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Summary

Spore sacs and free spores of a metchnikovellid were found in archigregarines
Selenidium sp. isolated from polychaetes Travisia forbesii. The studied worms
were collected in the subtidal areas of the Kandalaksha Gulf of the White Sea and
of Zelenetskaya Bay of the Barents Sea. Spore sacs of these hyperparasites had
an elongated shape with a slight flexion. They had one polar plug and contained
12—14 rounded spores. Both spore sacs and free spores were in direct contact with
the cytoplasm of the host cell. Contrary to a canonical idea about development
of metchnikovellids, sac-bound sporogony was often observed in this parasite
without traces of ongoing free sporogony. A combination of morphological
features and host range distinguishes the studied isolates from any known genus
and species of metchnikovellids. Phylogenetic analysis based on the SSU rRNA
gene and BUSCO phylogenomics, showed that studied isolates form a new lineage
of metchnikovellids. We proposed a new genus Mesnilia gen. nov. and described
a new species, Mesnilia travisiae sp. nov. (Microsporidia: Metchnikovellida)
to accommodate these organisms. Phylogenetic analysis showed that there is
a mixed metchnikovellid infection in the population of polychaetes 7. forbesii
from Zelenetskaya Bay. We found molecular evidence for presence of the second
metchnikovellid species in this host, which has yet to be characterised at the
morphological level. In phylogenetic and phylogenomic trees, this ‘cryptic’
parasite grouped with another new metchnikovellid discovered in the populations
of Pygospio elegans collected in Zelenetskaya Bay. New isolates described in this
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paper form two new lineages in the phylogenomic tree of metchnikovellids. This
study confirmed widespread occurrence of mixed metchnikovellid infections in
infrapopulations of gregarines from polychaetes.

Key words: Microsporidia, Metchnikovellida, gregarines, Apicomplexa,
polychaetes, hyperparasitism, White Sea, Barents Sea, SSU rDNA phylogeny,

BUSCO phylogenomics

Introduction

Metchnikovellida is a group of hyperparasitic
microsporidia. They parasitise gregarines found
in intestines of marine invertebrates, mainly
polychaetes (Vivier, 1975; Sprague, 1977; Larsson,
2014). Recent in-depth investigations involving
phylogenetic and phylogenomic analyses, have
conclusively placed metchnikovellids as a basal
branch within a broader clade that also encompasses
canonical microsporidia (Mikhailov et al., 2017;
Galindo et al., 2018; Nassonova et al., 2021;
Bojko et al., 2022). Metchnikovellids differ from
canonical microsporidia in many morphological
and developmental traits including the structure
of invasion apparatus (Larsson, 2014). Within the
life cycle of metchnikovellids, two distinct types of
sporogony can be identified: (1) ‘free’ sporogony
resulting in formation of multiple spores located
either directly in the host cytoplasm or within
vacuoles, and (2) ‘sac-bound’ sporogony resulting in
production of thick-walled spore sacs encapsulating
several spores (Vivier and Schrével, 1973; Sokolova
et al., 2014). The number of spores in the sac is a
species-specific feature. In some it is strictly defined
(Frolova et al., 2021), while in other species it can
vary within a certain range (Paskerova et al., 2016).
The shape of spore sacs, their size and presence of
thicker polar parts (so-called ‘polar thickenings’ or
‘polar plugs’) are used as a key feature in the system
of metchnikovellids developed over a century ago
(Caullery and Mesnil, 1914; Caullery and Mesnil,
1919).

Since the first description (Caullery and Mesnil,
1897) about 30 species of metchnikovellids have
been documented (Vivier, 1975; Larsson, 2014;
Sokolova et al., 2014; Paskerova et al., 2016;
Frolova et al., 2022). Caullery and Mesnil (1914,
1919) established three genera, Metchnikovella,
Amphiamblys and Amphiacantha, originally grouped
into the family Metchnikovellidae. These genera
differ drastically in shape, size and the proportions
between the length and width of the spore sacs.

Metchnikovella has oval, cylindrical or fusiform
spore sacs with rounded ends. The sacs often have
thicker polar plugs at one or at both ends. The length
of spore sac exceeds the width less than ten times.
Amphiamblys is characterised by long rod-shaped
spore sacs with rounded ends. The length exceeds the
width 10 times or more. Amphiacantha has fusiform
spore sacs with sharp ends that usually extend with
thread-like prolongations. Dogiel (1922) found an
unusual metchnikovellid species in archigregarines
Selenidium sp. from Travisia forbesii in the Barents
Sea. This species has bottle-shaped spore sacs with
one rounded end and one tapering end with a polar
plug. He established a new genus and species for
this organism, which he called Caulleryetta mesnili
(Dogiel, 1922). This genus was not justified later
in the revision of the family Metchnikovellidae
by Vivier (1975) and in the further works of some
authors (Sprague, 1977; Canning and Vavra, 2000;
Schrével and Desportes, 2013). However, Sprague
et al. (1992) included the genus Caulleryetta in
the ‘checklist of available generic names’ of mic-
rosporidia and noted that it should be considered
valid until proven otherwise. This genus was also
listed by Issi and Voronin (2007), Becnel et al. (2014)
and Cali et al. (2017).

The genus Metchnikovella Caullery et Mesnil,
1897 historically housed the majority of known
metchnikovellids. Compared to the relatively uni-
form genera Amphiacantha and Amphiamblys, the
genus Metchnikovella, as it was defined by Caullery
et Mesnil (1914, 1919) and Vivier (1975), exhibits a
remarkable diversity in the morphology of spore sacs.
The shape of spore sacs varies in an exceptional way:
from oval to cylindrical and fusiform. Depending
on the species, they contain from 8 to 32 oval or
rounded spores arranged in one — three rows. As
it was mentioned above, the spore sacs of most
Metchnikovella species possess one or two polar
plugs. However, some species show no pronounced
polar plugs. The type species, M. spionis, has
remarkably elongated polar plugs at both ends of
the spore sac. The spore sacs and free spores of
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Metchnikovella spp. can be surrounded by vacuoles
orlocated in direct contact with the host cytoplasm.
Unfortunately, due to the low resolution of light
microscopes in former times, older descriptions
often lack information whether the hyperparasites
develop within the vacuoles.

Therefore, despite having a limited set of dis-
tinguishing characters, species classified as Metch-
nikovella spp. displayed a greater variety of features
compared to other metchnikovellid genera. Due to
high polymorphism of the shape of spore sacs of the
type species M. spionis, Caullery and Mesnil even
suggested restricting the genus Metchnikovellato this
only species, and noted that all other species within
the genus were placed there provisionally (Caullery
and Mesnil, 1919). Keeping in mind an exceptional
morphological polymorphism of Metchnikovella,
Larsson (2014) proposed to transfer the species that
form oval spore sacs with a single polar plug and
spherical spores to the genus Caulleryetta Dogiel,
1922.

Phylogenetic reconstructions further support
the assumption that Metchnikovella is an artificial
assemblage, as it does not form a monophyletic clade
(Nassonovaetal.,2021; Frolovaetal., 2021; Frolo-
va et al., 2022). However, lack of modern data for
the type species Metchnikovella spionis Caullery et
Mesnil, 1897, and Caulleryetta mesnili Dogiel, 1922,
aswell as the limited number of metchnikovellid taxa
in phylogenetic trees, hinders the reconstruction of
robust phylogeny of metchnikovellids.

Despite the years of intensive monitoring of
the parasite fauna of Travisia forbesii in the Barents
Sea, we have not succeeded in reisolating Caul-
leryetta mesnili. Instead, we isolated another met-
chnikovellid with a unique set of morphological
features. This hyperparasite was also observed in
archigregarines from 7. forbesii collected in the
White Sea. We present here its morphological
description and provide molecular data for this
organism, named Mesnilia travisiae gen. nov., sp.
nov. Furthermore, our study provided molecular
evidence for the existence of another yet hidden
metchnikovellid from the same host species. This
hyperparasite remains morphologically unidentifi-
ed. In SSU rDNA trees and in phylogenomic re-
constructions, this parasite groups with a new met-
chnikovellid found within the scope of our recent
screenings of Selenidium pygospionis inhabiting
populations of Pygospio elegans from Zelenetskaya
Bay (Frolova et al., 2023). Here, we established the
new genus and the new species of metchnikovellids
from the Travisia forbesii, obtained sequences of four
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new isolates of metchnikovellids from 7. forbesii and
P. elegans and demonstrated two new lineages in the
phylogenetic tree of metchnikovellids.

Material and methods

Polychaetes Travisia forbesii Johnston, 1840
were collected from two locations: the subtidal zone
near the White Sea Biological Station of M.V. Lo-
monosov Moscow State University (WSBS) in Ve-
likaja Salma, the Kandalaksha Bay of the White Sea
(66°33°12.0”N 33°06’17.0”E) in August 2017 and
2020, and near the Biological Station of Murmansk
Marine Biological Institute of the Russian Academy
of Sciences (MMBI) in Zelenetskaya Bay of the
Barents Sea (69°06°43.3”N 36°05°56.1”E) in August
2020—2023. Polychaetes Pygospio elegans were col-
lected in the littoral zone in the Zelenetskaya Bay
in August 2021.

For specimens collected near WSBS in 2017,
dissections and gut symbiont examinations were
conducted in the WSBS laboratory using an MBS
9 stereomicroscope (LOMO, Russia). Archigregari-
nes displaying signs of infection, were placed on a
cover glass and examined using a Leica DM2500
microscope equipped with differential interference
contrast (DIC) and documented with a Leica DFC
420C digital camera. Polychaetes collected from the
Barents Sea, were transported alive to the Depart-
ment of Invertebrate Zoology, St. Petersburg
University, and kept in containers at +6 °C with
seawater. The seawater was refreshed every second
day. Examination of potentially infected archi-
gregarines was carried out using a Leica M205C
dissection microscope equipped with Rottermann
contrast. Infected archigregarines were examined
using a Leica DM2500 microscope equipped
with DIC, and documented with a Leica DFC295
digital camera. If the presence of metchnikovellids
in archigregarines was confirmed with light micro-
scopy, a large amount of Millipore-filtered (0.45
um) seawater was added under the coverslip, which
resulted in detaching the cells from the object slide.
The archigregarines containing free spores and spore
sacs were individually collected from the slide using
a hair-thin tapered-tip Pasteur pipette, washed in
a fresh portion of Millipore-filtered seawater, and
placedin 200 pl PCR tubes with 1—2 pl of water. Each
tube was checked for the presence of a gregarine using
a Leica M205C dissection microscope.

DNA extraction from infected archigregarines
was performed using Arcturus® PicoPure® DNA



Extraction Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, DNA was amplified by
Multiple Displacement Amplification (MDA) using
a Repli-g Single Cell Amplification Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s
instructions. For verification of MDA reactions,
the SSU rRNA gene was amplified by PCR using
a 1:10 diluted MDA product as a template with
microsporidia-specific primers: 18F, 530R (Weiss
and Vossbrinck, 1999) and 1353TnR (Nassonova
et al., 2021). PCR program parameters were the
following: initial denaturation (5 min at 95 °C)
followed by 35 cycles of 30 s at 95 °C, 50 s at 50 °C
and 90 s at 72 °C, followed by 7 min at 72 °C for
final elongation. Amplicons were purified using a
Cleanup Mini Purification Kit (Eurogen, Moscow,
Russia) or with ExoSAP-IT™ PCR Product Cle-
anup Reagent (Thermo Fisher Scientific, Wal-
tham, MA, USA). The Sanger sequencing reac-
tions were carried out using the AppliedBiosys-
tems™ BigDye™ Terminator v3.1 Cycle Sequen-
cing Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and sequenced using Applied Biosystems™
3500xL Genetic Analyzer (Thermo Fisher Scien-
tific, Waltham, MA, USA). The final length of the
assembled contigs was around 1300—1400 bp.

Verified MDA products were used to prepare
the libraries with TruSeq Nano DNA Library
Preparation Kit (Illumina, San Diego, CA, USA)
and sequenced using Illumina HiSeq 2500 system
at the Core Facility Centre “BioBank” of the St.
Petersburg University Research Park (https://
researchpark.spbu.ru/en/biobank-eng) according
to the manufacturer’s protocols. Quality control
check of raw sequence data was performed using
FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Reads were trimmed using
Trimmomatic (http://www.usadellab.org/cms/?
page=trimmomatic). The assembler SPAdesv.3.15
in a single-cell mode was used for de novo geno-
me assembly (Nurk et al., 2013). To separate
hyperparasite contigs from the host material and
bacterial contamination in the obtained metageno-
me assemblies the binning was performed using
MaxBin v.2.2.7. To determine the completeness of
the identified target genomes, the BUSCO v.5.2.2
package (Manni et al., 2021) with the fungi_odb10
(with “parasitic check”) and microsporidia _odb10
datasets was used.

Phylogenomic analysis was carried out using
a set of single-copy orthologs in the Fungi BUSCO
database (fungi_odb10) and BUSCO Phyloge-
nomics utility script (McGowan, 2019), with de-
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fault parameters in the SUPERMATRIX mode.
The analysis included a selection of genomes and
transcriptomes of microsporidia, rozellids, aphelids,
fungi available in the GenBank database. A set
of genomes of Holozoa (choanoflagellates, ichthyo-
sporeans, and filasterians) was used as an outgroup.
For each identified ortholog, a multiple alignment
was constructed using the MUSCLE algorithm
(Edgar, 2004). The resulting alignments were filte-
red and trimmed with the trimAl tool (Capella-
Gutiérrez et al., 2009). Alignments of individual
orthologs were combined into a united concatenated
alignment (53 taxa, 73 orthologs, 20783 amino
acid positions) that was used for phylogenetic
reconstruction using (a) maximum likelihood
method (IQ-TREEv. 1.6.12, single partition, model
LG+F+1+G4, ultrafast bootstrap) (Nguyen et al.,
2015; Hoang et al., 2018) and (b) Bayesian analysis
(MrBayes v. 3.2.7a, GTR model, gamma-distribu-
ted rate variation across sites and a proportion of
invariable sites) (Ronquist et al., 2012).

For SSU rDNA phylogenetic analysis we con-
structed an alignment, containing all available
sequences of metchnikovellids and a selection of
‘core microsporidia’. A set of ‘short-branch micro-
sporidia’ (sensu Bass et al., 2018) was used as an
outgroup. Sequences were aligned using MAFFT v.
7.490 (Katoh and Standley, 2013) with the ‘favour
accuracy’ mode as implemented in the CIPRES
portal (Milleret al., 2010). A mask was created by the
G-blocks algorithm (as implemented in SeaView v.
4.6.1 — Gouyetal., 2010) and was further manually
expanded to include the maximal possible number
of nucleotide positions.

The maximum likelihood (ML) phylogenetic
analysis was conducted using IQ-TREE launched at
the CIPRES portal, with all parameters estimated by
the program. The best-fit model, TIM3+F+1+G4,
was chosen according to the Bayesian information
criterion. The tree was tested using non-parametric
bootstrapping with 1000 pseudoreplicates. Bayesian
analysis was performed with MrBayes v. 3.2.6 at
the CIPRES portal, employing the GTR model
with y correction for intersite rate variation (eight
categories) and the covarion model. Trees were
run as two separate chains (using default heating
parameters) for 5 million generations, at which
point they had ceased converging (the final average
standard deviation of the split frequencies was
<0.01), and the first 25% of generations were
discarded for burn-in.

The SSU rRNA gene sequences obtained in
this study were deposited with the GenBank under
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Table 1. Occurrence of archigregarines and metchnikovellid hyperparasites in polychaetes Travisia forbesii
from the White Sea (WSBS) and the Barents Sea (MMBI) in 2017-2023.

X L X Worms with metchnikovellid-infected
Dissected worms Selenidium-infected worms o
Sampling site, year Selenidium sp.
N N 0/0* N 0/0** O/D***
WSBS, 2017 10 7 70 2 20 29
WSBS, 2020 4 3 75 0 0 0
MMBI, 2020 14 7 50 2 14 29
MMBI, 2021 35 13 37 3 9 23
MMBI, 2022 59 32 54 1 2 3
MMBI, 2023 102 56 55 11 11 20

Note: WSBS - the White Sea Biological Station of M.V. Lomonosov Moscow State University; MMBI - the Biological
Station of Murmansk Marine Biological Institute of the Russian Academy of Sciences; N - the number of worms; * the
ratio of Selenidium-infected worms to the total number of dissected worms; ** the ratio of worms with metchnikovellid-
infected Selenidium sp. to the total number of dissected worms; *** the ratio of worms with metchnikovellid-infected
Selenidium sp. to the total number of worms with archigregarines.

the accession numbers: PP057783-PP057786.
The dataset used in the phylogenomic analyses
were deposited in Figshare at https://figshare.
com/s/912285b8 6769afe24e0f (doi: 10.6084/m9.
figshare.24777507).

Results

OCCURRENCE, PREVALENCE AND MORPHOLOGY OF MET-
CHNIKOVELLIDS FROM TRAVISIA FORBESII

The archigregarines Selenidium sp. were freq-
uently found in the gut of 7. forbesii. The rate of
infection varied from 37 to 55% in the polychaetes
collected in the Barents Sea and from 70 to 75% in
the worms sampled in the White Sea (Table 1). Each
worm hosted from one to about 30 archigregarines,
which were either attached to the intestine epitheli-
um or resided freely in the gut lumen. The frequency
of occurrence of metchnikovellids in 7. forbesii
was relatively low. It varied from 2 to 14% in the
samples from the Barents Sea and in a broader range
(0—20%) in the specimens from the White Sea. The
ratio of metchnikovellid-infected Selenidium sp. to
uninfected ones varied significantly (from 0to 29%)
across different sites and years.

Infected archigregarines usually exhibited vacu-
olated cytoplasm containing numerous inclusions
corresponding to various stages of metchnikovellid
infection (Fig. 1, A). However, in some cases,
the cytoplasm of infected cell appeared almost
homogeneous (Fig. 1, B). Gentle pressure of
an archigregarine cell with a coverslip revealed
numerous spore sacs, positioned longitudinally in

the host cytoplasm, as well as proliferative stages
and free spores (Fig.1, C—D). The mature spore
sacs had an elongated shape with a slight flexion
and one prominent polar plug (Fig. 1, E). The
sacs contained 12—14 rounded spores. Notably,
differences in the size of spore sacs were observed
between isolates collected in the White and Barents
Seas, as detailed in Table 2. Furthermore, worms
collected from the White Sea exhibited higher
intensity of infection (Fig. 2), with archigregarines
containing from 12 to 35 spore sacs per individual
(n = 14). In contrast, infected archigregarines from
the Barents Sea contained from 1 to 11 spore sacs
per host cell (n = 19).

In immature spore sacs, no spores were visible
inside, and the sac wall appeared thin (Fig. 1, A—B).
The spores within mature sacs were rounded in shape
and measured 1.3 —2.5x0.9 — 1.6 um (avg (average)
= 1.95 x 1.2, n = 25). Free spores were observed
alongside spore sacs of varying maturity, typically
located in the terminal regions of the archigregarine
cell (Fig. 1, D). Free spores were oval and measured
1.5—-2.8%0.8—1.7um (avg=2.1%1.4,n=21).

NEW METCHNIKOVELLID ISOLATE INFECTING SELENIDIUM
PYGOSPIONIS FROM PYGOSPIO ELEGANS

Four metchnikovellid species were described
in the population of P. elegans in the White and
Barents Seas (reviewed in Frolova et al. 2023). Du-
ring our recent screenings of parasitic fauna in the
populations of P. elegans, in addition to the four
other species previously described, we unexpectedly
found a new metchnikovellid, provisionally desig-
natedas MD2 b0l _MMBI2021. It had oval (rarely
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Fig. 1. Metchnikovellid Mesnilia travisiae TB2_b02_MMBI2020, a parasite of the archigregarine Selenidium sp.
isolated from the polychaete Travisia forbesii collected in the Barents Sea, DIC. A, B — Early stages of infection
and immature spore sacs; C — mature spore sacs and stages of free sporogony — plasmodium and sporoblasts;
merged from two pictures taken at different focus depths; D — mature spore sac and free spores at the anterior end
of the gregarine; E — an isolated mature spore sac of M. travisiae; note a polar plug at one pole of each spore sac.
Abbreviations: im — immature spore sacs, pp — polar plug, hn — host nucleus, sbs — sporoblasts, pl — plasmodium,
ss — spore sac, fs — free spores. Arrowheads point at early stages of sporogony. Scale bars: 10 pm.

irregularly oval, pear-shaped), sometimes slightly
bent or curved spore sacs with one polar plug (Fig.
3). The spore sacs measured 8.9 — 11.1 x 4.2 — 4.7
um in maximal dimension (avg =9.9 x 4.4 um, n =
8). They contained 8—12 spores per sac. Sac-bound
spores were oval and measured 1.7 — 2.8 X 1.3 —
1.5 um (avg = 2.2 x 1.4 um, n = 14). Free spores
were also oval and measured 2.3 — 3.2 x 1.3 - 1.9
um (avg = 2.9 x 1.6 um, n = 12). Both free spores
and spore sacs seemed to be in direct contact with
the host cytoplasm. Morphologically, it resembled

M. dogieli, but at the molecular level, these two
metchnikovellids were very distant; the identity of
SSU rRNA gene sequences was 65.5%.

SSU rDNA PHYLOGENY

The obtained phylogenetic reconstructions of
Metchnikovellida based on the SSU rRNA gene is
congruent with the results of phylogenetic analyses
published previously (Mikhailov et al., 2017;
Galindoetal., 2018; Frolovaetal., 2021; Nassonova
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Fig. 2. Metchnikovellid Mesnilia travisiae MT_WSBS2017, a parasite of the archigregarine Selenidium sp.
isolated from the polychaete Travisia forbesii collected in the White Sea, DIC. Mature (A) and immature (B)
spore sacs of M. travisiae in the cytoplasm of the archigregarines. Abbreviations: ss — spore sac, pp — polar plug.

Scale bars: 30 pm.

et al., 2021; Frolova et al., 2022; Mikhailov et
al., 2022): metchnikovellids are a sister to ‘core’
microsporidia. In the SSU rDNA phylogenetic tree
(Fig. 4), metchnikovellids from archigregarines and
eugregarines form a robustly supported clade which,
together with the sequence of morphologically
unidentified parasite from the blastogregarine
Siedleckia cf. nematoides (GHVV01457926, here
and further the accession numbers of sequences in
GenBank are provided) (Mikhailov et al., 2022),
groups into a moderately supported superclade.
Three clades of metchnikovellids were always
recovered. One was fully supported by all methods

and comprised two sequences of Amphiacantha
spp. (KX214676, KX214677), environmental clo-
nepl_44 (KX214678) and the sequence of Metchni-
kovella spiralis (MW344837), as was previously
shown by Frolova et al. (2021, 2022). In most re-
constructions, the sequences of M. dobrovolskiji
(0OP225322) and M. incurvata (OXFS01000707)
branched close to this clade, although with low
support (Fig. 4). These species always branched
sequentially in Bayesian analyses, but formed a
clade in most ML analyses. The statistical support
for both these topologies was negligible. The second
clade of metchnikovellids united two sequences of

Table 2. Size variation in spore sacs of Mesnilia travisiae parasitising archigregarines Selenidium sp.
from Travisia forbesii collected in the White Sea (isolate MT_WSBS2017) and in the Barents Sea
(isolate TB2_b02_MMBI2020).

Isolates Length (um) Width (pm) Average size £ SE (um); n
MT_WSBS2017 9.0 -17.6 4.4-59 13.1 £ 0,28 x 5.2 £ 0,05; 52
TB2_b02_MMBI2020 7.7 - 16.3 2.4-4.6 12.4 +£ 0,28 x3.3 £0,11; 36

Note: n — a number of measurements; SE - standard error of the mean.



Fig. 3. Metchnikovellid isolate MD2_MMBI2021
ex Selenidium pygospionis from the polychaetes
Pygospio elegans collected from the littoral zone
of Zelenentskaya Bay of the Barents Sea, DIC.
Abbreviations: ss — spore sac, fs — free spores. Scale
bar: 20 pm.

Amphiamblys spp. (KX214672, KX214674) and the
sequence of Metchnikovella dogieli (MT969020).
This group had moderate support (BS = 73; PP =
0.95). The sequences of new isolates formed a third
clade, which was moderately supported (BS = 76;
PP = 1.0) and occurred to be a sister clade to the
rest of metchnikovellids, except the basal lineage
corresponding to an ‘uncultured’ parasite from
Siedleckia cf. nematoides.

The SSU rRNA gene sequences of the metch-
nikovellid isolates from the White Sea (MT _
WSBS2017) and Barents Sea (TB2_b02 MMBI
2020) were almost identical (99.2% identity). Phy-
logenetic analysis showed that there was a mixed
metchnikovellid infection in the infrapopulations
of archigregarines 7. forbesii polychaetes from
Zelenetskaya Bay population. We found mole-
cular evidence for the presence of a second metch-
nikovellid species (the sequence labelled TB2 _b04
MMBI2020, Fig. 4), which remained uncharac-
terised yet at the morphological level. The sequence
identity between this ‘hidden’ species and the
isolates described above (MT_WSBS2017 and
TB2 b02_MMBI2020) was 69.4%. This ‘hidden’
species branched together with a yet undescribed
metchnikovellid parasitising Selenidium pygospionis
from Pygospio elegans isolated in Zelenetskaya Bay
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in 2021 (isolate MD2 b01_MMBI2021, Fig. 3).
BUSCO PHYLOGENOMICS

To increase the resolution and robustness of
phylogenetic reconstructions, we used the BUSCO-
based phylogenomic analysis. The general topology
of the phylogenomic tree corresponded to earlier
published ones (Mikhailov et al., 2017; Galindo et
al., 2018; Nassonova et al. 2021). Compared to the
SSU rDNA tree, the clades of core microsporidia
and metchnikovellids were fully supported (Fig.
5). Within the metchnikovellid clade, the grouping
of Amphiamblys sp. and Metchnikovella dogieli was
robustly supported. M. incurvata also branched
together with them, like in earlier SSU rDNA trees
with limited sampling of metchnikovellids (Frolova
et al., 2021; Nassonova et al., 2021). The support
for this branching was always high. New isolates
studied in the present paper formed two clades. Both
morphologically identified isolates MT _WSBS2017
and TB2 b02 MMBI2020 from Travisia forbesii
grouped together. The yet hidden isolate TB2_b04
MMBI2020 from T. forbesii branched separately
from other isolates from the same polychaete and
grouped together with yet undescribed metchni-
kovellid MD2 b01_MMBI2021 parasitising S. py-
gospionis from P. elegans. Both these clades were
fully supported.

Discussion

The metchnikovellid from Travisia forbesii
de-picted here, has elongated spore sacs with
one polar plug. Within the frames of the current
taxonomy of Metchnikovellida, it clearly differs
from the genera Amphiamblys and Amphiacantha.
Based on the shape and size of spore sacs, it could
be classified as a member of the morphologically
heterogenous genus Metchnikovella Caullery
et Mesnil,1914. Because of the presence of the
polar plug only at one end of the spore sac,
we can also consider it a member of the genus
Caulleryetta sensu Larsson (2014). However, the
latter genus is problematic and requires special con-
sideration before classifying any new members in it.

The genus Caulleryetta was established by Do-
giel in 1922 for a metchnikovellid, isolated from
the archigregarine Selenidium sp. inhabiting the
polychaete Travisia forbesii. This species, which he
named C. mesnili, had pyriform spore sacs with a
short thin neck ending in a plug, typically containing
8—12 spores. Dogiel (1922, p. 574) compared them
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Fig. 4. SSU rDNA phylogeny of Microsporidia and related lineages including the sequences of Mesnilia travisiae
and other isolates retrieved in this study (in bold). The tree was calculated using 1323 nucleotide positions.
IQ-TREE (TIM3+F+I1+G4 model; ultrafast bootstrap) / MrBayes (GTR model + gamma correction, 8 rate
categories + covarion). Black dots indicate full support by all methods (bootstrap support [BS]>99%, posterior
probability [PP] > 0.99). Open circles correspond to BS > 95% and PP > 0.95.

METCHNIKOVELLIDA

with “an egg, elongated from the narrow end, or a
small bottle”. He provided description of young and
mature spores sacs (‘cysts’) and several line drawings,
but did not include a formal taxonomic diagnosis of
the new genus and species. So, the genus Caulleryetta
at that time was not formally established. Vivier
(1975, p. 353) considered this genus as invalid and
introduced a new combination “Metchnikovella
mesnili (Dogiel, 1922)”. Sprague (1977) also did
not list Caulleryetta among metchnikovellid genera.
However, in 1992 he provided English translation of
selected sections of Dogiel’s description (originally
written in French) and composed a taxonomic
summary for this genus, thus accepting its validity
(Sprague, 1992, p. 310). Issi and Voronin (2007,
p. 1017) provided a formal diagnosis of the genus
Caulleryetta Dogiel, 1922 as “microsporidia with
elongated oval sporophorous vesicles, one end of

which is rounded, and the other tapers like the
neck of a bottle. Usually forms 5—10 sporophorous
vesicles, located in a row before and after the nuc-
leus of the host cell” (translated from Russian; the
spore sacs characteristic of metchnikovellids are
considered as one of the variants of sporophorous
vesicles of microsporidia, therefore Issi and Voronin
following Canning and Vavra (2000), called spore
sacs as sporophorous vesicles).

No type material or slides of Caulleryetta mes-
nili was established by Dogiel. A careful search in
the archives and collections at the Department of
Invertebrate Zoology of Saint Petersburg University,
where Dogiel worked, did not recover any additional
data on this organism. So, the species Caulleryetta
mesnili Dogiel, 1922 remains poorly studied and
needs re-isolation, preferably from the type habitat
(Strait Ekaterininskaya Gavan’, Kola Bay, Barents
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Fig. 5. Phylogenomic tree of Holomycota showing the position of a new species of metchnikovellids and
other isolates retrieved in this study (in bold). The tree was reconstructed using a concatenated alignment
(“supermatrix”) prepared with a dataset of BUSCO single-copy protein domains (73 orthologs, 20783 amino
acid positions) for 47 representatives of the Holomycota clade and 6 other Amorphea species used as an outgroup.
The phylogeny was reconstructed using the maximum likelihood method (IQ-TREE v. 1.6.12, single partition,
model LG+1+G4, ultrafast bootstrap) and Bayesian analysis (MrBayes 3.2.7a, GTR model, gamma-distributed
rate variation across sites and a proportion of invariable sites). The support values are as follows: bootstrap values
(BS, IQ-TREE), posterior probability (PP, MrBayes). Clades sharing full support gained with both methods (>
99% BS, > 0.99 PP) are indicated by black dots. An open circle corresponds to BS > 95% and PP > 0.95.

Sea) and type host (polychaete Travisia forbesii).
Larsson (2014, p. 622-623) re-defined the bor-
ders of the genus Caulleryetta. He believed the num-
ber of plugs to be the primary character, and proposed
the following diagnosis for the genus Caulleryetta:
“Spore sacs oval, one end with a polar plug. Both
sporogonies produce spores of the same shape.
Spores almost spherical, slightly pointed over the
polarsac” (Larsson, 2014, p. 622). He transferred to
this genus all metchnikovellids with the single polar
plug. Asaresult, six more species, formerly classified

as members of the genus Metchnikovella, became
members of the genus Caulleryetta (see Larsson,
2014, p. 623). According to his classification, only
species forming spore sacs with two polar plugs
remained within the genus Metchnikovella. He
re-defined the latter genus as follows: “Spore sacs
cylindrical or fusiform, more or less curved, with
rounded ends containing polar plugs. Length not
exceeding 10 times the width. Spores are oval. Both
sporogonies produce spores of approximately the
same shape” (Larsson, 2014, p. 621).
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Fig. 6. Cut-off from the tree shown in Fig. 4, demonstrating the wide distribution and broad variation in shape
and size of hyperparasites with Caulleryetta-like morphology (sensu Larsson, 2014) among the metchnikovellid

lineages. Drawings of the spore sacs are to scale.

Molecular phylogeny did not support the revi-
sion proposed by Larsson (2014). It was shown that
species with oval sacs having one polar plug are scat-
tered throughout the phylogenetic tree of metch-
nikovellids and do not form a monophyletic clade
(Frolova et al., 2021; Frolova et al., 2022) (Fig. 6).
The species that, according to Larsson’s definition,
should be included in this genus, belong to different
phylogenetic lineages of metchnikovellids. Thus, the
available data suggest that the genus Caulleryetta
sensu Larsson (2014) is an artificial group. It appears
to be a paraphyletic assemblage. Moreover, the type
species of this genus — C. mesnili Dogiel, 1922 differs
in morphology of spore sacs and spores from all other
metchnikovellids forming spore sacs with one polar
plug (six species transferred by Larsson (2014) to the
genus Caulleryetta: C. berliozi, C. brasili, C. hovas-
sei, C. nereidis, C. oviformis, C. wohlfarthi, three
species sequenced and described recently by us
under the generic name Metchnikovella: M. dogieli
(Paskerova et al., 2016), M. spiralis (Frolova et al.,
2021) and M. dobrovolskiji (Frolova et al., 2022)
and three isolates characterized in the present pa-
per). In this situation, the most parsimonious solu-
tion seems to return to the initial definition of Cau!/-
leryetta as a monotypic genus (Dogiel, 1922; Spra-
gue, 1992; Issi and Voronin, 2007) and return other
species transferred by Larsson back to the genus Met-
chnikovella. In fact, it returns us to the classifications
by Sprague (1992) and Issi and Voronin (2007).

The isolates that we described in the present paper
are from the same host and super-host as C. mes-
nili Dogiel, 1922. However, in contrast to this spe-
cies, they have elongated and slightly bent spore sacs
with 12—14 spores, which appear to be slightly oval,
not rounded. These spores and spore sacs resemble
to some extent those of M. dogieli (Paskerova et al.,
2016) and to a lesser extent those of M. incurvata
(Sokolova et al., 2013), but certainly not those of
C. mesnili.

All lifecycle stages of studied metchnikovellids
from T. forbesii as well as M. incurvata and M. do-
gieli develop in direct contact with the host cyto-
plasm. However, unlike the metchnikovellids from
T. forbesii, M. incurvata has fusiform, slightly in-
curved (boomerang-shaped) spore sacs, they are
larger (22-27 um versus 7.7-17.6 pm), possess two
polar plugs and more spores per sac (up to 16 versus
12-14). Compared to M. dogieli, which also has
slightly bent spore sacs (however, oval rather than
elongated) and only one polar plug, the shape and
size of the spore sacs of the studied isolates were
more uniform. Regardless of their size or degree
of maturity, the sacs of the studied isolates remain
elongated with a slight flexion. This is probably
caused by different structure of the sac wall and
its rigidity between the compared hyperparasites.
The spore sacs of metchnikovellid from T. forbesii
are generally smaller and the size polymorphism is
significantly less than in the case of M. dogieli. Among



sequenced metchnikovellids, M. dobrovolskijiis also
characterized by spore sacs with 12 spores and one
polar plug, however these sacs are irregularly oval,
sometimes pear-shaped, both free spores and spore
sacs are enclosed in vacuoles (Frolova et al., 2022);
that sharply contradict with the morphological
features of isolates described from 7. forbesii.

Another unusual trait of the metchnikovellids
from T forbesiiis that the stages of sac-bound sporo-
gony may occur in the absence of free sporogony.
It contradicts the current ideas about the life cycle
of metchnikovellids. Typically, free sporogony pre-
cedes sac-bound one, resulting in the occurrence of
gregarines with free spores or with both free spores
and spore sacs (Frolova et al., 2023). In the studied
metchnikovellids, the archigregarines, only with
spore sacs were often seen. Early formation of spore
sacs could be considered as an adaptation enabling
fast production of thick-walled spore sacs, resistant
to environmental conditions. It may be a situational
response to unfavourable environmental conditions.

The unique morphological features of the iso-
lates from T. forbesii are complemented by their
independent position in the phylogenetic and phylo-
genomic trees.

There are the following variants for taxonomic
placement of described here metchnikovellid from
T. forbesii:

(1) toplace it in the genus Caulleryetta using ex-
panded definition by Larsson (2014). This choice ap-
pears to be weak, as we just discussed above the need
to limit Caulleryettaback to Dogiel’s description and
diagnosis of Issi and Voronin. The studied metch-
nikovellid evidently does not fit this stringent defi-
nition;

(2) to describe it as one more Metchnikovella,
thus increasing the heterogeneity of this genus and
postponing the taxonomic problems for the future,
until (maybe) more data on similar organisms will
become available;

(3) to create a new genus for it, basing on its iso-
lated phylogenetic position and clear differences
from Caulleryetta sensu Dogiel. No one of species
currently placed in the genus Metchnikovella is
phylogenetically close to the isolates from 7' forbesii.
In this case we avoid adding more paraphyly to the
assemblage called Metchnikovella. This solution
seems to be preferable. Therefore, based on the
morphological features and phylogenetic position of
the studied isolates, we suggest the establishment of
a new genus — Mesnilia, in honour of Félix Etienne
Pierre Mesnil (1868—1938), a French zoologist, bio-
logist, botanist, mycologist and algologist, one of the
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founders of research on the metchnikovellids. The
type species for the new genus is named Mesnilia
travisiae gen. nov., sp. nov. after the super-host,
Travisia forbesii.

Our study highlights the existence of a ‘hidden’
metchnikovellid species even in well-studied hosts,
as evidenced by molecular detection of uncultured
metchnikovellid TB2 b04 MMBI2020 from the
super-host T. forbesii and by discovery of isolate
MD2_b01_MMBI2021 from Pygospio elegans.
These findings are further evidence of widespread
co-occurring infections of metchnikovellid in infra-
populations of gregarines from polychaetes (Soko-
lovaet al., 2014; Frolova et al., 2023). The concept
of the host specificity (also known as common as-
sumption ‘one host — one parasite’) obviously
does not work for metchnikovellids. As of now,
no less than five species of metchnikovellids are
known from the super-host P. elegans, of them,
no fewer than three species (including MD2
b0l _MMBI2021) parasitise the archigregarine
Selenidium pygospionis and two species infecting
the eugregarine Polyrabdina pygospionis (Frolova et
al. 2023). Our study once again stressed this com-
plication in isolating, studying and identifying hy-
perparasitic microsporidia.

We were specially searching for Caulleryetta
mesnili in the locations at the Barents Sea during
2020—2023, but never isolated it. Theoretically, we
cannot exclude that yet hidden and morphologically
undescribed isolate TB2 b04 MMBI2020 from
T. forbesii corresponds to C. mesnili. The isolate
MD2 b01_MMBI2021, infecting Selenidium py-
gospionis in the polychaete Pygospio elegans, groups
together with the above mentioned isolate TB2
b04 MMBI2020 in the phylogenomic tree (Fig.
5). The former isolate is not well-characterised yet
at the morphological level, but from the available
field images (Fig. 3) we cannot conclude that it is
similar in morphology to Dogiel’s Caulleryetta. It
has oval, sometimes slightly bent or curved spore sacs
with one polar plug, and only rarely irregularly oval,
pear-shaped spore sacs were seen. This reduces, but
does not completely exclude the chances that the
still morphologically unstudied isolate TB2 b04
MMBI2020 from T. forbesii is C. mesnili.

The isolates described in this study (two isola-
tes of new species Mesnilia travisiae, one yet hid-
den species from 7. forbesii and a new isolate in-
fecting Selenidium pygospionis from Pygospio ele-
gans), form two new lineages in the tree of metch-
nikovellids. Despite the increment in the number
of obtained sequences, the phylogenetic tree of
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metchnikovellids based on the SSU rRNA gene
sequences remains unstable. The phylogenomic
analysis shows better resolution and results in highly
supported tree; however, it still includes limited set
of metchnikovellid taxa.

It is becoming evident that Metchnikovellida
is a widely distributed and species-rich group of
microsporidia. This stresses the need for further
study of metchnikovellid diversity in order to
improve phylogenetic analyses by adding more
species and to study complex multilevel parasitic
systems involving hyperparasites.

Taxonomic summary

Phylum Microsporidia Balbiani, 1882

Class Rudimicrosporea Sprague, 1977

Order Metchnikovellida Vivier, 1975

Genus Mesnilia gen. nov.

Diagnosis. Spore sacs are elongated, with one
polar plug. Both sporogonies are in direct contact
with host cytoplasm. Spore sacs non-accompanied
by free spores may be observed in host cytoplasm.

Mesnilia travisiae sp. nov.

Diagnosis. Free spores are oval (1.5—2.8 x 0.8
—1.7 um). Spore sacs are elongated with a slight
flexion (7.7—17.6 x 2.4—5.9 um), with rounded ends
and a prominent polar plug at one end. Sac-bound
spores counted 12—14 persac. Sac-bound spores are
rounded (1.3—2.5 x 0.9—1.6 pm).

Differences from closely related species. The
species differs from other metchnikovellids by the
combination of characters: the size and shape of
the spore sacs, the number of spores per sac, the
number of polar plugs, the super-host and host
range. It exhibits significant differences in the SSU
rRNA gene sequence and in protein-coding gene
sequences.

Type locality. Zelenetskaya Bay of the Barents
Sea (69°06°43.3”N 36°05°56.1”E). Subtidal zone.

Type habitat. Marine.

Type host and super-host. Archigregarine Seleni-
dium sp. (Apicomplexa: Selenidiidae) from the
polychaete Travisia forbesii (Annelida: Travisiidae).

Location in the host. Gregarine cytoplasm.

Type material. Images of the live archigregarines
are stored in the image collection of the Department
of Invertebrate Zoology, St Petersburg University.
Frozen purified genomic DNA of the infected
archigregarines as well as the individual infected
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gregarine cells fixed in 96% ethanol are stored at the
same department.

Etymology. This genus was named in honour of
Félix Etienne Pierre Mesnil (1868—1938), one of the
founders of the studies on metchnikovellids, French
zoologist, biologist, botanist, mycologist and algo-
logist. The species was named after the super-host,
Travisia forbesii.

Gene sequences. SSU rRNA gene sequences of
M. travisiae have been deposited in the GenBank
under the accession numbers OR887354-OR887355
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