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A B ST R A CT 

Armophorid ciliates of family Clevelandellidae represent ecologically interesting symbionts of ecologically interesting hosts: wood-eating cock-
roaches of subfamily Panesthiinae unrelated to the termite/Cryptocercus lineage. Moreover, these protists exhibit a peculiar morphology, with the 
posteriorization of oral structures being the most striking of their unique characters. Despite that, the family is relatively understudied, with only 
a handful of morphologically novel species being described since its erection more than 80 years ago. Recently, however, several clevelandellid 
species were described solely on the basis of molecular characters and it has been suggested that morphology should be abandoned in favour of 
purely molecular taxonomy. In our study we report on the diversity of Clevelandellidae from the widest host spectrum assessed so far, charac-
terize a majority of previously described Clevelandellidae species, and describe six new Clevelandella species. By applying an integrative taxo-
nomical approach, using molecular and modern morphological methods, we demonstrate the pitfalls of a purely molecular approach and show 
that morphology still has its place in the taxonomy of Clevelandellidae. Moreover, thanks to a combination of observations of in vivo cells, 
protargol preparations, and scanning electron microscopy (used for the first time in Clevelandellidae), we were able to clarify morphological 
uncertainties of previous works and discuss various morphological peculiarities of Clevelandellidae.
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I N T RO D U CT I O N
Blattodea (cockroaches and termites) are a morphologically and 
ecologically diverse lineage of insects with significant economic 
impact. Several globally distributed cockroach species are in-
famous synanthropic pests and sources of allergens (Cochran 
1999). Termites, on the other hand, are the major structural and 
agricultural pests in tropical and subtropical areas and are also of 
great ecological importance (Govorushko 2019). Most termite 
species feed on wood and, since they are unable to completely 
digest wood particles by themselves, the ancestors of termites 
and wood-eating Cryptocercidae cockroaches entered into sym-
bioses with various organisms more than 130 million years ago 
(Evangelista et al. 2019). These partners, either alone or as part 

of a microbial consortia, are able to degrade cellulose and other 
compounds of wood, making themselves indispensable for their 
hosts (Brune 2014, Chouvenc et al. 2021). Cryptocercidae, and 
the so-called lower termites, host in their hindgut endosymbi-
otic flagellates belonging to Parabasalia and Preaxostyla. These 
protists are excellent and well-studied examples of coevolution 
with their hosts and are notable for having evolved into huge 
and morphologically bizarre forms (Noda et al. 2007, Čepička 
et al. 2010, Taerum et al. 2018). Additionally, an independent 
evolution of wood-eating occurred in the distantly related cock-
roach subfamily Panesthiinae (Blaberoidea: Blaberidae) (Bell et 
al. 2007, Djernæs et al. 2020). Similar to the lower termites and 
cryptocercids, panesthiines also host morphologically unusual 
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protists in their hindguts. However, these are not metamonad fla-
gellates, but ciliates of the family Clevelandellidae (Armophorea: 
Clevelandellida). As in the case of termites, several symbiont 
species are usually found simultaneously in a single host or-
ganism (Kidder 1937). Whether Clevelandellidae play any role 
in the cellulose digestion of panesthiines is unknown. But even 
if they do, it seems unlikely to be of great benefit to the host, 
since it has been shown that at least one panesthiine, Panesthia 
cribrata Saussure, 1864, produces endogenous cellulase and 
can be maintained for at least 12 weeks in the absence of proto-
zoan and most of the bacterial endosymbionts (Scrivener et al. 
1989, Slaytor 1992). Moreover, unlike hypermastigotes, which 
visibly ingest large particles of wood into their cell, members of 
Clevelandellidae have not been reported to do so.

In contrast to their more or less ovoid nycthotherid relatives, 
Clevelandellidae are immediately recognizable by their bizarre 
morphology. The anterior end of the cell is tapered to a rounded 
point and the oral apparatus is situated at the posterior end of the 
cell, giving a false impression of the ciliate swimming backwards. 
In most species, the buccal cavity occupies a posterior extension: 
the peristomial projection. The distinctive appearance is further 
accentuated by the conspicuously asymmetric cell shape of most 
species.

The family Clevelandellidae gave the name to the whole 
order Clevelandellida, which consists entirely of ciliates 
living as symbionts of various animals. The endosymbiotic 
lifestyle has obviously originated in an exclusive common 
ancestor of Clevelandellida, because the order forms an in-
ternal branch of predominantly free-living ciliates of the 
order Metopida (Lynn and Wright 2013, Rotterová et al. 
2018). While representatives of the family Clevelandellidae 
inhabit only Blattodea, members of the other four families of 
the order Clevelandellida (Nyctotheridae, Sicuophoridae, 
Neonyctotheridae, and Inferostomatidae) live as symbionts 
in a wide variety of both vertebrate and invertebrate animals. 
Clevelandellidae comprise five genera: Anteclevelandella Pecina 
and Vďačný, 2022, Clevelandella Kidder, 1938 (a replace-
ment name for the preoccupied Clevelandia Kidder, 1937), 
Paraclevelandia Kidder, 1937, Metaclevelandella Uttangi and 
Desai, 1963, and Rhynchoclevelandella Pecina and Vďačný, 2022. 
Genera Clevelandella (with seven species) and Paraclevelandia 
(with two species) were described more than 80 years ago by 
Kidder (1937) from the cockroaches Panesthia angustipennis 
angustipennis (Illiger, 1801) (known as Panesthia javanica 
Serville, 1831 at that time) from Philippines and Panesthia 
angustipennis spadica Shiraki, 1906 from Japan, respectively. 
Yamasaki (1939), apparently unaware of Kidder’s work, de-
scribed the genus Emmaninius Yamasaki, 1939, comprising 
three species, from an unidentified subspecies of Panesthia 
angustipennis (Illiger, 1801) from Japan. However, the genus 
name Emmaninius was unavailable, since Yamasaki (1939) did 
not designate the type species. Jankowski (2007) made the 
name available, designating E. papilloris as the type species. We 
consider Emmaninius Jankowski, 2007 to be a junior synonym 
of Clevelandella Kidder, 1938 and E. papilloris, E. plantiformis, 
and E. longicollis to be junior synonyms of C. panesthiae, C. 
constricta, and C. nipponensis, respectively. Since 1939, only two 
morphologically described species of Clevelandella from host 
genus Panesthia Serville, 1831 have been added (Mandal and 

Nair 1974, Pecina and Vďačný 2020a). Recently, Pecina and 
Vďačný (2022) split the genus Clevelandella into three genera: 
Clevelandella, Anteclevelandella, and Rhynchoclevelandella. They 
also described eight new species between the three genera; 
however, the descriptions are based solely on molecular 
methods and no morphological differences are mentioned. 
Metaclevelandella termitis Uttangi and Desai, 1963, the sole rep-
resentative of its genus, was, surprisingly, described not from 
a Panesthiinae cockroach but from a termite, Dicuspiditermes 
incola (Wasmann, 1893) (known as Capritermes longicornis 
Wasmann, 1902 at that time) from India (Uttangi and Desai 
1963).

Molecular data for Clevelandellidae were unavailable 
until Lynn and Wright (2013) analyzed the 18S rRNA gene 
sequences of four species of Clevelandella from Australia, all of 
which they considered to be conspecific with ones previously 
described by Kidder (1937). It was shown that Clevelandellidae 
form an internal branch of the genus Nyctotherus Leidy, 1849 
(Clevelandellida: Nyctotheridae), and that Clevelandella is spe-
cifically related to Nyctotherus lineages from cockroaches, sug-
gesting that the morphologically divergent Clevelandellidae 
evolved within cockroaches from a ciliate ancestor with a much 
less derived morphology (Albaret 1975). More recent studies 
that dealt with additional species and added more molecular 
markers (Pecina and Vďačný 2020a, b, 2022) were congruous 
with the findings of Lynn and Wright (2013). Somewhat sur-
prisingly they pointed to a peculiar inconsistency of morphology 
and genetics in Clevelandellida (Pecina and Vďačný 2020b) 
leading to a proposal to shift from morphology-based species de-
scriptions in the group to a purely molecular approach (Pecina 
and Vďačný 2022).

The occurrence of morphologically similar organisms in geo-
graphically distant hosts from Philippines, Japan, and Australia 
suggested a rather cosmopolitan distribution for a number of 
Clevelandellidae species (Kidder 1937, Yamasaki 1939, Lynn 
and Wright 2013). More recent works (Pecina and Vďačný 
2020b, 2022), on one hand, found similar organisms also in 
mainland Asia, but, on the other, showed that some of the spe-
cies or lineages may exhibit some geographical specificity. In 
regard to host specificity, the diversity of the hosts assessed so 
far is too low to draw meaningful conclusions as, until now, only 
five species of the cockroach genus Panesthia, one species of 
Salganea Stål, 1877, and one species of Macropanesthia Saussure, 
1895 were inspected for gut ciliates (Kidder 1937, Yamasaki 
1939, Mandal and Nair 1974, Lynn and Wright 2013, Pecina 
and Vďačný 2020a, b, 2022). This represents only a small frac-
tion of subfamily Panesthiinae (including Geoscapheinae, see: 
Beasley‐Hall et al. 2021), which comprises at least 169 species in 
11 genera distributed in Sino-Japanese, Oriental, and Australian 
regions (Beccaloni 2014).

In this study we report on the diversity of Clevelandellidae 
from 13 host populations, the widest host spectrum assessed 
to date. We dissected 104 cockroach specimens and examined 
the diversity of their Clevelandellidae symbionts based on the 
morphology and single-cell 18S, ITS, and partial 28S rRNA gene 
sequences. We report nine previously described species, de-
scribe six new species, and report one new, as yet, undescribed 
species. We combine molecular and morphological methods 
and show that morphology is important in the taxonomy of 
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Clevelandellidae, contrary to a previous suggestion to abandon 
morphology in favour of a purely molecular approach (Pecina 
and Vďačný 2022). We propose synonymy of eight previously 
described species. We also discuss numerous morphological pe-
culiarities, the phylogeny, diversity, host specificity, and biogeog-
raphy of Clevelandellidae.

M AT E R I A L S  A N D  M ET H O D S

Sample collections
To obtain Clevelandellidae symbionts, 104 individuals from 
13 Panesthiinae host populations were dissected. Ancaudellia 
pygmaea Roth, 1982 (AP), Ancaudellia serratissima serratissima 
(Brunner von Wattenwyl, 1865) (ASS), Panesthia angustipennis 
(PA), Panesthia angustipennis angustipennis (PAA), Salganea 
raggei Roth, 1979 (SR), Salganea rugulata Saussure, 1895 (SRU), 
Salganea ternatensis hirsuta Roth, 1979 (STH), and Salganea 
taiwanensis ryukyuanus Asahina, 1988 (STR) were collected 
from nature. Ancaudellia hamifera (Hanitsch, 1930) (AH), 
Miopanesthia polita (Krauss, 1902) (MP), Panesthia angustipennis 
cognata Bey-Bienko, 1969 (PAC), Panesthia angustipennis 
angustipennis ‘gold wing’ (PGW), and Panesthia triangulifera 
Hanitsch, 1927 (PT) were obtained from hobby cultures. The 
origin of host cockroaches is summarized in the Supporting 
Information, Table S1. The cockroach colonies were housed sep-
arately in plastic containers filled with decaying wood with ap-
propriate humidity and room temperature. Close attention was 
paid to avoid any contact of animals and substrate between col-
onies to prevent symbiont cross-contamination.

The cockroaches were euthanized by ethyl acetate vapors. The 
hindgut was extracted, freed from the fat body, homogenized in 
the liquid phase of Dobell and Laidlaw’s medium (Dobell and 
Laidlaw 1926), and stored in 1.5 mL Eppendorf tubes, where the 
ciliates survived from a few hours to several days at room tempera-
ture. Since the high viscosity of the culture medium due to added 
egg white severely hinders work with micropipettes, aliquots of 
the gut were transferred to drops of Ringer’s solution for manual 
picking of ciliate cells under the dissecting microscope. The cili-
ates usually died within 20–40 min after being placed on slides.

Light microscopy
The morphology of live and protargol-impregnated cells was 
examined with an Olympus BX51 or BX53 microscope equipped 
with either a DP71 (Olympus, Japan) or Canon EOS 80D 
camera, and an AE2000 inverted microscope equipped with a 
BTU10 camera (Motic, Xiamen, China). Protargol (Polysciences 
Inc., Warrington, PA, no longer commercially available) prepar-
ations were done according to Bourland and Wendell (2014). 
Images of protargol-impregnated specimens were taken under 
brightfield illumination. Images of live cells were taken using dif-
ferential interference contrast illumination (DIC). Measurements 
were performed using calibrated QuickPHOTO CAMERA 2.3 
(Promicra) or ImageJ (National Institutes of Health, https://
imagej.nih.gov/ij/index.html) software. Due to variability in cell 
orientation, not all characters could be measured in all cells.

Scanning electron microscopy
Ciliates collected as described above were placed in a drop 
of Ringer’s solution on a glass slide, selected with a glass 

micropipette, and washed free of detritus by transfer to three suc-
cessive drops of fresh Ringer’s solution. The cells were then placed 
in 1 mL of 2.5% glutaraldehyde in 1.5-mL Eppendorf tubes for 
at least 30 min and up to several days. Glutaraldehyde-fixed cells 
were washed in distilled water under the dissecting microscope, 
placed in brass sample chambers (Foissner 2014), and dehy-
drated in in the chambers through a graded ethanol series (50%, 
70%, 90% for 5 min each, and three exchanges of 100% for 15 
min each). Critical point drying was done in a BalTech CPD030 
critical point dryer (Leica Microsystems, Vienna, Austria) and 
dried cells were scattered on adhesive carbon tabs on aluminium 
specimen stubs and sputter coated with gold (vacuum 0.1 mbar, 
current 40 mA for 90 s). Observations were done in a JSM-6380 
scanning electron microscope ( JEOL LV, USA) in secondary 
electron and back-scattered electron detection modes at an ac-
celerating voltage of 15 kV.

Statistical analyses
All statistical analyses were performed in R 4.2.0 (R Core 
Team 2023). For the purpose of a detailed morphological in-
vestigation of ciliate species, the following features were deter-
mined in a total of 455 protargol-stained cells from 33 strains 
of 16 species (‘brevis’ and ‘simplex’ morphs of Paraclevelandia 
brevis were considered as separate species in this analysis): (i) 
body length, (ii) body width, (iii) the presence of peristomial 
projection, (iv) peristomial projection length, (v) peristomial 
opening width, (vi) adoral zone of membranelles length, (vii) 
adoral membranelles number, (viii) distance from the anterior 
of the cell to the posterior of macronucleus, (ix) macronucleus 
length, (x) macronucleus width, (xi) micronucleus length, and 
(xii) micronucleus width. From 7 to 73 cells (24 in average) 
were morphologically analyzed per each species. Missing data 
were imputed with a principal component analysis (PCA) using 
the ‘missMDA’ package ( Josse and Husson 2016) applying the 
iterative PCA algorithm. An NMDS (non-parametric multi-
dimensional scaling) analysis was carried out with the ‘vegan’ 
package (Oksanen et al. 2020), based on the imputed dataset and 
using a total of 1000 random starts in search of a stable solution. 
The morphological similarities of analyzed cells were visualized 
with a scatterplot of the first two axes (stress factor = 0.076).

In addition, we performed a linear discriminant analysis 
(LDA) using the ‘MASS’ package (Venables and Ripley 2022) 
and calculated a classification matrix measuring the performance 
of the model. This matrix reports the number of cases correctly 
and incorrectly assigned to each of the groups (species) based 
on the discriminant analysis of determined morphological traits.

To assess shrinkage of protargol preparations we have com-
pared measurements of the cell size (length or width) for a 
given species between protargol preparations and in vivo meas-
urements. We used a generalized linear model (GLM) model 
with gamma distribution and link function log to test the effect 
of species, cell condition (live cell/protargol preparation), and 
their interaction on the measured cell size. Reduced major axis 
(RMA) regression from the package ‘lmodel2’ was used to ana-
lyze the effect of species cell size (length or width) on shrinkage.

DNA isolation, amplification, and sequencing
Individual ciliates were handpicked from the gut content with 
micropipettes, washed three times in Ringer’s solution, and 
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either processed immediately or stored frozen at –80 °C in 30 
µL of Ringer’s solution (Supporting Information, Table S2; Figs 
S1–S3). Genomic DNA was isolated with the MasterPure™ 
Complete DNA & RNA Purification Kit (Lucigen, Middleton, 
WI, USA).

The 18S rRNA gene was amplified using primers ArmF1 
(Bourland et al. 2017a) and EukB (Medlin et al. 1988). PCR 
conditions were as follows: denaturation at 94 °C for 4 min, 30 
cycles of denaturation at 94 °C for 1 min, annealing at 55 °C for 1 
min, and extension at 72 °C for 4 min, and final extension at 72 °C 
for 15 min. The ITS1-5.8S-ITS2 region, along with the first two 
domains of the 28S rRNA gene, were amplified using primers 
ITS-F (Miao et al. 2008) and LO-R (Pawlowski 2000). PCR 
conditions were as follows: denaturation at 95 °C for 15 min, 30 
cycles of denaturation at 95 °C for 45 s, annealing at 55 °C for 1 
min, and extension at 72 °C for 150 s, and final extension at 72 °C 
for 10 min. EconoTaq® PLUS GREEN 2X Master Mix (Lucigen, 
Middleton, WI, USA) was used for both protocols. Amplified 
DNA was checked by agarose gel electrophoresis and purified 
with ExoSAP-IT (Thermo Fisher Scientific, Waltham, MA, 
USA). The purified PCR products were sequenced either on ABI 
3730 automatic sequencer (Applied Biosystems, Thermo Fisher 
Scientific, Waltham, MA, USA) at Macrogen, Amsterdam, the 
Netherlands or on an ABI PRISM 3100 (Applied Biosystems, 
Thermo Fisher Scientific, Waltham, MA, USA) at Charles 
University, Prague, Czech Republic.

Phylogenetic methods
The 18S rRNA gene was sequenced from all 147 cells and the 
ITS1-5.8S-ITS2 region and the first two domains of the 28S 
rRNA were sequenced from 48 cells (Supporting Information, 
Table S2). All sequences relevant to Clevelandellida and 
outgroup sequences were downloaded from GenBank 
(Supporting Information, Table S3). For outgroups, we chose 
sequences of the metopid group IAC (defined by: Bourland et 
al. 2018), the closest known relatives of Clevelandellida. Two 
datasets were created: (i) a full dataset containing all newly 
determined sequences and all available 18S, ITS, and 28S 
sequences of Clevelandellidae and outgroups (Nyctotheridae 
and Metopida) and (ii) a reduced dataset, derived from the full 
dataset, containing only the strains with all three genes avail-
able. The sequences were aligned using the G-INS-I algorithm 
in MAFFT (Katoh et al. 2002, Katoh and Standley 2013) with 
otherwise default settings on the GENEIOUS PRIME 2023.1.1 
platform. The unedited alignment comprised 3012 sites and was 
manually edited using BioEdit 7.0.9.0 (Hall 1999), retaining 
2962 sites (98.3%). The GTR+I+G nucleotide substitution 
model was chosen based on analysis by ModelTest-ng (Darriba et 
al. 2020). Phylogenetic trees were constructed using maximum 
likelihood (ML) and Bayesian methods. ML analysis was per-
formed with RAxML-ng (Kozlov et al. 2019) under the GTR+G 
model using 20 starting trees (10 random, 10 parsimony). Node 
support was assessed with 1000 bootstrap replicates. Bayesian 
analysis was performed using MrBayes 3.2.7a on the Cipres 
Portal (Miller et al. 2010) using the GTR+I+G model. Two 
parallel runs of four chains each were run for 5 000 000 gener-
ations, with a sampling frequency of 1000 generations. The first 
25% of sampled trees were discarded as burn-in. The average 

standard deviation of split frequencies was 0.007 after 5 million 
generations. Convergence was assessed by RWTY (Warren et al. 
2017). Trees were visualized in FigTree v. 1.4.4 (http://tree.bio.
ed.ac.uk/software/figtree/).

R E SU LTS

Phylogenetic analyses
The phylogenetic tree of the Metopida/Clevelandellida lineage 
based on the full dataset inferred from the 18S rRNA, ITS, and 28S 
rRNA gene sequences is shown in the Supporting Information, 
Figure S4. The phylogenetic tree of the Clevelandellida lin-
eage based on the reduced dataset is shown in the Supporting 
Information, Figure S5. Photomicrographs of the individual cells 
included in the tree, as well as genes sequenced from them, are 
summarized in the Supporting Information, Table S2 and Figures 
S1–S3. Topology and support values of both trees are highly 
consistent, with the only notable difference being higher support 
value for the monophyly of the genus Rhynchoclevelandella in the 
tree based on the reduced dataset (bootstrap support, BS, 99 vs. 
78, Bayesian posterior probability, BPP, 1 vs. 0.99). The part of 
the full dataset tree showing only the Clevelandellidae lineage is 
shown in Figure 1. The overall topology of the tree is consistent 
with previous analyses (Lynn and Wright 2013, Bourland et al. 
2017a, b, Li et al. 2018, Rotterová et al. 2018, Pecina and Vďačný 
2020a, b, 2022). The order Clevelandellida is robustly monophy-
letic (BS 98, BPP 1). The family Clevelandellidae is monophy-
letic (BS 91, BPP 1) and forms an internal lineage of the family 
Nyctotheridae. Anteclevelandella constricta (Kidder, 1937) forms 
a branch sister to the remaining Clevelandellidae, which form a 
robust clade (BS 89, BPP 1). Genera Rhynchoclevelandella and 
Paraclevelandia form a well-supported clade (BS 89, BPP1) sister 
to the genus Clevelandella. Genus Rhynchoclevelandella is moder-
ately supported (BS 78, BPP1). The isolates with R. nipponesis 
(Kidder, 1937) morphology are paraphyletic with respect to R. 
hastula (Kidder, 1937). This may be a case of cryptic diversity. 
The supports in the genus are, however, too weak for any mean-
ingful assumptions. Genus Paraclevelandia is fully supported (BS 
100, BPP1). All lineages in the genus include isolates of both 
Paraclevelandia  brevis Kidder, 1937 and Paraclevelandia  simplex 
Kidder, 1937 morphology, with a majority of them including 
genetically identical isolates of both morphologies. Genus 
Clevelandella is moderately supported (BS 71, BPP1) and splits 
into 12 strongly supported lineages considered here as separate 
species on the basis of morphology (see below). The relation-
ships among individual species are largely unresolved.

Morphology

Terminology:  We use ‘anterior’ and ‘posterior’ in the sense of 
Kidder (1937) and Albaret (1975). Following Kidder (1937) we 
designate the margin on which the lateral part of the peristomial 
opening and cytoproct lie as ‘left’ and the margin bearing the 
long suture between dorsal and ventral kineties suture as ‘right’. 
We define the portion of the cell anterior to the peristomial pro-
jection as the ‘body proper’ (Kidder 1937, Mandal and Nair 
1974). In agreement with Kidder’s original terminology (1937) 
followed by Mandal and Nair (1974) and Pecina, Vďačný (2020a, 
b), we consider cell flattening to be dorsoventral. It should be 
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Figure 1. Part of the maximum likelihood phylogenetic tree based on the full dataset using 18S rRNA gene, ITS1-5.8S-ITS2 region, and 28S 
rRNA gene sequences showing the relationships among Clevelandellidae. Sequences of Nyctotheridae, Sicuophoridae, and Metopida were 
removed (for the complete tree figure see Supporting Information, Fig. S4). Metopida was used as an outgroup. The values at the branches 
represent statistical support in maximum likelihood bootstrap values/Bayesian posterior probabilities. Support values below 50/0.90 are not 
shown or are depicted by an asterisk. Newly determined sequences are in bold. Scale bar: 5 substitutions/100 nucleotide positions. †indicates 
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noted, however, that Yamasaki (1939) and Albaret (1975) con-
sidered the same species as being laterally flattened. We refer to 
the distinctive incomplete somatic ciliation as ‘hemiciliation’, 
recognizing that the extent of partial ciliation varies somewhat 
between species. We define the cytoproct as the opening in 
the pellicle through which faecal material is discharged (Lynn 
2008). We define the unique ‘cloaca-like’ ciliated intracellular an-
trum, through which faecal material and contractile vacuole con-
tents pass, as the ‘excretory antrum’ (see Discussion). We use the 
terms ‘peristomial overture’, ‘peristomial opening’, and ‘buccal 
overture’ interchangeably. The peristomial overture has two con-
tinuous portions, lateral (left) and terminal (posterior), except 
for Paraclevelandia brevis in which the posterior peristomial pro-
jection is absent and the buccal overture is terminal, extending 
anteriorly only slightly. We consider the terms ‘spade-shaped’ 

and ‘spear-shaped’ as synonymous. Otherwise the terminology 
used mainly follows Lynn (2008) and Foissner and Xu (2007). 
A schematic illustration of an idealized Clevelandellidae cell 
showing morphologic features and orientation can be found in 
Figure 2.

Features common to all Clevelandellidae

Morphologic organization:  Clevelandellidae show a wide diver-
sity of body shapes and sizes but share the same general morpho-
logic organization, i.e. ‘posteriorization’ of the oral structures in 
comparison with representatives of nyctotherid families of order 
Clevelandellida. In all Clevelandellidae, the anterior end of the 
cell is tapered to a rounded point oriented in the direction of 
swimming, while the posterior end of the cell bears the buccal 

Figure 2. Schematic illustrations of various morphologic features of Clevelandellidae. A, ventral view (optical section) of a spade-shaped 
species. B, ventral view. C, dorsal view. D, right lateral view of Anteclevelandella constricta. E, composition and orientation of adoral 
membranelle. F, composition of diplostichomonad paroral membrane. G, left lateral view of peristomial projection. H, outline showing body 
parts of spade-shaped species. I, left lateral view showing dorsoventral flattening. AK, anterior karyophore; AM, adoral membranelle; CY, 
cytoproct; CV, collecting vesicles of contractile vacuole; CW, ciliary whorl; D, dorsal; DK, dorsal kineties; EA, ciliated excretory antrum; KF, 
kinetofragments; LF, left file of paroral membrane basal bodies; LL, left lobe; LoF, long file of adoral membranelle basal bodies; LS, short left 
suture; M, margin of the lateral extension of the peristomial opening; Ma, macronucleus; Mi, micronucleus; N, notch between left lobe and 
peristomial projection; PK, posterior karyophore; PM, diplostichomonad paroral membrane; PO, peristomial opening; RS, right suture; SF, 
short file of adoral membranelle basal bodies; V, ventral; VK, ventral kineties. See text for discussion of terminology regarding morphologic 
features and orientation.

that at least two cells with identical sequences from the same host individual were characterized. The names in quotation marks indicate the 
species name originally assigned by previous authors and/or morphotype in case of Paraclevelandia brevis. For GenBank accession numbers 
of newly determined sequences, as well as images of individual cells, see Supporting Information, Table S2 and Figs S1–S3. For accession 
numbers of sequences downloaded from GenBank see Supporting Information Table S3.
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or peristomial overture. All Clevelandellidae show some degree 
of dorsoventral flattening, most conspicuous in spade-shaped 
taxa and least conspicuous in Anteclevelandella  constricta and 
Paraclevelandia brevis.

The peristome leads internally to a tubular infundibulum 
bearing the adoral zone and paroral membrane that both end an-
teriorly at the cytostome, typically to the right of the midline in 
the posterior half of the body proper. The peristomial opening 
occupies the posterior end of the cell and has an inverted U- or 
V-shaped lateral part extending anteriorly toward the junction of 
the peristomial projection and the body proper. We consider the 
lateral part of the overture an important landmark designating 
the left side of the cell. All species except Anteclevelandella 
constricta, C. elongata (Kidder 1937), C. klobasa sp. nov., and 
Paraclevelandia brevis have a distinct, more or less cylindrical 
posterior peristomial projection. In the other four species men-
tioned, the projection is less developed (the former three) or ab-
sent (Paraclevelandia brevis).

Cytoplasm and food vacuoles:  All members of Clevelandellidae 
are colourless to slightly brownish depending on cytoplasmic 
contents. Food vacuoles are quite indistinct in all species, giving 
the cytoplasm a rather featureless, coarsely granular appear-
ance. The cytoplasm occasionally contains colourless platelets, 
consistent with polysaccharide granules (Fig. 17C) possibly 
composed of amylopectin, also known as paraglycogen, the 
carbohydrate storage product found also in nyctotherids and 
many other free-living and parasitic protists. Although Albaret 
(1975) showed them to consist of polysaccharide by the Bauer 
reaction, no more specific identification of their composition is 
available (Kidder 1937, Hoyte 1961, Pecina and Vďačný 2020b, 
2022, Ralton et al. 2021).

Cortex:  The cortex is flexible without distinct cortical granules. 
However, all species studied in vivo by DIC have a distinct 1.5–
2.5 µm-thick, hyaline subcortical layer as noted in brightfield il-
lumination by Kidder (1937). As in nyctotherids, this probably 
comprises a layer of closely-packed mucocyst-type extrusomes 
(Albaret 1975).

Nuclear apparatus and karyophore: The nuclear apparatus 
of all species is located in the body proper, usually on the 
right in its midportion or anterior part. A notable excep-
tion is Anteclevelandella  constricta, which has a transversely 
oriented macronucleus attached to the right and left cell mar-
gins by the karyophore. Although features of the karyophore, 
a system of macronuclear suspensory fibres attached to the 
somatic cortex in Clevelandellida, have been considered taxo-
nomically valuable (Kidder 1937, Albaret 1975, Pecina and 
Vďačný 2020a, b), in our hands, demonstration of this fea-
ture is highly inconsistent in the majority of species, except 
Anteclevelandella  constricta and C. elongata (Figs 19A, E, 25B, 
C, 26A, B). It is often undetectable in both live cells observed 
with DIC and in protargol preparations. Thus, presence or ab-
sence of the karyophore is a highly inconsistent morphologic 
character.

Contractile vacuole, ciliated excretory antrum, and cytoproct:  
The contractile vacuole is closely associated with the ciliated 

excretory antrum on the left posterior margin of the body 
proper (Fig. 2A). The morphology is consistent with Patterson’s 
(1980) type I contractile vacuole. The excretory antrum itself 
consists of a permanent, intracellular cavity, to the left of the 
cytostome and lined by motile cilia. The faecal material and 
contractile vacuole contents are propelled through this excre-
tory antrum to empty via a slit-like cytoproct on the left margin 
of the body [C. panesthiae (Kidder, 1937): Supplementary 
Information, Video S1].

Somatic ciliature:  In all Clevelandellidae, only the anterior 
portion of the cell bears cilia (i.e. ‘hemiciliation’), a fact rec-
ognized by Albaret (1975), Mandal and Nair (1974), and 
Yamasaki (1939) but, curiously, overlooked by others (Pecina 
and Vďačný 2020a, b, 2022), including Kidder himself (1937). 
The remainder of the cell cortex bears barren dikinetids, ex-
cept for the ciliated circumperistomial kineties. The somatic 
ciliation of the body proper extends furthest posteriorly along 
the right cell margin, most notably in P. brevis in which the som-
atic ciliation on the right cell margin can extend to the posterior 
end (Fig. 24A, B, E, F). The somatic ciliature follows a similar 
‘Clevelandellidae pattern’ in all species, i.e. leftward-spiralling, 
narrowly (about 1.5–2.0 µm apart; e.g. C. panesthiae) to very nar-
rowly spaced (≤1 µm apart; e.g. C. elongata) kineties consisting 
of densely spaced dikinetids radiating outward from the region 
of the cytoproct on to the ventral and dorsal surfaces of the body 
proper and with more widely spaced kineties looping posteriorly 
on to the peristomial projection. The dorsal kineties tend to be 
less spiralled. The ventral and dorsal kineties of the body proper 
meet at a long suture on the right lateral margin of the body 
proper and a short, inconspicuous left posterior suture near 
the junction of the peristomial projection with the body proper 
(with the exception of Paraclevelandia brevis, which lacks a dis-
tinct peristomial projection). The density of the ciliary pattern 
and the occurrence of shortened or incomplete kineties hinder 
precise determination of numbers of somatic kineties. Within 
the right suture, several species [Anteclevelandella  constricta, C. 
hromadkai sp. nov., C. parapanesthiae (Kidder, 1937), C. philipi 
sp. nov., C. kidderi Mandal and Nair, 1974, Paraclevelandia brevis, 
and R. hastula] have short transverse to oblique kinetofragments 
consisting of about five basal bodies bearing clavate cilia (Fig. 
2E), as also noted by Albaret (1975). This feature was absent in 
C. sidi sp. nov., C. fryntai sp. nov., C. panesthiae, and C. elongata 
and could not be reliably assessed in C. ananiasi sp. nov., C. 
klobasa sp. nov., R. nipponensis, and Rhynchoclevelandella sp. 2. 
All species have two or three ciliated circumperistomial kineties 
at the posterior margin of the buccal overture (e.g. Figs 4A, F, 
5A, C). The somatic cilia of all examined species are distinctly 
shorter than those typical of free-living ciliates (about 4.5–5.5 
µm vs. about 7–15 µm).

Oral structures:  In all species, the adoral zone of membranelles 
(AZM), in contrast to nyctotherids, is located on the right wall 
of the infundibulum and terminates anteriorly at the cytostome. 
The adoral zone is usually straight or slightly oblique to the long 
axis of the cell, usually curving as it ends at the cytostome. The 
adoral membranelles consist of two or three long files of basal 
bodies and one short file. The polarity of the membranelles 
themselves is also reversed, i.e. in contrast to nyctotherids; the 
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short file of basal bodies is located on the posterior rather than 
anterior margin of each membranelle (Fig. 2A, F). The paroral 
membrane (POM) is opposite the AZM on the left wall of the 
infundibulum (Fig. 25B) and about same length as the adoral 
zone. In all but one species (C. sidi sp. nov.) with adequate pre-
parations, the paroral membrane is diplostichomonad (i.e. com-
prises two parallel files of basal bodies separated by a cortical 
ridge) and the right file of basal bodies is usually shortened pos-
teriorly (de Puytorac and Grain 1976).

The above features are common to all species except as noted. 
The following species descriptions include only character states 
that differ between species.

Newly described species

Clevelandella ananiasi sp. nov.

(Figs 3–5; Supporting Information, Table S4)

Description based on population from ASS hosts from Papua New 
Guinea: Small Clevelandella, size in vivo 69–87 × 35–52 µm, usually 
about 77 × 41 µm; size in protargol preparations 44–67 × 25–34 
µm, usually about 55 × 29 µm. Body proper dorsoventrally flat-
tened; overall outline in ventral view asymmetrically spade-
shaped, with prominent left lobe, anterior cell end bluntly pointed; 
peristomial projection joins body proper to right of midline. Left 
cell margin notched at base of peristomial projection forming 
a lobe that overhangs the peristomial projection for about one-
fifth of its length. Macronucleus ellipsoidal (Figs 3A, 4A) to in-
verted teardrop-shape (Figs 3B, 4B–E, G), anterior end rounded, 
posterior end acutely tapered, chromatin coarsely granular. 
Karyophore attached to posterior margin of macronucleus (Figs 
3A, 4A, B). Micronucleus ellipsoidal (4.4 × 3.4 µm), adjacent to 
anterior margin of macronucleus (Figs 3B, 4G). Swims slowly.

Somatic ciliature consists of about 60 kineties, only anterior 
two-thirds of body properly ciliated (Fig. 5A, B). Right sutural 
kinetofragments not confirmed, cannot be completely excluded 
due to suboptimal orientation of cells in protargol preparations.

Peristomial projection extends an average of 28% of total cell 
length. Lateral part of peristomial opening extends about three-
quarters of length (Figs 4A, F, 5A) of peristomial projection. 
Adoral zone usually extends about 52% of cell length, composed 
of an average of 23 membranelles. Fine structures of POM un-
recognizable due to poor staining but visibly stichomonad at the 
posterior (Fig. 5B–D).

Occurrence: Clevelandella ananiasi sp. nov. was found in the hindgut 
of two Panesthiinae species from Papua New Guinea: ASS and 
STH from the same locality (Wanang 3). It occurred in 56% of 
ASS individuals regardless of age and sex. In STH the ciliate was 
present only in one juvenile host individual among 10 dissected 
insects. When present, the ciliate is typically abundant. In ASS, in-
fection with C. ananiasi sp. nov. frequently co-occurs (60%) with 
C. sidi sp. nov. requiring special care in species identification.

Clevelandella philipi sp. nov.

(Figs 6, 7; Supporting Information, Tables S5, S6)

Description based on populations from hosts ASS and STH from 
Papua New Guinea: Small- to medium-sized Clevelandella, size 
in vivo 74–99 × 40–54 µm, usually about 90 × 49 µm; size in 

protargol preparations 59–88 × 35–47µm, usually about 75 × 41 
µm in STH population; size in vivo 73–95 × 43–59 µm, usually 
about 87 × 49 µm; size in protargol preparations 49–78 × 29–41 
µm, usually about 63 × 34 µm in ASS population. Body proper 
dorsoventrally flattened; overall outline spade-shaped in ven-
tral view, widest near junction of body proper with peristomial 
projection, cell outline asymmetric due to prominent left lobe, 
anterior end of cell tapers to blunt point; peristomial projection 
joins body proper near right margin; left cell margin conspicu-
ously notched at base of peristomial projection, left lobe over-
hangs peristomial projection up to one-third of its length (Figs 
6A–D, 7B–D, G, H). Macronucleus usually inverted teardrop-
shape (Fig. 7B, E, F), right margin slightly convex, or ellips-
oidal (Figs 6A, 7A, G, H), karyophore unobserved. Chromatin 
coarsely granular. Micronucleus ellipsoidal (5.5 × 2.5 µm), ad-
jacent to right anterior margin of macronucleus (Figs 6B, 7G). 
Swims slowly.

Somatic ciliature arranged in about 55 kineties. Cilia present 
only on anterior two-thirds of cell (Fig. 7B). About nine widely-
spaced, curved, free transverse ciliary rows on peristomial 
projection. Right sutural kinetofragments numerous, well devel-
oped (Fig. 7C, E). Peristomial projection averages about 24% of 
total body length in STH population, 28% in ASS population. 
Peristomial opening extends one-half (Fig. 7A) to three-quarters 
(Fig. 7B, H) of length of peristomial projection. Adoral zone ex-
tends anteriorly about 51% (STH) to 57% (ASS) of body length 
to end near posterior margin of macronucleus, composed of an 
average of 30 (ASS) to 32 (STH) membranelles, adoral zone 
widest in peristomial projection, narrows anteriorly, POM as de-
scribed for the family.

Occurrence:  Clevelandella philipi was found in the hindgut of 
two Panesthiinae species from Papua New Guinea: ASS and 
STH from the same locality (Wanang 3). Of STH individuals, 
all of which were juveniles, 30% harboured C. philipi. Since only 
two adults of the STH population (both males) were dissected, 
no conclusions can be reached about possible life-stage specifi-
city. In the ASS population, C. philipi was present in 37% of cock-
roach individuals regardless of age and sex. When present, the 
ciliate is typically abundant. In ASS the infection with C. philipi 
sp. nov. frequently (90%) co-occurred with C. ananiasi sp. nov., 
requiring care in identification.

Clevelandella hromadkai sp. nov.

(Figs 8–11; Supporting Information, Tables S7–S10)

Description based on populations from hosts ASS from Papua 
New Guinea and PAC from Vietnam: Medium to very large 
Clevelandella, widely variable in both size and shape. In ASS 
population, size in vivo 103–262 × 39–81 µm, usually about 
164 × 57 µm; size in protargol preparations 77–164 × 25–66 µm, 
usually about 117 × 40 µm; in PAC population, size in vivo 127–
339 × 44–85 µm, usually about 190 × 58 µm; size in protargol 
preparations 110–276 × 31–83 µm, usually about 155 × 45 µm. 
Body shape usually broadly cultriform, ventral surface of the 
body proper convex, dorsal surface concave, anterior end of cell 
bluntly pointed and curved more (Figs 9E, 10C, E) or less (Figs 
9C, H, 10B, 11A, D, E) in dorsal direction. Peristomial projec-
tion flares to merge gradually with body proper, prominence of 
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left lobe varies from less conspicuous (Figs 9A, B, 10A) to more 
prominent (Figs 8A, D, F, 9D, F–H, 10F, 11B, C, E) with a notch 
formed between the lobe and peristomial projection (Figs 8F, 
9F), in contrast to spade-shaped species, the notch degree be-
tween peristomial projection and left lobe seems never to be 
under 90°; posterior margin of peristomial projection truncate. 
L/W ratio highly variable in individuals from both hosts, from 
shorter stouter forms (Figs 8D–G, 9A–I, 11A–E) to longer more 
slender cells (Figs 8A, B, 10A–F). Macronucleus broadly ellips-
oidal in short forms (Figs 8D, E, 9A–F), to narrowly ellipsoidal 
in long forms (Fig. 10A–C, E, F). Karyophore inconspicuous; 
when detectable, attached to posterior end of macronucleus and 
right body margin (Figs 8A, B, D, 10A, D). Micronucleus ellips-
oidal, usually adjacent to right anterior margin of macronucleus, 
enclosed in separate membrane (Figs 8A, B, D, 9A, C, E, F, 10A, 
C–E). Swims moderately fast while rotating around long axis.

Somatic ciliature composed of about 60–85 somatic ciliary 
rows in Clevelandellidae pattern; cilia present only on approxi-
mately anterior half of cell; about 20–25 ciliary rows on the 

peristomial projection in ASS population. Ciliary rows in PAC 
population not counted. Right suture has only two or three small 
free kinetofragments (not shown).

Peristomial projection occupies an average of 35% of total 
body length. Lateral part of peristomial opening extends 
about one-half (Figs 9B, 11B, D, E) length of peristomial pro-
jection in short cells, about one-third (Fig. 10A, B) length of 
peristomial projection in long cells. Adoral zone usually ex-
tends about 50% of body length, composed of an average of 
54 (ASS) to 62 (PAC) membranelles, base of membranelles 
longest in midportion of peristomial projection. POM as de-
scribed for the family (Fig. 9I).

Remarks on short and long morphotypes:  Clevelandella hromadkai 
shows considerable intraspecific phenotypic variability. The 
ASS population, while genetically uniform, can be divided in 
two distinct phenotypes: short (Figs 8D–G, 9A–I, 11A–F) and 
long (Figs 8A, B, 10A–F). In a single host, only one phenotype 
seems to occur at a given time; from nine thoroughly inspected 

Figure 3. Schematic drawings of Clevelandella ananiasi from life (A) and protargol impregnation (B–D). A, ventral view of a typical individual. 
B, ventral view showing the oral apparatus and nuclear structures. C, ventral infraciliature. D, dorsal infraciliature. AZM, adoral zone of 
membranelles; CPK, circumperistomial cilia; CV, contractile vacuole; HL, hyaline subcortical layer; K, karyophore; Ma, macronucleus; Mi, 
micronucleus; POM, paroral membrane; SK, somatic kineties. Scale bars: 20 µm.
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hosts the short morph occurred in two females and two larvae, 
the long morph occurred in four males and one larva. Apart from 
the obvious length difference (mean in vivo 127 µm vs. 215 µm) 
and other morphological characteristics (e.g. number of adoral 
membranelles—see Supporting Information, Tables S8, S9), 
both morphs can be distinguished by their shapes: the short one 
is stouter (body L/W ratio 2.5) with a more rounded anterior 
end and the long one is more slender (body L/W ratio 3.7).

Occurrence: Three distinct populations of C. hromadkai were found 
in the hindguts of three Panesthiinae populations: ASS from Papua 
New Guinea, PAA from Philippines, and PAC from Vietnam. The 
ASS population occurred in 63% of host individuals regardless of 
age and sex. When present, C. hromadkai was less abundant (a few 
tens of individuals) compared to other ciliate species present in 
a host. The PAC population occurred in 28% of host individuals. 
Out of nine infected hosts, one was a large larva and eight were vis-
ibly old adult males. Most of the PAC hosts exhibited low occur-
rence of C. hromadkai (around 10 cells) with other ciliate species 
being more abundant. The exception was one male that harboured 
around 50 cells of C. hromadkai. When C. hromadkai was present 
in PAC hosts, the populations of other ciliates were visibly low 
compared to PAC host, in which C. hromadkai was absent. The 
PAA population occurred in only 17% of host individuals. Out 
of two infected hosts (both adult males), one exhibited a low oc-
currence of the C. hromadkai with the other ciliate species being 
more abundant. The other host exhibited high occurrence of C. 
hromadkai with other ciliates being scarce.

Clevelandella klobasa sp. nov.

(Figs 12, 13; Supporting Information, Table S11)

Description based on population from STH hosts from Papua 
New Guinea: Large Clevelandella, size in vivo 146–206 × 61–98 

µm, usually about 170 × 80 µm; size in protargol preparations 
123–163 × 61–80 µm, usually about 135 × 71 µm. Overall cell 
outline in ventral view more or less symmetrical, broadly lanceo-
late, widest at middle of cell, anterior cell end bluntly pointed, 
dorsoventrally flattened; peristomial projection inconspicuous, 
merges gradually with cell body proper at midline, thus predom-
inant left lobe absent. Peristomial opening broad. Macronucleus 
long, slender sausage-shaped (mean 63 × 12 µm) (Figs 12A, B, 
13A, C, D), anterior end rounded, posterior end rounded (Fig. 
13A, B) or abruptly tapered to short point (Fig. 13C); extends 
along nearly entire right margin of body proper, convex toward 
right body margin (Fig. 13A, C). Chromatin coarsely granular. 
Karyophore not identified. Micronucleus (4.7 × 4.3 µm) 
globular, adjacent to anterior right margin of macronucleus (Figs 
12A, B, 13B, D). Swims slowly.

Somatic cilia present on only anterior two-thirds of cell. 
Somatic ciliature composed of about 102 narrowly-spaced 
kineties, arranged in typical Clevelandella pattern. Right sutural 
kinetofragments not observed.

Peristomial projection indistinct, i.e. flares as it gradually 
merges with body proper. Lateral part of peristomial opening 
wide (23 µm) (Fig. 13A–C). Adoral zone extends about 56% of 
body length, composed of 59 membranelles (N = 3), markedly 
curved right at about three-quarters of length. Fine morphology 
of POM (Fig. 13D) not determined with certainty.

Occurrence: Clevelandella klobasa is extremely rare as it was 
found only in two out of 10 dissected individuals of STH: a 
male and a small juvenile, each of them from a different family 
group. The population density was very low in both cases, with 
no more than 15 cells of C. klobasa sp. nov. present in the en-
tire hindgut. In both cases, C. klobasa co-occurred with cells 
of Paraclevelandia  brevis (once also in ‘simplex’ form) and 
Nyctotherus sp..

Figure 4. Clevelandella ananiasi sp. nov. from ASS. In vivo (A, B) and after protargol impregnation (C–G). A, ventral view showing karyophore 
(white arrowhead), contractile vacuole (asterisk), posterior extent of somatic cilia (black arrowhead), and cilia of circumperistomial kineties 
(black arrow). B, ventral view showing a more slender macronucleus, karyophore (white arrowhead), contractile vacuole (asterisk), and adoral 
membranelles (black arrowhead). C, ventral view showing excretory (black arrow). D, ventral infraciliature. E, dorsal infraciliature of same cell 
as (D). F, detail view of peristomial projection showing the peristomial overture (black arrowhead) and cilia of the circumperistomial kineties 
(white arrowheads). G, detail view showing position of micronucleus (white arrow). Ma, macronucleus. Scale bars: 20 µm (A–C), 10 µm 
(D–F), 5 µm (G).
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Figure 5. Clevelandella ananiasi sp. nov. (from ASS) in the scanning electron microscope. A, ventral view showing anterior margin of 
peristomial overture (white arrowhead), cilia of adoral membranelles (black arrowhead), and cilia of circumperistomial kineties (black 
arrow). B, posteroventral view showing posterior end of the right suture (black arrow), the cytoproct with protruding cilia (white arrow), 
the inconspicuous left suture (black arrowhead), and the posterior end of the paroral membrane (white arrowhead). C, detail view of the 
peristomial overture showing adoral membranelles (black asterisk), cilia of the posterior end of the paroral membrane (black arrows), 
dikinetids of the posteriormost circumperistomial kinety (white arrowheads), and cilia of the circumperistomial kineties (white arrow). D, 
detail [same cell as (B)] showing the single file of basal bodies comprising the posterior part of the paroral membrane (white arrowhead), cilia 
of the paroral (black arrow), and the left suture (asterisk). Scale bars: 20 µm (A, B), 10 µm (C, D).
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Clevelandella sidi sp. nov.

(Figs 14, 15; Supporting Information, Table S12)

Description based on population from a single SRU host individual 
from Cambodia: Medium-sized, spade-shaped Clevelandella, 
size in vivo 126–154 × 50–64 µm, usually about 142 × 59 µm, 
in protargol preparations 95–142 × 37–59 µm, usually about 
117 × 46; cell dorsoventrally flattened, prominent notch be-
tween left lobe and peristomial projection; peristomial projec-
tion about 28% of cell length, peristomial overture extends to 
about three-quarters of peristomial projection (Fig. 15A, C). 
Macronucleus broad inverted teardrop-shaped (Figs 14A, B, 
15A–C), in anterior half of cell, narrow end at right cell margin, 
micronucleus ellipsoidal (usually about 4.5 × 2.7 µm), adja-
cent to macronucleus (Fig. 15G); karyophore usually undetect-
able or inconspicuous in both live, protargol-impregnated cells, 
located at posterior end of macronucleus (visible in 3 of 15 
protargol-impregnated cells) (Fig. 15F). Swims lazily. Somatic 
ciliature composed of about 80–90 somatic ciliary rows in 
Clevelandellidae pattern, about 20–25 ciliary rows extend on to 
peristomial projection; cilia restricted to approximately anterior 

half of cell. Sutural kinetofragments absent. Adoral zone usually 
extends about one-half of body length, composed of an average 
of 52 membranelles, base of membranelles longest in posterior 
one-third of adoral zone. POM entirely diplostichomonad (Fig. 
15H).

Occurrence: Clevelandella sidi was obtained only from one wild-
born SRU subadult female. Later, another wild-born female 
from the same family group and four of her offspring were dis-
sected, but none of them contained C. sidi.

Clevelandella fryntai sp. nov.

(Figs 16–18; Supporting Information, Tables S13, S14)

Description based on populations from SRU hosts from Cambodia: 
Spade-shaped Clevelandella, size in vivo quite variable 113–
189 × 55–79 µm, usually about 143 × 63 µm; size in protargol 
preparations 110–167 × 51–82 µm, usually about 130 × 65 µm; 
dorsoventrally flattened, widest in posterior half of cell, anterior 
end broadly tapered, cell shape varies depending on host and 
possibly nutritional status, i.e. morphology less variable within 

Figure 6. Schematic drawings of Clevelandella philipi sp. nov. from life (A) and after protargol impregnation (B–D). A, ventral view of a typical 
individual. B, ventral view showing the oral apparatus and nuclear structures. C, ventral infraciliature. D, dorsal infraciliature. AZM, adoral 
zone of membranelles; CPK, cilia of circumperistomial kineties; CV, contractile vacuole; HL, hyaline subcortical layer; Ma, macronucleus; Mi, 
micronucleus; POM, paroral membrane; POV, peristomial overture; SK, somatic kineties. Scale bars: 20 µm.
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than between hosts, well-fed cells plump (L/W ratio about 
2.6), less well-fed cells narrower (L/W ratio about 2.1), cells 
of intermediate length–width ratio common (range 1.6–2.8). 
Peristomial projection length relative to cell length quite vari-
able depending on nutritional status (average in all cells about 
19%; about 25% in more slender, less well-fed cells; about 17% 
in plumper, well-fed cells), peristomial overture extends nearly 
entire length of peristomial projection regardless of nutritional 
state (Fig. 18A–D). Macronucleus in anterior half of cell, in-
verted teardrop-shaped (Fig. 17G) to lenticular (Fig. 17B, H), 

chromatin granular; micronucleus distinctly ellipsoidal (Fig. 
17H), adjacent to macronucleus, about 7 × 4 µm. Presence of 
karyophore highly variable, not seen or quite inconspicuous 
in vivo, when present, appearance in protargol preparations 
(Fig. 17G) highly variable (seen at anterior and posterior ends 
of macronucleus in 11 of 39 cells, anterior end only in 7 of 39 
cells, at posterior end only 4 of 39 cells, undetectable in 17 of 
39 cells). Swims lazily. Somatic ciliature composed of about 
80–100 somatic ciliary rows in Clevelandellidae pattern, about 
20–25 ciliary rows extend on to peristomial projection, somatic 

Figure 7. Clevelandella philipi sp. nov., in vivo (A, B) and after protargol impregnation (C–I). From STH (A–G) and ASS (H, I). A, 
ventral view showing thick, hyaline cortical layer (between black arrowheads), cilia of the circumperistomial kineties (black arrow) and 
adoral membranelles (white arrow). B, ventral view showing posterior extent of somatic ciliation (white arrowheads). Note variability 
of macronuclear shape (A, B). C, ventral infraciliature with detail (inset) showing right sutural kinetofragments (white arrowheads). D, 
dorsal view showing infraciliature, ciliated circumperistomial kineties (black arrow), looping kineties of peristomial projection (white 
arrow), and cytoproct (black arrowhead). E, ventral view showing left-hand spiralling ventral somatic kineties (black asterisk) and right 
sutural kinetofragments (black arrowhead). F, dorsal view showing straight somatic kineties (white asterisk), disordered basal bodies on left 
protuberance (white arrow), and paroral membrane (black arrowhead). G, dorsal view showing micronucleus (white arrowhead). H, dorsal 
view showing straight dorsal somatic kineties (asterisk), proximal margin of the peristomial overture (white arrow), and looping kineties of 
peristomial projection (black arrowhead). I, detail view showing diplostichomonad paroral membrane composed of shorter right file (black 
arrowhead) and longer left file (white arrowhead) of basal bodies. Ma, macronucleus. Scale bars: 20 µm (A–H) 10 µm (I).
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cilia restricted to approximately anterior two-thirds of cell ex-
cept for four or five ciliated circumperistomial kineties. Sutural 
kinetofragments absent. Adoral zone usually extends about 45% 
of body length, composed of an average of 60 membranelles, 
base of membranelles longest in posterior one-third of adoral 
zone. POM as described for the family.

Remarks on phenotypic variability: Two genetically different 
populations were detected in SRU host: (i) (Fig. 17A) and 
(ii) (Figs 17B–K, 18). Cells of population (i) were mark-
edly larger than cells of population (ii)—cell size in vivo 

180 × 65 µm vs. 141 × 64 µm (Supporting Information, 
Tables S13, S14).

Based on overall morphology, the cells can be divided into 
two more or less distinct morphotypes: slender (Figs 16A, 17A, 
B, G, 18A, B) and broad (Figs 16B–E, 17C–E, H–K, 18C–F). In 
population (i) only the slender morphotype was detected.

Occurrence: Clevelandella fryntai occurred in all six dissected SRU 
individuals (all from the same family group). Population (i) was 
detected in only one individual (subadult female), the very same 
in which C. sidi (see above) was found. The five remaining hosts 

Figure 8. Schematic drawings of Clevelandella hromadkai sp. nov. from life (A–D) and after protargol impregnation (E–G); long morphotype 
(A–C), short morphotype (D–G). A, left lateral view. B, right lateral view. C, (I–IV) cell outline in clockwise rotation around long 
axis. D, ventral view. E, ventral view. F, ventral infraciliature. G, dorsal infraciliature. AZM, adoral zone of membranelles; CPK, cilia of 
circumperistomial kineties; CV, contractile vacuole; HL, hyaline subcortical layer; K, karyophore; Ma, macronucleus; Mi, micronucleus; 
POM, paroral membrane; POV, peristomial overture; SK, somatic kineties. Scale bars: 50 µm.
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Figure 9. Clevelandella hromadkai sp. nov. short morph: from life (A–C, F–H) and after protargol impregnation (D, E, I). From ASS. A, left 
ventrolateral view showing micronucleus (white arrow), adoral membranelles (black arrow), and the posterior extent of ciliation on the 
right (black arrowhead) and left (white arrow head) margins. B, ventral view, (optical section) showing the cytostome (white arrowhead), 
contractile vacuole (black arrow) and margin of the peristomial overture (black arrowhead). C, left lateral view showing collecting vesicles of 
the contractile vacuole (white arrowheads), the micronucleus (white arrow) and the margin of the peristomial overture (black arrowhead). D, 
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harboured population (ii): in four (male, two females, and a 
larva) of them the slender and broad morphotypes co-occurred 
and in one (larva) only the slender was present.

Redescriptions of known species of Clevelandellidae
In addition to the newly described species, a number of known 
species was observed, namely: Anteclevelandella constricta, R. 
nipponensis, R. hastula, Paraclevelandia brevis, Paraclevelandia sim-
plex, C. elongata, C. parapanesthiae, C. kidderi (we consider C. lynni 

Pecina and Vďačný, 2020 as a junior synonym of C. kidderi, see 
discussion), and C. panesthiae. Most, but not all available ciliate 
populations were morphologically characterized. For known 
species, except C. elongata, which has not been reported since 
its original discovery by Kidder (1937), descriptions are limited 
to those characters not previously reported, previously recorded 
inaccurately (e.g. somatic ciliature), or deviating significantly 
from previous descriptions. Apart from them, two species were 
detected but left undescribed, namely: Rhynchoclevelandella sp. 

Figure 10. Clevelandella hromadkai sp. nov. long morph from life (A–C) and after protargol impregnation (D–F). From ASS (A, E, F), and 
PAC (B–D). A, ventral view showing micronucleus (white arrow), left protuberance (black arrowhead), and karyophore (black arrow). B, left 
ventrolateral view showing peristomial overture (white arrow), collecting vesicles of contractile vacuole (white arrowheads), and the posterior 
extent of ciliation on the left ventrolateral margin (black arrowhead). C, right dorsolateral view showing contractile vacuole collecting vesicles 
(white arrowheads), the posterior extent of ciliation on the dorsolateral margin (black arrow), the micronucleus (white arrow), and the adoral 
membranelles (black arrowhead). D, detail showing micronucleus (white arrowhead) and karyophore (white arrow). E, left ventrolateral view 
showing micronucleus (white arrowhead). F, (same cell as E) showing posterior margin of left protuberance. Ma, macronucleus. Scale bars: 20 
µm (A–C, E, F), 10 µm (D).

left ventrolateral view. E, left lateral view showing micronucleus (white arrow). F, left ventrolateral view showing thick hyaline subcortical layer 
(black arrowheads) and micronucleus (white arrow). G, ventral view showing left protuberance overlying left cell margin (asterisk), contractile 
vacuole (white arrowhead), and thick hyaline subcortical layer (black arrowheads). H, left lateral view showing concavity of dorsal surface 
(black arrow). I, detail of diplostichomonad paroral membrane showing the end of the shorter right file (black arrowhead). Ma, macronucleus. 
Scale bars: 20 µm (A–H), 10 µm (I).
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Figure 11. Clevelandella hromadkai sp. nov. (from ASS) in the scanning electron microscope. A, right lateral view showing overall cell shape 
with concave dorsal margin (white arrowhead) and convex ventral margin (black arrowhead), ciliated anterior parts (black asterisk) and 
unciliated posterior parts (white asterisk) of somatic kineties, and prominent posterior peristomial projection (black arrow). B, posterodorsal 
view showing left posterior protuberance (black arrowhead) and peristomial overture (black arrow). C, left lateral view showing dorsoventral 
flattening, cilia protruding from the cytoproct (black arrowhead) on the left protuberance (white asterisk). D, posterodorsal view (down 
left) showing spiralling somatic kineties (white asterisk) and peristomial overture (black arrow) and right lateral view (black asterisk). E, 
posterodorsal view showing the cytoproct on the left protuberance (black arrow), the ciliated circumperistomial kineties (white arrowhead), 
and the adoral membranelles on the right wall of the infundibulum (black arrowhead). F, detail view of the left protuberance showing 
unciliated parts of kineties (white arrowheads) converging on the ciliated cytoproct (black arrowhead) and the fully ciliated dikinetids of the 
anterior body part (black arrow). Scale bars: 20 µm (A–E), 5 µm (F).
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Figure 12. Schematic drawings of Clevelandella klobasa sp. nov. from life (A) and after protargol impregnation (B–D). A, ventral view of 
a typical individual. B, ventral view. C, ventral infraciliature. D, dorsal infraciliature. AZM, adoral zone of membranelles; CPK, cilia of 
circumperistomial kineties; CV, contractile vacuole; HL, hyaline subcortical layer; Ma, macronucleus; Mi, micronucleus; POM, paroral 
membrane; POV, peristomial overture; SK, somatic kineties. Scale bars: 40 µm.

Figure 13. Clevelandella klobasa sp. nov. in vivo (A–C) and after protargol impregnation (D). From STH. A, left ventrolateral view showing 
thick hyaline subcortical layer (white arrowheads), cilia of adoral membranelles (black arrow), and margin of the peristomial overture (black 
arrowhead). B, left lateral view showing thick hyaline subcortical layer (white arrowheads), contractile vacuole (black arrowhead), and 
micronucleus (white arrow). C, optical section showing adoral membranelles (black arrow) and contractile vacuole (black arrowhead). D, 
left ventrolateral view (optical section) showing micronucleus (white arrow), adoral membranelles (black arrowhead), and paroral membrane 
(black arrow). Ma, macronucleus. Scale bars: 20 µm.
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2 and Clevelandella sp. 4. The hosts infected and the occurrence 
of individual species are summarized in Supporting Information, 
Table S48.

Anteclevelandella constricta (Kidder, 1937)

(Figs 19, 20; Supporting Information, Tables S15–S21)
Six populations (ASS, PAA, PRG, SRU, STH #1, and STH #2) 
were morphologically characterized by both in vivo observa-
tions and protargol preparations, and one population (PAC) was  
characterized in vivo only. When present, the ciliate was usually 
abundant.

Description based on the above populations: Medium- to large-sized  
Clevelandellidae (on average 128 × 38 µm in vivo, range 
78–192 × 21–67 µm; on average 117 × 33 µm in protargol pre-
parations, range 94–142 × 20–47 µm). Shape elongated, cylin-
drical, transverse constriction at level of macronucleus, anterior 
cell end broadly tapered, posterior end transversely truncate 
with short peristomial overture, peristomial projection indis-
tinct since gradually merges with body proper. Macronucleus 
broadly ellipsoidal, long axis oriented transversely, karyophore 
at right and left ends of macronucleus. Aggregation of cyto-
plasmic platelets between macronucleus and anterior end of cell 
(possibly amylopectin).

Somatic cilia limited to approximately anterior 44% of cell 
length. About 15 ciliated free transverse kinetofragments, 

comprising five basal bodies each, occupy right suture in anterior 
half of cell (Fig. 18D). Circumperistomial kineties only sparsely 
ciliated.

Oral ciliature as for the family. Adoral zone extends about 
48% of cell length, composed of about 47 membranelles on 
average (range 36–56).

Remarks: Regarding measured characteristics (Supporting 
Information, Tables S15–S21), our populations are slightly 
larger than Kidder’s (1937) isolates, very closely match those of 
Albaret (1975), and are similar to measurements published by 
Yamasaki (1939) and Pecina and Vďačný (2020b). Individual 
populations are very similar except for the number of adoral 
membranelles, which ranges from mean 39 (PAA) to mean 52 
(STH population 1). Pecina and Vďačný (2020b) found similar 
variability in adoral membranelle number in their Thai popula-
tion. The only visible shape variation can be seen in STH popu-
lation 2, which lacks the typical constriction and has a slender, 
more acutely pointed anterior end, differing somewhat from the 
typical phenotype (Fig. 19C).

Rhynchoclevelandella nipponensis (Kidder, 1937)

(Fig. 21D–F, J, K; Supporting Information, Table S22)
Rhynchoclevelandella nipponensis was detected and morphologic-
ally characterized in a single host population (PAC), never in 
high abundance.

Figure 14. Schematic drawings of Clevelandella sidi sp. nov. from life (A) and after protargol impregnation (B–D). A, ventral view of a typical 
individual. B, ventral view. C, ventral infraciliature (holotype). D, dorsal infraciliature (holotype). AZM, adoral zone of membranelles; CV, 
contractile vacuole; CW, ciliary whorl of left protuberance; CYP, cytoproct; K, karyophore; Ma, macronucleus; POM, paroral membrane; 
POV, peristomial overture; SK, somatic kineties. Scale bars: 20 µm.
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Description based on PAC population: Medium-sized 
Clevelelandellidae (on average 82 × 33 µm in vivo, range 
67–100 × 27–42 µm; on average 65 × 25 µm in protargol pre-
parations, range 47–83 × 20–31 µm). Slender spade-shaped 
(L/W about 2.6) with long posterior peristomial projection 
(about 31% of cell length). Anterior right and left margins of 
body proper straight or concave. Macronucleus broadly ellips-
oidal (Fig. 21J, K) to broadly teardrop-shaped (Fig. 21D, F), 
obliquely oriented to right of midline, prominent numerous 
globular nucleoli in vivo. Karyophore extremely inconspicuous, 
attached to posterior of macronucleus (Fig. 21K). Micronucleus 
ellipsoidal (Fig. 21F, K), relatively large, about 5.5 µm across. 
Somatic cilia limited to approximately anterior 64% of cell 
length. Circumperistomial kineties only sparsely ciliated. Free 
right sutural kinetofragments not identified, presence of in-
conspicuous kinetofragments not completely excluded due to 
suboptimally oriented cells in protargol preparations. Adoral 
zone extends about 47% of cell length on average, composed of 
an average of 23 membranelles (range 20–25). POM unstudied.

Remarks: Overall morphology corresponds with original de-
scription and drawing by Kidder (1937) except (i) the ciliature: 
while Kidder (1937) depicts the cell as fully ciliated, we show 
that only the anterior two-thirds of the cell are ciliated and (ii) 
the macronuclear shape varies from broadly ellipsoidal (Fig. 
21K) to broadly teardrop-shaped (Fig. 21D, F, J).

Regarding measured characteristics (Supporting Information, 
Table S22), our population is slightly shorter than that of Kidder 
(1937) and Yamasaki (1939).

A notch sometimes forms at the base of peristomial projec-
tion (Fig. 21F, J)—rarely in vivo but frequently in protargol-
stained cells, creating a R. hastula-like appearance. However, 
R. nipponensis can be mostly distinguished from R. hastula by: 
length (approx. 65 µm vs. 85 µm), length/width ratio (approx. 
2.6 vs. 3.4), number of adoral membranelles (approx. 23 vs. 
26), and characteristic curvature of the most posterior third of 
peristomial opening in larger cells of hastula (Fig. 21L, M). Very 
small cells of both species (e.g. Fig. 21D, N) can be rather indis-
tinguishable.

Figure 15. Clevelandella sidi sp. nov. in vivo (A, B) and after protargol impregnation (C–H). From SRU (A–H). A, ventral view showing 
contractile vacuole (white arrowhead) and cilia of adoral membranelles (white arrow). B, ventral view showing contractile vacuole (white 
arrowhead), adoral membranelles (black arrow), and elevated margin of the cytoproct (white arrow). C–E, the same cell in dorsal view: 
C, showing somatic infraciliature (asterisk), cytoproct (black arrowhead), and adoral membranelles (white arrow); D, showing cytoproct 
(black arrowhead) and dorsal kineties (white arrowhead); E, optical section showing excretory antrum within the left protuberance (black 
arrowheads). F, detail of the macronucleus showing the karyophore (white arrow). G, detail showing the micronucleus (white arrowhead). 
H, detail of the paroral membrane showing both files of equal length and extending nearly to the posterior end of the peristomial projection 
(white arrowheads), a feature unique to this species. Asterisk marks the anterior end. Ma, macronucleus. Scale bars: 20 µm (A–D) 10 µm 
(E–G), 5 µm (H, I).
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Rhynchoclevelandella sp. 2

(Fig. 21A–C, G–I; Supporting Information, Table S23)
Rhynchoclevelandella sp. 2 was detected and morphologically 
characterized in a single host population (ASS), with a very low 
abundance—no more than 10 individuals in a single host.

Rhynchoclenelandella sp. 2 is morphologically very similar to 
R. nipponensis, albeit a bit smaller: 73 (excluding one unusually 
large individual) vs. 82 µm in vivo and 56 vs. 65 µm in protargol 
preparations with larger micronucleus (7 × 4.8 vs. 5.5 × 3 µm). 
A single gargantuan cell (146 × 58 µm) was seen (Fig. 21A) and 
molecularly characterized.

Rhynchoclevelandella hastula (Kidder, 1937)

(Figs 21L–T, 22; Supporting Information, Table S24)
Rhynchoclenelandella hastula was detected and morphologically 
characterized in one host population (PGW). The ciliate was pre-
sent in every dissected PGW individual and moderately abundant.

Description based on PGW population: Small- to medium-
sized Clevelandellidae (on average 86  × 31 µm in vivo, 
80 × 28 µm excluding single unusually large (142 × 53 µm) 

individual, range 62–142 × 23–53 µm; on average 82  × 24 
µm in protargol preparations, range 64–94 × 18–31 µm). 
Slender spear or spade shape (L/W 2.5–3.4 in vivo, 2.9–
4.2 in protargol preparations), left-sided notch at base of 
peristomial projection (Fig. 21L, M, P), inconspicuous or 
absent in smaller cells (Fig. 21N, Q). Posterior peristomial 
projection conspicuously elongated (about 40% of cell 
length on average), typically curves rightward (Fig. 21L, 
M, N, P, Q), in large cells visibly curved in last third (Fig. 
21L, M). Macronucleus broadly ellipsoidal, posterior end 
sometimes pointed (Fig. 21P, S). Karyophore rarely vis-
ible, attached to posterior end of macronucleus (Fig. 21O, 
S). Micronucleus ellipsoidal, about 5.1 µm across. Somatic 
cilia limited to approximately anterior 60% of cell length. 
Dorsal kineties almost straight in protargol preparations 
(Fig. 21R). Free right sutural kinetofragments present 
(Fig. 21P). Adoral zone extends about 44% of cell length 
on average, composed of an average of 26 membranelles 
(range 23–28).

Regarding measured characteristics (Supporting Information, 
Table S24), our population is slightly broader than that of Kidder 
(1937) (L/W 2.8 in vivo, 3.4 in protargol preparations vs. 3.8).

Figure 16. Schematic drawings of Clevelandella fryntai sp. nov. from life (A, B) and after protargol impregnation (C–E). From SRU. A, ventral 
view. B, ventral view. C, ventral view. D, ventral infraciliature. E, dorsal infraciliature. AP, cytoplasmic granules, possibly amylopectin; AZM, 
adoral zone of membranelles; CPK, cilia of circumperistomial kineties; CV, contractile vacuole; CW, ciliary whorl of left protuberance; K, 
karyophore; Ma, macronucleus, Mi, micronucleus; POM, paroral membrane; POV, peristomial overture; SK, somatic kineties. Scale bars: 20 µm.
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Paraclevelandia brevis Kidder, 1937

Synonym: Paraclevelandia simplex Kidder, 1937.
Paraclevelandia brevis and Paraclevelandia  simplex as de-

scribed by Kidder (1937) represent two forms of a single species 
(see Discussion), Paraclevelandia  brevis. For simplicity the two 
morphotypes are hereafter called ‘brevis’ and ‘simplex’ forms.

Paraclevelandia brevis in ‘brevis’ form
(Figs 23A–G, 24A, B, D, E;  

Supporting Information, Tables S25–S29)
When present, the ‘brevis’ form was highly abundant.
Description based on ASS, PAA, PAC, PRG, STH in vivo, and 
PRG and STH in protargol preparation: Small Clevelandellidae 

Figure 17. Clevelandella fryntai sp. nov. from life (A–E) and after protargol impregnation (F–K). From SRU. (A, B, F, G, K) slender morphotype, 
(C–E, H–J) broad morphotype. A, ventral view showing posterior extent of ciliation on the right margin (white arrowhead) and left margin (black 
arrowhead). B, dorsal view showing contractile vacuole (white arrowhead) and straight dorsal kineties (white arrow). C, ventral view (optical 
section) showing cytoplasmic granules, possibly amylopectin (black arrow), right kinetal suture (white arrowhead), adoral membranelles (black 
arrowhead), and cytoproct (white arrow). D, ventral view showing left-hand spiralling kineties (white arrowhead) and cilia of adoral membranelles 
(white arrow). E, ventral view showing the margin of the peristomial overture (black arrowhead) and bulbous left protuberance extending over 
left cell margin (white arrowhead). F, detail showing karyophore (black arrowhead). G, ventral view (optical section) showing the karyophore 
(black arrowhead), micronucleus (white arrow), and cytoproct (white arrowhead). H, dorsal view showing karyophore (black arrowheads), 
micronucleus (white arrowhead), and adoral membranelles (black arrow). I, ventral infraciliature showing left-hand spiralling kineties (asterisk) 
and looping kineties of the peristomial projection (white arrow). J, dorsal infraciliature showing straight dorsal kineties (asterisk). K, detail view 
showing diplostichomonad paroral (black arrow). Ma, macronucleus. Scale bars: 20 µm (A–E, G–J), 10 µm (F, K).
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Figure 18. Clevelandella fryntai sp. nov. in the scanning electron microscope. From SRU. (A, B) slender morphotype, (C–F) broad 
morphotype. A, dorsal view showing cytoproct on left protuberance (black arrowhead), anterior margin of peristomial overture (white 
arrowhead), circumperistomial kineties (white arrow), cilia of adoral membranelles (black arrow), and metachronal ciliary waves (asterisk). 
B, dorsal view showing the left protuberance (black arrowhead), metachronal ciliary waves (asterisk), the anterior margin of the peristomial 
overture (white arrowhead), and cilia of the circumperistomial kineties (black arrow). C, ventral view of showing characteristic lateral 
twisting of left protuberance also seen in vivo (black arrowhead, compare Fig. 17E), the cytoproct (white arrowhead) and cilia of the adoral 
membranelles (black arrow). D, dorsal view showing straight course of the dorsal somatic kineties (white arrowhead), the left protuberance 
(white asterisk), cilia of the circumperistomial kineties (black arrowhead), and cilia of the adoral membranelles (black arrow). E, ventral 
view showing left-hand spiralling ventral somatic kineties (white asterisk). F, dorsal view showing straight dorsal somatic kineties (white 
arrowhead), cilia of circumperistomial kineties (black arrowhead), and area of somatic cilia matted during preparation (black asterisk). Scale 
bars: 20 µm.
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(on average 44 × 28 µm in vivo, range 34–58 × 21–48 µm; on 
average 34 × 21 in protargol preparations, range 26–47 × 15–28 
µm). Broadly ovate, slightly dorsoventrally flattened, anterior 
end tapers to rounded point, posterior end transversely truncate. 
Posterior peristomial projection absent. Peristomial overture on 
left posterior margin of cell. Macronucleus elongated ellipsoidal, 
chromatin coarsely granular. Micronucleus ellipsoidal, rela-
tively large (4–6 µm across), dorsal to macronucleus (Fig. 23D). 
Karyophore not detected. A sack-like structure formed between 
anterior margin of macronucleus and anterior end of cell as re-
ported by Kidder (1937, 1938), not evident in protargol prepar-
ations (Fig. 23A). Cortex with refractile interkinetal granules, 
probably mucocysts (Fig. 23B). Somatic kineties strongly spir-
alled leftward (Fig. 24B). Somatic cilia absent on right, ventral, 
left parts of posterior cortex (Fig. 24A, B, E), extend to posterior 
cell margin dorsally. Kinetal furrows prominent. Two ciliated 
circumperistomial kineties. About 10 ciliated kinetofragments 
in midportion of right suture, increase in length from posterior 
to anterior (Figs 23E, F, 24B, D). Organization of oral ciliature 
as for the family except, in absence of peristomial projection, 
oral structures are situated in body proper (Fig. 23A, B, D, H, J). 
Adoral zone narrows from posterior to anterior, extends about 

50% of cell length on average, composed of an average of 15 
membranelles (range 14–17).

Paraclevelandia brevis in ‘simplex’ form

(Figs 23H–P, 24C, F; Supporting Information, Tables 
S30–S33)

When present, the simplex form was present in low to moderate 
abundance.

Description based on ASS, PAA and STH in vivo, and PAA, STH, and 
SRU in protargol preparations: Medium-sized Clevelandellidae 
(on average 84 × 47 µm in vivo, range 70–101 × 38–58 µm; on 
average 76 × 45 in protargol preparations, range 61–98 × 37–53 
µm). Ovate to almost broadly fusiform, anterior end tapers to 
rounded point, posterior end broadly rounded, peristomial 
projection absent as in ‘brevis’ form; distinct left lobe absent. 
Macronucleus elongated, cylindrical, situated longitudinally 
in anterior half of cell near right cell margin. Micronucleus 
oval, near midportion of macronucleus, smaller compared to 
brevis form (3.4 vs. 5.3 µm). A sack-like structure formed be-
tween anterior margin of macronucleus and anterior end of cell 

Figure 19. Anteclevelandella constricta in vivo (A–C) and after protargol impregnation (D–G). From PAA (A), STH population 1 (B) from 
STH population 2 (C), from ASS (D), from STH population 1 (E), and from SRU (F, G). A, left lateral view (optical section) showing two 
large contractile vacuole collecting vesicles (white arrowheads), adoral membranelles (black arrow) and left part of the karyophore (black 
arrowhead). B, ventral; view (optical section) showing contractile vacuole on the small left protuberance (white arrowhead). C, ventral view 
(optical section) showing shape variation with more narrowly tapered anterior end (white arrowheads), the micronucleus (white arrow), and 
the margin of the peristomial overture (black arrowhead). D, right lateral view showing kinetofragments in suture between ventral (white 
asterisk) and dorsal (black asterisk) somatic kineties, micronucleus (white arrowhead), paroral membrane (black arrow), and looping kineties 
on the peristomial projection (white arrow). E, ventral view (optical section) showing the transverse orientation of the macronucleus with 
right and left parts of the karyophore (black arrows) ans slightly pronounced left lobe (white arrow). F, ventral view showing position of the 
cytostome (white asterisk), paroral membrane (white arrowhead), and adoral membranelles (black arrowhead). G [same cell as (F)], detail 
view of the long (white arrowhead) and short (black arrowhead) files of the paroral membrane. Ma, macronucleus. Scale bars: 20 µm (A–F), 
10 µm (G).
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as reported by Kidder (1937, 1938), visible both in vivo (Fig. 
23H, I) and protargol preparations (Fig. 23J). Karyophore in-
conspicuous, not visible in vivo, sometimes visible in protargol 

preparations (Fig. 23J, O), attached to both anterior and pos-
terior end of macronucleus. Cortex with refractile interkinetal 
granules, probably mucocysts (Fig. 23I). Somatic ciliature in 

Figure 20. Anteclevelandella constricta in the scanning electron microscope. From PAA. A, ventral view showing cilia of the adoral 
membranelles protruding from the peristomial overture (white arrowhead), the unciliated posterior body part (black asterisk), and cilia 
protruding from cytoproct on the left lateral protuberance (black arrowhead). B, dorsal view showing the right kinetal suture (black 
arrowhead) between the dorsal kineties (black asterisk) and ventral kineties (white asterisk) right suture, and sutural kinetofragments 
(black arrow). C, left ventrolateral view showing position of cytoproct on left posterior protuberance (black arrowhead) and the anterior 
margin of the peristomial overture (black arrow). D, left lateral view showing the location of the cytoproct (white arrowhead), short 
left kinetal suture (white arrow), and adoral membranells (black arrowhead). E, detail of same cell as (B) showing short transverse 
kinetofragments in anterior part of right suture (white arrows) between dorsal (black asterisk) and ventral (white asterisk) kineties. F, 
showing the leftward-spiralling ventral kineties which lack normal cilia (white arrows) and a cilium protruding from the cytoproct (black 
arrow). Scale bars: 20 µm (A–D), 5 µm (E–G).
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Figure 21. Rhyncholevelandella sp. 2 (A–C, G–I) from ASS. Rhynchoclevelandella nipponensis (D–F, J, K) from PAC. Rhynchoclevelandella 
hastula (L–T) from PGW. In vivo (A–F, L–O) and after protargol impregnation (G–K, P–T). A, ventral view (optical section) showing 
margin of the peristomial overture (black arrowhead) and adoral membranelles (black arrow). B, ventral view. C, ventral view showing cilia 
of circumperistomial kineties (white arrowhead). D, ventral view showing anterior margin of peristomial overture (black arrowhead). E, 
same cell showing ventral kineties (asterisk). F, ventral view showing contractile vacuole (white arrowhead), the relatively large micronucleus 
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same pattern and distribution as ‘brevis’ form. Kinetal furrows 
conspicuous. Up to 20 free kinetofragments in right suture (Fig. 
23K, P). Organization of oral ciliature as for the family with 
same exceptions as ‘brevis’ form. Adoral zone narrows from pos-
terior to anterior, extends about 50% of cell length on average, 
composed of an average of 28 membranelles (range 25–32).

Clevelandella elongata (Kidder, 1937)

(Figs 25–27; Supporting Information, Table S34)
Clevelandella elongata was detected and morphologically char-
acterized in one population (SRU). When present, C. elongata 

was moderately abundant (20–30 cells per host) with the other 
ciliate species being more abundant.

Description based on SRU population: 
Largest member of Clevelandellidae (on average 285 × 54 µm 
in vivo, range 245–321 × 43–71 µm; on average 220 × 61 µm in 
protargol preparations, range 184–259 × 43–75 µm). Elongated, 
almost vermiform in vivo, slightly dorsoventrally flattened, an-
terior end bluntly pointed, posterior end truncate and slightly 
flared, ventral margin convex, dorsal margin concave (Figs 25C, 
27C). Cells shrink asymmetrically in protargol preparations (see 
Supporting Information, Table S50) and long axis straightens 

(white arrow), and the posterior extent of ciliation on the right margin (black arrowhead). G, H, the same cell in ventral view, with detail 
of peristomial overture (black arrowhead). I, detail view of the long file (black arrowhead) and short file (white arrowhead) of the paroral 
membrane. J, ventral view (optical section) showing excretory antrum within left protuberance (black arrow). K, ventral view showing 
micronucleus (white arrow) and karyophore (black arrowhead). L, ventral view (optical section) showing micronucleus and adoral 
membranelles (black arrow). M, ventral view (optical section) showing anterior margin of the peristomial overture (black arrowhead). N, 
ventral view showing relatively large micronucleus (white arrow). O, detail of same cell as (N) showing micronucleus (white arrowhead) and 
karyophore (black arrowhead). P, ventral view showing micronucleus (white arrow). Q, ventral view showing micronucleus (white arrow). R, 
dorsal view of same cell as (Q) showing straight dorsal kineties (asterisk). S, detail of karyophore (white arrowhead). T, detail view of the long 
file (white arrowhead) and short file (black arrowhead) of the paroral membrane. Ma, macronucleus. Scale bars: 20 µm (A–H, J–N, P–R), 10 
µm (I, O, S, T).

Figure 22. Clevelandella hastula in the scanning electron microscope. From PGW. A, ventral view showing collapsed left lobar protrusion 
(black arrow), right margin of the peristomial overture (black arrowhead), left-hand spiralling unciliated part of ventral kineties (white 
arrowhead), and cilia of adoral membranelles (white arrow). B, dorsal view showing left lobar protrusion (black arrow) and unciliated parts 
of dorsal somatic kineties (black arrowhead) on the characteristically elongated peristomial protrusion (white arrow). C, left lateral view of 
posterior part of cell showing cilia protruding from the cytoproct on the dome of the left lobar protrusion (black arrow), the anterior margin of 
the peristomial overture (black arrowhead), cilia of the adoral membranelles (small black arrow), cilia of the circumperistomial kineties (white 
arrow), and the inconspicuous left posterior suture (white arrowhead) between dorsal kineties (black asterisk) and ventral kineties (white 
asterisk). Scale bars: 20 µm.
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compared with more sinuous living specimens. Peristomial 
projection merges gradually with body proper hampering pre-
cise length measurement but, on average 20% of cell length 
(range 14–23%). Macronucleus broadly lenticular, situated 
slightly obliquely in anterior half of cell, large relative to cell 

(on average 51 × 24 µm), karyophore at anterior and posterior 
ends of macronucleus, usually distinct in vivo and in protargol 
preparations but sometimes indiscernible. Micronucleus large, 
globular (on average 7 µm diameter), adjacent to anterior end 
of macronucleus. Somatic cilia arranged in very closely spaced 

Figure 23. Paraclevelandia brevis, from life (A–C, H, I) and after protargol impregnation (D–G, J–P). Small ‘brevis’ morphotype (A–G), 
large ‘simplex’ morphotype (H–P); from ASS (A, H, I), SRU ( J–M, K, O, P), STH (B, N), PAA (C), PGW (D–G). A, ventral view (optical 
section) showing the apical sac-like structure (black arrowhead) and adoral membranelles (white arrow). B, ventral view showing the 
subcortical layer of globules (probable mucocysts, black arrow), contractile vacuole (white arrowhead), adoral membranelles (white arrow), 
and circumperistomial cilia (black arrowhead). C, dorsal view showing relatively straight course of somatic kineties (asterisk). D, Ventral view 
(optical section) showing the micronucleus (white arrowhead) and adoral membranelles (white arrow). E, right ventrolateral view showing 
sutural kinetofragments (black arrowhead). F, right lateral view showing sutural kinetofragments (black arrowhead), ventral (white asterisk) 
and dorsal (black asterisk) kineties. G, detail view showing long (white arrowhead) and short (black arrowhead) files of the paroral membrane, 
asterisk indicates direction to anterior end of cell. H, ventral view (optical section) showing adoral membranelles (white arrow) and apical 
sac-like sructure (black arrowhead). I, ventral view showing left-hand spiralling somatic kineties (asterisk) and apical sac-like structure (black 
arrowhead). J–M, the same cell in ventral view: J, optical section showing inconspicuous anterior and posterior karyophore (white arrows), 
the separate apical sac-like structure (black arrowhead), and elliptical excretory antrum (white arrowheads); K, surface view showing sutural 
kinetofragmments (black arrowhead), left-hand spiralling ventral somatic kineties (asterisk), and peristomial overture (black arrow); L, 
excretory antrum (asterisk); M, elliptical cytoproct on left protuberance (black arrowhead). N, detail view showing long (white arrowhead) 
and short (black arrowhead) files of the diplostichomonad paroral membrane. Asterisk indicates anterior end. O, detail of macrunucleus 
and micronucleus (white arrowhead) and karyophore (black arrowhead). P, kinetofragments in right suture (black arrowheads). Ma, 
macronucleus. Scale bars: 5 µm (A–F), 1.25 µm (G), 10 µm (H–K, O, P), 2 µm (L–N).
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Figure 24. Paraclevelandia brevis in the scanning electron microscope. From PAC. Small ‘brevis’ morphotype (A, B, D, E), large ‘simplex’ 
morphotype (C, F). A, dorsal view of showing unciliated posterior parts of dorsal somatic kineties (white asterisk) and convergence of somatic 
kineties (whorl) on inconspicuous left posterior protuberance (black arrow). B, right ventrolateral view showing right sutural kinetofragments 
(white arrow) and margin of the peristomial overture (black arrow). C, detail view of right sutural kinetofragments (white arrow) between 
dorsal (black asterisk) and left-spiralling ventral (white asterisk) somatic kineties, from same cell as (F). D, detail view of same cell as (B) 
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kineties, somatic cilia limited to approximately anterior 50% 
of cell, usually a short ‘tail’ of ciliated cortex extends poster-
iorly (Fig. 27A, B, D). Right sutural kinetofragments absent. 
Circumperistomial kineties very densely ciliated (Fig. 27A, B, 
D, E). Adoral zone extends about 45% of cell length on average, 
composed of an average of 94 membranelles (range 75–120). 
POM diplostichomonad only in anterior quarter (Fig. 26A, E).

Remarks: Individuals of our population were longer and dis-
tinctly more slender in vivo than indicated by Kidder’s diagnosis 
for the species. Kidder (1937) did not specify whether his diag-
nosis for C. elongata was based on measurements from in vivo ob-
servations or fixed material, although the latter possibility seems 
most plausible given the technology available at that time.

Clevelandella parapanesthiae (Kidder, 1937)

(Figs 28, 29; Supporting Information, Tables S35–S40)
Four populations (ASS, PGW, PAC, and MP) were morpho-
logically characterized by both in vivo observations and in 
protargol preparations and two (PT and STH) only in vivo. The 
ciliate was moderately to highly abundant.

Description based on ASS, PGW, PAC, and MP populations: 
Medium-sized Clevelandella (on average 99 × 55 µm in vivo, 
range 66–119 × 31–71 µm; on average 86 × 46 µm in protargol 
preparations, range 70–114 × 33–56 µm). Spade-shaped with 
distinct left notch and protrusive left lobe; peristomial projec-
tion short, broad, about 24% of body length. Macronucleus 
from slender inverted teardrop-shape (Fig. 28A, G, H) to 
scimitar-like (Fig. 28C, E, F), obliquely oriented, situated right 
of midline, posterior end extends into posterior part of body 
proper, karyophore at posterior end of macronucleus, visible 
only inconsistently in vivo and in protargol preparations. In 
MP population cells with S-like (Fig. 28B) macronucleus (as 
well as normal teardrop-shaped) were observed. Micronucleus 
ellipsoidal, inconspicuous. Somatic cilia limited to approxi-
mately anterior 67% of cell. About 10 obliquely oriented, free 
right sutural kinetofragments in the right suture (Fig. 28D). 
Adoral zone extends about 56% of cell length on average, com-
posed of an average of 38 membranelles (range 35–42). POM 
diplostichomonad only in anterior quarter (Fig. 28F).

Clevelandella kidderi Mandal and Nair, 1974

(Figs 30, 31; Supporting Information, Tables S41, S42)
One population (ASS) was morphologically characterized by 
both in vivo observations and in protargol preparations and one 
(PA) only in vivo. The ciliate was moderately to highly abundant.

Description based on ASS and PA populations: Medium-
sized Clevelandella (on average 128 × 58 µm in vivo, range 
101–168 × 44–72 µm; on average 94 × 50 µm in protargol 

preparations, range 84–107 × 42–59 µm). Spade-shaped, 
peristomial projection about 32% of body length, conspicuous 
left-sided notch at junction of peristomial projection and 
body proper, left lobe well developed. Macronucleus inverted 
teardrop-shape with finely granular chromatin, obliquely 
oriented, situated right of midline in anterior half of body proper. 
Karyophore at posterior end of macronucleus, visible inconsist-
ently (Fig. 30E). Micronucleus globular near anterior margin of 
macronucleus. Somatic cilia limited to approximately anterior 
60% of cell. Right sutural kinetofragments probably devel-
oped (Fig. 30C), but better oriented and stained cells would be 
needed to know for sure. Adoral zone extends about 58% of cell 
length on average, composed of an average of 47 membranelles 
(range 45–49). POM as described for the family (Fig. 30D).

Clevelandella panesthiae (Kidder, 1937)

(Figs 32–34; Supporting Information, Tables S43–S47; 
Video S1)

Three populations (ASS, PAA, and STH) were morphologically 
characterized by both in vivo observations and in protargol pre-
parations and two (PAC and PT) only in vivo. When present, the 
ciliate was highly abundant.

Description based on ASS, PAA, STH, PAC, and PT popula-
tions: Large-sized Clevelandella (on average 133 × 62 µm 
in vivo, range 109–168 × 43–84 µm; on average 114 × 56 
µm in protargol preparations, range 93–157 × 39–89 µm). 
Broadly spade-shaped, distinct left-sided notch incon-
spicuous (Figs 32A, 34D, E) or absent (Figs 32B–E, 34A, 
B). Macronucleus relatively large, slender, inverted teardrop-
shape, obliquely oriented in right half of body proper, chro-
matin finely granular, karyophore not clearly identified in 
vivo or in protargol preparations. Micronucleus ellipsoidal 
(about 4.5 × 2 µm). Somatic cilia limited to approximately 
anterior 60% of cell. Right sutural kinetofragments absent. 
Circumperistomial kineties only sparsely ciliated (Figs 
32A, 34B). Adoral zone extends about 60% of cell length on 
average, composed of an average of 47 membranelles (range 
42–52). Paroral membrane not studied.

Clevelandella sp. 4
Clevelandella sp. 4 was detected in both dissected STR hosts in 
which it was highly abundant.

Description based on STR population: Large-sized Clevelandella 
(in vivo on average 152 ± 20 × 63 ± 10 µm, range 127–185 µm, 
N = 9), spade-shaped, and dorsoventrally flattened. Left cell 
margin conspicuously notched at the base of peristomial pro-
jection, the lobe does not overhang the peristomial projection. 
The peristomial projection constituted approx. one-third to one-
quarter of cell length.

showing sutural kinetofragments (white arrow). E, left lateral view showing ciliated cytoproct (black arrow), unciliated parts of the dorsal 
(black asterisk) and ventral (white asterisk) somatic kineties, the peristomial overture (white arrow) and cilia of the circumperistomial kineties 
(white arrowhead). F, right lateral view showing the right suture (black arrow) between dorsal (black asterisk) and ventral (white asterisk) 
somatic kineties and sutural kinetofragments (white arrow, compare Fig. 23P), the margin of the peristomial overture (white arrowhead), and 
the cilia of the adoral membranelles (black arrowhead). Scale bars: 20 µm (A, B, E, F), 5 µm (C, D).
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Morphological analyses of cells
A NMDS (non-parametric multi-dimensional scaling) analysis 
of 455 morphologically characterized protargol-stained cells 
showed a significant grouping of cells based on their affiliation 

to particular species (Fig. 35). Two clusters were clearly sep-
arated along the first NMDS axis, based on the presence/ab-
sence of the peristomial projection. The first cluster consisted 
of Anteclevelandella  constricta, C. klobasa, P. brevis in ‘brevis’ 

Figure 25. Clevelandella elongata in vivo. From SRU. A, ventral view showing adoral membranelles (black arrow), cytostome (white arrow), 
contractile vacuole (white arrowhead), and hyaline subcortical layer (black arrowheads). B, left ventrolateral view (optical section) showing 
micronucleus (white arrow), karyophore (black arrows), contractile vacuole (white arrowhead), and posterior extent of ciliation (black 
arrowheads). C, left ventrolateral view showing micronucleus (white arrow), karyophore (black arrow), and cilia of the circumperistomial 
kineties (white arrowheads). D, detail of same cell as (C) showing peristomial overture (black arrowhead) and cilia of adoral membranelles 
(white arrow). Ma, macronucleus. Scale 20 µm.
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form and P. brevis in ‘simplex’ form; the second cluster con-
tained remaining species. The second NMDS axis was related to 
peristomial projection length, macronucleus length, and body 
width (variable scores -0.054, 0.047, and 0.040, respectively). 
The linear discriminant analysis (LDA) resulted in the model 
accuracy of 0.892, meaning that 89.2% of the cells were cor-
rectly assigned to the appropriate species based on the morpho-
logical traits only. The mean accuracy for all the species was 85%. 
According to the classification matrix (Supporting Information, 
Table S49), the lowest correct discrimination levels were re-
covered in Rhynchoclevelandella sp. 2 (14.3%) and C. kidderi 
(55.6%).

The mean shrinking during protargol preparations for all 
Clevelandellidae species combined is 18.6 ± 7.4% for length and 
16.6 ± 10.9% for width. However, close observation on shrinking 
of individual species (Supporting Information, Table S50) un-
covered the striking difference among species, with length 

shrinkage ranging from 4.2% in R. hastula to 29.2% in the long 
morph of C. hromadkai and width shrinkage ranging from 1.1% 
in C. fryntai to 31.9% in the long morph of C. hromadkai. In add-
ition, there is an apparent disparity between shrinkage of the cell 
length and cell width in some species. The most notable example 
is C. elongata, whose length decreases in protargol preparations 
by 22.9%, but its width increases by 12.5%. The GLM model 
revealed the significant effect of species (F16,840 = 361.26, 
P < 0.001), cell condition (F1,840 = 343.92, P < 0.001), and 
their interaction (F16,840 = 4.5, P < 0.001) on the cell length. 
The effect of species (F16,827 = 143.98, P < 0.001), cell con-
dition (F1,827 = 232.94, P < 0.001), and their interaction 
(F16,827 = 4.85, P < 0.001) on the cell width were also sig-
nificant. As shrinkage is calculated directly from the cell meas-
urements (i.e. cell length and width), the GLM model clearly 
indicates that the rate of shrinkage differs among species con-
siderably. RMA regression did not reveal significant relationship 

Figure 26. Clevelandella elongata after protargol impregnation. From SRU. A, ventral view (optical section) showing micronucleus (white 
arrow), anterior part of the karyophore (black arrow), and paroral membrane (black arrowhead). B–E, the same cell in ventral view: B, (optical 
section) showing anterior part of karyophore (black arrow), micronucleus (white arrowhead), adoral membranelles (white arrow), and paroral 
membrane (black arrowhead); C, ventral infraciliature showing right kinetal suture (black arrowhead), left-hand spiralling ventral kineties 
(asterisk), and kineties converging to form ciliary whorl on inconspicuous left protuberance (white arrowhead); D, dorsal infraciliature 
showing straight course of dorsal kineties (asterisk) and looping kineties of peristomial projection (black arrowhead); E, detail view of the long 
file (black arrowhead) and short file (white arrowhead) of the paroral membrane. F, detail showing anterior (black arrowhead) and posterior 
(white arrowhead) parts of the karyophore and the micronucleus (white arrow). Ma, macronucleus. Scale bars: 20 µm.
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Figure 27. Clevelandella elongata in the scanning electron microscope. From SRU. A, right ventrolateral view showing metachronal ciliary 
waves (white arrows), and ‘tail’ of ciliated basal bodies extending posteriorly on right ventrolateral surface (white arrowhead) near the right 
suture (white asterisk). Cilia of the adoral membranelles protrude from the buccal overture (black arrow). Cilia of the collecting chamber 
protrude from the cytoproct (black arrowhead). B, dorsal view showing ‘tail’ of ciliated basal bodies extending posteriorly on right ventrolateral 
surface (black arrowhead) and cilia of circumperistomial kineties (white arrowhead). C, left dorsolateral view showing the cytoproct (black 
arrowhead), dorsal kineties (black asterisk), proximal margin of buccal overture (white arrow), cilia of the adoral membranelles (black 
arrow), and circumperistomial kineties (white arrowhead). D, right dorsolateral view showing posteriorly extending ‘tail’ of cilia (black 
arrowhead), right suture between dorsal kineties (white asterisk) and ventral kineties (black asterisk), and densely ciliated circumperistomial 
kineties (white arrow). E, dorsal view showing straight dorsal kineties (white asterisk), the ciliary ‘tail’ (black arrowhead), and cilia of 
circumperistomial kineties (white arrow). F, posterodorsal view showing convexity of the right dorsolateral cell surface (white asterisk), cilia 
of circumperistomial kineties (white arrowhead), and cilia of adoral membranelles (black arrow). G, left lateral detail view showing proximal 
margin of buccal overture (white arrow), circumperistomial cilia (black arrow), adoral membranelles (black arrowheads), and paroral 
membrane (white arrowheads). H, posterolateral detail view of the buccal overture showing posteriormost adoral membranelle (white arrow), 
circumperistomial cilia (black arrow), right suture (white arrowhead) between ventral kineties (black asterisk) and dorsal kineties (white 
asterisk). I, posterior view of buccal overture showing adoral membranelles (black arrowhead), paroral membrane (white arrowhead), and 
circumperistomial cilia (white arrow). Scale bars: 50 µm (A–E), 20 µm (F–I).
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between shrinkage and cell size either in length (R2 = 0.036, 
P = 0.466) or width (R2 = 0.143, P = 0.133). Nevertheless, a 
weak positive relationship between shrinkage and cell length 
(Supporting Information, Fig. S6) and a weak negative relation-
ship between shrinkage and cell width (Supporting Information, 
Fig. S7) was found.

D I S C U S S I O N

Morphologic peculiarities of Clevelandellidae
The Clevelandellidae all share several similar morphologic pe-
culiarities that have been previously unmentioned or inconsist-
ently and, sometimes, incorrectly described and/or depicted. 
The most important of these are discussed below.

Somatic ciliature: Kidder himself (1937) and others (Lynn 
2008, Pecina and Vďačný 2020a, b) have described or depicted 
members of the Clevelandellidae as having complete (i.e. 
holotrichous) somatic ciliation (Fig. 36A, C, H). However, all 
Clevelandellidae actually share what we term a ‘hemitrichous’ 
distribution of somatic cilia (the ciliature of C. contorta has not 
been assessed since its original description). Both basal bodies 
of somatic dikinetids are ciliated in the (approximately) anterior 
half of the cell, while in the posterior part of the cell the dikinetids 
are barren, except for several ciliated circumperistomial kineties 
at the terminal margin of the peristomial overture (e.g. Figs 5C, 
27G, 29C, 31A). Although the circumperistomial kineties have 
previously been overlooked, Albaret (1975) recognized the 
otherwise partial somatic ciliation of the three Clevelandellidae 
species he redescribed, and Mandal and Nair (1974) recognized 
the restriction of somatic cilia to the anterior half of the cell in C. 
kidderi (Fig. 36I; here considered as a senior subjective synonym 
of C. lynni). Yamasaki (1939) recognized the restriction of som-
atic cilia to half of the cell in the three species he described, 
but he considered the half to be posterior (Fig. 36F, J). Albaret 
(1975) described ‘short’ cilia in the posterior part of the cell, 
but his transmission electron photomicrograph and scanning 
electron microscopy studies indicate that the posterior som-
atic dikinetids are actually barren. Although Pecina and Vďačný 
(2020a, b, 2022) describe holotrichous (complete) ciliation in 
Clevelandellidae and depict it in their drawings, their photo-
micrographs clearly show the invariable restriction of somatic 
cilia to the anterior part of the cell in the species they consider 
(Fig. 36D, G; Pecina and Vďačný 2020a: fig. 2E–G; 2020b: figs 
3F, G, 5G, H, 8E–G, 11E-G, 14B, C).

The somatic cilia (including those of the circumperistomial 
kineties) of all Clevelandellidae are unusually short, i.e. about 5 
µm long in both living and fixed states (e.g. Figs 4A, 7A, 10B, 23A). 
Somatic ciliary length in ciliates is highly variable, ranging from 
6 to 100 µm (Grain 1984). The somatic cilia of Clevelandellidae 
may be near the lower limit of length for motile cilia since the 
minimum length required for organized ciliary beating of motile 

Figure 28. Clevelandella parapanesthiae. In vivo (A, B) and after 
protargol impregnation (C–H). From PGW (A), MP (B, F), 
ASS (C, D), PT (E), and PGW (G, H). A, ventral view showing 
adoral membranelles (white arrow), contractile vacuole (white 
arrowhead), and micronucleus (black arrowhead). B, ventral view 
showing atypical macronuclear ‘S’-shape and adoral membranelles 
(white arrow). C, dorsal view (optical section) showing straight 
dorsal kineties (black arrowhead), adoral membranelles (white 
arrow), and left protuberance (asterisk). D, right lateral detail view 
of sutural kinetofragments (black arrowhead) and dorsal kinety 
(white arrowhead). E, ventral view (optical section) showing adoral 
membranelles (white arrow) and left protuberance (asterisk). F, 
detail view of paroral membrane showing short (white arrowhead) 
and long (black arrowhead) files. G, dorsal view showing straight 
dorsal kineties (black arrowhead). H, ventral view showing paroral 
membrane (black arrow head), prominent notch (white arrowhead) 

between peristomial projection and left protuberance (asterisk). 
I, dorsal view showing micronucleus (white arrowhead), paroral 
membrane (black arrowhead), and looping kineties of peristomial 
projection (white arrow). Ma, macronucleus. Scale bars: 20 µm 
(A–C, E–I), 10 µm (D).
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Figure 29. Clevelandella parapanesthiae in the scanning electron microscope. From PAC. A, ventral view showing notch (white arrow) between 
left protuberance (white asterisk) and peristomial projection (black asterisk), cilia protruding from cytoproct (black arrow), and cilia of adoral 
membranelles (black arrowhead). B, dorsal view showing notch (white arrow) between left protuberance (white asterisk) and peristomial 
projection (black asterisk), and cilia of circumperistomial kineties (black arrow). C, posteroventral view showing posterior protuberance 
(white asterisk), cilia of adoral membranelles (white arrow), and cilia of circumperistomial kineties (black arrow). D, posterior view showing 
dorsoventral flattening, right kinetal suture (black arrow) between ventral kineties (white asterisk) and dorsal kineties (black asterisk), position 
of cytoproct (white arrow), and peristomial overture (white arrowhead). Scale bars: 20 µm (A–D).
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cilia is about 2–4 µm (Bottier et al. 2019). A reduction of both 
cell surface ciliation and somatic ciliary length are possibly adap-
tations to the viscous content of the host gut. In mucous media, 
a short ciliary length (5–7 µm) is necessary for effective ciliary 
propulsion (Satir and Sleigh 1990). At least some Nyctotherus 
species inhabiting cockroaches, although holotrichous, also 
bear similarly short somatic cilia (Pecina and Vďačný 2020a: 
figs 4A, 5E). The somatic kineties of all Clevelandellidae have a 
left-handed spiral arrangement, i.e. toward the right side of the cell 
(Kidder 1937, Mandal and Nair 1974, Albaret 1975, Jankowski 
2007). The depictions of right-handed-spiralling kineties (with 
respect to the viewer) in Anteclevelandella  constricta (Fig. 36C, 
D, E; Pecina and Vďačný 2020b: figs 1A, M, N, 3F, G) are mis-
interpretations. All Anteclevelandella  constricta cells from the 
current report, Kidder (1937), and Albaret (1975), as well 
as all other species depicted by Pecina and Vďačný (2020b), 
show left-hand-spiralling of somatic kineties (Fig. 36A, B, 
H, I, K). The small sutural kinetofragments recognized by 
Albaret (1975) in Anteclevelandella constricta, C. parapanesthiae, 
and the ‘simplex’ form of Paraclevelandia  brevis, and con-
firmed in Anteclevelandella  constricta by transmission electron 
microscopy, were also found in six of the species we studied 
(Anteclevelandella  constricta, R. hastula, Paraclevelandia  brevis, 
C. kidderi, C. parapanesthiae, and C. philipi sp. nov.). In seven 

species (C. ananiasi sp. nov., C. elongata, C. fryntai sp. nov., C. 
hromadkai sp. nov., C. klobasa sp. nov., C. panesthiae, and C. sidi 
sp. nov.) this feature was clearly absent and in two (R. nipponensis 
and Rhynchoclevelandella sp. 2) it could not be determined.

The ciliated excretory antrum: Describing the general morpho-
logic features of the Clevelandellidae, Kidder (1937) stated: 
‘Just ventral to the contractile vacuole and near the whorl of per-
ipheral cilia occurs a slit-like cytoproct’ (sometimes referred to 
as the ‘cytopyge’). ‘Through this permanent slit the contractile 
vacuole empties its contents. No canal can be detected, but the 
contractile vacuole comes in contact with the interior edge of the 
cytopyge just before systole.’ Lynn (2008) mentions, without a 
citation, that ‘…in clevelandellids [the cytoproct] may open 
to the outside by a cilia-lined channel’. Albaret (1975) does 
not describe the cytoproct of Clevelandellidae in detail, but 
depicts it as a short, narrow canal adjacent to the contractile 
vacuole. The actual morphology of the clevelandellid excretory 
system (contractile vacuole, cytoproct, and intervening struc-
tures) is quite unusual in addition to its location on the lateral 
aspect of the cell. In all species studied, we identified what we 
term the ‘ciliated excretory antrum’, a distinct, permanent, cili-
ated chamber situated between the contractile vacuole and the 
slit-like cortical cytoproct (e.g. Figs 2A, C, 15D, E, 17C, 23L, M; 

Figure 30. Clevelandella kidderi in vivo (A, B) and after protargol impregnation (C–E). From ASS (A–E). A, ventral view showing contractile 
vacuole (white arrow), ventral kineties (black arrow), and margin of peristomial overture (white arrowhead). B, dorsal view showing 
contractile vacuole (white arrow) and posterior extent of ciliation on the left margin (black arrowhead). C, ventral infraciliature showing right 
sutural kinetofragments (black arrow), left-hand spiralling ventral kineties (asterisk), and looping kineties of the peristomial projection (white 
arrowhead). D, detail view of paroral membrane showing short (white arrowhead) and long (black arrowhead) files, and adoral membranelles, 
(white arrow). E, detail of macronucleus, ventral view showing inconspicuous karyophore (black arrow). Ma, macronucleus. Scale bars: 20 µm 
(A–C), 10 µm (D).
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Supporting Information, Video S1). The contents of the con-
tractile vacuole and faecal material are collected in this chamber 
and propelled from it, through the cytoproct by long, fine, cilia 
arising from the wall of the chamber. In SEM images these cilia 
can often be seen protruding from the cytoproct (e.g. Figs 11F, 
20F, 22C, 33D). The antrum itself is rather inconspicuous and 
likely to be overlooked without careful in vivo study by DIC il-
lumination. It is also quite difficult to discern even in optimally 
developed protargol preparations since the basal bodies of the 
chamber are very fine and irregularly distributed and obscured 
by overlying somatic kineties (Figs 15E, 23L). The cytoproct 
of the nyctotherids as described by Geiman and Wichterman 
(1937), McKean (1972), and Albaret (1975) differs in that it is 
situated in a more or less invaginated area of the posterior cell 
cortex. However, a very thorough ultrastructural investigation of 
Nyctotherus ovalis Leidy, 1894 showed a structure at the posterior 
end of the cell probably homologous to the ciliated excretory an-
trum of Clevelandellidae, namely a 20–25 µm long ‘expulsion 
vesicle canal’ lined by cilia, some of which protruded from the 

cytoproct (McKean 1972: figs 3, 81). In the class Armophorea, 
these complex structures are unique to the order Clevelandellida 
suggesting that a ciliated excretory chamber was probably pre-
sent in the last common ancestor.

Morphology of the paroral: The morphology of the paroral of all 
Clevelandellidae is invariably diplostichomonad, i.e. composed 
of two parallel single files of ciliated basal bodies, one usually 
longer than the other, separated by a cortical ridge (e.g. Fig. 7I). 
In all species we studied, both files extend posteriorly from the 
cytostome, the left file being longer and usually reaching the pos-
terior margin of the peristome (e.g. Figs 5D, 7I, 26A, 30D). The 
right file is always shorter, with the exception of C. sidi sp. nov. in 
which both files are of the same length (Fig. 15H). The paroral 
of the nyctotherids is also diplostichomonad (de Puytorac and 
Grain 1976, Takahashi and Imai 1989). A diplostichomonad 
paroral occurs in various metopid lineages and may be more 
widely distributed in this group than assumed, since the shorter 
proximal file might be obscured within the buccal cavity and thus 

Figure 31. Clevelandella kidderi in the scanning electron microscope (A–D). From ASS. A, ventral view showing left-hand-spiralling 
ventral kineties (black asterisk) meeting dorsal kineties (white asterisk) to form right kinetal suture (white arrowhead), cilia protruding 
from cytoproct (black arrowhead), and ciliated circumperistomial kineties (black arrow). B, left lateral view showing unciliated parts of 
dorsal kineties (black asterisk) and ventral kineties (white asterisk), cilia protruding from cytoproct (black arrowhead), and cilia of adoral 
membranelles seen in peristomial overture (white arrow). C, posterior view showing dorsoventral flattening and right kinetal suture (white 
arrowhead) between ventral kineties (black asterisk) and dorsal kineties (white asterisk), and dorsal margin of the posterior peristomial 
projection (white arrow). D, detail of the same cell as (B) showing cilia protruding from cytoproct (black arrowhead) on the left protuberance 
(asterisk), and posterior extent of somatic ciliation (white arrow). Scale bars: 20 µm (A–C), 10 µm (D).

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlad154/7420185 by D

epartm
ent of Plant Physiology, Faculty of Science, C

harles U
niversity user on 15 N

ovem
ber 2023



38  •  Kotyk et al.

easily overlooked (Bourland and Wendell 2014, da Silva‐Neto et 
al. 2016, Bourland et al. 2018, 2020). The caenomorphids also 
have a diplostichomonad paroral (Lynn 2008). The possibility 
that the diplostichomonad character state is plesiomorphic in 
Armophorea should be considered. Our findings differ from a 
previous report by Pecina and Vďačný (2020a, b) who claim that 
both files of the paroral are always of the same length and that 
the paroral terminates more anteriorly at the proximal margin of 
the buccal overture.

Position and polarity of oral structures:  The most striking char-
acteristic of the Clevelandellidae is the posteriorization of oral 
structures. Other armophorean lineages (e.g. Brachonella spp.) 
also have posteriorized oral structures. However, in these cases 
the adoral membranelles are oriented in the same direction (i.e. 
with the shortest file of basal bodies anterior), as in taxa with an-
terior buccal cavities, and the membranelles have the same left-
sided location with respect to the paroral. Thus, in these cases, 
the posteriorization can be accounted for by a simple posterior 
displacement of both structures without rotation. However, the 
orientation of the individual elements in Clevelandellidae is en-
tirely different from the latter examples. Terms of orientation in 
the Clevelandellidae have been inconsistent, even with regard to 
the true anterior and posterior ends of the cell (Yamasaki 1939, 
Albaret 1975). As in all other ciliate taxa, the polarity of som-
atic dikinetids in Clevelandellidae obeys the rule of desmodexy 
(i.e. the kinetodesmal fibre projects to the right side of the cell 
from the posterior kinetosome near microtubular triplets 5 and 
6), thus the somatic kineties of Clevelandellidae are not reversed 
(Chatton and Lwoff 1935, Albaret 1975, Lynn 1975, 2008). The 

peristomial opening is thus considered to be ‘posteriorized’, 
as are the adoral membranelles, in which the shortest file of 
basal bodies faces posteriorly and not anteriorly as is typical of 
spirotrich, heterotrich, and metopid ciliates (Tuffrau and Fleury 
1994). The selective pressures and structural constraints that re-
sulted in this remarkable reorientation are unknown.

Duality of morphotypes:  Several Clevelandellidae species ex-
hibit two very distinct morphs that differ not only in size, but 
also in shape and other characteristics (e.g. number of adoral 
membranelles). The difference in appearance can be striking 
enough that two morphs of Paraclevelandia brevis (Kidder 
1937)—‘brevis’ and ‘simplex’—have been identified as separate 
species. Similarly, prior to obtaining molecular data, we assumed 
‘slender’ and ‘broad’ morphotypes of C. fryntai to be separate spe-
cies. In the aforementioned cases, both morphotypes frequently 
co-occur in a single host. Furthermore, in Paraclevelandia brevis the 
large ‘simplex’ morphotype seems to never occur in the absence of 
the smaller ‘brevis’ morphotype. Conversely, the ‘short’ and ‘long’ 
morphotypes of C. hromadkai seem to never co-occur in the same 
host. The relationships between these morphotypes, and the fac-
tors leading to their formation, are unknown. It is probable that, 
in the case of Paraclevelandia brevis, the two morphotypes, which 
are strikingly different in size, number of adoral membranelles, 
and nuclear morphology, may represent different life stages. 
Morphotypes of C. fryntai have a different shape, but their metrics 
overlap strongly. It is thus possible that the difference is caused by 
the nutritional state of the cell or other environmental factors. In 
C. hromadkai the ‘long’ morph can be found mostly in adult male 
hosts, while the ‘short’ morph is found in females and larvae. Since 

Figure 32. Clevelandella panesthiae in vivo (A–C) and after protargol impregnation (D, E). From ASS (A), PAA (B, D, E), and PT (C). A, 
ventral view (optical section) of typical form showing the contractile vacuole (white arrow), cytoplasmic granules, possibly amylopectin (black 
arrow), circumperistomial kineties (black arrow), and hyaline subcortical layer (white arrowheads). B, ventral view (optical section) showing 
location of the cytostome (asterisk), adoral membranelles, (white arrow), and cytoplasmic granules, possibly amylopectin (black arrow). 
C, ventral view (optical section) showing posterior extent of ciliation on the right margin and left margin (black arrowheads), and unusually 
tapered anterior end of cell (white arrow heads). D, E, the same cell in ventral view: D, optical section showing cytostome (white arrowhead) 
amd adoral membranells (white arrow); E, surface view showing ventral infraciliature showing left-hand spiralling ventral kineties (asterisk), 
disordered basal bodies on left protuberance (black arrowhead). Ma, macronucleus. Scale bars: 20 µm.
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the male cockroaches are of smaller or similar size as females and 
larger larvae, the host size is probably not the determining factor. 
However, the environment in the gut of the adult male is more 
stable than that of females and larvae. The insect larvae go through 
a number of ecdyses during ontogeny, first emptying their hindgut 
and then also shedding their hindgut cuticular lining (we have 
witnessed hindguts full of encysted ciliates in pre-ecdysis larvae). 

Female cockroaches undergo repeated reproductive cycles accom-
panied by behavioural changes, including the period of drastic re-
duction in food intake while provisioning nutrients to egg case 
(Gore and Schal 2005, Varadínová et al. 2015). It is possible that, 
unlike the short-lived hindgut environment of larvae and females, 
the relatively stable environment of the male hindgut allows C. 
hromadkai to achieve the greater size of the ‘long’ morph.

Figure 33. Clevelandella panesthiae in vivo (optical sections of same cell). From ASS. A, surface view showing left-hand spiralling ventral 
kineties (asterisk), right kinetal suture (black arrowhead), and position of the cytoproct (white arrow). B, slightly deeper focal plane showing 
conical ciliated excretory antrum within left protuberance (white arrowheads) and defecated material (black arrowhead). C, slightly deeper 
focal plane than (B) showing faecal material transiting the ciliated excretory antrum (white arrowhead) and numerous rod-shaped perinuclear 
symbionts (black arrow and inset). D, approximately same focal plane as (C) showing collecting vesicles of contractile vacuole (white 
arrowhead) which will coalesce and empty into the excretory antrum and the dense, fine cilia lining the antrum (black arrowhead). Ma, 
macronucleus. Scale bars: 20 µm.
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Figure 34. Clevelandella panesthiae in the scanning electron microscope. From ASS. A, ventral view showing right kinetal suture (white 
arrow) and short left suture (white arrowhead), cilia of adoral membranelles (black arrowhead), and ciliated cytoproct (black arrow). 
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Congruence of morphological and molecular data in tax-
onomy of Clevelandellidae

In order to test the congruence of morphological and mo-
lecular data, Pecina and Vďačný (2020b) employed a three-way 
integrative approach incorporating morphometric measure-
ments, cell geometrical information (both obtained from their 
protargol preparations), and 18S rRNA gene sequences derived 
mostly from their own data (Pecina and Vďačný 2020a, b) but 
also from Lynn and Wright (2013). They had shown that the 
clevelandellid morphospecies, as defined by Kidder (1937), are 
fully consistent in both morphometric and geometrical analyses. 
However, they suggested that the morphospecies [based on their 
own data as well as in vivo data from Lynn and Wright (2013)] 
are not consistent with the 18S rRNA gene phylogeny, with 
Anteclevelandella constricta, Paraclevelandia brevis, and R. hastula 
being monophyletic, but C. panesthiae and C. parapanesthiae 
morphospecies comprising more or less phylogenetically dis-
parate genotypes. This led to the conclusion that ‘morphology 

and genetics are rather inconsistent’ in Clevelandellidae and that 
the morphospecies are complexes of cryptic taxa. Expanding on 
this idea, the authors decided that the majority of the studied 
genotypes represent separate species and tried to employ CBC 
concept to find species-delimiting characters for them (Pecina 
and Vďačný 2022). The concept is based upon supposed correl-
ation between the presence of a double-sided base change of a nu-
cleotide pair in a helix of the ITS2 rRNA gene region (a so-called 
compensatory base change—CBC), and the inability of strains 
to sexually cross. It was initially proposed for Volvocalean green 
algae (Coleman 2000) and was later used for ciliates as well (e.g. 
Coleman 2005), but was also shown numerous times to fail in 
delimiting species (Caisová et al. 2011, 2013, Assunção et al. 
2012, Škaloud and Rindi 2013). However, Pecina and Vďačný 
did not find a compensatory base change in any of their pro-
posed species and they concluded that ‘the ITS2 molecule per se 
failed to determine multiple clevelandellid species, as its primary 
sequence structure transcended several species boundaries’ 

Figure 35. Non-metric multidimensional scaling (NMDS) plot based on the morphological analysis of traits measured on 455 scales. The cells 
are colour-coded and clustered based on their affiliation to 16 investigated strains.

Note absence of notch between posterior peristomial projection and left posterior protuberance. B, dorsal view showing unciliated 
posterior parts of somatic kineties (white asterisk) and cilia of circumperistomial kineties (black arrowhead). C, detail of cilia protruding 
from cytoproct (black arrowhead). D, posteroventral view showing right kinetal suture (white arrow) between ventral kineties (black 
asterisk) and dorsal kineties (white asterisk), cilia of adoral membranelles (black arrowhead), single file of ciliated basal bodies comprising 
posteriormost end of paroral membrane (white arrowhead), and cilia protruding from the cytoproct (black arrow). E, left dorsolateral view 
showing ventral kineties (black asterisk) and dorsal kineties (white asterisk) converging to form ciliary whorl on left protuberance, and 
kineties forming inconspicuous left posterior suture (white arrow). Scale bars: 20 µm (A, B, D, E), 10 µm (C).
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(Pecina and Vďačný 2022). Despite that, they still did opt to de-
scribe eight new species based on minor molecular differences. 
Clevelandella bipanesthiae, for example, is diagnosed by just two 
bases in the 18S rRNA gene, which, according to the authors, is 
sufficient to distinguish and describe a species.

The abandonment of morphology in favour of purely mo-
lecular taxonomy is problematic in our view. The main basis for 
considering morphology and molecular taxonomy as incon-
gruous in Clevelandellidae is that isolates with C. panesthiae 
morphology represent several genotypes, which do not form 
a clade, but branch at four different positions in the tree: 
three genotypes occupy three different places within the C. 
parapanesthiae branch; the rest of the genotypes form a separate 
lineage, which is rather distantly related to C. parapanesthiae 
(referred to as Clevelandella sp. 3 in our study). Since cells of 
the C. panesthiae morphotype cluster within a group of cells 
with C. parapanesthiae morphotype, and C. parapanesthiae 
morphotype cells do not form a clade, four new species were 
erected, based on molecular data, without defining which of 
them is the original C. parapanesthiae or C. panesthiae (Pecina 
and Vďačný 2020b, 2022). Two problems confound the species 
delimitation:

(i)	 A widespread problem of sample identity in the study 
of Lynn and Wright (2013) should be noted. While in a 
more recent study (Pecina and Vďačný 2020b) cells were 
assigned to morphotypes based mostly on observation 
of protargol impregnated cells, Lynn and Wright (2013) 
assigned morphotypes solely on the basis of in vivo ob-
servations, which is, in our experience, often misleading. 
The cells of Clevelandella sp. 3 supposed by Lynn and 
Wright (2013: figs 3, 4) to be C. panesthiae have a very 
different shape than Kidder’s (1937) description, the 
description in our current study (Fig. 32), and that of 
Pecina and Vďačný (2020b), being much smaller and 
more symmetrical and possessing more broadly rounded 
anterior. Thus, they cannot be reconciled to the same 
morphotype. Then, the peculiar isolate CP18 from Lynn 
and Wright with supposedly C. panesthiae morphology is 
most probably erroneous misidentification or typo, be-
cause it nests within C. parapanesthiae lineage (Pecina 
and Vďačný 2020b; this study). Lastly, the authors state 
that they isolated C. parapanesthiae from the host. The 
isolate marked as C. parapanesthiae, however, nests in 
Rhynchoclevelandella (this study). 

Figure 36. Various depictions of Clevelandellidae from the literature (A–J) and our picture (K). A, Anteclevelandella constricta, ventral view 
[modified from Kidder (1937), with permission]. B, Anteclevelandella constricta ventral view [modified from Alabaret (1975), with permission]. 
C–E, Anteclevelandella constricta, ventral view (C, viewer’s left D, E), dorsal view (viewer’s right D, E; modified from Pecina and Vďačný, 
2020). F, Emmaninius plantiformis, now Antecelevelandella constricta [after Yamasaki (1939: fig. 8)]. G, H, Clevelandella panesthiae, dorsal and 
ventral view respectively (modified from Pecina and Vďačný, 2020). I, C. kidderi ventral view [modified from Mandal and Nair (1974), with 
permission]. J, Emmaninius papilloris, now Clevelandella panesthiae [after Yamasaki (1939: fig. 2)]. K, Anteclevelandella constricta under the 
scanning electron microscope, ventral view. Asterisk indicate true orientation of ventral kineties. Arrows depict true posterior extent of somatic 
ciliation.
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(ii)	 Two genotypes within C. parapanesthiae are described as 
exhibiting the C. panesthiae morphotype but the precise 
genotype associated with the morphology shown is not 
specified (Pecina and Vďačný 2020b). One of these geno-
types is later described as a new species, C. bipanesthiae 
(Pecina and Vďačný 2022). Moreover, the isolates of 
the second genotype were coupled with cells of the C. 
parapanesthiae morphotype (TH 30 Psp + TH 22 Psp) 
and described as a new species, C. triparapanesthiae. 
We have studied the morphology of four genotypes 
(P37_ASS_PNG, P132_PT_VN2, P40_PGW_NB, 
P113_MP_MA; see Fig. 1), which are genetically al-
most identical to C. bipanesthiae, and all exhibit a clear 
C. parapanesthiae morphotype (Fig. 28A, B, E–H), so it 
seems highly improbable that C. bipanesthiae would not. 
While we cannot 100% rule out the possibility of dual 
morphology in the C. parapanesthiae lineage, we have 
never observed such a case. All our isolates in the lin-
eage are consistently of C. parapanesthiae morphology. 
This raises the possibility that in the previous work 
(Pecina and Vďačný 2020b) either the cell shape might 
have been confused during the isolation or sequences 
and morphotype might have been incorrectly associ-
ated, i.e. the molecular sequences obtained might not 
belong to the cells with C. panesthiae-like morphology. 
This possibility is further suggested by the fact that an 
organism formally described as Clevelandella nova was 
later reported from the same cockroach population but 
without morphologic data (Pecina and Vďačný 2022). 
Several populations studied by us are closely related 
to C. nova, including the genetically almost identical 
P132_PT_VN2 (Fig. 32C), and all clearly exhibit the 
C. panesthiae morphology (Fig. 32). We conclude that it 
is possible that the C. panesthiae-like cells coupled with 
gene sequences from isolates TH 11E Paa and TH 45 
Paa (Pecina and Vďačný 2020b), and later erected as C. 
bipanesthiae (Pecina and Vďačný 2022), probably belong 
to isolates TH 24-26 Paa of C. nova—which, in turn, we 
consider a junior synonym of C. panesthiae (see below).

In the aforementioned studies, images of cells isolated for 
molecular characterization were not provided. We provide 
these data (Supporting Information, Figs S1–S3, Table S2) to 
document the morphology of the sequenced cells and recom-
mend that such data be included in future studies to exclude 
the possibility of misidentification when dealing with sam-
ples including multiple quite similar organisms. Despite the 
monophyly of the R. hastula group, it was split into three spe-
cies (R. hastula, R. bihastula Pecina and Vďačný, 2022, and R. 
trihastula Pecina and Vďačný, 2022), for which the morphology 
of only one (R. hastula) was shown (Pecina and Vďačný 2020b, 
2022). Apart from considerations of the subjective topic of split-
ting, conflicting morphology is also problem here: genotype 
P71NI_PAC_VN1 from the current study, which is genetically 
very similar to R. trihastula, clearly exhibits the R. nipponensis 
morphology, raising the possibility that R. trihastula might as 
well be R. nipponensis. However, the absence of morphologic 
data for R. trihastula leaves this matter unresolved. To show that 

morphology is a valid tool for discrimination of clevelandellids, 
we performed ordination via non-metric multidimensional 
scaling (NMDS) based on 12 morphological traits measured 
from protargol-impregnated cells from a large sample of geno-
types. We found that the molecularly defined monophyletic 
species (mostly comprising numerous genotypes) were clearly 
grouped into visible clusters (Fig. 35). Moreover, our linear dis-
criminant analysis (LDA) confirmed that Clevelandellidae cells 
can be correctly attributed to genetically defined species based 
solely on morphometrical data with 88% success (Supporting 
Information, Table S49). While some of the species are weaker 
in this regard (C. ananiasi, C. kidderi, and Rhynchoclevelandella 
sp. 2), they can be easily distinguished by qualitative characteris-
tics, such as the cell or nucleus shape.

The basis for proposed synonymizations in Clevelandellidae
Anteclevelandella salganeae Pecina and Vďačný, 2022 and Anteclev
elandella macropanesthiae Pecina and Vďačný, 2022 branch within 
a well-supported clade of isolates with Anteclevelandella constricta 
morphology (Fig. 1). We have inspected morphology of isolates 
with identical 18S rRNA gene sequences and almost identical 
ITS/28S rRNA gene sequences to Anteclevelandella  salganeae 
(P100_SRU_CA, P136_SRU_CA) and isolate with almost iden-
tical 18S sequence as Anteclevelandella macropanesthiae (P59_
ASS_PNG) and they all exhibit clear Anteclevelandella constricta 
morphology (Fig. 19D, F) and are indistinguishable from 
other Anteclevelandella  constricta isolates. We thus consider 
Anteclevelandella salganeae and Anteclevelandella macropanesthiae 
junior subjective synonyms of Anteclevelandella constricta.

Isolates of Paraclevelandia brevis and Paraclevelandia  sim-
plex form a well-supported clade composed of a mix of 
both morphotypes. Moreover, we can see instances of both 
morphotypes belonging to the same genotype and coming 
from the same host individual (P49_STH_PNG, P17_PAA_
PH, P40_PGW_NB). We thus regard Paraclevelandia  simplex 
as a junior synonym of Paraclevelandia  brevis and assume that 
both morphotypes probably represent two life stages of the 
same species.

Clevelandella biparapanesthiae Pecina and Vďačný, 2022, 
C. triparapanesthiae Pecina and Vďačný, 2022, and C. 
bipanesthiae branch within a well-supported clade of isolates 
having C. parapanesthiae morphology. The morphology of C. 
biparapanesthiae and C. triparapanesthiae isolates (Pecina and 
Vďačný 2020b) is highly similar to our various C. parapanesthiae 
isolates and consistent with the original description of this spe-
cies by Kidder (1937). As mentioned above, the morphology 
published by Pecina and Vďačný (2020b) possibly does not rep-
resent the C. bipanesthiae isolates, and all four genotypes from 
the current study, which are genetically nearly identical to C. 
bipanesthiae, exhibit canonical C. parapanesthiae morphology. 
We thus consider C. biparapanesthiae, C. triparapanesthiae, and 
C. bipanesthiae junior synonyms of C. parapanesthiae.

Clevelandella kidderi matches C. lynni very closely in size, 
shape, and macronuclear morphology. Despite that, the authors 
of the latter description did not compare the species. Both or-
ganisms have the same spade-shaped silhouette and conspicuous 
left posterior lobe with a distinct notch, a feature not well illus-
trated but mentioned in the description of C. kidderi: ‘…left side 
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more arched and forms a notch where it joins the peristomial 
projection’ (Mandal and Nair 1974). They also share the same 
broadly ovoidal macronucleus with a posterior karyophore and 
a peristomial overture occupying about two-thirds of the length 
of the peristomial projection. Fixed individuals of C. kidderi and 
C. lynni have a similar length (105 vs. 94 µm) and width (52 vs. 
46 µm), and the peristomial projection occupies a similar por-
tion of the cell body (33% vs. 34 %). Considering these facts, 
and after examination of the type material deposited by Pecina 
and Vďačný (2020a), we consider C. lynni a junior synonym of C. 
kidderi. The hemiciliation so characteristic of Clevelandellidae, 
and mentioned by Mandal and Nair (1974), is also present in C. 
lynni but was previously overlooked (Pecina and Vďačný 2020a: 
figs 2A, E–G, 3A).

Clevelandella nova Pecina and Vďačný, 2022 branches within a 
well-supported clade of isolates with C. panesthiae morphology. 
The isolates correspond with Kidder’s (1937) original descrip-
tion and the clade includes isolates from the type host (PAA) 
from Philippines as was studied by Kidder (1937). Therefore, 
the isolates appear to be conspecific with the C. panesthiae popu-
lation of Kidder (1937) and not with the Australian isolates of 
Lynn and Wright (2013) or the isolates of Pecina and Vďačný 
(2020b), the latter two having possibly been misidentified as 
discussed above. In addition, we have studied the morphology 
of isolate P132PA_PT_VN2 (Fig. 32C) genetically almost iden-
tical to C. nova, which exhibits typical C. panesthiae morphology. 
Moreover, if the morphology earlier described by Pecina and 
Vďačný (2020b) for isolates, which were later described as C. 
bipanesthiae (Pecina and Vďačný 2022), truly belongs to C. nova 
(as discussed above), C. nova is morphologically indiscernible 
from our C. panesthiae isolates. We thus consider C. nova a junior 
synonym of C. panesthiae.

Rhynchoclevelandella trihastula is genetically very similar to R. 
nipponesis. Similarly, R. bihastula is genetically very similar to R. 
hastula. But until their morphology is studied, we prefer to retain 
their current species status.

Comments on recently erected genera in Clevelandellidae
Genus Anteclevelandella was described as follows: ‘AZM on 
the left wall and PM on the right wall of vestibulum’ (Pecina 
and Vďačný 2022). This is probably a misinterpretation since, 
if one accepts the morphologic chirality of Clevelandellidae as 
depicted by Kidder (1937), Albaret (1975), and Mandal and 
Nair (1974), all Clevelandellidae have a right-sided adoral zone 
and a left-sided paroral (with respect to the organism). Neither 
Clevelandella constricta nor any other species deviate from this 
arrangement (Fig. 19A–D). It also has to be noted that the de-
piction of the infraciliature of C. constricta (Pecina and Vďačný 
2020b) showing right-hand spiralling somatic kineties is incon-
sistent with all previous descriptions (Kidder 1937, Mandal and 
Nair 1974, Albaret 1975) and the data from the current study 
(Figs 19D, 20A–D). One possible explanation is inadvertent re-
versal of images (Fig. 36D; Pecina and Vďačný 2020b: fig. 3F, G) 
from which drawings appear to have been made (Fig. 36C, E; 
Pecina and Vďačný 2020b: fig. 1A, M, N); no deposition of vou-
cher material is mentioned in the study, which could help resolve 
the problem. All Clevelandellidae have left-hand spiralling ven-
tral somatic kineties and straighter (i.e. more or less longitudinal) 

dorsal kineties (Albaret 1975, Kidder 1937, Mandal and Nair 
1974; this study). We propose a new diagnostic character for the 
genus: constriction of the cell at the level of the macronucleus.

Genus Rhynchoclevelandella was morphologically defined by 
the absence of a karyophore (Pecina and Vďačný 2022). We, 
however, show, that its representatives do have a karyophore 
(Fig. 21K, O, S). We note that, in our experience, the presence 
or absence of the karyophore (anterior, posterior, or both) is 
a highly unreliable taxonomic character in Clevelandellidae. 
This leaves the genus without morphological characterization. 
Despite this we prefer to consider the genus as valid. This may 
seem like an inconsistency in light of the numerous species-
level synonymizations we made above. However, the species 
we synonymize are not only morphologically indistinguishable, 
but also genetically almost identical with already existing spe-
cies. Rhynchoclevelandella, on the other hand, is a distinct phylo-
genetic lineage. Furthermore, if we did not synonymize these 
species, many of the current species would become paraphy-
letic. Conversely, if we synonymize Rhynchoclevelandella with 
Clevelandella, then Clevelandella would become paraphyletic 
with respect to Paraclevelandia. Although Rhynchoclevelandella 
lacks a recognized morphological apomorphy, at the current 
state of knowledge, we prefer to retain it.

Purely molecular taxonomy as applied to Clevelandellidae
The abandonment of morphology and its replacement by purely 
molecular species diagnoses, as done by Pecina and Vďačný 
(2022), is hampered, at least in the case of clevelandellids, 
by possible incorrect assignment of genotypes to various 
morphotypes as discussed in detail above. In the current study, 
we found that morphological data are highly consistent with the 
molecular phylogenetic data. The employment of geometrical 
methods (Pecina and Vďačný 2020b) can be potentially useful if 
applied to error-less datasets, and also with the addition of more 
characters than just body shape alone (e.g. macronuclear shape). 
On the other hand, using purely molecular methods to describe 
new species in a group for which we know very little about the 
possible diversity or what the genetic boundaries among spe-
cies might be or how to apply a barcode-based delimitation ap-
proach, seems fraught with difficulties as described above. Perils 
of such an approach can be best seen on the example of C. nova, 
which we consider a junior synonym of C. panesthiae, the type 
species of the genus.

A number of species have been described by just splitting 
the existing ones (Anteclevelandella constricta, R. hastula, and C. 
parapanesthiae), generally making every population a separate 
species regardless of similar morphology (Pecina and Vďačný 
2022). If we adopt this approach, we would have to add ap-
proximately 30 species just from the data in the current study, 
resulting in the disruption of clevelandellid systematics by arte-
factual species inflation. However, as we were able to find and de-
scribe six new morphologically and molecularly distinct species 
of genus Clevelandella by inspecting just a small fraction of host 
diversity, there is probably a great diversity of clevelandellids yet 
to be explored and there is no need to erect new species inside 
already existing ones, especially if such species are diagnosed by 
just a few nucleotide bases. Ironically, providing DNA barcodes 
as species diagnoses, or what has been termed the ‘minimalist 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlad154/7420185 by D

epartm
ent of Plant Physiology, Faculty of Science, C

harles U
niversity user on 15 N

ovem
ber 2023



Diversity of Clevelandellidae  •  45

approach’ (Zamani et al. 2022), was editorially roundly criticized 
(Engel et al. 2021) in the same journal in which just such an ap-
proach to the Clevelandellida was later published (Pecina and 
Vďačný 2022). This practice has, by no means, been limited to 
protists and its application in entomology has also been disputed 
(Zamani et al. 2022).

From a conceptual standpoint, providing only molecular 
sequences, to the exclusion of other characters, as species diag-
noses could be considered the antithesis of so-called ‘integrative 
taxonomy’. This integrative approach embraces not only mor-
phologic and molecular characters, but also ecologic, metabolic, 
and behavioural characters, among others, in the determination 
of species boundaries (Dayrat 2005, Clamp and Lynn 2017, 
Vďačný 2017, Dupérré 2020). The practice of diagnosing spe-
cies solely on the basis of nucleotide substitutions and depos-
ition of DNA extracted from individual cells as holotypes seems 
to contradict the recommendation that: ‘…delineation of units 
of life’s diversity needs to be reciprocally illuminated by an in-
tegrative approach that takes into account and critically weights 
both morphological and molecular data’ (Vďačný 2017, Pecina 
and Vďačný 2022). Furthermore, this practice ignores (or re-
jects) the existence of intraspecies and intragenomic rRNA gene 
sequence variability (Alverson and Kolnick 2005, Gribble and 
Anderson 2007, Lindner et al. 2013, Weber and Pawlowski 2014, 
Wang et al. 2017).

Shrinkage of protargol-impregnated Clevelandellidae
It is well established that the extent to which preparation changes 
the size and shape of ciliates varies with species, the fixative used, 
and staining method applied ( Jerome et al. 1993). Ciliate cells 
impregnated by the same protargol method have been estimated 
to shrink by 20–30% in the case of Fuscheria terricola (Berger 
et al. 1983), 10% in the case of Protospathidium serpens (Xu 
and Foissner 2005a), 10–20% for Arcuospathidium cultriforme 
(Xu and Foissner 2005b), and 20–40% for Dileptus sphagnicola 
(Vďačný and Foissner 2012). Recently, a conversion value of 
15% has been more frequently chosen (Foissner 2016, Vďačný 
and Foissner 2017a, b, 2019).

In recent studies of Clevelandellidae, the published in vivo 
cell size was calculated from combined morphometric data of 
protargol preparations considering 15% preparation shrinkage 
combined with in vivo measurements (Pecina and Vďačný 
2020a, b). The difference between dimensions of directly meas-
ured live cells and protargol preparations in the current study 
shows significant and variable deviation from the popular 15% 
value (Supporting Information, Table S50). While the mean of 
shrinking for all the species combined is roughly close to con-
stants used in aforementioned studies (18.6 ± 7.4% for length, 
16.6 ± 10.9% for width), the high standard deviation indicates 
there is a striking variability in shrinkage among different spe-
cies, e.g. change in length from 4.2% in R. hastula to 29.2% in the 
long morph of C. hromadkai. Moreover, shrinkage is not neces-
sarily symmetric, the most striking example being C. elongata in 
which length decreases by 22.9%, but its width increases by 12.5 
% in protargol preparations. Since the advent of affordable and 
widely available digital imaging, there has been no reason to sub-
stitute estimated dimensions for actual direct measurements of 
live cells. We recommend abandoning the practice of publishing 

estimated in vivo cell sizes for ciliates, based on in vivo measure-
ments mixed with measurements of fixed cells adjusted by arbi-
trary conversion factors, as numbers obtained in such a way are 
highly unreliable.

Comparison of newly described species with similar species
All dimensions mentioned are the mean of measurements from 
protargol preparations, unless indicated otherwise. In the case of 
multiple populations of one species, the range of means is pro-
vided.

Clevelandella ananiasi, C. philipi, C. sidi, and C. fryntai share 
a similar overall shape (spade-shaped with a conspicuous left-
sided notch at the base of the peristomial projection) with C. 
parapanesthiae and C. kidderi.

Clevelandella ananiasi can be distinguished from C. philipi 
by: posterior protrusion of left lobe of anterior body part 
(overhanging no more than one-fifth of peristomial projection vs. 
overhanging about one-third of peristomial projection), number 
of adoral membranelles (23 vs. 30 or 32). It can be distinguished 
from C. sidi and C. fryntai by length (55 vs. 117 µm and 129 or 158 
µm). It can be distinguished from C. parapanesthiae by: length 
(55 vs. 79–90 µm), macronucleus (teardrop-shaped to ellips-
oidal vs. scimitar-shaped), and number of adoral membranelles 
(23 vs. 36–39). It can be distinguished from C. kidderi by: length 
(55 vs. 94 µm) and number of adoral membranelles (23 vs. 48).

Both C. ananiasi and C. philipi are of similar size as R. 
nipponensis, Rhynchoclevelandella sp. 2, and R. hastula. However, 
they can be distinguished from them by different body shape, 
with Rhynchoclevelandella species being more slender (L/W ratio 
in C. ananiasi and C. philipi 1.8–1.9 vs. 2.6 in R. nipponensis, 2.2 
in Rhynchoclevelandella sp. 2, and 3.4 in R. hastula), outline (right 
and left margins of anterior body part straight or convex vs. more 
or less concave), and posterior protrusion of the left lobe of the 
anterior body part (overhanging vs. not overhanging).

Clevelandella philipi can be distinguished from C. sidi by 
length (63–75 vs. 117 µm). Clevelandella philipi can be distin-
guished from C. parapanesthiae by: length (63–75 vs. 79–90 µm), 
macronucleus (teardrop-shaped to ellipsoidal vs. long scimitar-
shaped), and number of adoral membranelles (30–32 vs. about 
36–39). Clevelandella philipi can be distinguished from C. kidderi 
by: length (63–75 vs. 94 µm), peristomial projection (24–28% 
vs. 32% of the body), number of adoral membranelles (30–32 
vs. about 47), and posterior protrusion of the left lobe of the an-
terior body part (strongly overhanging vs. slightly overhanging).

Clevelandella sidi can be distinguished from the rest of spade-
shaped species by morphology of the paroral (both files equal 
length vs. right file shorter than left). It can be distinguished from 
C. parapanesthiae by: length (117 vs. 79–90 µm), L/W ratio (2.5 
vs. 1.8–1.9), and macronucleus (broad inverted teardrop-shaped 
vs. scimitar-shaped). It can be distinguished from C. kidderi by: 
length (117 vs. 94 µm) and L/W ratio (2.5 vs. 1.9). It can be dis-
tinguished from C. fryntai by: length (114 vs. 129–158 µm) and 
outline (right and left margins of anterior body part straight vs. 
convex).

Clevelandella fryntai is the largest of the spade-shaped 
Clevelandellida (see above). Clevelandella fryntai can be distin-
guished from C. parapanesthiae by: length (129–158 vs. 79–90 
µm), number of adoral membranelles (62–67 vs. 36–39), 
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and macronucleus (inverted teardrop-shaped to lenticular vs. 
scimitar-shaped). It can be distinguished from C. kidderi by: 
length (129–158 vs. 94 µm) and number of adoral membranelles 
(62–67 vs. 46).

Clevelandella hromadkai in short morph can be easily distin-
guished from all other Clevelandellidae species due to its unique 
shape and appearance. A long morph of C. hromadkai can be dis-
tinguished from C. elongata by: length (132–155 vs. 220 µm), 
number of adoral membranelles (58–62 vs. 94), overall shape 
(broadest in the central third of the cell vs. more worm-like 
narrow appearance), and posterior protrusion of the left lobe of 
the anterior body part (present vs. absent).

Clevelandella klobasa can be distinguished from C. panesthiae 
by: length (135 vs. 105–121 µm), macronucleus (sausage-like 
vs. teardrop-shaped), peristomial projection (inconspicuous 
vs. conspicuous), adoral zone (markedly curved vs. slightly 
oblique), and number of adoral membranelles (59 vs. about 
45–48).

Genetic variability and host/geographic specificity of 
Clevelandellidae

The current study samples Clevelandellidae from the broadest 
range of hosts to date, enabling at least some assessment of intra-
specific genetic variability, host specificity, and biogeography. 
For most species, our isolates from different hosts and/or lo-
calities show some degree of genetic variability (Fig. 1). This is 
in stark contrast with recent publications (Pecina and Vďačný 
2020b, 2022) where Anteclevelandella  constricta, R. hastula, 
C. panesthiae (referred to under a younger synonym C. nova), 
and C. parapanesthiae from different host populations and dis-
tant localities are genetically identical. While the current study 
is primarily based on material obtained directly from wild host 
populations and bred in controlled cultures at the Department 
of Zoology of Charles University, the aforementioned works 
included material exclusively from commercial breeders. It is, 
however, questionable whether the conditions in commercial 
cultures were sufficient to prevent contamination by symbionts. 
Since Clevelandellidae form cysts (Kidder 1937), they can 
very likely cross-contaminate different host populations when 
the hosts come into contact with each other’s faeces. This may 
possibly lead to one dominant genotype among contaminated 
populations originating from different species and locations.

Genus Rhynchoclevelandella was, despite extensive host sam-
pling (Pecina and Vďačný 2022; this study), never found in host 
genus Salganea, which is repeatedly retrieved as a sister-lineage 
to the rest of the Panesthiinae (including Geoscapheinae) (Lo 
et al. 2016, Beasley‐Hall et al. 2021). Other than that, the host 
specificity does not seem to be an important factor for the 
Clevelandellidae symbionts. Although several species have so far 
been reported from a single host species, this most likely reflects 
under-sampling. The majority of species can be found in diverse 
hosts. However, there may be some degree of geographic specifi-
city, both regarding species and intraspecific relationships. The C. 
ananiasi/C. philipi clade is so far exclusive to Papua New Guinea 
(PNG) and Clevelandella sp. 3 to Australia. Within C. panesthiae, 
two large clades were identified—one exclusive to PNG and the 
second comprising the remaining isolates from Vietnam (VN), 
Thailand (TH), and the Philippines (PH). Similarly, of the three 
Rhynchoclevelandella clades, one is exclusive to Australia, one to 

PNG, and one to Asia. Interestingly, the exclusively STH clade of 
Anteclevelandella constricta isolates from PNG branches together 
with a group from various hosts inhabiting other islands—
Borneo (NB), Philippines (PH), and Halmahera (HA). A more 
confident assessment of Clevelandellidae biogeography and 
host specificity will require even broader sampling and a more 
robust phylogenetic analysis based on more molecular markers. 
However, it is possible that in such an evolutionarily young 
ciliate group with small genetic distances and high potential for 
spreading of cysts-contaminated faeces, the final picture will be 
mostly stochastic with the ciliates forming separate lineages not 
according to the host, but rather according to geographical isola-
tion of a particular locality.

Interestingly it seems that in natural populations different 
genotypes of a single species can coexist at one locality. We have 
detected two sister-genotypes of Anteclevelandella  constricta 
in STH, two genotypes of Paraclevelandia  brevis in STH, two 
genotypes of Paraclevelandia brevis in ASS, two sister-genotypes 
of C. fryntai in SRU, and, most interestingly, two distantly re-
lated genotypes of Anteclevelandella constricta in one individual 
from PAC.

Diversity of Clevelandellidae
Although the family Clevelandellidae was erected more than 
80 years ago (Kidder 1937), only two additional species have 
been described on the basis of the morphology until recently: 
Metaclevelandella termitis, and C. kidderi. Recent works (using 
both morphological and molecular methods), excluding the 
current study, have surprisingly found no new morphologically 
distinct species (Pecina and Vďačný 2020a, b, 2022). There are 
two possible (and probably concurrent) reasons:

(i)	 Low host diversity: the majority of all studies ever 
done on Clevelandellidae have dealt with symbionts 
exclusively from a few representatives of a single host 
genus Panesthia (mostly just subspecies of Panesthia 
angustipennis), which is the most common Panesthiinae 
in captivity. Although Pecina and Vďačný (2022) tried 
to explore more diverse hosts by including a few host in-
dividuals of the genera Macropanesthia and Salganea, no 
new morphologically distinct species were found. The 
subfamily Panesthiinae, however, comprise at least 169 
species in 11 genera. 

(ii)	 The studies included hosts obtained exclusively from pri-
vate breeders. It is possible that prolonged captivity of 
the hosts may have a negative impact on the diversity of 
symbionts, as mentioned above.

The fact that the same morphospecies of Clevelandellidae 
were found in hosts from Philippines (Kidder 1937), Japan 
(Yamasaki 1939), Andaman Islands (Mandal and Nair 1974), 
Australia (Lynn and Wright 2013, Pecina and Vďačný 2022), and 
also in Vietnam, Thailand, and Cambodia (Pecina and Vďačný 
2020a, b) might give the misimpression that Clevelandellidae 
have low species diversity. The findings of the current study, 
however, show the opposite.

While we still chose to use five populations of genus Panesthia 
(PAA, PGW, PAC, PA, and PT), we broadened the sampling of 
hosts with genera Ancaudellia (ASS, AP, and AH), Miopanesthia 
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(MP), and Salganea (STH, STR, SRU, and SR). Six new species 
in genus Clevelandella were molecularly and morphologically 
characterized and one (Clevelandella sp. 4) has not yet been com-
pletely characterized. Six of them are found only in the newly 
included hosts. Lynn and Wright (2013) considered all the or-
ganisms they have found as identical to species described by 
Kidder (1937). But when we put their sequences into the con-
text of broader molecular data, we see that they probably include 
two new species (Rhynchoclevelandella sp. 1 and Clevelandella sp. 
3) with unknown morphology, possibly indigenous to Australia. 
It is thus anticipated that there is still a considerable diversity of 
Clevelandellidae to be found by exploring new host genera and 
populations from isolated localities.

Considerations for future studies
The Clevelandellidae provide a rich diversity of endocommensal 
ciliates for the study of biogeography, host specificity, ultra-
structure, cell physiology, and evolution. Although the current 
study and previous studies (Pecina and Vďačný 2020a, b, 2022) 
shed further light on the biogeography and host specificity of 
Clevelandellidae, more remains to be learned necessitating even 
broader host sampling (e.g. wider sampling of Geoscapheinae). 
To date, there has been relatively little ultrastructural study of 
Clevelandellidae (Albaret 1975). The comparative ultrastruc-
ture of features such as the complex internalized ciliated excre-
tory apparatuses of nyctotherids and Clevelandellidae would 
be of particular interest, especially with the advent of sophisti-
cated techniques such as focused ion beam scanning electron 
microscopy (Kizilyaprak et al. 2014). More detailed morpho-
logical data will better inform possible evolutionary scenarios 
for the evolution of the ‘posteriorized’ Clevelandellidae from 
a Nyctotherus-like ancestor. In terms of cell physiology, the 
origin and composition of the cytoplasmic carbohydrate plate-
lets and their contribution to cell metabolism require further 
study. Techniques such as Raman microscopy may provide spe-
cific information on the polysaccharide composition of these 
structures (Smith et al. 2016). Transcriptomic methods should 
provide information on metabolic pathways involved in the for-
mation of these products and of their metabolic role at various 
stages of the cell cycle, and offer answers to the question, as to 
whether Clevelandellidae play any role in wood digestion. Such 
approaches may clarify the relative benefits in the symbiotic rela-
tionship of Clevelandellidae and cockroaches: is the relationship 
actually mutualistic or do Clevelandellidae enjoy a more one-
sided benefit from the relationship?

Taxonomic summary

Zoobank registration of the publication:  urn:lsid:zoobank.
org:pub:58F980CB-B7DE-4877-9BE9-57607B5A1050.

Remark: The voucher material along with inventory numbers is 
summarized in Supporting Information, Table S51.

Taxonomic assignment: Ciliophora: Intramacronucleata: SAL 
clade: APM clade: Armophorea: Clevelandellida.

Family Clevelandellidae Kidder, 1938

Diagnosis: Small to large Armophorea with posteriorized oral 
structures. Adoral zone of membranelles on right and paroral 

membrane on left side of peristomium. Somatic ciliature 
hemitrichous (possibly except in Metaclevelandella). Excretion 
via an internal ciliated excretory antrum.

Type genus: Clevelandella Kidder, 1938.

Included genera: Anteclevelandella Pecina and Vďačný, 2022; 
Clevelandella Kidder, 1938; Metaclevelandella Uttangi and Desai, 
1963; Paraclevelandia Kidder, 1937; Rhynchoclevelandella Pecina 
and Vďačný, 2022.

Remarks: Although Metaclevelandella termitis, not reported since 
its original description, was described as holotrichously ciliated, 
the possibility that incomplete ciliation was overlooked (as was 
the case in Kidder’s descriptions of Clevelandellida) cannot 
be excluded. This question can only be resolved by a thorough 
redescription.

Genus Anteclevelandella Pecina and Vďačný, 2022

Diagnosis: Body elongate and nearly cylindrical, only slightly flat-
tened dorsoventrally, constricted in the region of macronucleus. 
Macronucleus evenly ovoid, its long axis parallel to the trans-
verse axis of the body. Peristomial projection inconspicuous, 
merges gradually with body proper.

Type species:
Clevelandia constricta Kidder, 1937.

Included species:
Anteclevelandella constricta (Kidder, 1937).

Anteclevelandella constricta (Kidder, 1937)

Synonyms: Emmaninius plantiformis Yamasaki, 1939; Clevelandella 
plantiformis (Yamasaki, 1939); Anteclevelandella macropanesthiae 
Pecina and Vďačný, 2022; Anteclevelandella salganeae Pecina and 
Vďačný, 2022.

Genus Clevelandella Kidder, 1938

Amended diagnosis: Body broadly spade-shaped to elongate 
curved elliptical with posterior peristomial projection.

Type species: Clevelandia panesthiae Kidder, 1937.

Included species: Clevelandella ananiasi sp. nov., C. elongata 
(Kidder, 1937); C. fryntai sp. nov.; C. hromadkai sp. nov.; C. 
panesthiae (Kidder, 1937); C. parapanesthiae (Kidder, 1937); C. 
philipi sp. nov.; C. kidderi Mandal and Nair, 1974; C. klobasa sp. 
nov., C. sidi sp. nov.

Clevelandella ananiasi sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:693D96F5- 
0E81-4648-BE2B-F5AC52FD31CB.

Diagnosis: Spade-shaped, dorsoventrally flattened Clevelandella 
with average length in protargol preparations 55 µm, mean 23 
adoral membranelles, posterior protrusion of left lobe of anterior 
body part overhanging no more than one-fifth of peristomial pro-
jection, and with teardrop-shaped or ellipsoidal macronucleus.
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Etymology: Named in honour of Mr Ananias Kamam, our collab-
orator from Papua New Guinea.

Type locality: Papua New Guinea, Wanang 3, S5.228, E145.080.

Type host: Ancaudellia serratissima serratissima (Brunner von 
Wattenwyl, 1865).

Type material: A protargol-impregnated holotype cell (Fig. 4D, 
E) marked in a black circle on a slide deposited in the collection 
of the National Museum of the Czech Republic, Prague, Czech 
Republic, inventory number P6E 5431.

Clevelandella fryntai sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:E84B29E8- 
A18E-44E3-92E3-663958980E9D.

Diagnosis: Spade-shaped, dorsoventrally flattened Clevelandella 
with average length in protargol preparations 143 µm, mean 65 
adoral membranelles, and with teardrop-shaped or lenticular 
macronucleus.

Etymology: Named in honour of eccentric zoologist and etholo-
gist Prof. Daniel Frynta who provided the material.

Type locality: Cambodia, near Mondulkiri province, N12.383, 
E107.176.

Type host: Salganea rugulata Saussure, 1895.

Type material: A protargol-impregnated holotype cell (Fig. 
17H–J) marked in a black circle on a slide deposited in the col-
lection of the National Museum of the Czech Republic, Prague, 
Czech Republic, inventory number P6E 5460.

Clevelandella hromadkai sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:EB15F99F- 
FD7D-49F0-9F63-6771F3697429.

Diagnosis: Dorsoventrally not flattened Clevelandella of 
cultriform shape, body proper curved in dorsal direction, with 
prominent left lobe and peristomial projection merging grad-
ually with body proper. Average length in protargol preparations 
127 µm in short form and 215 µm in long form.
Etymology: Named in honour of remarkable Czech cockroach 
enthusiast Mr Jiří Hromádka.

Type locality: Papua New Guinea, Wanang 3, N5.228, E145.080.

Type host: Ancaudellia serratissima serratissima (Brunner von 
Wattenwyl, 1865).

Type material: A protargol-impregnated holotype cell (Fig. 9D) 
marked in a black circle on a slide deposited in the collection 
of the National Museum of the Czech Republic, Prague, Czech 
Republic, inventory number P6E 5364.

Clevelandella klobasa sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:CC02115A- 
273A-43BA-9BCB-4F6783939788.

Diagnosis: Dorsoventrally flattened Clevelandella, broadly lan-
ceolate, peristomial projection inconspicuous, peristomial 
opening broad. Macronucleus sausage-shaped. Average length 
in protargol preparations 170 µm.

Etymology: The species epithet is from klobása (n., feminine 
gender), the Czech word for sausage, referring to the sausage-
shaped macronucleus.

Type locality: Papua New Guinea, Wanang 3, N5.228, E145.080.

Type host: Salganea ternatensis hirsuta Roth, 1979.

Type material: A protargol-impregnated holotype cell (Fig. 13D) 
marked by a black arrow on a slide deposited in the collection 
of the National Museum of the Czech Republic, Prague, Czech 
Republic, inventory number P6E 5380.

Clevelandella philipi sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:72561759- 
FBB1-4007-AF97-39630E48C436.

Diagnosis: Spade-shaped, dorsoventrally flattened Clevela
ndella with average length in protargol preparations 69 µm, 
mean 31 adoral membranelles, posterior protrusion of left 
lobe of anterior body part overhanging up to one-third of 
peristomial projection, and with teardrop-shaped or ellips-
oidal macronucleus.

Etymology: Named in honour of Mr Philip Komong, our collab-
orator from Papua New Guinea.

Type locality: Papua New Guinea, Wanang 3, N5.228, E145.080.

Type host: Salganea ternatensis hirsuta Roth, 1979.

Type material: A protargol-impregnated holotype cell (Fig. 7C, 
D) marked in a black circle on a slide deposited in the collection 
of the National Museum of the Czech Republic, Prague, Czech 
Republic, inventory number P6E 5381.

Clevelandella sidi sp. nov.

ZooBank registration: urn:lsid:zoobank.org:act:312386D2- 
BE75-45F2-AEE7-E24D28C77719.

Diagnosis: Dorsoventrally flattened Clevelandella with average 
length in protargol preparations 142 µm, mean 52 adoral 
membranelles, broad, inverted teardrop-shaped macronucleus, 
and entirely diplostichomonad POM.

Etymology: Named in honour of exceptional terrain entomolo-
gist and leader of PNG expedition, Dr Petr ‘Sidi’ Stiblík.

Type locality: Cambodia, near Mondulkiri NP, N12.383, E107.176.

Type host: Salganea rugulata Saussure, 1895.

Type material: A protargol-impregnated holotype cell (Fig. 15C) 
marked in a black circle on a slide deposited in the collection 
of the National Museum of the Czech Republic, Prague, Czech 
Republic, inventory number P6E 5438.
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Clevelandella panesthiae (Kidder, 1937)

Synonyms:  Emmaninius papilloris Yamasaki, 1939; Clevelandella 
papilloris (Yamasaki, 1939); Clevelandella nova Pecina and 
Vďačný, 2022.

Clevelandella parapanesthiae (Kidder, 1937)

Synonyms:  Clevelandella bipanesthiae Pecina and Vďačný, 2022; 
C. biparapanesthiae Pecina and Vďačný, 2022; C. triparapanesthiae 
Pecina and Vďačný, 2022.

Clevelandella kidderi Mandal and Nair, 1974

Synonym:  Clevelandella lynni Pecina and Vďačný, 2020

Genus Paraclevelandia Kidder, 1937

Diagnosis: As in Kidder (1937).

Type species: Paraclevelandia brevis Kidder, 1937.

Paraclevelandia brevis Kidder, 1937

Synonym: Paraclevelandia simplex Kidder, 1937.

Genus Metaclevelandella Uttangi and Desai, 1963

Diagnosis:  As in Uttangi and Desai (1963).

Type species: Metaclevelandella termitis Uttangi and Desai, 1963.

Genus Rhynchoclevelandella Pecina and Vďačný, 2022

Amended diagnosis:  Clevelandellidae with slender, spade-
shaped cells (L/W ratio >2), more closely related to R. 
hastula than to Anteclevelandella  constricta, C. panesthiae, and 
Paraclevelandia brevis.

Type species: Clevelandia hastula Kidder, 1937.

Included species:  Rhynchoclevelandella bihastula Pecina and 
Vďačný, 2022; R. hastula (Kidder, 1937); R. nipponensis (Kidder, 
1937) (syn. Emmaninius longicollis Yamasaki, 1939; Clevelandella 
longicollis (Yamasaki, 1939); R. trihastula Pecina and Vďačný, 
2022.
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