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A B S T R A C T

Ciliated protists are highly differentiated unicellular eukaryotes that possess special sexual processes (conjugation
and autogamy) that rely on their unique nuclear dimorphism, i.e., the presence of both a germline micronucleus
(MIC) and a somatic macronucleus (MAC) in a single cell. The sexual processes show a high diversity in different
ciliates. To better understand the differentiation and evolution of sexual processes in closely related species, we
investigated the nuclear events during conjugation in Paramecium jenningsi strain GZ, a poorly studied close
relative of the well-known P. aurelia complex. The main results include: (1) the conjugation process takes about
48 h, including three prezygotic divisions (meiosis I, II, and mitosis) and three postzygotic divisions; (2) the MICs
are dominated by the “parachute” phase at the prophase of meiosis I; (3) after meiosis II, a variable number of
nuclei undergo the third prezygotic division, and the two products near the paroral cone become the genetically
identical migratory and stationary pronuclei; (4) the synkaryon divides three times to form the MIC and the MAC
anlagen, but only one nuclear product of the first postzygotic division completes the next two divisions; and (5) an
extra cell division is required to complete the last step of conjugation, during which two MIC anlagen undergo
mitotic division while two MAC anlagen are distributed between the daughter cells without division. The com-
parison of the nuclear events during conjugation in representatives of the class Oligohymenophorea reveals that
usually there are three prezygotic divisions and a variable number of postzygotic divisions. However, the number
of selected and differentiated nuclei after each division differs among species. This study provided a new model
ciliate for further investigations of nuclear selection and differentiation as well as nuclear morphology during
meiosis.
1. Introduction

The emergence of the sexual processes, which involve meiosis and
fertilization, was the most critical step in the evolution of eukaryotes
(Goodenough and Heitman, 2014; Bai, 2015). It is widely accepted that
sex and sex differentiation were first established in unicellular eukary-
otes (Cavalier-Smith, 2002; Chen et al., 2019; Knoll, 2014), and in this
regard, ciliated protists represent good material to study the origin and
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evolution of sex.
Ciliated protists are the most specialized and differentiated unicel-

lular eukaryotes, having high morphological and ecological diversity and
wide distributions (Chi et al., 2022; Li et al., 2022; Lynn, 2008; Ma et al.,
2022a, 2022b; Song et al., 2022; Wang et al., 2022). A distinct feature of
ciliates is nuclear dimorphism, which means each cell possesses at least
one micronucleus (MIC) and at least one macronucleus (MAC), although
the number of nuclei can vary among species and life cycle stages (Duan
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et al., 2021; Fu et al., 2022; Sheng et al., 2020, 2021; Zhao et al., 2021;
Zheng et al., 2020).

The DNA-rich MAC is transcriptionally active and expresses all the
mRNAs required for vegetative growth, while the diploid MIC is tran-
scriptionally silent but has a function in the construction of a normal-
length cytopharynx during vegetative growth and is mainly active dur-
ing sexual reproduction (Chau and Ng, 1988; Fujishima and Watanabe,
1981; Ng and Fujishima, 1989; Prescott, 1994).

Ciliates have a unique method of sexual reproduction known as
conjugation (Phadke and Zufall, 2009). This process requires two part-
ners of complementary mating types to cease vegetative growth and
temporarily unite in mating pairs. During this period, the partners ex-
change gametic nuclei (Orias, 1986; Cervantes et al., 2013; Luporini
et al., 2005, 2016). Conjugation in ciliates displays considerable varia-
tion among different species. The main variations include: (1) differences
in the number and characteristics of MIC and MAC; (2) the sequence of
mitosis and meiosis of the MIC, which determines whether the gamete
nuclei are genetically identical or different; (3) the number of pre- and
post-zygotic divisions, as well as the occurrence of nuclear degradation;
(4) the occurrence of additional cell divisions required to complete the
conjugation process; (5) the presence or absence of cell and nuclear
fusion. Despite these variations in nuclear events, some aspects of the
ciliate life cycle remain relatively conserved. For instance, both MIC and
MAC develop from the zygotic nucleus, and the development of MAC
involves a series of steps, including DNA elimination, chromosome
fragmentation, and amplification (Gong et al., 2020, 2022; Jahn and
Klobutcher, 2002; Jiang et al., 2019; Lipps et al., 2010; Prescott, 1994;
Raikov, 1972; Zhang et al., 2022).
Fig. 1. Morphology of Paramecium jenningsi strain GZ. (A) Schematic diagram (mod
heads label micronuclei. (B, I) Ventral views to show the ciliary pattern and buccal
invert function via Photoshop. (C–E) Ventral views in vivo, arrows indicate buccal fie
of the cortex, arrows point to the extrusomes. (H) Morphology of a mating pair, arrow
The macronucleus (arrows) and micronuclei (arrowheads) of a vegetative individual (
fluorescence staining with Hoechst 33342 and acridine orange. Ma, macronucleus. S

2

In Paramecium, a well-knownmodel genus, conjugation processes and
the mechanisms of mating type determination have been studied for
about a century (Hiwatashi and Mikami, 1989; Orias et al., 2017).
However, studies of sexual processes have focused on only a few species.
In the present study, we investigated conjugation in P. jenningsi strain GZ,
a species belonging to the “aurelia” subgroup together with the P. aurelia
complex, which includes morphologically identical but reproductively
isolated species (Aufderheide et al., 1983; Potekhin and May�en-Estrada,
2020; Przybo�s et al., 2015; Przybo�s and Tarcz, 2016; Sonneborn, 1975).
Although P. jenningsi (Fig. 1) is related quite closely to species of the P.
aurelia complex based on molecular markers (Allen et al., 1983; Barth
et al., 2008; Fokin et al., 2004; Yamauchi et al., 1995), phylogenetic
relationships (Aury et al., 2006; Sawka-Gądek et al., 2021) and
morphological characteristic (Sonneborn, 1975), it differs from these
species in the sexual process (Fokin et al., 2001; Mitchell, 1962; Sonne-
born, 1975).

Here, we provide a detailed photomicrographic description of the
nuclear events and temporal sequences that take place during conjuga-
tion in P. jenningsi strain GZ, thereby filling the gaps in knowledge left by
previous studies that comprise only textual descriptions (Fokin et al.,
2001; Mitchell, 1962). In addition, we compared conjugation in P. jen-
ningsi strain GZ with 23 other oligohymenophorean species encompass-
ing symbiotic, facultative parasitic, sessile, and free-living lineages. The
results of this study not only provide a new model system for investi-
gating the molecular mechanism of gametic nuclei selection, but also
increase our knowledge of nuclear differentiation, evolutionary re-
lationships, and conservation and variability of meiosis in eukaryotes.
ified from Zhang et al., 2022). Arrows indicate contractile vacuoles and arrow-
area (arrow) after silver carbonate staining. Images have been processed by the
ld; (F) Details of a contractile vacuole and collecting canals (arrows). (G) Details
s mark the contractile vacuoles, and arrowheads indicate the buccal areas. (J, K)
J) or an individual undergoing early micronuclear migration (K) are shown after
cale bar ¼ 80 μm.
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2. Materials and methods

2.1. Sample collection, identification, and mating type determination

The strain used in this work was isolated from freshwater collected
from the Liede River (the pre-navigational channel of Pearl River),
Guangzhou, China (N23�06'44", E113�19'49"), and was assigned to the
species Paramecium jenningsi based on live observation, silver carbonate
staining (Fig. 1A–I), and small subunit ribosomal RNA (SSU rRNA) gene
sequencing (Diller and Earl, 1958). DNA extraction, PCR amplification,
and SSU rRNA gene sequencing were performed according to Chi et al.
(2022). The SSU rRNA gene sequence was submitted to GenBank with
the accession number ON366386. Further analysis based on 16 DNA
markers (both nuclear and mitochondrial), which as carried out ac-
cording to Przybo�s and Tarcz (2016), indicated that it is P. trijenningsi,
which is a member of the P. jenningsi complex. The monoclonal strains
(the offspring of a mating pair of P. jenningsi strain GZ), named PJD1,
PJD2, PJD3, and PJD4, were isolated and used in the experiments. Two
complementary mating types were identified by pairwise mixture of the
monoclonal strains. The strains PJD1 and PJD2 belong to the same
mating type, which are complementary to themating type of strains PJD3
and PJD4. The cells were kept at 8 �C in a low-nutrient medium for about
one year before this study, and only a few cells of each strain were picked
to carrry out each experiment.

2.2. Cell culture and conjugation induction

Cells were precultured before inducing conjugation in 5% fresh let-
tuce juice diluted with the modified Dryl solution (Dryl, 1959), using
KH2PO4 instead of NaH2PO4 (KDS). The medium was inoculated with
Klebsiella pneumoniae one day before being used (Hiwatashi, 1968). After
clarification of the culture medium, cells were in a state of mild starva-
tion and undergo conjugative activity within 48 h. Conjugation was
induced by mixing highly reactive cells of complementary mating types
(Hiwatashi, 1968). The preculture and the whole conjugation process
were carried out at 25 �C.

2.3. Conjugation and cell staining

The mixing time was considered as time 0. Mating pairs or post-
zygotic cells were collected every 15 min near the synkaryon formation
stages, every hour during anlagen development, and every 30 min during
other stages. Cells were stained with Hoechst 33342 (HO) (Beyotime
Institute of Biotechnology, Jiangsu, China) and acridine orange (AO)
(Shanghai Chemical Reagent Co., Ltd., Shanghai, China) (Yang et al.,
2007). For every 100 μL cell suspensions, 1.8 μL of HO (stock solution: 2
mg/mL) or 0.8 μL of AO (stock solution: 100 μg/mL) were added. The
mixtures were incubated at room temperature (ca. 25 �C) for 20 min and
observed as previously described (Gong et al., 2020; Jiang et al., 2019;
Zhang et al., 2022). For each nuclear stage, the state of nuclear events of
25 mating pairs or exconjugants were recorded to identify the dominant
stage.

2.4. Phylogenetic analyses

A concatenated tree of the class Oligohymenophorea was constructed
using the maximum likelihood (ML) method based on the SSU rRNA gene
sequences, then the clades between subclass were adjusted according to
the phylogenomic relationships analyzed in Wang et al. (2021). The SSU
rRNA gene sequence of P. jenningsi (Acc. No. ON366386) was included in
the phylogenetic analyses along with 24 other sequences obtained from
the GenBank database. Two sequences of Coleps were selected as the
outgroup. In order to determine the specific attribution of P. jenningsi
strain GZ within the P. jenningsi complex, 11 nuclear DNA fragments and
five mitochondrial DNA fragments of P. jenningsi strain GZ were extracted
from the assembled (unpublished) genomic data by the BLAST algorithm
3

with known Paramecium genes as selected by Przybo�s and Tarcz (2016).
Sequences were aligned using the GUIDANCE2 Server (http://

guidance.tau.ac.il/) with default parameters (Sela et al., 2015). The
alignment was manually modified using BioEdit v.7.0.1 (Hall, 1999).
Aligned sequences were concatenated using PhyloSuite (Zhang et al.,
2020). ML analyses were performed in CIPRES Science Gateway (http://
www.phylo.org/sub_sections/portal) (Miller et al., 2010). The ML tree
was constructed using RAxML-HPC2 on XSEDE v.8.2.12 with the
GTRGAMMA model and 1000 bootstrap replicates. Tree topologies were
visualized with MEGA v.7.0.26 (Kumar et al., 2016).

3. Results

3.1. Formation of conjugant pairs and meiosis of the MIC (the first two
prezygotic divisions)

Mild starvation induced sexual reactivity, preparing cells for conju-
gation. Autogamy was observed if the monoclonal cell lines were not
mixed with the cells with complementary mating type. Selfing was not
observed in either strain. After mixing different mating types, most cells
clustered immediately, and large clumps of agglutinated cells formed
within 20 min. Approximately 2 h after mixing, conjugant cells were
firmly united in pairs that separated from the clumps (Fig. 2A).

In the stage preceding the formation of holdfast union, a significant
repositioning of the two micronuclei was observed, termed early
micronuclear migration (EMM) (Fujishima and Hiwatashi, 1977). The
two micronuclei shifted from being adjacent to each other and being in
close proximity to the macronucleus (Fig. 1J) to a noticeable displace-
ment away both from each other and from the macronucleus (Figs. 1K
and 2A). One hour after mixing, EMM occurred in approximately 95% of
the cells. It is noteworthy that EMM had already occurred in cells with
conjugation activity, even though they had not been mixed with cells of a
complementary mating type (Fig. 1K). This observation may be associ-
ated with the capability of P. jenningsi for autogamy and provides further
evidence that EMM serves as the initiating signal for fertilization
(Fujishima and Hiwatashi, 1977).

With the onset of meiosis and during the first meiotic division
(meiosis I), the two MICs of each cell partner enlarge, indicating that the
MICs have entered the pre-meiotic “S” phase (Fig. 2B) (Fujishima, 1983).
They then undergo complex morphological changes. Chromatin of the
MICs gradually condenses and moves to one pole of each nucleus
(Fig. 2C). As a result, the MICs look like drooping parachutes, formed by
two different parts connected by filamentous chromatin fibers (Fig. 2D
and E). This “parachute” shape of the nucleus is a typical marker of the
zygotene stage (Raikov, 1982). The chromatin continues to condense and
moves to the metaphase plate of meiosis I (Fig. 2F). Then, the two MICs
complete meiosis I and produce four haploid nuclei (Fig. 2G, arrow-
heads). All four nuclear products immediately undergo meiosis II,
resulting in eight daughter nuclei (Fig. 2H, arrowheads). While the first
meiotic division lasts about 12 h, the second division takes about 1 h. The
prezygotic divisions are thus completed in about 13 h after cell mixing
(Fig. 4, Table S1), but they may be asynchronized in cells of the same
conjugant pair.

3.2. Mitosis (the third prezygotic division) and synkaryon formation

After meiosis, cells undergo the third prezygotic division (mitosis).
The number of haploid nuclei concluding the third prezygotic division is
variable (1–5 in the present work) (Fig. 2I and J). However, the migra-
tory and stationary pronuclei are always generated by the division of the
nucleus in the proximity of the paroral cone. After mitosis, the stationary
pronucleus remains near the paroral cone and the migratory pronucleus
moves far away, while the other nuclei degenerate (Fig. 2I and J). The
processes of mitosis and pronuclei formation take about 1.5 h (Fig. 4,
Table S1). Next, the migratory pronuclei are exchanged between the two
partner cells and fuse with the retained stationary pronuclei to form the
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Fig. 2. Conjugating cells of Paramecium jenningsi strain GZ to show the nuclear events before synkaryon formation. Arrowheads (yellow): MIC or products of pre-
zygotic divisions. Arrows (orange): degrading nucleus after the third prezygotic division. (A) Mating pair that has just formed and early micronuclear migration has
occurred. (B) The MICs are enlarged. (C) The initial form of the “parachute” stage. (D) Typical “parachute” stage of MICs during the prophase of the first prezygotic
division (meiosis I). (E) The chromatins move to the center of the nucleus and no longer maintain the typical “parachute” shape. (F) In the metaphase of the meiosis I,
the chromosomes are neatly arranged. (G) The first prezygotic division is completed and four nuclear products are formed in each conjugant. (H) The second pre-
zygotic division is completed and generates eight nuclear products. (I, J) Different numbers of nuclei, four in I and three in J, undergo the third prezygotic division
(dashed ellipses). (K) Exchange of migratory pronuclei. (L) The migratory pronuclei have been exchanged but not fused with the stationary pronuclei of the coun-
terpart cell. Scale bar ¼ 60 μm.
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synkaryons (Fig. 2K, L; Fig. 3A), which takes about 15 min (Fig. 4,
Table S1).
3.3. Postzygotic divisions and development of new MIC and MAC anlagen

The synkaryon requires about 2.25 h to undergo three postzygotic
divisions, which are successive mitotic divisions (Fig. 3A–F; Fig. 4). After
the first postzygotic division, only one nuclear product completes the
remaining two divisions and produces four nuclear products, while the
other one degenerates (Fig. 3B and C). Mating pairs separate after the
second postzygotic division (Fig. 3D).

Of the four nuclear products generated by the third postzygotic di-
vision, two develop into the new MICs, and the other two develop into
the new MAC anlagen, which show more homogeneous staining than the
parental MAC (Fig. 3G and H, arrows). It was observed that if food is not
sufficient to support the following stages, the development of the MAC
4

anlagen will stop and the morphology of the macronuclear anlagen
would remain as shown in Fig. 3H. Eventually the cells will die.

The development of MAC anlagen and cell maturation require an
additional cell division. The two MICs undergo mitosis and separate in
the two daughter cells, while the two MAC anlagen are distributed be-
tween the daughter cells without division. Finally, each daughter cell has
one MAC and two MICs, plus a few fragments of the parental MAC
(Fig. 3I). These cells then enter the asexual phase of the lifecycle. The
entire conjugation process takes about 48 h when the postzygotic cells
were fed 33 h after mixing (Fig. 4, Table S1).
3.4. The destiny of the parental macronucleus

Morphological changes in the parental MAC from ellipsoidal to flat
are visible as early as the metaphase of meiosis I (Fig. 2F). During the
third prezygotic division, the MAC elongates gradually disintegrates into



Fig. 3. Nuclear events after synkaryon formation in
Paramecium jenningsi strain GZ. Arrowheads (orange):
synkaryon, postzygotic division products, or new MIC.
Arrows (yellow): new MAC anlagen. Double-
arrowheads (white): degenerating synkaryon prod-
ucts. (A) The synkaryon stage. (B) The first post-
zygotic division. (C) One of the first postzygotic
division products undergoes the second division while
another is degenerating. (D) Separation of a mating
pair and the second postzygotic division. (E) The third
postzygotic division. (F) After the third postzygotic
division, four nuclear products are retained in each
cell. (G, H) Nuclear products of the third postzygotic
division differentiate into MAC and MIC. (I) After cell
division, two MICs, and one MAC remain in the cell,
as well as degenerated fragments of the parental MAC.
Scale bar ¼ 60 μm.

Fig. 4. Time-course analysis of nuclear events during conjugation in Paramecium jenningsi strain GZ. (A) Timing of nuclear events during conjugation. (B) Comparison
of the nuclear events during conjugation in P. jenningsi (a, the present work and Mitchell, 1962, 1963; b, Fokin et al., 2001) and other sibling species in P. aurelia
complex (c, Diller, 1936; Fokin et al., 2001; Sonneborn, 1938).
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strips (Fig. 2I and J) which become entangled as the process of degra-
dation continues (Fig. 2K, L; Fig. 3A–D). In exconjugants, the parental
MAC becomes a multitude of dot-like and short rod fragments
(Fig. 3D–G). These fragments continue to undergo programmed degra-
dation and are finally depleted during the transition from the sexual to
the asexual stage of the life cycle (Fig. 3H and I; Fig. 4).
5

4. Discussion

4.1. Nuclear selection and differentiation in paramecium during
conjugation

In this study, we provide detailed documentation of the conjugation
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process of P. jenningsi strain GZ through high-quality photomicrographs.
Our findings shed light on the nuclear processes that occur during pre-
and postzygotic nuclear divisions, providing a clearer understanding of
the mechanisms involved. Notably, our observations reveal that before
cell division, six rounds of nuclear divisions occur, but only certain nu-
clear products advance to subsequent stages, suggesting that pro-
grammed nuclear degradation and intracellular localization play key
roles in nuclear selection.

4.1.1. Selection of haploid MICs (hMICs)
Although a variable number of hMICs undergos the third prezygotic

division in P. jenningsi strain GZ (Fig. 2I and J), only the product located
near the paroral cone forms the migratory and stationary pronuclei. This
implies that the division of hMICs and pronuclei formation are inde-
pendent events. Related studies in Paramecium caudatum have shown that
hMICs are destined to degenerate, but the special environment of the
paroral cone can recruit DNA repair proteins to rescue degeneration
(Yanagi, 1987). In Tetrahymena thermophila, γH2AX, a protein marker for
DNA double-strand breaks, has been shown to localize in the four
products of prezygotic meiosis II, and to disappear in the finally selected
hMIC, characterized by the presence of the marker for DNA repair
H3K56ac (Chowdhury et al., 2005; Shi and Oberdoerffer, 2012).
Recently, a more in-depth study of this process in T. thermophila showed
that attachment of hMICs to the fused plasma membranes of conjugating
cells is not a prerequisite for selection, but rather is a follow-up to the
selection process (Akematsu et al., 2020). However, the location of
selected hMICs is not completely random, as they tend to be more in-
clined to distribute between the MAC and the fused plasma membranes
than unselected hMICs (Akematsu et al., 2020). Given that multiple
hMICs were able to initiate and perform pre-gametogenic division, it was
concluded that P. jenningsi strain GZ can, like T. thermophila, serve as a
model system for studying the selection and differentiation of hMICs.

4.1.2. Nuclear dimorphic differentiation in exconjugants
As in P. nephridiatum (Jankowski, 1961), P. calkinsi (Nakata, 1956),

and P. bursaria (Wichterman, 1948), one product of the first postzygotic
division in P. jenningsi strain GZ degenerates while the remaining one
undergoes and completes the subsequent postzygotic divisions to
differentiate MICs and MACs in exconjugant cells. Indeed, the degener-
ation of pre-and/or postzygotic division products is a common occur-
rence in multiple Paramecium species and occurs at various specific
stages. For example, in P. bursaria, degeneration takes place during the
prezygotic division, while in P. caudatum, it occurs during the third
postzygotic division prior to the differentiation of MIC and MAC anlagen
(Wichterman, 1948; Yang et al., 2007). Insufficient attention has been
given to the degeneration of the nucleus in the mentioned stages, leading
to a lack of clarity regarding the factors that determine the distinct fates
of the two products originating from the same division.

In comparison, the molecular mechanisms of nuclear differentiation
have attracted more attention. Nuclear differentiation is an enigmatic
process that involves nuclear fate decision and a high degree of genomic
rearrangement (Akematsu et al., 2020; Kovalchuk, 2021; Orias, 1986).
However, the mechanism by which the strikingly different fate of nuclei
is determined during the differentiation of MIC and MAC anlagen has not
been fully elucidated. The widely accepted hypothesis of nuclear differ-
entiation states that the fate of nuclei depends on their localization in the
cytoplasm, that is, cytoplasmic factors control nuclear activity (Mikami,
1980; Sonneborn, 1951). Studies on P. caudatum have shown that the
differentiation of MAC anlagen or new MIC after the last postzygotic
division depends on their transient relative position in the cytoplasm
since the anterior nucleus becomes the MIC while all the posterior nuclei
differentiate into MAC anlagen (Yanagi, 1987; Yang and Takahashi,
2000). In addition, the parental MAC may control the differentiation of
the new MAC anlagen, underscoring the importance of
nucleo-cytoplasmic interaction (Grandchamp and Beisson, 1981; Nan-
ney, 1953a; Yang and Takahashi, 1999, 2002). In contrast to P. caudatum,
6

the two postzygotic nuclei in the anterior region of the cell in T. ther-
mophila develop into new MACs while the two in the posterior region
differentiate into new MICs (Iwamoto et al., 2015; Nanney, 1953b).
However, in P. jenningsi strain GZ, no distinct nuclear localization capable
of influencing the fate of nuclei was observed (Fig. 3F–H). There was no
particular lateral, vertical, or other specific orientation in which the
nuclei were distributed either during and after the third postzygotic di-
vision or during the early stage of MAC and MIC anlagen differentiation
(Fig. 3E–G). The difference of this feature among P. jenningsi strain GZ, P.
caudatum and T. thermophila implies that P. jenningsi strain GZ could be a
suitable model for investigating new mechanisms of MAC and MIC
anlagen differentiation. How different signals, timing, spatial locations,
and cellular contexts affect specific cell fate decisions will be the focus of
future research.

4.2. Comparative analysis of nuclear events during conjugation in closely
related species

The process of conjugation in P. jenningsi was first reported by
Mitchell (1962, 1963). Later Fokin et al. (2001) provided more details,
but all three studies only gave a textual description. Compared to pre-
vious reports, our findings are consistent with Mitchell's description, but
in contrast with that of Fokin in two respects: (1) the two MICs in the
prophase of meiosis I have a typical parachute form instead of a crescent
shape; and (2) a variable number of nuclei undergo the third prezygotic
division rather than only one.

In eukaryotes, chromatins take on different forms during their pairing
movements at the meiotic prophase stage (Loidl, 2016), such as the
classical bouquet arrangement (Zickler, 2006), or the horsetail shape of
Schizosaccharomyces pombe (Yamamoto and Hiraoka, 2001). In ciliates,
the prevalent chromosomal form during the prophase of meiosis is the
“crescent” or “parachute” shape (Gong et al., 2022; Hanke-Bücker and
Hauser, 1996; Tian et al., 2022). Most Paramecium species exhibit the
“crescent” form (Fig. 5), including the P. aurelia complex (Fokin et al.,
2001; Sugai, 1976). Although previous reports described the presence of
the “crescent” form in P. jenningsi (Fokin et al., 2001), in our observations
we only identified the typical “parachute” shape (Fig. 2). Recent studies
have suggested that P. jenningsi is a complex of three isolated reproduc-
tive groups (Przybo�s and Tarcz, 2016), which have been denoted P.
primjenningsi, P. bijenningsi, and P. trijenningsi. Based on phylogenetic
analyses, P. jenningsi strain GZ was assigned to P. trijenningsi (Figs. S1 and
S2). These findings suggest that the difference between the present and
previous observations may be attributed to the use of different cryptic
species of P. jenningsi or the difference in degree of aging of the strains
used.

Paramecium jenningsi is very closely related to sibling species of the P.
aurelia complex. Members of the P. aurelia complex, however, share a
similar conjugation process (Fokin et al., 2001), which is distinct from
that of P. jenningsi (Fig. 5). The main differences are related to: (1) the
morphology of the nucleus at the prophase of the first meiotic division
(parachute vs. crescent); (2) the number of MIC that perform the third
prezygotic division (variable vs. one); and (3) the number of nuclear
products after the first postzygotic division that undergo degradation
(one vs. zero).

4.3. Diversity of conjugation processes in the class oligohymenophorea

In order to gain a deeper understanding of the diversity and evolution
of the conjugation process, we conducted a comparative analysis in 23
representative species of the class Oligohymenophorea, including sym-
biotic (Mantoscyphidia branchi and Urceolaria synaptae), facultative
parasitic (Uronema marinum), sessile (Vorticella microstoma and Carche-
sium polypinum), and free-living species. The 23 representative species
used in the comparison branch into two different clades of the SSU rDNA
gene tree (Fig. 5). One clade includes the facultative parasitic U.marinum
and 17 other free-living species, while the other clade includes five



Fig. 5. Patterns of nuclear events during conjugation in representatives of the class Oligohymenophorea. The topology was drawn based on the phylogenomic analyses
(at the subclass level according to Wang et al., 2021) and SSU rDNA (at the genus level). C: the micronucleus experiences the “crescent” stage during meiosis. P: the
micronucleus experiences the “parachute” stage during meiosis. Numbers in brackets indicate the number of pyknotic nuclei. þ: Refers to the incomplete third
maturation division in Urocentrum turbo; #: after the first prezygotic division in Paramecium duboscqui, about 60% of cells contain four nuclear products according to
Watanabe et al. (1996). *: refers to various meiotic products that undergo the third prezygotic division; &: the third postzygotic division may occasionally occur. The
processes of conjugation are reviewed from the corresponding references: Uronema marinum (Coppellotti, 1990), Tetrahymena thermophila (Orias et al., 2011), Col-
pidium colpoda (Hoyer, 1899; Raikov, 1972), Urocentrum turbo (Serrano et al., 1987), Frontonia acuminata (Raikov, 1972), P. duboscqui (Watanabe et al., 1996), P.
nephridiatum (Jankowski, 1961), P. woodruffi (Fokin et al., 2001), P. calkinsi (Nakata, 1956), P. polycaryum (Diller, 1958), P. aurelia complex (Diller, 1936; Fokin et al.,
2001; Sonneborn, 1938), P. jenningsi GZ (the present work) (the SSU rRNA gene sequence of P. jenningsi Jap1-1 was used only for phylogenetic tree construction), P.
schewiakoffi (Fokin et al., 2001), P. multimicronucleatum (Zhang et al., 2022), P. caudatum (Yang et al., 2007), P. putrinum (Jankowski, 1972), P. bursaria (Wichterman,
1948), Telotrochidium matiense (Martín-Cereceda et al., 2007), Opisthonecta henneguyi (Rosenberg, 1940), Mantoscyphidia branchi (Peters et al., 2010), Vorticella
microstoma (Peters, 2002), Carchesium polypinum (Raikov, 1972), Urceolaria synaptae (Colwin, 1944).
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Peritrichia species. No SSU rDNA sequence information is available for U.
synaptae.

We found that all the species of the first clade undergo three pre-
zygotic divisions in the same sequence (meiosis I, meiosis II, andmitosis).
In most of them, only one meiosis product undergoes the subsequent
mitosis, the exceptions being Urocentrum turbo (Serrano et al., 1987), P.
nephridiatum (Jankowski, 1961), P. multimicronucleatum (Zhang et al.,
2022) and P. jenningsi strain GZ. In the three Paramecium species, more
than one meiotic product typically undergoes the third prezygotic divi-
sion (Fig. 5); in U. turbo, the last (third) division is incomplete, since
pronuclei are exchanged between cells during the metaphase of mitosis
(Serrano et al., 1987). In all of these species, both the stationary and
migratory pronuclei originate from the same product of the last mitotic
division, resulting in their genetic identity. In Euplotes, the pronuclei are
genetically different, as the sequence of prezygotic divisions starts with
mitosis, followed by meiosis I and II. Consequently, the pronuclei derive
from two of the eight meiotic products (Jiang et al., 2019). It is note-
worthy that in roughly 75% of the above oligohymenophoreans that have
been studied, the crescent phase dominates the MICs during the prophase
of meiosis I. The remaining 25%, including P. jenningsi strain GZ, P.
schewiakoffi, P. putrinum, and U. turbo, are dominated by the “parachute”
phase (Fokin et al., 2001; Jankowski, 1972; Serrano et al., 1987).

In Peritrichia species, such as Telotrochidium matiense (Martín-Cer-
eceda et al., 2007), Opisthonecta henneguyi (Rosenberg, 1940),M. branchi
(Peters et al., 2010), V. microstoma (Peters, 2002), C. polypinum (Raikov,
1972) and U. synaptae (Colwin, 1944), the prezygotic divisions differ
7

from those of most other free-living oligohymenophoreans because the
two mating cells are of different sizes, with a stationary macroconjugant
and a motile microconjugant. The MIC undergoes three divisions in the
microconjugant but only two in the macroconjugant. One gametic pro-
nucleus is retained in each cell (in contrast to other oligohymenophor-
eans, which retain two nuclei per cell), and a synkaryon is formed
through the fusion of the genetically distinct pronuclei. Overall, three
prezygotic divisions represent a general rule, although the of selection
process for generating gametic pronuclei is distinct in different species.

The postzygotic divisions are more variable (Fig. 5). Among the 23
oligohymenophoreans investigated here, the synkaryon undergoes three
postzygotic divisions in over 70% (including P. jenningsi), two post-
zygotic divisions in about 20%, and four two postzygotic divisions only in
P. nephridiatum. In addition to postzygotic divisions, extra nuclear di-
visions and sometimes cell divisions occur in exconjugant cells before
restoring the vegetative phase, depending on the initial ratio of new MIC
to MAC anlagen and the number of each. In nearly 50% of oligohyme-
nophoreans, of which more than 90% are free-living species, redundant
nuclear products are degraded, but in different stages, i.e., before the first
postzygotic division in P. jenningsi strain GZ, P. bursaria, P. calkinsi, and P.
nephridiatum; after the first postzygotic division in T. thermophila and P.
schewiakoffi; before the third postzygotic division in P. caudatum and P.
putrinum; and after the complete postzygotic divisions in U. marinum,
U. turbo, and U. synaptae. In Peritrichia species, no nuclear degradation
occurs during the postzygotic divisions. Frontonia acuminata is the only
species known to take one postzygotic division to complete the whole
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conjugation process without the need extra cell division and nuclear
degradation (Raikov, 1972).
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