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INTRODUCTION

Histophagous ciliates of the genus Mesanophrys
have previously been described parasitising several
crustaceans, including the shore crab Carcinus mae-
nas (Cattaneo 1888), the edible crab Cancer pagurus
(Grolièr & Leglise 1977), the Dungeness crab C. magis-
ter (Morado & Small 1994) and the blue crab Calli-
nectes sapidus (Messick & Small 1996). We recently
discovered a histophagous ciliate infecting Norway
lobsters Nephrops norvegicus from the Clyde Sea area
in Scotland that appears to belong to the genus
Mesanophrys by morphological feature comparison
(Small et al. 2005).

The invasion of these histophagous ciliates into their
crustacean host is poorly understood. Morado et al.
(1999) suggested that Mesanophrys pugettensis enters
the Dungeness crab via lesions in the epidermal surface
associated with the moult cycle; inside they spread
through the body and multiply to high densities in tis-

sues and haemolymph. Hibbits & Sparks (1983) also
suggested that the cuticle of the isopod Gnorimo-
sphaeroma oregonensis is the location of initial ciliate
invasion. In several other parasitic infections, proteases
released by the pathogen have been shown to play
various roles in the establishment and progression of
disease. For example, some parasite proteases degrade
host extracellular matrix proteins, thus facilitating
spread of the parasite within host tissues (Schulte &
Scholze 1989). Many marine bacterial, fungal and pro-
tozoan pathogens secrete proteases during in vitro
culture, suggesting that protease release could be im-
portant in pathogenesis. Examples include the salmon
pathogen Aeromonas salmonicida (Rockey et al. 1988),
the crayfish pathogen Aphanomyces astaci (Söderhäll
& Unestam 1975), and the oyster parasite Perkinsus
marinus (La Peyre & Faisal 1995, La Peyre et al. 1995).
Uronema marinum, a histophagous parasitic ciliate of
the olive flounder Paralichthys olivaceus, has also been
reported to secrete proteases during in vitro culture
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(Lee et al. 2003); in this case, secreted proteases may be
directly responsible for many of the clinical symptoms
associated with the disease, such as tissue necrosis.

Several reports of Mesanophrys spp. infections in
crustaceans have indicated that these ciliates infiltrate
and consume host tissues and haemocytes (Poisson
1930, Bang et al. 1972, Messick & Small 1996). The dis-
covery of a Mesanophrys-like parasitic ciliate infecting
Norway lobsters Nephrops norvegicus, and isolation of
the ciliate via in vitro cultivation, has allowed proteo-
lytic factors that may play a role in the parasite’s es-
tablishment and proliferation to be investigated. This
paper reports on the characterisation of these pro-
teases, and suggests ways in which they may be in-
volved in the pathogenesis of ciliate disease in lobsters.

MATERIALS AND METHODS

Isolation and cultivation of the ciliate parasite. Rou-
tine screening of Nephros norvegicus from the Clyde
Sea area for the parasitic dinoflagellate Hematodinium
sp. led to the discovery and identification of a ciliate
infection in several Norway lobsters (Small et al. 2005).
Haemolymph samples were withdrawn aseptically from
the base of the fifth pereiopod using a 1 ml disposable
syringe and 25-gauge needle following sterilisation of
the cuticle with 70% (v/v) ethanol. Ciliate infections
were diagnosed by viewing haemolymph smears using
light microscopy. Parasitic ciliates were isolated in
3.5 cm well plates with 0.2 ml infected haemolymph
added to 5 ml culture medium in each well. The culture
medium comprised 10% (v/v) heat-inactivated foetal
calf serum (FCS) in autoclaved balanced Nephrops
saline (Appleton & Vickerman 1998), containing NaCl,
27.99 g l–1; KCl 0.95 g l–1; CaCl2 2.014 g l–1; MgSO4

2.465 g l–1; Na2SO4 0.554 g l–1; HEPES 1.92 g l–1,
adjusted to pH 7.8. Penicillin G (10 U ml–1) and strepto-
mycin (10 µg ml–1) were added to inhibit bacterial con-
tamination. The medium was filter-sterilised (0.2 µm)
after the addition of all constituents. Cultures were
incubated at 8°C. Serial subculturing gave rise to
axenic cultures. 

Experimental subcultures for protease analyses were
initiated with the addition of 1 × 105 ciliates to 5 ml cul-
ture medium in 3.5 cm well plates, in quadruplicate,
and were maintained at 8°C. Cultures were checked
by light microscopy daily for bacterial contamination.
On Days 3 and 7, a 50 µl sample of the ciliate suspen-
sion was removed and added to 10 µl of phosphate-
buffered saline (PBS) containing 20 µg ml–1 4’6-
diamidino-2-phenylindole (DAPI, Sigma). We placed
20 µl of this suspension on a glass slide and covered
it with a coverslip. The ciliate nuclei were observed
under oil immersion using fluorescence microscopy

(Zeiss Axioplan 2 at an excitation wavelength of
350 nm). No fluorescent signal from contaminating
protists or bacteria was detectable. Cell viability was
assessed by viewing cultures under phase contrast
microscopy. The total volume of medium in each well
was collected on Days 1, 3, 5 and 7. The samples were
centrifuged at 400 × g for 10 min at 4°C, and 4.9 ml cul-
ture medium was collected, passed through a 0.2 µm
filter and frozen at –80°C until analysed. The cell pel-
let was resuspended in 100 µl culture medium and
10 µl of this was mixed with 10 µl 1% (v/v) formalde-
hyde (in PBS) to immobilise the ciliates. Ciliate den-
sities were estimated using an Improved Neubauer
counting chamber following standard procedures.

Preparation of ciliate lysates. Ciliates from an in
vitro culture were collected, and cell density was esti-
mated as described above. The resulting ciliate sus-
pension (5 × 104 cells 100 µl–1) was washed and centri-
fuged (400 × g for 10 min at 4°C) 3 times with Nephrops
saline before resuspension in 100 µl Nephrops saline.
Cell lysates were prepared by freezing and thawing
the sample 3 times, followed by centrifugation
(10 000 × g for 10 min) at 4°C. The supernatant fraction
of the cell lysate was carefully removed and stored at
–80°C until analysed.

Spectrophotometric assay for protease activity. Pro-
tease activities in ciliate culture medium samples were
assayed following the method of Sarath et al. (1989).
Azocasein substrate (3% w/v) was prepared by dissolv-
ing azocasein (Sigma) in 0.1 M Tris-HCl, pH 8.0, fol-
lowed by centrifugation at 10 000 × g for 10 min at 4°C.
The supernatant (substrate) was removed and stored on
ice prior to use. The assay was initiated by the addition of
75 µl of ciliate culture medium sample to 125 µl substrate
solution. Samples were incubated for 18 h at 37°C. The
reaction was terminated by the addition of 600 µl ice-
cold 10% (w/v) trichloroacetic acid (TCA), after which
the mixtures were kept at 4°C for 30 min. The samples
were centrifuged at 9000 × g for 5 min to pellet the pre-
cipitated proteins (including undigested azocasein).
Then 0.6 ml of the supernatant was removed and mixed
with 0.7 ml 1.0 M NaOH, and the absorbance of the mix-
ture read at 440 nm on a spectrophotometer. We defined
1 U of protease activity as the enzyme activity resulting
in an absorbance of 1.0 in a 1 cm cuvette, under the
conditions of the assay. Controls comprised cell culture
media without the addition of ciliates. Each sample was
assayed in triplicate.

Substrate-impregnated SDS-PAGE. The proteases
in the ciliate culture medium and in ciliate lysates were
separated using gelatin-impregnated polyacrylamide
gel electrophoresis according to the method of La
Peyre et al. (1995), with minor modifications. Gelatin
was added to the 8% (w/v) acrylamide resolving gel at
a final concentration of 0.2% protein (w/v). Ciliate cul-
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ture medium/lysate samples (5 µl) were mixed with
15 µl of electrophoresis sample buffer (62.5 mM Tris-
HCl, pH 6.8, containing SDS (2% w/v), β-mercapto-
ethanol (5% w/v), glycerol (10% w/v) and 0.004%
pyronin Y) before loading onto gels containing co-
polymerised gelatin. Electrophoresis was performed
using a BioRad mini-Protean system at 30 mA constant
current, containing the Tris-glycine buffer for 90 min at
4°C. After electrophoresis, the resolved gels were
incubated with agitation in Triton X-100 (2.5% v/v in
distilled H2O) for 30 min at 4°C to remove SDS and
reactivate the resolved proteases. To detect proteolytic
activity, the gels were incubated in 0.1 M Tris-HCl,
pH 8.0, for 4 to 12 h at 37°C. The gels were fixed and
stained with Coomassie blue, then destained until
clear bands were apparent where hydrolysis of em-
bedded substrate had occurred. Apparent molecular
masses of the proteases were determined from their
mobility relative to known protein standards, although
these were used only as means of identifying individ-
ual bands. Proteins did not migrate according to their
molecular masses under the conditions used. 

Effect of inhibitors on protease activity. Stock
solutions of phenylmethylsulphonyl fluoride (PMSF,
200 mM), Pepstatin A (1 mM), and 1,10-phenanthroline
(200 mM) were prepared in 100% methanol. A stock
solution of N-(N-(L-3-trans-carboxirane-2-carbonyl)-L-
leucyl)-agmatine (E-64, 10 mM) was prepared in 100%
ethanol. Stock solutions of leupeptin (10 mM) and
ethylenediaminetetraacetic acid (EDTA, 500 mM) were
prepared in 0.1 M Tris-HCl, pH 8.0. Stock solutions of
all the inhibitors were diluted in 0.1 M Tris-HCl, pH 8.0,
to the appropriate working concentration (see list in
Table 1). Ciliate culture medium samples with the
maximum protease activity (after 7 d culture) were used
in the inhibitor studies. To quantify the effects of the
inhibitors, each of the appropriately diluted inhibitors
was incubated for 1 h at 37°C with 100 µl of ciliate
culture medium. To these, 125 µl of azocasein substrate
solution was then added, and the samples were
incubated for 18 h at 37°C. The proteolytic activity was
measured spectrophotometrically as described in the
foregoing subsection. The samples were compared
with assays run in the absence of inhibitors. The effect
of each inhibitor was assayed in triplicate.

To investigate the possible differences in inhibitor
susceptibility between proteolytic bands, ciliate cul-
ture medium samples were resolved by gelatin-SDS-
PAGE as in the foregoing subsection with minor alter-
ations. The supernatant-sample buffer mixture was
loaded across all wells of the gelatin-SDS-PAGE mini-
gel. After electrophoresis and Triton X-100 treatment,
the gel was sectioned into six 1.5 cm vertical strips, and
the strips were incubated individually in 5 ml of 0.1 M
Tris-HCl, pH 8.0, containing the appropriate inhibitor

for 6 h at 37°C. The gels were fixed and stained with
Coomassie blue, then destained (inhibitor concentra-
tions are detailed in Table 1).

Effect of temperature and pH on protease activity.
The effect of temperature on protease activity in ciliate
cell culture medium samples was examined spectro-
photometrically as described above. The substrate-
sample mixtures were incubated at 8, 25 and 37°C for
18 h. At each temperature, samples were assayed in
triplicate.

The effect of pH on protease activity in ciliate culture
medium samples was examined spectrophotometri-
cally and by gelatin-SDS-PAGE. For the spectro-
photometric assay, azocasein substrate (3% w/v) was
dissolved in 0.1 M Tris-HCl pH 7.0, followed by cen-
trifugation at 10 000 × g for 10 min at 4°C. The super-
natant was removed and the pH increased by the
addition of 10 M NaOH. Samples of substrate at pH 7.0
and 8.0 were removed and stored on ice prior to use.
Ciliate culture medium samples (75 µl) were mixed
with 125 µl substrate solution at the different pH val-
ues, and incubated for 18 h at 37°C. Protease activity
was measured as described earlier. Controls comprised
culture media without the addition of ciliates. Each
substrate sample was assayed in triplicate. Ciliate
culture medium samples were subjected to gelatin-
SDS-PAGE, and washed in Triton X-100 as described
earlier. Each gel was sectioned into respective sample
lanes and incubated individually in 5 ml of 0.1 M
Tris-HCl at pH 7.0 and 8.0 for 6 h at 37°C. The gels
were then stained and destained.

Effect of proteases on host muscle proteins. The ef-
fect of proteases present in ciliate culture medium on
host tissue proteins was investigated using a sample of
abdominal flexor muscle from the Norway lobster.
Briefly, 100 mg of abdominal flexor muscle was homo-
genised in 500 µl 0.1 M Tris-HCl, pH 8.0, followed by
centrifugation at 3000 × g for 10 min at 4°C. The muscle
protein supernatant was removed and placed on ice
prior to use. Samples of protein supernatant (20 µl)
were mixed with 20 µl ciliate culture medium (Day 7)
and 20 µl 0.1 M Tris-HCl pH 8.0. Reaction mixtures
were incubated at 8°C for 15 h. Controls included the
incubation of 20 µl of 0.1 M Tris-HCl pH 8.0 with
equal volumes of protein supernatant, ciliate culture
medium, and uninoculated culture medium under the
same conditions. Protein degradation was evaluated by
standard SDS-PAGE (Sambrook et al. 1989).

RESULTS

Protease activity and ciliate growth in vitro

Ciliate density increased approximately 10-fold over
7 d in culture. Ciliates were always observed to be
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motile when cultures were examined daily using phase
contrast microscopy. Protease activity in samples of
culture medium was detected as early as 1 d post-
inoculation, and increased over Days 3, 5 and 7. This
increase in activity correlated closely with the increase
in ciliate density (Fig. 1). No proteolytic activity could
be detected in uninoculated culture medium. 

Detection of proteases in ciliate culture medium and
lysates by gelatin-SDS-PAGE

The presence of multiple protease activities in ciliate
culture medium and lysate samples was confirmed using
gelatin-SDS-PAGE. We detected 12 zones of hydrolysis
with apparent molecular masses ranging from 20 to
220 kDa in the samples of culture medium, while only 8
of the zones of hydrolysis were clearly evident in lysate
samples (Fig. 2). The profile of protease activities in the
ciliate lysate differed from that in the medium not only in
a reduction in the number of bands of gelatin hydrolysis
(notably the absence of the 50 kDa band, Band 7, ob-
served in the samples of ciliate culture medium), but also
in the relative intensity of gelatin digestion of the various
bands. The low molecular mass bands (20 to 50 kDa)
appeared faint, while the high molecular mass bands
(70 to 220 kDa) were very intense.

Effect of inhibitors on proteases present in 
ciliate culture medium

Pre-incubation of samples of the ciliate culture
medium with protease inhibitors before determining the
proteolytic activity by the spectrophotometric assay
revealed marked inhibition of proteolytic activity when
samples were incubated in the presence of 10 mM
1,10-phenanthroline (only 2.5 ± 8.8% activity remained)
(Table 1). Partial inhibition was observed with the addi-

tion of EDTA (42.9 ± 3.3% activity remained with 10 mM
EDTA). However, addition of the inhibitors PMSF,
Pepstatin A, E-64 and leupeptin had no effect on the pro-
teolytic activity of samples of ciliate culture medium.
The activities of all proteases separated by gelatin-
SDS-PAGE were completely inhibited when the post-
electrophoresis activation buffer contained 10 mM
1,10-phenanthroline (Table 1). The inclusion of 10 mM
EDTA in the incubation buffer inhibited the majority
of proteases apart from the 3 largest proteases, which
were partially inhibited in apparent activity. Addition of
the inhibitors PMSF, Pepstatin A, E-64 and leupeptin did
not detectably inhibit hydrolysis of gelatin.

Effect of temperature and pH on protease activity in
ciliate culture medium

To investigate the effect of temperature on enzyme
activity, protease activity in samples of ciliate culture
medium was assayed by the spectrophotometric assay
at different temperatures. Protease activity could be
detected at 8°C (2.2 ± 0.5 U ml–1), and increased 2.9-
fold to 6.2 ± 0.3 at 25°C, and 4.5-fold to 9.8 ± 0.2 U ml–1

when the assay was performed at 37°C. Spectrophoto-
metric measurements of protease activity indicated
that the hydrolysis of azocasein was highest at pH 8.0
(7.4 ± 0.2 U ml–1) with 0.1 M Tris-HCl as the buffer.
Decreasing the pH to 7.0 resulted in a reduction of
protease activity (6.5 ± 0.2 U ml–1). Gelatin-SDS-PAGE
analysis of the ciliate culture medium samples re-
vealed 12 distinct zones of hydrolysis both at pH 7.0
and 8.0 (data not shown). However, the hydrolysis was
more intense at pH 8.0.
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Fig. 1. Changes in ciliate density and protease activity in 
cultures over 7 d. Mean ± SD, n = 3

Fig. 2. Detection of proteases in (A) ciliate culture medium,
and (B) ciliate crude lysates by gelatin-SDS-PAGE. Positions
of molecular mass standards are indicated on the left; arrows
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Host protein degradation by proteases present in
ciliate culture medium

The multiple proteases present in samples of the cil-
iate culture medium had a selective effect on several
abdominal flexor muscle proteins (Lane C, Fig. 3). In
particular, the myosin heavy chain and one of the Tro-
ponin I family of proteins were completely degraded.
There was also degradation of several unidentified
muscle proteins with masses in the range of 100 to
120 kDa. However, paramyosin, actin and other
muscle proteins remained unaffected. The FCS protein
component of the culture medium occurred in smaller
amounts in samples of ciliate culture medium (Lane D,
Fig. 3) compared with the uninoculated control culture
medium (Lane E, Fig. 3).

DISCUSSION

Proteolytic enzymes from parasites are thought to be
involved in parasite nutrition, anticoagulation and eva-
sion of the host immune system (McKerrow 1989).
They are also believed to play key roles in the pro-
cesses of penetration and migration of parasites
through host tissues (Klemba & Goldberg 2002). The
extensive tissue infiltration and damage observed dur-
ing Mesanophrys spp. infections in crustaceans (Arm-
strong et al. 1981, Sparks et al. 1982, Hibbits & Sparks
1983, Messick & Small 1996) indicates a likely role for
proteases in such processes.

The results of this study show that the
Mesanophrys-like ciliate multiplied
during in vitro culture, with density
increasing 10-fold over the 7 d period of
the incubations. Comparable increases
in ciliate numbers occurred in experi-
mental infections of Cancer pagurus
and C. magister with Mesanophrys sp.
(Bang et al. 1972, Cain & Morado
2001). Densities of the scuticociliate fish
pathogen Philasterides dicentrarchi
have also been observed to multiply
5-fold over 7 d (reaching a plateau phase
after 3 d) during in vitro culture using a
similar seeding density to that used in
the present study (Inglesias et al. 2003). 

Associated with the increase in
growth of the ciliate in vitro, was the
release of multiple extracellular pro-
teases. As the ciliates were apparently
always motile, and were still increasing
in number when the experiment was
terminated (Day 7), we concluded that
the extracellular proteases detected in

the culture medium had been actively secreted. The
relatively close correlation between the amount of
secreted proteases and number of ciliates (Fig. 1) sug-
gests that the secreted proteases did not accumulate in
the medium, or at least not in active forms. 
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Inhibitor Conc. Protease Inhibition of 
activity gelatin-SDS-PAGE

(% control) digestion

Control (0.1 M Tris-HCl) pH 8.0 100 ± 4.6 None
Control (ethanol) 94.5 ± 6.1 None
Control (methanol) 95.9 ± 2.9 None

Serine protease/cysteine protease inhibitors:
PMSF 1 mM 94.6 ± 2.4

10 mM 92.0 ± 2.8 None
Leupeptin 1 µM 94.4 ± 2.9

10 µM 91.1 ± 3.7 None

Cysteine protease inhibitor:
E-64 1 µM 97.5 ± 5.2

10 µM 94.2 ± 2.5 None

Aspartic protease inhibitor:
Pepstatin A 1 µM 92.5 ± 4.4 None

Metallo-protease inhibitors:
1,10 phenanthroline 1 mM 41.4 ± 3.8

10 mM 2.5 ± 8.8 Complete
EDTA 1 mM 87.0 ± 3.6

10 mM 42.9 ± 3.3 Partial

Table 1. Effect of inhibitors on activity of proteases present in ciliate culture
medium. 100% activity was 7.08 ± 0.33 U ml–1 (mean ± SD, n = 3)

Fig. 3. Digestion of deep abdominal flexor (DAF) muscle pro-
teins by proteases present in ciliate culture medium; sizes are
indicated on the left. Lane A: molecular mass standards; Lane
B: DAF protein sample incubated in absence of ciliate culture
medium; Lane C: DAF protein sample incubated in presence
of ciliate culture medium; Lane D: ciliate culture medium
sample; Lane E: uninoculated (control) culture medium
sample. Note degradation of DAF muscle proteins in Lane C
(arrows), and also reduced intensity of FCS proteins in ciliate
culture medium sample (Lane D) compared to control
medium sample (Lane E). MHC: myosin heavy chain; 

P: paramyosin; Ac: actin; TnI: Troponin I family
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Inhibitory studies using both spectrophotometry
and substrate-impregnated SDS-PAGE methods
(Table 1) indicated that the proteases secreted by the
ciliate are of the metallo class, with complete and
partial inhibition of activity being observed using the
inhibitors 1,10-phenanthroline and EDTA, respec-
tively. Metalloproteases produced by several proto-
zoan parasites are suggested to contribute to the inva-
sion and degradation of host tissues (McKerrow et
al. 1993), and are important in the pathogenesis of
parasitic infections. Metalloproteases have been doc-
umented from several marine pathogens during in
vitro culture, including the piscine haemoflagellate
Cryptobia salmositica (Zuo & Woo 1998), the bivalve
pathogen Vibrio alginolyticus (Nottage & Birkbeck
1987), and the fish pathogen Aeromonas salmonicida
(Arnesen et al. 1995). In the scuticociliate parasite of
fish Uronema marinum, Lee et al. (2003) detected
metalloprotease secretion as early as 10 min in ciliate
cell suspensions using fluorescence polarisation. They
suggested that the metalloproteases are involved in
the pathogenesis of this ciliate infection in fishes.
Other ciliate species such as Tetrahymena pyriformis
and T. thermophilia have previously been shown to
contain and secrete proteases (Banno et al. 1983,
Straus et al. 1992). In these studies, proteases were
suggested to be involved in both intracellular and
extracellular digestion. In addition, lysosomal-re-
leased enzymes from T. thermophilia have been im-
plicated in the process of extracellular digestion and
parasite nutrition, with proteolytic enzymes facilitat-
ing the release of host particulate and soluble nutri-
ents (Florin-Christensen et al. 1985, Tiedtke & Ras-
mussen 1988). Thus, the proteases released by the
present ciliate under investigation may also play a
similar role in nutrient uptake, both in vitro and in
vivo.

During ciliate infections of other crustaceans, exten-
sive host tissue penetration and destruction are com-
mon observations (Armstrong et al. 1981, Sparks et al.
1982, Hibbits & Sparks 1983, Messick & Small 1996,
Athanassopoulou et al. 2004). The present study has
shown that proteases present in the ciliate culture
medium selectively degrade the myosin heavy chain
and one of the Troponin I family of proteins from
Nephrops norvegicus abdominal flexor muscle in vitro
(Fig. 3). Several unidentified muscle proteins with
masses in the range of 100 to 120 kDa were also
degraded, but the paramyosin, actin and other muscle
proteins remained unaffected by the proteases. The
myosin heavy chain proteins are present in all muscle
groups within the Norway lobster, and it seems likely
that the same proteases secreted by the ciliate in vivo
will degrade tissues containing these muscle groups
and so be mediators of extensive tissue penetra-

tion and digestion. Similarly, the multiple proteases
secreted by the apicomplexan parasite Perkinsus
marinus appear to degrade the gut epithelium and
basement membranes of its host, the eastern oyster
Crassostrea virginica, assisting parasitic invasion and
spread through the oyster tissues (La Peyre et al.
1996). 

In addition to tissue penetration/digestion, haemocy-
topenia is also a classic sign of advanced ciliate infec-
tions in crustaceans (Cattaneo 1888, Armstrong et al.
1981, Sparks et al. 1982, Cain & Morado 2001). The
Norway lobsters that were infected with the ciliate
under study also had very few haemocytes present in
the haemolymph samples taken to initiate in vitro
cultures (H. J. Small pers. obs.). Released proteins,
including proteases, can modulate the immune system
of a pathogen’s host. For example, the 64 kDa protease
and extracellular proteins secreted by Aeromonas
salmonicida, which suppress the humoral immune
response of Atlantic salmon Salmo salar, result in leu-
copenia and allow the bacteria to spread via the circu-
latory system and invade other tissues (Ellis et al. 1981,
Hussain et al. 2000). Released proteins from A.
salmonicida are also reported to induce degranulation
of eosinophilic granular cells, releasing vasoactive
compounds leading to acute shock in Atlantic salmon
(Ellis et al. 1981). Similarly, the pathogenic haemo-
flagellate Cryptobia salmositica secretes a metallopro-
tease which can directly lyse fish erythrocytes causing
anaemia (Zuo & Woo 2000), while the proteases
secreted by the apicomplexan oyster parasite Perkin-
sus marinus compromise the oyster’s host defence
mechanisms by inhibiting haemocyte motility and
degrading plasma lysozyme and haemagglutinins
(Garreis et al. 1996). Therefore, the reduction in
circulating haemocytes during ciliate infections of
crustaceans, previously attributed to consumption
(Bang et al. 1972, Armstrong et al. 1981, Messick &
Small 1996), may also be due in part to the effect of
secreted proteases.

In conclusion, the histophagous ciliate under study,
thought to be a species of the genus Mesanophrys,
secreted several metalloproteases during in vitro cul-
ture. These may well be important in the invasion of
host tissues by the ciliate and also in the parasite’s
nutrition in vivo. Thus these metalloproteases may be
key virulence factors and responsible for the tissue
pathologies observed in infected crustaceans. Further
studies are required to ascertain the exact contribu-
tion of these enzymes to the host–parasite relation-
ship. 
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