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Summary

The exoskeletons of aquatic crustaceans and other
arthropods contain chitin, a biopolymer of b-(1,4)-
linked N-acetylglucosamine together with associated
proteins. Despite the vast amounts of chitin within
such animals little is found in sediments and open
water because microorganisms rapidly degrade this
following its loss after moulting or upon the animals’
death. Shell disease syndrome is a worldwide disease
condition that affects a wide range of crustaceans. It
comes about as a result of bacterial degradation of
the exoskeleton leading to unsightly lesions and even
death if the underlying tissues become infected.
There are at least two potential forms of the disease;
one that appears to centre around chitin degradation
and an additional form termed ‘epizootic’ shell
disease, in which chitin degradation is of less
significance. This account reviews our current under-
standing of the causative agents of this syndrome,
assesses the potential economic consequences of
the disease, and critically examines whether it is
associated with anthropogenic disturbances includ-
ing pollution. Overall, despite extensive studies
during the last few decades, the potential links
between faecal, heavy metal and insecticide pollution
and shell disease are still unclear.

Introduction

Next to cellulose, chitin, an insoluble biopolymer of
b-(1,4)-linked N-acetylglucosamine (GlcNAc) is the most

abundant biopolymer on the planet. Within the oceans, it
forms a major component of the exoskeletons of crusta-
ceans and is a major source of carbon and nitrogen for the
microbial population. The annual production of chitin from
the moult casts of marine arthropods has been estimated
as 1.3 ¥ 109 tons (Cauchie, 2002) yet only trace quantities
of this substance can be detected in marine sediments
and the reason for this is largely attributed to the efficiency
of bacterial recycling (Keyhani and Roseman, 1999).

Under normal conditions and despite having an epibiotic
microbial population, the shells of crustaceans are not
significantly broken-down until they are shed by the animal
during moulting or at death. However, in some instances,
exoskeletal degradation occurs on the living crustacean
resulting in a condition known as shell disease syndrome.

Shell disease is a worldwide phenomenon affecting
numerous species of crustaceans from both natural and
captive (aquaculture or impounded) populations. The very
fact the disease has been recognized as a syndrome
(Stewart, 1993) implies there is no single causative agent.
There are probably at least two forms of shell disease.
The ‘classical’ form has been widely reported in a range of
crustaceans including lobsters, crabs and shrimp and is
thought to occur as a result of chitin degradation in the
cuticle (e.g. Smolowitz et al., 1992; Vogan et al., 1999).
More recently, a new form of the disease has been iden-
tified in lobsters which differs from the classical form in
that chitin degradation appears to be of secondary impor-
tance in the overall pathology of this condition (Smolowitz
et al., 1992; 2005). Various bacteria and fungi are thought
to be involved in the generation of the characteristic
lesions of both forms of shell disease. The aetiological
agents of lesion formation are likely to be specific for the
different types of the disease, may vary according to the
geographic location of the crustacean population, and
perhaps may also be host specific. Elevated levels of shell
disease have been reported in animals from polluted envi-
ronments (e.g. Goplan and Young, 1975; Young and
Pearce, 1975; Weinstein et al., 1992), suggesting that
deleterious environmental situations may trigger or simply
exacerbate the condition.

Although as already noted, shell disease is a global
phenomenon, this brief review mainly focuses on two
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long-term surveys of this condition in crustacean popula-
tions off the New England coast and in the Gower Penin-
sula, South Wales, UK. It critically reviews the recent
reports of the nature of the causative agents and exam-
ines the body of evidence that supports the commonly
held view that anthropogenic disturbances play a critical
role in disease progression.

Chitin degradation in aquatic environments

The complete process of chitin degradation, from the
moment the shell is ecdysed from the crustacean, to the
catabolism of the breakdown products by marine bacte-
ria such as vibrios, has been reviewed by Keyhani and
Roseman (1999) and involves four main stages, namely
(i) sensing of chitin, (ii) attachment to exuviate (chitin),
(iii) enzymatic degradation, and (iv) uptake and utilization
of carbon and nitrogen-containing breakdown products.
Bacteria exhibit chemotaxis along (GlcNAc)2 and higher
oligosaccharide gradients within sediments or probably
in open water (Keyhani and Roseman, 1999). Recently,
Li and Roseman (2004) have provided detailed insight
into the molecular mechanisms that enable bacteria,
such as Vibrio furnissii and V. cholerae, to adapt to the
presence or absence of chitin in their environment. They
found that (GlcNAc)n was the essential signal ‘informing’
these bacteria of the presence of chitin which resulted in
the induced expression of a series of ‘chitin catabolic
cascade genes’. Once all the chitin in the environment
had been completely utilized, this system was once more
turned off.

Adhesion with the chitinous substrate may occur as a
result of various proteins on the bacterial surface that are
specific for chitin (e.g. Kirn et al., 2005; Suginta, 2007) or
non-specific (via hydrophobic or ionic interactions) adhe-
sion processes. These interactions ultimately lead to
the formation of biofilms containing mixed microbial
assemblages. Bacterial degradation of chitin has been
extensively studied in a wide range of culturable aquatic
bacteria including Alteromonas sp. (Orikoshi et al., 2005),
Salinivibrio costicola (Aunpad and Panbangred, 2003),
Vibrio alginolyticus (Suginta, 2007), V. cholerae (Li and
Roseman, 2004; Meibom et al., 2004; Kirn et al., 2005),
V. harveyi (Svitil et al., 1997) and V. furnissii (Bassler
et al., 1991; Li and Roseman, 2004). The process
involves a series of enzymatic steps involving chitinases
(E.C. 3.2.1.14) and b-glucosaminidases that sequentially
degrade the termini of the chitin polymer (GlcNAc)n into
smaller, more soluble, oligosaccharide units [e.g.
(GlcNAc)3,2] ultimately resulting in the formation of
acetate, ammonia and fructose 6-phosphate. Keyhani
and Roseman (1999) suggested that bacteria produce a
suite of chitinolytic enzymes with overlapping specificities
where the expression of the associated genes may vary

according to environmental conditions. For instance, in
Alteromonas sp. four chitinases (ChiA, ChiB, ChiC and
ChiD) are secreted in the presence of chitin, with one
(ChiA) appearing to play a dominant role in chitin degra-
dation (Orikoshi et al., 2005). While many of these chiti-
nases are inducible, in some cases the genes that code
for these enzymes are constitutively expressed and the
presence of chitin or end-products of chitin digestion do
not appear to alter the levels of some forms of this
enzyme (Aunpad and Panbangred, 2003). The final stage
in chitin degradation as defined by Keyhani and Roseman
(1999) is the uptake and utilization of the resultant carbon
and nitrogen-containing compounds [mainly (GlcNAc)2]
for further intracellular catabolism. These products are
transported into the bacteria via chitoporins (Keyhani
et al., 2000; Suginta, 2007).

Chitin found in the crustacean cuticle is not the only
source of this polymer in the aquatic environment in that
the faecal pellets from copepods, some fungi and algae
all contain chitin (Kirchman and White, 1999). While the
overall estimates for chitin production in aquatic environ-
ments differ, it may be as high as 1011 metric tons per
year (Keyhani and Roseman, 1999) making this a major
source of carbon and nitrogen. The degradation of chitin
and associated protein within crustacean cuticles has
been investigated by placing such animals in sealed
flasks containing sediment from their surrounding envi-
ronment (Stankiewicz et al., 1998). Such studies have
shown the relatively rapid breakdown of both chitin and
protein, such that after 8 weeks gross structural changes
in the chitinous fibres were apparent. In an attempt to
determine the overall importance of chitin in bacterial
production in the natural environment, Kirchman and
White (1999) measured the degradation of fungal-
derived 14C-chitin and the radiolabel’s subsequent
appearance in dissolved organic matter. They concluded
that although the rates of dissolved organic matter
release were low in comparison with overall bacterial
production, a level of c. 10% of bacterial production
could be supported by chitin. They pointed out, however,
that as the zooplankton cuticle is a complex of chitin and
protein rather than just pure chitin, their estimates might
not reflect the true picture of microbial growth supported
by such material. Whatever the relative importance of
chitin in aquatic ecosystems, it is clearly of significance
in the growth of heterotrophic bacteria in sediments and
probably in open waters (Boyer, 1994; Aluwihare et al.,
2005). In the case of vibrios, including V. cholerae, the
ability of such organisms to bind to the cuticlar compo-
nents of copepods via chitin-binding proteins, is probably
of major significance in their survival in seawater
(Huq et al., 1984) and interestingly mutants lacking this
protein show reduced colonization of the human intestine
(Kirn et al., 2005).
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Shell disease syndrome – pathology

Shell disease is characterized by the external manifesta-
tion of black-spot lesions on the exoskeleton of crusta-
ceans (Fig. 1). The black colouration of lesions is the
end-result of the melanization reaction, a defence
response triggered by cuticular damage (Lee and Söder-
häll, 2002). In early stages of the ‘classical’ form of the
disease, these lesions appear as small, shallow disco-
loured depressions which are thought to be the result of
superficial damage to the outer cuticular layer, the epicu-
ticle (Smolowitz et al., 1992). As the disease progresses,
degradation extends into the lower layers of the cuticle,

the procuticle, spreading outwards causing many of the
smaller lesions to unite. Early stages of the disease may
be lost at moult (Smolowitz et al., 1992) but if the lesion
has penetrated into the soft underlying tissues, mortality
can result either because of secondary infection through
the ruptured cuticle (Vogan et al., 2001; Fig. 1) or by
adhesion between the two moult shells at the lesion site
leading to only partial withdrawal from the exuviate during
moult (Smolowitz et al., 1992). Recent reports have iden-
tified a potential new form of shell disease christened
‘epizootic’ shell disease that affects lobsters from New
England coastal waters (Smolowitz et al., 2005; Castro
et al., 2006; Glenn and Pugh, 2006). This form has dis-

Fig. 1. Overview of the stages of shell
disease as seen in edible crab (Cancer
pagurus) populations. In early stages, the
epicuticle is eroded leading to bacterial
degradation of the procuticle. In severe cases
the epidermis becomes breached and
bacteria gain entry to the haemocoel causing
septicaemia and organ damage as shown in
the hepatopancreas. Depending on the nature
of the bacteria in the blood and the overall
health status of the crab, death may ensue.
While superficial infections of the cuticle may
not result in host mortality they do detract
from the commercial value of the affected
animals.
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tinctive differences to the ‘classical’ form of the disease in
terms of nature and location of lesions and it may result in
higher levels of mortality in affected animals than that
previously reported. While classical shell disease appears
to largely involve chitin breakdown, this may be of less
importance in the epizootic condition thought to be mainly
associated with chitoprotein degradation (Smolowitz
et al., 2005).

Most studies of ‘classical’ shell disease (i.e. the non-
epizootic form) have attributed the disease progression
to the extracellular chitinolytic activities of microorgan-
isms in the lesions. However, removal of the outermost,
non-chitin containing epicuticle, is required before chitin
degradation can occur (Fig. 1). As reviewed by Vogan
and colleagues (1999), destruction of the epicuticular
layer may occur by proteolytic and lipolytic microbial
activities, predatory or cannibalistic attacks, chemical
attack or the abrasive action of sediment and/or articu-
lated body parts. Penetration into the chitin-containing
layers may also proceed thorough the setal pores
(Smolowitz et al., 1992; Prince et al., 1993). Other
studies have suggested that the microbes involved in
lesion formation are opportunistic exploiting animals that
are in a weakened physiological state (Noga et al.,
1994).

Marine crustaceans are reported to have exoskeletons
with approximately 70% of the organic fraction being
chitin (Brimacombe and Webber, 1964). Hence, micro-
bial chitinases are widely believed to be vital to shell
disease lesion progression, at least in the classical form
of the disease. Culturable marine microbial chitinoclasts
include species within the genera Vibrio, Photobacte-
rium, Aeromonas, Alteromonas, Pseudoalteromonas,
Clostridium, Cytophaga and Chromobacteria as well as
actinomycetes and fungi (Gooday, 1990; Vogan et al.,
2002; Costa-Ramos and Rowley, 2004; Bhattacharya
et al., 2007). Although there are reports of chitinolytic
fungal infections of the crustacean cuticle (Noga et al.,
2000), bacteria are the most commonly cultured micro-
organisms from shell disease lesions (e.g. Noga et al.,
2000; Porter et al., 2001; Vogan et al., 2002; Chistoser-
dov et al., 2005). Rosen (1970) was the first scientist to
suggest that the lesions act as microniches being occu-
pied by several microbial groups whose interactive
effects result in lesion progression and later Cipriani and
colleagues (1980) proposed that extracellular lipases
and proteases were also involved in cuticular degrada-
tion. These reports have lead others (e.g. Sindermann,
1990; Smolowitz et al., 1992) to conclude that the
disease represents the collective effects of the extracel-
lular activities of the microbial lesion communities, as
illustrated in Fig. 2, with some microbes acting as active
enzyme producers while others fulfil a scavenger or
predatory role.

Bacterial isolation and identification of microbial
communities in shell disease lesions

All studies to date on the bacterial agents associated
with shell disease have relied on culture-dependent
identification. For example, Noga and colleagues (2000)
found a variety of pseudomonads, vibrios and aero-
monads associated with the lesions of shell disease
affected blue crabs, Callinectes sapidus but their identifi-
cation was based on culture-based identification using
phenotypic methodologies that are unlikely to give reliable
identifications (e.g. Vandenberghe et al., 2003). Although
the first to identify shell disease isolates using 16S rRNA
sequencing, Porter and colleagues (2001) still relied on a
preliminary culture step for their initial bacterial isolation.
Similarly, Vogan and colleagues (2002) and Costa-Ramos
and Rowley (2004) identified a number of culturable
chitinolytic bacteria from lesions on edible crabs (Cancer
pagurus) including Pseudoalteromonas atlantica and
Stenotrophomonas maltophilia. Chistoserdov and col-
leagues (2005) showed by 16S rRNA sequencing of
bacteria cultured from lesions from American lobsters
(Homarus americanus) with epizootic shell disease, that
this condition was associated with a number of bacterial
genera including Pseudoalteromonas gracilis and a

Fig. 2. Hypothetical and highly simplistic microbial lesion
community structure. This consists of microorganisms that are
active producers of extracellular enzymes such as chitinases (1);
scavengers that do not produce such enzymes themselves but can
utilize the breakdown products of others (2) and predators or
grazers that breakdown other microbes or their extracellular
enzymes (3). Gram-negative bacteria are red, Gram-positive
bacteria are blue and fungi are in green. White arrows indicate
extracellular enzyme production and black arrows indicate
substrate utilization.
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member of the Flavobacterium. Of further interest was
the finding that culturable chitinoclastic bacteria only
accounted for 1% of the bacteria recovered from these
lesions (Chistoserdov et al., 2005) perhaps strengthening
the idea that the epizootic form of the disease may have
only limited similarity to the classical form that is viewed to
be mainly associated with chitin degradation.

As it is now widely recognized that pure culture tech-
niques can seriously underestimate the total number and
cause bias in group dominance of the actual marine
microbial community (e.g. Eilers et al., 2000), the
approaches undertaken to date are unlikely to show the
true nature of the microbial communities in lesions from
shell diseased animals. Furthermore, only concentrating
on chitinolytic forms within these isolates (e.g. Vogan
et al., 2002) is probably a mistake as other non-chitinolytic
microorganisms in the lesions may be involved in pro-
teolytic breakdown of the cuticle that will contribute to
lesion development. Recent studies have indicated that
the unculturable a-proteobacteria may be important as
well as numerically dominant chitin degraders within the
marine environment (e.g. Cottrell et al., 2000) again
warning of the potential dangers of relying on culture-
based identification for evaluation of the relative impor-
tance of chitinolytic versus non-chitinolytic bacteria in
lesion development (Chistoserdov et al., 2005). Overall,
we would argue that the true dynamics of the epibiotic
microbial community, and hence the aetiological agents of
the several forms of shell disease, are still largely
unknown.

By taking a non-culture-dependent approach to micro-
bial enumeration and identification of the lesion micro-
biota, important questions that will yield a fundamental
insight into shell disease will be answerable. These
include: (i) Are the lesion communities the same in
diseased animals collected from different geographic
areas? (i.e. is shell disease a homogeneous disease in
terms of its aetiology?) (ii) Are there different bacterial
communities involved in classical and epizootic forms of
shell disease? (iii) Are the microorganisms from lesions
the same or distinct to those normally living on the
integuments of non-diseased animals? (iv) What are the
roles of non-chitinase producing microorganisms in
lesion communities?

Cuticular degradation in shell disease observed in the
edible crab, Cancer pagurus

Shell disease levels have been found to be abnormally
high in populations of C. pagurus around Langland Bay,
Gower Peninsula in South Wales, UK surveyed from 1997
to 2006 (Vogan et al., 1999; 2002; Powell and Rowley,
2005). This long-term survey has highlighted the impor-
tance of regional sediment characteristics in the induction

and progression of shell disease in C. pagurus. The abra-
sive quality of sandy sediments is likely to be a significant
factor in the removal of the outermost non-chitinous epi-
cuticle (Vogan et al., 1999). The subsequent colonization
of the chitinous procuticle is also enhanced by the
sediments as they contain large numbers of chitinolytic
microorganisms that possess efficient chemosensory
responses to newly exposed chitin. For C. pagurus, in the
warmer months, all these processes are aided by the
animals’ onshore behavioural response of sediment back-
burrowing leading to mechanical abrasion of the integu-
ment (Vogan et al., 1999).

The ultimate fate of a shell-diseased animal will largely
depend on its age (Vogan et al., 1999) and the overall
health status. As crustaceans age, the frequency of moult
declines, microbes have longer to degrade the cuticle and
the probability of pathogen entry into the main blood
space (haemocoel) through the lesion site increases
(Fig. 1; Vogan et al., 2001). Ultimately, it is the ability of
the shell diseased animal to combat microbial invaders
that enter its tissues following breakdown of the cuticle
which is paramount to its survival. Hence the bacteria that
predominate in the lesions may not necessarily be those
that multiply in the blood resulting in organ damage and
septicaemia. In the case of C. pagurus, several of the
different species of chitinolytic bacteria isolated from
lesions were also found to be pathogenic when injected
into crabs (Vogan et al., 2002; Costa-Ramos and Rowley,
2004), and Vogan and colleagues (2001) found that the
severity of shell disease was correlated with bacterial
numbers found in blood.

Why are some species of crustaceans more susceptible
to shell disease than others?

In certain situations the reasons for elevated levels of
shell disease are intuitive. For example, some aquacul-
ture and impoundment/holding systems contain high con-
centrations of animals thus increasing the chances of
mechanical damage from contact and fighting resulting in
subsequent cuticular disease. However, given that the
levels of shell disease increase with the age of the animal
in natural populations (e.g. Vogan et al., 1999), one would
expect crustaceans that have undergone a terminal moult
would exhibit high levels of the disease.

In the case of the Langland Bay study site already
reviewed, the rock holes and crevices where edible crabs
are found at low tide are frequently inhabited by European
lobsters (Homarus gammarus), velvet swimming crabs
(Necora puber) or even green shore crabs (Carcinus
maenas). These three species all display negligible levels
(< 1% infection rates) of the disease in comparison to
C. pagurus living in the same environment (C.L. Vogan,
unpubl. obs.). Whether this variation in species suscepti-
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bility results from differences in behaviour, cuticular
antimicrobial abilities, cuticular repair processes or
epicuticular thickness remains to be determined.

What is the economic cost of shell disease?

The edible crab fishery in the UK alone is said to be worth
in excess of £20 million per year, while worldwide crusta-
cean production from fisheries and aquaculture exceeded
4 ¥ 106 metric tons in 1998–99 (Wickins and Lee, 2002).
Although the levels and severity of shell disease in edible
crabs collected in UK coastal waters are highly variable,
up to 50% of such crabs collected by baited pot reportedly
show this condition and severely affected individuals have
no market potential owing to the tainting of the muscle
(crab meat) and the presence of unsightly lesions on the
carapace (Vogan et al., 1999). Neither lobsters nor edible
crabs are currently subject to traditional aquaculture
because of the inability to raise individuals from larvae to
marketable adults under captive conditions. Instead, such
crustaceans are taken from the wild and held for relatively
brief periods in pounds or ‘viviers’ until shipped to market.
During these captive periods, shell disease is unlikely to
be a major consequence to the overall health status of
such shellfish. However, in the case of tail fan necrosis
(an unusual form of shell disease) in the southern rock
lobster, Janus edwardsii, such live holding of these
animals prior to market is severely hampered by this con-
dition (Musgrove et al., 2005). Whether shell disease is a
cause or significant contributory factor in the reported
declines in catches of lobsters off the New England coast
or in edible crab fishery in parts of the UK is largely
unknown.

The crustacean cuticle – a defence against
shell disease

Much is known about the crustacean immune defence
mechanisms that are activated should a microorganism
breach the cuticle and enter the body cavity (haemocoel)
of the animal (for reviews see Lee and Söderhäll, 2002;
Bachère et al., 2004). However, comparatively little has
been reported on the possible antimicrobial defences that
may combat cuticular degradation. Noga and colleagues
(1994) suggested that the crustacean cuticle may permit
the transport of haemocoelic defensive molecules, such
as antimicrobial peptides, to its surface via the tegumental
gland. If this is the case, it would provide an explanation
for how anthropogenic chemicals thought to be associ-
ated with shell disease that have also been shown to
suppress the internal (haemocoelic) immune system,
could directly influence lesion progression. Although a
number of studies have shown that products of the
melanin-producing prophenoloxidase cascade found in

the cuticle have the ability to suppress the growth of fungi
(Söderhäll and Ajaxon, 1982), their role in general micro-
bicidal activity within the cuticle remains unproven. There
is no doubt that melanin and associated products of the
prophenoloxidase cascade are produced in response to
cuticular damage, but the progressive nature of the
cuticular lesions in shell disease itself suggests their
ability to cause cuticular disinfection may be limited. Haug
and colleagues (2002) have demonstrated that antimicro-
bial compounds can be extracted from the exoskeletons
of Pandalus borealis (northern shrimp), Pagurus bern-
hardus (hermit crab), Hyas araneus (spider crab) and
Paralithodes camtschatica (king crab). Their nature, diver-
sity and site(s) of biosynthesis are unknown but it is
tempting to speculate that they may to be related to the
increasingly large family of antimicrobial peptides that
have been found in the blood of crustaceans (Bachère
et al., 2004). Finally, it is possible that chitin itself and
some of its breakdown products could have antibacterial
activity (Tsai and Hwang, 2004).

Overall, although there is some knowledge of the anti-
microbial activities in the cuticle, this is very incomplete.
Key questions still remain, for example, if anthropogenic
disturbances in the marine environment really result in
heightened levels of shell disease in crustaceans, is one
potential mechanism for this general suppression in the
biosynthesis of such antimicrobial factors in both the
blood and cuticle?

Pollution: is the correlation with heightened shell
disease a coincidence?

Since the 1970s, the occurrence of shell disease in
decapod crustaceans has been linked with three forms of
environmental pollution, namely sewage, metal ions and
chemical insecticides. Young and Pearce (1975) were the
first workers to show that lobsters under aquarium condi-
tions exposed to dredge from sewage dumping grounds in
the New York Bight had a high prevalence of shell
disease-like lesions. More recently, the prevalence of
shell disease in lobsters collected from the 106 mile site
off the US eastern seaboard, which between 1986 and
1992 received c. 10 million tons of sewage/year from main
cities including New York, has been reviewed (EPA,
1995). This detailed report concluded that although shell
disease prevalances were higher in female lobsters in
areas thought to be affected by sewage dumping, overall,
the authors were unable to categorically conclude that
such activities had caused the disease. One further long-
term study has surveyed the prevalence and severity of
shell disease in edible crab (C. pagurus) populations from
Langland Bay, South Wales, UK between 1997 and 2007
before and post closure of a nearby raw sewage outfall
(Vogan et al., 1999; Powell and Rowley, 2005). Crabs
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sampled in 1997-1998 (before sewage outfall closure)
revealed extremely high prevalence of shell disease in
both males and females (Vogan et al., 1999). In 1999, the
associated sewage outlet was closed resulting in rapid
reduction in coliforms in that area and dramatic improve-
ments in the quality of the bathing water (http://www.
environment-agency.gov.uk). A further follow-up report of
shell disease prevalence and severity in Langland Bay
post closure in 2003 revealed no compelling change in
disease prevalence (Powell and Rowley, 2005) and addi-
tional unpublished surveys at this location in 2005 and
2006 also failed to observe any significant changes in
either the severity or prevalence of shell disease in this
population. Although as discussed sewage is a suspect
contributory factor in shell disease, the potential link has
not been substantiated.

In the case of metal pollution, a thorough survey by
Weinstein and colleagues (1992) compared shell disease
and metal content of blue crabs (Callinectes sapidus) in
the Albemarle-Pamlico estuaries in North Carolina.
Healthy crabs from the control environment (Albemarle
estuary) and shell disease affected crabs from an estuary
contaminated by metal waste (Pamlico River estuary)
were sampled. Higher concentrations of a variety of heavy
and transition metals, in particular manganese, were
found in sediment samples from the contaminated estuary
and in organ samples of shell diseased affected crabs.
The authors concluded that the accumulation of such
metals might play a minor role in shell disease in this
locality. As Hernroth and colleagues (2004) have found
that manganese suppresses the immune system of the
Norway lobster, Nephrops norvegicus, this may suggest a
possible mechanism of its action in relation to shell
disease. Preliminary studies on single bacterial isolates
taken from shell disease lesions of C. pagurus and sedi-
ment culture supernatants from regions with high levels of
shell disease, have revealed the potential of metal ions to
directly enhance (Fe2+, Mg2+, Cu2+) or inhibit (Hg2+, Zn2+)
chitinase activity (C.L. Vogan, unpubl. obs.), perhaps sug-
gesting that the putative links with shell disease and pol-
lution might be due to regional enhancement of chitinase
activity in the presence of specific metal ions. It should not
be forgotten that chitin is a metal chelating polymer (Muz-
zarelli, 1977), but it is not known whether animals from
contaminated areas have higher proportions of metal pol-
lutant ions in their exoskeletons. If the contaminant metal
ions serve to enhance chitinase activity of sediment-
derived microorganisms it could have detrimental conse-
quences for the animals. Overall, despite the small body
of research, there is some evidence to suggest that
certain metal ions could have a direct role in shell disease
initiation and progression.

It is well established that insecticides affect cuticle for-
mation in decapods and hormone analogues such as

methoprene have also been found to inhibit chitin synthe-
sis in the blue crab, Callinectes sapidus at part per billion
concentrations (Horst and Walker, 1999). From 1997
onwards a sudden and devastating mortality event of
lobsters, Homarus americanus occurred in the Long
Island Sound, New England, USA. Lobsters were typically
limp and some exhibited cuticlar lesions similar to those
seen in shell disease. The high economic losses incurred
led to a research initiative to investigate the cause of
mortality (for overview see Pearce and Balcom, 2005).
The cause was initially thought to be an accumulation of
insecticides in coastal waters resulting from an attempt to
use such chemicals to control the mosquito vector of the
West Nile Virus, which occurred the summer before the
lobster mortality event. Subsequently, trace concentra-
tions of methoprene were found to increase moulting in
lobster larvae and accumulate in the epidermal cells of
adults, where they could potentially inhibit chitoprotein
synthesis (Walker et al., 2005a,b). Other insecticides,
such as malathion and resmethrin, have been shown to
act as immune suppressants, by reducing the phagocytic
ability of lobster haemocytes for up to 3 weeks after expo-
sure (De Guise et al., 2004; 2005). However, others have
found no apparent toxicity or immune suppressive activity
in lobsters for insecticides at the concentrations found in
waters in the Long Island Sound (Zulkosky et al., 2005).

This mass mortality event in lobsters was complicated
by other factors including unusually high water tempera-
tures (Glenn and Pugh, 2006) and outbreaks of other
diseases, notably Neoparamoeba (Pearce and Balcom,
2005) and limp lobster syndrome caused by Vibrio fluvialis
(Tall et al., 2003). Alkylphenols, compounds used in
plastic manufacturing, have also been found in the local
marine sediments and tissues of lobsters where they have
endocrine disrupting effects (Biggers and Laufer, 2004). A
current suggestion widely reported in the popular litera-
ture, is that these chemicals may modulate cuticular syn-
thesis and hence adversely affect the interaction between
shell disease microorganisms and the integument.

In conclusion, it would appear there is sufficient evi-
dence to infer that the association between shell disease
and metal ions or insecticides is probably not a simple
coincidence. It is probable that these two groups of pol-
lutants promote the degradation of the cuticle by oppor-
tunistic bacteria directly by reducing chitin/chitoprotein
synthesis and carapace toughness, or indirectly by immu-
nosuppression and physiological disruption. The putative
link between shell disease and sewage pollution is not
proven, partly owing to a lack of laboratory study and
partly owing to the less discrete nature of the pollutant. It
is also possible that sewage promotes existing lesion
progression indirectly, by a general nutrient enrichment of
the water and sediment, hence enhancing the abundance
of the bacteria associated with shell disease.
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Temperature change and shell disease

There is increasing interest in the relationship between
climate change and diseases in the aquatic environment
(e.g. Lafferty et al., 2004; Mydlarz et al., 2006; Bruno
et al., 2007). In the case of shell disease in lobster popu-
lations in the New England region, the prevalence of this
condition has been found to be positively correlated with
periods of higher than average water temperatures
(Glenn and Pugh, 2006). While these data are derived
from a relatively brief timescale (2000-2004) they may
indicate that temperature could be a major driver in
observed changes in this condition. As pointed out by
Glenn and Pugh (2006), lobsters held at temperatures
higher than 20°C (a temperature that has been shown to
be exceeded in these surface waters during summer
months in the period studied) are subject to heightened
physiological stress that can lead to immunosuppression
and heightened microbial growth.

Conclusions

A key conclusion of this review is that a radical
re-evaluation of the roles of chitinolytic versus non-
chitinolytic bacteria in lesion progression in the different
forms of shell disease is overdue. However, this can only
take place after the true nature of the microbial commu-
nities in shell disease lesions has been systematically
evaluated. Second, our appreciation of the nature of anti-
bacterial activities of the crustacean cuticle is lacking and
this will impede any future analysis aimed at firmly linking
anthropogenic disturbances and general environmental
change with outbreaks of shell disease. Finally, a simplis-
tic model for shell disease based only on abnormal chitin
recycling is unlikely to adequately reflect the complexity of
this syndrome either at the level of microbial interaction
within lesions or in different crustacean populations. Thus,
shell disease cannot simply be viewed any longer as just
chitin recycling gone wrong.
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