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Abstract. Assays of protein contained in water-soluble fraction of encysting cells Colpoda cucullus Nag-1 by two-dimensional electropho-
resis (2-D PAGE) and mass spectrometry (MS) revealed that the amount of B-tubulin abruptly increased in 2.5-10 h after encystment induc-
tion. Judging from the results that total a-tubulin content did not decrease much until 12 h after encystment induction, the result indicates
that disassembly of microtubules may occur soon after encystment is induced. Therefore, we tried to visualize dynamics of microtubules.
Immunofluorescence microscopy using anti-a-tubulin antibody indicated that disassembly of axonemal microtubules of cilia became within
1.5 h after encystment induction, and resorbed in 3 days. Although the cytoplasmic microtubules failed to be visualized clearly, encystment-
dependent globulation of cells was promoted by taxol, an inhibitor of disassembly of microtubules. It is possible that a temporary formation
of cytoplasmic microtubules may be involved in cell globulation.

The phosphorylation level of actin (43 kDa) became slightly elevated just after encystment induction. Lepidosomes, the sticky small
globes surrounding encysting cells, were vividly stained with Acti-stain 555 phalloidin, suggesting that 43-kDa actin or its homologues may
be contained in lepidosomes.
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INTRODUCTION

Vegetative forms of soil ciliates such as Colpoda
promptly transform into a resting cyst resistant to desic-
cation, freezing, high temperature, acid and ultraviolet
(UV) light before the water puddles dry out (Taylor and
Strickland 1936, Maeda et al. 2005, Miiller et al. 2010,
Sogame et al. 2011a, Matsuoka et al. 2017). Encyst-
ment of Colpoda cucullus Nag-1 (Funadani et al. 2016)
(18S ribosomal RNA gene: GenBank Accession No.
AB918716) can be induced by suspending vegetative
cells at a high cell density in Ca*'-containing surround-
ing medium (encystment induction by Ca’"/overpopu-
lation) (Matsuoka et al. 2009, Sogame and Matsuoka
2013). When C. cucullus Nag-1 is induced to encyst,
mucus is expelled into the extracellular space, followed
by extrusion of small globules called lepidosomes
(Foissner et al. 2011) which form a mucous/lepidosome
layer (Funatani et al. 2010, Funadani et al. 2016). The
cells are rounded and then surrounded by a single rigid
layer (ectocyst layer) 2—4 h after encystment induc-
tion, which is formed between the mucus/lepidosome
layer and plasma membrane. Thereafter, the precursor
substance of endocyst layers is excreted between the
ectocyst layer and plasma membrane to form the first-
synthesized endocyst (4—6 h after encystment induc-
tion). The endocyst precursor is expelled periodically,
resulting in the formation of several layers of endocysts
(Funatani et al. 2010).

We previously proposed that the intracellular signal-
ing pathway leading to encystment of C. cucullus Nag-
1 was activated by Ca*"/calmodulin (Matsuoka et al.
2009), followed by an increase in intracellular cAMP
concentration (Asami et al. 2010, Sogame et al. 2011Db).
This increase induces an elevation in the phosphoryla-
tion level of several proteins (ribosomal PO protein, ribo-
somal S5 protein, actin, histone H4, Rieske iron-sulfur
protein; Sogame et al. 2014a). Thereafter, the signaling
pathways for encystment were extensively elucidated
by Colpoda aspera transcriptome analysis performed
by Jiang et al. (2019); in the signaling pathways acti-
vated by Ca?'/calmodulin, the expression of genes for
AMP-activated protein kinase (AMPK), eukaryotic
elongation factor-2 kinase (eEF2K), AKT and several
genes for autophagy are upregulated. Transcriptomic
analysis of encysting Pseudourostyla also proposed the
outline of signaling pathways for encystment including
Ca*/calmodulin signaling pathways (Pan et al. 2019).

In encystment-induced C. cucullus Nag-1 cells, the
abundance of total cell mRNA begins to drop in 1 h to

reach minimum steady-state level (25% of initial lev-
el) at 5 h, and followed by a decrease in the amount of
most proteins (except for proteins that are specifically
expressed during encystment process). The amount of
total proteins begins to decrease in 5 h to reach a mini-
mum steady-state level (less than 20% of initial level)
in several days after the start of encystment induction
(Sogame et al. 2014b). On the other hand, the amount
of some proteins, such as elongation fator-1o, ATP syn-
thase P chain, heat shock protein 60 or a -tubulin, sud-
denly increases or decreases within several hours after
onset of encystment induction, and thus these proteins
may play important roles in the encystment process
(Sogame et al. 2012, 2014b).

Two-dimensional polyacrylamide gel electrophore-
sis (2-D PAGE) of water-insoluble components of en-
cysting C. cucullus Nag-1 showed that a-tubulin content
was drastically reduced within several hours after onset
of encystment induction (Sogame et al. 2014b). Based
on this result, we speculated that a-tubulin gene expres-
sion might be downregulated (Sogame et al. 2014b).
This speculation may be wrong, because in the pre-
sent study, we found that the total amount of a-tubulin
(a sum of water-soluble and water-insoluble a-tubulin)
in encysting Colpoda does not decrease quickly. The
present study showed that the reduction of a-tubulin in
the water-insoluble fraction reflected the disassembly of
microtubules. In addition, we attempted to visualize the
encystment-dependent dynamics of microtubules and
actin filaments.

MATERIALS AND METHODS

Cell culture and encystment induction

C. cucullus Nag-1 (Funadani et al. 2016) (18S ribosomal RNA
gene: GenBank Accession No. AB918716) was cultured in a 0.05%
(w/v) infusion of dried wheat leaves. Colpoda cells cultured for 1-2
days were washed in 1 mM Tris-HCI (pH 7.2) by centrifugation
(1500 x g for 2 min). The resting cyst formation (encystment) was
induced by suspending the vegetative cells in an encystment-induc-
ing medium containing 1 mM Tris-HCI (pH 7.2) and 0.1 mM CaCl,
at a high cell density (> 30,000 cells/ml). As a control, the cells were
suspended in 1 mM Tris-HCI (pH 7.2) at a low cell density (< 2,000
cells/ml).

Inhibitors

Taxol (Ta; Sigma-Aldrich, Tokyo), an inhibitor of disassem-
bly of microtubules, and cytochalasin B (CB; Fujifilm Wako Pure
Chemical Corp., Osaka, Japan), an actin polymerization inhibitor,
were dissolved in dimethyl sulfoxide (DMSO) to give 1 mM stock



solutions. Stock solutions were diluted 100 times with encystment-
inducing medium (final concentrations: 10 uM Ta and CB contain-
ing 1% DMSO each).

Cell fractionation

In order to disrupt the cellular structure, cells at different encyst-
ment stages were frozen for more than 1 h at =80 °C, and subsequently
thawed at room temperature. To obtain the water-soluble components
(supernatant), samples were centrifuged (8,000 x g for 3 min).

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE)

The cells were disrupted in the SDS-PAGE sample buffer [1%
(w/v) SDS, 30 mM Tris-HCI, pH 6.8, 5% (v/v) 2-mercaptoethanol
and 10% (v/v) glycerol] with a microhomogenizer (Model 226A;
As One, Osaka, Japan) in a microfuge tube on ice, followed by boil-
ing for 3 min. A sample obtained from about 5,000 cells in each
lane was electrophoresed on a 10% gel at 150 V, according to the
Laemmli method (1970). Gels were stained with 0.2% Coomassie
brilliant blue R250 (CBB R250) dissolved in a stain containing 45%
(v/v) methanol and 10% (v/v) glacial acetic acid, and then destained
in a solution containing 27% (v/v) methanol and 9% (v/v) glacial
acetic acid.

Two-dimensional polyacrylamide gel electrophore-
sis (2-D PAGE)

2-D PAGE was performed according to a previously reported
method (Sogame et al. 2014b), except that 2% [v/v] polyoxyeth-
ylene (20) sorbitan monooleate [Tween-80; Wako Pure Chemical
Industries, Osaka, Japan] was replaced by 4% (w/v) 3-[(3-Cholami-
dopropyl)dimethylammonioJpropanesulfonate (CHAPS) (Dojindo,
Tokyo).

Immunoblotting assay

Electrophoresed proteins were transferred to an Immobilon-P
transfer membrane (Millipore, Bedford, MA, USA) according to
a previously reported method (Sogame et al. 2014b). Prior to immu-
nostaining, the blots were blocked for 2—3 h by soaking in TBST [20
mM Tris—HCI (pH 7.2), 150 mM NaCl, 0.05% Tween-20] supple-
mented with 0.1% bovine serum albumin (BSA), followed by im-
munostaining with 1 pg/ml mouse anti-tubulin-o. Ab-2 monoclonal
antibody (MS-581-Pro; Thermo Scientific, MA, USA) dissolved in
a TBST for 40 min at 37 °C, and then incubation in 0.05 pg/ml
HRP-labeled goat anti-mouse IgG (Kirkegaard & Perry Lab., Gaith-
ersburg, MD, USA) for 40 min at 37 °C. The antibodies were dis-
solved in TBST [20 mM Tris—HCI (pH 8.0), 150 mM NacCl, 0.05%
Tween-20] supplemented with 0.1% BSA.

Detection of phosphorylated proteins

A complex consisting of biotin-pendant phosphate-binding
tag molecule (Phos-tag; Zn®*-Phos-tag™ BTL-104; available at
http:www.phos-tag.com) and horseradish peroxidase (HRP)-conju-
gated streptavidin (GE Healthcare Bio-Sciences, Buckinghamshire,
UK) was prepared, and phosphorylated proteins were detected ac-
cording to the method reported by Kinoshita et al. (2006).

In both immunoblotting and biotinylated Phos-tag/ECL detec-
tion assays, the HRP-labeled proteins on the transfer membranes
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were detected using an enhanced chemiluminescence (ECL) detec-
tion system (GE Healthcare). After exposure to Hyperfilm, the blots
were stained for 1 min with a 0.1% CBB R-250 solution containing
40% (v/v) methanol and 1% glacial acetic acid, and then destained
in 50% (v/v) methanol.

LC-MS/MS analysis

Prior to liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis, the proteins transferred to the blotting mem-
branes were digested with trypsin (Sigma-Aldrich, St. Louis, MO,
USA). The peptides produced by protease digestion were separated
by a 0—40% linear gradient with acetonitrile for 60 min, and then
analyzed with a Waters UPLC Xevo Qtof system. Raw data were
processed with Waters ProteinLynx Global Server 2.4. Subsequent-
ly, protein was identified by searching against the Alveolata pro-
tein sequences registered in the NCBIprot database records using
a MASCOT search engine (Matrix Science, London, UK).

Electron microscopy

The electron microscopy procedure for encysting Colpoda cells
was performed according to a previously reported method (Funatani
et al. 2010). The cells were prefixed with a glutaraldehyde (GA)
fixative [6% GA, 100 mM cacodylate buffer (pH 7.2), 4 mM su-
crose] for 6 h, rinsed in 100 mM cacodylate buffer (pH 7.2), and
postfixed in a postfixative [1% OsO,, 100 mM cacodylate buffer (pH
7.2), 2 mM sucrose] for a week. The postfixed cells were rinsed in
distilled water, dehydrated through a graded ethanol series, and fi-
nally suspended in acetone. The dehydrated cells were embedded in
Spurr’s resin. Ultrathin sections were stained with 3% uranyl acetate
and then with lead citrate (10 min each). The sections were observed
under a transmission electron microscope (JEOL,1010T).

Visualization of the infraciliature

In order to visualize the infraciliature, silver carbonate impreg-
nation was performed according to the method reported by Foiss-
ner (1993). Prior to silver impregnation, cysts were frozen (—80°
C) and thawed, and then gently homogenized to peel the cyst wall
mechanically.

Fluorescence microscopy

The cells were incubated in PBST [phosphate-buffered saline
(PBS) containing 0.05% Tween-20] for 10 min, and fixed with
3.7% paraformaldehyde in phosphate-buffered saline (PBS). After
30-min fixation, cells were washed with fresh PBST by centrifuga-
tion (1000 x g for 30 s) and then incubated in 1% Nonidet P-40
(NP-40; Sigma-Aldrich) in PBS for 1 h. After washing with PBST
by centrifugation (1000 x g for 30 s), cells were incubated for
1 h in PBS containing 1% bovine serum albumin (BSA; Fujifilm
Wako Pure Chemical Corp.), and then incubated for 1 h with 1 pg/
ml anti-o-tubulin mouse mAb (Thermo Fisher Scientific, Waltham,
MA, USA) at room temperature. The cells were then washed again
with PBST by centrifugation (1000 x g for 30 s), and incubated for
1 h with 2 pg/ml goat anti-mouse IgG H&L (Alexa Fluor® 488;
Thermo Fisher Scientific) at room temperature. Finally, cells were
collected by centrifugation (1000 x g for 30 s), washed with PBST,
and resuspended in 100 nM Acti-stain™ 555 fluorescent phalloidin
(Cytoskeleton, Denver, CO, USA) solution for 30 min (detection
for F-actin; https://en.wikipedia.org/wiki/Phalloidin). The series of
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fixations and staining of cells covered with cyst wall was performed
under a vacuum condition (—760 mHg) in order to allow penetration
of fixative and probe molecules.

Thus, stained cells were washed with fresh PBS, and observed
under a fluorescence microscope (Olympus BX-50) equipped with
a green fluorescence filter set (U-MWBYV) or a red fluorescence fil-
ter set (U-MWIG). When Acti-stain 555 phalloidin fluorescence was
observed, excitation light less than 530 nm was cut off (<10%) us-
ing a 0-54 filter (Hoya Candeo Optronics, Tokyo) to eliminate FITC
fluorescence.

RESULTS

We analyzed the alteration of water-soluble pro-
teins contained in encysting Colpoda cells by two-
dimensional polyacrylamide gel electrophoresis (2-D
PAGE), and identified proteins whose abundance var-
ied prominently in the encystment process by a lig-
uid chromatography tandem mass spectrometry (MS)
analysis. Fig. 1 shows the 2-D PAGE of the water-sol-
uble fraction of encysting cells of C. cucullus Nag-1.
Three spots (p56, p37, p19) whose density prominently
change during encystment were aligned in Fig. 2. Mass
spectrometry (MS) of protein spots revealed that these
proteins were B-tubulin (p56) and its fragments (p37,
pl19) (Table 1).

If the elevation of tubulin monomers in the water-
soluble fraction were due to the disassembly of mi-
crotubules, the tubulin content in the water-insoluble
fraction would be reduced after encystment induction,
and the total tubulin content would be expected not to
change. In fact, a previous study (Sogame et al. 2014b)
showed that a-tubulin content in the water-insoluble
fraction (a-tubulin constructing microtubules) was
drastically reduced within 12 h after encystment induc-
tion. In addition, immunoblotting assays using anti-a-
tubulin antibody showed that the total a-tubulin content
was not reduced much until 12 h after encystment in-
duction (Fig. 3).

The integrated optical density (IOD) of the spots of
a-tubulin contained in the water-insoluble fraction (So-
game et al. 2014b) (closed circles), spots of B-tubulin
fragments (p19) contained in the water-soluble frac-
tion (Fig. 2), and total a-tubulin bands (immunoblots;
Fig. 3) were determined by NIH image analysis (Fig. 4).
The results suggest that a temporary assembly of tubu-
lins was slightly promoted within 1-2 h after encyst-
ment induction, followed by large-scale disassembly of
tubulins.

The vegetative cells of C. cucullus Nag-1 were
rounded and their cilia gradually shortened in the 23
h after encystment induction (Fig. 5A), followed by an

Table 1. Water-soluble proteins of C. cucullus Nag-1 identified by LC-MS/MS whose amount is uniquely modified by encystment induction

Proteins Spots Sequences of matched peptides [no. of peptides]

Accession no. (organism) Sequence coverage (%)

B-tubulin p56
LAVNLIPFPR,

INVYFNEATGGR, GHYTEGAELIDSVLDV VR,

BAG12789.1 (Sorogena
stoianovitchae)

16.7 (T2AA/432AA)

ALTVPELTQQMFDAK, MAVTFIGNSTAIQEMFK [5]

B-tubulin p37 INVFYNEATGGR, AILMDLEPGTMDSVR,
AGPFGQLFRPDNFVFGQSGAGNNWAK,
GHYTEGAELIDSVLDVVR,

GHYTEGAELIDSVLDVVRK,

EAEGCDCLQGFQITHSLGGGTGSGMGTLLISK,

EEYPDRIMETFSVFPSPK, IMETFSVEPSPK,
FPGQLNSDLR, FPGQLNSDLRK,
LAVNLIPFPR, LHFFMIGFAPLTSR,
ALTVPELTQQMFDAK,YLTACAMFR,
EVDEQMLNVQNK [15]
B-tubulin plo FWEVISDEHGIDPTGTYHGDSDLQLER,
INVFYNEATGGR,
AILMDLEPGTMDSVR,
AGPFGQLFRPDNFVFGQTGAGNNWAK,

AHC92551.1 (Colponema
edaphicum)

48.1 (194AA/403AA)

BAG12789.1 (Sorogena
stoianovitchae)

34.4 (149AA/432AA)

GHYTEGAELIDSVLDVVR, GHYTEGAELIDSVLDVVRK,
EAEGCDCLQGFQITHSLGGGTGSGMGTLLISK,
EEYPDRIMETFSVFPSPK, IMETFSVFPSPK [9]
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Fig. 1. 2-D PAGE showing an alteration of the water-soluble protein composition at 0 h-4 weeks after the onset of encystment induction
of C. cucullus Nag-1. Arrowheads indicate the proteins (p56, p37, p19) whose amount uniquely and markedly changed during resting cyst
formation. These proteins were identified as B-tubulin and its fragments by MS analysis (see Table 1).
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Fig. 2. Changes of the amount of B-tubulin (p56) and its fragments (p37 and p19) contained in water-soluble fraction during resting cyst
formation of C. cucullus Nag-1. Figures above the photographs indicate time lapse after onset of encystment induction.

NS b& b& br&\ b'§ Fig. 3. Immunoblotting assay using anti a-tubulin antibody showing
NIENAN ,\q, N D total a-tubulin content during resting cyst formation of C. cucullus
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Fig. 4. NIH image analyses of CBB-stained a-tubulin spots of gels (closed circles) separated by 2-D PAGE of water-insoluble fraction (So-
game et al. 2014b), CBB-stained p-tubulin fragment spots of gels (p19 in Fig. 2, open circles) contained in water-soluble fraction, and total
a-tubulin immunoblotting bands (open squares) (Fig. 3) of C. cucullus Nag-1. Ordinate indicates integrated optical density (IOD) reflecting
relative protein amounts. Abscissa indicates the time lapse after onset of encystment induction.

Protein amount (relative value)




114 Y. Sogame et al.

ectocyst layer formation and withdrawal of cilia inside
of ectocyst layer (Fig. 5B).

Fig. 6A shows that the phosphorylation level of p43
(identified as actin by MS in the study; Sogame et al.,
2014a) was elevated just after encystment induction,
and continued for several hours. It is known that the
phosphorylation of actin is involved in the polymeri-
zation or depolymerization of actin filaments (Ohta et
al. 1987, Furuhasi and Hatano 1990, Constantin et al.
1998). It is likely that not only microtubules but also
actin dynamics may be involved in the early stage of
encystment.

If a temporary assembly in cytoplasmic microtu-
bules were required for encystment-dependent cell
globulation, which is one of the morphogenetic signs
of encysting cells, an inhibitor of tubulin disassem-
bly such as taxol would be expected to promote cell
globulation. It is known that taxol completely inhibits
disassembly of spindle fiber at 0.15 pM (Risinger et
al. 2014). When the cells of C. cucullus Nag-1 were
induced to encyst in the presence of 10 uM taxol, the

cell globulation was promoted (Fig. 7A-1). In this
case, there was a significant difference at 2.5 and 4 h
(p < 0.05; Mann-Whitney test). The resorption of cil-
ia of encysting cells in the presence of 10 uM taxol
tended to be slightly suppressed, but there was no sig-
nificant difference between the positive control group
(Fig. 7A-2, Induced without ‘Ta’) and experimental
group (Fig. 7A-2, Induced with ‘Ta”) (p > 0.05, Mann-
Whitney test).

Cytochalasin B (CB) reduces the actin polymeriza-
tion rate at 2 uM by up to 90% (MacLean-Fletcher and
Pollard 1980). When the C. cucullus Nag-1 cells were
induced to encyst in the presence of 10 uM CB, cell
globulation was not suppressed (Fig. 7B-1). The re-
sorption of cilia of encysting cells in the presence of 10
uM CB tended to be slightly suppressed, but there was
no significant difference between the control (Fig. 7B-
2, Induced without ‘CB’) and experimental groups
(Fig. 7B-2, Induced with ‘CB’) (p > 0.05, Mann-Whit-
ney test).

Fig. 5. Photomicrographs (Nomarski images) (A) and transmission electron micrographs (B) of C. cucullus Nag-1 after onset of encystment
induction, showing resorption of cilia. (A) Vegetative cell at 0 h (A-1) and 2.5 h (A-2) after onset of encystment induction. (B) Encysting
3-h-aged cell (B-1) and 4-h-aged cell (B-2). ci: cilia, m: plasma membrane, ec: ectocyst layer, le: lepidosome. (B-2) a different electron
micrograph of the same ultrathin section used in a previous paper (Funatani et al. 2010; Fig. 3).



p43 (actin) —>
Phosphorylation level

(A)

(B) CBB stained

p43 (actin) —> gaﬁf.-; g o ......-3

Cytoskeletal Dynamics in Colpoda Encystment 115

0 1 3 5 12 (h)

z —cE

—— - ——

Fig. 6. Ca>/overpopulation-stimulated in vivo phosphorylation of p43 (actin, identified by MS) during resting cyst formation of C. cucullus
Nag-1, detected by biotinylated Phos-tag/ECL assays (A), and blots stained with CBB after the biotinylated Phos-tag/ECL detection (B).
Figures above the photographs indicate time lapse after onset of encystment induction.

We tried to visualize microtubule and actin dynamics
in the early encystment stages, using FITC-labeled anti-
a-tubulin antibody and Acti-stain 555 phalloidin (red
fluorescence for F-actin detection). Fig. 8 shows vegeta-
tive cells (A) and encysting cells (B-F) of C. cucullus
Nag-1. When the cells stained with both FITC-labeled
anti-o-tubulin antibody and Acti-stain 555 phaloidin
were excited with blue light (400—440 nm), green fluo-
rescence of FITC (detection wavelength: > 475 nm) was
seen on the cilia (A-C, middle two sets of photographs).
In the encysting Colpoda, 1.5 h after encystment induc-
tion, the cilia had begun to shorten, and their distal re-
gions were swollen (Fig. 8B, arrowheads), indicating
that axonemal microtubules might be depolymerizing in
those distal regions. At 3 h (Fig. 8C) after encystment
induction, cilia could not be detected in the Nomarski
images (Fig. 8C, left), because rounded cells were cov-
ered with the mucus/lepidosome layer. In this stage,
cilia were shortened substantially, and the ciliary rows
showed spiral configurations around the oral apparatus
(Fig. 8C middle, arrowhead). FITC-labeled microtu-
bules just beneath the plasma membrane were not visu-
alized clearly. The formation of the mucus/lepidosome
layer was followed by the formation of the ectocyst
layer. It was presumed that in the encysting cells shown
in Fig. 8C, the rigid ectocyst layer was not yet complete,
because cells still appeared to be fragile. In 3-day-aged
cysts (Fig. 8D), FITC fluorescence showing ciliary ax-
onemes was not detected beneath the green autofluores-

cent cyst wall (Fig. 8D, ec/en). The basal structure of
cilia can still be seen in 3-day-aged cysts (Fig. 8F).

Unfortunately, the present study failed to visualize
Acti-stain phalloidin red fluorescence images showing
F-actin inside the cilia and cell interior of vegetative and
encysting cells (Fig. 8A-D, right). Instead, a vivid red
fluorescence was detected on the excreted small globes,
which are probably lepidosomes (Fig. 8D, E); the red
fluorescence emission of the cyst wall shown in Fig. 8D
(right) may be partially attributed to autofluorescence
of the endocyst layer. This result suggests that the lepi-
dosomes may contain F-actin. We therefore examined
whether lepidosome formation is prevented by CB, but
it was not inhibited by 10 uM CB (data not shown).

DISCUSSION

In a previous study, we showed that a-tubulin con-
tent in the water-insoluble fraction was drastically re-
duced within several hours after encystment induction,
and interpreted this to mean that the expression level
of a-tubulin was reduced (Sogame et al. 2014b). In the
present study, in contrast, we noticed that B-tubulin in
the water-soluble fraction was promptly elevated in 2.5
h after encystment induction (Figs. 1, 2, 4), and that
total a-tubulin content was not so reduced until 12 h af-
ter encystment induction (Figs. 3, 4). Based on these
results, we concluded that the tubulin expression level
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was not reduced by encystment induction, but depo-
lymerization of the microtubules occurred.

Three spots (p56, p37, p19) whose density promi-
nently change during encystment (Figs. 1, 2) were iden-
tified B-tubulin (p56) and its fragments (p37, p19) by
MS analysis (Table 1). It is known that tubulins have
highly reactive sites for proteases, which can thus eas-
ily cleave into fragments (Sackett and Wolff 1986). The
tubulin fragments (p37 and p19) detected in the present
2-D PAGE were probably produced by endogeneous
proteolysis.

In mammal primary cilia, ciliary resorption may be
triggered by “decapitation” of the ciliary tip, in which
actin filaments play an important role (Phua et al.
2017, Mirvis et al. 2018). It has been reported that the
phosphorylation of actin is involved in the polymeri-
zation or depolymerization of actin filaments (Ohta et
al. 1987, Furuhasi and Hatano 1990, Constantin et al.
1998). Judging from the fact that the phosphorylation
level is elevated in cells just after induced encystment
in C. cucullus Nag-1 (Fig. 6), it is possible that actin
may be involved in the encystment-dependent ciliary
resorption. However, cytochalasin B did not suppress
the ciliary resorption (Fig. 7B-2), and that no red fluo-
rescent fibril-like images stained with Acti-stain 555
phaloidin were observed in the distal region of cilia
(Fig. 8A-C, rightmost lane). These results suggest that
actin polymerization in the distal region of cilia may
not be responsible for triggering ciliary resorption in C.
cucullus Nag-1.

New protein synthesis is not required for the cell
globulation caused by encystment induction, which
is a distinct morphogenetic event in the early stage of
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Colpoda encystment (Funadani et al. 2016). Presum-
ably, cytoskeletal dynamics may be involved in such
the cell globulation. The present results showed that
taxol (an inhibitor of tubulin depolymerization), which
promotes assembly of tubulin (Schiff et al. 1979), ac-
celerated the encystment-dependent globulation of the
encysting cells of C. cucullus Nag-1 (Fig. 7, A-1). This
suggested that an assembly of cytoplasmic microtu-
bules might be involved in cell globulation. The result
that a temporary tubulin assembly occurs just after en-
cystment induction (Fig. 4) also supports this idea.

In Entamoeba invadens, globulation during encyst-
ment is inhibited by cytochalasin D (an actin polymeri-
zation inhibitor), suggesting that actin polymerization
may be involved in the encystment-dependent globula-
tion (Herrera-Martinez et al. 2013). On the other hand,
the encystment-dependent globulation of C. cucullus
Nag-1 cells was not inhibited by cytochalasin B (CB)
(Fig. 7B-1). Actin polymerization inhibitors other than
CB might need to be tested in C. cucullus Nag-1.

In encysting cells 3 h after encystment induction,
Acti-stain phalloidin red fluorescence was detected
in lepidosomes expelled to the extracellular space
(Fig. 8D rightmost lane, E). Lepidosomes of C. cuc-
ullus Nag-1 are small globules showing a fine fibrous
structure (Fig. 5B), and are involved in cell-to-cell or
cell-to-substrate adhesion. Lepidosomes contain 45-
kDa bacterial elongation factor Tu (EF-Tu) (Funadani
et al. 2016). It is also known that in the bacterium Ba-
cillus subtilis, EF-Tu interacts and colocalizes with
bacterial actin MreB (Defeu Soufo et al. 2010) which
is homologous to eukaryotic actins (Jones et al. 2001).
Based on this evidence, Acti-stain phalloidin may bind

Fig. 7. Effects of 10 uM taxol (A) and 10 pM cytochalasin B (B) on Ca*'/overpopulation-mediated globulation of C. cucullus Nag-1 (A-1,
B-1) and ciliary resorption (A-2, B-2). A-1, B-1 — The rate of encysting (rounded) cells was expressed as a percentage of the total number
of tested cells (100 randomly selected cells). Open squares (negative control). The cells were suspended in 1 mM Tris-HCI (pH 7.2) solu-
tion without inhibitors at low cell density (< 2,000 cells/ml). Under this condition, encystment was hardly induced. Closed circles (positive
control). The cells were suspended in an encystment-inducing medium [1 mM Tris-HCI (pH 7.2) and 0.1 mM CacCl,] without inhibitors
at high cell density (> 30,000 cells/ml) (Ca*/overpopulation stimulation). In this condition, the encystment was markedly induced. Open
circles (experiment). The cells were suspended in an encystment-inducing medium containing taxol (Ta) or cytochalasin B (CB) at high cell
density (> 30,000 cells/ml). Points and attached bars correspond to the means of 5 measurements (100 cells per measurement) obtained from
different batches and standard errors, respectively.

A-2, B-2 — Length of cilia at 2 h after onset of encystment induction in the presence or absence of taxol (Ta) or cytochalasin B (CB). In the
negative control [Induced without ‘Ta’ (0 h) or Induced without ‘CB’ (0 h)], the cultured cells were collected, then suspended in encystment-
inducing medium, and quickly fixed with 3.7% paraformaldehyde. In the positive control [Induced without ‘Ta’ (2 h) or Induced without
‘CB’ (2 h)], the cells were suspended for 2 h in an encystment-inducing medium without inhibitors at high cell density (> 30,000 cells/ml),
and then fixed with 3.7% paraformaldehyde. In the experimental groups [Induced with ‘Ta’ (2 h) or Induced with ‘CB’ (2 h)], the cells were
suspended for 2 h in an encystment-inducing medium containing inhibitors at high cell density (> 30,000 cells/ml), and then fixed with 3.7%
paraformaldehyde. Columns and attached bars correspond to the means in 26 cells and standard errors, respectively.
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Fig. 8. A-D — Nomarski (leftmost lane), FITC-immunofluorescence images labeled with anti-a-tubulin monoclonal antibody and their
magnified images (middle two lanes), and red fluorescence images (rightmost lane) stained with Acti-stain 555 phalloidin (detection for
F-actin) of encysting cells of C. cucullus Nag-1. Each set of photomicrographs arranged in a horizontal row shows an identical cell except
for Fig. 8C (FITC image, inset). A — Vegetative cell. B-D — Encysting cells of C. cucullus Nag-1 at 1.5 h (B), 3 h (C) and 3 days (D) after
encystment induction. E — Nomarski image (left), red fluorescence images (middle) stained with Acti-stain 555 phalloidin, and a Nomarski
image superimposed with a red fluorescence image obtained by Acti-stain 555 phalloidin staining (right) in encysting cells of C. cucullus
Nag-1 at 3 h after encystment induction. F — Silver impregnation of a 3-day-aged cyst showing the basal structure of cilia. This photograph
was reproduced from our previous work (Watoh et al. 2005, Fig. 9b). ant: anterior end, le: lepidosome, mu: mucus layer, ec/en: ectocyst
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to the actin-like filaments constructing the lepidosomes
of Colpoda, which possibly interact with colocalizing
EF-Tu. The result that lepidosome formation was not
inhibited by CB (an inhibitor for eukaryotic actin po-
lymerization) suggests that CB may not bind to actin-
like filaments contained in lepidosomes of Colpoda.

In the resting cysts of ciliate Euplotes encysticus,
the ciliary axonemes and ciliature base-associated mi-
crotubules are visualized by FLUTAX fluorescent labe-
ling method, showing that such microtubule networks
still remain in the resting cysts (Chen et al. 2014). On
the other hand, in 3-day-aged C. cucullus Nag-1 rest-
ing cysts, FITC fluorescence of ciliary axonemes and
subpellicular microtubule network was not detected
(Fig. 8D). Presumably the microtubule network may be
disintegrated. This result is consistent with biochemical
assays showing that tubulin disassembly is completed
around 3 days after encystment induction (Figs. 2, 4).
Unfortunately, microtubule dynamics failed to be clear-
ly traced, because the mucus layer covering Colpoda
cells may disturb the diffusion of anti-a-tubulin anti-
body into cell interior.

In the present study, encystment-dependent micro-
tubule dynamics in C. cucullus Nag-1 was revealed by
means of 2-D PAGE and MS analyses, and its roles
were discussed. Further studies to clearly visualize cy-
toskeletal dynamics including actin would be needed.
The basal structure of cilia remained in 3-day-aged
cysts (Fig. 8F). It is desired to clarify whether or not
such a basal structure remains in matured cysts aged
more than 1 week.
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