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Effects of Roscovitine on Schedule of Divisional Morphogenesis, Basal
Bodies Proliferation and Cell Divisions in Tetrahymena thermophila
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Summary. During cell cycle of a ciliate Tetrahymena thermophila the divisions of micro- and macronucleus, cortical morphogenesis and
cytokinesis are temporarily coordinated. Cortical morphogenesis begins with proliferation of the new ciliary basal bodies (BBs) within
meridional cortical rows of ciliary BBs, and with the local proliferation of BBs, which form the new oral apparatus (OA2), positioned sub-
equatorialy and destined for prospective posterior daughter cell (opisthe). Prior to cytokinesis, two prospective daughter cells are of equal
size and show metamery of their cortical patterns. We studied effects of 20 pM roscovitine (an inhibitor of several cyclin-dependent kinases)
on the cell cycle progression of 7. thermophila. We showed that roscovitine delayed cell division, delayed or arrested macronuclear division
and induced increase of cell size and the number of BBs in the cortical rows. The increase in the number of BBs in cortical rows induced
cell elongation which was proportional to the increase in cell surface area. There was uncoupling between this BBs proliferation which
is continued during prolonged cell cycle and delayed cytokinesis, what resulted in topological alteration of the respective positions of the
OA2 and of the contractile vacuole pores (CVPs). In roscovitine treated cells, the new OA2 was positioned subequatorialy, but the fission
zone was shifted posterior to the equatorial plane of the cell and positioned across and in the extreme cases behind of the new OA2. This
resulted in the formation of a large proter and small size opisthe. The roscovitine treatment induced a formation of a plethora of phenotypes
of postdividing cells. We found that irrespective of changes in divisional morphogenesis induced by roscovitine treatment, all mature BBs
were associated with the cdc14-like phosphatase. Taken together all these data indicate that during cell cycle of 7. thermophila the normal
morphology of the daughter cells depends on the proper division of micro- and macronucleus and on temporal control of BBs proliferation
along the longitudinal rows, during OA2 stomatogenesis and during selection of BBs involved in differentiation of apical BBs (couplets)
and cell division.
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INTRODUCTION

The cell cortex of 7. thermophila consists of 17-21
antero-posterior rows of ciliated and non-ciliated basal
bodies — BBs (Shang et al. 2005) and longitudinal micro-
tubule bundles (LMs) parallel to the rows. The oral ap-
paratus (OA1) is positioned subapically, the contractile
vacuole pores (CVPs) and the cytoproct (CYT) are locat-
ed in the posterior cell cortex at the determined position
of the cell circumference (reviewed in Frankel 2000). In
contrast to the division in metazoan cells, the division in
Tetrahymena involves the reorganization of the parental
cortical pattern into dual metameric patterns of daugther
cells. The polarity of the BBs rows (controlled by the
Mobl polarity marker appearing prior to cell division in
posterior BBs rows in both forming daughters, Tavares
et al. 2012) does not change during cell divisions. Under
normal culture conditions, during each cell cycle, the cell
develops the new oral apparatus (OA2) for the posterior
daughter (opisthe) and the new contractile vacuole pores
(CVPs) and the cytoproct (CYT) for the anterior daugh-
ter (proter) (reviewed in Frankel 2000), and opisthe and
proter are the same size (Lynn 1977, Kaczanowski 1978,
Frankel er al. 1981, Nelsen et al. 1981). At the start of
OA2 stomatogenesis, the BBs proliferate laterally to the
left of the right ventral postoral row #1 to form an “an-
archic field” of BBs. The cortical area of the anarchic
field and mature OA1 are deprived of the epiplasmic
antigen (Williams et al. 1987, 1990). Subsequently, the
BBs within the anarchic field are assembled into the oral
membranelles of the OA2, with programmed resorption
of some of them, followed by development of structures
of oral pouch and cytopharynx (Lansing et al. 1985, Wil-
liams et al. 1986, Takeda ez al. 2001, Gould et al. 2011).

Prior to cell division, the cortical rows are transected
at the cell equator around its circumference with the ka-
tanin (Sharma et al. 2007). This equatorial zone of gaps
in the BBs rows is called the fission zone. The equatori-
al positioning of the fission zone is determined at early
stages of oral morphogenesis by the proximal end of the
OA2 primordium (Nanney 1975; Kaczanowski 1978;
Numata and Gonda 2001; Shang et al. 2002, 2005). The
appearance of the fission zone (Nelsen et al. 1981, Kac-
zanowska et al. 1993, Kaczanowska et a/.1999, Brown
et al. 1999, Thazhath et al. 2002, Thazhath et al. 2004)
is followed by the wave of ciliation of the 12 basal bod-
ies of cortical rows, located posterior to the fission zone
(Frankel et al. 1981).

In most ciliary rows two BBs located posterior to
the fission zone differentiate into couplets: anterior,
unciliated BB (“stumpy” BB) and next ciliated BB.
These couplets form so called “couronet” of the apex
of the opisthe. The “stumpy” BBs are directly involved
in the formation of the apical ring of filaments (ARF)
for the opisthe cell (Diogon ef al. 2001) and are im-
plicated in formation of contractile fission ring during
cytokinesis (Jerka-Dziadosz 1981, Numata ef al. 1995).
The differentiation of couplets depends on the protein
p85 and its interaction with Ca*"/calmodulin (Gonda
et al. 1999, Gonda and Numata 2002). It is likely that
the modification of the p85 protein depends on prod-
uct of the TTHERM 00590090 gene [named TGD
U LL61625(309) Bradley U and, renamed CMBI1 by
Frankel 2005].

The final fission line of furrowing (Jerka-Dziadosz
et al. 1995, Kaczanowska et al. 1999) is specifically la-
belled by the antibody directed against the subepiplasmic
64-kDa protein (fenestrin) (Nelsen ez al. 1994). Appear-
ance of the fission line is involved in organization of the
fission contractile ring underneath cortical membrane
(Gonda and Numata 2002, Shirayama and Numata 2003,
Wilkes and Otto 2003, Williams ef al. 2006). Traffick-
ing of the endosomes (Baluska ez al. 2006, Zweifel et al.
2009) provides components for new cell surface during
cell growth and cytokinesis (Smith ez al. 2004, Williams
et al. 2006, Kushida et al. 2011). In ciliates, generation
of tensional forces is involved in separation of daughter
cells (Yasuda ef al. 1980, Kaczanowska et al. 1995). It
has been also shown that, the  tubulin mutation selec-
tively uncouples macronuclear division and cytokinesis
(Thazhath et al. 2002, Smith et al. 2004). However, our
understanding of the control of the positioning of the
OA2, the new CVPs and the couplets, and control of the
proliferation of BBs in cortical rows during divisional
morphogenesis of 7. thermophila remains vague. Some
checkpoints (reviewed Cole and Sugai 2012) operating
during Tetrahymena cell cycle synchronize three differ-
ent developmental pathways: (i) the replication of DNA
and amitotic division of macronuclei (Kovacs and Pall-
inger 2003, Kushida ez al. 2011, Gotesman et al. 2011,
Sugita et al. 2011), (ii) the SDNA and mitosis of micro-
nucleus, and (iii) the cortical morphogenesis. These three
pathways, control together cell division machinery of
Tetrahymena (Krzywicka et al. 1999, Kovacs and Pall-
inger 2003, Smith ez al. 2004, Shang ef al. 2005).

In this study we asked the question whether the cell
size, number of BBs in cortical rows, positioning of the



0OAZ2, and CVPs in dividing cells may be experimentaly
modified. For this purpose we used low dose of rosco-
vitine, an inhibitor of many cyclin dependent kinases,
which delays progression of cell cycle in metazoan cells
(Meijer et al. 1997, Whittaker et al. 2007). We were
also interested in the effects of the roscovitine on the
co-ordination of nuclear and cortical events in Tetrahy-
mena, since in Metazoa roscovitine induces overpass-
ing of the cyclin-dependent spindle checkpoint in the
cells arrested at anaphase (D’ Angiolella ez al. 2003).

In many types of cells, roscovitine also inhibited
phosphorylation of the B-tubulin by the cyclin depen-
dent kinase which is prerequisite for the assembly
of microtubules in these cells (Fourest-Licuvin et al.
20006). Kamijo ef al. (2006), Steere ef al. (2011) showed
that in metazoan cells this inhibitor induces cell cycle
delay and unequal cell division but it does not prevent
the extra-amplification of centrioles. Because the BBs
of Tetrahymena are able to substitute the centrioles in
the extracts of metazoan cells (Heidemann and Kirsch-
ner 1975) we wanted to know how the roscovitine treat-
ment affects the BBs proliferation involved in general
pattern formation in dividing Tetrahymena.

MATERIALS AND METHODS

Materials

Tetrahymena thermophila CU428.1 mtVII was provided by Dr.
J. Gaertig, and by Tetrahymena Stock Center (Cornell University).
Growth culture medium contained 1% proteoso-peptone (Difco)
supplemented with: 0.1% yeast extract, 0.2% glucose, 90 pM Fe
EDTA, streptomycin and penicillin. Before the experiments, 10 ml
of culture medium was inoculated with 100 pl of stock culture, in
plastic Petri dishes (9 cm diameter), grown at 31°C. The cells were
transferred daily during next 3 days.

Chemicals

Roscovitine was purchased from Sigma-Aldrich (catalog num-
ber R7772). The 10 mM stock solution of the roscovitine in DMSO
was prepared according to Kamijo ez al. (2006) and was added at
final concentration of 20 uM to the cell growth medium.

Immunostaining of centrin, fenestrin and anti-B
epitopes

Monoclonal antibodies: anti-centrin 20H5 (1:1200, a gift from
Dr. J. L. Salisbury) and anti-fenestrin (mAb 9A7, 1:40, a gift from
Dr. J. Frankel) were used according to Kaczanowski and Kiers-
nowska 2011 and Nelsen et al. 1994, respectively. Immunostain-
ing with the rabbit antiserum against B component of epiplasm of
Tetrahymena (1:80, a gift from Dr. E. Williams) was followed the
protocol described by Williams ez a/. (1987). Immunostained cells
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were mounted with Dako Cytomation Fluorescent Mounting me-
dium (DAKO) or with Ultra Cruz™ mounting medium containing
DAPI (Santa Cruz Biotechnology). For tests of nuclear division and
their configurations in dividing cells, the fixed cells were directly
placed on polylisine slides.

Immunostaining and immunogold labelling of cdc
14 epitopes

The monoclonal human anti cdc14A antibody was purchased
from Sigma-Aldrich. The cells were fixed 10 min. with 2% formal-
dehyde (Electron Microscopy Sciences) in PHEM buffer (Schliva
and Blerkom 1981) containing Triton X-100 (0.15%). Next, the
cells were washed with PBS and fixed for 30 min. (on ice) in 35%
ETOH with 0.3% Triton X-100. Double fixed cells were washed: 2x
with PBS and 3%30 min. with PBS containing 0.3% BSA and 0.05%
Tween 20. After overnight incubation with antibody (4°C, dilution:
1:75) and washing with PBS/BSA/Tween20 (3%30 min.) the cells
were treated (2 h at 30°C) with Alexa Fluor 488 donkey anti-mouse
1gG (dilution 1:1000, Invitrogen, Molecular Probes), for fluorescent
microscopy or with anti-mouse IgG gold conjugate (5 nm, dilution
1:10, Sigma), for immunogold labelling. Immunostained cells were
washed with PBS and mounted with Dako Cytomation Fluores-
cent Mounting medium (DAKO). Immunogold labelled cells were
washed with PBS/BSA/Tween 20 (415 min.) and 30 min. post-
fixed with 0.5% glutaraldehyde (Electron Microscopy Sciences).
After washing with PBS and destilled water the cells were embeded
in 1% agarose. Dehydratation was done in a graded series of ethyl
alcohols, followed by aceton. The samples were embeded in epoxy
resin. The ultrathin sections were stained with saturated aqueous
uranyl acetate for 5 min.

Immunostained cells and the ultrathin sections were analyzed
under Nikon Eclypse E-600 microscope equipped with VDS camera
and JEOL 1200Ex electron microscope, respectively.

For cell measurements the VDS camera and Lucia 4.6 image
analysing program were used. The microphotographs were edited
with the Adobe Photoshop program.

Immunobloting

Cell fractionation, electrophoresis and Western blotting of the
cdc 14 protein were performed according to the protocol of Kacza-
nowska et al. (2008).

RESULTS

Cortical divisional morphogenesis in control Tetra-
hymena thermophila

The oral apparatus (OA) of Tetrahymena (Fig. 1)
consists of oral mebranelles: undulans membrane (UM)
on the right margin of the oral pouch and three adoral
membranelles (M1-M3) inside the pouch (reviewed in
Frankel 2000). On its right side there are microtubular
oral ribs (Kiersnowska and Golinska 1996) with mate-
rial labelled with anti-centrin antibody — oral crescent
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Fig. 1. Divisional morphogenesis and cytokinesis in untreated (control) 7. thermophila. Cells were immunostained with the anti-centrin
20HS antibody. A—F’ stomatogenesis, stages [-VI; G—H cytokinesis. AF — an anarchic field, ARF — parental apical ring of filaments, mARF
material for new ARF localised on in the proximal ends (couplets of BBs) of cortical rows in opisthe cell, FZ — fission zone, OA1 and OA2
— parental and new oral apparatuses, OC — parental oral crescent, nOC — new oral crescents in both daughter cells. Bar: 10 pm for A—H.



(0OC), (Diogon et al. 2001, Guerra et al. 2003). The oral
structures are underlayed with connectives composed
with: microtubules (Allen 1967), specific tetrin fila-
ments (Gould et al. 2011; Williams 1986; Williams et
al. 1986, 1987; Honts and Williams 1990) and epiplas-
min components (Gould ez al. 2011).

Nelsen et al. (1981), Bakowska et al. (1982) and
Lansing et al. (1985) distinguished six stages of devel-
opment of new oral apparatus (OA2) in Tetrahymena.
The development of the OA2 begins with proliferation
of BBs in the middle region of row #1 and to the left
of this row (Fig. 1A, stage I) that results in the forma-
tion of an anarchic field of BBs. The anarchic field is
consolidated (Fig. 1B, stage II) and its BBs are sub-
sequently assembled into the oral membranelles (Fig.
1C-E, stages III-V). Internal pattern of oral apparatus
is established during the stage V. At the stage V a partial
reorganization of the parental OA1 takes place. This in-
volves reorganization of the undulans membrane (UM)
and transient disappearance of the oral crescent. Subse-
quently, the oral crescents re-appear in the old OA1 and
in the new OA2 (Fig. 1F). The fission zone and cytoki-
netic furrow (Fig. 1F-H) are localized in the equatorial
region of the cell. The material for new ARF is depos-
ited in the opisthe at the proximal ends of its cortical
rows, i.e. on a stumpy basal bodies of the couplets. Its
deposition begins prior cytokinesis and starts from the
dorsal side (Fig. 1F’) and progresses around the cell’s
circumference (Fig. 1F-G). During furrowing (cytoki-
nesis), the materials deposited at the ends of couplets
fuse into the half ring of ARF (Fig. 1H).
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Unequal and delayed cell divisions induced with
roscovitine

The 10 ml of culture medium with 20 uM of rosco-
vitine was inoculated with 100 pl of the cell culture at
a density of 0.5-1x10° of cells/ml. The mean doubling
time of untreated CU428 cells was about 150-180’ in
a culture of density of 10—-100x10° cells/ml. 1.5 h after
the transfer of cells to the medium containing roscovi-
tine cells transiently arrested their divisions. After 3 h
of the roscovitine treatment the unequal cell divisions
were observed with opisthes smaller than proters. After
5 h of the treatment the frequency of dividing cells in-
creased to about 30%. Beginning from the 7" hour of
the roscovitine treatment we observed the accumulation
of cells completely arrested in cell division. After 24 h
of the treatment, the total number of cells increased
2-2.5 times and almost all cells were arrested in cyto-
kinesis and transformed into monster cells. Thus in the
presence of roscovitine the cells were able to divide at
least once and this division was unequal. The results
of anti-centrin immunostaining of CU428 cells grown
in the absence and presence of 20 uM roscovitine at
31°C and fixed at 1.5, 3.5 and 5.5 h of roscovitine treat-
ment are presented in Table 1. These data showed that
roscovitine treated cells resumed cortical morphogen-
esis after 3.5 and 5.5 h treatments showing posteriorly
shifted fission zone at the stage VI, and then the cells
were cumulated in stage of unequal cytokinesis.

Table 1. Distributions (in %) of divisional morphogenesis stages of 7. thermophila: untreated (control) and treated with roscovitine.

Stages of divisional morphogenesis (%): Ab.©

Samples N 0 -1V \% VI-FZ": Cytokinesis Postdivider*  ORf Res.t
Reg.* Shift! Reg. Shift

Control
1.5-55h 1358 63.3 21.9 6.4 5.1 - 33 - - - -
Roscovitine - - - -
1.5h 472 68.2 17.8 6.6 - 1.3 6.1
35h 494 322 259 6.5 - 10.9 - 18.4 32 0.6 22
55h 429 19.1 12.8 10.0 - 10.0 - 39.9 6.8 - 1.4

N — number of scored cells; °FZ — the fission zone; ‘Reg. — the fission zone or fission furrow in the middle of cell, slightly above OA2; ¢Shift — the fission
zone or the fission furrow localized across or posterior to the OA2; °Ab. Postdivider proters with membranelles of OA2 localized on posterior pole of cell and
opisthes with remnants of OA2 membranelles or opisthe without OA; fOR — the oral replacement; Res. — the resorption of OA2.
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Failure in coordination of nuclear and cortical
events induced with roscovitine

During cell cycle of Tetrahymena thermophila mi-
cronuclear division (anaphase) occurs during the stage
V of the cortical morphogenesis. The elongation of the
macronucleus, i.e. beginning of its division appears at
the stage V and its division is completed prior to cyto-
kinesis (Table 2, Fig. 2A, B). These results were consis-
tent with McDonald (1962), Frankel et al. (1976), Wu
et al. (1988), Smith et al. (2004), Kirk ez al. (2008). In
the roscovitine treated cells, some cases of an unequal
macronuclear division were observed (Fig. 2C), but in
majority of cells the macronucleus was undivided in
the stage VI of the cortical morphogenesis and during
cytokinesis, in contrast to the control cells. The undi-
vided macronuclei were preferentially segregated into
the forming proter and the division of micronuclei was
not disturbed by the drug (Table 2, Fig. 2D). These re-
sults show that roscovitine affected macronuclear di-
visions and the coordination of the division of macro-
nucleus and cytokinesis. Normal mitosis of micronuclei
was observed but micronuclear divisions were slightly
delayed.

Roscovitine induces posterior shift of the OA2 and
affects distribution of the OA2 to the posterior
daughter cells

The early oral primordia (anarchic field) in rosco-
vitine-treated cells were positioned slightly subequato-
rialy, i.e. similar as in control cells. However, after 3.5
and 5.5 h of roscovitine treatment the fission zone was
shifted posterior, running across the OA2 (Fig. 3A-D)
and in extreme cases even posterior to it (Fig. 3E-F’).
Some of the proters acquired (at least transiently) entire
second mouth (OA2) positioned at their posterior pole
and the opisthes remained mouthless. Furrowing in the
roscovitine treated cells started with the formation of
the fission zone in dorsal cortical rows (Fig. 3A” and
B). In forming opisthe the differentiation of couplets
of BBs (Fig. 3B) and deposition of ARF material (Fig.
3C-F’, mARF) were visible even in the cells with in-
complete cytokinesis.

Some cells treated with roscovitine for 3.5 and 5.5 h
had an abnormal number and pattern of adoral mem-
branelles at the stages V or VI of stomatogenesis and
during cytokinesis (Fig. 3A, C, D). Moreover, at 5.5 h,
28% of the cells in cytokinesis had oral primordia with

Fig. 2. Localization of nuclei in control and roscovitine treated 7. fetrmophila. The cells were immunostained with the anti-centrin 20H5
antibody and stained with DAPI. A and B — control cells in the VI stage of morphogenesis, and early cytokinesis, respectively; C and
D — roscovitine treated cells (4 h) in the VI stage of morphogenesis and in cytokinesis respectively. Arrows — micronuclei (in the C micro-

nucleus in opisthe is out of focus). Bar: 10 um.
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Table 2. Distribution of nuclear configurations scored in late morphogenetic stages and in cytokinesis, after roscovitine treatment.

N NUCLEAR CONFIGURATIONS IN %
CONTROL
proter
o
’ e
e
) o
opisthe
stage V 78 40 42 18
stage VI 75 32 68
cytokineis 56 100

AFTER 3.5 H OF THE ROSCOVITINE TREATMENT

O O,

N
e ° O, A

opisthe
stage V 50 62 38
stage VI 65 45 49 6
cytokinesis 206 17 56 3 24

Gray filled — macronuclei; black filled — micronuclei; horizontal bars — position of fission zone or fission furrow in relation to the nuclei; N — sample sizes.

uncompleted assembly of oral membranelles. In some
cases the small field of unassembled BBs remained in
the posterior part of the OA2 (Fig. 3C, arrow). Never-
theless, the oral crescent developed in OA2 indepen-
dently of the acquired pattern of oral membranelles.

Cortical pattern of postdivider cells after roscovitine
treatment

In result of unequal cell divisions the postdivider
cells identified as proters might receive the ectopic
OAZ2 oral apparatus or only a part of the OA2 struc-
tures, localized on their extended posterior pole (Fig. 4A
and A’). The cells with extended posterior pole (smaller

than other nondividing cells) but without the OA2 were
also observed (data not shown). It suggested that an ec-
topic OA2, or the some structures of OA2 transfered to
the proter were lost. The other small cells (smaller than
proters, Fig. 4B-E”) with apicaly located OA, with un-
complete, disorganized oral structures and without oral
structures were identified as opisthes, formed in pres-
ence of roscovitine. In some of these opistes ARF was
localized on dorsal side (Fig. 4B) or was uncompleted
(Fig. 4E and E”).

The localization of an anarchic field of BBs below
regular formed OA2 was observed in some cells (Fig.
4D-E), suggesting their entrance into an oral replace-
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Fig. 3. Divisional morphogenesis and cytokinesis in 7. thermophila after 5.5 h treatment with roscovitine. Cells were immunostained with
the anti-centrin 20HS antibody. A—C — stage VI of divisional morphogenesis; D-F’ — cytokinesis; A and A’ — ventral and dorsal views of
the same cell. Other explanations as in Fig. 1. Bar in F’: 10 pm for A-F’.

ment pathway. Morphology of some opisthe (Fig. 4 E ~ Morphometric study on correlation of cell growth
and E’) strongly suggested that the rigid oral apparatus, and proliferation of basal bodies
might pinch off due to asymmetric tensional forces of

Th tial t f dividi 1ls i trol,
furrowing operating during cell division. © Spatial paramerels of CIVICINgG ceT's 1 COntro

untreated 7. thermophila and in cells treated with rosco-
vitine are summarised in Table 3. Roscovitine treatment
resulted in increased cell size and the number of BBs per
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Fig. 4. Postdivider cells after 5.5 h of roscovitine treatment. Cells were immunostained with anti-centrin 20HS antibody. A and A’ — ventral
and dorsal views of the same proter cell with remnants of the OA2; B—C opisthe cells, B — opisthe with ARF on dorsal side, C — opisthe with
remnants of oral structures; D and D’ — ventral and dorsal views of the same cell; E and E’ — ventral and dorsal views of the same opisthe
during pinching off the OA. Other explanations as in Fig. 1. Bar: 10 um for A-E’.

row. The mean numbers of BBs per ciliary row in con-
trol cells were similar to those found by Kaczanowski
(1978) and by Kaczanowski and Kiersnowska (2011).
Consistent with their results more BBs were present in
the ventral rows #2 and #n-1 than in the dorsal row #7
or #8. The 3.5 and 5.5 h of roscovitine treatments re-
sulted in the addition of about 18.5-23 BBs and about
28-33.5 BBs to the cortical rows, respectively. As in
control cells more BBs appeared in ventral, than in dor-
sal rows (the difference even slightly increased). The
linear density of BBs (calculated as a mean number of
BBs in cortical rows #n-1, #2, and #7, 8/cell length) in
control cells was 0.71 BBs per um of cortical row and it
remained roughly unchanged from early stages of corti-
cal morphogenesis to cytokinesis (0.76 BBs per um).
In contrast, after 3.5 and 5.5 h of roscovitine treatments
the linear density of the BBs in late dividers increased
to 0.9 and to 0.99 BBs per um, respectively. We asked

if there is a correlation between the proliferation of the
BBs in cortical rows and the increase of cell surface
area. To answer this, we estimated the BBs density per
um? assuming that the mean number of BBs in ciliary
rows #n-1, #2 and #7 represents the mean number of
BBs per each cortical row and that the measured cell
contains 18 cortical rows. Such estimations showed
that the “density” of BBs in proter cells of late divid-
ers in untreated cells and in cells treated 3.5 or 5.5 h
with roscovitine was the same, i.e. 0.28 BBs/um?, and
in the opisthe cells this density increased from 0.28 to
0.35 BBs/um?. Thus, roscovitine induced an increase
of number of BBs in ciliary rows, was proportional (at
least in proters) to the increase of the cell surface area.
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Table 3. Morphometry of untreated and roscovitine treated cells: cell sizes, position of OA2, numbers of BBs in chosen rows and BBs

density.
Length (pm)  Width (um) Distance Number of BBs in ciliary row: Mean number’of  Density of
Cell Apex — OA2 BBs in row/cell BBs = number of
Samples (um) n-1 2 7or8  length (BBs/um)  BBs/cell surface
area® (BBs/pum?)
Early dividers
Control N =11
mean 46.5 29.6 23.8 33.7 38.9 26.7 0.71 0.28
cre 3.1 9.5 7.0 5.2 4.5 6.5
Roscovitine 3.5 h
N=11 mean 49.5 35.5 25.5 45.2 50.1 38.2 0.90 0.29
cr 5.0 7.0 9.8 11.5 7.3 13.3
Number of extra BBs added® 11.5 11.2 11.5
Late dividers
Control N =13
proter mean 29.9 26.2 314 21.5 254 19.0 0.73 0.28
cr 9.2 10.6 10.0 10.0 8.9 9.8
opisthe mean 27.7 25.9 22.0 26.5 17.2 0.79 0.31
cr 8.1 6.5 9.8 10.8 8.9
X mean 57.6 43.5 51.9 36.2 0.76 0.29
cv 7.8 8.5 8.8 5.5
Roscovitine 3.5 h
N=33
proter mean 38.7 32.5 35.9 37.8 38.5 30.6 0.887 0.29
Ccre 12.7 84 8.9 20.6 19.2 16.3
opisthe mean 29 28.2 28.8 334 24.1 0.92 0.35
cr 14.7 10.3 15.9 19.5 15.0
X mean 67 66.6 71.9 54.7 0.90 0.31
cr 12.2 13.7 16.8 12.5
Number of extra BBs added® 23.1 20.0 18.5
Roscovitine 5.5 h
N=10
proter mean 40.8 37.4 36.7 43.9 44.1 33.7 0.99 0.27
cr 13.2 11.2 14.0 18.7 11.1 33.5
opisthe mean 333 28.8 33.1 371 274 0.98 0.34
cre 6.0 16.0 16.8 27.5 17.3
X~ mean 74.1 77.0 81.2 61.1 0.99 0.30
cr 8.7 12.9 11.9 28.1
Number of extra BBs added® 335 29.3 28.2

2CV coefficient of variance, "mean value of BBs was calculated for rows: n-1, 2, and 7 or 8, “number of BBs per cell was calculated as mean values of BBs
per row x 18 (the mean number of ciliary rows), Ysurface area of early dividers was calculated as a surface of elipse, surface area prospective proter and
opisthe cells in late dividers was calculated using their length and width values and assuming, that the anterior half of the image of the proter was an elipse,
posterior half of the image was a rectangle and vice versa anterior half of the image of the opisthe was a rectangle, the posterior half of the opisthe was an
elipse. These values were multiplied by 2 assuming that the image represents half of the surface, ‘number of extra BBs added in the early and late doders
respectively, was calculated by substracting numbers of BBs scored in control cells from numbers scored after roscovitine treatment for a given cortical row.

Morphometry of cell size, positioning of the OA2
and the fission zone in control and roscovitine treat-
ed cells

During roscovitine treatments, the cells delayed in
cytokinesis increased their sizes beyond the limits ob-
served in control dividing cells. This difference was
moderate in early dividers after 3.5 h of the roscovitine

treatment and increased in late dividers after 5.5 h of the
treatment. The topological alteration of the positions
of the OA2 and fission line in control and roscovitine
treated cells are presented in Fig. 5 (upper panel). In
both early and late control dividers, the anterior end of
oral primordia was positioned slightly subequatorialy,
i.e. the distance from the cell apex to proximal end of
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Comparison of mean sizes, positions of OA1, OA2 and fission zone

control cells (untreated)
late dividers

early dividers

L Apex - OA2

ﬂ;\

cells treated with 20 pM roscovitine

early dividers

late dividers

o

aa

35h

35h

55h 10 pm

Anterior end of OA2 — solid line, division zone — broken line

Fig. 5. Mean cell sizes, positions of OA1, OA2 and fission zone in control and in roscovitine treated cells. Upper panel: early and late control
dividers, lower panel: early dividers after 3.5 h roscovitine treatment, late dividers after 3.5 and 5.5 h roscovitine treatment. The shape of
cells is represented by elipses. Solid horizontal lines — cells “equator”, dotted horizontal lines — positions of the fission furrow. All sizes
and distances were drawn to the same scale. Bar: 10 um. The measurements represent means of at least 10 specimens for each cell sample.

the OA2 was slightly longer than the length of the pro-
ter. In the roscovitine treated cells (Fig. 5, lower panel)
both the early and late oral primordia were also posi-
tioned subequatorialy but the fission zone was shifted
posterior to cell equator. Thus the distance from the cell

apex to proximal end of OA2 was equal or shorter than
the length of the proter.

The position of the OA2 in relation to the fission
zone was also quantified as a difference between the
length of the proter (a distance from the cell apex to
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the fission zone) and distance from the cell apex to the
proximal end of the OA2 (Fig. 6). In control cells the
distance from apex to the OA2 is slightly longer than
the length of the proter, because the OA2 is positioned
slightly posterior to the fission zone. Hence the dif-
ference between length of the proter and the distance
from apex to the OA2 has negative value. In contrast
after roscovitine treatment the distance from cell apex
to OA2 is shorter than the length of the proter and the
difference between length of the proter and the distance
from apex to the OA2 has positive value. Fig. 6 shows
positive correlation between position of the OA2 and
the length of the proter, which was increased after the
roscovitine treatment.

Labelling of cell cortex with the anti-epiplasm anti-
body is not affected by the roscovitine treatment

The use the anti-epiplasm B serum to 7 thermophi-
la cells showed that pattern of epiplasm distribution
remained unaffected in 7. thermophila after the rosco-

difference between length of proters
and distance Apex — OA2 in pm

vitine treatment despite of abnormalities in late stages
of stomatogenesis (Fig. 7). The oral pouches and the
fission zone in roscovitine treated cells were deprived
of the component B of epiplasm as in control cells, with
the exception of the faint fluorescence associated with
membranelles (Fig. 7A, A’ and C) consistent with Wil-
liams (1986), Williams et al. (1990), Kaczanowska et
al. (1993, 1999). This serum marked deep fibers (DF)
of cytopharynx in both OA1 and OA2 (Fig. 7A, A’)
consistent with Williams (1986).

Immunostaining of fenestrin in roscovitine-treated
T. thermophila

In control cells, the anti-fenestrin antibody labelled
the anterior regions of both daughter cells in a gradient-
-like pattern, and labelled the OA1, OA2, the CVPs and
the cytoproct (Fig. 8A-D). At the stage VI this antigen
strongly marked fission line, i.e. posterior margin of the
fission zone (Fig. 8B and C), which was consistent with
description of Nelsen et al. (1994) and Kaczanowska

°
o ®
A J
N
°
°

24 28 32

36 40 44 48

length of proters in pm

Fig. 6. Correlation of length of proters and shift of the fission zone in relation to OA2 induced by roscovitine in late dividers. The shift of the
fission zone was measured as a difference between length of the proters and distance from cell apex to the anterior end of the OA2 (ordinate).
Each point in this diagram represent individual cell. Open symbols — untreated cells, close symbols — cells treated with roscovitine for 3.5

and 5.5 h (pooled).
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Fig. 7. T. thermophila cells immunostained with the antiserum against component B of epiplasm. DF — staining around the deep fibers. Other

explanations as in Fig. 1. Bar: 10 um.

et al. (2003). In roscovitine-treated cells this antibody
marked the same cortical structures as in control cells
(Fig. 8E-L). Consistent with Nanney (1966) descrip-
tion, the new CVPs in control cells were positioned
anterior to the fission line at the same circumferential
position as old CVPs (Fig. 8B, arrow head).

After 3.5 h of roscovitine treatment many dividing
cells developed new CVPs anterior to the fission line
(Fig. 8E and F, arrow head) as in control cells, even
though this fission line was posteriorly shifted (Fig.
8G and H, arrow heads). However, in some cells, the
roscovitine treatment induced the appearance of the
new CVPs posterior to the fission zone (Fig. 8I-L, short
arrows) in addition to the CVPs positioned in front of
the fisssion zone (Fig. 81). In some cells the new CVPs
were positioned only posterior to the fission zone, i.e. in
anterior region of the opisthes (Fig. 8J-L). These results
showed that during roscovitine treatment the position
of CVPs in cells was usually determined prior to the
appearance of the fission line, but in some cells an in-
growth of additional cortex in the midle region of cells
resulted in posterior shift of the cortical area which was
competent to develop the new CVPs and finally these
CVPs fell into forming opisthe.

Search in Tetrahymena genome for CDH1 gene that
might be involved in mitotic exit and search for as-
sociation of BBs with cdc14-phosphatase

In eukaryotic cells, the coordination of centriole ac-
tivities during mitotic exit and cytokinesis depends on
association of centrioles with the separase and the cdc
14-like phosphatase (Sullivan and Uhlmann 2003, Bem-
benek and Yu 2001, Kaiser et al. 2004, Tsou et al. 2009,
Zineldeen et al. 2009, Bembenek ez al. 2010, Ah-Wong
and Judelson 2011) and with an ubiquitin ligase compo-
nents localized to the centrosomes (Freed ef al. 1999). In
Metazoa, the activation of these enzymes is controlled
by the CDH1 mitotic exit signal (Queralt and Uhlmann
2008, van Leuken et al. 2009, Steere et al. 2011).

All mature BBs in Tetrahymena are associated with
the CDK1 homologue (Zhang et al. 2002). On the other
hand we were unable to find a gene(s) encoding the
protein of the CDC 25 phosphatase in the Tetrahymena
thermophila genome. The separase in Tetrahymena is
encoded by the gene TTHERM-00297160-C50 (Eisen
et al. 2006, Pearson and Winey 2009). The homologue
of the yeast CDH1 gene is also present in Tetrahymena
genome (see below). Such data prompted us to search
in Tetrahymena genome for the cdc14 homologue and
to test its putative associations with BBs during cell
cycle.
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Search for a Cdc14 homologue in Zetrahymena ge-
nome and presence of putative cdc 14 protein in vi-
cinity of all BBs

To search for a homologue of cdc14p dual phospha-
tase we used the CDC14 sequence of yeast as a query
(uniprot ID CDC14_YEAST) and we used blastp ho-
mology search against Tetrahymena preliminary pre-
diction of proteome using a TIGR www server http://
tigrblast.tigr.org/er-blast/index.cgi?project=ttg. One of
the hypothetical orfs is highly homologous (id 14558)
for cdcl4 gene and homology was detected with an
expected value of 8e—53. We used reciprocal blastp
against uniprot database (using embl www server http://
www.ebi.ac.uk/blastall/index.html?) and the homology
with gene CDC14 YEAST was confirmed by a very
good expected value 6e—45. We concluded that 7etra-
hymena contains at least one orthologue of CDC14-like
phosphatase.
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Antibody directed against human CDC14A protein
(Wu et al. 2008) labelled all BBs: including apical cou-
plets, oral structures and also oral connectives (data not
shown) of non-dividing and dividing Tetrahymena cells
(Fig. 9A-D). The diffused labelling was also observed
in macronucleus, but not in the micronucleus. The cor-
tical organelles such as cytoproct, contractile vacuole
pores, and ARF remained unlabelled. The same pattern
of labelling of all BBs was observed in cells treated
for 4 h with roscovitine (data not shown). Western blot
analysis identified two protein bands with molecular
weight about 65.9 and 51.7 kDa (Fig. 10).

Immunogold labelling revealed the presence of
cdc14-like protein around the distal part of BBs both in
cortical rows (Fig. 11 A and B), in oral membranelles,
and in connective filaments between BBs of oral mem-
branelles (Fig. 11 C). These immunolabellings indicated
the peribasal associations of BBs with 14-like protein.

Fig. 9. T. thermophila cells immunostained with monoclonal anti-cdc14A antibody. Cs and nCS — apical couplets of basal bodies for proter
and opisthe, respectively; Ma — macronucleus. Other explanations as in Figs 1 and 8. Bar: 10 um, bar in D for B-D.

“«

Fig. 8. T. thermophila cells immunostained with the anti-fenestrin antibody. A—D — divisional morphogenesis and cytokinesis of control
cells; E-L — divisional morphogenesis and cytokinesis of cells treated 3.5 h with roscovitine treatment. CYT — cytoproct, FL — fission line,
long arrows — parental CVPs, arrowheads — new CVPs positioned anterior to the fission zone, short arrows — new (ectopic) CVPs positioned
posterior to the fission zone. Other explanations as in Fig. 1. Bar: 10 um, bar in C for A-C, bar in L for D-L.
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Fig. 10. Western blot of 7. thermophila fractions with monoclonal
antibody anti-cdc14A. H — homogenate, S — supernatant, C —
cortical fraction (pellet).

Search for CDHI1 co-activator in Tetrahymena ge-
nome

We used CDHI1 of yeast as a query (uniprot ID
CDHI1 _YEAST) and we used blastp homology search
against Tetrahymena preliminary prediction of pro-
teome using a TIGR www server http://tigrblast.tigr.org/
er-blast/index.cgi?project=ttg. One of the hypothetical
orfs is highly homologous (id 27629) to CDH1 and ho-
mology was detected with expected value 1.3e—85. We
used reciprocal blastp against uniprot database (using
embl www server. http://www.ebi.ac.uk/blastall/index.
html?) and the homology with gene CDH1 YEAST was
confirmed by a very good expected value 9e—86. This
indicates that Tetrahymena contains CDH1orthologue.

DISCUSSION

T. thermophila cell show very little variation in cell
size, shape and the cortical pattern at the same morpho-
genetic and cell cycle stages, consistent with Nanney
(1966, 1975, 1982). However, the cortical pattern in
T thermophila is affected by many genetic mutations
(Smith et al. 2004, Frankel 2008, Kirk et al. 2008, Cole
and Sugai 2012) and by experimental treatments (Fran-

Fig. 11. Cortical structures of 7. thermophila immunogoldlabelled with anti-cdc14A antibody. A — longitudinal section of the ciliated
basal body; B — transversal section of the fragment of the cortical row; C — section at the level of basal bodies of oral membranelle.
Kt — kinetodesmal fiber, pc — postciliary microtubules, arrowhead — filamentous material. Bar: 1 um.



kel and Nelsen 2001, Frankel ef al. 2001, Smith et al.
2004). The effects of roscovitine on the cell cycle and
morphogenesis in 7. thermophila are summarized in Ta-
ble 4. Roscovitine induced delayed cell division, failure
in macronuclear division, increase of cell size beyond
the limits observed in control cells and posterior shift of
the fission zone.The undivided macronucleus was pref-
erentially segregated to the proter cell. This uncoupling
of nuclear and cell division suggest, that roscovitine af-
fected the microtubule — related functions.

The posterior shift of the fission zone and of the fis-
sion furrow induced with the roscovitine were corre-
lated with the size increase of dividing cells. During
normal morphogenesis more BBs are added in the me-
dian region of the cell than in other regions (antero-
-posterior gradient of proliferation), and more BBs are
added to the ventral rows #n-1, #2 than to the dorsal
row #7 (circumferential gradient of BBs proliferation,
Kaczanowski 1978). This difference between ventral
and dorsal rows in number of BBs was maintained after
extensive additional proliferation of BBs within corti-
cal rows, induced by the roscovitine treatment. This
additional newly synthesized medial part of cell cortex
was added to the forming proter prior to the appearance
of the fission zone.

Uncoupling of nuclear divisions and cytokinesis in
Tetrahymena was induced also by colchicine (Jaeckel-
-Williams 1978) and was observed in the B-tubulin mu-
tant of 7. thermophila but the medial positioning of the
fission zone was not affected in this mutant (Smith et
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al. 2004). The cells of cdaK1 thermosensitive mutant
also showed an arrest of macronuclear division at the
restrictive temperature and when the cells were treated
with inhibitor of serine/threonine kinase (6-dimethyl-
aminopurine) at permissive temperature, but after arrest
of macronuclear division, the fission zone was shifted
anterior. This phenotype was associated with some im-
pairment of component B of epiplasm (Krzywicka ez al.
1999), what was not observed in this study.

Thus effects of roscovitine on uncoupling of cell
division increase of cell size, position and timing of
cytokinesis were not a phenocopy of known Tetrahy-
mena mutants and were not induced as yet by other
treatments.

Putative mechanisms of the posterior shift of the fis-
sion zone after roscovitine treatment

Formation of the fission zone in Tetrahymena is ex-
ecuted by the introduction of small gaps in the ciliary
rows by crosscutting of LMs by the enzyme katanin
around the cells equator (Sharma et al. 2007). The local
activation of the katanin in Tetrahymena that is required
for the fission zone formation depends upon polyglycy-
lation of B-tubulin in LM’s and other posttranslational
modifications of microtubules (Fourest-Lieuvin et al.
2006, Sharma et al. 2007). These data and our data tak-
en together suggest that in the presence of roscovitine
newly synthesized medial segments of LMs were not
sufficiently modified to be a substrate for katanin ac-
tion. As a result the fission zone was shifted posterior.

Table 4. The effects of roscovitine on the cell cycle related processes of 7. thermophila.

Time of cell cycle Increased

Entry into divisinal morphogenesis Delayed, at least for 3 h

Stomatogenesis:
stages [-V
stage VI

Unaffected

of treatment

Positioning of the fission line
and fission zone

Fission furrow — cytokinesis
Couplets of BBs and ARF
Size of dividers

BBs proliferation

Localization of new CVPs
in dividing cells CVPs
Division of macronucleus

Division of micronucleus Slightly delayed

Abnormal pattern of oral memmbranells of OA2, number of cells with these abnormality increased with time

Across of the OA2 or posterior to the OA2

Across of OA2 or posterior to OA2, very delayed

Present, but ARF are often incomplete and abnormaly positioned

Bigger than untreated cells, proter longer than opisthe

Additional proliferation of BBs in ciliary rows during roscovitine induced, cell division delay

Anterior to the fission zone (as in untreated cells) and/or posterior to the fission zone. One or two sets of new

Delayed or arrested. If macronucleus did not divide it was localised to proter
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Effects of roscovitine on the long distance positional
information

During normal morphogenesis the new CVPs appear
anterior to the fission zone, i.e. in the posterior region of
the proter, at the sites determined by their circumferen-
tial distance from ciliary row #1 (Nanney 1966, Frankel
2008). This “long distance positional information” was
affected by the roscovitine treatment. It is likely that
the sites of the new CVPs were displaced due to medial
growth of cell cortex in presence of roscovitine, and
finally they might belong to the forming opisthe during
delayed cell division.

Roscovitine affects the late stages of assembly of
oral membranelles and induces asynchrony of BBs
involvements in: BBs proliferation along LMs, the
0OAZ2 stomatogenesis and in BBs differentiation dur-
ing fission line formation

The roscovitine affected the late stages of OA2
stomatogenesis inducing aberrant assembly of adoral
membranelles. Similar abnormalities in the membranel-
lar pattern in Tetrahymena were observed after inhibi-
tion of Hsp proteins and impairement of some interac-
tion of the Hsp and tetrins was suggested (Williams and
Honts 1987, Honts and Williams 1990, Frankel and
Nelsen 2001, Frankel et al. 2001, Takeda et al. 2001).

Zhang et al. (2002) found that all BBs in Tetrahyme-
na are associated with the homologue of cyclin-depen-
dent Cdk1 kinase. It is relevant for this discussion that
from five antibodies directed against different epitopes
of beta-tubulin only one antibody (Tu-06) marked se-
lectively peribasal region of all BBs in ciliary rows, but
not in the oral apparatus (Libusova et al. 2005). In this
study we found that homolog of the Cdc14 phosphatase,
another protein implicated in cell cycle regulation and
cytoskeleton stability (Cho et al. 2005, Ah-Wong and
Judelson 2011) is constantly associated with all BBs.
Our data on the CDC-14 protein, the data of Zang et al.
(2002) and Libusova et al. (2005) indicate that some
cell cycle regulating proteins and beta-tubulin variants
are sequestered by BBs in Tetrahymena and it may shed
a light in a future on the role of BBs in coordination of
cortical morphognesis and other cell cycle pathways.

All these data indicate that during cell cycle of
T. thermophila the normal morphology of the daughter
cells depends on the proper division of micro- and mac-
ronucleus and on temporal control of BBs proliferation
within the longitudinal (LMs) rows, during OA2 sto-
matogenesis and during selection of BBs involved in

differentiation of apical BBs (couplets) and cell divi-
sion. The roscovitine induced asynchrony of these pro-
cesses brings about the array of diverse morphologies
of postdivider cells.
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