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ABSTRACT Pollen grains display a wide range of variation in aperture number and
arrangement (pattern) in angiosperms. Apertures are well-defined areas of the pollen wall surface
that permit pollen tube germination. For low aperture numbers, aperture patterns are characteristic
of the major taxonomic divisions of angiosperms. This paper presents a developmental model that
explains most of the aperture patterns that are recorded in angiosperms. It is based on the analysis
of the different events that occur during meiosis and lead to microspore differentiation. It
demonstrates that variation occurring during meiosis in angiosperms is sufficient to produce the core
morphological set of the most commonly observed pollen morphologies. J. Exp. Zool. (Mol. Dev.
Evol.) 294:122–135, 2002. r 2002 Wiley-Liss, Inc.

One of the major challenges for evolutionary
biology is to integrate constraints imposed by
developmental processes together with evolution-
ary forces (e.g., selection, drift, and migration). We
are largely restricted to a study of morphs that: (i)
can be produced; and (ii) have not been eliminated
by selection or chance. Neo-Darwinian studies
have allowed the development of increasingly
sophisticated models predicting the outcome of
competition between existing morphs. However,
they totally ignore the limits imposed by develop-
ment concerning which form can come into this
competition game. This approach was criticised by
Gould and Lewontin (’79). Exploring not only
existing morphs but also those that do not exist
(the morphospace) is necessary to untangle the
relative roles of chance, necessity, and contingency
in evolution.
To define the set of all possible morphs (‘‘le jeu

des possibles,’’ Jacob, ’81), one has to find a group
of organisms and a trait that possess certain
characteristics. They are: 1) The organisms should
display wide variation concerning the trait. This
variation should exist at different systematic
scales and be observable in fossils to indicate
evolutionary trends; 2) There should be a clear
distinction between existing forms; 3) It should
be possible to identify and study the develop-
mental process leading to these forms; and 4) It
should be possible to conduct experimental study
on the selection and development of these organ-
isms.

Pollen grains in angiosperms seem to follow the
above characteristics. They are the male gameto-
phytes of flowering plants. Although they are very
simple organisms, they display a wide range of
variation in all morphological characters (Walker
and Doyle, ’75). The ontogeny of aperture pattern
(apertures are germination sites for the pollen
tubes) has been suspected for decades to be linked
with the meiotic divisions that produce the
microspores (which will become pollen grains).
Apertures can be seen within the post-meiotic
tetrads and thus aperture pattern definition is
restricted to meiosis. Aperture patterns appear as
a suitable character for the study of how processes
acting at the cellular level lead to morphogenesis.
The understanding of these mechanisms is a
preliminary step toward comprehension of the
genetic basis of development. In addition, if the
ontogeny of aperture patterns is determined by
meiosis, the evolution of the system can be studied
easily at a broad evolutionary scaleFthe angios-
perms.

The diversity of pollen morphology has been
described in detail by botanists, palynologists, and
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palaeontologists. The number, shape, and location
of its apertures influence the general shape of the
pollen grain. There exists a wide range of variation
concerning this trait, but numerous authors
(Wodehouse, ’35; Meeuse, ’65; Kuprianovna, ’67;
Walker and Doyle, ’75; Huynh, ’76; Van Campo,
’76; Melville, ’81; Thanikaimoni, ’86; Blackmore
and Crane, ’98; Pozhidaiev, ’98, 2000) have
suspected that this diversity could be organised
following a relatively simple scheme. From this
point of view, the complex variation can be
decomposed into: (i) a ‘‘core’’ diversity due to
fundamental developmental changes; and (ii)
derived forms resulting from variation imposed
on the preceding themes. The simplest morpholo-
gical types are given in Fig. 1. They are repre-
sentative of the broad majority of the species and
are characteristics of the main taxonomic divi-
sions. Beside these patterns, others are described
that concern a minority of the species and are not
characteristic of the main taxonomic divisions
(poly-aperturate and spiraperturate, Ertdman,
’52; Furness, ’85). These patterns display a high
number of apertures distributed on the overall
surface of the pollen grain. Similar patterns are
found throughout angiosperms and their ontogeny
is suspected to be disconnected from post-meiotic
cytokinesis (Blackmore and Crane, ’98). Because
we are interested by pattern ontogeny, we will also
not take into account the pollen exhibiting no
aperture (these can be found in all major taxa and
are particularly frequent in monocots, Furness
and Rudall, ’99). The aim of this study is to
investigate whether variations affecting meiosis
can account for the ontogeny of the most basic
aperture patterns in angiospermsFthose with low
aperture numbers. From this, it will be possible to
understand the relationships between the differ-
ent patterns and to investigate more precisely the
developmental and evolutionary pathways that
lead to the observed diversity.
Pollen grains are issued from microspores

produced by meiosis. Microspores remain grouped
within tetrads until they produce a primexine
template of their exine wall. At this stage, the
aperture pattern of the future pollen grain is
determined. Aperture pattern is given by the
structure, number, and distribution of the aper-
tures on the pollen surface within the tetrad (in
this paper, only number and distribution are
studied). The tetrad stage permits the definition
of a common polarity for all angiosperm species:
The polar axis of a microspore is the axis passing
through the centre of the tetrad and the most
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Fig. 1. Main aperture patterns in angiosperms. All
pollen are in polar distal view. For low aperture numbers
(below six), angiosperms are divided into two distinct
morphological groups. I. Magnoliids and monocots. a. Most
of the species displays a single polar aperture (a’. tetrad of
monosulcate microspores). However, a few derived patterns
occur repeatedly. First, the single polar furrow can usually be
divided into three, rarely four, branches (tri- resp. tetracho-
tomosulcate pollen, b and c). Second, a single circular furrow
parallel to the equator (zonasulculate, d) or passing through
the poles (zonasulcate, e) is recorded. Third, variation in
aperture number is recorded. Two or three apertures,
exceptionally four, are distributed parallel to the equatorial
plane (di-, tri- resp. tetra-sulculate pollen, a sulculus is a
furrow parallel to the equator). For disulculate pollen, the
distribution of the apertures on the pollen surface can vary. f.
Disulculate with two furrows parallel to the long axes of the
microspores: two furrows within or nearby the equatorial
plane and parallel to the long axis of the pollen grains. f’.
Disulculate with two furrows placed at the extremities of the
long axes of the microspores: two furrows within or nearby the
equatorial plane and parallel to the short axis of the pollen
grain. g. Trisulculate: three furrows within the equatorial
plane of the grain. h. Tetrasulculate: four furrows within the
equatorial plane of the grain. g’. Triaperturate: Three
apertures equi-distributed in the equatorial plane of the grain
and grouped three by three within the tetrad (g’’). This
distribution, named Garside’s distribution, is also recorded in
a single family of basal eudicots, the Proteaceae. II. Eudicots.
Furrows are equi-distributed orthogonally within the equa-
torial plane of the grain. Pollen display from two to six
apertures (a to e). a. dicolpate. b. tricolpate. b’. Tetrad of
tricolpate microspores. Apertures are joined by pairs
within the tetrads (Fisher’s distribution of apertures, recorded
only in eudicots). c. tetracolpate. d. pentacolpate. e.
hexacolpate.
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exterior point on the microspore. The proximal
pole is placed within the tetrad, the distal pole at
the opposite end. In between lies the equator. The
mechanisms responsible for aperture pattern
diversity take place during meiosis and, indeed,
the unfolding of meiosis exhibits enough variation
to give account for it. Variation in the timing of
the nuclear divisions relative to the cytoplasmic
ones, variation in the orientation of the meiotic
axes, and multiple ways to achieve cleavage wall
formation during cytokinesis are described (re-
viewed in Sampson, ’69; Bandhari, ’84; Brown,
’91; Blackmore and Crane, ’98). In addition, the
way exine wall formation is prevented at future
aperture sites is variable (Heslop-Harrisson, ’63;
Rowley, ’75; Guzzo et al., ’94; Schmid et al., ’96),
although this seems not to have a crucial effect on
aperture pattern definition (same aperture pat-
terns are achieved with different manners of
preventing exine formation at future aperture
sites, whereas different aperture patterns are
achieved in species having the same way of
preventing exine formation). Two different kinds
of relationships between aperture pattern onto-
geny and the events of meiosis have been
described. First, in monocots, the involvement of
the meiotic spindle poles in aperture pattern
definition is described. The position of the single
aperture of monoporate (Triticum aestivum,
Dover, ’72) and monosulcate (Lilium sp., Heslop-
Harrison, ’71; Sheldon and Dickinson, ’83, ’86)
pollen was shown to be correlated with the
location of the poles of meiotic spindles. Second,
an increasing number of studies link aperture
pattern definition with tetrad geometry and
cytokinesis. In eudicots, simultaneous cytokinesis
following meiosis and the resulting tetrad geome-
try has been proposed to explain the number and
the distribution of the apertures (Wodehouse, ’35;
Ressayre et al., ’98, 2002). In Proteaceae (eudi-
cots), some species displaying successive cytokin-
esis produce diporate pollen, whereas triporate
pollen are observed in other species displaying
simultaneous cytokinesis (Blackmore and Barnes,
’95). In monocots, recent works (Arecaceae,
Harley, ’97; Asparagales, Rudall et al., ’97)
indicate a link between cytokinesis type, tetrad
geometry, and the production of monosulcate
versus trichotomosulcate pollen (Fig. 1Ia,1Ib).
Finally, in two species of Pontederiaceae (mono-
cots) that produce disulculate aperture patterns
(Fig. 1If), a link exists between aperture distribu-
tion and the formation of the walls that separate
the microspores (Ressayre, 2001). On this basis, it

has been suggested that aperture pattern defini-
tion could be determined by a polarity established
by the meiotic spindles and modulated by the
way cytokinesis proceeds (Blackmore and
Crane, ’98). However, no comprehensive model
providing practical information for the under-
standing of aperture patterns has been proposed
so far. In this paper, we hypothesize that spatial
cues provided by post-meiotic cytokinesis can
account for the production of most of the basic
aperture patterns observed throughout angios-
perms and propose a model that permits to link
aperture pattern with the characteristics of
meiosis.

TOWARD A GENERAL SCHEME: A MODEL

We assume that three major developmental
features are involved in aperture pattern onto-
geny. These three features are: (1) the shape of the
tetrad (that modifies the number and position of
cleavage wall formed to separate microspores
during cytokinesis); (2) the mode of cleavage wall
formation (for example centripetal or centrifugal);
and (3) the polar/nonpolar distribution of aper-
tures.

Consequently, it is possible to build a model
which, given these three features, predicts the
resulting aperture pattern.

The first two features (tetrad shape and cyto-
kinesis) determine the position of special areas
(called below ACAs for aperture convergence
areas), which will be located at the places where
cytokinesis is completed. The third one (polar/
nonpolar) makes the aperture centred at the distal
pole of the microspores or not. In polar species
(species displaying a polar aperture), the furrow
will radiate from the distal pole of the microspore
to the ACAs. In nonpolar species (species display-
ing nonpolar apertures), the apertures will be
formed in the ACAs.

The model is based on the hypothesis that two
distinct mechanisms are involved in aperture
pattern definition. The first determines whether
an aperture will be polar or not, and the second is
responsible for the link between tetrad geometry,
cytokinesis, and ACAs (that is observed both in
polar and nonpolar species).

Dover (’72) has shown the existence of a
relationship between aperture pattern and meiotic
poles. Such a mechanism appears to apply only in
polar species. It allows the production of a single
aperture per microspore in the distal position.
It cannot account easily for several nonpolar
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apertures: In nonpolar species, the mechanism is
different (Ressayre et al., 2002). It cannot either
account for the variation in furrow shape in polar
species. In such species, one must hypothesise that
a second mechanism is also active. As we will see,
this second mechanism could be the same as the
one acting in nonpolar species.
Apertures are not randomly arranged within

tetrads but joined in highly conserved regions. To
produce aperture pattern, one must understand
how these special areas, the ACAs, are defined. In
nonpolar species, the apertures of the different
microspores within a tetrad are formed at points
of contact of the microspores (Wodehouse, ’35;
Huynh, ’68a; Ressayre et al., 2002, Ressayre et al.,
submitted). This location is remarkably similar to
the location of the extremities of apertures in
polar species (Fig. 2). Such a relationship between
apertures within tetrads suggests that the areas
where apertures join within tetrads could result
from the same cues across polar and nonpolar
species (and thus, in some cases could be homo-
logous). As explained above, in several nonpolar
species, cytokinesis appears to be responsible for
aperture pattern definition. The most parsimo-
nious hypothesis is to state that the conserved
areas in both cases are defined by cytokinesis.
Thus, we propose that for all angiosperm species
producing pollen displaying six or fewer apertures,
all or some of the spatial cues used to define
aperture pattern within tetrads are provided by

the distribution of the last places where post-
meiotic cytokinesis is completed. In polar species,
this information is combined with information
indicating the polar site of initiation of the
aperture. From this point of view, aperture
distribution thus depends on whether there is
initiation of a polar aperture or not, and on the
distribution of the conserved areas where aper-
tures converge (the ACAs).

To determine the areas where post-meiotic
cytokinesis is completed, we identified all of the
factors affecting the distribution of these areas.
Two different factors appear to have an effect. The
tetrad type, including cytokinesis type (successive/
simultaneous), determines the number and dis-
tribution of cleavage walls. The mode of cleavage
wall formation determines the areas where cyto-
kinesis will be completed. We constructed all
possible tetrad types for each type of cytokinesis
and deduced, for each case, the distribution of the
ACAs. Once the ACAs are known, the resulting
aperture pattern is derived by applying a rule
producing polar or nonpolar apertures. As a result,
a theoretical distribution of apertures within
tetrad can be associated with each combination
of the three different factors (polar/nonpolar
apertures, tetrad types, and modes of cleavage
wall formation). This model provides predictions
on the theoretical distribution of apertures and
the combination of developmental events that can
explain it. It can then be validated by comparing

Fig. 2. Relationships between apertures within tetrads.
When comparing the distribution of the extremities of the
furrows in species producing monosulcate and species produ-
cing trichotomosulcate pollen, and the distribution of the
pores in species displaying respectively diporate and triporate
pollen, one can observe that, in both cases, they meet in the
same areas of the tetrads (indicated in grey). A. Monosulcate
pollen (a. equatorial view, b. polar view). c. tetragonal tetrad
(second meiotic axes were parallel to each other). c’. decussate
tetrad (second meiotic axes were orthogonal to each other).
The regions where the apertures meet follow the arrang-
ement of the microspores within the tetrad. B. Diporate
pollen. (a. equatorial view, b. polar view). c. tetragonal tetrad.

c’. decussate tetrad. Pores are distributed in the same regions
as in A. C. Trichotomosulcate pollen (a. equatorial view, b.
polar view). c. tetrahedral tetrad. The extremities of the
furrows are joined three by three in four groups (one group is
below the tetrad and has been omitted). D. Triporate pollen
(a. equatorial view, b. polar view). c. tetrahedral tetrad. The
pores are joined three by three in four groups (one group is
below the tetrad and has been omitted). This distribution is
known as Garside’s arrangement of apertures (Garside, ’46).
Examples drawn from Liliaceae: A: Tradescantia virginia
(Huynh, ’76); B: Raffleciaceae: Cytinus hypocistis (Ertdman,
’52); C, D: Arecaceae: (Thanikaimoni, ’70).
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these predictions with observations realised in a
wide range of angiosperm species.

Factors affecting ACA distribution

Much variation affecting the ACAs exists in
angiosperms. This variation is: (i) in the number
and distribution of the cleavage planes; and (ii) in
the way the walls separating the microspores are
formed.
The number and the distribution of the cleavage

planes themselves result from two elements: the
timing of cytoplasmic divisions relative to nuclear
divisions (successive or simultaneous cytokinesis)
and the orientation of the second meiotic axes.
During cytokinesis, the four haploid nuclei are
separated into equal-sized cytoplasmic volumes. A
complex apparatus of microtubules that is formed
after the depolymerization of the meiotic spindles
(Fig. 3) performs division of the cytoplasm. The
cytoplasmic domains are defined by arrays of
microtubules radiating from the nuclear envelopes
(Brown and Lemmon, ’88, ’92). These arrays
extend into the cytoplasm and meet the arrays
extending from the other nucleus or nucleiFthe
cleavage planes are placed in these regions (Fig. 3).
The progress of the cytoplasmic divisions can

vary with respect to the nuclear divisions. There
are species where cytokinesis is successive: After
each nuclear division, a cytoplasmic division takes
place, strictly generating three cleavage planes
that separate the microspores (Longly and Water-
keyn, ’79a; Bandhari, ’84; Fig. 4a). Variation in
the orientations of the second meiotic axes leads to
the formation of tetrads having different shapes
(tetragonal, decussate, linear, T-shaped) but has
no effect on the number of cleavage planes. It is

possible that when cytokinesis is not strictly
successive (for example, if callose deposition is
delayed after the second nuclear division, as is the
case in P. cordata, Ressayre, 2001), these different
tetrad types lead to different aperture patterns.
But, for simplicity, only tetragonal tetrads are
represented here.

Alternatively, cytokinesis is simultaneous: No
cytoplasmic division occurs until the end of the
second nuclear division. The four haploid nuclei
are kept in a transitory syncitium, which is then
divided into four volumes centred on each of the
haploid nuclei. In this case, the number of
cleavage planes is affected by the orientation of
the second meiotic axes (Longly and Waterkeyn,
’79b; Bandhari, ’84; Brown and Lemmon, ’92).
Given this orientation, tetrads can be tetragonal
(Fig. 4b), rhomboidal (Fig. 4c), or tetrahedral
(Fig. 4d) and are divided respectively by four, five,
or six cleavage planes. Tetrahedral tetrad is the
most common type produced in simultaneous
species, rhomboidal and tetragonal tetrads being
usually observed as rare tetrad types (Longly and
Waterkeyn, ’79b).

N N

Fig. 3. The definition of the cleavage planes. For simpli-
city, the figure represents cytokinesis following the first
nuclear division in a species displaying successive cytokinesis
(in species displaying simultaneous cytokinesis, the same
mechanisms take place but four nuclei are present in the
cytoplasm). Cleavage plane definition is achieved by radial
arrays of microtubules extending from the nuclear envelope.
Each of the radial arrays determines a cytoplasmic domain
that is attributed to a nucleus (N). The limits of the
cytoplasmic domains are defined by the regions where
opposing arrays extending from different nuclei meet. The
cleavage plane (in grey) is formed in this region.

Fig. 4. Cleavage plane distribution according to tetrad
type. a. Successive cytokinesis: three cleavage planes are
formed, a full disc at the end of the first meiotic division and
two half discs at the end of the second division. b.
Simultaneous cytokinesis, tetragonal tetrad: four identical
cleavage planes. c. Simultaneous cytokinesis, rhomboidal
tetrad: five cleavage planes are formed, four identical ones to
isolate the two exterior microspores from the two central ones
plus the one to separate the central microspores (note that this
definition is more restrictive than others, and that with this
definition, rhomboidal tetrads necessarily result from a
simultaneous cytokinesis). d. Simultaneous cytokinesis, tetra-
hedral tetrad: six identical cleavage planes.
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Besides pure successive or pure simultaneous
types of cytokinesis, intermediates types of cyto-
kinesis are described (Sampson, ’69; Bandhari,
’84; Blackmore and Crane, ’98; Ressayre, 2001). As
far as we know, for our purpose of defining ACAs,
intermediate cases can be assimilated unambigu-
ously to either successive or simultaneous type.
The cleavage wall formation determines the

sites of the tetrad where either callose deposition
finishes or the last junctions between the cyto-
plasm are severed (both will be used as positional
cues to define the ACAs). Numerous variations
have been described (Sampson, ’69; Bandhari, ’84;
Brown, ’91; Blackmore and Crane, ’98). They have
been roughly classified into four categories (called
A, B, C, and D) according to their consequences in
terms of ACAs (Fig. 5). Type A corresponds to a
centripetal progression of callose deposits from the
microsporocyte wall toward the centre of the

dividing microsporocyte (Periasamy and Swamy,
’59; Sampson, ’69). Type B corresponds schemati-
cally to a centrifugal progression of callose
deposition from the centre of the dividing micro-
sporocyte (Ressayre, 2001). Type C corresponds to
a centrifugal progression of callose from the
middle of the radial arrays of microtubules that
control cytokinesis (for example, the progression
of the cell plates in species performing cytokinesis
with phragmoplasts and cell plates; Longly and
Waterkeyn, ’79b). Type D corresponds to a
centripetal progression of the callose deposits
from the microsporocyte wall toward the centre
of the dividing microsporocyte, associated with an
additional deposition of callose at the centre of the
dividing microsporocyte and progressing centri-
fugally (described in Longly and Waterkeyn, ’79b;
Blackmore and Barnes, ’88). Both deposits
converge toward the middle of the arrays of
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Fig. 5. Distribution of aperture convergence areas (ACAs)
according to tetrad types (lines a to d) and the four types of
cleavage wall formation (columns A to D). For each combina-
tion, a view of cleavage plane(s) (1) and of ACA distribution in
the tetrad (2) is given. The progression of either the callose
deposits or the progression of the cell plates within the
cleavage planes is represented for each combination by the
dashed areas. The arrows indicate the direction of progression
of the dashed areas. The last regions to be covered remain
white. The ACAs are shown in red. The resulting distribution
of the ACAs within the tetrads is represented for each
combination. a. Successive cytokinesis. b. Simultaneous
cytokinesis, tetragonal tetrad. c. Simultaneous cytokinesis,
rhomboidal tetrad. d. Simultaneous cytokinesis, tetrahedral
tetrad. A. Callose deposits start at the border of the cleavage

planes and progress centripetally. ACAs are placed within the
tetrads. B. Callose is produced, starting from the proximal
faces of the microspores, and progresses toward the micro-
sporocyte wall. The last areas where callose is deposited are
placed along lines running at the junctions of the microspor-
ocyte wall (that surrounds the tetrad) and of the cleavage
planes. C. The cell plate is produced in the cleavage plane
from the middle of the arrays of microtubules that control the
formation of the cytoplasmic domains and displays a centri-
fugal progression. The ACAs are placed at the point of the
(external) microsporocyte wall where the cleavage planes
intersect. D. Callose is produced at the borders of the cleavage
planes. Callose deposits display a centripetal progression. At
the end of cytokinesis, a single area per cleavage plane
remains in contact between the microspores.
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microtubules that control cytokinesis (Fig. 3).
Thus, four different ways of forming cleavage
walls influence ACAs: A, B, C, and D.

Resulting ACA distribution

For each combination of the different elements
that compose meiosis (four tetrad types [Fig. 4]
and four ways of forming cleavage walls), 16
distributions of ACAs can be described (Fig. 5).
For example, when cleavage formation is of type A,
the last places where callose deposition occurs
when cytokinesis is successive and tetrad is
tetragonal are two areas in the centre of the
tetrad, each of them being placed on one side of
the cleavage plane of the first division (Fig. 5Aa).

Rule of aperture pattern definition

Given the distribution of the ACAs, the follow-
ing rule was applied to produce aperture patterns
within tetrads.
First, to produce polar patterns, the initiation

site of the single furrow of each microspore is
located at the distal pole. The orientation of the
furrow is determined by the ACAs. When there
are two ACAs per microspore (Fig. 5Ca,5Cb,5Cc,
5Db,5Dc), there is formation of a furrow centred
on the distal pole whose extremities are placed in
these areas (formation of a sulcus, Figs. 2A,6ICa,
6ICb,6ICc,6IDb,6IDc). When there are three or
four ACAs per microspore (respectively Fig. 5Cd
and Fig. 5Dd,5Cc), the furrow is divided, respec-
tively, into three or four branches whose extre-
mities are placed in the ACAs (for three ACAs,
formation of a trichotomosulcus, Figs. 2C, 6ICd,
6IDd; for four ACAs, formation of a tetrachoto-
mosulcus, Fig. 6ICc). If there is a single ACA
placed on the proximal face of the microspore
(Fig. 5A), there is formation of a circular furrow
passing across the poles (leads to a zonasulcate
pollen, Fig. 6IA). Finally, when the areas are not
punctual but are represented by lines parallel to
the equator (Fig. 5B), there is formation of a
circular furrow encircling the pole and parallel to
the equator of the microspore (leads to a zona-
sulculate pollen, Fig. 6IB).
Second, to produce nonpolar patterns, the

apertures are formed in the ACAs on each
microspore (meeting in the ACAsFfor example,
for two ACAs [Fig. 5Ca,5Cb,5Cc,5Db,5Dc], this
leads to the formation of a diaperturate pollen
[Figs. 2B,6IICa,6IICb,6IICc], or for three ACAs
[Fig. 5Cd,5Dc,5Dd], formation of triaperturate
pollen [Figs. 2D,6IICd,6IIDc,6IIDd]). In most
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C DA
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Fig. 6. Aperture distribution within tetrads (tetrad schemes)

and resulting aperture patterns (pollen schemes) in polar (I) and
nonpolar (II) groups with respect to the tetrad types (a, b, c, and d

lines) and the cleavage formation (A, B, C, and D columns). All

pollen are in distal polar view. All the aperture patterns are

described except IDc (orange). Tetrads are in green when both the
developmental elements and the aperture distribution within the

tetrad are known. Tetrads are blue when only tetrad type is

described. Tetrads are orange when neither aperture distribution

within the tetrad nor the development is known. Pollen of column
IIA all display a single proximal aperture.
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cases, the orientation of the furrows is not
determined (this orientation may be dictated by
another unknown mechanism as indicated by the
existence of a continuous series of variation in
furrow shape, see below, Wodehouse, ’35; Pozhi-
daiev, ’98) except when ACAs are represented by
lines (Fig. 5B). In this case, the furrows are formed
along these lines (Fig. 6IIB).
This results in two main groups of aperture

patterns: polar (I) and nonpolar (II). These two
possibilities, in combination with the different
possibilities for ACAs, will determine the aperture
patterns.

RESULTING APERTURE PATTERNS

Given the two types of patterns (polar/nonpo-
lar), and the 16 distributions of the ACAs, 31
aperture patterns can be determined within the
tetrads (for the 32nd, Fig. 6IAd, there may be
several possibilities). The results are summarised
in Fig. 6. All aperture patterns produced by the
model are described except a single one, Fig. 6IDc
(in orange). Before presenting the results on the
ontogeny of variation in aperture number or
distribution, the cases that partially fulfil the
model predictions are listed.

Tetrad structure and ontogeny that fit
with the model (green)

Fig. 6IAa. Zonasulcate pollen. Development in
Sampson (’69) and resulting aperture distribution
(Sampson, ’75) in Laurelia novae-zelandia (Mon-
imiaceae).
Fig. 6ICa. Monosulcate with aperture parallel to

cleavage planes. Tetrad description for Lilium
henryi (Sheldon and Dickinson, ’83), development
for Lilium martagon (Longly and Waterkeyn,
’79b) (Liliaceae).
Fig. 6IIAc. A single proximal aperture. Tetrad

and development described for Cananga odorata
(Annonaceae) (Periasamy and Swamy, ’59). The
existence of proximal apertures in Annonaceae is
controversial; however in C. odorata, the proximal
pole is free from exine and the pollen tube
germinates at this site (Periasamy and Swamy,
’59).
Fig. 6IIBa. Disulculate with two furrows parallel

to the long axes of the microspores. Tetrad
description (Huynh, ’76) and corresponding devel-
opment (Ressayre, 2001) in Pontederia cordata
(Pontederiaceae).
Fig. 6IICa. Diaperturate with two apertures

placed at the extremities of the long axes of the

microspores. Both development and aperture
distribution in tetrads are described in Dryandra
polycephala (Proteaceae) (Blackmore and Barnes,
’95).

Fig. 6IICd. Triaperturate pollen with apertures
grouped by threes within the tetrad. Tetrad first
described by Garside (’46) in Proteaceae and
Chadefaud (’54) in Arecaceae, development for
Grevillea rosmarinifolia (Proteaceae) (Blackmore
and Barnes, ’95).

Fig. 6IIDd. Triaperturate pollen with apertures
grouped in pairs. Tetrad description is available in
numerous eudicots and was first described by
Fischer (1890). Tetrad description and corre-
sponding development for Cichorium intybus
(Compositae) (Wodehouse, ’35) and for Nicotiana
sp. (Ressayre et al., 2002) (Solanaceae).

Distribution of apertures in tetrads
known, development unknown (blue)

Fig. 6IAb. Descriptions of tetrads in Arecaceae
(Thanikaimoni, ’70).

Fig. 6IBd. Zonasulculate pollen, Nympheaceae
(Sampson, 2000).

Fig. 6ICb. Descriptions of tetrads and simulta-
neous cytokinesis in Degeneriaceae (Swamy, ’49).

Fig. 6ICd. Descriptions of tetrads (Huynh, ’71)
and simultaneous cytokinesis (Rudall et al., ’97)
for Dianella tasmanica (Phormiaceae).

Fig. 6IDa, 6IDb. Tetrads have been described in
Myristicaeae (Kuprianovna, ’67).

Fig. 6IIBd. Tetrad descriptions exist for Victoria
regia (Nympheaceae) (Ertdman, ’52).

Fig. 6IIDb, 6IIDc. Tetrad descriptions exist for
Epilobium (Onagraceae) (Ressayre et al., unpub-
lished data).

Cases where neither development
nor aperture distribution in tetrads

is known (orange)

Aperture patterns for individual pollen grains
have been described without clear description of
their position within tetrads. In two cases,
aperture patterns are extremely rare and occur
only in association with other more widespread
patterns. These associations are consistent with
model predictions for certain types of tetrads. A
description of these rare pollen types can be found
in the following papers:

Tetrachotomosulcate pollen (Fig. 6ICc). De-
scribed always in association with monosulcate
and trichotomosulcate pollen in Arecaceae
(Thanikaimoni, ’70).
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Tetrasulculate pollen (Fig. 6IIBc). Described in
association with trisulculate and zonasulculate
pollen in Nympheaceae and with di- and tri-
sulculate pollen in Afroraphidophora africana
(Araceae) (Ertdman, ’52).

Aperture pattern variation

In the model, aperture pattern appears to be
determined by the conjugation of four different
elements, each allowing different levels of varia-
tion. When the aperture is polar, a single aperture
per pollen grain is produced. Variation in the
other elements would essentially modify aperture
shape (formation of a circular furrow or of a
branching aperture). In nonpolar species, aperture
numbers range from one and two with successive
cytokinesis to two to four with simultaneous
cytokinesis (we will see later how pollen with four,
five, or six apertures can be derived from the
triaperturate pattern). Successive cytokinesis pre-
vents any variation in aperture number or shape
(except in polyporate species, in which aperture
pattern ontogeny is probably disconnected from
cytokinesis, Blackmore and Crane, ’98). In this
case, across polar and nonpolar species, aperture
patterns are fixed within individuals by the way
cleavage walls are formed. In contrast, when
cytokinesis is simultaneous, variation in tetrad
shape will produce variation in aperture number
or shape. This leads to intra-individual variation
in aperture pattern for the cleavage wall forma-
tions B, C, and D. In addition, obligate production
of several pollen morphs is expected in rhomboidal
tetrads. Finally, the ways in which cleavage walls
are formed also influence the amount of variation
that can be produced: In case II A (see Fig. 6),
aperture pattern is not influenced by the other
elements, whereas in case D, aperture pattern is
affected by all of them.

DISCUSSION

A simple algorithm based on the spatial cues
produced by meiosis allows generation of tetrads
comprising most of the aperture patterns with low
aperture number observed in angiosperms (Fig. 6).
For polar and nonpolar aperture patterns, this
model associates each kind of aperture distribu-
tion in tetrads with a given set of developmental
events (the ones that are responsible for the
observed distribution of ACAs). These patterns
are realistic: The model never generates patterns
deviating from pollen morphologies observed in
nature except perhaps for the controversial aper-

ture pattern displaying a single proximal aperture
and the one observed in Fig. 6IDc (orange). The
developmental sequence associated with this last
pattern is not described in literature and it is
possible that it does not exist.

The model only produces a minority of the huge
variation of aperture patterns described in angios-
perms. In particular, in eudicots, numerous
species produce pollen types that are not predicted
by the model. About one third of them simulta-
neously produce pollen with three or more
apertures (Mignot et al., ’94). For example, in
Nicotiana tabacum (Solanaceae, a nonpolar spe-
cies), tetra-aperturate pollen grains are produced
together with triaperturate ones (Till-Bottraud
et al., ’95). Cytokinesis is simultaneous, tetrads
are tetrahedral, and cleavage formation is of type
D. Triaperturate pollen is expected in this case.
However, tetra-aperturate pattern (together with
higher aperture numbers) can be explained by a
duplication of the ACAs, which results from
variation in the distribution of the radial arrays
of microtubules that control cytokinesis (Ressayre
et al., ’98, 2002). Patterns with four to six
apertures in eudicots seem to be derived from
the basic triaperturate pattern through this
process. Most of the extensive aperture pattern
variation in eudicots may thus result from the
fixation of a single, flexible developmental se-
quence. Another category of variation is wide-
spread throughout angiosperms. Besides patterns
displaying a few well-delimited furrows (tricol-
pate, tetracolpate, pentacolpate...), continuous
series of morphs displaying various degrees of
furrow syncolpies (resulting from the coalescence
of two or more furrows) are described (Pozhidaiev,
’98). Syncolpate (or syncolporate) aperture char-
acterise taxa in many eudicot families but also in
monocots (Furness, ’85). For low aperture num-
bers, these patterns look like transitions between
the well-delimited patterns. They appear highly
unstable: In contrast to the well-delimited pat-
terns, none of them is ever observed as a single
morph within a species. The members of the
continuous series are always found in association
with one or several well-delimited patterns, or
with other related members of the continuous
series. Pozhidaiev (’98) interpreted them as
transitions between well-delimited patterns. Al-
ternatively, they can be viewed as phenodeviants.
For example, if furrow shape is partially controlled
by the tension that occurs during pollen growth
(a hypothesis proposed by Wodehouse, ’35 and
suggested by observation by Rowley, ’75 and
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Tiwari, ’89), deviation from a balanced distribu-
tion of apertures on microspore surface within the
tetrads could lead to dramatically different furrow
shapes. This remains to be explored, but our
model would suggest the existence of a process like
this. According to it, a change in either tetrad
shape, cytokinesis types, or wall formation ap-
pears to allow for abrupt changes between well-
defined morphologies. In this view, the members
of the continuous series would result from
instabilities in development. They would exhibit
a continuous series of variation because a set of
small deviations in aperture distribution on the
microspore surface will most probably lead to a set
of related variation in the organisation of the
furrows on the mature pollen grain surface.
The model is predictive and can be tested in

several ways. Given the rule of aperture definition,
with each combination of the factors (polar/
nonpolar, tetrad shape, and wall formation), a
theoretical distribution of aperture within tetrads
can be associated. Neither all the combinations of
factors nor all predicted distribution of apertures
within tetrads are described in literature. One can
start from aperture pattern in a given taxon and
look whether its development is consistent with
the one predicted by the model, or use partial
information about development and aperture
pattern (usually aperture distribution in tetrad is
unknown). One can then deduce the missing
elements of the developmental sequence and check
whether these are consistent with the develop-
mental sequence observed in the studied taxa. The
model predicts not only aperture distribution
within tetrads but also orders the different
developmental pathways that can lead to a given
set of aperture patterns. This allows predictions
concerning the evolutionary changes that affect
developmental pathways. For example, changes in
lines within a column means changes of cytokin-
esis types and/or tetrad shape. It also suggests that
to move from one line and column to another line
and column, at least two changes in the develop-
mental sequence are needed. All of these different
features are predictions and are testable. Whereas
there is a huge amount of data on pollen
morphologies, data on either microsporogenesis
or aperture distribution within tetrads are scarce.
The available data therefore allow only partial
validation so far. Among the incomplete sets of
data, the missing data concern the developmental
elements that define the ACAs (blue tetrads, Fig.
6), or aperture distribution within tetrads, or both
(orange tetrads, Fig. 6). Data are missing either

because these situations have not been described
(or the description is not reliable) or because these
situations do not exist. For the moment, we have
found no true counter-example to our model, but
there are a few cases that apparently contradict
this model. One of them concerns a rather
common aperture pattern of monocots. In several
different species of Asparagales and Arecaceaes,
monosulcate pollen is observed in species having
simultaneous cytokinesis and tetrahedral tetrads
(Huynh, ’76; Harley, ’97; Rudall et al., ’97;
Furness and Rudall, ’99). Thus, the known
elements of the developmental sequence and the
resulting aperture patterns are contradictory to
the model, which predicts a trichotomosulcate
pollen (a furrow divided into three branches). No
study on a single species, however, simultaneously
provides information on aperture distribution
within the tetrads and on the way cleavage walls
are formed. Further studies are needed to deter-
mine the developmental events involved in aper-
ture pattern definition of these species. It could be
noted that in several genera of Asparagales (Aloe,
Asphodeline), irregular tetrad types are described,
indicating probable departures from the assump-
tion of the model (Huynh, ’76; Rudall and
Furness, ’97). In contrast, ‘‘perfect’’ tetrahedral
tetrads are described in species producing tricho-
tomosulcate pollen (Furness and Rudall, ’97).

Our approach permits us to propose a mean-
ingful rereading of the distribution of aperture
pattern variation at the different systematic levels.
For low aperture numbers (from one to six),
aperture patterns are characteristic of the major
taxonomic divisions (Walker and Doyle, ’75).
Angiosperms consist of two monophyletic groups
(monocots and eudicots) rooted in a basal para-
phyletic group (Magnoliids) (Qiu et al., ’99). In
monocots and eudicots (magnoliids are more
diverse), there exists a ‘‘typical’’ aperture pattern
(mono-aperturate in monocots, triaperturate in
eudicots) that is found in almost all families.
Beside these typical morphs, variation in aperture
pattern is observed within all groups at any
taxonomic level, including intra-individual. This
variation occurs within the morphological set
associated with each of the groups, and the
different patterns are observed repeatedly in
closely related taxa as well as in distant families.
In addition, in both cases, important differences
are observed between the two morphological
groups (magnoliids and monocots against eudi-
cots). All eudicots are apparently able to produce
the same range of morphologies: More than
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half of the eudicot families, distributed across
almost all eudicot orders, display at least one
species producing (mixed within individuals)
most or all basic morphologies observed in Fig. 7
(based mainly on a survey of Erdtman, ’52).
This is consistent with the existence of a fixed
developmental sequence in core eudicots
(simultaneous cytokinesis, tetrahedral tetrads,
D type of cleavage formation, and nonpolar
aperture pattern) that permits simultaneous pro-
duction of several pollen morphs (Ressayre et al.,

’98, 2002). To our knowledge, this developmental
sequence is observed only in core eudicots and is
conserved within them. Core eudicots represent
three tetrad types in our system (Fig. 6IIDb,
6IIDc, 6IIDd).

Magnoliids and monocots provide the rest of the
tetrads (Fig. 6IA, 6IB, 6IC, 6IIA, 6IIB, 6IIC).
Aperture pattern distribution in magnoliids and
monocots displays a completely different picture
from eudicots. In eudicots (Fig. 7), the same range
of morphologies is observed in almost all different

Caryophilalesb,c,d 3, 5, 6 / 2-6

Ranunculalesa 3, 6 / 2-6

Proteales 2, 3 / 2-5

Santalales 3, 4, 6 / 3-4

Saxifragales 2, 3, 5 / 2-5

Geraniales 3 / 2-4
Malphigiales 2, 3, 4, 5, 6 / 2- 6

Oxalidales 2, 3 / 3-4, 6

Fabales 3, 4, 6 / 2-5

Rosales 2, 3, 4 / 2-6

Cucurbitales 2, 3, 5 / 2-6

Fagalese 3 / 3-6

Myrtalesf 2, 3, 4 / 2-4

Brassicales 3, 4 / 2-4

Malvalese,g,h 3, 4 / 2-3, 3-5

Sapindales 3, 4, 5, 6 / 2-6

Cornales 3 / 2-5

Ericales 3, 4, 6 / 2-6

Garryales 3

Gentianales 2, 3, 6 / 2-6

Lamialesi 2, 3, 4, 5, 6 / 2-6

Solanales 3 / 2-6

Aquifoliales 3

Apialesj 2, 3, 4 / 2-5

Asteralesd 3, 4, 5, 6 / 2-6

Dipsacales 3 / 2-6

,,,,core eudicots

Eudicots

Fig. 7. Aperture pattern distribution in eudicots. The
arrangement is based on the ordinal classification of the
Angiosperm Phylogeny Group (APG, ’98). Behind each order
name are listed the aperture patterns that are prevalent
within species belonging to these orders and, separated from
these by /, the range of aperture patterns that are described as
intra-individual variations for at least one species. Only pollen
morphs displaying two to six apertures are reported. At least
one family per order produces several pollen morphs differing
in aperture number (pollen heteromorphism) except in the

two orders Garryales and Aquifoliales that emerge within
groups having heteromorphic species (stars). In addition,
aperture patterns produced as intra-individual variation
within the orders often range from two to six. Thus, all
eudicot species probably have the ability to produce several
pollen morphs having from two to six apertures. Data from
Ertdman, ’52 when not explicitly stated; aHuynh, ’70;
bTsukada, ’63; cVan Campo, ’76; dWodehouse, ’35; eHaddad,
’69; fTing, ’66; gHuard, ’65; hChristensen, ’86; iHuynh, ’68b;
jTing, ’61.
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orders (with exceptions of Garryales and Aquifo-
liales). In contrast, for the magnoliids and mono-
cots, several different sets of few aperture patterns
are generally distributed in distant lineages
emerging within groups producing mono-apertu-
rate pollen (for magnoliids, see Sampson, 2000; for
monocots, see Furness and Rudall, ’99), a given set
of variation being concentrated in related taxa.
These sets of variation are not distributed ran-
domly in our table (Fig. 6). They usually corre-
spond to columns, which means that the model
predicts the same type of cleavage wall formation,
but variations in cytokinesis types and tetrad
shape. The intra-individual variation in aperture
pattern further completes this picture: They also
concern variation occurring within a given type of
cleavage formation and correspond in our model to
variation in tetrad shape. The model accurately
predicts which kinds of aperture patterns should
be found as intra-individual variation and which
aperture patterns should not exhibit intra-indivi-
dual variation. In addition, the model is consistent
with the known distribution of cytokinesis types in
monocots (Furness and Rudall, ’99).
According to our model, aperture pattern varia-

tion results from variation in the different
elements that define the ACAs and from shifts
from polar to nonpolar patterns. The combination
of the developmental variation affecting meiosis
appears to be sufficient to produce a majority of
the most widespread aperture patterns in angios-
perms. If the model is correct, aperture pattern
may thus provide the opportunity to approach the
link between the evolution of development and
morphology at the scale of angiosperms. As any
trait, pollen morphology is the result of a process
involving both selective forces and constraints.
From this point of view, aperture pattern is a very
useful trait. As with other traits, the selective
forces acting on it can be elucidated (Dajoz et al.,
’91). Repeated fixations of the same morphology
were fixed in divergent lineages, opening the
possibility to perform rigorous comparative ana-
lysis. Also, if the model is correct, one will be able
to predict at least part of the evolutionary
possibilities for a species and try to reconstruct
the possible histories of angiosperm pollen
morphologies. For the moment, except for cyto-
kinesis type (Furness and Rudall, 2000), the data
are lacking, but aperture pattern evolution ap-
pears to be a good model to study the evolutionary
tinkering (Jacob, ’81) resulting from selective
forces and constraints, a major issue for evolu-
tionary biology.
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tétrade chez les Angiospermes sur la base de données
cytologiques. B Soc Bot Suisse 78:151–191.

Huynh KL. 1968b. Etude de la morphologie du pollen du genre
Utricularia L. Pollen et Spores 10:11–55.

Huynh KL. 1970. Le pollen du genre Anemone et du genre
Hepatica (Ranunculaceae) et leur taxonomie. Pollen et
Spores 12:329–364.

Huynh KL. 1971. Etude de l’arrangement du pollen dans la
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cloisonnements simultanés et successifs des microsporo-
cytes. La Cellule 73:65–80.

Meeuse ADJ. 1965. The message of pollen grains. Advancing
Frontiers Pl Sci 11:112–124.

Melville R. 1981. Surface tension, diffusion and the evolution
and morphogenesis of aperture patterns. Pollen et Spores
23:179–203.

Mignot A, Hoss C, Dajoz I, Leuret C, Henry JP, Dreuillaux
JM, Heberlebors E, Till-Bottraud I. 1994. Pollen aperture
polymorphism in Angiosperms: importance, possible causes
and consequences. Acta Bot Gallica 141:109–122.

Qiu Y-L, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS,
Zanis M, Zimmer EA, Chen Z, Savolainen V, Chase MW.
1999. The earliest angiosperms: evidence from mitochon-
drial, plastid and nuclear genomes. Nature 402:404–407.

Periasamy K, Swamy BGL. 1959. Studies in the Annonaceae.
I. Microsporogenesis in Cananga odorata and Milusia
wightiana. Phytomorphology 9:251–263.

Pozhidaiev AE. 1998. Hypothetical way of pollen aperture
patterning. 1: formation of 3-colpate patterns and endoa-
perture geometry. Rev Paleobot Palynol 104:67–83.

Pozhidaiev AE. 2000. Hypothetical way of pollen aperture
patterning. 2: formation of polycolpate patterns and
pseudoaperture geometry. Rev Paleobot Palynol 109:
235–254.

Ressayre A. 2001. Equatorial aperture pattern in monocots:
same definition rules as in eudicots? The example of
two species of Pontederiaceae. Int J Plant Sci 162:
1219–1224.

Ressayre A, Godelle B, Mignot A, Gouyon P-H. 1998. A
morphogenetic model accounting for pollen aperture pat-
tern distribution in flowering plants. J Theor Biol 193:
321–334.

Ressayre A, Raquin C, Mignot A, Godelle B, Gouyon P-H.
2002. Correlated variation in microtubule distribution,
callose deposition during male post-meiotic cytokinesis,
and pollen aperture number across Nicotiana species
(Solanaceae). Am J Bot 89:393–400.

Rowley JR. 1975. Germinal aperture formation in pollen.
Taxon 24:17–25.

Rudall PJ, Furness CA, Chase MW, Fay MF. 1997. Micro-
sporogenesis and pollen sulcus type in Asparagales (Lilia-
nae). Can J Bot 75:408–430.

Sampson FB. 1969. Cytokinesis in pollen mother cells of
Angiosperms, with emphasis on Laurelia novae-zelandia
(Monimiaceae). Cytologia 34:627–634.

Sampson FB. 1975. Aperture orientation in Laurelia pollen
(Atherospermataceae Syn. subfamily Atherospermoideae of
Monimiaceae). Grana 15:153–157.

Sampson FB. 2000. Pollen diversity in some modern magno-
liids. Int J Plant Sci 161(6 Suppl.):S193–S210.

Schmid A-MM, Eberwein RK, Hesse M. 1996. Pattern
morphogenesis in cell walls of diatoms and pollen grains: a
comparison. Protoplasma 193:144–173.

Sheldon JM, Dickinson HG. 1983. Determination of pattern-
ing in the pollen wall of Lilium henryi. J Cell Sci 63:
191–208.

Sheldon JM, Dickinson HG. 1986. Pollen wall formation in
Lilium: the effect of chaotropic agents, and the organisation
of the microtubular cytoskeleton during pattern develop-
ment. Planta 168:11–23.

Swamy BGL. 1949. Further contributions to the morpho-
logy of the Degeneriaceae. J Arnold Arboretum 30:
10–38.

Thanikaimoni G. 1970. Les Palmiers: palynologie et
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