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Abstract
Microsporidia are intracellular eukaryotic parasites of animals, characterized by unusual morphological and genetic features.
They can be divided in three main groups, the classical microsporidians presenting all the features of the phylum and two putative
primitive groups, the chytridiopsids and metchnikovellids. Microsporidia originated from microsporidia-like organisms belong-
ing to a lineage of chytrid-like endoparasites basal or sister to the Fungi. Genetic and genomic data are available for all members,
except chytridiopsids. Herein, we filled this gap by obtaining the rDNA sequence (SSU-ITS-partial LSU) of Chytridiopsis
typographi (Chytridiopsida), a parasite of bark beetles. Our rDNA molecular phylogenies indicate that Chytridiopsis branches
earlier than metchnikovellids, commonly thought ancestral, forming the more basal lineage of the Microsporidia. Furthermore,
our structural analyses showed that only classical microsporidians present 16S-like SSU rRNA and 5.8S/LSU rRNA gene fusion,
whereas the standard eukaryote rRNA gene structure, although slightly reduced, is still preserved in the primitive
microsporidians, including 18S-like SSU rRNA with conserved core helices, and ITS2-like separating 5.8S from LSU.
Overall, our results are consistent with the scenario of an evolution frommicrosporidia-like rozellids tomicrosporidians, however
suggesting for metchnikovellids a derived position, probably related to marine transition and adaptation to hyperparasitism. The
genetic and genomic data of additional members of Chytridiopsida and Rozellomycota will be of great value, not only to resolve
phylogenetic relationships but also to improve our understanding of the evolution of these fascinating organisms.
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Introduction

Microsporidia are obligate intracellular eukaryotic parasites of
virtually all animals, including humans, and of some protists
such as ciliates and gregarines (Alveolata). They are charac-
terized by a distinct structure of the spore with its invasion
apparatus, an extreme genome compaction and high genetic
mutation rates (Corradi 2015; Vávra and Lukeš 2013; Han and
Weiss 2017).Microsporidia are highly dependent on their host
cell for metabolic processes and energy supply, because of
massive nuclear gene losses and reduction of mitochondria
to DNA-free mitosomes during their evolution (Katinka
et al. 2001; Williams et al. 2002; Keeling et al. 2010;
Cuomo et al. 2012). They steal ATP from the host through
nucleotide translocases of bacterial origin that were integrated
by an ancient horizontal transfer from the energy parasites
Chlamydiae (Tsaousis et al. 2008).

The infective stage is a unicellular walled spore that pre-
sents a peculiar invasion apparatus consisting of a polar fila-
ment attached to a polar sac containing an anchoring disk and
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associatedmembraneous structures such as a polaroplast and a
posterior vacuole. After an appropriate stimulus, the mem-
branes swell and push the filament, which is rapidly everted
towards the outside to pierce the host cell plasma membrane/
phagosome, allowing the passage of the spore content
(sporoplasm) (Franzen 2004; Xu and Weiss 2005). In the host
cell, the sporoplasm begins a series of divisions (merogony),
and the progeny finally enters a maturation phase with the
formation of thick-membraned sporonts from which originate
the sporoblasts, which will successively form new spores
(sporogony) (Vávra and Lukeš 2013; Han and Weiss 2017).

Such distinct cytology, coupled to ultrastructural and de-
velopmental characteristics, founded the historical basis of the
high-level classification ofMicrosporidia. However, this latter
has been modified several times, and it still does not fit well
with the genetic data. Current molecular phylogenies based on
the small subunit rRNA gene (SSU rDNA) sequences allowed
to identify five major groups, which include most of the
known species (over 1500 in about 200 genera) presenting
the typical characteristics of the phylum, the so-called classi-
cal Microsporidia. The remaining microsporidians include
two poorly studied groups, the metchnikovellids and the
chytridiopsids (each comprising less than 30 species included
in a dozen of genera in total), that have unusual features and
are commonly considered to be primitive (Larsson 2014).

At the same time, the morphological uniqueness of
Microsporidia has rendered difficult to find clear affinities
with any other lineage, so that their origin and evolution have
remained enigmatic for a long time. Various studies have sug-
gested some relationships with different fungal groups, but
only recently, it was possible to establish a reliable link with
Rozella, which are chytrid-like endoparasites of water molds
and algae forming the most basal lineage of flagellated fungi
(James et al. 2013). This evolutionary link was subsequently
strengthened by the discovery within the Rozellomycota of
microsporidia-like organisms that have strong morphological
similarities with Microsporidia while keeping genetic
characteristics of fungi: Paramicrosporidium spp. and
Nucleophaga spp., both endonuclear parasites of free-
living amoebae (Amoebozoa) (Corsaro et al. 2014a, b,
2016), and Mitosporidium daphniae, an intracytoplasmic gut
parasite of the water flea Daphnia magna (Crustacea) (Haag
et al. 2014). Phylogenetic analyses based on the rDNA indi-
cate that the Rozellomycota are paraphyletic and that the
Microsporidia have evolved from them, Nucleophaga being
their closest relative (Corsaro et al. 2014a, 2016). Genome-
scale studies are congruent with this scenario and show that
multiple adaptations to intracellular parasitism have occurred
in the group (Quandt et al. 2017). The microsporidia-like
Mitosporidium (Haag et al. 2014) and Paramicrosporidium
(Quandt et al. 2017) both have mitochondria that are probably
functional although not visible, but with differentially derived
mitogenomes. The one of Mitosporidium is slightly reduced

and very similar to that of Rozella (James et al. 2013) while
that of Paramicrosporidium being complete for mitochondrial
respiration (Quandt et al. 2017). Also, both Mitosporidium
and Paramicrosporidium are lacking genes for the nucleotide
translocase that Rozella shares with all Microsporidia (James
et al. 2013; Haag et al. 2014; Quandt et al. 2017). The
translocase genes, however, are lacking also in the (partial)
genome of Amphiamblys (Metchnikovellida), which other-
wise appears to have a typical microsporidial mitosome
(Mikhailov et al. 2016). The metchnikovellids are considered
to be the more primitive microsporidians, and in the multigene
tree, Amphiamblys indeed forms the sister group of the classi-
cal microsporidians while Mitosporidium branches earlier
(Mikhailov et al. 2016).

The order Metchnikovellida comprises two families
(Amphiacanthidae and Metchnikovellidae) of hyperparasites
of gregarines, the latter being all epicellular parasites of body
cavities of mostly marine annelids (eunicids, phyllodocids,
opheliids, capitellids, echiurids, and sipunculids) (Larsson
2014). Metchnikovellids have unusual structural and develop-
mental features that suggest their possible ancestral status to
be treated as a monotypic group, the class Rudimicrosporea
(Sprague 1977). They have indeed a spore with a short polar
filament without the coiled region (manubroid) that penetrates
a polar sac devoid of anchoring disk and no polaroplast and
posterior vacuole. The life cycle lacks a merogonic phase and
includes two sporogonic sequences, a free sporogony produc-
ing free spores within the host gregarine cell, and an
enveloped or sac-bound sporogony where spores accumulate
in thick-walled cysts or spore sacs that are thus released from
the gregarine host (Larsson 2000; Larsson and Køie 2006;
Sokolova et al. 2013, 2014).

Many of these atypical features are also present in the order
Chytridiopsida, which includes four families (Burkeidae,
Buxtehudiidae, Chytridiopsidae, and Hesseidae) of
microsporidians infecting mainly terrestrial arthropods like
insects, mites and myriapods, or annelids (De Puytorac and
Tourret 1963; Burke 1970; Beard et al. 1990; Larsson et al.
1997; Radek et al. 2015). The polar filament is usually short
and coiled and attached to a simple polar sac, the posterior
vacuole is lacking, and the polaroplast is highly reduced or
missing. The life cycle generally lacks merogony but includes
always an enveloped sporogony (spores in a sporocyst), some
taxa (Buxtehudea,Chytridiopsis) having also a free sporogony
(spores free in the host cell). Another feature common to both
metchnikovellids and chytridiopsids is the spore formation in
the enveloped sporogony. Spores are formed through vacuo-
lation of sporont mother cells (endogenous sporogony) where
the plasma membrane of the sporont will remain as the inner
layer of the cyst while vacuoles will form the plasma mem-
brane of the sporoblasts. In classical microsporidians, the plas-
ma membrane of the sporoblasts originates from that of the
sporont. All these features suggest that the Metchnikovellida
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and the Chytridiopsida are distinct but likely related groups
and that together they are separated from the classical
Microsporidia (Weiser 1977; Larsson 1993, 2000).

Recently, SSU rDNA sequences and even the genome of
Metchnikovellida have been obtained, leaving Chytridiopsida
as the sole group for which genetic data are lacking. Since
Metchnikovellida and Chytridiopsida, both have overall sim-
ilarities with the microsporidia-like organisms, clarifying the
phylogenetic position of Chytridiopsida by molecular analy-
ses may have significant implications to elucidate relation-
ships among basal microsporidians. The representative genus
of the group, Chytridiopsis (Chytridiopsidae), comprises
mostly pathogens of insects, with Chytridiopsis typographi
being a common pathogen of midgut epithelial cells of bark
beetles and widely distributed throughout Europe (Purrini and
Weiser 1985; Wegensteiner and Weiser 1996; Wegensteiner
et al. 2015). Herein, we obtained the rDNA sequence of
Chytridiopsis typographi from naturally infected bark beetle
hosts. We used SSU and rDNA unit (SSU + 5.8S + LSU) to
infer molecular phylogeny of microsporidians and allied line-
ages, we compared the internal transcribed spacer (ITS) struc-
tures, and we discussed evolutionary hypotheses on the ori-
gins and evolution of microsporidians.

Material and methods

Sample origin and processing

Individuals of the European spruce engraver Ips typographus
(Coleoptera: Curculionidae), an important conifer forest pest
insect, were collected on July 11–13, 2016, at sites in Poland
close to Serpelice (Mazowieckie) (52°18′41″ N 23°01′21″ E),
and Białowieża (Podlaskie) (52°40′12″ N 23°46′12″ E).
Infection by C. typographiwas revealed by microscopic anal-
ysis of intestines (Fig. 1) (Wegensteiner et al. 1996). Midgut
samples from infected individuals were stored in ethanol and
processed for DNA extraction.

Spores of C. typographi were isolated from altogether six
infected midguts. In brief, the ethanol was removed, and the
samples were dissolved in 200 μl sterile dH2O (Sigma-
Aldrich, Vienna, Austria). Subsequently, the midgut tissue
was disrupted by 3 cycles of freeze-thawing and the spores
were separated from the host tissue cells by differential cen-
trifugation. Both the supernatants and the pellets were collect-
ed for further analysis. The pellets were dissolved in 200 μl of
sterile dH2O, homogenized using a Precellys bead homoge-
nizer (PeqLab, Erlangen, Germany), and subjected to DNA
isolation using the QIAmp DNA isolation kit (Qiagen,
Vienna, Austria) following the procedure for tissue. From
the supernatants, DNA was isolated using the Precellys
Bacterial/Fungal DNA isolation kit (PeqLab, Erlangen,
Germany) following the procedure for fungal spores.

Phylogenetic analysis

The rRNA operon was amplified and sequenced by using a set
of eukaryotic primers to cover the complete SSU, the ITS, and
partial large subunit (LSU) rDNA, as described previously
(Corsaro et al. 2014a). The forward and reverse primers that
worked for the metchnikovellids (Mikhailov et al. 2016) were
also used. The various fragments obtained were analyzed by
BLAST and partial tree-building to exclude DNA sequences
originating from the beetle or other possible organisms.
Fragments from distinct samples were virtually identical
(> 99.9%) in their overlapping portions. Thus, a consen-
sus sequence was generated. The finished rDNA se-
quence of Chytridiopsis was deposited in GenBank (ID
MH728789).

The SSU rDNA sequences of representatives of main
groups of the microsporidians and their relatives were
aligned using MAFFT and manually refined to exclude
ambiguous sites using BIOEDIT. A distinct alignment
was prepared as above by concatenating SSU, 5.8S, and
LSU sequences of selected members of the analyzed taxa.
We used MrBayes (Ronquist and Huelsenbeck 2003) and
maximum likelihood (ML) for phylogenetic analyses. The
MrBayes analysis was performed using the GTR model of
substitution (Lanave et al. 1984) and gamma-shaped

Fig. 1 Chytridiopsis typographi infecting the bark beetle Ips typographus
(histological section). a C. typographi developing in midgut epithelium
cells of I. typographus. b Spores ofC. typographi free in an epithelial cell
(arrow) and enclosed in a sporocyst. Free spores and sporocysts are indi-
cated by white and black arrowheads, respectively. Toluidine blue stain.
Scale bar = 10 μm
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distribution of rates of substitution among sites with eight
rate categories (GTR + Γ:8). The Bayesian analysis was
performed for 20,000,000 generations and sampled every
2000 generations for four simultaneous MCMC chains
(burn-in = 1000). The ML tree was built using a GTR +
Γ + I:4 model with Treefinder (Jobb et al. 2004), with
1000 bootstraps.

Secondary structure analyses

Secondary structures of SSU rRNA, ITS-2, and 5.8S/LSU
interactions were inferred manually and with the help of
Mfold following literature data (Coleman 2007; Vaughn
et al. 1984; Wuyts et al. 2001; Corsaro et al. 2014a). Final
structures were drawn using RnaViz (De Rijk et al. 2003).

Results

Molecular phylogeny

As for Paramicrosporidium, trials with microsporidia-
specific primers yielded no results and the rDNA (SSU-
ITS-partial LSU) of Chytridiopsis was obtained using
eukaryotic primers (Corsaro et al. 2014a). For the SSU
rDNA, sequence similarity values of Chytridiopsis are
~ 61 and 57% with Amphiamblys and Amphiacantha,
respectively, and slightly higher (~ 65%) with Nucleophaga.
In the SSU rDNA tree (Fig. 2), the main fungal phyla are
generally recovered as highly supported lineages, and the
Microsporidia form a clade with Rozellomycota, as shown
previously (James et al. 2013; Corsaro et al. 2014a, 2016;
Mikhailov et al. 2016). As expected, classical microsporidians
and metchnikovellids both form long branches each
grouping into fully supported holophyletic lineages.
Within the classical microsporidians, four of the five
clades are well recovered, while clade II members form
two distinct lineages. Surprisingly, Chytridiopsis emerges as
the most basal branch of Microsporidia, metchnikovellids and
classical microsporidians are sisters, and the environmental
clone BAQA65 from a brackish anoxic sediment, which was
shown previously to be related to Microsporidia (Dawson and
Pace 2002), forms an intermediate lineage. Nucleophaga ap-
pears to be the closest relative to Microsporidia, in agreement
with previous studies (Corsaro et al. 2016; Grossart et al.
2016; Mikhailov et al. 2016; Stentiford et al. 2017), which
also show that among the Rozellomycota, the microsporidia-
like organisms (i.e., Mitosporidium, Nucleophaga,
Paramicrosporidium) never form a clade but are instead
intermingled with distinct groups of environmental clones
some of which (i.e., LKM11, LKM46) have a flagellate
chytrid-like stage (Corsaro et al. 2014a, b, 2016; Grossart
et al. 2016; Stentiford et al. 2017).

The rDNA unit (SSU + 5.8S + LSU) tree (Fig. 3) con-
firms the sisterhood of classical microsporidians and
metchnikovellids (Amphiamblys), and the basal position of
Chytridiopsis, whereas the position of Nucleophaga as the
closest relative is less supported, presumably because only a
short portion (< 300 nt) of the LSU was obtained.

SSU rRNA secondary structure

Secondary structures for the SSU rRNA of Chytridiopsis and
the metchnikovellids Amphiacantha and Amphiamblys were
determined and compared with those of classical
microsporidians available at the Comparative RNAWeb site
(http://www.rna.icmb.utexas.edu).

Microsporidian rRNA sequences are known for their dras-
tic reduction in the eukaryotic core structure helices (Wuyts
et al. 2001). Notably, in their SSU rRNA, H10 is almost al-
ways missing, and when E23 is present, it has only one ex-
pansion (E23/1). Overall, these modifications seem to be in
agreement with the phylogenetic position of classical
microsporidians, basal groups (e.g., Bacill idium ,
Bryonosema) having often less reduced structures compared
to advanced groups (e.g., Nosema , Orthosomella ,
Vairimorpha).

TheChytridiopsis SSU rRNA, although shorter (1557 nt)
than a typical eukaryotic sequence, keeps the entire core
structure helices, except for H27 that is missing, and it also
presents up to five expansion loops in E23 (Fig. 4). A sim-
ilar structure is present in Amphiacantha (1690 nt), which
also keeps all helices, but H27 shows four expansion loops
in E23 and also two others between H43 and H44 (E43/1
and E43/2) (Suppl. Fig. 1). The structure of the other avail-
able Amphiacantha (1460 nt) is almost identical, lacking
H46 and E43 and having only two loops in E23. The shorter
Amphiamblys SSU (~ 1370 nt) presents a slightly reduced
structure, lacking H10, H18, and H44 but possessing H27
and only E23/1 (Suppl. Fig. 2). On the other hand, the SSU
rRNA sequences of Mitosporidium, Nucleophaga, and
Paramicrosporidium have typical eukaryotic sizes (~
1800 nt) and are easily alignable with that of Rozella, all
having a complete set of eukaryotic structure helices.

�Fig. 2 SSU phylogenetic tree of Fungi and relatives (holomycotans). The
main fungal phyla are indicated in uppercase, and the main subgroups of
Microsporidia are highlighted by distinctly shaded areas. For the classical
Microsporidia, clades I, III, IV, and V are indicated. The recovered
sequence for Chytridiopsis is in bold. The tree is rooted with members
of holozoans (collapsed). In Rozellomycota, subgroups are named
according to Corsaro et al. (2016), and icons mark those for which the
spore type is known. Support values for Bayesian posterior probability
and maximum likelihood bootstraps (1000 replicates) are indicated at
nodes, with values 1/100% or 0.90/95% (filled or open circles,
respectively)
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Fig. 3 Phylogenetic tree of Microsporidia and relatives based on rDNA unit (SSU + 5.8S + LSU). Symbols as in Fig. 2
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Fig. 4 Secondary structure of the SSU rRNA of Chytridiopsis typographi. Stems and helices were numbered according to Wuyts et al. (2001). The 5′-
end (22 nt) was determined with the eukaryotic forward primer used to amplify SSU of metchnikovellids (Mikhailov et al. 2016)
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ITS structure and 5.8S/LSU interaction

Microsporidia are characterized by lacking a separated 5.8S
rRNA gene, which is almost always fused to the 5′-end of the
LSU rDNA, a feature resembling the prokaryote condition but
that originated by the loss of the ITS-2.We sequenced ITS and
partial LSU rDNA ofChytridiopsis, in order to obtain the 5.8S
rRNA gene, to verify the presence of ITS-2, and to model the
5.8S/LSU interaction. The various gene portions were ana-
lyzed according to previous studies (Coleman 2007; Vaughn
et al. 1984; Corsaro et al. 2014a) and, for comparison, the
analysis included available sequences of Rozella allomycis,
Paramicrosporidium saccamoebae, and Nucleophaga
terricolae (Corsaro et al. 2014a, 2016; this study) for
Rozellomycota, Amphiamblys sp. (Mikhailov et al. 2016) for
Metchnikovellida, and Bryonosema plumatellae (Genbank ID
AF484691) (Canning et al. 2002) for classical Microsporidia.

For Chytridiopsis, we found that 5.8S and LSU rRNA
genes are separated by 102 nt, which is nearly twofold the
lengths found in the two Amphiamblys spp. (47 and 64 nt).
In our reconstructions (Fig. 5), insertion sequences of
Chytridiopsis and both Amphiamblys spp. form structures
with three or two helices, respectively. Pyrimidine-
pyrimidine bulge typical of ITS-2 helix II (Coleman 2007) is
only recognizable in the four-helix structure of Rozella as well
as in three-helix models of Paramicrosporidium and
Nucleophaga. The ITS region is not available for
Mitosporidium. However, by considering its 5.8S and LSU
rDNA portions, we can predict that Mitosporidium also has
ITS-2. As expected, in Bryonosema, ITS-2 is lacking and
secondary structures are formed only by the LSU and its 5′-
end portion corresponding to the 5.8S.

Discussion

Classical microsporidians have been known since the middle
of the nineteenth century and early recognized as a distinct
group based on their peculiar spore with a coiled polar fila-
ment that discharges (Thélohan 1894). This feature, however,
was not visible for metchnikovellids and chytridiopsids, also
known from the end of the nineteenth century. Both groups
were assigned to the Microsporidia only when, in the 1960s,
electron microscopy studies allowed to show their
microsporidian ultrastructure (Vivier 1965; Manier and
Ormieres 1968). Nevertheless, metchnikovellids and
chytridiopsids differ from classical microsporidians by shar-
ing some structural and developmental traits presumably
primitive, like very short polar filaments, polaroplast absent
or poorly developed, and endogenous sporogony by vacuola-
tion in the spore sac. They have thus been considered as prim-
itive, usually placing metchnikovellids as the ancestral lineage

and chytridiopsids as an intermediate group (Sprague 1977;
Weiser 1977; Larsson 2000; Sokolova et al. 2014).

Results presented here, while confirming some affinity be-
tween metchnikovellids and chytridiopsids as well as their
basal position, modify this scenario, suggesting that they are
in a reversal place. In both SSU and rDNAunit (SSU + 5.8S +
LSU) phylogenies (Figs. 2 and 3), metchnikovellids are clear-
ly a distinct lineage, sister to classic microsporidians, as it was
shown by previous phylogenomic analyses (Mikhailov et al.
2016), while Chytridiopsis branches earlier forming the most
basal lineage of the Microsporidia. Such an unexpected phy-
logenetic result is, however, congruent with the structures of
the rRNA genes of the different taxa we analyzed. Indeed,
only classical microsporidians have the rRNA operon of
prokaryote-like size and structure, i.e., 16S-like SSU and
23S-like LSU with 5.8S rRNA genes fused at 5′-end. By con-
trast, Ampiacantha and Chytridiopsis, both have rather a 18S-
like SSU rRNA keeping the eukaryote core helices (Fig. 4,
Suppl. Fig. 1). Although the SSU rRNA of Amphiamblys is
reduced in size and structure, its rRNA operon, however, has
the 5.8S separated from the LSU by a short (64 nt) ITS2-like
fragment; a longer (102 nt) and more complex ITS2-like frag-
ment is present in Chytridiopsis (Fig. 5). This is congruent
with the progressive reduction in size and structure of the
ITS-2 from the ~ 300 nt of chytrids (~ 250 nt for Rozella), to
the ~ 150 nt of microsporidia-like rozellids (129 nt for
Paramicrosporidium; 169 nt for Nucleophaga) until its com-
plete disappearance in classical microsporidians leading to the
5.8S/LSU rRNA gene fusion (Corsaro et al. 2014a).

A relative rate test conducted on SSU rDNA se-
quences also indicates progressive value increasing with
accelerated mutation rates starting with the primitive
microsporidians. Nucleophaga evolves ~ 2.5 times faster
than Paramicrosporidium and Mitosporidium, while
Chytridiopsis and metchnikovellids (Amphiacantha and
Amphiamblys) are 5–10 and 10–15 times faster than the three
microsporidia-like rozellids, respectively. Metchnikovellids
are only twofold faster than Chytridiopsis, suggesting,
however, they are evolving more rapidly. As expected,
classical microsporidians (Bryonosema and Larssonia)
show the higher values, up to 20-fold with respect to the
microsporidia-like rozellids, only 2–3-fold with respect to
the primitive microsporidians. Obviously, future availability
of protein-coding genes will allow a better calibration of such
values.

Furthermore, the earlier branching of Chytridiopsis would
also allow a better explanation of the transition from the
rozellids to microsporidians. It is now clear that traits thought
to be synapomorphic to Microsporidia (Vávra and Lukeš
2013) have appeared, perhaps more than once, in
Rozellomycota (Corsaro et al. 2014a, 2016; Haag et al.
2014). Thesemicrosporidia-like rozellids, having a rather long
albeit atypical polar filament, appear morphologically more
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similar to Chytridiopsis than to the metchnikovellids, which
are characterized by the manubrium. This is especially evident
for Mitosporidium, which could have been classified as a

member of Chytridiopsida in the absence of genetic data. All
this implies that the typical characteristics of the
Metchnikovellida, commonly thought to be primitive, could
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actually be the result of their evolution as hyperparasites of
gregarines. The hypothesis that gregarines might have served
as Trojan horses for the dispersal of microsporidians from
marine and brackish water annelids to terrestrial arthropods
(Sokolova et al. 2013) appears thus invalidated. It is easier
to imagine that the evolutionary steps have occurred in the
freshwater, an environment common to all the different
groups, accompanied by adaptations to their different hosts.
Free-living amoebae could have been a more suitable transfer
host, as they are ubiquitous in both aquatic and terrestrial
environments. Some amoebae (e.g., Acanthamoeba,
Malamoeba, Neoparamoeba) can infect invertebrates, and
various genera of Amoebozoa are known as hosts of the
microsporidia-like Paramicrosporidium and Nucleophaga.
Most of the environmental rozellid clones were recovered in
freshwater habitats, and Mitosporidium infects Daphnia, a
freshwater crustacean. The more basal lineage of the
classical microsporidians (e.g., Bacillidium, Bryonosema,
Systenostrema) also have as dominant hosts various freshwa-
ter invertebrates such as bryozoans, tubificid annelids, and
aquatic stages of insects (Canning et al. 2002; Morris et al.
2005; Sokolova et al. 2006). Although chytridiopsids infect
mainly terrestrial arthropods, a few species have been found in
freshwater invertebrates: Chytridiopsis aquaticus and
Chytridiopsis trichopterae infect aquatic larvae of insects,
Sheriffia brachynema infects the freshwater snail
Biomphalaria glabrata, and Jiroveciana limnodrili infects tu-
bificid annelids (Larsson 1993, 2014). Another chytridiopsid,
Buxtehudea scaniae , infects bristletails, primitive
archeognathe insects living on seashores (Larsson 1980).
Metchnikovellids evolved probably after a freshwater-to-
marine transition, and the clone BAQA65 from a brackish
anoxic sediment (Dawson and Pace 2002) could represent
an intermediate step.

The genetic/genomic characterization of other members of
the Chytridiopsida will be necessary to determine if they form
a coherent group and to confirm their apparent basal position.
In addition, significant efforts should be devoted to the isola-
tion and characterization of members of the many rozellid
lineages known only by their sequences. In this perspective,
it may be interesting to note that, beside Nucleophaga
(Dangeard 1895), several other parasitic Bchytrids^ have been
described in the ancient literature (Sparrow 1960) that could
belong to this group. Some like Plasmophagus and
Dictyomorpha, which are parasites of green algae or
oomycetes, respectively, are very similar to Rozella, with
which they could be affiliated (Blackwell et al. 2016, 2017).
And at least one other enigmatic organism, Sagittospora, par-
asite of ciliates, lacks a flagellate stage and shows some re-
semblance to Microsporidia (Lubinsky 1955). Whether these
organisms are members of Rozellomycota or not, this indi-
cates, however, that they are more diverse than expected and
that they can be finally isolated. This will allow a finest

knowledge of their real morphological diversity, and a better
resolution of the relationships among microsporidia-like
rozellids and basal microsporidians, avoiding forced interpre-
tations (Bass et al. 2018). It is obvious that only genome-scale
studies will allow to elucidate some fundamental steps like the
origin of the polar filament or the loss of functional mitochon-
dria, contributing to future works in the higher systematics of
the entire lineage.
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