Protoplasma (1998) 204: 119-127

PROTOPLASMA
© Springer-Verlag 1998
Printed in Austria

Immediate disruption of spindle poles and induction of additional microtubule-
organizing centres by a phenylcarbamate, during plant mitosis

M. L. Giménez-Abian', F. Panzera?, J. F. Lopez-Saez®, J. F. Giménez-Abian', C. De la Torre'*, and

G. Giménez-Martin"

!Centro de Investigaciones Biol6gicas, Consejo Superior de Investigaciones Cientificas, Madrid, *Genética Evolutiva, Facultad de Ciencias,
Universidad de la Repiiblica, Montevideo, and *Departamento de Biologfa, Facultad de Ciencias, Universidad Auténoma de Madrid, Madrid

Received July 19, 1998
Accepted September 7, 1998

Summary, The herbicide carbetamide [(R)-1-(ethylcarbamoyl) eth-
ylphenylcarbamate], in the 0.4 to 0.8 mM range, efficiently induced
multipolar mitoses in Allium cepa L. The frequency of multipolar
anaphases rose earlier and reached higher values when both concen-
tration and time of treatment increased, up to a maximum of 90%
after 1 h of treatment. To identify the physiological target, the kinet-
ics of induction of multipolar mitoses were followed during recovery
from very short treatments (5, 10, and 15 min). Tubulin immunode-
tection showed that phenylcarbamate immediately disrupts the cohe-
sion between the different bundles of microtubule minus ends which
converge at the pole. The spindle was rendered multipolar about
three times more efficiently in metaphase than in anaphase. The
observations do not support any effect of the herbicide on the tubulin
polymerization-depolymerization cycle, and suggest that the minus
ends of the microtubules remained stabilized in carbetamide. Thus,
the density of kinetochore microtubules and their lengths were
unmodified in the individual chromosomes which became detached
from both spindle poles in response to the herbicide. Extra micro-
tubule-organizing centres for the assembly of both preprophase band
and phragmoplast (the tubulin arrays which characterize the micro-
tubular cycle responsible for cytokinesis in plant cells) were also
rapidly induced.

Keywords: Phenylcarbamates; Multipolar spindles; Microtubule-
organizing centres; Aneuploidy; Allium cepa L.
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Introduction

Carbamates are herbicides which decrease the rate of
growth apparently by disrupting mitosis and cytoki-
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nesis in proliferating plant tissues while they do not
affect the fully grown crops which mainly comprise
differentiated cells (Ennis 1948, Doxey 1949, Scott
and Struckmeyer 1955, Mann and Storey 1966). Car-
bamates are on clinical trial as antitumoral drugs
(Waud et al. 1990) as they seem selectively to disrupt
proliferating cells when in mitosis. Carbetamide acti-
vates silent signals left by the preprophase band of
microtubules and by phragmoplasts of previous
mitoses which behave as additional microtubule-
organizing centres (MTOCs) (Giménez-Abiédn et al.
1997, 1998). The main target of carbamates seems to
be not the microtubule itself but the MTOCs in mito-
sis.

It is possible to induce abnormal poles either directly
with carbamates (Coss and Pickett-Heaps 1974, Coss
et al. 1975, Oliver et al. 1978, Giménez-Abidn et al.
1997) or indirectly with c-mitotic agents, either
colchicine (Hervis et al. 1974) or y-hexachlorocyclo-
hexane (Hervas and Giménez-Martin 1974). All these
drugs give rise to the formation of either a single cell
with tetraploid DNA content or to three or four cells
derived from a single metaphase. Some of the aneu-
ploid cells derived from multipolar anaphases display
monosomies or even nullisomies. More often than
not, these cells would be nonproliferating because
they lack some of the genes required for cycle pro-
gression. In fact, Wood (1982) and Roth et al. (1982)
and Roth and Lark (1984) proposed the use of carba-
mates to induce rapid chromosomal loss to facilitate
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somatic-cell genetics. On the other hand, if the
cytokinesis which follows the multipolar telophase is
prevented by caffeine, the DNA content of the autote-
traploid cell is distributed in different aneuploid
nuclei. This is useful for elucidating the role in cis of
specific chromosomes in DNA cycle transitions as
well as dominance and epistatic rules between alleles
and non-alleles genes, respectively (Giménez-Martin
et al. 1992, Panzera et al. 1997).

The objective of this work was to analyze the
response kinetics to very short (5-15 min) carbe-
tamide treatments and their short-term recovery
(45-90 min) assessing possible changes in tubulin
distribution in order to detect the primary physiologi-
cal target(s) of carbetamide in the acentrosomal mito-
sis of plant cells.

Material and methods

Meristems from the roots of Allium cepa 1. bulbs were used after the
roots had reached at least 2 cm in length. Root growth was produced
by placing the bulbs so that only their bases remained submerged in
90 ml of filtered tap water at a constant temperature of 25 +: 0.5 °C in
darkness. Oxygen was continuously provided by bubbling air at the
rate of 10 to 20 mi/min.

Treatments

Roots growing from bulbs were immersed in the different treatment
solutions in filtered tap water, without altering other environmental
conditions. Carbetamide or the (R)-1-(ethylcarbamoyl) ethylphenyl-
carbamate from a 96% carbetamide-rich powder was diluted in fil-
tered tap water. This carbetamide source was a gift from Rhone-
Poulenc Agriculture, Lyon, France. The concentrations which pro-
duced multipolarity without being highly clastogenic or cytotoxic
were in the range of 0.1 to 0.8 mM. For some experiments, the
0.5mM S5-aminouracil (Sigma, St. Louis, Mo., U.S.A.) working
solution was also prepared in filtered tap water.

Cytologicaiprocedures

For cytological analysis, roots were fixed in a 3 : 1 ethanol-acetic
acid mixture. Their apical meristems were stained with acetic orcein
according to Tjio and Levan (1950). The meristematic region of each
root was isolated (1.0 to 2.0 mm from the root apex) and then
squashed.

Tubulin detection

Cells of root tips were prepared for indirect immunofluorescence
localization of tubulin by a modification of the method described by
Wick et al. (1981). The second apical millimeter of the root was cut
off and fixed for 50 min in freshly prepared 3.7% paraformaldehyde
in Pipes buffer (50 mM Pipes, 5 mM EGTA, and 5 mM MgSOs,,
pH 7.0) at room temperature. Root segments were subsequently
washed in the buffer for at least 30 min before treatment with 1%
(w/v) cellulase in the following medium: 5 mM EGTA. 0.3 mM
phenylmethylsulfonylfluoride, 0.4 M mannitol, and 0.1% Triton, at
pH 5.6, for 10 min at 37 °C. These root segments were then washed
for a further 45 min in Pipes buffer. Six or seven such meristem seg-
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ments were squashed between an acetone-washed coverslip and a
subbed slide.

The coverslips were removed and the cell suspensions taken from
them were returned to the slide preparation. Visible cell clusters were
then taken off the slides. The preparation was air-dried. Afterwards,
the slides were rinsed in phosphate-buffered saline (PBS) for 10 min.
These preparations were stained by indirect immunofluorescence
with either mouse monoclonal anti-g- or anti-B-tubulin antibodies
(Amersham International, Little Chalfont, Bucks., UXK.) diluted
1/200 in PBS for 75 min at 37 °C. Fluorescein-labelled anti-mouse
Ig antibody was also from Amersham. It was diluted (1/20) in PBS
and applied for 45 min at 37 °C in darkness. Duxing the final wash,
1 ug of 4',6-diamino-2-phenylindole (DAPI; Sigma) per ml was
added for 3 min in order to stain chromatin. Slides and coverslips
were mounted in Vectashield mounting medium (Vector Laborato-
ries, Burlingame, Calif., U.S.A.). For all washes between incubations
with antibodies PBS was used for at least 20 min each, at room tem-
perature and in darkness.

Microdensitometry of microtubules

To assess the density of kinetochore microtubules in chromosomes
attached and unattached to the canonical poles, the negative films of
20 control and 2-carbetamide-treated metaphases taken under the
same light conditions and magnification were processed. A similar
square window was overlaid on the films so that only the area of the
microtubular region closest to kinetochore was left uncovered. Tubu-
lin content was quantified by recording light transmission throughout
these regions, in a Quicksem Junior scanning densitometer (TLC;
Helena Laboratories, London, U.K.).

Results
Microtubular assemblies in normal plant mitosis

Under control conditions, the successive microtubular
assemblies which appear throughout mitosis are as
follows: the preprophase band of microtubules (Fig. 1
a), the transient prophase spindle (Fig. 1 b), and the
bipolar spindle which characterizes metaphase (Fig. 1
¢). Its half spindles shorten and separate towards the
poles throughout anaphase (Fig. 1 d). Finally, phrag-
moplast microtubules appear. The cytokinetic plate
forms in the phragmoplast central region. A growing
phragmoplast at late telophase is seen in Fig. 1 e.
Shortly before both sister cells are fully separated, the
nuclear envelope again operates as an MTOC (Fig.

11).

Induction of multipolar mitosis by carbetamide and
the formation of cells with aneuploid DNA contents

After 15 min of continuous 0.6 mM carbetamide
treatment, some early anaphases in which separation
of the divided centromeres was just taking place dis-
played chromosomes that were apparently oriented in
different directions (Fig. 2 a). However, multipolar
metaphases usually remained undetected when view-
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Fig. 1 a—f. The sequential microtubular assemblies which occur throughout mitosis under control conditions after tubulin immunodetection. a
Preprophase band of microtubules. b Prophase spindle formed shortly before nuclear envelope breaks down at prometaphase. ¢ Metaphase spin-
dle, with its two halves keeping chromosome kinetochores between them, in the equatorial plate of the cell. d The anaphase spindle, both halves
are shorter and more separated than during metaphase. e Phragmoplast in late telophase. f Nucleation of microtubules around the nuclear enve-
lope of both nuclei at the late telophase/early interphase fringe. Bar: 10 um

ing chromosomes rather than microtubules. On the
other hand, multipolarity in anaphase and telophase
was always evident (see a tripolar telophase in Fig.
2 b and tetrapolar one in Fig. 2 c¢). Finally, after com-
pletion of cytokinesis, three or four cells resulting
from a single previous diploid metaphase (2n = 4C)
were easily distinguished (Fig. 2 d). Some of these
cells (if not all, as when four cells were formed) are
obviously aneuploid, and probably unable to prolifer-
ate.

Disruption of the spindle poles in ana-telophase
after short carbetamide treatments

The efficiency of short treatments (5, 10, and 15 min)
was estimated by recording the frequency of multipo-
lar ana-telophases which were formed at the end of
each treatment, as well as during recovery. The maxi-
mum value recorded was larger after 15 min carbe-
tamide treatment than after only 10 or 5 min treat-
ment. Moreover, the frequency of multipolar ana-
telophases increased in the recovery period, reaching

maximum values after 20-30 min of growth in control
conditions (Fig. 3).

Under continuous carbetamide treatment, at 0.6 mM
concentration, a maximum of 90% of the anaphases
were rendered multipolar after 1 h. The frequency of
multipolar anaphases decreased after 2, 4, 8 h, and
became zero at 12 and 24 h in the continuous treat-
ment with caffeine.

Sensitivity of the mitotic spindle to carbetamide

In order to see whether there was any specific phase
during which the effect of carbetamide was enhanced
in mitosis, immunodetection of tubulin was carried
out after 5, 10, and 15 min treatments, with 0.4 mM,
0.6 mM, and 0.8 mM carbetamide followed by up to
20 min of recovery. In this way, primary effects on
mitotic phases could be detected.

When studying the frequency of multipolar metaphas-
es and ana-telophases in relation to the total number of
each of these mitotic stages after short treatments, it
was found that without any recovery, after the 10 min
treatments, the efficiency of carbetamide for inducing
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Fig. 2 a-d. Orcein-stained mitoses after 0.6 mM carbetamide (15 min treatment and 45 min recovery). a Early anaphase, b tripolar telophase, ¢
tetrapolar telophase, d a tripolar late telophase (left) and the four sister nuclei resulting from a single metaphase (right). Bars: 10 um

multipolarity was 2.7 times higher in metaphase
(22.3%) than in anaphase (8.3%). The total time for
metaphase, anaphase, and telophase under our experi-
mental conditions is 1.5 h (data not shown).

In order to allow displacement of the chromosomes
which became detached from the spindle poles, the
cells were made to enlarge by pretreatment with
0.5 mM 5-aminouracil for almost a cycle time (18 h of
treatment vs. 20 h). In this way, the meristematic cells
became clongated, as cellular growth (measured by
cell length) was maintained, while cell progression
was prevented by blocking replication (Navarrete ct al.
1984). During recovery from this treatment, these celis
reached mitosis with double the length of the control
cells. Moreover, they reached mitosis rather synchro-
nously.' 10 h after the withdrawal of 5-aminouracil, the
mean mitotic index in 12 different roots from 3 differ-
ent bulbs reached a value of 21.1%.

When looking at the effect produced in previously
elongated cells by 5 min carbetamide treatments 10 h
after recovery from S5-aminouracil, followed by a
15 min recovery period, the pattern of response was
similar to that obtained in native cells of the control
meristems. Thus 23.4% of the metaphases, 4.6% of
the anaphases, and 3.9% of the telophases were mul-
tipolar, i.e., their chromosomes were oriented towards
more than two poles (Fig. 4 a—c). In some cases, a sin-
gle chromosome accompanied by its kinetochore
microtubules was randomly located at the periphery
of one of the spindles (Fig. 4 d, c). If there were addi-
tional spindle poles in meta- and anaphases they were
not detected. Thus, no preferential clustering of
minus ends of microtubules was observed in any par-
ticular spot, apart from the two main spindle poles.
The multipolarity at anaphase was always obvious
(Fig. 4 e, f). Unattached chromosomes behaved as if
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they had functional poles independent of the main
ones of the bipolar spindie.

The length of the microtubules accompanying single
chromosomes (n = 29) which were unattached to the
regular spindle poles as well as that of kinetochore
microtubules in the chromosomes of bipolar spindles
(n =80) were recorded. Microtubular lengths (7.7
1+ 0.6 and 7.8 £ 0.7 um, respectively) were not signif-
icantly different (P < 0.001). The density of micro-
tubules reaching the kinetochore of chromosomes not
attached to the conventional spindle poles was 1.1 of
that in the normal bipolar spindles. Thus, carbetamide

were included in each individual sample.
Vertical bars show 95% confidence limits

had no effect on the length and density of micro-
tubules whether or not they connected the chromoso-
mal kinetochore to the regular MTOCs. Multipolarity
in anaphase was also obvious (Fig. 4 e, f).

Sensitivity of the microtubular cycle responsible for
cytokinesis to carbetamide

Division of the cytoplasm is accomplished by an addi-
tional microtubular cycle. In plants, it is also based on
tubulin and runs in parallel to the spindle cycle which
is responsible for the segregation of chromosomes



124

M. L. Giménez-Abién et al.: Disruption of spindle poles by a carbamate

Fig. 4 a—f. Multipolar metaphases after 0.6 mM carbetamide: a and ¢ 5 min treatment, no recovery; b, d, and e 10 min of treatment, no recov-
ery. f Multipolar anaphase after 5 min treatment without any recovery. Arrows in ¢ and d point to single chromosomes whose MTOCs are

prominently displaced in relation to the main bipolar MTOCs. Bar: 10 um

(Utrilla et al. 1993). The cycle which controls cytoki-
nesis relies on two microtubular arrays: the pre-
prophase band (present until the nuclear envelope
breaks down during the prophase of these meri-
stematic cells) and the phragmoplast (in late telo-
phase). Carbetamide affected both arrays in a similar
fashion: small extra aborted structures containing
tubulin appeared in the cytoplasm alongside the con-
ventional preprophase band and phragmoplast (Fig.
5 a, b, respectively).

In the native short mononucleate cells, a second pre-
prophase band was observed in 11.9 £ 0.7% of the
prophases. Since the formation of an extra prepro-
phase band could mean either the presence of a sec-
ond set of alternative MTOCs or splitting of the single
MTOC region of the cell, recording of the frequency
of such cells with double preprophase band was car-
ried out. Carbetamide did not increase the frequency
of prophase cells with double preprophase band in the
recovery from a 15 min treatment with 0.6 mM carbe-
tamide (12.5 £ 0.8) relative to the control.

Finally, the appearance of more than one phragmo-
plast between contiguous chromosomal groups, as in
cells with T (Fig. 5c¢) or X-shaped phragmoplasts

(Fig. 5 d) recorded 60 min after finishing any of the
short carbetamide treatments, should not be ascribed
to any direct response to drug treatments. Multiple
phragmoplasts appear between nonsister chromoso-
mal groups in plants, e.g., in endosperm.

Sensitivity of interphasic and mitotic cells to
carbetamide

Mitotic and phase indices were followed during the
first 4 h of continuous treatment with 0.6 mM carbe-

Table 1. Labelling and mitotic indices during continuous 0.6 mM
carbetamide treatment

Time (h)
0 1 2 3 4

Labelling index 437 44.3 43.7 423 42.7

Mitotic index 12.3 13.3 123 11.7 10.1
Prophase (%) 46.9 47.6 46.3 432 425
Metaphase (%) 15.0 17.8 17.6 18.1 19.1
Anaphase® (%) 9.1 9.1 8.8 9.5 9.4

Telophase® (%) 29.0 25.5 28.0 29.2 29.0

“Bipolar and muitipolar
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Fig. 5. a Prophase where the preprophase band is observed. The
nuclear envelope maintains tubulin. Notice the two extra tubulin
spots which are located in the longitudinal plasma membrane (upper
arrow) and in the transversal plasma membrane (lower arrow). b A
cell in late telophase, with its phragmoplast similarly developed to
that of the control in Fig. 1e. Two extra small phragmoplasts
(arrows) which survived cytokinesis are at the upper right and bot-
tom mid region of this cell. ¢ and d Phragmoplasts in T (¢) and X (d)
shape formed after 10 min 0.6 uM carbetamide treatment followed
by 45 min of recovery. Bar: 10 um

tamide, in at least 2,000 cells per point. There was no
preferential lengthening of any of the mitotic phases
in the presence of this herbicide at that concentration
(Table 1), apart from very slight lengthening of the
relative time taken by metaphase (Table 1). The
labelling index recorded after a single short treatment
with *H-thymidine was also unmodified under the
same set of conditions (Table 1).

Finally, the highest concentration of carbetamide test-
ed (0.8 mM) was clastogenic, as chromosomal breaks
or bridges were observed in 3% of the ana-telophases
(after 30 min of recovery from a treatment lasting at
least 15 min).
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Discussion

When used at high concentrations in mammalian
cells, carbamates interact with o- and PB-tubulins,
inhibiting their in vitro polymerization. However, at
lower concentrations, they do not inhibit tubulin poly-
merization. In vivo, the paradoxical observation that
low carbetamide concentrations still produce a halt in
proliferation (De Inés et al. 1994) can be explained by
the preferential and selective effect carbamates have
on MTOCs (Oliver et al. 1978) in mitosis. The range
of concentrations which induces multipolar mitosis is
nearly twenty times higher in Allium cepa than in
Arabidopsis thaliana (Liu et al. 1995). The reason for
this is unknown but carbetamide penetration or com-
partmentalization differs between species.

In this work, three facts were obvious. First, that car-
betamide has the potential to induce rapidly the dis-
ruption of the spindle poles in metaphase, and to a
lesser extent also in anaphase. Second, that carbe-
tamide does not modify the density of the kinetochore
microtubules or their length, even when single chro-
mosomes become detached from the main bipolar
poles. Third, that carbetamide over-induces MTOCs
for the preprophase band of microtubules and the
phragmoplast in sites preferentially, but not necessar-
ily, related to sites supporting microtubular arrays in
previous mitoses.

The present work detects the functional acentrosomal
pole of the assembled mitotic spindle as the immedi-
ate and preferential physiological target of carbe-
tamide, while the tubulin polymerization-depolymer-
ization cycle was apparently unaffected. Thus, the
range of concentrations of carbetamide tested is low
by this latter criterion.

Spindle pole assembly is a dynein-dependent mecha-
nism common to both centrosomal and acentrosomal
mitoses (Heald et al. 1997, Gaglio et al. 1997). The
rapid disruption of the bipolar spindle by carbetamide
closely resembles that described after depletion of the
nuclear/mitotic apparatus protein (NuMA). Thus, in
both situations the spindles lost their fusiform shape
because the microtubules did not converge at a pole
(Gaglio et al. 1995, Merdes et al. 1996).

A second independent target for carbetamide exists in
these meristematic cells, as the herbicide also induced
the appearance of MTOCS other than the two expect-
ed ones. This effect was also immediate and direct. It
is possible that the same NuMA-dynein-dynactin
complex or its carbetamide-response element may
also be involved in the induction of additional
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MTOC:s for the assemblies responsible for cytoplasm
division, i.e., the preprophase band of microtubules
and the phragmoplast. The timing of the appearance
of both the spindle and phragmoplast microtubular
cycles seem to be coordinated by an apparently previ-
ous trigger event, common to both. Though both
cycles in plant cells are based on tubulin, they can be
easily uncoupled. Hence, the preprophase band of
microtubules appears when the completion of DNA
synthesis and/or transcription is prevented (Mineyuki
et al. 1988, Utrilla and De la Torre 1991) and the
phragmoplast appears when the chromosome cycle is
blocked in prophase (Gonzdlez-Ferndndez et al.
1971) or even in anucleate cell fragments (Bajer and
Mole-Bajer 1986). These two microtubular arrays
which incorporate tagged tubulins (Vantard et al.
1990, Zhang et al. 1990) are responsible for cytokine-
sis and, as a consequence, for plant morphogenesis.
As established in previous works (Giménez-Abidn
et al. 1997, 1998), the additional MTOCs stimulated
by carbetamide usually corresponded to sites that sup-
ported microtubular assemblies in previous mitoses.
The present report shows that this was not always the
case, as sites of the internal face of the plasma mem-
brane, apparently unrelated by their position to old
microtubular structures, were also activated.

Finally, the present work stresses that potential carba-
mates have to selectively exclude the progeny of the
proliferating cells in a tissue, as any multipolar mito-
sis ends with the formation of inviable aneuploid
cells.
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