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Canonical microsporidians are a group of obligate intracellular parasites of a wide range of hosts compris-
ing ~1,300 species of >220 genera. Microsporidians are related to fungi, and many characterised and
uncharacterized groups closely related to them have been discovered recently, filling the knowledge gaps
between them. These groups assigned to the superphylum Opisthosporidia have provided several impor-
tant insights into the evolution of diverse intracellular parasitic lineages within the tree of eukaryotes.
The most studied among opisthosporidians, canonical microsporidians, were known to science more than
160 years ago, however, the classification of canonical Microsporidia has been challenging due to com-
mon morphological homoplasy, and accelerated evolutionary rates. Instead of morphological characters,
ssrRNA sequences have been used as the primary data for the classification of canonical microsporidians.
Previous studies have produced a useful backbone of the microsporidian phylogeny, but provided only
some nodal support, causing some confusion. Here, we reconstructed phylogenetic trees of canonical
microsporidians using Bayesian and Maximum Likelihood inferences. We included rRNA sequences of
126 described/named genera, by far the broadest taxon coverage to date. Overall, our trees show similar
topology and recovered four of the five main clades demonstrated in previous studies (Clades 1, 3, 4 and
5). Family level clades were well resolved within each major clade, but many were discordant with the
recently revised classification. Therefore, revision and some reshuffling, especially within and between
Clades 1 and 3 are required. We also reconstructed phylogenetic trees of Opisthosporidia to better inte-
grate the evolutionary history of canonical microsporidians in a broader context. We discuss several traits
shared only by canonical microsporidians that may have contributed to their striking ecological success
in diverse metazoans. More targeted studies on the neglected host groups will be of value for a better
understanding of the evolutionary history of these interesting intracellular parasites.

� 2021 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

‘Canonical (=classical/derived/higher)’ microsporidians are a
monophyletic group of highly specialised intracellular parasites
that infect a wide range of hosts. As the name implies, canonical
microsporidians include lineages that were first discovered and
ones that share common characteristics with those lineages, differ-
entiating them from ‘microsporidia-like organisms’ that are mor-
phologically and genetically similar to them but distinct. All
canonical microsporidians share several common characteristics
including a compact genome (with some variability; see Wadi
and Reinke, 2020), highly reduced mitochondria (mitosomes), the
presence of ADP/ATP transporters and well developed polar tubes
(Vossbrinck et al., 2014; Dean et al., 2016; Tamim El Jarkass and
Reinke, 2020).
The existence of Microsporidia has been known since the 19th
century due to their devastating impact on animals of economic
importance such as silkworms and fishes (Pasteur, 1870;
Sandholzer et al., 1945; Naegeli, 1957). During the last >160 years,
more than 1,300 species have been described from >220 genera
(Franzen, 2008; Becnel et al., 2014), including at least 17 human-
infecting species (Stentiford et al., 2016). Microsporidians are com-
mon in arthropod and chordate hosts, but they have been found
from almost all animal phyla (Stentiford et al., 2013b; Becnel
et al., 2014; Snowden, 2014), including Acanthocephala (de
Buron et al., 1990), Annelida (Larsson, 1992), Bryozoa (Desser
et al., 2004), Cnidaria (Clausen, 2000), Gastrotricha (Manylov,
1999), Kinoryncha (Adrianov and Rybakov, 1992), Mesozoa
(Czaker, 1997), Mollusca (Sagristà et al., 1998), Nematoda
(Ardila-Garcia and Fast, 2012), Phoronida (Temereva and
Sokolova, 2018), Platyhelminthes (Levron et al., 2005), and Rotifera
(Gorbunov and Kosova, 2001). Although this is rare (based on our
current knowledge), some canonical microsporidians have been
found in Ciliophora, so far the only known non-metazoan host
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group for these parasites (Foissner and Foissner, 1995; Fokin et al.,
2008).

Despite their well recognised diversity, resolving the phyloge-
netic position of canonical microsporidians within the tree of life
has been challenging, especially due to fast evolutionary rates in
ssrRNA gene(s) that often cause a long-branch attraction (LBA)
problem (Lartillot et al., 2007). Their phylogenetic affinity to Fungi
has now been widely accepted (Edlind et al., 1996; Keeling and
Doolittle, 1996), however their phylogenetic placement in relation
to their close relatives and with or within Fungi still remain to be
fully resolved. About a decade ago, it was shown that a clade con-
taining Rozella (parasites of Chytridiomycetes, Blastocla-
diomycetes, and Oomycetes) and many unidentified
environmental sequences formed a monophyletic group closely
related to Fungi, and this group has been referred to as Rozellida
(Lara et al., 2010). Later, the phylum Rozellomycota (=Cryptomy-
cota) was proposed for this group (Jones et al., 2011; Corsaro
et al., 2014b). After the characterization of Aphelida (parasites of
algae), the Superphylum ‘Opisthosporidia’ was proposed to encom-
pass Aphelida, Rozellida, and Microsporidia (the so-called ARM
clade), which are closely related and branched near the base of
the fungal radiation (James et al., 2013; Karpov et al., 2014).

Some Microsporidia-like organisms such as Paramicrosporidium,
Mitosporidium, and Nucleophaga have been both morphologically
and genetically characterised, providing important insights into
the specialisation and evolutionary trait reduction within
Opisthosporidia (Corsaro et al., 2014a; Haag et al., 2014; Galindo
et al., 2018). Bass et al. (2018) proposed the concept of ‘expanded
Microsporidia’ to include all these groups together with canonical
Microsporidia, which are in a robust monophyletic group sister to
Rozella. These Microsporidia-like organisms branched between
Rozella and canonical Microsporidia, having short branches in the
ssrRNA trees, and therefore they have been referred to as short-
branch Microsporidia (SB-Microsporidia) in contrast to canonical
Microsporidia, which have long branches (therefore canonical
Microsporidia were named ‘LB-Microsporidia’ in Bass et al.,
2018). Metchnikovellids and Chytridiopsis, which have also long
been known, but only recently genetically characterised, were con-
firmed as the closest relatives of canonical Microsporidia
(Mikhailov et al., 2017; Galindo et al., 2018; Corsaro et al., 2019).

The ribosome is essential to all life and therefore core units are
still conserved in canonical Microsporidia, even though they are
significantly reduced in size and are highly divergent
(Peyretaillade et al., 1998; Bowman et al., 2020). Canonical
microsporidians have a prokaryote-like rRNA with a fused
lsrRNA-5.8S rRNA (Vossbrinck and Woese, 1986). A comparison
of the secondary structure of the rRNA of microsporidians and their
relatives shows that extreme reduction occurred only in the lin-
eage of canonical microsporidians (Corsaro et al., 2019). Metch-
nikovellids and Chytridiopsis also have long branches in ssrRNA
trees, but their ribosomal DNAs are similar to that of other eukary-
otes in structure and size (Corsaro et al., 2019). Despite the differ-
ences in size, these highly conserved orthologous fragments of
rRNA provide valuable information on phylogenetic relationships
among these divergent groups. Within canonical microsporidians,
ssrRNA sequences have been used as primary data for higher clas-
sification as morphological characters traditionally used for identi-
fication show common homoplasy (Stentiford et al., 2013b;
Vossbrinck et al., 2014).

Previous phylogenetic studies based on ssrRNA sequences have
played an important role in the classification of canonical Micro-
sporidia. The first ssrRNA tree of Microsporidia was inferred with
five species using the maximum parsimony (MP) method
(Vossbrinck et al., 1993). Later, Vossbrinck and Debrunner-
Vossbrinck (2005) constructed neighbour joining (NJ) and MP trees
based on ssrRNA sequences of 125 species from 56 genera, propos-
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ing three classes based on the dominant host habitat of each group:
Terresporidia, Aquasporidia and Marinosporidia. More recently,
Vossbrinck et al. (2014) inferred maximum likelihood (ML) and
MP trees with an improved taxon sampling (71 species from 63
genera) showing five main clades; Clades 1–5. Clades 1 and 3 cor-
respond to Aquasporidia, Clades 2 and 4 correspond to Terres-
poridia, and Clade 5 corresponds to Marinosporidia. Although
ecological heterogeneity across major lineages was demonstrated
using environmental sequences (Williams et al., 2018), the five
clade system has been widely used for the classification of canon-
ical Microsporidia. Indeed, the classification of canonical Micro-
sporidia has recently been revised to accommodate the five
major clades (by Tokarev and Issi in Wijayawardene et al., 2020).
In the revised classification, orders Neopereziida, Ovavesiculida,
and Amblyosporida, were newly established to accommodate
Clades 1, 2 and 3, respectively, and orders Nosematida and Glu-
geida were revised for Clades 4 and 5, respectively.

At present, reporting the ssrRNA sequence (or a sequence of a
longer region of rRNA; ssrRNA-internal transcribed spacer (ITS)-
lsrRNA) is regarded as an essential part of species description
(Stentiford et al., 2013b; Vossbrinck et al., 2014), and the number
of rRNA sequences in GenBank has been increasing. Here, we make
use of an expanded number of rRNA sequences to better under-
stand the phylogeny of canonical microsporidians. For this pur-
pose, we reconstruct the most up-to-date and most
comprehensive genus level phylogeny of canonical Microsporidia
with available sequences. Also, we infer the phylogeny of Opisthos-
poridia to discuss the evolution of canonical Microsporidia within a
broader context to provide insights into the origin and diversifica-
tion of this interesting parasite group. Our Bayesian and ML trees
recovered all five of the major clades except for Clade 2 from
Vossbrinck et al. (2014). This result suggests the need to revise
the current classification of canonical Microsporidia. However,
because our current knowledge of the diversity of microsporidians
is far from complete, more major lineages might be uncovered and
the relationships among them will be better resolved in the future.
2. Materials and methods

2.1. Compiling genetic data

2.1.1. Microsporidia
We aimed to reconstruct phylogenetic trees of canonical Micro-

sporidia that are as complete as possible at the genus level. Becnel
et al. (2014) listed 200 formally described generic names within
canonical Microsporidia. Among these, rRNA sequences (ssrRNA
or ssrRNA-ITS-lsrRNA sequences) of 104 genera were available in
GenBank (Supplementary Table S1). For these genera, we included
at least one rRNA sequence per genus. Although they have not been
formally described, we also included Paranucleospora and Visves-
varia in our analyses because rRNA sequences were also available
for these genera in GenBank. In addition, rRNA sequences of 20
newly described genera since Becnel et al. (2014) were also
included (Alternosema, Apotaspora, Cambaraspora, Conglomerata,
Dictyocoela, Fibrillaspora, Globulispora, Hyperspora, Jirovecia,
Myrmecomorba, Nematocenator, Obruspora, Pancytospora, Paradox-
ium, Parahepatospora, Percutemincola, Pseudoberwaldia, Pseudoka-
batana, Rugispora and Trichotosporea; see Supplementary Table S1
for references). Finally, rRNA sequences under the names
‘Microsporidium sp.’ and ‘Microsporidia sp.’ were also added to
our dataset since many sequences obtained from diverse hosts
are provisionally registered under these names, and these may rep-
resent distinct and previously unrecognised lineages within the
tree of Microsporidia. For these two provisional groups, sequences
that were too short (<500 bp) were excluded and only sequences
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with known hosts were included for further analyses. Also, highly
similar sequences generated by a single study (e.g. many
sequences obtained from amphipods from Lake Baikal) were
reduced to one or a few representative sequences. Thus, 60 rRNA
sequences ofMicrosporidium sp. and 16 sequences of Microsporidia
sp. were added to the dataset. As a result, a total of 220 rRNA
sequences including 126 described/named canonical microsporid-
ian genera were used for further analyses. In addition, 13 rRNA
sequences of close relatives within opisthosporidians were
included as outgroups.

2.1.2. Opisthosporidia
ssrRNA sequences were also compiled for the phylogenetic tree

of microsporidians and their relatives (Opisthosporidia). Sequences
representing canonical Microsporidia, Metchnikovellida, Chytrid-
iopsis, Paramicrosporidium, Mitosporidium, Nucleophaga, and some
representative groups of environmental sequences of SB-
Microsporidia in Bass et al. (2018), Aphelida, Rozella, and some
fungi were included. ssrRNA sequences of Holozoa and Nucleari-
idae were also included as outgroups. In total, 94 ssrRNA
sequences were used in our analyses (Supplementary Table S2).

2.2. Phylogenetic analysis

For canonical microsporidians, both ssrRNA and lsrRNA rRNA
sequences were used when the lsrRNA region was available. The
ITS region was excluded because this region was too divergent
across microsporidians. ssrRNA and lsrRNA sequences were
aligned with the E-INS-I algorithm using MAFFT v7.450 imple-
mented in Geneious prime (Katoh and Standley, 2013). Removing
ambiguous sites can reduce LBA problems (Qu et al., 2017;
Ranwez and Chantret, 2020). Therefore, ambiguous sites were
eliminated in Gblocks with the least restrictive setting
(Castresana, 2000), and then ssrRNA and lsrRNA were concate-
nated. For the tree of Opisthosporidia, only the ssrRNA region
was used for analyses and the same alignment and refining proce-
dures described above were applied. The best-fitting model of
nucleotide evolution for each dataset (canonical Microsporidia
and Opisthosporidia) was determined based on the corrected
Akaike information criterion (AICc) using jModelTest v2.1.6
(Darriba et al., 2012), which was conducted through the CIPRES
Science Gateway v3.3 (Miller, M.A., Pfeiffer, W., Schwartz, T.,
2010. Creating the CIPRES Science Gateway for inference of large
phylogenetic trees, in Proceedings of the Gateway Computing Envi-
ronments Workshop (GCE), 14 Nov. 2010, New Orleans, LA, USA,
pp. 1–8. https://doi.org/10.1109/GCE.2010.5676129). The General
Time Reversible (GTR) model of nucleotide substitution along with
Gamma distributed rate variation across sites (G) and the propor-
tion of invariable sites (I) were used for Bayesian tree inference in
MrBayes 3.2.7 (Ronquist et al., 2012). Two independent runs, con-
sisting of four chains each, were simultaneously conducted for
20,000,000 generations with a sampling frequency of 2,000 for
canonical Microsporidia, and for 10,000,000 generations with a
sampling frequency of 1,000 for Opisthosporidia. The initial 25%
of the samples were discarded. ML trees were reconstructed in
RAxML with GTRCAT approximation with 25 rate categories fol-
lowing the developer’s recommendation (Stamatakis, 2014). A
rapid bootstrap analysis was conducted with 1,000 replicates.
The resulting trees were visualised in FigTree v1.4.4 (https://tree.
bio.ed.ac.uk/software/figtree/).

2.3. Compiling data on host and habitat of canonical microsporidians

Information on host species (and higher taxonomic groups) and
habitat of each microsporidian species that was actually used in
our analyses was compiled for canonical microsporidians. Notably,
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some genera include many species and they may infect a different
group of hosts and inhabit different habitats (e.g. Encephalitozoon).
Some species are generalists infecting distantly related taxa (e.g.
Nosema and Vairimorpha), or alternate between different group of
hosts during their life cycle (e.g. Amblyospora). Because uneven
taxon sampling could affect our interpretation of the phylogeny
(Heath et al., 2008), only one (or a few) representative sequences
per genus were included. Habitats were categorised into five
groups; Marine (M), Marine-Freshwater (=Brackish; MF), Freshwa-
ter (F), Freshwater-Terrestrial (FT), and Terrestrial (T). FT groups
include species that spend considerable portions of their lifecycle
both in freshwater and on land, such as parasites of many dipteran
species, whose larval stage must develop in freshwater (Becnel and
Andreadis, 2014).

2.4. Data accessibility

The data alignments used in this study and the supplementary
figures and tables are available in MendelelyData (https://doi.org/
10.17632/7jrzkpby63.1).
3. Results and discussion

3.1. The phylogeny of canonical Microsporidia

Our Bayesian and ML trees reconstructed with 220 sequences
from 126 named genera represent more than half of the known
diversity of canonical microsporidians at the genus level
(Fig. 1A–C; full trees in Supplementary Figs. S1 and S2). Overall,
both trees were highly congruent and recovered four of the five
main clades from Vossbrinck et al. (2014), Clades 1, 3, 4 and 5,
although the phylogenetic relationships among them were not
well resolved in our analyses. Clade 2 was not recovered as a
monophyletic group. Below, we briefly summarise several features
of each main clade and discuss patterns and causes of the discrep-
ancy between our trees and those of previous studies.

3.1.1. Clade 5: fish and crustacean hosts from aquatic habitats
Clade 5 comprises mostly aquatic (marine, marine-freshwater,

and freshwater) species (Fig. 1A). Also, this clade includes most
of the fish-infecting species. Species infecting diverse crustaceans
are also included in this clade. All the subclades correspond well
to the established families within the order Glugeida (by Tokarev
and Issi in Wijayawardene et al., 2020). Only families Spragueidae,
Pleistophoridae and Glugeidae include fish-infecting species. The
family Unikaryonidae includes Dictyocoela, the most common
microsporidian genus infecting amphipods globally (Bacela-
Spychalska et al., 2018; Drozdova et al., 2020; Park et al., 2020).
Families Thelohaniidae, Pereziidae and Facilisphoridae are largely
associated with crustaceans (amphipods, decapods, and copepods).
Interestingly, two hyperparasite species (Hyperspora aquatica and
Unikaryon legeri) are included in Clade 5. Hyperspora aquatica and
U. legeri infect the paramyxid Marteilia cochillia and the digenean
trematode Meiogymnophallus minutus, respectively, both of which
themselves are parasites of cockles (Stentiford et al., 2017). A pos-
sible vectoring role of hyperparasitism in the transmission of
microsporidian parasites between crustacean and mollusk hosts
has been suggested before (Stentiford et al., 2017).

3.1.2. Clade 4: a large clade containing diverse hosts from all realms
Two robust subclades were identified within Clade 4 (Clades 4A

and 4B; Fig. 1B). Clade 4A consists mostly of species from terres-
trial insects (lepidopterans and coleopterans) but also includes
some species infecting freshwater crustaceans. The genus Nosema,
which includes many species that infect economically important
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Fig. 1. A Bayesian phylogenetic tree of canonical microsporidia inferred from concatenated ssrRNA and lsrRNA gene sequences. Nodes with strong support in both Bayesian
(posterior probability >95) and maximum likelihood (ML: Bootstrap support >90) analyses were annotated with circles (d). Nodes that were strongly supported only in
Bayesian analysis and ML analysis were annotated with triangles (N) and squares (j), respectively. Major clades of Vossbrinck et al. (2014) and some family names are shown
arrows. Names of host species and higher taxonomic classifications are shown next to the tree. Habitats of hosts-parasites are categorised into five groups and marked with
different colours. (A) A part of the Bayesian tree of canonical microsporidians showing clade 5. (B) A part of the Bayesian tree of canonical microsporidians showing clade 4.
(C) A part of the Bayesian tree of canonical microsporidians showing clades 1 and 3.
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insect species. Nosema bombycis in silkworms and Nosema ceranae,
Nosema bombi and Nosema apis in bees), belongs to this clade.
Clade 4A does not include species from crustacean or dipteran
hosts. On the other hand, clade 4B includes species found in diverse
crustacean hosts including amphipods, decapods, copepods, anos-
tracans, and cladocerans. Also, Clade 4B includes some parasites
of dipterans, suggesting that some lineages within this clade may
be largely associated with freshwater environments. The phyloge-
netic relationships among lineages within Clade 4B were poorly
resolved with some polytomies. Many operational taxonomic units
(OTUs) belonging to this clade were recovered in a study of envi-
ronmental sequences, suggesting that Clade 4B may be highly
under-sampled (Williams et al., 2018). Notably, the Enterocytozoon
Group of Microsporidia (EGM) belongs to this clade. This robust
monophyletic EGM group includes parasites of many important
marine species and human-infecting species; some food- and
water-borne microsporidiosis outbreaks were related to this group
and possible transmission through the human food-chain has been
suggested (Stentiford et al., 2016, 2019).
3.1.3. Clades 1 and 3: Parasites with many freshwater and terrestrial
hosts

Two well-supported clades corresponding to clades 1 and 3
were recovered in our analyses (Fig. 1C). Species belonging to these
clades were mostly obtained from freshwater, freshwater-
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terrestrial, and terrestrial habitats. Clade 1 includes only species
of arthropod hosts (insects and crustaceans), whereas Clade 3
includes species from a broader range of hosts (insects, crus-
taceans, bryozoans, nematodes, and chordates). Nematocenator
marisprofundi from a nematode host and Microsporidium spp. from
an amphipod host were found from marine and brackish environ-
ments, respectively.
3.1.4. Unrecovered Clade 2, and other lineages branching near the base
of the tree of canonical microsporidians

We also identified some minor lineages that diverged near the
base of canonical microsporidian radiations, which do not belong
to any of the major groups. In fact, these minor lineages were
assigned to either Clade 2 or 3 in previous studies (Vossbrinck
and Debrunner-Vossbrinck, 2005; Vossbrinck et al., 2014). To be
specific, only four species (Antonospora locustae = Paranosema
locustae, Antonospora scoticae, Nematocida parisii, Ovavesicula papil-
lae) were included in Clade 2 in Vossbrinck et al. (2014). In our
analyses, Paranosema grylli (96% identical to A. locustae) and A. scot-
icae belong to Clade 3, but N. parisii and O. papillae do not belong to
any of the major clades (Fig. 1C). In fact, Clade 2 was poorly sup-
ported in the ML tree (Fig. 6.3a in Vossbrinck et al., 2014) in the
previous study with a low bootstrap value (BS = 72). Several recent
studies with genomic scale data, which included both A. locustae
and N. parisii, also did not recover them as a monophyletic group
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(Mikhailov et al., 2017; Galindo et al., 2018). Overall, clades 1–3
were not strongly supported (i.e. low bootstrap values, or boot-
strap values were not provided for most of the nodes) and there-
fore the borders between major clades were not clearly defined
in the previous studies (Vossbrinck et al., 2014). For example,
Amblyspora bracteata and Caudospora simuli belonged to Clade 1
in their ML tree, but these two species were not grouped with
the rest of Clade 1 in the MP tree (Vossbrinck et al., 2014), which
shows unstable phylogenetic positions of some lineages. These
two species do not belong to any of the major clades in our analy-
ses (Fig. 1C). The reason for the formation of Clade 2 in the previous
studies (in contrast to ours where it was not recovered) was prob-
ably due to a LBA artifact (Lartillot et al., 2007). Also, our improved
taxon sampling (the inclusion of more sequences similar to those
of species in Clade 2) may have helped to break up unnatural
groupings.

3.1.5. The need for revision of classification within canonical
Microsporidia

The four major clades shown in our study have important impli-
cations since the current classification is largely based on the
ssrRNA phylogeny. Our Bayesian and ML trees support all the sug-
gested orders except for Ovavesiculida from the recently revised
classification (Wijayawardene et al., 2020). Several well-
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supported family-level clades were identified within each main
clade (see Fig. 1A-C). Especially, major family-level clades within
Clade 5 and Clade 4A correspond well to revised families (Fig. 1A
and B, Wijayawardene et al., 2020). There are also well-defined
family-level groups within Clades 1, 3 and 4B (Fig. 1B and C), but
these are largely discordant with the recently revised classification
(Wijayawardene et al., 2020), which was mainly based on the pre-
vious phylogenetic studies. Therefore, reshuffling of some families
and genera within and among the newly established orders
Amblyosporida (Clade 1), Neopereziida (Clade 3), and Nosematida
(Clade 4) is needed, and Ovavesiculida (Clade 2) should be
dissolved.

Another obvious problem with the current taxonomy is the
presence of para- and polyphyletic groups such as Nosema, Vairi-
morpha, Plestophora and Amblyospora (Fig. 1). This issue has been
continuously discussed and has been mostly attributed to classifi-
cation based on morphological characters (e.g. number of nuclei,
the process of spore formation, the spore shape, and the number
of polar filament coils) which could change rapidly and are there-
fore unreliable for classification (Baker et al., 1994; Stentiford et al.,
2013b; Vossbrinck et al., 2014). The presence of numerous
para- and polyphyletic lineages illustrates that morphological
similarities do not necessarily mean evolutionary relatedness but
could be due to the convergent evolution of those morphological
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characters (Vossbrinck et al., 2014). With the increasing use of
molecular data for classification, many species within these genera
were transferred to another genus or new genera were established
(Slamovits et al., 2004; Franzen et al., 2006; Vavra et al., 2006;
Tokarev et al., 2020). Similarly, even if two microsporidians are
morphologically distinct, this does not necessarily mean that they
are phylogenetically distantly related. In our trees, some genera
with distinct morphological and developmental features are
grouped, closely related to each other, suggesting that they could
be treated as congeneric species (Fig. 1). These include Agglomer-
ata-Binucleata-Senoma (Sokolova et al., 2016), Larssonia-Berwaldia-
Conglomerata (Vávra et al., 2018), and Spraguea-Microgemma-
Tetramicra (Casal et al., 2012; Scholz et al., 2017); see referred
studies for detailed discussion. Even more strikingly, the extreme
polymorphism of a single species shown in Ameson pulvis, which
has both Ameson-like and Nadelspora-like lineages infecting the
musculature of marine crabs, emphasises the need for classifica-
tion primarily based on the molecular data (Stentiford et al.,
2013a, 2013b; Vossbrinck et al., 2014).

Due to difficulties in describing species, reporting sequences of
newly discovered lineages under the names of Microsporidia sp. or
Microsporidium sp. is increasingly common. In fact, sequences
under these provisional names represent a large portion of diver-
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sity within canonical Microsporidia as shown in our tree (Fig. 1).
ssrRNA sequences can be useful to assign new species into order
and family. The use of ssrRNA together with the additional mar-
ker(s), especially fast-evolving ones, could be used for the genus-
species level in the future, but which markers can be used needs
to be investigated further and general agreement among research-
ers would be also needed.

3.1.6. Codiversification and host switching
Many canonical microsporidian species are thought to be host-

specific and are associated with a single host species or related
groups (e.g. con-generic or con-familiar species). Hosts and para-
sites that are intimately associated may show congruent phyloge-
nies, however, cophylogenetic patterns are rarely seen due to
frequent host switching events (Vienne et al., 2013). Within Micro-
sporidia, some studies that focused on a specific host–parasite sys-
tem have revealed patterns of codiversification (i.e. congruent
host–parasite phylogenies at a macroevolutionary scale). Such sys-
tems include Amblyospora and other genera in mosquitos, Nosema
in bees, and Dictyocoela in amphipods (Baker et al., 1998; Shafer
et al., 2009; Andreadis et al., 2012; Park et al., 2020). These studies
also inferred that host switching is more likely among closely
related hosts, but also suggested that transmission among
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distantly related hosts may also occur. On the other hand, some
genera such as Nosema, Encephalitozoon and Enterocytozoon include
species that infect distantly related hosts, suggesting common and
frequent host switching. In fact, the most extreme example of
transmission among distantly related hosts has been shown in
human-infecting species (Stentiford et al., 2019). Interestingly,
human-infecting taxa emerged within all the major clades. Among
them, the EGM group, which contains the most common human-
infecting microsporidian species Enterocytozoon bieneusi, was not
known until the 1980s but now includes pathogens of diverse com-
panion animals and livestock (Stentiford et al., 2019). Considering
their fast evolutionary rate and frequent host switching across dis-
tantly related hosts and different habitats, more extensive
exploitation of wild animals, habitat destruction, human encroach-
ment into wild habitats, intensive animal farming, and environ-
mental stress may promote these kinds of novel host–parasite
associations.

3.2. Phylogenetic relationships among Microsporidia and their
relatives

An unrooted Bayesian tree of opisthosporidians has been con-
structed to highlight the genetic distance between canonical
microsporidians and SB-Microsporidia and other relatives (Fig. 2).
Both Bayesian and ML trees were similar in overall topology
(Fig. 2 and Supplementary Figs. S3–S5). Metchnikovellids and
Chytridiopsis also have long branches and diverged before the last
common ancestor of canonical Microsporidia. The clade containing
canonical Microsporidia, Metchnikovellids and Chytridiopsis is
strongly supported in both Bayesian and ML trees. Bass et al.
(2018) used the term ‘LB-Microsporidia’ for the first time in con-
trast to SB-Microsporidia. In their analyses, Metchnikovellids were
Fig. 2. A Bayesian tree showing the inferred phylogenetic relationships among microspo
Microsporidia, Metchnikovellids, Chytridiopsis, short-branch Microsporidia, Paramicrospor
and other group names of environmental sequences are marked. (A) The unrooted tree i
‘Expanded microsporidia’ from Bass et al. (2018) are highlighted with blue (grey) col
microsporidia’ and other groups.
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also shown as a sister group to canonical microsporidians, but
whether they should be regarded as LB-Microsporida was not
explicitly discussed. Here, we also include Metchnikovellids and
Chytridiopsis within LB-Microsporidia, thus slightly extending the
inclusion border because they also have considerably long
branches in ssrRNA trees. Although the monophyly of LB-
Microsporidia is robust, their sister group is incongruent between
our Bayesian and ML trees (Fig. 2 and Supplementary Figs. S3––S
5). In our Bayesian tree, the LB-Microsporidia clade is sister to a
clade of Mitosporidium and Morellospora, but their sister relation-
ship is poorly supported. Meanwhile, Nucleophaga was grouped
with Paramicrosporidium (Fig. 2). Although this is consistent with
the early morphological observations that ‘Nucleophaga is similar
to Paramicrosporidium in its infective stage, by having non-
flagellated walled spores penetrating amoebae through host cell
phagocytosis’ (Corsaro et al., 2014a, 2016; Michel et al., 2000), this
was also poorly supported. On the other hand, Nucleophaga is sister
to LB-Microsporidia in the ML tree (Supplementary Figs. S4 and
S5), the same as shown in Bass et al. (2018). In both of our Bayesian
and ML analyses, the clade containing LB-Microsporidia, SB-
Microsporidia, and Rozellida is sister to Aphelida, and these ophis-
tosporidian clades are sister to the monophyletic Fungi.

In fact, the phylogenetic placement of SB-Microsporidia is far
from stable, probably due to heterogeneity in rates of DNA substi-
tutions among taxa and undersampling. In cases such as this, the
resulting topology can be greatly affected by taxon sampling, data
refinement, and the choice of the model of molecular evolution
(Philippe et al., 2011; Lartillot, 2020; Ranwez and Chantret,
2020). We acknowledge our imperfect knowledge of these groups.
Genome-scale data from additional representative groups within
Opisthosporidia and the use of appropriate models of molecular
evolution may allow greater resolution in future studies.
ridians and their relatives. ssrRNA gene sequences of opisthosporidians (canonical
idium,Mitosporidium, Nucleophaga, Rozellida, Aphelida) were included; these names
s shown. Some major traits of each group are also shown in grey boxes. Branches of
our. (B) The arrow points to an enlarged part of the tree showing ‘short-branch
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3.3. What differentiates canonical microsporidians from their
relatives?

Although the higher classification of microsporidians has been
changing dramatically for reasons similar to those mentioned
above, canonical microsporidians show distinct characteristics
both morphologically and genetically, making them distinct from
other groups. Many comparisons of important traits among
microsporidians and their relatives have been conducted recently;
these traits include energy metabolism (Timofeev et al., 2020),
mechanisms of host invasion, proliferation, and exit (Tamim El
Jarkass and Reinke, 2020), the structure of rRNA (Corsaro et al.,
2019), and genome architecture (Wadi and Reinke, 2020). These
studies highlight that traits important for these intracellular para-
sites have become specialised or reduced in each lineage differ-
ently. The innovative traits that canonical microsporidians
acquired are complex polar tubes and ADP/ATP transporters
(Tsaousis et al., 2008; Vávra and Larsson, 2014; Alexander et al.,
2016). Microsporidians have lost many genes involved with DNA
repair pathways, which partly explains the accelerated evolution-
ary rates in canonical microsporidians (Galindo et al., 2018). Traits
present only in canonical microsporidians may have contributed to
their successful colonisation of diverse metazoans, by promoting
efficient host invasion, proliferation, and adaptation to diverse eco-
logical niches (=a wide range of hosts in various habitats).

Although other opisthosporidians shared several traits with
canonical microsporidians, none of them have all the traits
described above. To be specific, the presence of a well-developed
complex polar tube (which commonly consists of three sections
including a straight part), which allows efficient penetration of
host cells upon infection, is a defining character of canonical
microsporidians, although the length and thickness vary among
different species (Vávra and Larsson, 2014). Metchnikovellids, sis-
ter to canonical Microsporidia, have a rudimentary polar tube
(short and thick, without the straight part) and for this reason, they
used to be called ‘primitive’ Microsporidia (Larsson, 2014). Parami-
crosporidium and Nucleophaga invade the host cell through host
phagocytosis even though Paramicrosporidium has a polar filament
(Scheid, 2007; Corsaro et al., 2014a). Also, all canonical Microspor-
idia lack mitochondria, which generate ATP (Tsaousis et al., 2008).
Microsporidians proliferate (produce spores to complete their life
cycle) within the host cell and this is an energy-consuming process
(Tamim El Jarkass and Reinke, 2020). Canonical Microsporidia
obtain ATP using ADP/ATP transporters, which are believed to have
been obtained horizontally from bacteria (Tsaousis et al., 2008).
The presence of ADP/ATP transporters was also identified in Rozella
(Heinz et al., 2014). Lastly, metchnikovellids did not go through
genome reduction as extensively as canonical microsporidians
did. It is believed that reduction of regulatory genes and non-
coding regions resulted in rapid evolutionary rates (Galindo
et al., 2018). This may have produced diverse traits that promoted
adaptation to diverse hosts and niches.

3.4. Canonical microsporidians in metazoan hosts: due to evolutionary
adaptation or biased screening effort?

Canonical microsporidians have successfully colonised meta-
zoan hosts. In fact, based on our current knowledge, canonical
microsporidians seem to be exclusive to metazoan hosts. On the
other hand, no opisthosporidian has been detected from metazoan
hosts except for canonical microsporidians, Chytridiopsis and
Mitosporidium. Berbee et al. (2017) suggested that the divergence
among Aphelida, Rozellida and Microsporidia precedes the major
diversification of multicellular organisms based on the fact that
Aphelida and Rozellida lack the ability of invasive growth to mul-
ticellular tissues. Although canonical Microsporidia form a mono-
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phyletic group with SB-microsporidians, and they share certain
morphological similarities, the genomes of characterised SB-
microsporidians are much more similar to those of Rozella and
canonical Fungi (Haag et al., 2014; Quandt et al., 2017). Also, con-
sidering the fact that most SB-microsporidians parasitize amoebae,
the divergence between LB-Microsporidia and SB-Microsporidia
may have occurred a long time ago. Multiple lineages of SB-
Microsporidia have recently been discovered with environmental
sequencing (Bass et al., 2018; Lacerda et al., 2020). According to
a recent network analysis investigating potential hosts of SB-
Microsporidia, it has been suggested that SB-microsporidians
may be associated with the Apicomplexa, Cercozoa, Fungi, as well
as someMetazoa (Doliwa et al., 2021). Co-occurrence does not nec-
essarily mean an actual host–parasite relationship, however we are
starting to learn more about these long unknown groups. SB-
microsporidians are far less known than canonical microsporidians
to date, but their actual diversity may be very high. LB- and SB-
microsporidians diverged from a common ancestor (probably a
long time ago) and may have adapted to different host groups with
different specialisation and reduction of traits. However, without
more occurrence data and screening efforts from a wide range of
hosts and habitats, we cannot exclude the possibility that
microsporidia-like organisms were simply not characterised or
detected within metazoan hosts. Also, canonical microsporidians
may be common in microscopic hosts.

Undoubtedly, furthergeneticcharacterizationofmicrosporidians
andtheirrelativesfromunderexploredhostgroups,environments,or
new geographic areas that have never been explored will provide
valuable insights into the evolutionary history of these extremely
diverse groups. These could result in adding more major groups to
the tree that we are presenting here. Although our trees show four
majorclades, thisdoesnotmeanthat thereareonly fourmajorclades
within canonical Microsporidia. Also, targeted studies on micro-
scopic hosts may recover the hidden diversity of canonical
microsporidiansaswell asSB-microsporidians.Notably,primers tar-
geting canonical microsporidians do not amplify SB-micro-
sporidians, and vice versa (Williams et al., 2018). Considering these
factors, the use of different primer setswill revealmore diversity.
4. Conclusion

In this study, we inferred the phylogeny of canonical Microspor-
idia with an improved dataset and method. The discrepancy
between our trees and those from previous studies highlight our
imperfect knowledge of the diversity of these parasites.
Microsporidians provide an excellent system to study host–para-
site associations from the cellular to the ecosystem level. Although
it is only a short fragment of the genome, the ssrRNA region is still
useful for species identification and classification at the family-
order level, and for detecting microsporidians from unknown hosts
and environments. In addition to ssrRNA, genomic data could be
used to resolve relationships among families and orders, and
fast-evolving genes for genus-species level classification. Also, we
emphasise that canonical microsporidians are distinct from
‘Microsporidia-like organisms’ or the rest of the ‘expanded Micro-
sporidia’ despite some morphological similarities and genetic
affinities among them. Only more data (genetic, morphological
and ecological) would fill our knowledge gap and provide insights
into the evolutionary relationships among these extremely diverse
and successful intracellular parasites.
Acknowledgements

We are grateful to two anonymous reviewers for valuable com-
ments that improved the manuscript. This research was supported



E. Park and R. Poulin International Journal for Parasitology 51 (2021) 855–864
by a Doctoral Scholarship given by University of Otago, New Zeal-
and, to EP.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijpara.2021.02.005.
References

Adrianov, A.V., Rybakov, A.V., 1992. Kinorhynchospora japonica gen. n., sp.n.
(Microsporidia) from the intestinal epithelium of Kinorhynchus yushini
(Homalorhagida, Pycnophyidae) from the Sea of Japan. Hydrobiol. J. 28, 52–58.

Alexander, W.G., Wisecaver, J.H., Rokas, A., Hittinger, C.T., 2016. Horizontally
acquired genes in early-diverging pathogenic fungi enable the use of host
nucleosides and nucleotides. Proc. Natl. Acad. Sci. U. S. A. 113, 4116–4121.
https://doi.org/10.1073/pnas.1517242113.

Andreadis, T.G., Simakova, A.V., Vossbrinck, C.R., Shepard, J.J., Yurchenko, Y.A., 2012.
Ultrastructural characterization and comparative phylogenetic analysis of new
microsporidia from Siberian mosquitoes: evidence for coevolution and host
switching. J. Invertebr. Pathol. 109, 59–75. https://doi.org/10.1016/j.
jip.2011.09.011.

Ardila-Garcia, A.M., Fast, N.M., 2012. Microsporidian infection in a free-living
marine nematode. Eukaryot. Cell 11, 1544–1551. https://doi.org/10.1128/
EC.00228-12.

Bacela-Spychalska, K., Wróblewski, P., Mamos, T., Grabowski, M., Rigaud, T., Wattier,
R., Rewicz, T., Konopacka, A., Ovcharenko, M., 2018. Europe-wide reassessment
of Dictyocoela (Microsporidia) infecting native and invasive amphipods
(Crustacea): Molecular versus ultrastructural traits. Sci. Rep. 8, 1–16. https://
doi.org/10.1038/s41598-018-26879-3.

Baker, M.D., Vossbrinck, C.R., Becnel, J.J., Andreadis, T.G., 1998. Phylogeny of
Amblyospora (Microsporida: Amblyosporidae) and related genera based on
small subunit ribosomal DNA data: a possible example of host parasite
cospeciation. J. Invertebr. Pathol. 71, 199–206. https://doi.org/10.1006/
jipa.1997.4725.

Baker, M.D., Vossbrinck, C.R., Maddox, J.V., Undeen, A.H., 1994. Phylogenetic
relationships among Vairimorpha and Nosema species (Microspora) based on
ribosomal RNA sequence data. J. Invertebr. Pathol. 64, 100–106. https://doi.org/
10.1006/jipa.1994.1077.

Bass, D., Czech, L., Williams, B.A.P., Berney, C., Dunthorn, M., Mahé, F., Torruella, G.,
Stentiford, G.D., Williams, T.A., 2018. Clarifying the relationships between
Microsporidia and Cryptomycota. J. Eukaryot. Microbiol. 65, 773–782. https://
doi.org/10.1111/jeu.12519.

Becnel, J.J., Andreadis, T.G., 2014. Microsporidia in Insects. In: Weiss, L.M., Becnel, J.J.
(Eds.), Microsporidia: Pathogens of Opportunity. Wiley Blackwell, New Jersey,
pp. 521–570. https://doi.org/10.1002/9781118395264.ch21.

Becnel, J.J., Takvorian, P.M., Cali, A., 2014. Checklist of available generic names for
microsporidia with type species and type hosts. In: Weiss, L.M., Becnel, J.J.
(Eds.), Microsporidia: Pathogens of Opportunity. Wiley Blackwell, New Jersey,
pp. 671–686. https://doi.org/10.1002/9781118395264.app1.

Berbee, M.L., James, T.Y., Strullu-Derrien, C., 2017. Early diverging fungi: diversity
and impact at the dawn of terrestrial life. Annu. Rev. Microbiol. 71, 41–60.
https://doi.org/10.1146/annurev-micro-030117-020324.

Bowman, J.C., Petrov, A.S., Frenkel-Pinter, M., Penev, P.I., Williams, L.D., 2020. Root
of the tree: The significance, evolution, and origins of the ribosome. Chem. Rev.
120, 4848–4878. https://doi.org/10.1021/acs.chemrev.9b00742.

Casal, G., Matos, E., Garcia, P., Al-Quraishy, S., Azevedo, C., 2012. Ultrastructural and
molecular studies of Microgemma carolinus n. sp. (Microsporidia), a parasite of
the fish Trachinotus carolinus (Carangidae) in Southern Brazil. Parasitology 139,
1720–1728. https://doi.org/10.1017/S0031182012001011.

Castresana, J., 2000. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol. Biol. Evol. 17, 540–552. https://doi.org/
10.1093/oxfordjournals.molbev.a026334.

Clausen, C., 2000. Light and ultrastructural observations on a microsporidium in the
hydrozoan Halammohydra intermedia (Cnidaria). Sarsia 85, 177–180. https://
doi.org/10.1080/00364827.2000.10414568.

Corsaro, D., Walochnik, J., Venditti, D., Müller, K.-D., Hauröder, B., Michel, R., 2014a.
Rediscovery of Nucleophaga amoebae, a novel member of the Rozellomycota.
Parasitol. Res. 113, 4491–4498. https://doi.org/10.1007/s00436-014-4138-8.

Corsaro, D., Walochnik, J., Venditti, D., Steinmann, J., Müller, K.-D., Michel, R., 2014b.
Microsporidia-like parasites of amoebae belong to the early fungal lineage
Rozellomycota. Parasitol. Res. 113, 1909–1918. https://doi.org/10.1007/s00436-
014-3838-4.

Corsaro, D., Wylezich, C., Venditti, D., Michel, R., Walochnik, J., Wegensteiner, R.,
2019. Filling gaps in the microsporidian tree: rDNA phylogeny of Chytridiopsis
typographi (Microsporidia: Chytridiopsida). Parasitol. Res. 118, 169–180.
https://doi.org/10.1007/s00436-018-6130-1.

Czaker, R., 1997. Wittmannia antarctica N. G., n. sp. (Nosematidae), a new
hyperparasite in the Antarctic dicyemid mesozoan Kantharella antarctica. J.
Eukaryot. Microbiol. 44, 438–446. https://doi.org/10.1111/j.1550-7408.1997.
tb05721.x.
863
Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. jModelTest 2: more models,
new heuristics and parallel computing. Nat. Methods 9, 772. https://doi.org/
10.1038/nmeth.2109.

de Buron, I., Loubes, C., Maurand, J., 1990. Infection and pathological alterations
within the acanthocephalan Acanthocephaloides propinquus attributable to the
microsporidian hyperparasite Microsporidium acanthocephali. Trans. Am.
Microsc. Soc. 109, 91. https://doi.org/10.2307/3226598.

Vienne, D.M., Refrégier, G., López-Villavicencio, M., Tellier, A., Hood, M.E., Giraud, T.,
2013. Cospeciation vs host-shift speciation: Methods for testing, evidence from
natural associations and relation to coevolution. New Phytol. 198 (2), 347–385.
https://doi.org/10.1111/nph.12150.

Dean, P., Hirt, R.P., Embley, T.M., Gubbels, M.-J., 2016. Microsporidia: Why make
nucleotides if you can steal them? PLoS Pathog. 12,. https://doi.org/10.1371/
journal.ppat.1005870 e1005870.

Desser, S.S., Koehler, A., Barta, J.R., Kamyab, J., Ringuette, M.J., 2004. Trichonosema
algonquinensis n. sp. (Phylum Microsporidia) in Pectinatella magnifica (Bryozoa:
Phylactolaemata) from Algonquin Park, Ontario, Canada. J. Eukaryot. Microbiol.
51, 389–393. https://doi.org/10.1111/j.1550-7408.2004.tb00385.x.

Doliwa, A., Dunthorn, M., Rassoshanska, E., Mahé, F., Bass, D., Ritter, C.D., 2021.
Identifying potential hosts of short-branch Microsporidia. Microb. Ecol. 1–5.
https://doi.org/10.1007/s00248-020-01657-9.

Drozdova, P., Madyarova, E., Dimova, M., Gurkov, A., Vereshchagina, K., Adelshin, R.,
Timofeyev, M., 2020. The diversity of microsporidian parasites infecting the
Holarctic amphipod Gammarus lacustris from the Baikal region is dominated by
the genus Dictyocoela. J. Invertebr. Pathol. 170, 107330. https://doi.org/10.1016/
j.jip.2020.107330.

Edlund, T.D., Li, J., Visvesvara, G.S., Vodkin, M.H., McLaughlin, G.L., Katiyar, S.K., 1996.
Phylogenetic analysis of b-tubulin sequences from amitochondrial protozoa.
Mol. Phylogenet. Evol. 5, 359–367. https://doi.org/10.1006/mpev.1996.0031.

Foissner, I., Foissner, W., 1995. Ciliatosporidium platyophryae nov. gen., nov. spec.
(Microspora incerta sedis), a parasite of Platyophrya terricola (Ciliophora,
Colpodea). Eur. J. Protistol. 31, 248–259. https://doi.org/10.1016/S0932-4739
(11)80088-X.

Fokin, S.I., Di Giuseppe, G., Erra, F., Dini, F., 2008. Euplotespora binucleata n. gen., n.
sp. (Protozoa: Microsporidia), a parasite infecting the hypotrichous ciliate
Euplotes woodruffi, with observations on microsporidian infections in
Ciliophora. J. Eukaryot. Microbiol. 55, 214–228. https://doi.org/10.1111/
j.1550-7408.2008.00322.x.

Franzen, C., 2008. Microsporidia: A review of 150 years of research. Open Parasitol.
J. 2, 1–34. https://doi.org/10.2174/1874421400802010001.

Franzen, C., Nassonova, E.S., Scholmerich, J., Issi, I.V., 2006. Transfer of the members
of the genus Brachiola (Microsporidia) to the genus Anncaliia based on
ultrastructural and molecular data. J. Eukaryot. Microbiol. 53 (1), 26–35.
https://doi.org/10.1111/j.1550-7408.2005.00066.x.

Galindo, L.J., Torruella, G., Moreira, D., Timpano, H., Paskerova, G., Smirnov, A.,
Nassonova, E., López-García, P., 2018. Evolutionary genomics of Metchnikovella
incurvata (metchnikovellidae): an early branching microsporidium. Genome
Biol. Evol. 10, 2736–2748. https://doi.org/10.1093/gbe/evy205.

Gorbunov, A.K., Kosova, A.A., 2001. Parasites in rotifers from the Volga delta.
Hydrobiologia. 446, 51–55. https://doi.org/10.1023/A:1017569004998.

Haag, K.L., James, T.Y., Pombert, J.-F., Larsson, R., Schaer, T.M.M., Refardt, D., Ebert,
D., 2014. Evolution of a morphological novelty occurred before genome
compaction in a lineage of extreme parasites. Proc. Natl. Acad. Sci. U. S. A.
111, 15480–15485. https://doi.org/10.1073/pnas.1410442111.

Heath, T.A., Hedtke, S.M., Hillis, D.M., 2008. Taxon sampling and the accuracy of
phylogenetic analyses. J. Syst. Evol. 46, 239–257. https://doi.org/10.3724/SP.
J.1002.2008.08016.

Heinz, E., Hacker, C., Dean, P., Mifsud, J., Goldberg, A.V., Williams, T.A., Nakjang, S.,
Gregory, A., Hirt, R.P., Lucocq, J.M., Kunji, E.R.S., Embley, T.M., Petri, W.A., 2014.
Plasma membrane-located purine nucleotide transport proteins are key
components for host exploitation by microsporidian intracellular parasites.
PLoS Pathog. 10,. https://doi.org/10.1371/journal.ppat.1004547 e1004547.

James, T., Pelin, A., Bonen, L., Ahrendt, S., Sain, D., Corradi, N., Stajich, J., 2013. Shared
signatures of parasitism and phylogenomics unite Cryptomycota and
Microsporidia. Curr. Biol. 23, 1548–1553. https://doi.org/10.1016/j.
cub.2013.06.057.

Jones, M.D.M., Forn, I., Gadelha, C., Egan, M.J., Bass, D., Massana, R., Richards, T.A.,
2011. Discovery of novel intermediate forms redefines the fungal tree of life.
Nature 474, 200–203. https://doi.org/10.1038/nature09984.

Karpov, S.A., Mamkaeva, M.A., Aleoshin, V.V., Nassonova, E., Lilje, O., Gleason, F.H.,
2014. Morphology, phylogeny, and ecology of the aphelids (Aphelidea,
Opisthokonta) and proposal for the new superphylum Opisthosporidia. Front.
Microbiol. 5, 112. https://doi.org/10.3389/fmicb.2014.00112.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software
version 7: Improvements in performance and usability. Mol. Biol. Evol. 30, 772–
780. https://doi.org/10.1093/molbev/mst010.

Keeling, P.J., Doolittle, W.F., 1996. Alpha-tubulin from early-diverging eukaryotic
lineages and the evolution of the tubulin family. Mol. Biol. Evol. 13, 1297–1305.
https://doi.org/10.1093/oxfordjournals.molbev.a025576.

Lacerda, A.L.d.F., Proietti, M.C., Secchi, E.R., Taylor, J.D., 2020. Diverse groups of
Fungi are associated with plastics in the surface waters of the Western South
Atlantic and the Antarctic Peninsula. Mol. Ecol. 29, 1903–1918. https://doi.org/
10.1111/mec.v29.1010.1111/mec.15444.

Lara, E., Moreira, D., López-García, P., 2010. The environmental clade LKM11 and
Rozella form the deepest branching clade of Fungi. Protist 161, 116–121. https://
doi.org/10.1016/j.protis.2009.06.005.

https://doi.org/10.1016/j.ijpara.2021.02.005
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0005
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0005
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0005
https://doi.org/10.1073/pnas.1517242113
https://doi.org/10.1016/j.jip.2011.09.011
https://doi.org/10.1016/j.jip.2011.09.011
https://doi.org/10.1128/EC.00228-12
https://doi.org/10.1128/EC.00228-12
https://doi.org/10.1038/s41598-018-26879-3
https://doi.org/10.1038/s41598-018-26879-3
https://doi.org/10.1006/jipa.1997.4725
https://doi.org/10.1006/jipa.1997.4725
https://doi.org/10.1006/jipa.1994.1077
https://doi.org/10.1006/jipa.1994.1077
https://doi.org/10.1111/jeu.12519
https://doi.org/10.1111/jeu.12519
https://doi.org/10.1002/9781118395264.ch21
https://doi.org/10.1002/9781118395264.app1
https://doi.org/10.1146/annurev-micro-030117-020324
https://doi.org/10.1021/acs.chemrev.9b00742
https://doi.org/10.1017/S0031182012001011
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1080/00364827.2000.10414568
https://doi.org/10.1080/00364827.2000.10414568
https://doi.org/10.1007/s00436-014-4138-8
https://doi.org/10.1007/s00436-014-3838-4
https://doi.org/10.1007/s00436-014-3838-4
https://doi.org/10.1007/s00436-018-6130-1
https://doi.org/10.1111/j.1550-7408.1997.tb05721.x
https://doi.org/10.1111/j.1550-7408.1997.tb05721.x
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.2307/3226598
https://doi.org/10.1111/nph.12150
https://doi.org/10.1371/journal.ppat.1005870
https://doi.org/10.1371/journal.ppat.1005870
https://doi.org/10.1111/j.1550-7408.2004.tb00385.x
https://doi.org/10.1007/s00248-020-01657-9
https://doi.org/10.1016/j.jip.2020.107330
https://doi.org/10.1016/j.jip.2020.107330
https://doi.org/10.1006/mpev.1996.0031
https://doi.org/10.1016/S0932-4739(11)80088-X
https://doi.org/10.1016/S0932-4739(11)80088-X
https://doi.org/10.1111/j.1550-7408.2008.00322.x
https://doi.org/10.1111/j.1550-7408.2008.00322.x
https://doi.org/10.2174/1874421400802010001
https://doi.org/10.1111/j.1550-7408.2005.00066.x
https://doi.org/10.1073/pnas.1410442111
https://doi.org/10.3724/SP.J.1002.2008.08016
https://doi.org/10.3724/SP.J.1002.2008.08016
https://doi.org/10.1371/journal.ppat.1004547
https://doi.org/10.1016/j.cub.2013.06.057
https://doi.org/10.1016/j.cub.2013.06.057
https://doi.org/10.1038/nature09984
https://doi.org/10.3389/fmicb.2014.00112
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/oxfordjournals.molbev.a025576
https://doi.org/10.1111/mec.v29.1010.1111/mec.15444
https://doi.org/10.1111/mec.v29.1010.1111/mec.15444
https://doi.org/10.1016/j.protis.2009.06.005
https://doi.org/10.1016/j.protis.2009.06.005


E. Park and R. Poulin International Journal for Parasitology 51 (2021) 855–864
Ronny Larsson, J.I., 2014. The primitive Microsporidia. In: Weiss, L.M., Becnel, J.J.
(Eds.), Microsporidia: Pathogens of Opportunity. Wiley Blackwell, New Jersy,
pp. 605–634. https://doi.org/10.1002/9781118395264.ch24.

Ronny Larsson, J.I., 1992. The ultrastructural cytology of Bacillidium strictum (Léger
and Hesse, 1916) Jírovec, 1936 (Microspora, Bacillidiidae). Eur. J. Protistol. 28,
175–183. https://doi.org/10.1016/S0932-4739(11)80047-7.

Lartillot, N., Brinkmann, H., Philippe, H., 2007. Suppression of long-branch attraction
artefacts in the animal phylogeny using a site-heterogeneous model. BMC Evol.
Biol. 7, 1–14. https://doi.org/10.1186/1471-2148-7-S1-S4.

Lartillot, N., 2020. PhyloBayes: Bayesian phylogenetics using site-heterogeneous
models, in: Scornavacca, C., Delsuc, F., Galtier, N. (Eds.), Phylogenetics in the
Genomic Era. No commercial publisher, pp. 1.5:1-1.5:16.

Levron, C., Ternengo, S., Sikina Toguebaye, B., Marchand, B., 2005. Ultrastructural
description of the life cycle of Nosema monorchis n. sp. (Microspora,
Nosematidae), hyperparasite of Monorchis parvus (Digenea, Monorchiidae),
intestinal parasite of Diplodus annularis (Pisces, Teleostei). Eur. J. Protistol. 41,
251–256. https://doi.org/10.1016/j.ejop.2005.05.001.

Manylov, O., 1999. First finding of a microsporidian parasite in the gastrotrich,
Turbanella lutheri (Gastrotricha: Macrodasyida). Protistology 1, 17–19.

Mikhailov, K.V., Simdyanov, T.G., Aleoshin, V.V., 2017. Genomic survey of a
hyperparasitic microsporidian Amphiamblys sp. (Metchnikovellidae). Genome
Biol. Evol. 9, 454–467. https://doi.org/10.1093/gbe/evw235.

Naegeli, C., 1957. Über die neue Krankheit der Seidenraupe und verwandte
Organismen. Bot. Zeit. 15, 760–761.

Park, E., Jorge, F., Poulin, R., 2020. Shared geographic histories and dispersal
contribute to congruent phylogenies between amphipods and their
microsporidian parasites at regional and global scales. Mol. Ecol. 29, 3330–
3345. https://doi.org/10.1111/mec.15562.

Pasteur, L., 1870. Études sur la maladie des vers à soie. Gauthier-Villars, Paris,
France.

Peyretaillade, E., Biderre, C., Peyret, P., Duffieux, F., Méténier, G., Gouy, M., Michot,
B., Vivarès, C.P., 1998. Microsporidian Encephalitozoon cuniculi, a unicellular
eukaryote with an unusual chromosomal dispersion of ribosomal genes and a
LSU rRNA reduced to the universal core. Nucleic Acids Res. 26, 3513–3520.
https://doi.org/10.1093/nar/26.15.3513.

Philippe, H., Brinkmann, H., Lavrov, D.V., Littlewood, D.T.J., Manuel, M., Wörheide,
G., Baurain, D., Penny, D., 2011. Resolving difficult phylogenetic questions: Why
more sequences are not enough. PLoS Biol. 9,. https://doi.org/10.1371/journal.
pbio.1000602 e1000602.

Qu, X.J., Jin, J.J., Chaw, S.M., Li, D.Z., Yi, T.S., 2017. Multiple measures could alleviate
long-branch attraction in phylogenomic reconstruction of Cupressoideae
(Cupressaceae). Sci. Rep. 7, 1–11. https://doi.org/10.1038/srep41005.

Quandt, C.A., Beaudet, D., Corsaro, D., Walochnik, J., Michel, R., Corradi, N., James, T.
Y., 2017. The genome of an intranuclear parasite, Paramicrosporidium
saccamoebae, reveals alternative adaptations to obligate intracellular
parasitism. Elife 6: e29594. https://doi.org/10.7554/eLife.29594.

Ranwez, V., Chantret, N., 2020. Strengths and limits of multiple sequence alignment
and filtering methods, in: Scornavacca, C., Delsuc, F., Galtier, N. (Eds.),
Phylogenetics in the Genomic Era. No commercial publisher, pp. 2.2:1-2.2:36..

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D., Darling, A., Höhna, S., Larget,
B., Liu, L., Suchard, M., Huelsenbeck, J., 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539–542. https://doi.org/10.1093/sysbio/sys029.

Sagristà, E., Bozzo, M.G., Bigas, M., Poquet, M., Durfort, M., 1998. Developmental
cycle and ultrastructure of Steinhausia mytilovum, a microsporidian parasite of
oocytes of the mussel, Mytilus galloprovincialis (Mollusca, Bivalvia). Eur. J.
Protistol. 34, 58–68. https://doi.org/10.1016/S0932-4739(98)80040-0.

Sandholzer, L., Nostrand, T., Young, L., 1945. Studies on an ichthyosporidian-like
parasite of ocean pout (Zoareces anguillaris). U.S. Fish Wildl. Serv. Spec. Sci. Rep.
31, 1–12.

Scheid, P., 2007. Mechanism of intrusion of a microspordian-like organism into the
nucleus of host amoebae (Vannella sp.) isolated from a keratitis patient.
Parasitol. Res. 101, 1097–1102. https://doi.org/10.1007/s00436-007-0590-z.

Scholz, F., Fringuelli, E., Bolton-Warberg, M., Marcos-López, M., Mitchell, S., Prodhol,
P., Moffet, D., Savage, P., Murphy O’Sullivan, S., O0Connor, I., McCarthy, E.,
Rodger, H.D., 2017. First record of Tetramicra brevifilum in lumpfish (Cyclopterus
lumpus, L.). J. Fish Dis. 40, 757–771. https://doi.org/10.1111/jfd.12554.

Shafer, A.B.A., Williams, G.R., Shutler, D., Rogers, R.E.L., Stewart, D.T., 2009.
Cophylogeny of Nosema (Microsporidia: Nosematidae) and bees
(Hymenoptera: Apidae) suggests both cospeciation and a host-switch. J.
Parasitol. 95, 198–203. https://doi.org/10.1645/GE-1724.1.

Slamovits, C.H., Williams, B.A.P., Keeling, P.J., 2004. Transfer of Nosema locustae
(Microsporidia) to Antonospora locustae n. comb. based on molecular and
ultrastructural data. J. Eukaryot. Microbiol. 51, 207–213. https://doi.org/
10.1111/j.1550-7408.2004.tb00547.x.

Snowden, K.F., 2014. Microsporidia in higher vertebrates. In: Weiss, L.M., Becnel, J.J.
(Eds.), Microsporidia: Pathogens of Opportunity. Wiley Blackwell, New Jersey,
pp. 469–491. https://doi.org/10.1002/9781118395264.ch19.

Sokolova, Y.Y., Senderskiy, I.V., Tokarev, Y.S., 2016. Microsporidia Alfvenia sibirica sp.
n. and Agglomerata cladocera (Pfeiffer) 1895, from Siberian microcrustaceans
and phylogenetic relationships within the ‘‘Aquatic outgroup” lineage of fresh
864
water microsporidia. J. Invertebr. Pathol. 136, 81–91. https://doi.org/10.1016/j.
jip.2016.03.009.

Stamatakis, A., 2014. RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312–1313. https://doi.org/
10.1093/bioinformatics/btu033.

Stentiford, G.D., Bass, D., Williams, B.A.P., Hogan, D.A., 2019. Ultimate
opportunists—the emergent Enterocytozoon group microsporidia. PLoS Pathog.
15,. https://doi.org/10.1371/journal.ppat.1007668 e1007668.

Stentiford, G.D., Bateman, K.S., Feist, S.W., Chambers, E., Stone, D.M., 2013a. Plastic
parasites: extreme dimorphism creates a taxonomic conundrum in the phylum
Microsporidia. Int. J. Parasitol. 43, 339–352. https://doi.org/10.1016/j.
ijpara.2012.11.010.

Stentiford, G.D., Becnel, J.J., Weiss, L.M., Keeling, P.J., Didier, E.S., Bjornson, S.,
Freeman, M.A., Brown, M.J.F., Roesel, K., Sokolova, Y., 2016. Microsporidia–
emergent pathogens in the global food chain. Trends Parasitol. 32, 336–348.
https://doi.org/10.1016/j.pt.2015.12.004.

Stentiford, G.D., Feist, S.W., Stone, D.M., Bateman, K.S., Dunn, A.M., 2013b.
Microsporidia: diverse, dynamic, and emergent pathogens in aquatic systems.
Trends Parasitol. 29, 567–578. https://doi.org/10.1016/j.pt.2013.08.005.

Stentiford, G.D., Ramilo, A., Abollo, E., Kerr, R., Bateman, K.S., Feist, S.W., Bass, D.,
Villalba, A., 2017. Hyperspora aquatica n.gn., n.sp. (Microsporidia),
hyperparasitic in Marteilia cochillia (Paramyxida), is closely related to
crustacean-infecting microspordian taxa. Parasitology 144, 186–199. https://
doi.org/10.1017/S0031182016001633.

Tamim El Jarkass, H., Reinke, A.W., 2020. The ins and outs of host-microsporidia
interactions during invasion, proliferation and exit. Cell. Microbiol. 22. https://
doi.org/10.1111/cmi.v22.1110.1111/cmi.13247.

Temereva, E.N., Sokolova, Y.Y., 2018. A Microsporidian Infection in Phoronids
(Phylum Phoronida): Microsporidium phoronidi n. sp. from a Phoronis
embryolabi. J. Eukaryot. Microbiol. 65, 427–431. https://doi.org/
10.1111/jeu.2018.65.issue-310.1111/jeu.12490.

Timofeev, S., Tokarev, Y., Dolgikh, V., 2020. Energy metabolism and its evolution in
Microsporidia and allied taxa. Parasitol. Res. 119, 1433–1441. https://doi.org/
10.1007/s00436-020-06657-9.

Tokarev, Y.S., Huang, W.F., Solter, L.F., Malysh, J.M., Becnel, J.J., Vossbrinck, C.R.,
2020. A formal redefinition of the genera Nosema and Vairimorpha
(Microsporidia: Nosematidae) and reassignment of species based on
molecular phylogenetics. J. Invertebr. Pathol. 169, 107279. https://doi.org/
10.1016/j.jip.2019.107279.

Tsaousis, A.D., Kunji, E.R.S., Goldberg, A.V., Lucocq, J.M., Hirt, R.P., Embley, T.M.,
2008. A novel route for ATP acquisition by the remnant mitochondria of
Encephalitozoon cuniculi. Nature 453, 553–556. https://doi.org/
10.1038/nature06903.

Vávra, J., Fiala, I., Krylová, P., Petrusek, A., Hyliš, M., 2018. Molecular and structural
assessment of microsporidia infecting daphnids: The ‘‘obtusa-like”
microsporidia, a branch of the monophyletic Agglomeratidae clade, with the
establishment of a new genus Conglomerata. J. Invertebr. Pathol. 159, 95–104.
https://doi.org/10.1016/j.jip.2018.10.003.

Vavra, J., Hylis, M., Vossbrinck, C.R., Pilarska, D.K., Linde, A., Weiser, J., McManus, M.
L., Hoch, G., Solter, L.F., 2006. Vairimorpha disparis n. comb. (Microsporidia:
Burenellidae): A redescription and taxonomic revision of Thelohania disparis
Timofejeva 1956, a microsporidian parasite of the gypsy moth Lymantria dispar
(L.) (Lepidoptera: Lymantriidae). J. Eukaryot. Microbiol. 53, 292–304. https://
doi.org/10.1111/j.1550-7408.2006.00108.x.

Vávra, J., Larsson, J.I.R., 2014. Structure of Microsporidia. In: Weiss, L.M., Becnel, J.J.
(Eds.), Microsporidia: Pathogens of Opportunity. Wiley Blackwell, New Jersey,
pp. 1–70. https://doi.org/10.1002/9781118395264.ch1.

Vossbrinck, C.R., Barker, M.D., Didier, E.S., Debrunner-Vossbrinck, B.A., Shadduck, J.
A., 1993. Ribosomal DNA sequences of Encephalitozoon Hellem and
Encephalitozoon Cuniculi: Species identification and phylogenetic construction.
J. Eukaryot. Microbiol. 40, 354–362. https://doi.org/10.1111/j.1550-7408.1993.
tb04928.x.

Vossbrinck, C.R., Debrunner-Vossbrinck, B.A., 2005. Molecular phylogeny of the
Microsporidia: ecological, ultrastructural and taxonomic considerations. Folia
Parasitol. (Praha) 52, 131–142. https://doi.org/10.14411/fp.2005.017.

Vossbrinck, C.R., Debrunner-Vossbrinck, B.A., Weiss, L.M., 2014. Phylogeny of the
Microsporidia. In: Weiss, L.M., Becnel, J.J. (Eds.), Microsporidia: Pathogens of
Opportunity. Wiley Blackwell, New Jergey, pp. 203–220. https://doi.org/
10.1002/9781118395264.ch6.

Vossbrinck, C.R., Woese, C.R., 1986. Eukaryotic ribosomes that lack a 5.8S RNA.
Nature 320, 287–288. https://doi.org/10.1038/320287a0.

Wadi, L., Reinke, A.W., 2020. Evolution of Microsporidia: An extremely successful
group of eukaryotic intracellular parasites. PLoS Pathog. 16,. https://doi.org/
10.1371/journal.ppat.1008276 e1008276.

Wijayawardene, N.N., Dai, D.Q., Hyde, K.D., Tang, L.Z., 2020. Outline of Fungi and
fungus-like taxa. Mycosphere 11, 1060–1456. https://doi.org/10.5943/
mycosphere/11/1/8.

Williams, B.A.P., Hamilton, K.M., Jones, M.D., Bass, D., 2018. Group-specific
environmental sequencing reveals high levels of ecological heterogeneity
across the microsporidian radiation. Environ. Microbiol. Rep. 10, 328–336.
https://doi.org/10.1111/1758-2229.12642.

https://doi.org/10.1002/9781118395264.ch24
https://doi.org/10.1016/S0932-4739(11)80047-7
https://doi.org/10.1186/1471-2148-7-S1-S4
https://doi.org/10.1016/j.ejop.2005.05.001
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0245
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0245
https://doi.org/10.1093/gbe/evw235
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0255
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0255
https://doi.org/10.1111/mec.15562
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0265
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0265
https://doi.org/10.1093/nar/26.15.3513
https://doi.org/10.1371/journal.pbio.1000602
https://doi.org/10.1371/journal.pbio.1000602
https://doi.org/10.1038/srep41005
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1016/S0932-4739(98)80040-0
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0305
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0305
http://refhub.elsevier.com/S0020-7519(21)00141-7/h0305
https://doi.org/10.1007/s00436-007-0590-z
https://doi.org/10.1111/jfd.12554
https://doi.org/10.1645/GE-1724.1
https://doi.org/10.1111/j.1550-7408.2004.tb00547.x
https://doi.org/10.1111/j.1550-7408.2004.tb00547.x
https://doi.org/10.1002/9781118395264.ch19
https://doi.org/10.1016/j.jip.2016.03.009
https://doi.org/10.1016/j.jip.2016.03.009
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1371/journal.ppat.1007668
https://doi.org/10.1016/j.ijpara.2012.11.010
https://doi.org/10.1016/j.ijpara.2012.11.010
https://doi.org/10.1016/j.pt.2015.12.004
https://doi.org/10.1016/j.pt.2013.08.005
https://doi.org/10.1017/S0031182016001633
https://doi.org/10.1017/S0031182016001633
https://doi.org/10.1111/cmi.v22.1110.1111/cmi.13247
https://doi.org/10.1111/cmi.v22.1110.1111/cmi.13247
https://doi.org/10.1111/jeu.2018.65.issue-310.1111/jeu.12490
https://doi.org/10.1111/jeu.2018.65.issue-310.1111/jeu.12490
https://doi.org/10.1007/s00436-020-06657-9
https://doi.org/10.1007/s00436-020-06657-9
https://doi.org/10.1016/j.jip.2019.107279
https://doi.org/10.1016/j.jip.2019.107279
https://doi.org/10.1038/nature06903
https://doi.org/10.1038/nature06903
https://doi.org/10.1016/j.jip.2018.10.003
https://doi.org/10.1111/j.1550-7408.2006.00108.x
https://doi.org/10.1111/j.1550-7408.2006.00108.x
https://doi.org/10.1002/9781118395264.ch1
https://doi.org/10.1111/j.1550-7408.1993.tb04928.x
https://doi.org/10.1111/j.1550-7408.1993.tb04928.x
https://doi.org/10.14411/fp.2005.017
https://doi.org/10.1002/9781118395264.ch6
https://doi.org/10.1002/9781118395264.ch6
https://doi.org/10.1038/320287a0
https://doi.org/10.1371/journal.ppat.1008276
https://doi.org/10.1371/journal.ppat.1008276
https://doi.org/10.5943/mycosphere/11/1/8
https://doi.org/10.5943/mycosphere/11/1/8
https://doi.org/10.1111/1758-2229.12642

	Revisiting the phylogeny of microsporidia
	1 Introduction
	2 Materials and methods
	2.1 Compiling genetic data
	2.1.1 Microsporidia
	2.1.2 Opisthosporidia

	2.2 Phylogenetic analysis
	2.3 Compiling data on host and habitat of canonical microsporidians
	2.4 Data accessibility

	3 Results and discussion
	3.1 The phylogeny of canonical Microsporidia
	3.1.1 Clade 5: fish and crustacean hosts from aquatic habitats
	3.1.2 Clade 4: a large clade containing diverse hosts from all realms
	3.1.3 Clades 1 and 3: Parasites with many freshwater and terrestrial hosts
	3.1.4 Unrecovered Clade 2, and other lineages branching near the base of the tree of canonical microsporidians
	3.1.5 The need for revision of classification within canonical Microsporidia
	3.1.6 Codiversification and host switching

	3.2 Phylogenetic relationships among Microsporidia and their relatives
	3.3 What differentiates canonical microsporidians from their relatives?
	3.4 Canonical microsporidians in metazoan hosts: due to evolutionary adaptation or biased screening effort?

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


