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ABSTRACT—Autogamy-immaturity is the period during which autogamy can not be induced by natural
starvation; in Paramecium tetraurelia, autogamy first becomes induceable at about 7 fissions after the previ-
ous autogamy, and thereafter the percent of cells undergoing autogamy increases gradually to almost 100%
at the clonal age of about 20 fissions and remains at 100% thereafter. The length of autogamy-immaturity
(LAI), determined by plotting the percent of cells in autogamy versus the number of fissions, was found to be
similar in two cultures grown at different fission rates at 25°C and 30°C. This indicates that paramecia count
LAI by the number of fissions, not by the calendar time. LAI estimated from the peaks of percent autogamy
through successive autogamous generations was also similar in two continuous cultures grown with different
cycles of growth and starvation at 25°C and 30°C, indicating stability of LAI under ordinary laboratory condi-
tions. However, LAI was affected by the cultural age of paramecia from which the new autogamous genera-
tion was derived: advanced cultural age shortened the LAI in the following generation.

INTRODUCTION

Autogamy is a form of sexual reproduction in a single
cell, consisting of meiosis and self-fertilization, and is usually
induced by starvation. In P. tetraurelia cells, autogamy can
not be induced by natural starvation for a certain period after
autogamy, the period called “autogamy-immaturity”. Berger
(1990) showed that autogamy can be induced even in very
young cells by intensifying the starvation level, indicative of
the absence of autogamy-immaturity in a strict sense. He
showed that the threshold level of starvation decreases with
clonal age, so that autogamy becomes induceable by natural
starvation after a certain number of cell divisions.

Under ordinary laboratory conditions where autogamy is
induced by natural starvation, the period during which auto-
gamy can not be induced persists for about 7 fissions, and is
followed by a transitory period lasting for 10-13 fissions, and
then followed by autogamy maturity, which has been referred
to as “senescence” (Sonneborn, 1957, 1974), at the age of
about 20 fissions and thereafter. The length of autogamy-im-
maturity (LAI) can therefore be defined in several ways: in the
above case, for example, the shortest LAI is 7 fissions, indi-
cating the period during which no cells respond to natural star-
vation by autogamy; the longest LAI is 20 fissions, indicating
the period when the cells come to respond to natural starva-
tion by autogamy at constant and high levels; and the aver-
age LAI is an intermediate number of fissions, when 50% of
the cells are in autogamy. The profile plotting the percent of

cells in autogamy versus the number of fissions, the LAI pro-
file, can be used to determine any of the above defined LAIs
and is useful to compare the LAIs of cells in different culture
conditions.

The autogamy-immaturity is distinguished from sexual
immaturity which is the period during which conjugation does
not occur. They are of interest because they may both be
related to the length of the clonal life span. If this were the
case, time-consuming and laborious studies to determine the
clonal life span might be very much reduced. The following
examples show that LAI or the length of sexual immaturity
and the clonal life span in Paramecium are somehow related
to each other, although not by a causal relationship.

In the jumyo mutant of P. tetraurelia, which has a short
clonal life span, the LAI profile is shifted to younger clonal
ages (Takagi et al., 1987b; Maruyama and Takagi, unpub-
lished data). A rough correlation between the length of sexual
immaturity and life span has been suggested in ciliates (Smith-
Sonneborn, 1981). Parental clonal age has an effect on the
length of progeny life span (Smith-Sonneborn et al., 1974). It
also has an effect on the length of sexual immaturity (Siegel,
1961) and of the autogamy-immaturity (Iizima et al., 1997) in
the next generation.

Also of interest is the relationship between LAI and the
cultural aging, i.e., the process of physiological changes in
division-arrested cells under starvation. Aging in Paramecium
has two aspects: clonal aging and cultural aging (Smith-
Sonneborn, 1985). The former is the process in dividing cells
that is related to the limit of the number of cell divisions, and
the latter is the process in division-arrested cells that is re-
lated to the limit of time of cell survival. The relationship be-
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tween these two processes has so far not been studied, al-
though cultural aging itself has been studied separately (Fok
and Allen, 1981; Fok et al., 1981; Maruyama and Takagi, 1997;
Yamamoto et al., 1997).

In this study, we first examined the effect of starvation
level on LAI under laboratory conditions and the relationship
between LAI and the number of fissions. We then studied the
effect of parental cultural age on the LAI of the next genera-
tion.

MATERIALS AND METHODS

Cells
Paramecium tetraurelia, stock 51 (mating type VII), was used.

Culture medium
Cells were cultured in 0.5% phosphate-buffered Wheat Grass

Powder (Pines Int., USA) medium that had been inoculated with Kleb-
siella pneumoniae 2 days before use. Culture vessels for mass cul-
tures were flasks (HARIO) capped with a Silicon Sponge Closure
(Sigma) and those for isolation cultures were 3-well depression slides
housed in moist chambers. The volume of the culture was 40% or
less of the flask volume. Cultures were handled on a clean bench and
incubation was at 25 ± 1°C unless otherwise stated. Single cells were
manipulated with a micropipette under a dissecting microscope.

Culture
Single cells were isolated into 800 µl of culture medium and al-

lowed to proliferate until food bacteria were exhausted. When the
cells had become starved, more than 100 cells were sampled from
each of the cultures and stained with Dippell’s stain (Dippell, 1955) to
search for cultures in which all of the sampled cells had macronuclear
fragments, which is indicative of autogamy. In the 100% autogamous
culture, the cells are reset to time zero of the clonal age, and they are
genetically identical because inbreeding P. tetraurelia cells are ho-
mozygous for all of the genetic loci, and thus the loci remain unchanged
after autogamy except for some heterozygous loci produced by mu-
tation (Sonneborn, 1957, 1974).

In Exp. 1, 25 µl of a 100% autogamous culture was added to 775
µl of culture medium, and the 800 µl culture was incubated for 2 days.
Thus the diluted cells could undergo 5 fissions on average, before
reaching a maximum concentration of about 4,000 cells in 800 µl of
culture medium (5 cells/µl). On the second day, 25 µl of the culture
was again transferred to 775 µl of culture medium; this procedure
was repeated every 2 days to maintain continuous cultures for 18
days (9 transfers). Twenty continuous cultures were run in parallel,
with 10 cultures at 25°C and 10 at 30°C. Average fission rates of P.
tetraurelia cells measured in daily reisolation culture (see Exp. 3) in a
separate experiment were 4.0 and 5.1 fissions per day at 25°C and at
30°C, respectively. After every transfer, the remaining cells were
monitored to see if they were in autogamy. In this growth-starvation
cycle, in which the number of fissions is limited to 5, the cultures
grown at 30°C for 2 days would have a shorter growth period and a
longer starvation period than those grown at 25°C for 2 days.

In Exp. 2, the genetically identical cells of a 100% autogamous
culture were allowed to advance their clonal age (i.e., to undergo
fissions) at 25°C and at 30°C. Cultures of a definite clonal age were
monitored for percent autogamy after 1 and 2 days of natural starva-
tion. The higher value of percent autogamy was adopted. Cultures of
a definite clonal age were obtained by adjusting the initial concentra-
tion of cells in the 100% autogamous culture so that the cells would
undergo the desired number of fissions. For example, the 100% au-
togamous culture was diluted 1:8 into culture medium in order to al-
low 3 fissions, or, a single cell was placed in 200 µl of culture medium
to allow 10 fissions (210 = 1024), or, 8 cells were placed in 100 µl of

culture medium to allow 6 fissions (8 × 26 = 512), and so on. Daily
reisolation culture was combined with the above methods to achieve
more than 10 fissions. Different methods were applied to produce
cultures of a given clonal age and their percent autogamy was exam-
ined. Similar experiments were conducted in parallel at 25°C and 30°C.

In Exp. 3, a 100% autogamous culture was allowed to advance
its cultural age and cells of different cultural ages were used to start a
new clonal life cycle in daily reisolation cultures: 9 cells from each of
the cultural age groups were placed separately in 100 µl of culture
medium, one of the fission products (N) was transferred to fresh cul-
ture medium daily, and the remaining culture was allowed to grow to
the maximal cell density (about 500 cells/100 µl: approximately 9 fis-
sions’ product of a single cell) to monitor percent autogamy. The clonal
age was calculated from the daily number of fissions given by: log2N
plus 9 fissions.

RESULTS

Exp. 1: LAI in continuous cultures with different cycles of
growth and starvation at different temperatures

The LAI profiles in the continuous cultures at 25°C and
30°C are shown in Fig. 1. The average profile is shown at the
bottom of each column. Starting with a 100% autogamous
culture, no or almost no autogamy was observed in the 25°C
and 30°C cultures on the first and second transfers, corre-
sponding to 5 and 10 fissions, respectively. The first peak was
on the fourth transfer at 25°C and on the third or fourth trans-
fer at 30°C, indicating a slightly shorter LAI in the 30°C culture
than in the 25°C culture. However, in both the 25°C and 30°C
cultures, the second peak was on the seventh transfer, al-
though the height of the peak of the 30°C culture was low,
reflecting the first blunt peak. In the second autogamous gen-
eration, therefore, the difference of LAI in the two groups prac-
tically disappeared. This shows that a difference of starvation
of this extent has little effect on the LAI.

Two sharp peaks in the 25°C culture may indicate that
the LAI in the second generation becomes shorter than in the
first generation. However, the mode of inheritance of LAI
through autogamous generations remains to be studied.

Exp. 2: LAI in cultures grown with different fission rates
at different temperatures

Starting with a 100% autogamous culture, the LAI pro-
files were compared in two cultures incubated at 25°C and
30°C. Temperature (25°C versus 30°C) had little effect on LAI
measured in the number of fissions, although a given number
of fissions was attained in fewer days at higher temperature,
autogamy being induced first at 6 ~ 7 fissions and maximally
at 19 ~ 20 fissions (Fig. 2). This result indicates that Parame-
cium measures LAI by some mechanism associated with the
number of fissions rather than the calendar time.

Exp. 3: LAI in progeny derived from parental cells of dif-
ferent cultural ages

The cells in a 100% autogamous culture, if kept unfed,
undergo cytological changes resulting in death with the ad-
vance of calendar time. The change in division-arrested cells
under starvation is called cultural aging. When a culture shifted
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from the log to stationary phase, indicated by the time when
the culture became transparent as a result of exhaustion of
food bacteria, the cultural age was taken as 0. To rule out the

possibility that cell divisions might occur even under starva-
tion condition, it was confirmed that all of the sampled cells
contained two macronuclear anlagen throughout cultural ag-

Fig. 1. LAI profiles in continuous cultures with different cycles of growth and starvation at different temperatures. Twenty-five µl of a 100%
autogamous culture was added to 775 µl of culture medium, and the 800 µl culture was incubated for 2 days, during which the cells were
expected to divide 5 times on average, and then to starve. On the second day, 25 µl of the culture was again transferred to 775 µl of culture
medium; this procedure was repeated every 2 days to maintain continuous cultures for 18 days (9 transfers). After every transfer, the remaining
cells were monitored for autogamy. Ten continuous cultures were maintained at 25°C and 10 at 30°C. The average profile (± SD) is shown at the
bottom of each column. Note that in this growth-starvation cycle in which the number of fissions is limited to 5, the starvation period is longer at
30°C than at 25°C.
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ing. One hundred percent autogamous cells of different cul-
tural ages were transferred to culture medium to start the prog-
eny generation, and the LAI profiles were compared. The ex-
periments were done three times using different 100% auto-
gamous cultures; the cultural ages compared were 1, 6 and
12 days in the first experiment, 1, 7 and 11 days in the second
experiment, and 1, 7 and 10 days in the third experiment.

The results are shown in Fig. 3, in which the values of
percent autogamy for 3 successive clonal ages are averaged.
In every experiment, LAI tended to become shorter as the
cultural age advanced. To make this clear, the data from the
three experiments were averaged, and the LAI profiles were
compared between two groups, namely the group of cultural
age 1 day and that of cultural age 10 ~ 12 days (Fig. 4). The
difference of percent autogamy during the clonal ages from 8
to 13 fissions was highly significant between the two groups
(P < 0.01, Dunn’s multiple comparison rank sum test; Dunn,
1964). This is the first direct demonstration of an association
between the cultural age and LAI.

Fig. 2. LAI profiles in cultures grown with different fission rates at
different temperatures. Cells from a 100% autogamous culture were
allowed to undergo a definite number of fissions and percent auto-
gamy was examined after 1 and 2 days of natural starvation. The
higher value was adopted. Similar experiments were done in parallel
at 25°C and 30°C. See Materials and Methods for the methods to
obtain the cultures of a given clonal age. No cultures of age 17 at
25°C were available.

DISCUSSION

Studies on sexual immaturity in P. multimicronucleatum,
P. caudatum and P. bursaria, in which autogamy does not
occur and thus there is no autogamy-immaturity, have shown
that 1) its length is measured by some mechanism associ-
ated with the number of fissions (Kroll and Barnett, 1968; Miwa
and Hiwatashi, 1970; Takagi, 1970), 2) its length is shortened
by mytomicin (Miwa and Hiwatashi, 1970) or UV (Takagi, 1974)
or codominant gene mutation (Myohara and Hiwatashi, 1978),
3) its length correlates with the length of the clonal life span
(Smith-Sonneborn, 1981), 4) the transition from immaturity to
maturity is stepwise and genetically controlled (Siegel, 1967;
Takagi, 1988), and 5) immaturin, a protein of molecular weight
10,000 daltons, is responsible for maintaining the immature
state (Haga and Hiwatashi, 1981; Miwa, 1984).

Studies on the clonal life span in Paramecium have shown
that 1) its length is measured by some mechanism associ-
ated with the number of fissions (Smith-Sonneborn and Reed,
1976; Takagi and Yoshida, 1980; Takagi et al., 1987a), 2) its
length is shortened by UV but elongated rather than restored
by photoreactivation following UV irradiation (Smith-
Sonneborn, 1979), and 3) its length is genetically controlled
(Takagi et al., 1987b, 1989).

The present study on the autogamy-immaturity in P.
tetraurelia has shown that 1) its length is measured by some
mechanism associated with the number of fissions, 2) its length
is shortened by intensifying the starvation level to some ex-
tent, and yet to a negligible extent under ordinary laboratory
conditions, and 3) its length is considerably shortened by start-
ing the new generation from a parent of more advanced cul-
tural age. These results are closely related to the earlier stud-
ies on the autogamy-immaturity in P. tetraurelia showing that
1) its length is measured by some mechanism associated with
the number of macronuclear DNA replications (Mikami and
Koizumi, 1983), 2) its length is shortened by intensifying the
starvation level (Berger, 1990), and 3) its length is shortened
by starting the new generation from a parent of more advanced
clonal age (Iizima et al., 1997). The first two results from our
study show that the LAI profile can be used as a reliable marker
for comparative studies such as the isolation of mutants with
long or short LAIs under ordinary laboratory conditions. The
third result from our study is the first direct demonstration of
an association between the cultural age and LAI.

The mechanism by which the cultural age affects the LAI
remains unknown, but a possible interpretation may be as
follows. During starvation period in P. tetraurelia exconjugants,
macronuclear fragments are individually and selectively
autolysed, and surviving fragments continue to synthesize
some DNA (Berger, 1974). If this is also true for P. tetraurelia
exautogamous cells, the number of DNA replications may be
counted as a manifestation of the cultural age, carrying it over
to the following generation to result in shortened LAI.

We recently reported that UV sensitivity increased with
the advance of cultural age as well as of clonal age (Yamamoto
et al., 1997). The present study suggests that there may be
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Fig. 4. Comparison of the LAI profiles in progeny derived from pa-
rental cells of cultural age 1 day and those of cultural ages 10 ~ 12
days. The data of the three cultures shown in Fig. 3 were averaged,
and the two most extreme age groups were depicted. Bar indicates
standard error. Star indicates that the difference between the two age
groups is significant by Dunn’s multiple comparison rank sum test (P
< 0.01).

Fig. 3. LAI profiles in progeny derived from parental cells of different cultural ages. A 100% autogamous culture was allowed to advance in
cultural age, and resultant cells of different cultural ages were used to start new clonal life cycles. Percent autogamy at a given clonal age was
examined 1 and 2 days after starvation, and the higher value was adopted. Three 100% autogamous cultures were used: new clonal life cycles
were started from cells of the cultural ages of 1, 6 and 12 days in A, those of 1, 7 and 11 days in B, and those of 1, 7 and 10 days in C. Nine cells
were used for each age group, and data were averaged for 3 successive clonal ages. Bar indicates standard error. Blank indicates no data.

some relationships among the length of autogamy-immaturity
(LAI), clonal life span and cultural life span.

ACKNOWLEDGMENTS

We thank Dr. Terue Harumoto for fruitful discussions. This study
was supported by Fund of Basic Experiments Oriented to Space Sta-
tion Utilization from ISAS (Institute of Space and Astronautical Sci-
ences).

REFERENCES

Berger JD (1974) Selective autolysis of nuclei as a source of DNA
precursors in Paramecium aurelia exconjugants. J Protozool 21:
145–152

Berger JD (1990) Commitment to autogamy in Paramecium blocks
mating reactivity: Implications for regulation of the sexual path-
way and the breeding system. Exp Cell Res 187: 126–133

Dippell RV (1955) Some cytological aspects of aging in variety 4 of
Paramecium aurelia. J Protozool 2 (Suppl): 7

Dunn OJ (1964) Multiple comparisons using rank sums. Technometrics
6: 241–252

Fok AK, Allen RD (1981) Axenic Paramecium caudatum. II. Changes
in fine structure with culture age. Eur J Cell Biol 25:182–192

Fok AK, Allen RD, Kaneshiro ES (1981) Axenic Paramecium
caudatum. III. Biochemical and physiological changes with cul-
ture age. Eur J Cell Biol 25:193–201

Haga N, Hiwatashi K (1981) A protein called immaturin controlling
sexual maturity in Paramecium. Nature 289: 177–179

Iizima S, Numata M, Miwa I (1997) Carry over effects on the immatu-

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Y. Ishikawa et al.712

rity of autogamy in Paramecium tetraurelia. Zool Sci 14 (Suppl):
27

Kroll RJ, Barnett A (1968) The effect of different fission rates on the
onset of maturity in Paramecium multimicronucleatum. J Protozool
15 (Suppl): 10

Maruyama C, Takagi Y (1997) Survival or extinction of Paramecium
multimicronucleatum cultured with P. tetraurelia is associated with
the ability or inability to form food vacuoles. Europ J Protistol 33:
274–283

Mikami K, Koizumi S (1983) Microsurgical analysis of the clonal age
and the cell-cycle stage required for the onset of autogamy in
Paramecium tetraurelia. Dev Biol 100: 127–132

Miwa I (1984 ) Destruction of immaturin activity in early mature mu-
tants of Paramecium caudatum. J Cell Sci 72: 111–120

Miwa I, Hiwatashi K (1970) Effect of mitomycin C on the expression
of mating ability in Paramecium caudatum. Jpn J Genet 45: 269–
275

Myohara K, Hiwatashi K (1978) Mutants of sexual maturity in Para-
mecium caudatum selected by erythromycin resistance. Genet-
ics 90: 227–241

Siegel RW (1961) Nuclear differentiation and transitional cellular phe-
notypes in the life cycle of Paramecium. Exp Cell Res 24: 6–20

Siegel RW (1967) Genetics of ageing and the life cycle in ciliates.
Symp Soc Exp Biol 21: 127–148

Smith-Sonneborn J (1979) DNA repair and longevity assurance in
Paramecium tetraurelia. Science 203: 1115–1117

Smith-Sonneborn J (1981) Genetics and aging in protozoa. Int Rev
Cytol 73: 319–354

Smith-Sonneborn J (1985) Aging in unicellular organisms. In “Hand-
book of the Biology of Aging 2nd Ed” Ed by CE Finch and EL
Schneider, Van Nostrand Reinhold, New York, pp 79–104

Smith-Sonneborn J, Klass M, Cotton D (1974) Parental age and life-
span versus progeny life-span in Paramecium. J Cell Sci 14: 691–
699

Smith-Sonneborn J, Reed JC (1976) Calendar life-span versus fis-
sion life-span of Paramecium aurelia. J Gerontol 331: 2–7

Sonneborn TM (1957) Breeding system, reproductive methods, and
species problems in Protozoa. In “The Species Problem” Ed by
RC King, Amer Assoc Adv Sci, Washington DC, pp 155–324

Sonneborn TM (1974) Paramecium aurelia. In “Handbook of Genet-
ics Vol 2” Ed by E Mayr, Plenum, New York/London, pp 469–594

Takagi Y (1970) Expression of the mating-type trait in the clonal life
history after conjugation in Paramecium multimicronucleatum and
Paramecium caudatum. Jpn J Genet 45: 11–21

Takagi Y (1974) The effect of ultraviolet irradiation on the period of
immaturity in Paramecium caudatum. Zool Mag 83: 96–98

Takagi Y (1988) Aging. In “Paramecium” Ed by H-D Görtz, Springer-
Verlag, Berlin, pp 131–140

Takagi Y, Yoshida M (1980) Clonal death associated with the num-
ber of fissions in Paramecium caudatum. J Cell Sci 41: 177–191

Takagi Y, Nobuoka T, Doi M (1987a) Clonal lifespan of Paramecium
tetraurelia: effect of selection on its extension and use of fissions
for its determination. J Cell Sci 88: 129–138

Takagi Y, Suzuki T, Shimada C (1987b) Isolation of a Paramecium
tetraurelia mutant with short clonal life-span and with novel life-
cycle features. Zool Sci 4: 73–80

Takagi Y, Izumi K, Kinoshita H, Yamada T, Kaji K, Tanabe H (1989)
Identification of a gene that shortens clonal life span of Parame-
cium tetraurelia. Genetics 123: 749–754

Yamamoto N, Hayashihara K, Takagi Y (1997) Changes in UV sensi-
tivity with cell cycle, clonal age, and cultural age in Paramecium
tetraurelia. Zool Sci 14: 747–752

(Received April 13, 1998 / Accepted May 15, 1998)

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use


