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Until now, Hemistasia phaeocysticola was the only representative of the monogeneric family Hemis-
tasiidae available in culture. Here we describe two new axenized hemistasiids isolated from Tokyo Bay,
Japan. Like in other diplonemids, cellular organization of these heterotrophic protists is characterized
by a distinct apical papilla, a tubular cytopharynx contiguous with a deep flagellar pocket, and a highly
branched mitochondrion with lamellar cristae. Both hemistasiids also bear a prominent digestive vac-
uole, peripheral lacunae, and paraflagellar rods, are highly motile and exhibit diverse morphologies in
culture. We argue that significant differences in molecular phylogenetics and ultrastructure between
these new species and H. phaeocysticola are on the generic level. Therefore, we have established
two new genera within Hemistasiidae — Artemidia gen. n. and Namystynia gen. n. to accommodate
Artemidia motanka, sp. n. and Namystynia karyoxenos, sp. n., respectively. A. motanka permanently
carries tubular extrusomes, while in N. karyoxenos, they are present only in starving cells. An additional
remarkable feature of the latter species is the presence, in both the cytoplasm and the nucleus, of the
endosymbiotic rickettsiid Candidatus Sneabacter namystus.
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Introduction

Since its initial description more than 100 years ago,
the taxonomic position of the genus Hemistasia
remained under debate. Based on its morpho-
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logical and ultrastructural features, this enigmatic
marine protist has been initially considered to be
a dinoflagellate (Pavillard 1922; Scherffel 1900), a
euglenoid (Griessmann 1913) or, until recently, a
kinetoplastid (Elbrachter et al. 1996; Senn 1911).
However, a closer inspection of its ultrastructural
features associated Hemistasia with another group
within the phylum Euglenozoa, namely the diplone-
mids (Simpson 1997). Indeed, large mitochondrial
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cristae, a distinctive apical papilla, two parallel flag-
ella that emerge from a deep subapical flagellar
pocket, and an adjacent tubular feeding appara-
tus including vanes with fuzzy coats supported
this inference (Elbrachter et al. 1996; Simpson and
Roger 2004).

The application of 18S rRNA gene sequence
analysis terminated the controversy and solidified
the affiliation of Hemistasia with the diplonemids
(Flegontova et al. 2016; Yabuki and Tame 2015).
Ultimately, due to its phylogenetic distance from the
core diplonemids, Hemistasia was endowed with a
new family within the order Diplonemida (Adl et al.
2019; Cavalier-Smith 2016; Yabuki and Tame 2015)
and became a sister group to the clade incorporat-
ing the recently established Eupelagonemidae, and
the deep-sea pelagic diplonemids (DSPD) clade I
(Flegontova et al. 2016; Lara et al. 2009; Luke$
et al. 2015; Okamoto et al. 2019).

The family Hemistasiidae is currently mono-
generic, with the genus Hemistasia containing a
single recognized species, Hemistasia phaeocys-
ticola (Cavalier-Smith 2016; Elbrachter et al. 1996;
Griessmann 1913). Although Lee (2002) moved
Phyllomitus amylophagus to the genus Hemista-
sia, thus creating the new combination Hemistasia
amylophagus, Cavalier-Smith (2016) later argued
against it, as this protist possesses a nemadesm
and lacks swollen peripheral lacunae. Hence, H.
phaeocysticola remain the only representative of
the non-classical diplonemids that is available in
culture and has been formally described based on
light microscopy, ultrastructure and molecular data
(Elbrachter et al. 1996; Yabuki and Tame 2015).

Recent global environmental surveys of marine
microeukaryotes, performed by the Tara Oceans
expedition, documented a high abundance and
extreme diversity of diplonemids (David and
Archibald 2016; de Vargas et al. 2015; Gawryluk
et al. 2016). A dedicated analysis of the diplone-
mid V9 18S rRNA barcodes extracted from the
surveys revealed over 2,000 putative Hemistasia
ribotypes, most of which seem to have a cos-
mopolitan distribution (Flegontova et al. 2016).
However, at present we can only speculate about
the life style, cell biology, ecology and the role
of these so far overlooked taxa in the ecosys-
tem. The available data indicate that hemistasiids
inhabit predominantly coastal waters and appear to
be eukaryovores and/or detritivores, likely feeding
on various marine planktonic invertebrates, protists
and algae (Elbrachter et al. 1996; Elbrachter and
Schnepf 1998; Flegontova et al. 2016).

While exploring the surface waters of Tokyo
Bay, Japan, we have collected and subsequently

established axenic cultures of two new species,
which branch at the base of the family Hemis-
tasiidae in 185 rRNA gene phylogenies. In this
study, we provide a comprehensive description of
their morphology and behavior under culture con-
ditions. This is another step on the long path to
improve our extremely limited knowledge about
the structural diversity, evolutionary history, and
life strategies of diplonemids, and hemistasiids in
particular.

Results

Light and Fluorescence Microscopy

Namystynia karyoxenos (YPF 1621) gen.

n., sp. n.

Within a single batch culture, the cell size varies
greatly, from 13 to 27 wm in length and 4 to 8 um
in width (mean + SD 0f20.3+4 um x 5.5+ 0.9 pm;
n=37). The predominant morphotype is repre-
sented by long cylindrical swimming cells with
round posterior end and highly asymmetric apex
(Fig. 1A-D). The anterior portion is marked by a
pronounced subapical depression that forms the
anterior part of the spiral groove (Fig. 1A-B; see
below); at some angles and planes, the protruding
part can be seen as a pointy rostrum (Fig. 1E), at
the tip of which is a long and flexible apical papilla,
a hallmark of diplonemids (Fig. 1F). Two parallel
flagella are inserted sub-apically into the groove
(Fig. 1A=C). The groove starts above the flagel-
lar attachment area (Fig. 1C) and runs halfway
down the cell in a spiral course (Fig. 1D). The
flagella are unequal and heterodynamic, and both
are thick and longer than the cell body (Fig. 1G).
The swimming cells usually contain small vacuoles
scattered throughout the cytoplasm (Fig. 1A-D, G)
along with a single medium-sized digestion vacuole
in their posterior part (data not shown). Less com-
monly, they carry a conspicuously large posterior
vacuole that gives them a pear-shaped appear-
ance (Fig. 1E). In rare cases, the vacuole can take
up more than 2/3 of the cell volume. However,
this feature becomes common among cells follow-
ing cryopreservation in liquid nitrogen (data not
shown). Numerous round inclusions, possibly stor-
age products, are sometimes also seen (Fig. 1H).
In small cells, flagella occasionally appear to be
inserted centrally (Fig. 1F), apparently due to a sig-
nificant reduction of the posterior half. Spherical
sessile stages with both flagella coiled around the
anterior region of the cell are frequent in both fresh
and old batch cultures (Fig. 11).
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Figure 1. Differential interference contrast micrographs of Namystynia karyoxenos YPF 1621, n. gen., n. sp.
cultured in artificial seawater medium. (A-D) Typical cylindrical swimming cell showing highly asymmetric apex
and a spiral groove (gr) that extends halfway down the cell. (E) Rounded cell with big posterior vacuole and
anterior portion with papilla, seen as rostrum (rs). (F) Small cell with protruding apical papilla (ap) and flagella
inserted centrally. (G—H) Compressed cells showing long subequal flagella and plentiful round inclusions. (I)
Cluster of spherical sessile cells with both flagella (F) wrapped around cell anterior. Scale bar: 10 pm.

The cells are highly metabolic, which is displayed
by contraction-expansion cycles and twisting move-
ments of the entire body (Supplementary Material
Video 1). In addition, the protruding anterior part
(“rostrum”) is able to flex back and forth indepen-
dently from the rest of the cell (Supplementary
Material Video 2). During swimming, cells oscillate
around their longitudinal axis, rotate and change
their swimming direction either smoothly or abruptly
(Supplementary Material Videos 3 and 4).

After being placed under unfavorable condi-
tions, such as increased temperature or salinity
(observed by light microscopy in a drying drop), the
peripheral lacunae become visible (Supplementary
Material Video 5), which increasingly swell with
time. Eventually, the cytoplasm shrinks into a small
volume surrounded by transparent lacunae that
contain rapidly moving rectangular light-refracting
particles (Supplementary Material Video 5). The
content of the lacunae can be later expelled
from the posterior half of the cell (Supplementary
Material Video 6). It appears that the lacunae can
enlarge passively even after cell death through fix-
ation with paraformaldehyde. Swimming cells tend
to aggregate massively around air bubbles trapped
between the slide and the cover slip, touching them
with their apex (Supplementary Material Video 7),

this trait possibly caused by surface tension attrac-
tion. The mitochondria, visualized by staining their
DNA with DAPI, appear as peripheral flattened
tubes, which occupy a substantial part of the cell
subsurface. The DNA is arranged as oval-shaped
bodies, separate or fused into a network (Fig. 3A)
possibly outlining the shape of the organelle. The
nucleus is round and anteriorly located.

Artemidia motanka (YPF 1610) gen. n.,

sp. n.

The species is morphologically very similar to N.
karyoxenos with an almost identical asymmetric
structure of the apex (Fig. 2A, B), somewhat more
pronounced groove extending almost half of the
cell body (Fig. 2C), which is deeper in its apical
part (Fig. 2C), long papilla (Fig. 2D; Supplementary
Material Video 8) and subequal flagella inserted
sub-apically (Fig. 2A, E, G). The cells are mor-
phologically diverse, with the batch culture being
composed of cylindrical elongated cells of variable
sizes, with scattered small vacuoles and typically a
larger posterior one (Fig. 2A, F). Less commonly,
teardrop or pear-shaped cells with a conspicu-
ous vacuole in the posterior part are also present
(Fig. 2E, G). The cells measure 11.5 to 26.4 um
in length (19.5+£3um) and 3.9 to 8 um in width
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Figure 2. Differential interference contrast micrographs of Artemidia motanka YPF 1610, n. gen., n. sp. cultured
in artificial seawater medium. (A-C) Cylindrical swimming cell with asymmetric anterior showing rostrum-like
apex (rs), flagellar pocket (fp), and spiral groove (gr) that extends halfway down the cell. (D) Cell with pronounced
apical papilla (between arrowheads). (E) Rounded cell carrying large posterior vacuole and showing lateral
flagellainsertion (fp). (F) Small cell. (G) Compressed cell with swollen lacunae (between arrowheads) displaying
cytopharynx (P) and extrusomes (E). (H) Spherical sessile cells with flagella (F) wrapped around cell apex.

Scale bar: 10 pm.

(5.9 4+ 1.1 wm; n=40). Spherical sessile cells with
coiled flagella are also often seen at any age of
the batch cultures (Fig. 2H). The metabolic and
apex movements (Supplementary Material Video
9), swimming pattern and crowding behavior are
similar for both species (Supplementary Material
Video 10). The content of the lacunae as well
as posterior vacuoles are occasionally expelled
from the cells in a dramatic event (Supplemen-
tary Material Video 11). When observed under light
microscope (Fig. 2G) or during fixation, the periph-
eral lacunae often tend to enlarge. When cells are
compressed between a slide and a coverslip, the J-
shaped cytopharynx and extrusomes can be clearly
seen (Fig. 2G). The mitochondrion is flattened and
peripheral (Fig. 3B), frequently forming a network
(Fig. 3C); the nucleus is located in the anterior half
of the cell. Unlike N. karyoxenos, A. motanka can-
not be cryopreserved.

Cell Motility

Under optimal cultivation conditions, cells of both
species are very rapid swimmers. They exhibit

curvilinear runs (Supplementary Material Videos
3 and 4) interrupted by short stops or tumbles to
alter their direction. During swimming in a straight
path, cells cover a relatively long distance due to
the high velocity. The average swimming speed of
A. motanka is 147 pm/s (n=15), whereas N. kary-
oxenos swims at 233 pm/s (n=233), though some
individuals can accelerate up to 500 um/s. At an
abrupt change of direction, the overall swimming
speed dramatically reduces.

As they swim, cells of both species typically
undergo rotation around their longitudinal axis,
which is an additional way to regulate the trajectory.
Their motility is mediated by the ventral and dorsal
heterodynamic flagella that produce asynchronous
beats at slightly different frequencies. The dorsal
flagellum normally initiates a new bend first, then
the ventral one follows. In A. motanka, the dorsal
and ventral flagella beat waves at 70 Hz and 68 Hz,
respectively, while for N. karyoxenos, the beating
frequencies are 73Hz and 80 Hz. In both flagella,
waves originate at their base (Fig. 4) and then prop-
agate till the tip at different speeds. Wave velocities
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Figure 3. DAPI-stained cells of N. karyoxenos (A) and A. motanka (B) focused on cell surface (middle) and
through nucleus (right). Six overlaid micrographs of DAPI-stained A. motanka cell showing mitochondrial net-
work (C, bottom). Thin peripheral mitochondrial elements are marked with arrowheads; arrows point to nucleus.

Scale bar: 10 pm.

Figure 4. Waves propagation of dorsal (A) and ventral (B) flagella in Namystynia karyoxenos. Successive
images are every 1.5ms (A) and 1 ms (B). Scale bar: 10 pm.

of the dorsal and ventral flagella of A. motanka are
494 pm/s and 629 um/s, respectively, while the val-
ues for N. karyoxenos are 693 um/s and 946 pm/s.
Typically, waves of both flagella are highly asym-
metrical in shape with a principal bend being higher
in amplitude and shorter in length than the reverse
bend. The principal and reverse bends of the dor-
sal flagellum of A. motanka reach 3.7 +0.6 um
and 1.6+£0.5um in amplitude, and 6.5+ 1.4 um
and 9+ 1pm in length, respectively. In N. kary-
oxenos, the principal bend of the dorsal flagellum
is also sharp, showing 4.1 +1um in ampli-
tude and 6.4+ 1 pm in length, while the reverse

bend is 1.8+0.4um high and 11.6+1.3um
long.

Each subsequent principal bend of the dorsal
flagellum arises in a new direction, while the pre-
vious one keeps propelling in its own orientation.
Moreover, the bends may tilt during propagation.
Thus, the flagellum appears as a lasso, rotating
around the cell’s anterior end. The ventral flagellum
trails along the cell body and, as a rule, exhibits a
single large principal bend followed by a reverse
bend, i.e. one full wave per flagellar length. The
amplitude of the principal bend of A. motanka is
5.3 £ 0.6 pm and the length is 10.8 £ 1.4 pm, while
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for the reverse bend, these values are 2+ 0.7 um
and 11.7 £ 1.3 um, respectively. In N. karyoxenos,
the ventral flagellum presents the principal bend
with the amplitude of 5.7 £ 0.8 um and length of
13.4+1.8 um, and the subsequent reverse being
2.1 £0.5pm high and 15+0.9 pm long. Rotation
rate of the ventral flagellum is lower as compared
to the dorsal one and propagation of bends along it
appears to occur in one plane, so it is not twisted.
Normally, a new principal bend would not appear
until the previous one faded at the flagellar tip.
Besides locomotion, cells use the ventral flagellum
to explore and cling to surfaces. Flagellar rota-
tion and strong asymmetries in their wave patterns
result in cell oscillation during propulsion with the
cell waddling from side to side (Supplementary
Material Video 4).

When swimming runs are interrupted by tum-
bles and cell turns, both flagella demonstrate fast
shaking. They produce waves at low amplitudes
and large length that propagate at a higher speed.
In the dorsal flagellum. these waves fade before
achieving its middle part, but each successive bend
gradually increases in amplitude and spreads fur-
ther until, finally, one large wave covers the entire
flagellum. Unlike in the dorsal flagellum, the waves
of the ventral one not only reach its very tip, but
slightly increase in size on their way. This behavior
continues until a sudden rise of the principal bend
with high amplitude and low length occurs, which
efficiently pushes the cell. To perform a backward
movement of the cell, both flagella produce large
identical waves in the same plane followed by short
smaller waves at the flagellar bases.

Ultrastructural Features

The swimming cells are characterized by smooth
elongated to cylindrical shapes (Figs 5A-B, 8A).
Their anterior end is characterized by the pres-
ence of a distinct apical papilla (Figs 5A—C, 8B-C).
It is encircled by a single lip of the cytostome
slightly protruding above the cell surface (Figs
5A-C, 8B-C). The subapical flagellar pocket is
located 1-1.5 pum below the cytostome, which gives
the apex an asymmetrical appearance (Figs 5A,
C, 8A-C). Starting at the opening of the flagellar
pocket, a longitudinal groove lines the cell body fol-
lowing a spiral path of about one turn (Figs 5B,
8A).

The general ultrastructure of both species is for
the most part consistent with other diplonemids
(Figs 5D—F, 8D). Cells are bound by a membrane
with a layer of fuzzy glycocalyx on its outside (Figs
5E-G, 8D-F). The body shape is supported by a

single row of parallel submembrane microtubules
linked to one another by short fine filaments (Figs
5G, 8F). Evenly spaced, they encircle the cell to
its posterior end along a helical path (Figs 5A,
6A—C). Most cytoskeletal microtubules abut to the
membrane of the peripheral lacunae that spread
almost all over the cell, occasionally forming alve-
olar projections (Figs 5E-G, 8D-F, 10B, F). In N.
karyoxenos, these lacunae are normally filled with
osmiophobic cubic crystals, probably containing
sugars (Figs 8D-E, 10B, E-F).

Next to the lacunae, the cell’s periphery is
occupied by a mitochondrial network, which runs
longitudinally along its length and seems to expand
in the posterior half (Figs 5D, F, 8D-E, 10B,
E-F). Fairly often, the mitochondrial profiles of A.
motanka were seen extending into the middle of
the cell (Fig. 5F). The organelle of this species
bears only a few sparse randomly distributed lamel-
lar cristae and numerous scattered electron-dense
clots representing mtDNA (Fig. 5H-I). Mitochon-
drial projections of A. motanka resemble spheroids
(Fig. 5F, H-I), which are sometimes composed of
several discrete mitoplast-like lumps bound by a
common membrane (Fig. 5H). Being mostly oblong
in sections (Fig. 8G), the mitochondrial profiles of
N. karyoxenos do not reach this complexity. More-
over, N. karyoxenos contains long lamellar cristae
aligned in parallel and oriented longitudinally, as
well as abundant and evenly distributed strips of
electron-dense DNA in between them (Figs 8G,
10F-G).

Both species possess a relatively large nucleus,
which is invariably localized in the anterior half of
the cell (Figs 5D-F, 8D-E, 10B, F). Usually ellip-
soidal, it is enveloped by a typical envelope with
nuclear pores (Figs 5E-F, 8D-E, K, 10B-F). An
electron dense, finely granular nucleolus is located
either in the middle of the nucleus or slightly eccen-
trically (Figs 5E—F, 8D-E, 10F). In A. motanka, the
highly condensed heterochromatin appears as a
few irregular spots (Fig. 5E—F), whereas the chro-
matin of N. karyoxenos agglomerates into masses
that are distributed throughout the nucleoplasm
(Figs 8D-E, 10B-D, F).

The extensive Golgi complex is always adjacent
to the nucleus, the proximal end of the pharyngeal
lumen, and the base of the flagellar pocket (Figs
6D, J, 8K, 9D, 10E). It consists of several distinct
bodies, each comprised of 12 to 23 stacked flat cis-
ternae surrounded by lysosomal vesicles (Figs 6D,
J, 8K). The posterior part of the cell is occupied by
a single conspicuous digestive vacuole (Figs 5D-F,
8D-E, 10B) of variable shape and size, some-
times constituting up to 1/3 of the cell. Besides this
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Figure 5. Micrographs showing morphology of Artemidia motanka. (A—C) General appearance of the cell with
a detailed view of the apex by scanning electron microscopy. The anterior part is characterized by an apical
papilla (ap) encircled with a cytostome (C), and two subapical flagella (F). The arrow points to a longitudinal
groove emerging from the flagellar pocket opening. Note protruding cytoskeletal microtubules (arrowhead).
(D-E) Freeze-fracture and transmission electron microscopy of longitudinally sectioned cell. The prominent
nucleus (N), single large food vacuole (V), lacunae (L) and mitochondria (M) located at the periphery can be
seen. (F) Oblique section through the nuclear region. Large dense nucleolus and irregular spots of peripherally
located heterochromatin are present. Note the mitochondrial profiles extending in the middle of the cell, and the
distribution of extrusomes (E). (G) Details of plasma membrane (pm) covered with glycocalyx (gl), and corset of
cytoskeletal microtubules (m) interlinked by filaments (double arrowhead). (H-I) Sections through mitochondrial
branches showing ellipsoidal profiles. The few sparse lamellar cristae (cr) and electron-dense beads of DNA
are distributed randomly. Mitochondria may form mitoplast-like lumps bound by a common membrane (H). The
cytoplasmiis filled with vacuoles, vesicles, reserve granules, free ribosomes, and rare tubules of the endoplasmic
reticulum (er). P — cytopharynx. Scale bars: 1 pum (A—F), and 0.2 pm (G-I).
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Figure 6. Transmission electron micrographs of Artemidia motanka. Tangential (A), transverse (B), and
longitudinal (C) sections of the anterior tip of the cell showing apical papilla (ap) and cytostome (C). Asterisk
marks junction between cytoskeletal microtubules (m), which follow a helical path, and microtubules supporting
the cytopharynx. The transition of reinforcing microtubules (MTR) into cytopharyngeal vanes is evident (white
arrowheads). Note dense hairy coat overlaying the surface membrane of the cytostome and papilla. (D) The
longitudinal section of a horn-like tubular cytopharynx (P). Tubules of endoplasmic reticulum (er) run along
its length. (E) Detailed view of cytopharyngeal (P) wall showing supportive fibrils and microtubules oriented
longitudinally and transversely.



massive vacuole, the cytoplasm contains numer-
ous smaller membrane-bound structures, reserve
granules, free ribosomes, and sparse tubules of the
endoplasmic reticulum distributed throughout the
peripheral region and around the cytopharynx (Figs
5D-I, 6D-E, 8D-E, I-K).

The complex feeding apparatus has similar mor-
phology in both species, and in the longitudinal
profile appears like a horn-like tubular structure
(Figs 6D, 8I). The cytopharynx is assembled from
parallel ribs that are filamentous projections from
four separate microtubules embedded in a fibrous
material (Figs 6B, F, 8H, J). In transverse sections
through the cytostome-cytopharynx region, these
projections appear as U-like petals with micro-
tubules deep at their crest (Figs 6B, F, 8H, J).
A group of fibrils and tightly packed microtubules
oriented longitudinally and transversely reinforce
the assemblage of ribs (Figs 6B, E-F, 8H-J) that
is also supported by a large semi-circular row of
longitudinally oriented microtubules that lines the
opposite wall of the cytopharynx (Figs 6B, F, 8J).
In more posterior regions of the feeding apparatus,
the cytopharynx tapers and a part of the support-
ing microtubules gradually terminate, the rest forms
clusters that are closely associated with the micro-
tubules at the crest of the petals (Figs 6J, 8K).
The bottom of the cytopharynx is often surrounded
by numerous pinocytic vesicles at early stage of
formation. The surface of the cell’s anterior extrem-
ity, including the cytostome, papilla, and flagellar
pocket with both flagella, is typically covered by a
dense hairy coat (Figs 6A-E, G, |, 8l, 9F-G).

The quartet of microtubules at the base of the
cytopharynx is derived from a complex of reinforc-
ing microtubules (MTR) that emanate from a J-like
extension beneath the basal bodies at the bottom
of the flagellar pocket (Figs 6H, 9F). After disband-
ing from the rest of the microtubules of complex,
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these microtubules become surrounded by a dense
matrix, and while projecting toward the feeding
apparatus, they form an apical papilla (Figs 6B-D,
8H). The MTR supports both the cytopharynx and
the flagellar pocket and also seems to contribute
to cell division. As shown in a transverse section
through the flagellar pocket containing two bands
of MTR, one of them is directed toward the nucleus
(Fig. 9A). The emergence of a second set of MTR
is most likely one of the earliest event in the replica-
tion of the flagellar pocket. Indeed, at the beginning
of the cell division, the newly separated flagellar
pockets already bear a characteristic single MTR
per structure (Fig. 9B-C).

The rather deep flagellar pocket embraces two
morphologically similar flagella — ventral and dor-
sal — that arise from the basal bodies located
parallel and close to each other at the bottom of
the pocket (Figs 6H-I, 9C, F). Both basal bodies
have classical centriolar construction with slightly
twisted triplet microtubules (Figs 6K, 9D). They are
interconnected by fibrous material and supported
by bands of three asymmetric microtubular roots
(Fig. 9C-D, F). Two roots, called ventral and dorsal,
attach to the sides of the ventral and dorsal basal
bodies, respectively, and the third, called interme-
diate, runs between them (Figs 61, K, 9F). In the
proximal transitional zone, 9 triplets of basal bod-
ies are transformed into doublets that constitute a
periphery of the conventional axonemal complex
(Fig. 9E). Fiber strands connect these doublets to
the plasma membrane (Figs 6H-I, 9C, F). The root
of the central microtubular pair of flagellar axoneme
is fastened to the distal transitional plate (Figs 6H-,
9C, F). At about the same level, the axonemes
of both flagella become accompanied by a promi-
nent paraflagellar rod of lattice-like structure, which
originates from a neighboring plate and extends

(F) The cytopharynx in cross-section represented by a quartet of reinforcing microtubules (m) embedded in
fibrous material and five fibrillar ribs (R). Note large semi-circular row of microtubules on the opposite wall of the
cytopharynx, and bundles of supportive fibrils and microtubules. (G) Cross-sectioned flagella showing a 9+2
pattern of axonemal microtubules, paraflagellar rod (pr), and fine hairs (black arrow). (H) Section displaying
the flagellar pocket and MTR extension emerging beneath it. (I) Longitudinal section of flagellar attachment
zone showing relatively deep flagellar pocket. Dorsal root (dr) is seen attached to the side of the dorsal basal
body (db). White double arrowheads point to the distal transitional plate. Small black arrows indicate strands
of connective fibers between peripheral doublets and the plasma membrane. Note the longitudinal view of
lattice-like paraflagellar rod (pr) that arise from a plate (black arrowhead) near the distal plate. (J) Cross-section
through the feeding apparatus near the proximal end. The supportive microtubules have decreased in number
and become closely associated with the quartet of reinforcing microtubules. Golgi apparatus (G) with numerous
vesicles and stacked flat cisternae extends nearby. (K) Cross-section of basal body pair. Intermediate root (ir)
runs between them. M — mitochondria, L — lacunae. Scale bar: 0.2 um.
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Figure 7. Transmission electron micrographs showing tubular extrusomes of Artemidia motanka. (A) Cross-
section demonstrating circular profile with a cruciate center and thick double-layered wall. (B-D) Moment of
extrusion. Note the cytoskeletal microtubules. (E) Lattice-like structure of discharged extrusomes. (F) Formation

of new extrusome. Scale bar: 0.2 um.

alongside of it almost to the tip of the flagellum (Figs
6G, I, 9C, F-G).

In A. motanka, a region close to the flagellar
pocket is usually marked by a large accumulation of
tubular extrusomes arranged in parallel (Fig. 5E-F).
Additionally, batteries of extrusomes are frequently
spaced along the cell’s perimeter (Fig. 5F). Cir-
cular in profile, they measure 110 to 140nm in
diameter and have a cruciate center bound by
electron-lucent and electron-dense layers consti-
tuting a thick wall (Fig. 7 A). Upon extrusion, they
seem to push apart the cytoskeletal microtubules
(Fig. 7B—=C). It is unclear, though, if the discharge

of several or even all extrusomes occurs through
one hole or they tear the plasma membrane in a
number of places (Fig. 7C-D). The ejected extru-
somes appear as hollow cylinders with a lattice-like
structure (Fig. 7E). Along the mature extrusomes,
their nascent forms enclosed by distinct membrane
systems are occasionally encountered (Fig. 7F).
They are usually associated with Golgi vesicles,
endoplasmic reticulum, and mitochondrion. Under
standard cultivation conditions, the trophic cells of
N. karyoxenos lack extrusomes which, however,
appear upon starvation (Fig. 10E-F).
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Figure 8. Scanning (A-C) and transmission (D—K) electron micrographs of Namystynia karyoxenos. (A)
General appearance of the cell with the lateral longitudinal groove (white arrow) originating at the flagellar
pocket opening. (B—C) Detailed morphology of the anterior region of the cell characterized by a cytostome
(C), two subapical flagella (F), and an apical papilla (ap) in-between. (D-E) Longitudinal and oblique sections
in the nuclear region showing principal ultrastructural organization of the cell body. The prominent nucleus (N)
contains nucleolus and agglomerated masses of dense chromatin. Single large food vacuole (V) is evident in
the posterior part of the cell. Peripherally positioned mitochondria (M) and lacunae (L) extensions with white
cubic crystals are seen. Note the distribution of intracellular bacterial symbionts (S). (F) Transverse profiles
of peripheral microtubules (m) interlinked by filaments (black arrowhead). Note the membranes of peripheral
lacunae (L). (G) Sections through mitochondrial profile with its large lamellar cristae (cr) running in parallel
and electron-dense DNA in-between. (H) Transverse sections through the cell anterior showing cytostome
(C) and band of reinforcing microtubules (MTR) transiting into cytopharyngeal vanes (white arrowheads).
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The nucleus and cytoplasm of N. karyoxenos are
packed with rod-shaped endosymbiotic bacteria
(Figs 8D-F, |, K, 9C, 10B-D, F). They are enveloped
by double membranes with a periplasmic space and
comprise an electron-dense granular inner matrix
(Fig. 10A). The cytoplasmic endosymbionts are
usually localized in close proximity to the mito-
chondrion or even seem to penetrate into it (Figs
8D-E, 10B), especially when cells are starved
(Fig. 10F=G). A prominent feature of bacteria local-
ized within the nucleus is that they are surrounded
by heterochromatin (Figs 6D-E, 10B-D, F). Bacte-
rial division occurs via a constriction in the middle of
the cell (Fig. 10D). No signs of lysis or degradation
of the endosymbionts have been observed.

Molecular Phylogeny

Both Artemidia motanka gen. n., sp. n. and
Namystynia karyoxenos gen. n., sp. n. branch
within Diplonemea and more specifically, within
Hemistasiidae with robust support (Fig. 11). Given
the rather divergent nature of their 185 rRNA
gene sequences (Fig. 11), we tested their affili-
ation to Hemistasiidae using AU tests and were
able to reject all the alternative topologies with
A. motanka and N. karyoxenos as members of
all remaining diplonemid clades (Eupelagonemi-
dae, DSPD Il and Diplonemidae). The 18S rRNA
gene sequences of novel strains show that they
are clearly different from the hemistasiid type
species H. phaeocysticola. The graphic represen-
tation (Fig. 11; see branch lengths) as well as the
more exact percentage of base differences (21%
divergence for N. karyoxenos-to-H. phaeocysticola
and 17% for A. motanka-to-H. phaeocysticola and
19% for N. karyoxenos-to-A. motanka) justify the
placement of both species into newly established
genera.

Molecular phylogenetic position of endosym-
biont. The maximum likelihood 16S rRNA gene
phylogeny of the novel endosymbiont of N. kary-
oxenos places it within the «-proteobacterial
order Rickettsiales (Fig. 12), where we have

established a new genus “Candidatus Sneabac-
ter” to accommodate “Ca. Sneabacter namystus”
sp. nov. Rickettsiales are split into three well-
supported clades. First one contains specimens
of Ehrlichia, Wolbachia, Anaplasma and Neorick-
ettsia, while the second clade comprises of
several endosymbionts of ciliates and amoe-
bae including Midichloria, Cyrtobacter, Lyticum
and several environmental/uncultured sequences.
Finally, within the third clade, the suggested Candi-
datus Sneabacter namystus forms a sister branch
to another endosymbiont derived from the cili-
ate Pseudomicrothorax dubius. They branch as
a sister group to the Rickettsia species, includ-
ing several endosymbionts of protists, excluding
the Orientia/Occidentia clade. Since other bacte-
rial endosymbionts recently described from the
diplonemids Diplonema japonicum and D. aggre-
gatum are members of the a-proteobacterial clade
Holosporales (Tashyreva et al. 2018b), we have
also tested the possibility that the suggested Ca.
Sneabacter namystus has an affinity to Holospo-
rales. The AU test clearly rejects this alternative
hypothesis and thus confirms the assignment of Ca.
Sneabacter namystus to the Rickettsiales.

Discussion

We describe two new species of diplonemids in
order to better understand the morphology, diver-
sity, life style and ecological significance of this
elusive group of protists, likely composed of tens of
thousands of species (David and Archibald 2016;
Flegontova et al. 2016; Gawryluk et al. 2016;
Okamoto et al. 2019). Until now, less than a dozen
of diplonemids and only a single hemistasiid have
been formally described (Tashyreva et al. 2018b),
the main obstacle being their inconspicuous mor-
phology and a failure to grow under laboratory
conditions.

Both species robustly fall into the recently estab-
lished family Hemistasiidae (Cavalier-Smith 2016),
and each clearly represents a separate genus,

(I-J) Longitudinal and transverse sections through complex cytopharynx (P) composed of five fibrillar ribs (R)
that take their origin from a quartet of reinforcing microtubules (m) embedded in fibrous material, accompanied
by large semi-circular row of microtubules on the opposite wall, and bundles of supportive fibrils and micro-
tubules along its entire length. Black arrow points to the dense lush hairy coat overlaying the surface membrane
of the cytostome. (K) Section indicating relative placement of the posterior region of the cytopharynx, nucleus
(N), and Golgi complex (G). The cytopharynx is surrounded by tubules of endoplasmic reticulum (er) and vesi-
cles. The cytoplasm is filled with vacuoles, reserve granules, and free ribosomes. Scale bars: 1 um (A-D), and

0.2 pm (E-K).
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Figure 9. Transmission electron micrographs of the flagellar apparatus of Namystynia karyoxenos. Selected
transverse (A-B) and longitudinal (C) sections of the flagellar pocket (fp) undergoing replication. In early phase
of events, the microtubule-reinforced region (MTR) is apparently duplicating first. Distal and proximal transitional
plates are indicated by white and black double arrowheads, respectively. (D) Detail of basal bodies centriolar
configuration. Connective fibers and Golgi complex (G) are evident. (E) Oblique section through the transitional
zone showing nine microtubule doublets. (F) Longitudinal section in region of flagellar attachment illustrating
ventral (vb) and dorsal (db) basal bodies arranged parallel to each other, with ventral (vr) and dorsal (dr) roots
attached to their sides, and intermediate root (ir) in-between. Black arrows point to the strands of connective
fibers between peripheral doublets and the plasma membrane. Arrowheads indicate origin of paraflagellar rod
(pr). (G) Cross-section of the free flagella having typical axoneme with the adjacent conspicuous paraflagellar
rod (pr), and fine hairs. Scale bar: 0.2 um.
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Figure 10. Electron micrographs showing intracellular bacteria and extrusomes in Namystynia karyoxenos.
(A) Detail of the rod-shaped endosymbiotic bacterium with double membrane, prominent periplasmic space,
and granular interior. (B) A cell with endosymbionts (S) concentrated in the cytoplasm, nucleus (N), and near
the mitochondrial profiles (M). (C—D) Intranuclear bacteria surrounded by a heterochromatin. Bacterial division
occurs via a constriction in the middle of the cell. Freeze-fracture (E) and transmission (F) electron microscopy
of starving cells showing tubular extrusomes (E) and Golgi complex (G). (G) The mitochondria of cell under
starving conditions are seen to enclose the endosymbiotic bacteria. Scale bars: 0.2 um (A, C-D, G), and 1 um

(B, E-F).

established on the basis of significantly different
18S rRNA genes, as well as distinct ultrastruc-
tural features. A. motanka and N. karyoxenos are
indistinguishable from each other at the level of
light microscopy, as they have similar dimensions,
and no discrete distinguishing features. How-
ever, extremely close resemblance of diplonemids
belonging to different species or distant genera
has been noted before (Tashyreva et al. 2018a).
The present study once again reveals significant
limits of their taxonomy, as long as it is based
exclusively on light microscopy, in the absence of
any ultrastructural and molecular data (Larsen and
Patterson 1990; Tashyreva et al. 2018a, 2018b; von
der Heyden et al. 2004). This particularly concerns
a number of ‘hemistasiid-like’ protists, for which
only very limited descriptions are available (Schiller
1925; Throndsen 1969; Vers 1992). It is hard to

exclude the possibility that A. motanka and N. kary-
oxenos are identical to one or other these previously
described species, for example Entomosigma peri-
dinioides (Schiller 1925) or Cryptaulax marina (von
der Heyden et al. 2004; Throndsen 1969), which
share cell shape, flexibility, and having a rostrum
and a spiral groove with our species, but without
the morphological and ultrastructural evidence it is
difficult to confirm.

In the exponentially growing cultures, both
species exhibit a range of morphologies with
extensive size, shape and cytoplasmic content
variability, so we anticipate an even more pro-
nounced morphological diversity in their natural
environment. A similar polymorphism, with indi-
vidual cells progressing through the cycle in an
asynchronous manner was observed in H. phaeo-
cysticola (Elbrachter et al. 1996). However, this
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Thick branches represent absolute support (i.e. bootstrap values of 100 and Bayesian posterior probabilities of
1.0). Tree is adopted from Tashyreva et al. 2018a.
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species differs from A. motanka and N. karyoxenos
by the absence of glycocalyx and a spiral groove
(Elbrachter et al. 1996), the latter being subject of
numerous debates (Al-Qassab et al. 2002; Bernard
et al. 2000; Elbrachter et al. 1996; Griessmann
1913; Lee 2015). By examining slow motion video
sequences, Elbrachter et al. (1996) claimed that
the previously reported groove of H. phaeocysti-
colais an artefact caused by flagellar beating. While
hard to distinguish by light microscopy, this char-
acter should not be missed by scanning electron
microscopy, however, to our knowledge no images
by this technique are available for H. phaeocys-
ticola. From all diplonemids described so far, the
existence of a curved furrow has been convincingly
shown only for Flectonema neradi (Tashyreva et al.
2018a).

The apex of H. phaeocysticola consists of a flex-
ible rostrum (Elbrachter et al. 1996). We adopted
this term to describe the protruding apical part
of A. motanka and N. karyoxenos, although their
apexes are broader and less pointy. Diplonemids
are generally characterized by an asymmetrical
anterior region of the cells, a feature defined by the
sub-apical flagellar pocket (Porter 1973; Schuster
et al. 1968; Tashyreva et al. 2018a,b; Triemer and
Ott 1990). It should be mentioned, however, that
in hemistasiids, the flagellar pocket has a signifi-
cantly more posterior location than in members of
Diplonemidae.

For the most part, both species described
here demonstrate ultrastructural similarities that
are consistent with the cellular organization of
other diplonemids (Roy et al. 2007; Schnepf 1994;
Triemer and Ott 1990). A set of features that
unify most diplonemids include a highly complex
feeding apparatus with a papilla, a well-developed
metaboly, and a highly reticulated peripheral mito-
chondrion packed with DNA bundles (Porter 1973;
Tashyreva et al. 2018a,b; Triemer and Ott 1990).
At the same time, Hemistasiidae distinguish them-
selves from other Diplonemea by the presence of
a combination of peripheral lacunae, batteries of
extrusomes, a large posterior vacuole and perma-
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nent paraflagellar rods in both flagella that allow a
fast and complex swimming pattern. Still, at present
only lacunae can serve as an apomorphy of Hemis-
tasiidae, since the remaining traits also appear in
at least some life cycle stages of other diplonemids
(Tashyreva et al. 2018a,b). Consequently, we agree
with Cavalier-Smith (2016) that Phyllomitus amy-
lophagus (Mylnikov et al. 1998) does not belong
to the hemistasiids. This protist not only lacks the
peripheral lacunae and possesses a nemadesm (a
single microtubular rod lying alongside the feed-
ing apparatus, common in kinetoplastids), but also
exhibits numerous discoidal cristae and much sim-
plified feeding apparatus. The role of the lacunae
remains to be elucidated, however, taking into
account their swelling during fixation (Elbrachter
et al. 1996; Scherffel 1900; this study), they might
be responsible for osmoregulation. We noticed a
peculiar behavior during which the content of lacu-
nae, as well as that of the food vacuole was expelled
“en block” from the cell. Similar ability has also been
observed in the eupelagonemid diplonemids (N.
Okamoto and P.J. Keeling, personal communica-
tion). Most diplonemids carry several food vacuoles
(Tashyreva et al. 2018a,b; Triemer and Ott 1990),
although species with only a single digestion vac-
uole were also reported (Porter 1973; Schuster
et al. 1968; Tashyreva et al. 2018a).

The ultrastructural features that discriminate A.
motanka from N. karyoxenos include the uneven
pattern of mitochondrial lumen, the invariable
presence of tubular extrusomes, the absence of
endosymbionts and the abundance of cubic crys-
tals within lacunae in the former species. In contrast
to N. karyoxenos, the nucleus of A. motanka closely
resembles that of H. phaeocysticola (Elbrachter
et al. 1996) in having only a few irregular spots
of heterochromatin, an unusual feature for diplone-
mids (Porter 1973; Tashyreva et al. 2018a,b;
Triemer 1992). In addition, only N. karyoxenos can
be cryopreserved, which likely reflects its ultrastruc-
tural and biochemical characters.

The most striking structural alterations con-
cern the mitochondria of N. karyoxenos, as this

Figure 12. Maximum likelihood topology of 16S rDNA dataset of alpha proteobacteria showing phylogenetic
position of novel hemitasiid symbiont Candidatus Sneabacter namystus (highlighted in bold). The tree was
estimated in IQ-Tree under the Tranversional model with equal base frequencies and six relaxed categories of
variable sites (TVMe + R6). Branching support was estimated using thorough non-parametric bootstrap algo-
rithm as implemented in IQ-Tree from 1000 replicates as well as Bayesian posterior probabilities estimated by
PhyloBayes 4 under the C20 + GTR model. Support values are represented either by bold branches (100 BS,
1.0 PP) or actual numbers for support values of 99-50%/0.99-0.9. Values below 50%/0.9 are not shown. For
more details see respective part of Materials & Methods. Please note that polytomy of outgroup bacterial clades
reflect lack of branching support as well as colliding maximum likelihood and Bayesian inference topologies.
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species presents a highly organized lumen with
DNA arranged in parallel strips. Like other diplone-
mids (except F neradi (Tashyreva et al. 2018a)),
the mitochondrion of hemistasiids is furnished with
just a few very large lamellar cristae, and some-
times forms unusual structures, such as discrete
mitoplast-like lumps (Elbrachter et al. 1996; this
study). A unique aspect of the diplonemid mito-
chondria is the massive amount of DNA they
contain (Lukes et al. 2018) and the extremely com-
plex processing of its RNA, which involves massive
trans-splicing and several types of RNA editing
(Burger and Valach 2018; Valach et al. 2016; Yabuki
et al. 2016). Moreover, in hemistasiids these fea-
tures and mechanisms reach extreme levels of
complexity (manuscript in preparation). The shared
presence of the uridine insertion type of RNA
editing in diplonemids and kinetoplastids may be
inherited from their common ancestor (Flegontov
et al. 2011; Kiethega et al. 2011; Marande and
Burger 2007).

Ultrastructural examination of N. karyoxenos
revealed the presence of the endosymbiont Ca.
Sneabacter namystus, a member of Rickettsiales,
which significantly extends our knowledge of
endosymbiotic bacteria in diplonemids (Tashyreva
et al. 2018b). This group of a-proteobacteria lacks
known free-living members and are commonly
found as endosymbionts or parasites in various
single-celled as well as multicellular eukaryotic lin-
eages, including humans (Szokoli et al. 2016). Ca.
Sneabacter namystus is abundant in the cytoplasm
of N. karyoxenos and is also non-randomly posi-
tioned adjacent to the mitochondrion, occasionally
even penetrating into it. In addition, they were found
to also colonize the nucleus and multiply therein,
first case of this kind in diplonemids. However, it
should be noted that such symbiotic relationship
between a-proteobacteria and ciliates or amoebae
is fairly common (Schulz and Horn 2015), although
the role(s) of partners remain largely unknown.
Thus, diplonemids may constitute a good model for
the study of the energy metabolism of an endosym-
biont, as well as the bacterial-host interactions.

To date, only three diplonemid species have been
reported to constantly carry the tubular extrusomes
(Elbrachter et al. 1996; Schuster et al. 1968; this
study). They seem to be synthesized in Golgi vesi-
cles or endoplasmic reticulum (Elbrachter et al.
1996; Hausmann 1978; this study). Even though
extrusomes are frequently reported from eugleno-
zoans (Brugerolle 1985; Mignot and Hovasse 1973;
Simpson et al. 1997; Yubuki et al. 2009), their func-
tional significance in this eukaryotic supergroup
remains largely unclear. Considering the fact that in

diplonemids this organelle appears in only certain
life stages (Tashyreva et al. 2018b; this study), the
extrusome is presumably used for defence against
predators and/or to capture a prey. In contrast to
H. phaeocysticola (Elbrachter et al. 1996), nei-
ther A. motanka nor N. karyoxenos have so far
been observed to actively attack diatoms (data not
shown), as they seem to prefer feeding on detritus.

Despite a wide array of possible life strategies
(Elbrachter et al. 1996; Simpson 1997; Triemer and
Ott 1990), all diplonemids possess a morpholog-
ically similar complex feeding apparatus, which is
homologous to the feeding apparatus of kineto-
plastids (Kivic and Walne 1984) and phagotrophic
euglenids (Leander et al. 2007; Mignot 1966). It
is assumed that the MTR pocket was present in
the ancestral euglenozoan (Leander 2004), which
in the diplonemid lineage evolved into a greatly
embellished feeding apparatus (Montegut-Felkner
and Triemer, 1996; Triemer and Farmer 1991).

Until recently, in their trophic stage diplonemids
were invariably considered to bear short flagella
or flagellar stubs (Roy et al. 2007; Schnepf 1994;
Tashyreva et al. 2018a; Triemer 1992) that grew
into long and fully motile structure in the swimming
stage (Tashyreva et al. 2018b; Vickerman 2000;
von der Heyden et al. 2004). Along with Artemidia
and Namystynia, only the members of Hemistasia
and Lacrimia carry two long flagella with per-
manent paraflagellar rod supporting the axoneme
(Elbrachter et al. 1996; Tashyreva et al. 2018a).
In contrast to several previous reports (Larsen
and Patterson 1990; Porter 1973; Schuster et al.
1968), the flagella of many diplonemids are deco-
rated with hairs reminiscent of those known from
other euglenozoans (Tashyreva et al. 2018a,b).
The ultrastructural features of the flagellar appara-
tus generally unify the euglenozoan assemblage,
with one exception being the proximal transitional
plate in the hollow transition zone, which is com-
plemented by the distal plate only in diplonemids
and kinetoplastids (Montegut-Felkner and Triemer
1994; Triemer and Farmer 1991).

We can only assume the range of dramatic
changes in natural habitats of A. motanka or N.
karyoxenos, where active or passive translocation
even for a short distance would be detrimental to
their swimming ability. Nevertheless, cells seem to
be ideally adapted to extreme environmental con-
ditions, as they possess a paraflagellar rod that
facilitates fast motion (Hughes et al. 2012) and
exhibit different motility patterns. For relocation they
move rapidly in more or less straight lines, and,
alternatively, cells abruptly slow down and often
tumble in order to stay in a restricted area. Consid-



ering their attraction to the surfaces and changes
in the flagellar beating, the latter may represent a
food-seeking strategy. In its course, the two het-
erodynamic flagella can temporally switch their
functions, with one responsible for the movement,
and the other for a contact with substrate or grop-
ing. Thus, cells are able to react to rapid changes
in their vicinity, and if need be, actively move into
more favorable environment.

Based on molecular phylogenetics, diplonemids
constitute the sister lineage of kinetoplastids, while
euglenids branch basally to the two (Kiethega et al.
2011; Marande and Burger 2007; Simpson and
Roger 2004). It seems, however, that the euglenids
and kinetoplastids managed to retain a set of sim-
ilar unique features, while often they are missed in
diplonemids examined to date. The Hemistasiidae
species possess all three euglenozoan synapomor-
phies, namely the paraflagellar rod, the asymmetric
arrangement of the flagellar root system and the
tubular extrusomes. This leads us to speculate that
hemistasiids might be intermediate (‘morphologi-
cal link’) between structurally divergent diplonemids
and other euglenozoans. Apparently, all these
distinctive features were present in a common
ancestor of diplonemids, however, some of the
species independently lost them since the point of
divergence.

Taxonomic Summary

Phylum Euglenozoa Cavalier-Smith, 1981
Class Diplonemea Cavalier-Smith, 1993
Order Diplonemida Cavalier-Smith, 2016
Family Hemistasiidae Cavalier-Smith, 2016

Genus Artemidia gen. n. Prokopchuk, Tashyreva
and Lukes, 2019

Diagnosis. Marine hemistasiid distinguished from
related genera by ultrastructural and molecular
features. Cells mostly cylindrical, elongated, less
commonly teardrop or pear-shaped with a con-
spicuous posterior vacuole; 11.5-26.4 um in length
by 3.9-8 pm in width. Rounded sessile cells with
coiled flagella often seen at any age of the cultures.
Spiral groove halfway down the body. Mitochon-
drion oblong or rounded in profile with large
lamellar cristae. Tubular extrusomes of a lattice-like
structure. Peripheral lacunae filled with refractive
granules.

Etymology. The generic name (feminine) refers to
Artemis, a Greek goddess, who carries bow and
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arrows, which are reminiscent of extrusomes.
Type species: Artemidia motanka.

Artemidia motanka sp. n. Prokopchuk, Tashyreva
and Lukes, 2019

Description. Very active, rotate and oscillate;
metabolic. Highly asymmetric apex with long and
flexible apical papilla and a rounded posterior
end. Two long heterodynamic flagella inserted sub-
apically, both with paraflagellar rods and flagellar
hairs. Dorsal flagellum beats around cell apex,
ventral trails. Nucleus in anterior half. Glycocalyx
present.

Etymology. The species name is derived from
Czech word ‘motat’ (to coil’ in English), which
reflects the tendency of cells to coil their flagella
around the cell’s apex.

Type strain. YPF 1610

Type material. An OsQ4-fixed slide and a genomic
DNA sample of YPF 1610 are deposited in the
protistology collection of the Institute of Parasitol-
ogy, Biology Centre, Czech Academy of Sciences,
Ceské Budéjovice, Ne IPCAS Pro 55. This material
collectively constitutes the name-bearing type (an
hapantotype) of the species.

Gene sequence. MF422202, 18S rRNA gene, par-
tial sequence

Type locality. Coastal waters of Yokosuka, Japan
(latitude 35.3194°N; longitude 139.6507°E)

Phylum Euglenozoa Cavalier-Smith, 1981
Class Diplonemea Cavalier-Smith, 1993
Order Dilonemida Cavalier-Smith, 2016
Family Hemistasiidae Cavalier-Smith, 2016

Genus Namystynia gen. n. Prokopchuk, Tashyreva
and Lukes, 2019

Diagnosis. Marine hemistasiid distinguished from
related genera by ultrastructural and molecular fea-
tures. Trophic cells show pleomorphism, predomi-
nantly long, cylindrical with round posterior end and
highly asymmetric apex, some pear-shaped carry-
ing a large posterior vacuole, spherical sessile cells
with both flagella coiled around the anterior region
of the cell are frequent; 13—27 um long and 4—-8 pm
wide; extrusomes absent. Starved cells short and
rounded, contain extrusomes. Spiral furrow along
half of the body. Peripheral mitochondria flattened,
with large lamellar cristae and DNA arranged in
parallel strips. Peripheral lacunae with clear matrix.
Endosymbionts.
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Etymology. The generic name (feminine) is
inspired by pleomorphic cells, which appear as var-
ious shiny beads (“Namystyna” in Ukrainian).

Type species: Namystynia karyoxenos.

Namystynia karyoxenos sp. n.
Tashyreva and Lukes, 2019

Description. Cells highly metabolic; swim fast with
rotation around the longitudinal axis and oscilla-
tions. Two long flagella sub-apical with paraflagellar
rods and flagellar hairs, heterodynamic, dorsal
loops around cell apex, ventral trails. Long and
flexible apical papilla. Glycocalyx present. Nucleus
central or in anterior half.

Prokopchuk,

Remarks. Can be cryopreserved in liquid nitrogen.

Etymology. Latinized, the species name reflects
the hosting of endosybionts by the nucleus.

Type strain. YPF 1621

Type material. An OsO,4-fixed slide and a genomic
DNA sample of YPF 1621 are deposited in the
protistology collection of the Institute of Parasitol-
ogy, Biology Centre, Czech Academy of Sciences,
Ceské Budéjovice, Ne IPCAS Pro 56. This material
collectively constitutes the name-bearing type (an
hapantotype) of the species.

Gene sequence. MF422203, 18S rRNA gene, par-
tial sequence

Type locality. Coastal waters of Yokosuka, Japan
(latitude 35.3194°N; longitude 139.6507°E)

Endosymbiont

Phylum Proteobacteria Garrity et al., 2005
Class Alphaproteobacteria Garrity et al., 2005
Sublass Rickettsidae Ferla et al., 2013

Order Rickettsiales Gieszczkiewicz, 1939
Family Rickettsiaceae Pinkerton, 1936

Genus “Ca. Sneabacter” gen. n. Prokopchuk,
Tashyreva and Lukes, 2019

Description. Genus of endosymbiotic bacteria
distinguished from related genera by molecular
phylogeny. Rod-shaped, 0.9-1.2um long and
0.25-0.33 um wide, possible striated inclusions,
Gram-negative cell wall organization, spores not
observed. Reside freely in the cytoplasm mostly
near mitochondria, which they may penetrate;
within the nucleus they are surrounded by hete-
rochromatin. Not accompanied by additional host

membranes.

Etymology. The name (masculine) is attributed to
the ability to sneak into the organelles of the host.

“Ca. Sneabacter namystus” sp. n. Prokopchuk,
Tashyreva and Lukes, 2019

Description. Species identified by distinct position
on 16S rRNA phylogenetic tree.

Etymology. The name is acquired from the host
Namystynia.

Type host. Namystynia karyoxenos.

Methods

Isolation and cultivation of cells: Strains were harvested
from the coastal waters at the port in JAMSTEC headquar-
ters, Yokosuka, Japan (35.3194°N, 139.6507°E). The axenic
clonal cultures were established manually by single cell isola-
tion with a microcapillary pipet and were grown in an artificial
medium composed of 3.6% sea salts (Sigma-Aldrich), 1%
(v/v) heat-inactivated horse serum (Sigma-Aldrich), 0.025 g/I LB
broth powder (Amresco), supplemented with 10 pl/ml antibiotic
cocktail (P4083, Sigma-Aldrich). The medium was sterilized by
filtration via a 0.22 um Millipore filter. The cultivation was per-
formed in plastic tissue culture flasks containing antibiotic-free
medium at 22 °C under a 12 h light/12 h dark cycle.

DNA isolation, sequencing and phylogenetic analysis:
Total genomic DNA was isolated using the DNeasy Blood &
Tissue Kit (Qiagen) following the protocol A. The nearly full-
size 18S rRNA gene was amplified with universal eukaryotic
primers SA (5'-AACCTGGTTGATCCTGCCAGT-3') and SB (5'-
TGATCCTCCTGCAGGTTCACCT-3') and sequenced. A partial
16S rRNA gene sequence from the endosymbiont was ampli-
fied with bacteria-specific forward (5'-GCTTAACACATGCAAG-
3') and reverse primers (5'-CCATTGTAGCACGTGT-3') yielding
1180 bp-long amplicons.

18S rRNA phylogeny of Artemidia motanka gen. n., sp. n.
(labeled by its original strain number YPF1610), and Namysty-
nia karyoxenos gen. n., sp. n. (labeled as YPF1621) was
published previously (Tashyreva et al. 2018a). BLAST query of
the 16S rRNA gene sequence of the bacterial endosymbiont of
N. karyoxenos revealed its a-proteobacterial origin with affilia-
tion to Rickettsiales. We have therefore created a representative
a-proteobacterial dataset with special focus on symbionts of
protists and extended sampling of Rickettsiales, and aligned
it using a local-pair algorithm as implemented in MAFFT 7
(Katoh and Standley 2013). Ambiguously aligned and hyper-
variable parts were then manually removed in Seaview 4 (Gouy
et al. 2010). Edited alignment was subjected to maximum like-
lihood phylogenetic analysis under the Transversional model
with equal base frequencies and six relaxed variable rates cat-
egories (TVMe + R6) in IQ-TREE 1.5 (Nguyen et al. 2015). This
particular model was chosen as the best fitting according the
Bayesian Information Criterion in model test implemented in
IQ-TREE. Branching support was estimated from 1000 repli-
cates using a thorough non-parametric bootstrap analysis in
IQ-TREE. In addition, Bayesian posterior probabilities were
inferred using the Phylobayes 4 (Lartillot and Philippe 2004)
under empirical C20 mixture model with mutation rates defined
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Figure 13. Diagram illustrating the flagellar bending pattern. (A) The measurements of bend amplitude (ba)
and bend length (bl) are shown. The principal (P-bend) and the reverse (R-bend) bends are depicted in dark
and light grey, correspondingly. (B) Drawing of dorsal flagellum displaying initiation of the bend and subsequent
propagation in its own plane (successive positions from 1 to 3).

by GTR model. For this, two MCMC chains were run until
they converged (i.e. maximum observed discrepancy between
them was lower than 0.1 and effective number of model
parameters reached at least 100). Probability of additional
topologies of both hemistasiids as well as the bacterial sym-
biont of N. karyoxenos was tested using AU test in IQ-Tree with
alternative branching force-constrained and analyzed also in
1Q-Tree.

Light and fluorescence microscopy: A drop of cell sus-
pension was placed between a glass slide and a coverslip
and observed under the Olympus BX53 upright microscope
equipped with differential interference contrast (DIC). Live
cells were filmed with a DP72 digital camera at 1600 x 1200-
pixel resolution using CellSens software v. 1.11 (Olympus).
Video frames were processed using GIMP v. 2.8.14 and Irfan
view v. 4.41. Image J v. 1.51 software was used for cell
morphometry.

For fluorescence microscopy, pellets were fixed with 2%
0OsO4 in seawater for 15min, rinsed of the fixative and air-
dried on glass slides. Adherent cells were permeabilized with
50, 80 and 100% ethanol and mounted in ProLong Gold
antifade reagent (Life Technology) containing 4’,6-diamidino-2-
phenylindole (DAPI). Slides were observed under the AxioPlan
2 fluorescence microscope (Carl Zeiss).

Electron microscopy: Cells were collected by centrifuga-
tion at 4,500 g for 20 min, either at the exponential phase of
growth, or from cultures that were starved by incubation in arti-
ficial seawater alone for up to 15 days. For scanning electron
microscopy (SEM), cell pellets were fixed with 1-2% OsO4
in artificial seawater for 15min at room temperature, washed
3 x 5min in seawater diluted with distilled water (1:1) and
adhered to a glass coverslip coated with 0.1% poly-L-lysine.
Specimens were then dehydrated in an increasing gradient of
acetone (30%—100%) for 15 min at each step, critical point dried
using CO, and sprayed with gold in Sputter Coater Polaron
chamber. Observations were performed using a JEOL 7401-F
microscope at an accelerating voltage of 4kV. For freeze-
fracture electron microscopy, the samples were frozen in a high
pressure freezer (Leica EMPACT 2) and transferred into a high
vacuum preparation chamber (Gatan ALTO 2500). The frozen
specimen was broken by a knife, and the exposed surface of
the sample was preserved by sublimation at —98° C for 30 sec,
then coated with a 3nm layer of a platinum/palladium mix-
ture at —135 °C. Images were obtained by Field Emission SEM
JSM-7401F (JEOL) at an accelerating voltage of 1 kV. Transmis-
sion electron microscopy (TEM) samples were processed as
described in Yurchenko et al. (2014). Micrographs were taken
with an Olympus Mega View Ill camera using a JEOL 1010
TEM microscope operating at an accelerating voltage of 80 kV.

Cell motility: For observations, 30 ul of cell culture was
transferred onto a microscope slide to make either an open drop
or a thin film of between a slide and coverslip. Cell movements
were recorded using a high-speed video camera i-SPEED TR
(Olympus) with spatial resolution of 848 x 688 pixels and time
resolution up to 1000 fps mounted on a BX50F microscope
(Olympus) with either 40 x or 100 x positive phase-contrast
objectives. All observations were made at 22°C. A detailed
analysis of the flagellar beating behavior and measurement of
cell velocities was performed using the image analysis soft-
ware Micro Image 4.0.1. (Olympus) as previously described in
Prokopchuk et al. (2015). In brief, the bending patterns for one
beat cycle were examined as shown on Figure 13. Flagellar
beat frequency was calculated from the time interval between
two successive wave initiations. Wave velocity was estimated
from the change in distance between corresponding wave-crest
points followed along the flagellum in successive images over
time. Values of beating frequency and velocities are presented
as averages, whereas bend amplitude and length are displayed
as mean + SD.
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