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Abstract
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Host Interactions and Diversity. Acta Universitatis Upsaliensis. Comprehensive
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The crayfish plague refractory crayfish, Pacifastacus leniusculus, which can harbour the
fungal parasite within melanotic sheath, are found to constitutively express the gene encoding
for prophenoloxidase (proPO) after mimicking parasite attack.  In contrast, the susceptible
crayfish, Astacus astacus, responds to the parasite by increased levels of proPO transcript,
particularly in the semigranular haemocytes.  The upregulation of proPO could confer a
temporary resistance towards the fungal infection, suggesting that additional factors are
involved in maintaining the balance between host and parasite.  The resistant crayfish may
have adapted to the parasite by increasing the transcript level of immune genes.  The parasite
can be considered as a symbiont since it does not harm the host rather than it activates the
immune gene and possibly preventing other pathogens to become established.

Two serine proteinase genes encoding a subtilisin-like (AaSP1) and a trypsin (AaSP2)
enzyme were isolated from the crayfish plague fungus, Aphanomyces astaci.  These
proteinases are prepropeptides and generate mature proteins of 39 kDa and 29 kDa,
respectively.  Characterisation of AaSP1 suggests that the enzyme may be involved in
intracellular control mechanisms rather than playing a role in pathogenesis.  The AaSP2
transcript was not controlled by catabolic repression, but was induced by crayfish plasma,
implying a role in pathogenesis toward the crayfish host.

Physiology and genetics of five Aphanomyces strains, which were isolated from
moribund crayfish, were characterised with regard to their pathogen diversity.  These strains
are not virulent against crayfish.  Some physiological properties of these strains differed from
A. astaci, such as growth rate, germination and production of chitinase.  Genetic analysis
clearly indicated that they are not related to A. astaci and their name are proposed to be
Aphanomyces repetans.

The crayfish P. leniusculus was found to be susceptible to white spot syndrome virus
infection.  The virus has a significant effect to the population of crayfish haemocyte.  The
number and proportion of granular cell from virus-infected crayfish were higher than in
controls, indicating granular cells are more resistant to and may interact by some means with
the virus.

Two morphotypes of the crayfish parasite Psorospermium haeckeli obtained from
different crayfish hosts of different geographical origin were analysed for ribosomal ITS DNA
in order to compare their genetic diversity.  The sequence difference between them was found
largely in ITS 1 and ITS 2 regions, which was variable in length and showed 66% and 58%
sequence similarity.  Thus, different morphotypes of P. haeckeli are genetically diverse.
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Abbreviations

BGBP β-1,3-glucan-binding protein

BSA bovine serum albumin

ITS internal transcribed spacer

LGBP lipopolysaccharide- and β-1,3-glucan-binding protein

LPS lipopolysaccharide

PG-1 peptone glucose medium

PO phenoloxidase

ppA prophenoloxidase activating enzyme

proPO prophenoloxidase

RAPD-PCR random amplified polymorphic DNA-polymerase chain reaction

WSSV white spot syndrome virus
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INTRODUCTION

The outbreaks of the crayfish plague have caused massive mortalities of the

freshwater crayfish in Europe since 1859.  The disease first started in Italy and then, it was

widely spread throughout the European continent (Alderman 1996).  Today, the disease is

still consistently encountered in this region.  The crayfish plague is the most devastating of

all crayfish diseases due to its ability to cause a rapid and large-scale mortality. The

disease is caused by the fungal pathogen, Aphanomyces astaci, and there is clear evidence

that the fungus was introduced to Europe with the importation of North American

crayfish, which are the carriers of the disease.  The interaction between the freshwater

crayfish and the crayfish parasites, particularly the crayfish plague fungus, has been

studied in our department for many years.  Research studies have focused on the immune

defence reactions of the crayfish host and the disease establishment by the crayfish

pathogens.

The resistance of crayfish to the crayfish plague fungus depends on species and

immune status.  All non-American crayfish, such as Astacus astacus (European),

Cambaroides japonicus (Japanese) and Cherax tenuimanus (Australian), are highly

susceptible to the crayfish plague fungus and they can be killed within a few weeks after

being infected.  In contrast, North American species, for instance Pacifastacus

leniusculus, Procambarus clarkii, and Orconectes limosus, are not only very resistant to

fungal infection, but also harbour the fungal hyphae within melanised spots as a chronic

infection (Unestam, 1969b, 1972, 1975).  The reason behind this circumstance is still

unknown, but it seems to involve the defence reactions of the crayfish since the resistant

crayfish will succumb to the fungal parasite when they are under immunesuppressive

conditions.  Therefore, studies of the defence reactions will elucidate the resistance

mechanism of the crayfish as well as give us a better knowledge of crustacean immunity.

The insight into crayfish immunity is also valuable for aquaculture development since it

may be applied for economically important cultured crustaceans, for example shrimp,

lobster and crab, which are immunologically related to freshwater crayfish.
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Crayfish are host to a large variety of parasites (Edgerton et al., 2002; Evans and

Edgerton 2002).  However, very little is known about the disease development.  Crayfish

parasites and diseases need to be studied in considerable detail regarding ecological,

environmental and economical consequences.  Adaptation to parasitism is interesting in

view of why and how one parasite can express virulence in a certain host, but not in

another.  Crayfish mortality may be due to several reasons and therefore, the development

of diagnostic tools is required for identification of causative agents and for tracing the

origin of the disease.  The basic mechanisms of disease establishment are necessary to

understand for further control and protection.  In addition, research focus on crayfish

parasites will provide beneficial information for quality control policy on the commercial

movements of crayfish and crayfish products.

In this thesis, studies on interaction of the crayfish defence reactions and the

crayfish parasite were conducted and the results reveal that (1) proPO is an important

defence molecule for resistance to fungal infection even though additional factors are

required for balance between crayfish and fungal parasite, (2) a gene for a trypsin enzyme

from the crayfish plague fungus is specifically induced by crayfish plasma, suggesting      

a role in pathogenesis, (3) the crayfish mortalities in Spain and Italy during 1998-2000 are

not due to outbreak of the crayfish plague fungus, but the mortalities are associated with

an unidentified fungus that is proposed to be Aphanomyces repetans, (4) white spot

syndrome virus is able to infect freshwater crayfish, and (5) different morphological forms

of the crayfish parasite Psorospermium haeckeli are genetically different.
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BACKGROUND TO THE PRESENT STUDY

THE DEFENSE REACTIONS OF THE FRESHWATER CRAYFISH

Freshwater crayfish, like other invertebrates, lack an adaptive immune system as in

vertebrates.  Therefore, the crayfish defence mechanisms are based mainly on innate

immune responses.  Innate immunity comprises both cellular and humoral reactions.  The

cellular response is mediated by haemocytes and the humoral immune response involves

constitutive and inducible extracellular molecules.  Invertebrate innate immune responses

are very efficient and complex.  They are able to limit the microbial infection within

hours.  The molecular characterisation has revealed remarkable similarities among

invertebrates, vertebrates and plants, suggesting that they share a common evolutionary

ancestry (Hoffmann et al., 1999; Nürnberger and Scheel, 2001).  The description of innate

immune reactions in crayfish (Fig. 1) and some invertebrates is summarised as follows.

Haemocytes

The circulating haemocytes play an important role in defence against invading

microorganisms.  According to cell morphology, the haemocytes of crayfish and those of

other crustaceans can be divided into three types: hyaline, semigranular and granular cells

(Bauchau 1981).  The hyaline cells are small, spherical and contain no or few granules.

The semigranular cells contain variable number of small granules.  The granular cells have

a large number of secretory granules.  The amount of each cell type varies between

species.  The biological function of the crayfish haemocytes is distinct for each type.  The

hyaline cells play a major role in phagocytosis (Smith and Söderhäll, 1983b; Söderhäll    

et al., 1986; Thörnqvist et al., 1994).  The semigranular cells take part in encapsulation

reactions and have a limited function in phagocytosis (Smith and Söderhäll, 1983b;

Persson et al., 1987b; Kobayashi et al., 1990).  Both granular cells and semigranular cells

store the components of prophenoloxidase activating system and are capable of cytotoxic

reaction  (Smith  and  Söderhäll 1983b; Söderhäll et al., 1985).  The semigranular cells are
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Fig.1 Schematic overview of crayfish defense reactions.  In the presence of microbial organisms, the

recognition molecules in plasma participate in binding to microbial cell wall component.  Then the

complexes bind to membrane receptors of the haemocytes and consequently activate the defense

mechanisms.  Haemocytes directly play a role in cellular defense mechanism or release humoral

defense molecules, which lead to activation of prophenoloxidase activating system and coagulation

system.

the most sensitive and they are the first to respond to the lipopolysaccharide and β-1,3-

glucans by degranulation and then, the components of proPO system are released

(Johansson and Söderhäll, 1985).  Instead of microbial cell wall components, the granular

cells can be triggered to degranulate by a factor of the proPO system, peroxinectin, in the

presence of a microbial elicitor (Johansson and Söderhäll, 1989).  This is considered to

increase the concentration of proPO components at the site of infection.
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The number of circulating haemocytes greatly varies and is affected by various

factors.  In crayfish and other invertebrates, infection by microorganisms decreases the

number of haemocytes.  Injection of saline dramatically increases the crayfish haemocyte

number, whereas injection of β-1,3-glucans rapidly reduces the number of haemocytes

followed by a slow recovery to the normal state after 4-6 hours (Smith and Söderhäll

1983a; Persson et al., 1987a).  The loss of circulating haemocytes after β-1,3-glucan

injection is probably due to cell aggregation, indicating the key role of the haemocytes in

the defence reaction.  Persson et al. (1987a) demonstrated the importance of haemocytes

in the balance between crayfish host and parasite.  The signal crayfish, Pacifastacus

leniusculus, harbours the fungus Aphanomyces astaci within melanotic spots as a latent

infection.  Reduction of the haemocyte number by an injection of β-1,3-glucan will allow

the parasite to overcome the immune defence and rapidly grow within the host, which will

finally kill the crayfish host (Persson et al., 1987a).

The prophenoloxidase activating system

The prophenoloxidase activating system (proPO system) is a non-self recognition

and defence system in arthropods (Söderhäll and Cerenius, 1998).  The proPO system is

extensively studied by our laboratory using freshwater crayfish as an animal model.  This

system can be elicited by minuscule amounts (pg/l) of microbial cell wall components, i.e.

ß-1,3-glucans from fungi and lipopolysaccharide (LPS)  from bacteria, via recognition

proteins (Unestam and Söderhäll, 1977; Söderhäll and Häll, 1984).  The insect proPO

system can also be activated by peptidoglycans.  A ß-1,3-glucan-binding protein (BGBP)

and a lipopolysaccharide- and ß-1,3-glucan-binding protein (LGBP) participate in

recognition and bind to the microbial carbohydrates (Duvic and Söderhäll, 1990; Lee et

al., 2000).  BGBP is synthesised in hepatopancreas, whereas LGBP is synthesised in

haemocytes.  Once BGBP has interacted with ß-1,3-glucans, this protein becomes

activated and can bind to a specific membrane receptor on the haemocyte surface

(Barracco et al., 1991; Duvic and Söderhäll, 1992).  Binding of BGBP-glucan complex to

haemocytes induces different immune reactions such as spreading and degranulation of

the haemocytes (Barracco et al., 1991), and enhances the rate of phagocytosis by hyaline

cells (Thörnqvist et al., 1994).  During degranulation, the components of proPO system

are released from the haemocyte granules.
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The activation of proPO is regulated by a serine proteinase cascade (Söderhäll,

1982; Söderhäll and Cerenius, 1998).  An enzyme that is able to activate the proPO in vivo

is termed prophenoloxidase activating enzyme (ppA).  In crayfish, ppA is a trypsin-like

proteinase present as an inactive form in the haemocyte granules.  After degranulation, the

enzyme is released together with proPO and becomes an active form in the presence of

microbial elicitors.  The active ppA will convert proPO to an active form, phenoloxidase

(PO) (Aspán and Söderhäll, 1991; Aspán et al., 1995).  PO is a copper-containing protein

and a key enzyme in melanin synthesis (Söderhäll and Cerenius, 1998; Shiao et al., 2001).

It both catalyses o-hydroxylation of monophenols to diphenols and oxidises diphenols to

quinones, which can polymerise non-enzymatically to melanin.  PO is a sticky protein and

can adhere to the surface of parasites, which will lead to melanisation of the pathogen.

Melanisation is usually observed by blackening of the parasite in the haemolymph or

black spots on the cuticle.  The melanin and intermediates in the melanin formation can

inhibit growth of microbial parasites, such as the crayfish plague fungus, Aphanomyces

astaci (Söderhäll and Ajaxon, 1982). To prevent excessive activation of the proPO

cascade, proteinase inhibitors are needed for its regulation.  A 155 kDa trypsin inhibitor,

pacifastin, and to a lesser extent crayfish α-macroglobulins are inhibitors of proPO-system

proteinases (Hall et al.,1989; Aspán et al., 1990; Liang et al., 1977).

The importance of proPO in disease resistance has been studied.  In a lepidopteran

insect, injection of Entomophaga maimaiga protoplast to a permissive host, Lymantria

dispar, did not change any proPO activity.  In contrast, injection of E. aulicae protoplasts

into a non-permissive host induced a high level of proPO activity, whereas a cellular

response, such as encapsulation, did not occur.  The proPO activity was detected in high

amount during a survival of fungus.  This indicates that the proPO system recognises the

non-permissive fungus as a non-self and takes part in the defence of microbial intruder

(Bidochka and Hajek, 1998).  In crayfish, injection of ß-1,3-glucan into noble crayfish,

Astacus astacus, significantly increased the expression of the proPO transcript.  With the

same treatment, the survival time of the crayfish was considerably increased after

experimental infection by fungal parasite.  This suggests that the longer survival time is

due to the increase of proPO expression (Paper I).

During degranulation of haemocytes, peroxinectin, a 76 kDa protein, is also

released.  It is stored in the secretory granules of haemocytes, released during

degranulation and activated concomitant with the activation of proPO system by microbial
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cell wall components (Johansson and Söderhäll, 1988).  The active form of peroxinectin

can stimulate encapsulation, phagocytosis and degranulation (Johansson and Söderhäll,

1989; Kobayashi et al., 1990; Thörnqvist et al., 1994).  The degranulating activity of

peroxinectin leads to an amplification of the initial response, and more proPO system

components are released. The primary structure of peroxinectin reveals that it belongs to a

family of heme-containing peroxidases and contains a KGD motif, which may be the

motif for binding to an integrin on the haemocyte (Johansson et al., 1995; Holmblad et al.,

1997).  Recently, it was demonstrated that peroxinectin binds to a cell-surface associated

superoxidase dismutase (SOD) on the haemocyte (Johansson et al., 1999).  Peroxinectin

exhibits dual activities, i.e. cell adhesion and peroxidase activity (Johansson et al., 1995).

It has shown that peroxinectin is both an opsonic protein and an encapsulation factor.

Thus, haemocytes contact the microbial invader by binding of integrins to a peroxinectin-

microorganism complex.  As peroxinectin has peroxidase activity, the binding of

peroxinectin to SOD can produce a toxic compound.  The membrane enzyme complex

NADPH oxidase produces superoxide (O2
-) from oxygen molecules.  The superoxide ions

are used by SOD to generate hydrogen peroxide (H2O2).  Peroxinectin uses hydrogen

peroxide to form toxic compounds, for example hypochlorous acid (HOCl).  Both

hydrogen peroxide and hypochlorous acid are toxic to the microorganisms or parasites

(Holmblad and Söderhäll, 1999).

The coagulation system

Blood clotting is an essential process in arthropods to prevent blood loss when the

animals are injured.  Also, the clotting reaction is required to immobilise the invading

pathogens at the wound site.  Presently, two completely different coagulation systems are

known in invertebrates.  One system is deciphered in crustaceans and another was

discovered in chelicerates.  The coagulation system in other invertebrates is still unknown.

In crustaceans, the coagulation system involves a plasma clotting protein and a

haemocyte-derived transglutaminase (Kopácek et al., 1993; Yeh et al., 1998).  The

crayfish clotting protein is a very high-density lipoprotein with a dimeric structure

composed of 210 kDa subunits (Hall et al., 1995).  It is synthesised in the hepatopancreas

and released to haemolymph.  The primary structure of an invertebrate plasma clotting

protein was first determined in crayfish and was found to belong to the vitellogenin

superfamily (Hall et al., 1999).  The transglutaminase is synthesised and stored in the
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haemocytes, and released to the plasma upon the activation of haemocytes.  This enzyme

covalently crosslinks the clotting protein molecules in the presence of calcium ion to form

a soft gel at the wound sites (Wang et al., 2001).

The coagulation system in chelicerates comprises a serine proteinase cascade

present in the haemocytes (Kawabata et al., 1996; Iwanaga et al., 1998). The components

of horseshoe crab haemolymph coagulation are released and the system is initiated upon

stimulation by microbial polysaccharides.  Factor C, a protein with serine proteinase

catalytic domain and LPS binding region, binds to LPS and becomes activated by

autocatalysis.  The active Factor C cleaves and activates Factor B, a serine proteinase, and

the active Factor B then cleaves proclotting enzyme (the third serine proteinase).  Also,

the proclotting enzyme can be activated by Factor G (serine proteinase), which become

activated after binding to ß-1,3-glucans.  Finally, the activated proclotting enzyme cleaves

coagulogen, a clottable protein like mammalian fibrinogen, to form coagulin, which self

aggregates to create a clotted gel.

Antimicrobial peptides

Invertebrates, vertebrates and plants generate antimicrobial substances as a first

line of defence against the microbial infection.  The molecular mechanism of

antimicrobial peptide production in invertebrates has been intensively studied using the

fruit fly, Drosophila melanogaster, as an animal model.  Seven inducible antimicrobial

peptides in response to immune challenge have been discovered from fruit fly and they are

potentially active against fungi (drosomycin and metchnikowin), Gram-positive bacteria

(drosomycin, metchnikowin and defensin) or Gram-negative bacteria (cecropin, drosocin,

diptericin and attacin) (Hoffmann and Reichhart, 1997).  The peptides are synthesised by

the fat body, a functional equivalent of the vertebrate liver, and secreted to haemolymph.

Transcriptional induction of the genes encoding for antimicrobial peptides are regulated

by at least two distinct pathways termed Toll and Imd (Immune deficiency). The Toll

signalling pathway directs expression of the gene encoding drosomycin and

metchnikowin, and the Imd pathway controls expression of drosocin and diptericin.

Expression of cecropin, attacin and defensin is regulated by both pathways.  Interestingly,

Toll pathway and Toll gene products are structurally and functionally similar to cytokine-

induced expression of several immune genes in mammals, indicating the defense
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mechanisms are evolutionary conserved.  The mechanisms of these pathways have been

reviewed (Imler and Hoffmann, 2000; Khush et al., 2001; Hoffmann and Reichhart, 2002).

There are also antibacterial peptides identified from crustaceans and chelicerates.

Seven antimicrobial peptides were found from horseshoe crab (Iwanaga and Kawabata,

1998), two molecules from shore crab, Carcinus maenas (Schnapp et al., 1996; Relf et al.,

1999), five homologous peptides, termed penaeidins, from shrimp, Penaeus vannamei

(Destoumieux et al., 2000a) and four antibacterial peptides from freshwater crayfish (Lee

and Söderhäll, unpublished).  All peptides show a broad spectrum of antimicrobial

activities against fungi and/or bacteria.  Unlike insect antimicrobial peptides, these

peptides are synthesised, stored in the haemocytes and released after immune challenge,

but as yet nothing is known about their mode of induction.  The antimicrobial peptides

from crustaceans and chelicerates belong to diverse families (or new family) and some

molecules exhibit chitin binding activity (Destoumieux et al., 2000b; Iwanaga, 2002).

Recognition molecules

The innate immune system is based on recognition of molecules from microbial

parasites through pattern recognition receptors.  Microbial molecules as the targets of

recognition molecules has several common features, for instance these molecules are

structural molecules of pathogens, but not the host, which are shared by a large groups of

microbes and are essential for their survival (Medzhitov and Janeway, 2000; Janeway

2001).  Example of such molecules are ß-1,3-glucans from fungi, lipopolysaccharide,

peptidoglycan and lipoteichoic acid from bacteria, and double-stranded RNA from virus.

Therefore, presence of microbial molecules is an indication of an infection, which allows

the host to choose a sufficient mechanism to fight against a certain class of pathogens

(Medzhitov and Janeway, 2000).  The biological function of recognition molecules in

innate immune reactions are (i) triggering of proteinase cascades and/or signalling

pathways of the defence mechanisms, and (ii) clearance of microbial invaders from the

blood system.

Proteinase inhibitors

Proteinase inhibitors are present in multiple forms in animals, plants and

microorganisms. A number of proteinase inhibitors have been reported from invertebrates.

Most of them have a common structural feature as one of well characterised families, such
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as Kazal, Kunitz, α-macroglobulin, serpin, metalloproteinase inhibitor and cysteine

proteinase inhibitor. Recently, a new serine proteinase inhibitor family termed “pacifastin

family” has been described.  The members of this family, for example pacifastin from

crayfish and LMCI-1 and 2 from locust, have cysteine-rich domain in common (Simonet

et al. 2002).  This indicates that they have evolved from a common ancestral gene.  The

mechanism of inhibition is common among most proteinase inhibitors, i.e. the inhibitor

molecule combines with the proteinase at the reactive site to block proteolytic activity.

Invertebrate proteinase inhibitors can be found in plasma, haemocytes or cuticle.  The

gross biological function of proteinase inhibitor is to prevent unwanted proteolysis.  Two

central roles of proteinase inhibitors in invertebrate immunity are defence against

microbial proteinases and regulation of endogenous proteinases (Kanost, 1999).

Proteinases from microbial pathogens may serve as virulence factors, which could

degrade the host proteins and lead to malfunction of the cells.  Therefore, antiproteolytic

activities from the host are necessary to limit these toxic effects.  Several in vitro

experiments suggest a role of proteinase inhibitors in defence against microbial

proteinases.  For instance, a subtilisin inhibitor from silkworm, Bombyx mori, strongly

suppresses fungal proteinases (Eguchi et al., 1993).  Several variants of serpin-1, which

are encoded from a single gene of Manduca sexta, exhibit inhibitory effects to both

bacterial and fungal serine proteinases (Jiang and Kanost, 1997).  In the greater wax moth,

Galleria mellonella, an insect metalloproteinase inhibitor, named IMPI, is induced in

response to bacterial metalloproteinase and this induction process was found to involve

induction of lysozyme and antibacterial peptides (Wedde et al., 1998; Griesch et al.,

2000).  Three proteinase inhibitors from crayfish, subtilisin inhibitor, pacifastin and α2-

macroglobulin, show inhibitory activity against extracellular proteinases from crayfish

parasite, but less effective to proteinases from other parasites (Häll and Söderhäll, 1982,

1983; Dieguez-Uribeondo and Cerenius, 1998).  The crayfish subtilisin inhibitor and

grasshoppers proteinase inhibitor are present in the cuticle and it was suggested that these

proteinase inhibitors may serve as defence against pathogen proteinases during their

growth through the host cuticle (Häll and Söderhäll, 1983; Polanowski et al., 1997).

The examples above clearly indicate that proteinase cascades are important in the

defence mechanisms in invertebrates.  To prevent excessive activation of the endogenous

cascade, which may cause harm to the host itself, proteinase inhibitors play a role in

regulation of the proteinases.  Pacifastin and to a lesser extent α-macroglobulin show
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inhibitory effect on the crayfish proPO activation by ppA  (Aspán et al., 1990).  Serpin-1J

from M. sexta inhibits a serine proteinase that activates proPO (Jiang and Kanost, 1997;

Jiang et al., 1998).  Three serpins from horseshoe crab regulate the coagulation system;

LICI-1 inhibit for factor C, LICI-2 for clotting enzyme and LICI-3 for factor G (Miura et

al., 1994, 1995; Argarwara et al., 1996).  A serpin, Spn43Ac, from Drosophila negatively

regulates the conceivable proteinase cascade of the Toll signalling pathway (Levashina et

al., 1999).

CRAYFISH PARASITES

Crayfish dwell in freshwater areas where there is great risk to be infected by a

number of parasites.  The parasites associated with the crayfish diseases are described into

six main taxonomic groups, i.e. viruses, bacteria, rickettsia-like organisms, fungi, protists

and metazoa (Table 1).  In this thesis, three important parasites, i.e. the crayfish plague

fungus, white spot syndrome virus and Psorospermium haeckeli, were studied with regard

to their pathogenesis and their genetic diversity.

Crayfish plague fungus

The crayfish plague is the most serious of all crayfish diseases.  The causative

agent of the disease is Aphanomyces astaci, a parasitic Oomycete (Unestam, 1969a, b).

Like many other animal pathogenic Oomycetes, A. astaci is found to exhibit only asexual

reproduction in its life cycle (Fig. 2).  The genus Aphanomyces is characterised by

formation of primary spores within the sporangium, which subsequently protrude through

an opening and immediately form spore balls (primary cysts) at the hyphal apex.  After the

resting period, the primary cysts will release the secondary swimming zoospores.  There is

only one reliable way to differentiate A. astaci from another Aphanomyces species and

that is to produce zoospores and experimentally infect the appropriate crayfish host.       

A. astaci is able to kill the susceptible host within two weeks.

The life cycle of A. astaci is adapted to pathogenicity.  The successful infection is

initiated by zoospores, which are the dispersal element and the key infective unit of the

pathogens.  Zoospore formation is triggered by substitution of culture medium with Ca2+

solution  or more simply with lake water (Cerenius  and  Söderhäll,  1984b).   To find their
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Table 1 Parasites reported for crayfish (summarised from Edgerton et al., 2002; Evans and Edgerton, 2002).

Group/ Parasite Remarks

Virus
Bacilliform viruses
Birnavirus
Parvo-like viruses
Picorna-like virus
Reo-like viruses
Toti-like virus
White spot syndrome virus (WSSV)

     The clinical sign of viral infection is lethargy in all 
viruses.  In parvo-like virus infection, patches of opaque
muscle were found.  In WSSV infection, the haemolymph 
was reddish and the clotting reaction was delayed. 
Infected tissues vary, but usually are hepatopancreas and 
midgut.

Rickettsia-like
Rickettsia-like organism
Hepatopancreatic rickettsia-like organism

     The first RLO causes systemic infection, while the 
second restricted infects to only hepatopancreas.

Bacteria
Aeromonas spp.
Acinetobacterium sp.
Citrobactor spp.
Flavobacterium spp.
Proteus vulgaris

Pseudomonas spp.
Vibrio mimicus
Filamentous Leucothrix-like bacteria

     The list indicates bacteria, which has been associated 
with disease.  Other Gram-negative and Gram-possitive are 
also common in haemolymph.  The clinical sign of 
bacterial infection is lethargy, reduced response to stimuli 
or histo-pathological lesions.  Some species cause shell 
disease and eye necrosis.

Fungi
Achlya spp.
Aphanomyces astaci

Fusarium spp.
Saprolegnia parasitica

Trichosporon beigelii

      A. astaci is the most serious pathogen due to rapid and 
mass mortality.  Clinical sign is unclear.  Fusarium 

infection cause brown spot and brown abdominal disease. 
Fungal infection is usually accompanied by melanised 
lesions.

Protista
Microsporidian

     Ameson spp.           Pleistophora sp.
   Thelophania spp.   Vavraia parastacida

Psorospermium haecheli

Hyalophys lwoffi

Tetrahymena pyriformis

     Microsporidian causes porcelain, cotton, milky or white 
tail disease.  Infection by other protista does not show an 
obvious clinical sign.  The parasites usually found in 
muscle, connective tissue, gill and haemocoel.  There are 
also several external protists (not on the list), but fouling 
by these protists is not serious.  The presence of external 
protists is due to poor water quality or unhealthy crayfish.

Metazoa
Branchiobdella spp. (Annelida)
Temnocephala minor (Platyheminthes)
Acanthocephalans (4 reported species)
Digeneans (at least 25 species)
Nematodes
Tapeworm metacestodes

     Metazoan parasites are found both internal and outer 
surface.  Most of them also parasite other animals and 
some live in crayfish as intermediate host.  Pathogenicity 
of metazoan parasites is unclear.



19

Fig. 2 Schematic picture of the asexual life cycle of Aphanomyces astaci.  The fungal mycelia grow

inside the crayfish body.  To propagate, the mycelium penetrates through the crayfish cuticle and forms

sporangia.  The primary zoospores are produced within the sporangium, which subsequently protrude

through an opening at the hyphal tip and immediately form spore balls (primary cysts).  Subsequently, the

primary cysts will release secondary zoospores to find the new hosts.  To infect the crayfish, the

zoospores settle on the host, form a cyst (encystment) and penetrate into the host by a penetration peg.  If

the zoospores can not find the proper host within a limited time, the zoospores can encyst and the cysts

can release a new zoospore generation to increase the chance to find the host.

host, the zoospores appear to chemotactically respond to crayfish through compounds

excreted from the crayfish (Cerenius and Söderhäll, 1984a).  Although chemotaxis appears

to be unspecific process since zoospores are also attracted to non-host substances, it is an

important mean for orienting a zoospore to a nutrient source.  Zoospores may attract and

settle on preferential positions of the host surface and this may refer to specificity.  On the

crayfish exoskeleton, A. astaci zoospores favour to settle particularly on soft cuticle

between segments, in the limb joints or superficial wounds (Nyhlén and Unestam, 1980).

As soon as zoospores have contact with the host surface, attachment normally

occurs. Zoospores attachment is composed of three stepwise processes, i.e. detachment of

flagella, encystment and adherence. When they settle on the host, the flagella are dropped

and the spores encysted.  Encystment is a process by which the zoospores synthesise a cell

wall.  This process can be induced by either physical or chemical factors, such as low or

high temperature, mechanical stimuli, ions, organic substances and compounds present on

the surface of host (Svensson and Unestam, 1975; Cerenius and Söderhäll, 1984b, 1985).
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Upon encystment, the spore releases adhesive material, which ensure and facilitate

attachment to the host.  In Oomycetes, the adhesive substances appear to be glycoproteins

(Gubler and Hardham, 1988; Deacon and Donaldson, 1993).  Generally, attachment of the

cysts to the surface is very strong and cysts are difficult to dislodge (Sing and Bartnicki-

Garcia, 1975; Svensson, 1978).  However, if the cysts do not contact a surface within a

few minutes after encystment, they will loose adhesive ability and fail to attach to a

surface again even though adhesive material is still present on the cyst.

Once the cysts attached to the crayfish, they undergo germination and penetrate

through the host cuticle.  Germination of A. astaci cysts is specifically triggered by

crayfish exudate or a certain concentration of Ca2+ ion, while other nutrients are not

effective (Svensson 1978; Cerenius and Söderhäll, 1984b).  To penetrate into the host,

A. astaci produces a penetration peg and grows directly into the cuticle.  The fungus uses a

combination of both mechanical forces and extracellular enzymatic activities to break the

lipid layer of the crayfish cuticle and penetrate into the epicuticle (Nyhlén and Unestam,

1975).  Then, the fungus can grow into haemocoel and reach into the internal cavity

(Unestam and Weiss, 1970).  At the last stage of infection, the fungal mycelium penetrates

through the epicuticle from inside.  The mycelia protrude into the water to form sporangia

and propagate a new fungal parasite generation.

If the zoospore has encysted at an inappropriate place where germination does not

occur, the cysts are able to perform repeated zoospore emergence, a process by which a

new zoospore generation is released instead of germination (Cerenius and Söderhäll,

1984b).  The repeated zoospore emergence will give the zoospore additional chances to

find its host and germinate.  The regulation of this event is still unknown; however, the

developmental studies at molecular level of Oomycetes indicate that the post-

transcriptional regulator, a pumilio homologue, may be involved in germination and

repeated zoospore emergence  (Andersson and Cerenius, 2002b). Repeated zoospore

emergence has been found in only the parasitic Aphanomyces whereas the saprophytic

species germinate upon encystment (Cerenius and Söderhäll, 1984b, 1985).

Using the RAPD-PCR technique, the A. astaci strains were classified in 4

genotypes; (1) Astacus strain, (2) Pacifastacus strain I, (3) Pacifastacus strain II and (4)

Procambarus strain (Huang et al., 1994; Diéguez Uribeondo et al., 1995).  Interestingly,

the last group was found to have adapted to a warm environment, whereas the former

three groups were adapted to cold water (Diéguez Uribeondo et al., 1995).
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Fungal proteinases as virulence factors

Fungi obtain nutrients by absorption of small soluble substances from environment

through cell wall and cell membrane.  Generally, the soluble nutrients are derived from

complex substance, such as polysaccharides, lipids and proteins, which are broken down

by the release of extracellular enzymes.  The saprophytic fungi produce various hydrolytic

enzymes with broad substrate specificity, whereas pathogenic fungi secret enzymes that

are more specific to their ecological niches (St. Leger et al., 1997).  Pathogenic fungi

produce a range of extracellular enzymes corresponding to the major chemical

components of their host structural barriers, for example protein, chitin and lipid           

(Söderhäll and Unestam, 1975; St. Leger et al., 1986; Bidochka and Khachatorians, 1987;

Tunlid and Jansson, 1991).  Fungal extracellular proteinases may play a role in

pathogenesis during penetration and cause damage to the host cells in order to supply

nutrients to fungal cells.

The yeast Candida albicans is a pathogen that causes infections ranging from

superficial mucosal lesions to life-threatening systemic disease.  Putative virulence factors

of C. albicans involve cell wall adhesion, morphological switching of yeast cells to

filamentous form and secretion of extracellular proteinases (Cutler, 1991).  In particular,

the secreted aspartic proteinases (Saps) appear to play a major role as virulence factors in

C. albicans.  To date, ten genes encoding Sap family members have been isolated (Hube

and Naglik, 2001).  Sap takes part in several events during pathogenesis, for example

adherence, facilitating penetration, destruction of the host tissue, and evasion of host

immune responses (Hube and Naglik, 2001).  The members of SAP gene family are

differentially expressed and regulated according to cell type, environment and stage of

infection.  The SAP1-3 are expressed during yeast phase, whereas SAP4-6 are expressed

during filamentous phase at neutral pH (Hube et al., 1994).  Expression of SAP8 is

temperature-regulated, while SAP9 and 10 are constitutive expressed under most

environmental conditions (Monod et al., 1998; Hube and Naglik, 2001).  Except for SAP2,

all members of the SAP genes are not induced by exogenous proteins or peptides (Hube    

et al., 1994).  The SAP1-3 are expressed during superficial infection and the SAP4-6 are

expressed correlated to systemic infection (Schaller et al., 2000; Staib et al., 2000).  This

indicates that SAPs are crucial for pathogenic Candida and that different SAPs may have

adapted to and could function in different environments to facilitate infection.
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Invasion of entomopathogenic fungi (such as Metarhizium anisopliae, Beauveria

bassiana and Verticillium chlamydosporium) into insect host through the cuticle is

considered to be due to a combination of physical forces and enzymatic degradation.

Among extracellular enzymes, proteinases are the most important in pathogenesis since

protein constitutes about 70% of the insect cuticle.  The evidences for such a crucial role

of extracellular proteinases in pathogenesis comes from a study of their synthesis during

infection and their activity on cuticle degradation (St. Leger et al. 1986; Paterson et al.,

1993, 1994b).  The major proteinases produced from M. anisopliae are subtilisin-like

serine proteinases, trypsin proteinase, metalloproteinase, cysteine proteinase,

aminopeptidases and carboxypeptidase (St. Leger et al., 1987; Cole et al., 1993; St. Leger

et al., 1994; Joshi and St. Leger, 1999).  Most of these proteinases are regulated by carbon

and nitrogen catabolic repression while subtilisin-like serine proteinases (Pr1a) are

specifically induced to a high level by a protein component of insect cuticle (Peterson      

et al., 1994a,b; St. Leger et al., 1988; Screen et al., 1997, 1998).  The presence of diverse

secreted proteinases in pathogenic fungi assists to establish a successful infection.

Disruption of Pr1a can only reduce, but not completely remove, virulence against the

insect host and this is due to other cuticle degrading enzymes, which are secreted at high

level in the Pr1a mutant (St. Leger, 1995).  The fungal proteinases not only function in

penetration but also interfere with the immune system of the insect (Vilcinskas and Götz,

1999).  The proteinases secreted from B. bassiana or M. anisopliae inhibit phagocytic

activity and impair attachment, spreading and cytoskeleton formation of plasmatocytes

both in vitro and in vivo (Vilcinskas et al., 1997a,b; Griesch and Vilcinskas 1998).

In the crayfish plague fungus A. astaci, the role of extracellular proteinases as a

virulence factor has been investigated.  Proteinases are produced both in ungerminated and

germinated cysts, and are detected during in vivo infection indicating their involvement in

the penetration process (Nyhlén and Unestam 1975; Söderhäll et al., 1978).  Also, the

extracellular enzymes secreted by crayfish plague fungus are able to degrade the crayfish

cuticle (Söderhäll and Unestam 1975).  The crayfish plague fungus may secrete several

extracellular proteinases for pathogenesis as in other pathogenic fungi.  Of these, the

subtilisin-like and trypsin proteinases were identified from this fungus (Diéguez-

Uribeondo and Cerenius, 1998; Paper II).  Expression of the trypsin proteinase gene

(AaSP2) is not controlled by nitrogen catabolic repression, but specifically induced by

crayfish plasma, implying a role in pathogenesis toward the crayfish host (Paper II).
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White spot syndrome virus

White spot syndrome virus (WSSV) is a pathogen on crustaceans with a wide host

range.  It can infect both freshwater and marine species, for instance shrimp, crab and

crayfish (Chou et al., 1995; Lo et al., 1996; Wang et al., 1998; Paper IV).  In shrimp, the

disease caused by WSSV is characterised by the presence of white spots of about 5 mm on

the cuticle and sometimes is accompanied with a reddish coloration on the body.

Histopatology indicates that infection of WSSV is not organ or tissue specific.  Infection

of WSSV can be observed in several tissues; however, it does not infect hepatopancreatic

epithelial cells or midgut epithelial cells even in moribund shrimp, which are considered

to be refractory tissues for WSSV infection (Chang et al., 1996; Wang et al., 1999).  The

mechanism of infection and spread of WSSV in crustacean hosts is not clear.  However,

the experimental transmission of WSSV indicates that the white spot disease could be

transferred by cohabitation with or ingestion of WSSV-infected animals (Kanchanaphum

et al., 1998; Supamattaya et al., 1998).

The virions of WSSV are enveloped and have an ovoid to bacilliform shape with a

tail-like appendage at one end.  The size of virions is approximately 250-380 nm in length

and 70-150 nm in width.  The virions enclose a rod shape nuclocapsid, which contains a

DNA-protein core bounded by a distinctive capsid layer giving it a cross-hatched

appearance.   The size of nucleocapsid is 200-250 nm in length and 65-70 nm in diameter

(Wongteerasupaya et al., 1995; Duran et al., 1997).  WSSV is a large double-stranded

DNA virus, which contains a genome of about 293 kb (Yang et al., 1997; van Hulten       

et al., 2001).  It was first classified as an unassigned member of the family Baculoviridea

since its morphology, nuclear localisation and morphogenesis resemble the insect

baculoviruses (Francki et al., 1991; Durand et al., 1997).  However, the precise taxonomic

position of WSSV is still unknown because lack of detail information of the WSSV.

Classification of viruses is based on virion properties (such as properties of morphology,

physical chemistry and macromolecules), genome organisation, antigenic properties and

biological properties (www.ncbi.nlm.nih.gov/ICTV).  Recently, the entire WSSV genome

was sequenced (van Hulten et al., 2001).  Even though the overall genome structure of

WSSV is comparable to baculoviruses, its genome size is larger.  The genome of WSSV is

293 kb, whereas baculoviruses are between 100 to180 kb.  Besides, WSSV genome

sequence does not show significant homology to any virus family and a phylogenetic

study on DNA polymerase indicates that WSSV does not share a common ancestor with
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other viruses from different virus families.  Therefore, WSSV is suggested to be a member

of a new virus family, provisionally named Whispoviridae (van Hulten et al., 2000; Tsai   

et al., 2000).

Psorospermium haeckeli

The crayfish parasite Psorospermium haeckeli is a unicellular organism, which is

characterised as an immobile sporocyst about 100-200 µm in length, oval to elongated

shape, a thick-layered shell and stuffed with globular contents.  The parasite was first

observed in noble crayfish Astacus astacus (Haeckel, 1857).  At present, at least 15

crayfish species have been found to harbour P. haeckeli (Vogt and Rug, 1999).  The

presence of this parasite could be observed in different tissues of the crayfish host such as

connective and epidermal tissue under the carapace, gill, abdominal muscle tissue and the

collagenous wall of the dorsal thoracic blood vessels (Henttonen 1992, 1994, 1995; Rug

and Vogt 1994).

In P. haeckeli, 7 developmental stages have been observed; (1) the amoeboid

stage, (2) the round-naked stage, (3) the elongation stage without wall plates, (4) the

elongation stage with thin wall plates, (5) the mature stage, (6) the large-naked stage and

(7) double-lobed mature (Henttonen et al. 1997).  Recently, Vogt and Rug (1999)

proposed a diphasic life cycle of this parasite, which comprises a histozoic and a free-

living phase.

Analysis of nuclear-encoded small-subunit rRNA gene of P. haeckeli revealed it is

a eukaryotic organism, which belongs to a new phylogenetic clade near the animal-fungal

dichotomy (Ragan et al., 1996).  These authors took the first letter of the 5 members of

this clade forming the name DRIPs and later, Cavalier-Smith (1998) suggested that the

parasites in this clade belong to a novel class termed Ichthyosporea.  Histological studies

indicated that P. haeckeli has two associated nuclei (Rug and Vogt 1994, 1995; Vogt and

Rug 1995).  The thick outer layer shell was identified to be cellulose or chitin (Nylund and

Westman 1995).  The globular contents were described to be composed of oils (Vogt and

Rug 1995).

At least four morphotypes of P. haeckeli have been described as determined by

size, morphology and histology.  It seems likely that the occurrence of different

morphotypes may be linked to different crayfish species of different geographical origin.

Two morphotypes are present in Europe; type 1 having an oval spore and type 2 having
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more elongated or rod shape (Rug and Vogt 1995).  The third morphotype present in

North America has an elongated shape and is longer than the European morphotypes

(Henttonen et al., 1992, 1994).  The fourth one is found in Australia with an oval or

curved shape and slightly smaller than European types (Herbert 1987).  The different

morphotypes have been suggested to constitute different species (Vogt and Rug 1995;

Vogt et al., 1996).  However, this issue has not been resolved yet.  Recent analysis of the

ribosomal internal transcribed spacer DNA in European morphotype 1 and North

American morphotype demonstrated that the different forms of P. haeckeli are genetically

different (Paper V).

The pathogenicity of this parasite to the crayfish host is not clear.  However,       

P. haeckeli has been associated with mortality of crayfish in aquaculture and during

moulting season (Söderhäll 1988; Vey 1978).  Several studies on host defence towards

this parasite demonstrated that P. haeckeli could activate granular haemocytes (Kobayashi

and Söderhäll, 1990), degranulate the semigranular cells (Thörnqvist and Söderhäll, 1993)

and induce the prophenoloxidase activating system (Cerenius et al., 1991) of the crayfish.
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RESULTS AND DISCUSSION

In the present study, the defense response of crayfish, the pathogenesis of the

pathogenic fungus and the white spot syndrome virus, and the diversity of the

Psorospermium haeckeli parasites were characterised.  The results form these studies can

upgrade our understanding of the relationship between crustacean hosts and their

parasites.  The results are summarised and discussed as following.

Paper I : Host resistance can turn a parasite to a symbiont

The signal crayfish, Pacifastacus leniusculus, is refractory to a particular fungal

parasite, Aphanomyces astaci, and can harbour this parasite alive within a melanotic

sheath.  In contrast, the noble crayfish, Astacus astacus, is much more susceptible to the

infection by A. astaci and they die within a few weeks after being infected (Söderhäll and

Cerenius 1992).  Defence reactions of crayfish are activated by microbial cell wall

components, for instance β-1,3-glucans from fungi (Söderhäll and Cerenius 1998).  Here,

the expression of prophenoloxidase (proPO), a key enzyme in melanin synthesis, in both

resistant and susceptible crayfish species was observed after receiving injections with

laminarin, a polysaccharide containing the β-1,3-linked glucose units.  In A. astacus,

injection with laminarin results in increased levels of proPO mRNA in the haemocytes,

whereas other transcripts such as actin and peroxinectin, a cell adhesion protein, remained

unchanged.  Nevertheless, the level of proPO transcript in P. leniusculus was found to be

permanently at a high level and did not further increase upon injection of laminarin.

Hence, the refractory host adapted to the presence of parasite by maximal production of

proPO transcript and can not be further strengthened.

In situ hybridisation was used to confirm and further analyse levels of proPO

expression in A. astacus.  In non/saline-injection animals, proPO mRNA in the granular

cells was detected at a high level, whereas in the semigranular cells, the level was very

low.  Upon laminarin injection, the number of granular cells slightly increased but the

amount of proPO transcript in this cell type was about the same as saline injected crayfish.
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The number of semigranular cells remained at a constant level, while the expression of

proPO was greatly increased.   Therefore, the increase in proPO mRNA in laminarin-

injected A. astacus is due to an increased expression of the proPO transcript in the

semigranular cells.  The increases of proPO mRNA may be due to that the haemocytes are

replaced by a new set of haemocytes with high levels of proPO transcript.

Since experimental introduction of fungal cell wall material into susceptible

crayfish gives rise to an enhanced proPO expression, this introduction was also tested for

any effect on host resistance towards the crayfish plague fungus, A. astaci.  In standard

infection experiments, the accumulated mortality reached 50% within 4 days in the

infected control crayfish, whereas the same mortality was reached 9 days in the immune-

stimulated animals.  Thus, this result clearly indicates that the increased proPO expression

is accompanied by an increased survival time, and give strong indirect evidence that

proPO is an important component in an increased resistance towards the parasite.

However, enhancement of proPO production in susceptible crayfish merely provides a

temporary resistance towards the parasite infection, suggesting that additional factors are

involved in maintaining the balance between host and fungal parasite.

Paper II : Serine proteinase genes from crayfish plague fungus

Two serine proteinase genes were isolated from the crayfish plague fungus,

Aphanomyces astaci.  The subtilisin-like serine proteinase gene, designated as AaSP1,

encodes a putative full-length protein of 515 amino acid residues.  The AaSP1 is a

preproprotein containing a hydrophobic N-terminal, which appears to be a signal peptide

for protein secretion.  The cleavage sites of a signal peptide and propeptide were predicted

and the mature enzyme has a calculated molecular mass of 39.5 kDa.  The deduced amino

acid sequence of AaSP1 shows similarity to fungal and bacterial subtilisin proteinases.

Southern blot analysis indicates that there are at least two subtilisin genes in the fungal

genome.  Northern blot analysis reveals that the transcript size of AaSP1 gene is 1.6 kb.

The AaSP1 is expressed at a very low level in mycelium, sporulating mycelium, encysted

cells and germlings.  Transcription of AaSP1 was not increased when the fungus was

growing in media supplemented with either crayfish cuticle or external nitrogen sources

like BSA or skim milk.  Thus, it is possible that AaSP1 is involved in intracellular control

mechanisms rather than playing a role in pathogenesis.
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The trypsin proteinase gene, designated as AaSP2, encodes a prepropeptide of 276

amino acid residues.  The N-terminal sequence is hydrophobic and probably represents a

signal peptide sequence.  After the cleavage of putative propeptide, a mature protein is

generated with a calculated molecular mass of 25.4 kDa.   The primary structure of AaSP2

is similar to trypsin enzymes from various organisms including bacteria, fungi and

animals.  The putative N-terminal of the mature AaSP2 contains the sequence IVGG,

which is typical for trypsin proteinases.  Only 2 specific binding pocket residues are

conserved in AaSP2, but the primary specific binding pocket aspartic acid, which is

common in enzymes with trypsin-like activity (Perona and Craik, 1995), is replaced by

asparagine.  Perhaps, there is some conformation change, which may influence the

specificity of AaSP2.  Moreover, AaSP2 has only four cysteine residues, which are

suggested to be involved in disulfide bond formation between C-66 to C-82 and C-203 to

C-231.  Southern blot analysis indicates that there are multiple trypsin genes in the fungal

genome.  Northern blot analysis revealed that the transcript size of AaSP2 is 1 kb.  AaSP2

mRNA is synthesised during the exponential growth in a complete medium (PG-1), but

neither during the lag phase nor the stationary phase. A medium containing 10 mM NH4Cl

or 0.3% urea do not suppress the expression of AaSP2, and a medium supplemented with

BSA or skim milk do not increase AaSP2 transcript level.  This indicates that the

regulation of AaSP2 transcription is not controlled by nitrogen catabolic repression nor

induced by exogenous protein sources.  Induction of AaSP2 expression was found when

the fungus was growing in crayfish plasma, but not in plasma from rabbit or horse.

Besides, the trypsin activity in crayfish plasma medium is higher than that in PG-1

medium.  This clearly demonstrates that AaSP2 transcript is specifically induced by

plasma from crayfish.  A number of studies show that the proteinases from

entomopathogenic fungi could inhibit their host immune system (Vilcinskas and Götz,

1999; Griesch and Vilcinskas, 1998; Vilcinskas et al. 1997a, b).  Therefore, induction of

AaSP2 transcript and trypsin secretion during the growth in plasma of A. astaci may not

only take place to gain nutrients but also to inhibit or demolish the crayfish host defence

reactions.

Paper III : Characterisation of Aphanomyces isolated from crayfish

During 1998-2000, we investigated the causative agent of freshwater crayfish

mortality in Spain and Italy and we isolated five strains of Oomycetes from the cuticle of
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these crayfish.  These fungi were triggered to sporulate in sterile lake water and developed

primary spores (asexual spores) within their hyphae, which afterwards protrude through

the hyphae tips to form spore balls (cysts).  This morphological characteristic is unique

among Aphanomyces spp.  Accordingly, these strains belong to genus Aphanomyces.

Using molecular techniques, A. astaci strains were classified into four distinct

genetic groups (Söderhäll and Cerenius, 1999).  In this study, we compared physiological

and genetical characters of the newly isolated strains with the four reference A. astaci

strains (Table 2).  The new strains share some physiological properties with the reference

strains.  They are able to perform repeated zoospore emergence and could produce three

zoospore generations as previously described in A. astaci by Cerenius and Söderhäll

(1984b). In contrast to those reference strains, the new strains are fast-growing, are

induced to germinate by nutrients, and are deficient in constitutive chitinase production

(Svensson 1978; Andersson and Cerenius, 2002a).  The RAPD-PCR analysis indicated

that the new strains represent a new genotype, which is different from the reference

strains.  The similarity between new strains was about 70-80% while the reference strains

shared about 60% similarity.  Hence, both physiological and genetic characterisations

clearly indicate that the five new Aphanomyces strains do not belong to any of the

previously classified genotypes of A. astaci.

Table 2 Physiological and genetic charcterisation of Aphanomyces astaci strains compared with

Aphanomyces repetans strains

Aphanomyces astaci strains Aphanomyces repetans strains

Physiological characterisation

     Virulence to crayfish Yes No

     Sexual reproduction No No

     Growth rate Slow Fast

     Induced germination by PG-1 Less than 10% More than 95%

     Induced germination by CaCl2 30-70% 70-80%

     Repeated zoospore emergence Yes (3 generations) Yes (3 generations)

     Chitinase production Constitutive Inducible

Genetic characterisation

     RAPD-PCR analysis 4 genotypes identified They are closely related strains,

but different from A. astaci

strains
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A. astaci is identified by its ability to infect the freshwater crayfish (Scott, 1961;

Unestam and Weiss 1970).  To verify whether the five new strains are A. astaci, the

infection assay was performed according to standard protocol against Astacus astacus and

Cherax destructor (Cerenius et al., 1988).  The new Aphanomyces strains failed to kill

both crayfish species.  Under this experimental condition, A. astaci could cause mortality

to crayfish within a few weeks.  Thus, the new strains do not belong to A. astaci.

Identification of the species of genus Aphanomyces mainly refers to the sexual

reproduction.   Presently, the new strains are unidentified to species because the new

Aphanomyces strains lack sexual reproduction.  Therefore, we propose that the name of

these isolates should be Aphanamyces repetans.  These strains representing a closely

related group are likely to be involved in crayfish mortality in Spain and Italy since they

are widely spread; however, they are not yet concluded to be the causative agent.  They

may be able to attack crayfish, which are suffering by stress from other parasites or

environmental factors.

Paper IV : Infection of white spot syndrome virus in crayfish

In this study, we demonstrated that WSSV is able to infect and cause disease in the

freshwater crayfish Pacifastacus leniusculus.  Unlike the penaeid shrimp, WSSV-infected

crayfish did not show any appearance of white spots or reddish coloration on their bodies.

This is possible due to the thickness and the dark coloured melanin pigment of the cuticle.

However, other signs of viral infection were detected, for instance (1) the haemolymph

was reddish, (2) the clotting reaction was delayed, and (3) the activity and locomotion

were reduced.  Lesions caused by viral infection were found in gill lamellae, cuticular

epidermis, adipose connective tissue, haematopoietic tissue, heart and haemocytes, but

were not detected in hepatopancreatic tubules.  It seems likely that the epithelial cells of

hepatopancreatic tubules are refractory tissues for viral infection, since this observation

has also been done penaeid shrimp (Wang et al., 1999).  The target organs and tissues of

moribund crayfish were heavily infected with WSSV, and the high incidence of affected

cells throughout the organ probably led finally to death of the crayfish through loss of

organ function.

The polymerase chain reaction (PCR) and in situ hybridisation assay were applied

to corroborate WSSV-infection in crayfish.  The PCR was performed using genomic DNA

from viral infected crayfish as a template and yielded a single product with the expected
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size approximately 1500 bp.  Sequence analysis of the PCR product demonstrated that this

PCR product is a partial DNA sequence of WSSV genome (van Hulten et al., 2001).

Then, the PCR product was used as a probe for in situ hybridisation assay.  The organs or

tissues, which show symptoms to viral infection by histopathology, also gave a positive

reaction to the WSSV probe.  No reactions were found in organs from control crayfish nor

from viral infected crayfish when hybridisation was performed without WSSV probe.

This indicates that the WSSV probe used in this study was highly specific to WSSV

without cross-reaction with uninfected cells.  The signal intensity of the viral infected cells

apparently correlates to the stage of infection.  The infected cells with hypertrophic nuclei

with marginated chromatin, which were considered to be in the early infection stage, gave

lightly positive signals.  In contrast, the cells with intranuclear eosinophilic inclusion or

denser inclusion, which were determined to be in the late infection stage, showed stronger

signal intensity.

The effect of viral infection on circulating haemocyte number of the crayfish was

investigated.  Total haemocyte number and granular cell number were counted on day 0

(non-injection), 1, 3, 5 and 8 after received an injection of WSSV or control medium.

WSSV injection did not effect to total haemocyte count.  The granular cell number of

WSSV injected crayfish was significantly higher than non-injected and control-injected

group from day 3-8 and day 5-8, respectively.  The granular cell proportion of viral

injected crayfish was higher than non-injection and control-injection from day 3 to day 8.

These results indicate that WSSV has a significant effect on the population and proportion

of granular cell.  There are some possible explanations for this finding.  First, granular

cells are more resistant against viral infection than the other haemocyte types.  Secondly,

the other cell types, i.e. semigranular cells and hyaline cells, are sensitive and may be

responsible for viral infection.  Third, since haematopoietic tissue is one of target organs

that are infected by WSSV and it is a circulating haemocyte-producing organ of the

crayfish (Söderhäll and Cerenius 1992; Chaga et al. 1995), WSSV may affected the

developmental pathway in this tissue and lead to changes of proportion of haemocytes,

resulting a high proportion of granular cell.

Paper V : ITS analysis of the crayfish parasite Psorospermium haeckeli

Psorospermium haeckeli is a parasite of crayfish.  At least four morphotypes of the

parasite have been described, according to size, morphology and histology (Herbert 1987;
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Henttonen et al., 1992, 1994; Rug and Vogt, 1995).  The question of whether these

different morphotypes are different species is not resolved.  In this study, the ribosomal

internal transcribed spacer (ITS) DNA of the parasites were characterised to compare

genetic divergence between two different morphotypes of P. haeckeli.

Two morphotypes of mature sporocysts were isolated from two crayfish species.

P. haeckeli from the noble crayfish Astacus astacus (from Sweden and Finland) were

oval-shaped measuring 80 to 100 x 55 to 70 µm.  The parasites were often found in the

epidermal and connective tissue beneath the carapace of A. astacus and sometimes in the

abdominal muscle and gill. The parasite from the red swamp crayfish Procambarus clarkii

has an elongated sporocyst of 120 to 200 x 35 to 70 µm predominantly in the abdominal

muscle tissue.  P. haeckeli isolated from A. astacus and P. clarkii belong to the European

morphotype 1 and North American morphotype, respectively.

The ribosomal ITS region of two morphotypes of P. haeckeli was amplified and

sequenced.  Analysis of ITS sequences indicated that ITS 1 and 2 of both morphotypes are

variable in length and sequence similarity.  The ITS sequences of European morphotypes

are longer than North American morphotype.  The sequence similarity within European

morphotype was more than 99%, while an average similarity between the 2 morphotypes

was 66.7% and 58.4%, respectively.  However, the complete sequences of 5.8S rRNA are

highly conserved between 2 morphotypes.  This is not surprising since nuclear rRNA

sequences evolve relatively slow, while ITS regions evolve more rapidly and may vary

among species within a genus or among populations (White et al., 1990; Hillis and Dixon

1991).  Thus, the ITS sequence analysis clearly indicates that P. haeckeli European

morphotype 1 is genetically different from North American morphotype.  This result also

suggests that the four morphotypes of P. haeckeli, which are found in different

geographical areas, are genetically different.
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CONCLUSIONS

The success of crayfish to fight against parasite infection is certainly dependent on

immune factors.  The resistant crayfish, Pacifastacus leniusculus, which harbour the

crayfish plague fungus within the melanotic sheath, constitutively expresses the gene

encoding for proPO at a high level.  This prevents the growth of fungus although it is not

enough to kill the parasite.  The parasite is unable to conquer the host and is enclosed

within melanised spots on the cuticle.  The fungal parasite may have adapted to survive

and may be considered as a symbiont because it does not harm the host, but plausibly

prevent other pathogens to become established after the immune reactions of the host have

already turned on.  However, if the hosts are weakened by any immunesuppressive

conditions, the parasite can grow and produce an extensive mycelium causing a

subsequent death to the crayfish.  The susceptible crayfish, Astacus astacus, express

proPO transcripts at a basal level, which is upregulated in response to a parasite infection.

The proPO is clearly required for resistance to fungal infection.  Nonetheless, the

enhancement of proPO results in merely a temporary resistance towards the parasite

infection, suggesting that more immune factors are required for maintaining the balance

between host defence reactions and fungal parasite.

The extracellular proteinase from crayfish plague fungus is a putative virulence

factor involved in the infection of crayfish.  The trypsin proteinase, AaSP2, is specifically

induced by crayfish plasma.  It would be interesting to isolate the inducing factor from the

plasma.  The role of AaSP2 in pathogenesis is not clear; however, if the enzyme is

induced in vivo during mycosis, the fungus may use the proteinase not only to gain

nutrients but also to interfere with the host defence reactions.  Hence, it is interesting to

further investigate the interaction of the trypsin proteinase on the crayfish immune defence

system.

Five strains of Aphanomyces were isolated from moribund crayfish from Spain and

Italy.  Physiological, genetical and virulence assays clearly indicated that they are not

identical to the crayfish plague fungus, A. astaci.  RAPD-PCR is useful technique for

determine the genotype pattern of A. astaci strains and possibly to trace the origin of
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infection.  Constitutive expression of chitinase seems to be specific physiological

character of A. astaci and possibly use as a first screen for diagnosis due to the ease with,

which it can be assayed.  Since the repeated zoospore emergence is reported to be a

specific for parasitic members of Aphanomyces, it is possible that these Aphanomyces

strains, which also perform repeated zoospore emergence without virulence to crayfish,

are parasites of other aquatic animals.  These strains may be able to infect the crayfish

when the hosts are weakened.

White spot syndrome virus is a pathogen with a wide range of hosts and is able to

infect an unnatural host as crayfish.  Infection of WSSV in crayfish is not tissue specific

and shows common histopathological signs as in other crustaceans.  This emphasises the

risk of WSSV being spread in exotic areas where it can have an effect on native

crustaceans.  Detection of WSSV can be performed by reliable techniques, such as PCR or

in situ hybridisation.  Even though detection by the latter technique is more complicated, it

can indicate the stage of infection.   These methods are useful for diagnosis of WSSV

infection.  The difference of total haemocyte number does not certainly indicate the

presence of WSSV due to the great variation of haemocyte number in each animal.

However, proportions of haemocyte types may indicate the effect of viral infection.

The different morphotypes of Psorospermium haeckeli are basically distinguished

by shape, size and geographical origin.  The ITS sequence analysis reveals genetic

divergence of the parasite and strongly supports the morphological difference.  The

pathogenicity of different morphotypes is not known.  The complete life cycle and the

mode of infection of the parasites have not been established.  Thus, the specific sequence

of the ribosomal ITS may be useful for investigation and confirmation of other life stages

of different P. haeckeli morphotypes and to elucidate how the parasite is transmitted form

one host to another.
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