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ULTRASTRUCTURAL STUDY OF THE EARLY DEVELOPMENT AND LOCALIZATION OF
LOMA SALMONAE IN THE GILLS OF EXPERIMENTALLY INFECTED RAINBOW TROUT

L. E. Rodrõ«guez-Tovar, G. M. Wright *, D. W. Wadowska   , D. J. Speare, and R. J. F. Markham
Department of Pathology and Microbiology, Atlantic Veterinary College, University of Prince Edward Island, Charlottetown, Prince Edward
Island, Canada C1A 4P3. e-mail: speare@upei.ca

ABSTRACT: The early ultrastructural stages ofLoma salmonaewere studied in the gills of experimentally infected rainbow trout.
No parasitic stages were identiÞed during the Þrst 2 wk of the infection. By week 3 postexposure (PE), uninucleate and binucleate
meronts were recognized within host cells (no xenomas) associated with the capillary channels of secondary lamellae and lamellar
arteries. An inßammatory reaction was absent. In secondary lamellae, infected cells were isolated from the capillary lumen, and
some were recognized as pillar cells. In lamellar arteries, infected cells were localized beneath the endothelium and not in the
lumen. Inßammatory reaction and destruction of parasites inside blood cells in the lumen of secondary lamellae were observed
by week 4 PE. Three hypotheses, i.e., isolation, internalization, and evasion, are proposed to explain the localization of the
infected cells in the gills. It is concluded that meronts are the earliest parasitic stage observed by week 3 PE, pillar cells are
secondarily infected by phagocytosis of infected cells in the blood, endothelial cells ofgills are not infected, and inßammatory
response to the parasite starts by week 4 PE.

Loma salmonaeis a relatively newly described member of
the Microspora, which are obligate intracellular protozoan par-
asites characterized by the production of spores (Canning et al.,
1986). Although microsporidia infect all 5 classes of verte-
brates, Þsh are the most common hosts. Infections caused by
the parasiteL. salmonaeare gaining importance in salmon
aquaculture because of their high prevalence and severe mor-
tality (Magor, 1987; Markey et al., 1994; Bruno et al., 1995;
Bader et al., 1998). Although all species ofOncorhynchusare
susceptible to infection with this parasite, Chinook salmon (On-
corhynchus tshawytscha) are most vulnerable (Kent et al.,
1995). Gills and endothelial cells, in general, are the most im-
portant sites of the infection (Shaw et al., 1998), although other
organs, including the heart, spleen, and kidney, are also affected
(Hauck, 1984; Kent et al., 1998; Sanchez et al., 2000).

In gills of salmonids,L. salmonaeproduces white cysts,
called xenomas, that vary in size depending on the stage of the
infection. Results from light-microscopy analysis of parafÞn
sections indicate that xenomas apparently infect endothelial and
pillar cells of the gills (Hauck, 1984; Kent et al., 1998), but
this has yet to be conÞrmed. Experimental infections in rainbow
trout (Oncorhynchus mykiss) held at 14.5 C demonstrated that
branchial xenomas are detected by week 5 and disappear by
week 10 postexposure (PE) (Speare, Beaman et al., 1998).
However, using a polymerase chain reaction (PCR) diagnostic
test, L. salmonaeDNA was detected in heart and gills of ex-
perimentally infected rainbow trout as early as day 3 and week
2 PE, respectively (Sanchez et al., 2000). Spores are released
by week 7 PE and the tissue reaction generated during this
event includes severe branchitis, with distortion, fusion, and
hyperplasia of secondary Þlaments (Speare, Daley et al., 1998).

The life cycle and initial stages ofL. salmonaein Þsh are
unknown until the parasites reach the gills of infected Þsh (San-
chez et al., 2000). For microsporidia in general, Þndings re-
garding the route of infection reveal that after mature spores
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reach the gut via ingestion, they hatch and evert their polar
tubes, injecting infective sporoplasms directly into target cells,
which may be epithelial cells or leucocytes or both (Weidner,
1970; Canning et al., 1986; Dykova«, 1995). What happens next
until the L. salmonaeparasites reach the gill is still unknown.
Several mechanisms of transportation of microsporidians, via
leucocytes (macrophages), undifferentiated mesenchyme cells,
and body ßuids (blood), have been suggested (Canning et al.,
1986). In addition, it has been proposed that pillar cells may
act as phagocytic cells within the lamellae and that endothelial
macrophages eventually transform into xenomas after the in-
gestion of spores ofLomasp. (Hauck, 1984).

Most reports of Þsh microsporidiosis are limited to histopa-
thology or ultrastructural descriptions of the parasite and the
tissue reactions generated during the last stages of the disease,
when the xenomas are Þlled with parasites in all stages of de-
velopment (Dykova« and Lom, 1980; Morrison and Sprague,
1981a). These details are essential for a correct identiÞcation
of the parasite (Morrison and Sprague, 1981b, 1981c, 1983;
Bekhti and Bouix, 1985) as well as for a detailed study of the
cells that are involved in the destruction of spores (Kent et al.,
1998). However, comprehensive studies of the events that occur
early during the localization of the parasite in the gill and the
cell or cells that harbor the parasite have not been made. The
objective of the present research was to examine the ultrastruc-
tural features of gills from rainbow trout experimentally infect-
ed with L. salmonaeto explain the possible mechanisms of
infection in gill lamellae.

MATERIALS AND METHODS

Fish population and maintenance in the laboratory

Naive rainbow trout (O. mykiss), approximately 20 g in weight and
15 cm long were used for this experiment. All the Þsh came from a
certiÞed speciÞc pathogen disease-free commercial hatchery on Prince
Edward Island, with no history of previous infection byL. salmonae.
Fish with any sign of injury to their bodies were not used. The selected
Þsh were allocated randomly in 70-L Þberglass tanks containing water
at 15 ! 0.5 C and were allowed to acclimate for 1 wk.

Source of spores

Tissue withL. salmonaewas collected from infected rainbow trout
that had been experimentally infected 6Ð8 wk before use. The Þsh were
lightly anesthetized with benzocaine as previously described (Speare,
Arsenault et al., 1998) and were examined with stereomicroscopy for
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the presence of xenomas in the gills. Gills were collected and cartilage
was removed; the remaining gill tissue was minced using a razor blade.
The minced tissue, approximately 5 g, was then placed into a 50-ml
tube and distilled water added to a Þnal volume of 15 ml. Collected
tissue was refrigerated at 4 C until use (approximately 1 hr). Aliquots
of 0.5 ml were diluted 1:100 in distilled water, and spores were esti-
mated in a hemocytometer. The concentration of the Þnal inoculum was
adjusted to 1" 106 spores/ml.

Infection of Þsh

A group of 20 naive rainbow trout (approximately 20 g in weight
and 15 cm long) were kept in a tank, and food was witheld for 24 hr
before inoculation. The Þsh were lightly anesthetized with benzocaine
to avoid any sudden movement that could interfere with the inoculation.
A dose of 0.1 ml (# 1 " 105 spores) of infected material was given to
each Þsh by oral intubation via tuberculin syringes attached to silicon
tubes. The Þsh were returned to the tank and allowed to recover. They
were observed periodically for any signs of regurgitation. A group of
20 naive Þsh did not receive the treatment and were held in another
tank as negative controls.

Preparation of samples for high resolution light microscopy and
transmission electron microscopy

Samples from 5 infected and 5 control Þsh were collected at weeks
1Ð4 PE. All the Þsh were killed using benzocaine, before the tissue
collection. The Þrst gill arch from the left side of every Þsh was re-
moved immediately after death and Þxed by immersion in 2% glutar-
aldehyde in a 0.1 M phosphate buffer, pH 7.2, for 2 hr at room tem-
perature (24 C). Each gill was cut into small pieces approximately 1
mm3 and then transferred to fresh buffered 2% glutaraldehyde for 24
hr at 4 C.

The samples were washed in phosphate buffer and then postÞxed in
phosphate-buffered 1% osmium tetroxide for 1 hr at room temperature.
Subsequently, the samples were dehydrated through a graded series
from ethanol to propylene oxide, inÞltrated, and embedded in SpurrÕs
resin. Semi-thin sections (0.5$m) were cut from 5 gill pieces from each
Þsh and stained with 1% toluidine blue in 1% sodium tetraborate so-
lution for high resolution light-microscopical (HRLM) analysis. Sam-
ples containing the parasite in the semi-thin sections were recut (ultra-
thin sections 70Ð90 nm thick) for transmission electron microscopy
(TEM). Sections were retrieved onto copper super grids (200 mesh) and
contrasted with uranyl acetate and SatoÕs lead stain (Sato, 1968). The
sections were examined and photographed using a Hitachi H7000 scan-
ning transmission electron microscope operated at 75 kV. Serial sections
for further analysis were made to conÞrm the individuality of the par-
asite (uninucleate or binucleate) and the localization of the infected cell.

RESULTS

HRLM

No parasites were identiÞed in toluidine blue stained sections
from weeks 1 and 2 PE. Gill tissue from exposed Þsh was
comparable to that observed in the control groups. Parasitic
structures were recognized as translucent regions within the cy-
toplasm of cells (Fig. 1A) in samples collected at week 3 PE.
Infected cells were identiÞed in 2 sites of the gill, i.e, the cap-
illaries of secondary lamellae and lamellar arteries (Fig. 1B).
In secondary lamellae, infected cells were rounded or ovoid in
shape and appeared in close proximity to pillar cells. In some,
parasites were peripherally distributed within the host cell cy-
toplasm. Infected cells in lamellar arteries appeared to be in the
lumen as free elements Þlled with parasites (Fig. 1B). Inßam-
matory cells were absent.

Semi-thin sections from week 4 PE contained several xeno-
mas Þlled with mature spores and immature parasites (meronts)
associated with the capillary channels of secondary lamellae
(Fig. 2A). Some xenomas were accompanied by a discrete in-

ßammatory response characterized by the presence of leuco-
cytes. In some capillary channels, groups of intact spores ap-
peared to be in the lumen, associated with a dense material
resembling a clot (Fig. 2B). Numerous eosinophilic granular
cells (EGC), mainly localized in the adventitia of the central
venous sinus (CVS), were commonly observed at weeks 3 (Fig.
1B) and 4 PE, but not in controls.

TEM

Morphology of the parasite at week 3 PE

The only parasitic stage recognizable at this time was the
meront. All meronts were observed as uninucleate or binucleate
intracellular structures up to 3$m in diameter (Fig. 3AÐC).
The parasite cell membrane had a wavy appearance and was in
close contact with the surrounding host cell membrane. Meronts
were sometimes localized in the peripheral region of the host
cytoplasm (Fig. 3B).

The nuclear envelope of the parasite had the typical double
membrane arrangement with irregular boundaries. A large nu-
cleolus was prominent in some meronts (Fig. 3AÐC). A few
meronts contained a dense spindle plaque localized in a small
concavity of the nuclear envelope (Fig. 3C, D). Microtubules
radiated from this structure toward condensed chromatin, sug-
gesting that parasite division was occurring inside the host cell
(Fig. 3D). Ribosomes and cisternae of rough endoplasmic re-
ticulum (RER) were scattered throughout the cytoplasm of the
meront (Fig. 3D). The Golgi apparatus consisted of a series of
ßattened sacs or vesicles.

Morphology of the parasite at week 4 PE

Because infected cells exhibited parasites in all stages of de-
velopment, including spores, these structures could now be
called xenomas. Typical meronts were identiÞed within the xe-
nomas. Sporogony was recognized by the presence of sporonts.
The sporonts showed a separation of their irregular membranes
from the cell membrane of the host; an electron-dense coat was
found on the parasite surface, and abundant membranous or-
ganelles were observed in their cytoplasm (Fig. 4A). Transition
to sporoblasts was not recognized in any of the samples. Mature
spores within parasitophorous vacuoles (PV) showed coiled po-
lar tubes (Fig. 4B). The polaroplast was localized immediately
posterior to the anterior dense polar sac and was formed by
ßattened sacs and vesicles. A single nucleus was situated in the
middle portion of the spore. Typical small tubules were ob-
served within the PV surrounding the spores (Fig. 4B).

Morphology and localization of the infected cell at week
3 PE

In capillary channels, infected cells appeared to be complete-
ly isolated from the capillary lumen. The large nucleus exhib-
ited a prominent nucleolus and dispersed chromatin (Fig. 3A,
B). The cytoplasm was Þlled with mitochondria (Fig. 3A), ri-
bosomes, and RER, some of which showed a dilated lumen.
The cuboidal shaped infected cells were bounded on 2 opposing
sides by the basement membrane associated with the pavement
epithelium (Fig. 3A). The remaining 2 sides were separated
from the capillary lumen by ßanges of pillar cells (Fig. 5A).
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FIGURE 1. HRLMs of the parasiteLoma salmonaein gills, week 3 PE.A. Meronts (arrows) within a host cell that is apparently free in the
lumen (L) of a secondary lamella. N# host cell nucleus; PC# pillar cell; RBC # red blood cell; Ep# epithelial cell.B. Intracellular meronts
associated with secondary lamellae (arrow) and lamellar artery (arrowhead). EGC # eosinophilic granular cells.

FIGURE 2. Loma salmonaeparasites in gills, week 4 PE.A. Xenoma (*) with several parasitic stages including spores (arrow) associated with
the endothelium of a secondary lamella (arrowhead). RBC# red blood cells; L# lumen.B. Spores (arrows) embedded in a dense material (*)
in a secondary lamella.

The lumina of the capillaries were Þlled with a dense ßocculent
plasma containing a few membrane-bound structures (Fig. 5A).

A pillar cell, identiÞed by the cytoplasm rich in microÞla-
ments and the columns of collagen Þbrils surrounding the main
body of the cell, was infected with a single large meront (Fig.
5B). No evidence of degeneration of the meront within the pil-
lar cell cytoplasm was observed, and no inßammatory cells
were observed.

An infected cell, which in HRLM was associated with a la-
mellar artery (Fig. 1B) was clearly resolved as being situated
beneath the endothelium and not in the lumen (Fig. 5C). The
cytoplasm of the infected cell was rich in ribosomes and mi-

tochondria and contained some lysosomes. The large nucleus
was irregular shaped. The infected cell was covered by endo-
thelium, which was slightly bulging into the lumen of the blood
vessel. Morphologically, the parasite was recognized as an in-
tact meront with no evidence of degradation. EGCs were ob-
served commonly both in the adventitia of the CVS and la-
mellar arteries of the infected gills (Fig. 5C).

Morphology and localization of the infected cell at week
4 PE

Inside the xenoma, numerous host cell mitochondria and di-
lated RER were common. Similar to that seen at week 3 PE,
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FIGURE 3. TEMs of Loma salmonaeparasites in gills at week 3 PE.A. Detail of a portion of Figure 1A. Infected host cell (IHC) in close
association with the basement membrane (arrows) and with the ßanges of adjacent pillar cells (arrowheads). Ep# epithelial cell; L# capillary
lumen; N# host cell nucleus; Nu# parasite nucleolus; RBC# red blood cell.B. Intracellular meronts (M) distributed in the periphery of a host
cell cytoplasm. Ep# epithelial cell; N# hypertrophic host cell nucleus.C. Intracellular meronts showing evidence of cell division (*). Meronts
have irregular nuclear envelopes (arrows). L# capillary lumen; N# host cell nucleus; RBC# red blood cell.D. Higher magniÞcation of a
portion of Figure 3C, showing a meront nucleus with a spindle plaque (large arrow), microtubules (arrowheads),and chromosomes (small arrows).
RER # cisternae of RER; RBC# Red Blood Cell.

FIGURE 4. TEMs of Loma salmonaeparasites in gills at week 4 PE.A. Sporonts (Sp) characterized by an electron-dense coat (arrows).B.
Mature spores (S) within a sporophorous vacuole (PV). Arrows# tubules.
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FIGURE 5. TEMs of Loma salmonaeparasites in gills at week 3 PE.A. Higher magniÞcation of a region from Figure 3A showing dense
material in the lumen (L) of a secondary lamella and membranous bound structures (*). Flanges of a pillar cell (arrows) cover the infected
host cell (IHC). PC# pillar cell nucleus.B. Infected pillar cell (IPC) containing a large meront (M). Columns of collagen (arrows) are
distinguished on both sides of the main cell body. N# nucleus of the IPC.C. An infected cell with intracellular meront (M) is localized
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beneath the endothelium (arrows) of a lamellar artery. Note the EGC in close association with the blood vessel. N# host cell nucleus; RBC
# red blood cell.

FIGURE 6. TEMs of Loma salmonaeparasites in gills at week 4 PE.A. Xenoma beneath the endothelium of a secondary lamella (arrow)
containing a meront (M) and a sporont (Sp). L# lumen.B. Cytoplasm of a blood cell containing digested spores (S), which are covered by an
electron-dense substance, the pansporoblastic matrix (arrows). Dense material (*) is surroundingthe phagocytic blood cells. BM# basement
membrane of secondary lamellae; N# nucleus of phagocytic blood cell.C. Spores in different stages of degradation (S) within a phagocytic
blood cell. (*) # lipid droplets; Ly# secondary lysosomes; N# nucleus of phagocytic blood cell.

the xenoma appeared to be localized beneath the endothelium
of a lamellar artery (Fig. 6A) and contained different parasitic
stages.

Evidence of an inßammatory reaction against the parasite
appeared to be present inside capillary channels of secondary
lamellae. Groups of spores in different levels of destruction
were observed within the cytoplasm of blood cells. Spores ap-
peared empty, collapsed, and surrounded by an electron-dense
membrane called the pansporoblastic matrix (Dykova« and Lom,
1980) (Fig. 6B). The nuclei of blood cells appeared segmented.
Cytoplasm of the cell was characterized by abundant ribosomes,
round vesicles with single membrane, smooth endoplasmic re-
ticulum and RER, prominent Golgi apparatus, mitochondria,
and lysosomes. Secondary lysosomes were also seen (Fig. 6C).
The blood cells appeared to be embedded in a dense and gran-
ular material (Fig. 6B), which in certain areas contained elec-
tron-dense irregular structures.

DISCUSSION

There are only a few light-microscopic studies that have at-
tempted to analyze the route of infection that the parasiteL.
salmonaeuses for its establishment in the gill (Shaw et al.,
1998; Sanchez et al., 2000). Most of the information regarding
parasites of the genusLoma infecting gills is related to the
description of the morphological characteristics of different spe-
cies (Morrison and Sprague, 1981a, 1981b, 1983) or the tissue
reaction provoked in response to the protozoan (Markey et al.,
1994; Kent et al., 1995). The present investigation represents
the Þrst ultrastructural study of gills during the Þrst 4 wk of
infection with the parasiteL. salmonaeand is an extension of
previous studies that have attempted to follow its early route in
Þsh (Speare, Daley et al., 1998; Sanchez et al., 2000). In the
present report, the presence of cells in the gills containing 1 or
more meronts by week 3 PE is described. The term infected
cells has been used to describe those host cells harboring only
and exclusively the merogonic stages ofL. salmonaewith no
morphological evidence of sporogony and leaves the designa-
tion of xenoma (Weissenberg, 1968; Weidner, 1976; Sprague
and Hussey, 1980) to those complex structures containing par-
asites in all stages of development (Þrst recognized at week 4
PE).

The present investigation of gill samples from Þsh at weeks
1 and 2 PE analyzed using HRLM did not reveal any structures
that could be identiÞed as intracellular parasites. This was not
unexpected because previous studies demonstrated thatL. sal-
monaeDNA only began to be detected in gills at week 2 PE
using PCR and in situ hybridization procedures in experimen-
tally infected Þsh kept at 15 C (Speare, Beaman et al., 1998;
Sanchez et al., 2000).

Loma salmonaeparasites could be circulating in the blood to

and through the gills during the Þrst 2 wk of infection inside a
blood cell as a parasitic stage that was not resolved with
HRLM. Another possibility is that the concentration of infected
blood cells containing only a single meront in their cytoplasm
is very low and, therefore, the probabilities of being observed
under HRLM were low. The size of the gill sections analyzed
for HRLM was much smaller and thinner compared with the
parafÞn sections of the entire gill arch used for the in situ hy-
bridization study and represented much smaller amounts of gill
tissue than that utilized for PCR. TheL. salmonaeDNA iden-
tiÞed in gills at week 2 PE could have been within infected
blood cells free in the blood vessels, and these cells can be
easily lost during processing of the tissue for HRLM and TEM.
Subsequently, between weeks 2 and 3 PE, theL. salmonaepar-
asites may have undergone a series of merogonic divisions
within infected blood cells. These infected cells were large
enough to be slowed down and trapped in blood vessels of the
gills or displayed surface receptors that enable their phagocy-
tosis by tissue cells in gills or both, where they were detected
using HRLM.

The presence of implanted infected cells containing only
meronts in the connective tissue of the gills at week 3 PE sug-
gests that, before this period of infection, theL. salmonaepar-
asites were only undergoing merogonic divisions in the cyto-
plasm of a host cell free in the circulation. Sporogony stages
were observed after the infected cells established residence in
the gill.

The identity of the wandering infected cell remains unknown,
but some blood cells have been suggested as participating in
the transport of microsporidia from the gut to the site of de-
velopment (Canning et al., 1986; Dykova«, 1995). Sporoplasm-
like structures have been found associated with epithelial cells
of the gastrointestinal tract of coho salmon (Oncorhynchus kis-
utch) within 24 hr of per os exposure toL. salmonaespores
(Shaw et al., 1998). However, attempts to track the movement
of theL. salmonaeparasite from the gastrointestinal tract to the
gills have failed (Shaw et al., 1998; Sanchez et al., 2000). Pre-
vious in situ hybridization studies have hypothesized the par-
ticipation of intraepithelial cells in the transport of this parasite
(Sanchez, Speare, and Markham, 2001; Sanchez, Speare, Mark-
ham et al., 2001). Possibly, the most viable cell candidates for
the reception and subsequent transport of theL. salmonaepar-
asite to the gills would be the intraepithelial leucocytes, i.e.,
macrophages and lymphocytes. These cells are part of the cell
population in the Þsh gut (Kaattari and Piganelli, 1996; Rom-
bout et al., 1998) and can migrate to interstitial tissue and
blood. During its interaction with the epithelium of the gut, the
L. salmonaeparasite could speciÞcally interact with these leu-
cocytes and trigger and direct the eversion of the polar tube
into those cells. A speciÞc ligandÐreceptor interaction, under in
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FIGURE 7. Continued on next page.
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FIGURE 7. Proposed hypotheses explaining the localization ofLoma salmonaeparasites in cells within the gill.A. Isolation Hypothesis. (1)
During the Þrst 2 wk of the infection pillar cells (PC) respond to a blood cell (IBC) infectedwith meronts within the lumen (L) of a secondary
lamella by separating their connections (open circles). Separated pillar cellsretract their ßanges (curved arrows) and reorient them (2) to isolate
the infected cell from the lumen creating (3) new basement membrane (nBM) and presumably a new blood space (nL). Infected blood cell
eventually will develop into a xenoma. BM# basement membrane.B. Internalization Hypothesis. (1) Pillar cells (PC) are secondarily infected
apparently by phagocytosis of infected blood cells (IBC). This event occurs during the Þrst 2 wk of the infection. (2) The resulting infected pillar
cell (IPC) enlarges and loses its connections with the neighbor pillar cells (open circles), resulting in (3) its isolation from the lumen (L) of the
secondary lamellae. Intracellular meronts subsequently will divide in multiple parasites originating a xenoma. BM# basement membrane; nBM
# new basement membrane.C. Evasion Hypothesis. Traveling infected blood cells (IBC) migrate out of the blood stream by week 3 PE at the
level of the lamellar arteries (LA) residing in the adjacent interstitial tissue. The result will be a xenoma.

vitro conditions, between a microsporidian and its target cell
before the eversion of the polar tube has been suggested re-
cently (Foucault and Drancourt, 2000). Further studies to elu-
cidate the speciÞc cell type that spores of theL. salmonaepar-
asite infect during their gastrointestinal passage are needed.

It has been suggested that the favorable condition in the gills
that allows sporogony may simply be the presence of pillar cells
(Sanchez et al., 2000); however, this does not explain the oc-
casional presence of xenomas in other viscera. The present re-
sults indicate that the presence of pillar cells may not be the
only condition for initiating spore maturation, because infected
cells containing meronts and xenomas were observed (at weeks
3 and 4 PE, respectively) underneath the endothelium of la-
mellar arteries, which is outside the normal limits of the pillar
cells. The explanation for the predilection of theL. salmonae
parasite for a certain site is unknown. Perhaps the Þrst signals
to stop in gills are interactions with some yet to be determined
biochemical signals encountered only in this tissue.

On the basis of the morphological Þndings in the present
study, 3 hypotheses are proposed to explain the localization of
infected cells close to the capillary channels of secondary la-
mellae and lamellar arteries. In the Þrst, the Isolation Hypoth-
esis (Fig. 7A), infected blood cells may arrive within the lumen
of the secondary lamella, and because of their enlarged size
they are stopped there, like emboli. This tissue selection could
be mediated by speciÞc receptors. Then, as a direct effect of
the parasite development, the continuous growth of the infected
host cell could cause separation and retraction of the ßanges of

the pillar cells adjacent to it, after which the ßanges would be
reoriented inward to cover and isolate completely the infected
cell from the blood. The identity of the isolated host cell in the
wall of the capillary channel is unknown. Its close proximity
to the blood space suggests the participation of blood cells (pos-
sibly lymphocytes?) in the transport and subsequent develop-
ment of the xenoma in the wall of the capillary channel.

In the second, the Internalization Hypothesis (Fig. 7B), pillar
cells acting as phagocytic cells may be secondarily infected by
ingestion of infected blood cells. Subsequent infection of the
pillar cells would cause disruption of their connections with the
neighboring pillar cells, which retract and rearrange their ßang-
es to isolate the infected pillar cell from the wall of the blood
space. The elimination of foreign material from the blood cir-
culation and the high phagocytic capacity of the pillar cells
have been reported previously (Chilmoncsyk and Monge,
1980). Although there was no evidence of cellular debris in the
cytoplasm of the infected pillar cells, by week 3 PE, the entire
blood cell could be completely degraded. Furthermore, its in-
tracellular clearance could have already occurred, leaving be-
hind the infective intracellular meronts, which are resistant to
degradation.

In the third, the Evasion Hypothesis (Fig. 7C), infected blood
cells in the blood stream migrate through the endothelium of
gill lamellar arteries and may become established beneath the
endothelium in the adjacent interstitial tissue. The reasons for
the migration of an infected cell from the blood are unknown,
but this mechanism could allow the parasite to evade the attack
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of the host immune response. Similar mechanisms of infection
and survival within leucocytes, and subsequent establishment
in tissues, occur in other microsporidians (Weissenberg, 1968;
Weidner, 1970). For example, phagocytic blood cells from tur-
bot (Scophthalmus maximus) serve as vehicles for the micro-
sporidianTetramicra breviÞlummigrating through the endothe-
lium and eventually transforming into xenomas in connective
tissue (Matthews and Matthews, 1980).

All infected cells and xenomas were localized beneath pillar
cells and the endothelium of lamellar arteries. Pillar cells are
considered to be a specialized type of endothelial cell in the
gill (Olson, 1991). Evidence from this study suggests that in-
fection of pillar cells by the parasiteL. salmonaeis the result
of a secondary infection.

Although infected cells in gills were conÞned to an interstitial
position, no inßammatory cells were observed in response to
the parasite by week 3 PE. This suggests that during this crucial
time of localization in gills the infected cells were neither ex-
pressing any parasitic antigen (Ag) nor eliciting an inßamma-
tory response. A Þrst step in Ag recognition is the acidiÞcation
of the phagosome, followed by fusion of the lysosomes and
ultimate destruction of the parasites. Processed Ags are then
expressed on the plasma membrane of the host cell (Watts,
1997; Watts and Powis, 1999). AcidiÞcation-blocking mecha-
nisms have been known to occur with other microsporidians,
i.e., Glugea hertwigi(Weidner and Sibley, 1985) andEnceph-
alitozoon cuniculi(Weidner, 1975), and with other intracellular
protozoans, includingToxoplasma gondiiand Trypanosoma
cruzi (Garcia-del Portillo and Finlay, 1995). This could be the
mechanism by whichL. salmonaeparasites observed within
pillar cells at week 3 PE can survive the phagocytosis. An in-
teresting Þnding was the presence of EGCs near the infected
cells and xenomas in Þsh at weeks 3 and 4 PE, but not in
control Þsh. An inßammatory response associated with EGCs
in the gills of gilthead seabream (Sparus aurata) has been re-
ported to occur after intraperitoneal injection with extracellular
products fromPasteurella piscida(Noya and Lamas, 1997).
Likewise, EGCs were described in the lamina propria of the
intestine of a sergeant major Þsh (Abudefduf saxatilis) in re-
sponse to the presence of xenomas ofGlugeasp. (Reimschues-
sel et al., 1987). In the present study, the role of the EGCs in
the gills of rainbow trout infected withL. salmonaeis unknown.
The close proximity of the EGCs with the blood vessels sug-
gests their presence in the gills is by migration through the
endothelium, as reported previously (Powell et al., 1990). Fur-
ther study is necessary to elucidate the function of the EGCs
during L. salmonaeinfection.

It is possible that at week 4 PE and during the process of
sporogony, which is mainly characterized by the formation of
an electron-dense chitinous coat, some xenomas have been rec-
ognized as foreign and have initiated an inßammatory response
against themselves. The present Þndings substantiate previous
research in which severe branchitis associated with early xe-
noma destruction was detected in experimentally infected rain-
bow trout at week 4 PE (Speare, Daley et al., 1998). Regarding
antigenic presentation, future studies related to Þsh major his-
tocompatibility molecules may permit the recognition mecha-
nisms of infected cells that occur during early infection byL.
salmonaein the gills.

This research represents the Þrst study of the ultrastructural

changes that occur during the localization ofL. salmonaepar-
asites in the gills of experimentally infected rainbow trout. It
was demonstrated that meronts are the earliest parasitic stage
recognizable by the 3rd week of infection. Pillar cells are sec-
ondarily infected with the parasiteL. salmonaethrough a mech-
anism that could involve the phagocytosis and subsequent deg-
radation of an infected blood cell. New vaccines or drugs
againstL. salmonaecould take advantage of the phagocytic
activities of pillar cells to avoid or block the establishment of
this parasite. Endothelial cells appear not to be infected by the
parasite, at least during the Þrst 4 wk of the infection, and it is
highly unlikely that endothelial infection occurs in the follow-
ing weeks of the disease. Apparently, the humoral response is
not important in the development of resistance toL. salmonae
(Sanchez, Speare, and Markham, 2001). Further studies should
be directed toward understanding the cellular immune response
of Þsh toL. salmonae.
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