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Abstract 
The phenoloxidase system in invertebrates is playing a key role for defense 
mechanism against various microbial elements (e.g. bacteria, fungi). The formation of 
melanin is catalyzed after activation of a serine proteinase cascade. The active form of 
the enzyme phenoloxidase (PO) catalyzes the oxygenation of phenols to quinones and 
finally to melanin compounds. The melanin and quinone formation are widely 
recognized as immune reactions and there are experimental in vivo evidence that 
melanization reactions are important for defense against some pathogens. In this 
report we show that the active form of PO is able to kill different microbes, by 
formation of quinones and melanin if provided with substrates such as L-dopa (3, 4 
dihydroxyLphenylalanine), dopamine (4-(2-aminoethyl) benzene-1, 2-diol), tyramine 
(4-hydroxyphenethylamine) and tyrosine. For Escherichia coli and Bacillus cerens, 
growth was strongly affected, whereas Aeromonas hydrophila, Staphylococcus aereus 
and Pseudomonas aeruginosa were only slightly affected. In the presence of 
dopamine active PO had a stronger antimicrobial activity as compared to L-dopa, 
tyramine and tyrosinase were used as substrates. The growth and spore germination of 
the Aphanomyces astaci was also affected by the presence of active PO and 
dopamine. Thus, under the experimental conditions, 60-90% of the spore germination 
was prevented by active PO with dopamine as substrate. The effect on bacteria was 
abolished if no substrate was available for the PO, or in the presence of PO inhibitor 
phenylthiourea.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations 
ProPO and PO: prophenoloxidase and phenoloxidase respectively; PG, Peptidoglycan;  
PAMPs, pathogen-associated molecular patterns;Imd, immune deficiency pathway;  
AMPS, antimicrobial peptides; LPS, lipopolysaccharides; BGBP, ß-1,3-glucan-binding protein; 
LGBP,lipopolysaccharide- and ß-1,3-glucan-binding protein; L-Dopa ,3,4-dihydroxy-L-phenylalanine 
PTU,1-phenyl-2-thiourea; HLS, Hemocyte lysate supernatant; CFU, Colony forming units; PAMPs: 
Pathogen -associated molecular patterns. TRM: tyramine, TSN: Tyrosine; TLR:Toll like receptors. 
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Introduction 
In all multi cellular organisms the immune system is the primary mechanism used 
against pathogenic or foreign microbial substances (e.g. bacteria, virus). The immune 
response is of two types innate and adaptive. In all invertebrates only the innate type 
of immune system is present. But in all vertebrates both innate and adaptive immune 
systems are present, in which T-cells and B-cells are involved. Innate immunity 
reactions can induce the adaptive immune system in vertebrates. 
 
Immune reactions are quick and effective in the control of primary infections. In 
crustaceans damaged tissue or presence of microorganisms and parasites (fungi or 
protozoan) result in melanin deposition around the damaged tissue and/or the foreign 
bodies to control further growth or to paralyze them. The innate immune system will 
provides toxic quinone substances and other short lived reaction intermediates in 
invertebrates. The substances such as tyramine, tyrosine, L-dopa and dopamine etc. 
can later convert in to dopachrome which is the colored product formed before 
melanin formation (red or pink colored compound form before it converts into deep 
black melanin products from the substrates tyrosine → tyramine → L-dopa → 
dopamine → dopachrome). These substrates are also involved in producing more 
long-lived products such as melanin that physically encapsulates pathogens (1). The 
active form of the enzyme phenoloxidase (PO) from invertebrates will catalyze the 
oxygenation of monophenols to o-diphenols and further oxygenate o-diphenols to o-
quinones (2).  
 
Due to cytotoxic conditions of quinones, the enzymatic activation of 
prophenoloxidases (proPO) (by involvement of the serine protease cascade, which 
generates PO for quinone production) was considered as an important mechanism for 
pathogen immobilization and elimination (3). The activation of the proPO-system can 
stimulate cellular responses like phagocytosis (4). Earlier research results on crayfish 
proPO have proved the requirement of PO for defense against crayfish pathogenic 
bacterium, Aeromonas hydrophila (5). Thus by silencing the proPO gene in crayfish 
to increased bacterial growth, decreased phagocytosis, reduced PO activity, reduced 
nodule formation, and increased mortality were observed when infected with 
Ae.hydrophila. In contrast, higher PO activity was observed by silencing the 
pacifastin gene (an inhibitor of the crayfish proPO activation cascade). This resulted 
in decreased bacterial growth, higher phagocytosis, higher nodule formation and 
delayed mortality (5).  

Invertebrate immune system recognizes the pathogen associated molecular patterns 
(PAMPs) on the foreign antigen surface compounds by pattern recognition receptors 
(PRRs). Interaction between PAMPs-PRRs triggers the inactive proPO into active 
phenoloxidase through the serine proteinase cascade that lead to the elimination of the 
foreign protein antigens (6). PRRs are expressed continuously in host to detect the 
pathogenic compounds regardless of their life-cycle stages. These PRRs are germ line 
encoded, nonclonal, expressed on all kind of given cell types. The reaction between 
PAMPs and PRRs is specific and show separate expression patterns for the activation 
of specific signaling pathways (7). Serine proteinase cascade in insects can be 
activated by the recognition of lysine-type peptidoglycans by their recognition 
complex which leads to precede activation of proPO cascade (8). 
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The PO activating system (proPO system) is a non-self recognition and defense 
system in arthropods (9). Presence of minute (pg/l) amounts of microbial compounds, 
i.e. ß-1,3-glucans from fungi and lipopolysaccharide (LPS) from bacteria, through 
receptor proteins can activate the proPO system (10). According to some earlier 
research PO activity in tiger shrimp hemocytes can be enhanced by either in vitro or 
in vivo treatment with ß-glucan (11). 
 

 
 
Figure 1. Activation of proPO cascade in invertebrate immunity. Pathogen-associated molecular 
patterns (PAMPS; e.g. peptidoglycans, lipopolysaccharides or b-1,3-glucans) are bound by host 
recognition proteins. This initiates a serine proteinase cascade that leads to the conversion of inactive 
proPO into enzymatically active PO and ultimately results in the generation of cytotoxic products and 
encapsulation of the pathogen (12).  
 
ß-1,3-glucan-binding protein (BGBP) is synthesized in hepatopancreas, whereas 
lipopolysaccharide- and ß-1,3-glucan-binding protein (LBGP) is synthesized in 
haemocytes. Once ß-1,3-glucan-binding protein has interacted with ß-1,3-glucans, this 
protein becomes activated and can bind to a specific membrane receptor on the 
haemocyte surface (13). Binding of BGBP-glucan or LBGP-complexes to haemocytes 
induces different immune reactions such as phagocytosis, spreading and degranulation 
of the haemocytes (14). During degranulation, the components of proPO system are 
released from the haemocyte granules. 

Activation and regulation of the proPO system serve recognition and defense 
function; the intermediate substance produced after the activation of proPO is shown 
to directly participate in signaling between blood cells (15). Some experimental data 
showed that the activation and releasing of proPO was regulated by exocytosis (16). 
PO is primarily produced by specific hemocytes in insects and crustaceans. It is also 
claimed that proPO is attached to the outer membrane of some hemocytes and this is 
one process by which an immediate and strong immune reaction can occur (17). It has 
been shown that the majority of bacteria in the mealworm beetle, Tenebrio molitor are 
cleared by innate immune responses such as phagocytosis of bacteria and 
melanization reactions (in which bacteria are killed by oxygen radical, produced by 
the oxygenation of phenols) (18). 
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Crayfish Defense Reaction 

 
 
Figure 2. Schematic overview of the crayfish defense reaction by the PO activating system. In the 
presence of a microbial organism, the recognition molecules in the plasma bind to the microbial cell 
wall or products from it. Then the complex binds to membrane receptors of the haemocytes and 
simultaneously activates the defense mechanisms, leading to the formation of melanin. 
                                                                                                                                                                        
Mostly in arthropods PO carry out the tyrosinase reaction (i.e. they hydroxylate 
monophenols and oxididise o-diphenols to quinones) to form the melanin products, 
but in contrast to vertebrate tyrosinases, they are not integral membrane proteins 
confined to a specific organelle, the melanosome (19). Arthropod POs are structurally 
and phylogenetically much more related to arthropod hemocyanins than to vertebrate 
tyrosinases. The latter share few sequence similarities to arthropod hemocyanins 
except those few amino acid residues required for copper ligation (20-22). 
 
The copper residues necessary for the PO catalytic activity are made inaccessible to 
large substrates because of steric hindrance by an amino acid residue from the 
carboxyterminal domain (mollusks) or the first domain (arthropods) of the 
hemocyanin protein (23).  
 
Crayfish parasites 
Crayfish live in freshwater benthic areas where large amounts dead plant and animal 
waste gather. In this kind of habitat crayfish will face a great risk of infections by a 
number of parasites. The table below will provide more detailed information about the 
parasites associated with crayfish diseases. 
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Table 1. Parasites reported for crayfish. (Summarized from Edgerton et al., 2002) (24). 
………………………………………………………………………………………………...... 
Group/ parasite                                                                             Remarks   
Virus               
Bacilliform viruses                                            The clinical sign of viral infection is for most viruses 

lethargy. In parvo-like virus infection, patches of 
opaque muscles are found. In WSSV infection, the 
haemolymph is reddish and the clotting reaction is 
delayed. Infected tissue varies, but usually 
hepatopancreas and midgut are affected. hdfjfyj

Birnavirus  
Parvo-like viruses 
Picorna-like viruses 
Reo-like vieuses 
Toti-like vieus 
White spot syndrome virus (WSSV)      
Rickettsia-like 
Rickettsia-like organism 
Hepatopancreatic rickettsia-like organism 

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

Bacterai 

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.ghh 

The list indicates bacteria, which has been 
associated with disease. Other Gram-negative and 
Gram-positive 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.  

Aeromonas spp. 
Acinetobacterium spp. 
Citrobactor spp. 
Flavobacterium spp. 
Proteus vulgaris 
Pseudomonas spp. 
Vibrio mimicus 
Filamentous Leucothrix-like bacteria 
Fungi 
Achlya spp. 
Aphanomyces astaci 
Fusarium spp. 

Saprolegnia parasitica  
Trichosporon beigelii 
Protista 
Microsporidium 
Ameson spp.    Pleistophora spp. 
Thelophania spp.    Vavraia parastacida 
Psorospermium haecheli 
Hyalophys lwoffi 
Tetrahymena pyriformis 
Metazoa 
Branchiobdella spp. (
Temnocephala minor (Platyhelminthes) 

Annelida) 

Acanthocephalans (4 reported species) 
Digemeans(at least 25 species) 
Nematodes 
Tapeworm metacestodes 
 
 
………………………………………………………………………………………… 

Microsporidian causes porcelain, cotton, milky or 
white tail disease. Infection by other protista does 
not show an obvious clinical sign. The parasites 
are usually found in muscles, connective tissue, 
gill and haemocoel. There are also several external 
protists (not in the list), but fouling by these 
protists is not serious. The presence of external 
protists is due to poor water quality or unhealthy 
crayfish. 
Metazoan parasites are found both internally and 
at outer surfaces. Most of them also parasitize 
other animals and some live in crayfish as 
intermediate hosts. Pathogenicity of metazoan 
parasites is unclear. 

 
Aphanomyces astaci (Crayfish Plague) 
Aphanomyces astaci disease is well known as crayfish plague. The other accepted 
names of this disease are crayfish aphanomycosis, La peste, Krebspest and Kräftpest. 
It is the most serious of all pathogens of crayfish. The causative agent of the disease is 
A. astaci, a parasitic Oomycete (25). This crayfish plague is an exotic disease that was 
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brought her in the 1850`s from North America. It is highly virulent on indigenous 
European freshwater crayfishes. But North American crayfish species survive by 
encasing the parasite in the cuticle. In the resistant crayfish species P. leniusculus, A. 
astaci becomes encapsulated by a sheath of melanin as a result of PO activity of the 
host that prevents the growth of the pathogen. The parasite remains in the sheath and 
does not grow except if the host becomes immunocompromised or the host gets 

fected by any other pathogens (26). 

he zoospores lasts only a few 
ours up to maximally a few days at low temperatures. 

s and other responses like phagocytosis and production 
f cytotoxic compounds (29). 

  

in
 
A. astaci is highly pathogenic for European fresh water crayfishes especially the 
susceptible crayfish A. astacus, so mortality is very high (27). The life cycle of A. 
astaci is associated to its pathogenicity. Like many other animal-pathogenic 
Oomycetes, A. astaci is found to performt only asexual reproduction in its life cycle. 
The infection is caused by zoospores, which are the primary infective units of the 
pathogen. Zoospore formation can be triggered by substitution of culture medium 
with dilute salt solutions or more simply with lake or pond water (24). When 
zoospores form they swim with the help of flagella to find new host. To find their 
host, the zoospores appear to chemotactically respond to crayfish through compounds 
excreted from the crayfish (28). The motile phase of t
h
 
A. astaci zoospores favor to settle on crayfish exoskeleton, particularly on soft cuticle 
such as between segments, in the limb joints or at superficial wounds. After finding a 
suitable place on host the zoospore will undergo encystment. Upon encystment the 
spore drops or retracts its flagella and become encased in a cell wall. The cell wall is 
covered with sticky substances to allow spore adherence to the host. The germination 
takes place by the formation of germination plug and the emerging hypha will 
penetrate the skin or cuticle. It is very important that the spores receive correct signals 
in order to trigger germination (24). For A. astaci very minute concentration of cell 
wall components will trigger an immediate immune response in invertebrates that 
includes melanization reaction
o
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Figure 3. Schematic picture of the asexual life cycle of Aphanomyces astaci. The A. astaci mycelia 
grow inside the crayfish body. To propagate, the mycelium penetrates out through the crayfish cuticle 
and forms sporangia. The coenocytic cytoplasm produce primary zoospores 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 with a pair of 
flagella for swimming to find the new host. 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 in favorable conditions (24).  
 
Aim of the present study 
1) To know the effect of compounds produced by active PO (prepared in vitro from 
fresh water crayfish Pacifastacus leniusculus hemocytes) on life cycle stages of A. 
astaci. 
 
2) To know the antimicrobial activity of PO products on some bacterial strains growth 
rate. 
 
Materials and Methods 
Animals 
Fresh water crayfish, Pacifastacus leniusculus, were purchased from Nils Fors, 
Torsång at Lake Vättern, Sweden. Healthy intermolt crayfish for HLS (hemocyte 
lysate supernatant) preparation were maintained in aerated tap water at 10℃. 
 
Chemicals, materials and microbial strains 
Dopamine (4-(2-aminoethyl)benzene-1,2-diol), L-dopa (3,4-dihydroxy-L-
phenylalanine), tyramine (TRM) (4-hydroxy-phenethylamine) , tyrosinase (TSN), 
MPTU ( 1-phenyl-2-thiourea 0.1M ), cacodylate buffer, sucrose,  and CaCl2 were 

 7



purchased from Sigma. The A. astaci strain named as PC was taken from our 
laboratory. 
Bacterial culture 
For the bacterial growth either LB medium or TSB medium was used. A single colony 
of Escherichia coli, Bacillus cerens, Aeromonas hydrophila and Staphylococcus 
aereus was inoculated in 3ml of LB or TSB medium and allowed to grow at 37℃ over 
night, except for Pseudomonas aeruginosa which was grown at 30℃. The over night 
culture was poured into plastic tubes and centrifuged at 300 g for 10 minutes and 
washed with 0.9% NaCl twice  and then suspended in 0.9% NaCl of the same volume 
as the culture medium and vortexed gently and optical density was measured. If the 
OD600 value was over 0.5 it was adjusted with NaCl to 0.5. The bacteria were kept on 
ice until use. 
 
Aphanomyces astaci free swimming zoospores 
A. astaci- ``PC`` strain was selected for zoospore collection. A small portion of ``PC`` 
strain mycelium was inoculated in approximately 20 ml of PG-1 medium (peptone 
glucose medium) and grown for three days at 20℃.The mycelia were then washed 
three times with sterile lake water hourly and incubated in a large volume of sterile 
lake water (approximately 0.75ml) for 6 hours and observed under microscope to see 
the primary zoospore formation. If primary zoospores observed the plates were 
transferred to a 4℃ refrigerator to have swimming zoospores. The swimming 
zoospores were transferred by pipetting them to new plate before performing the PO 
activity assay. 
 
Preparation of hemocyte lysate supernatant (HLS) 
 From 10 freshwater crayfish P. leniusculus hemolymph was drawn (10 drops of 
hemolymph from each crayfish) with a 2 ml syringe into 10 ml of 0.01M 
anticoagulant buffer (cacodylate buffer 0.01M, sucrose 0.25M, PH 7.0) on ice. 
Hemocytes were collected by centrifuging the sample at 900 g for 10 min at 4℃. 
After washing the pellet with homogenizing buffer (cacodylate buffer 0.01M, 5mM 
CaCl2, pH 7.0) these samples were again centrifuged at 900 g for 10 min at 4℃. After 
discarding the supernatant, hemocyte pellets were resuspended in 0.7 ml 
homogenizing buffer. Then the cell suspension was homogenized with a sonicator 
equipped with a micro tip and thereafter centrifuged at 1600 g for 20 min at 4℃. The 
supernatant (HLS) which is the source for proPO was collected and analyzes for 
enzyme activity. In some experiments the HLS was kept at -20℃ before assaying for 
PO activity. 
 
PO activity assay with bacteria 
Overnight cultures of bacterial sample were centrifuged and washed twice with sterile 
0.9% NaCl and resuspended in the same sterile saline. Then 60µl of sample was 
incubated for 1 min with 50µl of HLS and again incubated for 1 hr with 50µl of 
substrate (either dopamine, L-dopa, tyramine or tyrosin) at room temperature. In this 
study PO activity was detected by using trypsin (25 µl) as an activator zymogenic 
proPO.  
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Each reaction mixture was incubated for 1 hr at room temperature. Then after 
incubation the mixture was vortexed gently and diluted serially in 10-1, 10-2, 10-3, 10-4, 
10-5, and 10-6 with 0.9% NaCl. These diluted samples were plated (100 µl of each 
sample per plate) on 2% LB agar and incubated at 37℃ or 30℃ (depending on 
bacterial strain) overnight. The next day the colony forming units (CFU) of the 
sample was determined. In this study PTU (1-phenyl-2-thiourea) 50µl was PO activity 
inhibitor. The results were analyzed by counting the CFU of bacteria. 
 
PO activity assay with Crayfish plague  
A. astaci ``PC`` strain was selected for the experiment. Three drops of free swimming 
secondary zoospores were incubated with 150 mM NaCl to the final concentration 50 
mM. After 15 min the sample was incubated with 50 µl of HLS for 3 min. Then 50 µl 
L-dopa (or) dopamine were added and incubated for 2 hrs. Controls with and without 
HLS, L-dopa, dopamine and NaCl were also prepared in parallel.  
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Results  
The antibacterial activity of the PO system in crayfish hemocytes was analyzed by an 
in vitro assay, using different bacterial samples with proPO and substrates. It was 
clearly shown that in the presence of substrates, proPO reacts with bacterial elicitors 
and becomes activated PO. In the case of HLS or proPO sensitive bacteria, the 
number of CFU in HLS + dopamine sample was lower compared with controls and 
other substrates.  
 
tyrosine              tyramine              L-dopa               dopamine              dopachrome 
 
For the formation of dopachrome ( red or pink color compound), different bacterial 
samples were incubated with proPO and different substrates at room temperature. As 
shown in fig.4 the bacterial sample and proPO were incubated with dopamine, 
induced dopachrome formation reaction (O.D ≥ 0.8) with in 1 min, whereas with other 
substrates it took 3, 10 and 15 min respectively. This result has shown that dopamine 
can quickly convert into the dopachrome and finally into the toxic melanin 
compounds, in contrast to other substrates that takes several steps to convert into 
dopachrome and melanin compounds. Thus, when the dopachrome sample was left 
for a longer time (>30 min) it turned into a deep black color that indicates the 
formation of melanin. 
 
Table 2. The time of dopachrome formation in the bacterial sample when it was incubated with proPO 
and with different substrates such as dopamine, L-dopa, tyramine and tyrosine respectively. The time 
of dopachrome formation (O.D600 ≥ 0.8) with dopamine and active PO was less comparing with the 
other substrates. 
 
Substrate Time in Minutes Absorbance (O.D600) 

dopamine 1 O.D ≥ 0.8 

L-dopa 3 O.D ≥ 0.8 

Tyramine 10 O.D ≥ 0.8 

Tyrisine 15 O.D ≥ 0.8 

 
 
Effects on bacterial growth by active PO 
Antimicrobial activity of PO was induced in samples with HLS or proPO and 
substrate (either L-dopa, dopamine, tyramine or tyrosine) by treatment with ß-1, 3-
glucans (bacterial sample). The growth of A. hydrophila, E. coli and B. cereus were 
highly inhibited with activated HLS or PO when dopamine was used as a substrate. 
But in the case of S. aureus, L-dopa and dopamine alone showed strong effect on 
bacterial CFU. P. aeruginosa showed resistance in the presence of substrates and 
active PO (Table 3). 
As shown in the tables 3 low antimicrobial PO activity on A. hydrophila was noticed 
with the substrates L-dopa, tyramine and tyrosine. However, strong antimicrobial PO 

 10



activity (CFU inhibiting effect) was noticed with dopamine. No significant effect on 
A. hydrophila CFU was observed with L-dopa, dopamine or HLS alone. 
 
Table 3. The antimicrobial activity of PO in HLS when it incubated with different substrates 
(dopamine and L-dopa) and different bacterial species. The table shows the average of two 
experiments. 
 
Bacterial 
Specie (60µl)  

Substrate 
(50µl) 

Bacterial CFU/ml 

A. hydrophila dopamine 1.2x108

 L-dopa 1.9x108

 TRM  2.0x108

 TSN 5.2x108

 No 1.9x109

E. coli dopamine 1.1x106

 L-dopa 3.2x106

 TRM 3.0x106

 TSN 3.2x106

 No 4.6x107

B. cereus dopamine 4..9x106

 L-dopa  2. 1x107

 No 4. 8x107

S. aureus dopamine 2.2X106

 L-dopa 7.5X106

 No 9.9x106

P. aeriginosa dopamine 9.5x106

 L-dopa 3.4x107

 No 5.5x107 

 
 
The antimicrobial activity of PO was tested with E. coli bacteria. As shown in Table 3 
bacterial sample (60 µl) was incubated with active HLS (50 µl) and L-dopa or 
dopamine (50 µl) for 1 hr at room temperature and plated. The CFU number was 
counted on agar plates shown 10 times reduction of CFU in HLS + dopamine plates 
as compared to the control plates. This indicates strong antimicrobial activity of the 
PO on E. coli CFU when dopamine was used as a substrate. The other substrate L-
dopa with active HLS has also shown less effect than dopamine but significant effect 
than other two substrates tyramine and tyrosine. For E. coli the antimicrobial effect of 
active PO was strong and reduced CFUs number up to 90% with both L-dopa and 
dopamine as substrates in all experiments. The results were established by counting 
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the CFU on agar plates. The antimicrobial effect of PO on B. cereus under the 
experimental conditions was strong with dopamine as substrate but no effect was 
found when L-dopa was used as substrate. The table 3 shows 10 % reduction in CFUs 
number of B. cereus with dopamine but no effect with L-dopa and other control 
plates. There was no antimicrobial activity of PO on CFUs of S. aereus when 
dopamine and L-dopa were used as substrates. But L-dopa and dopamine alone were 
relatively effective in reducing bacterial number. The PTU alone also does not have 
any effect on S. aereus CFU number. There was no inhibition of CFUs number in P. 
aeruginosa was observed when L-dopa was used as substrate and a relatively weak 
effect (50% reduction) with dopamine. 
 
Effects on Apahnomyces astaci growth by active PO 
The spore germination and hyphal growth of Apahnomyces astaci (crayfish plague) 
were observed in presence of active PO along with different substrates. Table 4 shows 
that A. astaci free swimming zoospores incubated with HLS and dopamine were 
failed to germinate up to 40%, it was also showed in Figures 5 and 6. But dopamine 
and L-dopa alone were also effective in reducing spore germination. The sample with 
HLS alone showed positive effect on germination process up to 47%. 
 
Table 4. The germination capacity of A. astaci (crayfish plague) spores when they incubated with 
active PO in HLS and with different substrates. The table shows the average of two experiments. 
 
 
S.No Substrate      % of germination 

    
1 NaCl only  27% 

2 HLS only  47% 

3 NaCl+HLS   23% 

4 NaCl+L-Dopa  15% 

5 NaCl+dopamine  12% 

6 NaCl+HLS+L-Dopa  10% 

7 NaCl+HLS+dopamine    9% 
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Figure 4. A .astaci spore germination when they incubated with NaCl alone. In the above figure arrows 
shows the germination plugs of the zoospores.  
 

 
 
Figure 5.  A. astci spore germination when they treated with active HLS and its substrate dopamine. 
Arrow in the above figure shows the short germination plug of the zoospore. 
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Figure 6. Melanization of  A .astci cysts when they treated with NaCl fallowed by HLS and dopamine 
(after 2hr of incubation). Arrows in the figure indicate the melanized cysts of   A. astaci. 
 
 
Discussion 
Arthropods do not have antibody mediated immune response, but they show different 
kinds of immune response for different pathogens. In order to explain this fact it is 
necessary to analyze the previous published results which explain the effect of the 
immune system on different components of the arthropods. It has recently become 
clear the melanization reaction is an important component in the immune response. 
It had been reported that by knocking down of PO expression using RNAi, a decrease 
in melanin levels was observed which led to a more pathogen attack. In P. leniusculus 
for example, reduced PO-activities result in higher mortalities to the pathogenic 
bacterium A. hydrophila (30). Recently it was reported using in vitro experiments that 
a PO preparation from the insect Manduca sexta reduced growth in several bacteria 
and fungi. It was also observed that PO causes aggregation of bacteria (31) in vitro 
and this phenomenon may partly explain our results i.e. lower CFUs are due to 
clumping of bacteria. In vivo the PO activity will be supported by other innate 
immunity reactions such as phagocytosis or encapsulation and the melanised bacteria 
will be a main target for these cellular immune reactions. 
 
In vitro some of the bacteria were more sensitive to the antimicrobial activity of PO, 
produced during melanisation cascade by P. leniusculus than by the insect. Our results 
clearly indicate that B. cereus and E. coli were relatively sensitive to the PO-generated 
compounds whereas P. aeroginosa was less sensitive in vitro. As it was clear that PO 
as an enzyme with broad substrate specificity (31), that tyramine, tyrosine, L-dopa 
and dopamine are able to produce melanin products with active PO. In our 
experiments, the production of toxic melanin compounds were quick and showed 
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strong inhibitory effect on bacterial CFUs number when dopamine was used as a 
substrates with active PO. 
 
In our experiment it was noticed that in vitro, the formation of the melanin or 
antimicrobial end products can able to control the spore germination and growth of 
the A. astaci spores. We also noticed that HLS having no negative effect on spore 
germination capacity and growth rates of hyphae of A. astaci in the absence of 
substrates or presence of PO activation inhibitors. These results explain how much 
substrate was important for the activation of the PO to control the spore germination 
and growth of hypae in A. astaci. By our results we can assume that the activity of the 
PO is not only different in vitro and in vivo but also in different species. The A major 
difference found was that resistant crayfish continuously produced high levels of 
proPO transcripts and that these levels could not be further increased, whereas in 
susceptible crayfish proPO transcript levels and resistance were augmented by 
immunostimulants (32). These observations indicate that P. leniusculus is highly 
resistant to A. astaci strains and A. astacus is highly susceptible to A. astaci strains 
and the formation of melanin was increased by the immunostimulants. 
  
The melanisation cascade is complex and provides many opportunities for pathogens 
to develop different strategies for interfering with their growth and proliferation for 
e.g. by activating enzymes, inhibitors of activation or PO activity modulating 
enzymes.  
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