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Abstract

Planarians represent an insufficiently explored group of aquatic invertebrates that might serve as hosts of histophagous ciliates
belonging to the hymenostome genus 7etrahymena. During our extensive research on freshwater planarians, parasitic tetrahy-
menas were detected in two of the eight planarian species investigated, namely, in Dugesia gonocephala and Girardia tigrina.
Using the 16S and 18S rRNA genes as well as the barcoding cytochrome oxidase subunit I, one ciliate species was identified as
T’ scolopax and three species were recognized as new forms: 7. acanthophora, T. dugesiae, and T. nigricans. Thus, 25% of the
examined planarian taxa are positive for Tetrahymena species and three of them represent new taxa, indicating a large
undescribed ciliate diversity in freshwater planarians. According to phylogenetic analyses, histophagous tetrahymenas show a
low phylogenetic host specificity. Although 7. acanthophora, T. dugesiae, and T. scolopax clustered together within the
“borealis” clade, the former species has been detected exclusively in G. tigrina, while the two latter species only in
D. gonocephala. Tetrahymena nigricans, which has been isolated only from G. tigrina, was classified within the “paravorax”
clade along with 7. glochidiophila which feeds on glochidia. The present phylogenetic reconstruction of ancestral life strategies
suggested that the last common ancestor of the family Tetrahymenidae was free-living, unlike the progenitor of the subclass
Hymenostomatia which was very likely parasitic. Consequently, there were at least seven independent shifts back to parasitism/
histophagy within 7etrahymena: one each in the “paravorax” and “australis” clades and at least five transfers back to parasitism
in the “borealis” clade.

Keywords 16S and 18S rRNA genes - Ancestral life strategies - Ciliophora - Cytochrome oxidase subunit I - Diversification -
Histophagy

Introduction

The hymenostome genus Tetrahymena Furgason, 1940 be-
longs together with Paramecium Miiller, 1773 and
Oxytricha Bory, 1824 among the best studied genera of the
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phylum Ciliophora Doflein, 1901 (Lynn 2008). The most ex-
plored Tetrahymena species is undoubtedly 7. thermophila
Nanney & McCoy, 1976, formerly classified in the pyriformis
complex as T. pyriformis syngen 1 (Nanney and McCoy
1976). Its successful cultivation on sterile medium by Lwoff
(1923) initiated a new chapter of research in the field of bio-
chemistry and physiology of unicellular organisms. The easy
cultivability of 7' thermophila also contributed to several im-
portant discoveries, ranging from the existence of cell-cycle
regulation mechanisms (Frankel 1999), through the activity of
enzymes indispensable for DNA-matrix reproduction
(Brownell et al. 1996; Greider and Blackburn 1985) to even
a more significant finding from the medical perspective, the
presence of tandem repeats of hexanucleotide units protecting
chromosome ends (Blackburn and Gall 1978; Yao and Yao
1981; Yao et al. 1981).

The common morphological feature of this genus, from
which its name also originated, is the structure of the oral
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ciliature. Tetrahymena possesses three oral polykinetids on the
left and a single paroral membrane on the right of the oral
cavity (Furgason 1940). Although this structure remains prac-
tically the same among different species, the size of the oral
apparatus varies considerably, depending on the feeding strat-
egy and life style.

Corliss (1969, 1970) provided first insights into the
intrageneric taxonomy of Tetrahymena based on the following
categories of characters: ciliature and cortex, life cycle,
ecology, and physiologic as well as biochemical properties.
As a result, Corliss (1970) proposed dividing tetrahymenas
into three groups: (1) the pyriformis complex, containing
bacteria-feeding microphagous ciliates with tendencies to be-
come parasites; (2) the rostrata complex, gathering facultative
histophagous and/or parasitic species often dividing inside of
a cyst; and (3) the patula complex of non-parasitic, weakly
histophagous but occasionally cannibalistic macrostome
forms. However, these three complexes very likely do not
reflect the evolutionary history of the genus, since they do
not form distinct clusters in phylogenetic trees (Chantangsi
et al. 2007; Doerder 2019; Lynn and Doerder 2012; Lynn
et al. 2018; Quintela-Alonso et al. 2013; Pitsch et al. 2017,
Rataj and Vda¢ny 2019; Striidder-Kypke et al. 2001; Zahid
et al. 2014). On the other hand, the analysis of the D2 domain
of'the 23S rRNA gene (now designated as 28S rRNA gene) by
Nanney et al. (1998) has suggested a parallel evolutionary
origin of macrostomy and histophagy within the genus
Tetrahymena, thus supporting Corliss’ (1972) tentative evolu-
tionary scenario. Likewise, the 18S rRNA gene has indicated
that histophagy evolved among tetrahymenas several times
convergently (Rataj and Vda¢ny 2019; Striider-Kypke et al.
2001). This ribosomal gene has also suggested division of the
genus Tetrahymena into two fundamental lineages—one lead-
ing to the borealis group and the second gathering species of
the australis group (Jerome et al. 1996; Striider-Kypke et al.
2001). In spite of a small portion of today known species
involved in the early analyses, this image remained almost
unchanged when further species have been added in 18S
rRNA gene phylogenies. However, a slightly different
branching pattern has been offered by the mitochondrial gene
coding for cytochrome ¢ oxidase subunit 1 (COI), placing
several taxa outside the australis/borealis dichotomy (Kher
et al. 2011; Lynn et al. 2018; Quintela-Alonso et al. 2013).

Until 2018, more than 40 species have been recognized in
Tetrahymena (Lynn et al. 2018). An actual breakthrough is
represented by the study of Doerder (2019), which introduced
37 new names for molecularly unique species, considering
genetic distances in the 18S rDNA and COI sequences. Still,
it is hard to determine the overall species richness within the
genus Tetrahymena due to the uncovered hidden diversity of
cryptic species or even lost isolates (Doerder 2019), not to
mention the need for examination of all sorts of habitats or
potential host organisms. Indeed, invertebrates represent an

@ Springer

insufficiently explored habitat of parasitic and potentially
new tetrahymenas, as indicated in our previous study (Rataj
and Vda¢ny 2019). Although Tetrahymena infections of in-
vertebrates have been only seldomly studied, it has been rec-
ognized that multiple Tetrahymena species can invade a broad
variety of invertebrates. For instance, black flies can be para-
sitized by T. dimorpha Batson, 1983 (Batson 1983) or
T rotunda Lynn et al., 1981 (Lynn et al. 1981), alderflies by
T. sialidos Batson, 1985 (Batson 1985), mosquitoes by
T. empidokyrea Jerome et al., 1996 (Jerome et al. 1996),
midges by 7. chironomi Corliss, 1960 (Corliss 1960), slugs
by 7. limacis (Warren 1932) Kozloff, 1946 (Kozloff 1946) or
T. rostrata (Kahl 1926) Corliss, 1952 (Brooks 1968),
glochidia of freshwater mussels by 7. glochidiophila Lynn
et al., 2018 (Lynn et al. 2018), and freshwater planarians by
T pyriformis (Ehrenberg 1830) Lwoff, 1947 and T. corlissi
Thompson, 1955 (Wright 1981) as well as by some other so
far undescribed species (Rataj and Vd’acny 2019).

In the present paper, we focused on the prevalence of tet-
rahymenas in eight freshwater planarian species. Associations
of ciliates with planarians are an interesting emerging but still
very insufficiently explored topic (Rataj and Vd'aény 2018,
2019). Our extensive sampling yielded three new morpholog-
ically distinguishable histophagous Tetrahymena species,
inhabiting the gut and mesenchyme tissues of freshwater pla-
narians. We were also successful in amplifying three molecu-
lar markers (the nuclear 18S rDNA and the mitochondrial 16S
rDNA and COI) of these parasitic tetrahymenas, which cor-
roborated their distinctness and enabled us to study the evo-
lution of histophagy in hymenostomes from the phylogenetic
perspective. And, finally, the three Tetrahymena species par-
asitizing planarians are formally described here as new taxa.

Material and methods
Material collection and processing

Collection, identification, storage, and consecutive dissection
of host organisms were carried out as described in our previ-
ous publications (Rataj and Vd’acny 2018, 2019). During the
course of this study, samples were obtained together from 27
collection sites between October 2016 and May 2019. These
sites were represented by the coastal zones of lakes, slowly
running streams as well as by the shallow sections of bigger
rivers in Slovakia. Their characterization with GPS coordi-
nates and corresponding planarian species is summarized in
Table 1.

Altogether, 784 planarians were inspected for the presence
of tetrahymenas. Representative specimens of each planarian
species are shown in Supplementary Fig. S1. Living
Tetrahymena individuals were isolated from the mesenchyme
and dissected gastrointestinal tissues of host organisms using
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an adjusted Pasteur micropipette (Foissner 2014). They were
consequently washed through several drops of physiological
saline solution (0.6% NaCl). Some sufficiently washed ciliates
with no visible surrounding tissue particles were then put into
the lysis buffer for later DNA extraction. Individual samples
contained one, usually two, and rarely up to five Tetrahymena
cells. Sequencing chromatograms of samples containing from
one to five cells gave no evidence of multiple peaks,
documenting that a single Tetrahymena species was analyzed
each time. Other successfully isolated cells were subjected to a
thorough morphological examination under an optical micro-
scope Zeiss Axio Imager 2 equipped with differential interfer-
ence contrast optics. Cell shape, ciliary pattern, locomotory
behavior, contractile vacuole cycle together with other observ-
able characteristics were captured on microphotographs and
videos by a Canon EOS 70D camera with a format size of
1920 % 1080 pixels and a rate of 25 frames per second. All size
measurements were conducted in ImagelJ ver. 1.49.
[lustrations consist of free-hand drawings and sketches made
in Inkscape ver. 0.92.4, all based on microphotographs.
ZooBank registration number of the present work
(Recommendation 8A of the International Commission on
Zoological Nomenclature 2012) is urn:lsid:zoobank.org:pub:
900AC676-1F58-49E6-95D2-7BCI8SE64CAFE.

Molecular methods

Thoroughly washed cells of Tetrahymena spp. intended for
DNA extraction were lysed in 180 pl of cell lysis buffer
(Promega, Fitchburg, Wisconsin, USA) and stored in a refrig-
erator at 8 °C until processed. DNA extraction followed the
protocol of the Relia Prep™ Blood gDNA Miniprep System
(Promega). Amplification of the nuclear 18S rRNA gene was
performed using universal forward and reverse eukaryotic
primers EukA (5-AAC CTG GTT GAT CCT GCC AGT-3")
and EukB (5'-TGA TCC TTC TGC AGG TTC AC-3’)
(Medlin et al. 1988). The respective thermo cycler program
consisted of three stages: (i) initial hot start incubation of
15 min at 95 °C; (ii) 30 identical amplification cycles, each
composed of 45 s denaturation at 95 °C, 1 min primer anneal-
ing at 55 °C, and 2.5 min extension at 72 °C; and (iii) final
extension of 10 min at 72 °C (Vd’a¢ny et al. 2011). In the case
of the mitochondrial 16S rRNA gene, amplification was car-
ried out with 16S-mtSSU-F (5'-TGT GCC AGC AGC CGC
GGT AA-3') and 16S-mtSSU-R (5-CCC MTA CCR GTA
CCT TGT GT-3') (van Hoek et al. 2000) primers. The respec-
tive PCR reaction was composed of four stages: (i) initial hot
start incubation of 3 min at 94 °C; (ii) 5 amplification cycles
(denaturing at 94 °C for 30 s, annealing at 50 °C for 1 min, and
extension at 68 °C for 75 s); (iii) 30 amplification cycles
(denaturing at 94 °C for 30 s, annealing at 60 °C for 1 min,
and extension at 68 °C for 75 s); and (iv) final extension at
68 °C for 10 min (Lynn and Striider-Kypke 2006). Finally, the

mitochondrial COI gene was amplified using COI-FW-mod
(5'-ATG TGA GTT GAT TTT ATA GA-3') (Chantangsi et al.
2007) and COI-689-RW (5'-CTC TTC TAT GTC TTA AAC
CAG GCA-3') (Doerder 2014) primers and a slight modifica-
tion of the previous PCR program. Thus, the primer annealing
temperature of the stages (ii) and (iii) was lowered from 50 to
45 °C and from 60 to 55 °C, respectively, and the number of
cycles in the stage (iii) was increased from 30 to 35. Quality
check of the amplified DNA was constantly performed by
agarose gel electrophoresis. PCR products of high quality
were purified using the NucleoSpin Gel and PCR clean-up
Kit (Macherey-Nagel) and consequently sequenced on an
ABI 3730 automatic sequencer (Macrogen) with primers used
for DNA amplification. The newly obtained sequences were
inspected for quality in Chromas ver. 2.33 (Technelysium Pty
Ltd) and the noise-free sequence fragments with strong signal
were trimmed and assembled into contigs using BioEdit ver.
7.2.5 (Hall 1999).

Phylogenetic methods
Datasets and alignment procedures

Four sets of alignments were assembled to assess the phylo-
genetic position of three new Tetrahymena species. The first
dataset contained concatenated sequences of the nuclear 18S
rRNA gene and the mitochondrial COI gene, coming from 98
Tetrahymena spp. and some related hymenostomes
(Supplementary Table S1). All Tetrahymena strains having
sequences of both molecular markers have been selected for
this dataset (Chantangsi et al. 2007; Doerder 2014, 2019;
MacColl et al. 2015). The second dataset consisted of two
concatenated mitochondrial markers, the 16S rRNA gene
and COlI, belonging to 22 Tetrahymena taxa (Supplementary
Table S2). This dataset was distinctly smaller, since only com-
paratively few strains have available sequences from both
markers. Because there were much more Tetrahymena
GenBank entries with only one molecular marker available,
two further alignments were constructed to cover the known
diversity of the genus Tetrahymena. One contained 106 COI
sequences and the second one consisted of 84 sequences cod-
ing for the 16S rRNA molecule. Sampling in these two align-
ments followed mainly Doerder (2019).

All sequences, except for those obtained in the present
study, were downloaded from GenBank (https:/www.ncbi.
nlm.nih.gov/genbank/). The 16S rRNA gene and COI
sequences used in the second alignment were extracted from
the whole mitochondrial genomes (Brunk et al. 2003; Burger
et al. 2000; Edqvist et al. 2000; Moradian et al. 2007).
Ribosomal RNA genes were aligned with the ClustalW algo-
rithm as implemented in BioEdit. The protein-coding COI
gene sequences were aligned based on the predicted amino
acid sequences with MEGA-X (Kumar et al. 2018), using
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the protozoan mitochondrial genetic code and the Muscle co-
don algorithm. No masking strategy was employed, since all
columns were aligned unambiguously.

Tree-building methods

The evolutionary history of tetrahymenas was reconstructed in
the maximum likelihood (ML) and Bayesian frameworks.
Both analyses were run on the CIPRES portal ver. 3.1 (http://
www.phylo.org/) (Miller et al. 2010). ML trees were calculat-
ed with IQ-TREE on XSEDE ver. 1.6.10 (Nguyen etal. 2015).
The model tester implemented in the IQ-TREE package was
used to select the best model for each gene, according to the
Bayesian Information Criterion. To assess the reliability of the
branching pattern of the ML trees, 1000 non-parametric boot-
strap replicates were conducted. Bayesian inferences (BI)
were carried out in the program MrBayes on XSEDE ver. 3.
2.7 (Ronquist et al. 2012) under the best evolutionary models
selected for each molecular marker separately in jModelTest
ver. 2.1.10 on the basis of the Akaike Information Criterion
(Darriba et al. 2012). The settings of the MCMC analysis were
as follows: (i) four simultaneously running chains, one cold
and three heated; (ii) five million generations and a sampling
frequency of one hundred; and (iii) the burn-in fraction of
25%.

Reconstruction of ancestral character states

Reconstruction of ancestral life strategies of the subclass
Hymenostomatia Delage and Herouard, 1896 was conducted
in SIMMAP ver. 1.5.2 (Bollback 2006). Two character states
were considered: a parasitic (histophagic) and a free-living life
style. Data were mostly obtained from Lynn et al. (2018),
Doerder (2019), and references cited therein. Priors for ances-
tral state analysis were estimated from the 50% majority-rule
Bayesian consensus tree inferred from the first dataset, using
an MCMC analysis implemented in SIMMAP. The R script
provided with the SIMMAP package was used to find the best
fitting distribution for samples from the posterior distributions
of the MCMC analyses. Priors of the ancestral states recon-
struction analysis were (i) « =1.00 and k£ =31 for the beta
distribution of state frequencies; (ii) equal bias prior 1/k for the
beta distribution; and (iii) o = 2.399, (3=10.036, and k = 60 for
the gamma distribution of the overall rate of character change.
A set of 1000 trees was generated from the posterior distribu-
tion of the Bayesian analysis of the first concatenated align-
ment, using a custom Python script containing a random sam-
pling function. The randomly selected post burn-in trees
served to incorporate phylogenetic uncertainty. Ten samples
were analyzed per each tree with 20 priors drawn from the
prior distributions. Branch lengths were re-scaled that the
overall length of'trees is one. Results were plotted as pie charts
and mapped onto the 50% majority-rule Bayesian consensus
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tree using the R script “PlotSimMap.R” (https://github.com/
nylander/PlotSimMap).

Diversification analyses

The effect of life styles on diversification of tetrahymenas
over their evolutionary history was assessed using the
binary-state speciation and extinction (BiSSE) method
(Maddison et al. 2007), as implemented in the program
BayesRate ver. 1.3.41 (Silvestro et al. 2011). The BiSSE
model has six free parameters: speciation (A\g, A;) and
extinction (g, ptq) rate for each character state as well
as a transition rate of change between the two states
(qo1> q10)- These six parameters were variously
constrained to specify nested diversification models.
Bayesian analyses were performed for each model over
a sample of 1000 randomly selected trees from the poste-
rior distribution of the Bayesian analysis of the first
concatenated dataset. Trees were mid-point rooted and
ultrametrized using a custom R script and the
“force.ultrametric” function with the “extend” method,
as implemented in the R-package phylotools (Revell
2012). MCMC simulations included 200 iterations of slice
sampling per tree. The first 20 samples per tree were
discarded as burn-in. Diffuse priors were set for the
diversification-rate parameters, following Johnson et al.
(2011). Finally, log marginal likelihoods were estimated
for each model with the thermodynamic integration op-
tion. Nested models (M,) were compared with the full
model (M), using the Bayes factor test which is defined
as the ratio between their marginal likelihoods. Thus, the
log Bayes factor (BF) between pairs of models M, and M,
can be calculated as BF = 2(M; — M,). According to Kass
and Raftery (1995), BF= 2-6 is interpreted as positive
evidence against M,, BF =6-10 as strong evidence, and
BF >10 as very strong evidence.

Since Bayes factor tests provided positive to very
strong evidence against all nested models, posterior dis-
tributions of all diversification parameters (speciation and
extinction rate for each character state and transition rates
of change between the two states) were calculated under
the full model. The MCMC simulations with exponential
prior were conducted on the ultrametrized 50% majority-
rule Bayesian consensus tree inferred from the first
dataset, using the R-package diversitree (FitzJohn 2012).
The step argument w for the MCMC sampler was deter-
mined by running a 100-step long chain. The range of
observed samples was then used as a measure of the “step
size” in a 10,000-step long MCMC chain. The 95% cred-
ibility intervals for marginal distributions of diversifica-
tion parameters were calculated and plotted using the R
“profiles.plot” function.
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Results

Distribution and prevalence of Tetrahymena
in planarians

Altogether eight freshwater planarian species, belonging to
two ecological groups, were collected in the territory of
Slovakia, Central Europe, and investigated for the presence
of ciliates during the years 2016 and 2019. The first ecological
group contained planarians sampled in a variety of running
waters: 165 specimens of Dugesia gonocephala (Duggs,
1830) Girard, 1850; 169 individuals of Polycelis felina
(Dalyell, 1814) Ehrenberg, 1831; and four exemplars of
Crenobia alpina (Dana, 1766) Kenk, 1930. The second group
included planarians from stagnant waters: 424 specimens of
Girardia tigrina (Girard, 1850) Ball, 1974; eight individuals
of Dendrocoelum lacteum (Miiller, 1774) Orsted, 1844; seven
exemplars of Schmidtea lugubris (Schmidt, 1861) Ball, 1974;
six specimens of Schmidtea polychroa (Schmidt, 1861) Ball,
1974; and a single individual of Polycelis nigra (Miiller,
1774) Ehrenberg, 1831.

Three new histophagous species of the genus Tetrahymena
were discovered after dissection of 784 planarian exemplars.
However, only individuals of D. gonocephala and G. tigrina,
the most abundant planarian species in each type of the aquat-
ic environments, were found to be parasitized (Table 1).
Interestingly, D. gonocephala was parasitized only by a single
Tetrahymena species, described here as 7. dugesiae sp. n. The
cells of T dugesiae were found only in 17 out of the 165
examined D. gonocephala individuals, which corresponds to
a prevalence of approximately 10.3%. As concerns the two
other Tetrahymena species, T. acanthophora sp. n., and
T nigricans sp. n., they were detected solely inside of
G. tigrina. Simultaneous infections by both Tetrahymena spe-
cies were noted only at a single collection site (Table 1).
Tetrahymena infections in G. tigrina were rarer than in
D. gonocephala. Specifically, T acanthophora was detected
in 14 out of the 424 examined G. tigrina individuals, which
corresponds to a prevalence of ca. 3.3%. The prevalence of
T nigricans was even lower than 1%, since this ciliate ap-
peared only in four planarians at two collection sites and al-
ways only a single cell per planarian was recorded. This
makes 7. nigricans the rarest among the three new tetrahy-
menas described in this paper. In addition to the three new
Tetrahymena species, a single already described species,
T. scolopax Doerder, 2019, was detected in D. gonocephala
at one sampling site (Table 1). This species was identified
based on the COI sequence (100% identity). The Slovak iso-
late of 7. scolopax co-occurred with 7. dugesiae.

No signs of pathological changes were detected in
G. tigrina specimens infected by 7. acanthophora and
T nigricans. The only indication of parasitism included the
presence of planarian tissues in food vacuoles of both ciliate

species. On the other hand, some D. gonocephala exemplars
infected by 7. dugesiae had open wounds. Possibly this
Tetrahymena species enters planarians through wounds and
then begins to feed on their mesenchyme. The numbers of
T acanthophora in G. tigrina ranged from one to about 50
cells (on average 11 cells, n = 14), while only a single cell of
T nigricans per host was detected each time (n=4). The
abundance of 7. dugesiae per planaria varied from one to 15
cells (on average four cells, n= 17). All our attempts to culti-
vate the two former Tetrahymena species on the mesenchyme
tissues failed, while one temporary culture of 7" dugesiae was
established in a Petri dish, using the D. gonocephala tissues.

Description of Tetrahymena acanthophora
sp. n.

ZooBank registration number: urn:lsid:zoobank.org:act:
30865328-6B2A-44FD-ADSF-918E31AB8B76.

Diagnosis: Size about 110 x 55 um. Body elliptical, ovate
or clavate with anterior end apiculate and posterior end broad-
ly rounded. Macronucleus oval with a single large nucleolus.
Contractile vacuole dorsal and subterminal. About 28 to 30
sigmoidal ciliary rows on each body side, no caudal cilia. Oral
apparatus about 10 um long.

Type locality: Velkobielske jazero lake, recreation area in
the village of Velky Biel, Podunajska rovina plain (48° 12’
26.4" N, 17°21' 28.3" E).

Type host: Girardia tigrina (Girard, 1850) Ball, 1974.

Type material: A DNA sample of holotype specimen has
been deposited in Natural History Museum, Vajanského
nabrezie 2, 810 06 Bratislava, Slovakia (ID Collection Code
1427132).

Gene sequences: The nuclear 18S rRNA gene sequence of
holotype specimen has been deposited in GenBank (accession
no. MN994469). The sequence is 1712 nucleotides long and
has a GC content of 43.11%. The mitochondrial 16S rRNA
gene sequence of holotype specimen has been deposited in
GenBank (accession no. MN994474). The sequence is 996
nucleotides long and has a GC content of 29.92%. The COI
gene sequence of holotype specimen has been deposited in
GenBank (accession no. MN991314). The sequence is 946
nucleotides long and has a GC content of 25.58%.

Etymology: The specific epithet acanthophora is a com-
posite of the stem of the Greek noun dkantha (drkavfa,
thorn), the thematic vowel -o-, and the Latinized Greek adjec-
tive phor-us, —a, —um [m, f, n] (bearing), referring to the apic-
ulate anterior pole of the body.

Description: The body size was approximately 83—133 x
32-73 um (n =10) in free-swimming individuals. The shape
was elliptical, broadly to narrowly ovate or clavate but might
have become fusiform after manipulation with a micropipette.
The anterior body end was differentiated into a conspicuous
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Fig. 1 Tetrahymena acanthophora sp. n. from life. a Lateral view,
showing the ovoid body. The posterior body end is broadly rounded,
while the anterior end is notable apiculate (arrow). A single oval
macronucleus is located in the central part of the cell. The globular
contractile vacuole is subterminal and situated on the dorsal side. The
oral apparatus is situated in the anterior body fourth. b, ¢ Lateral and
ventrolateral views, showing the sigmoidal course of somatic kineties.
Arrows denote the apiculate anterior cell pole. d Schematic sequence of
rotating cell during swimming motion. e Ventral view of the anterior body

ca. 4 um long thorn-like structure, whereas the posterior cell
pole was narrowly to broadly rounded (Figs. la—e, g—o; 2a—f,
i, j; and 3a, c). There was a single oval macronucleus situated
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third, showing the course of somatic kineties right and left of the oral
apparatus. Arrow marks the apiculate anterior body end. f Surface view,
showing the arrangement of cortical granules between somatic kineties
(arrowheads). g—o Variability of body shape and size of free-swimming
specimens. Drawn to scale. Explanations = contractile vacuole (CV), cor-
tical granules (CG), macronucleus (MA), oral apparatus (OA), somatic
kineties (SK), undulating membrane (UM). Scale bars =5 pm (f),
10 um (e), and 50 um (a—d, g—o)

roughly in the central part of the cell and recognizable only
after application of methyl green (Fig. 3a—e). The stained mac-
ronucleus measured 11-16 X 9—-13 pum and contained a single
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Fig. 2 Tetrahymena acanthophora sp. n. from life. a—d Overviews,
showing free-swimming cells. Arrows indicate the apiculate anterior cell
pole. e, f Lateral and ventrolateral views, showing the sigmoidal course of
somatic kineties. Arrows point to the apiculate anterior body end. g
Ventral view of a late divider. Division occurs in freely motile (non-
encysted) conditions and binary fission is homothetogenic. Opposed ar-
rowheads mark the division furrow, arrow denotes the apiculate cell pole
of the proter. h Detail of the oral apparatus whose right side is bordered by

f

an undulating membrane composed of a single row of cilia. i Detail of the
apiculate anterior body end (arrow). j Ventral view of the anterior body
third, showing the course of somatic kineties in the area between the apex
of the body (arrow) and the oral apparatus. k Detail of the cytoplasm,
showing several larger food vacuoles and many globular lipid droplets.
Explanations = food vacuoles (FV), lipid droplets (LD), oral apparatus
(OA), somatic kineties (SK). Scale bars=5 pm (h, i), 10 um (j, k), and
50 um (a—g)
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Fig.3 Tetrahymena acanthophora sp. n. after methyl green staining. a—c,
e Dorsolateral views, showing the position as well as the shape of the
macronucleus. Arrows denote the apiculate anterior cell pole. d Detail of

nucleolus being about 6 x 4 um in size. Micronucleus was not
observed either after methyl green or in differential interfer-
ence contrast optics. One contractile vacuole was located
subterminally on the dorsal body side (Fig. 1a). The pulsation
cycle of the contractile vacuole took around 18 s. At the be-
ginning of diastole, there were several smaller oval to elliptical
vesicles that fused to form a single compact circular vacuole
reaching a diameter of about 12 um at the end of diastole. The
cytoplasm was colorless and packed with granules, lipid drop-
lets about 1.3-2.0 um across, and food vacuoles being up to
7 um in diameter and containing pieces of host tissues and
pigment host cells (Figs. 1a and 2k).

Somatic cilia were about 8.5-10.5 pm long and arranged in
28-30 rows on each side of the cell. Individual rows were
approximately 3 pm distant from each other in the mid-body,
while only about 1.5 pum at the anterior and posterior cell
poles. The course of somatic kineties appeared slightly sig-
moidal in lateral view (Figs. 1b, ¢ and 2e). Ventral ciliary rows
formed a suture extending from the apical body end to the
beginning of the oral apparatus (Figs. le and 2j). Between
each two somatic kineties, there were cortical granules ar-
ranged in two to four staggered and densely spaced rows
(Fig. 1f). The movement was elegant by swimming and rotat-
ing about the longitudinal body axis.

The oral apparatus was about 20 wm away from the anterior
body end. It was tear-shaped and measured only
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the elliptical macronucleus with a single large nucleolus. Scale bars =
5 um (d) and 50 um (a—c, e)

approximately 10 x 6 um. The right side of the buccal cavity
was lined by the paroral membrane whose cilia were ca.
10 um long and covered the buccal cavity, causing that the
adoral organelles could not be recognized in vivo (Figs. 1b—e
and 2f—).

Division occurred in freely motile (non-encysted) condi-
tions and it was homothetogenic (Fig. 2g).

Description of Tetrahymena nigricans sp. n.

ZooBank registration number: urn:lsid:zoobank.org:act:
B31A3E54-70BF-4A2D-8865-8FDA231DE02B.

Diagnosis: Size about 85 % 65 pm. Body oval with both
ends broadly rounded. Contractile vacuole dorsal and in third
fourth of body length. Cytoplasm packed with lipid droplets
and food vacuoles, causing a dark appearance of cell at low
magnifications. About 18 meridional ciliary rows on each
body side, no caudal cilia.

Type locality: Velkobielske jazero lake, recreation area in
the village of Velky Biel, Podunajska rovina plain (48° 12’
26.4" N, 17° 21' 28.3" E).

Type host: Girardia tigrina (Girard, 1850) Ball, 1974.

Type material: A DNA sample of holotype specimen has
been deposited in Natural History Museum, Vajanského
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Fig.4 Tetrahymena nigricans sp.n. from life. a, b, e, f Lateral overviews,
showing the oval body with cytoplasm densely packed with food
vacuoles. Note that the contractile vacuole is situated slightly below the
mid-body on dorsal body side. ¢ Detail of dorsal body margin. Opposed
arrows denote the comparatively thick cortex. d Detail of globular

nébrezie 2, 810 06 Bratislava, Slovakia (ID Collection Code
1427127).

Gene sequences: The nuclear 18S rRNA gene sequence of
holotype specimen has been deposited in GenBank (accession
no. MN994472). The sequence is 1707 nucleotides long and
has a GC content of 43.06%. The mitochondrial 16S rRNA
gene sequence of holotype specimen has been deposited in
GenBank (accession no. MN994483). The sequence is 991

contractile vacuole during diastole. g Detail of cytoplasm, showing larger
food vacuoles and smaller lipid droplets. Explanations = contractile vac-
uole (CV), food vacuoles (FV), lipid droplets (LD), somatic kineties (SK).
Scale bars =5 pm (g), 10 um (¢, d), and 50 um (a, b, e, f)

nucleotides long and has a GC content of 31.08%. The COI
gene sequence of holotype specimen has been deposited in
GenBank (accession no. MN991323). The sequence is 915
nucleotides long and has a GC content of 25.35%.

Etymology: The specific epithet nigrican's, —s, —s [m, f, n]
(blackish) is a Latin adjective referring to the dark appearance
of the species caused by the densely packed cytoplasm with
food vacuoles.
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Description: Morphological description of this species is
considerably limited due to its extremely rare occurrence in
planarians. Specifically, only four specimens of 7. nigricans
were detected, two were sampled for molecular analyses and
two for in vivo observations. Thus, all measurements were
based only on two cells. Unfortunately, the densely packed
cytoplasm made observations of most taxonomically impor-
tant features almost impossible.

The body size was about 75-90 x 55-70 um in vivo (n =
2). The shape was oval with both poles broadly rounded and
did not distinctly change under the coverslip pressure
(Fig. 4a—f). The only clearly visible organelle was the contrac-
tile vacuole. It was spherical, 12-13 um in diameter and lo-
cated dorsally in the third fourth of the body length
(Fig. 4b, d). One pulsation cycle from the beginning of systole
until the contractile vacuole was fully formed from smaller
vesicles took approximately 13 s. The cytoplasm was color-
less and packed with a huge amount of food vacuoles being
3.0-7.8 um in diameter and 1.0—1.7 um-sized lipid droplets
(Fig. 4g). Somatic cilia were about 8.5-9.5 um long. Based on
the spacing of some visible ciliary rows and the width of the
anterior body region, it was estimated that there might have
been ca. 18 meridional ciliary rows on each side of the cell.

Description of Tetrahymena dugesiae sp. n.

2019 Tetrahymena sp. — Rataj and Vd'acny, Dis Aquat Org
134: 157 (Figs. 3A-H and 4A-K)

ZooBank registration number: urn:lsid:zoobank.org:act:
F5F67F43-1FE7-4E98-8BCO-EDD4F1812274.

Fig.5 Phylogeny based on the concatenated nuclear 18S rRNA gene and P>
mitochondrial COI sequences, showing the systematic position of
tetrahymenas isolated from freshwater planarians. Bootstrap values for
maximum likelihood (ML) and posterior probabilities for Bayesian infer-
ence (BI) were mapped onto the best scoring 1Q tree. Dashes indicate
mismatch between ML and BI trees. Sequences in bold face were obtain-
ed during this study. The strain MP80 was mislabeled as 7. elliotti by
Chantangsi et al. (2007). According to Doerder (2019), T. elliotti is related
to 7. gruchyi. For accession numbers, see Supplementary Table S1. The
scale bar denotes one substitution per ten nucleotide positions

Diagnosis: Size about 115 x 50 um. Body narrowly to
broadly fusiform with anterior end differentiated into a plate-
like rostrum and posterior end broadly rounded.
Macronucleus oval. Contractile vacuole dorsal and subtermi-
nal. About 10 to 12 meridional ciliary rows on each body side,
no caudal cilia. Oral apparatus about 10 pm long.

Type locality: MiloSovansky potok stream, inundation area
in the vicinity of the village of MiloSova, Turzovska vrchovina
highlands (49° 28" 17.1" N, 18° 45’ 18.4" E).

Type host: Dugesia gonocephala (Duges, 1830) Girard,
1850.

Type material: A DNA sample of holotype specimen has
been deposited in Natural History Museum, Vajanského
nabrezie 2, 810 06 Bratislava, Slovakia (ID Collection Code
1425919).

Gene sequences: The nuclear 18S rRNA gene sequence
of holotype specimen has been deposited in GenBank (ac-
cession no. MK454732). The sequence is 1749 nucleo-
tides long and has a GC content of 43.28%. The mito-
chondrial 16S rRNA gene sequence of holotype specimen

Table 2 Characterization of new sequences of tetrahymenas isolated from freshwater planarians

Specimen Site Nuclear 18S rRNA gene Mitochondrial 16S  Cytochrome oxidase subunit I
code rRNA gene

Length GC GenBank Length GC GenBank Length GC GenBank

(nt) (%) entry (nt) (%) entry (nt) (%) entry
T. acanthophora VB55 13 - - - 996 29.92 MN994473 946 25.58  MN991313
T. acanthophora VB56 13 1712 43.11 MN994469 996 29.92 MN994474 946 25.58  MN991314
T. acanthophora JK59 15 1712 43.11 MN994470 996 29.92 MN994475 946 25.58  MN991315
T. acanthophora ZP61 16 1712 43.11 MN994471 996 29.92 MN994476 946 25.58  MN991316
T. acanthophora ZP62 16 - - - 996 29.92 MN994477 946 25.58  MN991317
T. dugesiae KD30 1 - - - 987 3221 MN994478 967 24.61 MN991318
T dugesiae O10 3 - - - 987 3221 MN994479 967 24.61 MN991319
T dugesiae M17 4 1749 43.28 MK454732% 987 32.12 MN994480 967 2523  MN991320
T dugesiae PC31 6 - - — 987 3221 MN994481 967 24.61  MN991321
T dugesiae PC32 6 - - — 987 3221 MN994482 967 24.61  MN991322
T. nigricans VB57 13 1707 43.06 MN994472 991 31.08 MN994483 915 2535  MN991323
T. scolopax M14 4 - - — 1009 30.72 MN994484 967 2596  MN991324

#Sequence obtained in our previous study (Rataj and Vd’aény 2019)
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Nuclear 18S rRNA gene +
cytochrome oxidase subunit 1

Tetrahymena borealis

90/1.00
77/0.99 a Tetrahymena canadensis
100/1.00 Tetrahymena rostrata

Teti fluente

y
Tetrahymena rayi

h

85/0.93 Tetrahymena malaccensis
76/0.79 Tetrah, utriculariae
01 Tetrahymena thermophila
. 60/; 100/1.00 917095 Uzor Tetrahy alphathermophila
Tetrahy betathermophila
ML/BI 100/1 .00[ Tetrahymena farahensis
8- Tetrahymena gruchyi
a: 100/1.00 o
b: 77/0.92 100/1.00| Tetrahymena pyriformis X56171
c: 100/1.00 Tetrahymena setosa AF364041
69/1.00
d: 100/1.00 100/1.00— Tetrahymena setosa iPXM2016091001
52/- M|_—ETerrahymena pyriformis iMDL4u
1 Tetrahymena pyriformis iFL191
Tetrahy leucophrys
Tetrahy silvana
Tetrahy vorax
Tetrahymena newhampshirensis
Tetrahymena colerunensis
Tetrahymena kidderi
y C
96/1 AODI Tetrahy limacis
Tetrahy prescotti
100/1.00 Tetrahymena elliotti (strain MP80)
78/1.00||__100/1 ,ool_: Tetrahymena poconoensis
|_'_ Tetrahymena mimbres
82/1.00 Tetrahy coneri
, Tetrahymena farleyi
80/- Tetrahy cl i
&4 Tetrah aqL ranea
Tetrahymena wellsae
99/1.00] 97/1.00 Tetrahymena mobilis
791- L
Tetrahymena tropicalis
86/0.82 Tetrahymena Iwoffi
100/1.00" Tetrahymena furgasoni
Tetrahymena acanthophora VB56
1001.00] Tetrah hophora JK59
90 62 | Tetrahymena acanthophora ZP61
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66/-

85/-|

100/1.00

100/1.00 [ Tetrahymena bergeri
Tetrahy iae M17
99/1.00 Tetrahymena scolopax

100/1.00: Tetrahymena williamsi
Tetrahymena eicheli

trahy empidokyrea
Tetrahymena engbergi
Tetrahy

th

Y

Tetrahymena allegheniensis
Tetrahymena sonneborni
Tetrahymena cosmopolitanis

d r Tetrahymena nipissingi
Tetrahymena nanneyi
Tetrahymena hyperangularis
b Tetrahymena pigmentosa
Tetrahymena mcdonaldae
Tetrahymena patula
Tetrahymena capricornis
Tetrahymena kentuckyensis
Tetrahymena asiatica
Tetrahymena australis
Tetrahymena shanghaiensis
Tetrahymena hegewischi
Tetrahymena americanis

Tetrah eriensis

frigidoflumine

To
Tetr

‘borealis’

‘australis’

- o
g LT Tetrahymena aemilia

caudata

98/-

Tetrahymena dugesiae

Y

62/0.88
95/1.00

92/0.90

Glaucoma sp. i19961-2
Glaucoma sp. i19488-1
Glaucoma sp. i20708-1
Glaucoma sp. i19677-2
Glaucoma sp. i20398-1
Glaucoma sp. i20405-1

ewoone|9

Glaucoma sp. i20313-2
Glaucoma sp. i19688-1
Glaucoma sp. i20326-5

70/0.71_|_
10011.00

y 100/1.00 Glaucoma chattoni
95/ 1~00| E Glaucoma michiganensis
Glaucoma gramina

100/-
95/1.00 Dexiostoma campylum
63/- Dexiostoma saccharum
100/1.00 76/0.89 Dexiostoma laceyvillensis
Dexiostoma npvaeangllae Dexiostoma
Dexiostoma sabulum
/2 100/1.00 Dexiostoma pemaquidensis
77/ - Dexiostoma pinus
80/0.95 Dexiostoma tobeco
Colpidium colpoda Colpidium
Agolohy aspidocauda
= 100/1.00 [— Tetrahymena glochidiophila
100/1.00 Ly etrahy pennsyh ‘paravorax’
86/0.78" Tetrahymena nigricans VB57
Tetrahy paravorax
100/1.00 — Ichthyophthirius multifiliis iINY3/1-1702
y — yop ..
7 L ichthyophthirius multifiliis iG15/1-1702 Ichthyophthirius
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Tetrahymena malaccensis EF070291

79/0.88] 74/ Tetrahymena thermophlla

EF070310

Cytochrome oxidase subunit 1

99/1.00 p 7 Tetrahymena betathermopm/a KY218194
1a utriculariae LT605002 a: 100/1.00

alphathermophila KY218158 ML/BI

0.35 M[Tetrahymena farahens:s HG710169 b: 55/0.98

76/0.98 Tetrahymena gruchyi KJ02868:

Tetrahymena setosa EF070306

Tetrahymena pyriformis
57/-

_l_l

T;AA -

100/1.00— Tetrahymena setosa MH550658

silvana EF070308
vorax EF07031 9

4 c: 73

100/1.00] Tetrahymena pyriformis EF070300 d: 94/1.00

e: 100/1.00
f: 79/0.97

EF070302 g: 100/1.00

Tetrahymena pyriformis EF070301 h: 100/1.00
Tetrahymena leucophrys EF070287 i: 81/0.97
Tetrahymena kidderi KY218178

Tetrahymena deweyae KJ028623

KY218173

1 -l - Tetrahyména rayi | KJ028642

Y

ey Tetrahymena Iwoffi EF070289

aqL

Tetrahymen.

97/1.00 a Tetrahymena rostra[a EF070305
KY218192

Tetrahymena e//:ott: E
Tetrahymena poconoensis KJ028572
Tetrahymena mimbres EF070292
Tetrahymena conneri GU439286

h farleyi EF070283
89/- Tetrahymena empidokyrea EF070282
Tetrahymena cleffmanni KJ028701
d Tetrahymena mobilis EF070293
C Tetrahymena tropicalis EF070314

Tetrahymena furgasoni EF070284

Tetrahymena wellsae KY218170

Tetrahymena colerunensis KJ028661 ¢ o
86/1.00— Tetrahymena borealis EF070271 borealis
90/1 _cIEEr Tetrahymena canadensis EF070276

limacis EF070288
F070281(strain MP80)

ranea JX129388

a prescotti KJ028645
Agolohymena aspidocauda HM014308

57/-

Tetrahymena patula
Tetrahymena hegewischi
Tetrahymena americanis

99/1.00 = Tetrahymena sonneborni EF070309
Tetrahymena cosmopolitanis EF070280
hr Tetrahymena nipissingi EF070295
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Fig. 6 Phylogeny based on the mitochondrial COI sequences, showing
the systematic position of tetrahymenas isolated from freshwater
planarians. Bootstrap values for maximum likelihood (ML) and posterior
probabilities for Bayesian inference (BI) were mapped onto the best

has been deposited in GenBank (accession no.
MNO994480). The sequence is 987 nucleotides long and
has a GC content of 31.12%. The COI gene sequence of
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Tetrahymena acanthophora ZP61
Tetrahymena acanthophora ZP62
Tetrahymena corlissi EF070279
100/1.00 Tetrahymena bergeri EF070270
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Dexiostoma pemaquidensis KY218038

Dexiostoma

Glaucoma

Lineages infecting

| Ichthyophthirius Girardia tigrina

scoring 1Q tree. Dashes indicate mismatch between ML and BI trees.
Sequences in bold face were obtained during this study. The strain
MP80 was mislabeled as 7. elliotti by Chantangsi et al. (2007). The scale
bar denotes 35 substitutions per hundred nucleotide positions

holotype specimen has been deposited in GenBank (ac-
cession no. MN991320). The sequence is 967 nucleotides
long and has a GC content of 25.23%.
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Fig.7 Phylogeny based on the mitochondrial 16S rRNA gene sequences,
showing the systematic position of tetrahymenas isolated from freshwater
planarians. Bootstrap values for maximum likelihood (ML) and posterior
probabilities for Bayesian inference (BI) were mapped onto the best

Etymology: The specific epithet dugesiae (from Dugesia)
is a singular genitive case of the Latin noun Dugesi-a, —ae [f].
It refers to the presence of this ciliate exclusively in Dugesia
specimens. According to Article 11.9.1.4. of the International
Commission on Zoological Nomenclature (1999), the species-

T. glochidiophila i20127-1 KY218576

100/1 .OOLI T. glochidiophila i20903-1 KY218577

‘paravorax’

scoring 1Q tree. Dashes indicate mismatch between ML and BI trees.
Sequences in bold face were obtained during this study. The scale bar
denotes eight substitutions per hundred nucleotide positions

group name is to be treated as an adjective used as a substan-
tive in the genitive case, because of its derivation from the
host’s generic name.

Description: Morphological description is provided in
Rataj and Vd’acny (2019).
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<« Fig. 8 SIMMAP reconstruction of ancestral life strategies based on a set
of 1000 randomly selected trees from the posterior distribution of the
Bayesian analysis of the concatenated nuclear 18S rRNA gene and
mitochondrial COI dataset. Relative proportions of character states were
mapped onto the Bayesian 50% majority-rule consensus tree

Phylogenetic analyses

In the present study, we obtained altogether 28 new sequences of
three molecular markers belonging to the three new Tetrahymena
species and 7. scolopax. Their length, guanine—cytosine content,
and GenBank accession numbers are summarized in Table 2.
Intraspecies sequence similarities in the 16S and 18S rRNA
genes as well as in the COI gene are 100%, except for the single
T’ dugesiae M17 isolate which differs by 0.2% in the 16S rRNA
gene and by 2.3% in the COI sequences from the four other
conspecific isolates. The COI sequences of Slovak and
American isolates of 7. scolopax are 100% identical.

To assess the phylogenetic position of the newly described
tetrahymenas, Bayesian and ML analyses were conducted
(Figs. 5, 6, and 7 and Supplementary Fig. S1). Tetrahymenas
isolated from planarians were consistently classified within the
same clusters across all phylogenetic analyses, even when the
overall tree topologies slightly differed depending on the molec-
ular marker(s) and the dataset analyzed. Specifically,
T acanthophora, T. dugesiae, and T. scolopax always formed
a group together with 7. bergeri and T corlissi within the vari-
ably supported “borealis” clade. Tetrahymena dugesiae was
consistently depicted as sister to 7 scolopax with usually full
statistical support across all analyses. These two species were
shown in a sister relationship with 7. acanthophora when
T bergeri and T. corlissi were not included into the analyses
(Fig. 7). In datasets, where all three latter species were present,

T dugesiae and T. scolopax formed their sister clade (Figs. 5 and
6). Relationships among 7. acanthophora, T. bergeri, and
T. corlissi could not be, however, reliably resolved. On the other
hand, T. nigricans was in every scenario a part of the
“paravorax” clade. This cluster was nested within the
“australis” clade although without any statistical support in
COI trees (Fig. 6), while it was placed outside the “core” of
the genus Tetrahymena in analyses of the concatenated 18S
rRNA gene + COI dataset (Fig. 5) and the mitochondrial 16S
rRNA gene (Fig. 7). Nevertheless, the internal structure of the
paravorax clade was consistent across all analyses.
Tetrahymena paravorax Corliss, 1957 was sister to the branch
leading to T. glochidiophila, T. nigricans, and
T. pennsylvaniensis Doerder, 2019 (Figs. 5, 6, and 7).
Moreover, phylogenetic analyses suggested a closer relationship
of T. nigricans to T. pennsylvaniensis than to T. glochidiophila
but only with poor statistical support (Figs. 5 and 6).
Reconstructions of ancestral life strategies indicated that
the last common progenitor of hymenostomes led a parasitic
way of life (Fig. 8). Very likely there were two independent
shifts to a free-living strategy, i.e., at the base of the
“paravorax” clade and in the last common ancestor of
Colpidium Stein, 1860, Dexiostoma Jankowski, 1968,
Glaucoma Ehrenberg, 1830, and the “core” tetrahymenas
(“australis” + “borealis” clade). Or this transfer might have
happened only once at the base of these two clades (Fig. &,
arrowhead), depending on the tree topology, especially, on the
phylogenetic position of the histophagous Agolohymena
aspidocauda Bourland and Striidder-Kypke, 2010. The
SIMMAP analyses suggested at least seven independent shifts
back to parasitism: (i) in 7 glochidiophila and T. nigricans
within the “paravorax” clade; (ii) in T empidokyrea within the

Table 3  Fitting of five BiSSE models for parasitic/histophagous (subscript 0) and free-living (subscript 1) hymenostomes, using the program
BayesRate

Speciation Extinction Transition log Ly BF Ao A 1o 1 qon q10

rate rate rate

Free Free Free —153.27 0.00 143 +588 096+ 103 0.46+4.04 0.15+0.52 0.34+0.28 0.26 + 0.25
Free Free Constrained —156.26 5.98 1.33£520 097 +0.99 0.44 £3.35 0.16 £0.54 0.29 £0.29 0.29 +£0.29
Free Constrained ~ Free —-167.08 27.62 0.74+1.68 1.07+1.09 0.13£0.53 0.13+£0.53 0.32+0.27 0.25+0.24
Constrained  Free Free —1.30e13 2.59¢13 098 £0.89 098 £0.89 038 £0.52 0.20 £ 0.65 0.32+0.25 0.24 £ 0.25
Constrained  Constrained ~ Constrained —170.16 33.78  0.96 £0.90 0.96 = 0.90 0.20 + 0.55 0.20 £ 0.55 0.25+0.26 0.25 +0.26

The BiSSE models involve six parameters: two speciation rates Ao and A; (rate when the lineage is in state 0, i.e., it is parasitic/histophagous, and rate
when in state 1, i.e., free-living), two extinction rates 1t and y¢; (when in state 0, and in state 1), and two rates of character state change go; and ¢, (from 0
to 1, and from 1 to 0). The program BayesRate estimates the six model’s parameters and the probabilities that a lineage beginning with state 0 or 1 would
evolve into a clade like that observed to have descended from node N. These probabilities are tracked back toward the root, accounting for all possible
events that could have happened along the way. BayesRate also allows to perform hypothesis tests by variously constraining the six parameters, €.g., is
the rate of speciation elevated for one character state over the other (speciation rate free, Ay # A;) or is the speciation rate equal for both character states
(speciation rate constrained, Ag = A;)?

Tabulated are medians of speciation (\), extinction (), and transition (g) rates + interquartile range estimated over 1000 trees from the posterior
distribution of the Bayesian analysis of the first concatenated dataset

BayesFactors (BF) are expressed relative to the model of highest marginal log likelihood (log Ly,). Best fitting model is in italic face
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“australis” clade; and (iii—vii) in 7 mobilis (Kahl, 1926) Lynn
and Doerder, 2012, T. farleyi Lynn et al., 2000, 7. limacis,
T rostrata as well as in the T. acanthophora + T. bergeri+ T.
corlissi+ T. dugesiae+ T. scolopax cluster within the
“borealis” clade (Fig. 8, arrows).

The comparison of log marginal likelihoods of various
binary-state speciation and extinction (BiSSE) models for
diversification of parasitic and free-living hymenostomes
indicated that the model with all parameters free is to be
preferred over models where speciation, extinction, and
transition rates were constrained (Table 3). The subsequent
MCMC simulations suggested that the free-living
hymenostome lineages have a distinctly higher speciation
rate than the parasitic lineages (Fig. 9, left upper panel).
Although the extinction rate between the two types of lin-
eages overlapped significantly, the parasitic branches ap-
pear to be subjected to even a much higher risk of becom-
ing extinct (Fig. 9, right upper panel). Consequently, the
net diversification rate of the free-living lineages was re-
vealed to be distinctly higher than in the parasitic ones
(Fig. 9, left lower panel). As concerns the transition rates,
the estimated values distinctly overlapped, although the g¢;
rate seemed to be higher (Fig. 9, right lower panel). This
conspicuous overlap was very likely the reason why the
best fitting model did not receive strong evidence (BF <
6.0) against the model with go; and ¢;¢ constrained to be
equal (Table 3). In turn, this indicates that both transition
rates might have not been different and hence transfers
from the free-living to the parasitic strategy and vice versa
are equally probable in hymenostome ciliates.

Discussion
The three new Tetrahymena species

In the present study, we have introduced three species of
Tetrahymena which undoubtedly represent new taxa also with
respect to the ciliate-description recommendations proposed
by Warren et al. (2017). However, because most species in this
genus lack morphologically unique features, erection of new
forms based solely on morphological characteristics is impos-
sible (Lynn et al. 2018). Therefore, the distinctness of Slovak
isolates was grounded, especially, on three molecular markers
including the 16S and 18S rRNA genes as well as the
barcoding COI gene, following Doerder (2019). In their de-
tailed tribute to ciliate taxonomy, Warren et al. (2017) also
stated that the genetic divergence cannot serve as an indisput-
able tool for species identification only by itself due to the
absence of one generally accepted threshold value for every
molecular marker utilized. Nevertheless, it was already shown
that tetrahymenas exhibit an average of about 10.5% interspe-
cific genetic divergence in the barcoding region of their COI
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sequences, while less than 1% intraspecific variability in this
region (Chantangsi et al. 2007). Nevertheless, Doerder (2014,
2019) used a 4% interspecific divergence threshold and men-
tioned exceptions to the 1% intraspecific variability rule. The
threshold proposed by Chantangsi et al. (2007) holds for tet-
rahymenas infecting planarians and belonging to the
“borealis” clade. Specifically, the COI pairwise differences
between 7. acanthophora, T. dugesiae, and their closest rela-
tives, T. corlissi, T. bergeri, and T. scolopax, were consistently
~11%. Tetrahymena acanthophora and T. dugesiae were also
depicted as very distinct branches in all phylogenetic trees
(Figs. 5, 6, and 7 and Supplementary Fig. S2). Moreover,
the conspicuous thorn situated at the anterior body pole to-
gether with the uniquely sigmoidally arranged somatic
kineties make 7. acanthophora to be comparatively easily
morphologically distinguishable already by detailed in vivo
examination. The only other Tetrahymena species with a dis-
tinctly apiculate anterior end is the parasitic stage of 7. limacis
(Brooks 1968; Kozloff 1946). However, its ciliary rows are
arranged meridionally, as usual in the genus Tetrahymena. In
addition, our phylogenetic analyses also document that
T acanthophora and T. limacis are phylogenetically distant
(Figs. 5 and 6), whereby their COI sequences share only 85%
identity. The detailed morphological comparison of
T dugesiae with its closest relatives is provided in Rataj and
Vdacny (2019).

As concerns the third new species proposed here,
T. nigricans undoubtedly belongs to the “paravorax” clade.
Interestingly, the degree of 18S rRNA and COI sequence iden-
tities differs considerably among the members of this group.
Unlike the cluster containing 7. acanthophora and T. dugesiae
whose 18S rRNA gene sequences differ by 0.3-1.2%,
T glochidiophila, T. pennsylvaniensis, and T. nigricans, all
belonging to the “paravorax” clade, share completely identi-
cal 18S rRNA gene sequences. Even though 7. nigricans ap-
pears in a closer relationship with the free-living
T pennsylvaniensis than with the parasitic 7 glochidiophila
(Figs. 5 and 6), the COI sequence of 7. nigricans is more
similar to that of T° glochidiophila (5.4% divergence) than to
that of 7" pennsylvaniensis (7.2% divergence). This along with
the identical 18S rRNA gene sequences indicates a rather
recent origin and rapid radiation of T. glochidiophila,
T. pennsylvaniensis, and T. nigricans driven by adaptive
changes in new ecological situations. The former two species
have been so far reported only from North America,
T. glochidiophila is a parasite of glochidia and
T. pennsylvaniensis is free-living (Doerder 2019; Lynn et al.
2018). We have detected T. nigricans in the planarian
G. tigrina which is native to North America (Ball 1974) and
was introduced into many European countries and Japan with
aquatic plants (Dahm 1958; Kawakatsu et al. 1985), possibly
also with its ciliate parasite. Although detailed morphological
data are available only for 7. glochidiophila (Lynn et al. 2018)
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and the morphological description of 7. nigricans is consider-
ably limited, both species are very dissimilar already at first
glance. Tetrahymena nigricans is much bigger and has an oval
body with both poles broadly rounded, while
T. glochidiophila is only about half of its size and has an ovoid
body with anterior pole notably tapered. Moreover,
T glochidiophila possesses a prominent oral apparatus and
its bacterivorous form bears a single caudal cilium. None of
these features were recognized in our isolate. Both species
differ also by the location of the contractile vacuole which is
situated subterminally in 7. glochidiophila, while slightly be-
low the mid-body in T nigricans. Moreover, 1. nigricans is a
parasite of planarians, while 7. glochidiophila attacks
glochidia of bivalves. Even though the COI divergence is
below the 10% threshold, 7. glochidiophila and T. nigricans
are highly morphologically and ecologically dissimilar, which
justifies their species status.

As mentioned above, the three new species can be dif-
ferentiated from their nearest relatives also by detailed
in vivo observations. Nevertheless, it is important to men-
tion some problems that might arise during the morpho-
logical identification. First, the morphological properties
of cultured cells might differ from those freshly isolated
from the host, as it has been documented for the parasitic
T. limacis (for a review, see Corliss 1973). Second, it
cannot be excluded that the three new species might have
also free-living forms, as indicated by the detection of
T. scolopax both in D. gonocephala (present study) and
in freshwater (Doerder 2019). Because there is no guar-
antee that morphologies of parasitic and free-living forms
are similar, the identification needs to be proven also by
molecular data. Finally, since our morphological data are
based only on freshly isolated living cells, we had diffi-
culties to recognize the micronucleus, which represents an
important taxonomic character (Doerder 2014). Whether
the tree new species are amicronucleates needs to be
therefore confirmed by protargol impregnation, DAPI
staining, and/or detailed observations of mid-dividers in
which the division spindle of the micronucleus is well
recognizable.

Diversity of tetrahymenas infecting planarians

Despite our extensive sampling effort, we isolated altogether
only four Tetrahymena species and they were found only in
two out of the eight freshwater planarian species studied,
namely, in Dugesia gonocephala and Girardia tigrina. On
the other hand, Wright (1981) recorded Tetrahymena infec-
tions in populations of Crenobia alpina, Polycelis felina,
and Phagocata vitta (Duges, 1830) Leidy, 1847 in North
Wales. The two former planarian species were Tetrahymena-
free in our samples and the latter species was not found during
material collection in Slovakia. Wright (1981) mentioned that

ciliates from C. alpina were identified as 7. pyriformis based
on silver preparations. He further stated that 7. corlissi was
also detected in some C. alpina individuals from East Anglia.
Unfortunately, no DNA of these tetrahymenas was isolated
and, therefore, their specificity cannot be tested with modern
molecular phylogenetic methods. Apart from Wright’s (1981)
reports, it seems that 7. pyriformis was also responsible for
some infections of Dendrocoelum lacteum (Wright 1969).
Considering that this Tetrahymena species was present not
only in freshwater planarians (e.g., Antipa and Small 1971;
Nekuie Fard et al. 2011), we assume that it does not prefer one
specific type of triclads but a rather wide spectrum of acces-
sible hosts. Indeed, tetrahymenas very likely show a weak
structural/phylogenetic host specificity (Rataj and Vd’acny
2019; Striidder-Kypke et al. 2001). However, this needs to be
also confirmed by much more extensive molecular data, be-
cause all new tetrahymenas described in this study turned out
to be confined to a certain planarian species. Even though the
prevalence of tetrahymenas in D. gonocephala and G. tigrina
was very low (ranging from ~ 1 to 10.3%), the infections were
never coincidental. Specifically, all three new tetrahymenas
were recorded at multiple collection sites and tetrahymenas
isolated from G. tigrina were never found to feed on
D. gonocephala and vice versa. Both planarians are also eco-
logically different and very likely do not meet in nature. The
former species lives in stagnant water bodies, while the latter
is restricted to running waters.

Whether the presence of 7. scolopax in a single planarian
sample was accidental, remains to be further studied as we
have detected it only once. The type locality of 7. scolopax
is the Woodcock Creek in Pennsylvania, USA (Doerder
2019). Unfortunately, we have not examined water samples
from the site where infected planarians were detected. Since
Doerder (2019) found free-living forms of species also report-
ed as parasites, further investigations are needed to corrobo-
rate whether 7. scolopax is an obligate or a facultative parasite
of aquatic animals, having both free-living and parasitic
stages. In the present study, 7. scolopax co-occurred with
T dugesiae in D. gonocephala. This is not very surprising,
since mixed Tetrahiymena infections were already observed in
gray garden slug (Brooks 1968).

To summarize, the present study and literature data
(Reynoldson and Bellamy 1973; Wright 1981) indicate that
25% of planarian species are positive for Tetrahymena. The
prevalence of Tetrahymena infections ranges from about 1 to
~10%. Out of the four Tetrahymena species found during the
present study, three were recognized to be new taxa. This
indicates a large undescribed ciliate diversitylinking histone
acetylation to gene activation in freshwater planarians.
Nevertheless, six species have been so far reported to infect
planarians: T. acanthophora, T. corlissi, T. dugesiae,
T. nigricans, T. pyriformis, and T. scolopax. The identity of
T. corlissi and T. pyriformis needs to be supported by
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Fig.9 Posterior densities of speciation rate A, extinction rate j, net diversification rate r as well as of transition rate ¢ of parasitic (subscript 0, blue color)
and free-living (subscript 1, yellow color) hymenostome lineages. Ninety-five percent intervals are indicated below posterior densities

molecular data. We believe that intensive research on insuffi-
ciently explored or completely neglected planarians might still
reveal new Tetrahymena species.

Evolution of life strategies in Tetrahymena

The ancestral way of life in hymenostome ciliates has been
analyzed in two previous studies, using the parsimony frame-
work (Rataj and Vdaény 2019; Striidder-Kypke et al. 2001).
However, both reconstructions were not unequivocal for the
node of the “core” Tetrahymenidae Corliss, 1952 and, there-
fore, it was not possible to state whether the life style of tet-
rahymenas was ancestrally free-living or parasitic. Here, we
applied a different statistical strategy, the stochastic character
mapping in a combination with the Bayesian approach that

@ Springer

accounts also for uncertainty in the inferred phylogeny. The
present reconstruction of the ancestral way of life was unam-
biguous and suggested that the last common ancestor of the
subclass Hymenostomatia was parasitic, while that of tetrahy-
menas was free-living. Consequently, there were at least seven
independent shifts back to parasitism/histophagy: one each in
the “paravorax” and “australis” clades, and at a minimum
five reversals to parasitism in the “borealis” clade (Fig. 8).
Interestingly, the BiSSE analyses suggested that the parasitic
lineages have slower speciation and net diversification rates
than the free-living lineages. In addition, according to the
MCMC simulations, the parasitic lineages face a higher risk
to become extinct than the free-living lineages (Fig. 9). This
contrasts with two other ciliate classes, the Armophorea Lynn,
2004 and the Litostomatea Small and Lynn, 1981, where both
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free-living and endosymbiotic lineages occur. Specifically,
our previous diversification analyses suggested that the endo-
biotic armophorean lineages have several times higher speci-
ation and net diversification rates than the free-living
armophorean lineages. This is indirectly corroborated also in
that there are only about 80 recognized free-living taxa, while
almost 200 endosymbiotic forms (Vd’acny et al. 2019). A
similar picture can be found in litostomateans which include
about 300 free-living species (Foissner et al. 1999), while
about 1000 endosymbiotic taxa (Cedrola et al. 2020). By con-
trast, there are about dozen of obligate or facultative parasitic
Tetrahymena species, while about 60 free-living taxa (Fig. 8).
Also this fact along with phylogenetic trees suggests that tet-
rahymenas were ancestrally very likely free-living and there
were multiple independent shifts to parasitism. On the other
hand, there was only a single shift to endobiotic life style in
case of litostomateans (Vdacny 2018) and two transfers in
case of armophoreans (Vd’acny et al. 2019). When obligate
endobiosis in the digestive tract of both invertebrates and ver-
tebrates was established, then there was a burst of endobiotic
armophorean and litostomatean lineages. Obviously, tetrahy-
menas prefer different evolutionary strategies than
armophoreans and litostomateans, and hence their diversifica-
tion patterns are also different.
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