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ABSTRACT Incorporation of Paramecium axonemal tu-
bulin into lysed endosperm cells of the higher plant Haeman-
thus enabled us to identify sites of microtubule assembly. This
exogenous Paramecium tubulin could be traced by specific
antibodies that do not stain endogenous plant microtubules.
Intracellular copolymerization of protozoan and higher plant
tubulins gave rise to hybrid polymers that were visualized by
immunofluorescence and by immunoelectron microscopy. The
addition of exogenous tubulin revealed many free ends of
endogenous microtubules that were competent to assemble
ciliate tubulin. The functional roles of the nuclear surface and
the equatorial region of the phragmoplast as plant microtubule-
organizing centers, which were revealed by the intense incor-
poration of exogenous tubulin, are- discussed. These data shed
light on the present debate on higher plant microtubule orga-
nizing centers.

Temporal and spatial regulation of microtubule (MT) assem-
bly in acentriolar higher plant cells remains poorly under-
stood, because of the lack of data from a functional assay of
nucleation capacity that would unambiguously identify plant
microtubule-organizing centers (MTOCs). Indirect informa-
tion has been obtained through immunocytochemical and
ultrastructural approaches. Human autoantibodies that stain
pericentriolar nucleating material in animal cells (1, 2) dec-
orate the periphery of the nucleus and the spindle poles of
higher plant cells (3, 4). However, the significance of this
cross-reactivity has been questioned (5). It has also been
suggested that sites of MT anchoring, detected by anti-
tubulin labeling (6-8), may correspond to nucleation centers
since electron dense material resembling pericentriolar ma-
terial is usually associated with them (9-12). Our specific
aims were to obtain functional evidence that the nuclear
envelope in higher plants acts as a MT nucleation center and
to study the origin of phragmoplast MT assembly during
anaphase-telophase.
For this purpose we used a method that is derived from the

analysis ofMT dynamics and nucleation sites in animal cells
in which a "reporter" tubulin is microinjected. The reporter
tubulin can either be labeled tubulin (13, 14) or tubulin from
a distant organism for which a species-specific anti-tubulin
antibody is available (15, 16). In this context, we have
developed an in vitro system of lysed Haemanthus en-
dosperm cells (17) in which unmodified Paramecium axone-
mal (PA) tubulin is incorporated and then selectively labeled
by its homologous antibody (15, 18, 19). Haemanthus en-
dosperm cells are remarkably suited for investigating plant
mitosis and cytoskeleton (6-8, 20), and their lack of cell wall
makes them ideal for studies involving permeabilization.

In this report, we show (i) the intracellular copolymeriza-
tion of ciliate and higher plant tubulins leading to hybrid MTs,
(ii) the assembly of exogenous tubulin around the plant
nucleus in interphase and telophase, and (iii) an intense
incorporation of PA tubulin at the cell equator in the early
stage of phragmoplast development. These results provide
insight into the present debate on plant MTOC identification
and on intracellular plant MT nucleation and elongation.

MATERIALS AND METHODS
Preparation of Tubulins and Antibodies. Tubulins were

prepared from Paramecium tetraurelia (15) and from Hae-
manthus endosperm (21). Tubulin concentrations were de-
termined according to Bradford (22), and purity was assessed
by SDS/PAGE (23). Anti-PA-tubulin-specific antibodies (18,
19) were affinity-purified (15).

Cells. Living endosperm cells of Haemanthus katherinae
Bak. (monocotyledons) were prepared as outlined (20).

Incorporation of PA Tubulin. Haemanthus cells were in-
cubated in lysis buffer containing 65 mM Pipes, 25 mM
Hepes, 33 mM potassium acetate, 5 mM MgCl2, 10 mM
EGTA, 0.5 mM EDTA, 1 ,uM pepstatin, 1 ,uM leupeptin, 10
piM dithiothreitol, 10 uM phenylmethylsulfonyl fluoride, 1
mM GTP, and saponin (200 ptg/ml) (pH 6.94), adapted from
Rozdzial and Haimo (24), and simultaneously supplemented
with 1-5 ,tM PA tubulin for 3-10 min at 220C. Cells were then
briefly rinsed (10-20 s) in lysis buffer without PA tubulin,
fixed 10 min in 1% glutaraldehyde in 0.1 M sodium phosphate
(pH 6.9), and prepared for immunocytochemistry (25).
Immunocytochemistry. After preincubation in normal goat

serum (diluted 1:20) in 10 mM Tris-buffered saline (pH 7.6),
lysed cells were incubated in anti-PA-tubulin antibodies (0.5
pug/ml, 4 hr, 220C) and then in fluorescein isothiocyanate-
labeled goat anti-rabbit IgG (Nordic, Tilburg, The Nether-
lands) (diluted 1: 20, 1 hr). For double-labeling, the prepara-
tions were incubated in a mixture of rabbit anti-PA-tubulin
(0.5 ,ug/ml) with mouse monoclonal anti-p8-neurotubulin (cat-
alogue number 357, Amersham, Les Ulis, France; diluted
1: 2000) and then incubated in a mixture of fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (diluted 1: 20)
and rhodamine-conjugated sheep anti-mouse IgG (diluted
1:20). Observations were made by using a Leitz Orthoplan
microscope with epifluorescence and a 63 x NA 1.3 objec-
tive. Video images were recorded with a model WV 1850/G
Newicon Panasonic camera and a model PVM 122 Sony
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monitor connected to an image processor (Sapphire-Quantel,
Montigny le Bretonneux, France) and photographed on the
screen using a 36-mm Canon camera.

Electron Microscopy. Anti-PA-tubulin was revealed by
5-nm gold-labeled goat anti-rabbit IgG (Janssen Life Science
Products, Beerse, Belgium) and processed for electron mi-
croscopy (25).
Immunoblot Analysis. After SDS/PAGE (7% polyacrylam-

ide gels) and electrotransfer to nitrocellulose (26), the nitro-
cellulose blot was incubated overnight at 220C with anti-PA-
tubulin serum (diluted 1: 300) or anti-p-neurotubulin (diluted
1: 2000) in Tris-buffered saline. Detection was carried out
with colloidal gold-conjugated antibodies, respectively, Au-
roProbe BLplus goat anti-rabbit IgG and goat anti-mouse IgG
(diluted 1:100), followed by silver enhancement (AuroProbe
BL plus and intenSE BL Kit, Janssen Life Science Products).

RESULTS
Specificity of Anti-PA-Tubulin Antibodies. By immunoblot

analysis, we demonstrated that antibodies directed against
PA tubulin (18, 19) did not react with higher plant tubulin
(Fig. 1A). In contrast, anti-neurotubulin antibodies cross-
reacted with plant and PA tubulins, although weaker with the
latter (Fig. 1B). In Haemanthus cells, no fluorescence could
be detected with anti-PA-tubulin antibodies, indicating the
absence of reactivity with intracellular endosperm MTs (data
not shown). Therefore, anti-PA-tubulin antibodies could be
used to trace intracellular PA tubulin incorporation with high
selectivity and anti-brain-tubulin monoclonal antibodies
could be used to label the whole MT pattern.

Incorporation of PA Tubulin in Higher Plant Cells in Inter-
phase. After a 5-min incubation with PA tubulin in lysis buffer
and labeling with anti-PA-tubulin antibodies, Haemanthus
endosperm cells exhibited a large population of short fluo-
rescent MT segments ranging from 0.5 to 2 k&m, which were
distributed throughout the cytoplasm (Fig. 2 B and C). By
means of double-label immunofluorescence, many of these
MT segments were identified at the distal part of endogenous
MTs that radiate from the nuclear envelope to the cell
periphery (Fig. 2). The presence of copolymers composed of
higher plant (unlabeled) and PA (labeled) tubulins was de-
tected by electron microscopic immunogold-labeling and
illustrated here in telophase (see Fig. 4). Optical sections
through the nucleus revealed a dense population of short
PA-tubulin-labeled MTs that emerged around the nuclear
envelope, suggesting that their assembly occurred on the
nuclear surface or in its close vicinity (Fig. 2C).
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FIG. 1. Immunoblot analysis. PA (lanes 1) and Haemanthus
(lanes 2) tubulins (5 ,ug) were transferred and incubated with anti-
PA-tubulin (A) or with anti-,3-neurotubulin (B) antibodies. Note the
entire lack of reactivity of anti-PA-tubulin against the plant tubulin
(A) and the cross-reactivity between anti-neurotubulin antibodies
and both tubulins (B).

FIG. 2. Double-label immunofluorescence of a lysed endosperm
cell in interphase incubated for 5 min in PA tubulin (4 ,uM) before
fixation. (A) Rhodamine anti-f3-neurotubulin staining showing the
whole intracellular MT network. (Inset) Phase-contrast micrograph
of same cell. (B and C) Fluorescein isothiocyanate-conjugated anti-
PA-tubulin staining of the cell in A showing MT segments distributed
throughout the whole cytoplasm. (B) Tangential view of the nuclear
surface. MT segments can be identified as the ends of endogenous
MTs, indicating elongation. (C) Optical section through the nucleus.
Short MT segments are distributed at the nuclear surface (curved
arrows). N, nucleus. (Bar = 10 ,um.)
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Mitosis. To study the origin of the plant phragmoplast, two
stages were examined and compared: (i) late anaphase-early
telophase transition, when the kinetochores reached the
polar region and when the chromosome arms started to
retract (Fig. 3 A, B, and E), and (ii) late telophase, when
nuclei reformed and the cell plate began to develop at the
equator (Fig. 3 C, D, and F). Cells were treated as above. In
late anaphase, the interzone was occupied by thick bundles
ofMTs that elongated from the poles toward the equator (Fig.
3A), as demonstrated (6, 7). These MTs often intermingled at
the equator (Fig. 3 A and G) where numerous vesicles
accumulated (9, 10, 27). In such cells, incorporated PA
tubulin appeared strikingly as a strong fluorescent ring at the
equator (Fig. 3B), while short fluorescent MT segments were
homogeneously dispersed within the whole endogenous MT
population (Fig. 3 B and H). The intense equatorial fluores-
cence was mainly due to short labeled MT segments, mostly
parallel to each other, and distributed within the region where
endogenous interzonal MTs intermingled (Fig. 3 A andB and,
for details, G and H). After anti-PA tubulin immunogold
staining, these segments appeared to be labeled throughout
their whole length (Fig. 4A). After double-label immunoflu-
orescence staining, PA-tubulin-labeled segments within the
interzone were identified as the ends of preexisting endoge-
nous MTs, particularly those close to the edges of the cells (in
Fig. 3, compare A with B and C with D). This was confirmed
by electron microscopic observations (Fig. 4B).

Later, when telophase nuclei were being reconstructed and
polar MTs were less abundant, the barrel-shaped phragmo-
plast was well developed with MTs 10-15 Atm long on each
side of the equator (Fig. 3 C and F). Most PA-tubulin-labeled
segments were homogeneously dispersed within the phrag-
moplast (Fig. 3D) and could be identified at the ends of the
developing phragmoplast MTs. However, an equatorial la-
beling with anti-PA-tubulin was also visible (Fig. 3D) al-
though usually it seemed to be less intense than at the earlier
stage (Fig. 3B). This sequence ofevents was followed in more
than 40 cells. Electron microscopic observations confirmed
that numerous fully PA-tubulin-labeled segments, such as
those in Fig. 4A, were located at the equator, whereas short
segments at the end of unlabeled (endogenous) MTs were
detected at opposite sides of the equator within the phrag-
moplast. Around the daughter nuclei, PA tubulin incorpo-
ration was intense at the nuclear surface (Fig. 3D).

DISCUSSION
Herein we present a method for identifying the functional
sites of MT assembly and potential MTOCs in the cells of a
higher plant, Haemanthus. We developed a lysed model of
endosperm cells in which the intracellular organization and
the MT network were well preserved, as confirmed by
electron microscopy (data not shown) and by comparison
with reported immunostaining patterns (6-8). These lysed
cells remained competent to assemble MTs (17) and to
incorporate a foreign tubulin from Paramecium into hybrid
polymers. These hybrid MTs were detected by a specific
antibody (15, 18, 19) at sites inferred to be MTOCs and at the
distal ends of plant MTs during interphase or mitosis through
an elongation process. The situation is thus similar to that
occurring after microinjection of PA (15) or labeled (13, 14)
tubulins in metazoan cells. However, since no systematic
study of the effects of tubulin concentration and other
parameters on PA tubulin assembly was carried out, an
analysis of the plant MT dynamics is precluded in the present
in vitro model. Nevertheless, preliminary observations after
microinjection of PA tubulin in living telophase Haemanthus
cells showed, as in animal cells, an almost complete MT
turnover within a few minutes (A. C. Schmit, personal com-
munication).

The use of antibodies against pericentriolar material (3, 4)
as well as studies of MT distribution and anchoring in
Haemanthus cells (6-8, 12) strongly suggest that the plant
nuclear surface may function as a nucleation site (for re-
views, see refs. 28-30). Our data provide a functional evi-
dence for tubulin assembly around the plant nucleus. The
higher incorporation of perinuclear PA tubulin in prophase
(data not shown) and in telophase relative to interphase also
suggests that the MT nucleation capacity of the plant nuclear
surface might be cell cycle-dependent.
There are two main hypotheses that may account for the

origin of the phragmoplast-cell plate domain, which is a key
element in the control of plant cytokinesis (for reviews, see
refs. 28-30). Phragmoplast MTs could be (i) the remnants of
half-spindle polar MTs that invaded the interzone in late
anaphase or (ii) the result ofnew MT assembly at the equator
during telophase.
According to the first hypothesis, phragmoplast MTs

would arise from intermingling of spindle polar MTs which
would progressively disassemble at their polar ends. The only
nucleating centers would then be the mitotic poles in
anaphase and the nuclear envelope of daughter nuclei in
telophase. The major support of this hypothesis comes from
(i) the polarity data (31) that indicated an equatorial zone of
mixed polarities making a progressive transition between two
MT populations of uniform and opposite polarities in each
half-spindle (minus ends toward the poles and plus ends at the
equator) and (ii) the lack of reactivity of the phragmoplast
equatorial region toward antibodies against animal MTOCs
(3, 32). In telophase, phragmoplast MT arrays that, for the
most part, appear not to be connected to the poles (Fig. 3C)
would arise from capping of the distal plus ends of polar MTs
in dense material present at the equator (9, 10, 27) and then
from disassembly at their minus ends. This would imply an
unusual depolymerization direction, opposite to that ob-
served in centriolar spindles. The occurrence of free minus
ends, which display reduced dynamics (33), may account for
the cold and drug resistance of these phragmoplast MTs (6,
34).
The intense incorporation of PA tubulin at the equator in

late anaphase (Fig. 3 A and B) could be accounted for by
elongation at the distal free plus ends of polar MTs that
interdigitate. The pattern observed in telophase (Fig. 3 C and
D) suggests, however, an elongation of phragmoplast MTs at
the ends facing away from the equator. One should then
admit that the MT ends that were postulated above to have
depolymerized from the poles remain capable of accepting
PA tubulin through elongation at minus ends.

In summary, this first hypothesis accounts well for MT
polarity within the plant spindle, but it faces difficulties in
explaining the origin of phragmoplast MTs and the incorpo-
ration pattern of exogenous tubulin in telophase described in
this paper.
The second hypothesis assumes that the equatorial region

of the phragmoplast functions as a MTOC and hence that
phragmoplast MTs arise from new nucleation at the equator
in telophase followed by elongation toward the daughter
nuclei. Evidence in favor of this assumption is based upon (i)
the restoration of phragmoplast birefringence after irradia-
tion (35), (ii) the development of phragmoplast MTs inde-
pendently of mitosis, as between nonsister nuclei during
syncytium cellularization (6, 7, 9, 20), and (iii) the presence
of MTOC-like (9, 10, 12, 27) MT-anchoring material in the
cell-plate formation area.
The incorporation pattern of PA tubulin during successive

stages of telophase, described here, provides evidence for
this hypothesis. The intense equatorial labeling in early
telophase, confirmed by electron microscopic observations
of short fully gold-labeled MTs (Figs. 3B and 4A) and the
distal MT labeling observed later in the barrel-shaped phrag-
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FIG. 3. Double-label immunofluorescence oftwo lysed endosperm cells incubated in PA tubulin (4 ,1M) during 5 min at two successive stages
of telophase. (A, C, and G) Whole MT pattern revealed by rhodamine anti-,3-neurotubulin staining. (B, D, and H) Fluorescein isothiocyanate-
conjugated anti-PA-tubulin labeling. (E and F) The same cells in A and C, respectively, shown in phase-contrast. (A, B, and E) Early telophase.
When chromosomes (CH) start to be decondensed, MT segments labeled with anti-PA-tubulin antibodies (B) are observed within the whole cell
and correspond to the ends of polar MTs (compare A to B and, for details, G to H. arrows). An intense incorporation of PA tubulin is detected
at the equator where short anti-PA-tubulin-labeled MT segments are superimposed to the overlapping region of endogenous MTs (star and for
details see G and H). (C, D, and F) A later stage of telophase. (C) The nuclear envelope is reformed around the decondensed chromosomes
and the barrel-shaped phragmoplast is developed. (D) Anti-PA-tubulin-labeled MT segments are dispersed within the phragmoplast while short
segments are also detected at the equator. Intense PA tubulin assembly is seen around the daughter nuclei (long arrow). N, nucleus. (Bars: A-D,
10 Mum; G and H, 1 gm.)
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FIG. 4. Electron microscopy. Immunogold labeling ofPA tubulin
within the phragmoplast (same cell shown in Fig. 3 A- and B). (A)
Detail of the equatorial region. Endogenous unlabeled plant MTs
intermingle and short MT segments (0.5-1 ,um) that are intensely
labeled with gold particles throughout their entire length are present
(large arrow). Numerous ribosomes are present (small arrows). E,
equator. (B) Detail of one hybrid MT indicating incorporation of PA
tubulin -(single arrow) at one end of the endogenous plant MT
(unlabeled, double arrow). (Bars = 0.1 Asm.)

moplast (Fig. 3D), are best accounted for by nucleation of
MTs within the phragmoplast-cell plate area, followed by
their distal elongation (up to 15 pum on average) toward the
daughter nuclei. The new MTs may be codistributed with
remnants of the overlapping polar MTs. If the equatorial MT
nucleation in telophase occurred at the usual minus ends, it
would generate phragmoplast MTs of polarity opposite to
that of mitotic polar MTs. Hence, one may hypothesize also
an unusual nucleation with phragmoplast MTs anchored by
the plus ends at the MTOC. Tubulin assembly could then
occur either at the anchored plus ends, which has not been
observed for MTOCs and occurs only at kinetochores (14,
15), or, in an unusual way, at the distal minus ends. In the first
case an exclusive equatorial labeling ofPA tubulin would be
expected in the phragmoplast in contrast to our observations,
whereas under the second assumption the predicted incor-
poration pattern agrees with that actually obtained.

Therefore, the PA tubulin incorporation pattern that we
observed during anaphase-telophase fits the best with our
favored model in which the equatorial region of the phrag-
moplast acts as a MTOC. Thus, with observations of actin
dynamics in vivo in telophase (36), our data suggest that
selective cytoskeleton assembly properties are associated
with this strategic site of new cell membrane and cell wall
assembly.

In conclusion, polymerization of exogenous Paramecium
tubulin into lysed Haemanthus cells provides insight, based
on a functional assay, into current and debated hypotheses on
the MT nucleation capacity of the plant nuclear envelope and
the phragmoplast equator.
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