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Two new Paramecium strains were isolated from an artificial pond on a university campus located in Tokyo, 
Japan. Morphological observations and molecular phylogenetic analyses based on partial sequences of 
heat shock protein 70 and cytochrome b gene sequences identified both strains as Paramecium pentaurelia, one 
of the sibling species within the Paramecium aurelia species complex. This represents the first confirmed 
record of P. pentaurelia in Japan. Although this species has rarely been reported on a worldwide basis, the 
phylogenetic analyses showed that the Japanese strains shared identical or nearly identical sequences with 
multiple P. pentaurelia strains from geographically distant regions, suggesting that this species may have 
a wider, possibly cosmopolitan, distribution than has currently been recognised. The limited number of 
records may reflect the infrequent occurrence of this species in environmental samples, which may hinder 
its detection. 
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The genus Paramecium is a group of aquatic, 
free-living unicellular eukaryotes within the phy-
lum Ciliophora that includes at least seventeen mor-
phospecies, as summarised by Fokin (2010). Among 
these, the Paramecium aurelia (Ehrenberg, 1838), 
once regarded as a single morphospecies, is now 
recognised as a species complex consisting of more 
than a dozen closely-related sibling species. These 
species share a suite of common morphological 
and physiological traits, including a cell length of 
80-200 µm, the presence of two vacuolar-type mi-

cronuclei and the ability to undergo autogamy. With 
a few exceptions, they are difficult to distinguish 
solely on morphological grounds (Sonneborn 1975). 

Each sibling species is reproductively isolated and, 
with rare exceptions, mating reactions do not occur 
between different sibling species. Since these sibling 
species are morphologically similar but genetically 
distinct, molecular approaches have become impor-
tant tools for their identification and evolutionary 
studies (Long et al. 2023). Historically, they were for-
merly regarded as fourteen mating groups, termed 
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Europe, the Russian Far East, India and Australia 
(Sonneborn 1975; Przyboś & Fokin 2000; Przyboś 
& Prajer 2015), but there have been no previous 
records from Japan. Therefore, the present finding 
extends the known geographic range of P. pentaurelia 
and provides new insight into the biogeography of 
the P. aurelia complex, contributing to a broader un-
derstanding of Paramecium’s diversity (Serra et al. 
2021).

Materials and Methods 

Materials 
All chemicals and reagents were obtained from 

Nacalai Tesque (Tokyo, Japan), unless otherwise 
stated. 

Culture medium for Paramecium 
The grass infusion was prepared by adding 50 g 

of young barley grass powder (Yamamoto Kanpoh, 
Aichi, Japan) to 1 l of deionised water. The mixture 
was autoclaved and then centrifuged at a low speed 
to remove the grass powder residue. The resulting 
supernatant was subsequently filtered through cot-
ton. This infusion was diluted 50-fold with a phos-
phate buffer (final concentrations: 1.4 mM Na2HPO4, 
0.6 mM KH2PO4) and autoclaved. A 0.4% β-sitosterol 
stock solution in ethanol was then added at 1/5000 
of the total volume to give a final concentration of 
0.8  µg/ml. Klebsiella pneumoniae was inoculated 
into the grass infusion medium one day prior to the 
introduction of Paramecium. The culture was main-
tained at 26 ± 1°C, and a portion was transferred to 
a fresh medium once a week. 

Isolation of single paramecia from pond water 
Water from the pond was collected primarily from 

the surfaces of stones and walls using a plastic drop-
per. Paramecia were identified under a stereomicro-
scope (SZX7, Olympus, Tokyo, Japan), and single 
individuals were isolated using a micropipette and 
transferred individually to wells of a triple-well 
blood typing slide filled with a bacteria-free culture 
medium. Each cell was washed by successive trans-
fers to different wells and subsequently transferred 
to a culture medium inoculated with bacteria to es-
tablish a clonal culture. 

Measurement of the cell size 
Paramecium cells in the early stationary phase of 

the culture were fixed with formalin at a final con-
centration of 2% for 30 min at room temperature. 

syngens (1-14), within a single morphospecies, 
P.  aurelia. Subsequent studies have demonstrated 
that each syngen could be identified by distinct 
isozyme patterns (Tait 1970; Allen et al. 1973). Ac-
cordingly, the fourteen syngens were elevated to the 
species rank and assigned Linnaean binomials: 
P.  primaurelia (formerly Syngen 1), P. biaurelia 
(formerly Syngen 2), P. triaurelia (formerly Syngen 3), 
… and P. quadecaurelia (formerly Syngen 14) 
(Sonneborn 1975). In addition, P. sonneborni, previ-
ously described as a distinct morphospecies, was lat-
er recognised as an additional sibling species within 
the P. aurelia complex (Aufderheide et al. 1983), 
bringing the number of confirmed sibling species to 
fifteen. More recently, a novel strain potentially rep-
resenting another sibling species was discovered in 
Mexico (Potekhin & Mayén-Estrada 2020), indicat-
ing that the diversity of the P. aurelia complex may 
be greater than is currently recognised. 

The sibling species of the P. aurelia complex differ 
markedly in terms of their geographic distributions. For 
example, P. primaurelia, P. biaurelia, P. tetraurelia and 
P. sexaurelia have frequently been reported from 
a  broad range of localities throughout the world 
(Przyboś & Fokin 2000). By contrast, the distribu-
tions of P. undecaurelia and P. sonneborni are ge-
ographically restricted (Przyboś & Surmacz 2010; 
Przyboś et al. 2014). Furthermore, several species, 
including P. sexaurelia, P. octaurelia, P. tredecaurelia 
and P. quadecaurelia, are considered to preferen-
tially occur in warm regions, suggesting that the oc-
currence of individual species within the P. aurelia 
complex may be constrained by specific temperature 
ranges (Sonneborn 1975; Przyboś & Prajer 2015). 

In Japan, the P. aurelia complex has been col-
lected from various localities, with P. primaurelia, 
P. biaurelia, P. tetraurelia, P. sexaurelia, P. decaurelia 
and P. dodecaurelia being identified (Sonneborn 
1950; Kościuszko & Koizumi 1984; Przyboś & Fokin 
2001; Przyboś et al. 2003; Przyboś & Surmacz 
2010). However, no other sibling species of the com-
plex have been recorded to date. 

In the present study, we collected two Paramecium 
strains presumed as belonging to the P. aurelia com-
plex from an artificial pond located on the campus 
of Nihon University in Setagaya, Tokyo. Analyses 
of the nucleotide sequences of the cytosolic hsp70 
and mitochondrial cytochrome b genes, followed 
by a comparison with those of the sibling spe-
cies, revealed that the newly-obtained strains were 
P. pentaurelia. This species is considered to be rare, 
with a  low frequency of its occurrence worldwide. 
To date, it has been reported from North America, 
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To specifically amplify the mitochondrial 
cytochrome b gene (CYTB) region analysed by 
Barth et al. (2008), a primer pair was designed us-
ing the CYTB sequence of P. pentaurelia stock 87 
obtained from the Paramecium Database. Because 
our preliminary HSP70 analysis suggested that the Jap-
anese isolates belonged to P. pentaurelia, we select-
ed a  P.  pentaurelia CYTB sequence as a reference 
for the primer design. The forward primer 5’-atgg-
taccatgttggcctttagcct-3’ (PpenCytF_KpnI) and the 
reverse primer 5’-cgtctagaatgcaataagtcaagccatg-3’ 
(PpenCytR_XbaI) were used to amplify a 618 bp 
fragment corresponding to a partial sequence of the 
CYTB gene. 

The PCR cycling conditions for the amplification 
of both genes consisted of 30 cycles of 98°C for 10 s, 
55°C for 15 s and 68°C for 30 s. 

Cloning and sequencing of the PCR products 
Each PCR product was purified using the NucleoSpin 

Gel and PCR Clean-up kit (MACHEREY-NAGEL, 
Düren, Germany), digested at both ends with the 
appropriate restriction enzymes (New England Bi-
olabs, Beverly, MA), and cloned into the multiple 
cloning site of pBluescript SK(+). Plasmid DNA was 
isolated and purified from transformed E. coli cells 
(strain C2984H, New England Biolabs) and sub-
jected to Sanger sequencing by Eurofins Genomics 
(Tokyo, Japan), using either the M13-20 or M13 Re-
verse primer. 

Molecular phylogenetic analysis 
To identify the species of the isolated strains, mo-

lecular phylogenetic analyses were performed us-
ing partial sequences of HSP70 and CYTB. For the 
HSP70 analysis, sequences of the P. aurelia sibling 
species reported by Hori et al. (2006) were used. For 
the CYTB analysis, sequences of  the P. pentaurelia 
strains reported by Przyboś et al. (2011a) and the 
related P. aurelia sibling species reported by Barth 
et  al. (2008), Przyboś et al. (2011b) and Przyboś 
et al. (2015) were used. All of the reference sequenc-
es were retrieved from GenBank. 

The sequences of strains NU23A1 and NU23B1, 
together with the reference sequences, were aligned 
separately for each gene using ClustalW (Thompson 
et al. 1994) and converted into the Phylip format. 
Maximum-likelihood (ML) phylogenetic analyses 
were performed using ATGC (Guindon et al. 2010) 
with 1,000 bootstrap replicates. The best-fit nucle-
otide substitution model was selected based on the 
Bayesian information criterion (BIC). Paramecium 
multimicronucleatum  and  Paramecium schewiakoffi 

After the fixation, the cells were washed three times 
with phosphate-buffered saline (PBS) and micro-
scope slides were prepared. To prevent a compres-
sion of the specimens under the coverslip, thin strips 
of Scotch tape were attached to the slide to serve as 
spacers between the slide and the coverslip. The prepa-
rations were observed under bright-field illumination 
using a biological microscope (OPTIPHOT, Nikon, 
Tokyo, Japan) with a 40× objective lens. Images of 
the cells were captured using a digital camera (Nikon 
DSLR), and the lengths of the major and minor axes 
of 100 cells were measured using the Straight Line 
tool in ImageJ to calculate the average cell dimen-
sions. 

Observation of the nuclear morphology 
Paramecia were fixed with formalin at a final con-

centration of 10%. After three washes with 5 mM 
Tris-HCl (pH 7.4), the DNA was stained with 0.5 µg/ml 
4′,6-diamidino-2-phenylindole (DAPI). 

To observe autogamic cells, logarithmically grow-
ing cells were transferred in 5 mM Tris-HCl (pH 7.4) 
to induce starvation and were fixed after 5 h.

The fixed and stained cells were observed us-
ing a Nikon A1 confocal fluorescence microscope 
equipped with a PlanApo 20×/NA 0.75 objective 
lens (Nikon). The pinhole was set to 1 AU. Fluores-
cence images were generated from multiple z-stack 
projections at 0.3 µm intervals. 

Polymerase chain reaction 
The PCR was performed using Ex Premier DNA 

polymerase (Takara, Kyoto, Japan), according to the 
manufacturer’s instructions. The reaction mixture 
contained 25 µl of 2× master mix, 0.6 µM of each 
primer and 1 µl of Paramecium culture briefly con-
centrated by centrifugation, containing several cells, 
as the template, in a total reaction volume of 50 µl. 

Amplification of the cytosolic hsp70 gene 
(HSP70) was carried out using the forward primer 
5’-atggtaccctcaaaggctgttatcacag-3’ (HSP70F_KpnI) 
and the reverse primer 5’-atgagctcgttaagatagcagct-
tagac-3’ (HSP70R_SacI). These primers were de-
signed to amplify a larger region of the HSP70 cod-
ing sequence than the region analysed by Hori et al. 
(2006). We initially tested the primers reported by 
Hori et al. (2006); however, an efficient amplifica-
tion of the target region was not achieved using our 
strains. This reaction yielded a 686 bp fragment cor-
responding to a partial region of the HSP70 coding 
sequence, including the 378 bp region analysed by 
Hori et al. (2006). 
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logical observations were conducted for both strains. 
At the early stationary phase of the culture, the 

cell dimensions were measured, and a nuclear mor-
phology was examined after DAPI staining. The 
cell dimensions (mean ± SD, n = 100) of strain 
NU23A1 were 132.2 ± 13.9 µm in length and 39.2 
± 4.97 µm in width, while those of strain NU23B1 
were 140.4 ± 11.9 µm in length and 40.6 ± 10.8 µm 
in width. No significant differences in the cell di-
mensions were detected between the two strains. 

In both strains, two micronuclei with a ‘vesicular’ 
appearance were observed adjacent to the macro-
nucleus (Fig. 2A; see Fokin 2010). In the cultures 
examined shortly after the onset of starvation, many 
non-pairing individuals exhibiting an increased num-
ber of micronuclei, due to meiotic divisions during 
autogamy, were observed (Fig. 2B, C). Although the 
micronuclei appeared ‘vesicular’, the overall mor-
phology and the ability to undergo autogamy were 
consistent with members of either the Paramecium 
aurelia  species complex or the closely-related 
P.  jenningsi  species complex, both of which share 
similar morphological characteristics (Diller & Earl 
1958; Przyboś & Tarcz 2019). 

were used as outgroups for the HSP70 and CYTB 
analyses, respectively. P. schewiakoffi was selected 
for the CYTB analysis based on previous phyloge-
netic analyses of the P. aurelia complex (Barth et al. 
2008). The resulting phylogenetic trees were visual-
ised using FigTree v1.4.4. 

The accession numbers of the reference sequences 
used for the phylogenetic analyses are provided in 
Supplementary Table 1 (SM.01).

Results and Discussion 

In June 2023, two ciliate strains of the genus 
Paramecium, designated NU23A1 and NU23B1, 
were isolated from an artificial pond located on the cam-
pus of Nihon University, College of Humanities and Sci-
ences, Setagaya, Tokyo (Fig. 1). The pond is a com-
pletely closed water body with no inflow from exter-
nal sources, while the water is maintained by a filtra-
tion-circulation system. Strain NU23A1 was collect-
ed at coordinates (35.663220°  N, 139.634763°  E), 
and NU23B1 was collected at (35.663228° N, 
139.634667° E), approximately 8 m apart. To assign 
the morphospecies of NU23A1 and NU23B1, cyto-

Fig. 1. Sampling site of Paramecium strains NU23A1 and NU23B1. Photograph of the artificial pond in the Setagaya campus of Nihon 
University in Tokyo, where the strains were collected. Yellow arrows indicate the sampling locations of strains NU23A1 and NU23B1.
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For the  HSP70 analysis, a 378-bp region within 
the PCR-amplified partial sequence of HSP70 was 
used, corresponding to the region analysed by Hori 
et al. (2006). The PCR products were sequenced, 
and the obtained partial HSP70 sequences (686 bp 
excluding the primer sequences) from NU23A1 and 
NU23B1 were found to be identical to each other 
and were deposited in GenBank under Accession 
Numbers LC939786 and LC939787, respectively. 
In the maximum-likelihood phylogenetic analysis, 
NU23A1 and NU23B1 clustered with the reference 
sequences of P. pentaurelia (Fig. 3A). The analysed 
HSP70 region showed a 100% identity to that of 
P. pentaurelia Ep-9 (collected in Hungary; Acces-
sion No. AB232950) and differed by only one nu-
cleotide from that of 87 (collected in Pennsylvania; 
AB100848).

To accurately identify the species of these strains, 
we subsequently conducted molecular phylogenetic 
analyses. Partial coding sequences of the cytosolic 
heat shock protein 70 gene (HSP70) and the mito-
chondrial cytochrome b gene (CYTB) were used as 
molecular markers, as these genes have been used 
to investigate phylogenetic relationships and genetic 
diversity among P. aurelia sibling species in previ-
ous studies. The use of both a nuclear and a mito-
chondrial marker allowed us to evaluate the phylo-
genetic placement of these strains using information 
from different genomic compartments. The corre-
sponding regions were amplified by PCR from each 
strain, and their nucleotide sequences were used for 
the phylogenetic analyses, together with reference 
sequences obtained from GenBank (listed in Supple-
mentary Table 1, SM.01).

Fig. 2. Cell morphology of Paramecium NU strains stained with DAPI. A – An NU23B1 cell in the early stationary phase of culture. An 
arrow indicates two adjacent micronuclei. The inset shows a magnified view of the ‘vesicular’ appearance of the micronuclei. B, C – 
NU23B1 cells undergoing autogamy. These cells contain multiple enlarged micronuclei produced by meiosis, presumably representing 
an early stage of autogamy. The cell shown in B – contains four micronuclei; whereas the cell shown in C – contains eight, two of which 
overlap with the macronuclear staining. The NU23A1 cells are not shown because they exhibited essentially the same morphology. 
Broken lines indicate the outlines of the cells. Scale bar: 50 µm.
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reported from geographically distant P. pentaurelia 
strains.

Polymorphisms have been reported among 
P.  pentaurelia strains in the 618-bp region of 
the CYTB gene analysed in this study (Przyboś et al. 
2011a). Among the strains examined in that study, 
the RAF strain collected in Altai, Russia (in the 
Central Asian region), showed a complete identity 
with NU23A1 and NU23B1, as did SO-87 and sev-
eral strains collected from various regions of Europe. 
By contrast, the RSN strain collected in Novosibirsk, 
Russia (in the Central Asian region), exhibited only 
an 84.6% sequence identity. Strains with CYTB se-
quences identical to those of the NU strains have 
thus been identified in geographically distant re-
gions across multiple continents, suggesting that 
there is no apparent correlation between CYTB poly-
morphisms and their geographic distribution.

In this broader context, the discovery of P. pentaurelia, 
a  globally rare species, in Japan for the first time 

Next, we analysed the CYTB gene. A 618-bp par-
tial sequence of the coding region, as described by 
Barth et al. (2008) and Przyboś et al. (2011a), was 
used for the comparison. The obtained partial CYTB 
sequences of NU23A1 and NU23B1 were found 
to be identical to each other and were deposited in 
GenBank under Accession Numbers LC939788 and 
LC939789, respectively. In the CYTB-based maxi-
mum-likelihood phylogenetic analysis, NU23A1 
and NU23B1 were included within a P. pentaurelia 
cluster (Fig. 3B). The CYTB sequences of NU23A1 
and NU23B1 were found to be identical to those 
of  several P. pentaurelia strains, including SO-87 
(AM949782; same as 87), and differed by only one 
nucleotide from NA-05 (collected in Naples, Italy; 
AM949781). 

Together, the HSP70- and CYTB-based phylo-
genetic analyses supported the identification of 
NU23A1 and NU23B1 as P. pentaurelia. The CYTB 
haplotype identical to that of the NU strains has been 

Fig. 3. Molecular phylogenetic analyses of NU23A1 and NU23B1 based on HSP70 and CYTB sequences. Maximum-likelihood (ML) 
trees were constructed based on partial sequences of the cytosolic heat shock protein 70 gene (HSP70) (A) and the mitochondrial 
cytochrome b gene (CYTB) (B). The trees were generated using sequences obtained from strains NU23A1 and NU23B1, as well as 
reference sequences of P. aurelia sibling species and outgroup taxa retrieved from GenBank. Bootstrap values based on 1,000 replicates 
are shown at nodes when ≥ 50%. The scale bars indicate 0.05 substitutions per site. P. pentaurelia strains are indicated in red, while the 
strains isolated in this study (NU23A1 and NU23B1) are shown in bold.
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