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1Laboratory of Parasitology, Institute of Food Investigation and Analysis, University of Santiago de Compostela,
C/Constantino Candeira s.n., 15782 Santiago de Compostela, Spain
2Laboratory of Parasitology, Faculty of Sciences, University of Vigo, Lagoas-Marcosende s/n, 36200 Vigo, Spain

(Received 25 March 2003; revised 20 October 2003; accepted 23 October 2003)

SUMMARY

This study investigated protease activities in a crude extract and in vitro excretion/secretion (E/S) products of Philasterides

dicentrarchi, a ciliate fish parasite causing economically significant losses in aquaculture. Gelatin/SDS–PAGE analysis

(pH 4, reducing conditions) detected 7 bands with gelatinolytic activity (approximate molecular weights 30–63 kDa) in the

crude extract. The banding pattern observed in analysis of E/S products was practically identical, except for 1 low-

molecular-weight band detected in the crude extract but not in the E/S products. In assays with synthetic peptide

p-nitroanilide substrates, the crude extract hydrolysed substrates characteristic of cysteine proteases, namely Z-Arg-

Arg pNA, Bz-Phe-Val-Arg pNA and Z-Phe-Arg pNA. These activities were strongly inhibited by the cysteine

protease inhibitor E-64 and by Ac-Leu-Val-Lys aldehyde, a potent inhibitor of cysteine proteases of the cathepsin B

protease subfamily. The proteases present in the crude extract degraded both type-I collagen and haemoglobin in vitro,

consistent with roles in tissue invasion and nutrition respectively. Again, E-64 completely (collagen) or markedly (haemo-

globin) inhibited this degradation. Finally, the histolytic activity of the ciliate in turbot fibroblast monolayers was strongly

reduced in the presence of E-64, confirming the importance of secreted cysteine proteinases in the biology of Philasterides

dicentrarchi.
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INTRODUCTION

The protozoan parasite Philasterides dicentrarchi is a

histophagous ciliate first described as an opportun-

istic parasite causing systemic infection in Dicen-

trarchus labrax in Mediterranean coastal lagoons

(Dragesco et al. 1995), and subsequently from tur-

bot, Scophthalmus maximus, farmed on the coast of

Galicia in northwest Spain (Iglesias et al. 2001). In

turbot, P. dicentrarchi causes severe disease, behav-

ing as an endoparasite with multiorgan distribution

that divides rapidly and feeds on cells (mainly ery-

throcytes) and other tissue components, causing the

death of the host (Iglesias et al. 2003b).

Though it is not currently known exactly how

this ciliate invades the host in nature, it has been

demonstrated experimentally that these ciliates pen-

etrate readily through minute superficial lesions,

giving rise to severe infections (Paramá et al. 2003).

One possibility is that culture tanks often show

oxygen supersaturation, which may provoke the for-

mation of small lesions in the skin, the eyes and the

gills (Speare, 1998). Small lesions may also be

accidentally produced during the routine manipu-

lation of fish. Alterations in water temperature have

also been suggested as a key factor in the epidemi-

ology of scuticociliatosis in crustaceans and fishes

(Cawthorn, 1997; Munday et al. 1997; Iglesias et al.

2001). During infection of turbot, P. dicentrarchi is

frequently found in the bloodstream and in the

perivascular and perineural connective tissue, sug-

gesting that it uses these tissues as routes of access to

the internal organs (Iglesias et al. 2001).

To achieve entry into the host and subsequent

rapid dissemination through tissues, P. dicentrarchi

must secrete proteolytic enzymes. Proteases are

known to play a role in the invasion of cells and tis-

sues by many species of pathogenic protozoans, in

the destruction ofmediators of the immune response,

and in the degradation of host proteins in the course

of feeding (Rosenthal, 1999). Here we present evi-

dence of the presence of enzymes with proteolytic

activity in cell extracts of this parasite, and in ex-

cretion/secretion products released in vitro into the

culture medium. Our results indicate that the major

proteolytic activity is of the cysteine proteinase type.

In addition, we report preliminary findings on the

possible role of these enzymes in the biology of this

important fish pathogen.
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MATERIALS AND METHODS

Parasite culture

Ciliates were isolated from ascitic fluid from the body

cavity of naturally infected turbot (i.e. turbot show-

ing scuticociliatosis, from a Galician fish farm af-

fected by an outbreak of this disease). The ciliates

were then cultured axenically at 18 xC in ‘complete’

L-15 medium (Leibovitz, 10% salinity, pH 7.2), as

described by Iglesias et al. (2003a), which contains

90 mg/l each of adenosine, cytidine and uridine,

150 mg/l of guanosine, 5 g/l of glucose, 400 mg/l of

L-a-phosphatidylcholine, 200 mg/l of Tween 80,

10% heat-inactivated foetal bovine serum (FBS) and

10 ml/l of 100r Antibiotic Antimycotic Solution

(=100 units/ml of penicillin G, 0.1 mg/ml of strep-

tomycin sulfate and 0.25 mg/ml of amphotericin B)

(all from Sigma–Aldrich, USA).

Crude extract and excretion/secretion products

The crude extract (CE) was obtained as described by

Williams & Coombs (1995), with some modifi-

cations. Briefly, the ciliates were washed 3 times by

centrifugation at 650 g for 5 min in 0.25 M sucrose at

4 xC. The cells were then disrupted ultrasonically

(Sonifier II, 250 W, Branson, USA) at 4 xC. The

homogenate was centrifuged at 15 000 g for 15 min at

4 xC and the resulting supernatant fraction stored

in aliquots at x80 xC. Protein concentration in the

extract was determined by the method of Bradford

(1976) using a Bio-Rad Protein Assay kit (Bio-Rad

Laboratories, Germany), with bovine serum albu-

min (Sigma–Aldrich) as standard.

Excretion/secretion products (E/S) were obtained

by amethod similar to that described byKaranu et al.

(1993). Briefly, 2r106 cells/ml where incubated for

24 h at 18 xC in ‘incomplete’ L-15 medium (like

‘complete’ L-15 medium but without nucleosides,

glucose, lipids and FBS). The suspension was fil-

tered through 0.22 mm sterile filters (Iwaki, Japan),

and the filtrate concentrated 25 times using YM-

10 Microcon centrifugal filter devices (Millipore,

USA). The resulting concentrate (E/S) was stored

at x80 xC.

Gelatin/SDS–PAGE

Proteases present in the 2 extracts (CE and E/S) were

analysed by sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS–PAGE) in 10% poly-

acrylamide minigels containing a final concentration

of 0.1% (w/v) gelatin, following a method similar to

that described by North (1997). Electrophoresis was

performed in a mini-Protean system (Bio-Rad Ltd,

UK) under non-reducing conditions and without

heating the samples. After electrophoresis, the gels

were washed in a 2.5% (v/v) Triton X-100 solution

at room temperature for 30 min with continuous

shaking to eliminate SDS and renaturalize the pro-

teins. After washing, the gels were cut into strips,

incubated at 37 xC for 12 h in 10 ml of 0.1 M citrate

buffer, pH 4, 0.1 M phosphate buffer, pH 6 or 0.1 M

Tris–HCl buffer, pH 9 (CE), or in 0.1 M citrate

buffer, pH 4 (E/S). Assays were performed with or

without 1 mM dithiothreitol (DTT; Sigma–Aldrich)

present in the buffer.

The proteolysis bands appeared as clear bands on

a blue background after staining with Coomassie

G-250 (0.06% Coomassie Blue, 10% acetic acid)

for 30 min with continuous shaking, and subsequent

destaining with a mixture of 10% acetic acid and 5%

methanol. Proteolytic activities were visualized with

the aid of a transilluminator.Molecular weights were

estimated by comparison with low-range prestained

SDS–PAGE standards (Bio-Rad).

To determine the inhibitory effect of the cysteine

protease inhibitor trans-epoxysuccinyl-leucylamide-

(4-guanidine) butane (E-64) on the proteolytic ac-

tivities detected, the gel strips were incubated in the

corresponding buffer in the presence of 10 mM E-64

(Sigma–Aldrich) and 1 mM DTT. The gels were

stained and destained as described above.

Colorimetric assays of proteolytic activity

Protease activities in the crude extract of P. dicen-

trarchi were analysed in triplicate in 96-well

microtitration plates (Bibby Sterilin, UK), by

quantification of the hydrolysis of 7 peptide p-

nitroanilides (Rawlings & Barrett, 1994), as follows.

(1) As cysteine protease substrates (a) N-benzyloxy-

carbonyl-arginyl-arginine pNA (Z-Arg-Arg pNA,

Bachem AG, Switzerland), (b) L-arginine pNA (L-

Arg pNA, Sigma–Aldrich), (c) N-benzyloxycarbo-

nyl-phenylalanyl-arginine pNA (Z-Phe-Arg pNa,

Bachem), and (d) N-benzoyl-phenylalanyl-valyl-

arginine pNA (Bz-Phe-Val-Arg pNA, Sigma–

Aldrich). (2) As serine protease substrates (e)

succinyl-L-phenylalanine pNA (Suc-Phe pNA,

Sigma–Aldrich), (f) succinyl-alanyl-alanyl-prolyl-

leucine pNA (Suc-Ala-Ala-Pro-Leu pNA, Sigma–

Aldrich), and (g) N-a benzyloxycarbonyl-arginine

pNA (Z-Arg pNA, Sigma–Aldrich). Stock solutions

of Z-Arg-Arg pNA and L-Arg pNA were prepared

at a concentration of 4 mM in distilled water; the

other stock solutions were prepared in 8 mM di-

methyl sulfoxide (Me2SO, Sigma–Aldrich). The final

Me2SO concentration in the reaction mixture in no

case exceeded 10%.

In each assay the reaction mixture (165 ml per well)
consisted of 15 ml of crude ciliate extract, the volume

of substrate stock solution required for a final sub-

strate concentration of 0.5 mM, and reaction buffer.

The buffers used were 0.1 M phosphate buffer, pH 6,

containing 5 mM DTT for assays with cysteine pro-

tease substrates, or 0.1 M Tris–HCl buffer, pH 7.6,

containing 20 mM CaCl2 for assays with serine
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protease substrates. Before addition of the substrate

to the reaction mixture, the buffer and ciliate extract

were incubated for 30 min at 37 xC in a humid

chamber to activate the enzymes. After addition of

the substrate, the mixture was incubated at 37 xC for

15 h. Release of p-nitroaniline was determined at

405 nm using a Multiskan RC device (Labsystems,

EU); an increase in optical density of 0.1 units cor-

responded to 39.3 nmol of p-nitroaniline released.

The results are expressed as nmol of p-nitroaniline

released per mg of protein in the ciliate extract per

minute. As a control for possible spontaneous release

of p-nitroaniline by the pNA substrates, assays were

performed with substrate and buffer only (no ciliate

extract) ; as a background activity control, assays

were performed with buffer and extract only.

For inhibition assays, we used the same assay

procedure, except that before addition of the sub-

strate (Z-Arg-Arg pNA, Bz-Phe-Val-Arg pNA, or

Z-Phe-Arg pNA), the ciliate extract was incubated

with the corresponding inhibitor for 30 min at 37 xC.

The inhibitors assayed were E-64 (50 mM), pepstatin

A (10 mM), phenylmethane sulfonyl fluoride (PMSF,

1 mM), N-a-p-tosyl-L-lysine chloromethyl ketone

(TLCK, 10 mM), N-tosyl-L-phenylalanine chloro-

methyl ketone (TPCK, 200 mM), ethylenediamine-

tetraacetic acid (EDTA, 10 mM), all from

Sigma–Aldrich, and acetyl-leucyl-valyl-lysine alde-

hide (Ac-Leu-Val-Lys aldehyde, Bachem; 500 mM).

All inhibition assays were performed in 0.1 M phos-

phate buffer. The activity of each inhibitor was

expressed as percentage inhibition (%I) calculated as

follows:

%I=100r[AixxAi+]=Aix,

where Aix and Ai+ are activities without and with

inhibitor respectively.

Protein degradation assays

Stock solutions of haemoglobin (32 mg/ml; Sigma–

Aldrich) and type-I collagen (3 mg/ml; Sigma–

Aldrich) were prepared in 0.1 M phosphate buffer,

pH 6, and 5 mM DTT. The collagen solution was

prepared from 6 mg of collagen in 1 ml of 0.1 M acetic

acid, with continuous agitation in the dark at room

temperature for 3 h until total dissolution. The sol-

ution was then mixed 1 : 1 with phosphate buffer,

with adjustment to pH 6. For the haemoglobin

degradation assay, 20 ml of ciliate crude extract

(containing 30 mg of protein) were incubated for 24 h

at 37 xC with 2.5 ml of haemoglobin stock solution

(containing 80 mg of protein). In the case of type-I

collagen, 20 ml of crude extract (containing 30 mg of

protein) were incubated for 24 h at 37 xC with 20 ml
of type-I collagen (containing 60 mg of protein). As

controls we incubated the crude extract, haemo-

globin or collagen only, under the same conditions.

For inhibition assays, we used the same assay

procedure, except that before addition of haemo-

globin or collagen, the 20 ml of crude extract were

incubated with 1 ml of inhibitor (E-64, final concen-
tration 43 mM) for 30 min at 37 xC.

In all assays, the reaction mixture was analysed

after incubation by SDS–PAGE on 12.5% poly-

acrylamide minigels under reducing conditions.

Monolayer assay of histolytic activity

To investigate the capacity of P. dicentrarchi to

lyse turbot fibroblasts, assays were performed with

fibroblast/ciliate co-cultures in the presence or

absence of the cysteine protease inhibitor E-64, by

a method similar to that described by Reed et al.

(1993). Briefly, Bibby Sterilin 24-well culture plates

were seeded with 106 turbot fibroblasts (TRV line,

American Type Culture Collection II) per well in

Modified Eagle’s Medium (MEM; Sigma–Aldrich),

pH 7.2 containing 10% heat-inactivated foetal bov-

ine serum (FBS), 100 units/ml of penicillin G,

0.1 mg/ml of streptomycin sulfate, and 0.25 mg/ml

of amphotericin B (10 ml/l of 100r Antibiotic Anti-

mycotic Solution; Sigma–Aldrich). The plates were

incubated for 48 h at 23 xC, after which uniform cell

monolayers had formed in each well. Then 250 cili-

ates (from culture as described above) were added to

each well, after washing in MEM. The co-cultures

were then incubated at 18 xC in the presence or ab-

sence of E-64, which was added to wells at the start

of co-culture and 12 h later (final concentration

200 mM). After 24 h of incubation the supernatant

from each well was extracted, the cell monolayer was

trypsinized, and cells were counted with a haemo-

cytometer. The ciliates present in the culture

supernatant were likewise counted. All determi-

nations were done in triplicate. As negative control

(no histolytic activity), fibroblasts were incubated

under identical conditions but without ciliates. Re-

sults obtained were compared by Student’s t-tests,

taking Pf0.05 to indicate statistical significance.

RESULTS

Gelatin/SDS–PAGE analysis of

P. dicentrarchi proteases

The crude extract of P. dicentrarchi showed 7 bands

with gelatinolytic activity, with molecular weights

between about 30 and 63 kDa. When the incubation

buffer included 1 mM DTT (a cysteine protease ac-

tivator), the bands were detected at pH 4 (Fig. 1, lane

2). At pH 6 (Fig. 1, lane 4) the gelatinolytic activities

were appreciably reduced and, at pH 9 (Fig. 1, lane

6), only 4 of the 7 bands were detected (between

34 and 46 kDa), and these showed much reduced

gelatinolytic activity. Gelatinolytic activities were

markedly reduced when the gel strips were incubated
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in the absence of DTT (Fig. 1, lanes 1, 3 and 5) and

were completely inhibited by E-64 (data not shown),

an irreversible cysteine protease inhibitor, suggest-

ing that the principal proteolytic machinery of the

ciliate is of the cysteine protease type.

Figure 2 shows the protease activities present in

the E/S products of P. dicentrarchi detected after

incubation of the gel at pH 4. The profile of the

gelatinolytic bands detected was practically the same

as that observed in the extract, except for 1 band of

low molecular weight absent from the E/S profile

(less than 30 kDa) (Fig. 2, lane 2). All the proteolytic

activities detected in the E/S were also inhibited by

the cysteine protease inhibitor E-64 (data not shown).

Colorimetric assays of proteolytic activity

To assess specific protease activities, the crude

extract of P. dicentrarchi was incubated with 7 dif-

ferent peptide p-nitroanilide substrates. The only

substrates degraded were those routinely used for

detection of cysteine protease activity (Table 1). The

strongest activity was detected in assays with

Z-Arg-Arg pNA, and to a lesser extent with Bz-Phe-

Val-Arg pNA and Z-Phe-Arg pNA (Table 1). L-Arg

hydrolysis was very low. In the case of Suc-Ala-Ala-

Pro-Leu pNA a negligibly low level of hydrolysis

was detected (0.7¡0.22 nmol/mg/min), while with

the other substrates (Suc-Phe pNA and Z-Arg pNA)

hydrolysis was not detected (data not shown).

The results of the inhibition assays are summar-

ized in Table 2. The substrates tested were those that

were best degraded by the crude extract (i.e. Z-Arg-

Arg pNA, Bz-Phe-Val-Arg pNA and Z-Phe-Arg

pNA). The cysteine protease inhibitor E-64 in all

cases reduced substrate hydrolysis by over 80%. The

hydrolysis of Z-Arg-Arg pNA and Z-Phe-Arg pNA

was also reduced (by 87% and 44% respectively) by

Ac-Leu-Val-Lys aldehyde, a potent inhibitor of

cathepsin B proteases. The inhibition observed with

Fig. 1. Gelatin/SDS–PAGE analysis of protease activities

in the Philasterides dicentrarchi crude extract (CE). The gel

strips were incubated for 12 h at 37 xC at pH 4, 6 or 9.

Lanes 1, 3 and 5: incubation in buffer withoutDTT.Lanes

2, 4 and 6: incubation in buffer containing 1 mM DTT.

Relative molecular masses of standard markers (111, 73,

47.5, 33.9, 28.8 and 20.5 kDa from top to bottom) are

shown to the left of the gel. The main proteolytic activities

are labelled with arrows at the left of lane 1.

Table 1. Hydrolysis of p-nitroanilide substrates by

proteases present in the crude extract (CE) of

Philasterides dicentrarchi

Substrates

Activity*
(nmol pNA liberated/
mg protein/min)

Z-Arg-Arg pNA 33.3¡0.63
Bz-Phe-Val-Arg pNA 25.9¡0.27
Z-Phe-Arg pNA 15.9¡1.19
L-Arg pNA 5.2¡0.01

* Values shown are means¡S.E. of 3 replicates.

Fig. 2. Comparison of protease activities in crude extract

(CE) and excretion/secretion (E/S) products of

Philasterides dicentrarchi, by gelatin/SDS–PAGE analysis.

The gel strips were incubated at pH 4 in the presence of

1 mM DTT. Lane 1: proteinases contained in CE. Lane 2:

proteinases contained in E/S. Relative molecular masses of

standard markers (113, 92, 52.3, 35, 28.9 and 21 kDa from

top to bottom) are shown to the left of the gel.
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the remaining inhibitors tested was much lower

(<30%) than with the specific inhibitors of cysteine

proteases.

Protein degradation assays

To investigate the possible functions of the P. dicen-

trarchi proteases, the crude extract of the ciliate was

incubated with haemoglobin and type-I collagen,

and themixture was then analysed by SDS–PAGE to

detect possible degradation of these proteins. These

particular proteins were selected in view of previous

observations, which suggested that P. dicentrarchi

enters turbot through the skin and/or gills and feeds

largely on erythrocytes (Iglesias et al. 2001; Paramá

et al. 2003). As can be seen from Fig. 3, the proteases

contained in the ciliate extract degraded both pro-

teins. In the case of haemoglobin, the results indicate

partial degradation of the monomeric band (Fig. 3,

lane 3; see arrow head). The haemoglobin dimer

band migrated to the same position as an abundant

unidentified parasite protein (Fig. 3, lane 1; asterisk),

so that it was not possible to assess to what extent

it was degraded. In the case of collagen, the results

indicate partial degradation of the alpha peptide

chains (Fig. 3, lane 6; top arrow), and complete

degradation of the beta chains (Fig. 3, lane 6; lower

arrow), leading to the formation of various degra-

dation products with molecular weights between 84

and 93 kDa. In the presence of the protease inhibitor

E-64, the proteolytic activity was completely in-

hibited (collagen) or markedly reduced (haemo-

globin) (Fig. 3, lanes 4 and 7).

Inhibition of the in vitro ciliate histolytic activity

To investigate the possible role of cysteine proteases

secreted by P. dicentrarchi in the tissue destruction

associated with scuticociliatosis, the histolytic ac-

tivity of ciliates was investigated in vitro in co-

cultures of ciliates and turbot fibroblasts, in the

presence or absence of the cysteine protease inhibitor

Table 2. Effects of protease inhibitors on the hydrolysis of Z-Arg-Arg pNA, Bz-Phe-Val-Arg pNA

and Z-Phe-Arg pNA by the Philasterides dicentrarchi crude extract

Inhibitors

Z-Arg-Arg pNA Bz-Phe-Val-Arg pNA Z-Phe-Arg pNA

Activity* % Inhibition# Activity* % Inhibition# Activity* % Inhibition#

E-64 0.6¡0.10 98.1 2.9¡0.59 88.7 3.1¡0 80.2
Pepstatin A 28.3¡0.62 14.9 20.4¡2.14 21.2 11¡1.08 30.4
PMSF 29.3¡0.52 11.9 25.2¡0.52 2.5 14.1¡0.62 8.7
TLCK 31.2¡0.07 6.2 25.7¡0.36 0 17.9¡0.79 0
TPCK 26.8¡0.47 19.4 19.6¡0.04 24.1 11.6¡0.35 27.1
EDTA 27.7¡1.45 16.9 36¡0.08 0 24.3¡0.74 0
Ac-Leu-Val-Lys aldehyde 4.2¡0.49 87.3 — — 8.9¡0.44 43.8

* Values shown are means¡S.E. of 3 replicates.
# Inhibition results are expressed as percentage inhibition of the control-group hydrolysis, calculated as described in the
Material and Methods section.

Fig. 3. Digestion of haemoglobin and type-I collagen by

cysteine proteases present in the crude extract (CE) of

Philasterides dicentrarchi. Lane 1: CE incubated without

either substrates or E-64. Lanes 2 and 5: haemoglobin and

type-I collagen, respectively, incubated in the absence

of CE. The position of the haemoglobin dimer band

(coinciding with that of an abundant unidentified parasite

protein) is indicated with an asterisk. Lanes 3 and 6:

haemoglobin and type-I collagen, respectively, incubated

in the presence of CE. Note degradation of the

haemoglobin monomer (arrow head) and the b- and
a-chains of type-I collagen (uppermost and lowermost

arrows to the right of the gel, respectively). Lanes 4 and

7: electrophoretic profiles of haemoglobin and type-I

collagen, respectively, incubated in the presence of CE and

E-64. Relative molecular masses of standard markers

(111, 73, 47.5, 33.9, 28.8 and 20.5 kDa from top to bottom)

are shown to the left of the gel.
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E-64. As shown in Fig. 4, ciliates incubated in the

absence of E-64 destroyed 34% of the cells in the

fibroblast monolayer (percentage calculated with

respect to mean number of cells remaining in the

no-ciliate control wells). In the presence of E-64, this

histolytic activity was almost completely inhibited,

with only 1.3% of the cells in the fibroblast mono-

layer being destroyed (i.e. 96% inhibition with

respect to the co-culture without E-64). E-64 did

not affect the viability of either turbot fibroblasts

or ciliates, and in all assays (with or without E-64) the

number of ciliates remaining in the well was similar

(data not shown).

DISCUSSION

The results obtained by gelatin/SDS–PAGE and

colorimetric assays with p-nitroanilide substrates

strongly suggest that the principal proteolytic ma-

chinery of P. dicentrarchi is of the cysteine protease

type. Various cysteine proteases of the C1 or papain

family have been characterized in other protozoan

parasites, including Leishmania spp., Trypanosoma

brucei (trypanopain), T. cruzi (cruzipain or cruzain),

Plasmodium falciparum (falcipain and others), Ent-

amoeba histolytica (amoebapain, histolysin, etc.),

Giardia lamblia, Cryptosporidium parvum, Tricho-

monas vaginalis and Toxoplasma gondii (Rosenthal,

1999). In many of these parasites the proteases are

not only confined within lysosomes or other similar

organelles but may also be secreted externally

(McKerrow et al. 1993; Que & Reed, 1997;

Rosenthal, 1999; Jiménez et al. 2000). Although the

in vivo functions of these proteases are very difficult

to determine with certainty, most are thought to

be involved in the development of the parasite, in-

vasion of host cells and tissues, intra- and extra-

cellular digestion of nutrients, and/or destruction of

host molecules involved in immune responses

(McKerrow et al. 1993; Rosenthal, 1999).

Specifically considering ciliate protozoans, cys-

teine proteinases have been detected in cell extracts

and/or secretions of Tetrahymena thermophila

(Straus et al. 1992), T. pyriformis (Banno et al. 1983;

Murricane, 1986; Suzuki et al. 1998) and Para-

mecium tetraurelia (Völkel et al. 1996). In these

species it is thought that these enzymes may partici-

pate not only in intracellular digestion (i.e. within

phagolysosomes formed by the fusion of food

vacuoles with lysosomes), but also in extracellular

digestion. In the present study of P. dicentrarchi,

as has been reported for T. thermophila (Straus et al.

1992), the pattern of bands with cysteine-protease-

type gelatinolytic activity was very similar to that

observed with a concentrate of metabolic products

released in vitro by this ciliate. The only clear ex-

ception was the exclusive presence of a gelatinolytic

band of low molecular weight (<30 kDa) among the

E/S products. A possible explanation for the absence

of this band in the crude extract is that the enzyme

is synthesized as an inactive form and subsequently

secreted as a mature active form. In this connection,

it has recently been suggested that tetrain, a cysteine

protease of the cathepsin L protease subfamily

present in the ciliate T. pyriformis, is synthesized

intracellularly as an inactive precursor and then se-

creted, by unknown mechanisms, as a mature active

form of lower molecular weight (Suzuki et al. 1998).

The presence of this band, and the higher ratio of

observed proteolytic activity to total protein content

in the E/S fraction than in the crude extract, strongly

suggests that the presence of these enzymes in the E/

S fraction is due to release into the culture medium

as part of an active process, not to contamination

by ciliate intracellular products released as a result

of lysis during the preparation process.

Philasterides dicentrarchi has a marked ability to

migrate through the connective tissues of the turbot

and to ingest erythrocytes via the cytostome (Iglesias

et al. 2001). In the present study we found that cys-

teine proteases in the crude extract of the ciliate are

capable of degrading haemoglobin in vitro, suggest-

ing that these enzymes may participate in the intra-

cellular digestion of this molecule, once the food

vacuoles containing erythrocytes have fused with

lysosomes. The digestion of haemoglobin by cysteine

proteases of the cathepsin L or cathepsin B protease

subfamilies (apparently predominant in P. dicen-

trarchi) has been proposed to occur in numerous

parasites, including the protozoan Plasmodium

Fig. 4. Effect of the cysteine proteinase-specific inhibitor

E-64 on the Philasterides dicentrarchi histolytic activity

observed in ciliate–turbot fibroblast co-cultures. The

turbot fibroblasts were cultivated without ciliates or

inhibitors as negative control (A) or in the presence of

ciliates with or without E-64 inhibitor (B and C

respectively). Bars show mean number of cells (¡S.D.)

counted in each monolayer after 24 h of incubation (3

replicates per treatment). Asterisks indicate a significant

difference (P<0.05) with respect to the control (A).
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falciparum (Rosenthal, 1999), the helminths Schis-

tosoma mansoni (Brady et al. 1999; Skelly & Shoe-

maker, 2001) and Haemonchus contortus (Rhoads &

Fetterer, 1997), and the copepod Phrixocephalus

cincinnatus (Perkins, Haley & Rosenblatt, 1997).

In addition to haemoglobin, we found that the

cysteine proteases of P. dicentrarchi degrade type-I

collagen, a structural component of numerous ver-

tebrate tissues including the skin, cornea and blood

vessels. We currently do not know with certainty the

route of entry of this parasite into the turbot, but the

evidence strongly suggests entry via the skin, gills

and/or cornea, by an unknown mechanism (Iglesias

et al. 2001; Paramá et al. 2003). Clearly, if this is the

case, it is very probable that the parasite releases

proteolytic enzymes with the capacity to degrade

type-I collagen and other structural molecules that

make up the external epithelia, since P. dicentrarchi

does not appear to have any organ for physical pen-

etration. Although the degradation of type-I collagen

by the ciliate E/S products was not investigated in

the present study, the fact that all the gelatinolytic

activities present in the crude extract were also

present in the E/S products suggests that the E/S

products are likewise able to digest type-I collagen.

The optimum pH of the Philasterides proteolytic

enzymes in vitro was acid (pH 4), but the enzymes

still showed high activity at pH 6 (in gelatin/

SDS–PAGE), and in ciliate/fibroblast co-cultures

the ciliates lysed a large proportion of the fibroblast

monolayer at pH values between 6.5 and 7.2. The

fact that the cysteine protease inhibitor E-64 almost

completely inhibited this fibroblast lysis supports the

view that the enzymes act extracellularly. These

findings suggest that cysteine proteases secreted by

P. dicentrarchi are important for invasion of host

tissues, as has also been reported for trophozoites of

strain HM-1 of Entamoeba histolytica (Reed et al.

1989, 1993; Keene et al. 1990). It seems likely that

Philasterides secretes its acid hydrolases to the me-

dium via small lysosomal vesicles, as in the case of

Tetrahymena termophila (Frankel, 1999). If this is

indeed the case, the solublematerial released by these

vesicles would have acid pH (around pH 5), gener-

ating a temporary acidic microenvironment in the

extracellular matrix of connective tissue and pre-

sumably facilitating migration and nutrient uptake

by the ciliate.

In conclusion, P. dicentrarchi expresses numerous

cysteine proteases, which are secreted to the external

medium and which probably participate in host tis-

sue invasion and degradation, as well as in nutritional

degradation of the haemoglobin contained in the

erythrocytes massively ingested by the parasite

during the parasitaemia phase. Clearly, precise

characterization of the role of these enzymes in

parasite biology and host–parasite relations will re-

quire their purification and more detailed analysis. It

may also be of interest to investigate the effects of

specific protease inhibitors on the in vitro develop-

ment of this parasite and on experimental infection,

given that in recent years protease inhibitors are

being increasingly considered for the treatment and

control of infections by protozoan parasites such as

Trypanosoma cruzi (McKerrow et al. 1999), Plasmo-

dium falciparum (Rosenthal, 1998, 1999; McKerrow

et al. 1999) and Leishmania major (Selzer et al. 1999).

This possibility is obviously of interest to the turbot

aquaculture industry, since none of the chemo-

therapeutic strategies attempted to date for the

treatment of scuticociliatosis have been successful.
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PARAMÁ, A., IGLESIAS, R., ÁLVAREZ, M. F., LEIRO, J., AJA, C.,
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