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Abstract

Parasitism, aptly defined as one of the’living-together’strategies (Trager, 1986), presents
a dynamic system in which the parasite and its host are under evolutionary pressure
to evolve new and specific adaptations, thus enabling the coexistence of the two
closely interacting partners. Microsporidia are very frequently encountered obligatory
intracellular protistan parasites that can infect both animals and some protists and are a
consummate example of various aspects of the living-together’strategy. Microsporidia,
relatives of fungi in the superkingdom Opisthokonta, belong to the relatively small
group of parasites for which the host cell cytoplasm is the site of both reproduction
and maturation. The structural and physiological reduction of their vegetative stage,
together with the manipulation of host cell physiology, enables microsporidia to live
in the cytosolic environment for most of their life cycle in a way resembling endocyto-
bionts. The ability to form structurally complex spores and the invention and assembly
of a unique injection mechanism enable microsporidia to disperse within host tissues
and between host organisms, resulting in long-lasting infections. Microsporidia have
adapted their genomes to the intracellular way of life, evolved strategies how to obtain
nutrients directly from the host and how to manipulate not only the infected cells, but
also the hosts themselves. The enormous variability of host organisms and their tissues
provide microsporidian parasites a virtually limitless terrain for diversification and eco-
logical expansion. This review attempts to present a general overview of microsporidia,
emphasising some less known and/or more recently discovered facets of their biology.

1. DEFINING MICROSPORIDIA

1.1. Basic Characteristics

Microsporidia are protistan (=single cell eukaryotes) parasites of animals
and, less frequently, of protists belonging to the ‘Sar’ kingdom as defined by
Adl et al. (2012). Microsporidia have been known to science for about 150
years, and 1300 to 1500 species in 187 genera have been described. These
unique organisms are strictly intracellular parasites with relatively uniform
life cycle (Cali and Takvorian, 1999). The germinating spore injects the spore
contents in the form of a small cell, the ‘sporoplasm’, into the cytoplasm of
a host cell by means of an explosively evaginable ‘injection tube’ (usually
referred to as a polar tube, polar filament or invasion tube) (Delbac and
Polonais, 2008; Franzen, 2004, 2005; Weidner, 1972; Xu and Weiss, 2005)
(see Section 3.1, p. 275). The sporoplasm grows into cells called meronts,
which divide by ‘merogony’ into daughter meronts. The meronts progres-
sively fill the cytoplasm of the host cell. Then, after an unknown signal, the
synthesis of proteins that will constitute the spore wall is activated and the
cell wall material consisting of chitin and microsporidia-specific proteins is
progressively deposited on the plasma membrane of stages called sporonts
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(Bohne et al., 2000; Brosson et al., 2005; Hayman et al.,2001; L1 et al., 2009;
Peuvel-Fanget et al., 2006; Southern et al., 2007; Wu et al., 2008, 2009; Xu
et al., 2006). Sporonts, depending on the species, may continue to divide
and produce daughter sporonts but, finally, each sporont cell matures by a
process termed sporogony into a complex infective spore equipped with an
injection apparatus (see Section 3.1, p. 275). The spore is thus the product
of internal differentiation of a single cell (Vavra and Larsson, 1999). It is
the only stage that can survive in the environment and is responsible for the
dissemination of the parasite. The presence of the injection apparatus in
the spore is an autapomorphic character that sharply delineates microsporidia
as a monophyletic taxon presently classified as the phylum Microsporidia.

1.2. Whatls in a Name?

The taxonomy of the phylum Microsporidia is, by tradition, considered
under the Code of Zoological Nomenclature (ICZN). It has been pro-
posed that this tradition continues (Redhead et al., 2009) despite the
fact that Microsporidia are now believed to be related to Fungi, the tax-
onomy of which is formally subjected to the Botanical Code [ICBN].
Practical reasons favour this solution; the Zoological and Botanical Codes
are technically incompatible and the nature of microsporidia—fungi rela-
tionship is unresolved (see Section 1.3, p. 257 and 1.3.4, p. 262) (Note
that in this paper ‘Fungi’ and ‘Microsporidia’ are used when meaning the
respective taxons, otherwise the vernacular names ‘fungi’ and ‘microspo-
ridia’ are used).

Although microsporidia represent a well-defined monophyletic group
of organisms, it is paradoxically the phylum name that is problematic. The
French embryologist Edouard-Gerard Balbiani was the first to use the name
‘microsporidies’ (Balbiani, 1882), but did not specify their taxonomic level.
This led to a taxonomic confusion and a discussion concerning the proper
name for the phylum representing these unicells. Most authors presently
use the name-author-date combination for the phylum Microsporidia
Balbiani 1882 (the name used in this paper); some authors, however, prefer
Microspora Sprague 1977 as the proper name (see discussion in Sprague
and Becnel, 1998). For more details on microsporidia early taxonomy and
its revisions, see Corradi and Keeling 2009.

Classification of microsporidia is primarily based on structural char-
acters observed under light and electron microscopy (Issi, 1986; Sprague,
1977; Sprague et al., 1992; Weiser, 1977); however, IRNA gene sequences
are now currently used as a supporting and sometimes even the principal
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tool in defining taxa (see Section 2.2.3, p. 269). Consequently, some new
taxons are insufficiently characterised because the procedures for
protist taxa description, recently summarised by Lynn and Simpson (2009),
were ignored. As far as higher taxonomic categories are concerned, host
ecology has been proposed as a means to categorise microsporidian classes
(Vossbrinck and Debrunner-Vossbrinck, 2005) (see Section 4.2, p. 289).
The most recent summary of microsporidia identification is that of Larsson
(1986, 1988, 1999). The latest census of genera dates from 1999 to 2000
(Canning and Vavra, 2000; Larsson, 1999; Sprague and Becnel, 1999). It is
inevitably incomplete and subject to change because at least 43 genera have
been added since 1999, increasing the total number of existing genera to
187 (as of February 2013).

A consistent problem for classifying microsporidia is that many struc-
tural characters either do not bear a phylogenetic signal or the potential as
a signal has not been recognised. Thus, the formal classification of micro-
sporidia based on morphology and host range is in many cases incongru-
ent with phylogenetic relationships revealed by molecular methods. On
the other hand, the use of these methods facilitated the recognition that
some structural characters are phylogenetically informative and prompted
the reclassification and renaming of a number of microsporidian species.
The correct names of several species frequently used in current investiga-
tions of microsporidian biology are presented in Table 4.1. Other examples

Table 4.1 Taxonomically valid names of some microsporidia frequently used in
contemporary research that have been recently reclassified
Present valid name Older synonym(s)

Anncaliia algerae Franzen et al., 2006 Nosema algeraeVavra & Undeen, 1970
Brachiola algerae Lowman, Takvorian &
Cali, 2000
Paranosema locustae Sokolova et al., 2003  Nosema locustae Canning, 1953
Antonospora locustae Slamovits,
Williams & Keeling, 2004

Hamiltosporidium tvaerminnensis Oxctosporea bayeri Jirovec, 1936*
Haag et al., 2011*

Tisbulinosema kingi Nosema kingi Kramer, 1964
Franzen et al., 2005

Tisbulinosema acridophagus Nosema acridophagus Henry, 1967

Franzen et al., 2005

*These two microsporidia are not identical; however, all molecular and population biology data on O. bayeri
reported to the year 2011 actually concern H. tvaerminnensis.
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of microsporidia reclassified to new genera could be cited here but these
transfers were made sufficiently long ago that the new correct names are
now in common usage.

1.3. The Fungi that Do Not Look like Fungi,
or Sisters of Fungi?

The structure and biology of microsporidia is so unique that their phylo-
genetic relationship with other organisms is not obvious. Historically, the
taxon Microsporidia appeared as an isolated group of organisms (Vavra,
1966). Due to their protistan nature, microsporidia were considered to
be parasitic protozoans and at a certain time, they were considered to
represent eukaryotic organisms lacking mitochondria, the Archezoa
of Cavalier-Smith (1983) (Corradi and Keeling, 2009; Keeling, 2009).
Presently, microsporidia are firmly anchored within the superkingdom
Opisthokonta (Adl et al., 2005, 2012). The evidence supporting phy-
logenetic position of microsporidia within the opisthokonts is based
exclusively on molecular biology characters because microsporidia lack
flagella, a hallmark of opisthokonts (though secondarily lost in a number
of their representatives). Like other opisthokonts, microsporidia have a
unique 11 amino acid-long insertion in the EF-1a gene and their THS-
DHFR genes are separated (Stechmann and Cavalier-Smith, 2003;
Steenkamp et al., 2006;Vivares et al., 1996).

While several molecular characters indicate that microsporidia are
related to fungi (Section 1.3.4. p. 262), microsporidia do not resemble fungi
morphologically, and no extant ‘missing link’ between these two groups of
organisms 1s known. Meaningful structural similarity between microspo-
ridia and fungi is limited to the deposit of cell wall material on the cell
membranes of certain developmental stages and the structure of spindle
pole bodies from which spindle microtubules emerge. The latter character
resembles the spindle plaque of yeast and ascomycetous fungi (Desportes,
1976; Desportes and Theodorides, 1979; Vavra and Larsson, 1999). Other
characters shared by microsporidia and fungi, and claimed to reflect their
relationship, include the formation of spores, presence of chitin in spores,
cryptomitosis, presence (in some species) of a formation of two adjacent
nuclei called diplokaryon, some features of meiosis and the presence of
trehalose (Cavalier-Smith, 2001; Thomarat et al., 2004). These characters,
however, are not exclusive for fungi and occur in a number of protist groups
(Flegel and Pasharawipas, 1995; Hine et al., 2007; Iturriaga et al., 2009;
Mulisch, 1993; Raikov, 1982).
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Because microsporidia are structurally so dissimilar to other protists,
molecular phylogenies seemed to be the useful tool for revealing their
evolutionary relationships. However, the first sequences of ribosomal
genes (Vossbrinck et al., 1987) demonstrated the limitations of using gene
sequencing for the inference of evolutionary relationships of microsporidia.
Due to their extremely accelerated evolutionary rates (Katinka et al., 2001;
Slamovits et al., 2004a; Thomarat et al., 2004), the trees based on micro-
sporidian genes are prone to the artefact of ‘long-branch attraction’ (LBA),
in which divergent lineages (i.e. those having long evolutionary branches)
are invariably drawn to the base of the tree. This prompted Vossbrinck et al.
(1987) to suggest that microsporidia are extremely ancient eukaryotes, and
Cavalier-Smith (1983) to propose the now obsolete taxon Archezoa.

That the deep position of microsporidia in trees based on amino acid
sequences is an artefact was first convincingly shown by Hirt et al. (1999),
and it serves as one of the most striking examples of LBA in eukaryotic
trees (Brinkmann et al., 2005; Philippe and Adoutte, 1998).Today, we know
that microsporidia are relatively modern organisms (Keeling, 2009). Their
branches may be up to 8-10 times longer than those of most other fungal
organisms (Cavalier-Smith, 2001). The problem associated with the LBA
has been to some extent alleviated by the use of protein-coding genes with
relatively low evolutionary rates, or by the implementation of computa-
tional methods, which restrict the LBA artefact. However, as described
below, a degree of uncertainty concerning microsporidian phylogeny per-
sists in nearly all studies, in which protein sequences have been used.

Although microsporidia do not resemble fungi in terms of structure,
the molecular evidence supporting their relationship is overwhelming.
Sequences of many of their protein-coding genes (e.g. a, B tubulin; hsp-70;
EF-1a; valyl, glutamyl and seryl synthases; RPB1; vacuolar ATPase; TATA
box binding protein; TF-II; mitochondrial pyruvate dehydrogenase subunits
a, B) and the rRNA gene are related to those of fungi (Arisue et al. 2002;
Brown and Doolittle, 1999; Edlind et al., 1996; Fast et al., 1999; Germot
et al., 1997; Fischer and Palmer, 2005; Hirt et al., 1997, 1999; Katinka et al.,
2001;Van de Peer et al., 2000; Williams et al. 2002). Furthermore, microspo-
ridia possess a three-component mRNA-capping system similar to that of
fungi (Hausmann et al., 2002; Texier et al., 2005) and, like fungi, the micro-
sporidian SSU rRINA gene lacks a paromomycin-binding site (Katiyar
et al.,, 1995). Recently, the battery of molecular features supporting the
microsporidia—fungi relationship was strengthened by a synteny of ribo-
somal protein genes RPS9 and RPL21 unique to fungi and microsporidia
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and by the absence in microsporidia of gene fusion between glutamyl-pro-
lyl tRNA synthetase and the ubiqutin—ribosomal subunit S30 present in
fungi, but absent in other opisthokonts (Lee et al., 2010). In addition, the
types of microsporidia septins, GTPases involved in organising the sites of
cell division, vesicle trafficking, apoptosis and cell movement support fungal
affiliation to microsporidia. Interestingly, however, microsporidia septins are
closely related to septins of yeast but not of other fungi (Pan et al., 2007)
(The reader is further referred to Fast and Keeling (2005),Van de Peer et al.
(2000) and Vossbrinck et al. (2004) for a more detailed account of the rela-
tionship between microsporidia and fungi).

Although the concept that microsporidia are related to fungi is pres-
ently generally accepted, some authors have denied that such a relationship
exists. Microsporidial origin was sought near the Animal-Fungi divergence
because microsporidia lack a two amino acid fungi-specific indel present in
the EF-1a gene (Tanabe et al., 2002, 2005). Ebersberger et al. (2009) nested
microsporidia between Mycetozoa and Amoebozoa, a rather improbable
placement. Voigt and Kirk (2011) published a tree based on 1262 aligned
amino acids comprising actin, p-tubulin and translation elongation fac-
tor 1-a from 80 eukaryotic taxa, including numerous fungi. In this tree,
the microsporidia branch off close to the root of the tree with no specific
relationship to fungi, although the length of the microsporidian branch is
indicative of the LBA involvement.

Although the view that microsporidia are related to fungi seems to be
generally accepted, it is the exact nature of the relationship that is uncertain.
Are microsporidia nested within the fungi, derived from a specific fungal
group or do they represent their sister group? Three diftferent approaches,
based respectively on the phylogenetic signal of gene sequences, the genome
architecture involving gene synteny, and the presence of specific gene prod-
ucts, can be used to address this question.

1.3.1. Gene Sequences and Microsporidia Phylogeny

Although numerous genes mentioned above show that microsporidia
are affiliated to fungi, some gene trees seemed to pinpoint the position
of microsporidia within fungi with more precision. Tubulin phylogenies
indicated the emergence of microsporidia after the chytrid fungi (Keeling
et al., 2000) or from within Zygomycetes (Keeling, 2003). An eight-
protein-concatenated tree showed that microsporidia are related to the com-
bined ascomycetes/basidiomycetes clade, the Dikarya (Gill and Fast, 2000).
Other phylogenies, however, suggest that microsporidia emerged close to
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the origin of fungi. Thomarat et al. (2004) could not decide if microsporidia
branched off right after the basal chytrid fungi or represent a sister group
outside the fungi. Similarly other fungal trees show microsporidia as either
a sister group to fungi (Liu et al., 2006) or interpret them as their earliest
diverging branch (Wang et al., 2009). McLaughlin et al. (2009) present fun-
gal classification in which microsporidia are a part of a basal fungal lineage
including non-monophyletic group of ‘chytrids and zygomycetes’. Alterna-
tively, microsporidia were proposed to be derived from a basal endoparasitic
chytrid ancestor similar to Rozella allomycis (James et al., 2006) (see Section
1.3, p. 259). Recently, the position of microsporidia as branching close to
the origin of fungi has been further strengthened by a study exploiting the
available 121 sequenced ‘fungal genomes’ (six of them microsporidian), by
large sampling and the use of specific methods overcoming the limitations
of other phylogenies, possibly affected by the LBA (Capella-Gutierrez et al.,
2012). Ensuing analysis of the phylomes (assemblage of gene phylogenies
of an organism) and of 53 concatenated genes of six microsporidian spe-
cies, showed topology with microsporidia constituting either the earliest
diverging branch of fungi or their sister group. The authors believe that
these two positions cannot be resolved on a factual basis. Due to ‘the exis-
tence of a number of synapomorphies between microsporidia and fungt’,
Capella-Gutierrez et al., 2012, favour the former placement. Authors of
another extensive phylogenomic study that compared the Nematocida parisii
genome to seven other microsporidian and 13 fungal genomes arrived to
the same conclusion (Cuomo et al., 2012). Finally, another study claims that
together with R. allomycis and an algal intracellular parasite Amoeboapheli-
dium protococcarum, microsporidia form a monophyletic sister clade (ARM
or Cryptomycota) to Fungi (Letcher et al., 2013; Karpov et al., 2013). It
should be pointed here, however, that none of the four above-mentioned
publications provides any evidence that microsporidia are fungi as opposed
to being related to fungi (see Section 1.3.4, p. 262).

1.3.2. Gene Order Analysis and Microsporidia Phylogeny

Gene order has been used as a method for overcoming the limitations
imposed on phylogeny studies by the LBA. Gene order (synteny) in micro-
sporidia seems relatively stable and allows informative comparison with
other organisms (Cornman et al., 2009; Corradi et al., 2007; Peyretaillade
et al., 2012; Slamovits et al., 2004a). This approach indicated a significant
similarity between microsporidia and zygomycete fungi (Dyer, 2008; Lee
et al., 2008), as they share a synteny of genes encoding a triose-phosphate
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transporter, transcription factor high mobility group (involved in sexuality of
zygomycetes) and an RNA helicase. This seemed to confirm previous indi-
cations that microsporidia are related to zygomycetes based on the analysis
of tubulin genes (Keeling, 2003). However, this synteny-based evidence has
been challenged on the basis of the evolutionary history of genes involved.
First,it was suggested that the genes in microsporidia/zygomycetes syntenic
clusters may not be orthologous but paralogous and hence allow no con-
clusion about the evolutionary relationship of the two taxa (Ebersberger
and Koestler, 2009; Lee et al., 2010). Further, it was shown that the
shared synteny of the respective clusters represents at best a shared ances-
tral character (plesiomorphy), and is not phylogenetically informative.
Similarity in gene order between microsporidia and zygomycetes does
not exceed that between microsporidia and other fungi and even some
animals (Koestler and Ebersberger, 2011). That a reliable phylogeny of
microsporidia cannot be inferred from the gene neighbourhood analysis
has recently been confirmed by additional authors. Heinz et al. (2012)
reported a lack of synteny or orthology among the relevant genes of two
microsporidia (Trachipleistophora hominis and Nosema ceranae) and zygo-
mycetes. Capella-Gutierrez et al. (2012) found that there is a similarly
low level of gene neighbourhood conservation between fungal groups
and microsporidia. Such observation makes the gene order conservation
not sufficiently informative.

1.3.3. Gene Products and Microsporidia Phylogeny

While both the gene sequences and genome architecture failed to provide
convincing evidence regarding the evolutionary history of microsporidia,
the presence/absence of certain gene products may serve as possible phy-
logenetic markers and indicate more precisely if microsporidia are early
fungi or their sister group. Cell wall components could possibly serve in
this context because cell wall chemistry and structure have some impor-
tance in fungal taxonomy. Indeed cell wall polysaccharides were used for
delimitation of high level taxa and their role in fungal evolution (Bartnicki-
Garcia, 1970; Ruiz-Herrera et al., 2002). In addition to some specific
proteins, o-chitin is the major component of the microsporidian spore
wall (Vavra, 1976; Wu et al., 2008). While there is a single type of chitin
synthase gene per species in a typical animal genome, in fungi the chitin
synthesis is based on the regulation of distinct chitin synthase (CHS) iso-
enzymes with one to five classes in filamentous fungi (Ruiz-Herrera et al.,
2002). Individual isoenzymes are involved in respective morphogenetic
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events of fungal life cycles (Roncero, 2002). Recent analyses of the evolu-
tion of structural elements of the fungal cell wall and of genes involved in
their synthesis indicate that there is an evolutionary signal in the way how
the fungal cell wall is built (Xie and Lipke, 2010). In particular, it is the
evolution of CHSs, which accompanied fungal evolution (Ruiz-Herrera
and Ortiz-Castellanos, 2010). In addition to chitin deacetylases (Brosson
et al., 2005), microsporidia possess a gene for a single type of CHS (class
IV CHS-1), which is believed to represent an ancestral form of CHS, that
existed prior to the split of fungi from other opisthokonts (Ruiz-Herrera
and Ortiz-Castellanos, 2010) and is a member of CHS supergroup 2 to
which CHS of animals belong (Latge, 2007; Ruiz-Herrera et al., 2002). So
far this ancestral type of CHS has been found in Encephalitozoon cuniculi,
Encephalitozoon intestinalis, Hamiltosporidium tvaerminnensis, N. ceranae and
Spraguea lophii (Cornman et al., 2009; Corradi et al., 2009, 2010; Hinkle
et al., 1997; Katinka et al., 2001) thus suggesting that microsporidia seem
to have branched oft close to the origin of fungi. Moreover, microsporidia
lack p-1,3, f-1,6 glucans and mannans, common matrix components asso-
ciated with chitin in cell walls of fungi (Ruiz-Herrera and Ortiz-Castel-
lanos, 2010). Rather in the microsporidian cell wall, chitin is complexed
with glycoproteins, as it is in many organisms other than fungi (Xie and
Lipke, 2010). Further research is needed to ascertain if the presence of the
single ancestral type of CHS-1 class IV truly reflects an early-branching
position of microsporidia near the animal-fungi divergence, and is not the
result of the loss of other CHS types, which has occurred (although very
rarely) in some fungi (Bowen et al., 1992).

1.3.4. Are Microsporidia Sisters of Fungi?

In summary, the origin of microsporidia and the nature of their relationship
to fungi remain unresolved. It is almost certain that microsporidia are not
derived from within a certain group of existing fungi, e.g. Zygomycetes or
the Dikarya, while deep-branching of microsporidia in relation to fungi
is now firmly supported. The view that microsporidia are a sister group
to fungi (lastly pronounced by Heinz et al., 2012), and indicated also by
the nature of their cell wall material and its corresponding genes discussed
above, seems to be the best current hypothesis worthy of further investiga-
tion, especially in situations where newly found organisms affiliated with
fungi (‘cryptomycota’) (James and Berbee, 2011; Jones et al.,2011) promise
to contribute to our understanding of the origin of fungi. According to
the view postulating that microsporidia are sisters to fungi, it is suggested
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here that in articles dealing with these parasites, the systematic affilia-
tion ‘(Opisthokonta: Microsporidia)’ is used, instead of the usual ‘(Fungi:
Microsporidia)’.

§ 2. THE'ART OF LIVING INSIDE THE CELL

2.1. Microsporidia Are Not Only Intracellular, but Truly
Intracytoplasmic Parasites

As described below in more detail (see Section 3.1, p. 275), the first step of
the microsporidian life cycle is the injection of the germplasm contained
in the spore into the cytoplasm of the host cell. This is a highly unusual
mechanism of cell infection among eukaryotic pathogens. Somewhat simi-
lar infection mechanisms are used by some basal oomycetes for injection
of the germplasm into the body cavity of nematodes, tardigrades and roti-
fers (Glockling and Beakes, 2002; Hakariya et al., 2002; Robb and Barron,
1982) and by rhizarian plasmodiophorids for injection into plant roots (Aist
and Williams, 1971). These respective injection mechanisms evidently arose
independently during the course of evolution, since microsporidia, oomy-
cetes and rhizarians belong to different kingdoms (Adl et al., 2005). Direct
introduction of the sporoplasm into the host cell means that, in contrast to
intracellular parasites that live in vacuoles (a kind of “growth chamber”)
derived from host-cell plasmalemma (e.g. the parasitophorous vacuole of
Apicomplexa, phagosome-like vacuoles of some kinetoplastid flagellates or
the symbiontophoric vacuoles of many intracellular prokaryotic or eukary-
otic symbionts), microsporidia are not only intracelullar but are genuinely
intracytoplasmic (cytosolic) parasites.

The sole interface between the injected sporoplasm and the host-cell
cytoplasm is the parasite plasma membrane often covered with glycocalyx.
This glycocalyx is highly developed in some microsporidia, forming struc-
tures deeply intruding into the host cytoplasm, suggesting that the glycoca-
lyx plays a role in the transport of nutrients into the microsporidian parasite
(Koudela et al., 2001). Different interfacial relationships of microsporidia
with host cells were categorised by Cali and Takvorian (1999), however,
the basic fact is that the parasite resides among host-cell organelles, often
surrounded by accumulated mitochondria and by lamella of the endoplas-
mic reticulum. A sole exception to this rule seems to be the intracellular
location of Encephalitozoon spp. (and possibly also of Endoreticulatus spp.) in
what resembles a parasitophorous vacuole (i.e. vacuole formed by the host
cell). At present its origin is far from resolved (Bohne et al., 2011; Fasshauer
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et al., 2005; Ronnebiumer et al., 2008), and is beyond the scope of this
review. The intimate relationship between the parasite and the host cell is
maintained throughout merogony, during which the parasite does not cause
visible harm to the host cell except for some loosening and disintegration
of myofibrils in muscle infections. During merogonial growth and division,
microsporidia thus resemble an intracytoplasmic symbiont rather than a
typical parasite. The integrity of the host-cell cytoplasm in proximity to
the parasite cells is altered only when the microsporidium begins to form
a cell wall and enters the sporulation phase. The entire life cycle takes place
within the host cell into which the sporoplasm has been injected; there is no
evidence of vegetative stages actively moving among the host cells (see also
discussion below). It is a unique character of microsporidia that they remain
hidden within host cells and their vegetative stages remain sheltered from
extracellular milieu, thus limiting their recognition by the host immune
system.

2.2. Structural and Genomic Reduction

2.2.1. Extensive Structural Reduction
The injected microsporidian sporoplasm, which is the beginning of the life
cycle in the host cell, consists of the contents of the infective spore, which,
although being forcibly passed through a long (up to several hundreds pm)
and very narrow (0.1-0.2 um) injection tube, has maintained its integrity.
The sporoplasm, a few micrometres in diameter, is surrounded by a plasma
membrane of a peculiar origin — it was originally folded within the mature
spore as an accordion-like membranous stack known as the polaroplast
(see Section 3.1.1, p. 275). During germination, the polaroplast membranes
are drawn into the injection tube together with the spore cytoplasm and
nucleus, and are in part ejected from the end of the injection tube as a
germplasm-containing vesicle (see Section 3.1.3, p. 281). The origin of the
sporoplasm cell membrane is thus quite unusual, as it would involve a rever-
sal of membrane polarity (the former cytoplasmic side of the membrane
is now exposed to the environment). It was reported that the cytoplasmic
proteins tubulin and dynactin appear at the outer surface of the sporoplasm
plasma membrane and, consequently, its outer leat lacks cholesterol and
lectin-binding molecules (Weidner, 2000, 2001;Weidner and Findley, 1999),
yet these data need to be verified.

The freshly injected sporoplasm can be considered as a kind of ‘minimal
eukaryotic cell’. Its cytoplasm is dense with ribosomes and contains
an inconspicuous nucleus (or two adhering nuclei forming a diplokaryon
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in some species — see Section 2.4, p. 272), non-specific vesicles, and some
membrane whorls and fragments that are not yet organised into cellu-
lar compartments. There is no visible Golgi apparatus and no struc-
tures reminiscent of cristae bearing mitochondria or other organelles
(Takvorian et al., 2005; Weidner, 1972). Cell membranes and organelles
appear progressively in later stages but structural reduction remains the
general feature of vegetative cells. Microsporidia have lost peroxisomes,
their mitochondria are reduced to mitosomes (see below) and their
membrane trafficking machinery is highly reduced (Dacks and Field,
2007; Mironov et al., 2006). The Golgi apparatus of microsporidia is
unstacked (Vavra, 1965; Mowbrey and Dacks, 2009), reduced to a clump of
varicose tubules embedded in an electron opaque material (Beznoussenko
et al., 2007; Dolgikh et al., 2010;Vavra and Larsson, 1999). Although it is
rather inconspicuous in vegetative stages, the Golgi apparatus plays a central
role in elaborating components of the extrusion apparatus during sporogen-
esis (Vavra, 1976) (see Section 3.1.1, p. 275).

The highly reduced mitochondria, called mitosomes, appear as small,
double-membrane vesicles distributed close to the terminus of the
microtubular division spindle and also scattered in the cytoplasm of veg-
etative stages (Vavra, 2005; Willwswiams et al., 2002, 2008a). Mitosomes
are minimalistic organelles with fewer than 20 mitosomal proteins iden-
tified, as compared to yeast mitochondria with well over 1000 proteins
(Paldi et al., 2010). Mitosomes lack a genome, oxidative phosphorylation
and Krebs cycle proteins and their protein import machinery is much
reduced (Waller et al.,2009). The Fe—S cluster assembly machinery seems
to be the only presently known function of microsporidian mitosomes
(Goldberg et al., 2008; Heinz et al., 2012; Williams, 2009; Williams et al.,
2002). In contrast, however, the gene for alternative oxidase (AOX) was
found in genomes of several other microsporidia (Heinz et al., 2012;
Williams et al., 2010), and the respective protein and glycerol-phosphate
dehydrogenase were localised to the mitosomes, indicating that these
organelles are involved in reoxidising the reducing equivalents produced
by glycolysis (Dolgikh et al., 2011). Structures corresponding to lyso-
somes and peroxisomes, which are components of a typical eukaryotic
cell, are missing in the vegetative stages of microsporidia (Vavra and
Larsson, 1999); however, the posterior vacuole, which plays an important
role in spore germination, may be a primitive or extremely specialised
peroxisomal organelle (Findley et al., 2005; Weidner and Findley, 2002)
(see Section 3.1.3, p. 281).
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2.2.2. Reduced Genomes

Interestingly, the general structural simplification of microsporidian cell
is reflected in reduction and compaction at the molecular level, which is
most obvious in the organisation of their genomes (Corradi and Selman,
2013). Microsporidian genomes are characterised by gene loss (mostly of
metabolic genes, the products of which can be obtained from the host —
see below), reduction of gene length and by genome compaction, with
these events varying in different lineages (Corradi and Slamovits, 2011;
Heinz et al., 2012; Keeling et al., 2005; Keeling and Slamovits, 2004, 2005;
Texier et al., 2005; Vivares and Metenier, 2000). Initial data on micro-
sporidian genomics have been obtained from the analysis of the small,
2.9 Mbp genome of E. cuniculi (Katinka et al., 2001; Vivares et al., 2002).
The recently sequenced genomes of other Encephalitozoon spp. are even
smaller (E.intestinalis, 2.3 Mbp — Corradi et al., 2010; Encephalitozoon hel-
lem and Encephalitozoon romaleae, 2.5 Mbp — Pombert et al., 2012; Selman
et al., 2011). Additionally, several surveys based on low coverage assemblies
of microsporidia with larger genomes are now available (Gill et al., 2008;
Hinkle et al., 1997; Mittleider et al., 2002; Slamovits et al., 2004a; Williams
et al., 2008b) as well as the following draft quality genomes: (Enterocytozoon
bieneusi <6.0 Mbp [Akiyoshi et al., 2009]; N. ceranae <7.86 Mbp [Cornman
et al., 2009]; Hamiltosporidium tvaerminnensis <24.2 Mbp [Corradi et al.,
2010]; N. parisii <4.1 Mbp [Cuomo etal.,2012]).These have been comple-
mented recently by an in-depth coverage of 8.5 Mbp from the T. hominis
genome which is about 11.6 Mbp in size (Heinz et al., 2012) and by
high-quality annotation of a large (23 Mbp) genome of Anncaliia algerae
(Peyretaillade et al., 2012). If the smallest genomes of Encephalitozoon spp.
are disregarded, the mean genome size calculated from the available data
exceeds 12 Mbp. Thus, the typical microsporidia genome is much larger
(up to tenfold) than the extremely small genomes of Encephalitozoon spp.,
which represent rather an exception. The size differences of microspo-
ridia genomes are, however, not reflected in the number of their genes.
The smallest (2.9-2.3 Mbp) genomes of E. cuniculi and E. intestinalis con-
tain 2094 and 1907 genes, respectively, while the so far largest (23 Mbp)
genome of A. algerae contains 2075 genes (this number has been estab-
lished by annotation using transcriptional signals — see Peyretaillade et al.,
2012). Currently the highest number of genes in sequenced microsporidia
is represented by the 3266 ORFs in the 11.6 Mbp genome of T hominis
(Heinz et al., 2012). This number is still quite low when compared to the
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genome of Saccharomyces cerevisiae, which contains ~6000 genes (Corradi
and Slamovits, 2011).

The size of microsporidia genes is generally smaller than of their eukary-
otic counterparts (see below), but again there is no rule that small micro-
sporidia genomes have smaller genes than the larger ones; for example, the
A. algerae genes are generally shorter than those found in E. cuniculi and E.
intestinalis (Peyretaillade et al.,2012). Hence, the tenfold variation in genome
sizes cannot be attributed to the size and number of genes, but to highly
variable gene density, ranging from 119 bp in E. cuniculi to 1.18 Kbp in T
hominis (Heinz et al., 2012). The gene density depends on the length varia-
tion of intergenic regions, the number of sequence repeats and transposable
elements and the size of telomeric regions (Cuomo et al., 2012; Peyretaillade
et al.,2012). The difterence between large genomes and the streamlined ones
can to some extent also be attributed to the presence of overlapping genes in
the latter genomes (Corradi and Slamovits, 2010; Heinz et al., 2012).

The genome compaction is evidently a product of the parasitic life style.
Many widespread and conserved eukaryotic genes, whose functions can be
provided by the host cell, such as the genes for biosynthesis of nucleotides,
genes of the tricarboxylic acid cycle, and electron-transport respiratory
chain, are missing (Katinka et al., 2001). In the extreme case, the 1833 and
1750 protein-coding genes identified in the respective E. infestinalis and
E. bieneusi genomes could represent the lower limits of a functional eukaryotic
genome (Corradi et al., 2010; Peyretaillade et al., 2012).

Moreover, microsporidian protein-coding genes are about 20% shorter
than their yeast orthologues. Intergenic regions are truncated and gene
transcription is modified as demonstrated by overlapping mRNAs between
contiguous genes in some microsporidia (Corradi et al., 2008, 2009, 2010;
Williams et al. 2005). In comparison with meronts, this ‘multi-gene tran-
scription’, in which mRNA transcripts of neigbouring genes partially and
in different degree overlap, occurs at a higher rate during the spore stage
of the life cycle, suggesting that it might play a role in accelerating and
streamlining proteosynthesis right after host infection (Corradi and Slamo-
vits, 2011; Gill et al., 2010; Grisdale and Fast, 2011) (see Section 2.4, p. 272).

Regardless of their size, even evolutionary distant microsporidian genomes
retain a high degree of gene order (synteny) (Slamovits et al., 2004a).
Thus, despite the rapid evolution of the coding sequences (Thomarat
et al.,2004), the genome architecture seems to be rather stable and conserved in
some microsporidia up to the point that homologous, yet divergent genes can
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be identified due to their location in the genome (Polonais et al., 2005). Gene
compaction and overlapping transcription may contribute to this maintenance
of gene order (Corradi et al., 2007). From the evolutionary point of view, it is
probable that the gene loss responsible for the relative paucity of microsporidian
genomes may have been an ancestral feature that emerged as a consequence of
intracellular parasitism (Heinz et al., 2012; Williams et al., 2008b). However, due
to evolutionary pressures concurrent with intracellular parasitism, the evolution
of microsporidian genomes has not been marked only by losses and reduc-
tions, as some new genes and protein families have been gained, which enabled
microsporidia to become successtul intracellular parasites (Heinz et al., 2012).
Microsporidia perfected the strategy of acquiring metabolites and nutrients
from host cells, amplified the number of transport proteins in their genome and
acquired some essential genes (ATP transporters, one class of nucleoside trans-
porters and some genes with their products involved in metabolism) by HGT
from prokaryotes or in rare cases from animal hosts (Cuomo et al., 2012; Lee
et al., 2009; Pombert et al., 2012; Tsaousis et al. 2008) (see Section 2.3, p. 270).
All this resulted in a massive loss of dispensable genes and the retention of an
assemblage of the ‘core of further irreducible sets of genes preserved through-
out microsporidian evolution’ (Corradi and Slamovits, 2011). Establishing this
‘core’ will require a broad sampling of genomes across microsporidia diversity.
Additional specific differences in individual genomes may be due to
their adaptation to different hosts and to different genomic environments
(Texier et al., 2010). One such example is the genome of E. bieneusi, the
most frequently recovered mammalian microsporidium. In contrast to other
species, which contain a full complement of genes for carbon metabolic
pathways (glycolysis, trehalose metabolism and pentose-phosphate path-
way), it appears that E. bieneusi has lost nearly all these genes and has no
known mechanism to produce energy on its own (Keeling et al., 2010);
however, since the E.bieneusi genome remains currently incomplete, this
view has to be considered preliminary. The loss of genes for energy produc-
tion makes Enterocytozoon extremely dependent on the host cell and possi-
bly explains why this species has so far resisted in vitro cultivation (Corradi
and Slamovits, 2011). In addition to the ability to generate energy from
sugars, E. bieneusi has also lost introns and the spliceosome (Keeling et al.,
2010). Surprisingly, despite all these losses, the E. bieneusi genome seemed to
contain a relatively large set of novel protein-coding genes as compared to
other microsporidia (Akiyoshi et al., 2009). Following comparative analysis,
however, pointed to the absence of typical microsporidian promoters for
a total of 387 these genes (Peyretaillade et al., 2012). While microsporidia
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were proved to acquire genes from their hosts as well as from other organ-
isms (see Section 2.3.1), conclusions about large-scale acquisitions seem to
be premature. Thus, it is most probable that the existing E. bieneusi assem-
bly has been contaminated with bacterial sequences (Heinz et al., 2012).
Actually, as shown above, the genome of E. bieneusi with its 1750 genes
(after re-annotation by Peyretaillade et al., 2012) is one of the smallest of
Microsporidia genomes (if not the smallest one). One can speculate that the
extreme streamlining of the E. bieneusi genome may allow the parasite to
accelerate its life cycle, a necessity if enterocytes with a life span of mere 3-5
days are parasitised (see Section 2.4, p. 272).

Numerous whole-genome sequencing initiatives that are currently
under way are bringing more data of individual microsporidian species.
Indeed, it is expected that as more microsporidia genomes are analysed
(Corradi and Slamovits, 2011; Texier et al., 2010), more genomic differ-
ences reflecting individual life histories of respective microsporidia will be
discovered. The loss of splicing machinery that happened independently in
several microsporidian lineages is one of such results (Cuomo et al., 2012).

2.2.3. Reduced Ribosomes

Considering the highly reduced nature of microsporidian genomes, it is not
surprising that the respective ribosomal RINA genes are highly truncated, with
the sedimentation coefticient of microsporidian ribosomes resembling that
of the prokaryotic 70S ribosomes (Curgy et al., 1980; Ishihara and Hayashi,
1968). Microsporidian large subunit (LSU) rRNA is reduced to the universal
core (De Rijk et al., 1998), ITS-2 is missing altogether and the 5.8S rRNA is
covalently linked either to LSU or, less frequently, to the small subunit (SSU)
rRNA (Peyretaillade et al., 1998; Vossbrinck and Woese, 1986). In the first
case, the rRINA unit has the typical eukaryotic organisation (SSU-ITS-LSU),
while for Nosema spp. and a few other microsporidia an alternative and very
unusual reverse organisation (LSU-ITS-LSU) is characteristic (Huang et al.,
2004; Refardt and Mouton, 2007). Microsporidia are the only eukaryotes
known to lack an individual 5.8S rRINA molecule; however, the relevance of
this fact is unknown (Torres-Machorro et al., 2010). It is of interest that not
all ribosomes inside one cell are necessarily the same. The rRNA genes are
multicopy and distributed on different chromosomes (Katinka et al., 2001),
and are either identical (E. cuniculi), or exist in multiple variants, mostly dif-
fering in the ITS region (Tay et al., 2005). In Nosema bombi, a bumblebee
parasite, two such rRINA variants were found to co-exist in almost equal
proportions in the same cell (spore), and it was hypothesised that they are
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restricted to separate nuclei of the diplokaryon (O’Mahony et al., 2007). Sig-
nificance of such variability 1s not known and its occurrence implies that the
concerted evolution of microsporidian rRINA genes is uniquely relaxed. The
co-occurrence of rRNA variants has, however, two important implications.
First, the occurrence and distribution of variants suggests that recombination
among them is taking place (Ironside, 2013), implying that a sexual haplo—
diploid cycle producing new haplotypes occurs in species such as N. ceranae
(Sagastume et al., 2011). Second, care has to be taken when multicopy rRNA
genes are used for population genetics and phylogenetic analyses (O’Mahony
et al., 2007) or in barcoding (Ironside, 2013).

2.3. Full Dependence on the Host Cell

The structural and genomic reduction mentioned above is only possible
because in terms of the metabolic and energy needs, microsporidia fully
rely on the host cell (Williams, 2009). Besides the partial or total loss of
energy-producing pathways mentioned above, the absolute dependence
on the host-cell metabolism is documented by the so far unprecedented
total loss of all components of the Tor pathway, a nutrient-sensing signalling
cascade that is otherwise universally present in eukaryotes. Microsporidia
probably relaxed their control of nutrient sensing and lost the Tor genes
while moditying their cellular machinery to adjust to intracellular growth
in a nutrient-rich environment (Shertz et al., 2010).

Once inside the host cell, microsporidia can proliferate very quickly
because the sporoplasm and the early meronts are loaded with ribosomes
that are needed for rapid proteosynthesis. Indeed, about 14% of proteins
encoded by the E. cuniculi genome are involved in proteosynthesis (Vivares
et al., 2002). The cell cycle of microsporidia is possibly accelerated by the
loss in microsporidia of the tumour suppressor gene Retinoblastoma, and
in this respect, microsporidia resemble some cancer cells (Cuomo et al,,
2012). Some species are able to complete their entire life cycle and form
mature spores within 3—4 days (Leitch and Ceballos, 2008; Wasson and
Barry, 2003) and, in accordance, time course analysis of selected transcripts
of N. parisii indicated a doubling time of 3.3 h, comparable to the doubling
time of yeasts in a rich culture medium (Cuomo et al., 2012). Consider-
able amounts of nutrients and energy are needed for such rapid intracel-
lular growth. Although microsporidia have lost in various degrees the genes
required for key energy-generating reactions, and their ATP production
is only possible by substrate level phosphorylation (Katinka et al. 2001;
Weidner et al., 1999b; ), microsporidia have developed a unique capacity to
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appropriate ATP from the host cell, and became ‘energy parasites’ (Vivares
et al., 2002). For this purpose, they use a series of recently discovered ATP
transporters, which were acquired from intracellular bacteria such as Rick-
ettsia or Chlamydia (Tsaousis et al., 2008).

An additional cunning mechanism that might help microsporidia to cope
with energy and nutrient demands has recently been proposed by Cuomo
et al. (2012). These authors found that microsporidian hexokinases gained
a microsporidia-specific secretion signal sequence, possibly allowing these
enzymes to be exported into host cells and reprogram them towards bio-
synthesis. Microsporidia thus could stimulate the energy balance of infected
tissues. Indeed, in the fat body of crickets infected by Paranosema grylli, the
ATP content and the ATP/ADP concentrations are increased about four
times, while at the same time, the infection causes depletion of glycogen in
the host (Dolgikh et al., 2002). Sugar metabolism is upregulated in midgut
cells of bees infected by N. ceranae (Dussaubat et al., 2012). The metabolic
needs of microsporidia are evidently the basis of the tendency for these
parasites to infect diverse metabolically active tissues including muscles,
fat bodies, ovaries, and salivary and silk glands. The capacity to ‘steal” ATP
mentioned above likely explains the frequently observed accumulation of
host-cell mitochondria around the vegetative stages of the parasite (Scanlon
et al., 2004), as well as the propensity of a few species of microsporidia to
live in host-cell nuclei, a rich source of ATP and of nucleoside triphos-
phates (Metenier and Vivares, 2001; see Section 2.4, p. 272). To facilitate
nucleoside uptake, microsporidia acquired nucleoside transporters, one new
class of them probably hijacked from bacteria (Cuomo et al., 2012). The
high demand for energy also explains why these protists survive in a kind
of dormancy within cells that are temporarily metabolically inactive, such
as the germ-line cells, before initiation of embryonic development (Weiser,
1961). Regulation of gene expression is clearly needed in order for such an
adaptation to the metabolic state of the host cell to occur. RNA interfer-
ence, recently shown to be functional in N. ceranae (Paldi et al., 2010) and
likely present also in 1. hominis (Heinz et al., 2012), yet absent from
E. cuniculi (Katinka et al., 2001), might be one example of a gene expres-
sion-regulating mechanisms.

2.3.1. Gene Transfer from the Host

Although microsporidia live in an extremely intimate relationship with the
host-cell cytoplasm or, as mentioned above in host-cell nucleus, the transfer
of genetic material between the animal host and the parasite is evidently
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a rare event. Only two cases of a horizontal gene transfer (HGT) from a
host have been fully documented. In one case, two sister microsporidia,
E. romaleae and E. hellem from insects and vertebrates, respectively, contain a
gene for purine nucleotide phosphorylase (PNP), evidently acquired from
an unknown insect host in the E. hellem — E. romaleae ancestor (other known
members of the genus Encephalitozoon lack the PNP gene — Selman et al.,
2011). However, further investigations are needed to establish the extent of
the HGT from animal hosts. It will certainly be worth analysing the evolu-
tionary history of genes involved in folate and purine metabolism specific
for E. hellem and E. romaleae, which were evidently acquired by their ances-
tor in several HGT events, involving different organismal donors, some of
them probably eukaryotic (Pombert et al., 2012). In a highly unusual HGT
event, a transposable element in the genome of 1" hominis was evidently
obtained from an ant or a close relative (Heinz et al., 2012).

2.4. Influence on the Host Cell

Microsporidia have mastered both the entry into host cell and the exploita-
tion of its metabolism, and have developed a number of physiological adap-
tations enabling them to subvert host-cellular machinery to their benefit
(see Section 2.3, p. 270). Another peculiar feature is the capacity of micro-
sporidia to synchronise their life cycle with that of the host cell, and even
modify its cytoskeleton and organelle arrangement (Scanlon et al., 2000,
2004; Weidner et al., 1999b). Specifically, the normal cell cycle of infected
host cells is blocked at multiple points, their division is often arrested and
their susceptibility to apoptosis is reduced (Scanlon et al., 1999, 2000)
because the parasite inhibits activation of the p53 apoptotic pathway (del
Aguila et al., 2006). Delayed apoptosis allows the parasite to increase its
numbers and complete its development to the mature spore stage.

Very little is known about the interaction between microsporidia and
the host-cell cytoskeleton, which is presumed to play a role in the enlarge-
ment of infected cells and in the intracellular positioning of the parasite
(see below). Because the microsporidian tubulin and dynactin appear at the
surface of the freshly discharged sporoplasm, it was hypothetised that the
latter protein may be responsible for the positioning of the parasite within
the host cell (Weidner, 2000). Some species occupy a specific location in
the host cell, e.g. E. bieneusi is usually abutted to the enterocyte nucleus
and is often situated inside the concavity of the invaginated nuclear mem-
brane (Desportes-Livage et al., 1996; Chalifoux et al., 1998). Members of
the genera Nucleospora and Enterospora are nucleotropic (Lom and Dykovai,
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2002; Stentiford and Bateman, 2007; Stentiford et al., 2007), but how they
reach their destination remains unknown. The interaction with the host
cytoskeleton was described for N. parisii, which destroys the spectrin—yosin
terminal web of infected gut enterocytes of its host, the model nematode
Caenorhabditis elegans (Troemel et al., 2008).

The enlargement of the host cells post-invasion reflects the ability of
microsporidia to subvert the host-cell cytoskeleton and volume control in
order to secure a sufficiently spatial and protected niche. Hypertrophy of
infected host cells is characteristic of microsporidian infections in general
(Lom and Dykova, 2005) and is accompanied by several secondary effects;
individual infected cells may dedifferentiate into a syncytium, undergo
nuclear hypertrophy and fragmentation, increase RINA synthesis, and some-
times produce an increased number of cell nuclei (Canning and Hazard,
1982; Leitch et al., 2005a; Martins and Perondini, 1977). Another notable
effect is the enlargement and increase in the degree of polyteny of giant
chromosomes in Diptera, signalling the generalised hyperfunction of the
cell genome under the influence of microsporidian infection (Pavan et al.,
1969) and the inactivation of cell-type-specific Balbiani rings and puffs sig-
nalling a change in the cell-type-specific genetic program (Staiber, 1994).
Infected lymphocytes of annelids form multiple microvilli on their surface,
which probably serve to increase the absorptive capacity of the cell (Janisze-
wska et al., 1978).

The most spectacular host-parasite interaction as far as the increase
of cell volume is concerned is represented by giant, usually macroscopic,
spore-filled formations termed xenoma, characteristic for numerous micro-
sporidian species infecting fish. Xenoma are not limited to fish; giant cells
induced by microsporidia occur in number of other hosts including oligo-
chaetes, crustaceans and insects (Lom and Dykova, 2005). Xenomas in fish
may reach several millimetres in size but remain a single cell with one, albeit
significantly modified, nucleus, cytoplasm containing developmental stages
of the parasite and, finally, mature spores. The host cell and the parasite are
morphologically and physiologically integrated in the xenoma and it is sup-
posed that this alliance shelters the parasite from the host’s immune system.
Indeed, the inflammatory reaction in host tissues occurs when the xenoma
reaches maturity, looses its integrity and the spores are released (Kent and
Speare, 2005). The xenomas in fish supposedly originate in many cases in
infected leukocytes and they occur in many forms, differing mostly in the
nature and thickness of the wall surrounding the xenoma cell (Lom and
Dykova, 2005). So far, it is not known how the cell volume of infected cells

Advances in Parasitology, First Edition, 2013, 253-319



274 Jifi Vavra and Julius Lukes

is controlled, how the parasite regulates the metabolism of its host cell, and
how it recognises the critical mass of its life stages inside the cell. As the
host cell has a limited parasite-carrying capacity, signals must exist to induce
the parasite to complete merogony and initiate sporogony in order to form
mature spores before cell death. No data on such signalling exist. Regretta-
bly, the macroscopic xenomas have so far been ignored by molecular biolo-
gists despite their relative amenability for molecular analyses, the lack of
their availability in culture being the probable reason.

In some cases, the key factor that determines if a microsporidium is able
to infect a certain tissue is the rate of its development related to the host-cell
cycle and cellular turnover. This is best demonstrated in species infecting
enterocytes of digestive systems. The turnover time for enterocytes is in the
range of 3—5 days (and there is no data suggesting that the infected enterocyte
lives longer), into which the microsporidium has to complete several multi-
plication cycles along with the formation of spores. As mentioned in Section
2.3 (p. 270) some microsporidia develop in their host cells with astonishing
speed. E. intestinalis and E. hellem are able to form spores within 3 days (Leitch
and Ceballos, 2008), a fact confirmed by real-time quantitative PCR showing
that E. intestinalis DNA is detectable in colonic enterocytes in tissue culture at
4 h post-inoculation, replication is completed by 36 h and spores are released
from host cells at 72 h post-inoculation (Wasson and Barry, 2003). Spore-
specific mRINAs of N. parisii are detectable already at 40 h post-infection
(Cuomo et al., 2012), while in E. cuniculi mRINAs involved in spore chitin
synthesis are induced 20—48 h post-infection (Rénnebiumer et al., 2006).
The same high rate of development must exist in E. bieneusi, in which the
precocious formation of the extrusion apparatus begins already during the
plasmodial stage (Desportes-Livage et al., 1991). Within the short life span of
a gut enterocyte, this microsporidium will produce about 60 spores from a
single sporoplasm (Vavra and Larsson, 1999).

As mentioned in the Section 2.3 (p.270), physiological factors in micro-
sporidia are set up to promote rapid growth of the parasite. It is how-
ever possible that also other, less obvious factors allow microsporidia to
develop quickly in order to exploit the limited viability of host cells. One
might speculate that specific features such as the size of ribosomes (Curgy
et al., 1980; Ishihara and Hayashi, 1968), truncated genes (Katinka et al.,
2001) and peculiarities in genomic expression (Gill et al., 2010; Grisdale
and Fast, 2011) may contribute to the rapid rate at which microsporidia
develop. There are two structural characters that provide evidence to support
the potential for rapid cell cycling. One, previously mentioned, is the high
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abundance of ribosomes (isolated ribosomes in meronts, polyribosome aggre-
gates in spores), and the other is the frequent occurrence (either permanent
or transitory) of two adhering haploid nuclei that form the so-called diplo-
karyon (Canning, 1988;Vavra and Larsson, 1999). Although the physiological
reason for the presence of two nuclei in a cell remains to be established (and
in the much-reduced microsporidian cell is somewhat surprising), one may
speculate that having two nuclei facilitates the nucleus/cytoplasm transport
and makes the mRNA ‘ratcheting’ (Stewart, 2007) out of the nucleus more
efficient. The presence of two nuclei in a cell also increases its ploidy and
confers advantage to the organism as the ploidy-levels regulate gene expres-
sion (Galitski et al., 1999; Hieter and Griffiths, 1999) and influence rates of
evolution (Otto, 2007). It should be mentioned here that the presence of
two nuclei in cells of some microsporidia raises the question of how the
genetic complementarity in both nuclei is maintained and its putative associa-
tion with sexual processes. This is a contentious subject that would require a
detailed treatment that is beyond of the scope of this review.

g 3. THE'ART OF DISSEMINATION’

3.1. Spore Is a Gun Cell Powering the Missile Projection

Because of their obligate intracellular life stages and lack of motility, microspo-
ridia became adapted to solving the problem of how to disperse among hosts
and how to disseminate within their host. To that end they evolved a form of
dispersal, which might be appropriately called the ‘missile projection’. The ger-
minating spore functions as a ‘gun cell’, which by means of an evaginable ‘injec-
tion tube’ (conventionally called the polar tube) nearly instantly propels the
sporoplasm to a distance from several to hundreds of pm from the germinating
spore. This tube, first described by the French protistologist Thélohan (1892),
has a tremendous penetration power. It pierces host tissues with ease and injects
the microsporidian sporoplasm directly into the host cells as documented by
early TEM observations (Ishihara, 1968).This missile form of infection is used
for new host invasions as well as for dissemination within the host tissues. For
this dual purpose, a single microsporidian species produces either spores that
look similar but differ in germination readiness, or in some cases spores that dif-
fer both physiologically and morphologically (see Section 3.1.2, p. 280).

3.1.1. Microsporidian Spore: a Masterpiece of Compaction
The microsporidian spore is a highly compact product of a single cell
differentiation. Spore cytoplasm, one or two nuclei and a three-part
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injection apparatus, which consists of the injection tube, the polaroplast
(an accordion-like membrane storage organelle) and a posterior vacu-
ole (a pressure-building organelle), fill a body of only several microns in
length and diameter; the smallest spores are similar in size to a bacterium
(1.2 X 0.9 pm in E. bieneusi, 4 X 2.5 um in a typical Nosema). All parts of
the injection apparatus and the spore case are secretory products processed
through the classical endoplasmic reticulum-Golgi synthetic pathway and
are fully formed in the mature spore (Delbac et al., 2001). Spore structure
and function has been the subject of several exhaustive reviews (Delbac and
Polonais, 2008; Franzen, 2004, 2005; Keohane and Weiss, 1999; Vavra, 1976;
Vavra and Larsson, 1999; Xu and Weiss, 2005).

The spore is essentially a miniature pressure vessel with a thick and
complex cell wall that consists of two layers: the internal endospore layer,
which is composed of a complex of proteins and a-chitin, and the exter-
nal proteinaceous exospore (Vavra, 1976). The shapes of spores (e.g. oval,
round, pyriform, rod-like) are ideal for withstanding the high internal
pressure (>7.0 Mpa) that is generated inside the spore during germination
(Lom and Vavra, 1963) The endospore is the pressure-resistant layer of the
spore envelope, while the exospore is believed to mediate contact with
environmental stimuli. This is most evident in species from aquatic hosts,
which often bear spines, tubules, fibrils or mucous layers on their exospores
(Vavra and Larsson, 1999) (see Section 4.5, p. 294).The spore wall proteins
have no homologues in protein databases outside of microsporidia. Some
of them bear a heparin-binding motif, indicating a possible interaction
of spores with glycosoaminoglycans, that occurs on the surface of host
cells and which may influence spore infectivity (Bohne et al., 2000; Bros-
son et al., 2005; Hayman et al., 2001; Li et al., 2009; Peuvel-Fanget et al.,
2006; Southern et al., 2007; Wu et al., 2008, 2009; Xu et al. 2006). Proteins
associated with the spore wall are typically found in either the exo- or
endospore layer of the spore envelope but curiously, in one instance, the
protein SWP5 of Nosema bombycis was found not only in the exospore, but
also 1nside the spore in association with the coils of the injection tube.This
protein is thought to interact with injection tube proteins PTP 2 and 3
and can be detected immunologically in the extruded injection tubes (Li
et al., 2012). Considerable inter- and intraspecific variability of the spore
wall proteins exists, and it has been suggested that these proteins might
be used in diagnostics and in molecular epidemiology studies (Xiao et al.,
2001).
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The injection tube, which is ejected from the spore during germination
and serves to make the missile projection possible, is the most characteristic
structure within the spore. It is also the only component of the injection
apparatus that is universally present in microsporidian spores, while other
structures such as the polaroplast and the posterior vacuole are occasionally
lacking (or exist in an unusual, as yet unrecognised form?), which is the case
of some putatively primitive microsporidia of the order Metchnikovellida
(Desportes and Theodorides, 1979; Larsson, 2000; Larsson and Koie, 2006).
The tube has been referred to as ‘polar filament’, ‘polar tube’ and ‘invasion
tube’; however, the term ‘injection tube’ expresses best its function and is our
preferred use for the structure. It has to be stressed here that the injection tube,
while inside the spore, does not resemble a hollow tube, as it looks rather like
a solid structure (hence ‘polar filament’ in older descriptions) (see below).
However, its tubular nature is revealed during spore germination.

The tube is usually coiled into one or multiple coils to fit within the
spore volume and is quite long in some species. The bacterium-sized spore
of E. bieneusi contains an injection tube that, according to only rough calcu-
lations, should be between 10 and 20 pum in length when extruded (no data
have been published concerning its actual length). The spore of the well-
known honey bee-infecting Nosema apis is approximately 5 pm in length
and extrudes an injection tube that exceeds 300 pum in length (Olsen et al.,
1986). However, about 20% of microsporidian genera have spores that con-
tain straight, uncoiled, rod-like tubes, which in the unextruded state just
fit within the length of the spore (Canning and Vavra, 2000). The tube is
anchored to the inner apex of the spore by a mushroom-like structure called
the polar cap, consisting of filament mushroom-like terminal (anchoring
disc), enveloped by a membraneous bag-like structure called the polar sac.
The polar cap area (sometimes called polar sac — anchoring disc complex)
is the major site for mannose-rich glycoproteins (Taupin et al., 2006; Vavra,
1972;Vavra and Larsson, 1999) and is present in all microsporidia. It rep-
resents an autapomorphic character that can be elucidated by staining and
can be used in light microscopic diagnostics to differentiate microsporidian
spores from other spore-forming organisms (Vavra and Maddox, 1976).The
polar cap anchors the injection tube to the spore apex during eversion (Lom,
1972) and it is speculated that the abundance of hydrophilic sugars associ-
ated with the polar cap facilitates exit of the tube from the spore (Taupin
et al., 2006). The polar cap region is also rich in the spore wall protein EnP1,
which might assist in adherence of spores to host cells (Southern et al., 2007).
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From the spore apex, the injection tube descends in a straight path through-
out the apical volume of the spore and is eventually coiled in the posterior
region. The PTP proteins, best characterised in E. cuniculi, E. intestinalis and
E. hellem (Delbac et al., 2001), constitute a novel protein family (Delbac and
Polonais, 2008).Three proteins labelled PTP1, PTP2 and PTP3 represent the
major and, so far, the only defined components of the injection tube (Delbac
et al., 1998; Keohane and Weiss, 1998; Peuvel et al., 2002; Xu and Weiss,
2005) and their structural interaction in injection tube assembly remains
to be elucidated (Bouzahzah et al., 2010). The major component (70%) of
the injection tube 1s PTP1, a proline-cysteine-rich O-mannosylated protein.
O-mannosylation may protect the injection tube from degradation in the
gastrointestinal tract of the hosts, and may mediate its interaction with man-
nose receptors of the host-cell membrane, and thus facilitate the adherence
of the tube to the host cells (Bouzahzah and Weiss, 2010; Xu et al., 2004).
PTP1 is a highly immunogenic; it induces a strong immune response
in vaccinated animals and was sufficient for inducing protective immunity
against E. cuniculi (Moretto et al., 2010). Moreover, this protein is claimed to
be responsible for the relatively frequent occurrence of antibodies to micro-
sporidia in healthy humans (Furuya et al., 2008; Peek et al., 2005). The high
cysteine content of PTP1 and PTP2, which is also rich in lysine, suggests
that disulphide bridges play an essential role in the injection tube assembly
and are responsible for its high tensile strength. Finally, the PTP3 protein
lacks cysteine residues and its role in tube construction is not clear. The PTP
proteins are conserved and the respective genes of their homologues have
been identified in a number of microsporidian species (Akiyoshi et al., 2009;
Cornman et al., 2009; Corradi et al. 2009). Their general presence is likely
due to the unique character of the microsporidian injection mechanism.
The PTP proteins 1 and 2 are suitable for phylogenetic inference within
Microsporidia. For example, PTPs from N. ceranae share only ~20% iden-
tity with orthologues from the distantly related E. cuniculi (Cornman et al.,
2009), whereas they display 67% and 85% identity with PTPs from more
closely related Paranosema locustae and P, grylli, respectively (Polonais et al.,
2005). Interestingly, the high variability of the PTP locus corresponds with
the existence of three epidemiological genotypes of E. cuniculi, namely those
of “rabbit”,‘mouse’ and ‘dog’, which are known to differ in other molecular
biology markers as well (Didier et al., 1995; Peuvel et al., 2000; Xiao et al.,
2001). Extensive PTP polymorphism was recorded in N. ceranae (Hatjina
et al., 2011) and among different isolates of E. hellem (Haro et al., 2003;
Peuvel et al., 2000). This polymorphism may be the cause of difterential

Advances in Parasitology, First Edition, 2013, 253-319



Microsporidia and ‘the Art of Living Together’ 279

infectivity of various isolates of E. hellem (Haro et al., 2006). As a practical
outcome, the PTP polymorphism may be used as a suitable marker for trac-
ing sources of infection of some microsporidia (Peuvel et al., 2000). It is of
interest that despite a careful search for proteins with structural organisation
reminiscent of PTP1, Heinz et al. (2012) failed to identify its homologue in
the T hominis genome. Further research is needed to prove that the exten-
sive polymorphism of PTP proteins is not responsible for this ‘absence’.
Even though the fine structure of the injection tube is well known
and its main proteins have been characterised, many aspects of its struc-
ture and function remain to be elucidated. The fine structure of the tube,
when coiled in the resting spore, typically consists of 3—20 concentric layers
(Vavra and Larsson, 1999; Xu and Weiss, 2005) of materials of different elec-
tron density. One of the layers is glycoprotein-rich. As already stated above,
the tube-like nature of the injection tube is not evident from ultrastructural
studies of non-germinated spores (Cali et al.,2002; Lom, 1972; Vavra, 1976;
Vavra and Larsson, 1999), yet the structure functions during germination
as an actual tube (see Section 3.1.3.1, p. 281). The fine structure of the
tube markedly differs among individual species and the above-mentioned
variability of PTPs is probably a basis for these difterences. Moreover, the
injection tube structure may also vary among different spore morphs of
the same species. Vairimorpha disparis forms three types of spores, each with
a specific length and polar tube structure (5, 12 and 30 filament coils in
respective spore types) (Vavra et al., 2006) (see Section 3.1.2, p. 280). The
structure of the individual tube also varies along the length of the unex-
truded tube, being uniformly thick along the entire length (isofilar tubes),
or being thicker at its proximal part (anisofilar tubes). If the proximal part
is very thick, it is called manubrium (Lom, 1972; Vavra and Larsson, 1999).
There 1s no explanation for these differences in the injection tube structure.
It is worth mentioning that the extruded tube is usually longer than
estimated from TEM photomicrographs of spore coils in the dormant spore.
It remains to be determined whether the tube is fully preformed in the
dormant spore (this is most probable) and is extruded as such, or if it is
actually partly assembled during eversion from the spore. Lom and Corliss
(1967) calculated the length of the tube from ultrathin sections of a fish
microsporidium to be in the range of 100-120 pm, while, after extru-
sion, the tube was estimated to be 300-500 pum long. Such an expansion
of length suggested that the tube may actually grow during eversion by
the addition, and polymerisation on its growing tip, of material deposited
in the interior of the unextruded tube (Keohane and Weiss, 1999;
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Weidner, 1982). However, elongation of the tube might be simply due to its
extensive elasticity, witnessed as it momentarily thickens during sporoplasm
passage (up to several um — Olsen et al., 1986), and its recoiling by 5-10% of
length when germination pressure ceases. The elasticity might reside in the
tube substructure since extruded tubes have a complex substructure (Cali
et al., 2002), and negatively stained extruded tubes (after tryptic digestions)
appear to possess a fibrillar ultrastructure reminiscent of the meshwork
structure of a firefighter’s hose (Vavra, 1976).

The evolutionary origin of the injection tube is not known. Due to the
‘fungal connection’ of microsporidia, attempts were made to interpret the
injection tube as homologous to fungal structures involved in host inva-
sion, such as the polar bodies of the ‘holdfast’ appressoria of trichomycete
harpellaelan fungi (Cavalier-Smith, 1998), spore appressorium and pen-
etration tube-like peg of the “chytridiomycete” R. allomycis (James et al.,
2006) (similar penetration tube-like formation exists in Amoeboaphelidium,
see Karpov et al., 2013; Letcher et al., 2013), and the sporangiophore of
zygomycetous fungi (Lee et al. 2008). These fungal structures, however, are
basically modified hyphae formed by the cell wall expansion and are likely
to have a completely different chemical composition than that of the injec-
tion tube. Hence, they cannot be easily compared with the injection tube
preformed inside the spore by cytoplasmic differentiation that does not
involve the cell wall of the spore (Williams, 2009). Kugrens et al. (1994)
and Vivares and Metenier (2001) remarked that the microsporidian injec-
tion apparatus resembles extrusomes, which are membrane-bound ejectable
organelles common in some protists, especially ciliates and dinoflagellates,
and capable of discharging their contents under certain conditions to the
outside of the cell (Hausmann, 1978). The fundamentally unique feature of
the microsporidian injection tube resides in the fact that it serves for emp-
tying the entire spore contents and not only the specific extrusome mate-
rial as occurs in protist extrusomes. It can be concluded that the origin of
microsporidian injection apparatus remains to be unknown and appears to
be a specific evolutionary apomorphy of these parasites.

3.1.2. Single Species but Different Spores

The extreme adaptation of microsporidia to their host physiology and
life cycle is reflected in the facts that even within a single-host species,
spores may be formed that are different both physiologically and struc-
turally. When two or more different spore types are produced, the given
species 1s termed to be dimorphic or polymorphic respectively. Distinct
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spore types are formed either in different hosts through which the organism
completes its life cycle, or as an outcome of difterent life cycle paths occur-
ring in the same host. For example, 17 disparis, a parasite of the gypsy moth
(Lymantria dispar L.), forms three spore types: one for quick dissemination
within the host, and two other types that serve for interhost transmission
(Vavra et al., 2006). Some species parasitising mosquitoes form different
spores either in the same or in different hosts (Becnel et al., 2005; Lukes
and Vavra, 1990). The life cycle of Amblyospora spp., involves three hosts:
a copepod, a male mosquito larva and a female mosquito adult. A differ-
ent spore type is formed in each host (Andreadis, 2007). The individual
types differ to the extent that they would be assigned to different genera in
conventional classification. Kneallhazia solenopsae forms four distinct spore
types in various life cycle stages and tissues of its host, the fire ant Solenopsis
invicta (Sokolova and Fuxa, 2008). An interesting example is that of the
human microsporidian opportunist Trachipleistophora anthropophthera, which
forms two structurally very distinct spore types that are probably involved
in intra- and interhost dissemination, respectively. Both types are formed in
the same brain tissue and sometimes within a single cell (Vavra et al., 1998).
It is perhaps of evolutionary importance that the capacity to form several
distinct spore types occurs in the putatively primitive microsporidia, class
Metchnikovellidea (Weiser, 1977), hyperparasites of gregarines and some
insects (Desportes and Theodorides, 1979; Larsson, 2000; Larsson and Koie,
2006; Purrini and Weiser, 1985). However, even in monomorphic species,
not all spores produced are identical. As discussed below, spore variability
expressed as a differential response to germination stimuli probably plays an
important role in microsporidia evolution.

3.1.3. Spore Germination and Its Evolutionary Significance
3.1.3.1. The Germination Event

Although spore germination has been well documented (Frixione et al.,
1992; Lom and Vavra, 1963), several aspects of the process are only par-
tially understood. What initiates spore germination under natural condi-
tions is unknown, although several experimental stimuli such as shifts in pH
and ionic concentration have been identified (Keohane and Weiss, 1999).
Germination can be triggered in some species by simply wetting dried
spores (Olsen et al., 1986). It is generally accepted that germination is an
osmotic event and it was proposed that the first step of the signalling cas-
cade that triggers germination is calcium/calmodulin binding at the spore
surface (Weidner and Byrd, 1982; Williams, 2009). It was postulated that the
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next step in spore germination is the influx of water into the spore, possibly
due to the activity of ionophore molecules (Dall, 1983) or aquaporins in
the spore membrane (Frixione et al., 1997). Indeed, aquaporin-like genes
were identified in genomes of several microsporidia (Akiyoshi et al., 2009;
Corradi et al., 2009; Ghosh et al., 2006).

Germination begins by swelling of the polaroplast area during which
the polaroplast membranous stacks dissociate. The pressure inside the spore
rises to a point where the thinner apex of the spore case ruptures and
the injection tube is expelled explosively while turning inside out during
the process (‘finger of a glove’ model). While the tube everts, the posterior
vacuole in the spore expands and forces the cytoplasm and the nucleus of
the spore through the tube. The small cell appearing at the tip of the fully
everted tube is enveloped by plasma membrane that is derived from the
folded membrane system of the polaroplast and which was forced into the
tube along with the cytoplasm and the nucleus (Weidner et al., 1984). After
germinating, the spore case remains essentially empty but is lined inside by
the former plasma membrane. During germination, the tip of the evagi-
nating injection tube advances through the environment and penetrates
any obstacle in its way, including other microsporidian spores (Weidner,
1972), and, injects the sporoplasm like a hypodermic needle, into the cyto-
plasm of an encountered host cell (Ishihara, 1968). The penetration power
of the injection tube is enormous, e.g. spores of Pleistophora hyphessobryconis
ingested by the ciliate Paramecium germinate in its food vacuoles, shoot
the tubes throughout the ciliate cytoplasm and cell pellicle and deliver the
sporoplasms to the ciliate surroundings (J. Vavra and J. Lom, unpublished
observations). The penetration power resides in the fact that it is only the
tip of the evaginating tube that advances through the environment while
the entire length of the tube behind the tip is immobile (Franzen, 2004,
2005; Lom and Vavra, 1963; Weidner, 1972). The process of germination is
so rapid that it takes approximately 2 s for the tip of the tube to advance
through environment at a ‘rocket speed’ estimated to be more than 100 pm
per second (Frixione et al., 1992).

Spore germination requires energy; however, the source of this energy
remains unknown. Rapid breakdown of trehalose into glucose and the con-
commitant increase of osmotic pressure within the spore had been pro-
posed as a source of the energy required for germination (Undeen, 1990).
Both trehalose and the enzyme trehalase occur in microsporidia (Dolgikh
and Semenov 2003; Metenier and Vivares, 2001), and trehalose is known to
accumulate at the final stage of spore maturation (Undeen and Solter, 1996).
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However, it is unlikely that trehalose powers the germination process
because Undeen and Van der Meer (1999) reported that the level of tre-
halose decreases during in vitro spore germination in microsporidia from
aquatic hosts but not in those from terrestrial hosts. It is quite counterin-
tuitive that different microsporidia would use several osmolytes for ger-
mination instead of a single and universal source. It is also questionable to
distinguish aquatic and terrestrial microsporidia because there are species
that have difterent spore morphs in both types of hosts. Thus, it seems more
reasonable to suppose that, in microsporidian spores, trehalose serves as an
energy source for spore survival and as an anti-desiccation agent (Metenier
and Vivares, 2001). The depletion of trehalose that occurs in spores exposed
to stress factors and to long-term storage corroborates this proposed func-
tion (Undeen and Solter, 1996).

A different source of energy for spore germination was suggested to be
located in the posterior vacuole. Findley et al. (2005) suggested that the pos-
terior vacuole is a giant peroxisome in which hydrogen peroxide produced
by the decomposition of long-chain fatty acids is converted by catalase
into water and oxygen. This causes the posterior vacuole to swell and eject
the spore contents from the spore. Although catalase was histochemically
detected in spores of Spraguea lophii (Weidner and Findley, 2002, 2003),
the general presence of catalase in microsporidia remains questionable; the
gene for catalase seems to be missing from the E. cuniculi genome but, in
contrast, P locustae possesses a catalase gene of prokaryotic origin (Fast et al.,
2003).The uncertainty concerning the presence of catalase in microsporidia
requires further investigation as one could reasonably expect that all micro-
sporidia should utilise the same germination mechanism. In summary, the
source of energy for spore germination has yet to be determined.

Microsporidia spread via spore germination either within cells of an
individual host (intrahost dissemination) or by invading another host usu-
ally when spores are ingested and germinate within digestive tract (inter-
host dissemination). Some microsporidian species form special spore types
for intrahost dissemination but it seems that, in most microsporidian spe-
cies, spores are essentially similar but differ in their readiness to germinate.
Spores that could be called ‘precocious germinators’ germinate as soon as
they are formed inside the host cells or released from bursting cells. For
example, many E. cuniculi spores, freshly liberated from bursting infected
cells into a cultivation medium, immediately germinate while other spores
remain unchanged (Vavra et al., 1972). When this occurs in infected tis-
sue, the sporoplasms are introduced into surrounding host tissues and
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thus parasite disseminates within the host. Systematic data addressing this
scenario in vivo are not available because inside-the-host germination is
usually not recorded; empty spores are quickly degraded by the host and/
or spore remains are reported as artefacts. The stimuli that promote intra-
cellular germination are currently unknown; however, ionic changes that
accompany cell death are suspect as a candidate. In general, the formation
of precociously germinating spores is a very little known phenomenon,
despite that it is probably of common occurrence.

As mentioned previously, some microsporidia that infect Diptera,
Hymenoptera and Lepidoptera form special generation(s) of precociously ger-
minating spores, which are structurally distinct and which are produced at
an early stage of infection. Such ‘early’ or ‘primary’ spores have thin spore
walls, large posterior vacuoles and relatively short injection tubes. They
germinate spontaneously, immediately after formation, and inject their spo-
roplasms into distant target tissues of the host where another generation(s)
of ‘secondary’ or ‘environmental’ spores is formed. A microsporidium that
infects the gypsy moth L. dispar represents an example of this strategy.
Ingested ‘secondary’ spores are acquired from the environment by larvae
and germinate in their midgut tissues. The first generation of spores is pro-
duced very quickly (30 h post-infection) in muscle cells surrounding the
gut. These early spores germinate spontaneously upon maturation and their
sporoplasms are injected into fat body, salivary and silk glands, and other
tissues where environmental spores destined for interhost transmission are
produced.These secondarily formed spores have a smaller posterior vacuole,
thicker spore walls and a long injection tube (Solter and Maddox, 1998b;
Vavra et al., 2000). It seems that the production of primary spores is con-
trolled genetically rather than by the host, because they are produced also in
microsporidia that are grown in tissue cultures (Iwano and Ishihara, 1991;
Iwano and Kurtti, 1995).

3.1.3.2. Evolutionary Aspects of Spore Germination

We can only speculate about the potential evolutionary aspects of spores
that are formed in the same host but endowed with a different sensitivity
to germination stimuli. Spores with a capacity for delayed germination may
pass through (even numerous) non-specific hosts before they eventually
release their sporoplasms in a host that provides the most favourable condi-
tions. Kramer (1973) noted that most spores of Octosporea muscae-domesticae,
which parasitise the gut epithelium of the house fly, germinate during the
first passage through the alimentary tract; some spores, however, germinate
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only after they have undergone two to four passages. The combination of
delayed germination and a lack of specific germination stimuli (meaning
that germination would occur only in the most favourable and specific
host) may thus be a powerful factor inherent to microsporidian evolution.
Human infections caused by opportunistic microsporidia of probable insect
or fish origin (see Section 4.3, p. 291, for the list and references) and the
present expansion of the Asian honeybee, Apis cerana, parasite N. ceranae
among populations of the European honey bee Apis mellifera (Fries, 2010)
provide a cogent testimony that potential incidents of host-switching and
of host range expansions continuously occur. The peculiar germination
mechanism that microsporidia possess also allows them to successfully infect
parasitic organisms that do not possess a functional digestive tube. Members
of the supposedly primitive order Metchnikovellida are examples of such
a strategy, as they live as hyperparasites in gregarines that inhabit the ali-
mentary tract of polychaetes, sipunculids and echiurids (Canning and Vavra,
2000; Larsson, 2000; Larsson and Koie, 2006). One microsporidian lives
as a hyperparasite in the protist Marfeilia, parasite of oysters (Comps et al.,
1979). Several microsporidian species are known to be hyperparasites of
parasitic platyhelminths, tapeworms and trematodes (Canning, 1975; Sene
et al., 1997). In each of these hosts, the sporoplasm must be injected into the
host from outside, through the host’s cell membrane complex (gregarines,
Marteilia) or tegument (platyhelminths). The stimulus for spores to germi-
nate must be provided in the digestive tract of the host that harbours the
gregarine, tapeworm or trematode. This peculiar germination—injection
mechanism explains why the larvae (rediae) of the fluke Fasciola hepatica
become infected when the snail Lymnea, hosting the trematode, is fed spores
of the mosquito microsporidium A. algerae (Costa and Bradley, 1980).

3.1.3.3. Spore Germination: the Unknowns

Many questions need to be answered in order to satisfactorily understand
the spore germination event and its impact on the distribution of micro-
sporidia and their host and tissue specificity. Even the basic question of how
the injection tube penetrates the cell has been debated. Although direct
mechanical piercing represents the generally accepted explanation, Agaud
et al. (1997) and Ronnebiumer et al. (2008) suggested that the extrusion
of the injection tube of E. cuniculi into an invagination of the host-cell
membrane might be integral in the infection process, meaning that it is
difterent from that of other microsporidia. This is an improbable conten-
tion, especially if one realises that the penetration power of the tube is such,
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that a cell membrane does not present any obstacle to the germ injection
(see Section 3.1.3.1., p. 281). Together with the question of how the para-
sitophorous vacuole in which Encephalitozoon develops is formed, the issue
needs further research at best and is beyond the scope of the present review.
Additional questions include the following: Is the spore somehow oriented
before discharge and do the spores germinate preferentially when adjacent
to the host tissues? In vitro experiments demonstrated that the adherence
of spores to glycosoaminoglycans of target cell is related to the success of
the infection (Hayman et al., 2005; Leitch et al., 2005b; Southern et al.,
2007). However, no contact with host tissue was found to be required in
germination of N. apis and N. ceranae spores (Gisder et al., 2011). There is
also some evidence that intestinal mucus may influence spore orientation
(Leitch and Ceballos, 2008). Spores of E. intestinalis were shown to express
an endospore-targeted protein (EnP1) on their coat with most of this pro-
tein detected in the area of the anchoring disc, which is the apex of the
injection tube. Potentially, EnP1 mediates spore attachment to the host-cell
glycosoaminoglycans (Hayman et al., 2005).

3.1.3.4. Within-Host Dissemination: More Unknowns

Very little data is extant on the within-host dissemination of microsporidia.
As mentioned previously, within-host spore germination is involved in dis-
semination (at least in some species); however, it seems that there should
be another mechanism enabling the parasite to spread among host cells.
A remarkable characteristic common in many microsporidian infections is the
massive invasion of host tissues. This is most obvious in small invertebrate
hosts where the host often becomes a living ‘bag’ of spores. Yet, how the
infection progresses rapidly from cell to cell is not understood and, for some
species, internally germinating spores have never been observed. A typi-
cal case is that of Amblyospora spp. which progressively infects the oocytes
of copepods. The entire host ovary appears to become one large mass of
spores, all of them at the same stage of maturation, yet no germinated spores
are present (J.Vavra, unpublished observation). This phenomenon certainly
requires further research.

The tissue tropism and specificity of microsporidia also remain largely
obscure. Enterospora canceri and Enterospora sp. are confined to the nuclei of
epithelial cells lining the hepatopancreas of the European edible crab, Cancer
pagurus (Stentiford et al., 2007). These hepatopacreatocytes are not in direct
contact with the food consumed by the host, so it is quite enigmatic as
to how the parasite finds way to its specific location. Similarly, Nucleospora
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salmonis, Nucleospora secunda and Enterospora sp. specifically infect host cell
nuclei (Chilmonczyk et al., 1991; Lom and Dykova, 2002; Stentiford and
Bateman, 2007). Do these species occur in the nucleus because the injection
tube strikes the nucleus either by chance or due to an unknown targeting
mechanism? Or were they injected first into the cytoplasm and then trans-
located into the nucleus? The notion that microsporidia can be translocated
secondarily into a specific cell compartment seems unlikely, but cannot be
excluded. Most intriguing is the case of several species of the genus Spraguea,
which infect neural tissues of the angler fish Lophius. The parasite evidently
travels from cutaneous mucous gland to medulla oblongata, and then to
various nerves, with spores being finally excreted in urine (Freeman et al.,
2011). How the parasite finds the way to its locations is not known.

4. THE'ART OF LIVING IN THE HOST’
4.1. Well-Adapted Pathogens

Microsporidia qualify as parasites, sine qua non as they ‘infect host cells,
exploit what is in there to replicate within them, produce spores and then
transmit themselves to other cells within the same host or to a new host’
(Agnew et al., 2003). However, during the life cycle, each individual micro-
sporidium passes through a less extreme form of symbiotic relationship,
behaving first as a seemingly harmless, intracellular commensal. Infected
host cells are ultimately destroyed during the period when the parasite
forms spores. To what extent the host is harmed during this last phase of
the microsporidian life cycle depends on many factors, several of which
involve the host itself. This makes the host—parasite relationships strongly
context-dependent and subject to variation between deleterious (including
host mortality), more or less neutral, or even positive in some cases (Ryan
and Kohler, 2010). Consequently, the variety of host—-microsporidian inter-
actions, categorised for the first time for mosquito microsporidia by Kellen
et al. (1965), is enormous. It depends on the respective parasite and host
species, the degree of their co-adaptation, tissue tropism, genotype or sex of
the host, environmental conditions, means of transmission and other factors
(Agnew et al., 2003; Becnel et al., 2005; Ebert, 1995, 2008; Iss1, 2002; Little
and Ebert, 1999; Ryan and Kohler, 2010; Smith, 2009).

In retrospect, microsporidia have mastered the means to maximise repro-
duction and transmission by producing large numbers of infectious spores
and/or by efficient transmission mechanisms that maintain the pathogens in
host populations. This is demonstrated by some infections in insects. Many
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insect microsporidia cause infections that initially do not appear to injure
the host in obvious ways, even when massive multiplication of the parasite
in host organs takes place. For example, some species that infect lepidopteran
larvae progressively destroy the fat bodies of their hosts as the cells become
filled with spores. Infected larvae still feed and behave in a more or less nor-
mal way; however, they usually die during molt or pupation, when energy
reserves of the host’s fat body tissues needed for molting and metamor-
phosis are unavailable (Agnew et al., 2003; Goertz and Hoch, 2008a; Siegel
et al., 1986;Weiser, 1961). Delaying the death of the host until the late stage
molt or pupation allows the parasite to maximise the production of spores;
this reservoir of spores released by the cadavers provides the inoculum to
infect new hosts (Goertz and Hoch, 2008a,b). In some Lepidopteran species
that produce silk, microsporidian spores may be transmitted along the silk
secreted by larvae from infected silk glands (Jeffords et al., 1987).

The maximum production of spores and their dissemination into the
environment is also the strategy employed when the microsporidian patho-
gen targets a tissue that has high regenerative capacity (gut or excretory
epithelia), thus allowing the continuous production of spores. In such
case, even a massive infection leaves the host apparently unaffected, at least
temporarily. This occurs in midgut infections of gypsy moth larvae by
Endoreticulatus schubergi (Hoch et al.,2009) or in the nematode Caenorhabditis
infected with N. parisii (‘the nematode-killer from Paris’). The nematode
host can carry a large parasite burden in its gut epithelial cells and still feed
and behave relatively normally, at least for some time. Ultimately, however,
its life span is shortened (Troemel, 2011).

In mammals (and probably true for many vertebrates), microsporidian
infections have a chronic character, provided that the host is immunocom-
petent and the infection remains localised (Ghosh and Weiss, 2012). On the
contrary, immunocompromised hosts may develop a lethal disease (Texier
et al., 2010). The apparent benign nature of chronic infections is, however,
relative. This is best demonstrated in rabbit encephalitozoonosis, a very fre-
quent microsporidiosis caused by E. cuniculi in farm-bred rabbits worldwide.
The spores of the pathogen are excreted in the urine and the infection is
easily transmitted from cage to cage by contamination in intensive breeding
situations (Vavra et al., 1986, 1987). Rabbit encephalitozoonosis usually fol-
lows a subclinical course (no preventive or curative measures are applied by
breeders) and infected animals appear healthy (Kiinzel and Joachim, 2010).
However, a detailed examination of a group of well-fed, clinically healthy
broiler rabbits, with relatively high titres of antibodies against E. cuniculi,
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showed 11% reduction in the weight of the meat carcass at slaughter com-
pared with serologically negative animals (Vavra et al., 1980).

Extending the life span of the host is beneficial for many pathogens and
microsporidia are a prime example of such a strategy as they usually do not
excessively or prematurely harm the host. However, physiological weaken-
ing of the host’s immune defences may lead to explosive colonisation of the
host by the parasite with ensuing deleterious consequences. In such cases,
microsporidia behave as opportunists that are not only able to excessively
colonise their usual host, but also potentially infect atypical hosts. Micro-
sporidioses are thus included in the Emerging Diseases category (Didier,
2005). Their opportunism is best shown in HIV/AIDS-positive or severely
immunosuppressed humans, in whom a cryptic infection can be exacer-
bated or an infection by a species of unknown source can occur (Anane
and Attouchi, 2010; Didier et al., 2004; Didier and Weiss, 2006, 2011). The
immune status dependency of microsporidian infections is reflected in the
recently improved immune status of HIV-infected humans; due to the avail-
ability of more efficient anti-HIV drug cocktails, a notable decrease has
occurred in the number of publications addressing microsporidia/HIV co-
infections (Heyworth, 2012). The opportunistic character of microsporidia
is also revealed in infections of the eye, an immunoprivileged site. Human
and animal keratoconjuctivitis and uveitis caused by microsporidia are not
a rarity. Exposure to dust and muddy water, minor injuries, hot springs
exposure and warm and wet climates are risk factors for ocular microspo-
ridiosis (Alkatan et al., 2012; Fan et al., 2012; Juarez et al., 2005; Kunzel and
Joachim, 2010; Quek et al., 2011; Sharma et al., 2011). Eye infections are
in principle, dangerous as they can progress to systemic diseases (Koudela
et al., 2001).

4.2. Host-Specific Parasites

Most microsporidia are host-specific parasites which evolved and co-
speciated with their original hosts. Their specificity is typically restricted to
a single host species or to a group of affiliated species (Baker et al., 1998;
Shafer et al., 2009; Smith, 2009). It is the concensus among traditional tax-
onomists that the host is an important indicator of microsporidian species.
Two good examples of microsporidian co-speciation with their hosts is the
phylogeny of Loma spp., which mirrors the evolutionary course of gaddid
fish in the Pacific Basin (Brown et al., 2010) and the phylogeny of mosquito
microsporidia, which reflects the evolutionary relationships of respective
genera with their hosts (Andreadis et al., 2012).
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Since microsporidia tend to group by hosts (Brown et al., 2010), and
host phylogeny and ecology are mostly compatible, an attempt was made to
define formal microsporidia taxons according to their host habitat. Hence,
classes ‘Aquasporidia’, ‘Marinosporidia’ and “Terresporidia’ were proposed
for species parasitising hosts in the respective freshwater, marine and ter-
restrial habitats (Vossbrinck and Debrunner-Vossbrinck, 2005). These classes
have been occasionally used in actual classification (Stentiford et al., 2010),
despite criticism raised after their creation by those who respect formal
taxonomy rules (Larsson, 2005).

Host ecology also seems to play a role in the maintenance of host spec-
ificity and microsporidian diversity. Some microsporidia that are able to
infect multiple host species under experimental conditions (when the gen-
eral compatibility between the pathogen and the host, termed ‘physiological
specificity’ is determined) do not infect the same host in nature because
ecological barriers between atypical hosts and the parasite exist. These
barriers determine the ‘ecological specificity’ of the pathogen (Solter and
Maddox, 1998a). Vertically transmitted species parasitising forest Lepidoptera
represent parasites for which the physiological and the ecological specific-
ity are often not congruent (Solter, 2006; Solter et al., 2005). Frequently,
host and tissue specificity are related, e.g. N. apis is confined to the midgut
enterocytes of the honeybee (although it is also able to infect gypsy moth
cells in a tissue culture — Gisder et al., 2011), and S. lophii parasitises the
neural ganglia of the angler fish Lophius sp. (Freeman et al., 2004, 2011).
Other microsporidia, however, parasitise broader groups of hosts, and are
less tissue-specific; mammalian microsporidia are a good example. For the
widespread E. cuniculi, E. hellem and E. intestinalis, low host and practically
no tissue specificity are characteristic, whereas E. bieneusi is mostly but not
totally confined to the enterocytes and occasionally infects epithelial cells
of the respiratory and urinary tracts of its multiple mamalian hosts (Botterel
et al., 2002; Sak et al., 2011b,¢).

The physiological basis of host and tissue specificity in individual
microsporidian species is not known, but one possible reason is genome
reduction leading to the close dependency of the parasite on host metabo-
lism (Peyretaillade et al., 2011). Interestingly, investigation of several human-
infective species, including those that parasitise mammals or are simply
opportunists, showed that these microsporidia contain a specific inter-B
gene family, located in the subterminal chromosomal regions. This inter-B
multigene locus is absent in a number of species not implicated in human
infections (Dia et al., 2007). Several members of the inter-B gene family
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possess predictable transmembrane domains and N-terminal signal peptides,
suggesting that respective proteins are targeted to parasite surface (Williams,
2009), and hence likely have an impact on host—parasite relationships.

4.3. Ubiquitous Parasites

The ability to inject their germplasm (sporoplasm) into the intracellular
milieu of a host opened for microsporidia an ecological niche represented
by a vast variety of hosts and their respective tissues, and allowed them to
rapidly radiate. Microsporidia are recognised as one of the most frequently
observed parasites of both invertebrates and vertebrates, including humans.
While they have been found to occur in representatives of about half of
metazoan phyla, it is without doubt that many, if not most, species still
await discovery, given the low number of experts studying these parasites
and the plethora of prospective animal hosts. True microsporidian diversity
might approach and or surpass the number of animal species (Keeling and
Slamovits, 2004); parasitism of a single-host species by several microsporid-
ian species is not uncommon (Krebes et al., 2010).

Most microsporidian diversity is found in invertebrates, with crustaceans
and insects being the most frequent hosts. In the paper of Vossbrinck and
Debrunner-Vossbrinck (2005) proposing microsporidian classes based on
host ecology, 69% out of the 125 species listed have crustacea and/or insects
as their hosts. Although this number has only a limited value due to low
sampling, it reflects the relative abundance of microsporidia in respective
hosts.

Insect microsporidia are memorable as the agent of the collapse
of European silk industry in the mid-nineteenth century, caused by
N. bombycis, the first microsporidian described (Nigeli, 1857). This species is
unquestionably the most important parasite of the silkworm as even today
it is a threat to the silkworm industry (Bhat et al., 2009; Kawarabata, 2003).
Nosema bombi infections of bumblebees and N. apis and N. ceranae infec-
tions of honey bees exemplify widespread pathogens of principal pollinators
(Cameron et al., 2011; Chen et al., 2009; Otti and Schmid-Hempel, 2007).
Nosema ceranae, originally the parasite of the Asian Apis cerana, has progres-
sively invaded on the world-wide scale the colonies of the European honey
bee, A. mellifera (Fries, 2010). This parasite has a significant pathogenic effect
on its new host. It disturbs gut tissue regeneration and homeostasis and
influences a number of physiological functions of the bee gut (Dussaubat
et al. 2012). It is of considerable economic importance that even the sub-
lethal levels of pesticide residues, now commonly occurring in agriculture,
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significantly increase the sensitivity of honey bees to Nosema infections and
contribute to bee colonies mortality (Pettis et al., 2012; Wu et al., 2012).
More than 150 microsporidian species have been described from different
mosquito genera worldwide, and it is believed that most if not all mosquito
species serve as hosts for at least one microsporidian parasite (Andreadis,
2007; Andreadis et al., 2012). Some microsporidia act as regulators and/
or agents of biological control for noxious insects of economic or health
importance (Bargielowski and Koella, 2009; Hajek and Delalibera, 2010;
Lomer et al.,2001). Nosema pyrausta, which infects the European corn borer,
Ostrinia nubilalis, 1s a classical example of a parasite that effectively helps to
regulate an important agricultural insect pest (Lewis et al., 2009), while
P locustae (better known to public by its original name Nosema locustae) is
used as a biological pesticide for grasshopper control (Henry and Oma,
1981; Lomer et al., 2001).

The second most numerous group of microsporidia are found in crus-
tacean hosts. Economically significant representatives are Enterocytozoon
hepatopenaei and Myospora metanephrops from shrimps and lobsters, respec-
tively (Tourtip et al., 2009; Stentiford et al., 2010).

Fish, the most common vertebrate hosts of microsporidia, with more
than 160 described species assigned to more than 17 genera (Canning
and Lom, 1986; Lom, 2002; Lom and Nilsen, 2003), are known to cause
important losses to fisheries, both in natural conditions and in aquaculture
(Abdel-Ghaffar et al., 2011; Dykova, 2006; ). Loma salmonae has a significant
negative impact on commercial cultures of salmonids (Shaw et al., 2000),
while Pseudoloma neurophilia and P hyphessobryconis occasionally plague the
research colonies of the laboratory model zebrafish Darnio rerio (Matthews
et al., 2001; Sanders et al., 2010). Several microsporidian species are known
to parasitise mammals (Canning and Lom, 1986). Of about 14 microspo-
ridian species found infecting humans, only four (E. cuniculi, E. hellem,
E. intestinalis and E. bieneusi) are specific to mammals, while others (e.g.
Vittaforma corneae, T. hominis, T. anthropophthera, A. algerae, Tibulinosema spp.,
Endoreticulatus-like microsporidium, and several organisms assembled under
the collective genus Microsporidium) are opportunists that have been acquired
by humans from insects or unknown hosts (Anane and Attouchi, 2010; Cali
and Takvorian, 2004; Canning and Lom, 1986; Coyle et al., 2004; Curry
et al., 2005; Didier, 2005; Didier et al., 2004; Didier and Weiss, 2006; Cali
et al.,2010; Choudhary et al.,2011; Fan et al., 2012; Field et al., 2012; Juarez
et al., 2005; Mathis et al., 2005; Meissner et al., 2012; Suankratay et al., 2012;
Viavra et al., 1998), or as in the case of Pleistophora ronneafiei, probably from
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fish (Cali and Takvorian, 2003). The ability of some mammalian microspo-
ridia to infect insect hosts (and thus possibly be of insect origin) has been
experimentally proved (Vavra et al., 2011; Weidner et al., 1999a).

4.4. Cryptic Existence Masks Wide Occurrence

Because of their cryptic existence in their hosts, only a relatively small
fraction of putatively extant microsporidia has been discovered to date.
Many infections pass unnoticed, either permanently or at least temporarily,
when the infections are mild and spore loads are low. This cryptic exis-
tence of microsporidia is shown most clearly by the use of molecular tech-
niques that allow sensitive diagnosis of low-level infections (Accoceberry
and D'Almeida-Fourquet, 2012; Franzen and Miiller, 1999; El-Matbouli
and Soliman, 2006; Hamiduzzaman et al., 2010; Refardt and Ebert, 2006;
ValenCikova et al., 2012; Weiss and Vossbrinck, 1999). Indeed, molecu-
lar techniques have shown microsporidia to be unexpectedly common
parasites. The human intestinal microsporidium E. bieneusi was originally
described as a rare, HIV-associated pathogen (Desportes et al., 1985). Pres-
ently, more than 90 genotypes of this organism, distinguished on the basis
of the hypervariable ITS region of the SSU rRINA gene, have been recog-
nised from a number of mammalian hosts, most of which exhibit no overt
clinical symptoms (Santin and Fayer, 2009a,b; 2011; Thellier and Breton,
2008). E. bieneusi actually may be one of the most common human parasites
with a prevalence attaining 58% in some populations (Nkinin et al., 2007).
Although most infections are inapparent, the association of this parasite with
diarrhoeal disease is well known (Akinbo et al.,2012; Ojuromi et al., 2012),
and recently the capacity of E. bieneusi to cause small food-borne epidem-
ics in immunocompetent subjects has been documented (Decraene et al.,
2012). The number of its genotypes recovered from humans continues to
rise (Sak et al., 2011b,c; Zhang et al., 2011). The widespread prevalence of
E. bieneusi is evidently due to its low host specificity, since no clear-cut asso-
ciation exists between its genotypes and specific hosts. Many genotypes, the
human-ones included, occur in several hosts: out of 12 genotypes identified
in humans in China, nearly one half occur also in animals, strongly indicat-
ing the possibility of zoonotic transmission (Zhang et al., 2011). Overall,
the tendency of genotypes to segregate according to the host species is
weak and is revealed only through the use of quantitative phylogenetic tests
(Widmer and Akiyoshi, 2010).

Another example of a cryptic, yet extensive occurrence is the presence
of the E. bieneusi, E. cuniculi, E. intestinalis and E. hellem DNA in birds.

Advances in Parasitology, First Edition, 2013, 253-319



294 Jifi Vavra and Julius Lukes

Eleven percent of feral pigeons in Amsterdam excrete spores of these micro-
sporidia in fecal droppings (Bart et al., 2008) and nearly 40% of droppings of
300 healthy pet birds were PCR-positive for the above species (Kasickova
et al., 2009). The actual prevalence of these cryptic infections may be even
higher as shown by PCR-based daily examination of individual droppings
of a group of budgerigars (Mellopsittacus undulatus) (Sak et al., 2010). All
birds excreted DNA of several microsporidian species during the whole
investigation period (one month), but respective parasite species DNAs
were excreted at irregular intervals in individual birds. The birds seemed
healthy and the necropsy search for microsporidia by histopathology was
negative, although various internal organs were PCR-positive (Sak et al.,
2010). Another example of the widespread occurrence of microsporidia is
that of wild mice. Sak et al. (2011¢) examined by PCR the intestinal con-
tents of nearly 300 specimens of the wild mouse, Mus musculus trapped in
Central Europe, and found the respective DNA of E. cuniculi, E. hellem and
E. bieneusi in 33% of the sampled individuals. Six percent of infected animals
contained more than one microsporidian species (Sak et al. 2011¢).

The cited examples of broad microsporidian occurrence suggest that
humans are exposed to microsporidia to a degree that is not fully appreci-
ated. This is documented in a recent survey for microsporidian DNA in a
healthy human population in the Czech Republic, a country with good
hygienic standards. Among 400 healthy people, 42% excreted microsporid-
ian DNA in their feces, with Encephalitozoon spp. being the most frequently
identified, followed by E. bieneusi (Sak et al., 2011a). In another longitudinal
study, a group of healthy persons with some occupational risk of contact
with animals was followed for three months on a weekly basis using PCR
and immunological methods. The study demonstrated convincingly that
microsporidian infections are widespread and long lasting: out of the 15
monitored individuals, 13 excreted spores in their feces and urine (13 and 7
of Encephalitozoon spp.and E. bieneusi, respectively), yet no clinical symptoms
were observed during the examination period (Sak et al., 2011b).

4.5. Strong Adaptation to Host Life Cycles and Biology

The mechanism for spore germination provides two ways for microsporidia
to infect the host. Most frequently, the host is infected horizontally by spores
that are acquired from the environment. Alternatively, infection occurs ver-
tically by transovarial transmission when sporoplasms are injected into ger-
minal cells of the gonads inside the parental organism. In some cases, mature
spores are found in eggs (Phelps and Goodwin, 2008). R emarkably, however,
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the sporoplasms injected into the germinal cells usually postpone their
development to the beginning of embryogenesis (Weiser, 1961). Although
horizontal transmission is most common, vertical transmission is apparently
underreported, and in many cases, microsporidia are transmitted both hori-
zontally and vertically (Dunn and Smith, 2001; Solter, 2006). The difterence
in virulence of ensuing infections is attributed to these respective trans-
mission ways. Species that rely principally on vertical transmission tend to
produce more cryptic infections and best represent the intimate relationship
between parasite and host. Several microsporidian species that infect gam-
marids (Crustacea: Amphipoda) are primarily transmitted vertically, and cause
feminisation of host males by preventing the development of their andro-
genic gland, thereby abolishing production of the hormone that is essential
for male development (Haine et al., 2004; Rodgers-Gray et al., 2004; Terry
et al.,2004). Feminisation of the host benefits the parasite because it is trans-
ovarially transmitted via the gonadal tissues of females (Bandi et al., 2001).
In developing embryos, microsporidia ensure their distribution in the host
by being segregated to specific daughter embryonal cells (Weedall et al.,
2006). The infection of daughter embryonal cells is secured by positioning
of the parasites along the axis of the nuclear spindle (Terry et al., 1999).
Feminisation not only favours the parasite by augmenting the number of
female individuals bearing infection, but unexpectedly seems to be advanta-
geous for the host because infected females of Gammarus roeseli breed earlier
in the reproductive season. This is the first case in which a positive effect of a
microsporidian infection on the host has been recorded (Haine et al., 2004,
2007). Surprisingly, however, this positive effect is dependent on infection
intensity: female gammarids have higher fecundity and more reproductive
bouts only at intermediate infection intensity. Neither light nor high intes-
nsity infections have the same effect (Ryan and Kohler, 2010).

In addition to the influence on the host sexual orientation mentioned
above, there are multiple additional impacts of microsporidia on hosts, and
consequently only a few examples can be given here. Microsporidia were
reported to influence the host transcriptome (Dussaubat et al., 2012) and
proteome (Biron et al.,2005), alter the courtship and shoaling of infected fish
(Pelabon et al., 2005;Ward et al., 2005) and change the swimming behaviour
of cladoceran crustacea (Makrushin, 2010; Vavra and Prazikova, 1983).
In insects, infection by microsporidia may extend the developmental period
of the host and lead to host-larval gigantism (Blaser and Schmid-Hempel,
2005; Down et al., 2008; Henn and Solter, 2000). The physiological reasons
for such extension are multiple and depend on the specific host, the parasite,
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the timing of infection and its dose (Henn and Solter, 2000). Analysis of
these factors is beyond the scope of this chapter but it is worth mention-
ing that some infections in insects, leading to extended larval development
and host gigantism, were originally explained by the parasite’s capacity to
physiologically manipulate production of the juvenile hormone in the host.
This may lead to the delay in moulting (Fisher and Sanborn, 1962, 1964).
This issue has been debated extensively and the metabolic stress caused by
the infection was proposed to be the factor that mimics the eftect of the
juvenile hormone (Henn and Solter, 2000; Issi and Tokarev, 2002; Seleznev,
2003; Karlhofer et al., 2012). Other reports, however, claim that infected
insect larvae have indeed elevated levels of the juvenile hormone, causing
extension of their pre-moulting time. This may allow the parasite to pro-
duce more spores and increase its reproductive fitness (Down et al., 2008).
Many interesting adaptations of microsporidia to their hosts and to their
life cycles have been described for species inhabiting the freshwater environ-
ment.The aquatic habitat significantly influences the distribution of infective
spores in the environment. Spores of numerous aquatic species are equipped
with mucous layers, sporal hairs, tubules or tails formed as outgrowth of
the exospore layer (Canning and Vavra, 2000;Vavra et al., 2005). The likely
function of these apendages is to serve as aids in buoyancy, thus helping to
retain the spores in the water column and influencing their accessibility and
uptake by the host. There are no experimental data in support of this func-
tion, except for an anecdotal case when microsporidian spores floating in
pond water were originally described as a planktonic alga (Lemmermann,
1900). However, their true identity was revealed only much later (Vavra
et al., 2005). In the aquatic environment, spores can pass from host to host
more easily, thus facilitating the complex life cycles involving several host
species. Such life cycles have been described (with several modifications) for
Amblyospora spp. that complete their life cycle by cycling between mosquito
larvae, copepods and mosquito female adults. Spore morphs, structurally so
distinct that they would be ranked into different genera, are formed in each
host and male killing allows transmission of infection from mosquito larvae
to copepods (Andreadis, 2005, 2007; Lukes and Vavra, 1990; Sweeney et al.,
1985). Similar life cycles may exist in many other aquatic microsporidia but
have yet to be discovered. For example, in some aquatic microcrustacea, the
spores fed to the original host do not cause infection. This provides circum-
stantial evidence that host exchange is evidently needed to perpetuate the
life cycle (Mangin et al., 1995; Refardt et al., 2002, 2008;Vavra, 1964;Vavra
and Larsson, 1994;Vavra et al., 2005; Wolinska et al., 2009). The examination
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of life cycles in this context would appear to be a major issue of future
microsporidian research.

5. ENVOI-THE‘MASTER PARASITES’

Microsporidia, a distinct form of life identified more than 150 years
ago, are an unprecedented resource for the investigating the mechanisms
involved in host-parasite interactions. These organisms developed morpho-
logical characteristics and life-cycle strategies that are totally different from
fungi (probably their sister taxon) and to some extent, are also unique in
the world of protists. Evolution of the injection apparatus and its projectile
movement enabled microsporidia to colonise the intracellular niche of ani-
mal cells, to become intracytoplasmic parasites totally dependent on the host
cell, and resembling, at a certain phase of the life cycle, intracytoplasmic sym-
bionts. Upon entering into the new environment of the intracytoplasmic
space, microsporidia gained an unprecedented ecological opportunity, which
enabled them to quickly radiate. Their intracellular existence also allowed
them to reduce certain elements of their cell structures and genomes, in
some cases to the minimum required for eukaryotic existence. The availabil-
ity of a wide variety of animal and protistan hosts and host tissues provided
microsporidians with a vast opportunity to adapt to individual hosts and
tissues and also to evolve rapidly and readily disseminate from host to host.
We suggest that the accelerated evolution of these ubiquitous parasites was
facilitated by their ability to produce infective spores that vary in their readi-
ness to germinate. Microsporidia are considered to be very specific parasites,
intimately adapted to their host species, specific tissues and even specific
cell compartments. Nevertheless, they are constantly probing the environ-
ment by stochastically germinating spores, thus providing the potential to
infect new hosts and new tissue sites. We speculate that the ability to produce
spores of different germination readiness has been the key factor allowing
microsporidia to radiate and to become one of the most common parasites
of animals.

Microsporidia also provide a rich ground for further research. Having
undergone dramatic reductive evolutionary events, microsporidia represent
a fascinating model to study molecular, genome and cellular evolution. Vast
numbers of microsporidia species remain to be discovered. Despite their
abundance in nature, their relationship to the fungi has not yet been fully
resolved, life cycles of many species remain to be clarified and interactions
with their hosts need to be more precisely analysed using modern methods.
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6. CONCLUSION

Microsporidia are unique organisms that can serve as models for a
more thorough understanding of the, living-together, biological phenomenon.
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