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Abstract. Resting cysts of the terrestrial ciliate Colpoda cucullus (Nag-1 strain) are highly resistant to UV light. It has been speculated 
that auto-fluorescent (blue fluorescent) particles surrounding the nuclei and yellowish fluorescent layers of the cyst wall are the candidate 
structures for the protection of the cellular components from UV light. The UV resistance of encysting cells was quickly acquired up to 5 h 
after the onset of encystment induction, and then gradually increased for several days. The less fluorescent ectocyst layer, yellowish fluo-
rescent first-synthesized endocyst layer (en-1) and the NSPs were formed within 5 h after the onset of encystment induction, and thereafter 
endocyst layers became gradually thicker for several days. The cyst wall sample (ectocyst and endocyst layers) markedly absorbed a broad 
range of UV light. This result indicates that the cyst wall evidently has UV-cut function. These results support that the cyst wall and NSPs 
of C. cucullus play a role in the shielding of the cell components from UV light.

Keywords: cyst wall, endocyst layer, nuclei-surrounding particles, UV resistance.

Address for correspondence: Tatsuomi Matsuoka: Department 
of Biological Science, Faculty of Science and Technology, Kochi 
University, Kochi 780-8520, Japan; Fax: +81-88 844 8356; E-mail: 
tmatsuok@kochi-u.ac.jp

INTRODUCTION

The terrestrial ciliates such as Colpoda transform 
into resting cysts that are tolerant to desiccation (Corliss 
and Esser 1974), freezing (Taylor and Strickland 1936, 
Maeda et al. 2005, Müller et al. 2010), high temperature 
(Taylor and Strickland 1936, Maeda et al. 2005), hy-
drochloric acid (HCl) (Sogame et al. 2011), ultraviolet 

(UV) rays (Matsuoka et al. 2017), and gamma rays (So-
game et al. 2019) before the water puddles in which the 
vegetative cells grow dry out. In encystment-induced 
C. cucullus Nag-1, the digestion of vegetative cell 
structures by autophagy, a stop of mitochondrial activ-
ity (Sogame et al. 2014) and the cell cycle, and the cyst 
wall formation begin simultaneously at 2–3 h after the 
onset of encystment induction. At 2–3 h after the en-
cystment induction, mucus is expelled to form a sticky 
mucus layer surrounding the cell, followed by an ex-
trusion of sticky small globules called ‘lepidosomes’ 
(Foissner et al. 2011), which are trapped by the mucus 
layer. Thereafter, a rigid ectocyst layer begins to form 
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just over the plasma membrane. It may take 3–4 h  to 
complete a thicker ectocyst layer. A first endocyst layer 
(en-1) is formed in 3–5 h  between the ectocyst lay-
er  and plasma membrane, followed by the  formation 
of several endocyst layers over several days. Thus, in 
the mature resting cyst, the cell is surrounded by a cyst 
wall composed of a mucous/lepidosome layer, an ec-
tocyst layer, and endocyst layers (from the outermost 
layer) (Funatani et al. 2010). Mitochondria aggregate 
in the peripheral region, and nuclei located in the center 
are surrounded by nuclei-surrounding particles (NSPs) 
(Matsuoka et al. 2017).

 Resistance to UV rays seems to be one of the essen-
tial adaptive strategies for inhabitants of the soil surface 
to survive. We recently observed that the mature resting 
cysts of C. cucullus Nag-1 showed strong resistance to 
UV light irradiation (the presumed UV dose required 
for 99.9% inactivation was 571 mJ/cm2) (Matsuoka et 
al. 2017) that is 14-fold higher than the resistance of 
vegetative cells of Colpoda, 11-fold higher than the 
resistance of Bacillus spores (Nicholson and Galeano 
2003), and 4-fold higher than the resistance of soil 
amoeba Acanthamoeba cysts (Lonnen et al. 2014). We 
proposed that the yellowish autofluorescent cyst wall 
and blue-autofluorescent NSPs under the excitation 
of UV light (Matsuoka et al. 2017) may be involved in 
UV tolerance. If these fluorescent structures have a role 
in the protection of cellular components including nu-
clei from UV light, the formation of these fluorescent 
structures would be expected to be accompanied by the 
acquisition of UV tolerance. Therefore, in the present 
study, we compared the time course of the acquisition 
of UV tolerance with the formation of auto-fluorescence 
structures of encysting cells, and demonstrated that cyst 
wall layers actually absorbed UV rays.

MATERIALS AND METHODS

Cell culture and the preparation of wet encysting 
cells and wet mature resting cysts

Colpoda cucullus Nag-1 strain (Funadani et al. 2016) (18S ribo-
somal RNA gene: GenBank accession no. AB918716) was cultured 
in a 0.05% (w/v) infusion of dried wheat leaves. Vegetative cells 
collected by centrifugation (1500 × g for 2 min) were suspended 
in an encystment-inducing solution containing 1 mM Tris-HCl (pH 
7.2) and 0.1 mM CaCl2, and 200 µl of cell suspension containing 50 
cells was dispended in a watch glass. A single lot of 50-cell samples 
of vegetative cells was prepared and maintained in order to encyst 
under humid conditions.

Preparation of dry resting cysts
The 2-day cultured vegetative cells were concentrated by cen-

trifugation (1500 × g for 2 min), were dispended in a watch glass 
(at approx. 500 cells per 500-µl suspension), and the lot of 500-cell 
samples were maintained for 2 weeks to naturally encyst in culture 
medium under humid conditions (the resting cysts were adhered to 
the bottom of the watch glass). Thereafter, the medium (old culture 
medium) was discarded, rinsed once with pure water, and then dried 
over a long time under semi-humid conditions.

UV irradiation to the resting cysts
The resting cysts in the watch glass were irradiated with UV light 

(254-nm light) using a UV sterilizer (Trybest EG-0003). The inten-
sity of the UV light was measured using a UV photometer (Mather-
Tool, SP-82UV). The dose of UV light was adjusted by changing 
irradiation time. After UV light irradiation was administered to the 
wet resting cysts, the medium in the watch glass was discarded, and 
then an infusion of fresh 0.05% wheat leaves was poured to induce 
excystment. For the dry resting cysts, a fresh 0.05% wheat leaves 
infusion was poured into the cyst-adhered watch glass which had 
been exposed to UV light.

In the wet cysts, the number of excysted vegetative cells and 
the number of vacant cysts were counted at 5 h after the onset of 
excystment induction by the addition of fresh 0.05% wheat leaves 
infusion. For the dry cysts, the resting cysts were randomly chosen 
and the number of vacant cysts from which vegetative cells had 
emerged was counted at 12 h after the onset of excystment induc-
tion. The rate of excystment is expressed as the percentage of the 
total number of observed cells (50 wet cysts: 100–300 dry cysts).

UV light irradiation to vegetative cells
Vegetative cells collected by centrifugation (1500 ×  g for 

2 min) were suspended in 1 mM Tris-HCl (pH 7.2), and 200 µl of 
cell suspension containing 50 cells was dispended in a watch glass. 
The number of cells were counted while sucking with a  thin pi-
pette. After UV light irradiation using a UV sterilizer (Trybest EG-
0003), deformed and immobile cells were judged as inactivated 
cells. In order to confirm that the immobile rounded cells attached 
to the bottom of a watch glass were not encysting cells, the medium  
was discarded and a fresh 0.05% infusion of dried wheat leaves was  
poured to induce excystment, and then observed in 24 h after onset 
of excystment induction.

Electron microscopy and fluorescence microscopy
The electron microscopy and fluorescence microscopy exami-

nations were performed as described (Funatani et al. 2010, Mat-
suoka et al. 2017).

Isolation of the cyst wall and its absorption spec-
trum

Vegetative cells of C. cucullus Nag-1 were induced to encyst 
in a petri dish and maintained for 1 week. The resting cysts were 
adhered to the bottom of the petri dish. The medium in the petri 
dish was discarded, and an excystment-inducing medium [a 0.2% 
(w/v) infusion of dried wheat leaves] was poured into the dish. The 
vegetative motile cells emerged in most resting cysts within 7  h. 
Therefore, an empty cyst sample (i.e., cyst wall sample) was easily 
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obtained by discarding the medium containing emerged vegetative 
cells at 7 h after encystment induction. The vacant cysts that had 
adhered to the bottom of the petri dish were washed three times 
with water and then the vacant cysts were scraped off the dish with 
a cutter blade and collected by centrifugation (8,000 × g for 10 min). 
A 20-µl pellet was suspended in 700 µl of 0.2% agarose for electro-
phoresis of DNA and RNA (for ≥ 1kbp fragment) (Nacalai tesque). 

The absorption spectrum of the vacant cyst suspension was 
determined using a JASCO V-550DS spectrophotometer equipped 
with a JASCO ISV-469 integrating sphere to minimize the loss of 
spectral resolution due to scattering. The absorbance of agarose 
was deducted from the absorbance of agarose containing cyst wall 
suspension.

RESULTS AND DISCUSSION

Figure 1 provides Nomarski images of wet resting 
cysts of C. cucullus Nag-1 that had aged >  2 weeks 
and their fluorescence photomicrographs obtained by 
UV excitation, showing blue-fluorescent nuclei-sur-
rounding particles (NSPs) and yellowish fluorescent 
cyst wall. Electron microscopy (Matsuoka et al. 2017) 
had shown that the nuclei of the resting cysts were sur-
rounded by NSPs but were not surrounded in the veg-
etative Colpoda cells. The electron micrographs of the 
macronucleus surrounded by the NSPs and a magnified 
image of the mature resting cysts are shown in Fig. 1E, 
F. The NSPs are electron-dense particles with an elec-
tron-lucent core. As shown in Fig. 1C, D, some resting 
cysts were surrounded by a double-layer of cyst wall 
emitting yellowish fluorescence. The inner layer was 
evidently an endocyst, and the outer layer may be com-
posed of an ectocyst layer (ec) and a first-synthesized 
endocyst layer (en-1), because the first endocyst layer 
was sticking to the ectocyst layer (Fig. 1G).

Fig. 2 shows the formation of auto-fluorescent struc-
tures in encysting cells. At 3 h after the onset of encyst-
ment induction, the cells were rounded and surrounded 
by an ectocyst layer (ec) covered with a mucous/lepido-
some layer (Fig. 2A). The lepidosome (‘le’) was green 
or yellowish-fluorescent, and the mucous mass (‘mu’) 
was blue-fluorescent. In the encysting cell whose mu-
cous/lepidosome layer had been removed by pipetting, 
the ectocyst layer was observed to be less fluorescence 
(Fig. 2B). At this stage, large particles (the presumed 
precursors of NSPs) began to accumulate in the vicinity 
of the macronucleus (‘ma’).

At 5 h, most of the encysting cells were covered with 
a thin layer emitting yellowish fluorescence (Fig. 2C).  
The fluorescent thin layer may be a  first-synthesized 
endocyst layer (‘en-1’), because at this stage, a  first-

synthesized endocyst layer was formed in most of the 
cells (Sogame et al. 2011). At this stage, the NSP for-
mation has almost completed (Fig. 2C). At 10 h, the 
yellowish fluorescent layer became thicker, and it was 
difficult to see the NPSs (Fig. 2D). Presumably, a sec-
ond-synthesized endocyst layer may have been formed. 
Thereafter, the yellowish fluorescent layer became 
much thicker (Fig. 2E, F).

We irradiated wet encysting cells of C. cucullus 
Nag-1 at different stages (Fig. 3A) and dry mature cysts 
(Fig. 3B) with UV light (254 nm), and we plotted the 
excystment rates (%) against the UV light value (254 
nm) (Fig. 3A, B). The degree of UV tolerance (i.e., the 
UV value necessary for 90% inactivation) of the wet 
cysts is shown in the inset of Fig. 3A. The UV toler-
ance of the wet encysting cells was quickly acquired 
up to 5 h after the onset of encystment induction, and 
thereafter it gradually increased for several days (Fig. 
3A, inset). These results suggest that both the cyst wall 
and the NSPs may be involved in the protection of cell 
components from UV light.

In the previous study (Matsuoka et al. 2017), lepi-
dosomes and an ectocyst layer are thought to emit 
fluorescence. In the present study, we observed that 
the lepidosomes and endocyst layers were green- or 
yellowish-fluorescent, and it appeared that the ectocyst 
layer seemed to be less fluorescence, not yellowish flu-
orescence (Fig. 2B).

Dry mature cysts (aged > 2 weeks) were highly re-
sistant to UV light (Fig. 3B). In this case, the presumed 
UV level required for 99.9% inactivation was 600 mJ/
cm2, a value which was higher than that (571 mJ/cm2) of 
1-week-aged wet resting cysts (Matsuoka et al. 2017). 
The UV level required for 99.9% inactivation is 50 mJ/
cm2 in Bacillus spores (Nicholson and Galeano 2003) 
and 130 mJ/cm2 in soil amoeba Acanthamoeba cysts 
(Lonnen et al. 2014). Our present findings demonstrat-
ed that the resting cysts of C. cucullus Nag-1 were more 
resistant to UV light than other species. The cells of C. 
cucullus Nag-1 aggregate to form resting cysts. There-
fore, some of the resting cysts may have been shaded 
from UV irradiation by other cysts. As a result, the sur-
vival rate of UV-exposed cells may be slightly higher.

The results we obtained herein suggest that the 
cyst wall and NSPs have roles in the protection from 
UV. The question thus arises: does the cyst wall actu-
ally absorb UV light? We collected vacant cyst wall 
(Fig. 4A) and determined its absorption spectrum by 
using a  spectrophotometer equipped with an integrat-
ing sphere to minimize the loss of spectral resolution 
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Fig. 1. Photomicrographs of yellowish auto-fluorescent structures of the mature cysts (wet cysts) of C. cucullus Nag-1 aged >2 weeks by 
UV excitation (A−D) and electron micrographs showing auto-fluorescent nuclei-surrounding particles (NSPs) (E, F) and cyst wall com-
ponents (G). A, B − A Nomarski image (A) of a mature resting cyst and its fluorescence photomicrograph (B) showing autofluorescent 
structures. cw: cyst wall, ma: macronucleus. C−D − A Nomarski image (C) of a mature resting cyst and its fluorescence photomicrograph 
(D) showing autofluorescent layers of cyst wall. ec/en: an ectocyst-endocyst layer complex, en: endocyst layer. E−F − Electron micro-
graphs showing NSPs. G − Electron micrograph showing cyst wall components. ec: ectocyst layer, en-1: first-synthesized layer of endo-
cyst, en-2–6: second – sixth layers of endocyst, m: plasma membrane.

Fig. 3. Inactivation of encysting cells (wet cells) (cyst age: 0–10 days) of C. cucullus Nag-1 (A) and mature dry cysts (cyst age >2 weeks) 
(B) by irradiation with UV light (254 nm). The points were the result of one measurement. Fig. 3A inset – The UV values required for the 
90% inactivation (degree of UV tolerance) of wet cysts, whose values were obtained from Fig. 1A, are plotted against cyst ages.



due to scattering (Fig. 4B). In this sample, almost all 
cysts were vacant. When the vegetative cells had just 
emerged from the cysts, they were surrounded by fragile 
yellowish fluorescent thin layers (Funadani et al. 2016), 
which may be a part of the endocyst layers. A previous 
electron microscopy examination of some exuvia (va-
cant cysts) showed that an ectocyst layer of exuvia was 

not lined with endocyst layers (Funadani et al. 2016). 
However, the ectocyst layer of the exuvia shown in Fig. 
4A-2 seems to be lined with endocyst layers, because 
the layer emitted a yellowish fluorescence. As shown 
in Fig. 4B, the cyst wall sample (Fig. 4A) markedly ab-
sorbed a broad range of UV light. This result indicates 
that the cyst wall evidently has UV-cut function.
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Fig. 2. Nomarski images (A-1−F-1) and their fluorescence photomicrographs (A-2−F-2) showing the formation of the auto-fluorescent cyst 
wall and NSPs in the encysting cells (wet cysts) after the onset of encystment induction. The cyst age (3 h to 5 days; A–F) is given at the 
upper right of each photograph. ec/en: ectocyst-endocyst complex, ec: an ectocyst layer, le: lepidosomes, ma: macronucleus, mu: mucus, 
NSP: nuclei-surrounding particle.
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Fig. 4. Nomarski image (A-1) and its fluorescence photomicrograph 
(A-2) of a vacant cyst (cyst wall sample) obtained from 1-week-
aged mature cysts of C. cucullus Nag-1, and its absorption spectrum 
(B) obtained by a spectrophotometer equipped with an integrating 
sphere.

In excystment-induced Colpoda cucullus Nag-1 
cysts, the UV tolerance was maintained just until the 
vegetative cells emerged from the resting cysts despite 
the dispersion of the NSPs occurred in most of the cells 
(data not shown). Judging from this result, the cyst wall 
seems to play the most important role in the protection 
of the cell from UV light exposure. The function of the 
NSPs is probably in the avoidance of an injury of DNA 
by UV light exposure.
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