European Journal of Protistology 105 (2026) 126209

e 4

ELSEVIER

Contents lists available at ScienceDirect
European Journal of Protistology

journal homepage: www.elsevier.com/locate/ejop

European Journal of

PROTISTOLOGY

Research Paper

Assessing variability of endosymbiotic ciliates (Litostomatea,
Trichostomatia) using 18S rDNA and ITS region

Maria E. Belokon “, Maria A. Skazina®, Ludmila V. Chistyakova®, Olga A. Kornilova "™

2 Laboratory of Parasitic Worms and Protists, Zoological Institute of the Russian Academy of Sciences, St. Petersburg, Russia
Y Department of Zoology and Genetics, Herzen State Pedagogical University of Russia, St. Petersburg, Russia

ARTICLE INFO ABSTRACT

Keywords:
Cochliatoxum
Cycloposthium

Equids

Hindgut trichostomes
Molecular phylogeny
Tripalmaria

Endosymbiotic ciliates of the subclass Trichostomatia (Litostomatea) live in the digestive tract of various ver-
tebrates. Trichostomes show remarkable morphological diversity, which has yet to be studied thoroughly using
molecular methods. In this paper, we investigated intraspecific variability of three species (Cochliatoxum peri-
achtum, Tripalmaria dogieli, and Cycloposthium edentatum) from the intestine of equids for the first time. Two
molecular markers were used, the 18S rDNA and the internal transcribed spacer (ITS) region, the latter of which
is often considered a robust molecular marker for the recognition of closely related taxonomic groups. We

analyzed 182 sequences of the 18S rRNA gene and 141 sequences of the ITS region from both rumen and in-
testinal ciliates, belonging to different families within the orders Vestibuliferida, Entodiniomorphida, and
Macropodiniida. Both original and publicly available data were used. The differences in variability of both
molecular markers for representatives of different genera and families of ciliates were compared.

1. Introduction

The vast morphological diversity of endosymbiotic ciliates is the
result of a long process of adaptation to the digestive tract of herbivorous
mammals (Vdacny, 2018). Trichostome ciliates (Trichostomatia, Litos-
tomatea) are engaged in the digestion of various polysaccharides, such
as cellulose (Andersen et al., 2023), and some of them are thought to
contribute to the nutritional resources of the host (Cedrola et al., 2020).
The species composition of trichostomes in the digestive tract depends
on the taxonomy, ecology, and biology of the host, as well as other
factors such as diet and interspecies contacts (Kornilova et al., 2023a;
Modry et al., 2009).

Trichostome ciliates have a long history of research, spanning more
than 150 years (Kornilova, 2004). During this time, many researchers
have made important contributions to the taxonomy of the group based
on morphological observations. Different morphological traits have
been used for the classification of these protists, such as cell shape and
dimensions; peculiarities of the ciliature; the amount, location, and
structure of skeletal plates (e.g., in the Ophryoscolecidae and Cyclo-
posthiidae); and the shape and location of the macronucleus and other
organelles (Dehority, 1986; Dogiel, 1927; Grain, 1966; Kofoid and
MacLennan, 1930, 1932, 1933; Latteur, 1966). However, as more
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species of endosymbiotic ciliates were discovered, many of them turned
out to be polymorphic (Cedrola et al., 2017a, 2017b; Lubinsky, 1957;
Poljansky and Strelkow, 1938). As such, it became increasingly difficult
to establish morphological traits that could reliably assign the discov-
ered ciliates to certain taxa. This problem is most relevant when deter-
mining the boundaries between forms of one species and independent
species of polymorphic ciliates, and when identifying species and genera
of such protists based solely on morphological characteristics.

One approach to solving many taxonomic and phylogenetic prob-
lems of endosymbiotic ciliates is molecular phylogenetic analysis using
various marker genes, as well as whole-genome sequencing (Cedrola
etal., 2017a, 2017b, 2024a, 2024b, 2025; Fregulia et al., 2021; Ito et al.,
2014; Li et al., 2022). Most of the available data so far consist of 18S
rRNA gene sequences of foregut trichostomes isolated from ruminants
and some marsupials (Cameron and O’Donoghue, 2004; Cameron et al.,
2003; Cedrola et al., 2017a; da Silva et al., 2025; Li et al., 2022; Rossi
et al., 2015; Vdacny, 2018; Wright and Lynn, 1997a, 1997b; Wright
et al., 1997). Hindgut trichostomes of other mammals, such as odd-
toed ungulates, elephants, camels, rodents, and primates, unfortu-
nately, receive much less attention, although some data are available
(Cedrola et al., 2024a, 2024b, 2025; Fregulia et al., 2021; Giirelli and
Kesbic, 2025; Ito et al., 2010, 2014; Kornilova et al., 2023a; Modry
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et al., 2009; Striider-Kypke et al., 2007; Vallo et al., 2012). Sequences of
another applicable molecular marker, the internal transcribed spacer
(ITS) region, are scarce and available only for some hindgut trichos-
tomes, such as Balantioides coli and Troglodytella abrassarti (Irbis et al.,
2008; Modry et al., 2009). The variability of the ITS region compared
to the 18S rRNA gene in rumen ciliates has been discussed by previous
authors (da Silva et al., 2025; Li et al., 2022; Somasundaram and Yu,
2025), but data on hindgut trichostomes are lacking. A similar situa-
tion is observed in phylogenomic studies: genomic data have been ob-
tained for more than 20 species of rumen ciliates (Li et al., 2022; Park
et al., 2021), but for fewer than 10 species of hindgut ciliates (Cedrola
et al., 2024a, 2024b, 2025). Thus, molecular data for many trichostome
species are still missing. It is important to emphasize that data on
intraspecific variability within this group of protists are almost
completely absent, except for pathogenic ciliates such as members of the
genera Balantioides (Ponce-Gordo et al., 2011) and Buxtonella (Kornilova
et al., 2025).

In this paper, we obtained sequences of the 18S rRNA gene and the
ITS region for three hindgut species (Cochliatoxum periachtum, Tri-
palmaria dogieli, and Cycloposthium edentatum), isolated from different
equids from multiple locations, and analyzed their intraspecific vari-
ability. We compared both original and publicly available data on the
ITS region and the 18S rRNA gene to determine the level of intra- and
interspecific variability of both markers across various families and
genera of trichostomes.

2. Materials and methods
2.1. Sampling and morphological studies

Genomic DNA samples obtained from isolates of endosymbiotic cil-
iates (Cochliatoxum periachtum, Tripalmaria dogieli, and Cycloposthium
edentatum) of the families Spirodiniidae and Cycloposthiidae, collected
from domestic horses (Equus ferus caballus) in the Leningrad Region,
Mezensky District (Arkhangelsk Region), Yakutia, and Orenburg, were
included in the molecular analyses (Table 1). Additional DNA samples of
endobiotic ciliates were isolated from zebras (Equus quagga chapmani
and Equus quagga burchellii), kiangs (Equus kiang), and kulans (Equus
hemionus) kept in the zoos of Rostov-on-Don, Vladivostok, and Moscow;
from a domestic horse from Mongolia; and from a donkey (Equus asinus)
from Oman. All samples were taken from fresh feces of equids and

Table 1
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preserved in 96% ethanol at a ratio of 10:1 for subsequent DNA
extraction.

Ciliates were identified and photographed using a Leica DM2500
microscope (Leica Microsystems, Germany) equipped with differential
interference contrast (DIC) and a Leica DFC495 (8.0MP) digital camera.
Species identification followed Strelkow (1939).

2.2. DNA extraction

Cells of Cochliatoxum periachtum (Spirodiniidae), Tripalmaria dogieli,
and Cycloposthium edentatum (Cycloposthiidae) were individually iso-
lated using a Nikon SMZ 1270 stereomicroscope (Nikon Corporation,
Japan) (Fig. 1). Between 20 and 50 cells per isolate were washed twice
in distilled water and transferred into 1.5-ml tubes containing 200 pl
SDS lysis buffer. Lysates were diluted 1:1 with distilled water to 400 pl,
and genomic DNA was extracted using the HiPure Blood DNA Mini Kit
(Magen Biotechnology, China) following the manufacturer's protocol.
Single-cell extractions were additionally performed using the Pico-
Pure™ DNA Extraction Kit (Thermo Fisher Scientific, USA).

2.3. 18S rRNA gene amplification and sequencing

Fragments of the 18S rRNA gene (~1400 bp) were amplified using
primers 82F (5-GAA ACT GCG AAT GGC TC-3'; Elwood et al., 1985) and
EukB (5-TGA TCC TTC TGC AGG TTC ACC TAC-3’; Medlin et al., 1988),
following Ito et al. (2014). PCR products were purified with the Cleanup
S-Cap Kit (Evrogen, Russia) or HiPure PCR Mini Kit (Magen Biotech-
nology, China). Sanger sequencing was performed with primers 82F,
Jap2F (5-TTT GCC AAG GAT GTT TTC-3'; Ito et al., 2014), and JaplR
(5"-CTT GGC AAA TGC TTT CGC-3'; Giribet et al., 1996).

2.4. Alignment and phylogenetic analysis of 18S rRNA gene sequences

A total of 182 sequences were aligned using MAFFT (Katoh and
Standley, 2013) (Suppl. Table S1). An outgroup consisting of four spe-
cies of the free-living genus Loxophyllum was used for the tree inferred
from the 18S rRNA gene sequences (Suppl. Table S1). Maximum likeli-
hood phylogeny was built in IQ-TREE ver. 3.1.10 (Nguyen et al., 2015)
using the GTR + F + I + R4 model selected by ModelFinder, with ul-
trafast bootstrap support (1000 replicates). Bayesian inference was
performed in MrBayes ver. 3.2.7 under the GTR + I + G model, with the

List of GenBank accession numbers of sequences obtained from various isolates of endosymbiotic ciliates.

Host (origin) Cycloposthium edentatum Tripalmaria dogieli Cochliatoxum periachtum
ITS region 18S rDNA ITS region 18S rDNA ITS region 18S rDNA
Equus ferus caballus (Leningrad region) PZ237745 PZ239125 PZ237734 PZ239129 PZ237739 PZ239131
PZ237749 PZ239127 PZ237735 PZ237746
PZ237751
Equus ferus caballus (Yakutia) PZ239141 PZ237744 PZ239136
Equus ferus caballus (Mezensky district, Arkhangelsk region) PZ237748 PZ239126 PZ237738 PZ239133 PZ239137
PZ239142
PZ239132
PZ239130
PZ239134
PZ239138
PZ239139
Equus ferus caballus (Orenburg) PZ237747 PZ239128 PZ237741 PZ239140
Equus ferus caballus (Mongolia) PZ237740
Equus quagga burchelli (South Africa) P7237742
Equus quagga burchelli (Vladivostok Zoo) PZ237743
Equus quagga chapmani (Rostov-on-Don Zoo) PZ239124
Equus kiang (Moscow Zoo) P7237736 P7239143
Equus hemionus (Rostov-on-Don Zoo) P7237737 P7239135
Equus asinus (Oman) PZ237750
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Fig. 1. Studied endosymbiotic ciliates. (A) Cochliatoxum periachtum. (B) Tripalmaria dogieli. (C) Cycloposthium edentatum. Scale bars = 20 pm.

analysis run for 5,000,000 generations, trees sampled every 1000 gen-
erations, and other parameters left at default settings. Convergence was
assessed by examining the average standard deviation of split fre-
quencies (ASDSF < 0.01).

2.5. ITS region amplification and sequencing

Fragments of the ITS region (~450 bp) were amplified using primers
ITSF (5-AAG GTW TCC GTA GGT GAA CCT G-3') and ITSR (5-TAK TRA
YAT GCT TAA GTY CAG CG-3", following Kornilova et al. (2024). PCR
purification was performed using the Cleanup S-Cap Kit or the HiPure
PCR Mini Kit. Sanger sequencing was conducted with primers ITSF and
ITSR.

2.6. Alignment and phylogenetic analysis of ITS region sequences

ITS region sequences were aligned in MUSCLE ver. 5.1, resulting in
an alignment of 141 sequences (659 bp) (Suppl. Table S2). Maximum
likelihood phylogeny was inferred in IQ-TREE ver. 3.1.10 using the
TIM2 + F + I + G4 model selected by ModelFinder, with ultrafast
bootstrap support (1000 replicates). Bayesian inference was performed
in MrBayes ver. 3.2.7 under the GTR + I + G model, with the analysis
run for 2,000,000 generations, trees sampled every 1000 generations,
and other parameters left at default settings. Convergence was assessed
by examining the average standard deviation of split frequencies (ASDSF
< 0.01).

2.7. Estimation of evolutionary divergence between sequences

Pairwise evolutionary distances between sequences were estimated
in MEGA12 (Kumar et al., 2024; Stecher et al., 2020) as uncorrected p-
distances, i.e., the proportion of nucleotide sites at which the two
compared sequences differ. Ambiguous positions were excluded for each
sequence pair using the pairwise deletion option, yielding final datasets
of 1615 positions for the 18S rRNA gene alignment (182 sequences) and
659 positions for the ITS region alignment (141 sequences).

3. Results and discussion

Many species of trichostome ciliates show extensive morphological
diversity, which leads to difficulties in establishing their taxonomic
position. This is especially true for members of the family Ophryosco-
lecidae, which demonstrate great phenotypic plasticity (Cedrola et al.,
2017a, 2017b, 2020; Poljansky and Strelkow, 1938). For hindgut tri-
chostomes, Strelkow (1939) described various morphological forms in
species belonging to different families from equids. Considering the
morphological variability of these organisms, studying their genetic

variability is essential for accurate species delimitation and for deter-
mining whether observed morphological differences reflect genetic
divergence or phenotypic plasticity.

For example, analysis of 18S rRNA gene sequences, as well as whole-
genome analyses, showed that the degree of development of caudal cell
processes is not a reliable feature for differentiating species of the
Ophryoscolecidae (Cedrola et al.,, 2017b; Li et al., 2022). Different
morphotypes of Diplodinium anisacanthum and Eodinium poster-
ovesiculatum that differ in this trait were shown to be nearly identical in
their 18S rRNA gene sequences (Cedrola et al., 2017b). The same pattern
was observed in Ophryoscolex bicinctus, O. caudatus, and O. purkynjei,
which are in fact synonymous (Li et al., 2022). Poljansky and Strelkow
(1938) also noted that the degree of development of outgrowths on the
cell surface of endosymbionts often correlates with the presence of
predators in the ciliate community. On the other hand, genomic data
revealed the presence of cryptic species within the genus Isotricha (Li
et al., 2022). Phylogenomic analysis enabled a taxonomic revision of
the families Ophryoscolecidae (including the establishment of a new
genus, Dagostonium) and Cycloposthiidae (with adjustments to the
diagnosis and composition of the genus Cycloposthium) (Cedrola et al.,
2024a). Differences in genome structure also suggested the possibility
of dividing isotrichids into two separate families (Li et al., 2022).
However, the publicly available data in NCBI GenBank mostly allow
interspecies variability analysis based on 18S rRNA gene sequences and
are often insufficient for a full taxonomic revision of individual groups of
trichostomes. Data for other molecular markers are scarce or absent for
most known species of trichostomes.

To form an adequate picture of the species diversity of endosymbi-
otic ciliates, it is important to study their intraspecific variability. Such
analyses can clarify how morphological polymorphism arises and is
maintained within genetically structured populations. To understand
the genetic diversity of these organisms, a marker such as the ITS region
is crucial, since many of them lack mitochondria (Park et al., 2017;
Snyers et al., 1982), making analyses of genes such as cytochrome oxi-
dase ¢ subunit I (COI) impossible.

For the analysis of intraspecific variability, ciliates from host pop-
ulations isolated from each other are of particular interest. In this work,
we examined intestinal samples from various representatives of the
genus Equus from zoos, as well as domestic horses, including endemic
breeds such as the Mezen and Yakut horses. ITS region sequences for
Tripalmaria dogieli (7 isolates), Cochliatoxum periachtum (5 isolates), and
Cycloposthium edentatum (6 isolates) were identified for the first time
(Table 1). Additionally, sequences of the 18S rRNA gene were obtained
for 12 isolates of T. dogieli, 3 isolates of C. periachtum, and 5 isolates of
C. edentatum (Table 1). Intraspecific differences in ITS region composi-
tion among isolates of the three species studied were minimal or
completely absent and were often fewer than differences between the
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18S rRNA gene sequences (Tables 2-4; Suppl. Table S3). The maximum
differences in the 18S rRNA gene sequences were 0.8% for T. dogieli
(between isolates from E. hemionus, E. quagga chapmani, and horses from
Orenburg) (Suppl. Table S4). Interestingly, such differences correspond
to the range of interspecies differences between representatives of the
family Cycloposthiidae (Kornilova et al., 2023b). Moreover, the differ-
ences between T. dogieli isolates significantly exceed the intraspecific
differences for spirodiniids, with which this species forms a single clade
on the phylogenetic tree constructed using 18S rRNA gene sequences.
Thus, we can assume the existence of cryptic species within the genus
Tripalmaria.

The maximum likelihood trees based on the 18S rRNA gene and ITS
region sequences are shown in Figs. 2 and 3, respectively. All isolates of
T. dogieli form a well-defined clade, but the positions of certain isolates
differ depending on the host and location (Figs. 2 and 3). The 18S rRNA
gene sequences of T. dogieli isolates from horses of endemic breeds such
as Mezen did not form a distinct sublineage (Fig. 2). The T. dogieli
Mezenl isolate formed a clade with isolates from Yakut horses and
horses from Orenburg, whereas the Mezen6 isolate formed a separate
lineage, although this placement is weakly supported. The other isolates
from Mezen horses grouped with isolates from domestic horses from
different locations, as well as with isolates from E. hemionus and E. kiang
kept in zoos. Only a single ITS region sequence was obtained for this
host, and it formed a clade with isolates from different domestic horses
(Fig. 3). On the other hand, in the tree inferred from ITS region se-
quences, isolates from horses from Orenburg and Mongolia also form a
clade (Fig. 3). Such results may indicate intraspecific divergence, sug-
gesting that much more data are required for future resolution of species
within the genus Tripalmaria. It should be noted that T. dogieli, included
in the family Cycloposthiidae based on the presence of a skeletal plate in
the cell (Lynn, 2008), forms a stable clade with representatives of the
family Spirodiniidae, indicating that this feature may have evolved
convergently.

Cochliatoxum periachtum isolates from different localities similarly
formed a coherent clade in the tree based on 18S rRNA gene sequences
(Fig. 2). The isolate of this species from E. quagga burchelli (Vladivostok
Zoo) forms a separate lineage relative to isolates from domestic horses.
The clade formed by these isolates in the phylogenetic tree based on ITS
region sequences is poorly resolved, with shallow internal branching
and weak separation among isolates, suggesting genetic homogeneity
across the sampled range (Fig. 3). The same can be said for isolates of
C. edentatum, with better resolution in the 18S rRNA gene sequences
compared to the ITS region sequences (Figs. 2 and 3). Despite their
morphological diversity, representatives of the genus Cycloposthium are

Table 2

Number of base differences per site between ITS region/18S rDNA sequences of
different isolates of Tripalmaria dogieli for which ITS region sequences were
obtained.

LR* LR MZoo RZoo Mez Mong
E. f. caballus,
LR *®
E. f. caballus, 0.000/
LR 0.003
E. kiang, 0.002/ 0.002/
MZoo 0.004 0.003
E. hemionus, 0.004/ 0.004/ 0.000/
RZoo 0.003 0.002 0.001
E. f. caballus, 0.002/ 0.002/ 0.000/ 0.000/
Mez 0.006 0.004 0.006 0.006
E. f. caballus, 0.007/ 0.007/ 0.005/ 0.005/ 0.000/
Mong - - — - —
E. f. caballus, 0.007/ 0.007/ 0.005/ 0.007/ 0.000/ 0.000/
Or 0.006 0.004 0.006 0.006 0.001 -

Abbreviations: LR, Leningrad region; MZoo, Moscow Zoo; RZoo, Rostov-on-Don
Zoo; Mez, Mezensky district; Mong, Mongolia; Or, Orenburg.
# 18S rRNA gene sequence was obtained from Kornilova et al. (2024).
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Table 3

Number of base differences per site between ITS region/18S rDNA sequences of
different isolates of Cochliatoxum periachtum for which ITS region sequences
were obtained.

VZoo ? Ya IR * LR
E.quagga burchelli,
VZoo *
0.000/
E. f. caballus, Ya 0.002
0.000/ 0.000/
E. f. caballus, LR * 0.002 0.000
0.000/ 0.000/ 0.000/
E. f. caballus, LR 0.002 0.000 0.000
0.003/ 0.003/ 0.000/ 0.003/
E. f. caballus, SA * 0.002 0.000 0.000 0.000

Abbreviations: VZoo, Vladivostok Zoo; Ya, Yakutia; LR, Leningrad region; SA,
South Africa.
@ 18S rRNA gene sequences were obtained from Kornilova et al. (2024).

Table 4

Number of base differences per site between ITS region/18S rDNA sequences of
different isolates of Cycloposthium edentatum for which ITS region sequences
were obtained.

LR Mez1l IR* LR Or

E. f. caballus,

LR
E. f. caballus, 0.000/

Mezl 0.000
E. f. caballus, 0.000/ 0.000/

IR* 0.001 0.000
E. f. caballus, 0.000/ 0.000/ 0.000/

LR 0.002 0.000 0.001
E. f. caballus, 0.000/ 0.000/ 0.000/ 0.000/

Or 0.002 0.003 0.003 0.003

0.000/

E. asinus, Oman 0.000/— 0.000/— 0.000/— 0.000/— -

Abbreviations: LR, Leningrad region; Mez, Mezensky district; Or, Orenburg.
# 18S rRNA gene sequence was obtained from Kornilova et al. (2024).

characterized by low genetic polymorphism, which often results in poor
phylogenetic resolution. In the phylogenetic tree inferred from 18S
rRNA gene sequences, the isolate from zebra (E. quagga chapmani) is
grouped with the isolate from horses from Orenburg (Fig. 2). Overall,
isolates from domestic horses and other equids are clearly genetically
distinct, and the combined 18S rRNA gene and ITS region topologies
indicate clear species boundaries but limited, marker-dependent intra-
specific structuring.

We conducted a comparative analysis of the variability of the 18S
rRNA gene and ITS region sequences in representatives of different
families of endosymbiotic ciliates. We obtained 176 sequences of the
18S rRNA gene and 141 sequences of the ITS region and included them
in the analysis (Suppl. Tables S3 and S4). In total, ITS region sequences
of 14 genera of endosymbiotic ciliates from six families were analyzed.
The percentage differences in nucleotide composition between se-
quences of most isolates at the species level did not exceed 3%. These
results were compared with the analysis of the 18S rRNA gene of various
representatives of trichostomes, using both publicly available and
original data. In our previous work, we showed the variability of the 18S
rRNA gene in different genera and families of trichostome ciliates
(Kornilova et al., 2023b). Similarly, the variability of the ITS region
fluctuated significantly between genera. We recognize two distinct types
of isolates based on the estimated evolutionary distances. For instance,
the ITS region of Isotricha species (Isotrichidae) is more variable than
their 18S rRNA gene sequences. The level of interspecies differences
ranged from 3% to 11% (compared to 2-4% for the 18S rRNA gene se-
quences). Differences up to 5% were found even within a single species,
consistent with the findings of Li et al. (2022). A similar situation was
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PZ239135 Tripalmaria dogieli Equus hemionus (Rostov-on-Don Zoo)
PP719289 Tripalmaria dogieli

MPP719288 Tripalmaria dogieli

ABG33538 Triplumaria selenica
AB793782 Triplumaria harpagonis
AB793778 Triplumaria dvoinosi
AB793744 Bozasella gracilis
AB793777 Triplumaria sukuna
AB793745 Triplumaria solea

Cycloposthiidae
Ophryoscolecidae

Fig. 2. Phylogenetic tree obtained by the maximum likelihood method from the alignment of 18S rDNA sequences. The tree is rooted using sequences of free-living
litostome ciliates (Loxophyllum spp.). Numbers at the nodes represent ultrafast bootstrap support (1000 replicates) for the maximum likelihood analysis and posterior
probability values from the Bayesian analysis; asterisks indicate nodes with differing topology between the two methods.

observed for other species of endosymbiotic ciliates—Buxtonella spp.
(Pycnotrichidae) and Balantioides coli (Balantidiidae). The ITS region of
Buxtonella, an intestinal parasite of cattle and camels, was extremely
variable, with an interspecies mean distance of 5% (mean distance for
18S rDNA is 0.6%). At maximum, differences between isolates reached
11%. Unfortunately, molecular data for these ciliates remain insufficient
for proper taxonomic resolution. The mean level of intraspecific differ-
ences between isolates of B. coli is 2.1% (mean distance for 18S rDNA is
< 1%). However, analysis of these sequences reveals the existence of two
clearly defined groups of isolates, suggesting the presence of cryptic
species within the genus Balantioides (Ponce-Gordo et al., 2011). Our
results are consistent with previously published data on the variability of
the 18S rRNA gene and ITS region (Kornilova et al., 2025; Noskova et al.,
2025). We can speculate that the ITS region is a useful molecular marker
for representatives of these three genera, but more data are required for

further analysis. Previously, Somasundaram and Yu (2025) demon-
strated that the ITS region, especially ITS1, provided the best taxonomic
resolution for certain species of the Ophryoscolecidae and emphasized
the need to expand the existing ITS region database. Potentially, this
marker could allow more precise taxonomic resolution of certain groups
of trichostomes than the 18S rRNA gene.

On the other hand, for T. dogieli and C. edentatum (Cycloposthiidae),
the 18S rRNA gene appears to be more variable and may be preferable
for distinguishing species and recognizing cryptic species complexes.
This may also be true for C. periachtum (Spirodiniidae), but more data
are needed for a definitive conclusion. However, these observations are
based solely on analyses of intraspecific variability. An assessment of
interspecific variability is currently impossible due to a lack of data. It is
interesting to note that for Troglodytella (Troglodytellidae), which often
forms a sister branch to the Cycloposthiidae (Fregulia et al., 2021;
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Isotrichidae

Spirodiniidae
PZ237742 Cochliatoxum periachtum Equus quagga burchellii (South Africa)

PZ237739 Cochliatoxum periachtum Equus ferus caballus (Leningrad region)
03 PZ237744 Cochliatoxum periachtum Equus ferus caballus (
o321 PPZZ2233777744:]67900/I1/I'atQXl{jm pelljiachtum Equus ferus caballus (Leningrad region)
9611 ripaimaria adogiell Equus ferus caballus (Orenburs A
PZ237740 Trlgalmaria dogieli Eguus ferus caballus EMongolig)) Cycloposthiidae
PZ237735 Tripalmaria dogieli Equus ferus caballus (Leningrad region)
PZ237734 Tripalmaria dogielicquus ferus cabalius (Leningrad region)

Yakutia)

%1\ PZ237743 Cochliatoxum periachtum Equus quagga burcheliii (Viadivostok Zoo)
0.9977

o4an PZ237738 Tripalmaria dogieli Equus ferus cabalius (Mezensky district)
osont-PZ237737 Tripalmaria dogieli Equus hemionus (Rostov-on-Don Zoo)
0591lpZ237736 Tripalmaria dogieli Equus kiang (Moscow Zoo)

PZ237748 Cycloposthium edentatum Equus ferus caballus (Mezensky district)
PZ237750 Cycloposthium edentatum Equus asinus (Oman)
osei PZ237747 Cycloposthium edentatum Equus ferus caballus (Orenburg)
042/ PZ237745 (é‘ycloposthlum edentatum Equus ferus caballus (Leningrad region)
st PZ237749 Cycloposthium edentatum Equus ferus caballus (Leningrad region)
08 pZ237751 C cloI)osthium edentatum Equus ferus cabalius (Leningrad region)
JQ897389 Troglodytella abrassarti
MZ224016 Troglodytella abrassarti
osen| MZ855892 Troglodytella abrassarti
MZ502644 Troglodytella abrassarti
0OK493782 Troglodytella abrassarti
e[| EU680311 Troglodytella abrassarti
oa31-EUG80312 Troglodytella abrassarti
0ss1 EUG80313 Troglodytella abrassarti
051 EU680310 Troglodytella abrassarti
*sM-EU680314 Troglodytella abrassarti
PP067638 Ostracodinium gracile
PV/744439 Enoploplastron triloricatum
7637 Ostracodinium dentatum
PV744447 Elytroplastron bubali
P\/744445 Polyplastron multivesiculatum
PP067640 Polyplastron multivesiculatum

Troglodytellidae

PV744441 Eudiplodinium maggii
PV744443 Ostracodinium rugoloricatum
PV744440 Eremoplastron
P067606 Enoploplastron triloricatum

lilobum

PP067604 Diplodinium flabellum
PP067603 Diplodinium flabellum

67629 Ophryoscolex caudatus Ophryoscolecidae

iplodinium anisacanthum

g/odm/um Sp.

PP067614 Entodinium longinucleatum

ﬂ PP067613 Entodinium longinucleatum
°7lPPO67612 Entodinium longinucleatum

1093 PP067608 Entodinium bursa
PP067607 Entodinium bursa
095099 PP067610 Entodinium caudatum

7, PP067611 Entodinium caudatum
PP067609 Entodinium caudatum

Fig. 3. Phylogenetic tree obtained by the maximum likelihood method from the alignment of ITS region sequences. Numbers at the nodes represent ultrafast
bootstrap support (1000 replicates) for the maximum likelihood analysis and posterior probability values from the Bayesian analysis; asterisks indicate nodes with

differing topology between the two methods.

Kornilova et al., 2023a), the ITS region turned out to be slightly more
variable (0.42% differences compared to 0.3% for the 18S rRNA gene).
The mean distance between the two genera was 2.4%, which is lower
than the distance between Cycloposthiidae and Spirodiniidae (3.97%).

To summarize, the level of sequence variability clearly differs among
representatives of different genera and families of endosymbiotic cili-
ates, and this should be taken into account when conducting phyloge-
netic analyses. In any case, using both the 18S rRNA gene and the ITS
region together in molecular analyses to detect species of trichostome
ciliates appears highly promising.
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