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ULTRASTRUCTURAL STUDY OF THE LATE STAGES OF LOMA SALMONAE
DEVELOPMENT IN THE GILLS OF EXPERIMENTALLY INFECTED RAINBOW TROUT
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ABSTRACT: The main objective of this investigation was to examine the ultrastructural features of gills from rainbow trout
experimentally infected withLoma salmonaeto determine the morphological events that occur during the late stages of devel-
opment of this parasite. Peripheral distribution of the mature parasites inside round xenomas was observed at weeks 5 and 6
postexposure (PE), but eventually the parasite occupied the entire xenoma. Degenerative changeswere observed only in immature
parasites at week 7 PE, and eventually an inßammatory reaction with a cellular inÞltration was directed against mature spores.
Round, ßattened, and irregular shaped xenomas were observed at week 8 PE. The round xenomas showed a severe inßammatory
response with disintegration of the xenoma membrane. This event was accompanied by eversion of polar tubes within the attacked
xenoma and by the simultaneous presence of 2 tubular appendages, the type I and II tubules. Flattened xenomas were observed
below the endothelium of gill lamella arteries. The irregular xenomas were located inthe connective tissue of the gill Þlament
and showed multiple projections occupied by spores. Both ßattened and irregular xenomas showed no evidence of inßammatory
reaction. An earlier proposed hypothesis is expanded to explain howL. salmonaeis implanted beneath lamellar endothelium and
within Þlament connective tissue.

Loma salmonaeis a member of the Microsporidia, which are
obligate intracellular microorganisms characterized by the pro-
duction of spores (Canning et al., 1986). Recent molecular stud-
ies have indicated that microsporidia may be related to fungi
(Keeling and McFadden, 1998; Keeling et al., 2000; Van de
Peer et al., 2000). In the aquaculture industry, microsporidia
are common parasites causing infections in fresh water, estua-
rine, and marine Þshes (Dykova«, 1992). Microsporidia not only
occur in salmonids but also in other valuable Þsh like ßatÞsh,
carp, and eels, causing diminished Þsh growth and reduced pro-
ductivity (Dykova«, 1992; Constantine, 1999; Shaw and Kent,
1999).Loma salmonaeinfects all species ofOncorhynchus, but
chinook salmon (Oncorhynchus tshawytscha) is the species
most affected (Kent et al., 1995). In the gills of infected Þshes,
L. salmonaeproduces xenomas, which are small cystic struc-
tures loaded with the parasite in multiple stages of develop-
ment. After the rupture of xenomas, a severe branchitis is gen-
erated, which can eventually cause the death of the Þsh by
asphyxia (Speare et al., 1989; Kent et al., 1995).

The life cycle and the initial stages ofL. salmonaetill the
point where parasites reach the gills of infected Þshes are little
understood. However, using polymerase chain reaction and in
situ hybridization tests, it has been possible to track the route
of this parasite after its ingestion (Sanchez et al., 1999, 2001).
Loma salmonaewas detected in the heart and the gills of ex-
perimentally infected rainbow trout at 3 days and 2 wk post-
exposure (PE), respectively (Sanchez et al., 2000). A recent
ultrastructural study of the initial stages of the parasite in gills
from infected rainbow trout identiÞed uninucleate and binucle-
ate meronts associated with the capillary channels of gill la-
mellae and lamellar arteries inside host cells before the ap-
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pearance of xenomas (Rodriguez-Tovar et al., 2002). In gill
lamellae, infected cells were isolated from the capillary lumen
and were identiÞed as pillar cells and blood cells. In lamellar
arteries, infected cells were localized beneath endothelium and
not in the lumen, and at week 4 PE, xenomas were observed
isolated from gill lamella capillaries, from beneath lamellar ar-
tery endothelium, and from within the interstitial tissue of the
Þlament (Rodriguez-Tovar et al., 2002). Nevertheless, detailed
ultrastructural studies of the events that occur during the sub-
sequent development of the parasite in the gills (weeks 5Ð8 PE),
of how the infection is perpetuated by autoinfection in the in-
fected host, and of how the infected host responds to this par-
asite have not been made. Ultrastructural studies of the inßam-
matory tissue reaction associated with microsporidia are of
great interest (Dykova« and Lom, 1980; Shaw and Kent, 1999).
Many of the cells that actively participate in the elimination of
spores of microsporidia in Þshes have been identiÞed as mac-
rophages, lymphocytes, neutrophils, histiocytes, Þbroblasts, and
eosinophilic granular cells (EGCs) (Matthews and Matthews,
1980; Bekhti and Bouix, 1985; Reimschuessel et al., 1987).
However, there is still a lack of information about how these
cells can participate in the rupture of the xenomas and in the
subsequent dissemination of the parasite through the infected
host.

The objective of the present investigation was to examine the
ultrastructural features of gills from rainbow trout experimen-
tally infected withL. salmonaeto determine the morphological
features that occur during the late stages of development of this
parasite and to explain the possible mechanisms of autoinfec-
tion.

MATERIALS AND METHODS

Animals for the study

Naive rainbow trout (Oncorhynchus mykiss) approximately 20 g in
weight and 15 cm long were obtained from a certiÞed pathogen diseaseÐ
free commercial hatchery located on Prince Edward Island, which has
no history of infection byL. salmonae. The Þshes were allocated ran-
domly to 70-L Þberglass tanks containing water at 15! 0.5 C and with
photoperiods of 12 hr each of light and darkness. They were allowed
to acclimate for 1 wk before the beginning of the study.
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Source of spores

Spores were collected according to a method described earlier (Rod-
riguez-Tovar et al., 2002). In brief, gills from rainbow trout previously
exposed toL. salmonaewere collected 6Ð8 wk after infection. These
Þsh were lightly anaesthetized with 100 mg/L benzocaine in water and
then examined with a stereomicroscope for the presence of xenomas in
the gills. Infected Þsh were killed with an overdose of benzocaine, and
the gills were collected after removing the cartilage. The gill samples
were Þnely cut using a razor blade and then placed into a 50-ml conical
tube, which was Þlled with distilled water to make up a Þnal volume
of 15 ml. The Þnal concentration of spores in this mixture was adjusted
to 1 " 106 spores/ml and then refrigerated at 4 C until use (approxi-
mately 1 hr).

Experimental design and infection of Þsh

Twenty rainbow trout (each approximately 20 g) were kept in a 70-
L Þberglass tank at 15 C and deprived of food for 24 hr before exposure
to L. salmonae. These Þshes were lightly anesthetized with benzocaine,
restrained manually, and given a dose of 0.1 ml of infected material
(! 1 " 105 spores) by oral intubation using tuberculin syringes attached
to silicon tubes. Then, the Þsh were returned to their tanks and observed
periodically for any evidence of regurgitation. Another group of 20
naive rainbow trout did not receive the treatment and was held in a
separate tank as negative controls.

Samples for high resolution light microscopy (HRLM) and
transmission electron microscopy (TEM)

Gill samples from 5 infected and 5 control Þshes were collected at
5, 6, 7, and 8 wk PE. The Þsh were killed using benzocaine before
tissue collection. The presence or absence of xenomas was determined
by stereomicroscopy. The Þrst left gill arch from every Þsh was re-
moved after death and immediately Þxed by immersion in vials con-
taining 2% glutaraldehyde in a 0.1 M phosphate buffer, pH 7.2, 430
osM, for 2 hr at room temperature (24 C). The gills were then cut into
pieces of approximately 1 mm3 and 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 of
ethanol solutions to propylene oxide, inÞltrated, and embedded in
SpurrÕs resin. Semithin sections (0.5#m) were cut from 5 gill pieces
from every Þsh and stained with 1% toluidine blue in 1% sodium tet-
raborate solution for HRLM analysis. Samples containing xenomas in
the semithin sections were recut (ultrathin sections, 70Ð90 nm thick)
for TEM. Sections were retrieved onto uncoated 200-mesh copper super
grids and contrasted with uranyl acetate and lead stain (Sato, 1968).
The sections were examined and photographed using a Hitachi H7500
transmission electron microscope operated at 80 kV. Serial sections
were made from specimens that required additional morphological def-
inition.

RESULTS

HRLM

Semithin sections from gills at weeks 5 and 6 PE showed
xenomas Þlled with mature and immature parasites. The local-
ization of the xenomas was similar to that observed in the early
development of the parasite (Rodriguez-Tovar et al., 2002),
which was associated with the capillary channels. Mature
spores appeared concentrated in the peripheral region in some
round xenomas located in Þlament connective tissue at weeks
5 and 6 PE (Fig. 1A), but by weeks 7 and 8 PE spores occupied
all the xenomas. Inßammatory response was not detected in the
specimens observed at week 5 PE, but at week 6 PE a mild
inÞltration by leukocytes was observed around some xenomas.
By week 7 PE, small foci of inßammatory reaction were ob-
served in the Þlaments and the basal part of the lamellae (Fig.
1B). Numerous neutrophils, mononuclear cells, Þbroblasts, and

EGCs were contributing to the inßammatory reaction around
the xenomas. A few spores were observed in the center of the
inßammatory reaction, apparently engulfed by phagocytes (Fig.
1C). Round and ßattened xenomas were observed at week 8
PE. The severity of the inßammatory reaction appeared higher
in some round xenomas, which were surrounded or invaded by
leukocytes (Fig. 2A). Flattened xenomas were located under-
neath the endothelium of the lamellae. Mature spores, the main
parasitic stage observed within this structure, appeared to be
aligned along the xenoma, giving an appearance of peas in a
pod (Fig. 2B). No evidence of inßammatory response was ob-
served against this structure.

TEM

Morphology and localization of xenomas at weeks 6 and 7
PE: Because of the absence of signiÞcant morphological chang-
es from those observed at week 4 PE (Rodriguez-Tovar et al.,
2002), gill samples from week 5 PE were not analyzed using
TEM. Xenomas originating from infected pillar cells of the la-
mellae contained meronts and mature spores that were separat-
ed by columns of collagen (Fig. 3A). Leukocytes were closely
associated with these xenomas and with xenomas in Þlament
connective tissue, but evidence of cell damage was not ob-
served (Fig. 3B). Xenomas in the Þlaments were surrounded by
a wall of extracellular matrix and covered by attenuated Þbro-
blastlike cells (Fig. 3C). In some xenomas, gaps in the layer of
Þbroblastlike cells allowed small areas of the plasmalemma to
be exposed to leukocytes in the Þlament connective tissue.
Some neutrophils and plasma cells and numerous EGCs were
observed adjacent to the xenoma wall (Fig. 3C).

At week 7 PE, round xenomas in the connective tissue of
Þlaments showed what appeared to be degenerative changes to
meronts and sporonts (Fig. 3D). Parasite cell membranes looked
distorted, the RER was disorganized and scattered through the
cytoplasm, which showed empty spaces. The nuclear membrane
seemed undulated and separated at certain points, and the nu-
clear material was dissolved. In general, mature spores showed
no indication of damage or degenerative changes, but some spo-
rophorous vacuoles (SPOVs) containing spores appeared dilat-
ed and Þlled with what seemed to be the remnants of tubules.

Localization and morphology of xenomas at week 8 PE:
Round xenomas in Þlament connective tissue contained leu-
kocytes, apparently neutrophils, which had engulfed parasites
(Fig. 4A). Individual or groups of intact and empty spores were
contained in vesicles (phagosomes?) inside the neutrophils
without any evidence of fusion with lysosomes. Empty spores
consisted of the chitinaceous, electron-lucent endospore (Fig.
4A) and remnants of granular material, with a few electron-
dense membranes and some vesicles. Some of the xenomas lo-
cated in the connective tissue of the Þlament showed areas of
interruption in the integrity of their plasma membrane (Fig. 4B).
Indeed, just small Þbers and vesicles with granules were ob-
served in these areas. Despite this, spores remained inside the
xenoma and, coincidentally, the areas devoid of the xenoma
membrane were adjacent to inßammatory cells. Inßammatory
response characterized by numerous leukocytes was observed
adjacent to and inside the xenoma. Many of the leukocytes were
actively ingesting spores. Spores located outside the xenoma
were ingested mainly by macrophages and appeared to be in
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FIGURE 1. HRLMs of Loma salmonaein gills, weeks 5 and 6 PE.A. Spores (arrows) peripherally oriented within a round xenoma in Þlament
connective tissue. Inßammatory cells (arrowhead) are close to the xenoma.B. EGCs (arrows), neutrophils (arrowheads), and mononuclear cells
(open arrowhead) adjacent to another round xenoma (not shown) in connective tissue.C. A spore engulfed (arrow) by a leukocyte in an area of
inßammatory reaction.

FIGURE 2. HRLMs of Loma salmonaein gills, week 8 PE.A. A leukocyte (arrow) within a round xenoma phagocytosing spores. The xenoma
wall appears intact. EGCs, and neutrophils (arrowheads) surround the xenoma.B. Aligned spores (arrow) within a ßattened xenoma associated
with the endothelium (arrowheads) at the base of a lamella. RBC$ red blood cell.
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FIGURE 3. TEMs of Loma salmonaein gills, weeks 6 and 7 PE.A. Xenoma originated from a pillar cell containing spores (S) and meronts
(M). Columns of collagen (*) split the xenoma into 2 parts. PMN$ neutrophil; arrowheads$ basement membrane.B. Round xenoma in connective
tissue surrounded by inßammatory cells. EGC$ eosinophilic granular cells; PMN$ neutrophils; arrows$ xenoma wall; S$ spores; Sp$
sporont; M$ meronts.C. Plasma cell (PL) and lymphocytelike cell (LyC) close to a xenoma (Xe). F$ Þbroblastlike cells.D. Round xenoma
in connective tissue with degenerated meronts (M). Spores (S) appear intact. Arrow$ xenoma wall.
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FIGURE 4. TEMs of Loma salmonaein gills, week 8 PE.A. Neutrophil (*) within a xenoma ingesting spores (S), 1 of which appears to be
empty (ES). Membranous remnants (arrow) are observed within the empty spore. Both intact and empty spores show no evidence of destruction.
B. Xenoma margin shows complete absence of its plasmalemma (arrows). Xe$ xenoma; S$ spore.C. Everted polar tubes (arrowheads) close
to intact spores (S) in a round xenoma undergoing inßammatory reaction. Tubular appendages with bulblike appearance (arrow).
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different levels of degradation, as observed at week 4 PE (Rod-
riguez-Tovar et al., 2002).

An important Þnding was the presence of everted polar tubes
that were scattered in the cytoplasm of a round xenoma (Fig.
4C). The polar tubes were not observed outside the xenoma
boundaries. Longitudinal- and cross sections of polar tubes
were in close association with mature spores, but none of the
spores showed the characteristic emptiness that follows germi-
nation. Some small, bulblike structures observed inside SPOVs
and adjacent to the spores (Fig. 4C) resembled tubular append-
ages type I (Takvorian and Cali, 1983; Cali and Takvorian,
1999).

Flattened xenomas were located beneath the endothelium
within the basement membrane of lamellar arteries close to the
marginal capillary channel (Fig. 5A). These ßattened xenomas
had 1 surface that was parallel to the endothelium and another
parallel to the lamina densa of the basement membrane. Mature
spores appeared to be aligned within the xenoma and occupied
almost the complete cytoplasm, stretching the host cell mem-
brane in the points of contact with the parasite. Spores consti-
tuted the main parasitic stage observed within this structure
although a few meronts were observed as well. The cytoplasm
of the xenoma contained a few mitochondria; vesicles and typ-
ical type II tubles were adjacent to the spores. The xenoma was
surrounded by a Þne mesh of Þbrils (Fig. 5B). The Þbrils iso-
lated the xenoma between the lamina densa and the endotheli-
um. These Þbrils were not observed in the rest of the lamellae
basement membrane or in basement membrane of gill samples
from the control group. Vesicles with electron-dense content
were also observed between endothelial cells and the ßattened
xenoma (Fig. 5B) and were most abundant toward the poles of
the xenoma. Inßammatory reactions against this type of xenoma
appeared absent. Serial sections from this xenoma showed that
it had a spindle shape and ended in a round tip occupied by a
single spore.

Irregular-shaped xenomas were observed in the connective
tissue of the Þlament, just below the lamellae, and were Þlled
with parasites in various stages of development. The plasma
membrane of this type of xenoma was irregular and produced
several projections of various lengths in opposite directions.
The larger projections were rich in mitochondria, and the tips
of some projections were dilated and contained 1 or more ma-
ture spores (Fig. 5C). Some projections appeared to embrace
the base of the lamellae. The xenoma did not show any indi-
cation of disruption of its cell membrane, and it was impossible
to distinguish the identity of the original host cell. A tissue
reaction against this type of xenoma was not observed.

DISCUSSION

The present investigation represents a continuation of our
earlier work attempting to determine the ultrastructural changes
that occur in gills duringL. salmonaedevelopment in experi-
mentally infected rainbow trout.

We have noted previously that immature forms ofL. sal-
monaehave a peripheral distribution within the host cell at
week 3 PE (Rodriguez-Tovar et al., 2002). At weeks 5 and 6
PE, mature spores were peripherally distributed within the xe-
noma. In an ultrastructural study ofGlugea stephaniin the di-
gestive tract (Weidner, 1976) andGlugea anomalain epidermal

cells (Canning et al., 1982; Va«vra and Ronny-Larson, 1999),
immature parasites were observed in the peripheral area within
the xenomas, whereas mature parasites were localized in the
center of the disintegrated host cell cytoplasm. The peripheral
localization of the immature parasites was suggested to occur
in close association with host cell mitochondria as a response
of an active parasite division (Weidner, 1976; Va«vra and Ron-
ny-Larson, 1999) although the time of the infection was not
indicated in these studies. In the case ofL. salmonae, only
during the third week PE did meronts appear to occupy the
marginal area within the host cells, and by weeks 5 and 6 PE,
that area in xenomas was eventually occupied by mature spores.
It can be hypothesized that the type of infected host cell or its
proximity to the blood supply (O2 concentration) could have an
inßuence on the location of the parasite within the xenoma. The
reason for infecting a host cell in the gills is still unknown;
however, several reasons can be suggested. Infected blood cells
containing immature forms (meronts) ofL. salmonaecould be
ingested by the pillar cells, allowing the internalization and in-
tracellular parasite development, as was hypothesized previous-
ly (Rodriguez-Tovar et al., 2002). Pillar cells are numerous in
the capillary channels of the lamellae (Karlsson, 1983; Olson,
1991) and form a major component of the waterÐblood barrier,
the site of gas exchange in Þsh. It would be advantageous to
the intracellular parasite to have such an immediate access to a
rich O2 supply because microsporidia are without mitochondria
(Va«vra and Ronny-Larson, 1999) and depend on their host for
oxidative phosphorylation.

Another common Þnding at week 6 PE was the abundance
of inßammatory cells outside the xenoma. Although there was
no morphological evidence of damage to the xenoma plasma-
lemma during weeks 5 and 6 PE, the close proximity of these
inßammatory cells to the xenomas could indicate that some
kind of inßammatory signal was being generated by these struc-
tures. Despite this, leukocytes were not observed attacking the
xenomas, suggesting either a weak inßammatory signal from
the xenoma membrane or the production of a substance by the
parasite that temporarily inhibited the leukocyte activity against
xenomas. The xenoma plasma membrane and wall were not
covered continuously by neighboring Þbroblastlike cells but
were frequently exposed to the surrounding connective tissue.
It is possible that, through these exposed areas, small amounts
of Ag or parasite byproducts were expelled from the xenoma
and recognized at the beginning of the xenoma formation, but
it was more pronounced at weeks 6 and 7 PE. A similar mech-
anism of diffusion of Ag through parasitic cysts has already
been described forToxoplasma gondii(Reiter-Owona et al.,
1996). If this had been the case in our study, then it would
explain the large number of leukocytes that were observed sur-
rounding and then attacking the xenomas during the late stages
of the infection.

Some round xenomas at week 7 PE showed meronts that
were apparently undergoing degenerative changes. What this
means is unknown, but it could be caused by the exhaustion of
the nutritive materials necessary to sustain xenoma develop-
ment. However, it could be an artifact of Þxation and processing
for TEM although the adjacent mature spores (which are more
impermeable to Þxatives) and even host cell mitochondria (an
organelle that is used as an indicator of poor Þxation) appeared
well preserved.
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FIGURE 5. TEMs of L. salmonaein gills, week 8 PE.A. Higher magniÞcation of a portion of Fig. 2B. Flattened xenoma underneath lamella
endothelium (arrows) and within the basement membrane (arrowheads). Spores (S) are aligned within this xenoma. RBC$ red blood cell.B.
Detail of 1 extreme of the ßattened xenoma showing the Þne mesh of Þbrils (*), which isolates this xenoma from the endothelium (arrow) and
the lamina densa (LD). Vesicles with electron-dense core (arrowheads) were localized underneath endothelium in the extremes of the xenoma.C.
Irregularly shaped xenoma located in Þlament connective tissue beneath endothelium of lamella artery. The plasmalemma of the xenoma projection
(arrows) looks irregular, and the cytoplasm contains spores (S) and mitochondria (*).
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In some gill samples, mature spores found outside the xe-
noma at week 7 PE were captured and digested mainly by mac-
rophages. Probably these spores were released from ruptured
xenomas (ripe cysts) that underwent attack by inßammatory
cells (Morrison and Sprague, 1981), whereas mature spores lo-
calized within the xenoma appeared to be ingested mainly by
neutrophils. Ruptured xenomas were not observed in this study
because they were either completely disintegrated or the xe-
noma was not present in the embedded piece of gill tissue or
it was too far from the level of the cut section to be observed
in TEM because no ruptured xenomas were detected in subse-
quent serial sections.

It has been reported that the migratory activity of the neu-
trophils in response to chemotaxis in some teleosts like the carp
(Cyprinus carpio) is higher than that described for macrophag-
es; thus their arrival at the site of the infection occurs before
the arrival of the macrophages (Neumann et al., 2001). If this
had been the case in the present study, it would explain why
the neutrophils within some xenomas were more numerous than
macrophages. However, the inßammatory cells may not be only
responding to the xenomas to ingest and destroy the parasite;
in addition, at the end of the parasiteÕs development,L. sal-
monaemay release chemotactic factors that attract neutrophils
and macrophages in an attempt to use them as host cells for
autoinfection and proliferation. The secretion of mediators that
recruit inßammatory cells to the site of the infection has been
reported in other microsporidian infections (Didier and Bessin-
ger, 1999); however, there is no information available about any
metabolite with chemoattractant properties released byL. sal-
monae. Within some xenomas, a few ingested parasites did not
show evidence of degradation and destruction, so it is possible
that L. salmonaeavoided the acidiÞcation process within leu-
kocytes and could survive the phagocytic process, as was in-
dicated withGlugeasp. (Weidner and Sibley, 1985).

Inßammatory reaction to some of the round xenomas located
in connective tissue was more severe at week 8 and was evi-
denced by the disruption of the xenoma membrane. This dam-
age coincided with the presence of inßammatory cells, mainly
neutrophils and macrophages, in the areas where xenoma cell
membrane damage was observed. Nevertheless, the stimulus
that triggered the xenoma destruction is still unknown. It is
possible that the plasmalemma of these xenomas underwent
some kind of antigenic variation that allowed them to be di-
rectly attacked by macrophages and PMN neutrophils, as was
hypothesized with other Þsh microsporidians (Dykova« and
Lom, 1980; Dykova« et al., 1980). In addition, the possibility
that a toxic metabolite from the intracellular parasite caused
damage to the host cell membrane to ensure its release from
the xenoma cannot be excluded (Canning et al., 1986).Loma
salmonaecould have induced the production of some type of
local leukocyte inhibitor during xenoma rupture. This is on the
basis of the ultrastructural observation at week 8 PE of neutro-
phils close to the areas with xenoma membrane damage and
close to mature spores, which appeared unaffected, regardless
of the nearness of the phagocytic cells. Certain Þsh microspo-
ridians are able to induce the production of prostaglandins and
leukotrienes from macrophages and cause immunosuppression
and thus survive in the host (Shaw and Kent, 1999). In the
present study, macrophages were a main component of the in-
ßammatory reaction against xenomas. It may be that macro-

phages, under the effect of the microsporidia infection (as an
evasive mechanism), secreted locally immunosuppressant sub-
stances. In contrast to phagocytic evasion strategies in prokary-
otes, there is no information available on leukocyte suppressive
substance produced byL. salmonae.

A signiÞcant observation in some round xenomas at week 8
PE was the presence of 2 types of tubular appendages in the
same xenoma. In addition to the typical type II tubules (Cali
and Takvorian, 1999), type I tubules were also seen in round
xenomas undergoing inßammatory reaction. This observation
is important considering that previous work reports the presence
of only 1 type of tubule forL. salmonae(Morrison and Sprague,
1981), and there is only 1 study reporting the presence of 3
types of tubules in another Þsh microsporidian,G. stephani
(Takvorian and Cali, 1983; Cali and Takvorian, 1999). Current
information regarding the role of the tubules during the mi-
crosporidia development is merely speculative. Tubular ap-
pendages are thought to be formed by the spore during its for-
mation (Moore and Brooks, 1992) as a connection between the
host cell cytoplasm and the parasite to facilitate the interchange
of substances. Also, they may increase the parasite surface area
for active transport and disappear once the spore reaches full
maturity (Morrison and Sprague, 1981; Takvorian and Cali,
1983; Cali and Takvorian, 1999). In this study, the presence of
both types of tubules was observed only in round xenomas
accompanied by inßammatory reactions. It may be that under
the host attack, the transport between the immature spores and
the host cytoplasm needs to be increased to complete their de-
velopment. The presence of 2 types of tubular appendages may
reinforce either the nutrition or the maintenance of the sporo-
gonic process.

Another remarkable Þnding at week 8 PE was the observa-
tion of numerous everted polar tubes scattered through the cy-
toplasm of a round xenoma located in the Þlament connective
tissue. For most microsporidia, the usual site for introduction
of the infection is the host gut (Didier et al., 2000; Bigliardi
and Sacchi, 2001) although there are some microsporidians that
can produce autoinfective spores and can germinate within
neighboring cells of the same host in which they were generated
(Cali and Takvorian, 1999; Dunn and Smith, 2001). The chang-
es that cause the eversion of the polar tubes are multiple (Big-
liardi and Sacchi, 2001), involving alteration in the hydrostatic
internal pressure of the parasite, or the rapid catabolism of
stored parasite trehalose into smaller molecules, or both (Un-
deen, 1990; Cali and Takvorian, 1999). In the present study,
the close proximity of the spores with the leukocytes could have
stimulated their germination in association with the phagocytic
event (Didier and Bessinger, 1999). Although several mature
spores within xenomas were engulfed by leukocytes and ap-
peared empty, they did not show any evidence of cellular de-
struction. The presence of empty intact spores within leukocytes
suggests these spores had everted their polar tubes expelling
sporoplasms. The morphological features of the empty spores
are similar to those observed in previous studies of the germi-
nation mechanisms (Weidner et al., 1984; Cali and Takvorian,
1999). Several possibilities could explain the eversion of the
polar tubes inside phagocytes within the xenoma. First, mature
spores were ingested by the phagocytes within round xenomas
and by action of the acidiÞcation phagocytic event, the polar
tubes were everted (Didier and Bessinger, 1999), or during the
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FIGURE 6. Evasion hypothesis. Traveling infected blood cells (IBC)
migrate out of the blood stream by week 3 PE at the level of the blood
vessels, residing either underneath endothelium or in the adjacent Þla-
ment connective tissue, and then develop into a xenoma.

phagocytic process the polar tubes were extruded as a result of
interacting with the host cell membrane (Magaud et al., 1997;
Desportes-Livage, 2000; Bigliardi and Sacchi, 2001). Some au-
thors consider this event to be a ligandÐreceptorÐdependent
mechanism where spores Þrst establish physical contact with
the phagocytic cell membrane and after which eversion can
occur (Foucault and Drancourt, 2000; Vivarès and Me«te«nier,
2001). Second, germinated spores were ingested by phagocytes
as part of the clearance mechanism. This possibility cannot be
excluded either, because empty and intact spores were also ob-
served in the xenoma cytoplasm and they eventually could be
ingested by phagocytes. Although empty and intact spores were
observed in direct contact with the phagocyte plasma mem-
brane, no polar tubes were observed within leukocytes and no
everted polar tubes attached to spores were seen in the xenoma
cytoplasm. In addition, the possibility that some (to be deter-
mined) metabolites produced inside the xenoma could have ac-
tivated the eversion of polar tubes before spores were ingested
cannot be disregarded. Further ultrastructural studies will be

necessary to elucidate the eversion mechanisms inside the xe-
noma.

As part of theL. salmonaelife cycle, the autoinfection could
be a way to perpetuate the disease in the susceptible host, as
has been suggested for other microsporidia that use leukocytes
for their replication (Matthews and Matthews, 1980; Bekhti and
Bouix, 1985; Didier and Bessinger, 1999). WithL. salmonae,
uptake by phagocytes was thought to be involved with dissem-
ination of the organism within the susceptible host (Hauck,
1984; Shaw et al., 1998; Shaw and Kent, 1999). Results from
this study help to substantiate this hypothesis, although direct
evidence of polar tubes piercing cells beyond the xenoma mar-
gins was not observed. However, from another ultrastructural
study not related to this investigation, it was noticed that in the
gills of an Atlantic cod (Gadus morhua) infected with Loma
sp. some leukocytes surrounding xenomas contained everted
polar tubes as did the cytoplasm of xenomas (unpubl.). This
suggests thatL. salmonaeÐinfected leukocytes could be candi-
dates for propagating the disease in the host by autoinfection.

Xenomas are usually described from microscopical studies
as complex structures formed by hypertrophic host cells con-
taining parasites in multiple stages of development (Weissen-
berg, 1968; Weidner, 1976; Sprague and Hussey, 1980) and
usually take a cystic shape. However, in the present study 2
unique features of xenoma morphology were observed at week
8 PE. The ßattened xenoma found under the gill endothelium
conÞned within the basement membrane suggests the possibility
that the parasite established there to evade the host attack and
probably developed directly from the small infected cells con-
taining only meronts that were observed beneath endothelium
at week 3 PE (Rodriguez-Tovar et al., 2002). Through the anal-
ysis of serial sections, it was possible to determine that this
ßattened xenoma had a spindle shape and was mainly occupied
by aligned mature spores. The ßattened form of this xenoma
could have been caused by the external constraint of the lamina
densa of the basement membrane on one side and of the en-
dothelium on the other side, restricting the expansion of the
developing xenoma, as that typically occurs in other xenomas.
The identity of the Þbrils that surrounded the ßattened xenoma
is unknown, although their proximity to the endothelium could
suggest that they are collagenous. Because these Þbrils were
not observed in the controls, it may be that the xenoma devel-
opment underneath the lamellae endothelium promoted the for-
mation of a new layer of extracellular matrix material to act as
a barrier against the host defense mechanisms, or to strengthen
the basement membrane conÞning the xenoma.

As was implied in the early study, a blood cell could be a
possible candidate for harboring the parasite. Leukocytes have
the ability to transmigrate through extravascular spaces by us-
ing enzymes (metalloproteinases) that selectively degrade com-
ponents of the basement membrane (Madri and Graesser, 2000)
and by using cell-to-cell interaction with the endothelial cells
(Luscinskas et al., 2002). If this occurred in the present study,
then the ßattened xenomas could have developed from infected
leukocytes conÞned within the basement membrane underneath
the endothelium while transiting from the blood vessels. Some
of these infected cells successfully transmigrated through the
basement membrane and reached the connective tissue and
formed the xenomas observed in the Þlament, whereas others
that were no longer capable of passing beyond the limit of the



RODRI«GUEZ-TOVAR ET AL.ÑLATE STAGES OFL. SALMONAE DEVELOPMENT IN TROUT GILLS 473

basement membrane became implanted within this barrier. Path-
ogen transportation and dissemination through blood cells has
been documented forTetramicra breviÞlum(Matthews and
Matthews, 1980),Trypanosoma cruzi(Bogdan and Rollinghoff,
1999; Tyler and Engman, 2001), andMycobacteriumsp. (Ber-
mudez and Sangari, 2001; Raupach and Kaufmann, 2001). Nev-
ertheless, in the case ofL. salmonae, more studies are necessary
to identify which blood cell(s) is (are) involved in the dissem-
ination of the parasite in the host.

Additionally, small vesicles were observed only underneath
the endothelium adjacent to the ßattened xenoma and were
more numerous toward the extremes. These vesicles were nei-
ther observed in the rest of the vasculature nor in control Þsh.
It is reported that under certain angiogenic pathological stim-
ulation such as inßammation, diabetes, and tumors, the endo-
thelial cells are able to shed vesicles containing matrix-degrad-
ing metalloproteases that help wound repair (Foda and Zucker,
2001; Taraboletti et al., 2002). In the case ofL. salmonae, it
can be hypothesized that under the inßuence of the parasite,
endothelial cells shed vesicles containing these enzymes in an
attempt to degrade the extracellular matrix (basement mem-
brane) and release the parasites from beneath the endothelium
allowing for spore dispersion in the host. However, the possi-
bility that endothelium could be attempting to destroy the par-
asite cannot be disregarded. Further studies focused on the en-
dothelial events that occur during theL. salmonaeinfection will
elucidate the nature of these vesicles and their role in the elim-
ination of the parasite.

On the basis of new morphological observations in the pres-
ent study, the evasion hypothesis (Rodriguez-Tovar et al., 2002)
has been expanded to explain the localization of xenomas un-
derneath capillary channel endothelium and in Þlament connec-
tive tissue (Fig. 6). Infected blood cells traveling in the blood
stream migrate through the endothelium of gill capillary chan-
nels and lamellar arteries, and establish beneath the endotheli-
um within the conÞnes of the basement membrane or migrate
through the basement membrane and become established within
the adjacent Þlament connective tissue.

The irregular xenoma type observed in the Þlament connec-
tive tissue, located at the base of the lamella and embracing it
through large projections, could be a way by whichL. salmonae
uses the host cell to spread within the gill tissue, or to reach
the capillary channels of the lamellae, or both. The presence of
spores in the tip of those projections could suggest that the
parasite uses these structures to gain proximity to a blood vessel
or potential host cells to infect them. It is known that certain
intracellular microorganisms are able to modify the cytoskele-
ton (actin), of the host cell for spreading and infecting neighbor
cells or for being transported to the exterior (Temm-Grove et
al., 1994; Higley and Way, 1997; Cossart and Bierne, 2001;
Suzuki and Sasakawa, 2001).

In summary, results from the present study reveal new in-
formation about the events that occur during the late stages of
L. salmonaeinfection. The presence of ßattened and irregular
xenoma types observed during the infection byL. salmonae
challenges the standard concept ofL. salmonaexenoma mor-
phology.
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