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Summary

Spore sacs and free spores of a metchnikovellid were found in several specimens of
the archigregarine Selenidium pygospionisisolated from polychaetes Pygospio elegans,
collected from the littoral area of the Kandalaksha Gulf of the White Sea. The
morphology of spore sacs suggests that this species belongs to the genus Metchnikovella
(sensu Caullery and Mesnil, 1914). The length of the spore sacs varied from 5.6 t0 9.2
um, the width of the spore sacs was 3.3—5 um, each of them contained up to 12 oval
spores. Both spore sacs and free spores were enclosed in vacuoles. The combination
of morphological features and host range distinguishes the studied isolate from any
known species. Results of the phylogenetic analysis based on the SSU rRNA gene
showed that the sequence of this species had a significant difference from all available
sequences of metchnikovellids and usually grouped close to the species Metchnikovella
incurvata or formed a clade with it. Here we describe the studied isolate as a new
species, Metchnikovella dobrovolskiji sp. nov. (Microsporidia: Metchnikovellida).

Key words: Microsporidia, Metchnikovellida, gregarines, Apicomplexa, polychaetes,
hyperparasitism, White Sea

Introduction

Microsporidia (phylum Microsporidia Balbiani,
1882) are unicellular spore-forming eukaryotic
parasites inhabiting a variety of multicellular
and some unicellular hosts (Weiss and Becnel,
2014). The parasites belong to the holomycotan
branch of Opisthokonta (Karpov et al., 2014).

The synapomorphic feature of microsporidia is
the highly elaborated invasion apparatus. It is a
complex of organelles intended for the extrusion of
the infectious sporoplasm from the spore into the
host cell. In typical microsporidia, it consists of a
polar sac, an anchoring disk, a polaroplast, a coiled
polar filament, and a posterior vacuole (Vavra and
Larsson, 2014).
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Metchnikovellids are hyperparasitic microspo-
ridia. They parasitize in the gregarines inhabiting
the intestines of marine invertebrates, mostly poly-
chaetes. Recent phylogenetic and phylogenomic
analyses robustly placed metchnikovellids as a basal
branch to the clade, embracing all typical mic-
rosporidia (Mikhailov et al., 2017; Galindo et al.,
2018; Nassonova et al., 2021). The invasion appara-
tus of metchnikovellids lacks an anchoring disk, a
polaroplast, and a coiled polar filament. Instead,
they have got a structure called “manubrium”,
which is believed to be a primitive form of the polar
filament of typical microsporidia (Vivier, 1975).
The manubrium is covered with a membrane,
which extends into lamellar folds associated with
a tubulovesicular network (Vavra and Larsson,
2014; Sokolova et al., 2013). There are two types
of sporogony in the life cycle of metchnikovellids.
Free spores are formed directly in the cytoplasm
of the host (sometimes within the vacuoles), while
sac-bound sporogony results in the formation of
thick-walled spore sacs, enclosing the spores. The
structures called ‘spore sacs’ by Larsson (2000, 2014)
were recognized as ‘cysts’ by Caullery and Mesnil
(1897, 1914, 1919) and Vivier (1975).

The general morphology of the spore sac is a
key feature in classification of metchnikovellids
developed over 100 years ago. To date, this group
includes about 30 species, and it is evident that the
diversity of these hyperparasites remains poorly
known. The configuration of the metchnikovellid
clade in the phylogenetic tree is weakly resolved,
and the taxon sampling in this group is still limited.
To achieve further progress in this field, modern
morphological and, especially, molecular studies
of metchnikovellids are necessary.

The polychaete Pygospio elegans is a common
species at the littoral of northern seas. The worm
populations observed at the littoral zone of the
Kandalaksha Gulf of the White Sea host two
gregarine species, the eugregarine Polyrhabdina
pygospionis (Paskerova et al., 2021) and the archi-
gregarine Selenidium pygospionis (Paskerova et al.,
2018). Each gregarine species can harbor two dif-
ferent metchnikovellids. P. pygospionis is the host
for Metchnikovella incurvata (Caullery and Mesnil,
1914, 1919; Sokolova et al., 2013) and M. spiralis
(Sokolovaetal., 2014; Frolovaetal., 2021). S. pygos-
pionis could serve as a host for M. dogieli (Paskerova
et al., 2016) and the new metchnikovellid species,
characterized in the present paper. Based on the
results of morphological studies and SSU rRNA
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sequence, here we describe this microsporidium as
a new species Metchnikovella dobrovolskiji sp. nov.

Material and methods

Polychaetes Pygospio elegans Claparéde, 1863
(Annelida: Spionidae) were collected from the
sand-silt littoral zone in Kruglaya Bay, Chupa Inlet,
Kandalaksha Gulf of the White Sea (66°20°17.2”N;
33°38°09.1”E) in June 2019. The worms were
gathered from a single sampling site and further
transported to the Department of Invertebrate Zo-
ology, St. Petersburg University. Polychaetes were
maintained in small containers at +10 °C with
seawater; the water was changed once in two-three
days. For examination, an individual polychaete
was pressed between a coverslip and an object slide
to release the content of the gut. The obtained
squashed preparations were examined under a
Leica M205C dissection microscope equipped
with Rottermann contrast. Specimens showing the
presence of presumably infected gregarines were
examined using a Leica DM 2500 microscope
equipped with differential interference contrast
(DIC) and photographed with a Nikon DS-Fi3
digital camera operated with Nikon AR software. In
case the presence of metchnikovellids in gregarines
was proved with light microscopy, a large amount
of Millipore-filtered seawater was added under
the coverslip, which resulted in detaching the cells
from the object slide. The gregarines containing free
spores and spore sacs were collected from the slide
individually using a hair-thin tapered-tip Pasteur
pipette, washed in a fresh portion of Millipore-
filtered seawater and placed in 200 ul PCR tubes
with 1-2 ul of water. Each tube was controlled for
the presence of a gregarine using a Leica M205C
dissection microscope.

DNA extraction from infected gregarines was
performed using Arcturus® PicoPure® DNA
Extraction Kit (Thermo Fischer Scientific, Wal-
tham, MA, USA). Further, DNA was amplified
by Multiple Displacement Amplification (MDA)
using Repli-g Single Cell Amplification Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s
protocol. SSU rRNA gene was amplified by PCR
using 1:10 diluted product of MDA reaction as a
template with microsporidia-specific primers: 18F,
530R (Weiss and Vossbrinck, 1999) and 1353TnR
(Nassonovaetal., 2021). PCR program parameters
were the following: initial denaturation (5 min at 95
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°C) followed by 35 cycles of 30sat 95 °C, 50sat 50 °C
and90sat 72 °C, followed by 7 min at 72 °C for final
extension. Amplicons were purified using Cleanup
Mini Purification Kit (Eurogen, Moscow, Russia)
or with ExoSAP-IT™ PCR Product Cleanup Rea-
gent (Thermo Fisher Scientific, Waltham, MA,
USA). The Sanger sequencing reactions were car-
ried out using the Applied Biosystems™ BigDye™
Terminator v3.1 Cycle Sequencing Kit (Thermo
Fischer Scientific, Waltham, MA, USA) and sequ-
enced using Applied Biosystems™ 3500xL Genetic
Analyzer (Thermo Fischer Scientific, Waltham,
MA, USA). The final length of the assembled contig
was 1246 bp.

For the phylogenetic analysis, we built an align-
ment containing all available sequences of metch-
nikovellids and a selection of “core microsporidia™.
A set of “short-branch microsporidia” (sensu Bass
et al., 2018) was used as an outgroup. Sequences
were aligned using MAFFT v. 7.490 (Katoh and
Standley, 2013) with two different preset modes —
“favor accuracy” mode and “consider secondary
structure” mode, as implemented in CIPRES portal
(Miller et al., 2010). The mask was created for each
alignment in two ways: by G-blocks algorithm (as
implemented in SeaView v. 4.6.1 — Gouy et al.,
2010) and manually, in order to include the maximal
possible number of nucleotide positions. In additi-
on, we prepared a so-called hand-made alignment
with the same taxon set, which was made using
MUSCLE algorithm (Edgar, 2004), as implemented
in SeaView v. 4.6.1, and further polished manually.
In this analysis, we used the ‘extended mask’ based
on G-blocks selection of sites and further manually
expanded to include the maximal possible number
of nucleotide positions. The parameters of the masks
used are listed in the Table 1.

The maximum likelihood (ML) phylogenetic
analysis was performed using RAXML-HPC2 v.
8.2.12 (Stamatakis, 2014) at CIPRES portal. GTR +
vy model of evolution and correction for intersite rate
variation with 25 substitution rate categories were
applied; the tree was tested using non-parametric
bootstrapping (1000 pseudoreplicates). Bayesian
analysis was performed with MrBayes v. 3.2.6
(Ronquist et al., 2012) at CIPRES portal using GTR
model with y correction for intersite rate variation
(eight categories) and the covarion model. Trees
were run as two separate chains (default heating
parameters) for 5 million generations, by which
time they had ceased converging (final average
standard deviation of the split frequencies was
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Table 1. The size of mask used in the phylogenetic
analyses with different variants of alignment.

The variant of alignment G-blocks mask, | Extended mask,
bp bp
MAFFT, “accuracy” mode 1121 1323
MAFFT, “secondary structure 1106 1309
mode
Hand-made - 1344

Notes: MAFFT, “"accuracy” mode - the sequences were aligned with
MAFFT v. 7.490 (Katoh and Standley, 2013) using “favor accuracy”
mode. MAFFT, “secondary structure” mode - the sequences were
aligned with MAFFT using “consider secondary structure” mode,

as implemented in CIPRES portal (Miller et al., 2010). Hand-made
- the alignment made using MUSCLE algorithm (Edgar, 2004), as
implemented in SeaView v. 4.6.1 (Gouy et al., 2010) and further
polished manually. G-blocks mask - the mask created by G-blocks
algorithm as implemented in SeaView. Extended mask - the mask
based on G-blocks selection of sites and further manually extended to
include the maximal possible number of nucleotide positions.

<0.01), the first 25% of generations were discarded
for burn-in. The I1Q-Tree v. 2.1.2 was launched at
CIPRES portal. All parameters for the run were
estimated by the program. Best-fit model was
found to be TIM3+F+I+G4, chosen according
to Bayesian information criteria. It was the same
for all alignments. The tree was tested using non-
parametric bootstrapping (1000 pseudoreplicates).

The SSU rRNA gene sequence obtained in this
study was deposited with the GenBank under the
accession number OP225322.

Results

Among 58 examined polychaetes, 43 specimens
(74%) were infected with the archigregarines Sele-
nidium pygospionis. Of them, 35 polychaetes were
co-infected with two gregarine species (5. pygospio-
nis and Polyrhabdina pygospionis). Gregarines were
either attached to the intestine epithelium or resided
freely in the gut lumen. There were from one to about
100 parasites per host. Four polychaetes (6.9%)
harbored archigregarines S. pygospionis with visible
signs of metchnikovellid infection. While non-in-
fected gregarines had homogenous cytoplasm, the
infected ones possessed inclusions well-visible even
at low magnification (Fig. 1, A). The movement of
infec-ted gregarines did not differ in any way from
the movement of healthy individuals (Suppl. video).
When infected gregarines were slightly pressed with
the coverslip, numerous spore sacs and free spores of
the metchnikovellid became visible inside the cells
(Fig.1, B—E).
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Fig. 1. Microsporidia Metchnikovella dobrovolskiji, a parasite of the archigregarine Selenidium pygospionis
isolated from the polychaete Pygospio elegans (DIC). A — Infected S. pygospionis and uninfected eugregarines
Polyrhabdina pygospionis from the same worm host; B — infected S. pygospionis, posterior end (the cytoplasm
is filled with free spores and oval spore sacs, oriented parallel and transverse to the longitudinal axis of the host
cell); C — the same gregarine, nucleus-containing region of the cell (free spores are encased in the vacuoles, up
to several dozens of spores in each. Immature and mature spore sacs are individually enclosed in the vacuoles);
D—E — spore sacs and free spores bound in the vacuoles are released from the crashed host cell (note a polar
plug at one pole of each spore sac). Abbreviations: fs — free spores, fsv — vacuole with enclosed free spores, hn
— host nucleus, im — immature spore sacs, P — P. pygospionis, pp — polar plug, ssv — vacuole with a spore sac.
Arrows point at the spore sacs; arrowheads mark the spore sacs located across the longitudinal axis of the host
cell; asterisks mark the infected archigregarines S. pygospionis. Scale bars: A — 50 pm, B—E — 10 pm.
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Table 2. Groupings of metchnikovellids observed in SSU rRNA trees reconstructed
using three different variants of alignment and two types of mask.

Clade / group of sequences

Alignment, - R N

mask Amp hl_acantha clade: Amp. h_:amblys Metchnikovella Amphiacantha clade Amphiamblys clade
Amphiacantha sp. + clade: . . .
Metchnikovella spiralis | Amphiamblys sp incurvata + + (M. incurvata + + (M. incurvata +
+ KX214678 + M. dogieli ) M. dobrovolskiji M. dobrovolskiji) M. dobrovolskiji)

MAFFT “accuracy”

mode, 100/100/1.0 73/83/0.98 =/=/- =/=/- =/-/-

G-blocks mask

MAFFT “accuracy”

mode, extended 100/100/1.0 76/87/1.0 -/-/- ~/=/- -/-/-

mask

MAFFT “secondary

structure” mode, 100/100/1.0 71/80/0.99 42/47/0.36 28/41/0.47 -/=/-

G-blocks mask

MAFFT “secondary

structure” mode, 100/100/1.0 77/83/1.0 46/51/0.47 45/50/0.78 -/-/-

extended mask

Hand-made

alignment, 100/100/1.0 65/73/0.98 52/64/0.69 30/42/- -/-/0.46

extended mask

Notes: The different variants of alignment and the types of applied masks are described in the caption to Table 1. The support values are indicated
in the same manner as in the phylogenetic tree in Figure 2. Left to right: the support values from RAxML/IQ-Tree/MrBayes (BS/BS/PP). The tree
based on the alignment made in MAFFT “consider secondary structure” mode, with extended mask was selected as a primary one in Figure 2, A, as

showing maximal support for most clades.

Spore sacs were oval, sometimes irregularly oval
(pear-shaped) or ovoid, with rounded ends and a thin
polar plug (“plugging thickening™) at one end. The
spore sacs measured 3.3—5x5.6—9.2 um in maximal
dimension (n=79). Their maximal diameter when
viewed from the top was about 4.5 um. Spore sacs
were enclosed individually in the vacuoles and
were dispersed cha-otically in the cytoplasm of the
gregarine. Some of them were located parallel to
the longitudinal axis of the host cell, others — across
this axis, the latter in the images looked rounded
(Fig. 1, B). Some spore sacs were immature. They
had almost the same shape and size as the mature
ones, but did not contain clearly visible spores with
developed spore walls (Fig. 1, C). The host cells
contained a variable number of spore sacs (11—41,
n=5), and each spore sac had up to 12 spores. Sac-
bound spores were oval and measured 1.3—2.4x0.9—
1.6 um (n=39). In addition to spore sacs, a large part
of the infected gregarine cell was occupied by free
spores. When the gregarine was broken under the
pressure of the coverslip, we observed the release of
free spores and spore sacs. Both were bounded with
vacuoles of unknown origin, traditionally termed
“parasitophorous vacu-oles” (Fig.1, D). Each
vacuole contained one spore sac or up to several
dozens of free spores. The free spores were oval and
measured 1.2—3.1x1.1—1.7 pum (n=44).

In the reconstructed SSU rRNA trees (Fig.
2), metchnikovellids together with the sequence
of morphologically unidentified parasite from

Siedleckia cf. nematoides (Mikhailov et al., 2022)
formed a fully supported group branching as a
sister to ‘core’ microsporidia. The latter sequ-
ence was found to be the most basal among the
Metchnikovellida clade. Among the rest of metch-
nikovellids, the configuration of the tree was not
stable (Table 2). Two clades were always recovered.
One was fully supported with all methods and
comprised two sequences of Amphiacantha sp.,
environmental clone pl_44 (GenBank KX214678)
and the sequence of Metchnikovella spiralis, as it
was previously shown by Frolova et al. (2021). The
second clade had lower support and united two
sequences of Amphiamblys sp. and Metchnikovella
dogieli. The sequence of the studied isolate either
formed a weakly supported clade with M. incurvata
(Fig. 2, A) or formed an independent lineage next to
M. incurvata (Fig. 2, B). When it formed a clade with
M. incurvata, this clade was a sister group either to
Amphiacantha plus M. spiralis clade or (in one case
only) to Amphiamblys plus M. dogieli clade (Fig. 2,
O). In no case, cither of these positions in the tree
was properly supported (Table 2).

Discussion

The order Metchnikovellida Vivier, 1975 com-
prises two families, the monotypic family Amphi-
acanthidae Larsson, 2000 with the genus Amphi-
acantha Caullery et Mesnil, 1914 and the family
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Fig. 2. SSU rRNA phylogeny of Microsporidia and related lineages including the sequence of Metchnikovella
dobrovolskiji retrieved in this study (in bold). Black blobs indicate nodes, fully supported by all three methods
used (100/100/1.0; RAXML/IQ-tree/MrBayes, respectively). White circles indicate highly supported nodes
(all kinds of support over 95% for ML methods and 0.95 for Bayesian method). A — The tree based on the
alignment made in MAFFT “consider secondary structure” mode, with extended mask, selected as a primary
one as showing maximal support for most clades; 1309 nucleotide positions. Support values are indicated for
RAXML (GTR+y+]) / 1Q-tree (TIM3+F+1+G4) / MrBayes (GTR+y+covarion); B — a fragment of the tree
showing an alternative configuration for Metchnikovellida clade. The tree is based on the alignment made by
MAFFT in “favor accuracy” mode and G-blocks mask; 1121 nucleotide positions; support values are indicated
as above; C — a fragment of the tree built by MrBayes (GTR+y+covarion) on hand-made alignment with the
extended mask showing alterative grouping of clades within Metchnilkovellida; 1344 nuclelotide positions.
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Metchnikovellidae Caullery et Mesnil, 1914 with
the genera Metchnikovella Caullery et Mesnil, 1897
and Amphiamblys Caullery et Mesnil, 1914. The
major difference between these two families is the
morphology of their spore sacs. According to this
‘classical’ definition, representatives of the family
Amphiacanthidae have spindle-like spore sacs with
thread-like ends. They do not have polar plugs,
and demonstrate the presence of paired nuclei at
least at one stage in the life cycle (Larsson, 2014).
The family Metchnikovellidae comprises parasites
possessing spore sacs with rounded ends, and may
have one or two polar plugs or not to have them at
all (Larsson, 2014). Within this family, members of
the genus Amphiamblys have long, rod-like spore
sacs without polar plugs at both ends. The length
of their spore sacs exceeds ten times the width. The
species of the genus Metchnikovella have oval spore
sacs, much shorter in length, with rounded thick
ends, terminated with polar plugs at one or both
ends (Sokolova et al., 2014).

Up to now, 19 species of Metchnikovella have
been described (see Table 1 in Paskerovaetal., 2016).
In size and shape of the spore sacs, M. dobrovolskiji
is significantly different from M. dogieli, described
from the same gregarine host. The spore sacs of M.
dobrovolskiji are much smaller in length and width
(3.3—5%5.6—9.2 um against 9.5—34x4.8—9.2 um in
M. dogieli). The shape also differs, as M. dogielispore
sacs are longer and sometimes bent. Moreover, spo-
re sacs of M. dobrovolskiji are enclosed in vacuoles
as well as the free spores of this species. The new
parasite is most similar in morphology to M. brasili,
M. hovassei and M. mesnili. All these species have
oval spore sacs with one polar plug. Their spore
sacs are also measured in length up to 10 um. In M.
hovassei, both free spores and spore sacs are enclosed
invacuoles (Vivier and Schrével, 1973). This feature
brings it closest to our isolate. Nevertheless, all
these metchnikovellids parasitize different hosts:
M. brasili lives in eugregarines Polyrhabdina brasili
from Spio martinensis (Caullery and Mesnil, 1919),
M. hovassei is a parasite of Lecudina pellucida from
Perinereis cultrifera (Vivier and Schrével, 1973), and
M. mesniliparasitizes archigregarines Selenidium sp.
that live in polychaetes Travisia forbesii (Awerinzew,
1908). The species described in the present paper
lives in archigregarines Selenidium pygospionis from
the polychaete Pygospio elegans. This is a new host
combination, not reported for any of the species
listed above. M. dobrovolskiji produces oval spores,
while other mentioned species form roundish ones.
Therefore, the new isolate of metchnikovellids shows
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a unique combination of individual characters that
are used for the species identification within the
genus Metchnikovella Caullery and Mesnil, 1914: the
host range, the super-host range, the size and shape
of the spore sacs and the spores. Hence, we cannot
consider it as co-specific with any of the previously
described species.

Our phylogenetic analyses supported the hetero-
geneity of the genus Metchnikovella demonstrated
in our previous studies (Nassonova et al., 2021;
Frolova et al., 2021). Despite the increment in the
number of obtained sequences, the phylogenetic
tree of metchnikovellids based on SSU rRNA gene
sequences remains not stable. Almost all species form
very long branches in the tree, while the distances at
the basal part of the tree are much shorter, so the tree
has low stemminess, which complicates recovery of
correct topology (Smith, 1994). Its configuration
depends a lot on the alignment quality, mask used
and the algorithm of the analysis.

Larsson (2014) proposed to transfer Metchni-
kovella species possessing the oval spore sacs with a
single polar plug to the genus Caulleryetta Dogiel,
1922. However, there is no modern data on the type
species of these two genera. According to our data,
mechnikovellids with Caulleryetta-like morphology
do not group together in the phylogenetic trees.
Therefore, despite the obvious need to revise the
family Metchnikovellidae, we believe that this
should be done only after a robust and representative
phylogenetic tree is constructed. First of all, it is
necessary to reisolate and study the type species of
both genera — Caulleryetta (Metchnikovella) mesnili
Dogiel, 1922 and Metchnikovella spionis Caullery et
Mesnil, 1897.

Taxonomic summary

Phylum Microsporidia Balbiani, 1982

Class Rudimicrosporea Sprague, 1977

Order Metchnikovellida Vivier, 1975

Family Metchnikovellidae Caullery and Mesnil,
1914

Genus Metchnikovella Caullery and Mesnil,
1897, sensu Caullery and Mesnil (1914)

Metchnikovella dobrovolskiji sp. nov.

Diagnosis. Free spores are oval (1.2—3.1x0.9—
1.6 um), encompassed in the vacuoles. Spore sacs
are oval (5.6—9.2x3.3—5 um), sometimes ovoid,
with rounded ends and a polar plug at one end,
enclosed in individual vacuoles. The number of
sac-bound spores varies from 10 to 12. Sac-bound



spores are oval (0.9—1.6x1.3—2.4 um).

Differential diagnosis. The species differs from
the congeners and other metchnikovellids by the
combination of characters: the size and shape of the
spore sacs, the number of spores per sac, occurrence
of spore sacs and free spores in the vacuoles, the
super-host and host range.

Type locality. Kandalaksha Gulf of the White
Sea, 66°20°17.2”N; 33°38°09.1”E. Littoral zone.

Type habitat. Marine.

Type host and super-host. Archigregarine Sele-
nidium pygospionis (Apicomplexa: Selenidiidae)
from the polychaete Pygospio elegans (Annelida:
Spionidae).

Location in host. Gregarine cytoplasm.

Type material. Images of the live gregarines are
stored in the image collection of the Department
of Invertebrate Zoology, St. Petersburg University
under the following numbers: 72_90-15000 —
72 90-15155, video materials are stored under the
names Sample013 — Sample019. Frozen purified
genomic DNA of the infected gregarines as well as
the individual infected gregarine cells fixed in 96%
ethanol are stored at the same department.

Etymology. This species was named in honor of
the outstanding Russian zoologist, parasitologist,
pedagogue and teacher, Andrej A. Dobrovolskij
(1939-2019).

Gene sequences: SSU rDNA gene sequence of
M. dobrovolskijihas been deposited in the GenBank
under the accession number OP225322.

Acknowledgements

This study was supported by the Russian Science
Foundation - project No 19-74-20136. The authors
thank Stanislav A. Iliutkin for the collection of the
polychaetes used in this study. This study utilized
equipment of the Core Facility Centers ‘Deve-
lopment of Molecular and Cell Technologies’ and
‘Culturing of microorganisms’ of the Research Park
of Saint Petersburg University. This paper is dedi-
cated to the Year of Zoology 2022 in Saint Peters-
burg University.

References
Awerinzew S. 1908. Studien iiber parasitische

Protozoen. Trav. Soc. Imper. Natur. St Petersbourg.
38 (2): 1—139 (in Russian with German summary).

Protistology 233

Bass D., Czech L., Williams B.A.P., Berney
C. et al. 2018. Clarifying the relationships between
microsporidia and cryptomycota. J. Eukaryot. Mic-
robiol. 65: 773—782. https://doi.org/10.1111/jeu.
12519

Caullery M. and Mesnil F. 1897. Sur un type
nouveau ( Metchnikovellan.g.) d’organismes parasi-
tes des grégarines. C. R. Séances Soc. Biol. 4 (49):
960—962.

Caullery M. and Mesnil F. 1914. Sur les Met-
chnikovellidae et autres protistes parasites des gré-
garines d’annélides. C. R. Séances Soc. Biol. 2 (77):
527-532.

Caullery M. and Mesnil F. 1919. Metchniko-
vellidae et autres protistes parasites des grégarines
d’ annélides. Ann. Inst. Pasteur. 33 (4): 209—240.

Edgar R.C. 2004. MUSCLE: multiple sequence
alignment with high accuracy and high throughput.
Nucleic Acids Res. 32: 1792—1797. https://doi:10.
1093 /nar/gkh340

Frolova E.V., Paskerova G.G., Smirnov A.V.
and Nassonova E.S. 2021. Molecular phylogeny and
new light microscopic data of Metchnikovella spiralis
(Microsporidia: Metchnikovellidae), a hyperparasite
of eugregarine Polyrhabdina sp. from the polychaete
Pygospio elegans. Parasitology. 148 (7): 779—786.
https://doi.org/10.1017/S0031182021000603

Galindo L.J., Torruella G., Moreira D., Tim-
pano H. et al. 2018. Evolutionary genomics of
Metchnikovella incurvata (Metchnikovellidae): an
early branching microsporidium. Genome Biol.
Evol. 10: 2736—2748. https://doi.org/10.1093/gbe/
evy205

Gouy M., Guindon S. and Gascuel O. 2010.
SeaView version 4: a multiplatform graphical user
interface for sequence alignment and phylogenetic
tree building. Mol. Biol. Evol. 27: 221—224. https://
doi.org/10.1093/molbev/msp259

Karpov S.A., Mamkaeva M.A., Aleoshin V.V.,
Nassonova E. et al. 2014. Morphology, phylogeny,
and ecology of the aphelids (Aphelidea, Opistho-
konta) and proposal for the new superphylum Opis-
thosporidia. Front. Microbiol. 5: 112. https://doi.
org/10.3389/fmicb.2014.00112

Katoh K., Standley D.M. 2013. MAFFT mul-
tiple sequence alignment software version 7: Impro-
vements in performance and usability. Mol. Biol.
Evol. 30: 772—780. https://doi.org/10.1093 /molbev
/mst010

Larsson J.R. 2000. The hyperparasitic micro-
sporidium Amphiacantha longa Caullery et Mesnil,
1914 (Microspora: Metchnikovellidae) — description



234 -

of the cytology, redescription of the species, emen-
ded diagnosis of the genus Amphiacantha and
establishment of the new family Amphiacanthidae.
Folia Parasitol. 47: 241-256. http://doi:10.14411/
p.2000.043

Larsson J.I.R. 2014. The primitive Microspori-
dia. In: Microsporidia: Pathogens of opportunity. 1st
ed. (Eds: Weiss L.M. and Becnel J.J.). John Wiley
and Sons, Inc., Ames, lowa, pp. 605—634. https://
doi.org/10.1002/9781118395264.ch24

Mikhailov K.V., Simdyanov T.G. and Aleo-
shin V.V. 2017. Genomic survey of a hyperpa-
rasitic microsporidian Amphiamblys sp. (Metchni-
kovellidae). Genome Biol. Evol. 9 (3): 454—467.
https://doi.org/10.1093/gbe/evw235

Mikhailov K.V., Nassonova E.S., Shishkin
Y.A., Paskerova G.G. et al. 2022. Ribosomal
RNA of the metchnikovellids in gregarine trans-
criptomes and rDNA of the microsporidia sensu
lato in environmental metagenomes. Biol. Bull.
Rev. 12(3): 213—-239. https://doi.org/10.1134/
S2079086422030069

Miller M.A., Pfeiffer W. and Schwartz T.
2010. Creating the CIPRES Science Gateway for
inference of large phylogenetic trees. In: 2010
Gateway Computing Environments Workshop
(GCE). Presented at the 2010 Gateway Computing
Environments Workshop (GCE), IEEE, New
Orleans, LA, USA, pp. 1-8. https://doi.org/10.
1109/GCE.2010.5676129

Nassonova E.S., Bondarenko N.I., Paskerova
G.G., Kovacikova M. et al. 2021. Evolutionary
relationships of Metchnikovella dogieli Paskerova
et al., 2016 (Microsporidia: Metchnikovellidae)
revealed by multigene phylogenetic analysis. Para-
sitol. Res. 120 (2): 525—534. https://doi.org/10.
1007/s00436-020-06976-x

Paskerova G.G., Frolova E.V., Kovacikova M.,
Panfilkina T.S. et al. 2016. Metchnikovella dogieli
sp. n. (Microsporidia: Metchnikovellida), a parasite
of archigregarines Selenidium sp. from polychaetes
Pygospio elegans. Protistology. 10 (4): 148—157.
doi:10.21685/1680-0826-2016-10-4-4

Paskerova G.G., Miroliubova T.S., Diakin A.,
Kovacikova M. et al. 2018. Fine structure and mole-
cular phylogenetic position of two marine gregari-
nes, Selenidium pygospionis sp. n. and S. pherusae sp.
n., with notes on the phylogeny of Archigregarinida
(Apicomplexa). Protist. 169 (6): 826—852. https://
doi.org/10.1016/j.protis.2018.06.004

Paskerova G.G., Miroliubova T.S., Valigurova
A., Janouskovec J. et al. 2021. Evidence from the
resurrected family Polyrhabdinidae Kamm, 1922

Ekaterina V. Frolova, Gita G. Paskerova, Alexey V. Smirnov and Elena S. Nassonova

(Apicomplexa: Gregarinomorpha) supports the
epimerite, an attachment organelle, as a major eu-
gregarine innovation. PeerJ. 9: e11912. https://doi.
org/10.7717 /peerj.11912

Ronquist F., Teslenko M., van der Mark P.,
Ayres D.L. et al. 2012. MrBayes 3.2: efficient Bay-
esian phylogenetic inference and model choice
across a large model space. Syst. Biol. 61: 539—542.
https://doi.org/10.1093/sysbio/sys029

Sokolova Y.Y., Paskerova G.G., Rotari Y.M.,
Nassonova E.S. and Smirnov A.V. 2013. Fine
structure of Metchnikovella incurvata Caullery and
Mesnil, 1914 (Microsporidia), a hyperparasite of
gregarines Polyrhabdina sp. from the polychaete
Pygospio elegans. Parasitology. 140: 855—867.
https://doi.org/10.1017/S0031182013000036

Sokolova Y.Y., Paskerova G.G., Rotari Y.M.,
Nassonova E.S. and Smirnov A.V. 2014. Descripti-
on of Metchnikovella spiralis sp. n. (Microsporidia:
Metchnikovellidae), with notes on the ultrastructure
of metchnikovellids. Parasitology. 141: 1108—1122.
https://doi.org/10.1017/S0031182014000420

Smith A.B. 1994. Rooting molecular trees: Pro-
blems and strategies: Biol. J. Linn. Soc. 51: 279—
292.

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

Vavra J. and Larsson J.I.R. 2014. Structure of
Microsporidia. In: Weiss L.M., Becnel J.J. (eds),
Microsporidia pathogens of opportunity. John Wi-
ley & Sons, Inc., Ames, lowa, pp 1-70. https://doi.
org/10.1002/9781118395264.chl

Vivier E. 1975. The microsporidia of the pro-
tozoa. Protistologica. 9 (3): 345—-361.

Vivier E. and Schrével J. 1973. Etude en
microscopie photonique et électronique de diffé-
rents stades du cycle de Metchnikovella hovassei
et observations sur la position systématique des
Metchnikovellidae. Protistologica. 9: 95—118.

Weiss L.M. and Vossbrinck C.R. 1999 Molecular
biology, molecular phylogeny, and molecular diag-
nostic approaches to the Microsporidia. In: Wit-
tner M. and Weiss L. (eds), The Microsporidia
and microsporidiosis. Amer Soc Microbiol, Wash-
ington D.C., pp 129—171. https://doi.org/10.1128/
9781555818227.ch4

Weiss L.M. and Becnel J.J. (Eds.). 2014. Mic-
rosporidia: Pathogens of Opportunity. Ist ed. John
Wiley and Sons, Inc., Ames, Iowa. https://doi.
org/10. 1002/9781118395264



Protistology - 235

Supplementary material cal movement characteristic of this species. In the
cytoplasm of actively moving gregarines, the metch-
Video S1. Movement of the infected Selenidum  nikovellid spore sacs are clearly visible.
pygospionis. Infected gregarines demonstrate typi-



