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RESEARCH PRIORITIES FOR DISEASES OF THE BLUE CRAB
CALLINECTES SAPIDUS

Jeffrey D. Shields

The diseases of blue crabs have received relatively little attention compared to
those of the American oyster, Crassostrea virginica, or the penaeid shrimps, Pen-
aeus spp. This is primarily due to differences in resource management (fishery
vs. agquaculture), and the magnitude of financial losses suffered by the industries
from protozoal diseases in oysters and viral diseases in shrimp, respectively.
Nonetheless, several agents including Vibrio spp., Hematodinium perezi, Para-
moeba perniciosa, Ameson michaelis and Loxothylacus texanus are highly path-
ogenic in blue crabs, and have the capacity to severely damage certain segments
of the crab population. This paper is meant to highlight priorities for critically
needed research on the ecological impacts and pathological processes of these
diseases in the crab host. It is not meant as a review of the literature. For more
complete reviews of the parasites and diseases of blue crabs, see Johnson (1983),
Couch (1983), Overstreet (1983), Messick and Sinderman (1992), Noga et al.
(1998), Shields and Overstreet (in press).

SeSssION OVERVIEW

At the 2000 Blue Crab Symposium, Wilmington, North Carolina, four papers
highlighted the importance of several pathogens in the biology and economics of
the blue crab. Shields (2000) gave an overview of the epizootiology of Hema-
todinium infections, and discussed aspects of the pathology, lethality, and physi-
ology of the disease. Messick (2000) discussed the prevalence and seasonality of
Hematodinium, Paramoeba, and Ameson infections along the Atlantic coast with
major comparisons between Maryland and Georgia. O'Brien (2000) presented
important new data on the life cycle and transmission patterns of a rhizocephalan
barnacle, Loxothylacus texanus, and relationships with salinity and depth. Guillory
and Perry (2001) provided data on the prevalence of the rhizocephalan and its
association with blue crabs in Alabama and Louisiana.

INFORMATION NEEDS

WHICH PARASITES AND Diseases CAN POTENTIALLY DAMAGE BLUE CRAB FisH-
ERIES?—Several disease agents have occurred in outbreaks or epizootics in blue
crabs (Table 1). In general, the outbreaks are localized to specific bays or regions
(e.g., Chincoteague Bay), but widespread epizootics have occurred, especially
aong the Delmarva Peninsula of Maryland and Virginia. In most cases, the caus-
ative agents were not identified prior to the occurrence of the epizootics (e.g.,
Sprague and Beckett, 1966; Johnson, 1976; Couch, 1983; Messick, 1994), and
this hampered attempts to assign causality especialy after the mortalities had
subsided.

Four of at least eight viruses are known to be pathogenic to the blue crab
(Johnson, 1983). The pathogenic viruses typically occur in hemocytes, or epithe-
lial cells, and are associated with significant mortalities in shedding houses (Table
1). Infected crabs are lethargic, susceptible to stress-induced mortality (e.g., cap-
ture, and handling), and often show signs of tremors, paralysis, or even blindness.
Limited transmission experiments with the viral agents indicate short prepatent

505



506

BULLETIN OF MARINE SCIENCE, VOL. 72, NO. 2, 2003

%00T 03 dn sa|u

001X N

G/6T ‘Uosuyor pue UelnaN -aAn[ ‘eousenaid ybiH SOA ydwAjoweH 10 J|n9 3N ‘onueny 1zaJod winiuiporewsH
uonalul Lie skep ydwiA|
0€ ‘Jeuim pue ‘Bulids -owly ‘sans
696T ‘e © anbeids orr| ‘ousenald ybiH SOA -S1} 9A1198UU0D SOPIS oNUR|lY PIN esoiued egoowe fed
SYea.qIno YiIm oosse 001
0.6T ‘anfeids jou ‘ojuaboyred AlybiH ON anssN oSNNI -XAIN JO 4N dluvepy SI|PeyI U UOSSWY
©0Z0101d ¥
8v6T ‘1oq abuods ayy Jo
-Lseboy 26T ‘YoNoD  %0S-SGz ‘sousenaid ybiH SOA genre| ‘sbb3 onuepy Se108UI|[e0 wnipiusben
1Bung g
G/6T "l ® |PMI0D sousenald ybiH umouxun ydwAjoweH Reg axeadesayo eLR1%E] JBUYIO
san1|1oey Buippays wuel
696T “[e B Zively -Hous ul Ayienow ybiH SOA ydwAjoweH Reg oxeadesayD snonAjowsaye red oLgIA
eueleg 2
3q ‘feg
Alferow |1un syuow UeWIOMESS Y WA (SnuIn sa19e41g MOU)
9/6T ‘uosuyor Z—T ‘@ouaenald ybiH SOA S91A00WBH ‘Reg anBealoouiyd ATH ‘SnuIn oyIjsedieH
s|116 Bupnp
-ur s|po eyl NGO ‘snIA feg axesd
€86T ‘uosuyor SYow zZ-SMeem g SOA -1de ‘s|jpo aneN punos Je1bue] esayD ‘sniin 9¥1feulodild
sans
-S11 9A1399UU0D
Alfeuow ‘sa1A00Wway
PeIe PI-SSAlIS ‘UMOUY| ‘S||e0 [elPYIop 001
L/6T ‘lwoiyer -un ‘AT Yim punoo umouxun -UB ‘S|pOBABN XA JO JIND ONUepY  WYAUY ‘W SNUIA 81 jopeyy
S|eo e
-1pYyNds 'sa1ho
-owey ‘s|jed an ‘feg
G/6T skep ¢ ui Aier AU ‘ans axeadesayD ‘YA
‘Jawwepog pue uosuyor -JOW Pasned uolie|noou| SOA -s11 91vodoweH ‘Reg anbeajoouiyd AT ‘SnIIA 9100y
SSNIIA ‘T
EsliiloS Allferiow 01 uoiepy SHeaIqIn0 anss1] Jofe N uoibay ebe ssess1q

‘90UR R8I Afewiid pue ‘ssnifelow geld 01 UOIReJ ‘SYeaIqino ul
Bu11IN200 Jo Alljiceded ‘SINd20 asessIp 8yl YO IYM Ul SaNSS |l ‘80Ua.ind00 [euoifal Yiim ‘snpides saoaul|fed ‘geld anjq ay) Jo siuale oiusboyred peioeps T 9(del



507

SHIELDS: DISEASES OF BLUE CRABS

uolireziuiwe}
€E6T ewyssog ‘Bununis ‘sousenald ybiH SOA euu| 0OIXdIN JO }IND snuexa) snoe jAY1oxo]
eadeisni) ‘9
abuods ayy Jo 091 e|iyd
ZV6T ‘sewnH 2%G2—G ‘@ousenald ybiH SOA sbbg XA JO 4IND ‘Dnuepy -0U 19182 SalJaWBuUoU 108D
/6T ons sans (0] aseasIp 1ods
‘4onoD 8/6T ‘IBISPAO S| X few ‘AlleLow oN SOA SN AANBUUOD  -XON JO }IND dNUepY -loddad pue sn|eydooIn
(swiom) syuwpH ‘g
992Jn0S A1euow 01 uoiepy S eaIqInO anssi) Jofe N uoibey 1abe asessIq

‘panunuoD T d[qeL



508 BULLETIN OF MARINE SCIENCE, VOL. 72, NO. 2, 2003

periods. For example, crabs inoculated with the reolike virus (RLV) died in just
3 days but crabs fed virus-infected tissues died after 30 to 40 days (Johnson and
Bodammer, 1975; Johnson, 1984). Other pathogenic viruses have prepatent peri-
ods ranging from 2 weeks to 2 months. Transmission and mortality associated
with viral diseases have not been well studied in blue crabs.

Bacterial infections are common in blue crabs especially in summer. Vibrio
spp. are ubiquitous in the marine environment, and crabs are passively infected
by them. Vibrio parahaemolyticus can occur in outbreaks in shedding facilities
where it can be a significant source of mortality (Johnson, 1983). The bacterial
pathogen invades the hemolymph through abrasions in the cuticle of the crab, and
multiplies in the nutrient-rich environment of the crab’s hemolymph. Prevalences
of bacteria vary with season and are correlated with increasing water temperatures
(Tubiash et al., 1975; Davis and Sizemore, 1982; Welsh and Sizemore, 1985).
Stress plays a significant role in bacterial infections in crabs; hence, the associ-
ation between bacterial infections and mortalities during rapid increases in water
temperature and during high summer temperatures. The number and scale of crab
mortalities that are caused by bacterial infections requires additional investigation.

Two egg parasites can cause considerable egg mortality in high salinity waters.
The fungus Lagenidium callinectes assimilates large numbers of crab eggs in
infected clutches. In some cases, most of the egg clutch can be destroyed by the
fungus. Lagenidinium callinectes is widespread and tolerates moderately low sa-
linities (Rogers-Talbert, 1948). The nemertean worm Carcinonemertes carcino-
phila ingests relatively large numbers of eggs during development. On other crab
species, epizootics of nemertean worms have virtually wiped out an entire year's
broodstock resulting in significant damage to the fisheries (Wickham, 1986; Kuris
et a., 1991). No outbreaks have been reported from blue crabs probably because
the nemertean worm is limited by low salinities (Scrocco and Fabianek, 1970),
and may not accrue in large enough numbers to cause damage.

Three pathogenic protozoans are known to cause mortalities to blue crabs. Gray
crab disease is caused by an amoeba, Paramoeba perniciosa, that invades the
connective tissues, and later, the hemolymph of the crab. As the common name
implies, the ventral surfaces of infected crabs turn gray in color. As in other
systemic infections, the hemocytes of heavily infected crabs are virtually replaced
by the trophic stage of the parasite. Crabs become lethargic and eventually die,
or die from stress-related handling. The parasite occurs in the small coastal bays
of the mid Atlantic states, where during late spring, it can cause mortalities in
shedding facilities (Newman and Ward, 1973; Couch, 1983). Winter mortalities
of crabs may also be associated with high prevalences of this amoeba (Newman
and Ward, 1973; Johnson, 1977). Cannibalism is a likely avenue for the spread
of the disease. For example, Johnson (1977) speculated that lethargic crabs would
fall easy prey to their voracious conspecifics, and thus, effect transmission. Al-
ternatively, the amoeba could invade crabs in the winter while their hosts are
buried in the sediments. Mortality and life cycle studies along with rapid, non-
invasive diagnostic techniques are research priorities for P. perniciosa.

The microsporidians Ameson michaelis and Thelohania sp. cause severe muscle
lysis that results in a condition known as *‘ cotton crab.”” Crab meat infected with
these microsporidians is cottony in texture, discolored with either opague white
or purple in color, and poorly flavored. Ameson michaelis can be transmitted via
cannibalism (Overstreet, 1978). It is surprising that the parasite is only found at
low to moderate prevalences (0.1 to 10%, Messick, 2000), because as much as
25% of a blue crab’s diet is other blue crabs (Hsueh et al., 1992). Thus, the route
of infection and potential for host resistance should be examined. In addition,
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work should focus on developing detection techniques asiit is difficult to diagnose
microsporidians in early infections.

Hematodinium perez is an unusual parasitic dinoflagellate that occurs in major
outbreaks. It lives in the hemolymph of crabs and rapidly proliferates to over-
whelm the defenses of the host. Outbreaks of H. perezi have been reported from
the high salinity waters of the lower Chesapeake Bay, coastal bays in Maryland
and Virginia, Georgia, and Florida (Newman and Johnson, 1975; Couch, 1983;
Messick, 1994; Messick and Shields, 2000). The disease is most prevalent in fall
(Messick, 1994; Messick and Shields, 2000). During epizootics, crab mortality
can reach 50% in set pots, and 75% in shedding facilities on the Eastern Shore
of Virginia. During one outbreak, prevalence reached of 100% in juvenile crabs
and up to 70% in mature crabs (Messick, 1994). Infections are generally fatal
with crabs dying from energy depletion or disruption of the tissues (Shields and
Squyars, 2000; Shields et al., 2003). Correlative evidence indicates that temper-
ature and salinity play key roles in limiting epizootics of the dinoflagellate (Mes-
sick et al., 1999).

Hematodinium perezi may have several alternate or reservoir hosts. At present,
rock crabs (Cancer spp.), lady crabs (Ovalipes ocellatus) (MacLean and Ruddell,
1978), mud crabs (Rhithropanopeus spp., Neopanope spp.), and green crabs (Car-
cinus maenas) are known to be infected with parasites resembling H. perezi (Mes-
sick and Shields, 2000). In addition, several species of amphipods have been
reported with Hematodinium-like infections (Johnson, 1986). Hudson and Shields
(1994) and Shields (1994) speculated that amphipods may act as intermediate or
dlternate hosts for the disease. PCR primers and molecular probes would help
solve life cycle questions by identifying life history stages. Molecular studies
would also facilitate the taxonomy of this troublesome group of pathogens as
there are few morphological or life cycle features that distinguish species.

While not pathogenic, pepper spot or buck-shot crab is a parasitic condition
that affects the quality of crab meat. Pepper spot occurs when innocuous micro-
scopic trematode cysts of Microphallus bassodactylus, and other microphallid
trematodes, are attacked by the hyperparasitic haplosporidan protozoan, Urospor-
idium crescens (Couch, 1974; Overstreet, 1978). The infected trematode cysts
enlarge and turn black due to the multitude of black spores of the protozoan.
Crabs are not affected by the disease but it can affect the aesthetics of the meat.
Pepper spot is common along the mid Atlantic and Gulf coasts. The environmental
factors that affect the distribution of the protozoan are not understood.

WHIicH Diseases CAN BE ADDED TO POPULATION MONITORING PROGRAMS?—The
rhizocephalan, L. texanus, is abundant in blue crabs in the Gulf of Mexico. In
certain localities it reaches prevalences of 30% to 70% (Wardle and Tirpak, 1991,
Alvarez and Calderon, 1996; Guillory and Perry, 2001). Infected crabs are stunted
and rarely reach marketable size; and are, therefore, lost to the fishery. Castration
is a side effect of infection. However, stunting and castration are only physical
manifestations of infection. Sand crabs, Portunus pelagicus, infected with a re-
lated rhizocephalan, Sacculina granifera, exhibit morbid behavioral changes such
as docility (Bishop and Cannon, 1979), sterile matings, and male-male precopu-
latory embraces which may further affect these crab populations (Shields and
Wood, 1993). Similar behaviors may occur in C. sapidus but they have yet to be
reported. Given that blue crabs have multiple broods with planktonic larvae, the
population-level effects of rhizocephalans are generally thought to be low (but
see Blower and Roughgarden, 1989a, 1989b). Connectivity of populations and
recruitment of juveniles may more than make up for the losses (castration) in the
adult breeding populations. Recent models have, however, suggested that diseases
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can regulate closed populations of crabs (Blower and Roughgarden, 1989a, 1989b;
Kuris and Lafferty, 1993), and that marine populations with larval dispersal can,
in some cases, be hydrodynamically or demographically closed for purposes of
immigration (Cowen et al., 2000). The potential impacts of rhizocephalans on the
connectivity between fecundity, larval dispersal and juvenile recruitment repre-
sents an exciting opportunity for productive research.

Monitoring for L. texanus should be incorporated into the crab monitoring
programs of the Gulf states. Trawl, dredge and pot surveys could easily include
data such as the presence/absence of the external stage of the parasite (sacculina
externa), the size and relative sex of the crab (feminization occurs in most juvenile
males), and a standardized color scheme for the sacculina externae (for maturity
information). Trawl and dredge surveys may be unbiased sampling techniques for
the parasite as they have a smaller size selectivity than pot surveys, and may
more accurately represent subpopulations of crabs stunted by the infection. Long-
term data sets of prevalence, host factors, and parasite maturity represent a veri-
table gold mine of new biological information on the life history and impact of
the parasite on the fishery. For example, increases in prevalence may show an
increase in the salinity regime of an area, or may indicate a significant increase
in transmission that would otherwise be underreported by the fishery. Color
schemes for the externa of the parasite may help pinpoint seasonality in trans-
mission.

Shell disease may also warrant inclusion in monitoring programs. Shell disease
is caused by chitinoclasitic bacteria in the genus Vibrio that colonize the exocu-
ticle of the crustacean host. Shell disease is common in crustaceans that have
been subjected to stress. Injuries sustained from high stocking densities, long-term
confinement, molting, and environmental pollutants have been implicated as
stressors inducing shell disease in many decapods (Rosen, 1967; lversen and
Beardsley, 1976; Overstreet, 1978; Johnson, 1983; Getchell, 1989; Sinderman,
1989; Smolowitz et al., 1992). While bacteria are clearly involved in the etiology
of the disease, pollutants (i.e., sewage sludge, dredge spoils, heavy metals, organic
debris) and other external symbionts can play a significant role in the syndrome
(Young and Pearce, 1975; Couch, 1983; Morado et al., 1988; Gemperline et al.,
1992; Weinstein et al., 1992; Ziskowski et al., 1996). In general, shell disease is
not a significant mortality factor to wild stocks of crustaceans, but severe cases
do result in host death. However, high prevalences of shell disease may indicate
significant water quality or stress issues in resident crustacean populations (Mc-
Kenna et al., 1990). Shell disease does have a small economic impact in that
afflicted animals are not aesthetically pleasing to eat; thus there may be a lower
grading of meat value (Rosen, 1970; Getchell, 1989).

Shell disease is relatively innocuous in blue crabs. There are, however, signfi-
cant research questions to be addressed through study of the disease. Stress is a
significant issue in the onset of numerous diseases and conditions in invertebrates.
Shell disease typically indicates a significant problem with water quality. Study
of the association between different stressors and the onset of shell disease may
provide a useful model to study the effects of stress on crustaceans. Indeed, the
decrease in immune function and decline in hemocyanin in diseased crabs from
polluted waters (e.g., Engel et al., 1993; Noga et al., 1994, 1996) highlights the
need for just such studies. In addition, the prevalence of shell disease may be an
excellent indicator of water quality (pollution, nutrient enrichment, etc.). Thus,
monitoring for shell disease may provide an inexpensive early warning tool for
pollutants or other stressors.

WHAT ARE THE IMPACTS OF PARASITES ON THE POPULATION DYNAMICS OF THE
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BLUE CraB?—The importance of diseases in regulating the population dynamics
of the host is the subject of considerable debate, even though host regulation has
been clearly demonstrated in numerous examples of biological control of insect
pests. Parasitic diseases can negatively impact, and possibly regulate crustacean
populations (Blower and Roughgarden, 1989a, 1989b; Hobbs and Botsford, 1989).
Hence, pathogenic diseases may play a key role in the population dynamics of
the blue crab. In addition to direct mortality from disease, parasitized crabs are
weakened by infections, and often succumb to sublethal stressors such as tem-
perature (high or low), hypoxia, or increased predation or cannibalism. Measuring
the indirect effects of the diseased state on predation rates may be possible using
tethering experiments as has been done for juvenile blue crabs in the field (Hines
and Ruiz, 1995; Pile et al., 1996).

Outbreaks of egg predatory nemerteans, rhizocephalan castrators, and dinofla-
gellates on crabs and lobsters have seriously affected or even devastated host
populations in California, British Columbia, Alaska and Scotland (e.g., Sloan,
1984, 1985; Wickham, 1986; Meyers et al., 1987; Shields et al., 1989, 1990;
Kuris et al., 1991; Field et al., 1992). During most outbreaks, environmental
factors such as hydrographic conditions and seasonal increases in water temper-
ature contributed to the development of the epizootics. Hydrographic features may
enhance transmission rates through entrainment of water masses and amplification
or retention of infectious stages. The entrainment of water and the reduction in
water mixing/flushing in the isolated fjords maintained relatively high levels of
infectious larval stages and were considered primary factors in the spread of
rhizocephalans and nemerteans on king crabs (Sloan, 1984, 1985; Kuris et al.,
1991).

The small bays, shallow backwaters and lagoons of coastal mid Atlantic and
Gulf states of the U.S.A. are ideal for the growth and spread of parasitic diseases
in the blue crab (Shields, 1994). For example, outbreaks of Hematodinium and
Paramoeba occur in regions that feature relatively closed crab populations (i.e.,
those with little immigration and emigration of juveniles and adults), high salin-
ities with, in some cases, entrainment of water through lagoonal areas (e.g., nar-
row channels with shallow sills and barrier islands/bars), and stressful physico-
chemical conditions (temperature and salinity stress, seasonal hypoxia) (Messick
and Shields, 2001).

Salinity and temperature limit the spread of Hematodinium in blue crabs (Mes-
sick et al., 1999; Messick and Shields, 2000). The ranges of several marine par-
asites and symbionts of portunid crabs are limited by low salinities (e.g., Octo-
lasmis mulleri—Walker, 1974; Loxothylacus texanus—Ragan and Matherne,
1974; Choniosphaera indica and Carcinonemertes mitsukurii—Shields and Wood,
1993) and low temperatures (e.g., Carcinonemertes mitsukurii on P. pelagicus—
Shields and Wood, 1993). Gauging impacts of salinity, temperature and hypoxia
on infections should be further examined in laboratory and mesocosm studies;
such studies would help to define the extent and range of disease impacts on the
blue crab.

The role of stressorsin crab mortalities cannot be overstated. Seasonal hypoxia
and temperature extremes are often associated with crab mortalities (Van Engel,
1982, 1987), but neither stressor has received much attention. The sudden mor-
talities in Hematodinium-infected crabs could be related to hypoxic events, es-
pecialy given the oxygen demands of the parasite and the moribund host (e.g.,
Taylor et al., 1996; Shields et al., 2003). Low temperatures are often cited by
watermen as the cause of winter mortalities of blue crabs (Van Engel, 1982, 1987).
However, parasitic diseases may also be involved. Paramoeba perniciosa is
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known to overwinter in blue crabs (Newman and Ward, 1973; Johnson, 1977),
and H. perezi may overwinter or kill overwintering crabs (Messick et al., 1999).
These parasites may represent proximal causes of winter mortalities, especially in
mid to high salinity areas. Thus, the role of diseases in winter mortalities should
be examined further.

How ARE IMMUNE FuNcTiONs CoMPROMISED BY Diseases?—While much is
known about the functional defensive responses in decapods, the interactions be-
tween pathogens and immune defenses are not well understood. The effects of
bacterial and fungal pathogens on components of the immune system have been
examined in crayfishes, crabs, lobsters, and shrimps. For general reviews on crus-
tacean immunity, see Sindermann (1971, 1990) for pertinent observations on the
older literature, and Smith and Chisholm (1992), Soderhall and Cerenius (1992),
Bachere et al. (1995), Holmblad and Soderhall (1999) for newer syntheses.

Absolute and relative decreases in hemocyte densities are diagnostic features
of pathogenic infections in blue crabs (Shields and Squyars, 2000). Hemocyte
densities may decline via several mechanisms including phagocytosis by P. per-
niciosa (Johnson, 1977), lysis from viral infections (Johnson, 1984), and physical
disruption or extracellular enzymatic degradation by H. perezi (Shields and Squy-
ars, 2000). Absolute declines in cell density have been correlated with time-to-
death in blue crabs infected with H. perezi (Shields and Squyars, 2000). Given
that many of the defensive reactions are cell-bound or cell-mediated (Smith and
Chisholm, 1992; Soderhall and Cerenius, 1992), it is no surprise that morbidity
and mortality are closely associated with the decline and loss of the hemocytes,
the primary defense of the host. The underlying causes of hemocyte loss or se-
questration, and the differential changes in hemocyte densities, coupled with the
further characterization of cell-bound defensive molecules, are critical avenuesfor
future research.

Agglutinins are lectins that function in molecular recognition of self versus
non-self. The role of agglutinins or other humoral factors in response to disease
or the development of resistance in crustaceans is not well understood. Hemag-
glutination was not affected by infection with Hematodinium (Shields et al.,
2003), but agglutination was not examined in crabs that were found to be refrac-
tory to the infection. Foreign bodies, such as human red blood cells, induced
increased agglutination titers in the blue crab, but the utility of this response was
not documented (Pauley, 1973). The presence of agglutinins was not correlated
with resistance in lobsters challenged with gaffkemia (Cornick and Stewart, 1973).
Understanding the role of agglutinins in the defensive responses of marine in-
vertebrates is a major area of research.

Insect defensins have broad specificity, do not react with eukaryotic cells, are
easily synthesized (no specialization required), and are inducible (Smith and Chis-
holm, 1992). Crab defensins are likely to be similar to insect defensins, but work
is only beginning to elucidate the role of such defensinsin crustaceans. Callinectin
is alow molecular weight peptide that occurs on the cell membranes of hemocytes
of crabs (Khoo et al., 1996; Noga et al., 1996). The peptide shows specific activity
against several marine bacteria, including Vibrio spp. (Nogaet a., 1996). Declines
in callinectin have been correlated with the presence of shell disease in crabs from
sites polluted with high levels of phosphates and metals (Noga et al., 1994).
Continued work on these low molecular weight peptides and their relation to
insect defense systems will clearly be an avenue worth exploring.

FUTURE RESEARCH PRIORITIES

Diseases are important to the blue crab fishery. Yet, studying a pathogen be-
cause it affects a fishery is never enough to attract funds. As in all fisheries, the
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conundrum lies in convincing resource managers that diseases do indeed impact
the fishery. Pathogenic diseases have obvious negative impacts on individuals,
but extrapolation to host populations and their dynamics can be difficult. Increas-
ingly, research must show how to manage diseases in fished populations. Simple
strategies may work such as taking precautions to limit the spread of disease (e.g.,
destroying infected animals, culling on station), or by incorporating changes in
stock assessment models that require lowering catch limits in epizootic years, or
by incorporating disease-induced mortality in overall mortality rates. That is, there
must be application to the management of the resource. Other resource strategies,
such as overfishing enclosed regions, and harvesting females to reduce the prev-
alence of pathogens, have received attention in the literature (Kuris and Lafferty,
1992).

Understanding the biology of the pathogen is critical to the success of any
control efforts to mitigate the impact of the disease. Information is urgently need-
ed on the transmission of several disease agents and the resulting mortality of the
blue crab. Transmission and mortality studies are clearly the required first step in
identifying the potential threat of a pathogen to blue crabs. Understandably, most
studies will have to rely on artificial methods of infection like inoculation, or
feeding infected tissues. However, water-borne transmission via contact and direct
invasion of the host are probably the major avenues for many of the disease
agents. Cannibalism may serve as a route of transmission of several pathogens
as crabs are known cannibals, and infected crabs are often more susceptible to
predation. The effect of diseases on predation rates is clearly important, but few,
if any studies have examined possible relationships.

The development of molecular probes would enhance our understanding the
life history, pathology and host-pathogen relationships for several agents. For
example, the life cycle, life history and taxonomy of Hematodinium perezi may
be clarified through specific PCR primers and DNA probes. Amphipods and other
crabs may serve as hosts in the life cycle of H. perezi and molecular probes will
help to identify whether these hosts are involved in transmission. Further, molec-
ular probes could resolve potential affinities between Paramoeba perniciosa from
the blue crab and the Paramoeba-like organism from lobsters from Long Island
Sound. The rapid diagnosis of new pathogens such as Paramoeba-like organisms
is critical to evaluating the potential threat of the disease to that fishery.

Identification of the environmental factors that contribute to epizootics should
also be considered a high research priority. Laboratory studies should continue to
identify the effects of specific factors such as temperature, salinity, dissolved
oxygen on the growth and survival of the pathogens of blue crabs. When the
roles of these factors are understood, they should be coupled with GIS to predict
transmission, scale of impact, and spread of the disease agent.

In conclusion, epizootics of several pathogens occur in blue crabs with some
regularity. They are frequently associated with high salinity waters, and, in some
cases, with high water temperatures. The hydrography of the coastal region of the
Eastern United States (mid Atlantic and Gulf of Mexico) may facilitate the spread
of epizootics by retaining infected crabs in lagoonal waters, and by entraining or
focusing the infectious agents in dense populations of the blue crab. The impact
of disease agents on populations of the blue crab are not well understood, but as
shown for H. perez, infections in juveniles can reach very high prevalences (Mes-
sick, 1994; Messick and Shields, 2000) with potentially high mortality rates
(Shields and Squyars, 2000). Given that agencies in several states annually survey
blue crab populations, it would be prudent to incorporate monitoring of certain
agents such as Loxothylacus texanus, shell disease, and, if possible, Hematodinium
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perezi, in these surveys to enhance our understanding of the impacts of these
agents in populations of the blue crab.
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