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Abstract

The study of endobiotic ciliates from the intestines of various zoo mammals is important for revealing the influence of
various factors on endobiont communities. In this paper we describe the species diversity of endobiotic ciliates from the faeces
of the eastern black rhinoceros Diceros bicornis michaeli (male and two females, mother and daughter) kept in the zoo. Seven
species of the ciliates were found, among them Rhinozeta rhinozeta, R. triciliata and Prototapirella clypeata were observed in
the rhinos only. The other two, Monoposthium sp. and Triplumaria sp., according to their morphology should have been iden-
tified as new ciliate species. Successful transmission of the endobionts from parents to the young rhino in the zoo was demon-
strated. R. rhinozeta was investigated with the using of the methods of the light and immunofluorescence microscopy and
molecular phylogeny. The composition and phylogeny of the family Cycloposthiidae were discussed.
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Introduction

Endobiotic ciliates are an important component of the
microbiome of the gastro-intestinal tract of herbivorous
mammals. The composition of the microbiome influences
the efficiency of digestion, including the process of break-
down of plant fibres (Williams 1986; Newbold et al.
2015). The species composition of endobiotic communities
is determined both by the taxonomic position of the host
and by factors associated with its lifestyle and the
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environment such as food preferences, gregariousness and
contact with other herbivores (Williams and Coleman
1992; Vd'aény 2018).

The diet of animals kept in zoos is often significantly
altered as compared to the wildlife conditions, and the like-
lihood of horizontal transfer of ciliates between different
host species is increased. Therefore, a comparative analysis
of the community structure of endobionts in natural and
artificial habitats can shed light on the impact of this factor
on endobiotic fauna. In addition, zoo-kept animals offer an
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opportunity to trace the vertical transmission of endobiotic
ciliates from parents to offsprings in family groups of hosts,
including representatives of rare species.

Members of the family Rhinocerotidae possess a unique
endobiotic ciliate community. Many of their endobionts
have not been found in any other vertebrate host species
(Van Hoven et al. 1988, 1998a, b; Ito et al. 2006;
Fregulia et al. 2021). Therefore, the effect of captivity on
the community structure of endobiotic ciliates of the rhinos,
including the persistence of specific species in it, is a partic-
ularly interesting study topic.

We studied species diversity of endobiotic ciliates from
the faeces of the eastern black rhino Diceros bicornis
michaeli (male and two females, mother and daughter) kept
in the Tallinn Zoo. Our results were compared with the lit-
erature data on endobiotic rhinoceros fauna in natural habi-
tats. In addition, we investigated Rhinozeta rhinozeta,
currently thought to be rhino-specific ciliate, with the use
of immunofluorescence microscopy and molecular phy-
logeny techniques.

Material and methods

Samples of faeces were collected from three eastern
black rhinos Diceros bicornis michaeli in the Tallinn Zoo
in November 2021. The male “Kigoma” was born in
2010 in Berlin Zoo, the female “Kibibi” was born in 2010
in Krefeld Zoo in Germany and they were relocated to the
Tallinn Zoo two years later. Their daughter “Kibeta” was
born in 2017 in Tallinn Zoo. Fresh faeces from each rhino
were collected separately, placed in plastic containers and
fixed in 96° alcohol (1:50). The samples were transported
to the laboratory, where the fixator was almost completely
changed. The samples were stored in the dark at room tem-
perature. Light-optical examinations and microphotography
were performed using a Leica DM2500 microscope (Leica-
Microsystems, Germany), equipped with a differential inter-
ference contrast and a Leica DFC495 (8.0MP) digital cam-
era. During the study of cell morphology, the macronucleus
was detected with the use of 0.1% solution of methyl green
in 1% solution of acetic acid.

The ciliates were identified with the help of several pub-
lished sources (Buisson 1923; Hoare 1937; Strelkow 1939;
Thurston and Noirot-Timothe 1973; Van Hoven et al. 1987,
1988, 1998b; Timoshenko and Imai 1995; Ito and Imai
2000; Kornilova 2010; Ito et al. 2006, 2008, 2010, 2011;
Fregulia et al. 2020; Ito 2022).

The organization of the tubulin cytoskeleton was studied
with the use of immunofluorescence staining with antibod-
ies against a-tubulin. The staining technique was described
in detail in our previous study (Kornilova et al. 2021).
Slides were viewed under a Leica DM2500 microscope
with a fluorescent module with the use of filter cube B/G/
R, N2.1 and I3 (Leica Microsystems, Wetzlar, Germany)
and a Leica TCS SP5 laser confocal scanning microscope.

The images were processed using Image] software
(Schneider et al. 2012).

For DNA isolation, ciliate cells from the sample, col-
lected from the male, were picked one by one using a Nikon
SMZ 1270 stereomicroscope (Nikon Corporation, Japan),
washed in two changes of distilled water and placed in tubes
with a lysing solution, 30—40 cells per tube, two tubes were
prepared. Genomic DNA was extracted using PureLink
Genomic DNA Kit (Invitrogen) for DNA extraction accord-
ing to the manufacturer’s instructions.

SSU rRNA gene fragment was amplified with the use of
universal eukaryotic primers EukA (5-AACCTGGTT
GATCCTGCCAGT-3) and EukB (5'-
TGATCCTTCTGCAGGTTCACCTAC-3") (Medlin et al.,
1988). The PCR program was as follows: 1 cycle at
95 °C for 2 min; 40 cycles at 94 °C for 30 s, 50 °C for
60 s, 72 °C for 2 min; 1 cycle at 72 °C for 10 min. The
PCR products were purified using Cleanup S-Cap kit (Evro-
gen) and Sanger-sequenced using EukA and EukB primers.
The sequences obtained in this way were used for the
phylogenetic analysis. The GenBank accession numbers
for the new SSU rRNA gene sequences determined in this
work are 0Q821302-0Q821303.The dataset for phyloge-
netic analysis included 154 nucleotide sequences of 18S
rRNA retrieved from the previous studies (Ito et al. 2014;
Vd'acny 2018; Fregulia et al. 2021) and sequences from this
study. The list of the sequences used in this study is given in
Supplementary Table 1. Didinium nasutum (Genbank acces-
sion number U57771) was selected as an outgroup accord-
ing to Ito et al. (2014).

Multiple sequence alignment was performed using
Clustal W algorithm with minor manual adjustments in
the software package MEGA X (Kumar et al. 2018). Max-
imum likelihood (ML) trees were constructed on IQ-TREE
v.1.6 web server (Trifinopoulos et al. 2016) with 1000 ultra-
fast bootstraps for branch support analysis (Hoang et al.
2017). The best nucleotide substitution model for tree infer-
ence was selected automatically by Akaike information cri-
terion (AIC) score.

Bayesian analyses were conducted under the GTR + 1 +
G evolutionary model on the CIPRES portal ver. 3.1
(https://www.phylo.org/)  with ~ MrBayes software
(Ronquist and Huelsenbeck 2003) on XSEDE ver. 3.2.6
(Miller et al. 2010). Markov Chain Monte Carlo parameters
were as follows: the two independent runs were done with
four independent chains during 2,000,000 generations. Each
100th tree was sampled and 25% of the first trees were dis-
carded as a burn-in.

Results and discussion

Seven ciliate species from the families Cycloposthiidae,
Rhinozetidae and Paraisotrichidaec were found in the faecal
samples of the rhinos: Triplumaria hamertoni Hoare, 1937,
Triplumaria sp., Prototapirella clypeata Buisson, 1923,
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Table 1. Species composition of the ciliates — endobionts of black and white rhinos.

Host species black rhinos Diceros bicornis

Ciliate species 1

2

white rhinos Ceratotherium simum
3

Buetschliidae Poche, 1913

Blepharosphaera intestinalis Bundle, 1895

B. ceratotherii van Hoven et al., 1998

B. ellipsoidalis Hsiung, 1930

Fiorentinus ovalis (Fiorentini, 1890)

Didesmis quadrata Fiorentini, 1890

D. synciliata van Hoven et al., 1998

Holophryoides ovalis (Fiorentini, 1890)

Alloiozona trizona Hsiung, 1930

Polymorphella ampulla (Dogiel, 1929)

Blepharoconus cervicalis Hsiung, 1930

B. dicerotos van Hoven et al., 1998

Paraisotrichidae da Cuncha, 1917

Helicozoster africanus van Hoven et al., 1998

H. apicalis van Hoven et al., 1998

Paraisotricha colpoidea Fiorentini, 1890 +
P. minuta Hsiung, 1930

Gilchristidae Ito et al., 2006

Gilchristia artemis Ito et al., 2006

Digilchristia draconis Ito et al., 2006
Blepharocorythidae Hsiung, 1929

Circodinium minimum (Gassovsky, 1919)

Charonina odotophora Gilchrist et al., 1994

C. tenuis Gilchrist et al., 1994

C. dicerotis Gilchrist et al., 1994

C. tortuosa Gilchrist et al., 1994

C. tetragona Gilchrist et al., 1994

Cycloposthiidae Poche, 1913

Lavierella klipdrifi van Hoven et al., 1998

L. africana Buisson, 1923

Triplumaria hamertoni Hoare, 1937 +
T. selenica Latteur et al., 1970

T corrugata van Hoven et al., 1998

T alluvia Ito et al., 2008

T. grypoclunis Ito et al., 2008

Triplumaria sp. +
Monoposthium vulgaris van Hoven et al., 1987

M. latus van Hoven et al., 1987

M. bracchium van Hoven et al., 1987

Monoposthium sp. +
Cycloposthium bipalmatum (Fiorentini, 1890)

C. hydrochoeri Cunha, 1915

Arachnodinium noveni van Hoven et al., 1987
Phalodinium digitalis van Hoven et al., 1987
Prototapirella intestinalis Buisson, 1923

P. clypeata Buisson, 1923 +
Tricaudalia brumpti Buisson, 1923

Bozasella rhinocerotis Buisson, 1923

Rhinozetidae van Hoven et al., 1988

Rhinozeta addoensis van Hoven et al., 1988

. unilaminatus van Hoven et al., 1988

. caecalis van Hoven et al., 1988

. rhinozeta van Hoven et al., 1988 +
. triciliata van Hoven et al., 1988 +
. cristata van Hoven et al., 1988

IR IR
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+ + o+ + o+
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R. multiplatus van Hoven et al., 1988

R. pedale van Hoven et al., 1998
Spirodiniidae Strelkov, 1939
Gassovskiella galea (Gassovsky, 1919)
Ophryoscolecidae Stein, 1859
Endoralium loxodontae Eloff, van Hoven, 1980
Telamodiniidae Latteur, Dufey, 1967
Telamodinium onyx Latteur, Dufey, 1967
Allantosomatidae Jankowski, 1967
Allantosoma intestinale Gassovsky, 1919
A. multisuctores van Hoven et al., 1998
Allantoxena biseriale (Strelkow, 1939)

1 — present paper, 2, 3 — in according to van Hoven et al., 1988, 1998b, Ito et al., 2006, Fregulia et al., 2020.

Monoposthium sp., Rhinozeta rhinozeta van Hoven et al.,
1988, Rhinozeta triciliata van Hoven et al., 1988, Paraiso-
tricha colpoidea Fiorentini, 1890 (Figs. 1 - 4). To our sur-
prise, no ciliates from the family Buetschliidae were
found in the samples, though according to the literature,
these endobiotic ciliates are numerous and diverse in the
intestine of the black rhino (Van Hoven et al. 1998b). Rhi-
nozeta spp. and Monoposthium sp. were the most abundant
(about 10-30 cells per 100 pl of the sample), while each of
the other species was represented by only a few individuals
(less than 10 cells per 100 pl of the sample).

The species composition of ciliates in the faecal samples
of all three rhinos was identical. It is interesting that, despite
the fact that the rhinos had been kept in the zoo for a long
time, most of their endobiotic ciliates were specific for rhi-
nocerotids (Van Hoven et al. 1998b; Fregulia et al. 2020).
Moreover, Rhinozeta spp. and Monoposthim sp. dominated
in all samples. Thus, dietary change of zoo-kept rhinos does
not appear to have a significant effect on this component of
their endobiotic communities. In addition, endobiotic cili-
ates, including those specific to black rhinos, were success-
fully transmitted from parents to offspring. In zoo-kept

Fig. 1. Ciliates from the facces of zoo-kept eastern black rhinos. A — Paraisotricha colpoidea, B - Triplumaria hamertoni, C - Rhinozeta
rhinozeta, D - Rhinozeta triciliata, E - Monoposthium sp., F - Prototapirella clypeata, G - Triplumaria sp. DIC. Scale bars: A — 10 um, B —

G - 20 pm.
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Fig. 2. Morphology of the Monoposthium sp. DIC. Ma —
macronucleus, sk — skeletal plates, cd — caudalia, arrowhead —
micronucleus. Scale bars 20 pm.

Fig. 3. Morphology of the Triplumaria sp. DIC. Ma — macronu-
cleus, sk — skeletal plates, cd — caudalia, arrowhead — micronu-
cleus. Scale bars 20 um.

thinos the structure of the intestinal ciliate communities is
maintained in the successive generations. It should be noted
that the species diversity of endobiotic ciliates of black rhi-
nos is, in general, much lower as compared to that of the
white rhinos Ceratotherium simum (Table 1). A possible
reason may be the differences in food preferences of these
two rhino species: white rhinos mainly feed on grasses,
whereas the black rhinos prefer leaves of trees and shrubs.
The social behavior of rhinos may also influence the distri-
bution of their endobionts. White rhinos often form herds of
several individuals, while black rhinos tend to be solitary.
Monoposthium sp. found in the samples could not be
assigned to any of the known species of this genus
(Thurston and Noirot-Timothe 1973; Van Hoven et al.
1987; Ito and Imai 2000). Morphologically they were sim-
ilar to M. vulgaris from the intestines of the white rhino
(Van Hoven et al. 1987). However, according to the descrip-
tion (Van Hoven et al. 1987), M. vulgaris lacks skeletal
plates, whereas in Monoposthium sp. skeletal plates, formed
by polygons of different shape, were clearly visible on the

Fig. 4. Morphology of the Rhinozeta rhinozeta. A, B —DIC, C - F
— CLSM. Ma — macronucleus, cv — contractile vacuoles, vs —
vestibulum, sk — skeletal plate, mi — micronucleus, arrows —
bundles of microtubules, arrowheads — caudalia. Scale bars: A — D
— 20 pm, E, F — 10 pm.

cell surface (Fig. 2). A distinctive feature of M. vulgaris
is a serrated edge of the trough on one side. We did not
detect this feature in Monoposthium sp. In addition, the
two species differ in the shape and position of the macronu-
cleus. Morphometric characters of the Monoposthium sp.
found in our samples have been given in Table 2.

We also found Triplumaria sp. differing from all the
known representatives of this genus in the shape and posi-
tion of the macro- and the micronucleus (Fig. 3). A charac-
teristic feature of Triplumaria sp. is the position of the
anterior caudalia closer to the middle of the cell, almost
equidistantly from the anterior and the posterior end. Mor-
phometric characters of the Triplumaria sp. found in our
samples have been given in Table 2.

In his description of ciliates of the genus Rhinozeta, Van
Hoven points out the presence of two skeletal plates cover-
ing the body on the sides (Van Hoven et al. 1988). In R. tri-
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Table 2. Measurements (um) and morphometric ratios (mean + S.D. (minimum — maximum); n = 30 for cells and n = 15 for nuclei) of

Monoposthium sp. and Triplumaria sp.

Monoposthium sp.

Triplumaria sp.

Body length

Body width

Body length/body width
Macronuclear length
Macronuclear width

119.80 + 2.32 (95.00-147.00)
48.50 + 1.49 (32.50-65.00)
2.52 £0.07 (2.07-3.15)
35.60 + 1.40 (26.00—43.50)
12.20 £ 0.20 (11.00-15.00)

118.80 + 2.11 (100.00-139.00)
46.23 + 1.56 (35.00-65.00)
2.56 + 0.07 (1.85-3.21)

31.00 + 0.30 (30.00-35.00)
9.40 + 0.20 (8.50-13.00)

ciliata and R. rhinozeta we found one more narrow skeletal
plate located near the dorsal side (Fig. 1D, 4B). The plate
has a meshwork structure and lies between the macronu-
cleus and the dorsal cell surface. The somatic ciliary arches
radiating short disordered bundles of microtubules (ne-
madesmata) could be clearly identified by immunofluores-
cence microscopy (Fig. 4 C - F). Occasionally, separate
microtubular bundles linking the ciliary arcs can also be
seen (Fig. 4 D).

The distinguishing feature of the family Rhinozetidae is
the organization of the somatic ciliature in the form of cil-
iary arches (Van Hoven et al. 1988). However, in other char-
acters, such as the retractable oral cone, well-developed
skeletal plates covering the cell from the sides and an elon-
gated sausage-like macronucleus, Rhinozeta spp. are strik-
ingly similar to representatives of the family
Cycloposthiidae. The latter family presently contains spe-
cies whose somatic ciliature can be organized as bundles
or as arches (Lynn 2008; Fregulia et al. 2020). For instance,
the caudalia of Cycloposthium cristatum Cunha, Muniz,
1927, described from the capybara Hydrochoerus hydro-
chaeris, are represented by long ciliary arches (Ito and
Imai 2000). Thus, based on morphological characters, it
seems more reasonable to include Rhinozeta spp. into the
family Cycloposthiidae rather than into a separate family
Rhinozetidae. However, allocating this genus to a certain
family is complicated by the high morphological diversity
of the Rhinozeta species.

The current representatives of the genus Rhinozeta differ
from each other based on such taxonomically important
characters as number, shape and location of skeletal plates
and ciliary bands (Van Hoven et al., 1988, 1998). Usually,
these characters are decisive for allocation of a new genus.
R. rhinozeta, R. caecalis and R. pedale form a separate
group, having two wide skeletal plates, which enclose the
cell from both sides, and four somatic ciliary bands. R.
addoensis, R. multiplatus, R. unilaminatus and R. cristata
have five somatic ciliary arches. At the same time, R.
addoensis possesses two wide skeletal plates, R. unilamina-

tus has a single skeletal plate, and the cell of R. multiplatus
contains a few narrow skeletal plates, located parallel to
each other. In R. cristata, one skeletal plate is located in
the left part of the cell along the macronucleus; this is a
character that makes R. cristata similar to the species
Gilchristia artemis and Digilchristia draconis (Ito et al.,
20006). It should be emphasized that based on their charac-
ters all of the species mentioned above differ from currently
known genera of endobiotic ciliates. An exception is R. #ri-
ciliata, which is similar to the representatives of the genus
Triplumaria, having the same amount of skeletal plates
and ciliary bands; however, in Triplumaria species the
somatic ciliature is composed of bundles, while R. triciliata
has ciliary arches. It can be assumed that the Rhinozetidae
family will be separated into a few independent genera in
the future. For such a serious taxonomic revision, however,
a complex research of this group of ciliates with the usage
of both morphological and molecular phylogenetic methods
is required.

PCR with EukA/EukB universal primers successfully
amplified 18S fragment of ~ 1700 bp length in Rhinozeta
rhinozeta samples. The Sanger sequencing in both direc-
tions resulted in two identical nucleotide sequences from
N1 and N2 samples with 1370 and 1410 bp length after
trimming.

Phylogenetic trees were based on 1670 base pairs align-
ment with 156 nucleotide sequences. The ML tree is shown
in the Fig. 5 and the Bayesian tree is shown in Fig. 6. The
bootstrap supports are given in percents. Taxonomy of the
families follows Vd'acny (2018). The newly described Rhi-
nozeta rhinozeta 1is located on the one clade with
Troglodytellidae and Cycloposthiidae. Bayesian and ML
phylogenies confirm this state with 100% and 90% support,
correspondingly.

It should be noted that the family Cycloposthiidae
appears to be polyphyletic in its present composition, which
agrees with the previous data (Vd'acny 2018; Fregulia et al.
2021). Triplumaria spp. group with ciliates from the family
Ophryoscolecidae, while Tripalmaria dogieli groups with

>

Fig. 5. Maximum likelihood phylogenetic tree inferred from 18S rRNA gene sequences by IQ-TREE, based on the General Time
Reversible (GTR) model with gamma distribution and estimate of invariable sites. The numbers at the nodes are the ultrafast bootstrap
values (the rate out of 1000 replicates). Branches marked by filled dots have 100% supports. The scale bar marks genetic distance.
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spirodiniids. At present, it is difficult to identify any synapo-
morphy for these species groups due to the lack of morpho-
logical and molecular genetic data. Fregulia et al. (2021)
have suggested that such features might be found in a
detailed study of the ultrastructure of cycloposthiids, espe-
cially the cortex structure. Comparative analysis of the gen-
eral plan of the cytoskeleton structure of different ciliates
might presumable also be useful for revealing synapomor-
phies. For instance, many members of the clade Cyclo-
posthium - Monoposthium - Rhinozeta tend to form
somatic ciliary arches, in contrast to Triplumaria spp.,
which have ciliary bundles. In any case, given the lack of
the data, a taxonomic revision of the families Cycloposthi-
idae and Rhinozetidae is premature.
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