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CORRELATED VARIATION IN MICROTUBULE

DISTRIBUTION, CALLOSE DEPOSITION DURING MALE

POST-MEIOTIC CYTOKINESIS, AND POLLEN APERTURE
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In most flowering plants, a single cytokinesis follows the two meiotic divisions during pollen-grain ontogeny. Aperture pattern (i.e.,
aperture number and distribution on pollen surface) ontogeny could be linked to the processes ensuring the apportionment of the
cytoplasm to the four microspores.

This apportionment is achieved by radial arrays of microtubules organized around the nuclei. The cleavage planes are defined in
the overlapping regions of opposing arrays extending from different nuclei. We followed the establishment of these arrays in two
different lines of plants belonging to the genus Nicotiana that produce pollen grains with different aperture numbers. Different distri-
butions of the microtubules have been observed, which can be interpreted as resulting from variation in the interactions between
nuclei; these distributions appear to be correlated with aperture number.

As a consequence, we propose that simultaneous cytokinesis allows the formation of multiple pollen morphologies. This mechanism
is consistent with aperture number distribution within angiosperms and provides clues to help our understanding of the evolution of
aperture number.
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Developmental biology has provided general rules of pattern
definition through developmental process (Wolpert et al.,
1998). A major step in organ or organism development is the
definition of symmetry planes and polarity (Jürgens, Grebe,
and Steinmann, 1997; Quatrano and Shaw, 1997; Jan and Jan,
1998; Twell, Park, and Lalanne, 1998; Wolpert et al., 1998;
Bowerman and Shelton, 1999). Polarity is often determined by
an asymmetric mitotic cell division. Complex cell divisions,
such as meiosis, even if completely symmetrical, could pro-
vide spatial cues for cell patterning. It has been known for
decades that for low aperture number in plant pollen, the on-
togeny of aperture sites is linked with the meiotic divisions
that produce four microspores from a single microsporocyte
(Wodehouse, 1935).

Pollen apertures are well-defined areas of the pollen surface
where the external part of the wall (ectexine) is reduced or
absent. They function as openings, permitting pollen-tube ger-
mination, exchanges with the surrounding medium, and pre-
venting pollen wall breakage. Wide variation in aperture num-
ber and position has been described among angiosperm spe-
cies, especially among eudicots (Wodehouse, 1935; Van Cam-
po, 1976). Most eudicot species produce pollen grains with
three apertures, yet species producing pollen grains with 4–6
or up to 100 apertures are also known. Some variation occurs
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at the intraspecific level and even within a single plant (pollen
heteromorphism; Wodehouse, 1935; Van Campo, 1966, 1976;
Dajoz, Till-Bottraud, and Gouyon, 1991). This provides a use-
ful tool for understanding how aperture position is determined;
to achieve this, the developmental process leading to the dif-
ferent patterns are compared.

In eudicots, several cellular mechanisms inducing the for-
mation of aperture sites have been described. Apertures can
be formed (1) by inhibition of primexine synthesis by close
apposition of endoplasmic reticulum shields against the cal-
losic wall (Heslop-Harrison, 1963), (2) by formation of callose
knobs at future aperture sites preventing primexine deposition
(Waterkeyn and Bienfait, 1970), or (3) by the formation of
‘‘interstitial bodies’’ that extend into the wall of callose at
aperture sites and around which the primexine will be depos-
ited (Rowley, 1975). These different cellular mechanisms can
lead to the formation of the same aperture patterns (i.e., the
same aperture number and location). Conversely, different ap-
erture patterns can be achieved by the same cellular mecha-
nisms, as exemplified by heteromorphism. This study is only
concerned with the ontogeny of pattern formation and not with
aperture site definition; these appear to be two different phe-
nomena.

The location of apertures during development suggests the
existence of a close relationship between aperture pattern def-
inition and the cytoplasmic partition that completes meiosis
(for a review see Blackmore and Crane, 1998). In most eu-
dicots, cytokinesis during meiosis is delayed until the two nu-
clear divisions are completed (simultaneous cytokinesis).
There are a few exceptions. In several species of Proteaceae
and Podostemaceae, successive cytokinesis has been recorded
(cytokinesis is successive when each nuclear division is fol-
lowed by a cytoplasmic one) (Razi, 1949; Blackmore and
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Fig. 1. Cytoplasmic partitioning and aperture pattern. (A) In species displaying simultaneous cytokinesis, the nuclei (indicated by circles) stem from the
second nuclear division are tetrahedrally arranged within the cytoplasm of the dividing cell. (B) Four equal-sized cytoplasmic domains centered on the nuclei
are defined by the interactions of radial arrays of microtubules extending from the nuclei envelope. The partition of the cytoplasm is completed by the formation
of callose walls along three planes for each domain. The result is the equipartition of the microsporocyte into four regions of equal size. This corresponds to
cytoplasmic division in most eudicot species. (C) Exploded view showing four cytoplasmic domains centered on nuclei. Partition is completed by the formation
of callose walls along three planes for each domain. (D) Singular points (predicted by modelling) where apertures could form when bipolar interactions between
the haploid nuclei take place. Each singular point, indicated by a star, corresponds to a contact point between two adjacent microspores and indicates where a
pair of apertures is expected. (E) Singular points (predicted by modelling) where apertures could form when tripolar interactions between the nuclei take place.
In this case, in zones where tripolar interactions occur, singular points split into two (arrows), leading to tetra-aperturate microspores.

Barnes, 1995). When cytokinesis is simultaneous, the axes of
the second nuclear division are usually orthogonal, leading to
a tetrahedral configuration of the four haploid nuclei within
the cytoplasm of the microsporocytes. The cytoplasmic do-
mains centered on the nuclei are defined by radial arrays of
microtubules (MTs) that extend from the nuclear envelope af-
ter depolymerization of the meiotic spindles (Brown and Lem-
mon, 1992). Six cleavage planes are defined in the regions
where radial arrays extending from each of the four nuclei
intersect (Fig. 1A–C). As shown in Fig. 1A, the four nuclei
are arranged at the summits of a tetrahedron. Separation of the
four microspores thus occurs along six planes, each crossing
one of the six edges of the tetrahedron. Each microspore is in
contact with the three others along three planes, one with its
partner in the second meiotic division, and the two others with
the partners of the other second meiotic division. Cytokinesis
is completed by deposition of callose in the cleavage planes
(Longly and Waterkeyn, 1979a, b). Apertures are readily vis-
ible, while microspores still remain within tetrads. In ‘‘core’’
eudicot species producing tri-aperturate pollen grains, aper-
tures are joined by pairs and defined at the last points of con-
tact persisting between adjacent microspores at the end of cy-
tokinesis (Wodehouse, 1935). The existence of a fundamen-
tally different aperture pattern reported in tri-aperturate Pro-
teaceae (apertures are joined three by three in four groups;
Garside, 1946) further confirms the involvement of cytokinesis
in aperture pattern ontogeny (Blackmore and Crane, 1998). As
in ‘‘core’’ eudicots, cytokinesis is simultaneous, tetrads are
tetrahedral, and apertures are formed at the last points of cy-
toplasmic contact. The difference lies in the way callose is
deposited within the cleavage planes, which leads to a different
distribution of the places where cytokinesis is completed
(Blackmore and Barnes, 1995). This paper focuses on ‘‘core’’
eudicots and examines how cytokinesis is involved in aperture
pattern definition by comparing species producing producing
tri- and species producing tetra-aperturate pollen. In ‘‘core’’
eudicot plants producing tetra-aperturate microspores, the
fourth aperture of each microspore results from the duplication
of the pair of apertures placed between microspores descend-
ing from the same second meiotic division (Huynh, 1968).

Ressayre et al. (1998) have developed a model that uses
information in the microsporocytes to predict the apportion-

ment of the cytoplasm to each microspore and the number of
apertures in the pollen. According to this model, interactions
between the four nuclei present in the cytoplasm of the divid-
ing microsporocytes can account for the partition into four
equal-sized domains (Fig. 1A–C) and for aperture pattern de-
termination (Fig. 1D–E). Bipolar interactions between nuclei
result in the formation of tri-aperturate microspores, whereas
tripolar interactions between nuclei lead to the formation of
tetra-aperturate microspores. This model also predicts other
aspects in the formation of tri-aperturate or tetra-aperturate mi-
crospores: (1) the cleavage planes should be identical in the
two cases and (2) the duplication that leads to tetra-aperturate
microspores should be accompanied by a modification of the
cytokinetic apparatus, due to interactions with other nuclei.

To investigate whether interactions between nuclei, medi-
ated through MTs, could be responsible for aperture patterns
ontogeny, we examined the radial arrays of MTs in two species
of the genus Nicotiana by immunofluorescence labelling. Pol-
len grains produced by N. sylvestris have three apertures, and
the ones produced by N. tabacum have four apertures. We also
followed callose deposition and cell plate formation to inves-
tigate whether cytokinesis and aperture ontogeny are related,
as Wodehouse (1935) proposed long ago. The result of this
analysis is that both microtubule (MT) distribution during cy-
tokinesis and callose deposition in the cleavage planes are dif-
ferent in the two kinds of plants. This provides a cytological
support for our theoretical model of aperture definition.

MATERIALS AND METHODS

Plant material—Seeds of Nicotiana sylvestris and of the cultivar Xanthi
of N. tabacum were provided by Société d’Exploitation Industrielle des Tabacs
et Allumettes (Institut du Tabac, Bergerac, France). Experiments were per-
formed on the progeny of a single selfed plant for each species. All plants
were grown in a greenhouse in Orsay with a 16-h photoperiod. Nicotiana
sylvestris produces .97% of tri-aperturate pollen (apertures consist of a fur-
row with a central pore). Nicotiana tabacum cv Xanthi produces 13.7 6 5.0%
of tri-aperturate pollen and 83.6 6 5.2% of tetra-aperturate pollen.

Floral bud stage determination—To determine floral bud stage, one of the
five anthers in each bud was immediately extracted and squashed in Belling’s
aceto-carmine (nucleus staining). Depending on the approximate stage of the
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Figs. 2–5. Tetrads of N. sylvestris and N. tabacum cv. Xanthi stained with
Congo red. Apertures can be distinguished as darker zones. Bars 5 approx-
imately 10 mm. 2–3. Nicotiana sylvestris. Lower view and upper view of a
tetrad composed of four microspores with three apertures. Apertures are joined
in pairs, each member of a pair (joined by arrows) belonging to a different
microspore of the tetrad. 4–5. Nicotiana tabacum. Lower view and upper view
of a tetrad composed of four microspores with four apertures. Apertures are
also joined in pairs. The members of the same pairs are joined by arrows
except for the two pairs of apertures (indicated by star) belonging to micro-
spores situated above and below the plane of the slides. The fourth aperture
of the microspores is created by duplication of a pair of apertures within a
cleavage plane: in two of the cleavage planes (p 5 orthogonal to the plane
of the slides; p9 5 parallel to the plane of the slides), the adjacent microspores
display two pairs of apertures in these planes.

buds, the remaining anthers were prepared for one of the following obser-
vations.

Slide preparation for microscopy—We used several techniques that target
different components, wall or internal structures. Staining of apertures within
tetrads is possible only at the end of the tetrad stage. The anthers were put
on a slide in a drop of Congo red mixed with technical maleic hydrazyde,
following Stainier, Huard, and Bronkers (1967). Apertures appeared as dark
areas within a lightly red-colored wall. Staining of callose during cytokinesis
was performed at all stages from the beginning of cytokinesis until the tetrad
stage. Cells were mounted in aniline blue 0.1% (mass volume ratio, m/v)
prepared in 0.1 mol/L K3PO4 (Kho and Baer, 1968).

Labelling of MTs and nuclei was performed at all stages, from the begin-
ning of meiosis until the end of cytokinesis. The protocol for cell preparations
was adapted from Traas, Burgain, and Dumas De Vaulx (1989). Fixation,
enzymatic digestion, and membrane permeabilization were all performed by
adding products to buffer A (50 mmol/L Pipes, 5 mmol/L EGTA [ethylene
glycol bis {2-aminoethyl ether}-N,N,N9N9-tetraacetic acid], 5 mmol/L
MgSO4, pH 5 6.9; Traas, Burgain, and Dumas De Vaulx, 1989). Fixation
was achieved by squashing the anthers in freshly prepared fixative (8% of
formaldehyde in buffer A). After 30 min at room temperature, cells were
rinsed three times in buffer A. To digest the anther tissues and the microspo-
rocyte wall of callose, anthers were squashed in buffer A supplemented with
5% (volume/volume ratio, v/v) DMSO (dimethyl sulfoxide), 0.03% (v/v) Ig-
epal CA-630 Sigma (instead of Nonidet P40 in Traas, Burgain, and Dumas
De Vaulx, 1989) and 0.5% (m/v) of each of three following enzymes: ma-
cerozyne Onozuka-R10 (Yakult, Honsha, Tokyo, Japan), cellulase (Onozuka-
R10 Sigma), and beta-glucuronidase (HA-4 Sigma). The cells were incubated
for 40 min at 308C. Additional permeabilization of the plasma membrane was
performed for 30 min using 0.1% (v/v) of Triton X-100 in buffer A at room
temperature. Cells were washed twice again in buffer A and finally stored in
water. Cells were then allowed to attach to poly-L-lysine coated slides. Im-
munofluorescence labeling was performed by adding the different antibodies
in buffer B (162 mmol/L NaCl, 8 mmol/L Na2HPO4, 2 mmol/L K2HPO4, 10
mmol/L EGTA, 2 mmol/L MgCl2, 0.3% [m/v] BSA, pH 5 7.4) adapted from
Rusig, Le Guyader, and Ducreux (1994). Cells were treated with monoclonal
anti-alpha and anti-beta tubulin (N 356 and N 357 Amersham, Little Chalfont,
UK) 0.2% (v/v) of each in buffer B overnight at room temperature. After
rinsing the slides three times with buffer B, a 1% (v/v) FITC (fluorescein
isothiocyanate) conjugate antimouse IgG antibody (N 1031 Amersham) di-
luted in buffer B was added for at least 6 h at room temperature. To stain
nuclei, 7.5 mmol/L propidium iodide in 10 mmol/L MgCl2 was applied for
15 min. After slides were rinsed three times in buffer B, they were mounted
in citifluor.

Microscopy—Congo red preparations were observed with a Zeiss Axiophot
microscope with transmitted light. The epifluorescence Zeiss Axiophot mi-
croscope was used with filter set 01 (excitation 345, emission 425 nm long
pass) for aniline blue staining. Confocal laser scanning microscopy and double
immunofluorescence analysis were performed using a TCS4D confocal mi-
croscope based on a Leica DM microscope interfaced with a mixed gas Ar-
gon/Krypton laser (Leica Laser Technik, Heidelberg, Germany). Simultaneous
double fluorescence acquisitions were performed using the 488-nm and 568-
nm laser lines to excite both FITC and propidium iodide using an oil im-
mersion Plan APO objective (NA 5 1.3).

RESULTS

Aperture distribution in tri- and tetra-aperturate plants—
In most cases, all members of a tetrad had the same aperture
number, i.e., three in the case of N. sylvestris and four in the
case of N. tabacum. Apertures were usually found in pairs
within the tetrads. In N. sylvestris, apertures were joined in six
pairs (Figs. 2–3), one pair per cleavage plane separating each
microspore from the three others (cleavage planes described
in Fig. 1A–C). In N. tabacum cv Xanthi, apertures were joined

in eight pairs. In two cleavage planes there were two pairs of
apertures, and in each of the four others there was a single
one (Figs. 4–5). In Xanthi, the fourth aperture of each micro-
spore thus resulted from the creation of two additional pairs
of apertures per tetrad. Therefore, the formation of tetra-aper-
turate pollen grains occurs by duplication of two pairs of ap-
ertures.

Microtubule distribution during cytokinesis—The arrays of
MTs were observed in N. sylvestris and N. tabacum cv Xanthi
on fixed material with fluorescent labelling methods. No dif-
ferences between the two kinds of plants could be detected up
to the end of the karyological divisions. The beginning of
telophase II is marked by a considerable reorganization of the
microtubular cytoskeleton. The remnants of the anaphase spin-
dles (Figs. 6–7) disappear. The MTs radiating from several
points within the four sets of still-condensed chromosomes
appear (Figs. 8–9). No preferential direction of nucleation can
be detected because the MTs form a star-like network that
extends radially into the cytoplasm in the two kinds of plants.

Differences between plants producing tri- and tetra-apertur-
ate pollen grains become apparent when opposing arrays of
MTs come into contact. As all the arrays that connect the nu-
clei are formed simultaneously, we cannot distinguish between
secondary arrays (interconnecting non-sister nuclei) and inter-
zonal spindles (interconnecting sister nuclei). We thus refer to
these arrays as ‘‘secondary spindles.’’ In plants producing tri-
aperturate pollen grains, the MTs organize in six bipolar struc-
tures (six bipolar ‘‘secondary’’ spindles) of apparently equal
size that connect each of the four newly reforming nuclei, two
by two (Fig. 10A). They form a tetrahedron with the nuclei at
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Figs. 6–9. The transition from the meiotic spindle to the formation of the
‘‘secondary arrays.’’ 6, 7. Late anaphase II. The same distribution of MTs is
observed in the two species. All sets of chromosomes (in red) are linked by
the remnant of the meiotic spindles of the second divisions. 6. Nicotiana
sylvestris. 7. Nicotiana tabacum. 8, 9. Beginning of telophase II. New arrays
of MTs extend radially from the nuclei in the cytoplasm of both species. 8.
Nicotiana sylvestris. 9. Nicotiana tabacum.

the apices (Fig. 10Ac). In plants producing tetra-aperturate
pollen grains, two kinds of ‘‘secondary spindles’’ can be seen:
curved and straight (Fig. 10B). Curved ‘‘secondary’’ spindles
may result from tripolar interactions: MTs appear to be dis-
placed from the edges to the center of the faces of the tetra-
hedron, as predicted by the model (cf. Fig. 1E). The MTs
extending from the third nucleus can be seen in the center of
the surface where lies the main groups of MTs that formed the
‘‘secondary spindle’’ (Fig. 10Bb1 and b3).

The differences in the conformation of MTs persist and be-
come more obvious as cytokinesis proceeds. In N. sylvestris
(the tri-aperturate producer), each ‘‘secondary spindle’’ is ho-
mogeneous and straight (Fig. 11) and becomes narrower in the
midzone at the end of cytokinesis (Fig. 12). Just after the par-
titioning of the cytoplasm, microspores are smooth triangular
volumes (Fig. 13). In N. tabacum (the tetra-aperturate produc-
er), the arrays are less straight and extend over a larger range
of directions but still interconnect the nuclei of the dividing
cell (Fig. 14). At a later stage, ‘‘secondary spindles’’ are of
two types. Some of them are broad, and at a later stage, they
split in two groups of MTs, while the MTs located in the center
of these arrays disappear (Fig. 15 shows one wide arrays, ar-
rows). The other arrays of MTs were narrower (Fig. 15). The
large connections persist over the whole duration of cytoki-
nesis and are visible in almost all tetrads. Narrow connections
are also present, but we could not count them because of the
configuration of the tetrads. Just after the partitioning of the
cytoplasm, the shapes of the microspores and their distribu-
tions relative to each other are different from the ones ob-
served in tri-aperturate plants: in two areas in the tetrad, mi-
crospores have large surfaces in close contact (Fig. 16 shows
one of the two large surfaces).

Cleavage planes formation in tri- and tetra-aperturate
plants—The pattern of callose deposition follows the MT dis-
tribution. In N. sylvestris (the tri-aperturate producer), large
deposits of callose between the microspores (Fig. 17, asterisks)
leading to narrow connections between cytoplasms (Fig. 18,
arrows) were found. In N. tabacum cv Xanthi (the tetra-aper-
turate producer), such large deposits were not observed (Fig.
20) until the very end of cytokinesis. On the contrary, large
areas of contact between the cytoplasms persist until a late
stage (Fig. 21, arrows). After microspores are separated, large
deposits of callose take place and isolate the microspores by
thick walls. On fully formed tetrads, no differences in the
cleavage planes between the two types of plants could be de-
tected. Six cleavage planes intersecting in the center of the
tetrad were visible in both cases (Figs. 19 and 22).

DISCUSSION

It has been known for decades that for low aperture number,
the ontogeny of aperture pattern is linked with the meiotic
divisions that produce four microspores from a single micro-
sporocyte (Wodehouse, 1935). Our study provides a possible
mechanism underlying this link: aperture number could be in-
fluenced by MT distribution and intersporal wall formation.

In the studied plants, meiosis proceeds as it is usually de-
scribed in eudicots (Brown and Lemmon, 1988; Traas, Bur-
gain, and Dumas De Vaulx, 1989; Peirson, Bowling, and Mak-
aroff, 1997). The two nuclear divisions proceed without cy-
toplasmic partition, resulting in a transitory syncytium of four
haploid nuclei forming a tetrahedron. During the reformation
of the nuclei, ‘‘secondary spindles’’ of MTs appear. They de-
fine the cytoplasmic domains around the nuclei (Brown and
Lemmon, 1991). The formation of these arrays apparently be-
gins as a random process, MTs being nucleated first around
nuclei without preferential direction.

The shape of the ‘‘secondary spindles’’ differs according to
the number of apertures the pollen grains will have. The dif-
ferences appear long before callose deposition begins. They
are maintained when callose deposition proceeds and are as-
sociated with differences in the way the microspores are sep-
arated. Narrow connections between the cytoplasm of adjacent
cells are observed where narrow ‘‘secondary spindles’’ were
recorded, and apparently broader ones were observed (al-
though with some difficulty) where broad ‘‘secondary spin-
dles’’ were present. In N. sylvestris, the tri-aperturate plant, six
pairs of apertures (one per cleavage plane) were observed,
corresponding to six narrow cytoplasmic junctions between
cells, in the regions where the arrays of MTs are maintained.
In N. tabacum cv Xanthi, two pairs of apertures were formed
in two of the six cleavage planes, whereas in the four others,
one pair of apertures was formed. This is consistent with our
observation of two (out of six) broader ‘‘secondary’’ spindles
per tetrad.

Other results also suggest that aperture formation is linked
to cleavage. In abnormal tetrads having more than four micro-
spores, the presence of a supernumerary pseudo-microspore
generally induces the formation of additional apertures on the
adjacent microspores (Ressayre et al., unpublished data). Var-
iation in aperture number can be observed in mutants produc-
ing polyads (He et al., 1996; Peirson et al., 1996). Mutants
that fail to achieve cytokinesis display highly disturbed aper-
ture patterns (Hülskamp et al., 1997; Spielman et al., 1997).
Because labelling of MTs and staining of callose were lethal
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Fig. 10. Observation and schematic representation of the formation of the ‘‘secondary’’ spindles in plants producing tri- (N. sylvestris) or tetra-aperturate (N.
tabacum) pollen grains. Microsporocytes are spherical volumes of 15 mm diameter on average at this stage. Three confocal images (corresponding to sections)
per type of plants have been chosen at different levels within the same dividing cell. The approximate position of the images (b1, b2, b3) relative to the
distribution of the four nuclei within the microsporocyte cytoplasm are indicated schematically for each type of plant (a1, a2, a3). The schematic representation
of the overall distribution of MTs is represented in (c). Nuclei are denoted 1 to 4 on drawings and images. MTs are labeled by immunofluorescence (green),
nuclei are stained with propidium iodide (red). Bars 5 10 mm. (A) In N. sylvestris, the MTs are straight and join nuclei two by two, and the spindles are
homogeneous. (B) In N. tabacum cv Xanthi, two kinds of ‘‘secondary’’ spindles can be detected, four are straight and narrow (linking the nuclei 1 and 2, 1
and 3, 2 and 4 and 3 and 4), one (linking the nuclei 2 and 3) is curved and displaced toward the center of the faces of the tetrahedron (star). The shape of the
last ‘‘secondary spindle’’ (linking the nuclei 1 and 4) cannot be seen because of the conformation of the tetrad. The bent spindle linking the nuclei 2 and 3 can
be seen in all the different sections that involve this pair of nuclei (2 and 3). In contrast, the spindle that links nuclei pair 1 and 2, for example, is masked
rapidly by the spindle that linked the pair of nuclei 2 and 4. In the two images b1 and b3, which show the faces of the tetrahedron, MTs intersecting three by
three can be seen (arrows). Such figures are also present on several sections.

to the cells, it was not possible to follow the ontogeny from
the end of the nuclear divisions to aperture formation: the
causal link between MT distribution and aperture pattern is
thus difficult to establish. However, in the two species studied
here, the differences in aperture number are correlated with
differences in MT distribution and in cleavage planes forma-
tion. Because the differences in MT distribution precede the

beginning of callose deposition, it is thus plausible that MT
distribution determines the way callose is deposited and the
number of pairs of apertures that will be formed within a
cleavage plane.

Although the arrays of MTs during cytokinesis have been
described in N. tabacum (Tiezzi et al., 1992) and in other
species of eudicots (Brown and Lemmon, 1988; Traas, Bur-
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Figs. 11–22. Microtubules and callose duting cytokinesis. Figs. 11–16. Confocal images of MTs during cytokinesis. Immunofluorescence labeling for MTs.
Bars 5 approximately 10 mm. Figs. 11 and 14. Meiosis is completed but cytokinesis has not yet started. The four haploid nuclei (n) are present in the cytoplasm
of the dividing cell meiocyte, which is spherical and completely filled by the MTs that constitute the cytokinetic apparatus (‘‘secondary spindles’’). The MTs
radiate in a more or less orderly way from the nuclei. 11. Nicotiana sylvestris. The arrays of MTs are straight and interconnect the nuclei two by two. 14.
Nicotiana tabacum cv Xanthi. The arrays of MTs are broader and MTs radiate more than those observed in Nicotiana sylvestris. Figs. 12 and 15. Cytokinesis
is proceeding. The dividing cells are no longer spherical but the shape of the future microspores becomes visible. 12. Nicotiana sylvestris. Each future microspore
remains joined to the three others by narrow arrays of MTs (arrows). 15. Nicotiana tabacum cv Xanthi. Three junctions persisting between the three visible
microspores are present in the section. Two junctions (left and top) are narrow, the last one (right, arrows) is broad, and MTs are visible at the border. Figs.
13, 16. Microspores are almost separate. 13. Nicotiana sylvestris. A clear separation between the future microspores is visible with a large hole in the center
of the dividing cell. 16. Nicotiana tabacum cv Xanthi. On the left, two microspores maintaining large surface areas in close contact can be seen (arrows). 17–
22. Callose deposition during cytokinesis. Aniline blue staining. Bars 5 approximately 10 mm. Figs. 17 and 18: Nicotiana sylvestris. 17. Large deposition of
callose can be seen between the three microspores (stars) and in the center of the tetrad. 18. Just before microspore separation, only narrow connections linking
the future microspores persist (arrows). Figs. 20 and 21. Nicotiana tabacum cv Xanthi. 20. No important deposition of callose occurs between the microspores
(arrows). 21. As callose deposition proceeds, persistence of wide junctions between the microspores remain (arrows). Figs. 19 and 22. Comparison of fully
formed tetrads in N. sylvestris (Fig. 19) and N. tabacum cv Xanthi (Fig. 22). Cytokinesis completion leads to the formation of identical cleavage planes.

gain, and Dumas De Vaulx, 1989; Peirson, Bowling, and Mak-
aroff, 1997), variation in their shape was never reported. How-
ever, detecting variation of MT shape requires special atten-
tion, and none of the different studies performed so far have
either detailed the establishment of the ‘‘secondary spindles’’
or compared two kinds of plants differing by their aperture
number. In monocots, by using colchicine to disturb MT for-
mation, it has been shown that aperture positioning and num-

ber are linked to the distribution of the MT organizing centers
that are formed after the nuclear division (Dover, 1972; Shel-
don and Dickinson, 1986). In the case of the genus Nicotiana,
the mechanism suspected is fundamentally different. The MTs
appear to be involved through their participation in cytoplas-
mic division and not through the distribution of the MT or-
ganizing centers. In animals, MTs are involved in the move-
ment and organization of endoplasmic reticulum (ER) and oth-
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er organelles (Cole and Lippincott-Schwartz, 1995). In plants,
MTs are suspected to be also involved in the movements of
organelles. During somatic mitosis MTs are described to be
involved in the transport of vesicles of callose during the for-
mation of cell plates (Staehedlin and Hepler, 1996). Thus a
given distribution of microtubules could result in either pres-
ence of ER or formation of callose knobs at the future aper-
ture. The MTs would then organize the spatial distribution of
future aperture sites in collaboration with nuclei, the ontogeny
of the aperture itself due to various processes (described in the
introduction).

The differences in MT distribution observed between plants
producing tri-aperturate and plants producing tetra-aperturate
pollen are consistent with the predictions of our model. Ac-
cording to this model, aperture number could be determined
by the kinds of interactions between nuclei that occur during
the cytoplasmic partitioning. The future cleavage planes ap-
pear to be defined by the interactions of radial arrays of MTs
based on the nuclei (Brown and Lemmon, 1991). These inter-
actions drive the formation of the cleavage planes in the in-
tersection regions of the radial arrays of MTs (Brown and
Lemmon, 1992). Our data suggest that the types of interactions
between nuclei can vary. The mechanisms that induce varia-
tion in the interactions of the nuclei remain unknown. How-
ever, variation in nuclei shape during the dynamic process
leading to the establishment of the ‘‘secondary spindles’’ could
be responsible for the variation in the interactions between
nuclei. The MTs are nucleated during the reformation of the
nuclei. If the nucleation begins just at the end of anaphase II,
the haploid sets of chromosomes would not have recovered
the spherical shape that is observed during telophase II. Sister
nuclei would then have an elongated shape parallel to each
other. On the contrary, non-sister nuclei would be situated in
perpendicular planes. If the distribution of MTs is affected by
the amount of nuclei surface, variation of the distribution of
the MTs between sister and non-sister nuclei can be expected.
This hypothesis remains to be confirmed by observations, but
if it holds, heterochrony could be responsible for the variation
of aperture patterns observed between our two species; these
patterns may also exist within N. tabacum, in which several
lines displaying different proportions of pollen with three or
four apertures have been recorded (Till-Bottraud et al., 1995).

The proposed mechanism of aperture number definition pro-
vides an explanation for the high frequency and widespread
occurrence among eudicots of pollen heteromorphism (Wode-
house, 1935; Ertdman, 1952; Van Campo, 1976; Pozhidaiev,
1993; Mignot et al., 1994). In the anthers of heteromorphic
plants producing tri- and tetra-aperturate pollen grains, mix-
tures of microspores having different aperture numbers are
found within the same tetrad (Huynh, 1968; Mignot, Dajoz,
and Till-Bottraud, 1995). Heteromorphism could be due to
variation in nuclei interaction between nuclei belonging to the
same microsporocyte or between microsporocytes. Hetero-
morphism thus appears as a side effect of simultaneous mei-
osis, which allows a variation in the nature of interaction be-
tween nuclei (this is impossible with successive meiosis). In
view of this, whenever aperture site definition is caused by a
mechanism such as that described for Nicotiana, there is no
constraint preventing the plants from producing several pollen
morphs differing in their aperture number. Conversely, chang-
es in aperture number (typically from three to four apertures)
should be easy to achieve. The distribution of the variation in
aperture patterns in eudicots is consistent with these hypoth-

eses. A survey based on Ertdman (1952) indicates that at least
one heteromorphic species is present in more than half of the
families of eudicots across all the eudicots orders (except Gar-
ryales and Aquifoliales, but the data concerning these two or-
ders are too scarce) and that the same range of morphologies
are observed throughout eudicots.
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les angiospermes sur la base de données cytologiques. Bulletin de la
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cloisonnements simultanés et successifs des microsporocytes. La Cellule
73: 65–80.

MIGNOT, A., I. DAJOZ, AND I. TILL-BOTTRAUD. 1995. Heteromorphism of
pollen aperture number and heterogeneity in post-meiotic tetrads in two
Viola species and Nicotiana tabacum. Compte-Rendus de l’Académie des
Sciences 318: 453–457.

MIGNOT, A., C. HOSS, I. DAJOZ, C. LEURET, J. P. HENRY, J. M. DREUILLAUX,
E. HEBERLEBORS, AND I. TILL-BOTTRAUD. 1994. Pollen aperture poly-



400 [Vol. 89AMERICAN JOURNAL OF BOTANY

morphism in angiosperms: importance, possible causes and consequenc-
es. Acta Botanica Gallica 141: 109–122.

PEIRSON, B. N., S. E. BOWLING, AND C. A. MAKAROFF. 1997. A defect in
synapsis causes male sterility in a T-DNA-tagged Arabidopsis thaliana
mutant. Plant Journal 11: 659–669.

PEIRSON, B. N., H. A. OWEN, K. A. FELDMANN, AND C. A. MAKAROFF. 1996.
Characterization of three-male sterile mutants of Arabidopsis thaliana
exhibiting alterations in meiosis. Sexual Plant Reproduction 9: 1–16.

POZHIDAIEV, A. E. 1993. Polymorphism of pollen in the genus Acer (Acer-
aceae). Grana 32: 79–85.

QUATRANO, R. S., AND S. L. SHAW. 1997. Role of the cell wall in the de-
termination of cell polarity and the plane of cell division in Fucus em-
bryos. Trends in Plant Science 2: 15–21.

RAZI, B. A. 1949. Embryological studies of two members of the Podoste-
maceae. Botanical Gazette 111: 211–218.

RESSAYRE, A., B. GODELLE, A. MIGNOT, AND P. H. GOUYON. 1998. A mor-
phogenetic model accounting for pollen aperture pattern distribution in
flowering plants. Journal of Theoretical Biology 193: 321–334.

ROWLEY, J. R. 1975. Germinal aperture formation in pollen. Taxon 24: 17–
25.

RUSIG, A. M., H. LE GUYADER, AND G. DUCREUX. 1994. Dedifferentiation
and microtubule reorganization in the apical cell protoplast of Sphace-
laria (Phacophyceae). Protoplasma 179: 83–94.

SHELDON, J. M., AND H. G. DICKINSON. 1986. Pollen wall formation in Lil-
ium: the effect of chaotropic agents, and the organisation of the micro-
tubular cytoskeleton during pattern development. Planta 168: 11–23.

SPIELMAN, M., D. PREUSS, F.-L. LI, W. E. BROWNE, AND R. J. SCOTT. 1997.
TETRASPORE is required for male meiotic cytokinesis in Arabidopsis
thaliana. Development 124: 2645–2657.

STAEHELIN, L. A., AND P. K. HEPLER. 1996. Cytokinesis in higher plants.
Cell 84: 821–824.

STAINIER, F., D. HUARD, AND F. BRONKERS. 1967. Technique de coloration
spécifique de l’exine des microspores jeunes encore groupées en tétrade.
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