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Summary

The resting cyst is one of the quietest life stages (i.e. cryptobiosis) with hardly
measurable or even ceased metabolic activity. However, are the resting cysts just
resting? Here, to our knowledge, we report for the first time radiation hormesis
in resting cysts. In the present study, we focused on the proliferative capability of
excysted cells from 500—4000 Gy-gamma-irradiated Colpoda cucullus resting cysts
by a bioassay method. Generally, excysted cells from irradiated cysts lose their
proliferative capability. However, we observed an increased proliferative capability
promoted by low doses of irradiation. Cells, which had excysted from 500-Gy-
irradiated cysts, restored their proliferation capability with a recovery period of 12 h
and 24 h before excysting. Additionally, cells, which had excysted from 500-4000-Gy
irradiated cysts, recovered proliferative capability by re-forming resting cysts. Here,
the proliferative capability of excysted cells from 500-Gy-irradiated cysts was even
higher than that of non-irradiated.
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Introduction cycle) (Fig. 1, A; Gutiérrez et al., 2003; Verni and
Rosati, 2011). Encystment, i.e. the resting cyst for-

The antagonistic processes of encystment and mation of free-living ciliates (protists) such as
excystment constitute a cell cycle (E-E cycle), which ~ Colpoda cucullus, is a unique surviving strategy for
is connected to the growth-division cell cycle (G-D  protection from environmental stress. A resting
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cyst is a life stage as cryptobiosis (Gutiérrez et al.,
1990), with extremely decreased or cease metabolic
activity in areversible manner (Keilin, 1959; Clegg,
2001). In contrast, ‘protection’ in active life stages
is generally related with high-energy costs.

Encystment is a reversible cell differentiation
process accompanied by drastic morphological
changes (Funatani et al., 2010; Verni and Rosati,
2011) in order to build cyst specific cell structures
such as a cyst wall, and cease metabolic activity
(Funatani et al., 2010; Sogame et al., 2014). Such
resting cysts can tolerate desiccation (Taylor and
Stickland, 1936), freezing (Bychenkova et al.,
1969; Uspenskaya and Lozina-Lozinski, 1979),
extreme temperatures (Taylor and Stickland, 1936),
ultraviolet irradiation (Uspenskaya and Lozina-
Lozinski, 1979; Matsuoka et al., 2017), acidification
(Sogame et al., 2011), and gamma irradiation
(Saito et al., 2020), allowing them to survive con-
siderable environmental stress. Nevertheless, are
the resting cysts really just resting with ceased
metabolic activity? Recently, we said ‘no’, since
resting cysts are able to repair cell damages caused
by irradiation (Sogame et al., 2019a). The capability
for excystment of irradiated cysts was recovered if
there was a radiation-free period (recovery period)
before excystment induction (Sogame et al., 2019a).

In this study, we focus on the effect of gamma
irradiation in G-D cycle following the E-E cycle
when the resting cysts were irradiated. We show that
resting cysts have an active biological response for
repair cell damages promoted by stress, its hormesis
effect, despite the fact that their metabolic activity
is hardly measurable or ceased.

Material and methods
CULTURE

Colpoda cucullus R2TTYS strain (Sogame et
al., 2019b) was cultured in a 0.05% (w/v) dried-
rice-leaves infusion supplemented with Na,HPO,
[0.05% (w/v), final conc.] (culture medium) at
room temperature (25 °C). Klebsiella pneumoniae
NBRC13277 strain was provided as a food source.

MICROSCOPY

Micrographs of C. cucullus R2TTYS vegetative
cell resting cyst, and reproductive cysts (dividing
cells) (Fig. 1, B) were taken by using an Axio Vert.
Al System (Carl Zeiss Microscopy Co. Ltd. Tokyo,
Japan).
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INDUCTION OF ENCYSTMENT AND EXCYSTMENT

Colpodavegetative cells were encysted by repla-
cing the culture medium with an encystment-indu-
cing medium (1 mM Tris-HCI pH=7.2, 0.1 mM
CaCl,) and suspending the cells at a high cell density
(10,000 cells mL"). The excystment of Colpoda cysts
was induced by replacing the encystment-inducing
medium with an excystment-inducing medium (0.2
% w /v dried-rice-leaves infusion supplemented with
Na,HPO, [0.05 % (w/v), final conc.]).

GAMMA IRRADIATION

Cyst samples were irradiated with gamma rays at
500 Gy (0.5 Gymin'), 1000 Gy (0.9), 2000 Gy (1.9),
3000 Gy (2.8), or4000 Gy (3.7) using the irradiation
machine RE2022 (Toshiba, Japan) with a cobalt
60 radiation source at the National Agriculture and
Food Research Organization in Tsukuba, Japan, as
described previously (Sogame et al., 2019a).

SAMPLE PREPARATION, EVALUATION OF ENCYSTATION
RATES AND CELL PROLIFERATION

Vegetative cells were induced to encyst in a Petri
dish as mentioned above and incubated for more
than 1 week to obtain cyst samples (Fig. 2, A). The
cyst samples were incubated in the laboratory at
room temperature for control (non-irradiated cyst
samples, Fig. 2, B), orirradiated as mentioned above
(irradiated cyst samples, Fig. 2, C).

The cyst samples (Fig. 2, B, C) were induced
to excyst for 9 h to obtain excysted cells from non-
irradiated (Ex-Nir, Fig. 2, D) and irradiated (Ex-
Ir, Fig. 2E) cysts. The excysted cells (Fig. 2, D,
E) were induced to re-encyst (see above) to obtain
re-encysted cysts of non-irradiated (Fig. 2, F) and
irradiated (Fig. 2, G) cysts. The re-encysted cysts
(Fig. 2, F, G) were induced to re-excyst to obtain
re-excysted cells of non-irradiated (Re Ex-Nir, Fig.
2, H) and irradiated (ReEx-Ir, Fig. 2, I) cysts.

If cyst samples (Fig. 2, B, C) were given a reco-
very period, they were incubated for 12 h or 24 h
before excystment induction (non-irradiated cysts
with recovery time, Fig. 2, J; irradiated cysts with
recovery time, Fig. 2, K). These cyst samples (Fig.
2, J, K) were induced to excyst to obtain excysted
cells of non-irradiated cysts with recovery period
(Ex-NirR, Fig. 2, L) and excysted cells of irradiated
cysts with recovery period (Ex-IrR, Fig. 2, M).

The encystation rate of samples (Fig. 2, D, E) at
0, 3, 6, 12 h after the onset of encystment induction
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Fig. 1. Colpoda general life cycle and micrographs of C. cucullus R2TTYS. A —Schematic E-E cycle connected
to the growth-division cell cycle; B — light microscopical observation of C. cucullus R2TTYS; vegetative cell
(B-1), resting cyst (B-2), and reproductive cysts (B-3). Abbreviations: VC — vegetative cell; RC — reproductive

cysts; DVC — daughter vegetative cell. Scale bar: 20 pm.

was calculated as follows: encystation rate = number
of encysted cells x (number of encysted and non-
encysted cells)! x 100. For each analysis, more than
100 cells were counted.

We evaluated the proliferation rate of excysted
cell samples (Fig. 2, D, E,H, L, I, and M). After 9
hours of excystment induction, 20 cells from each
sample were suspended in 2 mL of fresh culture

medium. The number of cells in a 100 pL aliquot
(5% of'the total culture volume) was counted directly
under a microscope (Stemi 305; Carl Zeiss Co.,
Ltd., Tokyo, Japan) at set times after suspension to
evaluate the proliferation rates.

The Mann-Whitney U test was used to analyze
for significance of differences between samples
(n=5, Fig. 5; n=6, Figs. 3,4, 6, 7).



Non irradiation

Protistology - 163

ol Samples for experiment

Irradiation

~
Non-irradiated

cyst

-

~N

Irradiated

cyst

-

Fig. 2. Schematic of experiments / sample preparation. A — 1 week old cysts, B — non-irradiated cysts, C —
irradiated cysts, D — excysted cells from non-irradiated cysts (Ex-Nir), E — excysted cells from irradiated
cysts (Ex-Ir), F — re-encysted cysts of non-irradiated cysts, G — re-encysted cysts of irradiated cysts, H — re-
excysted cells of non-irradiated cysts (ReEx-Nir), I — re-excysted cells of irradiated cysts (ReEx-Ir) cysts,
J — non-irradiated cysts with recovery time, K — irradiated cysts with recovery time, L — excysted cells from
non-irradiated cysts with recovery period (Ex-NirR), M — excysted cells from irradiated cysts with recovery
period (Ex-IrR), Ex — excystment induction, Re-En — re-encystment, Re-Ex — re-excystment.

Results
CELL CYCLE

The Colpoda encystment and excystment cycle
(E-E cycle) connected to the growth-division cell
cycle (G-D cycle) is shown in Fig. 1, A. Micro-
graphs of the respective life stages of C. cucullus
R2TTYS are shown in Fig. 1, B [vegetative cells (Fig.
1, B-1), resting cyst (Fig. 1, B-2), and reproduction
cysts (Fig. 1, B-3)].

CELL GROWTH ASSAY OF Ex-NIR saMPLES AND Ex-IR
SAMPLES

The proliferation of Ex-NIrsamples (Fig. 2, D)
and Ex-Ir samples (Fig. 2, E) is shown in Fig. 3. All
cells barely proliferated during the first 36 h, after
which non-irradiated samples started to proliferate
rapidly whereas the other samples did not. The cell
density of non-irradiated samples at 108 h (Fig. 3,
B) increased more than tenfold (102.3 & 10.71 cells

100 uL-') whereas the other samples increased less
than 3.5-fold.

RE-ENCYSTMENT ASSAY OF EX-NIR SAMPLES AND Ex-
IR SAMPLES

Ex-Nir samples (Fig. 2, D) and Ex-Ir samples
(Fig. 2, E) were induced to re-encyst and the
encystment was evaluated at each time point (0, 3,
6, and 12 h after the onset of encystment induction)
(Fig. 4, A, B). More than 90% of the cells re-en-
cysted 3 h after the induction of encystment under all
irradiation conditions. The encystment of irradiated
samples was significantly higher than that of non-
irradiated samples (p < 0.01 or p < 0.05, Fig. 4, B).

CELL GROWTH ASSAY OF Ex-NIRR SAMPLES AND Ex-
IRR SAMPLES

The non-irradiated / irradiated cysts (Fig. 2,
B, C) were given a recovery period of 12 h or 24
h, respectively, before excystment induction (Fig.
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Fig. 3. Evaluation of the proliferation rate of excysted cells from non-irradiated / irradiated cysts. A —
Proliferation at various time points; B — proliferation 108 h after cell suspension. The data points or columns,
and error bars represent the means and standard errors of six identical samples, respectively. Asterisks and double
asterisks indicate a significant difference at p < 0.05 and p < 0.01, respectively.

2, J, K). The recovery period was incorporated
to allow the cells to repair their cell damages due
to irradiation. The samples with recovery period
(Fig. 2,J, K) were induced to excyst for 9 h and the
proliferation of Ex-NirR (Fig. 2, L) samples and
Ex-IrR samples (Fig. 2, M) were evaluated. The data
of Ex-NirR (Fig. 2, L) samples and Ex-IrR samples
(Fig. 2, M) with a recovery period of 12 h and 24 h
before excystment induction are shown in Fig. 5 and
Fig. 6, respectively.

The most striking result was that irradiation
with 500 Gy promoted proliferation (after the given

recovery period). The cell density of non-irradiated
and 500-Gy-irradiated samples started to increase
48—60 h and 60-84 h, respectively, after suspension
in a fresh culture medium. Non-irradiated samples
(cells) proliferated faster than irradiated samples.
However, the cell densities of 500-Gy-irradiated
samples at 108 h (Fig. 5,B; 6,B) and 132 h (Fig. 5,
C; 6, C) were significantly higher compared to other
irradiated samples (p < 0.01) and non-irradiated
samples (p < 0.01 or p < 0.05), except for samples
at 108 h with recovery period for 12 h (Fig. 5, B).
The cell density of non-irradiated samples with 12 h
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Fig. 4. Encystment assay of excysted cells from non-irradiated / irradiated cysts. A — Time-dependent encystment
assay of excysted cells from non-irradiated / irradiated cysts; B — encystment of 3 h after onset of encystment
induction. Points or columns, and error bars correspond to the means and standard errors, respectively, of six
measurements. Asterisks and double asterisks indicate a significant difference at p < 0.05 and p <0.01, respectively.

recovery period increased about 6-fold (59.0+3.96
cells 100 uL-', Fig. 5, B) at 108 h and 8-fold
(78.612.64 cells 100 uL!, Fig. 5C) at 132 h, whereas
that of 500-Gy-irradiated samples increased 8-fold
(81.8+8.87 cells 100 uL-!, Fig. 5, B) at 108 h and
12-fold (121.6%4.31 cells 100 uL!, Fig. 5, C) at 132
h, respectively. The cell density of non-irradiated
samples with 24 h recovery period increased about
7-fold (74.0£1.18 cells 100 uL-!, Fig. 6, B) at 108
h or 4-fold (42.2+3.84 cells 100 uL-', Fig. 6, C) at
132 h, whereas that of 500-Gy-irradiated samples

increased 10-fold (105.2+6.76 cells 100 uL-', Fig. 6,
B) at 108 h or 10-fold (96.2+8.77 cells 100 uL-', Fig.
6, C) at 132 h, respectively. Little proliferation of the
other cell samples (less than 5-fold) was observed at
108 h and 132 h.

CELL GROWTH ASSAY OF REEX-NIR SAMPLES AND
REEX-IR SAMPLES

The re-encysted cells of non-irradiated / irradi-
ated cysts (Fig. 2F, G) were induced to re-excyst and
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Fig. 5. Evaluation of the proliferation rates of excysted cells from non-irradiated / irradiated (500-4000 Gy)
cysts with a recovery period for 12 h at various time points. A — Proliferation rates at various time points; B
— proliferation rates 108 h, and C — 132 h after cell suspension. The data points or columns, and error bars
represent the means and standard errors of five identical samples, respectively. Asterisks and double asterisks

indicate a significant difference at p < 0.05 and p < 0.01,

the proliferation of ReEx-Nir samples and ReEx-Ir
samples (Fig. 2, H, I) was evaluated (Fig. 7, A, B).
There was no change in cell density during the first
12 h after suspension in a fresh culture medium. The
proliferation of all samples increased and was more
than 10-fold at 60 h after suspension, as shown by
the columns (Fig. 7B). The increase of the 500-Gy—
irradiated samples tended to be (non-significantly)
higher than that of the non-irradiated / irradiated
samples.

respectively.

Discussion

Our study showed that 500 Gy irradiation to
resting cysts caused a favorable effect in G-D cycle
if the irradiated resting cysts were given a recovery
period. We interpret our data as radiation hormesis
considering cell recovery in resting cysts.

Hormesis implies a favorable biological response
to mild damage and stressors, as suggested by Sou-
tham and Ehrich (1943), according to Kudryasheva
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Fig. 6. Evaluation of the proliferation rates of excysted cells from non-irradiated / irradiated (500-4000 Gy)
cysts with a recovery period for 24 h at various time points. A — Proliferation rates at various time points; B
— proliferation rates 108 h, and C — 132 h after cell suspension. The data points or columns, and error bars
represent the means and standard errors of six identical samples, respectively. Asterisks and double asterisks
indicate a significant difference at p < 0.05 and p < 0.01, respectively.

and Kovel (2019). In the case of gamma irradiation,
low doses of irradiation at < 200 mSv (approximately
160 mGy) induce beneficial effects as radiation
hormesis (Shimbamoto and Nakamura, 2018),
which promote growth and development (Luckey,
1982). In the ciliate Paramecium tetraurelia, the
growth rate was reported to be suppressed by shield-
ing background irradiation (Planel et al., 1976),
suggesting that low-dose irradiation (background
irradiation) promoted cell proliferation, although
this was not suggested as radiation hormesis. Si-

milar effects of background irradiation on cell
proliferation were observed in the cyanobacterium
Synechococcus lividas (Conter et al., 1983; Planel
et al., 1987) and in the mouse L5185 cell line
(Takizawa et al., 1992; Kawanishi et al., 2012).

To our knowledge, this study is the first report
about hormesis in ciliate resting cysts. Interestingly,
irradiating vegetative cells with 500 Gy caused
irreparable damage (Saito et al., 2020) but similar
irradiation to resting cysts was converted into a
favorable effect if the resting cysts were given a
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Fig. 7. Evaluation of the proliferation rates of re-excysted cells of non-irradiated / irradiated cysts at various
time points. A — Proliferation rates at various time points; B — proliferation rates 60 h after cell suspension.
The data points or columns, and error bars represent the means and standard errors of six identical samples,
respectively. Asterisks and double asterisks indicate a significant difference at p < 0.05and p <0.01, respectively.

recovery period. These results imply that resting
cysts have an active biological response repairing
cell damages caused by stress, despite the fact that
their metabolic activity should be inactivated or
hardly measurable.

The most important and interesting point in the
present study is that the proliferation capability of
500-Gy-irradiated cysts was higher than that of non-
irradiated cysts if they were given a recovery period
of 12 h or 24 h before excystment induction, even
though the other irradiated cysts could barely pro-

liferate. Similarly, proliferation capability tended to
be higher by 500 Gy irradiation after re-encystation.
Although 500-Gy irradiation showed radiation
hormesis, it is too high to support radiation hormesis
according to a standard value (<200 mSv) described
in Shibamoto and Nakamura (2018). The radiation
level for cysts supporting hormesis is likely high, but
for vegetative cells it can be expected low, such as
the level of environmental radioactivity described
in Planel et al. (1976), Croute et al. (1980), and
Tixador et al. (1981) in P. tetraurelia. In fact, most



cysts could tolerate 500 Gy of irradiation, although
it caused irreparable damage for vegetative cells
(Saito et al., 2020).

Our previous study (Saito et al., 2020) showed
that most (>97%) Colpoda cysts irradiated at 500—
4000 Gy could revert to vegetative cells. However,
the present study demonstrated that the excysted
cells could not proliferate. Then, why does C. cu-
cullus acquire tolerance against gamma rays? It
seems biologically unnecessary for them because
they inhabit mainly puddles, which are normally not
exposed to radiation. However, it seems advanta-
geous to develop tolerance against desiccation, which
occurs frequently in temporal water environments
such as puddles. Exposure not only to gamma rays
(Azzamet al., 2012) but also to desiccation (Franga
etal., 2007) produces reactive oxygen species (ROS)
damaging cells of protist (Slaveykova et al., 2016).
Thus, Colpoda probably have evolved tolerance to
gamma rays because of tolerating ROS stress caused
by desiccation rather than experiencing the direct
effects of gamma rays. Even if the resting cyst
formation is a strategy for adapting to an unfavorable
environment including desiccation, it should be
important that the cysts have both the capability to
excyst and the ability to proliferate after tolerating
environmental stress. However, the present study
and our previous research showed that the irradiated
cysts could excyst after irradiation, whereas they
could barely proliferate. Why do irradiated cysts
excyst even though they will not proliferate? The
cysts might excyst to migrate to a more suitable
environment, despite the energy penalty and their
inability to proliferate. It would be advantageous
for Colpoda to act as r-strategists (Liiftenegger et
al., 1985) as the ciliate can rapidly form high-
density populations, given that each dividing cell
produces four copies (Petz et al., 1985). Each copy
can subsequently become a resting cyst to survive in
unfavorable environments and repair cell damages.
Moreover, re-encystation of the excysted cells from
irradiated cysts was faster than that of non-irradiated
cysts to repair the damage as soon as possible in
resting cysts. After the re-encystation, the cells
completely recovered their capability to proliferate.

In this study, we showed a radiation hormesis
in C. cucullus resting cysts. However, at the present
status it is too complicated to analyze the respective
processes at a molecular level. Perhaps a promising
approach would be to look for deoxidation enzymes
and DNA repair factors such as RAD51 (Campbell
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and Romero, 1998), which is activated and repair
cell damage caused by irradiation. Additionally,
signaling pathways for the process are probably
promoted by mild stress. The tolerance and horme-
sis is beneficial for r-strategists such as Colpoda to
promote fast reproduction and increase population
density after excystment in a new stable environ-
ment.

The free-living ciliate has two phases in its life
cycle, the E-E cycle and G-D cycle. The resting cysts
formation is a most typical example of cryptobiosis
— a peculiar life condition, which is most close to
death. However, our findings considering repair
processes in resting cysts will open a new insight of
cryptobiosis. It is not only just resting or tolerating
but has probably also an active phase to repair the
damages induced by environmental stress.
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