as its primary
food source (Powell et al. 1987a).

Bryozoans, another phylum whose members are
common space competitors in marine communities,
are found on oyster beds from New England to the
Gulfof Mexico. In a studyconductedbyMarieLam
bert, cited byGaltsoff (1964), five species of Bryozoa
(=Ectoprocta) were found in a Massachusetts oyster
community, the most common species being Bower-
bankia imbridcata and Schizoporella unicornis. Ken
nedy and Breisch (1981) report the presence ofMem-
branipora tenuis and Conopeum tenuissium in Chesa
peake Bay waters.

Bryozoans compete with oysters most commonly
for space bycovering oyster shells with theircolonies.
For example, the calcareous bryozoan, Schizoporella
unicornis, overgrows spat, with spat mortality either
resulting from total coverage or by the valves being
forced apart (MacKenzie 1970). Spat mortality from
overgrowth occurred when the spat were less than
one month old or less than 5 mm long, with oyster
mortality reaching as high as 8% in somecommuni
ties. Some bryozoan species may also be capable of
ingesting oyster larvae, further decreasing oyster suc
cess. An unusual form of competition may be dis
played by the foliose bryozoan, Bowerbankia gracilis,
that inhibits spat from setding within a 1 cm prox
imity, possibly byreleasing a toxic or noxious chemi
cal (MacKenzie 1981).

Barnacles that are common on oyster beds along
the western Adantic and Gulf coasts are like the oth

er competitors discussed in that they often compete
with oysters for available space. Some authors have
postulated that if the set of barnacles is very dense,
oyster settlement may be affected (Galtsoff 1964;
Kennedy 1980). Oyster mortality from overgrowth
by barnacles may reach as high as 5% for oysters less
than 5 mm long (MacKenzie 1970, 1981). Like bry
ozoans, barnacles also ingest oyster larvae, sometimes
in large numbers (see section on Predation on Lar
vae).

A variety of less common yetlocally or regionally
important competitors exist. In North Carolina, the
scorched mussel, Brachiodontes exustus, can out-com-
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pete adult and young oysters for space in areas ex
posed towave action (Ortega 1981). Jingle shells, Ano-
mia simplex, can be common in Connecticut (Mac
Kenzie 1970). As with slipper shells, jingle shells can
cause oyster spat mortality by growing over the spat
(MacKenzie 1981). Galtsoff (1964) reported that
oysters were often covered with the tunicate, Molgula
manhattensis. In Chesapeake Bay, tunicates can be so
densely packed that anoxic conditions can develop
close to the substrate surface and possibly kill many
spat (R.I.E. Newell, Horn Point Environmental Lab
oratory, pers. comm.). Overgrowth by protozoans
and sponges can also occur. Galtsoff (1964) reported
that the red sponge, Microciona prolifica, is a com
mon, non-damaging species found on many oyster
bottoms. He also stated that theprotozoan, Folliculi-
naspp., lived on oyster shells in brackish waters. In
different regions of North America, different species
ofprotozoans occur onoyster beds, often abundandy
(Andrews 1944).

An unusual form of overgrowth occurs when
oysters overgrow themselves. In areas of heavy set,
larger spat frequendy overgrow smaller ones, result
ing in mortality. Mortality occurs mosdy in the first
four months and can reach 2.5% in some regions
(MacKenzie 1970). Although mortality occurs, such
overgrowth may add stability as overcrowding of
adults would cause food-limitation and thereby re
duce thehealth of theentire population.

Plants also compete with oysters for space. Green
algae, common in clear waters, have thepotential for
causing oyster mortality. Codium fragile can cause
mortality in oysters when root patches become exten
sive and collect silt (MacKenzie 1981). Numerous
normally harmless algae are associated with oyster
communities, e.g., Gracillaria, Enteromorpha, Ulva,
Griffitsia, Ceramium, Chondria, Champia, and Scy-
tosipon (Galtsoff 1964). In great abundance, any of
these genera may becompetitors with oysters. Like al
gae, most seaweeds that grow in association with oys
ters are not injurious; however, when excessive growth
occurs, oyster "suffocation" can result directly from
theplantholdfast or indirecdy from accumulated sed
iment. For instance, the watermilfoil, Myriophyllum
spicatum, causes no injury to oyster populations when
abundance is low but when overpopulated, the de

composing leaves and stems can cover oyster grounds
(Galtsoff 1964) and, depending on conditions, de
plete oxygen.

SUMMARY

Oysters are a crucial ecological dominant in many
estuarine communities. Theyare particularly subject to
pressure from predators, pests, and competitots be
cause of their sessile nature. Oyster predators, pests,
and competitors encompass many diverse groups in
cluding gastropods, crabs, flatworms, starfish, sponges,
anemones, bryozoans, arthropods, and fish. Mortality
may be greatest during the larval and juvenile stages.
Although theadult oyster's thick calcareous shell pro
vides protection, mortality of adults does occur. Ei
ther predation or competition for space can cause
greater mortality but generally mortality results from
both factors. In most regions, oyster fecundity and
survival is sufficiendy high to offset mortality; never
theless, in some areas, oyster populations are gready
diminished. Generally, mortalities of oysters are much
lower in salinities from 5 to 15 ppt than in higher
salinities where predators, pests, and competitors are
much more abundant. When oyster productivity is
important to the ecosystem or local fisheries, chemi
cal, mechanical, or biological measures can be taken
to protect oysters. Careful site selection (i.e., salinity,
temperature, known predators, competitors, and
pests) will bemost important in ensuring that restora
tion ofnatural oyster bars is successful andthat aqua-
culture enterprises are profitable. Nevertheless, oyster
predators, pests, and competitors will certainly re
maina component of oyster communities.
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Chapter 17

Diseases and Defense Mechanisms
Susan E. Ford and M.R. Tripp

INTRODUCTION

Disease has been a recognized problem in thecul
ture of eastern oysters, Crassostrea virginica, at least
since the early pan of the twentieth century when an
epizootic mortality occurred in Prince Edward Island,
Canada. The etiological agent responsible for what is
now referred to as "Malpeque Bay disease" was never
identified, but epizootiological aspects of the disease
were described by Needier and Logie (1947), who
also detailed evidence for the development of resis
tance in native stocks as a result of natural selection.

Since the outbreak of Malpeque Bay disease, a num
berof reportedly new andhighly lethal infectious dis
eases of C. virginica and of other oyster species have
been described (seeTable 1).

Studies of the defense mechanisms available to

oysters as protection against infectious organisms are
more recent. Suchstudies began with the experimen
tal work of Stauber (1950, 1961), were extended by
field and histopathological investigations of Mackin
and co-workers in the 1950s, and enhanced by the
work of many researchers stimulated to enter the
field after mass oyster mortalities in the mid-Adantic
states during the late 1950s and early 1960s. A clear
understanding ofdisease requires insight into how af
fected organisms respond to the etiological agent, as
well as a knowledge of the agent itself, for the out
come of the disease process is determined by interac
tions among the disease organism, the host, and the
environment.

Here, we describe several major infectious dis
eases of C. virginica and organismic responses to
them. We then pursue the subject of defense mecha
nisms bydescribing interactions between cellular and
humoral elements in oysters and a variety of biotic
and abiotic agents, from both experimental and nat
ural systems. Throughout this review, we will use a
number of terms that we now define. The term "in

fection" refers to the presence of an infectious or for
eign organism in tissues ofa host. "Disease" is a broad
term designating damage to cells sufficient to cause
dysfunction of the organism. Disease may be caused
by (1) genetic defects reflected in abnormal cellular
structure and function, (2) nutritional imbalance that
deprives cells ofessential nutrients, (3) extrinsic physi
cal or chemical agents that injure cells, or (4) infec
tious agents that damage cells by their physiological
action or physical presence.

An infection mayoccurwithout causing disease if
the host destroys the invading organism or if genetic
adaptations by host or parasite reduce destructive ac
tivity toward each other. Recovery from disease also
involves the defense system, which functions in the
repair ofdamaged tissues. The term "epizootic" refers
to a disease that is rapidly spreading throughout an
animal population, whereas "enzootic" refers to a dis
ease that is prevalent in an animal population. We de
fine "resistance" as the relative ability of an organism
to avoid infection or to withstand the effects of dis

ease.
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Table 1. Summary ofreported diseases and parasites of Crassostrea virginica.
Disease/Parasite

Malpeque disease

Herpes-like virus

Papova-like virus

Rickettsia and mycoplasms

Description

Caused high mortalities in eastern Canada beginning
in 1915. Etiological agent unknown, but candidates
currently under investigation are labyrinthulid
parasites (Phylum Labyrinthulata) and ahematopoetic
sarcoma. Disease symptoms include heavy concentra
tions of ceroidcells, edema,and focal infiltration
of hemocytes in the connective tissues.

Found ingaping oysters atelevated temperatures in
Maine. Intranuclear inclusions in cells around blood
sinuses; hexagonal; 70to90 nm, single coat.

Found in oysters from Piscataqua River, Maine and
maintained inNMFS Laboratory recirculating system
in Oxford, Maryland for 2 weeks. Basophilic
intranuclear inclusions in hypertrophied cells of
gonad; five to sixsides; 53 nm.

Basophilic inclusions inepithelial cells ofdigestive
tract in oysters from the middleAtlanticstates.
No evident pathology.

Reference

M. F. Li 1976

Olive 1982

S. McGladdery,
Dept., Fisheries and Oceans,
Canada,(pers.
comm.), 1989

Farleyetal. 1972

Farley 1976a

Harshbarger et al. 1977
Meyers 1981

Cardiac edema associated with Enlargement ofpericardial chamber and heart. Found Tubiash etal. 1973
Vibrio anguilkrum (bacteria) infour of10,000 oysters sampled from Chesapeake Bay. Elston etal. 1982

Hinge ligament disease of
juvenile oysters associated
with Vibrio spp. and
Cytophaga spp. (bacteria)

Shell disease caused by
Ostracobbbe implexa
(fungus)

Hexamita sp. (protozoan)

Dermo disease

Perkinsus marinus

(protozoan)

Affects juveniles from post-setting to about 10mmin
grow-out nurseries. Bacteria destroy protein of hinge
ligament, leaving oyster unable toopen valves. Treat
mentwith dilute sodium hypochlorite may reduce losses.

Reported byGaltsoff (1964) for C. virginica from the
southern United States, but probably restricted to
O. edulis in Europe and eastern North America.
Hyphae penetrate and proliferate inshell, causing
secretion ofconchiolin-rich shell, including wart-like
depositions atadductor muscle attachment, giving name
"maladie du pied."

Probably a normal inhabitant ofdigestive tract, which
becomes a secondary invader at low temperatures in
stressed oysters.

Prevalent in the GulfofMexico and on the U.S. east

coast to Massachusetts. Proliferates most rapidly at tem
peratures'between 25° and 30°C and salinities greater
than 15 ppt, butsurvives at much lower temperatures
and salinities. Transmitted directly from oyster to oyster.
Causeshigh mortalities.
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Elston 1984

Kraeuter and Castagna 1984
Dunganetal. 1989

Korringa 1951
Galtsoff 1964

Alderman and Jones 1971
M.F.Li etal. 1983

Scheltema 1962

Feng and Stauber 1968

Seethis chapter



Table 1. continued

Disease/Parasite

MSX disease

Hapbsporidium nelsoni
(protozoan)

SSO disease

Hapbsporidium costale
(protozoan)

Bucephalus sp. (trematode)

Neopla

Juvenile Oyster Disease
GOD)

Diseases and Defense Mechanisms

Description

Prevalent along the mid-Atlantic coast of theUS but re
ported from Maine to Florida. Active at temperatures
above 10°C and intolerant of salinities below 10 ppt.
Modeof transmission unknown. Causes high mortalities.

Prevalent inhigh salinity (>28 ppt) bays inMaryland and
Virginia, butreported as far north as Maine. Detected in
oyster tissue only from April through June and results in
high mortalities inMay and June. Mode oftransmission
unknown. Causes high mortalities.

Prevalent in small,low-salinity, enclosed estuaries.
Branching sporocycts ingonad, gill, and digestive gland.
Causes castration.

Rare cases (<1%). Characterized bymitotically active cells
ofvarious proposed origins: germ cell, hemocyte, connec
tive tissue. Cells undifferentiated with large nuclei, promi
nent nucleoli, and high nuclear-to-cytoplasm ratio.

Heavy mortalities occurring in northeastern U.S. Mostly
affecting cultured oysters <25 mm shell height.
Etiology presently unknown.
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Reference

See this chapter

See this chapter

Hopkins 1954, 1957
Cheng and Burton 1965b,
1966

Farley 1969, 1976b
Harshbarger et al. 1979

See this chapter

PRINCIPAL INFECTIOUS

DISEASES

Overview

In the 1940s, about twenty-five years after the
original Malpeque Bay epizootic, another serious oys
ter disease was reported, this time in the Gulfof
Mexico. The causative agent is a protozoan parasite
(Perkinsus marinus). Originally thought to be a fun
gus, it was initially named Dermocystidium marinus,
and the disease is still commonly referred to as "Der-
mo." Two new diseases, MSX and SSO, also caused
by protozoans, resulted in epizootic mortalities ofoys
ters in the mid-Adantic states beginning in the late
1950s (Andrews et al. 1962; Haskin et al. 1966).
Like P. marinus, the causative organisms, Hapbspor
idium nelsoni (MSX) and H. costab (SSO), had never
been observed before theywere associated with mor
talities. In addition to diseases affecting adult oysters
in nature, the production of larvae and juveniles in

hatcheries and nurseries oftenresults in the prolifera
tion ofnaturally-occurring microorganisms that may
become highly pathogenic for bivalves cultured in
high density conditions (Elston 1984). Juvenile Oys
ter Disease (JOD), which has recently been reported
inyoung, cultured oysters in the northeastern United
States, may be anexample ofthis (Bricelj et al. 1992).

Species ofoyster other than C. virginica also suf
fer from diseases that cause epizootic mortalities. In
western Europe, a virus (gill necrosis virus = GNV)
has been associated with mortalities of the Portu

guese oyster, C. angubta (Comps 1988), and two pro
tozoans, Marteilia refringens and Bonamia ostreae, have
caused high losses of theEuropean flat oyster, Ostrea
edulis (Balouet et al. 1979; Figueras and Montes 1988;
Grizel et al. 1988). Bonamia ostreae was first identified
in experimental O. edulis sampled in 1963 on the east
coast of the UnitedStates (Farley et al. 1988) and lat
er in commercial plantings on the west coast (Elston
et al. 1986; Friedman et al. 1989) that produced seed
transplanted to Europe before the outbreak of bon-
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amiasis there (Elston et al. 1986).A west coast source
was inferred for B. ostreae recendy discovered inMaine
(Friedman and Perkins 1994). Resistance to B. os-
treae may have developed in some oyster stocks (El
ston et al. 1987b; Elston and Holsinger 1988). An
organism resembling B. ostreae has been implicated
in heavy mortalities ofthe New Zealand dredge oys
ter, Ostreapuebhana1 (= Tiostrea lutaria) (Bucke 1988).
Protozoans similar to Bonamia ostreae, but belonging
to a newly created genus Mikrocytos, cause mortalities
ofthe Pacific oyster, Crassostreagigas (Mikrocytos mack-
im), and the Australian rock oyster, Saccostrea com
mercialism roughleyi) (Farleyetal. 1988). "Summer
mortality" affects C. gigas on the west coast of the
United States and inJapan (Koganezawa 1975; Perdue
et al. 1981; Beattie et al. 1988). Deaths occur during
thewarmest partof thesummer and have been linked
to glycogen depletion during the reproductive cycle
(Perdue et al. 1981). Recendy, a bacterium in the gen
us Nocardia has also been implicated in summer mor
tality (Elston et al. 1987a; Friedman and Hedrick
1991a). Selective breeding at the University ofWash
ington produced strains resistant to thedisease (Beattie
etal. 1980,1988).

Reports ofoyster diseases are typically considered
to represent first-time occurrences. Unfortunately,
lack ofhistorical data usually makes such reports dif
ficult to verify. Anecdotal evidence, however, suggests
that some diseases existed long before they were first
"discovered" by biologists. For instance, mortalities
characteristic of those caused by Dermo disease (i.e.,
occurring during periods ofelevated temperature and
high salinity) were reported in theGulfofMexico in
the early 1900s (Mackin and Hopkins 1962) and af
ter P. marinus was identified as the etiological agent
in the late 1940s, the parasite was discovered in
archived oyster tissues fixed around 1930 (Owen,
pers. comm. in Ray 1954). Survivors ofa heavy mor
tality in the Rappahannock River, Virginia, in 1949
were the first Chesapeake Bay oysters in which P.
marinus was identified (Andrews and Hewatt 1957).
Andrews and Hewatt (1957) considered it likely that

1The authors originally identified this species as Tiostrea
lutaria. The editors have renamed it following the con
vention ofCarriker and GafTney (Chapter 1).

the parasite had existed in Chesapeake Bay before
that time, a belief supported by the fact that despite
high prevalences ofthe parasite, the Virginia industry
harvested as many oysters annually between 1950
and 1959 as it had during the previous two decades,
before P. marinus was discovered (Haven et al. 1978).
Hapbsporidium costab was identified serendipitously
during asearch for H nelsoni along the Atlantic coast
of Virginia and Maryland. It caused characteristic
heavy mortalities and the fact that oyster growers
considered these normal suggests that SSO disease
was not new (Andrewset al. 1962).

Whereas P.marinus and H. costab were most like
ly present and causing mortalities well before they
were first identified, H nelsoni almost certainly did
notcause significant mortalities in Delaware and Ches
apeake Bay before the late 1950s. Laboratories had
been conducting oyster research, including field stud
ies, in both estuaries long before epizootic mortalities
were first reported (Waller 1955; Haven et al. 1978).
More specifically, Andrews and colleagues had been
investigating causes ofoyster mortalities in lower Ches
apeake Bay for a decade before the first H nelsoni-
caused oyster losses occurred there. Consequendy, there
is an excellent pathological record for the period be
fore the onset ofthe Virginia MSX epizootic in 1959.
Subsequently, Andrews (in Andrews and Wood 1967)
examined tissue slides collected inChesapeake Bay in
the mid 1950s and found two oysters infected with
protozoans similar to H. nelsoni. Organisms resembling
H. nelsoni have been reported sporadically in oysters
in Georgia, Florida, and Maine, without concurrent
mortality, also suggesting that the parasite could have
existed in the mid-Atlantic states before the 1957 to
1959 epizootics, without causing high mortality.

Reports of apparently new diseases have some
times followed the importation of native or exotic
oysters (Needier1931; Andrews 1979; Rosenfield and
Kern 1979; Elston et al. 1986). Much of the evidence
is circumstantial, however, and convincing docu
mentation exists only for parasites known to be trans
missible from oyster to oyster such as P. marinus and
B. ostreae (Christensen 1956; Elston etal. 1986).

Many other diseases and parasites of both adult
and larval C virginica have been described, but they
are rarely associated with significant mortality and the
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information available for them is often no more than

a single reported occurrence. A number of publica
tions have summarized the known diseases and para
sites of oysters (Lauckner 1983; Andrews 1984a, b;
Sparks 1985; Sindermann and Lightner 1988; Fisher
1988a; Elston 1990; Sindermann 1990; Elston 1993;
Perkins 1993; Bower et al. 1994). Pertinent informa
tion is outlined in Table 1 and host responses are re
viewed in the section entitled Cellular Defense Mech

anisms. The present section will consider only princi
pal infectious diseases for which a substantial amount
of information is available, and will examine in detail

what is known about the host-parasite relationship
and environmental influences on this association.

Larval Vibriosis

History andDistribution

When research laboratories and early commercial
hatcheries began producing bivalve larvae in the 1950s,
they were often faced with rapid, epizootic mortalities
in their cultures (Tubiash et al. 1965). Microscopic
examination showed vibrating particles around or in
side moribund and dead larvae (Fig. 1).The particles
were subsequently identified as bacteria.

Vibriosis affects larvae of a number of cultured

bivalve species, including the hard clam, Mercenaria
mercenaria, the bay scallop, Argopecten iiradians, the
shipworm, Teredo navalis, the European flat oyster,
and the eastern oyster (Tubiash et al. 1965). Tubiash
et al. (1970) speculated that natural epizootics, stim
ulated by high temperature and the abundance of
larvae in summer, may limit recruitment of bivalve
species. Natural densities of larvae, however, are many
times lower than those in hatchery culture and no
outbreaks have been documented in the field. The

disease appears to be largely a phenomenon associat
ed with mass cultureconditions, and specifically with
poor husbandry and improper sanitary practices in
the hatchery.

EtiologicalAgent

Bacteria isolated from larval cultures experienc
ing epizootics have been characterized as belonging
to the genus Vibrio (Tubiash et al. 1970; Brown and
Losee 1978). Two species have been identified, V. an-
guillarum and V. alginolyticus, and at least one other
has been implicated but not named (Tubiash et al.
1970). The bacterial cells are Gram-negative rods,
0.6 to 1.0 pm long, and motile with polar monotric-

Figure 1. (A) Healthy and (B) Vibrio-'mkczcA larvae ofGassostrea virginica. Note bacteria (single arrow) and gaping valves
of infected larva (double arrows). Scale bars = 100 urn .



586 The Eastern Oyster

hous flagella. They form colonies that are 1 to 4 mm
in diameter, smooth, off-white to gray, translucent
when young, and later becoming opaque. They can
be isolated from overtly healthy bivalve molluscs as
well as from the water column in highly productive
commercial shellfish growing areas. Diagnosis is com
monly made by culturing samples on TCBS (Thio-
sulfate Citrate Bile Salt) bacteriologic medium (El
ston 1990).

Infection andDisease Processes

Elston and Leibovitz (1980) induced vibriosis in
cultures of larval C. virginica and described the asso
ciated pathology. They found that disease progres
sion followed oneof three patterns. In the first, which
affected larvae ofall ages, bacteria attached to the ex
ternal shell periostracum and proliferated inward along
the internal shell surface (Fig. 2), invading mantle tis
sue and dien spreading into the visceral cavity. Most
larvae ceased feeding and became inactive within 1d.
Some individuals remained active but showed abnor
malities ofthe velum, including loss ofthe preoral cil
iary ring.

The second type of pathogenesis, which affected
only Prodissoconch I and early Prodissoconch II sta-

Figurc 2. Frozen section of infected Crassostrea virginica
larva after application of anti- Vibrio fluorescent antibody
and showing initial attachment of bacteria at the perios
tracum (P) and progressive growth through mantle (M)
tissue. Scale bar = 10 um. From Elston and Leibovitz

(1980).

ges, resulted in severe deformation of the velum with
out bacterial invasion of tissues until late in the di

sease. Larvae remained active but swam abnormally.
After 2 or 3 d, pathological symptoms appeared, in
cluding erosion of the digestive tract epithelium,
rounding up and loss of ciliated velar cells, and de
struction of the velar retractor muscles. These lesions

were accompanied by reduced feeding and inactivity.
Death was probably caused by starvation.

Late-stage Prodissoconch II larvae showed a
third form of the disease. They became inactive and
stopped feeding 1 d after cultures were inoculated
with bacteria. Visceral atrophy and cellular sloughing
were evident 2 d later, after which lesions of the

velum appeared. The digestive tract was the most se
verely affected tissue. Bacteria were seen attached to
epithelial surfaces of this organ and, in some speci
mens, focal necrosis associated with bacteria was ob

served in absorptive cells of the digestive gland.

Epizootiology

In a study of vibriosis in a Long Island shellfish
hatchery, Leibovitz (1978) found that Vibrio spp. oc
curred in very low concentrations in shellfish-grow
ing water in most months, but dominated the bacter
ial flora for a variable period in thespring and sum
mer of each year. This dominance coincided with an
increase in total bacterial counts and in suspended
solids. Although outbreaks of vibriosis in the hatch
ery did not appear each year, their occurrence always
followed peaks in concentration of Vibrio spp. in the
incoming bay water. Hatchery epizootics usually
continued even after natural peaks had subsided.

Spontaneous epizootics of vibriosis in larval cul
tures were generally apparent6 to 10 d after fertiliza
tion, and mortality usually subsided 6 to 8 d later
(Brown and Losee 1978; Brown 1981). In contrast,
experimental exposure of larval cultures to high con
centrations of bacteria (106ml_I) resulted in mori
bund larvae within 8 h and 100% mortality within
18 h (Tubiash et al. 1965). Exposure to lower con
centrations of bacteria (560 ml-1) resulted in survival
of48% of larvae after 7 d compared to 70% for con
trols (Brown and Losee 1978). Susceptibility to bac
terial disease decreased as larvae aged (10-d old < 2-d
old < up to 48-h old; Brown 1973). Brown (1973)
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found no effect on developing larvae of culture broth
filtered to remove bacteria, but later Brown and Lo
see (1978) reported that fertilized eggs treated with a
filtrate of bacterial culture broth had a survival of

68% at the straight hinge stage (Prodissoconch I),
compared to 87% for control larvae not exposed to
bacteria and 85% for larvae exposed to heat-killed
bacteria. Brown and Losee (1978) suggested that a
toxin was involved in the disease, and Brown and

Roland (1984) confirmed this with experiments show
ing an LC50 value of47 pg ofpurified toxin L-1 for
newly fertilized eggs exposed over a 2-d period. The
exotoxin was inactivated by heat, but it also demon
strated a bacteriostatic capacity that was not dimin
ished by high temperature. In fact, heat-treated toxin
was associated with improved larval survival, perhaps
because of its bacteriostatic property.

Resistance

Elston and Leibovitz (1980) reported finding
phagocytes containing ingested bacteria, bacterial
antigens, and cellular debris in all three disease con
ditions described for larvae challenged with Vibrio
spp. Cells with phagocytosed material were most
common in the visceral cavity, indicating migration
of hemocytes through the velum or peripheral velar
membrane (Fig. 3). In addition, host cells were capa
ble of sequestering bacteria and necrotic tissue. Al
though most larvae die during vibriosis epizootics,
some survive and set (Brown and Losee 1978), indi
cating that these responses may be effective defense
mechanisms. The presence of surviving larvae capa
ble ofsetting also suggests thatselection for resistance
to the disease might be possible if survivors could be
reared to adulthood and bred.

ControlMeasures

Although larvae can be treated with antibiotics
(e.g., streptomycin [Combistrep®] and chloramphe
nicol, Tubiash et al. 1965; neomycin, Brown and Losee
1978), routine application is not recommended be
cause of the potential for developing resistant bacterial
strains (Brown and Losee 1978; Elston 1984). A sus
pected problem with vibriosis should be followed with
confirmatory diagnosis by bacterial plate cultures. Bac

teria may enter larval cultures through incoming sea
water, with the algal food supply, or from the brood-
stock, but their proliferation to disease-causing levels
usually indicates poor hygienic procedures in the
hatchery (Elston 1984). Once the source has been
identified, steps can be taken to clean or sterilize equip
ment, containers, and water. Contaminated brood-
stock and larval cultures should be destroyed. Because
vibriosis is an opportunistic disease, it can be mini
mized by reducing stress factors such as overcrowding,
high temperatures, insufficient food, or inappropriate
oxygen tension, as well as by good sanitary practices
(Tubiash 1975; Elston 1984).

Juvenile Oyster Disease

History andDistribution

Since the mid-1980s, high, unexplained mortali
ties of juvenile hatchery-reared eastern oysters, main
tained under intensive culture, have been document
ed in the northeastern United States. Although spo
radic, the mortalities are a major problem for both
nascent and established oyster culture operations
from New York to Maine. An etiological agent has
not yet been identified, but a disease syndrome asso
ciated with the mortalities has been described and is

known as Juvenile Oyster Disease (JOD). Relatively

Figure 3. Migration of a Vibrio-laden hemocyte (H)
through theepithelial surface (E) ofan infected Crassostrea
virginica larva. Scale bar = 10 um.
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little has yet been published about JOD; thus, the
following description is largely from abstracts and
unpublished reports. Nevertheless, the serious nature
of this disease warrants consideration of all informa
tion currendyavailable.

EtiologicalAgent

Several etiologies have been proposed for JOD.
Early reports indicated that affected oysters were ema
ciated and might be suffering from a nutritional defi
ciency; however, there is little evidence that the disease
is linked direcdy with food availability. In fact, good
growth up to the onset of mortality is a characteristic
ofJOD, although both shell and soft tissue growth are
often severely reduced during the mortality episode
(Bricelj et al. 1992; Davis and Barber 1994).

Mande lesions in affected oysters often contain
coccoid bodies of varying size up to about 8 pm in
diameter (Bricelj et al. 1992; Farley andLewis 1993).
Farley and Lewis (1993) consider these tobe aprotis-
tan parasite associated with JOD. Others have de
scribed the bodies as phagocytosed, degenerate oyster
cells and debris, and report no consistent association
ofprotozoans with the disease (Bricelj etal. 1992).

Certain pathological correlates with JOD, inclu
ding severe mantle retraction followed by rapid secre
tionofa conchiolin layer around the shrunken tissue
and lesions of the mantle epithelium, suggest reac
tion tosome type ofirritant (Bricelj et al. 1992). Two
possibilities, toxic plankton and bacteria, have been
examined in Oyster Bay, Long Island, New York.
Dense blooms ofa large dinoflagellate, Gymnodinium
sanguineum, and a red-tide causing ciliate, Mesodini-
um rubrum, co-occurred in the Bay before orduring
disease episodes, butshowed no direct relationship to
JOD (Bricelj et al. 1992; Lee 1995). A Gymnodini
um sp. isolated in Oyster Bay during aJOD episode
did not produce JODsymptoms, butdid disrupt nor
mal feeding behavior of juveniles for about 2 weeks
during which they produced abundant pseudofeces
(Wikfors andSmolowitz 1994). High densities ofM.
rubrum and Gymnodinium spp. frequently lead to
bacterial (especially Vibrio spp.) blooms, as the bacte
ria use nutrients from the decaying plankton (Roma-
lde et al. 1990a, b). Thus, the possibility exists that

high plankton densities may make oysters more vul
nerable to another disease agent or provide stimulus
for bacterial blooms.

In tissue section, bacteria can be found in mantle
lesions and between layers of anomalous conchiolin
deposits of some oysters (Bricelj et al. 1992). Lewis
and Farley (1994) reported that erythromycin re
duced mortalities inJOD transmission experiments.
Regular sampling of three juvenile oyster cohorts in
Oyster Bay, each deployed at a different time in
1993, showed an exponential increase (from 103 to
104 colony forming units [CFU] g wet weight"l of
oyster tissue) in bacteria of the genus Vibrio one to
two weeks before the onset of mortalities in each

group (Lee 1995). Most of the bacteria isolated were
phenotypically similar to V. anguilkrum, V. alginoly-
ticus, V.fluvialis, and Vspbndidus. These are common
marine species, some of which may become patho
genic to cultured organisms (see p. 585). In fact, the
isolates didcause mortalities when 20 to 35-mm oys
ters were exposed to high doses injected into theshell
cavity and applied to incubation water (Lee 1995).
The conchiolin deposit characteristic of JOD was
not found, however, and it was not determined
whether any ofthese isolates was responsible for mor
talities in the field or was a secondary invader.

A bacterial etiology was also suggested because
JOD has certain similarities to a disease of cultured
Manila clams, Tapes philippinarum, in western Eu
rope, which is caused bya Vibrio sp. The disease oc
curs in high density cultures, causes mortalities ofup
to 80%, andis termed "Brown Ring Disease" (BRD)
because ofthe characteristic organic deposit that rings
the edge of the inner shell in affected clams (Paillard
et al. 1994). The disease agent, Vibrio PI, is pheno
typically similar to V. spbndidus and V.pekgius (Cas
tro et al. 1992), has been isolated from disease clams,
andcauses BRD when injected intonondiseased ani
mals (Paillardet al. 1994).

Transmission. Although the causative agent for
JOD has not been identified, the disease can be trans
mitted in the laboratory. Typical conchiolin deposits,
followed by mortality, can be induced in unaffected
oysters by proximity to diseased individuals (Lewis
1993).
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Infection andDisease Processes

Diagnosis. The most characteristic symptom of
JOD is the presence ofananomalous organic deposit
on the inside of one or both valves (Fig. 4 A, B). It is
formed between ithe mande and inner shell, and is
usually raised into a ridge around the mande edge.
Because the mantle has typically retracted when the
layer is deposited, the ridge is several millimeters
from the shell edge. In addition, the left valve ofaf
fected oysters is joften deeply cupped and gives the
appearance of having grown more rapidly than the
right valve. Soft tissue pathological changes also oc
cur (see below) but are not unique to JOD. Until a
causative agent is clearly identified, the most useful
diagnostic feature ofJOD is the inner shell deposit.

Portal ofEntry. The location of primary lesions
on theouter mantle epithelium suggests that the eti
ological agent may invade the shell cavity, perhaps
from the exterior shell surface, in a manner similar to
that observed in larval and juvenile oyster vibriosis
(Elston and Leibovitz 1980; Dungan and Elston
1988;seealso p. 585).

Disease Development and Histopathology. The
earliest evidence of JOD is observed in tissue section
as disruptions ofthe apical portions ofepithelial cells
at theperiphery of the mande and, often, adjacent to
the hinge ligament (Bricelj et al. 1992). Lesions pro
gress along theouter mantle epithelium andare char
acterized bydegeneration, necrosis, andsloughing of
epithelial cells; hemocyte accumulations in the epithe
lium andunderlying tissue; andlayering ofanomalous
conchiolin along the mande (Fig. 4C). In some oys
ters, the attachment of the adductor muscle to the
shell degenerates. Coccoid bodies are often present
intra-and extracellularly in the lesions. They range in
diameter from <1 to 8 um and when examined by
electron microscopy, have the appearance ofdegener
ate oyster cells (Fig. 4D; Bricelj et al. 1992). Bacteria
and ciliates are observed in some lesions and are

common in moribund oysters.
Sections through theanomalous conchiolin show

that it is a layered structure with hemocytes, bacteria,
and debris contained in chambers between layers as

well against both inner and outer surfaces ofthe con
chiolin sheet itself (Fig. 4E; Bricelj et al. 1992). The
conchiolin layer is sometimes deposited between the
adductor muscle and the shell, causing the muscle to
detach. Deposition of anomalous conchiolin and
mortality typically begin within a week or two ofthe
first lesions (Ford1994). Prevalence of mantle lesions
in severely affected cohorts was highly correlated
with prevalence of anomalous conchiolin and with
subsequent mortality at Oyster Bay, New York (Ford
1994).

Effects ofDisease on Oyster Metabolism

The onset on JOD is sudden. It typically affects
oysters that have been growing rapidly, and there is
only minor evidence of distress before mortalities
start. Shell andsoft tissue growth decrease somewhat
just before the first deaths occur, but the most severe
growth interruption coincides with mortality (Bricelj
et al. 1992; Davis and Barber 1994; Ford 1994). Sur
vivors resume growth after the mortality episode, al
though they sometimes exhibit calcified conchiolin
deposits and externally visible growth checks (Fig. 4
B).

A number of factors, singly or in combination,
appear to cause death. Myoepithelial degeneration or
deposition ofconchiolin between the adductor mus
cle and the shell result in detachment of the muscle,
causing thesoft tissue to fall out of theshell. Bacteria
and ciliates invade tissues exposed by sloughing of
the epithelium, which also permits excessive loss of
hemolymph. Although hemocytes infiltrate mantle
lesions and are present in and on the conchiolin lay
er, their role in the disease process isundefined.

Epizootiology

Infection andMortality Periods. Mortalities asso
ciated with JOD may occur from late June through
September, with about a 1-month delay between
NewYork and Maine (Bricelj et al. 1992; Davis and
Barber 1994; Ford 1994). First evidence of disease,
in the form of growth inhibition and mantle lesions,
can be detected only about 1 week before the onset
of mortality and the mortality episode itself lasts 4 to
6 weeks. In one studyat Oyster Bay, NewYork, 6 co-



Figure 4. The Juvenile Oyster Disease (JOD) Syndrome. (A) Interior valves ofaffected oysters showing anomalous conchi
olin deposits (arrows); (B) valves ofsurvivors showing internal calcified deposit (left, arrow) and pronounced external shell
check (right, arrows); (C) section through mantle and anomalous conchiolin (arrows) ofJOD-affected oyster; (D) typical
early lesion of mantle epithelium showing "coccoid" bodies ofvarious sizes (arrows); (E) section through mantle epitheli
um and adjacent anomalous conchiolin, showing lamellar appearance ofconchiolin (double arrows) with hemocytes (sin
gle arrows) and debris between layers. Scale bars =10 mm in Aand B; 100 pm in C; and 10 pm in Dand E.
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horts of different ages were deployed in ambient-wa
ter nursery trays at approximately 3-week intervals
from April 6 to July 6. All began to die within 2
weeks (July 17 to 31) of each other, suggesting that
they were all affected bythedisease at about the same
time (Ford 1994). Cohorts deployed in August and
September also died, indicating that the disease agent
was present during the remainder ofthe summer.

Prevalence Levels andMortality Rates. Prevalence
ofoysters with anomalous conchiolin deposits ranges
from 25 to 100%, with cumulative mortalities of 20
to 90% (Bricelj et al. 1992; Davis and Barber 1994;
Ford 1994). Mortalities caused by JOD are highly
size/age specific. In the multiple cohort study at Oys
ter Bay, groups averaging 5 to 20 mm shell height
when JOD symptoms were first noted suffered total
mortalities of 60 to 90%; those averaging 25 to 42
mm had losses of 0 to 30% (Ford 1994). Davis and
Barber (1994) found an identical size refuge (>25
mm), in the Damariscotta River, Maine.

Larger/older oysters experience lower mortalities
than smaller/younger individuals, but they may show
high disease incidence (Ford 1994). For instance, at
Oyster Bay, a cohort with mean shell height of 13
mm at the onset of JOD had a maximum conchiolin
prevalence of 95% and a total mortality of 90%.
Conversely, a cohort that was 24 mm at the same
time also had a peak conchiolin prevalence of 95%,
but mortality was only 24%. Thus, increased size/age
protects against mortality, butnotnecessarily the dis
ease itself.

In the Oyster Bay study, JOD developed and
caused mortality in cohorts deployed at bottom sta
tions, as well as in surface trays (Ford 1994). Off
spring of both inbred and wild stocks were affected
equally by JOD and wild-set spat that were held in
nursery trays in Oyster Bay developed the disease.
Occasional oysters, even large ones, are found with
JOD-like conchiolin deposits in Long Island Sound,
but it is not knownwhether the etiology is the same
for these individuals as forJOD. The JOD syndrome
has not beenassociated with mortality in wildstocks
and the disease appears to be one ofdensely cultured
oysters only.

Environmental Influences

Temperature. Mortalities caused by JOD typical
ly occur atwater temperatures between about 21 and
26°C (Bricelj et al. 1992; Davis and Barber 1994).
Lewis (1993) reported that laboratory transmission
occurred at 18°C, but resulting mortalities were de
layed and reduced compared to those at higher tem
peratures. Maintaining oysters ata constant 25°C in
side the hatchery, however, did not stimulate JOD,
and there appears to be noconsistent relationship be
tween the timing of the spring temperature rise and
the onset of mortalities (Ford 1994).

Salinity. Salinity ranges from about 25 to 32 ppt
at sites where JOD occurs (Bricelj et al. 1992; Davis
and Barber 1994; Ford 1994). The disease process is
inhibited at lower salinity as Lewis and Farley (1994)
reported that experimental transmission rates were
inversely related to salinity. At 10 ppt, some mortali
ty occurred, but without evidence of conchiolin de
posits.

ControlMeasures

Several studies have shown that the incidence of
JOD (as measured by conchiolin deposition) and
consequent mortality can be reduced by measures
that increase the watercirculation in containers of ju
venile oysters. These include reducing density, in
creasing mesh size, and increasing flow rate in up-
wellers (Bricelj et al. 1992; Ford 1994; G. Rivara,
Cornell University, pers. comm. 1994). Reducing
density is a method also recommended to combat
Brown Ring Disease of Manila clams (Flassch et al.
1992). Although antibiotics were shown to lower
JOD (Lewis and Farley 1994), their routine use in
culture is not recommended, nor would it be a prac
tical treatment for nursery stocks maintained in am
bient waters. One of the most effective strategies for
avoiding JOD, however, is to spawn and deploy oys
ters as early in theseason as possible so that they have
passed the critical size threshold ofabout 25 mm be
fore JOD appears (Davis and Barber 1994; Ford
1994). Preliminary reports also suggest that resistance
can bedeveloped by breeding survivors ofJOD epi
zootics (Davis et al. 1995; Farley et al. 1995).
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Dermo Disease

History and Distribution

Dermo diseasewas identified in the late 1940s as
the cause of extensive oyster mortalities in the Gulf
ofMexico. The etiologic agent was originally thought
to be a fungus and was named Dermocystidium mar-
inum by Mackin et al. (1950). Subsequendy, it was
reclassified as a labyrinthulid, Labyrinthomyxa mari
na (Mackin and Ray 1966). Perkins (1976a, b), how
ever, found that it had ultrastructural similarities to
parasitic coccidians rather than to labyrinthulids. Based
onPerkins' studies, Levine (1978) placed the parasite
in the phylum Apicomplexa and renamed it Perkin
sus marinus. Currendy, P. marinus causes documented
mortalities from the western GulfofMexico to Long
Island Sound on the east coast of North America
(Fig. 5; see also Ray 1954; Quickand Mackin 1971;
Burrell et al. 1984; Craig et al. 1989; Ford, unpubl.
data). In addition, organisms resembling P. marinus
were associated with epizootic losses of C. virginica
planted in Pearl Harbor, Hawaii, in 1972 (Kern et al.
1973). Eastern oysters grown in lagoons ofTabasco,
Mexico, on the Yucatan peninsula, carry high prev
alences of P. marinus, but associated mortality has

yet to be convincingly documented (Burreson et al.
1994b).

Perkinsus marinus is so abundant in oyster-grow
ing areas along the Gulfof Mexico that a survey of
49sites from Florida toTexas found only one with a
prevalence ofless than 50% (Craig et al. 1989). The
parasite is found consistendy along the Atlantic coast
ofsoutheastern United States, including Chesapeake
Bay (Quick and Mackin 1971; Burrell et al. 1981,
1984; Andrews 1988a; Crosby and Roberts 1990;
Lewis et al. 1992). Andrews and Hewatt (1957) re
marked on its absence in the high salinity bays of
coastal Virginia at the same time that it was wide
spread in the estuarine water of the lower Chesa
peake Bay. In the late 1980s, however, P. marinus be
gan to appear in locations on the Atlantic coast of
Virginia (E. M. Burreson, Virginia Institute of Ma
rine Science, pers. comm. 1988).

In the mid 1950s, P. marinus was found in Dela
ware Bay after the importation of infected seed oys
ters from lower Chesapeake Bay, but it effectively dis
appeared when imports were embargoed (Ford and
Haskin 1982). An epizootic recurred in Delaware
Bay beginning in 1990, however, associated with ab
normally high winter temperatures (Ford 1992). Since

Perkinsus marinus
(Dermo)

Haplosporidium nelsoni
(MSX)

Haplosporidium costale
(SSO)

Figure 5. Distribution ofdiseases caused by Perkinsus marinus, Haplosporidium nelsoni, and H. costale in eastern U.S. Dark
shading indicates regions where the diseases are epizootic or enzootic; light shading indicates regions where parasites have
been reported, butare notcausing recognizable mortalities.



Diseases and Defense Mechanisms 593

1991, the pathogen has been found in many loca
tions in Connecticut, New York, and Massachusetts
(E. J. Lewis, Oxford Biological Laboratory, pers.
comm. 1992; Ford, unpubl. data), although several
previous surveys north of New Jersey had failed to
detect it (Newman 1971; Meyers 1981; Cooper and
Durfee 1982; E. j! Lewis, pers. comm. 1992).

EtiologicalAgent

Life Cycle. Perkinsus marinus is theonly organism
in the class Perkinsasida, phylum Apicomplexa (Le-
vine 1978). Although there remains some uncertain
ty about its classification, P. marinus is considered an
apicomplexan because the anterior end of the zoo
spore possesses an apical complex, a characteristic
apicomplexan structure consisting of a network of
microtubules known as the conoid, aswell aspedun
culate organelles called rhoptries. The rhoptries are
thought to contain lytic substances that aid in host
cell penetration (Vivier and Desportes 1990). De
spite its morphological affinities with the Apicom
plexa, recent comparisons of small subunit ribosomal
RNA gene sequences suggest that Perkinsus spp. may
be more closely related to dinoflagellates than to api-
complexans (Goggin and Barker 1993) or that they
share a common ancestor with dinoflagellates (Fong
et al. 1993b; Siddall et al. 1995). The following de
scription uses terminology forApicomplexan life stages
(Vivier and Desportes 1990), although we acknowl
edge that these maychange asadditional information
about Perkinsus spp. phylogeny becomes available.

In nature, infective stages of P. marinus are dis
tributed in the water (T Li et al. 1994) and are en
countered as oysters feed (Mackin 1951a; Perkins
1988). The earliest recognized stages in oyster tissue
are unicellular trophonts that enlarge, forming a
prominent, eccentric vacuole (Fig. 6A, E).An irregu
lar refringent body, the vacuoloplast, is present in the
vacuole and is a diagnostic characteristic in fresh
preparations (Perkins 1988). The vacuole forces the
nucleus to one edge of the cell, resulting in the
"signet ring" stage described by Mackin et al. (1950).
Further development occurs by successive nuclear
and protoplasm divisions from the trophont into mul
ticellular meronts (Figs. 6A, B, C, D; 7D, F). The

meronts rupture releasing individual merozoites, which
develop into meronts and repeat the cycle. A similar
progression is observed during in vitro culture of P.
marinus, although repeated nuclear division occurs
before protoplast division (La Peyre et al. 1993). Un
der certain conditions (fluid thioglycollate incuba
tion and occasionally in moribund oysters), parasites
enlarge to form cells with a very large vacuole. These
cells are referred to as "hypnospores," but they are func
tionally prezoosporangia. When released into water,
hypnospores undergo successive bipartitioning to form
sporangia containing large numbers of biflagellated
zoospores (Figs. 6F, G; 7E, G, H; Perkins and Men
zel 1966). Zoosporangia are also formed in culture
(Bushek 1994). Zoospores escape through a dis
charge pore in the sporangium and are capable of in
fecting live oysters and excised oyster tissue (Perkins
and Menzel 1966;Goggin et al. 1989). Recent devel
opment of antibodies against P. marinus (Dungan
and Roberson 1993) and methods for its in vitro prop
agation (Gauthier and Vasta 1993;Kleinschuster and
Swink 1993; La Peyre et al. 1993) will greatly pro
mote efforts to understand the biology of thisparasite.

Transmission. Zoospores of Perkinsusspp. canini
tiate experimental infections (Goggin et al. 1989)
and maycause infections in nature (Andrews 1988a).
Perkins (1988), however, reported that experimental
infection rates from zoospores were very low com
pared to those resulting from exposure to vegetative
(trophont/meront) stages. A similar conclusion was
reached by Volety and Chu (1994) who found that
oysters experimentally infectedwith meronts isolated
directly from oysters became more heavily infected
than those challenged with prezoosporangia! stages
(hypnospores) from Ray's fluid thioglycollate medi
um (see p. 596).

Manyinfections are initiated by parasites released
into the water from the disintegration of dead oysters
(Andrews and Hewatt 1957). Cells may also be dis
tributed by scavengers feeding on the tissues of dead
oysters (Hoese 1963). Release fromdead oysters is un
likely to be the onlysource of infective particles, how
ever. T Li et al. (1994) used flow cytometry to enu
merate cells found in ambient Chesapeake Bay water
that were morphologically similar to P. marinus and
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reacted with an anti-7? marinus antibody. These bodies
were most numerous in late May, which is well before
the onset of mortality (see p. 603). Although the ori
gin and positive identity of these cells is unknown, live

oysters can also be a source of infection because para
sites are shed into the gut (Dungan and Roberson
1993) and can be recovered in feces (Bushek et al.
1994a). Additionally, infected oysters may be fed

Figure 6. Life stages of Perkinsus marinus. (A) unicellular trophont within oyster hemocyte ("signet-ring" stage) — slender
arrow points to hemocyte nucleus, thick arrow points to parasite nucleus; (B) several trophonts in oyster hemocyte — slen
der arrow points to hemocyte nucleus, thick arrow points to parasite nucleus; (C) meront containing wedge-shaped mero
zoites; (D) meront containing numerous merozoites; (E) unicellular trophonts showing vacuole [V] and eccentric nucleus
[N]; (F) biflagellated zoospore showing hair-like mastigonemes along anterior flagellum; (G) longitudinal section through
zoospore showing nucleus [N] portion of apical complex containing theconoid (single arrow), and rhoptry (double arrow).
Scale bars = 5 pm in A to D and 1 pm in E to G.



Figure 7. Diagram of stages of Perkinsus marinus seen in Crassostrea virginica. (A) Intact oyster; (B) oyster with right valve
removed showing plane (arrows) of section in (C); (D) stomach epithelium (portal of entry) and underlying connective tis
sue showing unicellular trophont and multicellular meront; (E) development from early sporangium (top) to mature
zoosporangium containing 1 to 2 thousand zoospores (bottom), drawn from Perkins and Menzel (1966); (F) meront con
taining wedge-shaped merozoites, drawn from Perkins (1988); (G) and (H) biflageliated zoospore, drawn from Fig. 6F, G.
Sec Figure 6 for ultrastructural details.
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upon bythe hemolymph-sucking snail, Boonea impres
sa, which acts as a vector in the transmission of7? mar
inus to other live oysters (White et al. 1987, 1989).
Early studies indicated that dispersion was typically re
stricted to distances less than 15 m (Andrews 1988a).
Epizootics in Chesapeake and Delaware Bays in the
late 1980s and early 1990s, however, were character
ized by anapparent movement of infective stages over
several miles in a single season (J. D. Andrews, Vir
ginia Institute of Marine Science, pers. comm. 1991;
Ford, unpubl. data).

Many species of bivalve (e.g., hard clam, Merce
naria mercenaria.', soft clam, Mya arenaria', Baltic ma-
coma, Macoma spp.) other than the eastern oyster are
infected by Perkinsus-like organisms in the United
States and elsewhere (Andrews 1954; Ray 1954; Da
Ros and Canzonier 1985; Goggin and Lester 1987;
Azevedo 1989). Attempts to transmit these organisms
by proximity from non-oyster to oyster hosts have
consistendy failed (Ray 1954; Andrews and Hewatt
1957), andAndrews (1954) reported thatnon-oyster
hosts had lower intensity infections than oysters. Ray
(1954) was able to infect some Mya arenaria byinjec
tion with material from infected oysters, but con
cluded that overall, species of Perkinsus were host-
specific. Goggin et al. (1989) reported experimental
cross-infections among nine Australian species of
molluscs, including bothbivalves andgastropods, us
ing Perkinsus spp. zoospores. A polyclonal antibody
raised against P. marinus hypnospores from eastern
oysters reacted with Perkinsus spp. in Macoma balthi-
ca and Mya arenaria in the United States, and in sev
eral molluscan species from Europe and Australia
(Dungan and Roberson 1993). It failed to recognize
Perkinsus spp. in other Australian molluscs and P.
karlssoni in scallops from Canada. In another com
parison among Perkinsus species, Goggin (1994)
found that the length and sequence of internal tran
scribed spacers (rapidly evolving noncoding regions)
of P. marinus ribosomal RNA differed significantly
from four other isolates from hosts in Australia and

Europe. She suggested that the Australian isolates (P
olseni and twounnamed "species") and that from Eu
rope (P atlanticus from Portugal) actually belong to
the samespecies, which is distinct from P. marinus.

Infection andDisease Processes

Diagnosis. Initially, infections by P. marinus were
detected by use of tissue sections (Mackin 1951a, b).
Shortly after the parasite was discovered, however,
Ray (1952) developed a diagnostic technique using
fluid thioglycollate medium in sea water (RFTM)
(see also Ray 1966afor modifications). It hasbecome
thedetection method of choice because it isgenerally
more sensitive than histology as well as being faster
and less expensive. Pieces of tissue (typically the rec
tum and a section of mantle or gill) are incubated in
the anaerobic medium for 5 to 7 days at 25° to 30°C
(technique referred to as the Ray/Mackin tissue as
say). In the medium, parasites enlarge to form thick-
walled "hypnospores," but do not replicate. After the
tissue is removed from the medium, it is stained with
Lugols iodine, which turns the parasites blue-black.
Hemolymph also can be incubated in RFTM to de
tectcirculating parasites (Gauthier and Fisher 1990),
a technique that permits repeated, quantitative, and
nondestructive sampling of individual hosts. Poly
clonal antibodies that recognize all known cell types,
including zoospores, have been developed from hyp
nospores (Dungan and Roberson 1993) and are be
ing used to detect pathogens in ambient water (T Li
et al. 1994). Neither the Ray/Mackin assay nor the
polyclonal antibodycan differentiate P. marinus from
otherPerkinsus species, but gene-probe assays specific
for P. marinus are being developed (Marsh and Vasta
1995).

Infection intensity in the Ray/Mackin tissue as
say is usually rated from 0 (uninfected) to 5 (heavy)
(Mackin 1962). Choiet al. (1989) developed a tech
nique for isolating and quantifying hypnospores in
infected tissue. They reported that RFTM-incubated
oyster tissue could be dissolved in NaOH without
harming the hypnospores. Parasites were recovered
and counted. The number of hypnospores per gram
wet tissue weight (bodyburden) was found to be ex
ponentially related to the Ray/Mackin rating system
(Fig. 8). In a one-year study, Bushek et al. (1994b)
compared the hemolymph technique (using 250-pl
volumes compatible with repeated sampling), the
Ray/Mackin method, and body burden counts. They
found that the hemolymph and the Ray/Mackin as-
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says were equally sensitive (i.e., able to detect thepar
asite). Each gave a reasonable estimate of theaverage
infection intensity in the population, but not in the
individual oyster. Further, neither reliably detected
parasites until their density in the oyster was above
1,000 cells g wet weight_1 (Fig. 9A, B; Bushek et al.
1994b). Consequently, both seriously underestimat
edtrueprevalence in thespring when intensities were
low (Fig. 10 A, B). Ragone Calvo and Burreson
(1994) reported that hemolymph diagnosis (300-ul
samples) was equivalent to the Ray/Mackin assay in
late autumn and early winter, but gave false negatives
in the spring. Although both studies employed rela
tively small volumes of hemolymph, low sensitivity
of the hemolymph technique in spring was found
even when oysters were completely exsanguinated to
provide the sample (Ford, unpubl. data). Bushek et
al. (1994b) recommended use of the total body bur
den assay when highly accurate measures of infection
intensity are needed, the Ray/Mackin assay for rou
tine monitoring because of its simplicity and accura-

LM

Ray/Mackin scale

i—•—>-

MH

Figure 8. The relationship between the number of hyp
nospores (prezoosporangia) gwet weight"1 (gwwt'1) ofoys
ter tissue and the Ray/Mackin tissue assay for Perkinsus ma
rinus infections. The exponential relationship isy (number
ofhypnospores gwwt"1) = 1409.9 (10a64296x). Ray/Mackin
ratings are N = no hypnospores found, L = light, LM =
light-moderate, M|= moderate, MH =moderate-heavy, H
= heavy. From Choi et al. (1989).

cyat the population level, and the hemolymph tech
nique when oysters mustbe keptalive.

Portal ofEntry. Infections arethought to be initi
ated when a parasite is ingested and crosses the ep
ithelium of the stomachor intestine. The apical com
plex ofzoospores may secrete lytic substances thataid
in penetration (Perkins 1976a); however, parasites
may also beingested andcarried through theepitheli
um by phagocytes (Mackin 1951b; Mackin and
Boswell 1956; Perkins 1976b; Alvarez et al. 1992).
Although infection can also occur through the gill or
mantle epithelium (Perkins 1976b), the earliest le-
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Figure 9. Regressions of (A) the Ray/Mackin tissue assay
and (B) the hemolymph assay for diagnosis of Perkinsus
marinus infections on the body burden assay (numberof
hypnospores gwwt"1)- Values were pooled from all sam
ples collected during a 1-yr studyin Delaware Bay. (A) y
= 0.176- 0.463x + 0.205x2, r2 = 0.842, p < 0.001. (B) y
= 0.266 - O.lllx + 0.129X2, r2 = 0.642, p < 0.001. gwwt
=gram wet weight. From Bushek et al. (1994b).
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Figure 10. (A) Seasonal percent prevalence and (B) para
site density of Perkinsus marinus by three RFTM (Rays
Fluid Thioglycollate Medium) assays: hemolymph,
Ray/Mackin, and total body burden. Log,0-transformed
counts of P. marinus for hemolymph and body burden as
says are monthly averages; weighted prevalence istheaver
age tissue rank obtained from the Ray/Mackin assay. Key
in (A) applies to both figures, gwwt = gram wet weight.
From Bushek et al. (1994b).

sions arefound in the epithelium of thestomach and
intestine (Mackin 1962). Theexterior epithelium and
that ofthe digestive tubules are less often parasitized.

Development ofInfection andHistopathohgy. In
a series of field experiments employing radiolabeled
DNA precursors, Saunders et al. (1993) found that
the proliferation rate of P. marinus in an oyster was
inversely related to the density of parasites in that
oyster. Doubling times ranged from a minimum of 1
to 10 h at cell densities of<104 gdry weight-1 to >1

yrat 107 parasites g dry weight"1. Theslower replica
tion at high densities was attributed to a decrease in
available nutrients within the host.

As infections intensify, they are often accompa
nied by sloughing ofhemocytes, parasites, and diges
tive epithelium into the lumina of the stomach and
intestine (Mackin 1951b). The epithelia of digestive
tubules atrophy (Gauthier et al. 1990) and tissue ly
sis is extensive (Fig. 11A, B; see also Mackin 1951b;
Ray 1954). Hemolymph vessels of/? marinus-'mkct-
ed oysters become occluded by parasites and hemo
cytes (Fig. 11C). Abscesses containing parasites and
hemocytes may break through external epithelia and
form ulcers at the mantle surface (Fig. 1ID; see also
Mackin 1951b). One of the most obvious character
istics of P. marinus-infected oysters is an increase in
the number of pigmented or brown cells (Fig. 11A;
seealsoStein and Mackin 1955). Browncells line the
walls of the auricles in all oysters and are scattered
systemically among connective tissue cells. They con
tain lipofuchsin, an indigestible pigmented residue of
lysosomal activity that is a product ofcell aging, dis
ease, and tissue degeneration (Bloom and Fawcett
1975).

Effects ofDisease on Oyster Metabolism

Growth. Menzel and Hopkins (1955) followed
growth of a cohort of individually marked oysters
over 16months ofexposure to P. marinus. At the end
ofthe experiment, survivors were examined histolog
ically for the parasite. Individuals with light infec
tions had deposited new shell at a slower rate than
uninfected oysters for the preceding 2 months, where
as those with heavy parasitism had failed to add any
new shell for the previous 5 months (Fig. 12). An
drews (1961) found similar results using underwater
weighing. Burreson (1991) and Paynter and Burre
son (1991) reported an almost complete cessation in
growth of several selectively bred (for MSX-disease
resistance and for rapid growth) oyster strains when
they became infected with P. marinus. Native wild
stocks also became infected, but they experienced less
growth inhibition, suggesting that inbreeding may
have heightened sensitivity of these selected oysters
to Dermo disease.
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Figure 11. Histopathology caused by Perkinsus marinus in tissues of Crassostrea virginica: (A) disruption and lysis ofstorage-
connective tissue [CT], brown cells (arrows), and morphologically normal stomach epithelium [SE]; (B) massive hemocyte
[H] infiltration associated with presence oftrophonts (broad arrows) in digestive gland storage-connective tissue; (C) occlu
sion ofhemolymph vessels (#) beneath outer mantle epithelium [ME]; (D) migration of7? marinus-laden hemocytes (larg
er arrow) through outer mantle epithelium [ME]. Scale bars =100 pm in Aand 50 pm in BtoD.
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Figure 12. Growth of individually marked oysters held in
trays inTerrebonne Bay, Louisiana, over a 16-month peri
od and then diagnosed forPerkinsus marinus. Infection rat
ings were made from tissue sections byJ. G. Mackin. From
Menzel and Hopkins (1955).

Soft tissues are also affected (Ray et al. 1953).
The ratio ofwet meat weight to shell cavity volume
was 8 to 9% lower in oysters with light infections
comparedto thosewith no infections and 12 to 15%
less in those with moderate infections. These figures
were the same regardless of season, but the effect of
heavy infections was intensified athigh temperatures.
In winter, oysters diagnosed as having heavy infec
tions had 20% lower wet meat condition compared
to combined uninfected and lightly infected individ
uals, whereas this figure was 50% in the summer.
Crosby and Roberts (1990) found that oyster condi
tion index (the ratio ofsoft tissue dry weight to inter
nal shell volume as defined by Lawrence and Scott
[1982]) was negatively correlated with P. marinus in
tensity (p <0.001), although only 5%of thevariabil
ity in condition could be explained by infection in
tensity. Craig et al. (1989), Gauthier et al. (1990),
and Paynter and Burreson (1991) also reported a loss
ofcondition in P. marinus-'mfected oysters, although
this is often significant only in advanced infections
(Dittman 1993). The reduction ofdry-weight condi
tion index, a measure directly correlated with meta
bolic reserves (Widdows 1985), in parasitized oysters
could be caused by disruption of feeding (Mackin
and Ray 1954), depletion of glycogen by parasites

(Choi et al. 1989), lysis of tissues (Ray et al. 1953),
or any combination of these factors.

Physiological Functions. Although P. marinus in
fection reduces both shell and soft tissue growth, the
mechanism is not yet well defined. Adductormuscle
strength is impaired, leaving oysters, especially those
with the heaviest infections, weak and prone to gape
when removed from water (Mackin 1962; Gauthier
et al. 1990). ("Gapers" are moribund ordead oysters
inwhich the soft tissues are still present.) Working in
the Gulf of Mexico, Hewatt (1952) found that in
fected oysters often failed to open and feed. In a sub
sequent study, Mackin and Ray (1954) reported that
production offeces and pseudofeces declined in pro
portion to both the intensity and duration of infec
tion (Fig. 13). Over a 3-week period, feces and pseu
dofeces produced by experimentally infected oysters
declined by40% compared to untreated controls. In
dividuals with light and moderate toheavy infections
produced only 57and 43%, respectively, as much fe
ces and pseudofeces as did uninfected or very lighdy
infected oysters. Conversely, Newell et al. (1994)
measured clearance and metabolic rates, and assimi
lation efficiency over a 1-year period in naturally in
fected oysters from several sites in Chesapeake Bay.
High infection levels led toa cessation ingrowth and
eventual heavy mortality. Nevertheless, neither meta
bolic rate nor assimilation efficiency was correlated
with infection intensity. Feeding activity was reduced
onsome occasions, butonly in the most heavily par
asitized individuals. These authors concluded that
the observed effect of P. marinus on oyster growth
was because the parasite outcompeted the host for
stored nutrients, not because it affected energy acqui
sition or metabolism.

Biochemical Composition. Histochemical tests
revealed that glycogen isdepleted in animals withad
vanced infections as parasites and hemocytes prolif
erate andreplace storage cells (Stein andMackin 1957).
Conversely, both Wilson et al. (1988) and White et
al. (1988) found higher tissue glycogen concentrations
when infected oysters were analyzed biochemically
and speculated that P. marinus might stimulate glu-
coneogenesis. This comparison shouldbe made with
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N VL L

Infection intensity

Figure 13. Production of feces and pseudofeces by oysters
with different degrees of Perkinsus marinus infection. The
parasite was injected into the shell cavity of experimental
oysters. Oysters were held in experimental chambers
through which water from Barataria Bay was pumped for a
period of 21 d. Feces and pseudofeces were collected daily
and measured wet in a graduated cylinder after settling for
24 h. Oysters were 2.5 to 3.5 cm in shell height and each
experimental oyster was matched with an uninjected con
troloyster of the same size. Infection ratings, obtainedwith
the Ray/Mackin assay, aregiven in legend to Figure 8; VL=
very light. Number of oysters is shown in bars. From
Mackin and Ray (1954).

caution, however, because oysters in the biochemical
studies were also parasitized by the snail, Boonea im
pressa, techniques differed between studies, and sea
son of collection was not always indicated. Lipid me
tabolism is clearly altered by infection, as demon
strated by increases in lipid phosphate and fatty acid
content (Wilson et al. 1988) and by the large in
crease in the number of lipofuchsin-containing brown
cells characteristic of/? marinus-'mfected animals (Stein

and Mackin 1955).

Amino acids and proteins are also altered by P.
marinus infection. Tissue amino acid concentration

decreased with increasing infection intensity due to
the reduction of most individual amino acids (Soniat
and Koenig 1982; Paynter et al. 1995). Soniat and
Koenig (1982) documented an increase in the tau
rine-to-glycine ratio similar to that reported for mol
luscs stressed by other infectious and noninfectious
diseases (Jeffries 1972; Livingstone 1985). Chu and

La Peyre (1989, 1993) and Chu et al. (1993) found
considerable variation associated with season, tem

perature, and salinity, but no consistent significant
association between cell-free hemolymph protein or
lysozyme concentrations and infection intensity in
oysters that had mostly light to moderate infections.
Conversely, Chintala et al. (1994) reported a nega
tive correlation of hemolymph protein with (1) P.
marinus infection intensity and (2) survival time post
infection; however, this occurred only after most oys
ters had moderate to heavy infections.

Reproduction. Like other physiological and met
abolic functions, gametogenic development in oy
sters exposed to P. marinus appears to be impaired
primarily after infections become advanced. For in
stance, Dittman (1993) reported that during their
first year of exposure when infections were generally
light, there was no significant effect of the parasite on
percent gonad area of Delaware Bay oysters whereas
in the second year, "the percentgonad area of the in
dividuals with advanced infections was significantly
lower than that of the individuals with no infections

and in most cases was lower than of the individuals

with light infections." A similar finding was reported
by Choi et al. (1994) in the Gulf of Mexico, where
the spawning period is more extended. They mea
sured reproductive effort using an immunological
probe for oyster egg protein and in vivo incorpora
tion of radiolabeled protein precursors into oysters
placed in the field. They found no measurable im
pact of P. marinus in the spring, when most infec
tions were light, but a clear negative association be
tween reproductive development and parasitism in
the late-summer/fall, when infections were heavier.

Mackin (1962) found that reproductive inhibition
was most severe when heavy infections coincided
with the earliest stages of gametogenesis. He also
found no difference in infection intensities between

pre- and post-spawning oysters, and concluded that
spawning "stress" was not responsible for the acceler
ation of disease development and mortality in late
summer.

Cause ofDeath. Many investigators have con
cluded that extensive tissue lysis and occlusion of major
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hemolymph vessels cause death of P. marinus-'mfect-
ed oysters (Mackin 1951b; Ray 1954; Perkins 1976b).
They have discounted the presence ofa toxin because
most oysters die only after infections have become
extensive. Mackin and Ray (1954) also dismissed star
vation as a cause of death because the disease can be

come lethal within a few weeks of infection, whereas
oysters may survive many months without food (Ray
1966b). Evidence for lytic factors has been strength
ened by recent findings that an ami-./? marinus anti
body recognized soluble and nonceliular particulate
antigen in tissue sections (Fig. 14), where it appeared
to be diffusing from infection foci (Dungan and Ro
berson 1993) and by the fact that cultured P. marinus
secrete proteases (Faisal et al. 1994). Another factor
possibly contributing to pathogenesis is the produc
tion of cytotoxic reactive oxygen intermediates (ROIs)
by hemocytes of heavily infected oysters (Anderson
et al. 1992c), although it is not certain that the rela
tively small (~2-fold) differences between lightly and
heavily infected oysters would be sufficient to cause
extensive pathology (Anderson et al. 1995).

On the other hand, Choi et al. (1989) estimated
the total energy demand of P. marinus parasites at
several infection intensities from values for other pro
tozoans and concluded that energy depletion caused
by the metabolic demands of the parasite was suffi
cient to result in the observed reduced growth rate,
impaired reproduction, and mortality of infected oys
ters. The same conclusion was reached by Newell et
al. (1994) after a suite of physiological measurements
failed to link infections with changes in assimilation
efficiency, metabolic rate, or (except in some heavily
infected individuals) feeding rates. Thepathology and
nutrient depletion hypotheses are not mutually exclu
sive as the parasites surely exert a metabolic drain on
the host that increases with infection intensity. As in
fections become more advanced, the extensive associ
ated cell and tissue pathology must also contribute to
death.

Host Response. Infections by P. marinus are ac
companied by an increase in circulating hemocytes
and their infiltration intoaffected areas of theepithe
lium andsubepithelial tissues, where host cells respond
to the parasite by both phagocytosis and encapsula
tion (Figs. 6A, B; 1IB, C, D; see also Mackin 1951b;

Perkins 1976b; Anderson et al. 1992c; Chu and La
Peyre 1993; Anderson et al. 1995). Zoospores and
vegetative stages are phagocytosed by oyster hemo
cytes in vitro (Chu 1988; La Peyre et al. 1995) and
infective forms may be brought across the stomach
epithelium in phagocytes (Mackin 1951b; Perkins
1976b; Alvarez et al. 1992). In the eastern oyster, as
many as halfof the parasites may be contained with
in hemocytes, where they are found in phagosomes
(Perkins 1988). Some parasites appear to bedestroyed
within the phagocytes (La Peyre et al. 1995), but oth
ers continue to develop within host cells and eventu
ally destroy them (Mackin 1951b). Hemocytes with
drawn from oysters with advanced P. marinus infec
tions have elevated levels of ROIs, which are consid
ered to act in destruction of microbes (Anderson et

Figure 14. Fluorescence immunostained (Dungan and
Roberson 1993) focal Perkinsus marinus lesion in Cras
sostrea virginica stomach epithelium. Individual P. marinus
cells (arrows) infecting the ciliated epithelium on right arc
intensely stained, whereas no pathogen cells arc seen with
in the epithelium on the left. In addition to cellular
immunofluorescence, the infected portion of the epithelium
shows diffuse, nonceliular immunofluorescence suggesting
antibody localization of exported, soluble P. marinus anti
gens in the infected epithelium, its underlying connective
tissue, and the adjacent apical surface of cells in the unin
fected epithelium. Scale bar= 50 pm.
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al. 1992c; Anderson et al. 1995).Their significance
in Dermo disease is not clear, however, as evidence
from in vitro experiments suggests that ingested P.
marinus are able to suppress intracellular production
of cytotoxic oxygen radicals (Anderson et al. 1995;
Volety and Chu 1995). Anderson et al. (1995) pro
posed that many types of particles, including P. mari
nus, might be able to nonspecifically activate hemo
cytes, but further ROI responses from activated cells
would be limited to certain agents, not including P.
marinus.

Migration of P. marinus-laden hemocytes occurs
across digestive and external epithelia (Fig. 1ID), but
does not appear to be effective in ridding the oyster
of infection in warm weather because parasites prolif
erate too rapidly. It may, however, reduce parasite
numbers in cooler periods (Mackin 1951b). Perkins
(1976b) also reported that attempts byhemocytes to
encapsulate small foci of infection in the epithelium
and connective tissue failed because the parasites mul
tiplied too rapidly. In fact, Mackin (1951b) conclud
ed that there appeared to be no effective "physiologi
cal" response to development of P. marinus infections
in eastern oysters and selection for P. marinus resis
tant strains has proved more difficult than selection
for resistance to MSXdisease (see p. 606).

Epizootiology

Infection andMortality Periods. In Chesapeake
and Delaware Bays, the northernmost estuaries where
seasonal cycles of P. marinus are well-documented,
infective stages are present throughout the warm
months, probably from May through October (An
drews and Hewatt 1957; Ford unpubl. data). In the
lower Chesapeake Bay, newly introduced oysters show
initial infections in Julywith prevalence peaks between
September and November and a major mortality peri
od in September and October (Fig. 15). Prevalence in
surviving oysters declines dramatically over the late
winter and early spring, and parasites frequendy be
come undetectable by the standard Ray/Mackin assay
(Fig. 10); however, some parasites remain and prolif
erate as temperatures rise in the spring (Andrews
1988a; Bushek et al. 1994b; Ragone Calvo and Bur
reson 1994). Infected and dyingoysters release stages
that initiate another round of infections. This cycle

occurs earlier and morefrequently eachyearthat oys
ters remain exposed and Andrews (1967) estimated
that it required from one to three years for a full-
fledged epizootic to develop from natural sources in
Chesapeake Bay. During the recent Delaware Bay
epizootic, P. marinus infections were first found in
late summer 1990 and widespread mortalities oc
curred the following summer (Ford, unpubl. data).

In the southeastern United States and the Gulf

of Mexico, infection and mortality periods are not as
discrete, most likely because temperatures are never
low enough to suppress activity of either host or par
asite (see p. 608). Newinfections can probably occur
as long as oysters are feeding. Both prevalence and
intensity are generally low from January through
April and highest from August through November
(Ray 1954; Quick and Mackin 1971; Burrell et al.,
1984; Soniat 1985;Crosby and Roberts 1990). Mor
talities are greatest from July through November (Mack
in and Sparks 1962; Quickand Mackin 1971).

Prevalence Levels and Mortality Rates. Preva
lence of P. marinus varies seasonally and the maxi
mum found in a given year is considered an estimate
of infection pressure for that year and location. Dur
ing fully epizootic conditions, peak prevalences of P.
marinus infections determined after RFTM incuba

tion are between 80 and 100% (Andrews and Hew
att 1957; Ray 1966a; Quick and Mackin 1971; Bur
reson and Andrews 1988; Craiget al. 1989). Because
some infected oysters undoubtedly die before maxi
mum prevalence is reached in the population, and
some light infections go undetected, it is probable
that virtually all oysters become infected under these
conditions. In North Inlet estuary, South Carolina,
Crosby and Roberts (1990) found only 4 months
(February-May) between March 1988 and March
1989 in which prevalences were below 100%. Preva
lences of less than 30% were typical of enzootic areas
in Delaware Bay when P. marinus was introduced in
the mid-1950s and caused no reported mortalities
(Christensen 1956).

Hofstetter (1977) reported P. marinus-assocxated
mortality rates averaging 50% per year in oysters in
Texas. In Florida, annual mortality rates were esti
mated to be between 50 and 100% (Quick and
Mackin 1971). In experiments with oysters held in
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trays andexposed to P. marinus in Louisiana, Mackin
and Sparks (1962) recorded cumulative mortalities
between March and September of up to 80%. In
Chesapeake Bay, it is more difficult to assign causes
of mortality because Hapbsporidium nelsoni (causa
tive agent of MSX disease), as well as P. marinus,
causes deaths. During the 1950s, before H. nelsoni
became a factor in the lower Chesapeake Bay, howev
er, mortalities were caused primarily by P. marinus
and they ranged from 25 to 60% annually (Andrews
1988a). In the Long Island Sound and southern
Massachusetts areas, mortalities have been relatively
low (<25% annually) or even absent despite infection
prevalence and intensities that rival those in more
southern regions (Ford, unpubl. data).

Infection and mortalityrates depend to someex
tent on oyster age (Mackin 1951a; Ray 1954; An
drews and Hewatt 1957). Young oysters are generally
less likely to be infected and more likely to have low
er mortality rates than older oysters (Table 2).When
this phenomenon was initially recognized, it was in
terpreted as "immunity" in young oysters, which was
lost as they became older (Ray 1954). Subsequently,
Andrews and Hewatt (1957) demonstrated that spat
could be easily infected under experimental condi
tions, and even in nature they can show high preva
lences (Ray 1987). The comparatively low preva
lences in spat are now thought to result from the rel
atively small volume of water filtered by young oys
ters and the reduced chance of encountering infective
particles. When dosage is high enough to ensure a
high probability that spat will ingest infective stages,

they become as heavily infected asolderoysters (Ray
1987;Andrews and Ray 1988).

Infectivity andPathogenicity. The ability to trans
mit P. marinus under laboratory conditions has per
mittedstudies to define its infectivity and pathogenic
ityas well as the influence of environmental variables
on the disease process. In the laboratory, the infec
tious agent can be transmitted by proximity to in
fected oysters, by feeding minced infected tissues, or
byinjection ofinfected material into themande cavi
ty or adductor muscle sinuses of recipient oysters
(Ray 1954; Andrews and Hewatt 1957; Mackin
1962; Bushek 1994; Volety and Chu 1994). In gen
eral, infections, mortalities, or both, appear earliest
(10 to 20 d post-inoculation) when parasites are in
jected directly into the adductor muscle or mantle
cavity. Feeding of minced tissues causes death within
3 weeks, whereas death resulting from proximity to
infected individuals begins in 3 to 6 weeks. Under
laboratory conditions such as these, cumulative mor
tality can exceed 90% within 2 months (Ray 1954).
Mortality rates anddays to first mortality are roughly
proportional to thenumber of 7? marinus hypnospores
(prezoosporangia) injected into theshell cavity; how
ever, fewer than 500 cells injected caused no deaths
and more than 105 cells did not further increase
mortality (Fig. 16; see also Mackin 1962).

Perkinsus marinus cultured in the laboratory can
besignificantly less virulent than natural cells as mea
sured by infection and mortality rates after challenge
(Bushek 1994). In a direct comparison, mortalities

Table 2. Percent annual mortality rates ofoysters exposed to Perkinsus marinus in lower Chesapeake Bay, showing differ
ences associated with age (years ofexposure) and geographical source. From Andrews and Hewatt (1957).

Age(==Years of Exposure)

Source Yearlings 2 Years Old > 3 Years Old

Chesapeake Bay

Seaside ofVirginia

South Carolina

<10

16 to 30

7 to 26

17 to 26

37 to 74

10 to 12

26 to 67

46 to 71

22 to 26

Prevalence of P. marinus in

25 and 56%, respectively.
dead oysters was >90% except in South Carolina yearling and 2-•year old oysters, where it was
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were 10 times greater over a 3-monthperiod in oys
ters exposed to natural cells than in those exposed to
cultured cells (Ford and Bushek, unpubl. data). Loss
of virulence in cultured parasites is not uncommon
and may be due to adaptive changes that permit the
organisms to live in culture rather than in a host (Gi-
annini 1974; Moody et al. 1990). Among the factors
influencing virulence of P. marinus is genetic varia
tion ofparasites from different geographic regions. In
a factorial experiment using cultured cells, Bushek
(1994) demonstrated that P. marinus isolated from
Adantic coast oysters caused significantly heavier in
fections than did parasites from Gulfcoast oysters.

During an epizootic caused by P. marinus, about
90% of the dead and dying oysters are parasitized
and nearly allof them have advanced infections (4 to
5 on the Mackin scale) (Mackin 1951a; Ray 1954;
Andrews and Hewatt1957; Andrews 1965). Andrews
(1988a) reported that mortalities are likely to occur
when the mean infection intensity for a population
exceeds 1 on the Mackin scale; however, it is becom
ing clear from studies in locations north of Chesa
peake Bay that the attainment of high infection in
tensities does not necessarily predict death if this lev
el is reached late in the season. As water temperatures
start to decline in the autumn, parasites can be sup
pressed before they cause a lethal disease. Oysters

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Inoculum (log10 cells ml"1)

Figure 16. Mortality ofeastern oysters versus dose ofPerk-
inus marinus cells injected into the shell cavity. Parasites
were incubated for 1 d in fluid thioglycollate medium be
fore injection. From Mackin (1962).

with infections rated 4 or 5 on the Mackin scale may
appear grossly healthy (exhibit good shell growth and
meat quality) and can recover over the winter and
spring, although parasites proliferate again in the
summer with rising water temperatures (Ford, un
publ. data).

Epizootic/Enzootic Periodicity. Comparison of
recent and past data from surveys for P. marinus sug
gest that parasite abundance has been relatively stable
over time in the Gulfof Mexico (Craig et al. 1989).
Short-term, local changes in this region appear to be
the result of fluctuations in fresh-water flow into es
tuaries, which reduce numbers ofboth host andpar
asite. In contrast, there was a steady spread and in
tensification of the disease north along the Adantic
coast during the late 1980s and early 1990s. This
range extension was associated with drought, above-
normal temperatures, and unintentional introduction
ofinfected oysters orshucking wastes (Andrews 1988a;
Burreson and Andrews 1988; Chu and Green 1989;
Ford 1992).

Resistance

The first reported differences among oyster pop
ulations in resistance to Dermo disease was by An
drews (1954). He found that oysters from Chesa
peake Bay, where P. marinus was enzootic, survived
better than those from the ocean side of Virginia,
where the parasite had (at that time) not been found.
Oysters imported from South Carolina, however,
survived better than either group ofVirginia oysters
(Table 2). Similarly, Mackin and Sparks (1962) ex
posed two groups of oysters, one from an enzootic
area and one from a nonenzootic area, to P. marinus
in Louisiana. They reported that cumulative mortali
ty of the previously unexposed oysters was two-and-
a-half times greater than for previously exposed ani
mals. Despite this strong suggestion that selective
mortality in nature had produced resistant stocks,
clear evidence for heritable resistance was lacking for
many years. In fact, Andrews (1954) noted that 6-
year-old Chesapeake Bay oysters exposed to P. mari
nus in nature were "still dying at the same rate as
three years ago." Further, hewas unable toselect strains
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for resistance to Dermo disease, although he did pro
duce strains resistant to MSX disease (Andrews 1968,
1984a).

To determine whether oysters resistant to MSX
disease were also resistant to Dermo disease, Valiulis
(1973) inoculated MSXdisease-resistant oysters with
P. marinus isolated direcdy from infected oysters. He
found that MSX disease-resistant strains survived
better than unselected strains at doses ofup to 104 P.
marinus cells per oyster. At higher doses, this rela
tionship failed (see Ford 1988). Recent exposures of
MSX disease-resistant oysters in Chesapeake and Dela
ware Bays resulted in high mortalities associated with
P. marinus (Burreson 1991;Chintalaand Fisher 1991).
Thus, the original suggestion ofValiulis (1973) that a
common mechanism may underlie resistance to both
MSX and Dermo diseases has not been validated by
field tests. The failure of Andrews (1984a) to develop
resistant strains through selective breeding in Chesa
peake Bay may be because H. nelsoni generally kills
oysters before P. marinus docs (Andrews 1965, 1967).
Andrews' strains were exposed to both diseases, but
the most intense selection may have been for resis
tance to MSX disease. Andrews' results further sug
gest that resistance to the two diseases involves sepa
rate mechanisms.

In the Gulf of Mexico, where P. marinus is preva
lent and causes widespread mortality, it is surprising
that resistant stocks have not been reported. Several
hypotheses have been proposed to explain this appar
ent anomaly (Ray 1954 and pers. comm. 1988): (1)
resistant populations have developed, but have not
been discovered; (2) harvesting of large (presumably
oldandwell selected) oysters removes those individu
als most likely to produce resistant offspring; (3) se
lected individuals are most likely to exist in relatively
high salinity water and if their offspring settle in the
same region, they are apt to be killed by predators
thatare also most prevalent in high salinity areas; and
(4) oysters in the Gulf can reproduce during their
first year, before they suffer significant selective mor
tality. It also seemed possible that no effective sur
vival mechanism existed on which natural selection

could act. While it was puzzling that clear evidence
of resistance had not been discovered in the Gulf
over the nearly half-century since P. marinus was first

described, controlled comparisons with known unse
lected oysters, similar to those performed by Haskin
and Ford (1979) to demonstrate resistance to MSX
disease, had not beenconducteduntil recendy to doc
ument possible resistance to Dermo disease.

The recent intensification and range extension
by P. marinus has stimulated renewed efforts to docu
ment and develop resistance. In a controlled, factori
al experiment, Bushek (1994) demonstrated for the
first time that heritable resistance to Dermo disease
does exist. He compared four geographically separat
edoyster stocks thathad been spawned and reared in
a common environment. Oysters were injected with
parasites that had been established in culture. Oysters
from New Jersey and Maine, which had undergone
little or no selective pressure, developed significantly
heavier infections than oysters from Texas and Vir
ginia, where populations have been parasitized for
more than 40 years.

The Pacific oyster, Crassostrea gigas, appears to be
resistant to diseases that affect other oyster species in
Europe and has been proposed as an alternative to
the eastern oyster for culture on the Adantic coast of
the United States (Mann et al. 1991). Recent studies
showed that C. gigas experimentally challenged with
P. marinus became infected, but that infections failed
to develop or cause mortality (Meyers et al. 1991;
Barber and Mann 1994).

EnvironmentalInfluences

Temperature. Perkinsus marinus proliferates with
in, spreads between, and kills oysters most rapidly at
temperatures above 25°C (Andrews 1965; Hewatt
and Andrews 1955; Fisher et al. 1992). Infected oys
ters held at 25° to 32°C had six times the mortality
of those held at 18°C, even though prevalence was
thesame in both groups (Mackin 1951a). Infections
were lighter at the lower temperature, suggesting to
Mackin that the metabolicrate of the parasitewasre
duced at the lower temperature. In Chesapeake Bay,
Chu and LaPeyre (1993) found an apparent temper
ature threshold between 15° and 20°c. When oysters
acclimated to 10°, 15°, 20° and 25°C were inoculat
ed with P. marinus and maintained at those tempera
tures for 46 d, final prevalence in the four groups was
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23, 46, 91, and 100%, respectively, with advanced
infections appearing at 20° and 25°C only.

Both prevalence and intensity of the parasite de
crease over winter and early spring in nearly all areas
sampled, but especially at the northern end of its
range where localized infections in the gut epitheli
um (Ragone Calvo and Burreson 1994) persist over
winter. They are not usually detected by standard
RFTM methods, but proliferate when temperatures
rise inthe spring (Bushek etal. 1994b; Ragone Calvo
and Burreson 1994). Very low temperature itself,
however, does not seem to be lethal for P. marinus.
Holding infected oysters for up to 6 weeks at 1° or
4°C and 10 ppt failed to significandy reduce either
prevalence or intensity, but when these oysters were
warmed to 12°C at 3, 6, or 15 ppt, infection levels
decreased within 2 weeks (Burreson and Ragone Cal
vo 1993). Also, P. marinus apparently can survive
freezing, as indicated by enlargement in RFTM (An
drews and Hewatt 1957), and parasites can be de
tected by RFTM only if they were viable upon incu
bation (Ray 1954).

In vitro experiments corroborate field observa
tions. Ray (1954) found that the optimum tempera
ture range for enlargement ofhypnospores in RFTM
was between 25° and 30°C Enlargement was retard
ed at35°C and death occurred at37°C. Enlargement
also occurred in RFTM kept at 10° to 24°C, but to
progressively smaller final sizes with decreasing tem
perature. At 0° to 4°C there was no size change, but
when returned to room temperature after 60 h, hyp
nospores enlarged in a manner similar to controls
grown at 25°C. Sporulation of sporangia in sea water
occurred in 2 to 4 d at 28°C, 2 to 8 d at 18° to 20°C,
and failed to occur at 0°C (Chu and Green 1989).
Both prezoosporangia and zoospores tolerated tem
peratures of less than 4°C for only 1 to 4 d in vitro.
In culture, proliferation rates are also highly depen
dent on temperature (Bushek 1994; Dungan and
Hamilton In press; Gauthier and Vasta 1995).

Salinity. Reduced prevalence of/? marinus in low
salinity has been a consistent finding of field distrib
ution studies (Mackin 1951a, 1956; Christensen
1956; Andrews and Hewatt 1957; Soniat 1985; Ray
1987; Craig et al. 1989; Soniat and Gauthier 1989;

Gauthier et al. 1990). Theparasite appears intolerant
of salinities below 8 to 9 ppt in the field (Mackin
1956) and 12 ppt is usually described as the salinity
required for a full epizootic. Ragone and Burreson
(1993) held naturally infected oysters for 8 weeks in
the laboratory at temperatures of 20° to 25°Cand at
four salinity regimes: 6,9, 12, and 20 ppt. Prevalence
remained between 80 and 100% and advanced infec
tions persisted at all salinities, but the development
oflethal infections was retarded at6 and 9 ppt. Mor
talities were half as great (~14%) at 6 and 9 ppt
compared to those at 12and 20 ppt (-31%). Lethal
infections and resulting deaths were increasing in the
6 and 9 ppt treatments near the end of the experi
ment, however, suggesting that low-salinity control
ofinfections was notpermanent. Similarly, the onset
ofinfections inoysters fed minced tissues from para
sitized oysters was delayed by one month in oysters
kept at 10 to 13 pptcompared to those kept at 26 to
28 ppt, but total mortality reached 100% in both
groups after 3 months (Ray 1954). Movement of in
fected oysters into salinity as low as 11 ppt had rela
tively little effect on the parasite, especially at high
temperature (Mackin 1956; Andrews and Hewatt
1957).

A threshold salinity of about 9 to 10 ppt, below
which P. marinus has reduced pathogenicity, has been
supported in another set of in vivo experiments in
which oysters were inoculated with a known concen
tration of parasites isolated directly from infected
oysters. The oysters were held at 3, 10, and 20 ppt
for 5 weeks at 22°C (Chu et al. 1993). Prevalences
were 50, 79, and 82%, respectively, at the conclusion
of the test. Heavy infections developed only in 10
and 20 ppt groups. Although only light infections
developed at3 ppt, the fact that they developed atall
indicates how tolerant P. marinus is oflow salinity.

Several in vitro tests of P. marinus viability at vari
ous salinities have been conducted. In RFTM, hyp
nospores enlarged at all salinities between 4 and 50
ppt, but parasite walls were thinner at the lower end
ofthe range and final size was slightly less at the high
er end, compared to the middle range (Ray 1954).
Chu and Green (1989) found that zoospores could
survive up to 28 d at 4 ppt and 20° to 28°C. At
28°C, in vitro sporulation occurred in 2 to 4 d at 10
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to 34 ppt, in 3 to 7 d at 6 to 8 ppt, anddid not occur
below 4 ppt. Cultured P. marinus are less tolerant of
low salinity. Burreson et al. (1994c) exposed cultured
cells to in vitro salinities of 3, 6, 9, 12, and 22 ppt at
temperatures of 1°, 5°, 10°, 15°, and 28°C. After 1 h,
parasite mortality was significandy affected bysalini
ty, but not by temperature (Fig. 17A). No parasites
survived at 0 and 3 ppt; mortality decreased from 85
to 90% at 6 ppt to about 25% at 12 ppt and to less
than 5% at 22 ppt. After 24 h, mortality increased at
all salinities except 22 ppt and was inversely related
to temperature. At 6, 9, and 12 ppt, mortality was el
evated at low temperatures although this was signifi
cantonlyat 9 ppt (Fig. 17B).

At least part of the correlation between low pre
valence and lowsalinity in the field maybe produced
bydilution of infective stages (Mackin 1956) or the
destruction of host oysters during periodic floods
and the fact that re-establishment of parasite popula
tions lags behind re-establishment of host popula
tions (Hofstetter 1977; Ray 1987).

Some studies have attempted to determine the
relative importance of temperature and salinity on P.
marinus infections. For instance, in a South Carolina

estuary where salinity ranged from 29 to 35 ppt and
temperature from 10° to 28°C over the year, Crosby
and Roberts (1990) found a positive correlation (p <
0.001) between seasonal values for both variables and
infection intensity. Seasonal changes in salinity, how
ever, explained only 3.6% of the variance in P. mari
nus intensity whereas temperature accounted for
16.7%. In vivo experiments in which infected oysters
were held at different temperature-salinity combina
tions also demonstrated that temperature was more
important (Fisher et al. 1992). Conversely, in a sur
vey of Gulf of Mexico oysters, Craig et al. (1989)
found that salinity explained 20% of site-to-site vari
ability in disease intensity (p < 0.001), but had no re
lationship to temperature. These apparently contra
dictory results areprobably linked to the type ofstudy
(field survey or laboratory test), the location studied
(whether salinity and temperature regimes are ever
limiting to P. marinus), and perhaps race-specific char
acteristics ofbotii host and parasite (Bushek 1994).

Prevalence and intensityof P. marinus infections
are related to climate change as well as seasonal tem

perature fluctuations. Long-term monitoring in the
Gulf of Mexico shows that multi-year climate cycles
are asignificant influence on P. marinus infection prev
alence and intensity in that region (Powell et al. 1992).
Extension of high disease levels into the northeastern
U.S. in the early 1990s occurred during an unusually
warm period (Ford 1992). It is becoming increasing
ly apparent, however, that the combination of low
temperature and low salinity reduces infection inten
sity more effectively than either factor alone (Burre
sonet al. 1994c; Ragone Calvo and Burreson 1994).

Other. Besides temperature and salinity, two oth
er factors are known to influence the course of P. ma-
rinus-causzd disease. Parasitism by the hemolymph
sucking snail, Boonea impressa, increases theseverity of
disease in previously infected oysters, even after the
snailshave been removed (White et al. 1987; Wilson
et al. 1988). Like P. marinus, the parasitic snail alone
poses an energetic drain on oysters by removing
metabolites and interfering with feeding (Ward and
Langdon 1986; White et al. 1988; Wilson et al.
1988). The magnified effect of two parasites is not
surprising, and underscores the importance of mul
tiple stressors affecting oyster health.

Several studies have reported a link between envi
ronmental contaminants and P. marinus infection de

velopment. For instance, experimental exposure to the
chemical carcinogen n-nitrosodiethylamine (DENA)
caused infections to intensify in oysters parasitized by
P. marinus (Winstead and Couch 1988). Although
DENA by itself is not acutely toxic to oysters, mor
talities of parasitized oysters were elevated and gapers
had advanced infections. The pathological condition
ofexperimental oysters was abnormal, however. There
was no systemic invasion of the connective tissue and
parasites were found in the epithelium of the diges
tive tubules, which are not usually infected. Also,
there was a conspicuous absence of hemocyte infil
tration. Winstead and Couch (1988) speculated that
DENA may have impaired a "non-specific" cellular
defense mechanism or may have stimulated parasite
growth.

Perkinsus marinus-inkcted oysters experienced a
slightly higher mortality compared to controls (56vs
46%) aftera 60-d exposure to chlorine-produced ox-
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idants (1 ppm added chlorine) at21 to25 ppt (Scott
et al. 1985). A similar pattern was not found at lower
salinities nor with lower chlorine concentrations. Re

cently, Chu and Hale (1994) reported that exposure
of oysters to the water soluble fraction (WSF) of
highly contaminated sediment from the Elizabeth

6 9

Salinity (ppt)

Figure 17. Mortality oi in w'ta?-cultured Perkinsus marinus cells (A) after 1h and (B) after 24h at various temperature and
salinity combinations, ns =no significant temperature effect atthat salinity. At 9 ppt, values sharing acommon superscript
are not significantly different at the a =0.05 level. Vertical bars represent standard error ofthe mean. Key in (A) applies to
both figures. FromBurreson et al. (1994c).
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River, Virginia enhanced the development of P. mar
inus infections. Oysters were maintained at 0, 15, or
30% WSF for 35 d before injection with P. marinus
(103 meront stages oyster-1) and then maintained at
the same WSF concentrations for another 35 d. At

the conclusion of the experiment, infection preva
lences were 15, 45, and 50% at concentrations of 0,
15, and 30%, respectively. Advanced infections were
detected only in the contaminant-exposed oysters.
Mortalities were low and unrelated to parasitism. The
contaminants used by Chu and Hale (1994) were
from agrossly polluted site; however, environmentally
more relevant levels (30 to 100 parts per trillion) of
tributyltin, an additive to antifouling paint, also in
tensified P. marinus infections and resulted in oyster
mortality (Anderson et al. 1996; Fisher et al. 1995).
Clearly, some environmental contaminants can accel
erate P. marinus disease development, but there is no
correlation between the distribution of the disease

and pollution in nature, and it should not be con
cluded that pollution is responsible for the recent ex
pansion of Dermodisease.

Wilson et al. (1990) found a significant positive
correlation between the mean prevalence of/? marinus
and mean total polyaromatic hydrocarbons (PAHs) in
oyster tissue when the units of comparison were bay
systems along the Gulf of Mexico. However, they
were unable to demonstrate a significant relationship
between these variables when the analysis was made
at the level of individual samples. They argued that
the large-scale correlations are associated with latitu
dinal variation in spawning, a process through which
oysters may rid themselves of contaminants. That is,
oysters infected with P. marinus do not spawn as
abundandy as uninfected individuals and consequent
ly do not rid themselves of PAHs as effectively. Fur
ther, the contaminant levels were low throughoutthe
study range, leading the investigators to conclude
that theobserved correlations originated "either in bi
ological control ofcontaminant body burden or coin
cident control of both [contaminant and biological
status] directly b|y climatic cycles rather than the im
pact ofpollution on organism health which might re
sult at higher exposure levels" (Wilson et al. 1992).

ControlMeasures

Because P. marinus iseasily transmitted from oys
ter to oyster, it is imperative to avoid moving infected
seed oysters and to refrain from planting disease-free
seed near sources of infection such as native popula
tions on natural beds, pilings, bridges, or piers (An
drews and Ray 1988). As a further measure, planters
should remove all residual oysters from a ground on
which they intend to place seed stock and, if possi
ble, should let grounds lie "fallow" for one or two
years after harvest so that infected oysters can die.
There is no evidence that the intertidal height of oys
ters influences infection acquisition or development
(Burrell et al. 1984; Gibbons and Chu 1989)

A variety of organic and inorganic compounds,
including anticoccidial and antifungal substances,
kill P. marinus in vivo-, however, most are also toxic to
oysters (Calvo and Burreson 1994; Krantz 1994).
Ray (1966b) found that the fungicide cycloheximide
inhibited development of the parasite and stopped
mortality for as long as 164 d when applied at con
centrations of 1 to 50 pg L"1 in aquaria, but that the
parasite recovered and began causing deaths as soon
as the treatment ceased. Calvo and Burreson (1994)
confirmed the short-term therapeutic effect of cyclo
heximide and that infections relapsed when the treat
ment ceased. In contrast to low salinity immersion,
which merely slowed P. marinus development (Ra
gone and Burreson 1993), cycloheximide caused a
true decrease in parasite densities and mightbe used
to curb infections in small lots of oysters, such as
broodstock (Calvo and Burreson 1994). In nature,
however, elimination of parasitized oysters asa source
of infective stages and maintaining normal freshwa
ter input into affected estuaries appear, at present, to
be the most reasonable ways of controlling P. marinus
(Andrews and Ray 1988).

Modeling Perkinsus marinus Epizootics

Recendy, a physiologically based model that cou
ples eastern oyster andP. marinus population dynam
ics has been developed to investigate biological and
environmental factors controlling the prevalence and
intensity of Dermo disease and the conditions that
produce or terminate epizootics (Powell et al., 1994;
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Hofmann et al., 1995). Infections become lethal af
ter a threshold parasite burden is reached; conse-
quendy, the model predicts that thebalance between
oyster and parasite growth rates is crucial to the out
come ofthe disease. Both temperature and food sup
ply are key elements in this equation because they af
fect the amount ofenergy ingested by the oyster, how
it is allocated between somatic and reproductive tis
sue, and how fast the parasite population multiplies.
An individual oyster cansurvive if it adds somatic tis
sue faster than the parasite mass increases. Model
simulations show that in southern locations such as
theGulfofMexico, high recruitment of (uninfected)
juveniles combined with rapid growth rates allows
oyster populations to survive even though individual
oysters eventually die. Conversely, at higher latitudes
such as the mid-Atlantic, where oyster recruitment
and growth rates are considerably lower, the parasite
will have a much more devastating effect on the host
population.

Model simulations for the Gulf of Mexico show
ed that factors affecting food supply, temperature,
and salinity are important in starting and stopping
epizootics. For instance, a drysummer followed bya
warmwintercouldstartan epizootic, but factors that
reduced food supply were more important than ei
thersalinity or temperature. Simulations also showed
that conditions triggering an epizootic could disap
pear as much as 18 months before the onset of mor
talities. A cool, wet year might stop an epizootic, but
more extreme conditions were required to terminate
an epizootic than to start one. The model suggests
that the most important factor in stopping an epi
zootic, at least insouthern United States, is a large re
cruitment that dilutes P. marinus in the host pop
ulation. The model predicts thatnoepizootic will oc
cur following the recruitment unless triggering con
ditions (e.g., warm winter, high salinity, low food) re
turn.

MSX Disease

History andDistribution

The disease commonly known as MSX was first
recognized as the cause of massive oyster mortalities

in lower Delaware Bay in 1957 and two years later
in the lower Chesapeake Bay (Haskin et al. 1965;
Andrews and Wood 1967). The etiological agent, a
protozoan, was originally given the acronym "MSX"
because it was found as a multinucleated (plasmodi-
al) stage withunknown affinity, thus"multinucleated
sphere X" (Haskin et al. 1965). Its spore stage has
since been described and the parasite has been
named Hapbsporidium (formerly Minchinia) nelsoni
(Couch et al. 1966; Haskin et al. 1966; Levine et al.
1980).

In the early and mid-1960s, H nelsoni was found
inthe coastal bays ofNorth Carolina, "Virginia, Mary
land, Delaware, New Jersey, Connecticut, and New
York (Haskin et al. 1965; Sindermann and Rosen-
field 1967), but mortalities were not clearly associat
edwith theparasite north ofNew Jersey andsouth of
Virginia. It was present at least as early as 1967 inWell-
fleet Harbor on Cape Cod Bay, but was not found in
samples from 12 other sites in Massachusetts (Krantz
et al. 1972). Periodic sampling along the entire At
lantic and Gulf Coasts between the mid 1960s and
the mid 1980s failed to detect the parasite south of
North Carolina (Kern 1988). Beginning in 1984, how
ever, new reports indicated an apparent range exten
sion, from the Damariscotta River, Maine, to Bis-
cayne Bay, Florida (Fig. 5; see also Haskin and An
drews 1988; Hillman et al. 1988; Kern 1988; Ford,
pers. obs.). Spore stages have been identified in oys
ters from Virginia to Cape Cod, whereas reports from
other areas are based on plasmodial stages only.

EtiologicalAgent

Life Cycle. The causative agent of MSX disease,
Hapbsporidium nelsoni, isa spore-forming protozoan
thatwas placed in thePhylum Ascetospora, class Stel-
latosporea, order Balanosporida, and family Hap-
losporidiidae by the Committee on Systematics and
Evolution of the Society of Protozoologists (Levine et
al. 1980). Corliss (1984) suggested a new phylum,
Haplosporidia, which excludes organisms such as
Marteilia spp. because they form cells within cells.
Perkins (1990) tentatively agreed and proposed sub
division into class Haplosporea, order Haplosporida,
and family Haplosporidiidae. A recent phylogenetic
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comparison using 16S (small subunit)-like ribosomal
RNA gene sequences suggested that the haplospori-
dans are more closely related to alveolates (ciliates, di
noflagellates, andapicomplexans) than to other spore-
forming protozoans such as microsporidians (Siddall
etal. 1995). |

Haplosporiqans are parasites of marine, and a
few freshwater, invertebrates (Sprague 1982). In the
eastern oyster, the predominant form of H. nelsoni is
amultinucleated plasmodium in which nuclei have a
peripheral nucleolus (Figs. 18A, B, E; 19D, E). The
infective stage his never been recognized, although it
is presumed to be a uninucleated form released bya
spore (Farley 1967). Multinucleated stages develop
by successive nuclear and cytoplasmic divisions (see
Perkins 1968). Plasmodial stages have been main
tained in vitro for several weeks during which time
developmental stages including plasmotomy andbud
ding have been observed, but continuously prolifer
ating cultures have yet to be achieved (Kleinschuster
etal. 1994).

Sporulation is extremely rare in adult oysters (Far
ley 1965; Andrews 1979; Ford andHaskin 1982), al
though prevalences as high as 40% have been found
inspat (Andrews 1979; R.D. Barber et al. 1991; Bur
reson 1994). Plasmodia range in diameter from 5 to
more than 100 pm. Spores are operculate, approxi
mately 6x8 pm in fixed material, with overhanging
lids; filamentous projections are attached to thespore
wall (Figs. 18F; 19F). Spores develop exclusively in
theepithelium of the digestive tubules (Figs. 18C,D;
19H). Sporulation occurs predominandy within a few
weeks in late June and early July and over a more
prolonged period in autumn (Farley 1975; Andrews
1979; R.D. Barber et al. 1991; Burreson 1994). All
stages from uninucleate cells to spores are found for
many other species of Haplosporidiidae; yet, to date,
thecomplete life cycle has not been described for any
of them, nor has transmission been rigorously docu
mented.

Transmission. Controlled transmission of H. nel

soni has not been achieved despite many attempts at
several laboratories (Canzonier 1968, 1974; Sprague
et al. 1969; Andrews 1979). Unlike P. marinus, H.

nelsoni infective pressure is independent of oyster
density and is fairly uniform over a large area within
the high salinity portion of affected estuaries. With
favorable salinities, it can spread rapidly over large
distances (Andrews and Wood 1967; Andrews 1979;
Haskin and Ford 1982). For these reasons, as well as
thecomparative rarity of sporulating stages, an alter
nateor intermediate host hasbeenhypothesized (An
drews 1968; Ford and Haskin 1982; Burreson 1988;
Haskin and Andrews 1988), but the parasite has not
been positively identified in any other species. Spore
stages of a haplosporidan parasite of the shipworm,
Teredo spp. resemble those of H. nelsoni (Hillman
1978), but ultrastructural differences and lack of im
munological cross reactivity now show that the para
sites are not the same (McGovern and Burreson 1989,
1990) andthe teredinid parasite has been named Min-
chinia teredinis (Hillman et al. 1990). A haplospori
dan also resembling H. nelsoni has been found in Pa
cific oysters, Crassostreagigas, from Korea (Kern 1976),
Japan (Friedman et al. 1991), and California (Fried
man and Hedrick 1991b). Sporulation of the haplo
sporidan in C. gigas occurs in thedigestive tubule ep
ithelium, as is the case with H. nelsoni. A possible re
lationship between the parasites awaits confirmation.

Haplosporidan spores resembling H. nelsoni in
size and shape have been found ingested byoysters in
areas where H. nelsoni is enzootic and during the sea
son when oysters become infected by H. nelsoni, in
dicating that they are widely distributed in thewater
column (R.D. Barber and Ford 1992). Their abun
dance was not correlated with subsequent H. nelsoni
infection prevalence, however, suggesting that if they
are a stage in the life cycle of//, nelsoni, the spores are
not direcdy infective to oysters, but may infect an al
ternate host. Incomplete knowledge of its life cycle
and mode of transmission is a critical gap in under
standing the biology of H. nelsoni.

Infection andDisease Processes

Diagnosis. Nearly all diagnoses of H. nelsoni in
fection have been performed by histological exami
nation of tissue slides. Screening of hemolymph sam
ples will detect most systemic infections, but it is not
reliable for localized parasites (Burreson et al. 1988;



Figure18.StagesofHaplosporidiumnelsonifoundinCrassostreavirginica:(A)plasmodiaingillepithelium(earliestrecog
nizedstage);(B)systemicplasmodiainbloodvessel;(C)plasmodial[P],prespore[PS],andspore[S]stages;(D)sporulating
stagesinepithelium(#)andlumen(##)ofdigestivetubules;(E)plasmodiumshowingmitochondria[M],nucleus[N],
lipidbody[L],digestivelamellae[D],andhaplosporosomes(arrows),fromScroandFord(1990);(F)maturesporeshowing
spherule[S],mitochondria[M],sporewall[W],operculum[straightarrows],juncturebetweenoperculumandlipofspore
wall[curvedarrows],formativeinclusions[FI]thoughttoproducehaplosporosomes,andepisporecytoplasm[EC],from
Rosenfieldetal.(1969).Scalebars=10urninAtoC;50pminD;1pminEandF.
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Figure 19. Diagram of stages of Haplosporidium nelsoni seen in Crassostrea virginica: (A) intact oyster; (B) oyster with right
valve removed showing plane [arrows] ofsection in (C); (D) water tube epithelium (portal of entry) showing plasmodia m-
tercellularly along basal lamina and in blood spaces beneath the epithelium; (E) plasmodium; (F) spore; (G) haplosporo
somes; (H) development ofplasmodia into sporocysts in epithelium ofdigestive diverticulum [open arrows]. See Figure 18
for ultrastructural details.
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Ford and Kanaley 1988). Nevertheless, because it is
rapid and economical, this method is being used in
some areas (C. A. Farley, pers. comm. 1991; Morri
son et al. 1992). Diagnostic assays involving im
munological ornucleic acid probes may become avail
able in thefuture (Fong et al. 1993a; Stokes andBur
reson 1995).

Portal ofEntry. The earliest infections of//, nel
soni axe. found in gill and palp epithelia (Fig. 19C, D;
see also Haskin et al. 1965; Farley 1968). This con
trasts with the apparent portal ofentry of P. marinus
and H. costale, the other two major parasites ofeast
ern oysters. Both of these are also waterborne and ac
quired through feeding, but invade the host through
the lining ofthe digestive system (see pp. 597, 630).
Ford andFigueras (1988) found rare instances (<1%)
ofinfections apparently initiated by H. nelsoni invad
ingthrough thegonoducts.

Development ofInfection and Histopathology.
Parasites multiply along the basal lamina between gill
epithelial cells, often causing extensive sloughing of
both parasites and host cells (Fig. 20A). Myhre and
Haskin (1968) estimated a doubling time for H. nel
soni oi 24h in early stage infections. Penetration into
underlying tissues occurs almost immediately in sus
ceptible oysters, the infection spreads rapidly to all
tissues, and oysters begin to diewithin a month (Has
kin et al. 1965; Andrews 1966; Couch and Rosen-
field 1968). The epithelial barrier is an important
component of defense against H. nelsoni. Most oys
ters do not die until infections become systemic (An
drews 1966; Ford and Haskin 1982, 1987) and the
ability to contain infections at the epithelial level is
characteristic of strains selected for resistance to the
disease (Myhre 1973; Ford and Haskin 1987).

Gross pathology includes mantle recession, pale
"digestive gland", and emaciation (Farley 1968).
"Scabby shell blisters" reported by Farley (1968) are
rare (Andrews 1988b; Ford, pers. obs.). Hemocytes,
often in very high numbers, usually accumulate at
sites of infection (Fig. 20A, B, C; see also Farley
1968; Ford 1988). Proliferating parasites cause me

chanical disruption and lysis of tissues, an increase in
pigment cell numbers, metaplasia of the digestive
tubule epithelium, and fibrosis (Fig. 20B; see also Far
ley 1968). Hemocyte accumulations and tissue dam
ageare associated with both initial and chronic infec
tions, and are roughly proportional to the intensity of
infection (Ford 1985a; Ford et al. 1993a).

Effects ofDisease on Oyster Metabolism

Growth. Susceptible oysters infected with H nel
soni typically stop growing two to three weeks before
they die (Fig. 21; see also Andrews 1966; Matthies
sen et al. 1990). Death ofhighly susceptible oysters is
so rapid that it occurs without loss of soft tissue con
dition (Ford et al. 1988). In contrast, more tolerant
oysters, which survive for longer periods, show clear
reduction of condition index correlated with infec
tion intensity (Fig. 22; see also Newell 1985; Barber
etal. 1988a; Ford etal. 1988).

Physiological Functions. Newell (1985) found
that clearance (feeding) rates of infected oysters were
less than half those of uninfected oysters, but that
oxygen consumption was not related to infection
(Fig. 23). This relationship held for oysters collected
at three times during theyear and measured at ambi
ent temperatures of 10°, 20°,and 24°C. Newell (1985)
proposed that a decline in food consumption, per
haps associated with parasite-caused disruption to
the gill epithelium (see Fig. 20A, C, D), without
compensatory reductionin metabolic ratewould cause
a negative energy balance in infected oysters and re
sult in the observed depletion of stored metabolic re
serves. Moreover, when oysters were subjected toacute
temperature elevation, infected individuals respond
ed with 70% greater oxygen uptake than uninfected
ones (Littlewood and Ford 1990). This response
would further depress the energy balance and sug
gests that parasitized animals have reduced ability to
buffer the effects ofrapid environmental change that
mightoccur in an estuarine or intertidal location.

BJ. Barber et al. (1991) compared seasonal clear
ance and oxygen consumption rates of MSX disease-
resistant oysters with those of susceptible oysters.
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Figure 20. Histopathology caused by Haplosporidium nelsoni [P] in tissues of Crassostrea virginica: (A) sloughing of gill ep
ithelium [GE], parasites, and hemocytes [H]; (B) heavily infected section ofdigestive gland showing lysis ofstorage-connec
tive tissue [CT] and metaplasia ofdigestive tubule epithelia [DE]; (C) intense hemocyte infiltration in infected gill; (D) dis
ruption and lysis or storage-connective tissue [CT] and loss of normal gill filament architecture at distal demibranch; (E) ex
treme degradation of the gonad with empty follicles [F]. Scale bars =50 pm in Aand B; 100 pm in C to E.
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Figure 21. Growth and mortality of susceptible oysters ex
posed to Haplosporidium nelsoni in Cotuit Harbor, Massa
chusetts, in 1988. Arrow marks date when infections were

first detected. Data from Matthiessen et al. (1990).
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Figure 22. Condition index (dry weight of soft tissue *
shell cavity volume x 100) of oysters with various levels of
Haplosporidium nelsoni infections. Vertical bars represent
the standard error of the mean. Number of oysters is
shown above columns. Oysters were collected in Delaware
Bay in November, 1985. Data from Barber et al. (19&8a).

1.4 - B 12

1.2 -

Ambient temperature(°C)

Figure 23. (A) Clearance and (B) oxygen consumption rates of oysters with and without Haplosporidiion nelsoni infections.
Vertical bars represent standard error of the mean. Number of oysters is shown above columns. Asterisks indicate differ
ences significant at the a = 0.05 level. From Newell (1985).
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They found no differences before challenge by H.
nelsoni. In July and August, rapidly proliferating in
fections killed 8Q% of the susceptible oysters whereas
resistant oysters showed few patent infections and
only 3% died. At the same time, the difference be
tween energy potentially taken in as food and energy
respired was significantly (p < 0.002) greater in the
resistant group, primarily the result of greater clear
ance rates. In contrast to Newell (1985), BJ. Barber
et al. (1991) found no association of infection with
physiological rates (comparison possible in suscepti
ble oysters only). Although theydid not discount the
possibility that the energetic advantage of the resis
tant strain was because the oysters were healthier,
they also speculated that the greater clearance rates of
resistant animals might reflect a physiological state in
the gill (the site of initial infections) that inhibited
parasite development. They also found that after
80% of the susceptible stock had died, the survivors,
which were still heavily infected, had similar clear
ance and oxygen consumption rates to the resistant
oysters, which were largely uninfected. Because the
20% survivors were, by definition, the most "resis
tant" members of the susceptible group, the authors
suggested that metabolic adjustment to parasitism
might be an important physiological aspect of MSX
disease resistance.

Biochemical Composition. Glycogen, lipid, and
proteinwere all reduced in oysters with H. nelsoni in
fections but glycogen was depleted to a greater extent
than either of the other components (Barber et al.
1988b). Oysters with systemic infections showed more
severe loss of constituents than those with gill infec
tions. The glycogen fraction of total dry weight in
systemically infected oysters ranged from a low of
13% in May to a high of 32% in September com
pared to 19 and 48%, respectively, in uninfected ani
mals. Values foroysters with gill infections were 20%
in Mayand 43% in September. There were no differ
ences in the percent lipid associated with infection,
and because of the loss of glycogen in infected ani
mals, protein formed a relatively higher proportion
of tissue mass in these oysters than in uninfected in
dividuals.

Whereas glycogen was depleted by parasitism,
hemolymph glucose concentrations were highly vari

able and showed no consistent relationship to H. nel
soniinfection intensity (Douglass 1977). Conversely,
total hemolymph protein fell in proportion to infec
tion level in MSX-disease susceptible oysters under
going initial exposure to H. nelsoni (Douglass 1977;
Ford 1986). Oysters with infections localized in the
gill had protein concentrations similar to uninfected
animals, but susceptible oysters with heavy systemic
infections lost about two-thirds of their hemolymph
protein (Ford 1986). Resistant oysters are much less
likely to have systemic infections (Ford 1988) so that
the opportunity to measure hemolymph constituents
in such animals has been limited. Nevertheless, resis
tant oysters appear less likely than susceptible indi
viduals to experience depletion of hemolymph pro
tein when they are systemically infected (Feng and
Canzonier 1970; Douglass 1977), which may be a
biochemical reflection of their ability to tolerate in
fections that would kill more susceptible animals.

Feng et al. (1970) reported that, in summer, in
fected oyster hemolymph had about half the total
free amino acid concentration of uninfected animals.

Most individual amino acids decreased, but taurine
increased in animals infected by both H. nelsoni and
the trematode Bucephalus sp. Conversely, the total
hemolymph amino acid concentration of oysters col
lected in winter was not associated with H. nelsoni in

fection, although taurine again increased in oysters
with both single and double infections. Jeffries (1972)
used the amino acid data of Feng et al. (1970) to
strengthen his argument that an increase in the ratio
of taurine to glycine is an indicator of stress in ma
rinebivalves (see p. 601). He proposed that a ratio of
less than 3 was normal; a ratio between 3 and 5 indi
cated chronic stress, and a ratio greater than 5 signi
fied acute stress. Although the ratios of taurine to
glycine did increase in oysters infected with only //.
nelsoni, they were still below 3 (data of Feng et al.
1970). In oysters with Bucephalus sp., or both H. nel
soni and Bucephalus sp., the ratio increased to 4.5. It
is curious that Bucephalus sp., a parasite considered
well adapted because it does not kill the oyster, was
associated with a greater stress index than H. nelsoni,
a highlypathogenicparasite.

Large increases in the activities of alanineand as
partate amino transferases were reported in the he
molymph of oysters with early gill lesions (Douglass
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and Haskin 1976), perhaps indicating an attempt to
replace amino acids lost from damaged tissues or,
more probably, a leakage of the enzymes themselves.
Similarly, Ling (1990) found increased serum acid
phosphatase and leucine aminopeptidase activities
with increasing parasite burdens during early stages
of infection, although there was also considerable
seasonal variability. In general however, a reduction
in enzyme activities associated with advanced infec
tions has been reported for both alanine and aspar
tate amino transferases (Douglass and Haskin 1976),
for phosphohexose isomerase (Mengcbier and Wood
1969), and for alkaline and acid phosphatases and es
terase (Eble 1966), and is probably associated with
the general metabolic decline that accompanies
heavy parasite burdens (Ford 1988).

Reproduction. Gonadal development can be se
verely impaired byH. nelsoni infections (Fig. 20E; see
also Farley 1967; Couch and Rosenfield 1968; Ford
and Figueras 1988). In a small percentage of cases,
this impairment is caused by direct invasion of the
gonoducts by parasites and the ensuing hemocyte in
vasion (Ford and Figueras 1988), but in most in
stances it appears to be part of the overall metabolic
disruption associated with disease (Barber et al. 1988a).
Inhibition of gametogenesis by H. nelsoni is most se
vere during the earliest stages of gamete development
(Ford and Figueras 1988), as it is in the case of/? mar
inus infection (Mackin 1962). It is also proportional
to parasite burden (Fig. 24). On average, the gonads
ofanimals with localized gill lesions occupied 70% of
the cross-sectional area occupied by gonads of unin
fected individuals (Barber et al. 1988a). In systemical
ly infected oysters, this figure was only about 20%
and most oysters with advanced infections showed
no evidence ofgametogenesis at all (Fig. 20E). When
mature ova developed, however, they were the same
size regardless of infection intensity (Barber et al.
1988a).

Ford and Figueras (1988) presented evidence that
infections in many native Delaware Bay oysters went
into remission in earlysummer. This allowed oysters,
which had been clearly retarded in gonad develop
ment earlier in the spring, to recover, undergo game
togenesis, and spawn. Given the documented loss of

energy reserves that accompany parasitism by H. nel
soni, however, it is possible that the gametes pro
duced by recovered oysters are fewer and of lower
quality than would be the case for oysters that had
never been infected (Barber et al. 1988a).

Cause ofDeath. The manner in which H. nelsoni
causes the death of infected oysters is not completely
understood. Highly susceptible oysters usually ap
pear in good condition when they die; they are fat
and, histologically, the storage cells of the visceral
mass are large and intact (Ford, pers. obs.). In con
trast, more resistant oysters show clear evidence of
tissue damage and loss of metabolic condition at
death. They are grossly emaciated and the storage
cells appear shrunken and disrupted. Evidence gath
ered in a number of H. nelsoni transmission experi
ments at the Haskin Shellfish Research Laboratory
shows that oysters injected with material from infect
ed oysters have a very rapid high mortality compared
to oysters injected with tissue from uninfected oys
ters, even though the parasite does not become estab
lished in recipient oysters (Canzonier 1968; Ford et
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Figure 24. Relative fecundity (area occupied by gonad *
total area ofvisceral mass X 100) estimated from tissue sec
tions of oysters with various levels of Haplosporidium nel
soni infections. Vertical bars represent the standard errorof
the mean. Number of oysters shown above columns. Oys
ters were collected in Delaware Bay in June, 1985. From
Barber etal. (1988a).
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al. 1988; H. Haskin, Haskin Shellfish Research Lab
oratory, pers. comm. 1988). Ford et al. (1988) sug
gested that mortality of very susceptible oysters, oc
curring within weeks of infection, may be induced
bya toxin that causes rapid death. Deathof more re
sistant individuals, occurring months to years after
infection, is increasingly associated with loss of meta
bolic condition, which may result from depletion of
energy reserves through competition with parasites,
impaired physiological functioning of the host, or
both.

Host Response. Hemocytes congregate at thesites
of new gill infections, and the number of cells circu
lating in hemolymph or infiltrating tissues increases
with increasing parasite burden (Ford et al. 1993b).
Nevertheless, their role in the disease process is far
from clear and seasonal factors have a larger impact
on thenumbers ofcirculating hemocytes than do para
site burdens. Phagocytosis of living H. nelsoni plas
modia is uncommon both in vivoand in vitro (Dou
glass 1977; Scro and Ford 1990; Ford et al. 1993a).
It is not yet clear whether failure to ingest and de
stroy the pathogen results from similarities in surface
receptors between hostand parasite (i.e., lack of non-
selfrecognition) or production of an inhibitory sub
stance by the parasite (Kanaley and Ford 1990). As
infections intensify and become systemic, the pro
portion ofagranular hemocytes increases (Farley 1968;
Douglass 1977) until very few granular cells remain.
In histological section, the predominant agranular
cell at sites of infection is a small, undifferentiated
cell with a large nucleus-to-cytoplasm ratio referred
to as a hyaline hemocyte (Farley 1968; Feng et al.
1971; Cheng 1981). An increase in circulating hya
line hemocytes, however, is not obvious, although an
elevation in the proportion ofdegranulated or "spent"
granulocytes often accompanies infection (Scro and
Ford 1990; Ford et al. 1993b).

Despite the fact that strains resistant to MSXdis
ease have been developed (see p. 623), no clear de
fense mechanism has yet been described. Feng and
Canzonier (1970) described a shiftin the ratio of two
hemolymph protein fractions associated with infec
tion, but Ford (1986) was unable to correlate elec-
trophoretic patterns in hemolymph proteinswith ei

ther degree of infection or genetic strain. Also, Dou
glass and Haskin (1975) reported no differences in
numbers or types of hemocytes in histological sec
tions of resistant and susceptible stocks exposed to
infection. In vitro tests showed that hemocytes from
resistant oysters were no better at phagocytosing //.
nelsoni plasmodia than were hemocytes from suscep
tible oysters and that plasmodia survived equally well
(95 to 97%) during short-term incubations (1 to 4
h) in serum from both types of oysters (Ford et al.
1993a). Similarly, hemocytes of the Pacific oyster, C
gigas, do not attack plasmodia in vitro (Ford et al.
1993a), even though H. nelsoni infections fail to de
velop in this species (Burreson et al. 1994a). Clearly,
resistance to MSX disease can exist in the absence of

typical antiparasite cellular activities. Ford (1988) hy
pothesized that selection for improved survival had
succeeded by favoring oysters that were insusceptible
to H. nelsoni because they did not provide proper
conditions for parasite development, not by favoring
oysters with an effective response to the parasite.

Epizootiology

Infection and Mortality Periods. Sequential im
portations of disease-free, susceptible oysters into en
zootic areas have shown that infection and mortality
periods for MSX disease are similar from the lower
Chesapeake Bay, Virginia, to Cape Cod, Massachu
setts (Haskin et al. 1965; Andrews 1966; Couch and
Rosenfield 1968; Leibovitz et al. 1987; Matthiessen
et al. 1990), but are slightly delayed towards the
north. Oysters usually become infected beginning in
mid-May in Chesapeake Bay, early June in Delaware
Bay, and late June on Cape Cod. The infective peri
od can last through October, but infection pressure
in the late summer and autumn is much more vari

able than it is in early summer and infections may
fail to occur (Andrews 1982; Ford and Haskin 1982).

In susceptible oysters, infections acquired in ear
ly summer develop rapidly, causing mortalities from
Julythrough October (Fig. 15). Despite the deaths of
infected oysters, prevalence and intensity levels re
mainhigh over winter, resulting in a second mortali
ty period in late winter and spring. In many in
stances, infections acquired late in the season remain
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subpatent over winter, proliferating only when water
temperatures rise the following spring. These infect
ed oysters die in June andJuly of the summer after
infections were acquired, resulting in a third annual
mortality period (Haskin et al. 1965; Andrews 1966).
After initial infections, some oysters may survive with
chronic infections for several years (Ford 1985a).
Chronic parasitism displays the same seasonal cycle
that occurs in enzootic areas, with infections entering
remission during summer and early spring then re
lapsing inautumn and late spring.

Prevalence Levels andMortality Rates. Infection
levels and consequent mortality rates vary seasonally,
annually, regionally, and according to previous selec
tive mortality (Andrews and Frierman 1974; Haskin
and Ford 1979; Ford and Haskin 1982; Haskin and
Andrews 1988). Andrews (1966) reported that 80%
of nonpredation loss in lower Chesapeake Bay was
associated with H. nelsoni:, Ford and Haskin (1982)
found this figure to be 70% in Delaware Bay native
stock. These proportions are important to the inter
pretation of total (predation and nonpredation) loss
es given in thefollowing paragraph.

Andrews andFrierman (1974) and Farley (1975)
reported that maximum infection prevalence in low
er Chesapeake Bay rarely exceeded 50% in intro
duced susceptible stocks, with cumulative losses of
70 to 80% during 18 to 24 months exposure. Con
current with severe drought, however, mortality in
creased to nearly 80% in only 6 months (Burreson
and Andrews 1988). Infection prevalence in stocks
introduced into Delaware Bay is commonly 100%
justbefore mortality begins, andlosses are 80 to 99%
in2 years. Ford and Haskin (1982) frequently record
edsample prevalences of 70 to 90%in native oysters
on Delaware Bay planted grounds and believed that,
in many years, all oysters in the lower Bay were in
fected. Despite this, cumulative losses of Delaware
Bay native oysters over twoyears averaged only50%,
underscoring the fact that the oysters had developed
some resistance (Haskin and Ford 1979). In Wellfleet
and Cotuit Harbors on Cape Cod, Massachusetts,
prevalences in susceptible oysters also approached
90% after one season, with cumulative mortalities
exceeding 85% after two seasons' exposure (Matthies

sen et al. 1990; Ford, unpubl. data). Samples collect
ed in North Carolina in 1988 and 1989 showed H.
nelsoni throughout Pamlico Sound and south toCape
Lookout with prevalences as high as 64% (E. M.
Burreson, pers. comm. 1989; Morrison et al. 1992).
Disease-related mortalities were reported, but the
proportion associated with H. nelsoni could not be
differentiated from that caused by P. marinus, which
was also present (J. Levine, pers. comm. 1991).

Spat frequendy have fewer infections and lower
mortality rates than older oysters (Andrews 1984a).
This is not due to lessened susceptibility, because
when infection pressure is high, spat exhibit high prev
alences (Myhre 1973). More likely it is because they
filter less water and encounter fewer infective stages
than do older, larger animals (see also p. 603).

Infectivity andPathogenicity. Because H. nelsoni
has not been transmitted under controlled conditions,
the minimum infective dose is notknown. Myhre and
Haskin (1968) believed that infections might devel
op from a single infecting organism. A relationship
between dosage and subsequent infection levels is
suspected (Ford and Haskin 1982; Haskin and An
drews 1988), buthas not been experimentally verified.

Despite the fact that extensive damage can occur
in the gills of infected oysters, most oysters have ad
vanced, systemic infections when they die (Andrews
1966; Ford and Haskin 1982, 1987), indicating that
gill infections are rarely lethal. Also, many symptoms
ofdisease, including pale digestive gland, loss of con
dition, reproductive impairment, and depletion ofcir
culating protein, become obvious or significant only
after infections become systemic.

Epizootic/Enzootic Periodicity. Fluctuations in
prevalence levels of H. nelsoni from year to year were
first noted in Delaware Bay when infection activity was
reduced for several years after the original epizootic in
the late 1950s (Ford and Haskin 1982). Since then,
three more periods of low activity of one to two years
duration, interspersed with five to six years ofhigh ac
tivity, have been recorded. These were not correlated
with salinity, buteach low-activity period was preceded
by an extremely coldwinter (Ford and Haskin 1982).
Ford and Haskin (1982) and Haskin and Andrews
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(1988) speculated that extreme cold might diminish
the supply ofinfective particles bykilling a possible al
ternate or intermediate host. A fourth, prolonged peri
od of low activity in Delaware Bay began in 1989, at
the onset of a P. marinus epizootic. During much of
this period, winters have been unusually warm, not
cold. A different mechanism may be at work, includ
ing the possibility] that P. marinus has in some way di
minished H nelsoni abundance.

Most fluctuations in H. nelsoni prevalence within
Chesapeake Bay have been correlated with river flow
and salinity changes (Andrews and Frierman 1974;
Farley 1975), probably because the oysters sampled
are in zones where salinity becomes low enough to
prevent infections (Andrews and Wood 1967). Dur
ing most of the 1980s, river flows into Chesapeake
Bay were well below normal, resulting in higher
salinities that permitted both H. nelsoni and P. mari
nus to move upbay (Burreson and Andrews 1988).
More recently, however, H. nelsoni prevalences have
not been as closely tied to salinity (E. Burreson, pers.
comm. 1988, 1994; G. Krantz, Oxford Cooperative
Laboratory, pers. comm. 1988). Clearly, factors in
addition to temperature and salinity influence the
distribution and abundance of H. nelsoni.

Resistance

Resistance to MSX disease developed in native
Delaware Bay oysters within a few years of the origi
nal epizootic that killed 90 to 95% of all oysters in
the lower Bay and 50 to 60% of those in the upper
Bay (Haskin and Ford 1979). Under heavy infection
pressure, the Delaware Bay stock developed an aver
age survival of 30% at market size (2.5 to 3 years),
compared to about 7% for introduced stocks. The
latter figure iscomparable to the survival of theorigi
nal Delaware Bay stock between 1957 and 1959
(Haskin et al. 1965), indicating that the abundance
and pathogenicity of H. nelsoni remained high and
that there was about a four-fold improvement in sur
vival of the native stock. Native oysters in Mobjack
Bay, Virginia, generally survive quite well compared
to introduced James River stocks exposed in lower
Chesapeake Bay, but both these and Delaware Bay
natives suffered very high losses when challenged by

the extremely heavy infection pressure occurring in
mid-Atlantic estuaries between 1984 and 1988 (Has

kin and Andrews 1988).
Selective breeding programs to develop strains

resistant to MSXdisease began at Rutgers University
(Delaware Bay) and the Virginia Institute of Marine
Science (VIMS - Chesapeake Bay) shortly after the
initial epizootics. The strains were developed from
native or imported eastern oysters that had survived
natural epizootics. Succeeding generations were pro
duced by exposing their offspring in nature and
spawning individuals that had survived for 3 or more
years (Haskin and Ford 1979). Andrews (1968) re
ported that strains developed at VIMS had mortality
rates of 10% per year, or less, and rarely had patent
infections. This compared with losses of 65 to 75%
over the first year in unselected control oysters newly
introduced from the James River. Ford and Haskin
(1987), describing results of the Rutgers breeding
program, reported that survival increased, on the av
erage, with each selected generation. After a 33-
month exposure, the best selected strains (5th to 7th
generations) reached market size with only 30% mor
tality compared to 90 to 95% for offspring of unse
lected control groups. The difference in infection
and mortality levels between VIMS and Rutgers
strains is probably because the exposure site at Rut
gers (tidal flats on the Delaware Bay shore of the
Cape May peninsula, New Jersey) is subjected to
considerably higher infection pressure than that at
VIMS (lower York River) (see Haskin and Andrews
1988).

In contrast to Andrews' report (1968) that VIMS
resistant strains had very low prevalences, studies at
Rutgers showed that both selected and unselected
strains could have high infection rates, but that select
ed oysters were able to contain and tolerate infections
(Myhre 1973; Douglass 1977; Ford and Haskin 1987;
Ford 1988). Oysters survived with chronic infections
for as long as 4 years but they were debilitated by the
disease (Ford 1985a). Ford and Haskin (1987) showed
that whereas initial mortality rates of susceptible oys
ters were very high and decreased with further expo
sure, deaths of highly selected strains were lowat first
but increased with exposure so that after 5 to 6 years,
most oysters had died with MSX disease (Fig. 25).



624 The Eastern Oyster

Thus, repeated reinfection, chronic parasitism, orboth,
finally killed even the most tolerant oysters. Elevated
mortality rates in selected stocks, however, generally
occurred after oysters had reached market size (75 to
100 mm). Ford and Haskin (1987) cautioned that
improved survival was not uniform among strains,
with some showing unexpected MSX disease-associat
ed mortalities after the fourth generation. Heterozy
gosity was preserved during the selection process de
spite the loss of some rare alleles (Vrijenhoek et al.
1990). Hu etal. (1993) argued that heterozygosity was
maintained because lethal homozygous loci became
more frequent with continued inbreeding. Deaths of
homozygous individuals (inbreeding depression) oc
curred predominantly in the larval stage, thus result
ing in an unexpectedly high proportion of heterozy-
gotesamong survivors.

Pacific oysters, C. gigas, exposed to H. nelsoni in
fections in the lower Chesapeake Bay did not become
patently infected, even though prevalence in control
eastern oysters exceeded 80%, with many advanced
infections (Burreson et al. 1994a). Whether Pacific
oysters are truly resistant to infection by H. nelsoni, or
becomeinfectedat levels too low for detection, is not

100

known. Pacific oysters become infected by P. marinus,
but infections remain very light and non-lethal (Mey
erset al. 1991; Barber and Mann 1994).

EnvironmentalInfluences

Temperature. Temperature is a major factor af
fecting the H. nelsoni-oyster relationship and is large
ly responsible for the annual cycle of infection devel
opment and remission (Ford and Haskin 1982; Ford
1985a). It is also a critical element affecting the ex
pression of resistance to the parasite. Myhre (1973)
andDouglass (1977) showed thatinautumn andwin
ter, prevalences of//, nelsoni were approximately equal
in all exposed oysters, regardless ofwhether they had
been selected for improved survival. Inspring and sum
mer, when temperatures were above 20°C, the select
ed oysters were able to eliminate or suppress infec
tions and to recover.

To examine experimentally the influence oftempe
rature oninfection development, Haskin and Douglass
(1971) brought previously infected oysters into the lab
oratory from ambient water temperature of 5°C and
placed them at temperatures of 5°C, 10° to 15°C, and
19° to 22°C. They measured H. nelsoni prevalence and

0 1 2 3 4 5

Year of exposure

Figure 25. Annual mortality rates and cumulative mortalities associated with Hapbsporidium nelsoni over a4 to 5year peri
od for unselected oysters and strains selected for improved survival for two and five generations. Number ofstrains is
shown above columns. Adapted from Ford and Haskin (1987).
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infection intensity weekly. At 5°C, there was no
change in infection parameters during the experiment.
At 10°to 15°C, parasite burdens increased for the first
2weeks, then remained static for the following two. At
19° to 22°C, infection levels also increased for 2 weeks
but then declined.

Ford and Haskin (1982) combined results of
field and laboratory investigations to propose three
critical temperature ranges for the eastern oyster-//.
nelsoni interaction: below 5°C, both organisms are
essentially inactive; between 5° and 20°C, the path
ogen proliferates more rapidly than the oysters can
control it; above 20°C, resistant oysters can overcome
the parasite whereas susceptible oysters are killed. The
ability of resistant oysters to tolerate infections har
bored over thewintermaybe because metabolic rates
ofboth parasite and host are reduced at low tempera
tures. If selection increases nonsusceptibility, rather
thanan active defense response, seasonal fluctuations
could be interpreted as temperature-controlled varia
tions in production ofsubstances essential to thepar
asite (Ford 1988).

Salinity. The absence, or limited presence, of //.
nelsoni in the upper estuaries and in tributary creeks
and rivers of both Delaware and Chesapeake Bays
was one of the clearest patterns found in early epi-
zootiological studies (Andrews 1964; Haskin et al.
1965; Andrews and Wood 1967; Farley 1975). The
most obvious correlate was low salinity, a finding that
was supported during the mid-1960s when a 5-year
drought, with consequent elevated salinities, resulted
in the movement of H. nelsoni up-estuary into re
gions thathad forrnerly been free of the parasite (Far
ley 1975; Haskin and Ford 1982). With the return
of normal precipitation levels in the late 1960s and
1970s, H. nelsoni returned to its previous downbay
locations. Most of the 1980s were again drought
years and critical spring and early summer periods
were especially dry. The pathogen spread even farther
upestuaries than in the 1960s, contributing to severe
losses of oysters throughout Chesapeake Bay (where
deaths were also due to Perkinsus marinus) and Dela
ware Bay.

The correlation of low salinity with reduced //.
nelsoni prevalence could be due to dilution of infec

tive particles at a distance from a downbay source, as
was proposed for P. marinus (Mackin 1956); howev
er, low salinity itself is a critical influence. Andrews
(1964, 1983) reported that H. nelsoni disappeared
from oysters on James River seed beds when they
were exposed to salinities of 10 ppt or less for about
2 weeks during spring freshets. Haskin and Ford
(1982) found thesame pattern on theoyster seed beds
in Delaware Bay. At temperatures above 20°C, pat
ent infections disappeared within two weeks from
oysters moved experimentally from high (>20 ppt) to
low (<10 ppt) salinity (Ford 1985b). The disappear
ance was permanent because infections did not reap
pear when oysters were returned to a high salinity,
non-enzootic area. Further attempts at the Haskin
Shellfish Research Laboratory (unpubl. data) to use
lowsalinity immersion to remove H. nelsoni from ex
perimental oysters have met with less satisfactory re
sults. These tests showed that at temperatures lower
than about 20°C, infections are notcompletely cleared.
They are reduced in intensity, often to the point that
they are histologically undetectable, but they frequent
ly become patent again after oysters are returned to
higher salinities.

Andrews (1983) noted that high temperature and
low salinity were correlated with reduction of infec
tions in the James River seed area. Because this oc
curred only after oysters became metabolically active
in late spring, he proposed that low salinity enhanced
the resistance mechanism, permitting oysters to active
ly rid themselves of the parasite. Ford and Haskin
(1988a), on the other hand, provided evidence ofdi
rect killing of H. nelsoni in vitro by low salinity (Fig.
26) and argued that enhancement of resistance need
not be invoked to explain the absence of the parasite
in low salinity. It is possible that both factors are in
volved. Oyster hemocytes do not phagocytose live H.
nelsoni plasmodia, but they do ingest dead and mori
bund parasites (Ford et al. 1993b). Parasites killed by
low salinity could thus be cleared from tissues by
phagocytes, but because the rate of phagocytosis and
intracellular degradation is temperature dependent
(Feng and Feng 1974; Alvarez et al. 1989), histologi
cal sections would show the disappearance of dead
parasites only after temperatures reached levels high
enough for required cellular activities.
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Other. In nature, the distribution of MSX dis
ease is not associated with the presence of pollutants,
but controlled experiments to examine possible exa
cerbation of disease byexposure to contaminants, such
as that reported for Perkinsus marinus (Scott etal. 1985;
Winstead and Couch 1988; Chu and Hale 1994),
have not been performed. Concurrent infestation of
shells by the mudworm Polydora websteri and infec
tions by H. nelsoni were correlated with a greater re
duction in the condition index of oysters than with
either factor alone (Wargo and Ford 1993), indicat
ing that the metabolic effects of MSX disease on oys
ters may be measurably aggravated by other stressors
(see also Littlewood and Ford 1990).

ControlMeasures

The presence of nearby parasitized oysters is not
required to initiate infections in newly exposed oys
ters. Therefore, control measures useful for P. mari
nus, such as removing old infected oysters from a
planting ground, do not reduce the spread of H. nel
soni. As with P. marinus, placing oysters at different
intertidal levels does not affect H. nelsoni prevalence
or intensity (Littlewood et al. 1992), nor does height
in the water column (Ford and Haskin 1988b). Prob
ably the most effective means to combat the disease
is to use resistant strains produced in hatcheries and
reared using aquacultural techniques, although this is
not practical in areas where wild seed is abundant and
inexpensive. When wild seed is used, oysters should
be kept in disease-free areas (usually low salinity) as
long as possible, even at the expense ofslower growth.
If they must bemoved into high salinity areas, where
H. nelsoni is prevalent, for growth and conditioning
before market, the move should be timed to avoid
the early summer infection period and oysters should
be harvested the same autumn or the following spring
(Ford and Haskin 1988b). Low-salinity immersion
to rid oysters of H. nelsoni infections is potentially
valuable for bothexperimental and perhaps commer
cial purposes, but considerably more study is re
quired to pinpoint critical time-temperature-salinity
thresholds that will completely rid oysters of infec
tions.
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Ford and Haskin (1988a).

SSO Disease

History andDistribution

Shortly after MSX disease had been reported in
Delaware Bay, Wood and Andrews (1962) discovered
another disease of eastern oysters caused by a proto
zoan closely related to H. nelsoni, which they named
H. costab. The causative agent is also known by the
acronym "SSO," which stands for "Seaside Organ
ism," a reference to the fact that it was discovered in
oysters in high salinity bays on the Atlantic coast of
Virginia. The pathogen was most likely present well
before it was first described because high mortalities
were common in oysters held more than 18 months
in the seaside bays (Andrews et al. 1962). Since its
initial description, H. costale has been identified in
oysters from coastal Delaware, Maryland, and New
Jersey (Andrews 1988c), and organisms with histo
logically similar plasmodial stages have been found,
but not positively identified, along theAtlantic coast
asfar north asMaine (Fig. 5; see also Newman 1971;
Meyers 1981; Andrews 1988c). Also, plasmodial and
spore stages of a haplosporidan resembling H. costale
were found in C. virginica thathad been held inTomal-
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es Bay, California, for up to 18 months after shipment
from the Connecticut shore of Long Island Sound
(Katkansky and Warner 1970).

EtiologicalAgent
I

Life Cycle. Hapbsporidium costab was classified a
member of the Phylum Ascetospora, Order Stel-
latosporea, by the Society ofProtozoologists (Levine et
al. 1980) (but see p. 613 for discussion of alternative
classification inPhylum Haplosporidia). Infective par
ticles are thought to be ingested and the earliest recog
nized stages in the oyster are multinucleated cells
(Figs. 27A, E; 28|D, E) found just beneath the diges
tive tubule epithelium (Andrews and Castagna 1978).
Multinucleated plasmodia develop by successive nu
clear and plasmodial division, and spread throughout
host tissues. Plasmodia eventually develop into sporo
cysts as cytoplasm condenses around individual nuclei
(Figs. 27B, C, D; 28D, F). Spore walls form within
the condensed cytoplasm, each enclosing a single nu
cleus (Perkins 1969). Sporulation occurs regularly and
synchronously in adult oysters within a short period
during May and June ofeach year. Mortality occurs at
the same time. The prevalence ofspore stages in live
oysters is only about 5 to 10%, but about half of the
dead oysters contain spores (Andrews et al. 1962; An
drews and Castagna 1978). Nevertheless, very few
spores reach maturity before the host dies, perhaps be
cause nutrients are insufficient for thehuge number of
parasites that normally occur in advanced infections
(Andrews and Castagna 1978). Andrews (1982) sug
gested that the regular and abundant sporulation of
H costab indicated a better adapted parasite than //.
nelsoni, inwhich spores were found only rarely.

Spores and plasmodial stages of H. costab resem
ble those ofH. nelsoni but are smaller. The spores are
operculate, with overhanging lids, and are covered by
filamentous wrappings (Figs. 27F, 28F). Spore di
mensions average 3x5 pm and plasmodia are gener
ally less than 10 pm in diameter (Wood and An
drews 1962). Nuclei are alsosmall and, in contrast to
H. nelsoni, have centrally rather than peripherally lo
cated nucleoli (c£, Figs. 27E, 28E and Figs. 18E,
19E). Concurrent infections, inwhich both parasites
are sporulating, have been reported (Couch 1967),
but it can bedifficult to distinguish between the two

species when only plasmodial stages are present.
Spores of H. costab develop in all tissues except the
epithelia (Perkins 1969). This contrasts with sporula
tion of H. nelsoni, which occurs only in the epithelia
of the digestive tubules. The presence of spores is
currently the most reliable way of identifying the or
ganism by light microscopy, particularly when a sus
pected case appears in a "new" area. In transmission
electron microscopy, difference in size and shape of
haplosporosomes (Perkins 1979) can be an identify
ingcharacter (Figs. 19G, 28G).

Transmission. Experimental transmission of H.
costab oy feeding and injection ofspores has not been
successful (Andrews 1979). Therefore, it is not known
if the parasite is transferred directly from oyster to
oyster or if another host or vector is involved. The
potential for direct transfer is more compelling than
is the possibility of direct transfer of//, nelsoni, how
ever. Regular production of spores in oysters would
provide an abundant source of a resistant stage to
move between hosts. Also, oysters become infected
only during exposure periods when sporulating //.
costab are found in previously infected oysters (An
drews and Castagna 1978). The relatively low pro
portion of mature spores produced in oysters before
they die suggests that another host may be involved,
but the absolute numbers released by dead oysters
may still besufficient to infect many other oysters.

Infection andDisease Processes

Diagnosis. Diagnosis of H. costab is commonly
made from tissue sections (Wood andAndrews 1962).
Screening ofhemolymph may be useful for the diag
nosis of systemic infections, but plasmodia are small
and their detection may be more difficult than the
detection of H. nelsoni in hemolymph samples (E.
Burreson, pers. comm., 1991).

Portal ofEntry. Patent infections of H. costab
typically appear in the early spring, after exposure in
May and June of the previous year. Infections are
light, but already systemic (Andrews and Castagna
1978). A uninucleate haplosporidan found "sparing
ly" in the epithelium ofdigestive tubules inJune and
July, immediately after oysters were exposed to epi-



Figure 27. Stages ofHaplosporidium costale found in Crassostrea virginica: (A) plasmodia; (B) early sporonts; (C) sporonts;
(D) early (left) and late (right) sporocysts; (E) plasmodium showing nucleus [N] with central nucleolus, and mitochondria
[M]; (F) immature spore showing lid [L], wall [W], nucleus [N], spherule [S], epispore cytoplasm [EC], haplosporosomes
[H], andspore wrappings [arrows]. Scale bars =5 pm inA to D; 1pm in E and F.
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Figure 28. Diagram of stages of Haplosporidium costale seen in Crassostrea virginica: (A) intact oyster; (B) oyster with right
valve removed showing plane (arrows) ofsection in (C); (D) stomach epithelium (portal ofentry) and underlying connec
tive tissue showing plasmodium, sporont, and sporocysts; (E) plasmodium; (F) spore; (G) haplosporosomes. See Figure 27
for ultrastructural details.
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zootic mortalities, may be the earliest recognized stage
(Andrews and Castagna 1978). Histology suggested
that this organism was invading connective tissues
and developing into plasmodia, implying that entry
into the oyster was through the digestive epithelium.

Development ofInfection and Histopathology. It
is presumed that infections develop from localized
sites, probably the digestive epithelium, in much the
same manner as that described for the proliferation
of H. nelsoni from the gill epithelium. In contrast to
H. nelsoni, however, localized epithelial lesions con
taining H. costale are rare and nearly all diagnosed in
fections are systemic (Andrews and Castagna 1978).
Consequently, epithelial sloughing at infection sites, a
common pathological occurrence in Dermoand MSX
diseases, is not reported for SSO (Fig 29). The abun
dance of parasites disrupts storage or connective tis
sue cells (Fig. 29), resulting in a "precipitated" or
"curdled" appearance of preserved tissue (Andrews
and Castagna 1978). Hemocytes infiltrate connective
tissues as parasites multiply and can become abun
dant in heavy infections (Andrews 1988c). That H.
costale sporulates onlyin connective tissue and is scarce
in epitheliacontrasts markedly with H. nelsoni. These
differences probably reflect distinct life-cycle require
mentsof the two parasites.

Epizootiology

Infection andMortality Periods. Sequential im
portations of uninfected oysters into enzootic areas of
Virginia have firmly established that the infection pe
riod for H. costale occurs in May and June of each
year, synchronously with the deaths of previously in
fected oysters (Couch and Rosenfield 1968;Andrews
and Castagna 1978). It is not until the following
March andApril, however, that patentinfections first
appear (Fig. 15). Plasmodia proliferate rapidly and
sporulation occurs in May and June. Mortality oc
curs at the same time and by lateJuly, patent infec
tions have disappeared. Mortalities can continue in
the same stocks over several years, indicating that re
infection, or perhaps relapse of subpatent infections,
occurs each year (Andrews and Castagna 1978) as it
does with H. nelsoni (Ford 1985a).

Andrews (1983) has pointed out the similarities
between the late-summer/autumn infection and mor-
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Figure 29. Histopathology caused by Haplosporidium
costale in tissues of Crassostrea virginica: (A) heavy infec
tions with intense hemocyte infiltration near stomach [S];
(B) digestive ducts [DD] and tubule [DT]; (C) gill [gill fil
ament = GF]. Note absence of parasites [P] in, and good
condition of, the epithelia. Scale bars= 50 urn.
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tality pattern for H. nelsoni and that for H. costab:
theyboth involve long incubationperiods, rapidpro
liferation of parasites in spring immediately preced
ing mortality, and a discrete, short mortality period
in June and July. !

Infection Levels andMortality Rates. Peak preva
lences occur just before mortality and thus the esti
mate of new cases is not complicated by concurrent
acquisition of infections and deaths of diseased oys
ters, as it is for both Perkinsus marinusand H. nelsoni.
Prevalences of 30 to 40% precede mortalities of 20
to 60% indicating that nearly all infected oysters die
(Andrews et al. 1962; Andrews 1984a).

Infectivity and Pathogenicity. As in the case of
H. nelsoni, the infective dose requirement for H. cos
tab is not known because controlled transmission has

not been achieved. The high ratio of deaths to cases
diagnosed (80 to 90%), as well as the speed with
which it develops, indicates that the disease is highly
lethal. Sixty to ninetypercent of the deadoysters col
lected duringthe Mayto June mortality periodalong
the Adantic coast of Virginia have been positive for
H. costab (Andrews et al. 1962; Couch and Rosen-
field 1968; Andrews and Castagna 1978).

Resistance

Andrews et al. (1962) noted that oysters native
to enzootic areas suffered smaller losses to SSO dis

ease than did imported oysters, but no attempts have
been made to determine whether this is a heritable

trait. Andrews (1984b) tested MSX disease-resistant
stocks for resistance to SSOdisease, but reported that
results were "inconclusive because of interference [by
H. nelsoni\." Lighdy infected oysters that are not killed
during the May to June mortality can recover (An
drews 1984a) and Andrews and Castagna (1978)
noted apparent regression of plasmodia, character
ized histologically by dense staining and a gradation
into brown cells, in early spring. Phagocytosis of ap
parendy moribundplasmodia was observed, but death
of the parasite is probably an indication of unfavor
able conditions inside the host over winter rather than

of resistance. Hapbsporidium nelsoni plasmodia fre-
quendy show an identical condition in early spring

concurrent with a reduction in prevalence and infec
tion intensity among parasitized oysters, but the re
mission is short lived and plasmodia reappear from
subpatent infections within a month or two (Ford
1985a). Andrews (1988c) stated that despite the in
filtration of hemocytes accompanying H. costab infec
tion, hemocytes "seem ineffective in phagocytosing or
killing pathogen cells."

EnvironmentalInfluences

Relatively little information is available concern
ing environmental influences on SSO disease. It is
usually restricted to high salinity water (above 25
ppt) although occasional cases are found at some
what lower salinities (20 to 23 ppt) (Andrews et al.
1962). Infections regress when oysters are moved
into water below 20 ppt (Andrews 1979). There are
no experimental data on the effects of temperature
on SSOdisease, but it seems likely that seasonal tem
perature patterns influence disease cycles, as theydo
with both Dermo and MSX diseases.

ControlMeasures

The development of lethal infection by H. costab
requires exposure during a well-defined 2-month pe
riod followed by an incubation period of nearly a
year. It is therefore possible to place oysters in en
zootic water immediately after the May to June infec
tion period and maintain them 21 months before
significant losses occur (Couch and Rosenfield 1968;
Andrews and Castagna 1978). Thus, planting and
harvesting schedules can be designed to avoid mor
tality while still providing one-and-a-halfgrowing
seasons in high salinity water, a schedule that oyster
planters in affected bays have learned to use (An
drews et al. 1962).

DEFENSE MECHANISMS

Hemocytes and Their Capabilities

The structure and function of bivalve hemocytes
has been reviewed by Cheng (1981), Fisher (1986),
and Auffret (1988). For details of C. virginica hemo
cyte structure and function, see Cheng, Chapter 8.
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In addition Feng (1988) has reviewed cellular de
fense mechanisms of oysters and mussels.

The source of bivalve hemocytes has not been
demonstrated clearly, but it has been suggested that
they arise by differentiation of connective tissue cells
(Cheng 1984; Auffret 1988). There have been many
descriptions ofoyster hemocytes including those of C.
virginica (Stauber 1950; Galtsoff 1964; Feng et al.
1971; Foley and Cheng 1972; Cheng 1975a; Ren-
wrantz et al. 1979). These studies support theconcept
that there are two primary lines of cellular develop
ment leading to the production of cells lacking stain-
able cytoplasmic granules (hyalinocytes or agran-
ulocytes) and cells with prominent organelles (granu
locytes). Cheng (1981) has postulated thatthese repre
sentdistinct cell lines and thatdifferent developmental
stages account for thevariety of cells seen in oyster he
molymph. Subpopulations of hemocytes vary in their
enzyme content (Cheng andDowns 1988) suggesting
even greater variability within and between individual
oysters. Pigmented or brown cells, often associated
with pathological conditions, may represent a third
cell line (Cheng 1981).

Determination of hemocyte types and frequen
cies is often tedious and difficult. Morphological dis
tinctions are sometimes blurred and variability is
great. Nevertheless, flow cytometry, which rapidly
identifies cells according to light-scattering qualities,
consistently shows three distinct subpopulations in
eastern oysters from the mid-Adantic region: agranu
larcells (hyalinocytes and degranulated granulocytes),
large granulocytes, and small granulocytes (Ford et al.
1994; K. A. AIcox, Haskin Shellfish Research Labora

tory, pers. comm. 1994). In contrast, eastern oysters
from the Gulfof Mexico, also measured by flow cy
tometry, were found to have only a single hemocyte
population, although the type of cell involved was not
described (Friedl et al. 1988).

Bivalve hemocytes are involved in wound repair,
shell repair, digestion and transport of nutrients, ex
cretion, and internal defense (Cheng 1967, 1981,
1984). Here we will examine response of hemocytes
to experimentally-introduced foreign material and
their role in tissue repair; responses to infection are
summarized in sections concerning specific diseases.

Inflammation

The inflammatory response in oysters has been
described by Stauber (1950), Tripp (1960), Pauley
and Sparks (1965, 1966, 1967), Feng and Stauber
(1968), Feng and Feng (1974), and others. It is clear
that the type of tissue affected and type of damage
sustained influence the natureof the cellular response
but some general observations can be made. Injec
tion ofnontoxic particles elicits a hemocytic response
that tends to localize the foreign material and to re
move phagocytosed particles. For example, Stauber
(1950) injected carbon particles intracardially in C.
virginica and clusters of particles were deposited in
blood vessels and sinuses throughout the body. He
mocytes engulfed particles and migrated across ep
ithelial layers to remove carbon from the tissues. A
similar response of phagocytosis and migration oc
curred with injected red bloodcells but clearance was
supplemented byintracellular digestion (Tripp 1958).
Similarly, when talcum powder was injected into con
nective tissue or the adductor muscle of C. gigas, he
mocyte infiltration was evident within 16 h and typi
cal granulomatous structures were formed (Sparks and
Morado 1988). Phagocytosis of particles proceeded
and in time the injected material was cleared from the
tissues. Elements of this response are seen also in infec
tion with helminth parasites (Cheng 1967) although
certain large foreign bodies elicit other kinds of re
sponses, primarily encapsulation (Cheng and Rifkin
1970).

Oyster hemocytes accumulate around foreign ma
terial (ordegraded self-material), adhere to or phago-
cytose it, and degrade it or remove it from the tissues.
The details of subcellular mechanisms at work within

these cells, including hydrolytic enzymes and reactive
oxygen intermediates, are beginning to be revealed
(e.g. Anderson et al. 1992a; Cheng 1992a, b). The
net effect is neutralization or isolation of potentially
damaging substances. The question of whether and
how oyster cells may recognize specific foreign sub
stances has been addressed byCheng(1987) and Chu
(1988). The models proposed feature lectins reacting
with specific sugars on foreign substances (e.g., red
cells, bacteria) and binding them to hemocyte mem
branes to facilitate phagocytosis.
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Response to Mechanical Injury

Sparks and Morado (1988) reviewed the respons
es of molluscs to wounds and the healing process.
Oysters may be damaged mechanically when infested
by crabs of the genus Pinnotheres. Stauber (1945) es
tablished that the walking legs of P. ostreum damage
gill tissue of C. virginica as it moves over the gill sur
face seeking food embedded in mucous strings. Rapid
healing often follows (Stauber 1945), but no histolog
ical study of this damage and repair process has been
reported.

DesVoigne and Sparks (1968) madesterile wounds
in the visceral mass of C. gigas and observed the re
pair process. Initially (24 to 48 h) the wound was
filled with round hemocytes and fibroblasts; later
(144 h) the hemocytes elongated and collagen was
deposited. The scar tissue was gradually replaced bya
pseudoepithelium at the surface near digestive tu
bules. Eventually both hemocytes and collagen were
replaced by Leydig cells. Ruddell (1971) performed
similar experiments wherein mantle tissue of C. gigas
was cut and then examined by electron microscopy
during repair. He reported that agranulocytes were
the primary respondents to tissue damage and that
they differentiated into myoblasts, a view not accept
edbyCheng (1981), who contended that the"agran
ulocytes" were actually degranulated granulocytes.

Overall, the oysters response to mechanical dam
age of its tissues is a rapid aggregation of hemocytes
that sequester cellular debris. They organize into a
plug-like structure, and fibrocytes deposit collagen
like material and later displace amoeboid hemocytes.
New epithelium is formed as adjacent epithelial cells
migrate to replace damaged cells.

Response to Chemical Injury

The injection of soluble toxic material into con
nective tissue or adductor muscle of C. gigas causes
cellular necrosis and edema; hemocytic infiltration
begins within a few hours (Pauley and Sparks 1965).
Necrotic cells and debris are phagocytosed and pha
gocytes migrate to the exterior across epithelia. The
fluid cannot be localized, however, so it diffuses into
and damages adjacent tissue as time passes; wide
spread cytotoxicity !may lead to the death of the af
fected animal (Sparks 1972). Repair of chemically

damaged tissues was not reported (Pauley andSparks
1965).

Bivalves, including oysters, have been studied as
bioindicators ofenvironmental pollution (see Roesija
di, Chapter 14 and Capuzzo, Chapter 15).There is
abundantevidence of uptake and tissue accumulation
of hydrocarbons by eastern oysters (e.g., Stegeman
andTeal 1973; Lee et al. 1978) but physiological ef
fects are usually measured without histopathological
examination. Effects ofxenobiotics on bivalve defense

mechanisms have been reviewed byAnderson (1988).
Hard clams exposed to known concentrations of hy
drocarbons andsubjected to extensive histopathologi
cal analysis revealed no consistent pattern of cellular
damage (Tripp and Fries 1987). Blue mussels (Mytilus
edulis) exposed to oil showed changes in hemocyte
populations and a reduced phagocytic response that
may have significance for other species (McCormick-
Ray 1987). Bivalves exposed to heavy metals have
been subjected to chemical analysis and physiological
responses have been measured, again usually without
detailed histopathological studies (Cunningham
1979). Farley (1988), however, has reported inflam
matory responses in oysters (C virginica) obtained
from waters contaminated with copper. Sunila (1988)
has reported that blue mussels show inflammatory re
actions, including phagocytosis of sperm in follicles,
and fusion of gill filaments when exposed to copper
in nature or in the laboratory.

Cheng (1988a, b) reported that C virginica ex
posed to heavy metals exhibit significant changes in
hemocyte numbers and activity and Anderson et al.
(1992b) found that in vitro exposure of hemocytes to
high (~77 ppm), but sublethal, cadmiumconcentra
tions diminished their production of cytotoxic oxy
gen products, as measured by chemiluminescence.
Tributyltin (TBT) also inhibited chemiluminescence
and hemocyte locomotion (Fisher et al. 1990), the
fungicide Triforine reduced both hemocyte viability
and phagocytic ability (Alvarez et al. 1991), and
polycyclic aromatic hydrocarbons altered the relative
proportions and sizes of hemocyte subpopulations
(Sami et al. 1992). These data, in addition to recent
studies showing a positive relationship between labo
ratory exposure of oysters to extracts ofhighly conta
minated sediments from the Elizabeth River, Vir
ginia, and increased levels of Perkinsus marinus (Chu
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and Hale 1994), indicate that high concentrations of
anthropogenic contaminants can adversely affect oys
ter hemocytes and defense mechanisms. Neverthe
less, the effect of exposure to more typical ambient
chemical concentrations in nature is still largely un
known, and there is no correlation between locations
where the major oyster pathogens are enzootic and
pollution. It should also be noted that naturalfactors
such as temperature and salinity affect in vitro aggre
gation, spreading, locomotion, and foreign particle
binding of C. virginica hemocytes (Fisher 1988b).
Further, subpopulations (i.e., granulocytes and agran-
ulocytes) of C. virgtnica hemocytes vary in relative
proportion and mobility according to season, loca
tion, and individual (McCormick-Ray and Howard
1991; Ford et al. 1994; Oliver and Fisher 1995).

Response to ForeignProteins

Feng (1965) performed a series of experiments in
which eastern oyster hemocytes were exposed to vari
ous foreign proteins either in vivo or in vitro. Pinocy-
tosis of these materials byhemocytes occurred and the
rate of uptake was affected by protein concentration
and temperature. Histological examination showed
that protein-laden hemocytes migrated through vari
ousepithelia andwere thuseliminated from the body.
It is clear that individual oyster hemocytes recognize
soluble foreign proteins, ingest them, and dispose of
them.

Response to Transplanted Tissue

Transplantation of tissue from one organism to
another is an important experimental tool for study
ing the ability to recognize and react to foreign or self
cells. In molluscs, transplantation experiments are
technically difficult and have had only limited suc
cess. Canzonier (1974) performed a series of allo
grafts in C. virginica to demonstrate that successful
ectopic transplantation can be achieved in this ani
mal. Hemocytic infiltration occurred when damaged
tissue was implanted, but healthy tissue fused with
hostepithelia forsuccessful transplantation. The pres
ence of H. nelsoni in transplanted tissue did not in
fluence the success of the transplant and the parasite
did not spread into the new hosts tissue. It is clear
that healthytissue can be transplanted within geneti

cally compatible stocks of C virginica without elicit
ingrejection. Similar results were previously obtained
with C. gigas (Des Voigne and Sparks 1969).

Responses to Various Biological Agents

Viruses

A variety of viruses have been associated with
oysters, including C. virginica, in three different con
texts: (1) contamination of oysters with human patho
gens, (2) natural infections ofviruses that replicate in
oyster tissues, and (3) viruses injected into oysters for
experimental purposes.

The association of human enteroviruses with oys
ters and other shellfish is well known and of great
public health importance. Adult C. virginica have
been found to harbor viruses, but it is quite clear
they are accumulated passively by feeding in water
that is naturally (Gerba and Goyal 1978) or experi
mentally (Metcalf and Stiles 1965) contaminated
with various viruses. There is no published evidence
that the presence of these viruses elicits a hemocytic
response.

A reo-like viruswas isolated from C. virginica lar
vae in a Long Island, New York, hatchery (Meyers
1979) and was presumed to be a contaminant from
some vertebrate host (Meyers and Hirai 1980). Virus
like particles have been found in lesions in larval C
gigas (Elston 1979) and associated witha fatal disease
affecting thevelum andotherepithelial layers (Elston
and Wilkinson 1985).

The information about viruses naturally infect
ingadult oysters and other marine molluscs has been
summarized by Farley (1978), Johnson (1984), and
Sindermann (1990). Eastern oysters dying after trans
plantation to warm water effluent (28° to 30° C)
from a power plantcontained a herpes-like virus. Be
cause healthy oysters were also infected with the
virus, heat stress may have led to the diseased condi
tion (Farley et al. 1972). Diseased oysters had aggre
gates of hemocytes in affected tissues, but whether
that aggregation was a limited response to infection
or proliferation of neoplastic cells is not clear (Farley
etal. 1972).

A papovavirus has been reported in germinal cells
of C. virginica from several Atlantic seaboard states as
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well as from C. gigas and Ostreola conchaphila2 (= 0.
lurida) from Oregon, Washington, Korea, and Japan
and C. rhizophorae from Puerto Rico (Farley 1985). In
all of these species, infected cells enlarge and lyse,
causing hemocytes to accumulate around them (Far
ley 1985). A birnavirus has been isolated in fish-cell
cultures from a variety of marine bivalves, including
C. virginica from Canada (Johnson 1984). None of
these strains appears to be pathogenic or to elicit a
cellular response in host molluscs. Two other possible
infectious viruses have been reported from oysters by
Farley (1978): a togavirus budding from the mem
brane ofa hemocyte of O. edulis and a possible retro
virus with c-type particles budding from digestive
gland epithelium of C. virginica. Neither of these in
fections caused a hemocytic response by the host.
Similarly, virus particles seen in larval C. gigas didnot
elicita cellular reaction (Elston 1979).

J.S. Feng (1966) injected Staphybcoccus aureus
phage 80 into C. virginica intracardially and found
the rate of clearance was temperature dependent.
The virus was stable in normal oyster hemolymph
and sea water at 5°, 15°, or 25°C for up to 170 h.
Rapid deterioration of the virus occurred after 60 h
at 25°C in hemolymph ofoysters previously exposed
to the virus, whereas no such deterioration was ob
served at 5°or 15°C. Hemocytes seemed to play only
a small role in the in vivo clearance of the injected
virus (J. S. Feng 1966) and presumably little phago
cytosis occurred. In contrast, C. virginica hemocytes
have been shown to phagocytose the blue-green algal
(Cyanobacterium) virus LPP-1 in vitro (Fries and
Tripp 1970).

Acton (1970) found that T2 coliphage injected
intracardially into C. virginica were cleared from the
circulation rapidly for the first 24 h but a decreased
rate of clearance was noted for the next 48 h. After a
second injection, the same initial clearance rate con
tinued for 72 h. This secondary response was non
specific and in the absence of demonstrable neutral
izing humoral factors was attributed to "education"
of hemocytes (Acton 1970).

2 The author originlally identified this species as Ostrea
lurida. The editors have renamed it following the con
vention ofCarriker and Gaffhey (Chapter 1).

Bacteria

Post-metamorphic oysters contain a complex mix
ture of bacteria similar to the bacterial flora in the

water in which they live. The genera Achromobacter,
Bacillus, Cytophaga, Flavobacterium, Pseudomonas, and
Vibrio comprise thenormal flora of C. virginica (Mur-
chelano and Bishop 1969) and C. gigas (Colwell and
Liston 1961). Immature oysters either prevent infec
tionor control these bacteria in the tissues so the oys
ters are not subject to great mortality except occa
sionally in crowded nursery culture(Elston 1984).

The effects of bacteria on adult oysters are un-
dramatic. Tubiash (1974) exposed adult C. virginica
to presumed bacterial pathogens and found that only
one strain of Vibrio anguillarum caused significant
mortality: 35% on single short exposure and 80% af
ter chronic exposure (22 weeks). He concluded that
bacteria are "ofmarginal significance as primary path
ogens of adult American [eastern] oysters." Colwell
and Sparks (1967) isolated a variety of Gram-nega
tive bacteria from healthy C. gigas; Murchelano and
Brown (1968) found a similar mixture of bacterial
genera in C. virginica. Pseudomonas enalia, an appar
ent pathogen, was isolated from dead and dying C.
gigas and, when injected into adult oysters, hemocyt
ic infiltration and phagocytosis of bacteria followed.
Unfortunately, control oysters also exhibited inflam
mation and often died (Colwell and Sparks 1967) so
that the status of P. enalia as a pathogen of oysters is
uncertain. More recently, a presumptive Nocardiaspp.
has been isolated from C. gigas hemolymph and ad
ductor muscle lesions (Friedman and Hedrick 1991a).
Azevedo and Villalba (1991) have reported a benign
association between bacteria and "giant rickettsia" in
thegill filaments of C. gigas from Spain.

A condition named "cardiac edema" was found

in 4 of 10,000 adult C. virginica from Chesapeake
Bay (Tubiash et al. 1973). Gram-negative bacteria
isolated from pericardial fluid proved to be Vibrio
anguillarum but attempts to reproduce thiscondition
experimentally were unsuccessful. Affected oysters
showed no other histopathology attributable to the
bacteria (Tubiash et al. 1973).

Tripp (1960) injected adult C. virginica intracar
dially with either vegetative bacteria (Staphylococcus
aureus, Bacillus mycoides, Escherichia coli, Pseudomonas
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fluorescens, Flavobacterium invisible), bacterial spores
(B. mycoides), or yeast (Saccharomyces cerevesiae) and
followed their fates histologically or by culture. Most
of the vegetative bacteria were removed from the he
molymph rapidly (i.e., by 2 d) but persisted in tissues
forseveral more days. Yeast cells were cleared from the
hemolymph more slowly and bacterial spores were
most resistant to clearance. Histological examination
revealed extensive phagocytosis of bacteria as early as
1h postinjection. Hemocytes then migrated into tis
sues and digested phagocytosed microbes or moved
across epithelial barriers to the exterior. Vegetative
bacteria were most susceptible to intrahemocytic di
gestion, yeast less susceptible, and spores insuscepti
ble. Bacteria areendocytosed and digested intracellu-
larly by hemocytes of C. virginica and the degrada
tion products, presumably simple sugars, are used in
glycogen synthesis (Cheng and Cali 1974; Cheng
and Rudo 1976). Also, certain bacteria may induce
the release of hydrolases from C. virginica hemocytes
(Cheng 1992a).

S.Y. Feng (1966) injected C. virginica intracar
dially with either Bacillus thuringiensis, Mycobacteri
um smegmatis, or a Pseudomonas-Yike bacillus. All
three bacteria species were eliminated but different
clearance patterns were noted. The mycobacteria per
sistedat initialconcentrations for 5 d and then rapid
lydisappeared. Most of thevegetative B. thuringiensis
was cleared quickly but small numbers persisted for
as long as 10 d. A pseudomonad isolated from dead
and dying oysters (A-3) established a relapsing course
of infection over a three-week period at temperatures
of 22° to 27°C but was cleared steadily from the tis
sues at 9°and 16°C. Histological studies showed that
oyster hemocytes phagocytosed injected bacteria and
either digested them or carried them across epithelial
layers to the exterior (S. Y. Feng 1966). Bacteria (E.
coli, Shigella typhimurium, andS.fbxneri) injected in
tracardially or added to the water and ingested were
cleared from the hemolymph within 24 h at 20°C
(Hardand andTimoney 1979). At 6°C, intracardial
ly injected bacteria were cleared from the hemo
lymphafter 72 h.

Miscellaneous Protozoa

Reports of an apparently pathogenic haplospori
dan described in rock oysters, Saccostrea (= Cras

sostrea, see Carriker and Gaffney, Chapter 1) com
mercial, in Australia (Wolf 1972) and subsequendy
named Marteilia sydneyi (Perkins and Wolf1976) do
not address the details of histopathology or host cell
response. Ostreola conchaphila in Oregon are infected
with an unidentified haplosporidan to which there is
a strong hemocytic response in light infections and a
moderate response in heavy infections (Mix and
Sprague 1974).

Hexamita nelsoni is a cosmopolitan, flagellated
protozoan infecting oysters, including C. virginica,
C. gigas, S. commercial, Ostreola conchaphila, and O.
edulis, around the world (Schlicht and Mackin 1968;
Sprague 1970). Mackin et al. (1952) described the
histopathology of this disease andconcluded that it is
basically a disease of the hemolymph. Hemocytes oc
cur at certain foci in very large numbers and block
blood vessels. Flagellates arefound withinhemocytes
and degeneration of host cells follows, possibly re
flected in hemocytopenia in later stages of disease
(Mackin et al. 1952). A similar pathological progres
sion isseen in Ostreola conchaphila (Stein et al. 1961).
It is clear that the flagellate is associated with severe
disease, but it has been argued that this protozoan is
an opportunistic secondary invader rather thana pri
mary pathogen. Scheltema (1962) attempted to clar
ify the flagellate-oyster relationship without success,
although he concluded that the protozoan does not
contribute significantly to oyster death. A study by
Feng andStauber (1968) on experimental hexamitia-
sis in C. virginica showed that the relationship be
tween the two organisms is complex and affected by
the oysters physiology as well as the reproductive ca
pacity of the protozoan; both of these factors are in
fluenced by environmental and experimental condi
tions (i.e., ambient temperature, size of inoculum,
routeof entry).

In C. gigas females infected with an unknown
protistan, Becker and Pauley (1968) found that he
mocytes surround but do not encapsulate infected
eggs. An unidentified thigmotrichid ciliate infecting
C. gigas generally elicited no cellular reaction but in
one case a general inflammatory response was noted
(Pauley et al. 1967). Similarly, infection of S. com
mercials by Hartmanella tahitiensis elicited no appar
ent cellular reaction to the amoebae (Cheng 1970).

A gregarine-like parasite of C. virginica causes a
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sloughing of intestinal epithelial cells but no inflam
matory reaction (Sawyer et al. 1975). Two species of
Nematopsis, i. e.,N. ostrearum and N.prytherchi, infect
C virginica along theAdantic and Gulfcoasts of the
United States (Sprague and Orr 1955). Feng (1958)
demonstrated that N. ostrearum spores are phagocy
tosed by hemocytes, distributed in various oyster tis
sues, and gradually eliminated from the tissues.

Bonamia ostreae has not been found in species of
Crassostrea, but it has devastated populations of O.
edulis in Europe aswell as Ostreola conchaphila in New
Zealand (Bucke 1988). This parasite infects granulo
cytes, is spread by them throughout the tissues, and
ultimately lyses the host cell (Balouet et al. 1983).
There is some evidence of genetic resistance among
previously exposed O. edulis populations that have
been exposed forseveral generations, but the basis for
this resistance is unknown (Elston and Holsinger
1988). Bonamia ostreae cells are engulfed by hemo
cytes of susceptible O. edulis and insusceptible C gi
gas'. they survive in O. edulis cells, but maydegener
ate in C gigas cells duringshort-term in vitro studies
(Chagotetal. 1992).

An unidentified haplosporidian was observed in
C. gigas from Japan where it caused a diffuse hemo
cytic infiltration in connective tissue among digestive
tubules; mature and immature spores replaced normal
digestive tubule epithelium (Friedman et al. 1991).

Nematodes

The agnathostomatid nematode Echinocephalus
crassostreai has been found in C. gigas from Hong
Kong and Chinese waters (Cheng 1975b). Third stage
larvae are found primarily in the lumen of the gon-
oducts where they elicit formation of a conspicuous
tunic of connective tissue fibers, hemocytes (primari
ly granulocytes), myofibers, and Leydig cells. Histo-
chemical studies of the tunic demonstrated hyper
secretion of mucus by cells lininggonoducts near par
asites as well as abnormal numbers of brown cells

(Cheng 1975b).
Twenty-one days after first-stage larvae of the me-

tastrongylid nematode, Angiostrongylus cantonensis, were
injected into the soft tissues of C. virginica, second-
and third-stage larvae were recovered from tissue di
gests (Cheng and Burton 1965a). Histopathological

studies suggest that, in naturally occurring infections,
larvae invade oysters via the digestive tract and mi
grate through tissues byway of blood vessels (Cheng
1966a). Larvae in connective tissue elicited a conspic
uous cellular response at 10 and 14 d but not earlier;
hemocytes formed a loose, incomplete layer around
larvae but did not encapsulate them. Perivascular ame-
bocytic reactions suggested the release of a soluble fac
tor by the nematode that attracts hemocytes (Cheng
1966a). Chesapeake Bay oysters areinfected bylarval
nematodes and respond by forming hemocyte cap
sules (C. A. Farley, pers. comm. 1991). Eastern oys
ters held under laboratory conditions may be infect
ed bybacteria and secondarily infected bynematodes
to which there is no cellular response (Meyers et al.
1985).

Cestodes

Crassostrea virginica from Hawaii may be infected
with metacestodes of Tybcephalum sp. (Sparks 1963;
Cheng 1966b). The parasite does not seem to dam
age the host significantly, but a thick fibrous cyst is
formed around the metacestode (Sparks 1963).
Cheng (1966b) showed that the host does not re
spond appreciably while the parasite is penetrating
the gut wall, but reacts to it when it comes into con
tact with the underlying connective tissue by enclos
ing it with a complex capsule of connective tissue
fibers, hemocytes, and brown cells (Rifkin et al.
1969). Hemocytes play only a small part in the for
mation of this capsule, which eventually leads to the
death of the parasite, but they are prominent in the
resorption of dead metacestodes (Cheng 1966b).
Rifkin and Cheng (1968) emphasize the lack of ini
tial participation by hemocytes, but they believe that
encapsulating fibers are derived from fibroblasts that
differentiate from hemocytes. In the Indian backwa
ter oyster, Crassostrea madrasensis, metacestodes are
enclosed within a connective tissue capsulein the gill
(Stephen 1978).

Trematodes

Trematodes of the genus Bucephalus are well
known parasites of fresh water and marine bivalves
and fish. Adult trematodes live in the intestinal tract

of carnivorous fish. Eggs areshed into the waterwhere
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miracidia hatch and penetrate the tissues of the first
intermediate host, a bivalve mollusc. Sporocysts de
velop in digestive and reproductive tissues, often
causing parasitic castration (Cheng 1967; Sinder
mann 1970). The sporocysts give rise to cercariae that
escape from the mollusc and attach to the secondin
termediate host, a small fish. When the small fish is
eaten bya larger one, thecycle is complete.

The eastern oyster is infected by B. cuculus, the
"American" species found inwaters of low salinity and
different from the "European" species, B. haimeanus,
found in Ostrea edulis growing in high salinity waters
(Hopkins, 1954). A detailed histopathological study
by Cheng and Burton (1965b) showed that the sporo
cysts of Bucephalus sp. affect primarily the digestive
gland with physical compression of digestive tubules.
They also noted deleterious effects on the gonad as
well as penetration of sporocysts into gills, palp, and
mantle. There is generally no aggregation of hemo
cytes around developing sporocysts and no other evi
dence of host reaction, leading Cheng and Burton
(1965b) to conclude that C. virginica is a "compati
ble" host. Douglass (1975), on the other hand, report
ed finding several cases in which young sporocysts
elicited an "intense cellular response," including one
case in which phagocytes were found within the
sporocyst. He suggested that environmental condi
tions may have altered the normal (i.e., no host re
sponse) host-parasite relationship. There are increased
numbers ofbrown cells in tissues of Bucephalus sp.-in-
fected oysters as has been reported in other oyster dis
eases (Stein andMackin 1955; Cheng 1967).

Menzel and Hopkins (1955) noted that Buce
phalus cuculus-inkcted oysters grew faster than nor
mal oysters and that theywere heavier before the ter
minal stages of disease. Cheng (1965) observed a re
duction in neutral fat and fatty acids in Leydig cells
of infected oysters with a concurrent increase in total
fats in the digestive diverticula. In addition, glycogen
stored in Leydig cells between thedigestive diverticu
la is depleted during Bucephalus sp. infection (Cheng
and Burton 1966).

Little etal. (1966) reported nearly 100%infection
of oysters from the southern tip ofTexas with meta-
cercariae ofAcanthoparyphium spinubsum. There was
an average of 45 metacercariae per oyster but no

histopathology was performed to determine host re
sponse to these parasites.

Crassostrea virginica infected experimentally with
cercariae of Himasthla quissestensis have metacercariae
in the heart and blood vessels enclosed in a loose wall

ofadhering hemocytes (Cheng et al. 1966). Metacer
cariae were found on gill surfaces of C gigas but not
in thetissues, suggesting differential susceptibility be
tween oyster species (Cheng et al. 1966). Font (1980)
demonstrated that hemocytes of C. virginica are at
tracted to and attach to dead cercariae, but not live
cercaria, in vitro.

Crustacea

The parasitic copepod, Mytilicola spp., has been
reported from oyster species around theworld (Sparks
1985), although no records exist for C. virginica.
Mytilicola intestinalis isa common parasite of mussels
in Europe, but it will invade European flat oysters if
blue mussels are not available (Hepper 1956; Davey
and Gee 1988). This species has been recorded in C.
gigas m France (His 1979). In NorthAmerica Mytili
cola orientalis has been found in C. gigas from the Pa
cific coast (Katkansky et al. 1967), andSparks (1962)
described metaplastic changes in the gut of infected
oysters. Normal tall columnar epithelium was reduced
to squamous or cuboidal epithelium and cilia were lost
from cells in contact with the parasite. In some cases
the parasite penetrated the gut wall and the mucosa
was destroyed (Sparks 1962). This damage did not
elicit an increase in hemocytes even when thegutwas
perforated, but parasites in abnormal sites elicit a
marked hemocytic response (Sparks 1985). Fibrosis
of tissue underlying the intestinal epithelium was
suggestive of a host response (encapsulation) that was
an attempt to wall off a relatively massive parasite
(Sparks 1962).

Pseudomyicola spinosus infects C. gbmerata in New
Zealand very heavily (78 to 85% prevalence) andcaus
es hemocytosis in the connective tissue beneath the
epithelium of thegutwall where parasite appendages
are inserted (Dinamani and Gordon 1974).

Response to Tumors

Excellent detailed reviews of tumors in marine

bivalves have been recendy published byPeters (1988),
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Elston et al. (1992), and Peters et al. (1994). Earlier
descriptions of oyster tumors are also available (Far
ley 1969; Pauley^ 1969; Sparks 1972). There is gener
al agreement that neoplasms do occur in molluscs
but there is little agreement about causes, cell origin,
and appropriate terminology.

Oyster tumors arise naturally and their frequen
cyvaries forunknown reasons, but compared to some
other marine bivalves, it is very low (see Table 1 in
Peters 1988). Prevalence data are not collected in a
standard way so the magnitude of the problem in
oysters is unknown. Causative agents and effects on
field populations are also largely unknown and the
biology of oyster tumorsis poorly understood.

In some cases there seems to be a hemocytic re
action associated with oyster tumors, but it is diffi
cult to interpret these reactions. Smith (1934) found
a benign nodular tumor in C virginica attached to
the outer surface of the pericardium, with an intense
inflammatory reaction beneath the surface epitheli
um. Sparks and co-workers described a heavy hemo
cytic infiltration among the collagen fibers and in the
Leydig cell area of a mesenchymal tumor (1964a),
beneath the epithelial surface of another mesenchy
mal tumor (1969), and around a large tumor-like fe
cal impaction (1964b) in the rectum of C gigas. A fi
brous tumor in C. gigas described by Pauley and
Sayce (1968) also showed infiltration of hemocytes,
although that part of the tumor appeared to be com
posed of normal Leydig cells and increased collagen.
The Leydig cells surrounding the tissue were not in
filtrated by hemocytes but did contain unusual num
bers of brown cells. In another instance, an invasive
epithelial neoplasm of C. gigas extended from the
mantle through the gonad and into the digestive
gland with an intense inflammatory reaction where
hemocytes were engulfing necrotic cellular debris
among abnormal tissue elements (Pauley and Sayce
1972). A marked inflammatory reaction was report
ed by Pauley et al. (1968) in association with "a
bizarre proliferation of nervous tissue and collagen";
increased numbers of brown cells were also observed.

Wolf (1969) reported tumors in S. commercial that
showed intense inflammation with phagocytes abun
dant in cavities formed by proliferating tissue, per

haps in response to necrotic tissue in the center of
the lesions.

Farley (1969) reported a proliferative disease of
hyaline hemocytes of oysters (five C. virginica and
one C. gigas) with heavy infiltration of connective tis
sue. Wolf(1971) found no connective tissue response
or any significant inflammatory reaction to a very
large tumor in a rock oyster, S. commercialis. Farley
and Sparks (1970)summarized neoplastic conditions
of oysters from the eastand west coasts of the United
States where the hemocytes are abnormal but where
no defensive reaction is detectable. An unusual lesion

in the mantle of C virginica contained neoplastic
cells of possible blastoid or mesenchymal origin, but
there was no evidence of a defensive cellular reaction

(Couch 1969).
These observations suggest that there is little or

no reaction of oysters to neoplastic cells that arise
amongtheir tissues. The presence of masses of hemo
cytes may be due to their scavenging of necrotic cell
debris caused by tumor-associated pathologies or, in
somecases, by injuryor infection that causes unusual
oyster cell proliferation and hemocyte invasion. Much
more information about basic mechanisms of neo

plastic growth in oysters is needed before any mean
ingful generalization can be made. A variety of neo
plastic conditions have been reported in C virginica
exposed to contaminated sediments in the laboratory
and in the field (Gardner et al. 1988). If similar re
sults can be obtained regularly, the biology of oyster
tumors maybecome clearer in the future.

Humoral Factors

Lectins

The hemolymph of many invertebrates contains
constitutive factors that interact with foreign materi
als (Tyler 1946; see also, Cheng, Chapter 8). These
substances are not antibodies, but they may exhibit
specific activitythat suggests a possible defensive role
(see review by Fries 1984). The ability of phagocytic
cells to bind and ingest foreign particles and cells is
often dependent on the presence of proteins or gly
coproteins that bind specifically with sugars; these
proteins are termed lectins (Ofekand Sharon 1988).
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Particle-cell or cell-cell interactions occur in the fol

lowing ways:

1. sugars on the surface of phagocytes interact
with lectins on the surface ofother cells;

2. lectins on the surface of phagocytes interact
withsugars on thesurface of cells or particles;

3. soluble lectins react with sugars on the sur
faces of both phagocytes and particles and
thusbridge the two (Ofek and Sharon 1988).

Molluscs have a variety of membrane receptors.
For example, thesnail, Biomphalaria glabrata, has four
classes of membrane components: (1) glycoproteins
reactive with lectins concanavalin A and Ricinus com

munis, (2) snail hemolymph-like components, (3) fi-
bronectin-like components, and (4) determinants sim
ilar to murine Thy-1 antigen (Yoshino 1983). Activi
ties and interactions of snail defense cells and hu

moral factors have been reviewed by van der Knapp
and Loker (1990), and it is clear that these molluscs
have complex recognition systems involving a variety
of cells and humoral factors. Renwrantz (1986) and
Olafsen (1988) summarized the information avail
able for the presence and usefulness of molluscan
lectins in hemolymph as well as on hemocytes and
tissue cells.

The details of immunorecognition mechanisms
in oysters are not well known. A hemagglutinin de
scribed from thehemolymph of C. virginica has some
specificity for red blood cells of different species and
an opsonic effect on phagocytosis of rabbitredblood
cells (Tripp 1966). Calcium is required for agglutina
tion of human cells but not for those of nonhuman

species; in the absence of calcium, the substance is
unstable and degrades into protein subunits that lack
agglutinating activity (McDade and Tripp 1967a).
Columnchromatography (Sephadex G75) of C. vir
ginica hemolymph yields two hemagglutinating pro
teins, but the specificity of these substances for red
cells isnot clear (Li and Flemming 1967). The native
hemagglutinin is a 200,000-dalton polymer com
posed of 20,000-dalton protein subunits (Gaumer
1966; Acton et al. 1969). Its total and terminal amino

acid content is significantly different from mam
malian immunoglobulin (Acton et al. 1969). Mc
Dade and Tripp (1967a) found that oyster lectins re
act primarily with N-acetyl-D-glucosamine and N-
acetyl-D-galactosamine and with D-glactose and D-
glucosamine to a lesser extent; however, Kanaley and
Ford (1990) reported that sensitivity to the galac-
tosamine residues was considerably less than that for
glucosamine. Oyster hemolymph also agglutinates a
large numberof bacterial species (Fisher and DiNuz-
zo 1991) and can selectively agglutinate all Vibrio
chobrae ofthe 01 serotypes and biotypes, perhaps by
binding to N-acetyl-neuraminic acid (Tamplin and
Fisher 1989).

Lectins of known specificity (e.g., concanavalin
A) have beenused to studyspecific receptors on oys
ter hemocyte membranes. These studies reveal that
oyster hemocytes can be divided into subpopulations
bycentrifugation and furthersubdivided on the basis
of their ability to bind specific lectins (Yoshino et al.
1979; Cheng et al. 1980). Vasta et al. (1982) have
demonstrated two membrane-bound lectins in C.

virginica hemocytes, one of which is identical to one
of the hemolymph lectins. They have also presented
evidence that the reactive lectin is an integral part of
the hemocytes membrane and not merely adsorbed
onto membranes from the hemolymph (Vasta et al.
1984).

In C gigas, a hemagglutinin for several types of
red blood cells has been described and its action at

tributed to binding ofsialic acids (Hardy et al. 1977b).
This material also enhances phagocytosis of bacteria
(Hardy et al. 1977a). Further investigation of these
substances indicates that they contain fractions (Gi-
galin E and Gigalin H) with abilities to differentially
agglutinate redblood cells and certain bacteria (Olaf
sen et al. 1992). The pearl oyster, Pinctada fucata
martensii, containsa hemolymph lectinwith a molec
ular weight of 440,000 daltons composed of identi
cal subunits of 20,000 daltons each (Suzuki and
Mori 1989). This material is inhibited by D-galac-
tose and N-acetylgalactosamine. The lectin is not as
sociated with hemocyte membrane or cytoplasm (Su
zuki and Mori 1990).

Thus the role of lectins in the detection of non-
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self by oyster cells is still uncertain and their impor
tance to the internal defense system remains to be
clearly demonstrated. Kanaley and Ford (1990) doc
umented a loss of lectin-like molecules from the se
rum, and a concurrent increase in lectin-binding re
ceptors on hemocytes of C. virginica systemically infec
ted with H nelsoni. They concluded that the changes
were related to alterations in hemocyte subpopula-
tion ratios and loss of serum glycoproteins in dis
eased animals, andprobably were not involved in de
fense. Chintala et al. (1994) reported no relationship
between pre- or early post-exposure hemolymph ag
glutinin levels (that might reflect pre-existing or in
duced protective capacity) and parasite burdens or
survival time after eastern oysters were challenged by
P. marinus and H. nelsoni. Cheng (1987) has con
tributed a thoughtful analysis ofpossible mechanisms
ofparasite recognition by oyster hemocytes and how
they might be affected by environmental factors re
sulting in reduced immunocompetence.

Lysozyme

Lysozyme is found in bodily secretions of many
vertebrates and is an important nonspecific defense
mechanism. It destroys Gram-positive bacterial cells
by digesting the peptidoglycan layer that is part of
the cell wall. Lysozyme was first found in C. virginica
hemolymph (McDade and Tripp 1967b) and later
demonstrated in high concentration in mantle mu
cus (McDade and Tripp 1967c). The hemolymph
lysozyme was further characterized by Rodrick and
Cheng (1974) and found to be similar to egg white
lysozyme. Conversely, Feng (1974) found oyster
lysozyme to be very different from egg white lysozyme
when analyzed by ion exchange chromatography and
disc electrophoresis. Feng and Canzonier (1970)
showed seasonal variations in oyster hemolymph lyso
zyme activity and some possible effect ofparasitic in
fections. Chu and La Peyre (1989) also found sea
sonal variation in oyster hemolymph lysozyme con
centration and Chu et al. (1993) demonstrated ex
perimentally that salinity and lysozyme were inverse
ly related. No consistent relationship was evident,
however, between lysozyme concentration and infec
tion by P. marinus (Chu and La Peyre 1989, 1993;

Chuet al. 1993). Cheng and Rodrick (1975) postu
lated that lysozyme in whole hemolymph of C vir
ginica, along with several other lysosomal enzymes
that are released from hemocytes, may be effective
against certain invading organisms. It is not clear
whether lysozyme is released from phagocytosing C.
virginica hemocytes as has been described for M.
mercenaria hemocytes (Cheng et al. 1975).

Miscellaneous Humoral Substances

Cheng et al. (1966) described experiments in
which C. virginica cell-free hemolymph added to Hi-
masthla auissestensis cercariae caused them to encyst
(C. gigas hemolymph had a similar effect). Heated
(60° or 95°C) serumlost this property. Tissue extracts
ofany ofseven marine bivalves (including C. virginica
and C. gigas) killed cercariae. The absence ofmetac
ercariae in the tissues of C. virginica and C. gigas was
attributed to the immobilization of cercariae by plas
ma seeping into the mantle cavity to prevent tissue
penetration and normal encystment in tissue (Cheng
et al. 1966). In contrast, Font (1980) found that C
virginica plasma (cell-free hemolymph) had no effect
on five different species of cercariae from the marine
snail, Nassarius obsobtus. Unfortunately, H. auisses
tensis was not among the species tested. There is a
demonstrable correlation between hemolymph pro
tein composition and infection with H. nelsoni alone
(Ford 1986) or concurrently with Bucephalus sp.
(Feng andCanzonier 1970).
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