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ORIGINALITY-SIGNIFICANCE STATEMENT

We introduce here a methodology which enables the study of environmental Microsporidia diversity (a
phylogenetically diverse phylum of unicellular parasites), through metabarcoding.

We provide a comprehensive reference database which positions microsporidian SSU rRNA gene
sequences within a coherent ranked phylogenetic framework. Using the developed methodology on

lacustrine samples, we highlighted a considerable diversity, with many unknown genera and families.
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SUMMARY

Microsporidia are obligate intracellular eukaryotic parasites known to parasitize many species of the
animal kingdom as well as some protists. However, their diversity is underestimated, in part as a
consequence of the failure of “universal” primers to detect them in metabarcoding studies. Besides, due
to the inconsistency between taxonomy and phylogenetic data, available databases may assign
incorrectly sequences obtained with high-throughput sequencing. In this work, we developed a
comprehensive reference database which positions microsporidian SSU rRNA gene sequences within a
coherent ranked phylogenetic framework. We used this phylogenetic framework to study the
microsporidian diversity in lacustrine ecosystems, focusing on < 150 um planktonic size fractions. Our
analysis shows a high diversity of Microsporidia, with the identification of 1531 OTUs distributed
within 7 clades, of which 76% were affiliated to clade IV2 and 20% to clade I (nomenclature presented
hereby). About a quarter of the obtained sequences shared less than 85% identity to the closest known
species, which might represent undescribed genera or families infecting small hosts. Variations in the
abundance of Microsporidia were recorded between the two lakes sampled and across the sampling
period, which might be explained by spatio-temporal variations of their potential hosts such as

microeukaryotes and metazooplankton.
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INTRODUCTION

For long underestimated, the diversity of parasites and their central role in the functioning of ecosystems
are nowadays recognized (Lafferty et al., 2006; Dobson et al., 2008; Lafferty et al., 2008). For example,
it is estimated that about 40% of species, all ecosystems combined, are parasites (Dobson et al., 2008)
and that more than 75% of the trophic links include parasites (Lafferty et al., 2006). However, these
parasites only represent 5% of the described species (Costello, 2016) and further studies are needed to
reveal the extent of their diversity and to clarify their role in ecosystems. The advent of molecular
approaches, in particular metabarcoding, has revealed a considerable diversity of microeukaryotes (<200
pm) in different types of ecosystems, including parasite groups which can represent up to 50% of the
total diversity (Cleary and Durbin, 2016; Lepere et al., 2016; Mahé et al., 2017). In lacustrine ecosystems
these studies highlighted the presence of several group of putative parasites, such as chytrids (Fungi),
Apicomplexa and Perkinsea (Alveolates) (Debroas et al., 2017). Some groups of parasites, however, are
largely absent from these studies (see Bass et al., 2015 for review). This is the case of Microsporidia,
which are obligate unicellular intracellular parasites related to Fungi (Vavra and Lukes, 2013). Because
of their rapid evolution and significant reduction of their genomes (Keeling and Fast, 2002), they are
genetically divergent from other eukaryotes, making the primers conventionally targeting the conserved
regions of the rRNA 18S gene ineffective (Marande et al., 2009; Hadziavdic et al., 2014; Hugerth et al.,
2014). Some studies attempted to characterize the diversity of this phylum using Microsporidia-specific
primers, mainly in particular hosts such as daphnids, amphipods or mosquitoes (Weigl et al., 2012;
Quiles et al., 2019; Trzebny et al., 2020) but more rarely in environmental samples (Ardila-Garcia et al.,
2013; Williams et al., 2018).

Based on ultrastructural, ecological (e.g. host species, habitat, transmission route) and tissue tropism
criteria, more than 1300 Microsporidia species have been described so far (Vossbrinck et al., 2014),
most infecting one or several closely related hosts. This may nevertheless represent only a minor fraction
of their real diversity, as the number of microsporidian species is estimated to approach the number of
all animal species (Keeling and Fast, 2002; Larsen et al., 2017). Microsporidia are found in all
ecosystems, and particularly in aquatic ecosystems which harbour about 50% of the described genera

(Stentiford et al., 2013a). Vertebrates, crustaceans and insects alone account for nearly 80% of known
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microsporidian hosts (Stentiford et al., 2013a; Weiss and Becnel, 2014; Stentiford et al., 2016). Such
proportion however is likely due to biases towards the search of infectious agents in hosts of sanitary
(human, disease vector insects such as mosquitoes), veterinarian (domestic and farm animals),
agronomic (auxiliary insects and pests) or ecological importance (daphnids, amphipods). As a result,
the global diversity of Microsporidia is largely unknown, particularly in small sized hosts, such as
protists which represent only 10 of the 7366 microsporidian SSU sequences listed in the databases
(NCBI consultation 18/11/2020 with the key words ‘small subunit ribosomal’+ microsporidia).

In this work we used a targeted metabarcoding approach to specifically study the microsporidian
diversity in lake ecosystems, focusing on planktonic fractions containing small sized hosts. High-
throughput sequencing classically produces thousands of sequences, which need to be assigned
taxonomically in order to perform comparisons between samples. Such assignations are based on
databases that link sequences to taxonomy. We first checked the consistency between available
databases and phylogenetic data, and found that they are either weakly detailed or contain several errors.
We thus built a comprehensive reference database which positions microsporidian SSU rRNA gene
sequences within a coherent ranked phylogenetic framework covering the microsporidian diversity.
Moreover, we addressed the question of OTU (Operational Taxonomic Unit) definition in
Microsporidia. Indeed, sequences of taxonomic marker genes with high similarity scores are classically
clustered into OTUs, themselves considered as proxies for species. We therefore determined the
clustering threshold that maximizes the recovery of distinct species and/or genera for microsporidian
SSU sequences. Using this framework, we highlighted a considerable uncovered microsporidian
diversity in our samples, and evidenced spatio-temporal variations in the abundance of many

Microsporidia species.
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MATERIALS AND METHODS

Microsporidia database

An exhaustive search of all Microsporidia species for which a SSU sequence is available was conducted
(last update: march 2020), using hundreds of publications and the NCBI database (nucleotides and WGS
sequences). We focused on the canonical Microsporidia, characterized by a specific invasion apparatus
known as the polar tube, an extreme genome compaction, a lack of true mitochondria, and a rRNA
operon of prokaryote-like size and structure (Wadi and Reinke, 2020). We also included sequences from
Chytridiopsida and Metchnikovellida, considered as unusual Microsporidia as they lack some of the
typical features of Microsporidia (Mikhailov et al., 2016; Corsaro et al., 2019). When several sequences
were found for a species, we kept the longest or the most consensual one. We found 337 microsporidian
species with a SSU sequence. We then selected the species for which the full length of the SSU rRNA
gene was available (at least 90% of the V1-V9 region, 265 sequences, Supplementary Information 1).
Their taxonomic assignations were searched in public databases (NCBI, SILVA, PR2, PHYMYCO-DB)
and compared with several microsporidian phylogenies (Vossbrinck and Debrunner-Vossbrinck, 2005;
Smith, 2009; Vossbrinck et al., 2014; Corsaro et al., 2019) and a recent taxonomic review

(Wijayawardene et al., 2018).

As none of the public databases was satisfying (see results), we built an extensive phylogeny of
Microsporidia, based on their full-length SSU gene sequences. These sequences, as well as 6 outgroup
sequences (from Rozella allomycis, Paramicrosporidium sp., Nucleophaga sp. and Mitosporidium
daphnia), were aligned using the online version of MAFFT (ver. 7; Computational Biology Research
Consortium [http://mafft.cbrc.jp/alignment/server/index.html]; Katoh et al., 2005) with the E-INS-i
multiple alignment method, leaving gappy regions, a gap opening penalty of 1.0 and gap extension
penalty extension of 0.0. The alignment was checked using MEGA 7 (Kumar et al., 2016) and both ends
were trimmed. The resultant alignment was analysed by Maximum Likelihood (ML) and Neighbor
joining (NJ) using MEGA 7.0 (Kumar et al., 2016). A General Time-Reversible (GTR) model of

evolution with gamma-distributed rate heterogeneity (G) and a proportion of invariable sites (I) (GTR
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+ G + I) was used to create the ML tree, with 500 bootstrap replications and partial deletion (85%). The
NJ tree was obtained using the Kimura-2-parameter model with a gamma distribution of 4, partial
deletion (85%) and 1000 bootstraps. Metadata (habitat and hosts) were reported on the ML tree using
iTOL (Letunic and Bork, 2016). Similar phylogenetic analyses were done using the region of the SSU
gene which was chose for the metabarcoding analysis described below (V1-V3, corresponding to the
first three variables regions of the SSU gene). These trees were used to define three phylogenetic ranks
inside the Microsporidia phylum: clade, group and genus. This classification (see results and discussion
section) was subsequently used to assign the Operational Taxonomic Units (OTUs) obtained from

environmental samples.

OTU definition

We tested different clustering thresholds on selected SSU sequences (species with a clear genus
affiliation, and for which the full length of the SSU gene was available, 255 sequences) in order to
determine which one could maximize the recovery of distinct genera and species. Full-length and V1-
V3 sequences were aligned with the Needleman-alignment algorithm and a distance matrix was obtained
with the pairwise.seqs command in Mothur (Schloss et al., 2009). Then, the average neighbor algorithm
was used with clustering thresholds ranging from 100% (unique sequences) to 90% in steps of 1%. The
number of obtained OTUs was then compared to the number of species (255) and genera (104) in the

dataset (% recovery).

Study sites and sampling procedure

The study was conducted in two lakes (Massif Central, France). Lake Pavin (45055 N and 2°54 E) is an
oligo-mesotrophic lake with an area of 0.44 km? and a maximum depth of 92 m, at an altitude of 1197
m above sea level. It is a meromictic lake characterized by the presence of two permanent stratified

layers. Lake Aydat (45°39" 50" N, 2° 59" 04" E) is a dimictic and eutrophic lake with a maximum depth
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of 15 m, situated at an altitude of 825 m. In April, May and June 2016, water samples were collected in

the euphotic zone of both lakes at a permanent station located at the deepest zone of the water column.

6-10 L of water were filtered successively through 150 pm, 50 um, and 10 pm pore-size filters in order
to concentrate Microsporidia spores (<10 um fraction) and planktonic species susceptible to host
Microsporidia (10-50 and 50-150 pm fractions). The microbial biomass of each size-fraction was
collected on 0.8um pore-size (pressure, <10 kPa) polycarbonate filters (Millipore, Molsheim, France)

and stored at -80°C until further analysis.

Nucleic acids extraction, amplification and sequencing

Filters were covered with the extraction buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris). 0.1g of
0.1 mm glass beads were added and samples were homogenized in a bead beater (3 pulses for 30s at 30
Hz). Tubes were then centrifuged during 1 min at 600 g. EDTA pHS8 and a lysozyme solution (final
concentrations 0.1 M and 1.5 mg.ml "' respectively) were added to the supernatant and incubated at 37°C
for 30 min. Then sodium dodecyl sulfate (1.8%, final), proteinase K (100 pg.ml, final) and RNaseA
(50 pg.ml', final) were added, and samples were incubated at 37°C for at least 60 min. A
cetyltrimethylammonium bromide (CTAB) solution (final concentration 1% in a 0.7 M NaCl solution)
was added, and samples were incubated at 65°C for 10 min. Nucleic acids were extracted with phenol-
chloroform-isoamyl alcohol (25:24:1); the aqueous phase containing nucleic acids was kept and purified
by adding chloroform-isoamyl alcohol (24:1). After isopropanol (0.6 vol) addition, the nucleic acids
were precipitated at -20°C for 12 h. After centrifugation, the DNA pellet was ethanol rinsed and

resuspended in 20 pL of water.

Amplification of the V1-V3 region of the Microsporidia small subunit rDNA was performed using the
universal microsporidian VI1F (CACCAGGTTGATTCTGCCTGAO) and 530R
(CCGCGGCTGCTGGCAC) primers set (Baker et al., 1994; Weiss et al., 1994) modified by adding
barcodes. Each PCR was performed in a total volume of 30 puL containing 3 pL. of 10x NH4 reaction
buffer, 1.2 pL. of 50 mM MgCl,, 0.15 pL of EurobioTaqll (Eurobio, Les Ulis, France, 5 U/uL), 0.6 pL

7
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of 10 mM each dNTP, 0.3 pL. of 50 mg/mL BSA and 1.2 pL. of each 5 uM primer. The amplification
conditions consisted of initial denaturation at 94 °C for 5 min followed by 35 cycles for 1 min at 94 °C,

1 min 10 s at 61 °C and 1min at 72 °C, and a final elongation of 7 min at 72 °C.

The PCR products were run on a 1.2 % agarose gel electrophoresis. The amplicons were purified and
concentrated using the MinElute gel extraction kit (Qiagen®, Courtaboeuf, France), and quantified
using the Agilent 2200 TapeStation system and the D1000 ScreenTape kit (Agilent Technologies, Les
Ulis, France). Finally, the purified amplicons for each sample were pooled at equimolar concentrations
and sent to GATC Biotech (Konstanz, Germany) for library preparation and paired-end (2x300 bp)

sequencing on a MiSeq Illumina instrument (San Diego, CA).

Amplicons analysis & phylogenetic affiliation

The MiSEQ data were assembled with the VSEARCH tool (Rognes et al., 2016). These sequences were
then subjected to four cleaning procedures: (i) no undefined bases (Ns), (ii) a minimum sequence length
of 300 bp, (iii) no sequencing error in the forward and reverse primers and (iv) no chimeras (Edgar et
al., 2011). After this cleaning step and demultiplexing process, the remaining DNA sequences were
clustered at 99%. The representative OTUs were then affiliated by similarity and phylogeny using a
custom curated reference database (Freshwater-database: https://github.com/panammeb/Freshwater-
database). This database contains eukaryote references extracted from the SSURef SILVA database
(Pruesse et al., 2007), typical freshwater lineages identified in previous studies (e.g. Debroas et al.,
2015), and 528 sequences from the 265 microsporidian species (107 genera) we analysed in the
microsporidian phylogenetic tree (full length SSU sequences). After a comparison of the OTUs with the
Freshwater-database by a similarity approach (VSEARCH tool), trees of OTUs with their closest
reference sequences were built in FastTree (Price et al., 2010) (see the detailed pipeline in Debroas et
al., 2017). Taxonomic assignment was conducted according to two methods: nearest neighbour (NN)
and last common ancestor (LCA) affiliations. This process was implemented in the pipeline PANAM

(Phylogenetic Analysis of Next-generation Amplicons; https://github.com/panammeb/) and is described
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in more detail in Taib et al., 2013. Affiliations to groups and genera were considered as valid when
identity scores were 285% and 294.5%, respectively (empirical thresholds based on comparisons

between affiliations and phylogenetic analyses, not shown).

Since the clustering threshold we used (99%) may generate OTUs resulting from sequencing errors, we
only kept for the final analysis OTUs representing more than 0.05% of the total reads in at least one
sample. Two samples were removed from the analysis since they contained less than 20 000 reads. Data
were finally normalized using rarefaction with the phyloseq package on R (R Development Core Team,

2011; McMurdie and Holmes, 2013).

Diversity indices

Community richness and diversity indices (Richness observed, Chaol, Shannon and Simpson) were
calculated using vegan package on R (R Development Core Team, 2011; Oksanen et al., 2017). Non-
metric multidimensional scaling (NMDS) ordinations, based on a Bray-Curtis dissimilarity matrix (Bray
and Curtis, 1957; Paliy and Shankar, 2016), were performed to depict the difference in Microsporidia
community compositions among the samples using the R vegan package (R Development Core Team,

2011; Oksanen et al., 2017).

Phylogenetic analysis of OTUs

All OTUs obtained in this analysis were assigned at least to a clade, but 24% of them were not assigned
to a group. We therefore performed phylogenetic analyses (for each clade) on OTUs not assigned to a
group in order to determine whether new groups could be highlighted. Besides, only 48% of the OTUs
were assigned to a genus. We checked the accuracy of affiliations to genera and highlighted potential
new genera through phylogenetic analyses in each identified group. We focused our analyses on
abundant OTUs (>1% of reads in at least one sample, 95 OTUs), as they represent between 53 and 92%

of the total reads in each sample. We included in these analyses several sequences from undescribed
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microsporidian species (found through BLAST search and/or bibliographic review), in addition to
species from our database. After alignment using the MAFFT algorithm (Katoh et al., 2005), ML trees
were obtained using a General Time-Reversible (GTR) model of evolution with gamma-distributed rate
heterogeneity (G) and a proportion of invariable sites (I) (GTR + G + I), with 200 bootstrap replications
and partial deletion (85%), using MEGA 7 (Kumar et al., 2016). Relative abundances were plotted on

these trees using iTOL (Letunic and Bork, 2016).

RESULTS AND DISCUSSION

OTU definition for Microsporidia

Metabarcoding analyses usually produce thousands of sequences, which are then clustered into OTUs
to produce ‘species equivalents’ (Eren et al., 2011; Alberdi et al., 2018). For eukaryotic SSU sequences,
a similarity threshold of 95% (Caron et al., 2009; Debroas et al., 2015) or alternatively 97% (Cleary and
Durbin, 2016; Bista et al., 2017) is usually employed. However, an incorrect clustering threshold could
cause oversplitting or undersplitting of sequences into species equivalents, resulting in either inflated or
underestimated species counts (Alberdi et al., 2018). We therefore addressed this issue by applying
different clustering thresholds on the full-length and V1-V3 sequences of the Microsporidia species we
selected. Such analysis indicated that an important proportion of microsporidian species has highly
similar SSU sequences (about 13% of species clustered together with a 99% clustering threshold) or
even identical sequences (0.4% (full-length) and 2.7% (V1-V3) of species clustered together with a
100% clustering threshold) (Supplementary Information 2). None of the clustering thresholds may in
this way generate OTUs that could be identified with high accuracy at the species level, thus highlighting
the limits of this gene marker for species discrimination. Besides, thresholds for species delineation may
vary according to the lineages, since some species belonging to the same genera have sometimes less
than 90% identity (Zheng et al 2016), while some share more than of 99.5% identity in other genera
(Tokarev et al., 2020). For the later genera, combination of different molecular markers is then

sometimes required to improve phylogenetic resolution (Bacela-Spychalska et al 2018; Tokarev et al
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2020). As 100% of genera could nevertheless be distinguished using a 99% threshold on V1-V3
sequences, we chose to keep this threshold and only consider affiliations to genera as valid in further

analyses.

Available databases are not reliable for microsporidian classification

OTUs assignment to phylogenetic clades requires the use of a reliable reference database, in which
species are classified into several taxonomic ranks. As assignment lies on the comparison between OTUs
and reference sequences, the efficiency of OTU classification depends on the degree to which taxonomic
classification of reference sequences fits their evolutionary relationships. However, is it largely
recognized that taxonomic designation of Microsporidia, based primarily on morphological characters,
is inconsistent with phylogenetic analyses (Vossbrinck and Debrunner-Vossbrinck, 2005; Stentiford et
al., 2013b; Tokarev et al., 2020). We thus primarily checked whether taxonomic information contained
in various public databases was consistent with microsporidian phylogenetic data, focusing on the
species for which the full length of the SSU gene was available (265 sequences). We found that
taxonomic data found in GenBank (Federhen, 2012) are largely in disagreement with the phylogenetic
clusters identified in the literature (Vossbrinck and Debrunner-Vossbrinck, 2005; Smith, 2009;
Vossbrinck et al., 2014; Corsaro et al., 2019; Supplementary Information 1). In SILVA (Quast et al.,
2013), many of these microsporidian species are lacking (12%, Supplementary Information 1) or when
present, often assigned incorrectly to phyla which are not Microsporidia (21%, Supplementary
Information 1). Besides, SILVA, as well as PR? (a database dedicated to protists; Guillou et al., 2013),
do not include any taxonomic rank between phyla and genera (see Supplementary Information 1).
PHYMYCO-DB (Mahé et al., 2012), a database dedicated to Fungi, does not contain microsporidian
sequences. The existing databases being inappropriate, another one based on the phylogeny rather than
on morphological characters, was thus required. Although the microsporidian taxonomy should

probably be revised (as discussed in Vossbrinck and Debrunner-Vossbrinck, 2005 and Stentiford et al.,
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2013b), our objective was simply here to provide a practical classification of microsporidian species

which could be used to analyse metabarcoding data.

Extensive phylogeny of Microsporidia

We built a phylogenetic tree which is twice more exhaustive than the previously published reference
trees (Vossbrinck and Debrunner-Vossbrinck, 2005; Vossbrinck et al., 2014). NJ and ML phylogenetic
trees obtained on the full-length sequences placed canonical Microsporidia in a monophyletic group,
with Metchnikovellids and Chytridiopsidae at the basal position of the microsporidian phylogenetic tree
(Figure 1). A total of 10 clades were identified (9 for canonical Microsporidia numbered with Latin

names, and one for Metchnikovellidae), all being supported by high bootstrap values (>85%).

Former reference trees identified five major clades in canonical Microsporidia (Vossbrinck and
Debrunner-Vossbrinck, 2005; Vossbrinck et al., 2014). It should however be noted that clade numbering
between these two reference publications differs, as “clade 5 in Vossbrinck et al., 2014 corresponds to
“clade IIT” in Vossbrinck and Debrunner-Vossbrinck, 2005, and vice-versa. As a result, clade numbering
for Microsporidia is currently confusing, since some publications follow the former and others the later
(including in recent publications, see Zhang et al., 2016 or Quiles et al., 2019 for example). We chose

here to keep the oldest clade numbering, as in proportion more publications refer to it.

Among the ten clades we highlighted, four of them (clades I, III, IV and V) were largely in agreement
with the ones formerly described (Vossbrinck and Debrunner-Vossbrinck, 2005; Smith 2009;
Vossbrinck et al., 2014; Corsaro et al., 2019, see comparison in Supplementary Information 4). The
biggest clade (clade IV, thus considered as a “super-clade”, 86 species) was here subdivided into 2
clades (IV1 and IV2). Such division was supported by high bootstrap values, a clear genetic divergence,
and literature data (Vossbrinck and Debrunner-Vossbrinck, 2005; Vossbrinck et al., 2014; Trzebny et
al., 2020). However, we found only a weak overlap for the clade II, which species composition already
differed markedly between the former reference phylogenies (Supplementary Information 4). As we
included several new species in the current phylogenies, it appears that former clade II could be split

12
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into three different clades (here II, VIII and IX). Eventually, we introduce two distinct novel clades (VI
and VII), containing species which were either unclassified (Vossbrinck and Debrunner-Vossbrinck,
2005; Smith, 2009) or included in clade 5 (Vossbrinck et al., 2014) probably due to long branch

attraction.

Within these clades, we furthermore identified 22 ‘groups’ of species, also supported by high bootstrap
values (295%) and previous phylogenetic studies (Figure 1). We named these groups according to the
names given in these studies when available, or according to a representative genus (i.e. genera name —
like group) for the others. Again, a strong discrepancy between these phylogenetic data and taxonomy
provided in NCBI was found (Supplementary Information 5). However, our data were mostly in
agreement with the microsporidian taxonomy, since most of the phylogenetic ‘groups’ we identified
corresponded to families reviewed in Wijayawardene et al., 2018 (Supplementary Information 6). Other
groups included species classified in various families (such as the ‘Aquatic group’ (Vossbrinck et al.,
2004), which contains representatives of the Caudosporidae, Gurleyidae and Agglomeratidae families
(Wijayawardene et al., 2018)), or species not assigned yet to any family (such as representatives of the
Orthosomella-like or Nematocida-like groups). All these groups were recovered in the phylogeny based

on the V1-V3 region, highlighting the relevance of this region (Supplementary Information 7).

Some trends in terms of habitats and to a lesser extent of hosts are characterizing these clades or groups
(Figure 1). Clades I, VI, VII, VIII, as well as Neopereziidae (clade V) mostly contain species infecting
freshwater hosts, such as Crustacea, aquatic Diptera or Bryozoa, while clades II, IV1, IX and
Tubulinosematidoidea (clade V) contain mostly species infecting terrestrial hosts. Clade III contain
aquatic (freshwater and marine) species. One group within clade IV2 however, contains microsporidian
species infecting very different hosts (ciliates, insects, crustacean, human) found in diverse habitats
(terrestrial, freshwater, brackish). We named this group ‘Arlequin group’ to reflect this variability.
Clades and groups highlighted by this phylogenetic analysis and literature review were thereafter used
to classify OTUs in our metabarcoding analysis. Sequences included in the phylogeny, as well as other
full-length SSU sequences of the same species (total of 528 sequences), were included in a database

used to study eukaryotic communities in freshwater environments (Debroas et al., 2017).
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Application of the proposed methodology to study the lacustrine microsporidian diversity

So far, only two studies attempted to characterize the diversity of Microsporidia in environmental
samples, focusing mostly on terrestrial and marine habitats (Ardila-Garcia et al., 2013; Williams et al.,
2018). Both studies highlighted new diversity across all areas of the microsporidian tree. However, due
to the low number of sequences obtained in these studies (25 and 745 respectively, with a maximum of
20 OTUs per sample), comparisons of microsporidian communities between habitats were either not
done or could only uncover a general variability between samples. In this study, we use our expertise
database combined with the use of specific primers to characterize the diversity of Microsporidia in two

lake ecosystems (planktonic samples) as well as its spatio-temporal variations through metabarcoding.

Diversity

After quality filtering and clustering at 99%, 1 135 287 reads were obtained, and 91% of them were
assigned to Microsporidia. After removal of the two samples which contained < 20 000 reads (Pavin,
April, fraction 50-150 um and Pavin, June, fraction 10-50um) and normalisation, 323 904 reads were
assigned to the microsporidian classification we defined above. This analysis revealed a considerable
diversity, since 1531 OTUs were obtained in total. However, the Microsporidia community was
dominated by few highly abundant OTUs, since 95 “abundant” OTUs (>1% in at least one sample)
covered more than 75% of the total reads. These results highlight, together with those of Ardila-Garcia
et al., 2013 and Williams et al., 2018, the necessity to sample more environments in order to reveal the

extent of the environmental microsporidian diversity.

All OTUs obtained in this study belonged to the canonical Microsporidia, and were distributed within 7
clades (over the 10 clades identified for Microsporidia). The microsporidian community was clearly

dominated by clades IV2 and I, which represent respectively 76% and 20% of the OTUs (Figure 2). The
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remaining OTUs were classified into clades IV1 (<2%), V (<1.5%), 1I (<0,2%), VIII (<0.2%) and IX

(<0.2%).

Nine groups (over the 21 belonging to the canonical Microsporidia) were represented. Three of them
accounted for more than 74% of the OTUs: Aquatic outgroup (clade I, 19%), Arlequin and
Orthosomella-like groups (clade 1V2, 45% and 10% respectively) (Figure 2). 47% of OTUs were
assigned to a genus, of which Crispospora, Pseudoberwaldia and Conglomerata were the most
represented (35%, 5% and 4%, respectively). Phylogenetic analyses confirmed these affiliations (Figure
3 and Supplementary Information 8), which supports the accuracy of the developed methodology. As
expected, most of these genera are known to infect hosts having at least one aquatic stage across their

full development (crustaceans: daphnids or cyclops, insects: chironomids, Figure 2).

Besides the identified genera, many OTUs were not assigned to a genus (53%) nor sometimes even to a
group (23%). OTUs not assigned to any genus within the Arlequin group (Figure 3), Aquatic outgroup
(Supplementary Information 8) and Orthosomella-like group (Supplementary Information 9) were often
related to undescribed Microsporidia found in freshwater hosts, such as amphipods, cladocerans,
copepods (crustacean), caddisflies, mayflies and mosquitoes (insects). OTUs not assigned to any group
mostly belonged to clade IV2 (21%), and few to clades IV1 and V (1% each) (Figure 2). Phylogenetic
analysis of these OTUs confirmed that they do not belong to any of the groups we formerly identified
(clade IV2: Figure 4; clades IV1 and V: Supplementary Information 10-11). Their closest relatives were
often Microsporidia amplified from environmental samples (Ardila-Garcia et al., 2013; Williams et al.,
2018) or from amphipods sampled in the lake Baikal (Ironside and Wilkinson, 2018). In clade IV2, they
notably form 5 new groups (Van9, BFAS6, Van10, BPARS and Van8 groups, Figure 4), each having
less than 85% similarity with groups identified in this clade through phylogenetic analysis of known
species (Supplementary Information 12). These results suggest that for freshwater habitats, a large
proportion of genera and/or families remains to be described. As our analysis focused on small sized
fractions (< 150 pm), this novel diversity may correspond at least partly to not yet described
microsporidian species infecting small hosts. Some studies report infections of ciliates and rotifers by

Microsporidia in freshwater environments (Fokin et al., 2008; Wolska and Mazurkiewicz-Zapalowicz,
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2013; Stentiford et al., 2013a; Yakovleva et al., 2020), but only two sequences from ciliates, and none
from rotifers are currently available in the databases. Further sampling efforts aiming to identify host-
microsporidian interactions in these small size organisms will be necessary in order to confirm this

hypothesis.

Spatio-temporal variations

a-diversity of microsporidian community varied among the different samples (Supplementary
Information 13). When focusing on community richness (Richness observed, Chaol index, number of
OTUs), the two lakes seem to present an opposite pattern, as richness increased from April to June in
lake Aydat while it decreased in Lake Pavin. Similar patterns were observed for Shannon and Simpson

indexes (Supplementary Information 13 B).

While no trend for the different size fractions was detected, variations in the relative abundances of
some taxa were observed between sampling sites, and to a lesser extent across time (in lake Aydat
notably), as suggested by the non-metric multidimensional scaling (Figure SA). For example, while
OTUs identified as Crispospora (IV2-Arlequin group), Conglomerata and Pseudoberwaldia (I-Aquatic
outgroup) sp. are very abundant in lake Aydat (up to 91, 17 and 5%, respectively, shown in black, light-
blue and deep blue in Figure 5B), their relative abundances were in comparison low in lake Pavin
(maximum 11, 0.2 and 0.3%, respectively, except in one sample where they reached 19, 2 and 3%).
OTUs belonging to clade IV1 from unknown group(s) had similar pattern, reaching up to 13% in Aydat,
and being nearly absent in Pavin (<0.4%) (striped green on Figure 5B). These trends were also observed
at the OTU level, some being clearly more abundant in one lake than in the other (Figure 3 and
Supplementary Information 8 and 10). At the opposite, lake Pavin was clearly dominated by
Microsporidia belonging to unknown group(s) in the clade IV2 or to unknown genera in the Aquatic
outgroup (clade I) (striped orange and dotted blue respectively on Figure 5B). Phylogenetic analysis of
these unassigned OTUs within clade IV2 revealed that they belong to 3 de novo groups (Van 9, BFAS6

and Van8) (Figure 4). In particular, a cluster of closely related OTUs in group Van8 was far more
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abundant in lake Pavin (some OTU reaching up to 54% of the total reads) than in lake Aydat (<1.3%)
(Figure 4). Similarly, phylogenetic analysis of abundant OTUs belonging to the Aquatic outgroup
revealed that several OTUs clustering with Octosporea muscadomesticae and unknown Microsporidia
found in freshwater hosts were far more abundant in lake Pavin (up to 21%) than in lake Aydat (<0.5%)

(Supplementary Information 8).

Relative abundances of some taxa can also significantly vary across the sampling period (Figure 5B).
For example, abundances of Pseudoberwaldia sp. (Aquatic outgroup, clade I) increased over time in
lake Aydat (deep blue in Figure 5B, Supplementary Information 8), as did Microsporidia in the Van8
group (clade IV2) in lake Pavin, which clearly dominates in June (>84% of the reads) (Figure 4).
Besides, Microsporidia belonging to the Orthosomella group were much more abundant in April
compared to May and June (dotted green in Figure 5B, Supplementary Information 9). Although these
general trends can be observed at the group or genus level, striking differences can also be observed at
the OTU level: in OTUs assigned to the genus Crispospora for example, OTU3989 and OTU7498 were
more abundant in April (up to 85 and 29%), while OTU19444 was more abundant in May (up to 45%),
and OTU24464 in June (up to 21%), suggesting these OTUs might belong to different species (Figure
3 and Supplementary Information 14A). As genetic distances between these OTUs can be lower than
2% (Supplementary Information 14B), such data support the relevance of a clustering threshold fixed at

99%.

These spatio-temporal variations might be related to the abundance of the hosts present in these lakes at
the time of sampling, as Microsporidia have generally a narrow host specificity. Indeed, these two lakes
differ in their zooplankton species compositions (Lair, 1978; Devaux, 1980; Lair, 1990; Quiblier-
Lloberas et al., 1996), which could themselves be influenced by differences in the nutrients content,
altitude and mixing type recorded in these two lakes (Lepeére et al., 2010). Considerable temporal
variations in the abundances of these species have also been recorded, which could in part explain the
temporal variations observed in some Microsporidia lineages. For example, increases of the Cladoceran
population are repeatedly recorded in lake Aydat in spring, which could explain the increase of

Agglomeratidae (Pseudoberwaldia and Conglomerata species) across our sampling period (Lair, 1990).
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Monitoring the presence and abundances of both the microsporidian and other eukaryotic species across
a significant period of time could help, for example through co-occurrence network analyses, to
highlight potential new host-microsporidian interactions. This could be of particular interest for the
Van8 group, which clearly dominates in lake Pavin, and which hosts are totally unknown. This group,
as well as the other dominant lineages (Crispospora sp. and Agglomeratidae species) might play a

significant role in the regulation of hosts populations, that further work may help to determine.

Conclusion

In this work, we propose a methodology which aims at studying the microsporidian diversity through
metabarcoding. We notably provide a robust database, based on an extensive phylogenetic and
bibliographic analysis, which classify microsporidian species in a coherent framework. Using this
database, we explored the microsporidian diversity in lacustrine samples through a metabarcoding
approach, and highlighted a substantial amount of Microsporidia phylogenetically distant from any
described microsporidian species, which might represent undescribed genera and families. Further
studies, including larger datasets (in terms of geography and/or ecology) will help to reveal the extent
of Microsporidia diversity, which is obviously far from being fully uncovered. Besides, further analyses
will be necessary to determine which hosts these Microsporidia are able to infect, a necessary step to

understand the role of these parasites in the ecosystem functioning.
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FIGURE LEGENDS

Figure 1: Microsporidian phylogenetic tree based on full length SSU rDNA of 265 microsporidian
species and six outgroup taxa (1127 positions). Values above branches indicate the ML and Neighbour
Joining bootstrap supports (the same topology has been obtained, at least at the clade and group levels).
Bootstraps below the group level are not shown to lighten the figure. Nine clades (highlighted with
background colours, and Latin numbers I to IX) are identified for canonical Microsporidia and one for
unusual Microsporidia (Metchnikovellidae). Correspondence between different clade numbering
systems is provided for the four major clades recovered in all phylogenetic analyses (Latin numbers:
this study and Vossbrinck and Debrunner-Vossbrinck, 2005; Arabic numbers: Vossbrinck et al., 2014).
Within these clades, 1 to 5 groups are identified (highlighted with branches and species names colours),
for a total of 22 groups. References to other studies that support these groups are provided, and listed in
Bibliography for Supplementary Information. Colour strips indicate hosts (different colours can be given
for a single species when different hosts are known) and habitat (different colours can be given for a
single species when different habitats are known). Tree annotated using the interactive Tree of Life
(iTOL) server (Letunic & Bork, 2016). The alignment used to build the phylogenetic tree is provided in

Supplementary Information 3.

Figure 2: Krona chart representing the affiliation of the 1531 OTUs found in the analysis. Inner
circles represent clades, and deeper taxonomic ranks (groups and genera) are presented in outer circles.
Group names are given in capital letters, and genera names in italic. For identified genera, habitats are
shown with coloured squares and host species are given in brackets. Seven clades are represented,
although most OTUs fall in clades I and IV2. A large proportion of OTUs are unidentified at the group
(stripe patterns) or genus (dot patterns) level. Among OTUs identified at the genera level, most are

assigned to genera known to parasitize freshwater hosts.
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Figure 3: Maximum Likelihood phylogeny of abundant OTUs (>1% of reads in at least one
sample) affiliated to the Arlequin group (clade IV2) with other sequences belonging to this group.
Numbers next to branches indicate the ML bootstrap support (200 replicates). Node supports <70 are
not shown. Outgroup species are representative species of other groups belonging to clade IV2 (details
in Supplementary Information 15). Affiliation of each OTU following the bioinformatics analysis is
given in grey text. Described species are given in bold-italic, and sequences from undescribed species
in normal text. Hosts are given in brackets. C: Crustacea; I: Insecta. Relative abundances of each OTU

across samples are reported with a heatmap.

Figure 4: Maximum Likelihood phylogeny of abundant OTUs (>1% of reads in at last one sample)
not assigned to any group, within clade I'V2, with other sequences belonging to this clade. Numbers
next to branches indicate the ML bootstrap support (200 replicates). Node supports <70 are not shown.
Outgroup species are representative species of clade IV1 (details in Supplementary Information 15).
Affiliation of each OTU following the bioinformatics analysis is given in grey text. Described species
are given in bold-italic, and sequences from undescribed species in normal text. Hosts are given in
brackets. C: Crustacea; I: Insecta. Relative abundances of each OTU across samples are reported with a

heatmap.

Figure 5: A. Non-metric multidimensional scaling (NMDS) ordination of the microsporidian OTU
relative abundances across samples based on Bray—Curtis distances (stress: 0.09). Ellipses in the
plots denote 95% confidence intervals, points that are not overlapped by the two ellipses are considered

significantly different. B. Relative abundance of identified microsporidian taxa across samples.
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100

~ JQ288099 Nucleophaga amoebae
KX017226 Nucleophaga terricolae
~ JQ796368 Paramicrosporidium vannellae
17 30796369 Paramicrosporidium saccamoebae
7= MF278562 Mitosporidium daphniae
49— NG 017174 Rozella allomycis

|
-

1

L

OUTGROUP

MH728789 Chytridiopsis typographi

KX214674 Amphiamblys sp. WSBS2011
p 100/100 KX214672 Amphiamblys sp. WSBS2006
— KX214677 I

100/100

1=
=2

VIl =

100/100

KF110990 Takaokaspora nipponicus
JF826419 Novothelohania ovalae
JF826421 Parathelohania tomski
JF826420 Parathelohania divulgata
AY090065 Parathelohania obesa
AF027682 Parathelohania anophelis
AF031539 Vairimorpha* invictae

FN794114 Octosporea muscaedomesticae
AY090041 Marssoniella elegans
AY090067 Hazardia milleri

KX832080 Lanatospora costata
DQ641245 Senoma globulifera
EU075347 Binucleata daphniae
AF394526 Gurleya vavrai
FJ794861 Pseudoberwaldia daphniae
AF394527 Larssonia obtusa
AY090042 Conglomerata obtusa

EU664450 Andreanna caspii
99/100,

AF483838 Hyalinocysta chapmani
AF027683 Culicosporella lunata
AY090062 Amblyospora ferocious
AAY326270 Amblyospora salinaria
U68473 Amblyospora californica
AAY090052 Amblyospora opacita

AY013359 Amblyospora barri

JF826413 Amblyospora modestium
AY090051 Amblyospora indicola
JF826405 Amblyospora chulymia

HM594269 Trichoctosporea pygopellita
JF826402 Trichoctosporea bakcharia
JF826409 Trichoctosporea kazankia
HM594266 Trichoctosporea rugosa
JF826412 Trichoctosporea mocrushinia
AY090044 Amblyospora excrucii

AY090061 Amblyospora criniferis
AF027684 Edhazardia aedis
JF826418 Amblyospora timirasia
JF826407 Amblyospora hristinia
JF826410 Amblyospora kolarovi
AAY090045 Amblyospora khaliulini
I~ AY090049 Amblyospora stictci

JF826404 Amblyospora bogashovia
AY090048 Amblyospora weiseri
JF826408 Amblyospora jurginia
AF025685 Amblyospora connecticus
/AY090050 Amblyospora stimuli
AY090056 Amblyospora canadensis
I:I JFB826417 Amblyospora severinia
yospora flavescens
JFB826411 Amblyospora maviukevia
JF826416 Amblyospora shegaria
JF826415 Amblyospora salairia
AAY090060 Amblyospora cinerei

KR704917 Myrmecomorba nylanderiae
AAY090069 Polydispyrenia simulii
AY973624 Caudospora simulii
/AF132544 Caudospora palustris

V I I « 100/100 GQB43833 Hamiltosporidium tvaerminnensis
ﬁ AY649786 Hamiltosporidium magnivora

AF492594 Thelohania contejeani
AF294779 Thelohania parasta
AY183664 Thelohani

ivulorum

\"/ I

MICROSPORIDIA

10(]100

pora margolisi
AJ252959 Perezia nelsoni
100/100

4 Hyperspora aquatica
Cucumispora omata
762 Cucumispora dikerogammari
JQ268567 Triwangia caridinae
KX364285 Unikaryon legeri
AAJ438958 Dictyocoela gammarelium
AJ438961 Dictyocoela deshayesum
09 /AJ438959 Dictyocoela cavimanum
/AJ438955 Dictyocoela muelleri
AF297404 Dictyocoel: enum
l: KF537632 Dictyocoela diporeiae
KM657354 Dictyocoela berillonum

JX853814 Potaspora carinicauda
MG708238 Apotaspora heleios
EU534408 Potaspora morhaphis
KP404613 Potaspora aequidens

“do/do

MF974572 Pseudokabatana alburnus
FJ843105 Kabatana rondoni

AF? 2 Kabatana takedai

MH911629 Inodosporus octospora

GQ868443 Spraguea gastrophysus

AF033197 Spraguea lophii

AY465876 Spraguea americanus
AF364303 Tetramicra brevifilum
AY033054 Microgemma caulleryi

AJ252952 Microgemma vivaresi
JQ085991 Microgemma carolinus

AY530532 Myosporidium merluccius
—’ AF151529 Microsporidium* prosopium

MN969054 Myosporidium ladogensis
KU302781 Myosporidium spraguei
AAJ252953 Pleistophora hippoglossoideos
'1 AJ252956 Pleistophora typicalis
FN434084 Pleistophora mulleri

X74112 Vavraia oncoperae

AJ252961 Vavraia culicis

/AJ002605 Trachipleistophora hominis

MG663123 Microsporidium* grylli

GU183263 Dasyatispora levantinae
KC137548 Heterosporis sutherlandae
AF387331 Heterosporis anguillarum
KM458272 Pleistophora hyphessobryconis
KX099692 Pleistophora beebei
AJ252954 Ovipleistophora mirandellae
AAJ252955 Ovipleistophora ovariae
KY809102 Ovipleistophora diplostomuri

MH11630 Ovipleistophora arlo
—— MT006314 Cambaraspora floridanus
— AJ252958 Tuzetia weidneri

FJ843104 Loma psittaca
AJ252951 Loma acerinae

HM626203 Loma salmonae
AF320310 Loma embiotocia
JQ062988 Ichthyosporidium weissii
AF322654 Pseudoloma neurophilia

©
=
[=)

JQ316511 Microsporidium* cerebralis
GQ203287 Glugea hertwigi
U15987 Glugea atherinae
KM977990 Glugea gasterostei
AB623035 Glugea plecoglossi
AF044391 Glugea anomala
MKS568064 Glugea eda
AAY090038 Glugea epinephelusis
KJ802012 Glugea nagelia
KU363832 Glugea serranus

KP262018 Glugea jazanensis
KT005391 Glugea arabica

sp. ex Lecudina cf. longissima
L— KX214676 Amphiacantha sp. ex Lecudina cf. elongata

L15741 Ameson michaelis
KJ652549 Ameson metacarcini
AY958070 Nadelspora canceri
MN935433 Ameson herrnkindi

KU302782 Microsporidium* luciopercae

1eNqeH

Groups
Chvtridiopsida
Metchnikovellidae

Parathelohania-like group

. Aquatic outgroup

Amblyosporidae

- Caudosporidae

Hamiltosporidium-like group

Freshwater Theloh

Ameson-like group

Cucumispora-like group

Dictyocoela-like group

L Spragueidae

Glugeida

p
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AAF394529 Ordospora colligata
KC172651 Sporanauta perivermis
FJ865223 Mockfordia xanthocaeciliae
139113 Encephalitozoon intestinalis

EU502838 Encephalitozoon romaleae
L19070 Encephalitozoon hellem
AF067144 Encephalitozoon lacertae

KR998311 Encephalitozoon pogonae
L17072 Encephalitozoon cuniculi
EU275200 F ila cowani
MF882996 Vairimorpha neumanni
U26534 Vairimorpha apis
AF495379 Vairimorpha occidentalis
/AY008373 Vairimorpha bombi
KC412706 Vairimorpha adaliae
- U11051 Vairimorpha necatrix
U27359 Nosema* oulemae
MG725375 Nosema* alticae
-[ MF037236 Vairimorpha subcoccinellae
KR704648 Vairimorpha istanbulensis
MN841279 Vairimorpha leptinotarsae
rAFAZGlOA Vairimorpha carpocapsae
| EU487251 Vairimorpha ocinarae
EU219086 Vairimorpha thomsoni
JX268035 Vairimorpha pieriae
I- JX205150 Vairimorpha ceranae
DQ272237 Vairimorpha disparis
U11047 Nosema* vespula
AF141129 Vairimorpha lymantriae
AF033316 Nosema* portugal
LMFSMGSA Nosema austropotamobii
KC412707 Nosema chrysoperlae
AF327408 Nosema cheracis
KY783624 Nosema maddoxi
|- DQ996238 Nosema empoascae
AJ011833 Nosema granulosis
U26532 Nosema fumacalis
AY960987 Nosema plutellae
HQ457432 Nosema fumiferanae
AJ131645 Nosema imperfecta
EU267796 Nosema ceraces
AJ012606 Nosema tyriae
JF443598 Nosema bombycis
U09282 Nosema trichoplusiae
HMS66196 Nosema pyrausta
AY211392 Nosema spodopterae
FJ772435 Nosema heliothidis
HQ457431 Nosema disstriae
EUB64526 Nosema antheraeae
AB009977 Nosema mylitta
KY126433 Nosema rachiplusiae
FJ767862 Nosema phiiosamiae
DQ239917 Liebermannia patagonica
EF016249 L ia di
EU709818 Liebermannia covasacrae
KX360142 Enteropsectra longa
KX360145 Enteropsectra breve
AJ302317 Orthosomella operophterae
JF960137 Orthosomella lipae
KX360132 Pancytospora philotis
LC136798 Percutemincola moriokae
KX424959 Pancytospora epiphaga

IV

100/100

95/97

98/9

V(4

[

CANONOCAL]JMICROSPORIDIA

L16868 Enterocytozoon bieneusi
LWDP01000010 Enterospora canceri

KF135644 Enterospora nucleophila
MNPJ01000027 Enterocytozoon hepatopenaei
FJ594990 Desmozoon lepeophtherii
HG005137 Obruspora papernae

U10883 Nucleospora salmonis

KC203457 Nucleospora cyclopteri

KF549987 penaei

GU126383 chironomi
GU130406 Helmichia lacustris
DQ675604 Euplotespora binucleata

AF 25 Glugoides intestinalis
KJ755827 Endoreticulatus poecilimonae
139109 Endoreticulatus schubergi
AY009115 Endoreticulatus bombycis

AEYK01000
GU130407 Crispospora chironomi
FJ914315 Mrazekia macrocyclopis

AJ3 ) Cystosporogenes operophterae
AY233131 Cystosporogenes legeri

aurantiae

GU173849 Kneallhazia carolinensae

AF031538 Kneallhazia solenopsae

AY894423 Anncaliia meligethi

AF069063 Anncaliia algerae

AAY695845 Tubulinosema ratisbonensis

JQ906779 Tubulinosema loxostegi

DQ019419 Tubulinosema kingi

AF024658 Tubulinosema acridophagus

JQ082890 Tubulinosema hippodamiae

KM883008 Tubulinosema pampeana

alba

Vittaforma corneae

GQ206147

100/100

Y953
AY135024 Schroedera plumatellae
AJ749819 Schroedera airthreyi
AF484692 Bryonosema plumatellae
HQ396520 Neoperezia semenovaiae
HQ396!
AF484695 Trichonosema pectinatellae
AJ252950 Janacekia debaisieuxi
AF484694 Pseudonosema cristatellae
MN752317 Jirovecia sinensis
AJ581995 Bacillidium vesiculoformis
AF024655 Antonospora scoticae
FJ865222 Antonospora psocopterae
AY376351 Paranosema locustae
AY305325 Paranosema grylli
/AY305323 Paranosema whitei
HM002483 Paranosema oryzaephili
AY090068 bracteata
[} popilliae
LTDL01000035 Nematocida displodere
KX360153 Nematocida homosporus
KX360152 Nematocida ciargi
KX360147 Nematocida minor
KX360148 Nematocida major
AKI1J01000013 Nematocida ausubeli

AEO001000054 Nematocida parisii
LTDK01000184 Nematocida ironsii

9 Neoperezia chironomi

100/100 l

Tree scale: 0.1 H

Habitat

Freshwater
M Brackish or saltern
B Marine
B Terrestrial
M Clinical

“I. N

Encephalitozoonidae Sokolova et al 2016b

Nosematidae Baker et al 1994; Kyei-Poku & Sokolova 2017; Hajek et al 2017;

Tokarev et al 2020

Orthosomella-like group Zhang et al 2016; Nishikori et al 2018

Enterocytospora-like group Vavra et al 2016

Enterocytozoonidae Diamant et al 2014; Freeman et al 2013; Palenzuela et al 2014

Arlequin group Rode et al 2013; Pilarska et al 2014; Yakovleva et al 2020

Tubulinosematidoidea Vavra et al 2017; Simakova et al 2018

Issi et al 2012

Neopereziidae

Sokolova et al 2010; Lord et al 2010

Nematocida-like group Zhang et al 2016

Hosts

B Annelida
Bryozoa

B Trematoda
Nematoda

M Unicellular hosts

Crustacea

M Insects
Fishes

B Homo sapiens
Other vertebrates



NEOPEREZIIDAE
CAUDOSPORIDAE
NEMATOCIDA-LIKE GROUP
PARANOSEMA-LIKE GROUP

NOSEMATIDAE

Larssonia (daphnids)
B Octosporea (domestic fly)
Marssoniella (cyclops)

Conglomerata (daphnids)

Pseudoberwaldia (daphnids)
Crispospora

(chironomids)

ENTEROCYTOSPORA
-LIKE GROUP :

(clinical & freshwater samples)
Endoreticulatus (insects)|i]
Euplotespora (ciliates) |l
Helmichia (chironomids)



DQ675604 Euplotespora binucleata (ciliate)

FJ756103 Microsporidium sp. BPARG (C; Amphipoda)

MG241423 Uncultured Microsporidia clone OTU44 (environmental; marine)
FJ756121 Microsporidium sp. BPAR17 (C; Amphipoda)
FJ755991 Microsporidium sp. BCAL2 (C; Amphipoda)

1V2; Arlequin group;

—® 1V2; Arlequin group;

1V2; Arlequin group;

MN595900 Globosporidium paramecii (ciliate)
FJ914315 Mrazekia macrocyclopis (C; Copepoda)
FJ756023 Microsporidium sp. BKES4 (C; Amphipoda)
FJ756171 Microsporidium sp. BVIC1 (C; Amphipoda)

1V2; Arlequin group;

FJ756012 Microsporidium sp. BFAS5 FAS1 (C; Amphipoda)
95 @ 1V2; Arlequin group;

AY233131 Cystosporogenes legeri (I; Lepidoptera)
AJ302320 Cystosporogenes operophterae (I; Lepidoptera)
FJ755998 Microsporidium sp. BCAN3 (C; Amphipoda)

<]

100

MG241441 Uncultured Microsporidia clone OTU9 (environmental; bog)
1IV2; Arlequin group
KY615713 Microsporidium sp. isolate EC (I; Lepidoptera)
@ IV2; Arlequin group;
17 JX915758 Anostracospora rigaudi (C; Branchiopoda)
KP006651 Endoreticulatus like Microsporidia (clinical sample)
FJ756044 Microsporidium sp. BLAT2 PAR (C; Amphipoda)
E KJ755827 Endoreticulatus poecilimonae (I; Orthoptera)
1

00 AY009115 Endoreticulatus bombycis (I; Coleoptera)

%' | 39109 Endoreticulatus schubergi (I; Lepidoptera)
AEYK01000034 Vittaforma corneae (clinical sample & hot spring)
FJ756069 Microsporidium sp. BLAT18 (C; Amphipoda)
FJ756164 Microsporidium sp. BTUBS5 TUB (C; Amphipoda)
FJ756165 Microsporidium sp. BTUB5 WOH (C; Amphipoda)

FJ756053 Microsporidium sp. BLAT6 (C; Amphipoda)
7@ 1V2; Arlequin group!
1IV2; Arlequin group;Crispospora
& 1V2; Arlequin group;Crispospora
—@ 1V2; Arlequin group;Crispospora
— FJ756052 Microsporidium sp. BLAT5 PAR (C; Amphipoda)
@ IV2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora (OTU7498)
1V2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
® 1V2; Arlequin group;
FJ756080 Microsporidium sp. BLAT29 (C; Amphipoda)
IV2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora (OTU19444)
1V2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
1IV2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
E:/Z, Arlequin group;Crispospora
@ IV2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
°@ IV2; Arlequin group;Crispospora
LFJ756072 Microsporidium sp. BLAT21 (C; Amphipoda)
FJ756076 Microsporidium sp. BLAT25 (C; Amphipoda)
1IV2; Arlequin group;Crispospora
FJ756125 Microsporidium sp. BPAR21 (C; Amphipoda)
1IV2; Arlequin group;Crispospora
FJ756117 Microsporidium sp. BPAR15 PAR1 (C; Amphipoda)
1V2; Arlequin group;Crispospora
FJ755972 Microsporidium sp. BALB3 (C; Amphipoda)
GU130407 Crispospora chironomi (I; chironomid)
FJ756085 Microsporidium sp. BPAR1 TUB (C; Amphipoda)
1V2; Arlequin group;Crispospora (OTU3989)
1IV2; Arlequin group;Crispospora
1V2; Arlequin group;Crispospora
?56111 Microsporidium sp. BPAR11 PAR (C; Amphipoda)

Crispospora subgroup

FJ756065 Microsporidium sp. BLAT15 LAT (C; Amphipoda)
FJ756074 Microsporidium sp. BLAT23 (C; Amphipoda)
@ 1V2; Arlequin group;
IV2; Arlequin group;Crispospora (OTU24464)
85| @ IV2; Arlequin group;Crispospora
749 1V2; Arlequin group;Crispospora

—— GU130406 Helmichia lacustris (I; chironomid)
‘ FJ756010 Microsporidium sp. BFAS3 WOH (C; Amphipoda)

=0 OUTGROUP

® OTU assigned to a genus
OTU assigned to the Arlequin group

50-150 um
10-50 um
0.8-10 pm

Abundances (%)

>
©

=
=
o

Aydat

c
3
(]

50-150 um
10-50 um
0.8-10 ym <
50-150 um &
10-50 um
0.8-10 pm

0 8 16 24 32 40 48 56 64 72>80

Host living in a freshwater habitat
Host living in a brackish or saltern habitat

10-50 um
0.8-10

Pavin

April

May

50-150 um
10-50 um

0.8-10 pm

50-150 um &

une

0.8-10 pm




Aydat Pavin

April May June |April May June
Ecge Egte EcE E Ege E €
g%; gé:. gE; §= g;; g 3
B2% 825 Bss| 37 2gc B ¢
co® oo® oco® o® oo® o *®
0~ o n e~ 0N~ o - o n«~ o wn o

KF549987 Agmasoma penaei (C; Decapoda)
GU126383 Anisofilariata chironomi (I; chironomid)

Arlequin group

] AM411635 Microsporidium sp. HEM2006WLa (I; Hemiptera)
7 V2 Van 9
100 KC111788 Uncultured Microsporidium sp. clone Comp E Van9 (environmental: compost) group
MF405266 Microsporidium sp. isolate NDGmf2 (C; Amphipoda)
L V2
MG241431 Uncultured Microsporidia clone OTU51 (environmental: bog)
V2
V2 BFAS6 group
V2
" FJ756014 Microsporidium sp. BFAS6 (C; Amphipoda)

MH118301 Microsporidia sp. YuT2019a isolate MAGSE1 (l; Lepidoptera)

V2
V2
V2

Van10 group

KC111789 Uncultured Microsporidium sp. clone Comp F Van10 (environmental: sand)

V2
FJ756098 Microsporidium sp. BPAR2 TUB1 (C; Amphipoda)

Enterocytospora-like group

Enterocytozoonidae

M Orthosomella-like group

V2 BPARS5 group

1991 Fy756102 Microsporidium sp. BPARS (C; Amphipoda)
KC111786 Uncultured Microsporidium sp. clone Comp L Van8 (environmental: compost)

QIv2
[ | 0 [

V2

9%
MG241391 Uncultured Microsporidia clone OTU15 (environmental: marine)

V2

V2

V2

V2 Van 8 group
V2

V2

V2

V2
V2

w7 OUTGROUP

) . Abundances (%)
O OTU not assigned to a group 0 5 10 15 20 25 30 35 40 45>50

Host living in a freshwater habitat _

V2 .
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Size
A:0.8-10 pm

B: 10-50 pm
C:50-150 pm

NMDS1
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ostoum M
50-150 um WW.
0,8-10 um 7////////////////////////4| -

70%
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50%
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% Relative abundance
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Clade | Clade IV2 Clade V
B Aquatic outgroup; Pseudoberwaldia Arlequin group; Crispospora ¥ Unknown group(s)
Aquatic outgroup; Conglomerata Arlequin group (unknown genera)
2 Aquatic outgroup (unknown genera) Enterocytospora-like group; Globulispora
# Unknown group(s) Orthosomella-like group; Orthosomella Others (genera from clades |, I, IV2,
Orthosomella-like group; Pancytospora V, Vlil and IX with weak abondances)
Orthosomella-like group (unknown genera)
Unknown group(s)

Nosematidae; Vairimorpha
™ Unknown group(s)
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