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1. INTRODUCTION

Microsporidia were initially described about 150 years ago with the identification of
Nosema bombycis as the organism responsible for the disease pébrine in silkworms (1).
Microsporidia are ubiquitous in the environment and infect almost all invertebrates and
vertebrates, as well as some protists (2). Spores from microsporidia are commonly found in
surface water (3). These organisms are eukaryotes with a nucleus with a nuclear envelope,
an intracytoplasmic membrane system, chromosome separation on mitotic spindles,
vesicular Golgi and a mitochondrial remnant organelle lacking a genome termed a mitosome
(4). For insects, fish, laboratory rodents and rabbits microsporidia are important pathogens;
and they have been investigated as biological control agents for destructive species of insects
(2). Several species of microsporidia have caused significant agricultural economic losses
including Nosema apis and Nosema ceranae in honeybees (5), Loma salmonae in salmonid
fish (6) and Thelohania spp. in shrimp (7). An excellent review of the history of research on
these pathogens was published by Franzen (8) and a recent textbook by Weiss and Becnel
(2) provides a comprehensive examination of what is known about these organisms. The
class or order Microsporidia was elevated to the phylum Microspora by Sprague in 1977 (9)
and a decade latter Sprague and Becnel (10) suggested that the term Microsporidia should
instead be used for the phylum name. These organisms were previously considered
“primitive” protozoa (11), however, molecular phylogenetic analysis has resulted in the
insight that these organisms are not primitive but instead degenerate, and that Microsporidia
are related to the Fungi, either as a basal branch of the Fungi or as a sister group (12-16).

The majority of microsporidia initially infect their hosts via the gastrointestinal tract and
they have evolved an infection apparatus, the polar tube, which allows them to infect host
cells at a distance, enabling them to traverse the space between the lumen of the
gastrointestinal tract and the host cells lining the digestive system (2). Many of the
microsporidia disseminate following initial infection and there are descriptions of
microsporidian infections in almost every organ system with human cases of encephalitis,
ocular infection, sinusitis, myositis, and disseminated infection being well documented in
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published literature (2, 17). Microsporidia can have significant effects on their hosts and host
cells with infection resulting in juvenilization, feminization or other changes to host
physiology as well as the formation of xenomas or other multinucleate cellular structures
(2). Recent work to investigate microsporidia-host interactions have demonstrated the
complexity of this interaction and the effects of microsporidia on the host cell transcriptional
response in model systems of this interaction including insects and Caenorhabditis elegans
(18-20).

Human infection with microsporidia causing encephalitis was initially described in 1959.
The species of microsporidia described to date in human infection suggest that most
infections in humans are zoonotic and/or water-borne. Microsporidiosis has been a particular
problem in immune suppressed hosts, such as those with advanced human
immunodeficiency virus infection (AIDS) (21) and patients on immune suppressive drugs
such as patients with organ transplantation or those receiving immune modulatory antibodies
such as anti-TNFa (21, 22). Microsporidian infections in immune competent mammals are
often chronic and asymptomatic whilst immune compromised hosts often develop lethal
infections (23). Diarrhea due to microsporidiosis from Enterocytozoon bieneusi was initially
reported in patients with AIDS in 1985 (24), and the number of articles describing human
disease increased dramatically after 1990 with improvements in diagnostic techniques (2,
21, 25). The development of effective combination antiretroviral therapy (CART) has
resulted in a decline in the cases of microsporidiosis in patients with HIV infection (2, 26).
As noted above, however, that infection can also occur in immune competent individuals and
in particular diarrhea (often self-limited) and keratitis have been important manifestations in
patients with intact immune systems (2).

Microsporidian infection in many mammals leads to a chronic infection with persistently
high antibody titers and ongoing inflammation that can reactivate leading to acute infection
when immune suppression is administered (27, 28). Studies using Encephalitozoon species
in mice have helped defined the protective mammalian immune response to microsporidiosis
(29, 30). Immunity to infection is mediated by T cells and dependent on interferon-gamma
(IFN-7) and interleukin-12 (IL-12) (31-34). Evidence for this is provided by the protection
against lethal microsporidiosis (£. cuniculiinfection) afforded by adoptive transfer of
sensitized syngenic T-enriched spleen cells into athymic or SCID mice (35, 36). In
intraperitoneal £. cuniculiinfection models, mice deficient in CD8™ cells or perforin
deficient mice have a lethal infection, but there is no lethality in CD4* deficient mice (32,
37). Oral E. cuniculi infection murine models have shown that CD4+ cells are also involved
in the protective immune response for this natural route of infection (33, 38). The most
important subset for protective immunity in oral infection models were CD8%a T cells, and
dendritic cell IFN-y protection was critical for priming the gut intraepithelial lymphocyte
response (39). The ability to trigger a robust T cell response against microsporidian infection
is age-dependent (40). Adoptive transfer of immune B lymphocytes into athymic BALB/c
(nu/nu) or SCID mice or passive transfer of hyperimmune serum is not sufficient to protect
athymic mice from lethal microsporidiosis (41, 42). Antibodies do, however, provide some
protection as evidenced by the observations that maternal antibodies protect newborn rabbits
from infection with E. cuniculi during the first 2 weeks of life and that antibodies to the
polar tube can prevent infection of host cells (43).
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There are approximately 1400 described species of microsporidia which are distributed into
about 200 genera (2), of which the following have been demonstrated to cause infections in
humans (Table 1): Nosema (N. corneum renamed Vittaforma corneae (44), N. algerae
reclassified initially as Brachiola algerae (45) and now as Anncaliia algerae (46)),
Pleistophora (47), Encephalitozoon (48, 49), Enterocytozoon (24), Septata (50) (reclassified
as Encephalitozoon (51)), Trachipleistophora (52-54), Brachiola (45), Anncaliia (46),
Tubulonosema (55, 56), Endoreticulatus (57) and Microsporidium (48). Drugs that are used
for the treatment of microsporidiosis in various hosts have been reviewed by Costa et al (58).
In humans with AIDS, there is reasonable evidence from case reports that treatment with
antiretroviral therapy allows the patient’s immune system to control and eradicate
microsporidiosis (59, 60). Albendazole, a benzimidazole that binds to p-tubulin, has activity
against many species of microsporidia and is used for therapy of microsporidiosis,; however,
albendazole is not effective for infections due to Enterocytozoon bieneusior Vittafomra
corneae. The tubulin genes of both E. bieneusiand V. corneae have amino acid residues that
are known to be associated with albendazole resistance (61, 62). Studies suggest that £.
bieneusi and many other microsporidian infections are responive to fumagillin, a water-
insoluble antibiotic made by Aspergillus fumigatus that inhibits methionine aminiopeptidase
type 2, or to synthetic analogs of fumagillin, such as TNP-470 (63, 64). Ocular infections
caused by microsporidia have been treated with fumagillin bicylohexylammonium in saline.
Itraconazole combined with albendazole has been used as therapy in cases of disseminated
infections caused by Trachipleistophora or Anncaliia. Nitazoxinide therapy has been
effective in stopping diarrhea caused E£. bieneusiin patients with organ transplantation
(unpublished data); however this effect may be dependent on the immune status of the
patient as this drug had mimimal efficacy in patients with AIDS with low CD4 counts (65).

2. MORPHOLOGY AND LIFE CYCLES

The microsporidian life cycle consists of a proliferative phase (merogony), the spore
production phase (sporogony) and the mature spore or infective phase (2, 66, 67) (Figure 1)..
The general features of the life cycle are: (A) Spores are ingested or inhaled and then
germinate, resulting in extension of the polar tube, and injection of the sporoplasm into the
host cell cytoplasm; (B) Merogony ensues as injected sporoplasm develops into meronts (the
proliferative stage), which multiply, depending on the species, by binary fission or multiple
fission, forming multinucleate plasmodial forms; (C) Sporogony follows merogony, and the
meront cell membranes thicken forming sporonts; (D) After dividing sporonts give rise to
sporoblasts that develop into mature spores without additional multiplication; and (E) The
host cell becomes distended with mature spores, ruptures, and releases spores into the
environment. The combination of multiplication during both merogony and sporogony
results in a very large number of spores being produced from a single infection and is the
basis of the enormous reproductive potential of these pathogens.

Microsporidia form characteristic unicellular spores (Figure 2) that are environmentally
resistant enabling their transmission in food and water (68). Spore structure is characteristic
of the phylum, and spores can vary in size and shape depending on the species (9, 69). The
spore coat consists of an electron-dense, proteinaceous exospore, an electronlucent
endospore and an inner membrane or plasmalemma. A defining characteristic of these
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pathogenic protists is the presence of an invasion organelle that consists of the polar tube
that is attached to the inside of the anterior end of the spore by an anchoring disk, and a
series of associated membranes. The polar tube coils around the nucleus and their can be up
to 30 coils depending on the species of microsporidia (2, 9, 70). During germination, the
polar tube rapidly everts, forming a hollow tube that brings the sporoplasm into intimate
contact with the host cell acting as a conduit to deliver the sporoplasm to the host cell,
essentially functioning like a hypodermic needle (71-73) (Figure 3). When a spore is
phagocytosed by a host cell, germination can occur allowing the polar tube to pierce the
phagocytic vacuole permitting the sporoplasm to escape the phagosome and to be delivered
into the host cell cytoplasm (74).

Polar tube discharge from the anterior pole of the spore is a rapid event, and the conditions
that promote germination vary widely between different microsporidia and probably reflect
the adaptation of a particular microsporidia to a specific host and external environment
during transmission of these pathogens (reviewed by Keohane and Weiss (75)). Conditions
that promote spore discharge include pH shifts, dehydration followed by rehydration,
various cations and anions, mucin or polyanions, hydrogen peroxide, ultraviolet irradiation,
and calcium flux (75). In response to their particular activation signal, microsporidia have an
increase in intrasporal osmotic pressure resulting in an influx of water into the spore that is
accompanied by swelling of the polaroplasts and posterior vacuole prior to spore discharge
(76, 77). In A. (N.) algerae, it has been suggested that this is mediated by the breakdown of
trehalose by trehalase (76, 78).

3. PHYLOGENETIC ANALYSIS OF THE MICROSPORIDIA

Microsporidia have several apomorphic characteristics including the polar tube, the posterior
vacuole, the polaroplast, and the diplokaryon (in some species) that distinguish them as a
taxon. These ultrastructural features and phenotypic, developmental and ecological
characters have been the basis of the classical classification of these organisms. Tuzet et al
(79), Sprague (9);, Larsson (80), Issi (81), Weiser (82), Sprague et al (83), and Weiss and
Becnel (2) have all provided useful overviews of the history, ultrastructural and structural
characteristics, and life cycle differences for the various microsporidian taxon.
Microsporidia can be divided into three main groups: (A.) The “primitive”
(Metchnikovellidae) hyperparasites of gregarines in annelids that have a rudimentary polar
filament and a spore without a polaroplast.; (B) The Chytridiopsidae, Hesseidsae, and
Burkeidae which have a short polar filament and minimal development of the polaroplast
and endospore; and (C) The “higher” Microsporidia that have a well-developed polar
filament, polaroplast, and posterior vacuole. The various modern classification systems for
the microsporidia focus on the characteristics used to divide the third group into subgroups.
These systems, however, have problems as many of these characteristics may be convergent.
For example, the characteristics of being diplokaryotic during the microsporidian life cycle
or the presence of a pansporoblastic membrane are not defining characteristics, as the genus
Nosema, defined as being diplokaryotic throughout its life cycle, is actually a polyphyletic
assemblage of unrelated taxa. To this end, Nosema locustae has been redefined as both
Paranosema (Sokolova et al., 2003, Sokolova et al., 2005) and Antonospora, (Slamovits et al,
2004), Nosema kingiis now Tubulinosema kingi (Franzen et al., 2005), Nosema algerae has
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been redefined as Anncaliia algerae (Franzen et al., 2006), and Nosema cristatella (Canning
etal., 1997) is now Pseudonosema cristatella (Canning, 2002).

Currently over 3000 partial and complete small subunit ribosomal RNA (ssrRNA) genes of
various microsporidia species and isolates are accessible on Genbank (http://
www.nchi.nlm.nih.gov/genbank/) and MicrosporidiaDB (http://microsporidiadb.org/micro/).
This ssrRNA sequence data has been useful in the development of diagnostic polymerase
chain reaction (PCR) primers as well as for investigations into phylogenetic relationships
(84, 85) (reviewed by Weiss and Vossbrinck (25)). The ssTRNA sequence of microsporidia
diverges greatly from that of other eukaryotes, it is significantly shorter than other
eukaryotic ssSRNAs and microsporidian ssSRNA lacks loops that are present in either
eukaryotic and/or prokaryotic ssTRNA (11, 86-88). This divergence of ssRNA sequence
structure while once thought to be evidence of microsporidia being an early branch in
evolution instead is due to the specialization and extremely reduced genome size reduction
of these obligate intracellular pathogens (11). The genome size of the microsporidia varies
from 2.3 to 51.3 Mb (89, 90). The genome size of microsporidia in the family
Encephalitizoonidae (all of which are human pathogens) are all under 3.0 Mb, making these
genomes among the smallest eukaryotic nuclear genomes (91-96). There are almost no
introns in these compact genomes, gene density is high, proteins are shorter than the
corresponding genes in Saccharomyces cerevisiae, and there is a high degree of gene
composition conservation among the various microsporidia (91-96). Chromosomal analysis
of E. cuniculi (97, 98) and studies on the heterogeneity of gene loci in both E. cuniculi (99)
and Nematocida parisii (100) indicate that microsporidia are probably diploid. Data on
Nosema ceranae has further suggested that this microsporidium is tetraploid (101). Several
microsporidian genomes have been sequenced and annotated and this data is available on
MicrosporidiaDB (http://microsporidiadb.org/micro/) (102).

The development of molecular data, e.g. ssSTRNA and now genomic sequencing has resulted
in the reassignment of many genera as well as the erection of new genera. It is clear that
descriptions of new microsporidian species should now include detailed microscopic and
ultrastructural images along with supporting molecular data, e.g. ssSTRNA sequence (2, 89,
103). Studies using sSRNA have demonstrated that some microsporidia thought to be
separate species are synonymous, e.g. Nosema bombycis and N. tichoplusiae (104), and
confirmed that other microsporidia, e.g. Encephalitozoon hellem and E. intestinalis, are
indeed separate species (105). A reasonable approach for integration of molecular data and
other characters used for microsporidian classification is to create molecular phylogenies of
the microsporidia and then to place the non-molecular data upon the tree (84). This type of
analysis should facilitate studies that seek to understand the evolution of these organisms,
including features such as the loss and gain of alternate hosts, host switching, loss and gain
of sexual recombination, use of the pansporoblastic membrane, changes in the numbers of
coils in the polar filament versus tissues infected, strategies of generalist versus specialist
parasites, and changes in genome size and composition (103). Studies using this technique
have demonstrated a significant degree of homoplasy (convergence, parallelism and reversal)
among the microsporidia, which probably reflects an effect of the reduced genome size seen
in these pathogenic protists. Host-parasite co-speciation may have occurred with
microsporidia and has been examined in Nosema species from bees (106, 107), and in the
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Amblyosporidae from mosquitoes (108, 109). Several other studies have examined the
phylogeny of microsporidia isolated from various host types including fish (110, 111)
insects (2, 112-114) and crustaceans (115, 116). It should be noted that discrepancies exist
between phylogenies based on traditional characters and those based on molecular analysis
and that these types of discrepancies have not been fully resolved (103).

Molecular phylogenetic data provide several lines of strong evidence that microsporidia are
related to the Fungi as either a basal branch of the Fungi or a sister group (12, 13, 117)}.
Analysis of a-tubulin, B-tubulin, glutamyl-tRNA synthetase, seryl-tRNA synthetase,
vacuolar ATPase, TATA box binding protein, transcription initiation factor 11B, subunit A of
vacuolar ATPase, guanosine triphosphate (GTP)-binding protein, heat shock protein gene
(hsp70), the largest sub unit of RNA polymerase 1l (RPBI) and transcription factor 11B
sequences demonstrate that microsporidia are not primitive eukaryotes but instead are
related to fungi (117-127). Microsporidian ssTRNA genes lack a paromomycin binding site,
similar to fungi (128). Microsporidian genomes display two syntenic ribosomal genes
(RPL21 and RPS9) that are also syntenic throughout the fungi, but are linked in other
eukarytoic lineages (129, 130). The microsporidian EF-1a gene has an insertion that is
found only in fungi and animals, not in protozoa (12, 128, 131, 132). Analysis of the £.
cuniculi genome and other microsporidian genomes demonstrates that most microsporidian
proteins are most similar to fungal homologues.(13, 14, 91, 95, 96, 133). Biological
evidence also supports the relationship of microsporidia to fungi. Microsporidia have chitin
in their spore wall and store trehalose, as do fungi (69, 78). Microsporidia display
similarities to the fungi during mitosis (e.g., closed mitosis and spindle pole bodies (134))
and meiosis (135). Data suggests that trehalose is probably the major sugar reserve in
microsporidia, as is seen in many fungi (2). G-mannosylation, as seen in fungi, occurs in
microsporidia as demonstrated by studies on major polar tube protein PTP1 (136).

Keeling (137), in an analysis of B-tubulin data that included microsporidia and
representatives of many fungal phyla, found evidence that microsporidia were a sister group
to the Zygomycota. Comparative analysis utilizing the complete genomes of several
microsporidia also supports a similar relationship of microsporidia with the Fungi (13, 92,
130) Analysis of a six gene dataset (16) that included a large diversity of Fungi suggested
that microsporidia branched deeply forming a sister clade to the Fungi with Rozella, a
hyper-parasitic chytrid that infects other chytrids. Analyses of individual gene trees,
supertrees, and trees based on concatenation of hundreds of genes also supported a deep-
branching position as a sister group to the Fungi (13, 138). However, these data, while
suggestive, do not definitively distinguish if the microsporidia (and Rozells) are within the
Fungi or sisters to the Fungi. Environmental microbiome studies have defined a previously
unrecognized group of organisms termed the Cryptomycota (139-143), which are a large
and diverse lineage, including aphelids and Rozella, of Fungi or fungal relatives that are
poorly described at the biological level, but that are closely related to the microsporidia. The
most recent genome-scale phylogenies place microsporidia together with Cryptomycota as
the basal branch of the fungal kingdom (or alternatively as a sister phylum). These, and
other, recently described microsporidia-like organisms, e.g. Mitosporidium daphniae (144),
Nucleophaga terricolae and Paramicrosporidium (15, 145, 146), illustrate that more
environmental sampling and genome sequencing will be needed to fully resolve the
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relationship of microsporidia and the Fungi, as well as to provide a better understanding of
the Cryptomycota and reveal what this group has to teach us about origin and diversification
of the microsporidia.

4. STRUCTURE AND COMPOSITON OF THE MICROSPORIDIAN SPORE

The spore is the infectious stage of the microsporidian life cycle stage and the only stage
that can survive outside the host cell. The shape of the microsporidian spore is usually
pyriform or oval, and the spores vary in size from approximately 1 to 12um, although some
needle-like spores can be as long as 20um (9). The spore has three general features: the
spore coat, the sporoplasm, and the invasion apparatus (147). The spore coat contains three
layers: an electron-dense outer exospore layer, an electron-lucent inner endospore layer, and
the plasma membrane (147). The endospore layer is composed predominantly of chitin and
glycoproteins and it is thinnest in the region of anterior anchoring disk complex where
rupture occurs during extrusion of the polar tube. Chitin, a major component of the
endospore, forms bridges across the endospore and is part of the fibrillar system of the
exospore (69). The presence of chitin in the endospore enables microsporidian spores to be
stained by fluorescent brighteners such as calcofluor white or Uvitex 2B (148). Both chitin
deactylase, in several microsporidia (149), and a Nosema bombycis GH19 chitinase were
found to localize to the spore wall (150).

The spore wall protects the organism from harsh environmental conditions permitting
transmission of the organism via water or food. It is probable that proteins in the spore wall
are involved in processes such as spore adherence, signaling or other interactions with host
cells (151). Increased hydrostatic pressure in the spore has been demonstrated to cause
discharge of polar tube (152). Several spore wall proteins have been identified using
proteomic techniques and the localization of these proteins has been validated by
immunofluorescence (IFA) and ultrastructural (immunoEM) studies. The first SWP to be
identified was E. cuniculi spore wall protein 1 (EcCSWP1) (153). Ultrastructural analysis has
demonstrated that this protein is found in the exospore. During spore development ECSWP1
was absent in meronts, first seen in early sporonts, and the amount of this protein increased
in the exospore during spore maturation (153). Homologs of SWP1 have been identified in
E. intestinalis and E. hellem (154, 155). In E. hellem two SWP1 proteins (EhSWP1a,
EhSWP1b) were identified. Using monoclonal antibodies to various SWP1 proteins,
EiSWP1, EnSWP1a, EnSWP1b were all found to localize to the exospore in mature spores
(154, 155). A second SWP protein (SWP2) was identified in £. /intestinalis along with
EiSWP1. This 150kDa protein shared a high similarity with the N-terminal region of
EiSWP1, immuno-EM demonstrated that EiISWP2 localized to the spore surface, and that
EiSWP2 became much more abundant as spores continued development into sporoblasts and
mature spores. Homologs of EiISWP2 have not been found in £. hellem or E. cunicull,
suggesting that this protein may have a unique role in £. /intestinalis. A third spore wall
protein (SWP3/EnP2) was identified from E. cuniculi using a proteomic strategy (156, 157).
EcSWP3, also called endospore protein 2 (EnP2), has been demonstrated to localize to the
endospore adjacent to the plasma membrane (156). Another endospore protein (EnP1) was
identified at the same time as SWP3/EnP2 in E£. cuniculi (156). EnP1, which is also called
SWP4, is a cysteine rich protein, and contains disulfide linkages that may facilitate its
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binding in the endospore. It has been found that host cell surface sulfated
glycosaminoglycans (GAGs) play an important role in the adherence of E. intestinalis and E.
cuniculito host cell surfaces (158). EnP1 has been found to be involved in host cell
adherence by its interacting with host cell membrane GAGs through the heparin binding
motifs (HBMs) found in EnP1 (151). Homologs of these proteins have been found in other
microsporidia. These SWP adhesion domains may facilitate the binding of microsporidian
spores to either the cell surface or mucus of the gastrointestinal tract prior to germination.
Many of the SWPs that have been identified in various microsporidia have posttranslational
glycosylation, often involving mannosylation, which is likely important for spore wall
adherence to host cells during invasion. Using various proteomic techniques additional
SWPs such as SWP5 (159), SWP6 and SWP7 (L.M. Weiss manuscript in preparation) have
also been identified in the Encephalitozoonidae and other putative SWPs have been
identified in Nosema bombycis (160-164). Some N. bombycis SWPs have been suggested
to function as scaffolding proteins that support other proteins to form the integrated spore
wall of microsporidia (162). Many of these newly identified N. bombycis SWPs have not
been found in the Encephalitozoonidae suggesting (not surprisingly) that some SWPs may
be species (or genus) specific and related to the environment and the specific interactions
that are needed for infection between different hosts (e.g. insects versus mammalian hosts).
SWPs appear to be specific to microsporidia as homologs of these various SWPs have not
been found in other organisms.

5. STRUCTURE AND COMPOSITION OF THE POLAR TUBE

It has been almost 125 years since the initial description of polar tubes and their discharge
from spores (165, 166). The polar tube is an invasion organelle that is unique to the
microsporidia. While the polar tube superficially resembles the structures seen in
Myxosporea (which are related to cnidarians), the microsporidian polar tube has a distinct
function acting as a tube rather than as nematocyst. During infection this highly specialized
structure is discharged from the spore, forming a hollow tube that delivers the infectious
sporoplasm into its host cell’s cytoplasm. The polar tube in different species of
microsporidia is variable in diameter, length and arrangement in the spore. The number of
coils in a spore can range from 3 to 50 depending on the species of microsporidia (167).
Polar tubes can be from 50 to 500um in length, and its length can be two to three times
longer after the polar tube has completely discharged from the spore (73). The diameter of
the tube is 0.1 to 0.2um and during sporoplasm passage the diameter can increase
significantly illustrating the flexibility of this structure (73, 168, 169).

The mechanism of spore germination still remains to be definitively determined. It is
generally believed that spore germination occurs in several phases that may overlap: (1)
activation; (2) an increase in intrasporal osmotic pressure; (3) eversion of the polar tube; and
(4) passage of the sporoplasm through the everted polar tube (2). Before germination, the
polar tube is coiled inside the mature spores and filled with material when visualized by
TEM. After activation, the conditions of which are often specific to a particular species of
microsporidia, the polar tube will burst through the anterior pole of spore at the location of
the anchoring disk (73, 170) and form a hollow tube (170, 171). This discharge process
occurs rapidly with full eversion occurring within 2 seconds (71). Different species of
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microsporidia require different conditions for germination and this probably depends on the
host species target as well as environmental conditions related to transmission of a particular
organism. While a universal stimulant for spore activation is not known, many species can
be induced to germinate in distilled water containing 1 to 5% hydrogen peroxide (75).
Various reports using Anncaliia (Nosema) algerae have demonstrated that successful
germination is associated with an increase in intrasporal osmotic pressure and that this
osmotic pressure is the force that drives polar tube extrusion, rather than this requiring ATP
or another energy source (152). These studies on A. algerae found that the increase in
osmotic pressure was related to a decrease in trehalose levels in germinating spores. This
suggests that upon activation of spores, the breakdown in compartmentalization brings
trehalose in contact with the enzyme trehalase resulting in its digestion into simple sugars
increasing spore osmotic pressure (172).

Proteomic studies on the polar tube have begun to define the full complement of proteins
that make up this structure which should lead to a better understanding of how the polar tube
is formed and functions during invasion (136, 173-188) Polar tube proteins (PTPs) are
highly immunogenic in both experimental and natural infections. In a large serosurvey,
antibodies reacting to £. cuniculiwere present in 5% of pregnant French women and 8% of
Dutch blood donors (189). Polar tubes have been found to be insoluble in 1% SDS and 9 M
urea and soluble in 2% DTT allowing the purification of potential polar tube proteins
(PTPs). Weidner used these solubility properties to isolate potential PTPs from A. michaelis
and demonstrated that this protein mixture could self polymerize (169). Using a similar
extraction procedure and reverse-phase high performance liquid chromatography (HPLC), a
43kDa PTP designated PTP1, based on it being the major protein by mass in the Glugea
americanus DTT solubilized material by (174). Subsequently, additional PTP1s were
purified from several microsporidia of the genus Encephalitozoonidae using the same
purification protocol (175, 177, 190). PTP1 is a proline-rich protein that contains many
cysteine residues in its N-terminal and C-terminal domains. Based on the solubilization of
the polar tube by DTT, disulfide bridges probably play an essential role in maintaining this
structure. The abundance of proline in PTP1 is consistent with properties seen in the intact
polar tube as this amino acid has been reported to increase the tensile strength and elasticity
of proteins. Analysis of the glycosylation of PTP1 demonstrated that there are a significant
number of O-linked mannosylation sites in this protein (136, 183, 186). Mannose
pretreatment of host cells was found to decrease £. hellem infection which was consistent
with an interaction between mannosylated PTP1 and some unknown host cell mannose-
binding receptor protein (136, 184, 185, 191, 192). Examination of published
microsporidian genomes (www.MicrosporidiaDB.org) has demonstrated that PTP1
homologues are not easily identified in all genomes which may reflect the high evolution
rates in microsporidia that often make the identification of orthologous proteins difficult. For
example, the putative PTP1 of Antonospora locustae, Paranosema gry/lli and Nosema
ceranae were identified based upon a combination of features including the presence of a
predicted signal peptide, their similar length, conserved acidic pl and predicted amino acid
compositions along with their close physical juxtaposition to another PTP named PTP2
(180); but would not have been identified by a simple BLAST search of the genomes (2,
193-195).
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PTP2 was also identified using proteomic and antibody based approaches (180, 184, 196)..
Interestingly PTP2 is found at the same genomic locus as PTP1. Preservation of gene order
may be due to constraints of evolution on these small eukaryotic genomes (197). PTP2 is
more conserved in size than PTP1 and the identified PTP2s from various microsporidia
share common characteristics, despite a high degree of sequence divergence, e.g. they have a
basic isoelectric point (pl), high lysine content and a conservation of cysteine residues that
are most likely involved in intra- and/or inter-protein disulfide bridges (180, 184, 196). PTP2
has been identified in the genome of many microsporidia including Anfonospora
(Paranosema) locustae, Trachipleistophora hominis, E. cuniculi, E. hellem, E. intestinalis, P
grylli N. cerana, N. bombycis, Enterocytozoon bieneusi, Anncaliia algerae, Tubulinosema
ratisbonensis, Nematocida parisii, Vittaforma cornea, and Edhazardia aedis (2, 184, 194,
196).

Immunoscreening of a cDNA library of £. cuniculiled to the identification of a third polar
tube protein, PTP3 (182). Unlike both PTP1 and PTP2, it was found that PTP3 is solubilized
in the presence of SDS alone without the need for a reducing agent such as DTT (180),
explaining why it was not seen in standard polar tube preparations. PTP3 along with PTP1
and PT2 was, however, found in studies examining cross linked polar tube complexes and
these three PTPs were also demonstrated to interact in yeast two hybrid assays (182, 185). It
has been suggested that PTP3 may act as a scaffolding protein for the assembly of other
PTPs in the formation of the polar tube during development. Genome analysis has confirmed
the presence of PTP3 orthologs in the genomes of E. intestinalis, E. hellem, E. romalae, N.
ceranae, N. bombyecis, A. locustae, P. grylli, T. hominis, E. bieneusi, A. algerae, N. parisii,
Octosporea bayeri, T. ratisbonensis and Vavria culicis floridensis (2). The sequence of these
PTP3 orthologs is more conserved than the sequences of the PTP1 and PTP2 orthologs.

Two new PTPs (PTP4 and PTP5) have been identified in the polar tube using proteomic and
antibody based approaches (198). Orthologous PTP4 and PTP5 are present in many
microsporidian genomes including E. cuniculi, E. hellem, E. intestinalis, P. grylli, N.
ceranae, N. bombycis, A. algerae, O. bayeri, E. aedis, V. cornea, and T. ratisbonensis (2).
Similar to the PTP1/PTP2 the genes for PTP4 and PTP5 usually are in a cluster in the
genome (2). Monoclonal antibody to PTP4 stains the extruded tip of the polar tube, whereas,
the other PTPs (e.g. PTP1, PTP2, PTP3, PTP5) are located uniformly along the entire polar
tube (Han and Weiss, paper in submission) (2, 196). This specialized location of PTP4
suggests that this protein is probably involved in the interaction of the polar tube and host
cell at the invasion synapse. Recently, employing PTP4 for an immunoprecipitation assay
followed by proteomic analysis we have been able to identify a potential host cell receptor
for PTP4 and mutant host cells without this receptor have a markedly reduced infection rate
(Han and Weiss, paper in submission). The mechanism by which the polar tube interacts
with the host cell membrane resulting in penetration is currently unknown; however, there is
some evidence that host cell actin may be involved in microsporidian penetration of the host
cell within the invasion synapse (199). Furthermore, proteomic studies of the polar tube that
are ongoing suggest that there are additional PTPs that remain to be characterized in this
structure (Weiss LM unpublished)
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6. SUMMARY

Microsporidia are unicellular eukaryotes that develop as obligate intracellular parasites.
They have a very unique invasion organelle, the polar tube, which upon appropriate
environmental stimulation rapidly discharges out of the spore, pierces a cell membrane, and
serves as a conduit for sporoplasm passage into a host cell. Phylogenetic analysis suggests
that microsporidia are related to the Fungi, being either a basal branch or sister group.
Despite the description of microsporidia over 150 years ago, we still lack an understanding
of the mechanism of invasion including the role of various PTPs and SWPs as well as host
cell proteins in the formation and function of the invasion synapse. Over the past two
decades, proteomic approaches have helped define PTPs and SWPs as well as the
importance of post translational modifications such as glycosylation in the functioning of
these proteins, but the absence of genetic techniques for the manipulation of microsporidia
has hampered research on the function of these various proteins. Recent advances in
ultrastructural techniques are, however, helping to better define the role of various PTPs and
SWPs in the formation and functioning of the invasion synapse. The study of the mechanism
of invasion should provide fundamental insights into the biology of these ubiquitous
intracellular pathogens that can be integrated into studies aimed at treating or controlling
microsporidiosis.
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Figureone. Microsporidian Life Cycles
The initial phase of infection involves spores being exposed to the proper environmental

conditions that cause germination of the spores and polar tube extrusion. The polar tube
pierces the plasma membrane (solid black line) of the host cell, and the sporoplasm travels
through the polar tube into the host cell. The sporoplasm then divides during the
proliferative phase and the morphology of this division is used for determination of
microsporidian genera. The sporoplasm on the left is uninucleate, and the cells that are
produced from it represent the developmental patterns of several microsporidia with isolated
nuclei. The sporoplasm on the right is diplokaryotic and it similarly produces the various
diplokaryotic developmental patterns. Cells containing either type of nucleation will produce
one of three basic developmental forms. Some cycles have cells that divide immediately
after karyokinesis by binary fission (e.g. Anncaliia). A second type forms elongated
moniliform multinucleate cells that divide by multiple fission (e.g. some Nosema species).
The third type forms rounded plasmodial multinucleate cells that divide by plasmotomy (e.g.
Endoreticulatus species). Cells may repeat their division cycles one to several times in the
proliferative phase. The intracellular stages in this phase are usually in direct contact with
the host cell cytoplasm or closely abutted to the host ER; however, the proliferative cells of
Encephalitozoon (and probably Tetramicra) are surrounded by a host formed
parasitophorous vacuole throughout their development, and the proliferative plasmodium of
the genus Pleistophora is surrounded by a thick layer of parasite secretions that becomes the
sporophorous vesicle in the sporogonic phase. The sporogonic phase is illustrated below the
dashed line. Some of the microsporidian genera maintain direct contact with the host cell
cytoplasm during sporogony; i.e. Nosema, Ichthyosporidium, Anncaliia, Enterocyotozoon
and probably Tetramicra. The remaining genera form a sporophorous vesicle as illustrated
by the circles around developing sporogonial stages. It should be noted that in the
Thelohania cycle and the Thelohania-like part of the Vairimorpha cycle, the diplokarya
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separate and continue their development as cells with isolated nuclei. Adapted with
permission from Wittner M and Weiss LM. (Eds.) The Microsporidia and Microsporidiosis.
Washington, DC: ASM Press. 1999 (70).
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Figuretwo. Diagram of a microsporidian spore
Spores range in size from 1 to 10um. The spore coat consists of an electron dense exospore

(EX), an electron lucent endospore (En) and plasma membrane (Pm). It is thinner at the
anterior end of the spore. The sporoplasm (Sp) contains a single nucleus (Nu), the posterior
vacuole (PV) and ribosomes. The polar filament is attached to the anterior end of the spore
by an anchoring disc (AD), and is divided into two regions: the manubroid or straight
portion (M), and the posterior region forming five coils (PT) around the sporoplasm. The
manubroid polar filament is surrounded by the lamellar polaroplast (PI) and vesicular
polaroplast (VPI). The insert depicts a cross section of the polar tube coils (5 coils in this
spore), demonstrating the various concentric layers of different electron density and electron
dense core present in such cross sections. Reprinted with permission from Wittner M and
Weiss LM. (Eds.) The Microsporidia and Microsporidiosis. Washington, DC: ASM Press.
1999 (70).
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Figurethree. Scanning electron micrograph of microsporidia infection of a host cell
Scanning electron micrograph of extruded polar tube of a spore of Encephalitozoon

intestinalis piercing and infecting Vero E6 green monkey kidney cells in tissue culture.
Reprinted with permission from Wittner M and Weiss LM. (Eds.) The Microsporidia and
Microsporidiosis. Washington, DC: ASM Press. 1999 (70) and with the kind permission of
Kock, N.P., C. Schmetz, J. Schottelius, Bernhard Nocht Institute for Tropical Medicing,
Hamburg, Germany; published in Kock N.P. 1998. Diagnosis of human pathogen
microsporidia (dissertation).
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