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ciliates, the definition of postciliodesmata changed and
thus the taxa affiliated. So, the spirotrichs now belong
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cordingly, S. meunieri does not possess “true” postcili-
odesmata and confirms the lack of such structures in

to the subphylum Intramacronucleata (Lynn 1996), and  tintinnid choreotrichids (Lynn 2008).
the term “postciliodesmata” is restricted to “stacked rib-
bons of overlapping postciliary microtubules, involved
in extension of the body following contraction” (Lynn

2008) by means of microtubule arms (Lynn 2017). Ac-

Comparison with kinetids in aloricate choreotrichids

According to the “Kinetid Transformation Hypoth-
esis”, the ancestral kinetid structure (dikinetids having

Fig. 7. Schematic drawing of the anterior portion of two adjacent kineties in the left ciliary field of Schmidingerella meunieri compiling
all observations from transmission electron micrographs. The 20°-30° angles of the kinetids are not considered. The kineties are mono-
kinetidal, except for one anterior dikinetid. The microtubules of the connecting (ribbons I) and postciliary ribbons form a network. I-III,
extraordinary microtubular ribbons I-III; AP, axosomal plate; Axn, axoneme; Axs, axosome; CC, cytoplasmic connection; CG, core gra-
nule; CM, cortical microtubules; CP, ciliary pit; CT, central microtubules; EC, electron-dense cuff; Kd, kinetodesmal fibril; P, perilemma;
Pc, postciliary ribbon; T, transverse ribbon.
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Fig. 6. Longitudinal (A) and cross (B—F) sections of kinetids in the left ciliary field of Schmidingerella meunieri in the transmission elec-
tron microscope. Arrows mark ribbons I of the neighbouring kinety on the right side terminating near triplets 5 of the mono- and dikine-
tids. (A) The cilium of the monokinetid inserts in a pit and is connected with the left wall by a cytoplasmic bridge (arrowheads). (B) Two
monokinetids (left, middle) and possibly a dikinetid (right). (C) Monokinetids in neighbouring kineties. (D, E) Anterior kinety portions.
Occasionally, instead of a single anterior dikinetid two pairs are found, the second of which might be the result of intrakinetal proliferation.
(F) Posterior kinety portion. I-1I, extraordinary microtubular ribbons I-II; Axs, axosome; CG, core granule; CM, cortical microtubules;
CP, ciliary pit; CT, central tubules; Cw, cartwheel; D, desmose; Kd, kinetodesmal fibril; P, perilemma; Pc, postciliary ribbon; T, transverse
ribbon. Scale bars: 500 nm (A), 1,000 nm (B-F).
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associated a cilium only with each anterior basal body)
changed dramatically in the choreotrichids after separa-
tion from the oligotrichid sister group. In both cladistic
and phylogenetic analyses, the aloricate choreotrichids
represent a paraphyletic grouping (Agatha and Striider-
Kypke 2007, 2014; Santoferrara et al. 2017). In contrast
to the cladograms, the molecular genealogies currently
do not comprise all genera and show some inconsisten-
cies and unresolved relationships.

Only Rimostrombidium lacustre (Foissner, Skog-
stad and Pratt, 1988) Petz and Foissner, 1992 [reported
as Strobilidium velox Fauré-Fremiet, 1924 by Grim
(1987)] had ultrastructurally been investigated con-
cerning its somatic kinetids. This species and strobili-
diids in general are extraordinary in having monokinet-
idal somatic kineties and kinety flaps, which cover the
bases of the somatic cilia extending parallel to the cell
surface. The monokinetids have apparently associated
only two-layered transverse ribbons. This peculiar ki-
netid ultrastructure of the supposedly functionless cilia
in R. lacustre possibly represents an autapomorphy of
the Strobilidiidae; yet, confirmation based on data from
the other two strobilidiid genera (Strobilidium and Pel-
agostrobilidium) is needed.

Monokinetids in the tintinnids Schmidingerella
meunieri (this study) and probably Ptychocylis minor
(Hedin 1976) differ distinctly from those of R. lacustre
in the presence of kinetodesmal fibrils and overlapping
postciliary ribbons; however, a homology of the rib-
bons I or II with the two-layered transverse ribbons in
R. lacustre cannot be excluded.

Obviously, the choreotrichid ciliates are an excep-
tion of the structural conservatism of the somatic ki-
netids in ciliates (Lynn 1981) not only because of some
taxa possessing three different kinetid types in a single
cell, but mainly because of the differences between the
monokinetids. Actually, the “Kinetid Transformation
Hypothesis” suggests at least three independent trans-
formations of dikinetids into monokinetids (Agatha and
Striidder-Kypke 2014).

Comparison with oligotrichid, hypotrich, and

euplotid kinetids

Molecular phylogenies are congruent with clad-
istic analyses (Agatha and Strider-Kypke 2007, San-
toferrara et al. 2017) in a sistergroup relationship of
oligotrichids and choreotrichids and in placing the hy-
potrichs as adelphotaxon to this cluster. The euplotids
again share the last common ancestor with the Perilem-
maphora uniting the latter three taxa. The somatic kine-

ties invariably consist of dikinetids with cilia only at the
anterior basal bodies in the oligotrichids, hypotrichs,
and euplotids, a kinetid type not found in S. meunieri.

Ultrastructural data on kinetids are scarce in oli-
gotrichids and base on studies of the strombidiids
Strombidium sulcatum (Fauré-Fremiet and Ganier
1970), S. inclinatum, and Novistrombidium testaceum
(Modeo et al. 2003). While the dikinetidal basal bodies
of euplotids, hypotrichs, and S. meunieri are arranged
in parallel as typical in ciliates (Grimes and Adler 1976,
Gortz 1982), those of the oligotrichids diverge distal-
ly, forming an angle of 45-50°. In oligotrichids, short
(0.7-3 um long) and stiff/immobile cilia are usually as-
sociated with the anterior basal bodies of the longitudi-
nal ventral kinety and with the left basal bodies of the
curved girdle kinety, which are homologous to the ante-
rior ones in the longitudinal rows (Agatha 2004, 2011;
Agatha and Striider-Kypke 2014). They may have short
and distinctly curved cilia associated with the posterior
ventral or right girdle basal bodies, which are usually
only visible in transmission electron micrographs (Fau-
ré-Fremiet and Ganier 1970, Modeo et al. 2003). Infor-
mation on the fibrillar associates is lacking.

The dikinetid ultrastructure in the dorsal kineties of
hypotrichs (Grimes and Adler 1976, Fleury et al. 1985,
Lynn 2008) and euplotids (Ruffolo 1976, Gortz 1982,
Wicklow 1983, Lenzi and Rosati 1993, Morelli et al.
1996, Lynn 2008, Modeo et al. 2013) is much better
known. Their dikinetids have (i) a tangential transverse
ribbon, a single postciliary microtubule, and a rather
short, stiff/immobile cilium (bristle) associated with the
anterior basal bodies and (ii) a divergent postciliary rib-
bon associated with the posterior basal bodies (Grimes
and Adler 1976, Ruffolo 1976, Gortz 1982, Morelli et
al. 1996, Lynn 2008). Euplotids and hypotrichs, how-
ever, differ in the kinetodesmal fibrils (permanent vs.
transient), condylocilia at the posterior basal bodies
(present vs. absent), and parasomal sacs (present vs.
absent). The dikinetids in the tintinnid S. meunieri (this
study) share a permanent kinetodesmal fibril with those
in euplotids, but the absence of parasomal sacs with
those of hypotrichs.

The position of the condylocilia in dikinetids of
S. meunieri deviates from that in euplotids (at the ante-
rior vs. posterior basal bodies) indicating that such club-
shaped cilia developed several times independently and
might represent either a pre-stage for or the remains of
a common cilium depending on the presence/absence
of a certain protein (Dave et al. 2009). In euplotids, the
condylocilia contain nine microtubular doublets, and an
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axosome, but no central microtubules (Ruffolo 1976,
Gortz 1982, Morelli et al. 1996); thus, they are similar
to those in S. meunieri, except for the apparent lack of
microtubular doublets. The function of the condylocilia
is unclear.

The lumen of the euplotid kinetosome contains
a row of electron-dense granules (“core granules”)
about 35 nm across (Ruffolo 1976), whereas that of the
kinetosomes in S. meunieri contains two, rarely three
scattered electron-dense granules about 50 nm across as
recognisable in basal bodies of the oral ciliature.

The dikinetids are clockwise inclined with approxi-
mately the same angle in relation to the kinety axis in
S. meunieri, the euplotids, and the hypotrichs [inferred
from illustrations in Ruffolo (1976) and Grimes and
Adler (1976)] and their cilia protrude from ciliary pits;
data on oligotrichids are not available.

In contrast to euplotids, hypotrichs, and oli-
gotrichids, the tintinnid S. meunieri has not only more
kinetid types (three vs. one) in its somatic kineties, but
also mobile cilia of different lengths ranging from the
common (3—6 um long) cilia to the elongated (up to
15 um long) cilia in the dorsal kinety and the anterior
dikinetids of the right and left ciliary fields.

Phylogenetic inferences

The preliminary data on the ultrastructure of somat-
ic kinetids shall cladistically be analysed by discuss-
ing the character states and their distribution among the
taxa (Fig. 9, Table 1). The euplotids are used as out-
group for the following argumentation.
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Fig. 8. Schematics of somatic kinetids in Schmidingerella meunieri,
namely of a dikinetid (A) and a monokinetid (B). The postciliary
ribbons consist probably of four or five microtubules. The structu-
re of ribbon III is somewhat variable, ranging from one layer con-
taining four microtubules to two layers with six microtubules as in
ribbon [. 1-9, triplets 1-9; I-111, extraordinary microtubular ribbons
I-1II; D, desmose; Kd, kinetodesmal fibril; Pc, postciliary ribbon;
T, transverse ribbon.

Kinetid structure. Dikinetids with cilia only at the
anterior basal bodies are regarded as the plesiomorphic
character state (coded 0). Following the “Kinetid Trans-
formation Hypothesis”, the posterior dikinetidal basal
bodies became ciliated (coded 1). Then, the anterior cil-
ia were lost (coded 2) and finally the anterior basal bod-
ies, resulting in ciliated monokinetids (coded 3) (Aga-
tha and Striidder-Kypke 2014). Probably, this process
happened three times independently in choreotrichids.

Orientation of dikinetidal basal bodies. The basal
bodies of a ciliate dikinetid are parallel to each other
(coded 0), except for the diverging ones of the oli-
gotrichids (coded 1).

Condylocilia. The presence of condylocilia associ-
ated with the posterior dikinetidal basal bodies in eu-
plotids (coded 1) and with the anterior dikinetidal basal
bodies in tintinnids (coded 2) is considered an apo-
morphic character state that developed several times
independently.

Kinetodesmal fibril. Since kinetodesmal fibrils are
usually permanent (coded 0), their transient nature in
hypotrichs is regarded as apomorphy (coded 1) like
their apparent absence in strobilidiids (coded 2).

Postciliary ribbon at anterior basal body. A single
postciliary microtubule originates at the anterior basal
body in euplotids and hypotrichs (coded 0), but is ab-
sent in the other taxa under consideration (coded 1).

Postciliary ribbon at posterior basal body. The pres-
ence of divergent postciliary microtubules at the poste-
rior basal bodies is regarded as plesiomorphic character



210 M. S. Gruber et al.

state (coded 0), and their absence as an apomorphy of
the strobilidiids (coded 1).

Long stacked postciliary ribbons. The “false postcili-
odesmata” of tintinnids are long, stacked postciliary rib-
bons which are apparently also stained with protargol.
Since they are neither known from strobilidiids nor from
oligotrichids, hypotrichs, or euplotids, their presence is
considered an apomorphy of the tintinnids (coded 1).

Transverse ribbon. While the euplotid outgroup, the
hypotrichs, and tintinnids have single-layered trans-
verse ribbons (coded 0), the leftwards directed micro-
tubular ribbons of the strobilidiid kinetids are two-lay-
ered; thus, they probably represent another structure or
a derived character state (coded 1).

Parasomal sac. These organelles are a widespread
feature; therefore, their absence is considered a synapo-
morphy of the hypotrichs and Oligotrichea (coded 1).
Although data on oligotrichids are not available, this is
the most parsimonious assumption.

Extraordinary microtubular ribbons. The connec-
tive ribbon I, the posterior oblique ribbon II, and the
anterior oblique ribbon III have not previously been
described, but had been shown in a TEM micrograph
of the tintinnid Ptychocylis minor by Hedin (1976);
hence, these ribbons are regarded as tintinnid apomor-
phies (coded 1). However, it cannot be excluded that

they already evolved in the last common ancestor of the
Oligotrichea or of the choreotrichids and had secondar-
ily been lost in the strobilidiids (see below).

The present analyses support the previous observa-
tions that the structure of somatic kinetids in the spiro-
trichs is apparently less conserved than in other groups
of ciliates (Lynn 2008); particularly, the choreotrichids
demonstrate a considerable variability. Further, some of
the discovered differences in the kinetid ultrastructures
corroborate the genealogies inferred from genetic and
previous cladistic analyses (Agatha and Striider-Kypke
2007, 2014; Santoferrara et al. 2017).

Owing to the scarcity of data on the ultrastructure of
somatic kinetids in oligotrichids and choreotrichids, the
first occurrence of the three extraordinary microtubular
ribbons remains uncertain. Four alternatives for their
origin shall be discussed below: (i) they are restricted
to tintinnids with a ventral kinety; (ii) they occurred
first in the ancestor of all tintinnids; (iii) they are spe-
cific for choreotrichids and had secondarily been lost
by strobilidiids; or (iv) they evolved in the ancestor of
the Oligotrichea with a secondary loss in strobilidiids.

In contrast to most ciliate classes, the ultrastructure
of the somatic kinetids of Oligotrichea might provide
a phylogenetic signal on family level, the systemati-
cally problematic rank; yet, more data are required.

Table 1. Kinetid ultrastructure in euplotids, hypotrichs, oligotrichids, and choreotrichids, and the distribution of the character states. Please,
note that euplotids, hypotrichs, oligotrichids, and strobilidiids possess invariably one type of somatic kinetid, while the somatic ciliature of
the other choreotrichids, including tintinnids, comprises both monokinetids and dikinetids with one or two cilia. For coding sea text

Characters Euplotids  Hypotrichs  Oligotrichids Choreotrichids
Others Strobilidiids Tintinnids

Kinetid type 0 0 0 0° 1¢ 28 30 1 2 30
Orientation of basal bodies 0 0 1 ? ? ? - 0 0 -
Condylocilium in dikinetid* 1 0 0 ? ? ? - 0 2 -
Kinetodesmal fibril* 0 1 ? ? ? ? 2 0 0 0
Postciliary ribbon at anterior basal body 0 0 ? ? ? ? - 1 1 -
Postciliary ribbon at posterior basal body 0 0 ? ? ? ? 1 0 0 0
Long stacked postciliary ribbons 0 0 ? ? ? ? - 1 1 1
Transverse ribbon 0 0 ? ? ? ? 1 0 0 -
Parasomal sac 0 1 ? ? ? ? 1 1 1 1
Microtubular ribbons I & 11 0 0 ? ? ? ? 0 1 1 1
Microtubular ribbon 111 0 0 ? ? ? ? - 1 1 -

* unordered character state
*in a single species, up to two kinetid types may be found
®homoplasy as indicated by differences in the fibrillar associates

— not applicable in monokinetids which presumably represent the previously posterior dikinetidal basal bodies

? unknown character state



Some thoughts about evolutionary constraints

The discovery of new microtubular ribbons asso-
ciated with the somatic kinetids in the loricate chore-
otrichids raises questions about the evolutionary con-
straints that might have fostered their development.
These, however, depend on the first occurrence of the
three extraordinary ribbons.

Ancestor of Oligotrichea. The obvious change in
life style (benthic to planktonic) in concert with modi-
fications in the cell shape (dorsoventrally flattened to
globular or obconical), position (ventral to apical) and
function (feeding to feeding plus locomotion) of the
adoral zone, and the mode of movement (crawling by
ventral cirri on the substrate to swimming in the water
column) might provide clues for this innovation in the
monophyletic Oligotrichea.
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Additionally or alternatively, the dorsalisation pro-
cess suggested by Foissner et al. (2004) might have
caused the ultrastructural changes in the kinetids. Ow-
ing to the hypothesised reduction of the flattened ventral
side with the cirri and the membranellar zone anchored
by various microtubular ribbons on the one hand and
an expansion of the dorsal side with a few longitudinal
somatic kineties on the other hand, the emerging globu-
lar, oligotrichous cells of the Oligotrichea possessed
less stabilising microtubular ribbons than the hypotrich
sister group. As a substitute, the microtubular ribbons I,
11, and III and the overlapping postciliary microtubular
ribbons perhaps evolved. Whether these structures — if
present — provide enough rigidity in the oligotrichids
with only a girdle and a ventral kinety is questionable.
Likewise, a stronger anchoring of the somatic cilia
paralleling a change in their function is not a plausible

Euplotids Hypotrichs Oligotrichids Choreotrichids
Others Strobilidiids Tintinnids
mm 3
;// ‘é%“/‘x{;”@
)
A K/ o

I Kd transient

BB diverging

Condylocilia at

*
Kd lost anterior BB
Pc lost at posterior BB Stacked Pc
T deviating Ribbons I-111

Pc lost at anterior BB

Condylocilia at
posterior BB

+ Parasomal sacs lost

Fig. 9. Tree displaying the phylogenetic relationships based on morphological and genetic data of euplotids, hypotrichs, oligotrichids, and
choreotrichids. (A) Overall morphologies of the taxa [illustrations: euplotid after Ehrenberg (1830); hypotrich from Deitmer et al. (1984);
oligotrichid from Montagnes (1996); choreotrichids from Petz et al. (1995), Petz and Foissner (1992), and Gruber et al. (2018)]. (B) Ki-
netid structures. For strobilidiids, inferred from micrographs and description in Grim (1987). (C) Molecular genealogy with apomorphies
(black squares) in the kinetid ultrastructures mapped on the branches with the most parsimonious placement based on the current state of
knowledge. Black circles represent basal bodies and red dots associated common cilia as inferred from protargol-stained material. Asterisks
mark homoplasy. Dark blue, transverse ribbon; grey, desmose; light blue, kinetodesmal fibril; orange, extraordinary microtubular ribbons;
purple, postciliary ribbon; BB, basal body; Kd, kinetodesmal fibril; Pc, postciliary ribbon; T, transverse ribbon.
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explanation for the oligotrichids with their short, stift/
immobile, and potentially sensory cilia. In these cili-
ates, however, extrusomes (Modeo et al. 2001) and the
cortical platelets of the hemitheca might have increased
the cell’s rigidity and thus counterbalanced the paucity
of somatic kineties.

Ancestor of choreotrichids. The choreotrichids com-
prise the paraphyletic grouping of aloricate taxa and the
monophyletic tintinnids. The highly diverse somatic
ciliary patterns and kinetid types in the aloricate taxa
in combination with usually rather short and probably
stiff/immobile cilia again reject the idea that a change
in cilia function was responsible for the introduction
of the additional fibrillar associates, especially as the
kineties are often restricted to the posterior cell por-
tion and are few in numbers. Moreover, Rimostrom-
bidium lacustre [reported as Strobilidium velox Fauré-
Fremiet, 1924 by Grim (1987)] apparently lacks ho-
mologous structures in its monokinetids.

Ancestor of tintinnids. The tintinnids are unique
planktonic ciliates as they carry a lorica attached to
their contractile peduncle. The movements of the adoral
membranelles thus not only propel the cell through the
water column, but also the more or less voluminous lo-
rica. This might have necessitated a stiffer cell proper.
Actually, our data on the tintinnid S. meunieri reveal
a stabilising network formed by the fibrillar associates
of the somatic kinetids which are usually restricted to
the anterior portion of cell proper.

Additionally, the few distinctly elongated cilia in
tintinnids (the anteriormost cilia in the right and left
fields, the dorsal and posterior cilia, the cilia in the pos-
terior portion of the ventral kinety) are supposed to be
involved in the formation and cleaning of the lorica as
well as in stabilising the cell inside the lorica (Laval-
Peuto and Brownlee 1986); therefore, they might have
needed a stronger anchoring in the cell cortex.

CONCLUSION

Although new microtubular ribbons and kinetid
structures were discovered, the findings of the present
study emphasise further the gaps in our knowledge con-
cerning the ultrastructure of somatic kinetids mainly
in the oligotrichids and aloricate choreotrichids and
prompt future studies on the kinetid evolution and its
constraints.
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