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Abstract: Fertilization-initiated development and adult-onset aging are standard features in the life
history of eukaryotes. In Paramecium, the number of cell divisions after the birth of a new generation
is an essential parameter of sexual phase transition and aging. However, the gene driving this process
and its evolutionary origin have not yet been elucidated. Here we report several critical outcomes
obtained by molecular genetics, immunofluorescence microscopy, transformation by microinjection,
and enzymological analysis. The cloned immaturin gene induces sexual rejuvenation in both ma-
ture and senescent cells by microinjection. The immaturin gene originated from proteobacteria’s
glutathione-S-transferase (GST) gene. However, immaturin has been shown to lose GST activity
and instead acquire nuclease activity. In vitro substrates for immaturin-nuclease are single- and
double-stranded DNA, linear and circular DNA, and single-stranded viral genome RNA such as
coronavirus. Anti-immaturin antibodies have shown that the subcellular localizations of immaturin
are the macronucleus, cytoplasm, cell surface area, and cilia. The phase transition of sexuality is
related to a decrease in the intracellular abundance of immaturin. We propose that sexual maturation
and rejuvenation is a process programmed by the immaturin gene, and the sexual function of each age
is defined by both the abundance and the intracellular localization mode of the immaturin-nuclease.

Keywords: sexual development; microinjection; rejuvenescence; immaturin-nuclease; Paramecium

1. Introduction

Some species of ciliates accomplish conjugation processes that are equivalent to the
fertilization and early development events of metazoans. In the life history of Paramecium,
the conjugation process is initiated by the species-specific sexual cell contact between
mature cells of complementary mating types. Sexual cell contact is achieved with the cilia
located on the ventral surface of cells [1,2]. In most species of ciliates, the length of the
immaturity period is determined by the number of cell divisions after conjugation, and
this number differs among species [3–6]. An analysis of a few mutants that have altered
the length of immaturity provides compelling evidence that genetic factors influence the
duration of the immature phase [7–9]. Sonneborn proposed the importance of immaturity
based on population genetics; the presence of sexual immaturity provides time for offspring
from the same mating to scatter around each other, preventing mating between closest
relatives and avoiding inbreeding [3]. The length of the immature period of ciliate species
provides an experimental system suitable for studying the phase transition of life history
during the development time. In Paramecium caudatum (Pc), the immaturity period lasts
for about 50 fissions [5]. The transfer of cytoplasm from immature cells to mature cells
via microinjection inhibited mating in the injected cells; these experiments led to the
identification of a cytoplasmic factor in immature cells that inhibits the mating activity of
mature cells under the experimental conditions [10]. Cross-species transfer of cytoplasm
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was used to investigate the evolution of this cytoplasmic factor among Paramecium species.
In some cases, cytoplasmic transfer between species inhibited mating activity, indicating
functional conservation. In other cases, cytoplasmic transfer between species did not affect
mating activity, indicating functional divergence [11,12].

The factor responsible for immaturity was then isolated and characterized as a small
heat-labile protein, referred to as immaturin [13]. Immaturin isolated from the cytoplasm of
immature Pc plays a central role in the repression of mating activity in mature cells. Figure 1
shows the schematic of the immaturin bioassay using the microinjection and capillary
culture method. Interestingly, microinjection of either immature cell cytoplasm or purified
immaturin into senescent cells renewed mating activity in recipient senescent cells [14].
Thus, immaturin treatment induced rejuvenation in the life history stage from senescence
to maturity. In addition, immature macronuclei have a strong immaturin-like effect when
introduced into mature cells. The immature macronucleus suppressed the mating activity
of mature cells. In particular, the immature nucleus age was negatively correlated with
the magnitude of suppression. In macronucleus-transplantation experiments, it has been
observed that macronuclei from immature cells that had undergone more division were less
effective than those from younger cells [15]. These findings indicate that the macronucleus
acts as a counter for counting cell division and immaturin indicates the number of cell
divisions in the generation. However, the genes and physiological functions of immaturin
remain elusive. In this paper, we demonstrate the characteristics of the immaturin gene
and the physiological functions of immaturin polypeptides. We also hypothesize that
both the sexual maturation process and sexual aging are dependent on the action of the
immature gene.
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Figure 1. Schematic of immaturin bioassay with microinjection and capillary culture. Since the
odd-mating-type cells were used as the recipients of microinjection, the even-mating-type cells were
used as the tester to evaluate the mating activity. The strength of the mating activity of each clone
derived from microinjection is expressed as the percentage of cells mated with the tester to the total
number of cells used in the test. The effect of injection of immaturin was determined to be when less
than 70% of the cells constituting the clone had a mating reaction.
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2. Materials and Methods
2.1. Stocks and Cell Culture

We used stocks belonging to Paramecium caudatum, Syngen 3 (Symbiosis Laboratory,
Yamaguchi Univ., Yamaguchi, Japan) provided the strain TAZ0460. Paramecia were cul-
tured in 1.25% (w/v) fresh lettuce juice diluted with K-DS (Dryl’s solution modified by
substituting KH2PO4 for NaH2PO4, pH 7.0 [16]) and inoculated with Klebsiella pneumoniae
one day before use [1]. All cells were grown at 25 ◦C.

2.2. Microinjection

Koizumi’s method of microinjecting paramecia [17] was modified as described by
Haga et al. [18]. Approximately 40 pL of the solution containing immaturin was injected
into the cytoplasm of the Paramecium cells for the immaturin assay. Approximately 5–10 pL
of the plasmid-containing solution was injected into the macronuclei of cells for transfor-
mation experiments.

2.3. Immaturin Assay

The schematic of the improved immaturin bioassay is summarized in Figure 1. The
assay involves the following steps. Step 1: A mature cell was injected with about 40 pL of
immaturin-containing solution. Step 2: Each recipient stood in a cell-free culture medium
overnight at 25 ◦C. Step 3: The recipient was transferred into a fresh culture medium. Step
4: The recipient was sucked into a capillary (0.6 mm inside diameter, 75 mm long) by the
capillary phenomenon. Step 5: Each capillary culture (about 20 µL of culture medium)
was incubated at 25 ◦C for about four days. The recipient divided for about four fissions,
resulting in 16 daughter cells, and reached the stationary phase.

Step 6: All cells were transferred to a depression slide glass, and some were retrans-
ferred to a new depression slide glass. Step 7: After counting the cells, about one hundred
of the mating-reactive cells of the complementary mating type (tester cells) were added and
incubated for 5 min at 25 ◦C. A mating clump is usually composed of several tester cells
for each cell to be tested. The mating clumps were gently transferred into the behavioral
test solution (40 mM KCl in Dryl’s solution) with a micropipette. In this operation, only
the cells that underwent a true mating reaction in the head-to-head connection remained
bound. The other cells dispersed in different directions by swimming backward. The
number of mating reactive cells was counted as half the number of cells that led to the
head-to-head joining.

2.4. Immaturin Inhibition by Anti-Immaturin Antibody

The soluble fraction of immature cells at about 20 fissions after conjugation obtained
by ultracentrifugation at 105,000× g for 1 h (at 4 ◦C) was used as the immaturin fraction
(I-supernatant, 10.0 mg protein/mL). The I-supernatant fraction was incubated with the
anti-immaturin rabbit polyclonal antibody NH3545 (0.31 or 0.15 mg protein/mL) for 24 h
at 4 ◦C and microinjected into mature cells.

2.5. Preparation of Recombinant Immaturin and Its Effects

The coding region of the immaturin gene was de novo synthesized (Eurofins genomics)
to optimize its codon usage for expression in E. coli, and inserted into pET16b (Merck
Millipore, Darmstadt, Germany). 10× His-tagged immaturin protein was overexpressed in
BL21(DE3) at 37 ◦C for 24 h using 50 mL auto-induction media, ZYM-5052.

2.6. The Maximum Likelihood (ML) Consensus Tree of Immaturin

A phylogenetic tree was generated from bootstrap analysis with 1000 replications
of immaturin and orthologs based on the amino acid sequence alignment, as shown in
Figure S1.
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2.7. Immaturin Imaging in Intracellular Localizations: Direct Immunofluorescent Staining

Before the staining procedure, paramecia were allowed to stand in K-DS for at least
30 min to remove food vacuoles from the cells. They were incubated in 0.1% (v/v) of osmic
acid solution for 30 s to fix paramecia. After fixation, the cells were washed twice with K-DS
and air-dried on a glass slide. Paramecia were incubated in 0.1% of Triton X-100 solution
for 30–60 s to increase cell membrane permeability and washed twice with double distilled
water (DDW). After blocking with BSA solution (2 mg/mL) for 20 min, paramecia were
washed twice with DDW and stained with Alexa488-conjugated NH3545 (anti-immaturin
rabbit polyclonal antibody: 6.2 µg/mL, 1/100 dilution by DDW) for 20 min. The specimen
was washed twice with DDW and then sealed with VECTASHIELD (Vector laboratories
Inc. Berlingam, CA, USA).

2.8. Indirect Immunofluorescent Staining

After preincubation for 30 min in K-DS, paramecia were incubated with NH3545
(anti-immaturin rabbit polyclonal antibody: 6.2 µg/mL, 1/100 dilution by DDW) for 1 h,
followed by Alexa Fluor 488 F(ab’) goat anti-rabbit antibody (second antibody: 1/200 dilu-
tion) for 30 min. Macronuclei were stained with DAPI (4′, 6′-diamidino-2-phenylindole).

2.9. Assay for Immaturin-Nuclease Activity

The nuclease activity of immaturin was demonstrated by the agarose gel method. We
used purified immaturin fraction (I-fraction) with DEAE-Sephadex ion-exchange column
chromatography (1.0 µg protein/lane). DNase I (Sigma, E. coli, 10 U/lane) was used as a
positive control. Total nucleic acid (TNA) isolated from Paramecium caudatum (1.0 µg/lane)
was used as a substrate DNA. Each nuclease reaction mixture was incubated at 25 ◦C for
30 min (A) or 120 min (B, C) at pH 7.0; reactions were stopped by heating at 60 ◦C for 5 min.
The reaction mixture was then cooled using ice before electrophoresis (0.8% agarose (A) or
1.5% (B, C) in TAE at 80 V for 30 min).

Kunitz enzyme assay was performed using ORG590DNase activity (ORGENTEC
Diagnostika GmbH). All procedures were performed according to the instructions provided
by the manufacturer. Samples were incubated at 25 ◦C for 60 min for nuclease reaction.
The specific activity of immaturin samples was defined as the Vmax per amount of protein
(mg). Data represent an average of two measurements.

2.10. GST Assay

The enzyme activity of GST was measured using a GST assay kit (Cayman Chemical
Company, Ann Arbor, MI, USA). All procedures were performed according to the instruc-
tions provided by the manufacturer. Samples were incubated at 25 ◦C, and the reaction
was initiated by adding CDIXB. Every minute, the reaction mixture was read at 340 nm;
this continued for 5 min. Vmax is represented as an average of the three independent
sample measurements.

2.11. Paramecium Expression Vector and Transformation

A P. caudatum expression vector pTubMcsPcVenus-Immaurin carrying a PcVenus-
Immaturin fusion gene was constructed using the pTT3H2B-PcVenus expression vector [19].
pTubMcsPcVenus-Immaurin was made by replacing the H2B (histone H2B gene) site of
pTT3H2B-PcVenus with the immaturin gene. After cloning and mass production of this
vector, it was linearized with the restriction enzyme BamH1 and used as a sample for
microinjection (0.9–1.2 µg/µL). Senescent cells of REM27-1 (P. caudatum Syngen 3, mating
type O) were cultured on depression slides. Well-fed cells were isolated and approximately
10 pL of the vector was injected into the recipient macronucleus. After standing for about
30 min, the recipients were transferred to a fresh lettuce juice culture medium and incubated
at 25 ◦C. Twenty-four hours after injection, transformants were detected by fluorescence
emitted from PcVenus.
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3. Results
3.1. Identification of the Immaturin Gene and Phylogenetic Analysis of the Original Gene

In the first step of cloning the immaturin gene, a soluble immaturin fraction was
prepared from cells dividing about 20 times after conjugation [10]. Immaturin was pu-
rified as reported earlier [12], and a candidate polypeptide was isolated by SDS-PAGE.
Then, partial amino acids of several fragments were sequenced by TOF-MS. One of the
identified sequences was INFDGPRLHE. We designed immaturin gene-specific primers
(GSPs), matching this sequence in both forward and reverse complement directions: 5′-
ATTAACCCATTCGATTCCCAAGA-3′, 5′-TCTTGGGAATCCATCCGAATGGGTTAAT-3′.
Total RNA was isolated with an RNA extraction kit (RNeasy, Qiagen, Tokyo, Japan, and 5
‘and 3’ direction RACE-PCR was performed using the Gene Racer kit (Invitrogen, Waltham,
MA, USA).

After completing the immaturin DNA sequence, the C-terminal synthetic peptide
QKRLSGGNPYFITL was used as an antibody-producing antigen. This antigenic peptide
was injected into a rabbit to obtain a polyclonal antibody called NH3545. To determine
whether NH3545 inhibits immaturin activity, the I-supernatant (10.0 mg protein/mL) was
used as an immaturin fraction. The immaturin activity of the I-supernatant was inhibited
by NH3545 in a dose-dependent manner (Figure 2).
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Figure 2. Inhibition of immaturin activity by the anti-immaturin antibody. The vertical axis indicates
the percentage of mating reactive cells in the clones derived from recipients. The horizontal axis
represents the injected samples. 1. Immaturin, 2. Immaturin mixed with anti-immaturin antibody
(0.15 mg/mL), 3. Immaturin mixed with anti-immaturin antibody (0.31 mg/mL), 4. anti-immaturin
antibody (0.31mg/mL), 5. Buffer solution, 6. Without injection. Data represent the average percentage
of mating reactive cells ± SD (n = 6). Tukey’s multiple comparison test: * p < 0.05, ** p < 0.01.

The complete immaturin gene sequence was deposited in GenBank under accession
number AGX32176.1. The immaturin gene is predicted to encode 215 amino acids and
contains one 26 bp intron. The predicted immaturin protein consists of a glutathione-S-
transferase (GST) C family domain and a previously uncharacterized domain (Figure 3).
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Figure 3. A deduced amino acid sequence of immaturin and molecular information. (A) The amino
acid sequence QKRLSGGNPYFITL was used as an epitope for the production of the anti-immaturin
antibody NH3545. (B) A three-dimensional ribbon model of immaturin is displayed (left panel).
The N-terminus of the immaturin polypeptide is shown in blue and the C-terminus in red. The
ribbon model was produced by the computer graphic software Phyre 2 (protein homology/analogy
recognition engine v. 2.0). The total shape deduced from the amino acid sequence of immaturin and
the types and numbers of primary structures are shown in the table (right panel).

In order to confirm whether the immaturin gene sequence produces rejuvenation-
induced immaturin protein, recombinant immaturin was produced in E. coli, and a small
amount of recombinant immaturin protein was injected into the cytoplasm of mature Pc
cells. Compared to the number of control cells without microinjection, clones derived from
microinjected cells had a significantly reduced number of mating-reactive cells (p < 0.01).
On the other hand, heat-treated (100 ◦C, 10 min) recombinant immaturin protein had
no inhibitory effect on the mating reaction (Figure 4). This implies that the recombinant
immaturin protein exhibits immaturin activity and heat-labile chemical properties, similar
to the natural immaturin protein [12].

The molecular phylogeny of immaturin is summarized in Figure 5. A BLAST search of
ParameciumDB (http://paramecium.cgm.cnrs-gif.fr/cgi/tool/blast accessed on 20 Decem-
ber 2022) [20] using the amino acid sequence of immaturin revealed three, eight, and four
immaturin-homologous proteins in P. caudatum, P. tetraurelia (Pt) and P. multimicronucleatum
(Pm) (cut-off score > 150 bits), respectively. Of the three Pc homologs found in the database,
PCAUDP05425 was the most homologous to immaturin (428 bits), although their protein
sequences were not completely identical. Aside from the Paramecium immaturin orthologs,
a BLAST search of the NCBI protein database identified 17 proteins similar to immaturin
(cut-off E value < 1 × 10−35), and most were designated as GSTs. These non-paramecium
immaturin orthologs were found in α-, β-, γ-proteobacteria, and cyanobacteria.

http://paramecium.cgm.cnrs-gif.fr/cgi/tool/blast
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Figure 4. Recombinant immaturin produced by E. coli cells inhibits the expression of mating reactivity
in mature Paramecium cells. Microinjection assay was performed as described in Materials and
Methods. Rec-Imm indicates recombinant immaturin. Heated Rec-Imm indicates rec-immaturin
treated at 100 ◦C for 10 min. Data represent the average percentage of mating reactive cells ± SD
(n = 6). Tukey’s multiple comparison test: ** p < 0.01.
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Figure 5. The maximum likelihood (ML) consensus tree of immaturin. A phylogenetic tree was
generated from bootstrap analysis with 1000 replications of immaturin and its orthologs based on
amino acid sequence alignment shown in Figure S1. Species names are indicated with the protein IDs
used in the Paramecium DB or GenBank accession numbers. Pc, Pt, Pm, Tt, and Ot are abbreviations
of Paramecium caudatum, P. tetraurelia, P. multimicronucleatum, Tetrahymena thermophile, and Oxtricha
trifallax, respectively. Bootstrap values > 60% are given to the left of the selected nodes. Branches with
less than 50% of bootstrap replicates are collapsed. Seventeen prokaryotic orthologs are compressed
and shown as a single node.
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3.2. Immaturin Localization in Subcellular Compartments

Using direct or indirect immunofluorescence and confocal microscopy, the subcellular
localization of immaturin was assessed using anti-immaturin antibodies: NH3545 or
Alexa488-conjugated NH3545. First, the fluorescence signal of macronuclear immaturin
was observed with a confocal fluorescence microscope (Nikon A1, Nikon, Tokyo, Japan) by
indirect immunofluorescence. The immature macronuclear immaturin signal was observed
as many highly condensed green bodies (Figure 6A). In contrast, the cytoplasmic signal
was almost a filamentous structure (Figure 6A), and no visible green body in the mature or
senescent macronucleus could be noted.
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Figure 6. Immaturin-imaging in the life cycle phase transitions and rejuvenescence. (A) Confocal
images of immature cells at about 20 fissions after conjugation, photographed using Nikon A1.
Representative cells show many condensed green bodies (GB) in the macronucleus (an arrowhead
indicates one typical GB). Scale bars, 20 µm. (B) The early stage of immaturity at five fissions after
conjugation. The middle stage of immaturity is at about 15 fissions after conjugation. Late-stage
immaturity is at about 40 fissions after conjugation. The mature stage is at about 100 fissions after
conjugation. The senescent stage is at about 1000 fissions after conjugation. Senescent cells at about
1000 fissions were transformed by the microinjection of the immaturin gene. The ‘yes’ or ‘no’ attached
to each stage of the picture visualized with an anti-immaturin antibody indicates the presence or
absence of fluorescence in the ventral cilia, respectively. Scale bars, 20 µm. (C) The graph shows the
rejuvenating effect of immaturin gene transformation on the proliferative capacity of senescent cells.
Single cells were isolated in a capillary with the fresh culture medium in each experimental group
and incubated for four days at 25 ◦C. Old cont. indicates control senescent cells. I gene-Old indicates
senescent cells transformed by the immaturin gene. Data represent average total cell numbers in the
capillary culture ± SD (n = 6). Student’s t-test: ** p < 0.01.

Secondly, since cilia are organelles that recognize complementary mating types in
Paramecium, the immaturin localization in cilia was investigated by direct immunofluores-
cence. After the conjugation process, the progeny cells continued to undergo asexual cell
division. Five fissions after conjugation, the cells showed a fluorescent immaturin signal in
both cytoplasm and cilia (Figure 6B). The fluorescent immaturin signal was observed con-
tinuously throughout the immaturity period. Contrary to expectations, immaturin signals
were observed in mature cells with fluorescence intensity comparable to immature cells.
However, cilia of senescent cells that did not express mating activity (about 1000 divisions
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after conjugation) did not display a fluorescence-immaturin signal. In senescent cells, the
immaturin signal was detected only on the cell surface.

Finally, we investigated the immaturin signal intensity in the cilia of cells that were
transformed with the immaturin gene. The non-transformed group (n = 24) had no percent-
age of cells exhibiting mating activity, whereas the transformed group had 75.9% (standard
deviation: 7.4, n = 51) of cells exhibiting mating activity. As shown in Figure 6B, the cells
of transformants were covered with a fluorescent-immaturin signal. The growth rate of
transformed cells was significantly increased compared to control senescent cells (p < 0.01)
(Figure 6C).

3.3. Immaturin Digests DNA and Retroviral Genomic RNA

Since the immaturin gene has a GST C-family domain, GST catalytic activity was tested
on the supernatant fraction obtained through ultracentrifugation at 105,000× g and on the
immaturin fraction purified by Sephadex G-50 column chromatography. GST activity was
detected in the supernatant, but not in the immaturin fraction (Table 1). These findings
indicate that active GST was extracted by ultracentrifugation, and that immaturin protein
was separated from GST by using Sephadex G-50 column chromatography.

Table 1. Glutathione-S-transferase enzyme assay of immaturin.

Samples Protein (mg/mL) GST Activity (Vmax (mU/min))

105,000× g supernatant 2.30 18.34

Sephadex G-50 Immaturin fraction 0.60 0.70

DEAE-Sephadex A25
Immaturin fraction 0.43 0.00

These immaturin fractions were prepared by the previously reported method [13].

Based on the macronuclear fusion-organization experiments, immaturin might in-
teract with nuclear chromosomes or chromosomal DNA [15]. The purified immaturin
shows strong nuclease activity (Figure 7A). In particular, the immaturin antibody NH3545
inhibited this activity (Figure 7A (lanes 3 and 4)) but did not inhibit E. coli DNase I ac-
tivity (Figure 7A (lanes 6 and 7)). The optimal pH for nuclease activity via immaturin
was 6.5–8.5 (data not shown). Immaturin nuclease digested single- and double-stranded
DNA (Figure 7B,C), linear and circular DNA, and virus genomic single-stranded RNA
(Figure 7C), but did not digest ribosomal RNA isolated from paramecia (data not shown).
The Vmax of immaturin nuclease measured in Kunitz units was higher than DNase I (E. coli)
(Table 2). Since immaturin single-stranded RNA nuclease activity was not inhibited by
1 mM EDTA, Mg ions were not required. However, immaturin nuclease required Mg ions
for DNA digestion, like E. coli DNase I (Figure 7C).

Table 2. DNase I enzyme assay of immaturin.

Protein (mg/mL) Specific Activity

(Vmax (mKu/mL)/Protein)

105,000× g supernatant 2.30 9.6

Sephadex G-50 Immaturin fraction 0.60 26.7

DEAE-Sephadex A25 Immaturin fraction 0.43 11.6

DNase I (E. coli) 1.00 4.0
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Figure 7. Characterization of immaturin-nuclease activity. (A) The purified immaturin fraction was
pre-incubated with NH3545 (0.15 (lanes 3 and 6) or 0.31 mg protein/mL (lanes 4, 7, and 8)) for 24 h at
4 ◦C. Immaturin-antibody NH3545 inhibited immaturin nuclease activity, but E. coli DNase I was not
inhibited by NH3545. (B) Immaturin nuclease digested single-stranded DNA, but E. coli DNase I
did not. (C) Immaturin nuclease digested double-stranded phage genomic RNA (QB), but RNase A
(E. coli) did not.

4. Discussion

The finding that the mating ability of senescent cells is restored by immaturin in
microinjection experiments has long been questioned as a contradictory phenomenon.
We attempted to answer this question by elucidating the differential gene expression
theory that is developed in the eukaryotic cell differentiation process. In this study, we
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recognized several immaturin gene paralogs in the Paramecium genome. In addition,
we clarified the intracellular presence of the immaturin peptide by immunofluorescence.
These findings have given us new perspectives on the intracellular spatial distribution of
immaturin polypeptides.

The microinjection method worked effectively as a bioassay for soluble components.
We also clarified the mode of existence of immaturin polypeptides in cilia. It is now
possible to have a bird’s eye spatial view of the immaturin world. Hiwatashi reported that
cilia growing on the ventral side of the cell body are specifically involved in the mating
reaction [2]. We investigated the fluorescence signal of immaturin in the ventral cilia and
assessed the correlation between the effects of immaturin and the expression of mating
activity. As a result, immaturin signals were detected in the ventral cilia of immature cells.
In mature cells, no immaturin signal was detected in ventral cilia. On the other hand, in
senescent cells, immaturin signals were detected in cells with restored mating activity. It
was suggested that immaturin is involved in the suppression of the mating reaction in
ventral cilia in both immature and mature cells. However, the mechanism of enhanced
expression in senescent cells remains a mystery.

The nucleotide sequence of the immaturin gene indicates that it originates in the GST
cytosol family (GST C family) of proteobacteria. The gene encoding GST is found in all
organisms, including prokaryotes and eukaryotes, and the GST proteins are grouped into
three superfamilies known as cytosolic, mitochondrial, and microsomal proteins [21–23].
The differences in the amino acid sequence of these superfamilies represent complex gene
evolution, suggesting their importance in physiological functions, such as detoxification of
endogenous compounds and degradation of xenobiotic compounds [24–27]. Paramecium
might use the basic structure of the GST protein, dramatically alter its activity, and evolve
the immaturin protein with nuclease activity.

Immaturin orthologs are found in the closely related species of Paramecium and
prokaryotes such as α-, β-, and γ-proteobacteria. In particular, the immaturin orthologs
found in Tetrahymena (XP001014046.1, 75.5 bits) and Oxytricha (EJY85640.1, 53.9 bits) are
much less similar to immaturin than prokaryotic orthologs (134-155 bits). A BLAST search
using the sequences of Tetrahymena and Oxytricha immaturin orthologs revealed high-
scoring sequences mainly in eukaryotes such as fungi, bonefish, and bivalves. Therefore,
we propose that the ancestral immaturin gene could have been first diversified in prokary-
otes. Then, Paramecium might have received one of the ancestral immaturin genes with a
different history than Tetrahymena and Oxytricha. One possibility is that the ancestral imma-
turin gene could have been moved horizontally from the bacteria taken by Paramecium.

The DNase I enzyme plays a role that includes DNA digestion and chromosomal
DNA destruction during drug-induced apoptosis [28,29]. DNase I is used as a probe for
protein–DNA interactions in the laboratory, such as DNase hypersensitivity assays and
foot-printing techniques to identify transcription factor binding sites [30]. In addition,
recent advances in DNase I enzyme research indicate that the DNase I enzyme exhibits
some sequence-specific digestive activity [31]. The opposite effect of immaturin observed
in the laboratory life-cycle phase transitions may be due to different DNA-binding proteins
in mature and senescent cells. In mammalian cells, DNase I is implicated in chromatin
remodeling [32] and B cell function in SLE (systemic lupus erythematosus) [33]. The general
characteristics of several types of endonucleases have already been summarized [34].

In conclusion, this study reveals that immaturin polypeptides, originally thought
to exist only in immature cells, have been found to exist in all the stages of life history
(Figure 8). Immaturin was found in the macronucleus, cytoplasm, cell surface area, and
cilia during the immaturity period and only in the cell surface area during the senescence
period (Figure 6B). The transition of the existence of immaturin mode is thought to cause
sexual development and aging. The rejuvenation from the age of senescence due to the
introduction of the immaturin gene suggests that the immaturin gene itself is the main
cause of aging. As a general method for artificially induced rejuvenation, we propose
identifying genes that function continuously from early to late life and providing treat-
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ments that complement their functional decline. Advances in induced pluripotent stem
cell (iPS) technology in mammalian organisms demonstrate that transcription factors are
important in inducing the reprogramming of differentiated cells [35,36]. The discovery of
the Paramecium immaturin nuclease opens new avenues for studying the life-cycle phase
transitions mediated by nucleases. The immaturin gene may function as an intracellular
nuclease that effectively digests the genome of invading viruses. In addition, since the
basic conditions for mass production of the immaturin gene and immaturin polypeptide in
E. coli cells have been established, it is attractive as a useful tool for the medical treatment
of viral infections.
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Figure 8. Schematic diagram of the action of immaturin gene and immaturin polypeptide. Pho-
tographs in the schematic diagram show fluorescence images of immaturin at each stage of the life
cycle. The formation of a new generation begins with the mating reaction of mature cells. In the
mating reaction, two cells adhere to form a fertilization nucleus with their own germ nuclei. The
new generation begins in the immaturity stage, passes through the maturity stage, and shifts to
the senile stage. Our investigation detected immaturin at all life cycle stages. In microinjection
experiments, immaturin suppresses mating ability during the immaturity stage and promotes mating
ability during senescence. The results of visualization experiments by immunofluorescence provide
molecular clues for understanding the contradictions in the microinjection experiments. The red
arrow indicates the direction of action of immaturin and the green arrow indicates the synthesis of
immaturin polypeptides from the immaturin gene.



Microorganisms 2023, 11, 82 14 of 15

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11010082/s1, Figure S1: Multiple amino acid sequence
alignment of Immaturin.

Author Contributions: Conceptualization, N.H.; methodology, N.H., T.U., Y.T., Y.C. and T.A.; soft-
ware, N.H.; validation, N.H. and T.A.; investigation, N.H., T.U., Y.T. and Y.C.; resources, N.H.; data
curation, N.H.; writing—original draft preparation, N.H.; writing—review and editing, N.H. and
T.A.; visualization, N.H.; supervision, Y.T. and T.A.; project administration, N.H.; funding acquisition,
N.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank E. Orias for critically reviewing this manuscript and for his
valuable advice. The Paramecium caudatum strains used in this study were provided by Symbiosis
Laboratory, Yamaguchi University, with support from the National Bio-Resource Project of the
Ministry of Education, Culture, Sports, Science, and Technology (MEXT). The Senshu University of
Ishinomaki funded this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hiwatashi, K. Determination and inheritance of mating type in Paramecium caudatum. Genetics 1968, 58, 373–386. [CrossRef]

[PubMed]
2. Hiwatashi, K. Localization of mating reactivity on the surface of Paramecium caudatum. Sci. Rep. Tohoku Univ. Ser. 1961, 4, 93–99.
3. Sonneborn, T.M. Breeding systems, reproductive methods and species problems in Protozoa. In The Species Problem; Mayer, E.,

Ed.; American Association for the Advancement of Science: Washington, DC, USA, 1957; pp. 155–324.
4. Takagi, Y. Expression of the mating-type trait in the clonal history after conjugation in Paramecium multimicronucleatum and

Paramecium caudatum. Japan J. Genet. 1970, 45, 11–21. [CrossRef]
5. Miwa, I.; Hiwatashi, K. Effect of mitomycin C on the expression of mating ability in Paramecium caudatum. Japan J. Gent. 1970, 45,

269–275. [CrossRef]
6. Bleyman, L.K. Temporal patterns in the ciliated Protozoa. In Developmental Aspects of the Cell Cycle; Cameron, T.L., Padilla, G.M.,

Zimmerman, A.Z., Eds.; Academic Press: New York, NY, USA; London, UK, 1971; pp. 67–91.
7. Siegel, R.W. Nuclear differentiation and transitional cellular phenotypes in the life cycle of Paramecium. Expl. Cell Res. 1961, 24,

6–20. [CrossRef]
8. Bleyman, L.K.; Simon, E.M. Genetic control of maturity in Tetrahymena pyriformis. Genet. Res. 1967, 10, 319–321. [CrossRef]
9. Myohara, K.; Hiwatashi, K. Mutants of sexual maturity in Paramecium caudatum selected by erythromycin resistance. Genetics

1978, 90, 227–241. [CrossRef]
10. Miwa, I.; Haga, N.; Hiwatashi, K. Immaturity substances: Material basis for immaturity in Paramecium. J. Cell Sci. 1975, 19,

369–378. [CrossRef]
11. Miwa, I. Specificity of the immaturity substances in Paramecium. J. Cell Sci. 1979, 36, 253–260. [CrossRef]
12. Miwa, I. Immaturity substances in Paramecium primaurelia and their specificity. J. Cell Sci. 1979, 38, 193–199. [CrossRef]
13. Haga, N.; Hiwatashi, K. A protein called immaturin controlling sexual immaturity in Paramecium. Nature 1981, 289, 177–179.

[CrossRef] [PubMed]
14. Haga, N.; Karino, S. Microinjection of immaturin rejuvenates sexual activity of old Paramecium. J. Cell Sci. 1986, 86, 263–271.

[CrossRef] [PubMed]
15. Haga, N. Elucidation of nucleus-cytoplasm interaction: Change in the ability of the nucleus to express sexuality according to

clonal age in Paramecium. J. Cell Sci. 1995, 108, 3671–3676. [CrossRef] [PubMed]
16. Yanagi, A. Positional control of the fates of nuclei produced after meiosis in Paramecium caudatum: Analysis by nuclear transplan-

tation. Dev. Biol. 1987, 122, 535–539. [CrossRef]
17. Koizumi, S. Microinjection and transfer of cytoplasm in Paramecium. Exp. Cell Res. 1974, 88, 74–78. [CrossRef] [PubMed]
18. Haga, N.; Forte, M.; Saimi, Y.; Kung, C. Microinjection of cytoplasm as a test of complementation in Paramecium. J. Cell Biol. 1982,

82, 559–564. [CrossRef]
19. Takenaka, Y.; Yanagi, A.; Masuda, H.; Mitsui, Y.; Mizuno, H.; Haga, N. Direct observation of histone H2B-YFP fusion proteins and

transport of their mRNA between conjugating Paramecia. Gene 2007, 395, 108–115. [CrossRef]
20. Arnaiz, O.; Sperling, L. ParameciumDB in 2011: New tools and new data for functional and comparative genomics of the model

ciliate Paramecium tetraurelia. Nucleic Acids Res. 2011, 39, 632–636. [CrossRef]
21. Takenaka, Y.; Haga, N.; Inoue, I.; Nakano, T.; Ikeda, M.; Katayama, S.; Awata, T. Identification of two nickel ion-induced genes,

NCI16 and PcGST1, in Paramecium caudatum. Eukaryot. Cell 2014, 13, 1181–1190. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms11010082/s1
https://www.mdpi.com/article/10.3390/microorganisms11010082/s1
http://doi.org/10.1093/genetics/58.3.373
http://www.ncbi.nlm.nih.gov/pubmed/5662626
http://doi.org/10.1266/jjg.45.11
http://doi.org/10.1266/jjg.45.269
http://doi.org/10.1016/0014-4827(61)90242-7
http://doi.org/10.1017/S0016672300011083
http://doi.org/10.1093/genetics/90.2.227
http://doi.org/10.1242/jcs.19.2.369
http://doi.org/10.1242/jcs.36.1.253
http://doi.org/10.1242/jcs.38.1.193
http://doi.org/10.1038/289177a0
http://www.ncbi.nlm.nih.gov/pubmed/7453818
http://doi.org/10.1242/jcs.86.1.263
http://www.ncbi.nlm.nih.gov/pubmed/3654779
http://doi.org/10.1242/jcs.108.12.3671
http://www.ncbi.nlm.nih.gov/pubmed/8719873
http://doi.org/10.1016/0012-1606(87)90317-4
http://doi.org/10.1016/0014-4827(74)90619-3
http://www.ncbi.nlm.nih.gov/pubmed/4422831
http://doi.org/10.1083/jcb.92.2.559
http://doi.org/10.1016/j.gene.2007.02.013
http://doi.org/10.1093/nar/gkq918
http://doi.org/10.1128/EC.00112-14


Microorganisms 2023, 11, 82 15 of 15

22. Udomsinprasert, R.; Pongjaroenkit, S.; Wongsantichon, J.; Oakley, A.J.; Prapanthadara, L.A.; Wilce, M.C.; Ketterman, A.J.
Identification, characterization and structure of a new Delta class glutathione transferase isoenzyme. Biochem. J. 2005, 388,
763–771. [CrossRef]

23. Sheehan, D.; Meade, G.; Foley, V.M.; Dowd, C.A. Structure, function and evolution of glutathione transferases: Implications for
classification of non-mammalian members of an ancient enzyme superfamily. Biochem. J. 2001, 360, 1–16. [CrossRef] [PubMed]

24. Albcati, N.; Federici, L.; Masulli, M.; Di Ilio, C. Glutathione transferases in bacteria. FEBS J. 2009, 276, 58–75. [CrossRef] [PubMed]
25. Atkinson, H.J.; Babbitt, P.C. Glutathione transferases are structural and functional outliers in the thioredoxin fold. Biochemistry

2009, 48, 11108–11116. [CrossRef] [PubMed]
26. Leaver, M.J.; George, S.G. A piscine glutathione-S-transferase which efficiently conjugates the end-products of lipid peroxidation.

Mar. Environ. Res. 1998, 46, 71–74. [CrossRef]
27. Litwack, G.; Ketterer, B.; Arias, I.M. Ligandin: A hepatic protein which binds steroids, bilirubin, carcinogens, and a number of

exogenous organic anions. Nature 1971, 234, 466–467. [CrossRef]
28. Samejima, K.; Earnshaw, W.C. Trashing the genome: The role of nuclease during apoptosis. Nat. Rev. Mol. Cell Biol. 2005, 6,

677–688. [CrossRef]
29. Zhang, J.; Xu, M. Apoptotic DNA fragmentation and tissue homeostasis. Trend Cell Biol. 2002, 12, 84–89. [CrossRef]
30. Neph, S.; Vierstra, J.; Stergachis, A.; Reynolds, A.; Haugen, E.; Vernot, B.; Thurman, R.; John, S.; Sandstrom, R.; Johnson, A.; et al.

An expansive human regulatory lexicon encoded in transcription factor footprints. Nature 2012, 489, 83–90. [CrossRef]
31. Koohy, H.; Down, T.A.; Hubbard, T.J. Chromatin accessibility data sets show bias due to sequence specificity of the DNase I

enzyme. PLoS ONE 2013, 8, e69853. [CrossRef]
32. Vaux, D.L.; Flavell, R.A. Apoptosis genes and autoimmunity. Curr. Opin. Immunol. 2000, 12, 719–724. [CrossRef]
33. Yasutomo, K.; Horiuchi, T.; Kagami, S.; Tsukamoto, H.; Hashimura, C.; Urushihara, M.; Kuroda, Y. Mutation of DNase I in people

with systemic Lupus erythematosus. Nat. Genet. 2001, 28, 313–314. [CrossRef]
34. Rangarajan, E.S.; Shankar, V. Sugar non-specific endonucleases. FEMS Microbiol. Rev. 2001, 25, 583–613. [CrossRef] [PubMed]
35. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined

factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]
36. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluripotent stem cells from

adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1042/BJ20042015
http://doi.org/10.1042/bj3600001
http://www.ncbi.nlm.nih.gov/pubmed/11695986
http://doi.org/10.1111/j.1742-4658.2008.06743.x
http://www.ncbi.nlm.nih.gov/pubmed/19016852
http://doi.org/10.1021/bi901180v
http://www.ncbi.nlm.nih.gov/pubmed/19842715
http://doi.org/10.1016/S0141-1136(97)00071-8
http://doi.org/10.1038/234466a0
http://doi.org/10.1038/nrm1715
http://doi.org/10.1016/S0962-8924(01)02206-1
http://doi.org/10.1038/nature11212
http://doi.org/10.1371/journal.pone.0069853
http://doi.org/10.1016/S0952-7915(00)00168-0
http://doi.org/10.1038/91070
http://doi.org/10.1111/j.1574-6976.2001.tb00593.x
http://www.ncbi.nlm.nih.gov/pubmed/11742693
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408

	Introduction 
	Materials and Methods 
	Stocks and Cell Culture 
	Microinjection 
	Immaturin Assay 
	Immaturin Inhibition by Anti-Immaturin Antibody 
	Preparation of Recombinant Immaturin and Its Effects 
	The Maximum Likelihood (ML) Consensus Tree of Immaturin 
	Immaturin Imaging in Intracellular Localizations: Direct Immunofluorescent Staining 
	Indirect Immunofluorescent Staining 
	Assay for Immaturin-Nuclease Activity 
	GST Assay 
	Paramecium Expression Vector and Transformation 

	Results 
	Identification of the Immaturin Gene and Phylogenetic Analysis of the Original Gene 
	Immaturin Localization in Subcellular Compartments 
	Immaturin Digests DNA and Retroviral Genomic RNA 

	Discussion 
	References

