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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

I]\j{i{ ';‘;Osrd;;i dia 160 years ago, however, the classification of canonical Microsporidia has been challenging due to com-
Roz ellidpa 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.
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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).

* Corresponding author.
E-mail address: eunjisea@gmail.com (E. Park).

https://doi.org/10.1016/j.ijpara.2021.02.005

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 (Sagrista 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
ssTRNA 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
IsrRNA-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 ssTRNA
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 ssTRNA sequences have
played an important role in the classification of canonical Micro-
sporidia. The first ssrTRNA 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 (N]J) and MP trees
based on ssrRNA sequences of 125 species from 56 genera, propos-

856

International Journal for Parasitology 51 (2021) 855-864

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 ssTRNA sequence (or a sequence of a
longer region of rRNA; ssrRNA-internal transcribed spacer (ITS)-
IsTRNA) 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 (SSTRNA
or ssTRNA-ITS-IsrRNA 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 of Microsporidium 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. sstTRNA 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 IsrRNA rRNA
sequences were used when the IsrRNA region was available. The
ITS region was excluded because this region was too divergent
across microsporidians. ssTfRNA and IsrRNA 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 IsrRNA 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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@ Strong support in MrBayes and RAXML
A Strong support in MrBayes

Spraguea sp., AB623034
Microgemma carolinus, JQ085991
Spraguea lophii, AF056013
Tetramicra brevifilum, AF364303 -
Microgemma caulleryi, AY033054 -

. M Marine
B MF Marine-Freshwater
F  Freshwater

Kabatana takedai, AF356222 ----
Inodosporus octosporus, MHO11629

FT Freshwater-Terrestrial
W T Terrestrial

Pleistophora typicalis, AF044387
Pleistophora mirrandellae, AF104085 -
Dasyatispora levantinae, GU183263 ---
Heterosporis anguillarum, AF387331 -
Microsporidia sp. HE1, KT380106 --
Microsporidia sp. HM1, KT380107 -
Microsporidia sp. isolate Persian Gulf,
Vavraia culicis, AJ252961

Vavraia oncoperae, X74112
Trachipleistophora sp., DQ403816

Glugea anomala, AF044391 ----
Glugea atherinae, U15987 -
Pleistophora sp., KF830721

Microsporidium lucioperc
Ichthyosporidium sp., L39110 -
Loma salmonae, U78736 ----

Microsporidium cypselurus, AJ300706
Microsporidium sp., MT928885

wwww

r Microsporidia sp. X27992-16, MF373108
Myosporidium merluccius, AY530532
Dictyocoela duebenum, AF397404

‘—°—L Unikaryon legeri, KX364285

Hyperspora aquatica, KX36
Paradoxium irvingi, KU163282 -~
Thelohania butleri, DQ417114 -~
Myospora metanephrops, HM140499 ----

Pleistophora sp, AJ252959

7
Clade 5

Microsporidium cerebralis, JQ316511

Microsporidium sp. MSCLHCY01, HM800853 -

Tuzetia Weidneri, AJ252958 -+« -+« -xxxsrssssrmssmnsitie st

Perezia nelsoni, KX856426 - -
Unidentified microsporidian,
—
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Facilispora margolisi, HM800850 -

e e I

Habkat  Hostspedes Host Phylum  Host Class HostOrder
M Seriola clmerii Chodata Actinopterygii Perciformes
M Trachinots Chordata  Actinopterygii Perciformes
M Lophiusspiscalorius/L budegassa  Chordata  Actinopterygii Lophiiformes
M Soophthaimus maximus Chordata  Actinopterygii  Pleuronectformes
M Hyperoplsinceoatus Chodata Actinopterygii Perciformes
CGuteraburus Chordata  Actinopterygii  Cypriniformes
MF Onoorhynchus masou Chordata  Actinopterygii  Salmoniformes
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, M Pabemonseratus Athropoda Malacostraca Deca
Potamorhiaphis guianensis Chodata Adtinopterygii Beloniformes
Palaemon palicosus Athropoda Malacostraca Decapoda
,,,,,,,,,,,,,,,,,,,,,,, M Myoxooephalus scomius Chodata Actinopterygii  Scorpaeniformes
M Ruliusniius Chordata  Actinopterygii ~ Cypriniformes
M Dasyatis pastinacal. Chodata  Adtinopterygii ~ Myliobatiformes
MF Anguilajaponica Chordata  Actinopterygii  Angiliformes
M Hyctophis elegars; Chordata Reptilia Squamata
M Hycophis maor Chordata Reptilia Squamata
M Sauidaundosquamss Chordata  Actinopterygii ~ Aulopiformes
T Aedes abopictus Athropoda Insecta Diptera
Synurellasp. LGA13 Athropoda Malacostraca Ampipoda
T NA Arthropoda Insecta Lepidoptera
T Hemientetes semispinosus Chordata. Mammalia Afrosoricida
Salmotutatario Chordata  Actinopterygii  Salmoniformes
M Gasterosteus aculeatus. Chodata  Adtinopterygii ~ Gasterosteiformes
3 inaprestyter Chodaa  Actinopterygii  Atheriniformes
M Akpesdedaba Chodta Adtinopterygii Perciformes
Danorerd Chordata  Actinopterygii  Cypriniformes
s . MF Salinosalar Chodata  Actinopterygii  Salmoniformes
KX351969 - M Fish Chordata  Actinopterygii Perciformes
.M Chodta Adtinopterygii Perciformes
- M Oncomynchus tshawyischa Chordata  Actinopterygii  Salmoniformes
shufotti Athropoda Malacostraca Decapoda
M i j Chordata
M Gadis chabogammus Chodta Adtinopterygii Gadiformes
Gymnocephals cemuus Chordata  Actinopterygii Perciformes
MF Penaeus aztecus Athropoda Malacostraca Decapoda
Prosopiumwillamsoni Chordata  Actinopterygii  Salmoniformes
M Caetacaeta Chordata Reptilia Testudines
M Meruosius capensis Chordata  Actinopterygii Gadiformes
Gardna fornosae Athropoda Malacostraca Decapoda
M Gammausaueben Athropoda Malacostraca Amphipoda
] i Trematoda Plagiorchiida
Gammerus chevrew Athropoda Malacostraca Amphipoda
Dierogammanus haemobephes Athropoda Malacostraca Amphipoda
Amphipods Athropoda Malacostraca Amphipoda
Dierogammanus haemobaphes Athropoda Malacostraca Amphipoda
Amphipods Athropoda Malacostraca Amphipoda
Euimnogammanscyaneus Athropoda Malacostraca Amphipoda
Eimnogammaruscyaneus Athropoda Malacostraca Amphipoda
Euimnogammanscyaneus Athropoda Malacostraca Amphipoda
Gammans duebenictuebeni Athropoda Malacostraca Amphipoda
Athropoda Malacostraca Amphipoda
M Lepeophtheius hospials Athropoda Malacostraca Copepoda
M Martsila cochilla Endomyxa  Ascetosporea  Paramyxida
M Pandass montagui Athropoda Malacostraca Amphipoda
M Pandalus jordani Athropoda Malacostraca Decapoda
M Metanephops, Athropoda Malacostraca Decapoda
M Liopenaeus sefferus Athropoda Malacostraca Decapoda
M Ligpenaeus setierus Athropoda Malacostraca Decapoda
M Wetapenacusjoineri Athropoda Malacostraca Decapoda
Ameson michaelis, L15741 M Calinectes sapiois Athropoda Malacostraca Decapoda
canceri, AY958070 ------ M Metacarcinus magister Athropoda Malacostraca Decapoda
Ameson pulvis, KC465966 --- M Caciusmaenas Athropoda Malacostraca Decapoda
Lepeophiteiuss saimonis Athopoda Hexanauplia Copepoda
Paracaliope Athropoda Malacostraca Amphipoda
M Dyspanopeussayi Athropoda Malacostraca Decapoda

Fig. 1. A Bayesian phylogenetic tree of canonical microsporidia inferred from concatenated ssrTRNA and IsrRNA gene sequences. Nodes with strong support in both Bayesian
(posterior probability >95) and maximum likelihood (ML: Bootstrap support >90) analyses were annotated with circles (®). Nodes that were strongly supported only in
Bayesian analysis and ML analysis were annotated with triangles (a) and squares (M), 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.

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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@ Strong support in MrBayes and RAXML
A Strong support in MrBayes
W Strong support in RaxML

. M Marine
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F  Freshwater
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Habitat Host spedes HostPhylum  HostClass Host Order
Deptriamagna Branchiopoda Cladocera
————————————————————— T Limaxfaws Mollusca Castropoda
Crangonyxpseudogracits Malacostraca Amphipoda
- T Oryclolagus cuniculus lia Rodentia
M Odoniophorarectanguia Nematoda Araeolaimida
T Qual Chordata Aves Galliformes
T Xanhoczediius sommenmance  Athropoda. Insecta Psocoptera
T Ostinianubials Insecta Lepidoptera
T Derceraspanomiarum Mollusca Gastropoda
OGBIOS AM411626' - T  Bomphalariapfeifieri Mollusca Gastropoda
Cloeondpteum Arthropoda Insecta Ephemeroptera
T Aionhorensisegg Mollusca Gastropoda
cowani, EU275200 - T Anabussimpex Athropoda Insecta Orthoptera
T  Polypsoass Athropoda Insecta Psocoptera
T Metaseiulus occidentalis Arthropoda Arachnida Mesostigmata
T Qperphien bumaa Atthropoda Insecta Lepidoptera
- T Operphierabruceata Athropoda Insecta Lepidoptera
T Pseudaletia unpunciata Arthropoda Insecta Lepidoptera
- T Xanhogakucakteol Atthropoda Insecta
T Megasigmus spemotiophus Athropoda Insecta Hymenoptera
T Ostinianubials Athropoda Insecta Lepidoptera
T  Cepooderaauata Arthropoda Insecta Coleoptera
T Black vine weevil Asthropoda Insecta Coleoptera
T Atthropoda Insecta
T Bombyxmoi Athropoda Insecta Lepidoptera
T Comacestpatna Athropoda Insecta Lepidoptera
T  Bombyxmoil Atthropoda Insecta Lepidoptera
»»»»»»»»» - T  Achipsxylosteana Atthropoda Insecta Lepidoptera
T Operophierabruceata Athropoda Insecta Lepidoptera
----------------------------------- T Operphtera bumata Athropoda Insecta Lepidoptera
Attropoda Malacostraca Amphipoda
Chimomidee sp. Athropoda Insecta Diptera
Gammarus pseudolimnaeus Arthropoda Malacostraca Amphipoda
* T  Postphanustuncatus Arthropoda Insecta Coleoptera
X424959 -- - T Caenorhabalis brenneri Nematoda
T  Oscheius tipulae Nematoda
T  Dichroplus eongatus Arthropoda Insecta Orthoptera
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T Qu Chordata Aves Galiformes
Chionomus pmosus Atthropoda Insecta Diptera
Gammarus pulex Atthropoda Malacostraca Amphipoda
Gammarus roeseli Arthropoda. Malacostraca Amphipoda
Gammarus puex Athopoda Malacostraca Amphipoda
Gammarus pulex Athropoda Malacostraca Amphipoda
Amphipod Athropoda Malacostraca Amphipoda
Chioomus plmosus Athropoda Insecta Diptera
Gammarus duebenicefticus Arthropoda Malacostraca Amphipoda
pulex Athropoda Malacostraca Amphipoda
Gammarus duebeni dueben’ Athropoda ~ Malacostraca Amphipoda
Gammans cuebenicebeni Athopoda~ Malacostraca Amphipoda
Aemia Arthropoda Branchiopoda Anostraca
Daphniapuiex Atthropoda Branchiopoda Cladocera
Cangonyxsp. TBAS Athropoda Malacostraca Amphipoda
M Carcinusmaenas Arthropoda Malacostraca
Gammarus roeseli Atthropoda Malacostraca Amphipoda
------------------------------------------ T Hoospins Chordeta Mammalia Primate
Fish Chordeta  Actinopterygii Perciformes
© M Penaeus monodon Arthropoda Malacostraca
ML i i vthropoda. il Copepoda
< M Calionymus flamentosu Chordata  Actinopterygii  Callionymiformes.
- MF  Oncorfynchus ishawytscha Chordata Actinopterygii Salmoniformes
Dephniapuiex Athropoda Branchiopoda Cladocera
- MF  Erocheir sinensis Arthropoda Malacostraca Decapoda
© M Gaverpaguus Arthropoda Malacostraca
Gammanss. Athropoda Malacostraca Amphi
"Daphniamagna/Daphniapuex Athropoda Branchiopoda Cladocera
Crangonyx; Athopoda  Malacostraca Amphipoda
Chionomus pumosus Atthropoda Insecta Diptera
Ancpheles arabiensis Atthropoda Insecta Diptera
Artemiattanciscana Athropoda Branchiopoda Anostraca
Crangonyx foridanus Athropoda Malacostraca Amphipoda
T Lobesi botana Athropoda Insecta Lepidoptera
Gammas fossaum Athopoda  Malacostraca Amphipoda
Macrocyciops albicus Athropoda Hexanauplia
Homoszens Chordata Mammalia Primates
i Athropoda Insecta Lepidoptera
Athropoda Insecta Lepidoptera
Athropoda Branchiopoda Anostraca
Chromista Ciliophora Euplotida
Athropoda Hexanauplia Copepoda
Athropoda Insecta Hemiptera
i Athropoda Insecta Lepidoptera
Litopenaeus sefferus Atthropoda Malacostraca Decapoda
Cherax destuctor Arthropoda Malacostraca Decapoda
Astacus fluviatilis Arthropoda Malacostraca Decapoda
Talorchestia deshayesei Arthropoda Malacostraca Amphipoda

Fig. 1 (continued)

(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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Habitat  Host Spedes HostPhyum  HostClass Host Order
Culex tarsalls Arthropoda Insecta Diptera
Culex restuans Arthropoda. Insecta Diptera
@ Strong support in MrBayes and RAXML trapr D13380 - ion Culex fuscanus Arthropoda Insecta Diptera
. richotosporea pygopellita, 5! 7 eennecennens T Ochlerotatus cyprius Arthropoda Insecta Diptera
A strong support in MrBayes Amblyospora connecticus, AF025685 -« ------------- T Aedescantaor Athropoda Insecta Diptera
Aedes aegypti Arthropoda Insecta Diptera
. M Marine Culex piosus Athropoda Insecta Diptera
’ Hyalinocysta chapmani, AFA83837 ------ .- T  Cuseameanua Athropoda Insecta Diptera
B MF Marine-Freshwater Andreanna caspii, EUB64450 ~ cereeeeeiiaiooos T Ochlerotatus caspius Arthropoda Insecta Diptera
F  Freshwater Vairimorpha sp, AF031539 - T Solenopsis Arthropoda Insecta Hymenoptera
FT Freshwater-Terrestrial Multilamina teevani, KC990122 T Umtemtegvan« Arthropoda &iﬁsﬁw‘; gllaa;tgia:‘
B T Terrestrial Megacyclops viridis Athropoda Hexanauplia poda
Culex quinquefascialus Atthropoda Insecta Diptera
Cyclops vicinus Athropoda Hexanauplia Cyclopoida
- Daphniapuiex Arthropoda Branchiopoda Cladocera
Dephniagaketa Athropoda Branchiopoda Cladocera
Daphniapuiex Arthropoda Branchiopoda Cladocera
Deptrialongispina Athvopoda Branchiopoda Cladocera
Clade 1 Daphniapuex Arthropoda. Branchiopoda Cladocera
Senoma globulifera, DQBA1245 « -« -« -« xuwueuemannan T Anophelsmesseae Athropoda Insecta Diptera
\ Depmamaga Atthropoda Branchiopoda Cladocera
Daphniamagna Arthropoda Branchiopoda Cladocera
Anopheles stperpictus Atthropoda Insecta Diptera
Cyclops vicinus Atthropoda Hexanauplia Cyclopoida
Octosporea muscaedomesticae, FN794114 - ---cuveeennnnnnnnnn T Phomiaregina Arthropoda Insecta Diptera
Microptema: Arthropoda Insecta Trichoptera
Crangonyxsp.NCS Athropoda Malacostraca Amphipoda
Amblyospora sp, AJ252949 T Simuliumsp. Arthropoda Insecta Diptera
Parathelohania anophelis, AF027682 T Anopheles Arthropoda Insecta Diptera
Novothelohania ovalae, JF82641 T Ochlerotatus caspius Arthropoda Insecta Diptera
= - Takaokaspora nipponicus, KF110990 T Ochlerotatusjaponicus japonicus  Athropoda Insecta Diptera
Takaokaspora nipponicus, KF110991 T Ochlerotatus japonicus japonicus Arthropoda Insecta Diptera
A a bracteata, AY090068 T Odagamiaomate Arthropoda Insecta Diptera
Flabelliforma montana, AJ252962 - T phboomusaias Athropoda Insecta Diptera
Polydispyrenia simuli, AY090069 T Odagamia omata Arthropoda Insecta Diptera
= Caudospora simulii, AY973624 - --- - T Posmuiummitm Athropoda Insecta Diptera
ﬁ Myr a nyla ae, KR704917 - ST Nyandera Atthropoda Insecta Hymenoptera
Halplus neolatus Atthropoda Insecta Coleoptera
Antonospora scoticae, AFO24655 « - - -« - wveumeneens T Andenascoica Arthropoda Insecta
Microsporidium sp., FJ865221 ---- - T Xanthocaeciius sommermanae Arthropoda Insecta Psocoptera
Microsporidium sp., KU16025; - T Quail Chordata Aves Galliformes
L Paranosema grylli, AY305325 - -- - T Grylus bimaculatus Arthropoda Insecta Orthoptera
Garmmans pukex /G roseseli Athopoda ~ Malacostraca Amphipoda
Nematocenator marisprofundi, JX463178 .« evnnnmninimiiiiii i M mar Nematoda
Bryozoa Phylactolaemata
Nais simplex Annelida Clitellata Haplotaxida
Branchiura sowerbyi Annelida Clitellata Oligochaeta
AY090070  -----ceeieinie e T Odagamia omata Arthropoda Insecta Diptera
Plumatelia nitens Bryozoa Phylactolaemata Plumatellida
Chionomus plmosus: Arthropoda Insecta Diptera
Clad Plumatela fungosa Bryozoa Phylactolaemata  Plumatellida
ade Pectinatela magnifca Bryozoa Phylactolaemata Plumatellida
Microsporidium sp. C81, DQ521753 - ---x-zxwneemmaneaaann MF Conphiumwliaior Athropoda Malacostraca Amphi
Paracaliope fuviatils Atthropoda Malacostraca Amphipoda
Arthropoda Malacostraca Amphipoda
! Athropoda Malacostraca Amphipoda
Mosquitoes Arthropoda Insecta Diptera
Moscuitoes Athropoda Insecta Diptera
Anncaliia algerae, HM216911 ---- T  Hmn Chordata Mammalia Primates
Kneallhazia carolinensae, GU173849 - T Solenopsis carolinensis Arthropoda Insecta
Athopoda ~ Malacostraca Amphipoda
Depria Athropoda~ Branchiopoda Cladocera
Tubulinosema kingi, DQ019419 - - T Drosophia willstoni/ D. melanogaster - Arthropoda Insecta Diptera
Systenostrema alba, A S T Aeshnaviids Arthropoda Insecta Odonta
Ovavesicula popilliae, EF564602 - -- - T Popiliajzponica Arthropoda Insecta Coleoptera
—{ - T Caenorabdisekegans Nematoda Rhabditida
Depriamega Branchiopoda Cladocera
——T Deptriamagra Branchiopoda Cladocera
_ Tubefex tubliex Annelida Clitellata Oligochaeta
A sp., KX214676
Amphiamblys sp., KX214674
Chytridiopsis typographi, MH728789

Nucleophaga amoebae, JQ288099

Nucleophaga terricolae, KX017226
Uncultured eukaryote LKM15, AJ130850
Mitosporidium daphniae, MF278562
Paramicrosporidium vannellae, JQ796368
F icrosporidium JQ796369
Rozella llomycis, AY635838
Rozella sp. strain JEL880, MF196183

Outgroups

, JX507298
| Aphelidium tribonemae, KY129663

0.2

Fig. 1 (continued)

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 (Vavra 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.,
20134, 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).
ssTRNA sequences can be useful to assign new species into order
and family. The use of ssTRNA 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

A

- Long-branch
Chytridiopsis microsporidia

- Parasites of bark beetles
- Rudimentary polar tube
- Near complete 18S rRNA

Metchnikovellids
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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.

B - Mostly parasites of Fungi '
- ADP/ATP transporter - Parasites of algae
- Mitochondria lack - Canonical mitochondria
Respiratory complex | & - Flagellum
- Parasites of amoebae - Flagellum §
- Lack ADP/ATP transporter Aphelida
- Canonical mitochondria Rozellida
- Polar tube

Paramicrosporidium

- Parasites of gregarines
- Rudimentary polar tube
- Relatively compact genome
- Near complete 18S rRNA

- Lack ADP/ATP transporter
- Lack mitochondria

- Parasites of amoebae
- Lack ADP/ATP transporter
- Lack mitochondria Py,
- Lack polar
ack polar tube LKM-46% o
Laz Vill

LKM-11

Short-branch

Clade 3 microsporidia

Sebngoece eacis, Evortoay Holozon

Clade 5

- Parasites of D%phnla

- Lack of ADP/ATP transporter  un

- Mitochondria lack
Respiratory complex |

- Polar tube

Clade 1

Morellospora
- Parasites of amoebae
- Polar tube

Canonical
microsporidia

- Mostly parasites of metazoans
- Complex polar filaments

- Compact genome

- Reduced 16S rRNA

- ADP/ATP transporter

- Lack of mitochondria

0.1

Clade 4

Fig. 2. A Bayesian tree showing the inferred phylogenetic relationships among microsporidians and their relatives. ssTRNA gene sequences of opisthosporidians (canonical
Microsporidia, Metchnikovellids, Chytridiopsis, short-branch Microsporidia, Paramicrosporidium, Mitosporidium, Nucleophaga, Rozellida, Aphelida) were included; these names
and other group names of environmental sequences are marked. (A) The unrooted tree is shown. Some major traits of each group are also shown in grey boxes. Branches of
‘Expanded microsporidia’ from Bass et al. (2018) are highlighted with blue (grey) colour. (B) The arrow points to an enlarged part of the tree showing ‘short-branch
microsporidia’ and other groups.
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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; Vavra 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 (Vavra 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 EI 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 some Metazoa (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, further genetic characterization of microsporidians
and theirrelatives fromunderexplored host groups, 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
major clades, this does not mean that there are only four major clades
within canonical Microsporidia. Also, targeted studies on micro-
scopic hosts may recover the hidden diversity of canonical
microsporidians as well as SB-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 sets will reveal more 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 ssTrRNA, 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.
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