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Archigregarines are a key group for understanding the early evolution of Apicomplexa. Here we report
morphological, ultrastructural, and molecular phylogenetic evidence from two archigregarine species:
Selenidium pygospionis sp. n. and S. pherusae sp. n. They exhibited typical features of archigregarines.
Additionally, an axial row of vacuoles of a presumably nutrient distribution system was revealed in S.
pygospionis. Intracellular stages of S. pygospionis found in the host intestinal epithelium may point
to the initial intracellular localization in the course of parasite development. Available archigregarine
SSU (18S) rDNA sequences formed four major lineages ﬁtting the taxonomical afﬁliations of their
hosts, but not the morphological or biological features used for the taxonomical revision by Levine
(1971). Consequently, the genus Selenidioides Levine, 1971 should be abolished. The branching order
of these lineages was unresolved; topology tests rejected neither para- nor monophyly of archigregarines. We provided phylogenies based on LSU (28S) rDNA and near-complete ribosomal operon
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(concatenated SSU, 5.8S, LSU rDNAs) sequences including S. pygospionis sequences. Although being
preliminary, they nevertheless revealed the monophyly of gregarines previously challenged by many
molecular phylogenetic studies. Despite their molecular-phylogenetic heterogeneity, archigregarines
exhibit an extremely conservative plesiomorphic structure; their ultrastructural key features appear to
be symplesiomorphies rather than synapomorphies.
Key words: Unicellular parasites; polychaetes; ultrastructure; 18S rDNA; 28S rDNA; molecular phylogeny.
© 2018 Elsevier GmbH. All rights reserved.

Introduction
Apicomplexa is a large group of unicellular parasites infecting a wide range of invertebrate and
vertebrate hosts. Some apicomplexans, such as
the human pathogens Plasmodium, Toxoplasma,
and Cryptosporidium, are well studied. At the
same time, basal apicomplexans, archigregarines,
agamococcidia, blastogregarines, and protococcidia inhabiting exclusively marine invertebrate
hosts and being crucial for our understanding of
the evolution of parasitism and evolutionary paths
of apicomplexans in general, are still poorly investigated.
Archigregarines (Archigregarinida Grassé, 1953,
Apicomplexa Levine, 1970) are unicellular parasites inhabiting marine invertebrates, mostly
polychaetes. They are thought to have retained
a number of plesiomorphic characteristics from
the most recent ancestor of all apicomplexans (Cavalier-Smith and Chao 2004; Cox 1994;
Desportes and Schrével 2013; Grassé 1953;
Leander 2008a; Leander and Keeling 2003). The
most often encountered stage of their life cycle
is a trophozoite. It is a relatively large cell usually attached to the host cell by the mucron, an
attachment apparatus with organelles of the apical complex typical of the invasive stages (zoites).
The mucron participates in myzocytosis, feeding by
sucking out the cytoplasmic contents of the host cell
into food vacuoles (Cavalier-Smith and Chao 2004;
Desportes and Schrével 2013; Schrével 1968;
Schrével et al. 2016; Simdyanov and Kuvardina
2007; Wakeman and Horiguchi 2018; Wakeman
et al. 2014). The pellicle of archigregarines is organized as a three-layered membrane complex. It
is supported by microtubules arranged in one or
more subpellicular layers (Desportes and Schrével
2013).
The life cycle of archigregarines, a sequence
of gamogony (gamete production) and sporogony (zygote ﬁssion for producing sporozoites),
is often thought to include asexual cell multiplication in the trophozoite stage – merogony (Adl

et al. 2012; Desportes and Schrével 2013; Grassé
1953). Levine (1971) and his followers placed great
importance on the presence/absence of merogony in the life cycle for the classiﬁcation of
archigregarines, transferring species without merogony to eugregarines (Levine 1971, 1985; Perkins
et al. 2000). On the contrary, Schrével with coauthors considered merogony to be non-important
for the high-level classiﬁcation of archigregarines
(Desportes and Schrével 2013; Schrével 1970,
1971a,b; Schrével et al. 2016). This point of view
was shared by several contemporaneous authors
(Kuvardina and Simdyanov 2002; Leander 2006,
2007; Rueckert and Leander 2009; Rueckert and
Horák 2017; Simdyanov and Kuvardina 2007). It
should be noted that the absence of merogony is
difﬁcult to prove. In this context, taxa delineation
should be based on the presence of the easiest
observable stage (trophozoites) and morphological
characteristics. At present, taxonomy and determination of basic taxonomic characters are routinely
determined by electron microscopy and molecular
phylogenies.
SSU rDNA-based phylogenetic trees obtained
recently are in good accordance with the interpretation that archigregarines are a paraphyletic
stem group from which other gregarine lineages
evolved (Cavalier-Smith 2014; Cavalier-Smith and
Chao 2004; Grassé 1953; Rueckert and Leander
2009; Rueckert and Horák 2017; Schrével et al.
2016; Wakeman and Horiguchi 2018; Wakeman
and Leander 2012, 2013; Wakeman et al. 2014).
To date, there are more than 70 species of archigregarines. Most of them belong to the genus
Selenidium (Desportes and Schrével 2013; Levine
1971; Rueckert and Horák 2017; Rueckert and
Leander 2009; Wakeman and Horiguchi 2018;
Wakeman and Leander 2012, 2013; Wakeman
et al. 2014; WoRMS 2018).
Despite their signiﬁcant molecular-phylogenetic
heterogeneity, species of Selenidium possess a
similar and extremely conservative morphology.
It is represented by the morphostasis, a set of
characters typical of the invasive stages (zoites)
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Figure 1. General morphology and motility of Selenidium pygospionis sp. n. Differential interference contrast
(DIC) and phase-contrast (PH) light micrographs. A. Attached large and detached small trophozoites.
In the large trophozoite, note the axial streak along the longitudinal cell axis and radial threads running
from the axial streak towards the cell periphery. DIC. B. Young trophozoite showing bending motility; the
composition of two micrographs of the same cell. DIC. C. Large trophozoite lying on one of the narrow
sides and slightly pressed with the coverslip. Note the axial streak. PH. D–E. Large trophozoite lying on
one of the ﬂattened sides and pressed with the coverslip; D and E—different optical sections of the same
cell. The axial streak is not visible. DIC. F–I. Medium-sized trophozoite lying on one of the narrow sides;
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of parasitic apicomplexans (Leander and Keeling,
2003). Additionally, molecular phylogenetic studies have repeatedly demonstrated a host-parasite
coevolution when closely related archigregarines
parasitize closely related hosts (Desportes and
Schrével 2013; Rueckert and Horák 2017; Schrével
et al. 2016; Wakeman and Leander 2013). Whether
these two observations are linked is unknown.
In this study, we report the discovery of two
new archigregarine species, Selenidium pygospionis sp. n. isolated from spionid polychaetes
Pygospio elegans and Polydora glycymerica, and
S. pherusae sp. n. isolated from ﬂabelligerid polychaetes Pherusa plumosa. We examined the new
species using light and electron microscopy, conducted phylogenetic analyses based on the SSU
rDNA and obtained the ﬁrst LSU rDNA sequences
of archigregarines.

Results
Selenidium pygospionis sp. n.
Occurrence
The gregarine Selenidium pygospionis sp. n. was
found in the intestine of the polychaete Pygospio elegans (Spionidae) collected at the silty-sand
intertidal zone of the White Sea. There were 109
infected polychaetes out of the 302 dissected.
The intensity of infection usually varied from 1 to
50 (mode = 1, average = 9.8) gregarines per host;
in two cases, the number of parasites reached
100 and 150 cells per host. Both attached and
non-attached trophozoites of different sizes were
found in the host intestine (Fig. 1A). Syzygies were
extremely rare (a few in all dissected polychaetes).
In squash preparations (see Methods) of more than
100 examined polychaetes, no other stages of the
life cycle (gametocysts or stages of merogony)
were observed.
We also found very similar parasites in the
intestine of the shell-boring polychaete Polydora
glycymerica (Spionidae) inhabiting the bivalve
Glycymeris yessoensis from the Sea of Japan.
The intensity of infection was about 30 parasites
per host.

Parasites isolated from polychaetes of both
species were identical in their morphology, ﬁne
structure, and DNA sequences. Therefore, we considered them to belong to the same species.
Further description of S. pygospionis was predominantly based on the evidence obtained from the
White Sea samples as the most representative
ones.
General Morphology
As shown with light microscopy (LM) and scanning
electron microscopy (SEM), trophozoites S. pygospionis were anchored in the host tissue with their
anterior end (Figs 1 A, 2 A, B). The parasites were
easy to dislodge from the intestinal epithelium during the dissection of the hosts.
The smallest trophozoites, presumably young
trophozoites not long after their transformation from
zoites (most likely, sporozoites), were observed
occasionally. They were spindle-shaped with a
pointed anterior end and a rounded posterior end.
Their length varied from 15 to 23 m (n = 2), and
their width, from 6 to 7 m (n = 2) in the middle part
of the cell. A single rounded nucleus was located
in the anterior half of the cell. The parasites could
bend slightly in one plane but never glided (Fig. 1B).
Well-developed trophozoites were elongated,
vermiform and slightly ﬂattened (Figs 1 C–M, 2 C,
D). Their length varied from 34 to 288 m (average 144 m, mode 146 m, n = 79); their maximum
width (4–25 m, average 12 m, mode 11 m,
n = 76) was in the middle of the cell where an oval
nucleus [6–22 m (av. 17 m, n = 40) × 5–11 m
(av. 8.4 m, n = 26)] was located. The nucleus
was elongated along the longitudinal axis of the
cell (Fig. 1A, C, D). A single spherical nucleolus
(3.1–6.3 m, n = 6) was commonly situated at the
anterior pole of the nucleus (Fig. 1D). The anterior
end of the parasites was usually hook-like, bent in
the median plane (the plane perpendicular to the
ﬂattened sides) towards one of the ﬂattened sides
of the cell (Figs 1 C–E, 2 C, D). The mucron was
dome-shaped with a smooth surface. In some individuals, it had a small pit in the center (Fig. 2C).
The posterior end was rounded (Fig. 2D). The entire
surface bore 22–30 (n = 12), usually 28, broad and
low folds separated by grooves (Figs 1 E, 2 B–E).

a series of micrographs illustrating bending motility (1–2 bends along the cell). DIC. J–M. Large trophozoite
lying on one of the narrow sides; a series of micrographs illustrating bending motility (2–3 bends along the cell).
Note the coiling of the anterior end (K). DIC. N–Q. Syzygy; a series of micrographs illustrating bending motility
(up to 4 bends along the cell) and the coiling of the anterior end. The axial streak is not visible. DIC. *, anterior
end; ax, axial streak; f, folds; N, nucleus; n, nucleolus; r, radial threads.
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Figure 2. Surface morphology of Selenidium pygospionis sp. n. Scanning electron micrographs. A. Trophozoite
attached to a fragment of the host intestinal epithelium by its anterior end. B. Attached trophozoite with three
bends of its cell. Note small transversal compression folds of the parasite’s pellicle at the inner surface of each
bend. Inset. Transversal compression folds at high magniﬁcation. C–D. Detached trophozoites lying on one
of the narrow sides (C) and one of the wide sides (D) of their cells. Note a hook-bent anterior end with a
smooth, dome-shaped mucron, and folds at the cell surface. The arrowhead points to the pit at the center of the
mucron in C. E. Micrograph of the trophozoite surface showing the number and location of micropores (mp).
F. Micropore at high magniﬁcation. cf, transversal compression folds; f, folds; h, host intestinal epithelial tissue;
mu, mucron; mp, micropores; p, parasite.
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The width of the folds varied from 0.5 to 1.5 m (av.
0.9, n = 21) in archigregarines ﬁxed according to different protocols (Fig. 2D, E). Numerous micropores
(10–20 per 50 m2 , n = 2) were observed at the bottom of the grooves; their edges were slightly raised
above the cell surface (Fig. 2E, F). The outer and
the inner diameter of the micropores was 134–287
and 38.5–74.6 nm (n = 6), respectively.
LM studies showed that well-developed trophozoites had an intracellular axial streak of optically
distinct cytoplasm extending from the anterior end
to the posterior end and forming an expansion
around the nucleus. Numerous radial threads ran
from the axial streak towards the cell periphery. The
axial streak was easy to observe in trophozoites
lying on one of the narrow sides (Fig. 1A, C, H,
J–M).
Both attached and non-attached cells performed
very active bending movements in the median
plane (Fig. 1A, C, F–M, and Supplementary
Material Video S1). Non-attached archigregarines
usually moved non-progressively on one of their
narrow sides along the substrate. Medium-sized
trophozoites usually formed 1–2 bending sections
along the cell, while large-sized ones combined 2–4
bends with coiling of their anterior end (Fig. 1F–I vs
J–Q). Bending and coiling of the cell always started
at the hook-like anterior end. Fixed archigregarines
usually retained the bends of their body resulting
from their motility (Fig. 2A–D). There were small
transversal compression folds of the pellicle at the
inner surface of each bend (Fig. 2B, C). In addition,
the trophozoites of S. pygospionis never shortened
along their anterior-posterior axis.
Syzygies were caudal when two gamonts coupled with their posterior ends. The syzygy partners
moved asynchronously (Fig. 1N–Q, Supplementary Material Video S2).
Fine Structure
Transmission electron microscopic (TEM) studies
showed that the trophozoite tegument was represented by a trimembrane pellicle [the plasma
membrane and the inner membrane complex
(IMC)] (Fig. 3 A). The IMC consisted of the external
and the internal cortical cytomembrane separated
from each other by an electron-transparent space
(8–10 nm thick), while the plasma membrane was
separated from the IMC by a space of higher electron density (12–14 nm thick). The thickness of the
pellicle varied from 36 to 40 nm. The cell coat (glycocalyx) covering the parasite surface was poorly
visible. The pellicle was underlain by longitudinally
oriented subpellicular microtubules (Fig. 3A–D).

They were arranged in a single layer, the continuity of which was interrupted under the grooves
where micropores were usually located. Additionally, groups of irregularly arranged microtubules
were present under the main layer. Each microtubule was surrounded by an electron-transparent
sheath of the cell cytoplasm (Fig. 3A). Micropores
were present as invaginations of the plasma membrane. Each invagination was surrounded with a
thick cylindrical structure, formed by the cytomembranes of the IMC, and some electron-dense
substance (Fig. 3A, inset). Numerous vesicles with
some multi-membranous whorls or dense material
inside were incorporated in the microtubule layer
and the inner membrane complex of the pellicle;
they were connected with the plasma membrane
(Fig. 3C, D).
It could be seen in ultrathin sections of
trophozoite-infected intestines that the anterior end
of S. pygospionis was inserted between folds of
the host intestinal epithelium (Fig. 3E, F). There
was no direct contact between the host cell and
the attached parasite in any of the examined cases.
Several rhoptries and numerous groups of putative
micronemes were present in the cytoplasm of the
anterior end (Fig. 3E). The basal part of the conoid,
several ducts of rhoptries within the conoid, and
a large mucronal vacuole containing some loose
ﬁbrillar material could be seen in some tangential
sections through the mucron (Fig. 3F).
The cytoplasm of the trophozoites was indistinctly differentiated into two areas: the ectoplasm
and the endoplasm. The former was a narrow cortical region containing subpellicular microtubules,
numerous mitochondria arranged at the peripheral
layer and vesicles with some multi-membranous
whorls or dense material under grooves. The endoplasm, the rest of the cytoplasm, contained a
large nucleus, numerous amylopectin granules,
lipid droplets, some small electron-dense bodies,
and a few mitochondria (Fig. 3G, H). The distribution of organelles and inclusions in the endoplasm
was irregular. Narrow, electron-light spaces without any visible organelles could be seen around
the nucleus, along the cell axis and perpendicular
to it (Figs 3 G–I, 4 B, C). In addition, a series of
differently-sized vacuoles was arranged along the
cell axis in front and behind the nucleus in the endoplasm. Some of them were linked to each other
by membrane tunnels. The content of these vacuoles was mainly electron-transparent with a small
amount of some loose ﬁlamentous material (Fig. 4
A–C). Small vacuoles of similar appearance also
surrounded the nucleus alongside with an electrontransparent area of the cytoplasm (Fig. 4B, inset).
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Figure 3. Fine structure of Selenidium pygospionis sp. n. Transmission electron micrographs. A. Transverse
section showing details of the cortex organization. Inset. Micropore at high magniﬁcation. B. Superﬁcial
longitudinal section of a trophozoite showing the layer of longitudinal microtubules and the layer of mitochondria
under the pellicle. C–D. Transversal sections of the pellicle showing vesicles inserted in the microtubule layer
and the inner membrane complex. E. Superﬁcial longitudinal section of the anterior end of a trophozoite inserted
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As shown in a SEM study of de-parafﬁnized histological sections of P. elegans, some gregarines
were deeply embedded in the intestinal epithelium
almost reaching the basal lamina (Fig. 4D–E).
TEM observations of ultrathin sections revealed
that some small single trophozoites (up to 40 m
in length) were localized intracellularly within parasitophorous vacuoles (Fig. 4F–G). The organization
of these individuals was generally identical to
that of well-developed trophozoites (Fig. 4F, G).
The internal space of the parasitophorous vacuole
was electron-transparent and ﬁlled with ﬁlamentous
material and electron-dense granules. The density
of their arrangement increased towards the periphery. In some sections, there were agglomerations
of the electron-dense granules near the parasitophorous vacuole membrane (Fig. 4G, inset).
Parasitophorous vacuoles were surrounded on
the outside by electron-dense ﬁbrillar material,
membranes of endoplasmic reticulum, numerous mitochondria, and cytoplasmic vesicles with
multilaminar inclusions, whereas the rest of the
host cytoplasm was electron-transparent with rare
organelles and vesicles (Fig. 4F–G).

Selenidium pherusae sp. n.
Occurrence
Five polychaetes Pherusa plumosa collected at the
sublittoral zone of the Sea of Japan were dissected.
All of them were infected with S. pherusae sp. n.
Trophozoites were all localized in the host midgut.
Up to several tens of trophozoites per host were
found in four of the worms, while the ﬁfth harbored
more than 100 trophozoites. No other stages were
observed.
General Morphology
S. pherusae trophozoites were attached to the host
intestinal epithelium by their anterior end, but were
easy to dislodge during the dissection of the hosts.

The trophozoites were elongated, vermiform,
38–269 m (n = 6) in length and 10–18 m (n = 4)
in maximum width. The anterior end was narrowed and slightly truncated (Fig. 5A, B), while the
posterior one was usually rounded in large individuals (Fig. 5A, B) or pointed in small trophozoites
(Fig. 5C, D). A spherical nucleus (11–12 m, in two
large trophozoites of 215 and 269 m in length) was
located in the posterior half of the trophozoite, in the
widest part of the cell. It contained one nucleolus,
3–5 m (Fig. 5A, B). Trophozoites had neither longitudinal pellicular folds at the surface nor the axial
streak in the cytoplasm (Fig. 5A–C).
Both attached and non-attached gregarines
showed a bending motility of the entire cell, usually
one bend along the cell at a time. During bending,
transient transverse folds formed on the inner surface of the bent part of the cell (Fig. 5A, B). Some
ﬁxed gregarines were slightly helically twisted along
the longitudinal cell axis (Fig. 5D).
Fine Structure
The tegument of S. pherusae had almost the
same structure as that of S. pygospionis, but the
pellicle seemed smooth, without any grooves or
folds (Figs 5, 6 ). Its thickness varied from 33 to
44 nm. The plasma membrane and both cortical
cytomembranes were separated from each other by
electron-transparent spaces of a similar thickness
(7–11 nm). The cell coat was poorly visible (Fig. 6A,
C–E). Though the trophozoite surface seemed to
be smooth (Fig. 5C, D), micropores were sometimes observed in transverse sections (Fig. 6D,
E). They were also similar in structure and size,
about 80 m wide at the surface and 150 m deep
(Fig. 6E). Although the subpellicular microtubules
were usually poorly preserved in the ultrathin sections because of ﬁxation artefacts, it could be seen
in some sections that they were organized in an
uninterrupted layer under the pellicle (Fig. 6C).

between the folds of the host intestinal epithelium. F. Oblique-transverse section of the mucron of a trophozoite
inserted between the folds of the host intestinal epithelium. Inset. Another section of the cell shown in F. G–H.
Transverse sections of the pre-nuclear (G) and post-nuclear (H) parts of trophozoites showing an indistinct
division of the cytoplasm into the ectoplasm at the periphery and the endoplasm occupying the remaining cell
volume. Note an electron-light space of the cytoplasm (pc) not containing any visible organelles. Total number
of folds in G is 25. I. Longitudinal section showing the nucleus. Note an electron-light area of the cytoplasm
around the nucleus. *, anterior end; a, amylopectin granules; c, conoid; db, dense bodies; ecto, ectocyte; em,
external cytomembrane; gmt, group of microtubules; gly, glycocalyx; h, host tissue; im, inner cytomembrane;
ld, lipid droplets; mic, micronemes; mit, mitochondria; mt, microtubules; mu, mucronal vacuole; N, nucleus; n,
nucleolus; p, pellicle; pc, electron-light area of the cytoplasm; pm, plasma membrane; rd, ducts of rhoptries; rh,
rhoptries; vac, vacuole; v, vesicles with multi-membrane whorls or dense material.
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Figure 4. Selenidium pygospionis sp. n.: organization of the cytoplasm, localization in the host epithelium,
intracellular stage. Transmission (TEM) and scanning (SEM) electron micrographs. A–C. Longitudinal thin
sections of the trophozoites in the regions where the nucleus is localized showing a series of connected
vacuoles along the cell axis. TEM. Inset in B. Electron-light area of the cytoplasm around the nucleus
with small vacuoles. TEM. D. Sagittal histological section of an infected host showing well-developed
trophozoites and the degree of their embedding in the host intestinal epithelium. SEM. E. Fragment of
D at higher magniﬁcation. SEM. F–G. Superﬁcial oblique thin section (F) and nearly longitudinal thin
section (G, inset) showing intracellular stages of the trophozoite development. TEM. Inset in G. Agglomeration of electron-dense granules in the parasitophorous vacuole and a vesicle with myelin-like structures in the
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Figure 5. General morphology and motility of Selenidium pherusae sp. n. Light microscopic (LM) and scanning
electron (SEM) micrographs. A. Detached trophozoite showing bending motility; a composition of two micrographs of the same cell. LM. B. Detached trophozoite ﬁxed and stained with Carazzi’s hematoxylin. LM. C–D.
Differently sized trophozoites attached to the host intestinal epithelium. SEM. *, anterior end; cf, transversal
compression folds; N, nucleus; n, nucleolus.

A truncated and asymmetrical mucron of the
parasites formed an extended (up to 4 m long)
zone of cell junction with the host cell (Fig. 6A, C).
This junction was represented by a gap 10–30 nm
wide. The polar ring, the conoid, several rhoptries
and micronemes were observed (Fig. 6A, B). The

conoid was a truncated hollow cone consisting of
6–7 spirally arranged microtubules. It measured
about 200 nm in height, 286 nm in apical diameter,
and 514 nm in basal diameter. The IMC terminated
near the apical end of the conoid, where there was
a polar ring, adjacently located to the IMC. Sub-

host cell cytoplasm near the membrane of the parasitophorous vacuole. TEM. *, anterior end; arrowhead,
membrane tunnel between two vacuoles; bl, basal lamina of the host intestinal epithelium; epr, membranes
of the rough endoplasmic reticulum in the host cell; g, archigregarine; gr, electron-dense granules; h, host
intestinal epithelium; hc, host cell; ic, intestinal contents; N, nucleus; n, nucleolus; mit, host cell mitochondria; f,
ﬁbrils in the host cell; pc, electron-light area of the cytoplasm; pv, parasitophorous vacuole; vac, vacuoles; vm,
vesicles with multilaminar inclusions.
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Figure 6. Fine structure of Selenidium pherusae sp. n. Transmission electron micrographs. A. Longitudinal
section of the anterior end of a trophozoite. B. Detail of A showing the mucron structure. Numerals indicate
the ordering numbers of the conoid microtubules. C. Superﬁcial longitudinal section of the anterior end of
another trophozoite. D. Transversal section of the anterior third of the trophozoite showing its cytoplasmic
organization. E. Detail of D showing the micropore and pellicle structure. a, amylopectin granules; c, conoid; d,
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pellicular microtubules arose from the polar ring
and ran along the cell (Fig. 6B, C). A voluminous
mucronal vacuole of irregular shape was present
in the basal part of the conoid (Fig. 6A). It contained unidentiﬁed heterogeneous material and a
few vesicles with electron-translucent content. The
mucronal vacuole was surrounded by numerous
rhoptries and micronemes. The ducts of the rhoptries extended to the apical pole of the parasite and
closely adjoined the mucronal vacuole. The content
of the ducts was less electron-dense than that of the
rhoptries (Fig. 6A–C).
Numerous putative micronemes and several
vesicles with an electron-dense material within
multi-membranous whorls were present in the cytoplasm of the anterior third of the parasite (Fig. 6A).
Similarly to S. pygospionis, the entire cytoplasm
of S. pherusae trophozoites was indistinctly differentiated into the ectoplasm and the endoplasm,
which had a similar content (Fig. 6D). In contrast to S. pygospionis, only a few mitochondria
were observed near the pellicle, under subpellicular
microtubules (Fig. 6D).
Molecular Phylogeny
Characteristics of DNA sequences: The contiguous sequence of S. pygospionis from Pygospio
elegans (White Sea) was generated from four
overlapping fragments and comprised SSU (small
subunit or 18S), 5.8S, LSU (large subunit or 28S)
rDNAs, and the internal transcribed spacers ITS 1
and 2 (4,910 bp totally). For S. pygospionis from
Polydora glycymerica (Sea of Japan), only the
near complete SSU rDNA sequence (1,610 bp) was
obtained; it was nearly identical with that from the
White Sea sample (only 2 substitutions). The contiguous sequence of S. pherusae (2,551 bp) was
generated from two overlapping fragments and
comprised SSU, 5.8S, the ﬁrst ∼600 nucleotides of
the LSU rDNA, and the internal transcribed spacers ITS 1 and ITS 2 (Table 1 and Supplementary
Material Fig. S1).
Phylogenies inferred from SSU rDNA: Both
Bayesian inference (BI) and Maximum likelihood
(ML) analyses resulted in similar tree topologies
differing from each other by the position of platyproteids (“squirmids”): they were the earliest branch of

Myzozoa in the Bayesian tree (Fig. 7), but the sister group of Apicomplexa in the ML tree (data not
shown). Overall, the newly obtained phylogenies
matched recent molecular phylogenetic evidence
from alveolates and apicomplexans (e.g., CavalierSmith 2014; Janouškovec et al., 2015; Lepelletier
et al. 2014; Rueckert and Horák 2017; Schrével
et al. 2016). The resulting Bayesian tree inferred
from the dataset of 128 taxa and 1,550 sites
(Fig. 7) showed the monophyly of major alveolate groups, although chieﬂy with moderate or low
support, especially in the ML analysis. The backbone of the apicomplexan region in the obtained
trees was poorly resolved by both BI and ML
analyses. Within the sporozoans (parasitic apicomplexans), the cryptosporidians were consistently
located as the sister group of the “short-branching”
eugregarine clade Eg1 (Actinocephaloidea and
Stylocephaloidea) in both analyses, although with
moderate Bayesian posterior probabilities (PP) and
low ML bootstrap percentage (BP) supports. The
top of the phylogenetic tree was formed by several long branches of eugregarines grouping into
the loose clade Eg2 (Fig. 7); thus, eugregarines
and, consequently, gregarines in general were not
monophyletic, but polyphyletic.
Archigregarines branched after the cryptosporidians + Eg1 clade; they were not monophyletic either,
being split into four ﬁrmly supported major lineages
of greatly variable lengths (Ag1–Ag4), which arose
successively from the backbone of the phylogenetic
tree (Fig. 7). The earliest lineage Ag4 (PP = 0.99,
BP = 40%) encompassed a robust clade comprising
four parasites from polychaetes of the family Terebellidae and its sister group (PP = 99, BP = 62%)
consisting of two environmental sequences. In contrast to the results obtained by Rueckert and Horák
(2017), the archigregarine Selenidium fallax from
the cirratulid polychaete Cirriformia tentaculata represented the isolated lineage Ag3 located not
as sister to the cryptosporidia + gregarines clade
but between the archigregarine clades Ag4 and
Ag2 + Ag1 in the resulting phylogenies from both
BI and ML analyses, though its nodal support
was weak (Fig. 7). The robust lineages Ag2 and
Ag1 formed a common clade, although weakly
supported. This clade was located as a sister to
the very weakly supported eugregarine clade Eg2

electron-dense droplet; ecto, ectocyte; em, external cytomembrane; epr, membranes of the rough endoplasmic
reticulum; gly, glycocalyx; hc, host cell; hp, host cell plasmalemma; im, inner cytomembrane; mic, micronemes;
mit, mitochondria; mp, micropore; mt, microtubules; mu, mucronal vacuole; pp, parasite plasmalemma; pr, polar
ring; rd, ducts of rhoptries; rh, rhoptries; v, vesicles with multi-membrane whorls or dense material.

Sample name, length of
resulting sequence and its
accession number
Selenidium pygospionis
from Pygospio elegans
(White Sea)
4,910 bp
MH061278

Selenidium pygospionis
from Polydora glycymerica
(Sea of Japan)
1,610 bp
MH061279
Selenidium pherusae
2,551 bp
MH061280

a The
b The

Ampliﬁed fragment

(I) SSU rDNA (part)

Length

∼1,640 bp

(II) SSU rDNA (part), ITS1, 5.8S
rDNA, ITS2, LSU rDNA (part)

∼1,110 bp

(III) LSU rDNA (part)

∼1,770 bp

(IV) LSU rDNA (part)

∼1,740 bp

(V) SSU rDNA (part)

∼1,610 bp

Primers: forward (F) and reverse (R); annealing
temperature used in the PCRs
(F)a 5 -GTATCTGGTTGATCCTGCCAGT-3
(R) 5 -GGAAACCTTGTTACGACTTCTC-3
t◦ = 45 ◦ C
(F) 5 -CCGTTCTTAGTTGGTGG-3
(R)b 5 -CRGTACTTGTBBDCTATCG-3
t◦ = 45 ◦ C
(F)b 5 -ACCCGCTGAAYTTAAGCATAT-3
(R)b 5 -GCCAATCCTTATCCCGAAGTTAC-3
t◦ = 50 ◦ C
(F)b 5 -TCCGCTAAGGAGTGTGTAACAAC-3
(R)b 5 -TTCTGACTTAGAGGCGTTCAG-3
t◦ = 50 ◦ C
(F)a 5 -GTATCTGGTTGATCCTGCCAGT-3
(R) 5 -GGAAACCTTGTTACGACTTCTC-3
t◦ = 45 ◦ C

(VI) SSU rDNA (part)

∼1,600 bp

(VII) SSU rDNA (part), ITS1,
5.8S rDNA, ITS2, LSU rDNA
(part)

∼1,040 bp

primer sequence was based on Medlin et al., 1988.
primer sequences were based on Van der Auwera et al., 1994.

(F)a 5 -GTATCTGGTTGATCCTGCCAGT-3
(R) 5 -GGAAACCTTGTTACGACTTCTC-3
t◦ = 45 ◦ C
(F)b 5 -TCCGCTAAGGAGTGTGTAACAAC-3
(R)b 5 -CCTTGGTCCGTGTTTCAAGAC-3
t◦ = 50 ◦ C
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Table 1. Main characteristics of the archigregarine sequences obtained in this study.
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(see above), i.e. archigregarines were paraphyletic
in the resulting SSU rDNA-based phylogenies;
however, the nodal support of this grouping was
low (Fig. 7). The archigregarine paraphyly has
been repeatedly reported before but always with
weak support (Rueckert and Horák 2017; Rueckert
et al. 2011; Schrével et al. 2016; Wakeman et al.
2014; Wakeman and Horiguchi 2018; Wakeman
and Leander 2013). Thus, the deep branching of
archigregarine lineages had remained unresolved.
Therefore, we tested alternative phylogenies (see
below). The lineage Ag2 comprised two parasites
of sipunculids and one environmental sequence.
The lineage Ag1 was the largest and comprised
parasites of polychaetes from the families Cirratulidae, Flabelligeridae, Opheliidae, Sabellidae,
Sabellariidae, Serpulidae, and Spionidae, including the newly obtained archigregarine sequences,
and a number of environmental sequences, only
two of which were involved in the ﬁnal phylogenetic analyses. This was the longest archigregarine
branch, which had full support in both BI and ML
analyses. Number “1” was assigned to this clade
because Selenidium pendula, the type species
of the genus Selenidium, belonged to it (Fig. 7).
Within the clade, the parasites of Serpulidae and
Sabellariidae formed robust subclades, whilst the
subclade of the parasites of Spionidae had full
BP and moderate BP support. The two available
sequences of the parasites of Sabellidae did not
form a subclade, although they occupied neighbouring positions in the tree with moderate or
low nodal supports; this indicates that their positions are actually unresolved. Both sequences of
S. pygospionis (from Pygospio elegans and Polydora glycymerica) grouped with the sequences of S.
boccardiellae and S. pendula within the subclade of
parasites of spionid polychaetes (see above). The
sequence of S. pherusae branched earlier, after S.
opheliae from the polychaete Ophelia roscoffensis
(Opheliidae); both these branches had moderate or
low nodal supports.
Analyses of LSU rDNA and the ribosomal
operon: All phylogenies based on these phylogenetic markers resulted in identical topologies both
in the BI (Fig. 8) and the ML (not shown) analysis.
Overall, they recovered the major alveolate clades
that agreed with the phylogenies inferred from SSU
rDNA, both already published (see above) and
newly obtained, but with a higher resolution of allalveolate and myzozoan deep branching.
Unlike SSU rDNA-based phylogenies, all analyses of the LSU rDNA dataset (53 sequences, 2,913
sites) resulted in the well-supported monophyly of

gregarines (PP = 1.0, BP = 91). The only archigregarine sequence (S. pygospionis from P. elegans)
formed a long branch (PP = 1.0, BP = 70) immediately after the clade Eg1 containing sequences
of the “short-branching” gregarines Ascogregarina taiwanensis and Neogregarinida sp. OPPPC1
AB748927 and before the clade Eg2 including
sequences of the “long-branching” eugregarines.
Therefore, it broke down the monophyly of eugregarines (Fig. 8A).
The resulting phylogenetic trees inferred from
the ribosomal operon dataset (alignment of 53
sequences, 4,618 sites) showed the same topology as the LSU rDNA-based phylogenetic tree with
increased support for several branches (Fig. 8B).
Within the sporozoan clade, all the studied gregarines were monophyletic, and the support was
almost the same as in the LSU rDNA phylogenies. However, the BP support for the position of
S. pygospionis, splitting eugregarine monophyly,
was somewhat lower (BP = 64% vs 70% in the LSU
rDNA tree).
Testing alternative phylogenies: Alternative
topologies of phylogenetic trees were analyzed
together with the topologies of the resulting tree
yielded by the phylogenetic analyses (the reference tree, Fig. 7) with the use of the set of six
widespread tests (see Methods). The results are
presented in Figure 9 and Supplementary Material
Table S1. For SSU rDNA phylogenies based on 128
sequences, the hypotheses on the monophyly of
archigregarines and various positions of this combined lineage (Ag1 + Ag2 + Ag3 + Ag4) within the
cryptosporidian-gregarine clade and sisterly to it
were tested under the assumptions of monophyly
or polyphyly of eugregarines (Fig. 9A). In addition
to the resulting phylogenetic trees exhibiting the
archigregarine paraphyly (see above), two of the
four alternative SSU rDNA phylogenies containing
monophyletic archigregarines were found not to be
rejected by any test; this contradicts the results
obtained by Rueckert and Horák (2017). Both these
phylogenies included monophyletic eugregarines:
(i) monophyletic archigregarines as a sister group
either to monophyletic eugregarines (which means
the monophyly of the gregarines as a whole) or
(ii) to the clade comprising cryptosporidians and
monophyletic eugregarines. All the tests rejected
simultaneous monophyly of archigregarines and
polyphyly of eugregarines (Fig. 9A and Supplementary Material Table S1).
For the LSU rDNA- and ribosomal operon-based
phylogenies, the phylogenetic position of the only
available archigregarine sequence, S. pygospionis
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Figure 7. Bayesian inference tree of alveolates inferred from the dataset of 128 SSU rDNA sequences and
1,550 sites under the GTR +  + I model. Numbers at the nodes indicate Bayesian posterior probabilities (numerator) and ML bootstrap percentage (denominator). Black dots on the branches indicate Bayesian posterior
probabilities and bootstrap percentages of 0.95 and 90% or more, respectively. The newly obtained sequences
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from P. elegans, was examined, and the same set of
topologies was used (Fig. 9B and C, and Supplementary Material Table S1). Congruently to SSU
rDNA-based phylogenies, the hypothesis of its sister position to monophyletic eugregarines was not
rejected by any test among the phylogenies based
both on LSU rDNA (Fig. 9B) and on the ribosomal operon (Fig. 9C). All the other topologies were
rejected by all tests among LSU rDNA-based phylogenies but among operon-based phylogenies the
polyphyly of eugregarines was not rejected in the
case when the archigregarine was a sister lineage
to the eugregarine clade Eg2 and cryptosporidians
were a sister group to the clade Eg1, i.e. as in the
SSU rDNA reference tree.
Summing up, the monophyletic archigregarines
as a sister group to the monophyletic eugregarines
was the only possible alternative topology (permitted by all the tests) shared by the phylogenies
based on all the three genetic markers used (SSU
rDNA, LSU rDNA, and ribosomal operon phylogenies). However, the number of sequences in the
LSU rDNA/ribosomal operon database is signiﬁcantly lower than in the SSU rDNA database and
is still insufﬁcient to make valid comparisons and
meaningful conclusions.

Discussion
Justiﬁcation of Newly Described Species
Selenidium pygospionis sp. n.
There are currently eleven species of archigregarines inhabiting polychaetes of the family
Spionidae (Dibb 1938; de Faria et al. 1917;
Fowell 1936a,b; Ganapati 1946; Giard 1884; Levine
1971; Ray 1930; Reichenow 1932; Wakeman and
Leander 2012). They are described in varying
degree of detail; in particular, only three species
have been examined by electron microscopy:
Selenidium pendula, S. boccardiellae, and S.
pygospionis sp. n. (Rueckert and Horák 2017;
Schrével et al. 2016; Wakeman and Leander 2012;
this study). Most of these archigregarines belong to
the genus Selenidium, one archigregarine belongs
to the genus Selenocystis (S. foliata). However,
Selenidium foliatum Ray, 1930 is suggested to be
a synonym of S. foliata Dibb, 1938 (Desportes

and Schrével 2013; Dibb 1938; Schrével 1970).
We also suspect that Selenidium intraepitheliale
Reichenow, 1932 may be a synonym of S. spionis
(Kolliker, 1945) Ray, 1930 as these archigregarines
parasitizing the same host are identical (Levine
1971; Ray 1930; Reichenow 1932; Schrével 1970).
The resulting combinations of archigregarines from
spionid polychaetes are presented in Supplementary Material Table S2. Additionally, three
Selenidium species were reported from the spionid
polychaetes Dipolydora coeca (Caullery and Mesnil
1899), Spio ﬁlicornis (Caullery and Mesnil 1901),
and Pygospio elegans (Caullery and Mesnil 1899;
Reichenow 1932) without species descriptions.
The archigregarines from spionids are usually
characterized by a high frequency and a middle
intensity of parasite infection (Douglass and Jones
1991). Merogony was reliably shown only in S.
axiferens (Fowell 1936b). At the same time, the
presence of numerous individuals of an archigregarine in a spionid polychaete was considered as
an indirect evidence of the presence of merogony
in their life cycle (Schrével et al. 2016). They usually
have a vermiform, more or less ﬂattened cell, with
a knob-shaped (dome-shaped) mucron. Some of
them, including the type species S. pendula, have
an optically distinct cytoplasm arranged along the
cell axis, around the nucleus and in the radials running to the cell periphery (Desportes and Schrével
2013; Fowell 1936a,b; Ray 1930; Rueckert and
Horák 2017).
Trophozoites of Selenidium pygospionis sp. n.
isolated from Pygospio elegans polychaetes in
this study were somewhat similar with S. spionis, S. intraepitheliale, S. martinensis, parasitizing
in various hosts, in cell size, cell shape, and in
the number of longitudinal folds (Levine 1971;
Ray 1930; Reichenow 1932; Supplementary Material Table S2). However, the trophozoites of S.
pygospionis were easy to distinguish from other
species of Selenidium by their hook-like anterior
end. Therefore, we established a new species
for these archigregarines using host-speciﬁc and
morphological characteristics as well as molecularphylogenetic markers.
The molecular-phylogenetic analyses revealed
an almost full identity (two substitutions per
1,610 bp) of sequences from archigregarines isolated from the polychaetes P. elegans of the

of Selenidium spp. are highlighted by black. Single asterisks indicate “Selenidioides” spp. and double asterisks
– “Selenidium” spp. as proposed in the revision by Levine (1971). The information about the host taxonomical
afﬁliations is given in gray.
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Figure 8. Bayesian inference trees of alveolates inferred from the datasets of 53 taxa under GTR +  + I model
for, A, LSU rDNA (2,913-sites dataset); B, ribosomal operon (4,618-sites dataset). Numbers at the nodes
indicate Bayesian posterior probabilities (numerator) and ML bootstrap percentage (denominator). Black dots
on the branches indicate Bayesian posterior probabilities and bootstrap percentages of 0.95 and 90% or more,
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Figure 9. Tested alternative topologies of phylogenetic trees. A, testing archigregarine monophyly on alternative topologies for the SSU rDNA phylogenies (the dataset of 128 taxa and 1,550 sites). The scheme below the
raw of the alternative topologies shows the structure of the artiﬁcially composed monophyletic archigregarine
clade. B and C, testing phylogenetic position of the archigregarine Selenidium pygospionis from Pygospio
elegans on alternative topologies for the (B) LSU rDNA phylogenies (the dataset of 53 taxa and 2,913 sites)
and (C) ribosomal operon phylogenies (the dataset of 53 taxa and 4,618 sites). Permissible topologies (not
discarded by all tests) are marked by numbers within circles. Abbreviations: Ag1, archigregarines (the subclade
numbers in the scheme correspond those in Fig. 8); Eg1 and 2, eugregarine clades (short- and long-branching,
respectively; see Figs 8 and 9); Cr, cryptosporidia; C, coccidiomorphs (Coccidia and Hematozoa); S.p., the
sequences of S. pygospionis.

respectively. The newly obtained sequences of the archigregarine Selenidium pygospionis is highlighted by
black. Accession numbers in the tree B are arranged in following order: SSU rDNA, 5.8S (if not available then
“–”), LSU rDNA.
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White Sea and Polydora glycymerica of the Sea
of Japan. This means that these archigregarines,
though isolated from hosts from geographically
distinct regions, belong to the same species, S.
pygospionis. We also suspect that Selenidium sp.
from P. elegans (former P. seticornis) collected
near Plymouth, the English Channel (Caullery and
Mesnil 1899; Reichenow 1932), is S. pygospionis
described in the present study. These data indicate
that the biogeographic distribution of archigregarines may be extensive and that the systematic
principle “new host – new species”, sometimes
used for gregarines (Levine 1971), should be
applied to archigregarines with caution.
We believe that the archigregarine recently found
to harbor the microsporidium Metchnikovella dogieli
(Paskerova et al. 2016) is likely to be S. pygospionis since it had been sampled at the same
site where samples for the present study were
taken. Metchnikovellidean microsporidia, inhabiting
both archigregarines and eugregarines (Desportes
and Schrével 2013; Mikhailov et al. 2017; Rotari
et al. 2015; Sokolova et al. 2013, 2014), appear to
possess a universal complex of adaptations (mechanisms of invasion, life cycles, metabolic strategies,
etc.) allowing them to parasitize in structurally different gregarines.
Selenidium pherusae sp. n.
Only four archigregarine species have been known
to parasitize polychaetes of the family Flabelligeridae (Bogolepova 1953; Castellon and Gracia
1988; Kuvardina and Simdyanov 2002; Simdyanov
1992; Tuzet and Ormières 1958; Tuzet and
Ormières 1965). The resulting combinations of
archigregarines from ﬂabelligerid polychaetes are
presented in Supplementary Material Table S3.
All of them belong to the genus Selenidium, and
almost all have a longitudinally folded cortex,
except S. pennatum which has two lateral vanes or
ridges (Simdyanov 1992). Only one archigregarine
species has been described from the polychaete
Pherusa plumosa, S. curvicollum (Bogolepova
1953). Its trophozoites have 13–15 cortical grooves
per side and a large, curved proboscis-like anterior
end. The archigregarine described in the present
study parasitizes the intestine of the polychaete Ph.
plumosa; however, it lacks any folds at the surface and has a small, slightly truncated mucron.
Hence, we consider it as a new species, Selenidium
pherusae sp. n.

Nutrition of Archigregarines
Myzocytotic feeding (myzocytosis), i.e. sucking the
host cell cytoplasm via a well-developed apical
complex, was found in S. hollandei, S. pendula and
S. orientale (Schrével 1968, 1971b; Schrével et al.
2016; Simdyanov and Kuvardina 2007). It is thought
that myzocytosis is common in archigregarines
(Desportes and Schrével 2013; Schrével et al.
2016; Simdyanov and Kuvardina 2007; Wakeman
and Horiguchi 2018; Wakeman et al. 2014). In the
mucron of S. pygospionis and S. pherusae, we
observed the organelles of the apical complex such
as the conoid, the mucronal vacuole, rhoptries, and
micronemes. Additionally, a series of connected
vacuoles arranged along the cell axis and around
the nucleus was present in S. pygospionis. We suggest that the axial streak of S. pygospionis, well
visible in living archigregarines under a light microscope, is a system of the observed (presumably
digestive) vacuoles originating in the mucron during the myzocytosis and transporting nutrients from
the anterior to the posterior end along the cell axis.
To note, numerous vacuoles around the nucleus
have also been found in the cytoplasm of S. pendula (Schrével 1970, 1971a). These vacuoles may
be a component of a similar system of digestive
vacuoles.
Different cytoplasmic vesicles containing some
multi-membranous whorls or dense material and
located in the ectoplasm near the pellicle or
inserted in the inner membrane complex were
previously observed in several Selenidium spp.
(Schrével 1971a; Schrével et al. 2016; Wakeman
and Horiguchi 2018). It was suggested that these
structures might be involved in a surface-mediated
nutrition present alongside with the nutrition via
the typically organized micropores (Wakeman and
Horiguchi 2018).
The heterogeneity of the organelles’ distribution
(narrow electron-translucent spaces lacking any
visible organelles) observed in the cytoplasm of S.
pygospionis may point to the presence of microﬁlaments similar to those demonstrated around the
nucleus in S. pendula and S. hollandei (Schrével
1971a). Putative digestive vacuoles and coexisting
microﬁlaments may play a role in the transport of
nutrients from the anterior to posterior end during
myzocytotic feeding.
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Motility of Archigregarines
In general, archigregarines show different types
of movement such as bending, twisting, coiling,
rolling, and pendular motility. Some of them can
also contract their cell. These movements were
often likened to those of nematode worms (Fowell
1936a,b; Gunderson and Small 1986; Leander
2007, 2008b; Mellor and Stebbings 1980; Schrével
1971a,b; Schrével et al. 1974, 2016; Stebbings
et al. 1974; Wakeman et al. 2014). Both archigregarines described in the present study can move
by forming 1–4 (in S. pygospionis) or only one
(in S. pherusae) bending sections along the cell
but never contract. Additionally, as it can be easily seen in ﬂattened trophozoites of S. pygospionis,
their bending motility is generated only in one cell
plane. We propose to refer to this type of motility
as a nematode-like bending, where the alternate
sides (ﬂattened sides in S. pygospionis or body
halves in S. pherusae) act antagonistically in the
bending sections forming in a single plane of the
cell. It is similar to the pendular motility of S. pendula, where one bend is generated in the anterior
part of the cell and runs to the posterior one, but
considerably different from the bending motility of
other Selenidium spp. (e.g. S. hollandei, S. sabellariae), where bends, generated in different cell
planes, can combine with contraction and twisting
of the cell in different cell sections (Desportes and
Schrével 2013; Rueckert and Horák 2017; Schrével
1967, 1970). The character of archigregarine motility may reﬂect the dynamics and architecture of the
cytoskeleton.
Nematode-like bending is an evidence in favour
of the general hypothesis about motility of Selenidium spp. postulating that the three-membrane
pellicle and the longitudinal microtubules are
skeletal and motile units representing together
a unicellular analogue of the musculocuticular
system of nematodes (Leander 2007, 2008b;
Stebbings et al. 1974). A similar motility mechanism was also demonstrated in the blastogregarine
Siedleckia nematoides. It performs pendular, twisting, undulating movements and possesses the
longitudinal microtubules organized in a layer or layers under the trimembrane pellicle (Valigurová et al.
2017). To note, the axial streak together with putative microﬁlaments may also be involved in the cell
motility as an additional skeletal element helping
to reverse movement and maintenance of the cell
shape in bends as suggested by the concept of the
statomotor system (Fowell 1936b).

According to the previous authors, the dynamic
motility of archigregarines and blastogregarines
is correlated with the number of mitochondria
located directly beneath the subpellicular microtubules (Desportes and Schrével 2013; Leander
2006, 2007; Mellor and Stebbings 1980; Schrével
1971b; Stebbings et al. 1974; Valigurová et al.
2017). Our observations of the ultrastructure of both
studied archigregarines may lend further support
to this idea. An actively bending (up to 4 bends
at a time) S. pygospionis has numerous mitochondria arranged in a layer beneath the subpellicular
microtubules, while a less pronouncedly bending
(only one bend at a time) S. pherusae has fewer
mitochondria.

Intracellular Development in Selenidium
pygospionis sp. n.
We observed small cells of putative S. pygospionis localized within the parasitophorous vacuoles
in the host enterocytes. Intracellular young trophozoites were also found in other archigregarines
such as Selenidium spionis, S. mesnili, S. foliatum,
and S. cauleryi (Ray 1930). An intracellular localization may be an initial stage of the trophozoite
development in some archigregarines. As trophozoites grow, the host cells are destroyed, and the
location of the parasites becomes extracellular. In
the case of S. pygospionis, well-developed and
extracellularly localized trophozoites are anchored
between the host intestinal epithelium folds by their
hook-like anterior end. We do not know whether
they form any attachment site with the host cell
at some period of their development. Intra-tissue
stages mentioned in the description of S. spionis
and S. foliatum (Caullery and Mesnil 1899, 1901;
Ray 1930) as a few full-grown individuals embedded in the intestine wall tissue under the epithelial
layer and lying parallel to the host longitudinal axis
can be regarded as an abnormal and occasional
development of trophozoites.
Notes on the Taxonomy and Phylogeny of Archigregarines
Levine (1971) proposed to divide the genus
Selenidium into two genera based on the presence/absence of merogony in the life cycle. He
established a new genus, Selenidioides, for gregarines with merogony and assigned it to the
archigregarines. The species without merogony (or
in which merogony was unknown) were transferred
to the eugregarines within the genus Selenidium.
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In his opinion (Levine 1971), the data on ultrastructure and life cycles of archi- and eugregarines
available at that time (MacGregor and Thomasson
1965; Schrével 1966, 1970, 1971a,b; Vávra 1969;
Vivier and Schrével 1964, 1966; Vivier et al. 1970;
etc.) were insufﬁcient for the separation of these two
groups. Levine’s classiﬁcation has become popular
and has been applied in some revisions on protists and taxonomic databases (Perkins et al. 2000;
WoRMS).
Available molecular phylogenetic evidence
(Rueckert and Horák 2017; Rueckert and Leander
2009; Schrével et al. 2016; Wakeman and
Horiguchi 2018; Wakeman and Leander 2012,
2013; Wakeman et al. 2014) and the results of this
study show that the archigregarines are separated
into several phylogenetic lineages. However, this
separation does not correspond to the taxonomical
action proposed by Levine. On one hand, the
type species of the genus Selenidium, S. pendula,
belong to the clade Ag1 (“true Selenidiidae” as
proposed by Schrével et al. (2016)) together with
representatives of the “Selenidioides” group, S.
mesnili and S. hollandei. On the other hand, some
gregarines of the “Selenidium” group, S. terebellae,
S. fallax, and S. orientale, belong to the clades Ag2,
Ag3, and Ag4 respectively, not to the clade Ag1
(Fig. 7). Thus, the taxonomical approach proposed
by Levine (1971) for archigregarines should be
abolished together with the genus Selenidioides
Levine, 1971 as has already been suggested
by different authors (Rueckert and Horák 2017;
Rueckert and Leander 2009; Schrével et al. 2016;
Wakeman and Leander 2012).
Overall, the molecular phylogeny of the archigregarines based on the available DNA sequences is
largely congruent with the taxonomical afﬁliations of
their hosts (Schrével et al. 2016; this study). Indeed,
archigregarines of the lineage Ag4 inhabit polychaetes of the family Terebellidae, archigregarines
of the lineage Ag2 occur in sipunculid hosts, while
most Selenidium spp. of the lineage Ag1 parasitize
in different sedentary polychaetes (Fig. 7), however, their grouping in subclades within this clade
also agrees well with the taxonomical afﬁliations
(families) of hosts. We consider that this reﬂects in
various degrees some aspects of host-parasite coevolution, which may become an important subject
of research in the future.
The macrosystem of archigregarines is questionable because of the issue of their monophyly,
unresolved both in terms of the molecular phylogeny and the classic cladistic approach based
on morphology. The morphology-based hypothesis
about the monophyly of Selenium-like archigre-

garines is difﬁcult to substantiate in terms of
cladistics, as all their ultrastructural key features
(the ultrastructure of the cortex and mucron)
appear to be symplesiomorphies (the aforementioned morphostasis) rather than synapomorphies.
Apart from Selenidium spp., morphologically different representatives of the genera Ditrypanocystis,
Exoschizon, Merogregarina, Meroselenidium, and
Selenocystis have also been afﬁliated to archigregarines (Desportes and Schrével 2013; Perkins
et al. 2000). They are intestinal parasites of polychaetes and sipunculids as well as of colonial
ascidians and oligochaetes. No molecular phylogenetic evidence from these parasites is currently
available (Desportes and Schrével 2013) and
electron-microscopic data are extremely scanty
(Butaeva et al. 2006). Some of these organisms
may be neither archigregarines nor even gregarines. A demonstrative example is the case of
Platyproteum (formerly Selenidium) vivax and Filipodium fascolosomae, gregarine-like organisms,
which have been shown to be an independent lineage of Myzozoa, so-called “squirmids”
(Cavalier-Smith 2014; Rueckert and Leander
2009). Both parasites are capable of very dynamic
cellular deformations referred to as the peristaltic
motility (metaboly) (Gunderson and Small 1986;
Leander 2006; Rueckert and Leander 2009). Since
this is dissimilar to the real squirming, we prefer to
call this lineage “platyproteids” (Fig. 7) instead of
“squirmids” proposed by Cavalier-Smith (2014).
The SSU rDNA-based phylogenies (CavalierSmith 2014; Cavalier-Smith and Chao 2004;
Grassé 1953; Rueckert and Leander 2009;
Rueckert and Horák 2017; Schrével et al. 2016;
Wakeman and Horiguchi 2018; Wakeman and
Leander 2012, 2013; Wakeman et al. 2014; this
study) reveal archigregarines as a paraphyletic
group, although their deep branching is actually unresolved and shows weak nodal supports.
The test of alternative topologies, provided in this
study, did not reject archigregarine monophyly,
but only within the framework of the hypothesis
that eugregarines were monophyletic too (Fig. 9A).
Thus, the phylogenetic analyses of the SSU rDNA
yield ambiguous results. As explained previously
(Simdyanov et al. 2017), SSU rDNA-based phylogenies appear to be of little use for resolving the
deep branching order of gregarines and apicomplexans altogether. This is likely a consequence
of an explosive evolutionary radiation of gregarines and/or rapid evolution of their SSU rDNA
sequences. The LSU rDNA and near-complete
rDNA operon provide an increased phylogenetic
resolution over SSU rDNA and could be useful in
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advancing the phylogeny and taxonomy of archigregarines and gregarines in general (Simdyanov et al.
2015, 2017). Unfortunately, only one archigregarine
LSU rDNA sequence is now available (this study),
and it even forms a long branch, so that its position
in the obtained phylogenies might be affected by the
long branch attraction artifact. An enhanced taxon
sampling of archigregarine LSU rDNA sequences
is necessary for more substantial conclusions, with
special attention to short-branching species, representatives of the lineages Ag2, Ag3, and Ag4.
Multigenic phylogenies including a broad representative sampling of archigregarines could provide the
ultimate test of the hypotheses about the evolution
within Apicomplexa.

Taxonomic Summary
Phylum Apicomplexa Levine, 1970
Subphylum Sporozoa Leuckart, 1879
Class Gregarinomorpha Grassé, 1953, emend.
Simdyanov et al., 2017
Order Archigregarinida Grassé, 1953
Family Selenidiidae Brasil, 1907
Genus Selenidium Giard, 1884

non-attached trophozoites and syzygy partners
moving by nematode-like bending (formation of
bends in a single plane of cell).
DNA sequences. SSU, ITS1, 5.8 S, ITS2, and
LSU rDNA sequences for individuals, isolated from
the polychaetes Pygospio elegans (White Sea)
(GenBank MH061278) and SSU rDNA – from the
polychaetes Polydora glycymerica (Sea of Japan)
(GenBank MH061279).
Type material (syntypes). Resin blocks and ﬁxed
slides containing archigregarines and pieces of
infected host intestine deposited in the collection of
Department of Invertebrate Zoology, St Petersburg
State University; Figures 1–4 (this publication)
show some of the syntypes.
Hosts and localities. Polychaetes Pygospio
elegans Claparède, 1863 (Spionidae, Polychaeta);
Bolshoy Goreliy Island, Keret’ Archipelago, Chupa
Inlet, Kandalaksha Bay, White Sea, 66◦ 18.770 N;
33◦ 37.715 E; Velikaja Salma, Kandalaksha Bay,
White Sea, 66◦ 33.200 N, 33◦ 6.283 E. Polychaetes
Polydora glycymerica Radashevsky, 1993 (Spionidae, Polychaeta); Peter the Great Bay, Sea of
Japan, 42◦ 53 29 N, 132◦ 44 07 E.
Location within host. Intestine (midgut and
hindgut).
Etymology. Species name, pygospionis, refers to
the genus name of one of the hosts.

Selenidium pygospionis sp. n.
Diagnosis. Trophozoites aseptate, elongated and
slightly ﬂattened with narrowed ends, embedded
in the host intestinal epithelium (extracellular or
intracellular location) or freely localized in the
intestinal lumen. Anterior end usually hook-like,
bent towards one of the wide sides. Mucron
naked, dome-shaped. Trophozoites measuring
34 to 288 m (average 144 m, mode 146 m,
n = 79) in length, 4 to 25 m (average 12 m,
mode 11 m, n = 76) in width. Cell surface with
22–30 (usually 28, n = 12) broad and low folds
separated by grooves. 10–12 grooves per ﬂattened
side and 1–3 grooves per narrow side. Nucleus
oval, 6–22 m (av. 17 m, n = 40) × 5–11 m (av.
8.4 m, n = 26), located in the widest part and
expanding along the longitudinal axis of the cell.
Single nucleolus situated in nucleus part facing
anterior end. Intracellular axial streak of optically
distinct cytoplasm expanding from anterior to
posterior end and forming expansion around
nucleus and numerous radial threads toward cell
periphery. Syzygy caudo-caudal. Attached or

Selenidium pherusae sp. n.
Diagnosis. Trophozoites aseptate, vermiform.
Anterior end narrowed, slightly truncated; posterior end pointed in young or rounded in
mature individuals. Cell surface smooth, without well-developed folds or grooves. Trophozoites
measuring 38–269 m (n = 6) in length, 10–18 m
(n = 4) in width. Nucleus spherical (11–12 m,
n = 2), located in the widest part of the posterior half
of the cell, with the single nucleolus. Attached and
detached trophozoites exhibiting bending motility.
DNA sequences. SSU rDNA sequences (GenBank MH061278).
Type material (syntypes). Resin blocks and ﬁxed
slides containing archigregarines and pieces of
infected host intestine deposited in the collection of
the author TGS, Department of Invertebrate Zoology, Lomonosov Moscow State University; Figures
5–6 (this publication) show some of the syntypes.
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Host and locality. Polychaetes Pherusa plumosa
(Müller, 1776) (Flabelligeridae, Polychaeta); Peter
the Great Bay, Sea of Japan, 42◦ 53 29 N,
132◦ 44 07 E.
Location within host. Midgut.
Etymology. The species name, pherusae, refers
to the genus name of the host.

Methods
Collection of polychaete hosts and isolation of gregarines:
Polychaetes Pygospio elegans Claparède, 1863 (Spionidae,
Polychaeta) were collected at two sites of the littoral zone
near the Marine Biological Station of St Petersburg State
University (Bolshoy Goreliy Island, Keret’ Archipelago, Chupa
Inlet, Kandalaksha Bay, White Sea, 66◦ 18.770 N; 33◦ 37.715 E)
and the White Sea Biological Station of Lomonosov Moscow
State University (Velikaja Salma, Kandalaksha Bay, White Sea,
66◦ 33.200 N, 33◦ 6.283 E) during the summers of 2002–2015
years.
Polychaetes Polydora glycymerica Radashevsky, 1993 (Spionidae, Polychaeta) boring shell walls of the living bivalves
Glycymeris yessoensis (G. B. Sowerby III, 1889) and polychaetes Pherusa plumosa (Müller, 1776) (Flabelligeridae,
Polychaeta) inhabiting druses of the Far East mussels Crenomytilus grayanus (Dunker, 1853) were collected by SCUBA
divers in 2007 near Vostok biological station, National Scientiﬁc
Center of Marine Biology, Russian Academy of Sciences (Peter
the Great Bay, Sea of Japan, near Nakhodka, 42◦ 53 29 N,
132◦ 44 07 E).
Prior to dissection, the examined animals were stored in
small containers (about 50 worms per 250 ml container) at
+10 ◦ C with periodically changed seawater. The polychaetes
were cultured up to a month. Dissection of polychaetes and
isolation of parasites were performed with the help of ﬁne needles and hand-drawn glass pipettes under a stereomicroscope
(MBS-10, Russia). The released parasites or small fragments
of the host intestine with attached gregarines were rinsed thrice
with seawater ﬁltered through Millipore (0.22 m), then prepared for light microscopy or ﬁxed for electron microscopy.
Individual cells were also subjected to DNA extraction.
Light microscopy: More than 100 polychaetes of P. elegans were investigated in squash preparations [compressing
of a polychaete specimen between the object and cover slides
before microscopic analysis] (Fig. 1A–B, D–M). Separate archigregarines isolated from the intestines of P. elegans (Fig. 1C,
N–Q), P. glycymerica (data not shown) and Ph. plumosa
(Fig. 5A) were also investigated in living preparations. All preparations were investigated with the use of a series of light
microscopes equipped with different digital cameras: a MBR-1
microscope (LOMO, Russia) equipped with phase contrast and
connected to a Canon EOS 300D digital camera; a Zeiss microscope (Carl Zeiss, Germany) connected to a Nikon Coolpix
7900 camera; a Zeiss Axio Imager.A1 connected to an AxioCam MRc5 digital camera (Carl Zeiss, Germany); a Leica DM
2500 microscope equipped with DIC optics and Plan-Apo objective lenses and connected to a DFC 295 digital camera (Leica,
Germany).
Several individuals of S. pherusae from polychaetes Ph.
plumosa were ﬁxed with 3% formaldehyde in seawater, stained

with Carazzi’s hematoxylin and examined under a Zeiss microscope connected to a Nikon Coolpix 7900 camera (Fig. 5B).
Electron microscopy: Small pieces of the polychaete intestine with attached archigregarines or free archigregarines
released from the host gut lumen were ﬁxed in 2.5% glutaraldehyde in 0.2 M cacodylate buffer with/without 0.05% MgCl2 (pH
7.4, ﬁnal osmolarity 720 mOsm) for 1–4 h, washed in ﬁltered
seawater and postﬁxed in 1–2% osmium tetroxide in the same
buffer for 1–2 h. The entire procedure of ﬁxation was performed
at +4 ◦ C. Fixed samples were dehydrated in an ascending
ethanol series. Some of them were additionally transferred to
an ethanol/acetone mixture and rinsed in pure acetone before
the following procedure. For SEM, the ﬁxed and dehydrated
samples were critical point dried in liquid CO2 and then coated
with gold or platinum. The samples were investigated with a Tescan MIRA3 LMU scanning electron microscope (TESCAN Brno,
Czech Republic), JSM-7401F (JEOL, Japan), FEI Quanta 250
(Thermo Fisher Scientiﬁc, Netherlands) and Hitachi S-405A
scanning electron microscope (Hitachi, Japan) (Figs 2, 5C, D).
For TEM, ﬁxed and dehydrated samples were embedded in
Epon-Araldite or Epon blocks. They were sectioned with ultramicrotomes Leica EM UC6 and Leica EM UC7 (Leica, Germany).
Ultra-thin sections were stained according to standard protocols (Reynolds, 1963) and examined using a JEM 2100 (JEOL,
Japan), TEM–1010 (JEOL, Japan), and LEO 910 (Carl Zeiss,
Germany) electron microscopes equipped with a digital or ﬁlm
cameras. In total, more than 20 gregarines from P. elegans
(Figs 3, 4A–C, F, G), about ﬁve gregarines from P. glycymerica
(data not shown) and ﬁve gregarines from Ph. plumosa (Fig. 6)
were sectioned and examined by TEM.
Ten entire worms of P. elegans were ﬁxed in Bouin’s solution. The material was dehydrated in a graded alcohol series,
inﬁltrated in a graded series of chloroform-Histomix and ﬁnally
embedded in Histomix parafﬁn wax (BioVitrum, Russian Federation). Serial sagittal or coronal sections were prepared on
a Microm HM 360 rotary microtome (0.1–1 mm in thick). Sections were mounted on the object slides. The preparations were
deparafﬁnized in xylol and then washed in acetone. After critical point drying in liquid CO2 and coating with gold, they were
observed under a Tescan MIRA3 LMU scanning electron microscope (TESCAN Brno, Czech Republic) (Fig. 4D, E).
DNA isolation, PCR and sequencing: Trophozoites of the
gregarine Selenidium pygospionis, about 100 cells isolated
from the polychaete P. elegans (Bolshoy Goreliy Island, Kandalaksha Bay, White Sea, 2009), were ﬁxed and stored in
RNAlater stabilization solution (Life Technologies, USA). DNA
extraction of this sample was performed with the Diatom DNA
Prep 200 kit (Isogen, Russia). About ten trophozoites and one
syzygy of S. pygospionis isolated from polychaetes P. glycymerica (Peter the Great Bay, Sea of Japan, 2007) were rinsed with
seawater, deposited into 1.5-ml microcentrifuge tubes and then
were lyzed by the alkaline procedure (Floyd et al. 2002). In a
similar manner, 25 trophozoites of the gregarine S. pherusae
isolated from polychaete Ph. plumosa (Peter the Great Bay,
Sea of Japan, 2007) were lysed. The lysates obtained in two
last cases were directly used in PCR.
The nucleotide sequences of S. pygospionis from P. elegans
and S. pherusae were ampliﬁed in several PCRs with different pairs of primers (Table 1 and Supplementary Material Fig.
S1). A set of overlapping fragments (I–IV and VI–VII, respectively; see Supplementary Material Fig. S1) encompassing SSU
rDNA, ITS 1 and 2, 5.8S rDNA, and LSU rDNA was obtained.
For S. pygospionis from P. glycymerica, only one fragment (V)
containing the near complete SSU rDNA was PCR-ampliﬁed
(Table 1 and Supplementary Material Fig. S1). All PCRs were
performed with an Encyclo PCR kit (Evrogen, Russia) in a total
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volume of 25 l using a DNA Engine Dyad thermocycler (BioRad) and the following protocol: initial denaturation at 95 ◦ C for
3 min; 40 cycles of 95 ◦ C for 30 sec, annealing at 45 ◦ C (fragments I, II, V, and VI) or 50 ◦ C (fragments III, IV, and VII) for
30 sec, and extension at 72 ◦ C for 1.5 min; and ﬁnal extension
at 72 ◦ C for 10 min. PCR products of the expected size were gelisolated by a Cytokine DNA isolation kit (Cytokine, Russia). For
fragments I, II, and IV–VII, the PCR products were sequenced
directly. Fragment III was cloned by using an InsTAclone PCR
Cloning Kit (Fermentas, Lithuania) because the corresponding
PCR product was heterogeneous. Sequences were obtained by
using an ABI PRISM BigDye Terminator v. 3.1 reagent kit and an
Applied Biosystems 3730 DNA Analyzer for automatic sequencing. After assembling the read fragments with the use of the
BioEdit 7.0.9.0 program (Hall 1999), the resulting contiguous
sequences were deposited in GenBank (accession numbers:
MH061278–80).
Molecular phylogenetic analysis: Four nucleotide alignments were prepared for phylogenetic analyses: SSU (18S)
rDNA (128 and 53 sequences), LSU (28S) rDNA, and ribosome
operon (concatenated SSU, 5.8S, and LSU rDNA sequences).
The alignments were generated in the MUSCLE 3.6 program
(Edgar 2004) and manually adjusted with the use of the BioEdit
7.0.9.0 program (Hall 1999): gaps, columns containing few
nucleotides and hypervariable regions were removed. The ﬁnal
length of the alignments was 1,550 bp. The taxon sampling of
128 sequences alignment was designed as to maximize the
phylogenetic diversity and the completeness of sequences in
the alignments. Representatives of heterokonts and rhizarians
were used as outgroups. The “reduced” SSU rDNA alignment
(53 sequences, 1,550 sites) was used as a constituent part of
the concatenated ribosomal operon dataset and, consequently,
covered the same taxon sampling.
For the LSU rDNA and ribosomal operon (concatenated
SSU, 5.8S, and LSU rDNAs) analyses, taxon sampling of
only 53 sequences were used due to the limited availability
of data for LSU rDNA and, especially, 5.8S rDNA. Therefore, the 5.8S rDNA (155 sites in the alignment) was rejected
from the analysis of concatenated rDNA genes for seven
sequences (Chromera velia, Colponema vietnamica, Goussia
desseri, Stentor coeruleus, and 3 environmental sequences:
Ma131 1A38, Ma131 1A45, and Ma131 1A49): the corresponding 155 positions were replaced with “N” in the ﬁnal ribosomal
operon dataset. The resulting datasets contained 53 sequences
(2,913 sites) for the LSU rDNA and the concatenated rDNA
sequences (4,618 sites) of the same 53 taxa for the ribosomal
operon. Thus, both taxon samplings comprised an identical set
of species, all of which were also represented in the alignment
of the 128 SSU rDNA sequences.
Maximum-likelihood (ML) analyses were performed with the
RAxML 7.2.8 program (Stamatakis 2006) under the GTR + 
model and CAT approximation (25 rate categories per site).
The procedure included 100 independent runs of the ML analysis and 1,000 replicates of multiparametric bootstrap. Bayesian
inference (BI) analyses were conducted with the MrBayes 3.2.6
program (Ronquist and Huelsenbeck 2003) under GTR +  + I
model with eight categories of discrete gamma distribution.
The program was set to operate under the following parameters: nst = 6, ngammacat = 6, rates = invgamma; the parameters
of Metropolis Coupling Marcov Chains Monte Carlo (mcmc):
nchains = 4, nruns = 4, temp = 0.2, ngen = 10,000,000, samplefreq = 1,000, burninfrac = 0.5 (the ﬁrst 50% of the 20,000
sampled trees, i.e., the ﬁrst 5,000, were discarded in each
run). The following averages and standard deviations of split
frequencies were obtained: 0.014059 for the SSU rDNA analysis, 0.001084 for the LSU rDNA analysis, and 0.001113 for

the ribosomal operon concatenated analysis. The calculations
of bootstrap support for the resulting Bayesian trees were performed with the use of the RAxML 7.2.8 program under the
same parameters as for the ML analyses (see above).
Alternative tree topologies were manually created and edited
with the use the TreeView 1.6.6 program (Page 1996). The reference trees topologies of SSU rDNA (128-taxon dataset), LSU
rDNA, and ribosomal operons (53-taxon datasets each) were
copied from the trees showed in Figures 7 and 8. Alternative
topologies of SSU rDNA phylogenies were constructed by combining all Selenidium-like archigregarines in a single clade (see
Fig. 9A) followed by positioning this clade within the sporozoans
clade successively as a sister group to the cryptosporidians
and eugregarine clades Eg1 and Eg2 under assumptions of
either their monophyly or polyphyly, or as a sister group to
the combined clade cryptosporidians + eugregarines (monophyletic or polyphyletic variants). The eugregarine clades Eg1
and Eg2 were picked out as repeatedly recovered in the
reference trees and published phylogenies. Alternative topologies of LSU rDNA and ribosomal operon phylogenies were
constructed in the same way, but with the use of the only
archigregarine sequence (S. pygospionis from P. elegans) available to date. Topology tests were performed in Moscow State
University with TREE-PUZZLE 5.3.rc16 and CONSEL 0.1j
programs (Schmidt et al. 2002; Shimodaira and Hasegawa
2001). The following tests were used: bootstrap probability (Felsenstein 1985); expected-likelihood weights (Strimmer
and Rambaut 2002); Kishino–Hasegawa test (Kishino and
Hasegawa 1989); Shimodaira–Hasegawa test (Shimodaira
and Hasegawa 1999); weighted Shimodaira–Hasegawa Test
(Shimodaira and Hasegawa 1999); approximately unbiased test
(Shimodaira 2002).
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