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Abstract

A new microsporidian species, Globosporidium paramecii gen. nov., sp. nov., from
Paramecium primaurelia is described on the basis of morphology, fine structure, and SSU
rRNA gene sequence. This is the first case of microsporidiosis in Paramecium reported so
far. All observed stages of the life cycle are monokaryotic. The parasites develop in the cyto-
plasm, at least some part of the population in endoplasmic reticulum and its derivates.
Meronts divide by binary fission. Sporogonial plasmodium divides by rosette-like budding.
Early sporoblasts demonstrate a well-developed exospore forming blister-like structures.
Spores with distinctive spherical shape are dimorphic in size (3.7+0.2 and 1.9 0.2 um).
Both types of spores are characterized by a thin endospore, a short isofilar polar tube making
one incomplete coil, a bipartite polaroplast, and a large posterior vacuole. Experimental infec-
tion was successful for 5 of 10 tested strains of the Paramecium aurelia species complex. All
susceptible strains belong to closely related P. primaurelia and P. pentaurelia species.
Phylogenetic analysis placed the new species in the Clade 4 of Microsporidia and revealed
its close relationship to Euplotespora binucleata (a microsporidium from the ciliate Euplotes
woodruffi), to Helmichia lacustris and Mrazekia macrocyclopis, microsporidia from aquatic
invertebrates.

Introduction

Microsporidia is a group of obligate intracellular parasitic protists, relative to rozellids, aphelids
and fungi (Karpov et al., 2014; Keeling, 2014; Bass et al., 2018). Microsporidian infections are
common in many groups of Metazoa, mostly in insects and crustaceans among invertebrates
(Stentiford and Dunn, 2014), and in fish among vertebrates (Lom and Nilsen, 2003).
Microsporidia infect commercially important animals, sometimes occur in immunocomprom-
ised humans, and are considered to be opportunistic pathogens (Didier and Weiss, 2006;
Stentiford et al., 2016). Surprisingly, though the host range of microsporidia is very wide,
they have been rarely reported in protists. Among these, a moderate number of infections
with microsporidia and closely related organisms has been registered mostly in gregarines
(Sokolova et al, 2013, 2014; Larsson, 2014) and amoebae (Michel et al., 2000, 20094,
20095, 2012). Taking into account basal position and primitive organization of metchnikovel-
lids infecting gregarines (Mikhailov et al., 2017; Galindo et al., 2018) and rozellids infecting
amoebae (Corsaro et al., 2014a, 2014b, 2016; Quandt ef al., 2017), one could expect microspor-
idian species infecting other protists fall into the most primitive clades as well. However,
according to Fokin et al. (2008) and Stentiford et al. (2017), and as we show here, this assump-
tion seems to be misleading, at least, in what concerns the species invading ciliates and
paramyxids.

Ciliates are often infected by prokaryotic or eukaryotic microorganisms (Kodama and
Fujishima, 2010; Gortz, 2010; Nowack and Melkonian, 2010; Fokin, 2012; Castelli et al.,
2019; Fokin et al., 2019), however, only a few cases of microsporidian infection have been
registered in ciliates so far (Foissner and Foissner, 1995; Fokin et al., 2008), most of the records
being fragmentary and species descriptions incomplete. Only light microscopic observations
have been made of Nosema balantidii in Balantidium sp. (Lutz and Splendor, 1908),
Gurleya nova in Spirobutschliella chattoni (Hovasse, 1950), and Glugea campanellae in
Campanella umbellaria (Kriiger, 1956). Fine structure of microsporidia from Stentor roeseli
and Stentor polymorphus (Gortz, 1987) and of Ciliatosporidium platyophryae from
Platyophrya terricola (Foissner and Foissner, 1995) has been studied by means of transmission
electron microscopy (TEM). Three other microsporidia have been observed in Frontonia leu-
cas, Sonderia vorax and Vorticella sp. (Fokin et al., 2008); however, none of them has been
studied in detail. Actually, by now the only microsporidium parasitizing ciliates, which has
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received full morphological and molecular characterization, is
Euplotespora binucleata inhabiting the cytoplasm of Euplotes
woodruffi (Fokin et al., 2008). According to the phylogenetic
reconstructions based on small subunit (SSU) rRNA gene ana-
lysis, E. binucleata clusters with microsporidian genera
Cystosporogenes and Vittaforma (Fokin et al., 2008), which are
by no means primitive. Such cases provoke great interest, as
studying microsporidian infections in protists could shed light
on the host-parasite interactions at the cellular level as well as
on evolutionary pathways of these enigmatic intracellular para-
sites, which, apparently, comprise both, reductive evolution and
metabolic specialization (Keeling et al., 2014).

A spherical eukaryotic microorganism was revealed in the cyto-
plasm of a strain of ciliates belonging to P. aurelia complex isolated
from the environmental sample collected in Malaga, Spain. Based
on its morphological features and SSU rDNA sequence, the endo-
biont was identified as a novel microsporidian species. Referring to
the specific regular spherical shape of its spore, we propose the
name Globosporidium paramecii, gen. nov., sp. nov.

Materials and methods
Cell cultures

Paramecium aurelia strain SpM5-3 harboring a spherical micro-
organism in the cytoplasm was isolated from a pool in
Guadalmedina riverbed in Malaga, Spain (36°44'53.6"N, 4°
2528.8"W) in 2015. The list of endobiont free strains used in
experimental infections as recipient cells is given in Table 1.
Almost all cultures were maintained and kindly provided by
Core Facility Center ‘Cultivation of microorganisms’ (RC
CCM). The cultures were maintained in the lettuce infusion
inoculated with Klebsiella aerogenes at room temperature. The
original strain was cultivated in several replicates kept under dif-
ferent temperatures (24°C and 16°C) and various feeding
intensity.

Living cell observations and experimental infections

Living host cells were immobilized and squashed with a compres-
sion device (Skovorodkin, 1990) and analysed using differential
interference contrast (DIC) with a Leica 6000 microscope (Leica
Microsystems, GmbH, Wetzlar, Germany) equipped with a digital
camera DFC 500.

In most experimental infections, we used a blind study design:
the species identity of the recipient strains of the P. aurelia com-
plex was established only after the end of the experiment, with the
exception of Paramecium pentaurelia 87, Nr1-9 and P. caudatum
strains. For experimental infection, 0.5 mL of the culture medium
taken from the bottom of the tubes containing infected paramecia
of the SpM5-3 strain was put in a well and checked for the
presence of ciliates under a dissecting microscope. If present, all
paramecia of the original culture were removed and replaced
with 25-30 cells of a recipient strain. The ciliates were checked
for the infection on the 3rd, 7th and 14th day after the beginning
of the experiment using DIC. For each recipient strain, the experi-
ment was repeated 3 times. In another set of experimental infec-
tions, the cells of the susceptible strains were infected as described
above and checked on the 1st day both by DIC and by means of
diamidino-2-phenylindole (DAPI) staining. In case P. caudatum
strain was used as the recipient, the cells of the infected P. aurelia
strain were not removed from the recipient cells, as P. caudatum
are easily distinguished from species of the P. aurelia complex by
the morphology of the micronucleus.
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Spore measurements were performed using DIC images of liv-
ing microsporidia. Standard deviation was calculated using
STATISTICA 10 software.

Permanent staining procedures

To prepare thin sections, Paramecium cells were fixed with Bouin’s
fluid, thoroughly washed in 70° ethanol, rinsed in distilled water and
mounted in 3% low melting agarose. Small agarose blocks with cili-
ates were cut out, dehydrated in a series of alcohol and embedded in
paraffin. Paraffin blocks were sectioned to obtain 6 um thick sec-
tions. The sections were stained with hematoxylin and eosin.

For squashed cell preparation, 2-3 paramecia were placed on a
slide in a small drop of culture medium. Cells were crushed with a
needle and immediately fixed either with ice-cold 100% methanol
or with Bouin’s fluid. Methanol-fixed slides were further stained
by Giemsa (Sigma, USA) according to the manufacturer protocol
or subjected to periodic acid-Schiff (PAS) staining procedure
(Vavra, 1959). For PAS staining, the slides were rinsed in distilled
water, treated with 0.5-1% periodic acid for 5 min, thoroughly
washed for 10 min and stained with Schiff’s reagent for 30 min.
Then the slides were washed with the sulphurous acid solution,
rinsed in distilled water, dehydrated and mounted in Canada bal-
sam. Bouin-fixed slides were proceeded as follows: the fixative was
removed and exchanged for 70% alcohol, then the slides were
rinsed in distilled water, subjected to hydrolysis in 6N HCI for
25 min, washed in distilled water and stained with 1% basic fuch-
sin solution for 30 min. After rinsing in distilled water and brief
immersion in acidic 70% alcohol, the slides were counterstained
with light green, dehydrated in a series of alcohol and mounted
in Canada balsam or Damarlack.

Semi-thin sections (700 nm) of paramecia were obtained using
the material embedded for TEM and the same equipment (see the
section, Transmission Electron Microscopy). The sections
were stained with 1% methylene-blue at 70°C for 20's, washed
in distilled water and stained with 1% basic fuchsin at 70°C for
20s. Slides were examined using the same microscope as used
for living cell observations.

For DAPI staining, ciliates were transferred onto adhesive slides
(SuperFrost, Menzel, Germany), fixed with 4% paraformaldehyde
(PFA) in PBS (7.2-7.4), washed with PBS and postfixed with
70% methanol. The slides were mounted in Mowiol (Mowiol
4.88, Calbiochem) diluted in glycerol containing p-phenylenedi-
amine and DAPI (4,6-DAPI) according to the manufacturer
protocol. The slides were analysed with a Leica TCS SPE2
Confocal Laser Scanning Microscope. The images were further pro-
cessed with Fiji open-access software (Schindelin et al., 2012).

Transmission electron microscopy

Paramecium cells were fixed and proceeded as described in
Szokoli et al. (2016). The cells were fixed in a mixture of 1.6%
PFA and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.2-7.4) for 1.5 h at room temperature, washed in the same buffer
containing sucrose (12.5%) and postfixed in 1.6% OsO,4 for 1 h at
4°C. After dehydration in an ethanol gradient followed by etha-
nol/acetone (1:1) and 100% acetone, the cells were embedded in
Epoxy embedding medium (FlukaChemie AG, BioChemika,
St. Gallen, Switzerland) according to the manufacturer protocol.
The blocks were sectioned with a Leica EM UC6 Ultracut.
Ultrathin sections were stained with aqueous 1% uranyl acetate
followed by 1% lead citrate. All samples were examined with a
JEOL JEM-1400 (JEOL, Ltd., Tokyo, Japan) electron microscope
at 80 kV. The images were obtained with an inbuilt digital camera.
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Table 1. The list of the tested endobiont-free Paramecium cultures and the results of the experimental infections.

Presence of infection by

GenBank

Year of Accession COI sequence
Strain Species isolation Place of isolation 3rd day Tth day 14th day number identity (%)
IP1-2 P. biaurelia 2015 Italy, Pisa - - - KX008305 99.8
UB-15 P. novaurelia 2014 Russia, Leningrad district - - - MG013511 98.4
1P3-20 P. primaurelia 2015 Italy, Pisa + + + MG589324 100
Sp9-33 P. triaurelia 2014 Spain, Madrid - - - JX010633 99.8
ETu 7-11 P. biaurelia 2016 Estonia, Tartu — — — KX008305 100
NR-2 P. pentaurelia 2016 USA, NE, Niobrara river i T i MG589325 100
CyL8-8 P. primaurelia 2014 Cyprus, Larnaca, city + +/NA +/NA MH188082 100
CyL10-4 P. sonneborni 2012 Cyprus, Larnaca, Oroklini - - - KF650001 99.5
87 P. pentaurelia 1974 USA, Sonneborn Collection + + +/— EU086118 100
Nr1-9 P. pentaurelia 2016 Russia, Novorossiysk + + +/NA MG589325 100
VL18-5 P. caudatum 2016 Russia, Vladimir + NA NA
BMK15 P. caudatum 2015 Russia, the White Sea - - -

+/NA, In one replicate all infected cells of the strain died by the day specified in the table.
+/—, Not all of the tested cells were infected by the 14th day.
NA, Data are not available, because the cells died by the day specified in the table.

DNA isolation, polymerase chain reaction (PCR) amplification
and sequencing

For total DNA extraction of the strain SpM5-3, approximately 80
Paramecium cells were fixed in 70% ethanol. DNA was extracted
following the CTAB protocol or using NucleoSpin® Plant DNA
Extraction Kit (Macherey-Nagel GmbH & Co. KG, Diiren
NRW, Germany), for fungal mycelium. The microsporidian
SSU rDNA was amplified by PCR using forward primer V1f
and reverse primer 1492r (Zhu et al, 1993; Weiss and
Vossbrinck, 1999).

Thermal cycle parameters were: initial denaturation (10 min at
95°C) followed by 39 cycles of 30 s at 94°C, 60 s at 50°C and 120's
at 72°C, followed by 10 min at 72°C for the final extension. The
size of the amlicon for microsporidian SSU rRNA gene was
approximately 1500 bp. Amplicons were purified using Cleanup
mini Purification Kit (Eurogene). The sequencing reactions
were carried out with the aforementioned primers and with the
internal primer 530r (Weiss and Vossbrinck, 1999) using
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems™) and analysed with Applied Biosystems® 3500xL
Genetic Analyzer.

The final length of the assembled contig after the removal of
flanking regions for the primers was 1135 bp.

Alignment and phylogenetic inferences

The alignment including the available sequences of described spe-
cies of Microsporidia from Clade 4 and 10 sequences of species
from Clade 5 (Vossbrinck et al, 2014) was created using
MUSCLE algorithm (Edgar, 2004) implemented in SeaView
v. 4.3.5 (Gouy et al., 2010) with the following manual editing.
The final dataset for SSU rRNA analysis included 55 taxa and
1295 positions. The maximum likelihood (ML) phylogenetic ana-
lysis was performed using RAXML 8.1.24 program (Stamatakis,
2014) at CIPRES portal (Miller et al., 2010). GTR + ¥ model of
evolution with 25 substitution rate categories was applied. A
total of 100 independent ML inferences with distinct randomized
MP starting trees were performed; the best-scoring tree was tested
using non-parametric bootstrapping (1000 pseudoreplicates).
Bayesian analysis was performed with MrBayes 3.2.1 (Ronquist
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et al., 2012) using GTR model with gamma correction for intersite
rate variation (8 categories) and the covarion model. Trees were
run as two separate chains (default heating parameters) for 10
million generations, by which time they had ceased converging
(final average standard deviation of the split frequencies was
less than 0.01), the first 25% of generations were discarded for
burn-in.

Paramecium COl gene sequencing

As cryptic species of the P. aurelia complex cannot be distin-
guished on the basis of the SSU rRNA gene sequencing, identifi-
cation of the host species and of the strains used in the
experimental infections was performed by COI gene sequencing
(Strider-Kypke and Lynn, 2010). For COI gene sequencing of
the original host strain SpM5-3, DNA was amplified and directly
sequenced as described elsewhere (Lanzoni et al., 2016, 2019).

Results
Host species identification and experimental infection

Paramecium strain SpM5-3 harbouring G. paramecii in the cyto-
plasm was isolated from a population collected in a pool in
Guadalmedina riverbed in Malaga, Spain, in 2015 (Fig. 1A-C).
Based on the ciliate morphological characters, primarily the num-
ber and the type of micronuclei, the host strain was attributed to
P. aurelia complex of species (Fokin, 2010). Molecular character-
ization using the sequencing of the host cytochrome c oxidase
subunit I (COI) gene placed the host within P. primaurelia
(100% sequence identity, GenBank Accession number:
MG589322). As estimated by the analysis of 150 DAPI stained
paramecia, this environmental Paramecium strain showed 100%
prevalence of microsporidian infection.

The results of experimental infection with G. paramecii are
shown in Table 1. The experiments were designed as a blind
study: the species identity of most of the recipient strains was
established by COI gene sequencing only after the results of the
experimental infections had been obtained. Among the 10 strains
belonging to P. aurelia complex of species, used as recipients in
the experimental infections, only 5 (IP3-20, NR-2, CyL8-8, 87
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Fig. 1. Living microsporidia Globosporidium paramecii parasitizing in the cytoplasm of Paramecium spp. (A-C) Isolated from nature originally infected P. primaurelia
SpM5-3. (D-N) Experimental infections. (D-H, I-M). P. primaurelia 1P3-20. (G, H) P. pentaurelia NR-2. (N) P. caudatum VL18-5. (A) A living paramecium with three
spores in the focal plane. (B) Conspicuous spherical spores (one in a vesicle labelled with a white arrow) and meronts from the cytoplasm of the squashed
host cell. (C) Sporoblasts in a vesicle. (D) Meronts; note the meront dividing by binary fission. (E) Two types of spherical spores, large and small. (F-H).
Diversity of life cycle stages: meront appears to be in direct contact with the host cell cytoplasm, binuclear and tetranuclear sporonts in a common vesicle (F),
large spores. (1, J) Groups of two (1) and six sporoblasts (J) in a vesicle. (K) Maturing sporoblasts in the perinuclear space of the host macronucleus. Ma - macro-
nucleus. (L) A large spore enclosed in a host cell membrane, presumably, parasitophorous vacuole. (M) A large spore enclosed in a host cell membrane together
with a crystal. (N) A large spore with ejected polar tube (black arrowhead) in the phagosome. (A-E) and (G-N) differential interference contrast, (DIC). (F) phase
contrast. In all images: large spore (ls), small spore (ss), meront (m), dividing meront (m*), sporont (st), sporoblast (sb), vesicle (white arrrow). Scale bar: 10 um.

and Nr1-9) proved to be susceptible to the infection with G. para-
mecii (Fig. 1D-M). This result was consistent for each strain in all
3 repeats of the experiment. Two of these strains (IP3-20 and
CyL8-8) were identified as P. primaurelia, like the host strain
SpM5-3, and the three other susceptible strains (NR-2, 87 and
Nr1-9) belonged to P. pentaurelia. The resistant strains belonged
to P. biaurelia (IP1-2 and ETu7-11), P. triaurelia (Sp9-33), P.
novaurelia (UB-15) and P. sonneborni (CyL10-4). Paramecium
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pentaurelia strains demonstrated differences in the course of
infection: the strain 87 quickly acquired infection, but tended to
die out during the second week of the experiment (in all 3
repeats), while it took much longer to develop the infection in
the strains NR-2 and Nr1-9. However, in the two latter strains,
the infection appeared to be stable, and the host cells did not
die by the end of the experiment. The cells of BMK15-1 popula-
tion of P. caudatum were never infected. On the contrary, VL18-5
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strain of P. caudatum, susceptible to infection with various bacter-
ial endosymbionts belonging to Holospora genus, got infected on
the first day, but died out by the 3rd day after the beginning of the
experiment as a result of hyperinfection.

In all experiments, in the susceptible P. primaurelia strains
and in NR-2 P. pentaurelia strain the infection rate was 100%
on the 3rd day after the beginning of the experiment and did
not change in the course of time. The first spores were regis-
tered both with DIC and DAPI staining in the susceptible
cells as early as 24 h after the beginning of the experiment
(Supplementary material Fig. S1B). In 3 days the number of
spores increased, and the experimentally infected cells did not
differ from the cells of naturally infected paramecia. For the
Paramecium primaurelia strain IP3-20 the infection was stable
for more than half a year, while for P. pentaurelia NR-2 - for
more than a year. In one experiment, the P. primaurelia strain
CyL8-8 died out by the 7th day after the beginning of the
experiment, in two other experiments the infection was stable
in this strain for about 3 months and then the strain became
extinct.

In some replicates, the parasites were spontaneously lost,
apparently, due to host cell starvation.

Morphology of the life stages of the parasite as revealed by
light microscopy

Infected paramecia of the isolated SpM5-3 strain and cells
obtained in the course of experimental infections had a normal
appearance and did not manifest any signs of movement or
physiological disorders. Light microscopy analysis using DIC
revealed in the cytoplasm of immobilized and squashed
SpM5-3 paramecia of the strain very uniform, regular, spherical
non-refractive spores, most often showing a depression-like
structure at one side, which we considered a posterior vacuole
(Fig. 1A, B). As a rule, the spores occurred singly and did not
form groups. The parasites were distributed evenly in the host
cytoplasm, showing no preference to any particular region of
the cell. The number of spores per host cell varied depending
on the nutritional state of the culture from about half a dozen
in starved cells to several dozen in well-fed cultures. Some of
the spores were observed in direct contact with the host cyto-
plasm, while others were enclosed in an individual vesicle
(Fig. 1 B, L). Here and hereinafter, the term ‘vesicle” stands for
a vacuole with the envelope of unknown origin. As measured
in DIC images, the diameter of the spores in living and squashed
host cells of the isolated from nature strain SpM5-3 ranged from
3.3 to 4.2 um, average 3.7 £ 0.2 um (n = 41; here and hereinafter,
mean +s.0.), and these spores were considered large. Alongside
with the large spores, in experimentally infected Paramecium
cells, an additional population of spores, which were designated
‘small’ due to their diameter ranging from 1.6 to 2.2 um, av. 1.9
+0.2um (n=20), was frequently found (Fig. 1E). Besides the
spores, the host cytoplasm abounded in numerous proliferative
stages of the life cycle, easily distinguishable from the spores
by their lower optical density, which made them nearly transpar-
ent in DIC. These stages could be better discerned in squashed
ciliates (Fig. 1C, F-J]). Proliferative stages differed in their
morphology, with mononuclear, dividing binuclear, and tetra-
nuclear cells found among them (Fig. 1D, F-H). All binuclear
cells were considered dividing, as we never observed typical
diplokarya with two nuclei tightly apposed. In DIC images,
the early proliferative stages, mononuclear or dividing binuclear
meronts, seemed to be in direct contact with the host cytoplasm,
while later stages, binuclear and tetranuclear sporonts, were
always found enclosed in vesicles (Fig. 1F-]), which became
especially visible in the squashed host cells, when the rupture
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of the host pellicle led to osmotic shock and caused swelling
of host vesicles and mitochondria, as well as of proliferative
stages and sporoblasts (Fig. 1C, F, G, I, J). Swelling of these
stages made estimation of their actual size using DIC images
impossible. Noteworthy, optically dense spores with pronounced
posterior vacuole were never swollen, apparently, due to a well-
developed cell wall.

Sporonts and sporoblasts were arranged in groups of 2, 4, or 6
within a vesicle (Fig. 1C, F, I, ]). Interestingly, in experimentally
infected cells, the large spores were occasionally observed
enclosed in the host cell vesicles surrounding guanine/hypoxan-
thine crystals (Fig. 1M), while sporoblasts sometimes resided in
the perinuclear space of the host macronucleus (Fig. 1K).
Occasionally, in experimentally infected P. caudatum, we mana-
ged to observe the large spores with the ejected polar tube inside
the host food vacuole (Fig. 1N). The length of the stretched polar
tube was about 3 times longer than the spore and reached 9-10.5
um.

Permanently stained slides were prepared using both, origin-
ally infected P. primaurelia strain SpM5-3 and experimentally
infected P. primaurelia strain IP3-20 and P. pentaurelia strain
NR-2 (Fig. 2). Although the standard hematoxylin-eosin staining
of paraffin sections did not permit to clearly distinguish the pro-
liferative stages of microsporidia in paramecia, as the staining pat-
tern in ciliates differed significantly from the one seen in Metazoa
with the same technique, the spores could still be discerned
(Fig. 2A). In semi-thin sections of the originally infected parame-
cia embedded in epoxy resin and stained with methylene blue and
fuchsin, alongside with the spores, proliferative stages were easily
visualized, albeit less intensively stained (Fig. 2B-D). Among
these, dividing binucleate stages and three-lobed plasmodia
occurred very often, suggesting constant autoinvasion of the
host. Similar to living cell observations, some spores were seen
inside the individual vesicles (Fig. 2B), while most of the spores
resided directly in the host cytoplasm, without any visible sur-
rounding membrane. Contrary to DIC images, in semi-thin sec-
tions, we have never observed any vesicles surrounding sporonts
and sporoblasts. In some spores a transparent colourless posterior
vacuole could be clearly discerned, which could be distinguished
from the fuchsin stained nucleus (Fig. 2B). The spores and the
proliferative stages were also apparent in the squashed host cells
stained with Giemsa (Fig. 2E), however, the nuclei of all stages
were much more distinct in the squashed host cells stained with
fuchsin and counterstained with light green (Fig. 2F-I). Besides
mononuclear spores, binuclear dividing stages and tetranuclear
plasmodia were revealed, which was in good concordance with
our living cell observations and images of semi-thin sections.
Likewise, in fixed cells, we never observed diplokarya with two
apposed nuclei. Structures resembling small spores often occurred
in the squashed host cell preparations; however, owing to the
harsh treatment applied in the course of the procedure, we
refrained from taking them into consideration, as they could be
easily confused with the cell debris. A short polar tube and an
anchoring disk were conspicuous in the spores released from
the squashed host cells and processed using PAS reaction
(Supplementary material Fig. S1A), which is applied to reveal
the components of the extrusion apparatus in microsporidia
(Véavra, 1959).

In DAPI stained paramecia of both, naturally and experimen-
tally infected strains, besides the host’s macronucleus and two
micronuclei, nuclei of numerous parasites were always revealed.
In all examined host cells, two types of parasites’ nuclei, differing
in size and signal intensity, were present, bigger nuclei demon-
strating weaker fluorescence (Supplementary material Fig. S1B).
This dissimilarity argues for different rate of nuclear chromatin
condensation in the spores and proliferative life stages of the


https://doi.org/10.1017/S0031182020000633

962

Yulia Yakovleva et al.

Fig. 2. Life cycle stages of Globosporidium paramecii from the cytoplasm of Paramecium primaurelia revealed with various staining techniques. (A) A thin section of
paraffin-embedded paramecium with numerous spores. Hematoxylin and eosin staining. (B-D) Life cycle stages of the parasite in semithin sections of initially
infected strain SpM5-3, methylene blue and basic fuchsin staining. (E) Giemsa staining of the squashed and methanol fixed infected paramecium. (F-I) Nuclear
staining in squashed and methanol fixed host cell, stained with fuchsin, counterstained with light green: binuclear proliferative stages (F, G), tetranuclear sporont
(H), large spores (1). In all images: large spore (ls), small spores (ss), proliferative stages (arrows). Scale bar: 10 um.

parasite. Merging bright field microscopy images with the corre-
sponding images of DAPI fluorescence obtained with confocal
microscopy made it possible to clearly distinguish the nucleus
of G. paramecii from the posterior vacuole (Supplementary
material Fig. S2C) and confirm that the depression seen with
DIC corresponds to the posterior vacuole.

Fine structure of the life cycle stages

Nearly all life cycle stages were observed in the cytoplasm of the
original naturally infected P. primaurelia strain SpM5-3 examined
with TEM (Fig. 3A, B). The earliest observed stage, meronts, had
an irregular shape, one nucleus (up to 1.5um in diameter) and
dense homogeneous cytoplasm containing numerous free ribo-
somes (Fig. 3C, D). Meronts were divided by binary fission, as
evidenced by the presence of binucleate cells, which have not
undergone cytokinesis yet (Fig. 3E, F). Sporonts, like meronts,
were monokaryotic, but could be easily distinguished from the lat-
ter stage by the presence of electron-dense patches on their
plasma membrane, presumably, the primordium of the exospore
(Fig. 4A). The cytoplasm of sporonts seemed less homogeneous
than in meronts, and cisternae of the endoplasmic reticulum
(ER) appeared. Sporogonial plasmodium divided by rosette-like
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budding, showed at least four monokaryotic lobes in one plane
(Fig. 4B). The sporogonial plasmodium, like early sporonts,
demonstrated patches of electron-dense material on their sur-
face. In early sporoblasts, the exospore was much more devel-
oped and interrupted just in a few sites (Fig. 4C). Sometimes
blister-like structures were formed. The shape of the early spor-
oblasts seemed less irregular than that of meronts and sporonts,
probably, due to the developing cell wall. Numerous cisternae of
the ER became clearly visible. Late sporoblasts could be charac-
terized by the presence of a fully developed exospore and a more
regular cell shape, which gradually became oval (Fig. 4D, E, F).
At this stage, a primordial polar tube (Fig. 4D, E), an anchoring
disk (Fig. 4E), and a developing polaroplast could be registered
(Fig. 4F). In TEM sections, spores of two size classes were
revealed (Fig. 5A, B), supporting the observations of living
cells made with DIC. Both types of spores had a specific regular
spherical shape, were always mononuclear and were character-
ized by a well-pronounced pattern of ER cisternae, often forming
stacks parallel to the plasma membrane. Large spores ranged
from 2.0 to 3.0 um in diameter, av. 2.4 + 0.3 um (n =23), while
the small spores ranged from 0.9 to 1.4um in diameter, av.
1.2+ 0.1 um (n=16) (Fig. 5). Neither type of spores ever formed
groups. Mature spores possessed a two-layered cell wall (about
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Fig. 3. Transmission electron micrographs (TEM) of the originally infected P. primaurelia strain SpM5-3. (A, B) A fragment of the infected host cell with meronts (m),
sporoblasts (sb) and spores (s) in the cytoplasm. (C, D) Unikaryotic meront, note host mitochondria adjacent to the parasite. (E, F) Meront dividing by binary fission.

nu - nucleus. Scale bar: A, B, C, F, 2um; D, E, 1um.

57-87 nm thick) comprising the electron lucid endospore (24-
40 nm thick in the large spores, and 13-17 nm thick in the
small ones), adjacent to the plasma membrane, and the
electron-dense exospore (29-47 nm thick in the large spores,
and 25-40 nm thick in the small ones) (Fig. 6C, D). The outer
layer of the latter sometimes peeled off forming protrusions
into the host cytoplasm (Fig. 5D, E). As seen in cross-sections
made at various angles, in spores of both types (in maturating
as well as in mature spores) two parts of polaroplast were
observed (Fig. 5C, D, Fig. 6 C, D). The anterior part is
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represented by small vesicles with homogeneous contents, and
the posterior part — by a large sac with similar contents
(Fig. 5C, D, Fig. 6C, D). A fully developed polar sac-anchoring
disk complex had a typical mushroom-like structure and was
connected to a short isofilar polar tube (Fig. 5C-F) making
one incomplete coil (a semi-coil) (Fig. 5F). A large posterior
vacuole was observed in both types of the spores (Fig. 5A,
Fig. 6A). Inside it, a vesicle containing some electron-dense
material, most likely, the cross-sectioned polar tube, could occa-
sionally be visualized (Fig. 6A).
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Fig. 4. Transmission electron micrographs (TEM) of sporogonial stages of Globosporidium paramecii in the originally infected P. primaurelia strain SpM5-3. (A)
Transitional stage between meront and sporont, note electron-dense patches of the exospore primordium on the surface of plasma membrane (arrows). (B)
Sporogonial tetranuclear plasmodium. (C) Early sporoblast with a well-developed exospore forming blister-like structures (white arrows). (D) Sporoblast with a
cross-sectioned polar tube (pt). (E) Late sporoblast with a developed anchoring disk (ad) and a polar tube (pt). (F) Late sporoblast with a forming polaroplast

(pp). nu - nucleus. Scale bar: A, F, 1um; B, 2um; C, D, E, 500 nm.

Phylogeny

In the phylogenetic reconstructions based on the analysis of SSU
rRNA gene, G. paramecii was placed within Terresporidia in
Clade IV sensu Vossbrinck and Debrunner-Vossbrinck (2005),
which corresponds to Clade 4 sensu Vossbrinck et al. (2014) and
Clade IV, subclade B sensu Williams et al. (2018) (Fig. 7). It clusters
together with Euplotespora binucleata, the only sequenced micro-
sporidia from ciliates, and with the species infecting mainly the
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intestinal epithelium of insect and crustacean hosts (with one
remarkable exception — human microsporidia Vittaforma corneae).
Based upon SSU rRNA gene sequence, G. paramecii is most closely
related to E. binucleata (DQ675604, 88.3% sequence similarity),
infecting the brackish water ciliate Euplotes woodruffi, to
Mrazekia macrocyclopsis (F]J914315, 87.6% sequence similarity), a
parasite of the copepod Macrocyclops albidus, and to Helmichia
lacustris (GU130406, 79.2% sequence similarity), a parasite of the
larvae of the midge Chironomus plumosus.


https://doi.org/10.1017/S0031182020000633

Parasitology

965

Fig. 5. Transmission electron micrographs (TEM) of spores. (A, B). Two types of spores, large and small, co-occurring in the host cytoplasm. Large spore (ls), small
spore (ss), macronucleus (Ma), micronucleus (Mi). (C, D) Large spores with a polaroplast (pp) and an anchoring disk (ad). Note protrusions of the outer layer of
exospore into host cytoplasm (arrows). (E, F). Small spores with a developed anchoring disk (ad) and an isofilar polar tube (pt). E, enlarged fragment of B. Scale

bar: A, B, E, F, 1um; C, D, 500 nm.

Discussion

Globosporidium paramecii possesses several morphological fea-
tures of its spore, which are considered typical of ‘higher’ micro-
sporidia: a polar sac-anchoring disk complex, a bipartite
polaroplast, a posterior vacuole and a well-developed polar tube
(Han and Weiss, 2017). In G. paramecii, the anterior part of
polaroplast is vesicular, resembling the one observed in the micro-
sporidium from Stentor (Gortz, 1987) and not lamellar, like in
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other microsporidia infecting ciliates, e.g. E. binucleata from
Euplotes woodruffi, which also falls into the same clade (Fokin
et al., 2008) as G. paramecii, and the parasite of Platyophria ter-
ricola, C. platyophryae, whose phylogenetic position is still
unknown (Foissner and Foissner, 1995). The endospore, though
conspicuous, is very thin, like that of microsporidium from
Stentor (Goertz, 1987) with unknown phylogenetic position,
and E. binucleata (Fokin et al., 2008). Interestingly, other repre-
sentatives of Clade IV, closely related to G. paramecii, such as
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Fig. 6. Transmission electron micrographs (TEM) of mature spores. (A) A large spore with a well-developed posterior vacuole (pv). (B) A small spore surrounded by a
vast horseshoe-like cisterna (asterisk) of the host cell. Note a polar tube-like structure (ptl) inside the posterior vacuole in A and B. (C, D) Large spores with prom-

inent bipartite polaroplast (ppl and pp2). Scale bar: A, C, D, 1um; B, 500 nm.

Helmichia lacustris, infecting Chironomidae (Tokarev et al,
2012), Mrazekia macrocyclopis, a parasite of Copepoda (Issi
et al, 2010) and Cystosporogenes sp. from Coleoptera
(Kyei-Poku et al, 2011) possess thicker endospore (see
Supplementary Table S1). One could hypothesize, that the thick-
ness of the endospore, which is made of chitin and proteins
(Vavra and Lukes, 2013), might depend on the host environment:
in terrestrial hosts the endospore of microsporidia is thicker to
protect the spore from dessication, while in aquatic hosts it is
thin, as there is no risk of drying out. The thicker endospore of
C. platyophryae, parasitizing the terrestrial ciliate P. terricola
(Foissner and Foissner, 1995), corroborates this assumption.
Globosporidium paramecii has two types of spores, differing in
size, but with similar shape and fine structure. Both types of
spores of G. paramecii are characterized by the presence of a
short isofilar polar tube, which makes one incomplete coil.
Similar polar tubes have been described in two other microspor-
idian species from ciliates, i.e. in E. binucleata (Fokin et al., 2008)
and in Ciliatosporidium platyophryae (Foissner and Foissner,
1995). According to the images provided by Goértz, the polar
tube of microsporidium infecting Stentor is short as well (Gortz,
1987). Those representatives of Clade 4, which group together
with G. paramecii, either have a short uncoiled tube, like
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Helmichia lacustris, infecting Chironomus plumosus (Tokarev
et al., 2012) or have a rather short polar tube making 3-4 coils,
as in Mrazekia macrocyclopsis (Issi et al., 2010), while others pos-
sess longer polar tubes, making 10-11 coils, like Cystosporogenes
sp. from the beetle Agrilus anxius (Kyei-Poku et al, 2011).
Though representatives of Clade IV, subclade B sensu Williams
et al. (2018) demonstrate extensive variability of morphological
features, all of them (with a remarkable exception, Mrazekia
macrocyclopsis) possess a well-developed extrusion apparatus
with a bipartite polaroplast and a rather short isofilar polar
tube making up to 10-11 coils arranged in a single row (see
Supplementary Table S1). The occurrence of a short uncoiled
or slightly coiled filament in the representatives of this Clade
has been proposed to be a result of reductive evolution
(Tokarev et al., 2012). These species rarely develop in direct con-
tact with the host cell cytoplasm, proliferative stages and spores
being often enclosed in vesicles of different origin. They are char-
acterized by polysporoblastic sporogony (in case of dimorphic
species at least one of sporogonies is polysporoblastic).
Interestingly, in the extended state, the polar tube of G. para-
mecii is about three times longer, than when it is semi-coiled
inside the spore, probably, suggesting telescopic ejection mechan-
ism. Infection with microsporidia in ciliates occurs by means of
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phagocytosis: the spore is first engulfed by the ciliate in the course
of phagosome formation and then the sporoplasm is ejected by
the polar tube upon acidification of the phagosome. The long
polar tube is required to deliver the sporoplasm to the epithelial
cell from the gut lumen, the diameter of which is enormous com-
pared to the much smaller diameter of the ciliate phagosome.
Thus, very likely, there is no need in possessing a long polar
tube in microsporidia infecting ciliates. Moreover, occurrence of
a very long polar tube could make infection of a ciliate impossible,
as in a unicellular host organism, a spore with a long ejected polar
tube would face the risk of piercing the target cell through and
injecting the sporoplasm outside the host, while in a multicellular
organism there is always a chance of delivering it into one of the
host cells. The length of the polar tube may be one of the main
constraints, which could explain the low rate of microsporidian
infections in ciliates. Noteworthy, most species from Clade IV,
subclade B, parasitize the intestine (at least as the primary site
of infection), with two remarkable exceptions - developing in
the fat body H. lacustris and M. macrocyclopis — the species,
which are closely related to G. paramecii. Thus, the short polar
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tube could be a precondition for transferring from a multicellular
host to a unicellular one.

Globosporidium paramecii has a single nucleus except for late
stages of binary fission and polysporoblastic sporogony, which
distinguishes it from E. binucleata and M. macrocyclopis, both
characterized by diplokaryotic spores. Unlike E. binucleata, mer-
onts were detected in the originally infected Paramecium strain
SpM5-3, evidencing for the constant autoinvasion of the host
under laboratory conditions.

Globosporidium paramecii seems to develop inside a parasito-
phorous vacuole. The members of the Clade IV, subclade B, rarely
develop in the direct contact with the host cell cytosol, quite often
the proliferative stages and spores are enclosed in vesicles (some-
times individual ones) of different origin. In many species these
vesicles are originated from flattened cisternae of rough ER of
the host cell like in Endoreticulatus spp. and Vittaforma corneae
(Cali and El Garhy, 1991; Silveira and Canning, 1995; Wang
et al., 2005). In several cases, the origin of vesicles has not been
resolved as for Cystosporogenes spp. (see Supplementary
Table S1); besides, a combination of both options is also possible.
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In case of H. lacustris, Glugoides intestinalis and Anostracospora
rigaudi development of a complex envelope including both, the
membranes of a sporophorous vesicle and rough ER of the host
cell, has been supposed (Larsson et al, 1996; Tokarev et al.,
2012; Rode et al, 2013). As for G. paramecii, in TEM images,
membranes surrounding presporal stages in the host cytoplasm
were not very distinct, except, probably, the one enclosing the
sporogonal plasmodium, which, as well as groups of sporoblasts,
was always enclosed in vesicles in living cell observations (Fig. 1C,
F-G, I-]). The nature of some of these vesicles was obvious, for
example, the membranes of the macronuclear envelope
(Fig. 1K), while some might be derived from the ER, like in several
other relatives — H. lacustris, Endoreticulatus schubergi and E.
bombycis (Cali and El Garhy, 1991; Wang et al., 2005; Tokarev
et al., 2012; see Supplementary Table S1). Since crystals in ciliates
are always enclosed in vesicles, our observations of mature spores
inside such vesicles together with the host crystals also argues in
favour of the presence of a parasitophorous vacuole, a structure
derived from the host membranes. Importantly, the spore is
mature. If the parasite occurs under the same membrane as the
crystal at the stage of sporoplasm, it would certainly undergo sev-
eral divisions. In this case, there would be several spores under
one membrane with a crystal, which is not the case. This suggests
that the parasite is able to get under the membrane of the host at
the late stages of the life cycle when the division no longer occurs,
possibly, by fusion of vesicles or by detaching from the ER cisterns
together with the crystal primordium. As the perinuclear space is
continuous with ER, and assuming that crystal-containing vesicles
in ciliates detach from cisternae of ER at least some part of micro-
sporidian population resides in ER or its derivates. However, one
could speculate that the presence or absence of the membrane
surrounding proliferative stages depends on which cell compart-
ment the sporoplasm happens to be delivered to. Seemingly, the
development of the presporal stages may take place wherever
the sporoplasm is injected.

Blister-like structures conspicuous in some sporoblasts in TEM
images suggest the formation of a sporophorous vesicle (panspor-
oblast), at least around some of the spores, which is in good agree-
ment with our observations of spores enclosed in individual vesicles
made both with DIC and TEM (Fig. 4C, Fig. 5D, E). Single-cell
vesicles are characteristic of a small number of genera, Tuzetia,
Janacekia, Alfvenia, Nelliemelba and Lanatospora and can be
seen only with TEM (Vévra and Larsson, 2014). This list also
includes Euplotespora, which has individual sporophorous vesicle
closely encircling the spore surface. In Fig. 5D and E we observed
the structures similar to those seen in Fig. 19 in Fokin et al. (2008).
However, it should be stressed that some spores seem to reside dir-
ectly in the host cytoplasm, suggesting variability in the life cycle of
G. paramecii. Interestingly, we once happened to find in the culture
medium a spore of G. paramecii enclosed in an ‘envelope’ (not
shown), which reminded the spores of C. platyophryae extruding
from P. terricola, as observed by Foissner and Foissner (1995).
The horseshoe-like structures surrounding some of the spores in
the host cytoplasm (Fig. 6B) resemble phagophore formation in
Dictyostelium  discoideurn at the onset of autophagocytosis
(Calvo-Garrido et al., 2010). Possibly, G. paramecii is able to induce
autophagy in its host to egress from the host cell, a well-known
strategy for a number of intracellular pathogens (Friedrich et al,
2012; Gerstenmaier et al, 2015; Miller and Celli, 2016; Szokoli
et al, 2016). Alternatively, autophagolysosome formation might
trigger autoinfection.

The presence of host membranes surrounding the parasite life
stages may highlight some details of its life-history strategies.
Although microsporidia are characterized by lytic egress from
the host cell, non-lytic egress has been registered in Nematocida
parisii infecting Caenorhabditis elegans (Szumowski et al,
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2014). This pathogen exploits host vesicle trafficking system and
escapes into the host gut lumen via exocytosis. It should be men-
tioned that this host has a constant cell number, among them 20
nonrenewable intestine cells. Thus, the loss of each cell would
affect host fitness. So, according to the concept of optimal viru-
lence, the parasite tends to egress from the host cell causing min-
imal harm. Since the ciliate is a unicellular organism, host cell
death would mean the death of the whole organism which is
not beneficial for the parasite. Apparently, G. paramecii uses a
similar strategy of egress to spare the host and disseminates grad-
ually the infectious stages. In support of this suggestion is the
presence of all life cycle stages in each host cell throughout all per-
iod of cultivation. On the contrary, spores of Nucleophaga amoe-
bae (Rozellomycota) infecting amoeba mature and egress
simultaneously after cell rupture (Gordetskaya et al., 2019).

The presence of two types of spores, ie. large and small,
revealed in G. paramecii argues for a complicated dimorphic life
cycle. The occurrence of two size classes of spores with similar
morphology is a rare case in Microsporidia. This phenomenon
has been previously described in two species — Vavraia anostraca
from Artemia sp. (Crustacea: Anostraca) (Martinez et al., 1992)
and Octotetraspora paradoxa from Wilhelmia mediterranea
(Diptera: Simuliidae) (Issi et al., 1990). Although we have
observed nearly all stages of the life cycle, our data are insufficient
to explain the appearance of the small spores and their destiny.
One could hypothesize that the large spores are necessary for
egress from the host and dissemination, while the small spores
could be used for autoinvasion. Besides, the small spores might
be a result of meiosis and theoretically could be considered meios-
pores. However, neither evidence of karyogamy nor synaptonemal
complexes were observed.

Large spores of G. paramecii occur in the culture medium,
which implies that they are released from the host cell
Theoretically, G. paramecii could use several different ways of
egress from the host cell - by exocytosis via the cytoproct, by
compensatory exocytosis at the sites used for exocytosis of tricho-
cysts, with the burst of hyperinfected Paramecium cell. It is very
likely that the spores inside the vesicle are destined for exocytosis
from the host cell. Multiple observations of single spores enclosed
in a vesicle containing guanine/hypoxanthine crystal suggest that
the parasite may hijack the host vesicular traffic (Fig. 1M).
However, so far we have not managed to observe the release of
Globosporidium spores from infected P. primaurelia with any of
the techniques used, DIC or TEM. Thus, at present, it is not pos-
sible to determine, which of these egress modalities is used.
Anyway, a closer examination of the cell cycle is necessary to elu-
cidate this issue.

About 70 microorganisms, including eukaryotes, have been
found to infect various Paramecium species (Gortz and Fokin,
2009; Kodama and Fujishima, 2010). The P. aurelia complex
comprises 15 sibling species (Sonneborn, 1974; Aufderheide
et al., 1983; Catania et al, 2009), among which are those that
are frequently infected with bacteria (e. g., P. primaurelia, P.
biaurelia, P. tetraurelia, P. pentaurelia, P. sexaurelia,
P. octaurelia) and those that are seemingly not susceptible to
any infection (e.g., P. septaurelia, P. undecaurelia, P. dodecaurelia)
(Fokin, 2004; Gortz and Fokin, 2009; Schweikert et al., 2013). Not
a single representative of the P. aurelia species complex has ever
been registered to host a eukaryote, either mutualistic or parasitic.
In our study the outcome of the experimental infection for vari-
ous Paramecium species was different. Globosporidium paramecii
demonstrated strong host specificity for only two species, P. pri-
maurelia and P. pentaurelia, of several tested (see Table 1),
which could be explained by close phylogenetic relationships of
these two sibling species (Catania et al., 2009). Infection of the
P. caudatum VL18-5 strain should be considered non-specific,
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since the strain died out in less than 3 days as a result of hyper-
infection, implying the absence of the host control of infection.
Globosporidium paramecii, like E. binucleata, the microspori-
dium from the other ciliate, Euplotes woodruffi, which underwent
molecular characterization, does not group with basal
Microsporidia, suggesting that microsporidian infection in ciliates
is a recent acquisition. Molecular and phylogenetic data demon-
strated, as it would be expected, that these two species are closely
related, since both parasitize the cytoplasm of ciliated organisms.
Comparing G. paramecii with E. binucleata, the most accurate
morphological differences are dimorphism vs monomorphism,
as well as monokaryotic vs diplokaryotic development.
Presumably, microsporidian infection in ciliates is secondary,
their ancestors parasitizing other aquatic hosts, crustaceans or
insect larvae. To resolve the origin of microsporidiosis in ciliates,
a further study involving more data on biodiversity and biology of
representatives of this subclade and molecular analysis encom-
passing a vast range of environmental sequences is indispensable.

Taxonomic summary
Phylum: Microsporidia Balbiani, 1882

Clade 4 sensu Vossbrinck et al. (2014), Clade IV, subclade B
sensu Williams et al. (2018)

Globosporidium, gen nov.
Diagnosis. Parasite of Paramecium; cytoplasmic localization. All
life cycle stages are monokaryotic. Merogony by binary fission.
Meiosis has not been detected so far. The polar tube is isofilar
and short, making one incomplete coil. A typical polar
sac-anchoring disk is complex. The polaroplast is bipartite, with
a small vesicular anterior part and a sac-like posterior part. A
large posterior vacuole is present in the mature spores.

Closely related to the genera Euplotespora, Helmichia and
Mrazekia, based on SSU rRNA phylogeny.

Type species: Globosporidium paramecii — by monotypy.

Etymology. The genus name refers to the characteristic spher-
ical shape of the spore. Globus (lat.) — a sphere.

Globosporidium paramecii, sp. nov.

Diagnosis. Parasite of Paramecium primaurelia and Paramecium
pentaurelia. The species diagnosis corresponds to that of the
genus. Dimorphic, two types of regular spherical spores differing
in size. Presporogonial stages, as seen in unfixed squashed host
cells, are bound by an envelope of enigmatic origin. Sporonts
and sporoblasts in groups of 2, 4 and 6. Sporogony by rosette-like
budding. Living large spores 3.7 + 0.2 um in diameter, living small
spores 1.9 £ 0.2 um. Spore wall is two-layered with a remarkably
thin endospore. Some of the spores are enclosed in the host cell
membrane.

Type host: Paramecium primaurelia (Ciliophora, Alveolata).

Type locality: a pool in Guadalmedina riverbed in Malaga,
Spain (36°44/53.6"N, 4°25'28.8"W).

Type material: Thin sections of paraftin-embedded paramecia
stained with hematoxylin and eosin, fuchsin and Giemsa stained
squashed host cells and Epon embedded ciliates for TEM as well
as frozen isolated total DNA of the parasite and its host are stored
at the Department of Cytology and Histology, Faculty of Biology,
Saint Petersburg University.

Images of living and fixed infected paramecia are kept at the
image collection of the same department.

Etymology: The species name alludes to the host genus,
Paramecium.

Gene sequences: GenBank accession numbers: MN595900.
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