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ABSTRACT

The resting cyst formation (encystment) is a survival strategy against environmental stressors,
and is found in many species of single-celled eukaryotic organisms. The process incorporates
cell differentiation accompanied by drastic morphological changes. This study presents
observation via fluorescence microscopy on the encystation process of Colpoda cucullus. We
confirmed that C. cucullus, which was identified by 18S rRNA analysis, contains
lepidosomes, which are cyst-specific cell structures. The existence of these structures in
Colpoda species is controversial at present, so we present background information
concerning the controversy. Moreover, we reveal that lepidosomes acquire autofluorescence
after formation, that is, encysting cells contain lepidosomes lacking autofluorescence while
mature cysts contain lepidosomes exhibiting autofluorescence. In addition, we describe the
process of formation of nuclear surrounding particles (NSPs), which are cyst-specific cell
structures.
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INTRODUCTION

The survival of microorganisms depends on their ability to sense changes in the
environment and respond to new situations (Gutiérrez et al., 2003). Encystment is a common
occurrence among free-living ciliates, which often undergo this process under adverse
environmental conditions (Verni and Rosati, 2011). Encystment represents a strategy against
various environmental stressors such as starvation (Gutiérrez et al., 2001), desiccation
(Taylor and Stickland, 1936), freezing (Uspenskaya and Lozina-Lozinski, 1979), high and
low temperatures (Taylor and Stickland, 1936), ultraviolet irradiation (Uspenskaya and
Lozina-Lozinski, 1979; Matsuoka et al., 2017), and acidity (Sogame et al., 2011). Therefore,
an important part of the life cycle of most ciliates is the formation of resting cysts (Bencatova
and Tirjakovd, 2018).
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The process of encystment in the ciliate genus Colpoda was reported to be controlled
by an intracellular signaling pathway (Matsuoka et al., 2010) triggered by an increase in
intracellular Ca** concentration caused by Ca?* inflow (Sogame and Matsuoka, 2013), which
leads to protein phosphorylation (Sogame et al., 2012a) and alteration of protein expression
(Izquierdo et al., 2000; Chessa et al., 2002; Sogame et al., 2012b, 2014). It also involves
progressive and drastic morphological changes (Gutiérrez et al.,2003). The morphological
events during the encystment process of Colpoda cucullus have been described and include
mitochondrial fragmentation, expulsion of net-like globules, synthesis of ectocysts and
endocysts, and chromatin extrusion (Funatani et al., 2010). The net-like globules (Foissner
1993) were defined as lepidosomes (Foissner et al., 2003) and are reported to have
autofluorescence (Matsuokaet al., 2017). The main scope of this study was to reveal whether
lepidosomes acquire fluorescence after their formation. In addition, nuclear surrounding
particles (NSPs) were previously reported to be cyst-specific fluorescent materials
surrounding the nucleus (Matsuoka et al., 2017); however, details on their formation have
not yet been elucidated. We observed the NSP formation process by double visualization
(nuclei were visualized with Propidium Iodide (PI) staining and NSPs were visualized by
their autofluorescence) by fluorescence microscopy.

As stated above, the C. cucullus cysts in our culture cell line (C. cucullus R2TTYS)
expelled lepidosomes. However, C. cucullus was previously reported to contain no
lepidosomes (Foissner, 1993), although C. cucullus Nag-1, whose partial 18S rRNA
sequence is closest to that of C. lucida, was reported to have lepidosomes (Funadani et al.,
2016). Another aim of this study was to reconsider the presence of lepidosomes as a
taxonomic characteristic of C. cucullus.

MATERIALS AND METHODS
Cell culture

Colpoda cucullus R2TTYS was cultured in an infusion of dried wheat leaves
supplemented with bacteria (Klebsiella pneumoniae NBRC13277 strain) as food. K.
pneumoniae was cultured on agar plates containing 1.5% agar, 0.5% polypeptone, 0.5% yeast
extract, and 0.5% NaCl.

Human liver adenocarcinoma cell line SK-HEP-1cells were kindly provided from
Prof. T. Nakatsura and Dr. M. Shimomura in National Cancer Center, Japan. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich Japan LLC.,
Tokyo, Japan) supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% penicillin,
and 1% streptomycin for 3—4 days.

Encystment induction

Encystment was induced according to Sogame et al., 2019. The cultured vegetative
cells were corrected by centrifugation (1500 g, Imin) and suspended at high cell density (>
10,000 cells/mL) in encystment-inducing medium [1 mM Tris-HCI (pH 7.2),0.1 mM CaCl,].
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Microscopy

Vegetative cells, cysts, and dry cysts were observed using the Avart Al system (Carl
Zeiss Microscopy Co., Ltd., Tokyo, Japan; Fig. 1 A-1, A-3) or Axio Scope Al system (Carl
Zeiss Microscopy Co., Ltd.; Fig. 1 A-2).

To visualize lepidosomes, cysts at 6 h (‘immature cysts’, Fig. 2 A-1, 2B al-a3, 2C
‘Immature cysts’) and more than 1 week (‘mature cysts’, Fig. 2 A-2, 2B b1-b3, 2C ‘Mature
cysts’) after the onset of encystment induction were stained with Congo Red solution [0.25%
Congo Red in 1mM Tris-HCI (pH 7.2) (Fig. 2) ] for 30 min, washed with 1 mM Tris-HCI
(pH 7.2) (Fig. 2A), and observed under an optical microscope (Axio Scope Al; Fig. 2A) or
a confocal laser microscope (FluoView 10i, Olympus Corporation, Tokyo, Japan; Fig. 2B)
using a PI filter (emission maximum, 620 nm) to visualize Congo Red fluorescence (Fig. 2B
a-2, b-2, 2C ‘620 nm’) or DAPI filter (emission maximum, 460 nm) to visualize
autofluorescence (Fig. 2B a-1, a-2, 2C ‘460 nm’) with 405 nm and 473 nm laser diode (LD)
excitation peaks. The rates of fluorescing cells were directly calculated under the confocal
laser microscope. The significance of differences among samples was evaluated prepared by
the Mann-Whitney U test.

For 4’ 6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) double staining
(Fig. 3), SK-HEP-1 cells (for control), Colpoda vegetative cells, and Colpoda cysts were
prepared following two protocols (short-fix protocol and long-fix protocol) as follows. In the
short-fix protocol, cells were fixed by 2% (final concentration) paraformaldehyde in
Phosphate buffered saline (PBS) for 5 min, washed with PBS, and suspended in 1% (final
concentration) NP40 in PBS for 1 h. Second, in the long-fix protocol, cells were fixed by 2%
(final concentration) paraformaldehyde in PBS for 1 week, washed with PBS, and suspended
in 1% (final concentration) NP40 in PBS for 1 h. Subsequently during both protocols, the
cells were washed with PBS and stained with DAPI (final concentration 0.001%) and PI
(final concentration 0.002%) in PBS for 15 min, and observed using a confocal laser
microscope with a DAPI filter (emission maximum, 460 nm) with 405 nm LD excitation
peak and PI filter (emission maximum, 620 nm) with 473-nm LD excitation peak.

For double-visualization of nuclei by PI staining and NSPs (Fig. 4), cells were
stained with PI following a long staining protocol and subsequently observed by a confocal
laser microscope under a DAPI filter (emission maximum, 460 nm) to visualize
autofluorescence, and a PI filter (emission maximum, 620 nm) to visualize PI fluorescence
with 473-nm LD excitation peak.

Amplification and sequencing of 18S rRNA and phylogenetic analysis

Total genomic DNA was extracted from C. cucullus R2TTYS using the DNeasy
Blood and Tissue Kit (Qiagen K. K., Tokyo, Japan) according to the manufacturer’s
instructions. Polymerase chain reaction (PCR) amplification for the partial 18S rRNA gene
(1623 base-pairs, bp) was performed using the genomic DNA as a template. The PCR product
was purified with a PCR Clean-Up Kit (Nippon Gene CO. LTD, Japan) and sequenced via
BigDye Terminator v3.1 Cycle Sequencing Kit analyzed on a 3730 xI DNA analyzer
(Thermo Fisher Scientific K. K., Tokyo, Japan). The primer sets has been previously
described (Funadani et al., 2016). The nucleotide sequence was assembled using CLC Main
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Workbench software (Filgen Inc., Aichi, Japan), and was used to search International
Nucleotide Sequence Database Collaboration (INSDC). The sequence determined in this
study have been deposited in INSFC under accession numbers LC441007. The estimation of
the best evolutionary model and construction of a neighbor-joining (NJ) tree using the T92
model (Tamura, 1992) were performed in MEGA 6.0 (Tamura et al., 2013). A sequence of
Cyrtolophosis mucicola (EU039898.1) was used as outgroup. The tree probability was
assessed using bootstrap resampling of 1000 replicates.

RESULTS AND DISCUSSION

The vegetative cells, cysts, and dry cysts of our culture cell line of C. cucullus
R2TTYS are shown in Fig. 1A. The partial nucleotide sequence of the 18S rRNA gene in our
strain (LC441007/INSDC) was 99% the same as that in C. cucullus EU039893.1 (1620/1623
bp), C. cucullus Nag-1 strain AB918716.1 (1591/1601 bp), C. inflata PABBc-30 strain
KJ60798.1 (1615/1623 bases), and C. lucida EU039895.1 (1609/1622 bp). The NJ tree
showed that the partial sequence of 18S rRNA gene of the strain was most closely related to
that of C. cucullus EU0398983.1 (Fig. 1B); we therefore identified our culture cell line as C.
cucullus. However, it seemed that the cysts of the C. cucullus R2ZTTYS strain expelled small
particles outside the cyst wall (Fig. 1 A-2), which appeared to be lepidosomes (Foissner et al.,
2005); the presence of lepidosomes disagrees with a previous report on C. cucullus (Foissner,
1993). To identify whether the expelled particles were lepidosomes, immature cysts (i.e., 6
h after the onset of encystment) and mature cysts (i.e., more than 1 week after the onset of
encystment) were stained with Congo Red and observed by optical microscopy, because
lepidosomes are reported to be visibly stained by this dye (Funadani et al., 2016). The
observations (Fig. 2A) indicated that the C. cucullus R2TTYS strain expelled lepidosomes
around their cyst wall. This result agreed with reports of C. cucullus Nag-1 strain (Funadani
et al., 2016), C. inflata (Foissner, 1993), and C. lucida (Foissner, 1993), but disagreed with
that of the C. cucullus strain reported by Foissner (1993). Molecular phylogenetic analysis
showed that the partial sequence of the 18S rRNA gene of C. cucullus R2TTYS was most
closely related to that of C. cucullus EU0398983.1 (Fig. 1B), although the C. cucullus
R2TTYS strain contained lepidosomes. A previous study reported that C. cucullus Nag-1,
which does have lepidosomes, was most closely related to C. lucida, although its
morphological features agreed with those of C. cucullus in a 1993 report by Foissner
(Funadani et al., 2019). These results suggest the possibility that lepidosomes are an
intraspecific variation or that C. lucida might actually be a synonymic relationship of C.
cucullus.
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Fig. 1. Optical microscopy analysis and phylogenetic analysis of C. cucullus R2TTYS used in this study. (A)
Optical microscopy images: vegetative cell (A-1), 1-week-old cyst (A-2), and dry cyst (A-3). The scale bar
represents 20 ym. (B) Neighbor-joining (NJ) tree of the species of Colpoda, which was constructed by partial
18S rRNA gene sequences (1623 bp). The scale indicates genetic distance of T92 model. Numbers near the
internal branches are percentage of bootstrap value. The bold letter shows haplotype of strain of C. cucullus
R2TTYS determined in this study. The accession number of each sequence is indicated in parentheses.
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Fig. 2. Congo Red staining of encystation (at 6 h; A-1) and more than 1-week-old cysts (A-2) observed by
optical microscopy. The scale bar represents 25 ym. Observation of lepidosomes by confocal laser microscopy
(B). Observation of lepidosomes of encysting cell (a) and 1-week-old cysts (b). They were stained with Congo
Red. Detection of autofluorescence of lepidosomes (a-1, b-1), fluorescence of Congo Red (b-2, b-3), and
merged bright field images (a-3, b-3). The scale bar represents 25 ym. The rates of fluorescing cysts were
calculated (C). Cysts 6 h after the onset of encystment induction ‘Immature cysts’ and more than 1 week after
the onset of encystment induction ‘Mature cysts’ were stained with Congo Red and detected autofluorescence
at an emission maximum of 460 nm ‘460 nm’ and fluorescence of Congo Red at an emission maximum of 620
nm ‘620 nm’, respectively. Columns and bars correspond to the means and their standard errors, respectively,
of five measurements. Double asterisks indicate significant differences among columns at p < 0.01 (Mann-
Whitney U test).
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According to a previous report (Matsuoka et al., 2017), lepidosomes of mature cysts
exhibit autofluorescence. In this study we found new information about lepidosomes. Indeed,
the lepidosomes of mature cysts exhibited autofluorescence (Fig. 2B b-1); however,
lepidosomes of immature cysts did not show autofluorescence (Fig. 2B a-1). To further
clarify this, we prepared a double visualization of lepidosomes, that is, Congo Red-stained
lepidosomes were visualized by both autofluorescence (at a wavelength of 460 nm) and
fluorescence from Congo Red (at a wavelength of 620 nm). Congo Red staining can be
observed with excitation (Clement and Truong, 2014). Our observations showed that
lepidosomes in cells during encystation showed fluorescence at a wavelength of 620 nm (Fig.
2B a-2) but not at an emission maximum of 460 nm (Fig. 2B a-1). We confirmed the existence
of lepidosomes in cells during encystation, however they did not show autofluorescence. In
contrast, the fluorescence of lepidosomes in mature cysts was detected at both 620 nm (Fig.
2B b-2) and 460 nm (Fig. 2B b-1). Overlaying showed that the two types of fluorescence
almost merged (Fig. 2B b-3). Subsequently, the rate of cysts which emitted fluorescence were
confirmed (Fig 2C). In immature cysts, 96.1 % of cysts emitted fluorescence at a wavelength
of 620 nm but only 1.0 % of cysts emitted fluorescence at a wavelength of 460 nm (Fig 2C
‘Immature cysts’). On the other hand, 93.2 % and 83 .4 % of cysts emitted fluorescence at a
wavelength of 620 nm and 460 nm, respectively in mature cysts (Fig 2C ‘Mature cysts’). The
rate of fluorescing cells by Congo Red staining (fluorescence at a wavelength of 620 nm) of
immature cysts was almost same as much as it of mature cysts (p > 0.05), however, the rate
of autofluorescing (fluorescence at a wavelength of 460 nm) cells of immature cysts was
significantly lower than that of mature cysts (p < 0.01). These results indicated that
lepidosomes are produced in the early phase of the encystment process and acquire
fluorescence later in the process.

In addition to lepidosomes, NSPs have also been reported as fluorescent structures of
cysts (Matsuoka et al., 2017); however, detailed information about the formation process of
NSPs has not been elucidated. However, we revealed the process of NSP formation in
relation to the positions of nuclei (Fig. 4). NSPs were visualized as autofluorescence
(emission maxima, 460 nm) and nuclei were stained with PI and observed at an emission
maximum of 620 nm. The double visualization was performed using a general PI staining
protocol (short-fix protocol; see Materials and Methods), however, nuclei were not stained
with PI= (Fig. 3C ‘S-PI’). To find the cause of the result, double staining of nuclei with
DAPI and PI was performed. In consequence, nuclei in both Colpoda vegetative cells (Fig.
3B ‘S-DAPI’) and cysts (Fig. 3C ‘S-DAPI’) were stained with DAPI although both of them
were not stained with PI (Fig. 3B, 3C ‘S-PI’). Hence, PI was ineffective in both Colpoda
vegetative cells (Fig. 3B ‘S-PI’) and cysts (Fig. 3C ‘S-PI'). On the other hand, the fluorescent
signals of DAPI (Fig. 3A ‘S-DAPI’) and PI (Fig. 3A ‘S-PI’) were almost co-localized in SK-
HEP-1 cells via the same protocol (Fig. 3A ‘S-Merge’). By extending the fixation time, the
DAPI fluorescence in Colpoda vegetative cells (Fig. 3B ‘L-DAPI’) and cysts (Fig. 3C ‘L-
DAPI’) and that of Pl in Colpoda vegetative cells (Fig. 3B ‘L-PI’) and cysts (Fig. 3C ‘L-PI)
were co-localized in both Colpoda vegetative cells (Fig. 3B ‘L-Merge’) and cysts (Fig. 3C
‘L-Merge’), respectively. Nevertheless, the long-fix protocol was problematic in SK-HEP-1
cells (Fig. 3A ‘L-Merge’). In this case, PI did not work (Fig. 3A ‘L-PI’) although DAPI was
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effective (Fig. 3A ‘L-DAPI’). Since PI and DAPI bind strongly to DNA, nuclei must be
stained with them if they got inside of cells and nuclei by surfactant preparation. PI was
possibly trapped by cell structure or substances outside of nuclei because nuclei were
apparently darkened (Fig. 3C ‘S-PI’).— Unfortunately, we cannot explain why PI did not
work in Colpoda cells, but we were at least able to establish a staining protocol. Then,
vegetative cells and cystsat 3h,6h,9h, 12 h, 1d, 3 d, 1 week, 2 weeks, and 3 weeks after
the onset of encystment induction were prepared by long-fix protocol and double
visualization was performed. The nuclei of all cells were stained with PI and the NSP
formation process revealed the positional relationship between nuclei and NSPs (Fig. 4). At
12 h after the onset of encystment induction, a phenomenon which appeared to be chromatin
extrusion (Akematsu and Matsuoka, 2008) occurred and the NSPs began to form around the
nuclei (Fig. 4, 12 h, arrowhead). Thereafter, NSPs were gradually formed around the macro-
and micronuclei. The photos shown as Fig. 4 were representative from repeated experiments,
and the time course of NSP formation was similar among the repeated experiments.
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Fig. 3. Images of double staining. SK-HEP-1 cells (A), Colpoda vegetative cells (B), Colpoda cysts (C) were
stained with DAPI and PI and their nuclei were visualized by fluorescence via DAPI (‘DAPI’) and (‘PI’), by a
short-fix protocol (‘S’) or long-fix protocol (‘L’). The scale bars of (A), (B), and (C) represent 30 ym, 30 pm,
and 15 pum, respectively.
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Fig. 4. Observations of NSPs with PI stained nuclei in vegetative cells ‘0 h” and cysts at 3h,6h,9h, 12 h, 1 d,
3 d, 1 week, 2 weeks, and 3 weeks after the onset of encystment induction. The arrowhead of 12 h indicates
NSP. The scale bar for vegetative cells is shown within the ‘0 h’ image and for other samples it is shown on the
bottom right of the entire figure. Each of them represents 10 ym.

Cyst-specific fluorescent structures such as lepidosomes and NSPs may contain a
kind of pigment that perhaps absorbs the partial energy of radiation and might be responsible
for antioxidant activity, as reported for Deinococcus radiodurans. The pigment deinoxanthin
that was isolated from D. radiodurans (Lemee et al., 1997) was reported to be responsible
for antioxidant activity (Carbonneau et al., 1989). If cells are irradiated by radiation rays such
as ultraviolet or gamma rays, they can be damaged by reactive oxygen species (ROS) (Azzam
et al., 2012). In this situation, their fluorescent materials protect the cells by absorbing some
of the energy via scavenging to protect against radiation. The ability to tolerate radiation rays,
including the activities of fluorescent materials, probably evolved to allow tolerance against
desiccation for survival in terrestrial environments over long periods of time because ROS
stress is also caused by desiccation (Franga et al., 2007).
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