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The effects of the mycotoxin cyclopiazonic acid (CPA) on the organization of the microtubule
(Mt) cytoskeleton were investigated in dividing cells of different taxa of higher plants. CPA is
a specific inhibitor of endoplasmic reticulum (ER) Ca?*-ATPase, which greatly affects the cy-
tosolic Ca?* concentration.

In the CPA-affected cells of the angiosperm Triticum turgidum the maturation of the Mt pre-
prophase band (PPB) is delayed, while the organization of the prophase spindle is disturbed
or inhibited. During metaphase, the organization of the bipolar metaphase spindle and the
arrangement of the chromosomes are perturbed. In contrast, in the CPA- affected dividing cells
of the gymnosperm Pinus brutia and the pteridophytes Asplenium nidus and Adiantum capil-
lus-veneris, the organization of the Mt cytoskeleton is not detectably disturbed. However, CPA
affected the progress of the cell cycle in all the plants studied as well as other Ca>*-dependent
processes like cell plate development.

These observations suggest that: (a) the ER is involved in establishing cytosolic Ca?*-gradients,
which control Mt organization in mitotic cells of the angiosperm but not of the gymnosperm
and the pteridophyte species examined and (b) in the spindle poles of P. brutia, A. nidus and
A. capillus-veneris, microtubule organizing centres (MTOCs) may function, i.e. they display cen-
trosomal properties.

Key words: Cyclopiazonic acid, cytosolic calcium, microtubule, phragmoplast formation, spin-

dle formation.

INTRODUCTION

In dividing animal cells possessing centrioles, the mi-
totic spindle Mts are nucleated in the pericentriolar
region of the centrosome, while in those that lack
centrioles, they appear on the surface of the prome-
taphase/metaphase chromosomes (Merdes & Cleve-
land, 1997; Walczak et al., 1998). Similarly, in divid-
ing cells of higher plants, which lack centrioles, the
mitotic and meiotic spindles seem to be formed de
novo at prometaphase/metaphase from Mts nucleat-
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ed in close vicinity to the chromosome surface (Ku-
biak et al., 1986; Wang ef al, 1991; Binarov” et al.,
1998, 2000; Chan & Cande, 1998; Franklin & Cande,
1999; Zachariadis et al, 2000). MAPs and motor
proteins are probably involved in Mt re-organization
during spindle formation in animal (Merdes & Cle-
veland, 1997; Walczak et al., 1998; Compton, 1998)
and higher plant cells (Canaday et al, 2000; Vantard
et al, 2000; Reddy, 2001; Kumagai & Hasezawa,
2001; Schmit, 2002).

Two C-terminal kinesin-like proteins (KCBP and
Kat-A) and one N-terminal kinesin-like protein
(TKRP-125) from plants co-localize with Mt arrays
during cell division in higher plants (see reviews by
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Reddy, 2001; Hepler et al, 2002). The KCBP, a ki-
nesin-like calmodulin binding protein that has been
identified in plants only (Reddy, 2001), seems to be
of particular importance for the organization of the
mitotic Mt arrays. The Ca?*/calmodulin complex
controls the binding of this motor protein to Mts
(Reddy, 2001). In Tradescantia, the KCBP acts dif-
ferentially during the cell cycle and thus it may con-
trol the organization of the different Mt arrays in di-
viding cells (Vos et al., 2000; Reddy, 2001; Hepler et
al., 2002). This differential KCBP activity is probably
regulated by particular cytosolic Ca?* gradients (Vos
et al., 2000; Hepler et al., 2002), which are involved in
Mt organization during plant cell division (Hepler,
1989, 1992; Wolniak, 1991). Most likely, the ability of
the ER to sequester and release Ca>* may play a role
in forming a Ca’* signal in dividing cells via distinct
Ca?* concentration changes (Hepler & Wolniak, 1984;
Hepler, 1989, 1992).

The existing information on the mechanism of
the mitotic spindle formation and on the key role of
the cytosolic Ca* in the control of cell division has
been exclusively derived from angiosperm plants
(Hepler, 1989, 1992; Wolniak, 1991; Reddy, 2001;
Hepler et al.,, 2002). In the present work we investi-
gated whether ER involving cytosolic Ca?>* gradients
play a similar role in the organization of Mt arrays in
dividing cells of other groups of higher plants. In par-
ticular, we studied the effects of the mycotoxin cy-
clopiazonic acid (CPA) on the organization of Mts in
dividing cells of the angiosperm Triticum turgidum,
the gymnosperm Pinus brutia and the pteridophytes
Asplenium nidus and Adiantum capillus-veneris.

In animal and plant cells, CPA inhibits Ca* up-
take into the ER lumen (Goeger et al., 1988; Seidler
et al., 1989; Hsieh et al., 1991). In Nicotiana tabacum
suspension cells, CPA induces an elevation of the cy-
tosolic Ca®>* concentration (Rengel & Zhang, 2003),
while in growing pollen tubes, CPA induces a distinct
elevation of the cytosolic Ca** concentration in the
tip region (Novoa et al., 1992). It also affects certain
Ca?*-dependent processes, like organelle movement
and ER organization (Quader & Bechter, 1996;
Quader et al,, 1996). CPA has also been used to in-
vestigate the role of cytosolic Ca?* on membrane
flow (Busch & Sievers, 1993) and on the gravitropic
response (Sievers & Busch, 1992) in plants. Consid-
ering all the above studies it is expected that the cy-
tosolic Ca>* concentration, which is controlled by the
ER, will be also disturbed in dividing cells treated with
CPA.

MATERIALS AND METHODS

The following plants were used as experimental ma-
terial: (a) Two to three day-old seedlings of the an-
giosperm Triticum turgidum var. durum Raddi grown
in the darkness at 25°C. (b) Seedlings of the gym-
nosperm Pinus brutia Ten. grown for 20 days at 20°C
in light. (c) Young leaves of the pteridophyte Asple-
nium nidus L. and root-tips of the pteridophyte Adi-
antum capillus-veneris L. grown under laboratory
conditions.

Root-tips of T. turgidum, P. brutia and A. capillus-
veneris and excised developing leaves of A. nidus
were placed on cotton moistened with 10 or 20 uM
CPA in tris/maleate buffer (SmM), pH 5.0, for the
following time periods: root-tips of T. turgidum for 2,
3 and 6 h, P. brutia for 3 and 6 h, A. capillus-veneris
for 6 h and the leaves of A. nidus for 6, 12, 24 and 48
h. Control samples were only placed in tris/maleate
buffer, pH 5.0.

Mt immunolocalization and DNA staining in all
the plant species examined was carried out according
to the protocols given by Zachariadis et al (2000,
2001, 2003). For Mt immunolocalization, the follow-
ing monoclonal antibodies were used: the anti-a-
tubulin clone YOL 1/34 (Harlan Seralab) in T.
turgidum, P. brutia and A. capillus-veneris and the an-
ti-a-tubulin clone DM1A (Sigma) in T. turgidum and
A. nidus.

The immunofluorescent specimens were exam-
ined with a Zeiss Axioplan epifluorescence micro-
scope and with a confocal-laser-scanning microscope
(TCS-4D; Leica Microsystems, Bensheim, Ger-
many). Mt immunolabeling in 7. turgidum, P. brutia
and A. capillus-veneris was carried out on squashed
material, while in A. nidus on thin hand-made sec-
tions.

For electron microscopy examination, the sam-
ples were prefixed with 3% glutaraldehyde and 1%
tannic acid in 50 mM cacodylate buffer pH 6.8 for 2
h, post-fixed with 1% OsO, in the same buffer for 6
h, dehydrated in an acetone series and embedded in
Spurr’s resin mixture according to the standard pro-
tocol. Thin sections were stained with uranyl acetate
and lead citrate and examined with either a Philips
300 or a Philips 420 transmission electron micro-
scopes.

For each plant and treatment, the number of cells
in the different stages of the cell cycle was calculat-
ed. Three or more measurements were carried out
for each case (7. turgidum: control, 6 measurements;
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2 h CPA-treatment, 4 measurements; 6 h CPA-treat-
ment, 3 measurements; P. brutia: control and 6 h
CPA-treatment, 3 measurements; A. nidus: control, 8
measurements; 12 h CPA-treatment, 7 measure-
ments). Descriptive statistics based on the above da-
ta were calculated using Graphpad Prism 4 (Graph-
Pad Software, Inc.). For the comparison of affected
vs. control cells, for each cell-cycle phase unpaired ¢
test for two populations was used, assuming equal
variances. For the statistical analyses, a P value of
less than 0.05 was considered significant.

RESULTS

Triticum turgidum
General remarks

In control root-tips of T. turgidum, under the growth
conditions used, 28% of the cells were in mitosis or
cytokinesis. In Fig. 1, the distribution of the cells in
the various cell-cycle stages is shown in relation to
the total number of cells counted (5004 cells; Fig.
1A) and to the number of dividing cells only (1401
cells; Fig. 1B). The identification of the cell-cycle
stages was based on chromatin and Mt organization.
Mt organization in control dividing root-tip cells of
T. turgidum has been previously described (Zachari-
adis et al., 2000; Frantzios et al, 2000, 2001) and is
similar to that described for other Triticum species
(Gunning & Steer, 1996).

In the CPA-affected root-tips, the progress of the
cell cycle and the Mt organization is disturbed. The
distribution of the root-tip cells after CPA treatment
for 2 and 6 h in the various cell-cycle stages is de-
picted in Fig. 1 in relation to the total number of cells
counted (Fig. 1A) and to the number of dividing cells
only (Fig. 1B). For the 6-hour CPA-treatment, 1415
cells were counted from which 344 were at mitosis or
cytokinesis, while for the 2-hour treatment, 373 mi-
totic and cytokinetic cells were counted. Examina-
tion of the histograms shown in Fig. 1 reveals that in
CPA-treated root-tips, the course of the cell cycle is
greatly disturbed. Statistically significant differences
(P<0.05) were found in all stages of cell division af-
ter a 2-hour CPA-treatment but only in preprophase,
prophase, and prometaphase/metaphase after a 6-
hour treatment.

Study of the histograms in Fig. 1 shows that: (a)
after a 6-hour CPA-treatment, the percentage of the
cells in interphase remains relatively constant in re-
lation to the control (Fig. 1A), a fact suggesting that

the entry to and exit of the cells from cell division is
not significantly affected. (b) CPA-treatment causes
a great decrease in the percentage of cells in prepro-
phase and an increase in prophase and metaphase
(Fig. 1A,B), a fact suggesting acceleration of pre-
prophase and lengthening of prophase and metapha-
se. The accumulation of cells in prophase is probably
due to the delay of nuclear envelope breakdown at
the prophase/prometaphase transition, which is con-
trolled by the cytosolic Ca*? concentration (Wolniak,
1991; Hepler, 1992). The accumulation of cells in
metaphase is probably caused by the aberrations in
the organization of the metaphase spindle and in the
arrangement of the chromosomes, which are de-
scribed in detail later.

Mt organization

In several CPA-treated preprophase/prophase cells,
PPB maturation was delayed or inhibited (Fig. 1B).
There were cells showing an advanced prophase
chromatin condensation and a PPB at a young or de-
veloping stage of organization (Fig. 2A-C; cf Fig. 2E-
H). CLSM examination revealed that these cells dis-
played numerous Mts traversing the cortical cyto-
plasm far from the PPB region as well as endoplas-
mic Mts (Fig. 3B; cf Fig. 3A). The organization of the
prophase spindle was also affected in the CPA-treat-
ed cells. In a significant number of cells displaying a
prophasic chromatin condensation, the number of
the perinuclear Mts was drastically reduced (Fig. 2A-
C; cf 2E-H). CLSM examination showed that in
these cells the perinuclear Mts were aligned in vari-
ous orientations (Fig. 3B; cf Fig. 3A) and at the end
of prophase they failed to form a bipolar prophase
spindle (Fig. 2B; cf. Fig. 2E, G and Fig. 3D; cf Fig.
3C). In the same cells, numerous Mts were localized
in some distance from the nucleus, a feature not
found in untreated prophase cells (Fig. 3B, D; cf Fig.
3C). The recognition of the preprophase and
prophase cells during CLSM examination was based
on the organization of the PPB, since in root-tips of
T. turgidum the simultaneous localization of Mts and
chromatin was not technically possible. Some CPA-
treated prophase cells lacked perinuclear Mts and,
consequently, prophase spindle formation was com-
pletely inhibited (Fig. 2D; cf Fig. 2E-H). The number
of CPA-treated cells displaying disturbed prophase
spindle increases during treatment (Fig. 1B). After 2
h treatment, the number of these cells reaches the
1/3, while after 6 h it increases to about 2/3 of the
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FIG. 1. Histograms showing the percentages of root-tip cells at different stages of the cell cycle in control and CPA-treat-

ed seedlings of T. turgidum, expressed in relation to the total number of root-tip cells counted (A) and to the number of

dividing cells only (B). In Fig. 1B the columns of the CPA-treated cells consist of two parts showing the cells with typical

or atypical Mt organization. In the cells with the atypical Mt organization are included:

Preprophase: cells with numerous endoplasmic Mts.

Prophase: cells in which the PPB maturation and/or the organization of the prophase spindle has been disturbed.

Prometaphase/metaphase: cells in which the metaphase spindle organization and the arrangement of the chromosomes has
been disturbed.

Anaphase: cells in which the poleward movement of chromosomes has been disturbed.

Telophase/cytokinesis: cells in which the organization and the lateral expansion of the phragmoplast delay.

All the control dividing root-tip cells have typical Mt organization.

Error bars correspond to standard errors.
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FIG. 2. Dividing CPA-affected (A-D) and control (E-H) root-tip cells of T. turgidum viewed with a fluorescent microscope

after tubulin immunolabeling. Bar =10 um for all figures.

A, B: Optical sections through the surface (A) and median region (B) of a prophase cell. The arrows point to the develop-

ing PPB. Treatment with CPA 10 uM, 2 h.

C:  The prophase nucleus of the cell shown in A, B after Hoechst 33258 staining.
D: A prophase cell lacking a prophase spindle. Treatment with CPA 10 uM, 6 h. Inset The nucleus after Hoechst 33258

staining.

E-G: Optical sections through the surface (E, F) and the median region (G) of two late prophase control cells. Note the

bipolar organization of the prophase spindle. The arrows point to the mature PPB. Inset in E The nucleus after

Hoechst 33258 staining.

H:  The nucleus of the cell shown in F, G, after Hoechst 33258 staining.

treated prophase cells (Fig. 1B).

In about the 2/3 of the CPA-treated prometapha-
se/metaphase cells examined, atypical spindles were
assembled (Fig. 1B), consisting of kinetochore Mt-
bundles (K-Mt bundles), which were connected by
numerous other intervening Mts (Fig. 3F, G). These
spindles did not assume bipolarity and displayed
more Mts than those in the untreated cells (Fig. 3F,
G; cf Fig. 3E).

Most of the affected anaphase cells possessed a
spindle of typical organization (Fig. 1B). However, in
a few of them the shortening of the K-Mt bundles did
not seem to proceed synchronously (Fig. 3I; cf Fig.
3H). Moreover, in the latter cells , the K-Mt bundles
did not converge on the spindle poles, i.e. the
anaphase spindle did not become fusiform (Fig. 3I).
These aberrations disturbed the anaphase chromo-
some movement (Fig. 4A). In addition, the interzon-
al region showed more Mts than that in untreated
anaphase cells (Fig. 3I; cf. Fig. 3H). They were

arranged in well-organized parallel Mt-bundles,
forming a Mt-system traversing the whole interzonal
region (Fig. 31).

The CPA-treated telophase/cytokinetic cells did
not show significant aberrations in the phragmoplast
organization (Fig. 5B; cf. Fig. SA). However, in some
cells the transformation of the interzonal Mt-system
into a phragmoplast as well as the lateral phragmo-
plast/cell plate expansion was delayed (Fig. 1B). For
example, the cytokinetic cell shown in Fig. 4B, C, re-
tains the “coalescent” interzonal Mt system. More-
over, the phragmoplast of the cell shown in Fig. 5B is
restricted to the space between the daughter nuclei,
although the latter have already progressed to the
end of cytokinesis, a fact shown by the numerous Mts
surrounding them. In contrast, in the untreated cyto-
kinetic cell shown in Fig. 5A, the phragmoplast is at
the same developmental stage as that of the cell
shown in Fig. 5B, but there are few Mts around the
daughter nuclei.



Michael Zachariadis et al. — CPA effects on spindle organization

FIG. 3. Control (A, C, E, H) and CPA-affected (B, D, F,G, I) dividing root-tip cells of T. turgidum as they appear in the
CLSM after tubulin immunolabeling. Treatment with CPA 10 uM, 3 h.

A:
B:

A control preprophase cell with a developing PPB (arrow).

A CPA-affected prophase cell with a PPB (arrow) at an advanced developing stage of organization. Numerous Mts
traverse the cytoplasm in various directions, while few Mts are localized at the nuclear surface. The latter do not form
a bipolar system.

A late prophase control cell with a mature PPB (arrow) and a bipolar prophase spindle.

A late prophase CPA-affected cell displaying a mature PPB (arrow). The perinuclear Mts do not form a bipolar spin-
dle. Numerous other Mts are found far from the nucleus.

Metaphase spindle of a control cell.

Metaphase CPA-affected cells exhibiting atypical metaphase spindles. Numerous Mts are localized between the K-Mt
bundles.

: Anaphase spindle of a control (H) and a CPA-affected (I) cell.

FIG. 4. Anaphase (A) and cytokinetic (B, C) CPA-affected
root-tip cells of T. turgidum, as they appear in fluorescent
microscope after tubulin immunolabeling and DNA stain-

- ing with Hoechst 33258. Bar = 10 uM for all figures.
A: The segregation of the chromosomes in this cell has

been disturbed. Treatment with CPA 10 uM, 2 h.
- B: A cytokinetic cell retaining the interzonal Mt-system,
although the daughter nuclei are in an advanced cyto-

kinetic stage. Treatment with CPA 10 uM, 6 h.

C: The daughter nuclei of the cytokinetic cell shown in B.
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FIG. 5. Control (A) and CPA-affected (B) cytokinetic root-
tip cells of T. turgidum as they appear in the CLSM after
tubulin immunolabeling. The arrow in each cell points to
the phragmoplast , which is restricted to the space between
the daughter nuclei (N). In the CPA-affected cytokinetic
cell (B), numerous Mts are found on the surface of the
daughter nuclei, as well as in the rest of the cytoplasm.
Treatment with CPA 10 uM, 3h.

Pinus brutia, Asplenium nidus, Adiantum capillus-
veneris

General remarks

CPA did not significantly affect Mt organization in
dividing cells of P. brutia, A. nidus and A. capillus-
veneris. The entrance of CPA into the tissues of these
plants was deduced from the disturbance of the cell
cycle in them (Fig. 6). The distribution of dividing
cells at the various cell division stages in control and
in treated with CPA for 6 hours root-tips of P. brutia
is illustrated in Fig. 6A, while that of dividing cells in
control and in 12-hour CPA-treated leaves of A.
nidus is shown in Fig. 6B.

In P. brutia, 406 control and 223 CPA-treated di-
viding cells were counted. The statistical analysis
showed that in the 6-hour CPA-treated root-tips, sig-
nificant differences (P<0.05) in relation to the con-
trol material were found in prophase and in prome-
taphase/metaphase. Specifically, there is a notable
increase in the prophasic cell population, while the
prometaphasic/metaphasic one decreases (Fig. 6A).
These differences suggest that a lengthening of pro-
phase and/or a remarkable delay in prophase/ pro-
metaphase transition take place. In A. nidus, 681
control and 517 CPA-treated dividing cells were
counted. Statistically significant differences (P<
0.05) between treated and control leaves were found
in prophase and in telophase/cytokinesis (Fig. 6B).
The remarkable decrease of the prophasic cell popu-
lation in combination with the corresponding in-
crease of the telophasic/cytokinetic one suggests
that there is a significant delay in both entry to and
exit of the cells from the cell division. In addition, the
maintenance during CPA treatment of the percent-
age of metaphase and anaphase cells at the level of
that of untreated leaves (Fig. 6B), suggests that there
is also a retardation but not a blockage of mitosis.

The above data suggest that the CPA treatment,
most likely, affected the cytosolic Ca?* concentra-
tion in the gymnosperm and the pteridophytes exam-

ined. This view is further strengthened by the fact
that in these plants the CPA treatment also disturbs
cell plate development, a process that is Ca?*- de-
pendent (Verma, 2001). Many CPA-treated cytoki-
netic cells of P. brutia and A. nidus displayed undu-
lated cell plates with local swollen regions (Fig. 7B,
D cf. 7A, C). In addition, few CPA-treated post-cy-
tokinetic cells of A. nidus showed perforated young
daughter cell walls (Fig. 7E, F) and ER portions
trapped into the daughter nuclei (Fig. 7E). Similar
phenomena have not been observed in untreated di-
viding cells.

Pinus brutia: Mt organization

Mt organization in untreated dividing root-tip cells
of P. brutia has recently been described (Zachariadis
et al., 2003) and is similar to that observed previous-
ly in other gymnosperms (Wang et al., 1991; Fowke,
1993; Gilmer et al, 1999). In CPA-treated pre-
prophase/prophase cells, the PPB and the prophase
spindle organization were not affected (Fig. 8B, D; cf
Fig. 8A, C). The treated prometaphase cells, similar-
ly to the untreated ones, had well-organized Mt-bun-
dles. They traversed the perinuclear cytoplasm in
parallel to the spindle axis (Fig. 8F-H; cf Fig. 8E).
These Mt-bundles entered the nucleus through gaps
of the nuclear envelope (Fig. 8F-H) and terminated
on chromosomes as in the untreated cells (Fig. 9 A,
B). The metaphase/anaphase spindle and the inter-
zonal Mt system of CPA-treated cells showed the
typical organization (Fig. 8J, L, N; cf Fig. 8I, K, M).
In telophase/cytokinetic cells, the phragmoplast dis-
played an organization similar to that of the untreat-
ed cells (Fig. 8P; cf 80) but delayed in reaching the
cell periphery (Fig. 8P, Q).

Asplenium nidus: Mt organization

Mt organization in CPA-treated dividing leaf cells of
A. nidus resembles that of untreated cells (Zachari-
adis et al., 2003). Similarly to the latter cells, all the
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preprophase/prophase CPA-treated cells exhibited
PPBs and well-organized prophase spindles (Fig.
10D, E; cf Fig. 10A, B). In untreated and CPA-treat-
ed cells, the late prophase spindle consisted of two
half-spindles, each one bearing Mt-bundles converg-
ing on the poles (Fig. 10B, E). At this stage, almost
the whole Mt population was localized at the spindle
poles, where large amounts of ER were also accu-
mulated (Zachariadis et al., 2003).

In the CPA-treated cells, the prophase spindle
retains its organization at the onset of prometaphase
and consists of two separate half-spindles (Fig. 11A).
These emanated from the poles and are attached to
the nuclear envelope (Fig. 11A, B), which showed in-

50,001 Pinus brutia
40,00 —I—

30,00+

% percentage

20,007

vaginations. The Mt bundles of the spindle enter the
nucleus through nuclear envelope gaps (Fig. 11B). In
both untreated and CPA-treated cells, the metapha-
se spindle was barrel-shaped and consisted mainly of
K-Mt bundles (Fig. 10F; cf Fig. 10C). Similarly to the
untreated cells, the anaphase spindle in CPA-treated
cells consisted of two independent half-spindles as-
sembled from the shortening K-Mt bundles as well as
other Mt bundles intervening between the anaphase
chromosome arms (Fig. 10J; cf Fig. 10G). In both
cases, the intervening Mt bundles increased in length
and number in late anaphase and formed a well-or-
ganized interzonal Mt system, made of two indepen-
dent sub-systems contacting each other at the equa-
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FIG. 6. Histograms showing the percentages of cells at different stages of cell division in control and CPA-treated root-

tips of P. brutia (A) and in control and CPA-treated leaves of A. nidus (B). The percentages are expressed in relation to
the number of dividing cells counted in each plant. Treatment with CPA 10 uM 6 h in P. brutia and 12 h in A. nidus. Error

bars correspond to standard errors.
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FIG. 7. Electron micrographs of control (A,C) and CPA-affected (B, D, E, F) cytokinetic cells of P. brutia (A, B) and A.
nidus (C-F).
A, B: Cell plate regions taken from a control (A) and a CPA-affected (B) cytokinetic root-tip cell of P. brutia. The arrows

C:
D:

in B show swollen cell plate regions. Treatment with CPA 10 uM, 6 h. Bars = 1 um

Cell plate region taken from a control dividing leaf cell of A. nidus. Bar = 0.5 pm

The central region of an atypical cell plate from a CPA-affected A. nidus cytokinetic cell. The arrows point to intensely
swollen cell plate regions. Treatment with CPA 20 uM, 48 h. Bar = 1 um

Daughter nucleus of a CPA-affected post-cytokinetic cell of A. nidus. In the nucleoplasm, ER portions (arrows) have
been trapped. Treatment with CPA 20 uM, 24 h. Bar = 1 um

Region of the CPA-affected cell shown in E at a higher magnification. The daughter cell wall displays many perfora-
tions. The arrows indicate the middle lamella. Treatment with CPA 20 uM, 24 h. Bar = 0.5 um
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FIG. 8. Dividing control (A,C, E, I, K, M, O) and CPA-treated (B, D, F, G, H, J, L, N, P, Q) root-tip cells of P. brutia viewed
with a fluorescent microscope after tubulin immunolabeling. Treatment with CPA 10 uM, 3 h. Bar = 10 um for all figures.

A, B:
C, D:
E:

F, G:

H:
LJ:
K, L:
M,N:
0O:

P:

Q:

Control (A) and CPA-treated (B) preprophase cells displaying perinuclear Mts and a PPB (arrows).
Prophase spindle in a control (C) and a CPA-treated (D) cell.

Mt organization in a prometaphase control cell.

Optical sections through the surface (F) and the median (G) region of the nucleus of a CPA-treated prometaphase
cell. Mt bundles are localized at the nuclear surface as well as among chromosomes.

The prometaphase nucleus of the cell shown in F, G after DNA staining with 0.3 pug/ml propidium iodide.
Metaphase spindle in a control (I) and a CPA-treated (J) cell.

Anaphase spindle in a control (K) and a CPA-treated (L) cell.

Interzonal Mt-system in a control (M) and a CPA-treated (N) late anaphase cell.

Phragmoplast from a control cytokinetic cell.

A late-cytokinetic CPA-treated cell with a young phragmoplast.

The daughter nuclei of the cell shown in P, after DNA staining with 0.3 pg/ml propidium iodide.
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FIG. 9. A control prometaphase cell of P. brutia as it ap-
pears in CLSM after tubulin immunolabeling and DNA
staining with 0.3 pug/ml propidium iodide. Single sections
through different planes of the nucleus. The Mts are shown
with a green colour while the chromosomes with red. It is
clear that Mt bundles emerging from the spindle poles are
connected with the chromosomes.

torial plane (Fig. 10K; cf Fig. 10H). During
telophase, the interzonal Mt system transformed in-
to a phragmoplast resembling that of the untreated
cells (Fig. 10L; cf Fig. 10I). However, its expansion
towards the cell periphery appears to be delayed. In
the CPA-treated cell shown in Fig. 10L the phrag-
moplast has not reached the cell periphery, although
the daughter nuclei are at an advanced cytokinetic
stage (Fig. 10L; cf Fig. 101).

Adiantum capillus-veneris: Mt organization

Similarly to the leaf cells of A. nidus, the Mt organi-
zation in dividing CPA-treated root-tip cells of A.
capillus-veneris resembled that of the untreated cells
(Panteris et al, 1991, 2000). Fig. 12 illustrates a
prophase (Fig. 12B), a prometaphase (Fig. 12D) and
a metaphase (Fig.12F) CPA-treated cell displaying a
prophase, prometaphase and metaphase spindle, re-
spectively. The organization of these Mt arrays is
similar to that of the respective spindles of the un-
treated cells (Fig. 12B, D, F; cf Fig. 12A, C, E). It
should be also noted that, similarly to the leaf cells of
A. nidus, the control and affected root-tip cells of 4.
capillus-veneris have prometaphase spindles consist-
ed of two separate half-spindles (Fig. 12C, D).

DISCUSSION

General remarks

The main finding of this study is that the mecha-
nisms, which control Mt organization in dividing veg-
etative cells of the angiosperm T. turgidum, differ
from those in the gymnosperm P. brutia and the
pteridophytes A. nidus and A. capillus-veneris in the
following aspects: (a) the bipolar organization of the
prophase and the metaphase/anaphase spindles in
the angiosperm is controlled by gradients of cytoso-
lic Ca?*, which involves the ER, a phenomenon that

does not seem to happen in the other plants. (b) In
the gymnosperm and pteridophyte species examined,
the Mts of the prophase spindle enter the nucleo-
plasm and contribute to metaphase spindle forma-
tion, a phenomenon not observed in the angiosperm
T. turgidum. (c) The mode of the interzonal Mt-sys-
tem reorganization, which leads to phragmoplast for-
mation in the angiosperm, differs from that of the
gymnosperm and the pteridophyte species studied.

Prophase spindle formation

In angiosperms, the prophase spindle Mts are nucle-
ated on the surface of the preprophase/prophase nu-
cleus (Vaughn & Harper, 1998; Canaday et al., 2000;
Vantard et al., 2000; Kumagai & Hasezawa, 2001;
Schmit, 2002). These Mts form the prophase spindle
by self-organizing processes (Bajer & Molé-Bajer,
1986; Gunning, 1992; Smirnova & Bajer, 1998),
probably involving motor proteins and MAPs (Van-
tard et al., 2000; Reddy, 2001).

The inhibition of prophase spindle organization
in CPA-treated root-tip cells of T. turgidum is proba-
bly due to the inability of the perinuclear Mts to form
a bipolar structure, whereas many Mts are located at
some distance from the nucleus (Fig. 3B, D). The
findings of this work favour the hypothesis that in an-
giosperm prophase cells the cytosolic Ca?* controls
the bipolar organization of the Mts and their local-
ization exclusively in the perinuclear cytoplasm.
Since the only Ca’*-dependent motor protein found
in dividing cells of angiosperms so far is the KCBP
(see Introduction), this is probably involved in
prophase spindle formation (Smirnova et al., 1998;
Vos et al., 2000; Reddy, 2001).

A number of CPA-treated prophase cells of T.
turgidum lack perinuclear Mts, a phenomenon also
observed in ethidium bromide treated cells (Zachari-
adis et al., 2000). This has been attributed to inhibi-
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FIG. 10. Dividing control (A-C, G-I) and CPA-treated (D-F, J-L) leaf cells of A. nidus as they appear in CLSM after tubu-

lin immunolabeling. Treatment with CPA10 uM, 6 h.

A, D: Preprophase cells (A: control, D: CPA-treated) encompassing perinuclear Mts and a PPB (arrows).

B,E: Late prophase cells (B: control , E: CPA-treated) displaying a well-organized prophase spindle.

C, F: Metaphase spindle from a control (C) and a CPA-treated (F) cell.

G, J: Early anaphase spindle from a control (G) and a CPA-treated (J) cell.

H, K: Late anaphase/early telophase cells (H: control, K: CPA-treated) having a well-organized interzonal Mt system.

I: A control telophase cell with a young phragmoplast. Inset The daughter nuclei, after DNA staining with 0.3 ug/ml pro-
pidium iodide.

L:  Alate cytokinetic CPA-treated cell displaying a phragmoplast localized between the daughter nuclei. Inset The daugh-
ter nuclei after DNA staining with 0.3 #g/ml propidium iodide.



Michael Zachariadis et al. — CPA effects on spindle organization 15

FIG. 11. A: A prometaphase CPA-treated leaf cell of A.
nidus as it appears in CLSM after tubulin immunolabeling
and DNA staining with 0.3 ug/ml propidium iodide. The
spindle retains its prophasic organization (compare with
Fig. 10E). Its Mt-bundles enter the nucleoplasm. Treat-
ment with CPA 10 uM, 6 h.

B: A single CLSM section through the mid-plane of the
prometaphase nucleus of the cell shown in A. The Mts are
shown with a green colour, while the chromosomes with
red. It is clear that Mt bundles emerging from the spindle
poles are connected with the chromosomes.

FIG. 12. Dividing control (A, C, E) and CPA-treated (B, D,
F) root-tip cells of A. capillus-veneris viewed with a fluo-
rescent microscope after tubulin immunolabeling. Treat-
ment with CPA 10 uM, 3 h. Bar = 10 um for all figures.
A, B: Prophase cells (A: control, B: CPA-treated) display-
ing a well-organized prophase spindle and a mature
PPB (arrows).
C, D: Prometaphase spindles from a control (C) and a
CPA-treated (D) cell, consisted of two half-spindles.
E, F: Metaphase spindles from a control (E) and a CPA-
treated (F) cell.

tion or delay of the nuclear envelope disorganization
and/or disturbance of its function (Zachariadis et al.,
2000). CPA may block the ability of the nuclear en-
velope to sequester Ca?* from the perinuclear cyto-
plasm and/or may interfere with the transport
processes occurring through it. The maintenance of
relatively higher concentrations of Ca 2* in the per-
inuclear cytoplasm may explain the inhibition of per-
inuclear Mt formation.

Baluska et al. (1997) have suggested that in pre-
prophase/prophase angiosperm cells intranuclear
factors migrate to the perinuclear cytoplasm, where
they activate the MTOCs responsible for the forma-
tion of the prophase spindle. This hypothesis is fur-

ther supported by the localization of: (a) the mitosis-
specific MPM-2 phosphoepitope, which is related to
the centrosomal activity and function of MTOCs
(Verde et al, 1990; Vaughn & Harper, 1998; Coni-
cellaet al., 2003), in the nucleoplasm of the G, nuclei
of Vicia faba (Binarov” et al, 1993). (b) y-Tubulin
and the Spc98p orthologues, which are involved in
Mt nucleation in the nucleoplasm of Vicia faba and
BY-2 suspension culture cells, respectively (Binarov”
et al., 2000; Erhardt ef al., 2001). The disturbance of
the nuclear envelope disintegration in the CPA-
treated cells (this work), and in the ethidium bro-
mide-treated cells (Zachariadis et al., 2000) may also
prevent the movement of the above putative intranu-
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clear factors to the perinuclear cytoplasm and, con-
sequently, prevent the activation of the perinuclear
MTOC:s.

In contrast to T. turgidum, the prophase spindle
organization of P. brutia, A. nidus, A. capillus-veneris,
as well of the liverwort Lunularia cruciata (unpub-
lished data), was not affected by CPA. Therefore, in
these plants, prophase spindle organization seems to
be a process not sensitive of the ER-controlled Ca**
gradients. In the above plants, MTOCs probably
function in the spindle poles nucleating and organiz-
ing the Mts of the mitotic spindle. In other words,
the spindle poles seem to have centrosomal proper-
ties. These MTOCs do not appear sensitive to the
ER-controlled Ca’* gradients. Among the higher
plants, distinct MTOCs have only been found in the
spindle poles of liverworts (Apostolakos & Galatis,
1998). The persistence of the centrosomal activities
in bryophyte and pteridophyte spindle poles may be
related to the fact that they contribute to the forma-
tion of flagella during gametogenesis (Vaughn &
Harper, 1998). In addition, two groups of gym-
nosperms, the Cycadophyta and Gingophyta, display
motile male gametes (Raven et al., 1986). In contrast,
the absence of flagella from the angiosperm gametes
may have led to the loss of any remnant centrosomal
properties from their spindle poles (see also Fowke,
1993).

Metaphase spindle formation

The disturbance of the ER-dependent cytosolic Ca?*
gradients by CPA causes the formation of an atypical
prometaphase/metaphase spindle in the angiosperm
T. turgidum, which apparently consists of more Mts
compared to untreated cells and does not assume a
bipolar organization (Fig. 3F,G; cf Fig. 3E). These
effects are not induced in the examined gymnosperm
and pteridophyte cells. The apparent increase of the
Mt number in the atypical metaphase spindle of 7.
turgidum supports the view that the local ER-depen-
dent Ca?* gradients control Mt polymerization/de-
polymerization in mitotic cells of angiosperms (Hep-
ler & Wolniak, 1984; Hepler, 1989, 1992; Wolniak,
1991). In addition, the exclusive presence of numer-
ous Mts within the atypical metaphase spindle sug-
gests that Mt polymerization occurs in the immedi-
ate vicinity of prometaphase/metaphase chromo-
somes (Kubiak et al., 1986; Wang et al., 1991; Bina-
rov”et al., 1998, 2000; Chan & Cande, 1998; Franklin
& Cande 1999; Zachariadis et al., 2000). Finally, the

inability of the metaphase spindle of the CPA-treat-
ed T. turgidum cells to assume bipolarity implies that
the mitotic spindle morphogenesis in angiosperms is
Ca’*-dependent and probably Ca?*-dependent pro-
teins, like the KCBP, play a predominant role (Vos
et al., 2000; Reddy, 2001).

In T. turgidum (Zachariadis et al., 2000, this work)
as well as in other angiosperms (Kubiak et al., 1986;
Wang et al., 1991), the prophase spindle seems to be
disorganized at the prophase/prometaphase transi-
tion, an observation not confirmed in the gym-
nosperm P. brutia and the pteridophytes A. nidus and
A. capillus-veneris. In these plants, the prophase spin-
dle persists at the onset of prometaphase and its Mt-
bundles enter the nucleoplasm, thus contributing to
metaphase spindle formation (Figs 9A, B, 11A, B,
12C, D). The prophase spindles of vegetative cells of
other gymnosperms (Wang et al, 1991; Fowke,
1993), pteridophytes (Burgess, 1970), as well as of
bryophytes (Brown & Lemmon 1988, 1990) show
similar properties. The metaphase spindle of the
CPA-treated cells of P. brutia, A. nidus and A. capil-
lus-veneris retains its bipolar structure. This phenom-
enon has been also observed in CPA treated cells of
the liverwort Lunularia cruciata (unpublished data),
a fact further supporting the view that some centro-
somal properties still reside in the spindle poles of
these plants.

Anaphase spindle formation

The delay of metaphase/anaphase transition in CPA-
treated 7. turgidum cells and the disturbance of the
K-Mt bundle shortening during anaphase are proba-
bly due to the fact that cytosolic Ca?>* gradients con-
trol these processes in angiosperms (Hepler, 1989,
1992; Wolniak, 1991). In addition, the inability of the
K-Mt bundles to converge on the poles of the
anaphase spindle in CPA-treated cells of T. turgidum
favours the view of Smirnova et al. (1998) and Reddy
(2001) that Ca®*-dependent motor proteins, such as
the KCBP, may control this process. This phenome-
non was not observed in the other plants examined
here, a fact also suggesting that the spindle poles of
these plants have MTOC properties, which are not
affected by the CPA.

The delay of the anaphase in the CPA-treated
cells revealed some structural differences between
the plants studied regarding the anaphase spindle. In
untreated and CPA-treated anaphase cells of T.
turgidum and early anaphase cells of P. brutia the in-
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terzonal Mts overlap each other and form a continu-
ous system (Figs 3H, I, 8K, L) as has been described
for Allium (Palevitz, 1988), Picea and Pinus (Wang et
al., 1991; Fowke, 1993). Our data support Palevitz’s
(1988) hypothesis that this interzonal Mt system
originates from the elongation of the Mt-bundles,
which traverse the mid-region of the metaphase spin-
dle. In A. nidus and A. capillus-veneris, the interzon-
al Mt system is made of two not overlapping each
other Mt sub-systems (Fig. 10H, K), as happens in
the late anaphase P. brutia cells (Fig. 8M, N), an ob-
servation suggesting a different mode of interzonal
Mt system formation. In these plants, the interzonal
Mt arrays seem to emerge from the polar regions and
gradually elongate towards the equatorial plane of
the anaphase spindle. This mode of interzonal Mt
system formation is similar to that in endosperm cells
of Haemanthus (Smirnova & Bajer, 1994), in the liv-
erwort Reboulia (Brown & Lemmon, 1990) and in
the hornwort Pheoceros (Brown & Lemmon, 1988).

Phragmoplast formation

The mechanism of phragmoplast formation in 7.
turgidum root-tip cells is apparently similar to that
observed in living angiosperm cells. Studies employ-
ing injection of exogenous fluorescently-labeled
tubulin into living cells of Tradescantia showed that
during the anaphase to telophase transition, the in-
terzonal Mt bundles “coalesce” laterally to form an
elongated Mt bundle in the middle of the cell, as
happens and in T. turgidum root-tip cells (Fig. 4B).
This Mt bundle then shortens and begins to expand
laterally, giving rise to the phragmoplast (Zhang et
al., 1990; Hepler et al., 1993). The Mt bundles of the
interzonal system re-organize quite differently dur-
ing phragmoplast formation in the gymnosperm P.
brutia and the pteridophytes A. nidus and A. capillus-
veneris, because they cover the whole space between
the daughter chromosome groups during anaphase/
telophase transition without lateral “coalescence”
(Figs 8M, N, 10H, K; see also Fig. 7g in Panteris et
al., 1991). Finally, the phragmoplast replaces them in
exactly the same area (Fig. 80, P; cf. 8M, N and Fig.
101, L; cf Fig. 10H, K). The lateral “coalescence” of
the interzonal Mts during anaphase/telophase tran-
sition does not occur in the liverworts Reboulia
(Brown & Lemmon, 1990) and Lunularia cruciata
(unpublished data), in the hornwort Pheoceros
(Brown & Lemmon, 1988) and in the endosperm
cells of Haemanthus (Smirnova & Bajer, 1995).
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