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ABSTRACT- In 1989, an unidentified protistan parasite, QPX (Quahaug Parasite X), was found in
quahaugs Mercenaria mercenaria (Linnaeus, 1758) from a hatchery on Prince Edward Island, Canada,
which was suffering extensive mortalities. The parasite was identical to one reported from mass
mortalities of wild populations of quahaugs in the late 1960's. QPX elicits a massive inflammatory
response characterized by extensive infiltration of haemocytes with necrosis of the connective tissues
in the digestive gland and within the musculature of the foot. Light microscopy revealed a range of
parasite stages including thick-walled cyst-like stages. The majority of QPX tissue stages were
enclosed within a translucent ‘halo’ indicative of possible host tissue lysis. The same feature was
observed in QPX isolated from quahaug tissue cultured on potato dextrose agar. Culture in sterile
artificial seawater and on potato dextrose agar resulted in production of a biflagellate stage. Features
of all developmental stages observed are described and compared with those of the Thraustochytriales

and Labyrinthulales.
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INTRODUCTION

Since 1989, a shellfish hatchery on Prince Edward
Island (PEI), Canada, has suffered significant mortali-
ties among juvenile and adult quahaugs (= hard clams)
Mercenaria mercenaria. The connective tissue and
muscle of moribund quahaugs were found to be in-
fected with an invasive eukaryotic organism. This
organism is identical to one reported by Drinnan &
Henderson (1963) in a limited population of quahaugs
in New Brunswick and subsequently from the same
hatchery on PEI during the late 1960's. The organism
has yet to be conclusively identified and in this paper is
referred to as QPX (Quahaug Parasite X). The various
stages of the parasite observed to date are described in
detail along with the pathological changes observed in
quahaugs infected with QPX and the in vitro develop-
ment and culture characteristics of isolated parasitic
stages from infected tissues.
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MATERIALS AND METHODS

Laboratory maintenance of quahaugs. Infected qua-
haugs (shell height 15 to 30 mm) were collected from a
hatchery on PEI and transferred to the Aquatic Animal
Quarantine Facility of the Atlantic Veterinary College,
University of PEI. Quahaugs were maintained in a
closed-circulation, artificial saltwater (Instant Ocean®),
quarantine system. Water temperatures were main-
tained at 22 to 25°C and salinities of 28 to 30 %o.
Quahaugs were fed daily with cultured algae (Chaeto-
ceros gracilis and Tahitian isochrysis). Tissue samples
(digestive gland, rectum, mantle, gill and kidney) were
extracted and processed for histological examination
(Howard & Smith 1983).

Light microscopy. Transverse sections of the entire
quahaug were cut and fixed in Davidson'’s solution for
24 h followed by paraffin-infiltration and embedding
(Howard & Smith 1983). Sections 5 to 7 pym thick were
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stained with Harris' modified haematoxylin and 0.5 %
alcoholic eosin y (McGladdery et al. 1991). Additional
slides were prepared from the same samples using
Periodic Acid Schiff (PAS) reagent and Gomori
Methenamine Silver (GMS) stain. Counter stains were
used for both PAS and GMS.

Transmission electron microscopy. Isolated parasite
stages and tissue samples (digestive gland, rectum,
mantle, gill and kidney) were collected and fixed in 3 %
gluteraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.8, for 24 h at 4°C. Fixed tissue was washed for
2hat4°Cinthe same buffer and tissue samples cut into
1 mm? pieces. Material was post-fixed in buffered 2 %
OsO, for 2 h at the same temperature, dehydrated
through a series of ethanols and embedded in Epon.
Sections (90 nm thickness) were cut and stained with
5% uranyl acetate for 30 min, lead citrate for 2 min, and
observed with a Hitachi 7000 operated at 75 kV.

Isolation of the parasite from quahaug tissue. The en-
tire quahaug, exclusive of the foot, was washed 2 to 3
times in sterile artificial seawater (SAS) (28 to 30%. S)
plus 200 IU penicillin ml~! (Gibco), 200 ug streptomycin
ml~! (Gibco) and 0.50 ug fungizone® ml~* (Gibco) placed
in a 7 ml glass tissue grinder (Sigma) and macerated in
1 ml of SAS plus antibiotics. The resulting homogenate
was washed into a 9 cm diameter petri dish with SAS
plus antibiotics and maintained at 26°C in the dark.
After 8 h the supernatant was decanted and clean SAS
plus antibiotics added. Petri dishes were returned to the
incubator and checked daily for parasite development.

Culture in fluid thioglycollate medium (FTM).
Tissues containing '‘QPX' were also incubated in fluid
thioglycollate medium, following the technique de-
scribed by Ray (1966) for diagnosis of Perkinsus mari-
nus in oysters. Quahaug tissue (digestive gland, rec-
tum, mantle and gill) was excised, washed 2 to 3 times
in SAS and cultured in FTM (Difco) containing chlor-
amphenicol (Sigma) (0.1 g 10ml™!) and nystatin
(Sigma) (40000 usp units 10 ml~!). After 5 d at room
temperature (20 + 2°C) a sample was removed, stained
with a 50% Lugol's iodine solution and examined
microscopically for the presence of the parasite. The
tissue sample was subsequently washed with SAS (28
to 30%o. S) plus antibiotics, cut into 0.5 cm? pieces and
placed into a 9 cm diameter petri dish. This was main-

tained in the dark at 26 °C and checked daily for devel-
opment of the parasite.

Culture in minimum essential medium (MEM). The
parasite was isolated from quahaug tissue as described
above and the homogenate transferred to a centrifuge
tube and processed according to Bower (1987a). The
parasite was incubated in the dark at 26°C and
checked daily for parasite development.

Culture on potato dexirose agar (PDA). The diges-
tive gland, gill and mantle were removed from the
quahaug, washed in SAS and macerated in a sterile
mortar and pestle with SAS. The resulting homogenate
was added to petri dishes containing PDA and held at
14 °C for 3 to 8 d. Samples of the colonies which grew
were stained with Giemsa and examined with phase
contrast and bright field microscopy.

RESULTS
Histopathology

The parasite was consistently found in connective
tissue and muscle of the quahaug where it elicited a
significant inflammatory response as characterized by
massive haemocyte infiltration and necrosis of the af-
fected area (Fig. 1). There was no evidence of complete
phagocytosis or encapsulation of QPX by haemocytes
despite the massive infiltration of haemocytes. There
did, however, appear to be some attempt by the host to
encapsulate some stages of the parasite although para-
site proliferation did not appear to be affected by the
tissue response. Often the parasites were surrounded
by a clear, cell-free region or ‘halo’ with an adjacent
haemocytic inflammation (Fig. 2). Halos measured up
to double the diameter of the parasites and, in heavily
infected areas, halos appeared to coalesce (Fig. 3). In
some specimens, however, haemocytes were observed
within the halo, lying around the parasite wall (Fig. 4).
In tissue sections where the halos were not evident, the
parasite was completely surrounded by host haemo-
cytes (Fig. 5) but not encapsulated by them. The thick
cell wall which encompassed some stages of QPX
stained positive with PAS and GMS stains although
the parasite itself did not (Fig. 6).

S—— — — .

Figs. 1 to 7. QPX infecting Mercenaria mercenaria. Fig. 1. Quahaug parasite (Q) in connective tissue of the digestive gland
resulting in a massive haemocytic inflammatory response (H&E; scale bar = 44 pumj. Fig. 2. Quahaug parasite in connective tissue
of mantle surrounded by a cell-free region (CR) (H&E; scale bar = 28 pm). Fig. 3. Quahaug parasites each surrounded by indi-
vidual cell-free regions which have coalesced (H&E; scale bar = 40 um). Fig. 4. Quahaug parasite surrounded by a cell-free region
which has been breached by host haemocytes (H) (H&E; scale bar = 30 ym). Fig. 5. Quahaug parasite surrounded by host haemo-
cytes (H&E; scale bar = 27 pm). Fig. 6. Quahaug parasite in connective tissue of digestive gland. Parasite cell wall (CW} is visible
(GMS; scale bar = 37 pm). Fig. 7. (a) Quahaug parasite containing translucent globules (H&E; scale bar = 35 um). (b) Electron
micrograph of a multinucleate stage of the quahaug parasite located within muscle tissue {x3150). N: nucleus
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Parasites were spherical and ranged in diameter
from 5 to 71 pm. Ultrastructurally both uninucleate and
multinucleate stages were observed in the tissues al-
though it was not possible, histologically, to determine
at what size the parasite was uninucleate or when the
transition to the multinucleate stage occurred. Parasite
stages greater than 30 pm in diameter often contained
translucent globules (Fig. 7a) and many stages ap-
peared to be multinucleate (Fig. 7b). In some instances,
numerous daughter cells, 5 to 7 pm in diameter, were
observed dissociating from one another (Fig. 8a); these
smaller stages were uninucleate (Fig. 8b).

Culture in SAS

Vegetative stages of QPX, ranging from 8 to 71 um in
diameter, increased in size during 5 d incubation in SAS
at 26 °C. [t was difficult to determine at the light micro-
scope level whether cell division was occurring {Fig. 9a),
although ultrastructurally karyokinesis was observed
as indicated by the presence of multinucleate stages
(Fig. 9b). In some cases QPX appeared to have under-
gone bipartitioning of the cell by cytokinesis resulting in
a morula-like cluster of daughter cells contained within
the cell wall of the original parasite (Fig. 9c). Cell divi-
sion continued over Days 2 and 3 and the newly formed
daughter cells increased in size but remained closely as-
sociated within the cell wall (Fig. 10a). The cell wall of
the original parasite was not easily discerned at the light
microscope level but could be identified at the ultra-
structural level (Fig. 10b). By Day 4 the ball of cells con-
tinued to increase in size and appeared to contain many
daughter cells of differing size, some of which were
multinucleate (Fig. 11a, b). These daughter cells were
contained within the original cell wall despite beginning
to dissociate from one another, as evidenced by the
increased space between individual cells (Fig. 11b).
Some daughter cells, greater than 28 pm in diameter,
contained numerous uninucleate, biflagellate stages
(Fig. 12). On Day 5 of incubation in vitro, daughter cells
were observed to be bursting apart and liberating their
contents (Fig. 13a, b). Motile, biflagellated, uninucleate
stages were observed on Day 5.

Culture in FTM

Culture of infected tissues in FTM for 5 d did not
result in an increase in size of the parasite, nor did the
parasite stain blue/black with Lugol's iodine solution.
Biflagellate stages were collected 2 d after the tissue
had been removed from the FTM and placed into SAS.
During the period in SAS, no cell division or increase in
parasite size was observed.

Culture in MEM

Culture of the isolated vegetative stages of the para-
site for 3 d in MEM did not result in any increase in
parasite size or cell division. Biflagellate stages were
produced 70 h after transfer of the parasite to SAS and
incubated at 26°C. As with FTM no increase in para-
site size or cell division was apparent prior to release of
motile stages.

Culture on PDA

Culture of the parasite on PDA resulted in growth of
yellowish white colonies 1 to 3 mm in diameter after
3 to 8 d at 14°C. Some of these colonies developed
hyphal nets. Smears taken from non-hyphae produc-
ing colonies revealed the presence of proliferative
spheres ranging in diameter from 10 to 64 um (Fig. 14)
with spheres over 25 ym containing smaller daughter
cells measuring 4 to 5 pm. The walls of these spheres
ranged in thickness from 1 to 8 pm. Biflagellated
stages were apparent after 8 d in culture.

DISCUSSION

The parasite, QPX, induces a massive haemocytic
infiltration response, and disruption of affected tissue
can result in mortalities of up to 100% in certain
stocks. Some haemocytes appeared to attempt en-
capsulation of the parasite, although no complete
parasite encapsulation or degeneration of QPX was
observed. The parasite was often surrounded by a
cell-free region both in vivo and when cultured on
PDA. This phenomenon has also been reported in
other protistan organisms, in particular those which
belong to the Thraustochytriales and Labyrinthu-
lales (Perkins 1973, Olive 1975), e.g. Labyrinthuloides
haliotidis which was identified in abalone Haliotidis
sp. (Bower 1987b). It was suggested that extracellular
digestion by lytic enzymes released from these para-
sites could be responsible for the cell-free region
(Perkins 1973, Bower 1987b, Bower et al. 1989). Ex-
tracellular digestion was not evaluated in this study,
although future work may determine the extent of
formation of the cell-free region in vitro and whether
the regions enlarge during extended culture. Bower
(1987b) noted that the space surrounding L. haliotidis
contained host cell debris and hollow ectoplasmic
membrane tubes. In the present study, the space sur-
rounding the majority of quahaug parasites was free
of any cell debris, although in some specimens radial
extremities of an ectoplasmic net-like structure were
present.




Figs. 8 to 10. QPX infecting Mercenaria mercenaria. Fig. 8. (a) Daughter cells (DC) of the quahaug parasite vegetative stage beginning to
dissociate from one another (H&E; scale bar = 10 pm). {b) Electron micrograph of a uninucleate daughter cell (x8100). CW: parasite cell
wall; G: electron-dense globules; N: nucleus. Fig. 9. Isolated vegetative stages of the quahaug parasite incubated in sterile artificial

seawater (SAS) fortified with antibiotics. (a) A vegetative cell in SAS after 1 d (scale bar = 8 pm). {b) Electron micrograph of a multi-

nucleate vegetative cell after 1 d in SAS (x1800). (c) A vegetative cell (VC) after 2 d in SAS. Daughter cells are visible within vegetative

cell (scale bar = 12 pm). Fig. 10. (a) A ball of cells resulting from a vegetative stage placed into SAS and incubated for 3 d (scale bar =

61 pum). (b) Electron micrograph showing daughter cells dissociating from one another but remaining within the cell wall of the original
vegetative cell (x4000)




Figs. 11 to 15. QPX infecting Mercenaria mercenaria. Fig. 11. (a) A ball of cells resulting from a vegetative stage placed into SAS and

incubated for 4 d (scale bar = 79 pm). (b) Electron micrograph demonstrating further dissociation of daughter cells (DCJ, some of which are

multinucleate (MDC) (x 1800). CW: parasite cell wall. Fig. 12. Electron micrograph of a daughter cell containing uninucleate, biflagellate

stages (x1800). DCW: daughter cell wall; F: flagellum; LCW: laminated cell wall. Fig. 13. Daughter cells releasing their contents after 5 d

incubation of vegetative cells in SAS (scale bars = 70 pm). Fig. 14. Vegetative cells {VC) produced from quahaug tissue grown on potato

dextrose agar (PDA) (scale bar = 41 pm). Fig. 15. Electron micrograph of a sagenogenetosome-like structure (S) in a vegetative cell located
in quahaug connective tissue (x4500). MCW: multilaminate cell wall; SC: scale-like material of the cell wall
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Both Labyrinthuloides haliotidis and other thrausto-
chytrid and labyrinthulid species possess an organelle,
unique to the Thraustochytriales and Laybyrinthulales,
termed a sagenogenetosome from which an ecto-
plasmic net rhizoidal system develops (Alderman et al.
1974, Perkins 1974, Bower 1987b). The ectoplasmic net
has been reported to be involved in anchoring cells to
the substrate, motility of the cells on the substrate and
also the lytic activity of the cells during extracellular
digestion (Perkins 1973, Olive 1975, Jones & O'Dor
1983, Moss 1985). Ectoplasmic net formation was not
conclusively identified in QPX during this study, either
in vivo or when cultured in MEM, FTM, SAS or on
PDA, although a structure similar to the sagenogeneto-
some was observed in some vegetative cells (Fig. 15).
McLean & Porter (1982) also noted a lack of ecto-
plasmic net formation in the thraustochytrid parasite
from the nudibranch Tritionia diomedea despite the
presence of a presumed sagenogenetosome and sug-
gested that the functions of a net were unnecessary for
an internal parasite. In contrast Jones & O'Dor (1983)
noted that the ectoplasmic net of the internal thraus-
tochytrid parasite isolated from the gills of the squid
Illex illecebrosus was an important feature of the para-
site in squid gills, and its effects were clearly demon-
strated in the surrounding tissues. Thus the presence
of an ectoplasmic net would appear to be better suited
for facultative parasitism (Jones & O’'Dor 1983). Devel-
opment of hyphae from some of the colonies grown on
PDA may suggest that the parasite did develop ecto-
plasmic nets although the possibility that contaminat-
ing organisms were present cannot be overlooked,
especially considering that a mixture of quahaug
tissues had been used to inoculate the plates. Attempts
were made to minimize contamination by washing
quahaug tissue in SAS prior to culture. Since reinfec-
tion of quahaugs with this parasite has not yet been
attempted it could be suggested that the organism iso-
lated in vitro was not QPX. It should be noted, how-
ever, that QPX was the only organism isolated from
infected quahaugs, and infection was confirmed histo-
logically by removing some tissue from the same qua-
haugs used to isolate QPX in vitro. Despite the absence
of the ectoplasmic net, QPX may still have been
eliciting some lytic activity since cell-free regions were
observed surrounding the parasite both in vivo and
when cultured on PDA. There was, however, no ultra-
structural evidence of lysed cells as observed in other
parasites (Perkins 1973, Jones & O'Dor 1983, Bower
1987b).

FTM is routinely used for diagnosis of all the known
apicomplexan parasites belonging to the apicom-
plexan family Perkinsidae, as this medium facilitates
the enlargement and identification of the prezoo-
sporangial stage following staining with Lugol's iodine

solution (Ray 1966). QPX did not increase in size or
undergo any development when cultured in FTM for
up to 5 d. This finding is consistent with these for
Labyrinthuloides haliotidis (Bower 1987b). QPX did,
however, produce biflagellate stages after 2 d in SAS
following incubation in FTM. It is uncertain if L. halio-
tidis would produce zoospores if similarly placed into
seawater following FTM culture, especially since
Bower (1987b) noted that the cells appeared abnor-
mally puckered and thick-walled following incubation
in FTM.

The wall of QPX exhibited different properties with
regard to uptake of various stains. Neither QPX
nor Labyrinthuloides haliotidis (Bower 1987b) stained
blue/black with the iodine solution, suggesting the
wall of QPX may be impermeable to the iodine solu-
tion. The wall of QPX was, however, PAS positive al-
though the parasite itself was not. In addition the wall
of QPX was prominently GMS positive; the GMS stain
is used routinely as a diagnostic stain for fungal agents
(Hay 1989).

There was a variation in the thickness of the cell
walls in different specimens of QPX. In some speci-
mens, the cell wall appeared to consist of fibrous
material (Figs. 7b & 8b) similar to that described
for some labyrinthulid spp. and most thraustochytrid
spp. (Perkins 1974). In other specimens, the wall
consisted of a loose multilaminar structure (Fig. 15),
which was comparable with that of Labyrinthuloides
haliotis (Bower 1987b), other labyrinthulid spp. and a
few thraustochytrid spp. (Perkins 1974, Moss 1985).
Differences in the appearance of the cell wall of
labyrinthulid spp. may be a consequence of environ-
mental conditions, whereas the walls of most thraus-
tochytrid spp. are never obviously laminated regard-
less of the substrate on which they grow (Perkins
1974). Different developmental stages of these para-
sites may also account for differences in cell wall
appearance (Moss 1985).

QPX did not require a nutritionally complex culture
medium to enable development from the vegetative
stage to the motile form of the parasite. Placing vege-
tative stages directly into SAS resulted in enlargement
of the parasite with successive karyokinesis and bi-
partitioning of the cell, to ultimately release biflagel-
late stages after 5 d at 26°C. In contrast Labyrinth-
uloides haliotidis grown on pine pollen in seawater
failed to develop zoosporoblasts or zoospores and it
was suggested that the medium was nutritionally un-
suitable to facilitate development of the vegetative
stages (Bower 1987b). Enlargement of the vegetative
stages of QPX did not occur in FTM or MEM nor did it
occur when the cells were removed from the culture
media and placed into SAS, although motile stages
were released after a few days.
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Preliminary observations of the motile stages of QPX
revealed similarities with the zoospore stages of the
Thraustochytriales and Labyrinthulales (Kazama 1972a,
Perkins 1976). The motile stages of QPX were uninucle-
ate with 2 flagella emerging laterally on either side of
the cell (Fig. 12). There appeared to be a thick basal disc
at the proximal end of the flagellum and a small amount
of electron-dense material in the kinetosome complex
although there was no evidence of a distinct electron-
dense granule as observed in Thraustochytrium spp.
and Labyrinthula spp. (Kazama 1972a, Perkins 1976).
Bower (1987b) reported that the kinetosome complex of
Labyrinthuloides haliotidis did not contain a distinct
granule, but possessed only a small amount of electron-
dense substance in its kinetosome complex. The cell
wall of the motile stage of QPX appeared to be loosely
multilaminar (Fig. 15). This has also been reported for
zoospores of organisms belonging to the Thraustochy-
triales and Labyrinthulales (Jones & Alderman 1971,
Kazama 1974, Perkins 1976). Another characteristic of
these 2 groups is the presence of striated inclusions in
the cytoplasm of the motile stages (Kazama 1972a, b,
Perkins 1974, 1976, Kumar 1982) but this was not
observed in the quahaug parasite. The multiplicity of
characteristics shared by QPX and the thraustochytrids
and labyrinthulids suggest that this parasite may be
related to organisms in these groups but it is difficult to
determine with certainty its exact taxonomic affinities.
Study of the internal ultrastructure of the motile stage
and isolation of the DNA of QPX are currently under-
way to conclusively identify the taxonomic group to
which the parasite belongs.

In conclusion, QPX has been shown to be an impor-
tant pathogen of hatchery-reared quahaugs and
further investigations of the life-cycle, with a view to de-
veloping potential avenues of prevention and control,
are ongoing. The role of QPX in population dynamics of
wild quahaugs also requires further investigation.
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