
INTRODUCTION

The parasitic dinoflagellates in the genus Hemato-

dinium and Hematodinium-like species (hereafter re-

ferred to as Hematodinium) have recently gained

attention as pathogens of commercially important

crustaceans. Several studies have described major

epizootics that have damaged fisheries for snow crabs

Chionoecetes opilio, blue crabs Callinectes sapidus and

Norway lobsters Nephrops norvegicus. Affected hosts

undergo dramatic pathological alterations to their

organs, tissues and haemolymph. Such alterations have

effects at several organizational levels and provide chal-

lenging problems for study. For example, at the commer-

cial level, biochemical alterations to the meat of patently

infected Tanner crabs C. bairdi and snow crabs causes a

condition known as bitter crab disease (BCD) or bitter

crab syndrome that renders them unmarketable, with a

single infected crab ruining the flavor of an entire batch

of processed crabs (Meyers et al. 1987, Taylor & Khan

1995). At the population level, infections often have ex-

tremely high prevalences in juvenile and female hosts,

with the potential for dramatic, but cryptic effects on

host populations (Meyers et al. 1987, Wilhelm & Mialhe

1996, Messick & Shields 2000, Stentiford et al. 2000a,

2001b,c,d, Pestal et al. 2003, Shields et al. 2005). At the

organismal level, physiological and biochemical disrup-

tions to the muscles and other organs substantially alter

the metabolism of infected hosts providing insights into

the host’s physiology as well as immune defences (Tay-

lor et al. 1996, Stentiford et al. 2000a,b, 2001a,b, 2003,

Shields et al. 2003). At the molecular level, much re-

mains to be done for there are numerous questions to re-

solve regarding the life cycle, the use of alternate hosts,

host specificity, and how these parasites move through

host populations. 
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We believe that Hematodinium is one of the most

economically significant diseases of Crustacea and

ranks among viral diseases in shrimp, and gaffkemia

infection in the American lobster in terms of the impact

to fisheries and host populations. As such, we present a

synthetic review of Hematodinium. Included in this

review is an assessment of the current taxonomic

status of these parasites, appraisal of the methods used

for diagnosis of infection, evaluation of the patho-

physiological effect of disease, analysis of the epi-

zootiology of disease caused by Hematodinium, with

links to transmission and life history of the parasite,

and finally, the potential for economic damage caused

by these infections. We attempt to identify gaps in cur-

rent knowledge and to highlight important directions

for future research in this field.

SYSTEMATIC OVERVIEW

Parasitic dinoflagellates infect algae, protozoans, an-

nelids, crustaceans, molluscs, salps, ascidians, rotifers,

and fishes (Cachon & Cachon 1987, Shields 1994,

Coats 1999). At present, approximately 35 genera

within 4 botanical orders; the Phytodiniales, Gymono-

diniales, Blastodiniales, and Syndiniales, contain spe-

cies that are known to be parasitic; the latter 2 orders

consist entirely of parasitic taxa. 

Interestingly, the dinoflagellates share certain affini-

ties with the Ciliophora and the Sporozoa (Apicom-

plexa) placing them collectively in the superphylum

Alveolata (Gajadhar et al. 1991). Morphologically, they

all possess a trilaminar alveolate pellicle (Cavalier-

Smith 1993) and have distinct molecular affinities

(Gajadhar et al. 1991). Recently, micropores, orga-

nelles for endocytosis, were observed in the filamen-

tous trophont (cf. vermiform plasmodium) and amoe-

boid trophont stages of Hematodinium parasites from

Nephrops norvegicus (Appleton & Vickerman 1996).

Micropores are an important morphological feature of

the Apicomplexa and are also common to the Alveo-

lata. Nonetheless, details of mitosis are quite different

between these phyla and morphologically there are

few other similarities.

Systematically, the genus Hematodinium belongs in

the family Syndiniceae, order Syndinida (Syndiniales

to botanists). Members of the Syndinida have life cycles

consisting of at least 3 phases: a multinucleate

plasmodial stage, a vegetative phase (trophont, pro-

duced via merogony) and an asexual reproductive phase

(sporont produced via sporogony). In the Syndinida,

sporogony leads to the formation of 2 dissimilar forms of

biflagellate dinospores (‘swarmers’) that arise from

different parent infections and ensure dispersal and new

infection (Cachon & Cachon 1987). Meiosis and

gamogony have not been described for members of

the genus Hematodinium; the macrodinospores and

microdinospores appear to be products of sporogony and

have similar DNA content as other stages (Eaton et al.

1991). 

Virtually all of the Syndinida are parasitic in the

haemocoels of invertebrate hosts. They occur primarily

as plasmodial forms that rapidly divide and grow until

they undergo sporogony to produce a motile spore

stage. The plasmodial stage has no chloroplasts and

obtains nutrition via osmotrophy during the trophic

phase, where lipid and polysaccharide inclusions sug-

gest active feeding at the expense of the host. Sporoge-

nesis is simple with multiplication of the nuclei, plas-

modial and cytoplasmic divisions occurring to produce

sporocysts, following which the biflagellate zoospores

are produced and liberated (Cachon & Cachon 1987).

Four genera of syndinids are parasitic in crustaceans;

Actinodinium, Trypanodinium, Syndinium and Hema-

todinium. Of these, Actinodinium in copepods and

Trypanodinium on copepod eggs have not been well

documented, while Syndinium and especially Hemato-

dinium have been better studied (see Shields 1994 for

review). Infections by S. turbo, S. corycaei and S. gam-

mari have been described in copepods and amphipods

where infection presumably occurs via ingestion of

dinospores by the host (Manier et al. 1971). 

Taxonomy and systematics

Members of the genus Hematodinium are primarily

parasites of decapod crustaceans. They can be identi-

fied as dinoflagellates on the basis of their typical

dinokaryon (or mesokaryon, Chatton 1920), the alveo-

late pellicle, the presence of naked, athecate gymnodi-

noid dinospores (or zoospores), and the classic form of

mitosis known as dinomitosis (similar to that reported

for the genus Syndinium, see Ris & Kublai 1974). Due

to their lack of distinct characteristics and their poorly

understood life cycles, there are only 2 described spe-

cies of Hematodinium. The type species, H. perezi, was

first described from the portunid crabs Carcinus mae-

nas and Liocarcinus depurator off Luc-sur-Mer and

Roscoff, on the coast of Normandy, France, and off

Banyuls-sur-Mer, on the Mediterranean coast of France

(Chatton & Poisson 1931). Unfortunately, Chatton &

Poisson (1931) may have selected the wrong hosts for

study because at the time, only 3 of 470 L. depurator

and a few of 3000 C. maenas were infected. Since then,

H. perezi, or a closely related species, has been

reported in epidemics from Cancer pagurus (Latrouite

et al. 1988, Stentiford et al. 2002) and Necora puber

(Wilhelm & Boulo 1988, Wilhelm & Mialhe 1996) off

Brittany, France, and from the English Channel (Sten-
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tiford et al. 2003). A second species, H. australis, was

described from Australia (Hudson & Shields 1994). It

was separated from H. perezi on the basis of size of the

vegetative stage (trophont), the presence of rounded

plasmodial stages and the austral location. Molecular

studies later supported the separation of H. australis

from other known forms of Hematodinium (Hudson &

Adlard 1996), but to date there have been no molecular

or ultrastructural studies on the type species from the

type host. The Hematodinium parasite from Nephrops

norvegicus (Field et al. 1992) and that from Chionoe-

cetes bairdi (Meyers et al. 1987) are no doubt new spe-

cies, but until there is comparative work with the type

species, it will remain difficult to place them within the

genus. This lack of comparative study with the type

species has hampered the taxonomy of the group. At

present, there are only a few characteristics that can be

used to distinguish among species. The presence in a

crustacean host, the hemolymph-dwelling filamentous

plasmodial stages, and the high intensity infections

with amoeboid trophonts and their ever-present dino-

karyon lead to the diagnosis of Hematodinium. The

presence of the motile vermiform plasmodium, or fila-

mentous trophont of Appleton & Vickerman (1998), may

be of significance in the taxonomy of the genus as it

only occurs in C. maenas (Chatton & Poisson 1931),

Callinectes sapidus (Newman & Johnson 1975, Messick

1994, Shields & Squyars 2000) and N. norvegicus (Field

et al. 1992). It has not been reported for infections in C.

bairdi (Meyers et al. 1987, Eaton et al. 1991), but a fila-

mentous form has been observed in tissue preparations

of C. opilio from Newfoundland (J. D. Shields unpubl.

data). 

DNA-based molecular diagnostics techniques are ap-

plicable to Hematodinium. Nucleotide sequences of a re-

gion of the small subunit rDNA (SSU rDNA) have been

identified from several isolates of Hematodinium from a

number of decapod species (Hudson & Adlard 1994,

1996, Bower et al. 2003); and that from Hematodinium

sp. isolated from Callinectes sapidus is available at Gen-

Bank (accession no. AF421184 and AF286023) (Gruebl et

al. 2002). While their study did not include the type

genus and species (H. perezi ex Carcinus maenas), Hud-

son & Adlard (1996) found substantial sequence varia-

tion among the different species of Hematodinium from

Nephrops norvegicus, Chionoectes bairdi and C. sapi-

dus. However, although recent studies have shown that

parasites detected in other crab species (such as C. tan-

neri) are indeed species of Hematodinium, for further

definition to species level using molecular-based tech-

niques, other regions of the genome (such as the ITS re-

gion of the rDNA) must be analysed (Bower et al. 2003).

That is, the existing DNA probes used for the detection

of Hematodinium appear to be genus specific and not

species specific (J. D. Shields pers. obs.). However, PCR

primer sets are useful for diagnosing Hematodinium and

have been used for verification of infections (Gruebl et

al. 2002, Stentiford et al. 2002, Sheppard et al. 2003). 

Parasite life history

The life cycle of the type species, Hematodinium

perezi, is unknown. However, the Hematodinium

parasite isolated from Nephrops norvegicus has been

grown in culture (Appleton & Vickerman 1998). Macro-

and microdinospores give rise to the filamentous

trophont that develops into an assemblage of filamen-

tous forms known as a ‘Gorgonlocks’. The vermiform

filamentous trophont has been described from the

hepatopancreas of N. norvegicus (Field & Appleton

1995, 1996) and appears to be identical to the motile

vermiform plasmodium of Chatton & Poisson (1931)

and Shields & Squyars (2000). The Gorgonlocks devel-

ops into either a ‘clump’ colony that develops into more

filamentous trophonts, or it develops into a bizarre

web-like plasmodial mass known as an arachnoid

trophont. This becomes an enlarged arachnoid sporont

that undergoes sporogony to produce sporoblasts that

then develop into the macro or micro form of the
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Fig. 1. In vitro life cycle for Hematodinium from Nephrops

norvegicus. Taken from Appleton & Vickerman (1998). Image 
courtesy of Cambridge University Press, UK
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dinospore (Fig. 1). Appleton & Vickerman (1998) spec-

ulate that the high intensity infections observed by

most researchers probably represent sporoblasts

(which lead to sporogony) rather than trophic stages,

but, this is unlikely given that several authors have

reported similar forms in lightly infected Callinectes

sapidus and Chionoecetes opilio (Meyers et al. 1987,

Eaton et al. 1991, Love et al. 1993, Messick & Shields

2000, Shields & Squyars 2000).

Partial life cycles are known from Hematodinium

parasites from 2 other host species. Eaton et al. (1991)

documented the progression of life history stages pre-

sent within the hemolymph of Hematodinium sp. from

Chionoecetes bairdi. The ovoid plasmodial trophont

produced vegetative cells (ameboid trophonts) that

later developed into prespores and dinospores (Meyers

et al. 1987, 1990). Macrodinospores were 12 to 14 µm

in size and microdinospores were 7 to 9 µm in size

(Meyers et al. 1987, 1990, Eaton et al. 1991). Macro-

dinospores may have developed into filamentous

trophonts in culture (p. 213 in Meyers et al. 1987), but

they were not recognized as such at the time. 

The life cycle of the Hematodinium sp. isolated from

Callinectes sapidus has not been fully described, but

certain life history stages may be shared by it and H.

perezi. Within the crab, its life cycle appears different to

that of the parasite isolated from Nephrops norvegicus

(Fig. 1). In C. sapidus, the vermiform plasmodium (cf.

filamentous trophont) undergoes budding to reproduce

more plasmodia, or it undergoes an apparent merogony

analogous to the schizogonous segmentation of malarial

parasites (Shields & Squyars 2000), perhaps hinting at

affinities within the superphylum Alveolata. The vege-

tative amoeboid trophonts separate during segmen-

tation, and in turn undergo fission to produce additional

trophonts. At some point in their development (perhaps

as a result of high cell densities), the amoeboid trophonts

undergo a final fission to produce a rounded trophont

(cf. sporoblast?) that then undergoes an apparent

sporogonal division to produce 4 dinospores. However,

in recent culture studies, several stages of the parasite

from the blue crab appear similar to those described from

N. norvegicus (Fig. 2, J. D. Shields & H. J. Small unpubl.

data). Clearly, future studies need to resolve differences

in the life history stages of in vitro cultures with those

observed in histological sections. 

While it is premature to discuss differences in the life

cycle between ‘species’ of Hematodinium, there are

nonetheless some key points that need further exami-

nation. The development of the filamentous trophonts
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(cf. vermiform-like plasmodial stage) into the ‘Gor-

gonlocks’ morphology and the apparent arachnoid-

like morphology described from the hepatopancreas

of the Nephrops norvegicus (Field & Appleton 1995,

Appleton & Vickerman 1998) have not been observed

within Callinectes sapidus (Shields & Squyars 2000,

J. Shields unpubl.). In C. sapidus, the vermiform

plasmodium (cf. filamentous trophont) rarely forms a

Y-shaped morphology and never forms large aggre-

gates except in cultures (Fig. 3; J. D. Shields & H. J.

Small, unpubl. data). However, the parasite in Chio-

noecetes opilio from Newfoundland has an apparent

sheet-like plasmodial form in the hepatopancreas

(Fig. 4) that resemble the arachnoid sporont and sporo-

blast stages described in the life cycle of the parasite

isolated from N. norvegicus. Thus, the morphology of

the multinucleate forms that occur early in the devel-

opment of the infections could be taxonomically useful.

Furthermore, histological analysis of the hepatopan-

creas may prove fruitful to the taxonomy of Hemato-

dinium because the early life history stages of the dif-

ferent parasites apparently have a predilection for this

organ and develop or entwine around it (cf. Field &

Appleton 1996). Sustained in vitro cultures of Hemato-

dinium isolated from N. norvegicus are not infectious

(Appleton & Vickerman 1998), nor have infections

been passed serially from infected hosts to naïve hosts.

This may result from a loss of infectivity or viability in

cultured parasites, the lack of an appropriate infectious

stage in inoculation trials, or to some host factor that

infers a resistance to infection in some animals. Vege-

tative stages (ameboid trophonts) from primary cul-

tures grown in sterile hemolymph were successful in

establishing infections in C. bairdi, but inoculations

with sporulating prespores did not produce infections

(Meyers et al. 1987). Vegetative stages of Hemato-

dinium from C. sapidus retained their infectivity after

1 wk of culture in a modified Appleton & Vickerman
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Fig. 3. In vitro life stages of Hematodinium from Callinectes sapidus. (A) Vermiform plasmodia; scale bar = 50 µm. (B) Trophont;
scale bar = 50 µm. (C) Arachnoid trophont/clump colony, low power; scale bar = 100 µm. (D) Arachnoid trophont/clump colony;

scale bar = 150 µm
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(1998) medium (J. D. Shields unpubl.). This medium,

less fetal bovine serum, has been routinely used as a

buffer for challenge studies with the parasite (Shields

& Squyars 2000). The exact mode of transmission of

Hematodinium to new susceptible hosts has not been

fully investigated. Infections have been transmitted to

uninfected hosts via inoculations of infected haemo-

lymph for C. bairdi (Meyers et al. 1987), C. sapidus

(Shields & Squyars 2000), and Portunus pelagicus

(Hudson & Shields 1994). Inoculations experiments

have also shown that filamentous trophonts and vege-

tative, amoeboid trophonts are capable of establishing

infections (Meyers et al. 1987, Hudson & Shields 1994,

Shields & Squyars 2000). Further, both micro- and

macrospores can produce infections when inoculated

into C. bairdi (Eaton et al. 1991). 

Whereas the dinospore may be the infective stage, in

most parasitic dinoflagellates of marine crustaceans, it

is not known whether the dinospore is a true transmis-

sive stage or simply an intermediate stage preceding a

resting cyst or some other non-parasitic stage (Shields

1994). The former theory is attractive because Apple-

ton & Vickerman (1998) have shown that culture of

dinospores leads directly to the development of fila-

mentous trophonts (cf. vermiform plasmodium) in

vitro. Sporulation from the trophont stage to the

dinospore stage has been observed in several cultures

of Hematodinium from Nephrops norvegicus, but in

such cases, it was neither synchronous, nor abundant

(Appleton & Vickerman 1998). In laboratory infections,

sporulation in Callinectes sapidus can be synchronous

and occurs at least once or twice during an infection,

with each event lasting from 2 to 4 d (Shields &

Squyars 2000). During synchronized sporulation, dino-

spore density can reach extraordinarily high levels,

1.6 × 108 dinospores ml–1; levels far higher than those

reported from harmful algal blooms (e.g. Hallegraeff

1993, Smayda 1997). Sporulation in C. sapidus can also

be asynchronous and at low densities, possibly account-

ing for the low number of hosts reportedly sporulating

(Shields & Squyars 2000). In N. norvegicus, sporulation

is more or less synchronous, with almost complete

exsporulation from the infected host (Appleton &

Vickerman 1998). Dinospores have been shown to exit

the infected host via the gills in N. norvegicus (Apple-

ton & Vickerman 1998), Chionoecetes bairdi (Love et

al. 1993), C. sapidus (Shields & Squyars 2000) and

Cancer pagurus (Fig. 5). Although, sporulation was not

necessarily fatal in C. sapidus, heavily infected N.

norvegicus and C. bairdi died within hours of sporula-

tion (Love et al. 1993, Stentiford et al. 2001b). The

moult stage of the host is also important to transmis-

sion, but the data are circumstantial indicating that

hosts obtain infections during ecdysis or shortly there-

after (see ‘Host Factors’). Further studies on the passive

uptake and/or the natural route of entry of these stages

are required to confirm this mode of transmission. 

Meyers et al. (1996) found potential evidence for

sexual transmission of Hematodinium in Chionoecetes

bairdi with parasites present in the seminal fluids of

the vas deferens in a few males, but the importance

of this potential route of infection needs further work. 

As with many protozoan infections in crabs, canni-

balism is a possible mode of transmission for Hemato-

dinium. While Hudson & Shields (1994) were unable to

transmit Hematodinium to Portunus pelagicus via

ingestion of infected crab flesh, Sheppard et al. (2003)

have reported successful transmission of disease to

naïve Callinectes sapidus via ingestion. Both C. sapi-

dus and Chionoecetes opilio are avid cannibals; con-

specifics represent up to 25% of their diet (Laughlin

1982, Alexander 1986, Wieczorek & Hooper 1995,
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Fig. 4. Sheet-like plasmodia of Hematodinium. (A) Sinuses of heart; scale bar = 150 µm. (B) Hepatopancreas of Chionoecetes opilo

from Newfoundland; scale bar = 75 µm. H&E staining
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Lovrich & Sainte-Marie 1997, Moksnes et al. 1997,

Squires & Dawe 2003). Thus, cannibalism may be an

efficient alternate mode of transmission for Hemato-

dinium, for some host species.

Diagnosis of Hematodinium infections

A range of methods has been developed for the

detection and assessment of Hematodinium infections

in crustaceans. Externally, an increased opacity of the

carapace of infected hosts often occurs in conjunction

with a pronounced hyperpigmentation, particularly

with advanced infections. Thus, the simplest diagnos-

tic method involves an external assessment of the

opaquely discoloured carapace that can be performed

rapidly in the field. This method has been used as a

field diagnostic tool for Hematodinium infection of

Nephrops norvegicus in Scottish, Swedish and Irish

waters (see Field et al. 1992, Tärnlund et al. 2000, Sten-

tiford et al. 2001c, Briggs & McAliskey 2002, respec-

tively), for Cancer pagurus in the English Channel

(Stentiford et al. 2002), for Chionoecetes bairdi from

Alaskan waters (see Meyers et al. 1987, 1990) and for

C. opilio from Newfoundland (Taylor & Khan 1995,

Dawe 2002, Pestal et al. 2003, Shields et al. 2005).

However, while this method remains useful for the

detection of advanced cases in heavily infected hosts, it

does not detect low-level ‘sub-patent’ or potentially

sub-patent (low-level, tissue-based) infections (see

Meyers et al. 1987, Shields & Squyars 2000, Stentiford

et al. 2001c, Pestal et al. 2003), nor is it useful for infec-

tions in temperate species such as Callinectes sapidus

(J. D. Shields pers. obs.). Using a double sampling and

cluster sampling approach, the epidemiological char-

acters of specificity and sensitivity were analyzed to

correct for the underestimation of prevalence on the

basis of visual diagnosis alone (Pestal et al. 2003). In C.

opilio from Newfoundland, the specificity of visual

diagnosis of infection was shown to be high indicating

that the discolouration of the carapace by the parasite

was pathognomic for the disease and that visual diag-

nosis was accurate for assessing this discolouration.

However the sensitivity was moderate, indicating that

visual diagnosis was essentially missing 48% of the

infections. 

Pleopod staging is a method for diagnosing Hemato-

dinium and evaluating the severity of infection in

Nephrops norvegicus (Field et al. 1992, Field & Apple-

ton 1995). A pleopod is removed from the abdomen and

assessed for the presence of parasites using low-power

microscopy. This method, which assigns a score (0–4)

based on the severity of infection, has been used in field

studies of Hematodinium infections in populations of N.

norvegicus from the west coast of Scotland (Field et al.

1992, Field et al. 1998, Stentiford et al. 2001c). It allows

for the detection of 4 to 50% more infected lobsters,

than the carapace discolouration method. For male por-

tunids, an assessment of the propodus of the 5th (swim-

ming) leg has proved useful as this limb article is often

flattened enough for low-power microscopic examina-

tion (Messick 1994), but pleopodal staging it is not

universally applicable for diagnosis of Hematodinium

infections in many species because male hosts do not

possess adventitious pleopods.

For diagnosis of Hematodinium infection in crabs, the

most reliable, cost-effective, permanent method is micro-

scopic determination of prepared slides for the presence

of parasites in the haemolymph. A standard haemo-

lymph smear followed by methanol fixation and staining

with a suitable histological stain such as Giemsa or

haematoxylin and eosin provides consistent results (see

Meyers et al. 1987, Love et al. 1993, Hudson & Shields

1994, Messick 1994, Taylor & Khan 1995, Wilhelm &

Mialhe 1996, Messick & Shields 2000). Preferred, how-

ever, is a wet smear prepared on a poly-L-lysine-coated

slide, that is rapidly fixed in Bouins solution or 10% neu-

tral buffered formalin, then processed through a routine

haematoxylin and eosin procedure or a modified Giemsa

(Messick 1994; Messick & Shields 2000, Shields &

Squyars 2000, Pestal et al. 2003). These techniques can

easily be modified for shipboard sampling to avoid

spillage of fixatives (Pestal et al. 2003). 
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Fig. 5. Sporulation of Hematodinium in Cancer pagurus. Para-
sites (later identified as macrodinospores) emerge as plumes
from the mouth and gill cavities of the infected host (arrows).
Death ensued within a number of hours. Image courtesy of
Dr. Sue Marrs, North Atlantic Fisheries College, Shetland, UK
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Fresh hemolymph smears with Hematodinium para-

sites can be difficult to diagnose. The vermiform plas-

modium (cf. filamentous trophont) is the most easily

identified form, but the vegetative, amoeboid stage is

that most frequently observed and to the uninitiated, it

is easily confused with a hemocyte. Indeed, Hemato-

dinium infections in blue crabs have been described as

a ‘neoplastic granulocytemia’ (Newman 1970). How-

ever, Neutral Red is an excellent vital stain for the

parasite in fresh hemolymph at least for H. perezi in

green crabs (Chatton & Poisson 1931) and infections in

blue crabs (J. D. Shields unpubl. data). The dye is

taken up by into the lysosomes of the parasite and host

hemocytes acquire little of the stain. Neutral Red has

the advantage of providing a visual contrast and can

thus be used for diagnostic purposes (Fig. 6). However,

Neutral Red does not stain Hematodinium from

Nephrops norvegicus (H. J. Small unpubl. data), and,

thus is not a good indicator for Hematodinium infec-

tions in general. Janus Green has also been used as a

vital stain (Chatton & Poisson 1931) but its use as an

indicator of infections has not been evaluated.

An indirect immunofluorescent antibody technique

(IFAT) was developed using antibodies raised against

cultured Hematodinium parasites originally isolated

from Nephrops norvegicus (Field & Appleton 1996,

Appleton & Vickerman 1998). The IFAT revealed that

some apparently uninfected N. norvegicus harboured

sub-patent infections (Field & Appleton 1996). The

development of a Western-blot technique using these

antibodies allowed for the objective monitor-

ing of Hematodinium infection in the N.

norvegicus fishery, providing more accurate

data on infection-associated mortality for po-

tential use in stock assessment models (Sten-

tiford et al. 2001d). Further, an ELISA-based

diagnostic has since been developed and it

can provide an even more rapid diagnosis of

the disease in this species (Small et al. 2002).

The development of PCR- and ELISA-

based diagnostics for the detection of Hema-

todinium will lead to new advances in our un-

derstanding of the pathologies, life histories,

and induced host mortalities. A 680 bp prod-

uct was originally amplified from the 3’ end of

the SSU region of the 18s ribosomal DNA

(Hudson & Adlard 1994). A sequence of this

product was shown to be specific to Hemato-

dinium (Hudson & Adlard 1996). Comparison

of sequences from several infected hosts indi-

cated that Hematodinium in Callinectes

sapidus was different from those in Nephrops

norvegicus, Chionoecetes bairdi and C.

opilio, and that parasites in the latter 2 hosts

from off Alaska were quite similar. Additional

primer sets have been developed for the Hemato-

dinium parasites in C. sapidus (Gruebl et al. 2002,

Sheppard et al. 2003). Using these new primers,

several sub-patent infections were detected in blue

crabs. Further, the sensitivity of the primer set was esti-

mated at 1 parasite cell per 300,000 host hemocytes.

While PCR-based diagnostics are unlikely to be useful

for large-scale field monitoring of infections, ELISA-

based methods, such as that developed by Small et al.

(2002), are highly sensitive and could be applied in

field situations. Lastly, the expression and sequencing

of elements of the parasite’s genome using the PCR

technique is likely to prove fruitful in establishing the

taxonomic link between Hematodinium perezi and the

Hematodinium-like parasites infecting other crus-

tacean hosts, for studies on the life cycle and possibility

of vectors in the life cycle, for detection of over-winter-

ing and for cryptic infections and can also be used for

detecting low level infections established during labo-

ratory transmission studies (e.g. using in situ hybridisa-

tion techniques on histological preparations). 

PATHOLOGY OF INFECTION

External observations

A common feature of Hematodinium infections is a

hyperpigmentation of the carapace of the host which is

often accompanied by a ‘chalky’ or ‘cooked’ appear-
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Fig. 6. Wet preparation of Hematodinium trophonts isolated from Calli-

nectes sapidus showing retention of neutral red within large lysosomes.
Inset: unstained granulocyte from same specimen. Scale bars = 20 µm
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ance and a discolouration of arthrodial membranes

and genital pores in females (e.g. see Fig. 1 in Pestal

et al. 2003). Though the mechanisms for this colour

change have not been investigated, a number of

studies have given clues as to its causality, such as

glycogen depletion or hormonal disruption. Glycogen

is depleted in patent infections of Hematodinium

(Stentiford et al. 2000b, Shields et al. 2003). As glyco-

gen is required for the synthesis of chitin (Stevenson

1985), it is possible that a reduction in glycogen could

lead to alterations in chitin deposition to the exoskele-

ton, and in turn to its altered colouration and trans-

lucency. Because Hematodinium infections appear

more prevalent in recently moulted hosts (Meyers et al.

1987, Eaton et al. 1991, Wilhelm & Mialhe 1996, Field

et al. 1998, Stentiford et al. 2001c, Shields et al. 2005),

it is plausible that the depletion of glycogen reserves

interfere with the normal deposition of new chitin.

Alternatively, recent evidence has suggested that

hormonal disruption can occur during Hematodinium

infection in Nephrops norvegicus (Stentiford et al.

2001a). Although, not specifically tested, an alteration

in the synthesis and release of various pigment dis-

persing and concentrating hormones, similar to that

described for the crustacean hyperglycaemic hormone

(CHH) (Stentiford et al. 2001a) could be responsible

for the colour changes observed in infected hosts. 

Hemolymph

Circulating hemocytes of normal, healthy crusta-

ceans play a role in wound repair, clotting, phagocyto-

sis, nodulation and encapsulation of foreign material,

tanning of the cuticle, carbohydrate transport, glu-

cose regulation, haemocyanin synthesis, and possibly

osmotic regulation (e.g. Bauchau 1981). Crabs and

lobsters infected with Hematodinium exhibit hemo-

cytopenia, or a decline in hemocytes, with infection

(Shields 1994, Field & Appleton 1995, Shields &

Squyars 2000). However, quantitative data on changes

in hemocyte densities have only been reported for one

host species. Experimentally infected Callinectes sapi-

dus showed a significant and rapid decline in absolute

densities of circulating hemocytes (48% decline)

within 3 d, and an even more dramatic decline (70 to

80%) within 21 d of inoculation (Shields & Squyars

2000). Relative declines were noted primarily in hya-

linocytes, hemocytes that function in coagulation and

clot formation. Similar changes were noted in the

hemograms of naturally infected crabs. Interestingly,

hemograms from several crabs that were refractory to

infection showed relative increases in granulocytes

with relative declines in semigranulocytes and no

changes in densities of hyalinocytes. The hemograms

of these crabs were essentially identical to that of

the uninfected crabs 40 d after exposure (Shields &

Squyars 2000).

Hematodinium can exhibit rapid logarithmic growth

within a host (Shields & Squyars 2000). The resulting

massive number of parasites during patent Hemato-

dinium infections likely imparts the opaque to creamy

colouration to the hemolymph of infected hosts (New-

man & Johnson 1975, MacLean & Ruddell 1978,

Meyers et al. 1987, Field et al. 1992, Love et al. 1993,

Hudson & Shields 1994, Messick 1994, Shields 1994,

Field & Appleton 1995, Taylor & Khan 1995, Wilhelm

& Mialhe 1996, Taylor et al. 1996, Shields & Squyars

2000, Stentiford et al. 2002). The hemolymph of 

heavily infected crabs also shows a distinct coagu-

lopathy, or lack of clotting ability (Meyers et al. 1987,

Hudson & Shields 1994, Shields & Squyars 2000). Loss

of clotting of the hemolymph is common to many

microbial and parasitic infections of decapods. The

clotting mechanisms may be specifically suppressed or

reduced as indicated by hemocytopenia, more spe-

cifically the decline in hyalinocytes, which regulate

coagulation (Bauchau & DeBrouwer 1972, Ghidalia et

al. 1981, Durliat 1989, Hose et al. 1990, Martin et al.

1991, Shields & Squyars 2000). Pauley et al. (1975)

suggested that the lack of clotting in Paramoeba infec-

tions in the blue crab was due to alterations of the

hemolymph resulting from parasite-modulated prote-

olytic activity or from the loss of serum fibrinogen as a

component of the total serum protein. Such alterations

occur in the hemolymph of Callinectes sapidus in-

fected with Hematodinium (Shields et al. 2003), but

their role in coagulopathies remains to be determined.

Muscle

Muscle is the main commercial product extracted

from crustaceans. During Hematodinium infections,

the gross appearance of the musculature of the host

is altered in terms of its water content, mechanical

structure and texture (Meyers et al. 1987, Field et al.

1992, Messick 1994, Hudson 1995, Wilhelm & Mialhe

1996). Considerable alterations occur in the bio-

chemistry of the abdominal musculature of Nephrops

norvegicus during Hematodinium infection, with only

a slight increase in water content (Stentiford et al.

2000b). In a study on the pathology of Hematodinium

infection of N. norvegicus, Field & Appleton (1995)

recorded the presence of uninucleate plasmodia and

syncitial networks in the abdominal muscle fibre in-

terstices, with a concomitant decrease in connective

tissue. A similar finding was reported for infected

Portunus pelagicus (Hudson & Shields 1994). Field &

Appleton (1995) also reported lysis of peripheral fibre
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regions and a separation of the sarcolemma from the

myofibrils. These findings were later confirmed by

electron microscopy (Stentiford et al. 2000b). For

Hematodinium infections in Cancer pagurus, the

histopathological alteration in the muscle was more

severe, with almost complete degeneration of the claw

musculature (Stentiford et al. 2002). In this case, the

remaining intact muscle fibres also showed a separa-

tion of the sarcolemma from the contractile myofibrils

at the fibre periphery. This was in contrast to the mild

pathology of the abdominal muscle recorded in N.

norvegicus, which showed severe disorganisation of

filaments in the region of the Z-line (Stentiford et al.

2000b). Muscular degeneration also occurs in Chio-

noecetes opilio that are heavily infected with Hemato-

dinium but the nature of this pathology remains to be

determined (Fig. 7, J. D. Shields unpubl. data). 

Hepatopancreas

The hepatopancreas of decapod crustaceans produces

digestive enzymes and facilitates the absorption and

storage of nutrients. Physiological abnormalities

caused by disease are likely to be manifested in this

organ (e.g. Johnson 1980). The hepatopancreas is often

extracted from crustaceans, particularly crabs, as an

important food product known as ‘tamale’ or ‘brown

meat’. In Nephrops norvegicus, the filamentous

trophonts and early arachnoid sporont have an apparent

predilection for the hepatopancreas (Field & Appleton

1996, Appleton & Vickerman 1998, Stentiford et al.

2001d). Parasites have been observed in close associa-

tion with, and possibly even attached to, the basal lamina

of the hepatopancreas (Stentiford et al. 2003) (Fig. 8). In

patently infected hosts, the hepatopancreas exhibits a
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Fig. 7. Muscular pathology in Chionoecetes opilio infected with Hematodinium. (A) Heart showing dilation of hemal sinuses with
massive infiltration by parasitic cells; scale bar = 200 µm. (B) Heart with no infiltration of pericardium but dilation of hemal
sinus with large masses of parasites; scale bar = 200 µm. (C) Heart, uninfected crab for comparison; scale bar = 200 µm. (D) Claw 

musculature showing dilation of hemal spaces and degeneration of musculature; scale bar = 300 µm. H&E staining
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loss of structural integrity and is often coated with

creamy, friable deposits (see Meyers et al. 1987, Field et

al. 1992, Field & Appleton 1995, Stentiford et al. 2002).

During patent infections, the haemal arterioles of the

hepatopancreas are grossly dilated and filled with large

numbers of parasitic plasmodial cells (MacLean & Rud-

dell 1978, Meyers et al. 1987, Hudson & Shields 1994,

Field & Appleton 1995, Wilhelm & Mialhe 1996, Stenti-

ford et al. 2002). In heavy infections, the hepatopancre-

atic tubules degenerate and parasites are often found

within the lumen of the intact tubules (Meyers et al.

1987, Field & Appleton 1995, Stentiford et al. 2002). Dis-

ruption to this organ likely results in a breakdown in the

normal digestive process, possibly explaining why lipid

storage products are much reduced within the R-cells of

the hepatopancreatic tubules (Stentiford et al. 2002).

With TEM, remnants of degenerated host tissue (such as

atrophied mitochondria, myelin bodies and membranous

material) were found surrounding plasmodia on the

periphery of the remaining tissues (Stentiford et al.

2002). In heavy infections, the haemal arterioles were

infiltrated by massive numbers of parasites that presu-

mably resulted in pressure necrosis to the fixed phago-

cytes and blood vessels in the hepatopancreas. 

Pressure-induced necrosis may also impact upon the

hepatopancreatic tubules by reducing their ability to

function normally. The digestive and detoxification abil-

ities of the hepatopancreas of infected hosts have not

been examined. 

Other organs and tissues

Due to the coelomic habit of Hematodinium, it is

not surprising that plasmodial forms have also been

described infiltrating other organs and tissues. Field &

Appleton (1995) and Meyers et al. (1987) have recorded

occlusion of the haemal spaces of the gill, heart, eye-

stalk and brain by parasites. In addition, Field &

Appleton (1995) also reported large-scale infiltration of

the connective tissue of the gut, while Meyers et al.

(1987) noted congestion of the sinuses of the antennal

gland by parasites. The disruption to normal hemato-

poiesis as reported by Field and Appleton (1995) may

partly explain the vast reduction in haemocyte densi-

ties reported in Hematodinium-infected hosts (see

Meyers et al. 1987, Shields 1994, Field & Appleton

1995), but in experimentally infected Callinectes sapi-

dus, the reduction in haemocytes was significant

within 3 d of infection and was more likely due to

cellular interactions rather than a disruption in haema-

topoiesis (Shields & Squyars 2000). Pressure necrosis,

degranulation of granulocytes or atrophy of hyalino-

cytes will also lead to a decline in haemocytes, but

there is limited evidence that host haemocytes attack

or respond to these parasites. 

Parasitic dinoflagellates of copepods and amphipods

are typically parasitic castrators (Shields 1994), but

castration has not been examined in crabs or lobsters

infected by Hematodinium. However, Messick &

Shields (2000) reported Hematodinium infections in

ovigerous Callinectes sapidus, and Stentiford et al.

(2002) observed that the arterioles in the ovary of Can-

cer pagurus were heavily infiltrated by parasitic plas-

modia during patent infections. In this way, castration

could be effected through the disruption of the testis

or ovary of infected hosts. Infected female Nephrops

norvegicus from the Irish Sea do not develop mature

gonads (Briggs & McAliskey 2002). However, size at

maturity was not presented and would likely confound

their analysis because females reach maturity between

21 and 34 mm (Hillis & Tully 1993, Tuck et al. 2000).

Further, the short duration and lethal outcome of infec-

tions in C. sapidus may limit the potential for castration

in the population. Similarly, primiparous female snow

crabs with the disease die before their egg clutches

hatch. While this is not strictly speaking castration, it is

a negative impact on the reproduction potential of the

host and may therefore impact at the population level. 

Co-infections

The immune status of Hematodinium-infected crus-

taceans has not been well studied. The pronounced

hemocytopenia associated with severe Hematodinium

infections likely hinders the normal immune response

of clotting, phagocytosis, encapsulation of foreign

material, initiation of the prophenoloxidase system and

the production of other antibiotic factors (for review

see Smith & Söderhäll 1986, Smith & Chisholm 1992,
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Fig. 8. Hepatopancreas of Hematodinium infected Nephrops

norvegicus showing attachment of plasmodia to the basal lam-
ina of tubule epithelial cells. Scale bar = 25 µm. H&E staining
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Thörnqvist & Söderhäll 1997). Secondary infections of

opportunistic pathogens occur frequently in infected

hosts. Septicemia, or haemolymph infections with

bacteria, a condition commonly associated with stress

in crustaceans (Johnson 1983), is found to co-occur in

infected Chionoecetes bairdi (Meyers et al. 1987, Love

et al. 1993). In addition, bacteria are often found within

the fixed phagocytes of the hepatopancreas of such

hosts (Fig. 9). An unidentified ciliate has also been

reported from infected C. bairdi (Meyers et al. 1987,

Love et al. 1993), these generally considered faculta-

tive parasites (Anophyrs and Mesanophyrs spp.) that

require a portal of entry or an otherwise compromised

host (Bang 1983, Morado & Small 1994). Their involve-

ment with hosts infected with Hematodinium suggests

a dinoflagellate-induced host immunosuppression.

Recently, a yeast infection has been reported in

infected Cancer pagurus and Necora puber from the

English Channel (Stentiford et al. 2003). Budding

forms of the yeast were found in the plasma, and the

degree of host encapsulation, an indicator of immune

function, varied markedly between individual crabs.

Such yeast infections likely represent an opportunist

taking advantage of a weakened host immune status

associated with severe Hematodinium infection, but it

is interesting to note that in most cases, no reactions

occur toward Hematodinium parasites. Whether such

opportunistic infections are implicated in the patho-

physiological manifestations associated with Hemato-

dinium infections and whether they play an important

role in host mortality remains to be determined. Re-

gardless, infections of Hematodinium may provide a

useful model for studying parasite-induced immuno-

suppression in crustaceans. 

PHYSIOLOGY OF INFECTION

Severe Hematodinium infections place a heavy, and

potentially fatal, metabolic load on the host. While

oxygen consumption of patently infected Nephrops

norvegicus was higher than that of uninfected lobsters,

the oxygen carrying capacity of the hemolymph from

infected animals was reduced by over 50% (Taylor

et al. 1996). A reduction in hemocyanin concentration

was noted in the plasma of infected Chionoecetes

bairdi (Love et al. 1996). In Callinectes sapidus, hemo-

cyanin concentration was significantly reduced but

only in heavily infected males; a reduction was not

apparent in females (Shields et al. 2003). The outcomes

of changes to respiratory function are tissue hypoxia

and associated acidosis of the tissues and hemolymph

(Taylor et al. 1996). Accordingly, lactate levels show

significant change in relation to severity in infected

lobsters (Taylor et al. 1996). Because hemocyanin is the

primary protein in hemolymph, it is not surprising that

infections also cause a major reduction in serum pro-

teins (Love et al. 1996, Taylor et al. 1996, Shields et al.

2003). The mechanisms behind this reduction in serum

proteins are not known but direct uptake of proteins

from the plasma by micropores on circulating parasites

(Appleton & Vickerman 1996), disturbance in hemo-

cyanin synthesis in the hepatopancreas (Field et al.

1992, Taylor et al. 1996), or degradation of the metabo-

lism of the host (e.g. starvation) are likely outcomes of

infection. 

The logarithmic proliferation of the parasites cou-

pled with their metabolic requirements during rapid

growth rapidly drains the protein and carbohydrate

constituents of the host which leads to host morbidity

(Stentiford et al. 2000b, 2001a, Shields et al. 2003).

Starvation, coupled with these disease processes likely

results in lethargy in heavily infected hosts (Taylor et

al. 1996, J. D. Shields unpubl. data). Such starvation

and cessation of feeding places a further drain on the

storage of glycogen. Starvation also leads to marked

declines in serum protein and hemocyanin levels

(Uglow 1969a,b, Stewart et al. 1972). Further, mori-

bund animals probably suffer from hypoxia and

ischemia as a metabolic effect of parasitism due to

tissue destruction (e.g. Taylor et al. 1996). 

BIOCHEMISTRY OF INFECTION

Crustaceans infected with Hematodinium undergo

significant departures from the normal biochemical

composition of the haemolymph and tissues. Changes

in carbohydrate handling and tissue reserves of glyco-

gen are significantly reduced in infected crabs and

lobsters (Love et al. 1996, Stentiford et al. 2000b, 2001a,

58

Fig. 9. Hemal sinus of Hematodinium infected Nephrops

norvegicus. Unidentified bacteria are present within the cyto-
plasm of the fixed phagocytes surrounding a central vessel.
Hematodinium cells are present within the haemal sinus. 

Scale bar = 25 µm. H&E staining
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Shields et al. 2003). In common with other animals,

glycogen is mobilised from the tissues of crustaceans

as a stress response, with the liberated glucose leading

to hyperglycaemia in the plasma. This system is con-

trolled by the release of CHH peptides from the sinus

gland, which targets the hepatopancreatic plasma

membranes (Kummer & Keller 1993), the abdominal

musculature (Santos & Keller 1993) and the hemocytes

(Santos & Stefanello 1991), causing a liberation of

glucose from these major storage sites. In infected

Nephrops norvegicus, plasma concentrations of CHH

were significantly elevated in infected hosts (Sten-

tiford et al. 2001a) and are likely due to a disruption of

the normal feedback loop that controls the release of

this hormone from the sinus gland. The elevated titre

of plasma CHH during Hematodinium infection is also

suggestive of an increased turnover of glucose in

infected animals (Stentiford et al. 2001a). Utilization of

plasma glucose by the parasite may lead to a reduction

in the negative feedback response that this sugar has

on CHH release, thereby elevating the concentration

of CHH in the plasma. The altered release of other hor-

mones responsible for the control of major functions

has not been studied. 

In Callinectes sapidus, Hematodinium infections elicit

distinctly different pathophysiologies between host

sexes. Serum proteins, hemocyanin, and tissue glyco-

gen are all more heavily altered in infected males ver-

sus infected females. For example, tissue glycogen was

depleted by 50% in females and 70% in males (Shields

et al. 2003). In Chionoecetes opilio, tissue glycogen

was depleted by 50% (J. D. Shields & D. Taylor

unpubl. data), while in Nephrops norvegicus, the

glycogen in the abdominal muscles was reduced by up

to 80%, and was concomitant with increasing parasite

burden (Stentiford et al. 2000b). While it is unclear if

heavily infected crustaceans survive ecdysis, chitin

deposition would likely be hindered during moulting

because glycogen is a significant precursor to chitin

(Stevenson, 1985). However, lightly infected C.

sapidus have successfully moulted under laboratory

conditions (J. D. Shields, unpubl. data). 

Proteases, acid phosphatases, superoxide dismu-

tases, heat-shock proteins and other ‘stress’ proteins

are often important virulence factors in parasitic proto-

zoa of vertebrates and invertebrates (Katakura 1986,

Katakura & Kobayashi 1988, Hervio et al. 1991, Singala

et al. 1992, Vannier-Santos et al. 1995, Wiese 1998,

Ismail et al. 1997, Paramchuk et al. 1997, Volety &

Chu 1997). Many of these proteins have been used

to characterize virulence in relation to disease. In

Hematodinium-infected Callinectes sapidus decreases

in activity of α-fucosidase, and increased activities

of parasite-derived acid phosphatases, napthol AS-BI

phosphohydrolase, β-galactosidase, β-glucuronidase

(Shields et al. 2003) and aspartate amino transferase

(Hudson 1995) indicate major biochemical changes

due to infection. Some of these may even be markers of

virulence, with others signifying a general collapse

of metabolic homeostasis during infection. Parasite-

derived acid phosphatase activity is significantly

higher in the hemolymph of infected crabs (Shields et

al. 2003) and in cell lysates of cultures of H. perezi

(H. Small & J. D. Shields unpubl. data). Proteases were

also detected in extracellular products from culture

supernates or lysates. Thus, differences in acid phos-

phatase expression and other enzymes may be useful

correlates for virulence and pathogenicity in Hemato-

dinium infections. 

Changes in the plasma and tissue profiles of several

nitrogenous compounds have also been reported for

Hematodinium infections in crustaceans. Hudson

(1995) associated elevations in the concentration of

plasma urea and creatinine with a possible impairment

of the urinary bladder and antennal gland apparatus.

Love et al. (1996) reported an elevated concentration

of ninhydrin-positive substances in the plasma of

infected crabs while in similar studies using infected

Nephrops norvegicus, Stentiford et al. (1999, 2000b)

recorded a disturbance of the free amino acid profile of

plasma and muscle. Tissue and haemocyte degrada-

tion and the induction of a generalized host stress

response were associated with an increase in the con-

centration of taurine during infection. Such changes, in

addition to those recorded for salts in the plasma (Hud-

son 1995, Love et al. 1996) indicate a departure from

the normal electrolyte status of infected hosts. Whether

this departure helps to explain why Hematodinium

infections in Callinectes sapidus are not reported from

low salinity areas is speculative. Interestingly, the sig-

nificant elevation in plasma CHH seen in late-stage

Hematodinium infections of N. norvegicus has been

linked to the uptake of water (Stentiford et al. 2001a), a

feature this hormone elicits in healthy animals during

ecdysis (Chung et al. 1999). An increase in haemo-

lymph volume or pressure during the final stages of a

patent infection would coincide with maximal numbers

of circulating motile dinospores which are known to

exit the host via ruptured gills, arthrodial membranes

and the gut at this time. However, changes in hemo-

lymph pressure during sporulation are difficult to

study given its errant timing. 

The processes leading to host death in Hemato-

dinium infections are not well understood. Respiratory

dysfunction is evident by the decline in hemocyanin

levels (Field et al. 1992, Shields et al. 2003), the loss of

oxygen binding capacity of the hemocyanin (Taylor et

al. 1996), and the magnitude of parasitic congestion

and disruption of the gills and other tissues (Meyers

et al. 1987, Field et al. 1992, Field & Appleton 1995,
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Hudson & Shields 1994, Messick 1994, Stentiford et

al. 2002). Ischemia with focal necrosis results from

Vibrio spp. infections in Callinectes sapidus (Johnson

1976). However, the chronic nature of Hematodinium

infections indicates that starvation and exhaustion of

metabolic reserves (e.g. decreased glycogen) occurs

and likely results from proliferation of the parasite

(Meyers et al. 1987, Shields & Squyars 2000, Sten-

tiford et al. 2000b, Shields et al. 2003) in conjunction

with reduced feeding activity associated with mor-

bidity (Taylor et al. 1996, Stentiford et al. 2000b).

Changes in osmoregulation resulting from shifts in

plasma proteins, amino acids and other compounds,

leading to osmotic collapse, likely contribute to the

cause of death (Stentiford et al. 1999). Declines in

haemocyte densities are highly correlated with immi-

nent host death (Shields & Squyars 2000), and would

facilitate the development of lethal secondary infec-

tions reported from hosts with Hematodinium infec-

tions (Meyers et al. 1987, Field et al. 1992, Stentiford

et al. 2003), or lead to the loss of clotting ability with

death ensuing from loss of hemolymph (Shields et al.

2003).

EPIZOOTIOLOGY

Host range and reservoir hosts

Hematodinium infections have been reported from

several crustacean hosts from around the world, with

the majority of infections reported in brachyuran crabs

(Table 1). The broad range of brachyuran hosts sug-

gests that these parasites are host generalists, with

perhaps some species infecting different classes of

Crustacea (Amphipoda and Decapoda), but tests of

host specificity await refinements in molecular tools.

The Hematodinium-like parasite from the spot prawns,

Pandalus borealis and P. platyceros (Bower et al. 1993,

Meyers et al. 1994, Bower & Meyer 2002) is apparently

more closely allied with the Haplosporidia and is not a

dinoflagellate (Reece et al. 2000).

Hudson & Shields (1994) and Shields (1994) have

speculated that amphipods may act as alternate or re-

servoir hosts for Hematodinium. Small (2004) recently

showed that PCR primers specific for Hematodinium

in Nephrops norvegicus also amplify products from

amphipods. While these primers indicated that the

parasite in amphipods was a species of Hematodinium,

they are likely genus specific, making it difficult to

draw further conclusions. However, crustaceans, in-

cluding amphipods, make up a significant portion of

the diet (up to 25%) of juvenile Callinectes sapidus,

Chionoecetes opilio and even N. norvegicus. Since

amphipods reportedly carry a similar infection (John-

son 1986, Small 2004), then their role in transmission of

the disease needs to be investigated. Infection trials

exposing amphipods to infected tissues or carcasses of

infected crabs or lobsters may provide insight into the

life cycle of the parasites and potentially elucidate

the role of amphipods as reservoir hosts. A similar

approach recently uncovered a role for copepods in the

life cycle or transmission of Marteilia refringens in

oysters (Audemard et al. 2002). Further refinements in

PCR-based assays should focus on differentiating

between species of Hematodinium, as these will no

doubt facilitate identification of alternate or reservoir

hosts.

Host factors

Crustaceans appear to be particularly vulnerable to

infection during ecdysis, oviposition, and sexual con-

tact. Accordingly, the prevalence and abundance of

Hematodinium infections show distinct patterns of

association with several host factors including size or

age (Field et al. 1992, 1998, Messick 1994, Stentiford

et al. 2001c), sex (Field et al. 1992, Shields et al. 2003,

Stentiford et al. 2001c) and moult condition (Meyers

et al. 1987, 1990, Eaton et al. 1991, Field et al. 1992,

Shields et al. 2005). The effects of these host factors

in relation to disease prevalence should be consid-

ered in further studies on this infection. For example,

during summer peaks in infections, newly moulted

Chionoecetes bairdi and C. opilio have a higher

prevalence of Hematodinium than do ‘old’ shell crabs

that have not moulted within the last year or 2

(Meyers et al. 1990, Eaton et al. 1991, Dawe 2002,

Shields et al. 2005). Whereas Meyers et al. (1990) and

Eaton et al. (1991) speculate that transmission to new

hosts occurs during the moulting period of the crabs,

sporulation occurs after the primary spring moulting

period for these crabs. Further, the higher prevalence

in ‘new shell’ or recently moulted animals was pre-

sumably not due to their acquiring recent infections

because infections were thought to take at least 15 to

18 mo to develop (Meyers et al. 1990). However,

infections in C. opilio appear to take 9 to 12 mo to

develop with moulting more clearly associated with

transmission than it is in C. bairdi (Shields et al.

2005). In Nephrops norvegicus, sporulation of Hema-

todinium occurs just prior to the primary moulting

period and appears associated with transmission of

the disease (Field et al. 1992, 1998). Stentiford et al.

(2001c) showed that the synchrony of the moulting

seasons between males and females plays an impor-

tant role in the pattern of infection within a particular

year. In years when moulting was fairly synchronous

(possibly due to a large proportion of size-matched
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individuals in the population), a sharp peak of in-

fection was seen. In years when moulting was asyn-

chronous, an extended lower-level ‘plateau’ of preva-

lence occurred (Fig. 10). In Callinectes sapidus, the

link between moulting and infection is more uncer-

tain since the summer peaks in infection occur after

the main spring and summer moulting periods (Mes-

sick 1994, Shields 1994, Messick & Shields 2000).

Further, the rapidity (30 to 40 d) with which the dis-

ease progresses in Callinectes sapidus (Shields &

Squyars 2000) indicates that moulting is perhaps not

a significant host factor in this system as outbreaks

occur primarily over 2 to 4 wk periods in autumn,

well after the spring and summer moulting periods

(Messick & Shields 2000). 

Host size and sex

Host size, or maturity status, and sex are important

factors in virtually all commercially important hosts

of Hematodinium. In Callinectes sapidus, infections

appear significantly more abundant in juvenile than

adult hosts (Messick 1994, Messick & Shields 2000).

Shields (1994) and Messick & Shields (2000) specu-

lated that juveniles might be more susceptible because

they moult more frequently than adults and either

obtain the disease at ecdysis or undergo stress more

frequently at this time. Prevalence varies between

female and male blue crabs depending on their migra-

tory patterns (Messick & Shields 2000), but infections

in male C. sapidus are apparently more severe (Shields
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Group Host species Location Initial source

Crabs Callinectes sapidus Eastern USA Newman & Johnson (1975)
Callinectes similes Eastern USA Messick & Shields (2000)
Cancer borealis NY Bight MacLean & Ruddell (1978)
Cancer irroratus NY Bight MacLean & Ruddell (1978)
Cancer pagurus Bay of Biscay, France Latrouite et al. (1988)
Cancer pagurus English Channel Stentiford et al. (2002)
Carcinus maenas English Channel Chatton & Poisson (1931)
Carcinus maenas Eastern USA Messick & Shields (2000)
Chionoecetes bairdi SE Alaska Meyers et al. (1987)
Chionoecetes opilio Newfoundland, Canada Taylor & Khan (1995)
Chionoecetes opilio Gulf of Alaska, Bering Sea, Meyers et al. (1996)

Chuckchi Sea
Chionoecetes tanneri British Columbia Bower et al. (2003)
Hexapanopeus angustifrons Eastern USA Messick & Shields (2000)
Libinia emerginata Eastern USA Sheppard et al. (2003)
Liocarcinus depurator Bay of Biscay Chatton & Poisson (1931)
Maja squinado Bay of Biscay, France D. Latrouite (unpubl.)
Menippe mercenaria Eastern USA Sheppard et al. (2003)
Necora puber Bay of Biscay, France Wilhelm & Boulo (1988, Wilhelm & Mialhe (1996) 
Necora puber English Channel Stentiford et al. (2003)
Neopanope sayi Eastern USA Messick & Shields 2000, Sheppard et al. (2003)
Ovalipes ocellatus NY Bight MacLean & Ruddell (1978)
Panopeus herbstii Eastern USA Messick & Shields (2000)
Portumnus latipes France Chatton (1952)
Portunus pelagicus Moreton Bay, Australia Shields (1992), Hudson & Shields (1994)
Scylla serrata Moreton Bay, Australia Hudson & Lester (1994)
Trapezia areolata and 

T. coerulea Great Barrier Reef, Australia Hudson et al. (1993)

Lobsters Nephrops norvegicus Eastern Atlantic Field et al. (1992)

Amphipods Ampelisca agassizi, Eastern USA Johnson (1986), Messick & Shields (2000)
A. vadorum, A. verrilli, 

Byblis serrata, Casco 

bigelowi, Harpinia 

propinqua, Letpocheirus 

pinguis, Melita dentata, 

Monouclodes edwardsi, 

Protohaustorius wigley, 

Phoxocephalus holbolli, 

Rhepoxynius epistomus, 

Unciola spp.

Table 1. Host species infected with Hematodinium or Hematodinium-like parasites



Dis Aquat Org 66: 47–70, 2005

et al. 2003). In Nephrops norvegicus, host size and sex

appears to be a significant factor in infection and

prevalence is highest in small females, with peak

infection periods in the spring (Field et al. 1998, Stenti-

ford et al. 2001c). In Necora puber, off France, no dif-

ferences were observed in prevalences with host size,

and host sex was not examined (Wilhelm & Boulo

1988). In both Chionoecetes opilio and C.

bairdi, there is considerable size dimorphism

between sexes and the collection bias is for

large, male crabs that have a relatively low

prevalence. However, fishery independent

surveys off Newfoundland indicate that

females have a significantly higher preva-

lence than males (Dawe 2002, Pestal et al.

2003, Shields et al. in press). Juvenile C.

sapidus apparently have higher prevalences

than adults, but juveniles and females are

considerably smaller than large males and

are not fished, thus, their prevalences are not

typically noted by the industry (Dawe 2002,

Shields et al. 2005). In C. bairdi off Alaska,

no differences were noted in prevalence

between sexes but prevalences were ex-

tremely high and may have obscured any

pattern (Meyers et al. 1987). 

Seasonality

The seasonality of infection has emerged

as a significant epidemiological feature of

almost every Hematodinium-decapod in-

fection model studied to date. Long-term

datasets for the prevalence of infections in

Nephrops norvegicus from the Clyde Sea

Area, Scotland, have shown that prevalence

is highest in winter and spring (Field et al.

1992, Field et al. 1998, Stentiford et al. 2001c,

2001d), reaching as high as 70% in notable

epizootics (Field et al. 1992). In the Irish Sea

prevalences reached 18 and 35% (Briggs

& McAliskey 2002), and showed a seasonal

pattern with a nadir in the summer and fall.

In the Chionoecetes bairdi fishery of south-

eastern Alaska, the carapace discoloration of

infected crabs becomes more pronounced as

the epizootics progress into the fall (Meyers

et al. 1990). In hemolymph surveys, preva-

lences increased through spring, peaked in

summer, from June through August, then

declined into fall and winter as infected

crabs died (Meyers et al. 1990, Eaton et al.

1991, Love et al. 1993). Meyers et al. (1990)

and Love et al. (1993) found that sporogony

of Hematodinium in C. bairdi was seasonal with sporu-

lation occurring in the summer months. They specu-

lated that transmission was occurring at this time, but

noted the lack of detectable infections in the winter.

The prevalence of Hematodinium in Callinectes sapi-

dus exhibited a strong peak in prevalence during the

autumn with a markedly rapid decline in winter fol-
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Fig. 10. Nephrops norvegicus. (A) Proportions of recently moulted (RM)
and intermoult (IM) male and female lobsters. Infection prevalence in
(B) RM and IM female and (C) male lobsters in the Firth of Clyde, Scot-
land, between March 1998 and September 2000. Broken lines in (B) and
(C) compare RM and IM infection prevalence in female and male
lobsters. From Stentiford et al. (2001c). Image courtesy of Academic 

Press, UK
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lowed by moderate increases in the spring (Messick &

Shields 2000, Sheppard et al. 2003). Epizootics in Call-

inectes sapidus have reached 100% prevalence in

focal outbreaks (Messick 1994) with most of the dis-

eased crabs likely dying of the infection (Messick &

Shields 2000, Shields & Squyars 2000). Infections in

spider crabs Libinia emarginata followed similar pat-

terns to those in blue crabs albeit the disease was not

prevalent in the spring (Sheppard et al. 2003). In Nec-

ora puber off France, over the course of 13 mo, Hema-

todinium infections showed a peak in the fall and nadir

in the winter followed by a large-scale epizootic in the

spring. This pattern varied regionally within the fish-

ery and the epizootic likely masked the typical pattern

in seasonality (Wilhelm & Mialhe 1996). Infections in

Cancer pagurus showed little seasonality off France,

with prevalences ranging up to 65% in January, but

several spring samples showed more consistent peaks

through several years (Latrouite et al. 1988). Thus,

most infections of Hematodinium exhibit strong sea-

sonal peaks in prevalence, but the patterns are not the

same for each host system. In boreal host species there

are peaks in summer (C. bairdi) or fall (C. opilio),

whereas in more temperate species, outbreaks occur

primarily in the fall (C. sapidus and possibly N. puber)

or late winter and spring (N. norvegicus, C. pagurus).

Differences in temperature requirements are impli-

cated with these fluctuations in seasonality, but the

patterns are not similar between hosts, and therefore

indicate likely strain or species differences between

parasites. However, one common pattern is apparent.

In all of these systems, a nadir occurs when infections

are extremely low or even undetectable in host popu-

lations. These nadirs in prevalence are suggestive of

either a latency of infection or an external reservoir for

these parasites. Here again, the role of amphipods or

other crustaceans as reservoirs or a resting cyst as a

stage in the life cycle cannot be discounted. 

Environmental factors

Several environmental factors affect the epidemio-

logy of Hematodinium. While water temperature can-

not be separated easily from seasonality, some studies

suggest an effect on the development of infections.

In Callinectes sapidus, the intensity of Hematodinium

infections increased during warmer temperature,

>15°C, and decreased at lower temperatures <16°C

(Messick et al. 1999). In Nephrops norvegicus, labora-

tory studies with in vitro cultures indicate that devel-

opmental changes in the life cycle proceed above 8°C,

but are retarded when culture temperatures exceed

15°C (Appleton & Vickerman 1998, K. Vickerman

pers. comm.). 

Salinity is an important factor in the spread of Hema-

todinium in Callinectes sapidus populations. Hemato-

dinium is endemic in crabs from high salinity waters of

the mid-Atlantic and Gulf states (Messick and Shields

2000). The parasite is rarely reported below 18 ppt

(Newman & Johnson 1975, Messick & Sinderman 1992,

Messick & Shields 2000). With the exception of the

work presented by Briggs & McAliskey (2002), virtu-

ally all other infections of Hematodinium have been

reported in stenohaline species that experience only

minor variations in ambient salinity. Hematodinium

infections in Nephrops norvegicus from the Irish Sea

showed a significant positive correlation between

prevalence and salinity (Briggs & McAliskey 2002), but

the slope of the relation approached zero and was not

tested for significance. However, it seems unlikely that

salinity would be a significant factor in stenohaline

host species as the magnitude of change in salinity in

marine zones is relatively minor in comparison with

that experienced by euryhaline hosts such as C.

sapidus in estuarine zones. Changes in the osmotic

pressure and electrolytic ions (see above) should be

evaluated in relation to the progression and severity of

disease in C. sapidus. It is worth speculating that Chat-

ton & Poisson (1931) may have recorded a higher

prevalence for the type host, the euryhaline Carcinus

maenas, had they captured them from areas of higher

salinity. 

‘Landscape’ ecology

Several outbreaks of Hematodinium have distinct

associations with physiographic and hydrographic fea-

tures. Outbreaks in Necora puber and Cancer pagurus

fisheries in the English Channel (Latrouite et al. 1988,

Wilhelm & Mialhe 1996) were associated with embay-

ments or partially restricted coastal systems presum-

ably with entrained water masses. Outbreaks in C.

sapidus have been associated with embayments, shal-

low backwaters and lagoons (Messick & Shields 2000).

Outbreaks in Chionoecetes opilio and Nephrops nor-

vegicus have been associated with fjords with shallow

sills or otherwise constricted areas (Meyers et al. 1987,

1990, Eaton et al. 1991, Field et al. 1992, Field 1998,

Stentiford et al. 2001c, Pestal et al. 2003, Shields et al.

2005). However, outbreaks are also known from more

open ocean regions (Meyers et al. 1996, Field et al.

1998, Briggs & McAliskey 2002, Stentiford et al. 2002).

Here, depth may facilitate the concentration of infec-

tious stages since female snow crabs from >250 m had

prevalences almost twice as high as those from shal-

lower areas (Pestal et al. 2003) and infections were rare

at depths <200 m (Shields et al. 2005). Habitat or sub-

strate type was important to the parasite in C. opilio as
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prevalence was highest in crabs from mud/sand habi-

tats compared to other habitats (Shields et al. 2005).

Such habitat restrictions hint again at the presence of

alternate hosts or dietary factors. In many of these

cases, the enclosed areas had somewhat high-density,

‘closed’ populations, relatively high potential for

entrainment of water, and stressful conditions such as

high temperatures, seasonal hypoxia, seasonal fishing,

or predation pressure (Shields 1994). In open ocean

systems, such as those for C. bairdi and C. opilio popu-

lations in the Bering Sea, the prevalences of Hemato-

dinium were variable, with most but not all regions

exhibiting low prevalences (Meyers et al. 1996), albeit

relationships with habitat type were not explored.

Such associations with physiographic and hydro-

graphic features were first noted for rhizocephalan

infections in king crabs (Sloan 1984) and have since

been noted for nemertean infestations on king crabs

(Kuris et al. 1991) as well as for Hematodinium in-

fections. Associating hydrographic features with epi-

demiology in a marine system can be difficult at best.

Methods to study these relationships should be further

developed. 

Epizootic periodicity

In addition to seasonal epidemics of Hemato-

dinium, evidence also exists for longer-term cycles of

infection. In 1991 and 1992, an epizootic of Hemato-

dinium affected 70 to 100% of the juvenile Call-

inectes sapidus in the seaside bays of Maryland and

Virginia (Messick 1994). In 1996 and 1997, preva-

lence ranged from 10 to 40% in the eastern embay-

ments of the Delmarva Peninsula and 1 to 10% in

the eastern portions of lower Chesapeake Bay

(Messick & Shields 2000). While the evidence is

circumstantial, Messick & Shields (2000) speculated

that periodic declines in C. sapidus landings that

had occurred over 30 yr might have resulted from

outbreaks of Hematodinium or from Paramoeba

perniciosa, another pathogen in the region (see

Newman & Ward 1973). Evidence from the Scottish

fishery for Nephrops norvegicus has shown that

prevalence was particularly high during the early

1990s (up to 70%) fluctuating at lower levels into the

late 1990s, when it peaked at around 40% (Field et

al. 1998, Stentiford et al. 2001c,d). Evidence from the

Chionoecetes opilio fishery shows the establishment

and catastrophic outbreak of Hematodinium in the

northern bays of Newfoundland. Prevalences have

increased steadily from 0.037% to 4.25% over 10 yr

(Pestal et al. 2003) reaching over 9% of males and

25% of females in an epizootic occurring in Concep-

tion Bay in 2000 (Shields et al. 2005). 

Mortality and resistance

Hematodinium infections are highly pathogenic; thus,

it is assumed that they pose a significant mortality risk

to their hosts. In laboratory studies, mortality rates of

50 to 100% over several months have been reported

for naturally infected laboratory-held Chionoecetes

bairdi (Meyers et al. 1987, Love et al. 1993), C. opilio

(Shields et al. 2005), and Nephrops norvegicus (Field

et al. 1992). In experimentally infected Callinectes

sapidus the disease apparently progresses much faster

than that for cold-water species, with a mortality rate of

87% over 40 d (Shields & Squyars 2000). Survival

analysis indicated that inoculated crabs had a mean

time to death of 30 d and were 7 to 8 times more likely

to die than uninfected crabs. Interestingly, during chal-

lenge studies, small numbers of blue crabs were

refractory to infection; these ‘immune’ crabs exhibited

significant relative and absolute increases in granulo-

cytes, whilst not developing hemocytopenia, a loss of

clotting ability, or changes in morbidity (Shields &

Squyars 2000). On several occasions other ‘immune’

crabs were serially challenged with infectious doses of

H. perezi and did not develop infections (J. D. Shields

unpubl. data). Such ‘immunity’ in previously chal-

lenged hosts is an interesting phenomenon in light of

the fact that mature hosts appear less prone to devel-

oping Hematodinium infection compared to their juve-

nile counterparts (Meyers et al. 1987, Messick 1994).

Mortality studies between juveniles and adults and

between males and females could prove enlightening.

Fishery assessments

Given the morbidity and mortality associated with

infected crabs and lobsters, it is not surprising to find

biases in prevalence between methods used to assess

the fisheries. Velvet crabs infected with Hematodinium

sp. off France, showed significantly higher prevalences

in trawl samples compared to pot samples primarily

due to non-selective catching of healthy and diseased

crabs (Wilhelm & Boulo 1988, Wilhelm & Mialhe 1996).

Trawl samples of snow crabs from Newfoundland also

showed a higher prevalence in disease than pot sam-

ples (Pestal et al. 2003, Shields et al. 2005). However,

trawls also had a lower minimum size of retention than

traps and prevalence tended to be higher in smaller

crabs than in larger crabs (Pestal et al. 2003, Shields et

al. 2005). Trawls and underwater video sledges have

been used for population assessments of Nephrops

norvegicus. Trawled lobsters were used to gauge pre-

valence and sledges were used to assess temporal

changes in burrow density (Field et al. 1998). Epi-

zootics of Hematodinium coincided with stark declines
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(~60 to 75%) in burrow density that appeared inde-

pendent of the fishery indicating that the fishery was

underestimating the prevalence of the disease in the

population. Given the potential for bias in assessment

methods, it is essential that estimates of diseased pop-

ulations be based on unbiased collection methods,

such as appropriate trawls or videography, that include

all segments of the affected population including pre-

recruit juveniles.

COMMERCIAL IMPLICATIONS OF INFECTION

Crustaceans support considerable local, national and

regional fisheries with significant demands from global

markets. In terms of economic effect, species of Hemato-

dinium have the potential for impact at the level of the

population, the fishery and the market. In Alaska, the

Chionoecetes bairdi and C. opilio fisheries have suffered

localized declines in certain stocks due to Hematodinium

infection. This condition is known as ‘Bitter Crab

Disease’ (BCD) or ‘Bitter Crab Syndrome’ due to the

flavour this infection imparts to the flesh (Meyers et al.

1987, 1990). For C. bairdi, the monetary impact was

estimated at $250,000 or more and was primarily local-

ized to a few impacted fjords in southeastern Alaska

(Meyers et al. 1987). More recently, the disease was

shown to impact at least one third of the commercial

fishery for C. bairdi in southeast Alaska (Meyers et al.

1990). For the C. opilio fishery in Newfoundland, al-

though Taylor & Khan (1995) reported a low level

(0.037%) of BCD during the early 1990s with little

monetary impact; more recently the prevalence has

increased significantly to between 10% and 26% in

coastal bays causing concern to the industry (Pestal et al.

2003, Shields et al. 2005). Financial implications for these

fisheries in the Gulf of Alaska and Bering Sea have not

been determined. In Virginia, the Callinectes sapidus

fishery undergoes periodic summer and autumn mortal-

ities due to Hematodinium. These mortalities approach

$500000 to $1000000 per year albeit the fishers rarely

realize this loss (J. D. Shields unpubl. data). In France,

the Necora puber fishery suffered a catastrophic decline

(>96%) due to Hematodinium with a virtual loss of this

small fishery (Wilhelm & Mialhe 1996). Populations of

commercially valuable Maia squinado and Cancer pagu-

rus also harbour infections by this parasite, but economic

damages have not been calculated (Latrouite et al. 1988,

Stentiford et al. 2002). In Scotland, the lucrative

Nephrops norvegicus fishery suffered estimated losses of

£2 to 4 million to the Hematodinium parasite in the early

1990s (Field et al. 1992). Since then, this parasite has

been responsible for annual seasonal epidemics of

varying proportions (between 20 and 70% prevalence)

(Field et al. 1998, Stentiford et al. 2001c). 

The real cost of outbreaks of Hematodinium are hard

to assess. Background mortalities due to the disease

are often difficult to determine because dead hosts

quickly become undiagnosable. Further, mortalities

occur primarily in juveniles and females and often go

unnoticed (Shields 2003, Shields et al. 2005). However,

immunological tools for detection of infections in dead

crabs can be useful as shown for the detection of

sub-patent infections in field-caught animals (Small

et al. 2002). Economic analyses of these systems may

provide more solid justification for the increased

funding to study the problem of Hematodinium in

such fisheries.

As with most fisheries, the question arises as to

why be concerned about diseases when nothing can

be done to limit their effects on the fished popula-

tion. As described above, background Hematodinium

prevalence can reach 70 to 100% during outbreaks

where mortalities to the pre-recruit and adult

populations can approach 100% (Messick 1994,

Shields & Squyars 2000, Shields 2003, Shields &

Overstreet 2004). Few if any fisheries models make

use of disease data (prevalence, distribution) to esti-

mate effects or otherwise manage a fishery. The

development of spatial models for systems with dis-

ease has great potential because such models can

incorporate biological data and integrate it over

different spatial scales. With such models, ‘at risk’

populations can be identified, especially where the

structure (e.g. sex or sized biased) of that population

makes it susceptible to epizootics.

Controlling disease

Anecdotal evidence suggests that some fishing prac-

tices may help to spread diseases. Such practices

include the culling or disassembly of the catch at sea,

re-baiting with infected animals, moving animals

between locations (culling while underway), and in

some cases using crabs as ‘attractants’ to bait for addi-

tional animals (e.g. using male Callinectes sapidus to

attract premoult females for the softshell industry)

(Shields 2003, Shields & Overstreet 2004). These prac-

tices will contribute to the spread of disease to new

locations. By understanding transmission and patho-

genicity of a disease, the effect of such practices can be

curtailed or minimized. Control strategies include

culling on station or within a watershed, culling or

removing dead animals to onshore fertilizer processing

plants, limiting transportation of live animals, and

changing baiting practices. Efforts to notify fishers of

these measures have been implemented in the Chio-

noecetes opilio fishery of Newfoundland (D. Taylor,

pers. comm.). 
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Changes in fishing policies may also be warranted.

Some evidence from the Nephrops norvegicus fishery

in Scotland suggests that the population structure of a

given fishery is related to the prevalence of Hemato-

dinium infection within that fishery, with populations

of small, size-matched individuals having the highest

prevalence (Stentiford et al. 2001c). As such, fisheries

management regimes to promote normal size distribu-

tions within the fishery have potential for averting epi-

zootics. Whether such relationships exist for Hemato-

dinium infection prevalence in crab fisheries remains

to be shown. With outreach or other education pro-

grams, fishermen, wholesalers and processors could

gain an improved understanding of the infectious

agent responsible for the disease and could therefore

assist with the control of its spread. In the case of

southeast Alaskan Chionoecetes bairdi populations,

the seasonal nature of infection may be exploited to

exercise some control over high prevalences. Newly

infected crabs could be harvested prior to the develop-

ment of patent infections thereby reducing the neces-

sity to cull heavily infected crabs later in the season.

The reduced dissemination of infected carcasses

would also follow (Meyers et al. 1987, 1990). However,

determining early infections would require shipboard

diagnosis. Finally, with the advent of live shipping of

crabs and lobsters to distant markets, there is an

increased potential for the inadvertent introduction of

pathogenic agents to new regions. Similar events have

created problems for the shrimp culture industry

(Flegel 1997, Lightner & Redman 1998) and have

marginalized the abalone industry in California in the

1990s (Oakes & Fields 1996, Ruck & Cook 1998). 

Commercial products

As Hematodinium infections alter the appearance of

the product or by causing an unpalatable flavour, as is

the case for bitter crab disease in Chionoecetes opilio

and C. bairdi, small numbers of diseased crab can

render an entire batch of crabs unpalatable if batch

processed (Meyers et al. 1987, Taylor & Khan 1995).

Severe departures occur in the biochemical profiles of

muscle and hepatopancreatic tissues from Hemato-

dinium-infected Nephrops norvegicus (Stentiford et al.

1999, 2000b). Such changes will contribute to flavour

changes in this and other infected hosts. No dedicated

studies have examined the organoleptic or mechanical

changes to the meat products harvested from animals

bearing patent Hematodinium infections. 

Finally, despite its significant impact on fisheries and

marketing, to the best of our knowledge, comprehen-

sive studies to assess the potential human health

impact of consuming Hematodinium-infected crusta-

ceans have not occurred. Chitin-associated asthma is a

risk factor for workers processing snow and tanner

crab for market (Smith & Sechena 1996) but, at this

time, the connection between Hematodinium spp. and

asthma or other health-related effects remains purely

speculative.

FUTURE DIRECTIONS

The commercial and ecological significance of these

parasites is based upon their ability to impact the size

and structure of important host populations and to alter

the meat harvested from commercial species. To date,

limited efforts have been directed towards defining the

taxonomic status of this group and we see this as a key

objective for future studies. Re-discovery and a full

ultrastructural and molecular description of the type

species, Hematodinium perezi, from the type hosts col-

lected at the type location should be coupled with an in

vitro (and if possible, in vivo) life-cycle study of the iso-

late. This information would allow for a comparative

analysis of other Hematodinium species described

from crustacean hosts in Europe, the United States and

Australia. 

There are also considerable gaps in our knowledge

concerning the route of transmission, developmental

periods, reservoir hosts, and species specificity of indi-

vidual isolates of this parasitic group. Further study in

these areas should strive to relate findings to popula-

tion-based studies and particularly to the effect of the

behaviour of fishers on the perpetuation of this disease

in certain commercial and non-commercial stocks.

Information pertaining to these studies can then be

used to make informed decisions for management

change to assist in the control of epizootics in wild

stocks. For example, we could envision a mark-

recapture study of discards in the Chionoecetes opilio

or C. bairdi fisheries that might address the spread of

disease, the natural mortality of infected crabs, or the

elevation of prevalence by fishing pressure.

Finally, the commercial impact of Hematodinium

infections must be given further attention. We have

described how these infections have negatively

affected a number of commercial crustacean fisheries

in the United States and in Europe. However, to date,

no definitive studies have modelled the impact of dis-

ease at the population level or on the status of the

products harvested from these fisheries. 
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