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Abstract

The morphology, ontogenesis, conjugation, and phylogenetic position of Mefopus boletus nov. spec. were studied using
live observation, various silver impregnation methods, scanning electron microscopy, morphometry, and the 18S rRNA gene
sequence. The new species is outstanding in having a mushroom-like appearance; a globular to broadly ellipsoid macronucleus
in anterior body half; 5-10 elongated caudal cilia; 4-6 dikinetids curved rightwards in the anterior portion of the first postoral
kinety; and an adoral zone composed of an average of 28 small polykinetids. Ontogenesis of M. boletus follows the metopid
mode and the species-specific vegetative morphology is obtained after division. Its conjugation is temporary, isogamic and the
partners unite ventral-to-dorsal, forming strongly arched to almost rod-like pairs, which indicates a heteropolar arrangement.
There are only two maturation divisions and a single synkaryon division in exconjugants. The conjugation data corroborate a sister
group relationship of the classes Armophorea and Litostomatea within the SAL (Spirotrichea + Armophorea + Litostomatea)
supercluster in that the partners unite ventral-to-dorsal and the main body axes are antiparallel. On the other hand, the last
common ancestor of the spirotricheans very likely had a ventral-to-ventral and homopolar conjugation mode with the main
body axes oriented in parallel.
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Introduction etal.2019). This globally distributed group of anaerobic, bac-
terivorous ciliates (e.g., Foissner 2016a, 2016b; Foissner et al.

Taxonomy and phylogeny of the order Metopida 1992; Tirjakova et al. 2016) has been proven to be as diverse
Jankowski, 1980 got much attention in the last years (e.g., as previously anticipated (Jankowski 1964; Kahl 1926, 1927,
Bourland and Wendell 2014; Bourland et al. 2014, 2017, 1929, 1932) but our view on phylogeny and systematic posi-

2018; da Silva-Neto et al. 2016; Foissner 2016a, 2016b; Omar tion of these elegant creatures has changed considerably
et al. 2017; Vd’aény and Foissner 2017a, 2017b; Vd aény (Vd'acny et al. 2019). For a long time, the Metopida were
considered as a subgroup of heterotrichs, which were tra-
ditionally assigned to the Spirotrichea Biitschli, 1889 due
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(Corliss 1979; Jankowski 1964; Lynn and Small 2002). It was
a great surprise when early molecular phylogenetic studies
excluded the Metopida from the heterotrichs and suggested
a relationship with the class Litostomatea Small and Lynn,
1981 (Embley and Finlay 1994; Hammerschmidt et al. 1996;
Hirt et al. 1995) which is, in contrast, characterized by a
comparatively simple oral ciliature (Foissner and Agatha
1999). The relatedness of Metopida and Litostomatea was not
rejected when further species from all main ciliate lineages
were added in 18S rRNA gene phylogenies but the statistical
support usually remained poor (for review, see Vd'acny et al.
2010).

Lynn (2004) assigned the Metopida to a separate class,
Armophorea, which clustered together with the Spirotrichea
and the Litostomatea in the extensive phylogenomic analyses
based on 158 genes (Gentekaki et al. 2014, 2017). This super-
clade received high statistical support and was designated as
SAL (Spirotrichea + Armophorea + Litostomatea) superclus-
ter. However, interrelationships within the SAL supercluster
have been left unresolved although over hundred genes were
used to infer their phylogeny (Chen et al. 2018; Gentekaki
et al. 2014, 2017; Lynn and Kolisko 2017; Lynn et al. 2018).
Interestingly, we have assembled a body of morphological
and ultrastructural data that can help to clarify the intricate
sister-group relationships within the SAL supercluster. First,
Foissner and Agatha (1999) found some common ontoge-
netical features between the Metopida and the Litostomatea,
which were fully corroborated by our recent ontogenetic data
from Lepidometopus platycephalus Foissner and Vd’ a¢ny in
Vd acny and Foissner, 2017b, a new metopid from floodplain
soil of the Murray River in Southeast Australia. Furthermore,
Vdacny etal. (2010) recognized that the Armophorea and the
Litostomatea share an important ultrastructural synapomor-
phy, viz., plate-like arranged postciliary microtubule ribbons
forming a layer right of and between the ciliary rows.

In this study, for the first time, we describe in detail body,
nuclear and ciliary changes during and after conjugation of
a metopid. Our comparative analyses reveal that the metopid
conjugation mode provides a rich source of evidence that
the Armophorea are much more similar to the Litostom-
atea than to the Spirotrichea. Thus, not only ontogenesis and
cortex ultrastructure but also conjugation corroborates the
Lamellicorticata hypothesis of a sister group relationship of
armophoreans and litostomateans (Vd'acny et al. 2010).

Material and Methods

Metopus boletus nov. spec. was discovered in the upper
5cm soil layer of the floodplain of the Murray River at the
Landside of Ryans road near to the town of Albury, South-
east Australia (S36°06' E146°54"). A detailed description of
sampling and sample processing was provided in our previ-
ous studies (Vd’ ac¢ny and Foissner 2017a, 2017b). Briefly, M.
boletus was studied using a combination of in vivo obser-
vation, various silver impregnation techniques, scanning

electron microscopy (SEM) and morphometry, as described
by Foissner (2014). Live ciliates were examined with an opti-
cal microscope equipped with bright field and differential
interference contrast. The ciliature was revealed with pro-
targol and silver carbonate impregnation. The ontogenetic
and conjugation processes were reconstructed from protargol
preparations, which show concomitantly body shape, ciliary
pattern, and nuclear apparatus. In vivo measurements were
realized at 40-1000x while counts and measurements of
protargol-impregnated specimens were performed at a mag-
nification of 1000x . Illustrations of live specimens were
based on free-hand sketches and photographs while those
of impregnated cells were made with a drawing device.

General terminology follows Lynn (2008). Interphase ter-
minology is based on Kahl (1932); Foissner and Agatha
(1999) and Vd’ acny and Foissner (2017a). Conjugation ter-
minology follows Raikov (1972); Xu and Foissner (2004)
and Vd’ a¢ny and Foissner (2008).

ZooBank registration number of the present work
(Recommendation 8 A of the International Commission on
Zoological Nomenclature 2012) is urn:Isid:zoobank.org:pub:
3C8ESAGE-1DF2-403E-9A5A-C5DB2B29F6BB.  Since
this is mainly a taxonomic study, nomenclatural references
are also listed in the ‘Reference’ section.

Results
Metopus boletus Foissner and Vd’a¢ny nov. spec

2019 Metopus sp. — Vd’ acny, Rajter, Stoeck and Foissner,
J. Eukaryot. Microbiol., 66: 170 (18S rRNA gene
sequence, accession no. MH086825).

ZooBank registration number:
urn:lsid:zoobank.org:act:2AB298F5-ASBE-48FC-B6E7-
3C76A026D4E7.

Diagnosis: Size about 65 x 40 wm in vivo. Preoral dome
distinctly overhangs broadly to narrowly obovate postoral
body portion, providing a mushroom-like appearance in
ventral view. Macronucleus between anterior and posterior
end of adoral zone, globular to broadly ellipsoid; one glob-
ular to broadly ellipsoid micronucleus. Contractile vacuole
and cytopyge terminal. On average 18 ciliary rows on
ventral and dorsal side, preoral dome nude; anterior portion
of first postoral kinety curved rightwards and composed
of 4-6 narrowly spaced dikinetids; 5-10 elongated caudal
cilia up to 20 pm long. Perizonal stripe composed of five
kineties extending approximately 43% of body length and
forming about 46 false kineties. Adoral zone extends about
42% of body length, composed of an average of 28 small
polykinetids.

Type locality: Loamy soil and leaf litter from the floodplain
of the Murray River near to the town of Albury, Australia
(S36°06' E146°54").
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Fig. 1. (A-Q) Metopus boletus nov. spec. from life (A, E, F, L), and after silver carbonate (B—D) and protargol (G-K, M-Q) impregnation. (A)
Ventral view of a representative specimen, length 65 wm. Opposed arrows denote the elongated caudal cilia. (B) Infraciliature of anterior body
half and nuclear apparatus. Arrowheads mark the curved anterior end of the first postoral kinety. (C) Fine structure of adoral polykinetids.
(D) Fibrillar associates of somatic dikinetids. (E-K, M—-Q) Variability of body shape and size as well as of nuclear apparatus in ventral
and ventrolateral views. (L) Surface view showing hydrogenosomes arranged in four or five rows between adjacent kineties. a—e, fibrillar
associates; AP, adoral polykinetid; AZP, adoral zone of polykinetids; CP, cytopharynx; CV, contractile vacuole; DE, desmoses; FM, faecal
mass; HY, hydrogenosomes; MA, macronucleus; MI, micronucleus; PD, preoral dome; PM, paroral membrane; PS, perizonal stripe; SC,
somatic cilia; SS, side stripe. Scale bars: 10 wm (B) and 20 pum (A, E-K, M-Q).
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Fig. 2. (A-K) Metopus boletus nov. spec. after protargol impregnation. (A, B) Ventrolateral and dorsolateral ciliary pattern as well as nuclear
apparatus of holotype specimen, length 58 um. (C-G) Variability of body shape and size as well as of nuclear apparatus in dorsal and
dorsolateral views. Dorsal portion of perizonal stripe is shaded darker than ventral portion. Drawn to scale. (H-K) Ventral (H, J) and dorsal
(I, K) views of ciliary pattern and nuclear apparatus in an early (H, I) and in a late (J, K) post-divider. Arrowheads mark the narrowly spaced
dikinetids of the first postoral kinety. AZP, adoral zone of polykinetids; CP, cytopharynx; CV, contractile vacuole; MA, macronucleus; MI,
micronucleus; PM, paroral membrane; PS, perizonal stripe; SK, somatic kinety; SS, side stripe. Scale bars: 20 pm.

Type material: The holotype slide and eight paratype slides
with protargol-impregnated specimens have been deposited
in the Museum of Natural History (Biologiezentrum) in
Linz (LI), Austria. The holotype (Fig. 2A,B) and relevant
paratype specimens as well as dividers and conjugants have
been marked by black ink circles on the coverslip.

Gene sequence: The 18S rRNA gene sequence of Metopus
boletus has been deposited in GenBank (accession no.

MHO086825) under the name “Metopus sp. VRSF’ by
Vdacny et al. (2019). The sequence is 1712 nucleotides
long and has a GC content of 44.16%.

Etymology: The Latin noun boletus (mushroom) refers
to the mushroom-like appearance of this species. The
species-group name is treated as a noun in the nominative
singular standing in apposition to the generic name (Art.
11.9.1.2 of the International Commission on Zoological



P. Vd’acny, W. Foissner / European Journal of Protistology 69 (2019) 117-137 121

Fig.3. (A-D) Metopus boletus nov. spec., infraciliature of ventral (A, C) and dorsal (B, D) side after silver carbonate impregnation. Arrowheads
mark the narrowly spaced dikinetids of the first postoral kinety. AZP, adoral zone of polykinetids; MA, macronucleus; PD, preoral dome; PM,
paroral membrane; PS, perizonal stripe; SK, somatic kinety; SS, side stripe. Scale bars: 20 pm.
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Fig. 4. (A-I) Metopus boletus nov. spec. from life (A-D), after silver carbonate (F) and protargol (E, G, H) impregnation, and in the scanning
electron microscope (I). (A-D) Variability of freely motile specimens in body shape and size as well as in nuclear apparatus. (E, I) Strongly
arched conjugation pairs, showing that the lateral margins of the preoral dome serve as fusion area. (F) Fibrillar associates of somatic dikinetids
(cp. with Fig. 1D). (G) Surface view showing hydrogenosomes. (H) Rod-like conjugation pair, showing that the main body axes are clearly
antiparallel, which is suggestive of a heteropolar conjugation mode. a—e, fibrillar associates; AZP, adoral zone of polykinetids; CV, contractile
vacuole; DM, dividing maturation derivatives; HY, hydrogenosomes; MA, macronucleus; MI, micronucleus; PD, preoral dome; PM, paroral
membrane; PS, perizonal stripe. Scale bars: 1 wm (G) and 20 pm (a—e, H, I).
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Fig. 5. (A-D) Metopus boletus nov. spec., infraciliature of ventral (A, C) and dorsal (B, D) side as well as nuclear apparatus after silver
carbonate impregnation. Arrowheads mark the narrowly spaced dikinetids of the first postoral kinety, a characteristic feature of the new
species. For details of the fibrillar system, see Figs 1B—D and 4 F. AZP, adoral zone of polykinetids; MA, macronucleus; MI, micronucleus;
PD, preoral dome; PM, paroral membrane; PS, perizonal stripe; SK, somatic kinety. Scale bars: 20 pm.
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Fig. 6. (A-E) Metopus boletus nov. spec. in the scanning electron microscope. (A-C) Dorsolateral overviews, showing the anteriorly twisted
body, the distinctly flattened preoral dome carrying a conspicuous perizonal stripe, and the cortex furrowed by ciliary rows. Arrows denote
the elongated caudal cilia. (D, E) Ventrolateral overviews of anterior body half and details of oral apparatus. The paroral membrane extends
along the margin of the preoral dome and sinks, together with the adoral zone of polykinetids, into the shallow buccal cavity. Note that both
basal bodies of some somatic dikinetids are ciliated, an unusual feature in metopids where typically only the posterior basal body is ciliated.
Arrowheads mark the curved anterior end of the first postoral kinety. AZP, adoral zone of polykinetids; BA, bacteria; DL, dome lip; PD,
preoral dome; PM, paroral membrane; PS, perizonal stripe; SS, side stripe. Scale bars: 5 wm (E) and 20 pum (A-D).
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Table 1. Morphometric data on Metopus boletus nov. spec.

Characteristic* Mean M SD SE (6\% Min Max n

Body, length 57.6 56.0 6.0 1.3 10.4 45.0 68.0 21
Body, maximum width of preoral dome 344 32.0 6.5 1.4 19.0 24.0 47.0 21
Body, width at cytostome 28.0 25.0 8.7 1.9 31.2 17.0 43.0 21
Body, maximum postoral width 31.3 31.0 8.4 1.8 26.7 19.0 43.0 21
Body, length:width ratio 1.9 1.8 0.5 0.1 24.5 1.4 3.0 21
Anterior body end to proximal end of PS, distance 25.1 23.0 6.3 1.4 25.3 18.0 38.0 21
Perizonal stripe, percentage of body length 433 429 8.1 1.8 18.7 29.5 56.9 21
Anterior body end to distal end of AZP, distance 6.4 6.0 2.1 0.5 32.1 4.0 11.0 21
Anterior body end to proximal end of AZP, distance 242 24.0 4.7 1.0 19.5 18.0 33.0 21
Adoral zone of polykinetids, percentage of body length 419 41.5 5.3 1.2 12.7 344 50.8 21
Anterior body end to distal end of PM, distance 10.7 10.0 3.5 0.8 33.0 6.0 20.0 21
Anterior body end to macronucleus, distance 6.8 7.0 2.1 0.5 31.4 2.0 10.0 21
Macronucleus, length 15.6 15.0 2.8 0.6 17.8 12.0 22.0 21
Macronucleus, width 13.5 12.0 2.5 0.5 18.4 11.0 18.0 21
Macronucleus, length:width ratio 1.2 1.2 - - - 1.0 1.5 21
Macronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 21
Micronucleus, length 2.8 3.0 - - - 2.0 3.0 21
Micronucleus, width 2.4 2.0 - - - 2.0 3.0 21
Micronucleus, length:width ratio 1.2 1.2 - - - 1.0 1.5 21
Micronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 21
Somatic ciliary rows, total number 18.3 18.0 1.6 0.3 8.7 15.0 21.0 21
Perizonal ciliary rows, number 5.0 5.0 0.0 0.0 0.0 5.0 5.0 21
False kineties in perizonal stripe, number 45.8 44.0 6.1 1.3 13.3 38.0 59.0 21
Adoral polykinetids, number 28.4 28.0 29 0.6 10.4 24.0 34.0 21
Paroral membrane, length 13.7 13.0 2.8 0.6 20.6 10.0 19.0 21

4Data based on mounted, protargol-impregnated, and randomly selected specimens from a non-flooded Petri dish culture. Measurements in pm. AZP —
adoral zone of polykinetids; CV — coefficient of variation (%); M — median; Max — maximum; Mean — arithmetic mean; Min — minimum; n — number
of individuals investigated; PM — paroral membrane; PS — perizonal stripe; SD — standard deviation; SE — standard error of arithmetic mean.

Nomenclature 1999).

Description: Size in vivo 50-80 x 30-55 pm, usually about
65 x 40 pwm, as calculated from some in vivo measurements
and morphometric data adding 15% preparation shrinkage
(Foissner et al. 2002, p. 34). Body twisted anteriorly;
length:width ratio ranging from 1.4:1 to 3.0:1 after protargol
impregnation and in SEM preparations. Preoral dome mod-
erately convex, with thin distal margin, distinctly overhangs
broadly to narrowly obovate postoral body portion and
thus producing a mushroom-like appearance in ventral
view, usually appears dark at low magnification (40x)
because studded with 0.5-2.0 wm-sized lipid droplets;
rear body end narrowly to broadly rounded (Figs. 1A,
E-K, M-Q, 2 A-G, 4 A-D, 6 A-D; Table 1). Nuclear
apparatus typically between anterior and posterior end of
adoral zone both in vivo and after protargol impregnation,
usually displaced below adoral zone after silver carbonate
impregnation. Macronucleus globular to broadly ellipsoid,
with a length:width ratio of 1.0-1.5:1, 12-22 x 11-18 pum
in size in protargol preparations; nucleoli 1-3 wm across,
globular, and evenly distributed. Micronucleus attached to
macronucleus at various positions but usually at or near
anterior pole of macronucleus; globular to broadly ellipsoid,
2-3 wm in protargol preparations (Figs. 1A, B, G-K, M-Q,
2 A, C-G,3A,C,4A,B,D, 5 A-D; Table 1). A large

contractile vacuole in posterior body end (Figs. 1A, G-K,
Q, 2 C-E, G, 4 B, C). Faecal mass slimy, moves through
contractile vacuole when expelled via cytopyge (Fig. 1A).
Cortex flexible, slightly furrowed by ciliary rows both in vivo
and in SEM, sometimes with scattered epibiotic bacteria
1.0-2.5 pm long (Figs. 1E, 6 A-E); no cortical granules
recognizable. Conspicuous, mitochondria-like organelles
(most likely hydrogenosomes) beneath cortex, narrowly
spaced and forming four or five rows between adjacent
kineties, sometimes impregnate deeply with protargol
but not with silver carbonate (Figs. 1L, 4 G). Cytoplasm
colourless, contains some food vacuoles about 12-15 wm
across and defecation vacuoles with residues of bacteria;
no symbiotic bacteria recognizable in vivo and in protargol
preparations. Swims moderately fast, peculiarly wobbling
about main body axis due to the curved preoral dome; not
very sensitive to oxygen because does not die quickly on
microscope slides.

Somatic ciliature composed of dikinetids, often both basal
bodies ciliated, sometimes anterior basal body barren or cilia
lost during preparation as indicated by no distinct ciliation
pattern between dorsal and ventral side; somatic cilia about
12 wm long in vivo; 5-10 caudal cilia up to 20 wm long
(Figs. 1A, 6 A-E). On average 18 ciliary rows; all ven-
tral kineties begin posterior to adoral polykinetids, leaving
a broad barren stripe posterior to adoral zone, run towards
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rear end following body curvature; rarely with breaks or
shortened anteriorly or posteriorly; first postoral kinety com-
mences near proximal end of paroral membrane, its anterior
end distinctly curved rightwards and composed of 4—6 nar-
rowly spaced dikinetids; left dorsal kineties commence at
about same level as ventral kineties and run meridionally,
while right dorsal kineties partially extend onto preoral dome
and curve towards distal end of perizonal stripe (Figs. 1B, 2
A,B,3 A-D,5 A-D, 6 A-E; Table 1). Perizonal stripe begins
at left margin of dorsal side, extends slightly obliquely along
ventral dome margin and terminates on right margin of dor-
sal side, length highly variable (CV =25.3%), i.e., occupies
from 29.5% to 56.9%, on average about 43% of body length;
invariably composed of five narrowly spaced ciliary rows,
segmented into an average of 46 false kineties; each perizonal
dikinetid has two cilia 7.0-9.5 pwm long in SEM (Figs. 1B, 2
A-G, 3 A-D, 5 A-D, 6 A-D; Table 1).

Somatic dikinetids associated with five fibres after sil-
ver carbonate impregnation, possibly corresponding to
cathetodesmal fibres (structures “a” and “b”), a postcil-
iary microtubule ribbon (structure “c”), a kinetodesmal fibre
(structure “d”), and a transverse microtubule ribbon (struc-
ture “‘e”). Fibres “a” and “b” form a conspicuous V-shaped
pattern on left side of dikinetids, extend posteriorly, well rec-
ognizable because comparatively long and usually deeply
impregnated. Fibre “c” connected to posterior basal body,
directed posteriorly to the right, inconspicuous because usu-
ally shortest amongst the five basal body associates. Fibre
“d” associated with anterior basal body, extends rightwards
in an anterior direction, comparatively short, i.e., length
only one third to one fourth of fibre “e”. Fibre “e” associ-
ated with anterior basal body, runs to the left, conspicuous
because comparatively long, not impregnated or absent in
some dikinetids in anterior and posterior kinety portions
(Figs. 1D, 4 F). All fibres very short or not impregnated with
silver carbonate in perizonal stripe rows, except for fibres
“d” and “e” of perizonal row 5: fibre “d” inconspicuous,
short, directed to the right while fibre “e” is very conspicuous
because long, thick and deeply impregnated, directed ante-
riorly and slightly to the left. Dikinetids of perizonal stripe
connected by a fine, rectangular mesh of fibres resembling
the colpodid silverline pattern, i.e., each dikinetid radiates
four fibres in a cross-like pattern: two fibres run anteriorly
right- and leftwards and two fibres run posteriorly right- and
leftwards. Left anterior and right posterior fibres form main
axis of a false kinety while right anterior and left posterior
fibres obliquely connect adjacent false kineties (Figs. 1B, 3
C,D,5A-D).

Type 1 oral area (for details, see Vd’acny and Foissner
2017a, p. 37Vd acny and Foissner, 2017aVd aény and Foiss-
ner 2017a, p. 37). Adoral zone distinctly spiralled; length
highly variable (CV=19.5%), i.e., occupies from 34% to
51%, on average 42% of body length; commences poste-
rior to perizonal stripe at left margin of dorsal side and runs
slightly obliquely over ventral side to right body margin
curving leftwards to sink into shallow buccal cavity; com-

posed of an average of 28 small, L-shaped polykinetids; cilia
about 8 wm long in vivo (Figs. 1B, C, 2 A, B, 3 A-D, 5
A-D; Table 1). Individual polykinetids obliquely connected
by three desmoses faintly impregnated with silver carbon-
ate: first desmose connects anterior basal body of third short
row with anterior basal body of first long row of the adjacent
polykinetid, second desmose connects second basal bodies
of third short and first long row of the adjacent polykinetid,
and third desmose connects posterior basal body of second
row with third basal body of first long row of the adjacent
kinety. Fibres of basal bodies in polykinetids very short or
not impregnated with silver carbonate, except for fibre “d” of
anterior basal bodies of each row; fibres “d”” inconspicuous,
short and directed anteriorly (Fig. 1C). Paroral membrane
J-shaped and on average 14 um long after protargol impreg-
nation; begins about 10 wm posterior from anterior body end
and extends along adoral polykinetids to sink into buccal
cavity; composed of densely arranged dikinetids, but only
one basal body ciliated according to SEM observations, cilia
about 10 pm long in vivo (Figs. 1B, 2 A,3 A,C,5A,C, 6
D, E; Table 1). Cytopharyngeal fibres originate from proxi-
mal end of adoral zone and paroral membrane, usually curve
obliquely leftwards forming a slender funnel about 20 pm
long in protargol preparations (Figs. 1A, G-K, N, Q). Dome
lip inconspicuous, only 1.9-2.8 wm wide in SEM, dotted by
tiny warts arranged in three or four rows as observed in one
well oriented specimen (Fig. 6D, E). Side stripe a smooth,
moderately deep channel 2.8-5.5 pm wide in SEM (Fig. 6D,
E).

Phylogenetic position: According to our previous phyloge-
netic analyses, M. boletus is classified as a sister taxon of M.
laminarius with full statistical support in Bayesian inferences
and maximum likelihood analyses (Vd a¢ny et al. 2019). Both
taxa are placed within a highly diverse and variably statisti-
cally supported cluster, comprising the free-living M. minor,
M. hasei, M. yantaiensis and Atopospira spp. as well as the
endosymbiotic Parametopidium circumlabens and members
of the order Clevelandellida (Fig. 7).

Notes on ontogenesis of Metopus boletus

Although only few dividers were found in the protargol
slides, they document that the ontogenesis of M. boletus fol-
lows the metopid mode: (1) division takes place in freely
motile condition and the body undergoes drastic re-shaping,
causing the outline to become ovate in early dividers (Fig. 8C,
D), ellipsoid in mid-dividers (Fig. 8E, F) and dumbbell-
shaped in late dividers (Fig. 8G, H); (2) stomatogenesis is
pleurokinetal and the parental paroral membrane is reorga-
nized but does not contribute to the daughter oral ciliature
(Fig. 8C, G, asterisks); (3) the opisthe’s adoral polykinetids
originate in posterior body half by proliferation of dikinetids
in five or six dorsal and dorsolateral as well as some pos-
toral kineties. Very likely, each of these kineties produces
two adoral polykinetids (Fig. 8B, C). In mid-dividers, pro-
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Fig. 7. Nuclear 18S rRNA gene tree of the class Armophorea (from Vd'acny et al. 2019), showing the phylogenetic position of Metopus
boletus nov. spec. Posterior probabilities for Bayesian Inference (BI) and bootstrap values for Maximum Likelihood (ML) are mapped onto
the 50%-majority rule Bayesian consensus tree. Dashes indicate mismatch in topology between Bayesian and ML tree. The scale bar denotes
seven substitutions per one hundred nucleotide positions. Planometopus contractus was originally submitted to GenBank as Palmarella lata

(Bourland et al. 2014).
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Fig. 8. (A-H) Metopus boletus nov. spec., ciliary pattern and nuclear apparatus of early dividers (A-D), a mid-divider (E, F), and a late divider
(G, H) after protargol impregnation. Division takes place in freely motile condition and the body undergoes drastic re-shaping, becoming
ovate in early dividers, fusiform in mid-dividers and dumbbell-shaped in late dividers. Stomatogenesis is pleurokinetal and the opisthe’s
adoral polykinetids originate in the posterior body half by proliferation of dikinetids in five or six dorsal and dorsolateral as well as some
postoral kineties. Arrowheads in (B, C, E) denote scattered dikinetids at posterior end of parental perizonal rows 1 and 2 that migrate along
the new adoral membranelles to assemble the opisthe’s paroral membrane. Arrows in (C) point to two dorsolateral kineties which migrate
towards the growing perizonal stripe to become perizonal rows 4’ and 5’ in the opisthe. Asterisks in (C, G) mark reorganization of the parental
paroral membrane. CV, contractile vacuole; DS, division spindle; MA, macronucleus; MI, micronucleus; OAZP, opisthe’s adoral zone of
polykinetids; OPM, opisthe’s paroral membrane; OPS; opisthe’s perizonal stripe; PAZP, proter’s adoral zone of polykinetids; PPM, proter’s
paroral membrane; PPS; proter’s perizonal stripe; PS, perizonal stripe; SK, somatic kineties. Scale bars: 20 pm.



P. Vd’a¢ny, W. Foissner / European Journal of Protistology 69 (2019) 117-137 129

topolykinetids detach from the somatic ciliary rows and
migrate to assemble the opisthe’s adoral zone (Fig. 8E); (4)
the opisthe’s paroral membrane is produced by the dissoci-
ated posterior portion of the first two parental perizonal rows
and possibly by some scattered dikinetids from the poste-
rior end of the third parental perizonal row (Fig. 8B, C, E,
arrowheads). The new paroral membrane is assembled into
a continuous dikinetal row in late dividers (Fig. 8G); (5) the
opisthe’s perizonal stripe has a hybrid origin, i.e., it is formed
by three parental perizonal rows and two dorsolateral ciliary
rows: the posterior portions of the parental perizonal rows
3-5 become opisthe’s perizonal rows 1’-3’ while posterior
parts of the first two dorsolateral kineties migrate towards
rows 1’-3" to become opisthe’s perizonal rows 4’ and 5’
(Fig. 8C, arrows, G); (6) the macronucleus migrates to mid-
body in early dividers (Fig. 8D), assumes a rod-like shape
in mid-dividers (Fig. 8F), and becomes dumbbell-shaped in
late dividers (Fig. 8H). Micronuclear division commences in
mid-dividers (Fig. 8F) and the daughter micronuclei remain
connected by a fibre bundle in late dividers (Fig. 8H).

The species-specific vegetative morphology is very likely
obtained after division, as usual in metopids (Foissner and
Agatha 1999; Vd’acny and Foissner 2017b): (1) the body
grows and the preoral dome pulls out of the cell and twists left-
wards, taking along the adoral zone and the perizonal stripe;
(2) the adoral polykinetids become L-shaped and the paro-
ral membrane becomes J-shaped; (3) the anteriormost basal
bodies of the first postoral kinety become narrowly spaced
and curve rightwards; (4) the first two right dorsal kineties
extend onto the preoral dome and curve towards the distal
end of the perizonal stripe; (5) the macronucleus shortens to
become globular and the micronucleus migrates towards the
macronucleus (Fig. 2H-K).

Conjugation of Metopus boletus

Conjugation mode

Conjugation is isogamic with respect to body shape and
size. The average length ratio of the partners is very sta-
ble and ranges from 1.0:1 to 1.1:1, i.e., the length difference
between partners is less than 10% (Table 2). One partner
places the left margin of the ventral side of the preoral dome
onto the right margin of the dorsal side of the dome of the
other partner. Thus, the lateral margins of the preoral dome
serve as fusion area (Figs. 41, 10 A, B). The union mode
is ventral-to-dorsal with respect to the adoral zone and per-
izonal stripe. Specifically, when the pair is observed in the
same focal plane, the ventral portion of both ciliary structures
is visible only in one partner (Fig. 10A, B). Whether conju-
gation is homo- or heteropolar is difficult to state because
the conjugants form strongly arched to almost rod-like pairs
(Figs. 4E, H, I, 9 A-G, 10 A, B). Their arrangement is not
correlated with progress of conjugation. However, the main
body axes are clearly antiparallel in rod-like pairs (Figs. 4H,
9 A, G), which is suggestive of a heteropolar conjugation

mode. Conjugation is temporary, i.e., the partners separate
after formation of the synkaryon.

Body and ciliary changes

All modifications in body shape and ciliary pattern during
and after conjugation are associated with the remodelling of
the preoral dome. With the onset of conjugation, the dome
flattens and elongates, forming an obtuse angle with the main
body axis (Figs. 4E, H, 9A-E, 10 A, B). In comparison
with vegetative cells, the body becomes longer (62—82 pum
vs. 45-68 pm) and more slender (2.6:1 vs. 1.9:1). Further,
the course of the adoral zone and perizonal stripe becomes
more oblique and both are much less twisted than in mor-
phostatic specimens. Likewise, the ciliary rows extending
onto the preoral dome become almost straight. No changes
occur in the postoral ciliature including the densely ciliated,
curved anterior portion of the first postoral kinety. Likewise,
the adoral zone and the paroral membrane remain unchanged
(Fig. 10A, B). Conjugants and vegetative cells have a very
similar average number of adoral polykinetids (27 vs. 28),
somatic kineties (16 vs. 18), and false kineties (43 vs. 46) as
well as a similar length of the paroral membrane (12.3 pm
vs. 13.7 wm). This indicates the absence of preconjugation
divisions.

Soon after separation, the shape of the exconjugants is very
dissimilar from that of vegetative cells due to the remodelled
preoral dome. Thus, early exconjugants are the most slender
cells in the population because their preoral dome is narrow,
only indistinctly twisted, and strongly oblique, forming an
obtuse angle with the main body axis. Some irregularities
and deformations are still recognizable in the upper portion
that served for partner union (Fig. 10C, D). However, body
and preoral dome assume the characteristic vegetative mor-
phology comparatively rapidly, i.e., after the first synkaryon
division (Fig. 10E, F).

Nuclear changes

There are only two maturation divisions. During the
first division, the micronucleus swells from a size of
about 3 x 2 um to 8.2-8.6 x 6.3-6.7 um (Figs. 4H, 9 A-E;
Table 2). In the early prophase, the micronucleus displays
an eccentric, deeply impregnated, elliptic plate 3 x 2 um
in size and a bright margin with some argyrophilic gran-
ules (Fig. 9A—C). The deeply impregnated plate assumes a
narrowly elliptic shape (5 x 2 wm) and becomes localized
almost equatorially within the inflated micronucleus during
the late prophase (Fig. 9E). The plate is encompassed by
a slightly brighter spindle surrounded by the bright nucle-
oplasm still having some argyrophilic granules. About four
filiform chromosomes differentiate from the deeply impreg-
nated central plate. The second division (Figs. 4E, 9 F)
yields four maturation derivatives that also impregnate het-
erogeneously, i.e., they contain a deeply impregnated centre
surrounded by brighter nucleoplasm. Two maturation deriva-
tives migrate posteriorly towards the contractile vacuole and
begin to decrease in size from about 7 x 4 pmto 3 x 2.5 pm.
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Perizonal stripe (PS)
I Adoral zone of poly-
kinetids (AZP)

Fig. 9. (A-K) Metopus boletus nov. spec., body and nuclear changes during and after conjugation in protargol preparations. (A-E) Early
prophase of the first maturation division. The micronucleus swells from a size of about 3 x 2 pm to 8.5 x 6.5 wm and displays a dark, elliptical
structure surrounded by a bright margin. (F) Late prophase of the second maturation division. The dark mass assumes a narrowly elliptical
shape and becomes localized almost equatorially within the fusiform micronucleus. (G) Conjugants after exchange of the pronuclei. (H)
Early exconjugant with a synkaryon. (I) The single synakryon division generates two globular, similarly sized synkaryon derivatives: one
differentiates to a new micronucleus while the other enlarges and transforms to a new macronucleus. J: Late exconjugant with the parental
macronucleus and a macronucleus anlage. (K) Scheme of the nuclear processes during and after conjugation. Two maturation divisions (I, II) and
a single synkaryon division produce two synkaryon derivatives: one becomes the micronucleus and other one the macronucleus. Crosses mark
degenerating maturation derivatives. AZP, adoral zone of polykinetids; CP, cytopharynx; CV, contractile vacuole; DM, dividing maturation
derivatives; DMD, degenerating maturation derivatives; MA, parental macronucleus; MAA, macronucleus anlage; MI, micronucleus; P,
pronuclei; PM, paroral membrane; PS, perizonal stripe; S, synkaryon; SD, synkaryon derivatives; X, degenerating maturation derivatives.
Scale bar: 20 pm.
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Fig. 10. (A-F) Metopus boletus nov. spec., ciliary pattern and nuclear apparatus of a conjugation pair (A, B), an early exconjugant (C, D),
and a late exconjugant (E, F) after protargol impregnation. Arrowheads mark the curved anterior end of the first postoral kinety. AZP, adoral
zone of polykinetids; CV, contractile vacuole; MA, macronucleus; MMA, macronucleus anlage; MI, micronucleus; PM, paroral membrane;
PS, perizonal stripe; S, synkaryon; SK, somatic kineties; SS, side stripe. Scale bars: 20 pm.
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Table 2. Morphometric data on conjugating Metopus boletus nov. spec.
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Characteristic*

Mean M SD SE (6\% Min Max n
Long partner, length 74.8 75.0 5.2 1.6 7.0 66.0 82.0 11
Short partner, length 72.0 70.0 6.0 1.8 8.4 62.0 80.0 11
Partners, length ratio 1.0 1.0 - - - 1.0 1.1 11
Long partner, maximum postoral width 28.1 26.0 4.4 1.3 15.8 22.0 36.0 11
Short partner, maximum postoral width 28.3 27.0 3.1 0.9 11.1 25.0 36.0 11
Long partner, length:width ratio 2.7 2.6 0.4 0.1 13.6 22 3.6 11
Short partner, length:width ratio 2.6 2.6 - - - 2.2 2.8 11
Long partner, perizonal stripe length® 40.0 40.0 3.6 1.1 9.1 33.0 47.0 11
Short partner, perizonal stripe length® 37.8 39.0 3.5 1.0 9.1 33.0 42.0 11
Long partner, perizonal stripe % of body length 53.5 54.9 4.1 1.2 7.7 48.7 59.5 11
Short partner, perizonal stripe % of body length 52.6 52.5 3.3 1.0 6.3 48.6 58.2 11
Long partner, number of false kineties 42.6 42.0 35 1.1 8.2 39.0 50.0 10
Short partner, number of false kineties 43.5 43.5 2.1 0.7 4.8 40.0 46.0 10
Long partner, AZP length 38.2 38.0 3.2 1.0 8.3 34.0 44.0 11
Short partner, AZP length 36.5 36.0 39 1.2 10.8 30.0 43.0 11
Long partner, AZP % of body length 51.1 51.4 3.5 1.1 6.9 45.0 55.7 11
Short partner, AZP % of body length 50.7 50.7 3.7 1.1 7.4 44.8 56.7 11
Long partner, number of adoral polykinetids 27.5 28.0 1.6 0.5 5.9 25.0 30.0 11
Short partner, number of adoral polykinetids 27.8 27.0 2.5 0.8 9.1 25.0 33.0 10
Long partner, macronucleus length 15.2 15.0 1.5 0.4 9.7 13.0 18.0 11
Short partner, macronucleus length 16.3 16.0 1.5 0.4 9.2 15.0 20.0 11
Long partner, macronucleus width 13.8 13.0 2.1 0.6 15.5 11.0 17.0 11
Short partner, macronucleus width 14.1 14.0 1.9 0.6 13.3 12.0 19.0 11
Long partner, macronucleus length:width ratio 1.1 1.1 - - - 1.0 1.3 11
Short partner, macronucleus length:width ratio 1.2 1.2 - - - 1.0 1.3 11
Long partner, micronucleus length® 8.2 8.0 1.6 0.5 19.0 5.0 10.0 9
Short partner, micronucleus length® 8.6 9.0 1.7 0.6 20.3 6.0 10.0 9
Long partner, micronucleus width* 6.7 6.0 1.7 0.6 249 4.0 10.0 9
Short partner, micronucleus width® 6.3 6.0 1.6 0.5 25.0 5.0 10.0 9
Long partner, micronucleus length:width ratio® 1.3 1.3 - - - 1.0 1.7 9
Long partner, micronucleus length:width ratio® 14 1.4 - - - 1.0 2.0 9
Long partner, number of somatic kineties 16.3 16.0 1.5 0.5 9.2 14.0 19.0 10
Short partner, number of somatic kineties 16.7 16.5 0.9 0.3 5.7 16.0 19.0 10
Long partner, paroral membrane length 13.0 13.0 1.8 0.6 13.6 10.0 15.0 10
Short partner, paroral membrane length 11.7 12.0 2.0 0.6 16.7 8.0 15.0 11

4Data based on mounted, protargol-impregnated, and randomly selected specimens from a non-flooded Petri dish culture. Measurements in pm. AZP —
adoral zone of polykinetids; CV — coefficient of variation (%); M — median; Max — maximum; Mean — arithmetic mean; Min — minimum; n — number
of individuals investigated; SD — standard deviation; SE — standard error of arithmetic mean.

YMeasured from anterior to posterior end of perizonal stripe.
In prophase of the first maturation division.

The two remaining maturation derivatives move into the ante-
rior body portion, one becomes a stationary pronucleus while
the other transforms into a migratory pronucleus (Fig. 9G).
The pronuclei are of unequal size: the migratory pronucleus
is about 5 x 3 wm in size while the stationary pronucleus
has a size of about 7 x 6 wm. A synkaryon each is formed
in the partners by fusion of the migratory pronucleus with
the stationary one. The partners separate after the forma-
tion of the synkaryon, causing that synkaryon division takes
place in the exconjugants. It is characterized by an infla-
tion of the synkaryon which is surrounded by a distinct
membrane (Figs. 9H, 10 D). The single synkaryon division
generates two globular, similarly sized derivatives (Figs. 91,
10 F): one differentiates to a new micronucleus, the other

enlarges and transforms to a new macronucleus. Excon-
jugants with two or four macronuclear anlagen were also
observed.

The parental macronucleus maintains the globular mor-
phology and is localized in the anterior body half during the
maturation divisions (Figs. 4E, H, 9 A-F). Nucleoli are still
well recognizable during these initial stages of conjugation.
After synkaryon division, the parental macronucleus begins
to diminish in size (Fig. 9H). Unlike the degenerating matu-
ration derivatives, the parental macronucleus is still present
in late exconjugants along with the intensively growing new
macronucleus (Fig. 91, J).
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Discussion

Metopus boletus as a new species

Metopus boletus is distinguished from congeners by a
combination of the following characters: (i) a mushroom-
like appearance due to the distinctly overhanging preoral
dome and the obovate postoral body portion; (ii) a globu-
lar to broadly ellipsoid macronucleus in anterior body half;
(iii) 5-10 caudal cilia up to 20 wm long; and (iv) the peculiar
first postoral kinety whose anterior region is distinctly curved
rightwards and composed of 4—6 narrowly spaced dikinetids.
The similarly sized and co-occurring M. murrayensis Foiss-
ner and Vd’acny in Vd'ac¢ny and Foissner, 2017a has also
a globular macronucleus and caudal cilia. However, the
macronucleus is surrounded by highly refractive granules
and the caudal cilia are two times longer, i.e., about 40 pwm.
Metopus pulcher Kahl, 1927 exhibits also an almost globu-
lar macronucleus but is easily distinguished from M. boletus
by the adoral zone which extends about 90% vs. 40% of
body length. Interestingly, Idiometopus turbo (Dragesco and
Dragesco-Kernéis 1986) Bourland et al., 2018 has a stout
appearance and a file of narrowly spaced basal bodies pos-
torally. These, however, do not extend towards the paroral
membrane but form narrowly spaced, short kineties or remain
as disordered dikinetids (Bourland et al. 2018). Moreover, M.
boletus clearly differs from I. furbo also by the shape of the
macronucleus which is globular to oval in the former while
C-shaped in the latter.

According to 18S rRNA gene phylogenies (Vd acny et al.
2019), M. boletus is closely related to the morphologically
highly dissimilar M. laminarius Kahl, 1927. Both species
can be easily distinguished by body shape and size as well
as by the macronuclear pattern. Metopus laminarius has a
slender, 200-260 wm long body and a U-shaped macronu-
cleus in posterior body half. On the other hand, M. boletus is
much stouter and smaller (50-80 x 30-55 pwm) and displays
a globular macronucleus in the anterior body half. Metopus
laminarius f. minor Kahl, 1932 very likely represents a dis-
tinct species. It is still much larger than M. boletus (150 um
vs. up to 80 wm) and its macronucleus is narrowly ellipsoid
and in posterior body half (vs. globular to broadly ellipsoid
and in anterior body half) (Kahl 1932).

Conjugation

So far, conjugation of metopids has not been investigated
in detail, except for the study of Noland (1927) who con-
centrated on the nuclear events and body changes in M.
sigmoides [now M. es (Miiller, 1776) Lauterborn, 1916].
Some anecdotal observations are available on live specimens
of M. mirabilis Kahl, 1928, M. es and M. violaceus [now
Atopospira violacea (Kahl, 1926) Bourland and Wendell,
2014] by Kahl (1932) as well as on M. fuscus Kahl, 1927
by Bourland et al. (2014). All basically agree in that pair
formation is ventral-to-dorsal. A single exception might be

A. violacea in which the ventral sides of the partners could
overlap laterally according to Fig. 70,g in Kahl (1932). But
we cannot exclude that this peculiar arrangement might be
part of the complex dances leading the partners to come in
contact; the final union would be ventral-to-dorsal, as typi-
cal for other metopids. Metopid conjugants consistently form
an inverted U- or V-shaped pattern, which was interpreted as
homopolar in M. fuscus by Bourland et al. (2014). The conju-
gation is anisogamic in M. fuscus (Bourland et al. 2014) while
it begins isogamic and ends anisogamic in M. es whereby
the distinctly smaller exconjugant dies after pair separation
(Noland 1927). Very likely, this was misinterpreted as total
conjugation by Raikov (1972). However, our detailed obser-
vations reveal the conjugation of M. boletus to be temporary
and isogamic (Table 2). Whether the orientation of the part-
ners is homo- or heteropolar is difficult to state. However, the
presence of almost rod-like pairs indicates that it is in fact het-
eropolar but partners can arch, which causes a homopolar-like
appearance. Both, strongly arched and rod-shaped pairs occur
also in two litostomatean groups, viz., the dileptids (Vd’acny
and Foissner 2008) and in the spathidiids (Xu and Foissner
2004). However, their conjugation mode is clearly heteropo-
lar since the main body axes of the partners are oriented
antiparallelly.

As concerns the nuclear processes, there are only two mat-
uration divisions in M. boletus (Fig. 9K) while three in M.
es (Noland 1927). On the other hand, both Metopus species
have only one synkaryon division, a number that has been
reported also from a rather closely related species, viz., Nyc-
totherus cordiformis (Golikowa 1965; Wichterman 1937)
from the endosymbiotic order Clevelandellida de Puytorac
and Grain, 1976. Although nuclear phenomena seem to
be species specific, only two maturation divisions and one
synkaryon division have been reported in several species
of the endosymbiotic order Entodiniomorphida Reichenow
in Doflein and Reichenow, 1929 (e.g., Diplodinium ecauda-
tum, D. triloricatum, Entodinium caudatum, Cycloposthium
bipalmatum;, for details, see Raikov 1972) from the class
Litostomatea which is rather closely related to the class
Armophorea (e.g., Chen et al. 2018; Gentekaki et al. 2014;
Vdacny et al. 2010). Nevertheless, the phylogenetic posi-
tion of entodiniomorphids indicate that this pattern evolved
convergently, since the last common ancestor of the class
Litostomatea very likely had three maturation divisions and
usually two or three synkaryon divisions. Indeed, this pattern
is distributed in a broad variety of litostomateans, e.g., in the
endosymbiotic Balantidium as well as in free-living dilep-
tids, spathidiids and didiniids (Raikov 1972; Vd'a¢ny and
Foissner 2008; Xu and Foissner 2004 and references cited
therein).

Phylogeny

Extensive transcriptome analyses united the classes
Spirotrichea, Armophorea and Litostomatea, forming the
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Fig. 11. Conjugation mode in the three main lineages of the SAL supercluster and their phylogenetic relationships as inferred from the
arrangements of the partners during conjugation. Spirotricheans typically form strongly arched pairs and partners unite ventral-to-ventral.
On the other hand, armophoreans and litostomateans form strongly arched to almost rod-like pairs and the partners unite ventral-to-dorsal.
Arrows denote course of main body axis. SAL, genetic supercluster; D, dorsal; V, ventral.

so-called SAL supercluster (Chen et al. 2018; Gentekaki
et al. 2014, 2017; Lynn and Kolisko 2017; Lynn et al.
2018). Recently, Maurer-Alcald et al. (2018) suggested
their genomic-architectural synapomorphy, viz., the pres-
ence of both nano-chromosomes and giant-chromosomes.
Interestingly, giant-chromosomes were reported also from
the classes Phyllopharyngea (Riley and Katz 2001) and
Colpodea (Foissner 1993, p. 201) belonging to the so-
called CONTHREEP supercluster. Extensive fragmentation
of chromosomes into gene-sized nano-chromosomes during
the development of macronucleus was, however, well doc-

umented only in the SAL supercluster and Phyllopharyngea
but not in the Colpodea (for a review, see Maurer-Alcald et al.
2018). These observations thus indicate that the presence of
both nano-chromosomes and giant-chromosomes might have
convergently evolved in the SAL supercluster and in the class
Phyllopharyngea.

18S and 28S rRNA gene phylogenies have recently
indicated that the bizarre and understudied Odontostom-
atea Fernandes et al., 2018 might also belong to the SAL
supercluster (Fernandes et al. 2018). However, relation-
ships among spirotricheans, armophoreans, litostomateans
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and odontostomateans remain unresolved in these molec-
ular analyses. Ultrastructural data and ontogenetic as well
as conjugation peculiarities may help to cast some light on
this problem. As we have already thoroughly discussed else-
where, the cortex ultrastructure and ontogenesis indicate a
sister group relationship of armophoreans and litostomateans
(Foissner and Agatha 1999; Vd’acny and Foissner 2017b;
Vdacny et al. 2010). Detailed conjugation data have been
not available for the armophoreans but helped to recognize
the phylogenetic home of Halteria grandinella, a problem-
atic spirotrichean taxon that morphologically appears like an
oligotrich but clusters within the hypotrichs in 18S rRNA
gene phylogenies (Foissner et al. 2004). The transient dimor-
phism of the partners and the common usage of the right
conjugant’s distal portion of the adoral zone during conju-
gation are shared features clearly uniting Halteria with other
hypotrichs (Agatha and Foissner 2009). Likewise, a set of 124
genes supported the hypotrich home of Halteria and indicated
its “oligotrich” features as a result of convergent evolution
(Lynn and Kolisko 2017). On the other hand, M. boletus does
not display any typical feature of the spirotrich conjugation
mode, i.e., the partners do not unite ventral-to-ventral and
their adoral zone is not modified during conjugation.
Interestingly, M. boletus shares some peculiar features with
litostomateans during conjugation. Their conjugation mode
is oblique to ventral-to-dorsal and the partners form strongly
arched to almost rod-like pairs. In the rod-like arrangement,
the main body axes are clearly antiparallel, which indicates
that the true orientation of the partners is, indeed, heteropolar
(Fig. 11). To date, heteropolar conjugation has been reli-
ably reported only in litostomatean ciliates, for instance,
in Acaryophrya collaris, Didinium nasutum, dileptids and
spathidiids as well as in the endosymbiotic entodiniomor-
phids (Golinska and Afon’kin 1993; Prandtl 1906; Raikov
1972; Serrano et al. 1990; Vinnikova 1974; Vd'a¢ny and
Foissner 2008, 2012; Visscher 1927; Xu and Foissner 2004).
On the other hand, the main body axes are oriented in the same
direction (homopolar) during conjugation in spirotricheans,
such as euplotids, hypotrichs including halteriids, oligotrichs
and choreotrichs (for a review, see Agatha and Foissner
2009). Moreover, pair formation is ventral-to-ventral in the
vast majority of spirotricheans: the left anterior portion of
one partner fuses with the right one of the other, so that their
ventral sides face the substrate in hypotrichs (for reviews, see
Berger 1999, 2006 and references cited therein); the ventral
side of the partners overlap laterally or the ventral sides face
in Euplotes (Diller 1966; Kloetzel 1975; Luporini and Dallai
1980); the ventral sides face in choreotrichs, oligotrichs and
halteriids (Agatha and Foissner 2009 and references cited
therein). The single exception seems to be the euplotid genus
Aspidisca where the ventral side of the right conjugant cov-
ers the other partner dorsolaterally (Diller 1975; Rosati et al.
1998). However, the ventral-to-dorsal pairing occurs due to
rotation after a brief ventral-to-ventral pair formation (Rosati
et al. 1998), indicating that this is the plesiomorphic condi-
tion. Fusion of ventral sides is, indeed, widespread in ciliates

and has been reported also from karyorelicteans (Loxodes
striatus and Tracheloraphis phoenicopterus) and oligohy-
menophoreans (Cryptochilum echini and Paramecium spp.)
(for review, see Raikov 1972).

Considering the phylogenetic relationships among the
main spirotrichean lineages (e.g., Chen et al. 2018; Gentekaki
et al. 2014, 2017; Lynn and Kolisko 2017; Lynn et al.
2018), the most parsimonious solution is that their last com-
mon ancestor (LCA) had a ventral-to-ventral and homopolar
conjugation mode. On the other hand, the oblique to
ventral-to-dorsal pair formation and the strongly arched
to almost rod-like arrangement of the partners might be
synapomorphies corroborating a sister group relationship of
armophoreans and litostomateans (Fig. 11). This is further
corroborated by (i) the plate-like arranged postciliary micro-
tubule ribbons, forming a layer right of and between the
ciliary rows; (ii) the purely somatic and telokinetal stomato-
genesis beginning in the dorsal and dorsolateral kineties; (iii)
the origin of the oral structures from migrating kinetofrag-
ments (Foissner and Agatha 1999; Vd’aény and Foissner
2017b; Vd’acny et al. 2010). Since phylogenetic relation-
ships within the three classes of the SAL supercluster are
not unambiguously resolved, one could argue that these fea-
tures might be plesiomorphies of the last common ancestor
of the SAL supercluster. However, it seems unlikely that
so many specific ultrastructural, ontogenetic and conjuga-
tion features would be maintained in the LCAs of the classes
Armophorea and Litostomatea but would be lost in the LCA
of the class Spirotrichea. Therefore, we argue for their apo-
morphic nature supporting our Lamellicorticata hypothesis
that Armophorea are the sister group of the Litostomatea
(Vd’acny et al. 2010).
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