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Pollen grains are embedded in an extremely resistant wall. Apertures are well defined places where the
pollen wall is reduced or absent that permit pollen tube germination. Pollen grains are produced by
meiosis and aperture number definition appears to be linked with the partition that follows meiosis and
leads to the formation of a tetrad of four haploid microspores. In dicotyledonous plants, meiosis is
simultaneous which means that cytokinesis occurs once the two nuclear divisions are completed. A
syncitium with the four nuclei stemming from meiosis is formed and cytokinesis isolates simultaneously
the four products of meiosis. We propose a theoretical morphogenetic model which takes into account
part of the features of the ontogeny of the pollen grains. The nuclei are considered as attractors acting
upon a morphogenetic substance distributed within the cytoplasm of the dividing cell. This leads to a
partition of the volume of the cell in four domains that is similar to the observations of cytokinesis
in the studied species. The most widespread pattern of aperture distribution in dicotyledonous plants
(three apertures equidistributed on the pollen grain equator) can be explained by bipolar interactions
between nuclei stemming from the second meiotic division, and observed variations on these patterns
by disturbances of these interactions. In numerous plant species, several pollen grains differing in
aperture number are produced by a single individual. The distribution of the different morphs within
tetrads indicates that the four daughter cells can have different aperture number. The model provides
an explanation for the duplication of one of the apertures of a three-aperturate pollen grain leading
to a four-aperturate one and in parallel it gives an explanation for how heterogeneous tetrads can be
formed.
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Introduction

Pollen grains are produced by flowering plants to
convey their male gametes from the anthers to a
receptive stigma. Once arrived, pollen grains germi-
nate and elongate a pollen tube that transports the
gametes through the stylar tissue to the ovules. Pollen
grains are designed to complete the plant life cycle:
they are constituted of two or three cells surrounded
by a complex multi-layered wall. The outer part of
this wall, the exine, is extremely resistant, imperme-
able and imputrescible. In one or several well defined
places of this wall, the apertures, exine is reduced or

absent. Apertures function as opening. The pollen
tube germinates through an aperture and exchange of
water and solutes between the surrounding medium
and the pollen grain are mediated by apertures. In
addition, in numerous species, when the exine is not
flexible, apertures prevent bursting of the pollen wall
by accommodating pollen volume variation. Aper-
tures are thus involved in all the different functions
pollen grains must perform to succeed in fertilization.
Several different studies give insights into the meaning
of aperture number (Dajoz et al., 1991, 1993), and
distribution on the pollen surface (Bolick, 1981;
Tanikaihimoni, 1986). However, the mechanisms by
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which aperture number and distribution are defined
are still unknown.

Pollen grains exhibit a large range of variation for
aperture patterns in Angiosperms (Walker & Doyle,
1975). In the present study we will focus on
non-magnoliid dicotyledons. In these species, the
most common pollen grain morphology is tricolpate
(three furrows uniformly placed orthogonally to the
equatorial plane of the grain). Different patterns
derived from the tricolpate type exist, ranging from
inaperturate pollen up to more than 75 pores
uniformly distributed on the pollen surface. The
distribution of pollen apertures on the pollen grain
surface has fascinated generations of scientists, both
in biology and mathematics. This presents the still
unsolved problem formulated by the botanist
Tammes (1930), about the distribution of pores on
pollen grains: how to set out on a sphere a defined
number of points minimizing the least distance
between any pairs of points (this question lies now
with mathematicians). Pores on pollen grains with
large numbers of apertures appear to follow this rule.

Most pollen grains, however, have only one or a
few apertures usually placed at highly conserved
positions on the pollen grain surface. Aperture
number variation exists among species but also within
species: in 30% of species several morphs of pollen
grains differing by their aperture number are
produced within a single plant (pollen heteromor-
phism: Dajoz, 1990; Mignot et al., 1994). Moreover,
in most of the non-heteromorphic plants, in addition
to a single majority type, less than 1% of pollen grains
with different aperture patterns are recorded
(Pozhidaiev, 1993). Thus, aperture number appears as
a quite labile character.

In ‘‘higher’’ plants, microsporogenesis can be
summarized in the following way: mmc (microspores
mother cells) first enclose themselves in a thick
callosic wall (Fig. 1). Then meiosis is achieved
producing a tetrad of four microspores. Microspores
will then separate and become mature pollen grains.
The function of callose in microsporogenesis is not

totally elucidated, but it is considered to act as a
molecular filter and thus isolates meiocytes and
microspores from one another and from the rest of
the plant (Barnes & Blackmore, 1986). In the studied
species, meiosis is simultaneous: the partition of the
cytoplasm occurs once karyokinesis is completed.
During the tetrad stage, microspores build up a
primary wall and apertures are visible before the end
of the tetrad stage. Aperture definition appears then
to be concomitant with meiosis. The location of
apertures within the tetrad shows in addition that a
limited number of patterns is observed, documenting
a close link between the events of meiosis and
aperture definition.

The processes by which aperture number is defined
are still unknown but several different arguments
show that the ontogeny of the pollen wall is at least
largely, and perhaps totally, controlled by the
sporophyte: in heterostylic species of Primula, the
ornamentation of the pollen wall is determined by the
genotype of the plant, and in Helleborus foetidus,
enucleate microspores build up a normal wall (Echlin
& Godwin, 1968). In heteromorphic species like Viola
arvensis and Nicotiana tabacum, which are autoga-
mous, the production of several pollen morphs within
a single plant is stable over several generations. The
coexistence of several pollen grains in these cases
appears as a cellular differentiation process occurring
during meiosis. The variation belongs to a defined set
of patterns showing strong correlation with the
geometry of the tetrad. This geometry results from the
partition of the former mmc into four daughter cells.
During this stage the meiocytes are supposed to be
isolated within the callosic wall. From this it is natural
to deduce, as did Wodehouse (1935) that the
micro-environment within the tetrad may be respon-
sible for variation of aperture number.

We developed a theoretical model aimed at
understanding what kind of spatial relationships and
what modifications of these relationships could
explain both aperture position inside the tetrad and
modifications of aperture number. Differentiation

F. 1. Simultaneous meiosis. 1. The mmc are enclosed in a thick callosic wall. The two karyological divisions take place without partition
of the cytoplasm. The two axes of the second division are orthogonal. 2. This leads to a tetrahedric configuration of the four nuclei that
share the same cytoplasm. 3. Cytokinesis occurs simultaneously with the production by each future microspore of its own callosic wall.
4. The newly formed microspores are retained briefly within the callose. Apertures become visible during this stage.
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F. 2. Schematic representation of a homogeneous tetrad
composed of four microspores with three apertures. a.1 Upper
view; b.1 lower view. Apertures are joined by pairs at points of
contact of the microspores; a.2, b.2, pairs of apertures are placed
in the middle of the edge of the tetrahedron formed by the four
distal poles of the microspores.

In homomorphic species producing 4-aperturate
pollen grains (Fig. 3), the 16(=4×4) apertures are
joined by pairs at the corners of the 4-aperturate
microspores (Huyns, 1968).

In heteromorphic species producing two different
morphs of pollen grains, all the possible combinations
of the two morphs (the two homogeneous tetrads, the
heterogeneous tetrad with two microspores of three
apertures and two microspores of four, and the two
types of heterogeneous tetrads with three microspores
of one type and one of the other) are represented in
non-negligible proportions inside the tetrads of a
single anther (Mignot et al., 1995).

In heteromorphic species, as well as in homomor-
phic species, the apertures are generally joined by
pairs, except when the total number of apertures
inside the tetrad is odd. In that case, only one aperture
is alone and seems to be turned to the outside of the
tetrad (Huyns, 1968). The homogeneous tetrads
observed in heteromorphic species show the same
location of pairs of apertures as found in homomor-
phic species. The heterogeneous tetrads correspond to
a mixing of the homogeneous tetrads except for the
lonely aperture. This supports the idea that
geometrical constraints during tetrad formation could
be involved in aperture number and position
determination. Wodehouse (1935) pointed out that
the constraints imposed by the geometry of the tetrad
are probably responsible for the pattern of aperture
distribution within the tetrad (apertures are placed at
the points of contact between microspores, with
respect to the tetrahedral distribution of the
microspores).

The model must then account for the formation of
homogeneous and heterogeneous tetrads and for the
distribution of apertures within the tetrad in a way
compatible with the developmental pathway leading
to the formation of microspores.

processes and generation of regular patterns are
usually considered to result from complex physical
interactions among cells (Thompson, 1917) and are
usually well explained by diffusion models of a
morphogenetic substance (Turing, 1952; Wolpert,
1969). The mitotic spindle can be modelled by
simulating the polymerization of polarized macro-
molecules in the presence of an electric field created
by the poles of the mitotic spindle being oppositely
charged during meiosis (Meggs, 1990). The model
proposed here looks at the distribution of a
theoretical morphogenetic substance under the
influence of several poles of attraction defined by the
second meiotic division.

1.     

Because the four products of meiosis are kept
together within the tetrad, and the future apertures
are visible during this tetrad stage, it is possible to
deduce from observations what the different patterns
are which must be explained by the model. The
position of apertures within the tetrad is subjected to
a strict rule. In homomorphic species producing
tricolpate pollen grains, the 12(=4×3) apertures are
joined by pairs in six points (Fisher distribution).
More precisely (Fig. 2), pairs of apertures are
positioned at the middle of the edges of the
tetrahedron formed by the four distal poles of the
microspores (Wodehouse, 1935).

F. 3. Homogeneous tetrad composed of four microspores with
four apertures. The fourth apertures are created by the duplication
of the aperture placed between ‘‘sister’’ microspores (marked with
dots) in tetrads having three-aperturate microspores. In 4-apertu-
rate homogeneous tetrads, apertures are also joined by pairs.



4

3

2

1

.  ET AL.324

F. 4. The meiocyte is represented by a ball with no
communication with other objects. Four attractors, represented by
points denoted 1 to 4, are placed in the ball. The axes going through
each pair of attractors are orthogonal.

M= 4(x, y, z) $ IN3; x2 + y2 + z2 E r25

Inside the ball four attractors are defined:

Ai =(xAi , yAi , zAi ) $ M, i=1, . . . , 4.

Attractors (A1, A2) and (A3, A4), respectively, belong
to the same pair and will be considered as brother
attractors. The attractors draw the morphogenetic
particles located at any points P=(xP , yP , zP ) $ M of
the ball with a strength of 1/dk, k=1 or k=2, where
d is the distance between points Ai and P. The
attraction to a point depends on the regionalization
and on the two or three closest attractors to the point
considered.

b. The regionalization

Let Di be the domain of the ball defined by the
points closest to the attractor Ai :

Di = 4P $ M/d(P, Ai )E d(P, Aj ), j$ i5.

It defines the points which will belong to the
microspore containing Ai .

In turn, this domain can be divided into three zones
corresponding to the proximity of the points within
this area to each of the other attractors:

Dj
i = 4P $ Di /d(P, Aj )E d(P, Ak ), k$ i, k$ j5.

Within Di , all points are under the influence of
attractor Ai . The nearest Aj , (j$ i ) is supposed to
also be systematically acting on these points.
Heterogeneity within the future microspores is
introduced by supposing that a third attractor can
also be acting on a point with respect to the position
of this point inside the domains separated by the
second meiosis division (i.e. points placed between
brother attractors). Five possible regionalizations
were defined, corresponding to five options in the
model (Fig. 5):
Case 1: [P $ M, P is under the influence of the two
closest attractors (no heterogeneity).
Case 2: the points belonging to the domains placed
between brother attractors (D2

1 * D1
2 and D4

3 * D3
4 )

are influenced by the three closest attractors, the
points belonging to the domains placed between the
non-brother attractors are under the influence of the
two closest. This introduces an heterogeneity between
the domains shared by brother attractors and the
domains shared by non-brother attractors.
Case 3: the points placed in the domains belonging to
one pair of brother attractors (D3

4 * D4
3 ) are under

the influence of the three closest attractors, the other
points of the ball are only under the influence of the
two closest.

2.  

The model determines the number and the
distribution of apertures inside the tetrad according to
the interactions among the microspore poles before
cytokinesis. The meiocyte being strongly isolated
from the rest of the plant by a thick callosic wall, it
will be represented as a ball with no connection with
other objects. Inside the ball, the two pairs of poles
of the second meiotic division will be represented as
two pairs of attractors (Fig. 4). Microspores issued
from the same nucleus of second division are usually
called ‘‘sisters’’, and the two poles of each second
meiotic division brother poles. For convenience in the
following section, the four attractors are distributed
in two pairs, each member of the same pair being
denoted brother attractors. The axes which go
through each pair of attractors are orthogonal as are
the two axes of second meiotic division in species with
simultaneous meiosis. The attractors act in the
following way: at any point inside the ball, each
attractor draws the units of substance. The strength
and the direction of the attraction depends on the
distance between the point and the attractors acting
on this point. It is supposed that in certain regions,
not all attractors have a significant action on the
diffusion of the morphogenetic substance: for
example, when meiosis consists mostly in bipolar
interactions, one supposes that only the two closest
attractors play a role at a given point.

a. Representation of the meiocyte and of the attractors

The meiocyte is represented by all the entire points
inside the sphere of radius r:
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Case 4: only the points placed in the domain
belonging to one of the member of the pair of brother
attractors (D3

4 ) are under the influence of three
attractors. This introduces heterogeneity between the
members of one of the pairs of brother attractors.
Case 5: points placed in the domain shared by one
pair of brother attractors (D2

1 * D1
2 ) are under the

influence of the three closest attractors like the points
placed in the domain belonging to one attractor (D3

4 )
placed between the member of the other pair of
brother attractors. The rest of the points are
influenced by the two closest. This introduces
heterogeneity between pairs of attractors and
heterogeneity within members of one pair of brother
attractors.

c. Motion

Once the domain of influence of the attractors is
defined, the motion of the morphogenetic particles
are computed according to their position within the
ball following simple rules of displacement. For all
points P $ M, the four vectors Vi =(xAi − xP ;

yAi − yP ; zAi − zP ), i=1, . . . 4, and the euclidean
norms of these vectors are computed. According to
the choice made among the five possibilities described
above, two or three vectors of smallest norm are
selected. The direction of the motion of the modelled
particles of morphogenetic substance V is given by the
sum of each of the selected vectors weighed by the
distance or the square of the distance between the
point and the attracting points:

V= s
n

i=1

Vi

>Vi>k , n=2 or n=3 and k=1 or k=2.

Vectors of motion m=(xm; ym; zm) are obtained at
any point of the ball by normalizing the direction
vectors:

if V=0 then m=0, if V$ 0 then m=
V

>V> .

Then to any point of the ball can be associated a point
of arrival Pa =(xa ; ya ; za ) depending on the vector m.

F. 5. The regionalization. The planes in grey delimit the border of the domains which are closer to a pair of brother attractors than
to any other attractor. In these domains, the attraction on each point depends on the three closest attractors. Points outside the domains
are influenced by the two closest attractors. Case 2: the heterogeneity is applied in the domains shared by the two pairs of brother attractors.
In Cases 3–5, the heterogeneity is restricted either to a single pair of attractors (Case 3), to a single attractor (Case 4) or to a pair of brother
attractors and an attractor (Case 5).
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The motion of the modelled particles of morphogen-
etic substance from Pi to Pa is ruled by a threshold s:

if vxm v Q s then xa = xi ,

if vxm v q s and if xm Q 0 then xa = xi −1,

if vxm v q s and if xm q 0 then xa = xi +1.

In the model, each point represents one unit of
volume. Therefore several particles can accumulate
on one point. At each iteration, motion is allowed
only if:

(1) the density of substance at the starting point is not
zero,
(2) the arrival point is not saturated with morphogen-
etic substance (i.e. the density of morphogenetic
substance at this point is below a threshold).

Starting from a uniform distribution of one unit of
substance at each point within the ball we iterate the
algorithm and observe how the particles of substance
distributes itself under the influence of the attractors.
Because the simulated process is transient i.e. only
acts until the first microspore walls are built, the time
available for movement of morphogenetic particles
within the ball is limited. Letting the system iterate
until all motion of morphogens within the ball has
stopped does not qualitatively change the results of
the model.

3. 

The algorithm described above builds a ‘‘vector
field’’ inside the ball. In the areas located close to the
attractors, a great number of trajectories drawn by
the ‘‘vector field’’ inside the ball join. These points are
placed on lines defining streams. The streams
constitute a network on which morphogenetic
particles will accumulate and give rise to the figures
shown below. The number and the curvature of the
streams depend on several different parameters,
parameters which control the discretization of the
model and also the power used to weight the
attraction.

The action of four attractors results in ball space
division: when a molecule is submitted to the
attraction of two poles, the two other attractors,
being in the medium plane, will not influence the
relative strength of each of the two poles. A molecule
which is farther from one attractor than from another
will then move toward the closest. Hence the
attractors lead to the appearance of several planes
delimiting the border of domains linked to one of the
attractors between which no exchange of morphogen-
etic particles is possible: the space within the ball is
divided into four domains belonging to one of the

F. 6. The action of four attractors inside the ball leads to the
appearance of six half-planes dividing the space of the ball into four
domains centered on each attractor. The planes are distributed as
are the cellular plates during cytokinesis in ‘‘higher’’ dicotyle-
donous plants.

four attractors. A domain is constituted of * j$ iDj
i ,

i=1. . . 4 and j=1, . . . , 4. These four domains are
delimited by six quarter-planes intersecting in the
centre of the ball (Fig. 6). Each of them separates one
of the domains from the three other neighbouring
domains. The particles belonging to one of these
domains cannot move to another domain but move
only inside that domain. Whatever the regionaliza-
tion, after a number of iterations, the distribution of
particles of morphogenetic substance gather in four
zones centred on the attractors. From each zone
extends various numbers of ‘‘arms’’ constituted of the
streams defined above. The number of these ‘‘arms’’
depends on the regionalization. In most cases they
meet one of the ‘‘arms’’ extending from the zones of
the other attractors (Figs 7, 8, 9 and 10; summarized
in Table 1). In the following, the points where the
‘‘arms’’ meet will be considered as indicating the
position of apertures or pairs of apertures and will be
called conjugation points.

a. The conjugation points

Depending on the regionalization (except for the
point which is at equal distance from any attractor,
denoted O), there is a variable number of points at
which the motion vector is null. All of these points are
placed on one of the planes cited above. The ‘‘arms’’
extending from the poles join at these points and
therefore the conjugation points are the ones having
a null vector of motion.
Case 1: six points have a null vector of motion. These
points are equidistant from each member of the six
pairs of attractors. They are arranged at the middle
of the edges of the tetrahedron composed by the four
attractors (Fig. 7).
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F. 7. Result obtained when there is no heterogeneity within the ball (Case 1). The theoretical morphogenetic substance gathers in four
zones centred on the attractors. From each of the zones extends three ‘‘arms’’ connecting one attractor to the three others in six conjugation
points placed at the middle of the axes passing through each pair of attractors.

Case 2: eight points have a null vector of motion. The
two supernumerary points appear by the splitting of
two particular points in Case 1 which are placed
between brother attractors. The supernumerary
points are arranged at the points at equal distance
from the three attractors acting in the respective
domains. The four other points are the same as the
four points placed between non-brother attractors in
Case 1 where no heterogeneity exists in the ball. They
are arranged at equal distance from the four pairs
composed of non-brother attractors (Fig. 8).
Case 3: seven points have a null vector of motion. The
supernumerary point appears by the splitting of the
point placed between one of the brother pairs of
attractors involved in the heterogeneity. The other
points are the same as in the first case (Fig. 9).
Case 4: eight points have a null vector of motion. The
five points which are placed in the part of the ball
where there is no heterogeneity are the same as in
Case 1. Between the brother attractors within which
there is an heterogeneity, one (the original point of
Case 1) or two points (obtained by the splitting of the
first) can have a null vector, depending whether the
plane equidistant between the two attractors is

included in one domain or the other but in any case,
the absent points are virtually present (Fig. 10).
Case 5: nine points have a null vector of motion. The
six points which are placed outside the area between
the members of the brother pair of attractors where
there is heterogeneity are arranged in the same way
as in Case 2. For the three other points which are
placed in the defined area, these are arranged as in
Case 4.

b. The distribution of the particles of morphogenetic
substance inside the ball

The overall distribution of the morphogenetic
substance inside the ball is affected by the
regionalization used. Especially the number of
‘‘arms’’ extending from the zones strongly depends on
the regionalization. Those arms meet in most cases 2
by 2 at the points of null vectors of motion quoted
above. According to the regionalization chosen above
we have the following distribution:
Case 1: from each of the four zones extend three
‘‘arms’’ connecting one zone to the three other zones.
We then have six conjugation points arranged on a
tetrahedron as described above (Fig. 7).
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Case 2: from each of the four zones extend four
‘‘arms’’. Two ‘‘arms’’ connect the zones depending on
the members of the brother pairs of attractors
whereas zones shared by non-brother attractors are
linked by only one ‘‘arm’’. In this case we then have
eight conjugation points (Fig. 8).
Case 3: from two of the four zones extend three
‘‘arms’’, from the two others, extend four ‘‘arms’’.
Two ‘‘arms’’ connect the zones shared by the pair of
brother attractors influenced by the heterogeneity.
The other zones are connected 2 by 2 by one ‘‘arm’’
per pair. In this case we then have seven conjugation
points (Fig. 9).
Case 4: from three of the zones extend three ‘‘arms’’,
from the other one extend four ‘‘arms’’. Between the
zones belonging to the members of the pair of
attractors within which there is an heterogeneity, the
‘‘arms’’ do not meet. They end at the points of zero
vectors of motion defined above regardless of whether
they are virtual or not. Elsewhere from the zones
extend arms which meet 2 by 2 in the same points as
in Case 1. We then have five points of conjugation

and three ‘‘arms’’ which have no conjugates (Fig. 10).
Case 5: from one of the zones extends three ‘‘arms’’,
from the three others extend four ‘‘arms’’. We have
the same figure as before (no conjugation points
between the zones belonging to the pairs of attractors
involved in the heterogeneity). In the rest of the ball,
the zones belonging to the members of a pair of
brother attractors have two conjugation points
whereas the zones belonging to non-brother attrac-
tors have one. We then have in this case six
conjugation points and three ‘‘arms’’ which have no
conjugates.

c. The effect of the parameters

Two different sets of parameters having, respect-
ively, quantitative effect and qualitative effect
influenced the pattern of the streams.

(1) The radius of the ball r, the threshold which
ruled the saturation in morphogenetic density and the
number of iterations realized had quantitative
effects. They did not affect the trajectories of the

F. 8. Result obtained when heterogeneity is introduced between the domains shared by brother attractors and the domains shared
by non-brother attractors (Case 2). From each of the zones extends four ‘‘arms’’. Two ‘‘arms’’ connect the zones extending from brother
attractors whereas zones shared by non-brother attractors are linked by one ‘‘arm’’. In this case we then have eight conjugation points.
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F. 9. Result obtained when heterogeneity is restricted to a single pair (3, 4) of attractors (Case 3). From the zones centred on attractors
1 and 2 extends three ‘‘arms’’, from the zones centred on attractors 3 and 4 extends four ‘‘arms’’. Two ‘‘arms’’ connect the zones extending
from attractors 3 and 4. The other zones are connected 2 by 2 by one ‘‘arm’’. In this case we then have seven conjugation points.

morphogenetic particle and therefore acted only on
the number of points which reached the threshold of
saturation. Modification of these parameters did not
affect the pattern of morphogenetic particle distri-
bution. The radius of the ball only increased the
resolution of the drawing, by increasing the number
of streams constituting the higher density of
morphogenetic substance zones.

(2) Two different parameters qualitatively modified
the pattern of morphogenetic particle distribution, the
power used to weight the vector in the motion vector
calculus and the threshold (s) which ruled the path
from one point through the other. In both cases, the
overall distribution of highest density points was not
affected (planes, points and number of ‘‘arms’’
extending from the zones were not modified). The
principal effect of increasing the power (attraction in
1/r2 in place of 1/r) is in the distribution of the streams
which appeared less concentrated around the axes
passing through the attractors. This may be explained
by the decrease in the strength of the most distant
attractors in the calculus of the coordinates. Then the
streams tended to be more linear. The threshold s is

an arbitrary parameter due to the normalization
carried out on the direction vectors (denoted v). s
determined the ease with which the morphogenetic
particles moved from one point to another. The
bending of the streams was affected by variation of s:
the higher s, the less the streams bent.

Discussion

In most of the other models of development (for
example: Drosophila, Meinhardt, 1986; Acetabularia,
Goodwin & Trainor, 1985), the problem is to
understand how spatial cues that drive subsequent
differentiation or morphogenesis arise. In pollen grain
ontogeny, the spatial cues that are responsible for
pollen morphology are a consequence of meiosis and
are reflected by the distribution of the nuclei. Thus the
problem here is to understand how these spatial cues
are expressed and modulated to result in cytokinesis
and pollen morphology determination. The biological
elements that are involved in the processes comprise
at least the components of the cytokinetic apparatus
(nuclei and microtubules). What is unknown is
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whether the nuclei and the microtubules control or
just express the spatial cues. The assumptions of the
model are sufficiently lax to be compatible either with
a direct control of the process by microtubules and
nuclei or with the intervention of other mechanisms
(such as morphogens, electric fields. . .).

The representation of meiotic poles as attractors
provides an explanation for how cytokinesis and
aperture sites can be defined together. Fisher
distribution of apertures appears as a natural
consequence of bipolar interactions between meiotic
poles. In a meiocyte subjected to bipolar interactions
between poles, our model shows that six singular
points with a null vector of motion and high
concentration of morphogenetic substance appear
rapidly, in the same position as the pairs of apertures
(Fig. 2). The distribution of the points and the overall
distribution of morphogenetic substance inside the
ball is slightly affected by modification of the different
parameters, confirming the geometrical constraints
ruling the distributions. Small modifications of the
position of the attractors do not modify the figures
except for the position of conjugation points.

Bipolar interactions between meiotic poles can also
consistently account for the meiotic partitioning of

the cytoplasm occurring in species having simul-
taneous division and tetrahedric tetrads. The exist-
ence of four ‘‘attractors’’ (corresponding to the
meiotic poles) induces the appearance of six planes
defining four domains in the ball between which no
exchange of particles is allowed. These planes that
divide the area of the ball into four parts are
organized as the cellular plates observed in tetrads
after simultaneous meiosis (Longly & Waterkeyn,
1979). Representing poles as attractors as defined in
the model, therefore can account for the quadriparti-
tioning of the meiocyte. Brown & Lemmon (1991)
proposed that, in simultaneous meiosis, four cyto-
plasmic domains are defined prior to cytokinesis.
These domains will correspond to the four daughter
microspores. Partition of the meiocyte in four
daughter cells would occur at the boundaries of these
cytoplasmic domains by the positioning of the
phragmoplast.

The implication of partitioning processes in
aperture site definition is widely suspected in the
literature (Wodehouse, 1935; Blackmore & Barnes,
1990). The relationships between pollen polarity and
quadripartitioning of the meiocytes on one hand and
the reflection of pollen polarity in aperture settings on

F. 10. Result of simulation obtain when heterogeneity is restricted to a single attractor (4) (Case 3). From one of the zones extends
four ‘‘arms’’, from the three others extends three ‘‘arms’’. We have the same figure as before (no conjugation points between the zones
belonging to the pairs of attractors involved in the heterogeneity). In the rest of the ball, we have the same distribution as in the two other
figures. We have in this case five conjugation points and three ‘‘arms’’ which have no conjugates.



.  ET AL.332

the other hand suggest that a common mechanism
could be responsible for both (Blackmore & Barnes,
1990; Walker & Doyle, 1975). In species displaying
simultaneous division, karyokinesis and cytokinesis
are not achieved by the same apparatus. The
cytokinetic apparatus involves in the phragmoplasts
and in an array of microtubules based on the nuclear
envelope which acts as an extended microtubule
organization centre (MTOC). The phragmoplast
forms centripetally in the orthogonal planes placed at
the middle of the axes linking each pair of nuclei. In
several species of Angiosperms (Catananche caerulea,
Blackmore & Barnes, 1988; N. tabacum, Orchids,
Brown & Lemmon, 1991) this array comprises six
bipolar spindles connecting each of the four daughter
nuclei to another one. In the model the attractors are
defined by points. In ‘‘higher’’ dicotyledons, the poles
of the daughter cells cannot be reduced to points but
the role of these poles is taken by the daughter cell
nuclei, which can occupy up to one-third of the
cytoplasm volume of each cell. However replacement
of point attractors with small balls of real volume
does not modify the distribution of the planes
described above. This link between cytokinesis and
apertures is also confirmed by the classical correlation
observed between meiosis type, successive or simul-
taneous, and the monosulcate or tricolpate condition
of the pollen grain.

The model suggests that differences in the action of
the poles during meiosis can cause variation in
aperture number. When introducing a heterogeneity
in the zones of influence of the attractors as in Cases
2–5, we obtained (when a third attractor acted in the
domain shared by brother attractors) the splitting of
the conjugation point placed between the brother
attractors into two conjugation points. The distri-
bution of the conjugation points agrees with the
distribution of pairs of apertures in tetrads (except for
the distance between the conjugation points).
Especially the fourth aperture in species producing
four aperturate pollen grains is obtained by the
splitting of the apertures placed between sister
microspores (Huyns, 1968). In the model, the fourth
conjugation point is also obtained by the splitting of
the points placed between members of pairs of
brother attractors. To obtain such splitting of a
conjugation point, we introduced tripolar interactions
between attractors. Whereas bipolar interactions are
described in Angiosperms, no direct evidence for
tripolar interactions can be found. However in the
moss Funaria, some indications of tripolar interaction
during the partitioning processes of meiosis have been
detected. In this species the partition of the meiocyte
in four domains occurs before the first karyological

division (Brown & Lemmon, 1990). This production
of lobes occurs in two different phases: first, the two
plastids adopt a tetrahedral configuration and then
the quadripartition of the meiocyte occurs. Busby &
Gunning (1988a,b) showed that the orientation of the
plastids present in the cell is driven by tripolar
interactions, each plastid end being linked by
microtubules to the two ends of the other plastid.
Subsequently bipolar interactions reflected by six
bipolar spindles set at the centre of the plastids leads
to the lobing of the meiocyte. This justifies employing
tripolar interaction that may disturb the usual bipolar
interactions in this model (Cases 2–5). Tripolar
interactions in the domains shared by brother
attractors lead to the duplication of the conjugation
point placed between them when there is no
heterogeneity in the ball (Case 1). However, simple
geometrical relationships, such as the ones defined in
this model cannot explain the characteristics of
regular 4-aperturate microspores: the conjugation
points form a trapezium. The longest side links the
two points placed between non-brother attractors.
This side is parallel to the lines which link the two
points shared by the brother attractors. The two lines
which connect one of the two points placed between
brother attractors to one of the two points placed
between non-brother attractors are of equal length.
This discrepancy between the results of the model and
the observed pattern could be due to the fact that the
poles of the future daughter cells correspond to the
entire nuclei and occupy volume rather than being
points. Obtaining regular 4-aperturate microspores
seems nevertheless not totally easy for an homomor-
phic plant. The rare deviant pollen grains found in
many species show a continuum of unstable deviant
4-aperturate mature pollen grains indicating that
formation of irregular microspores may occur quite
often (Pozhidaiev, 1993; Wodehouse, 1935).

Heterogeneous tetrads composed of three mi-
crospores of one type and one of the other possess a
unique lonely aperture turned toward the outside of
the tetrad (Huyns, 1968). Applying a regionalization
which breaks the homogeneity between members of a
brother pair of attractors leads to the appearance of
three points with no conjugate. In this event the
results from the model depicting the different
distributions of morphogenetic substance are not in
agreement with the observations of the distribution of
apertures in tetrads in Cases 4 and 5. This could be
due to the fact that the lonely aperture is not created
by interactions between poles within a tetrad but by
interaction between poles belonging to different
tetrads. Then the lonely apertures would be created in
the same way as the others and the fact that they have
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no conjugate explained by the breaking of the
communication between tetrads once cytokinesis is
completed. Interaction between poles belonging to
different tetrads could be obtained by communi-
cations between meiocytes. Communications between
meiocytes are usually recorded up to the prophase of
the second meiosis division in some Angiosperm
species and can last longer, eventually up to the
second telophase of meiosis in others (Blackmore &
Barnes, 1988; Whelan, 1974). The cytomictic channels
are then supposed to be severed by callose deposition.
However our own observations during meiosis and
the tetrad stage in N. tabacum suggest that some
communications may persist up to the end of
cytokinesis and could be the cause of the lonely
apertures of the heterogeneous tetrads. The existence
of two different types of 4-aperturate grain in Populus
(Huyns, 1968), one regular type and a second morph
looking like a 3-aperturate pollen grain with a
supernumerary aperture placed in an unusual
position could also be caused by such a process.

The model described here proposes that, as for the
whole plant, the morphologies of pollen grains, and
the ontogeny of the variation of these morphologies
are tightly linked to cell division. Simultaneous
partitioning following meiosis appears to be able to
explain aperture patterns, and disturbances of
cytokinesis to be able to explain variation in these
patterns. There are indeed at least three different
ontogenetic pathways for producing apertures in
dicotyledons (Silene pendula; Heslop-Harrisson, 1963;
Scorzonera hispanica; Barnes & Blackmore, 1986;
Epilobium angustifolium, Rowley, 1975), each of them
leading to tricolpate pollen grains. Derived patterns
of aperture number also belong to the same set of
variations within the non-magnoliid dicotyledonous
plants. Hopefully, to explain aperture pattern and its
variations, the phenomenon proposed here, simul-
taneous cytokinesis, is present over all the different
species of non-magnoliid dicotyledons.

The authors wish to thank J. Shykoff for her comments.
An anonymous referee also contributed to improve this
paper. This is a contribution ISEM 98-008 of the Institut
des Sciences de l’Evolution de Montpellier.
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