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† Background and Aims Microsporogenesis in monocots is often characterized by successive cytokinesis with
centrifugal cell plate formation. Pollen grains in monocots are predominantly monosulcate, but variation
occurs, including the lack of apertures. The aperture pattern can be determined by microsporogenesis features
such as the tetrad shape and the last sites of callose deposition among the microspores. Potamogeton belongs
to the early divergent Potamogetonaceae and possesses inaperturate pollen, a type of pollen for which it has
been suggested that there is a release of the constraint on tetrad shape. This study aimed to investigate the micro-
sporogenesis and the ultrastructure of pollen wall in species of Potamogeton in order to better understand the
relationship between microsporogenesis features and the inaperturate condition.
† Methods The microsporogenesis was investigated using both light and epifluorescence microscopy. The ultra-
structure of the pollen grain was studied using transmission electron microscopy.
† Key Results The cytokinesis is successive and formation of the intersporal callose wall is achieved by centrifu-
gal cell plates, as a one-step process. The microspore tetrads were tetragonal, decussate, T-shaped and linear,
except in P. pusillus, which showed less variation. This species also showed a callose ring in the microsporocyte,
and some rhomboidal tetrads. In the mature pollen, the thickening observed in a broad area of the intine was here
interpreted as an artefact.
† Conclusions The data support the view that there is a correlation between the inaperturate pollen production and
the release of constraint on tetrad shape. However, in P. pusillus the tetrad shape may be constrained by a callose
ring. It is also suggested that the lack of apertures in the pollen of Potamogeton may be due to the lack of specific
sites on which callose deposition is completed. Moreover, inaperturate pollen of Potamogeton would be better
classified as omniaperturate.

Key words: Alismatales, callose, microsporogenesis, pollen aperture, Potamogeton illinoensis, P. polygonus,
P. pusillus, tetrad shape.

INTRODUCTION

Microsporogenesis is the process that yields four haploid
microspores from a single diploid microsporocyte through
meiosis and cytokinesis (Furness et al., 2002). Two types of
cytokinesis, successive and simultaneous, are traditionally
recognized. In the first type a cell plate is formed after
meiosis I, giving rise to a dyad stage. In the simultaneous
type, the cell partitioning takes place only after meiosis II
(Maheshwari, 1950). In monocots, cytokinesis is predomi-
nantly successive (Furness and Rudall, 1999a; Ressayre,
2001; Furness et al., 2002; Penet et al., 2005; Nadot et al.,
2006) and occurring through centrifugal cell plates (Penet
et al., 2005; Nadot et al., 2006), whereas in eudicots, cytokin-
esis is commonly simultaneous (Furness and Rudall, 1999a;
Ressayre, 2001) with centripetal cell plates (Ressayre, 2001;
Ressayre et al., 2005), but other combinations exist in both
groups (Nadot et al., 2008).

Features such as cytokinesis type and cell plate formation
have systematic value in some monocots groups, viz.
Dioscoreales, Asparagales and Poales (Furness and Rudall,
1999a). Although the relationship between the type of

cytokinesis and the type of pollen aperture is not straightfor-
ward (Furness and Rudall, 1999a; Nadot et al., 2008), the
type of cytokinesis has an influence on the type of tetrad
formed at the end of meiosis, which in turn can have an
impact on the aperture type. These factors greatly determine
the pattern observed in pollen aperture (Furness and Rudall,
1999a; Furness et al., 2002; Penet et al., 2005; Nadot et al.,
2006, 2008; Sannier et al., 2006).

Angiosperms display a diversity of pollen aperture patterns
(Walker and Doyle, 1975), which are defined in terms of
shape, structure, number and distribution of apertures on the
pollen wall (Ressayre et al., 2002). In monocots, the basic
pattern is that of a single distal aperture, but the aperture
may be missing, characterizing the inaperturate pollen type.
The lack of apertures is usually associated with a reduction
in exine thickness and complexity (Zavada, 1983). The exine
may be either absent or present as a non-ornamented thin
layer (Pettitt and Jermy, 1975; Zavada, 1983; Furness and
Rudall, 1999b). Two types of inaperturate pollen grains are
recognized: omniaperturate (Thanikaimoni, 1984), i.e. the
entire wall functions as a potential site for pollen tube germi-
nation; and functionally monoaperturate (Furness and Rudall,
1999b), i.e. a clearly defined site for pollen tube growth is indi-
cated by a localized thickening of the intine.* For correspondence. E-mail elaine.lopes@gmail.com

# The Author 2009. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oxfordjournals.org

Annals of Botany 104: 1011–1015, 2009

doi:10.1093/aob/mcp160, available online at www.aob.oxfordjournals.org



In Alismatales, the largest clade of aquatic Angiosperms
with 14 families (Angiosperm Phylogeny Group II, 2003;
Chase, 2004), the inaperturate pollen is the predominant
type, being associated with hydrophily (Furness and Rudall,
1999b). This is the pollen type found in Potamogetonaceae
(Sorsa, 1988). In earlier accounts on pollen development of
Potamogeton it was pointed out that cytokinesis during micro-
sporogenesis is of the successive type (Stenar, 1925; Schnarf,
1931). In some representatives of this genus, the inaperturate
pollen has been described as functionally monoaperturate
(Furness and Rudall, 1999b).

The present study aims to investigate the microsporogenesis
and the ultrastructure of the pollen wall in three species of
Potamogeton, to address the following two questions. Is
there a release of developmental constraints during micro-
sporogenesis due to the inaperturate condition of pollen grains
in Potamogeton? To which inaperturate subtype do the pollen
grains of the three Potamogeton species studied belong?

MATERIALS AND METHODS

Material from three selected Potamogeton L. species was col-
lected from rivers and lakes of Brazil (vouchers deposited in
the Herbário do Departamento de Botânica, Universidade
Federal do Paraná, Curitiba, Paraná, Brazil – UPCB):
Potamogeton illinoensis Morong (UPCB 60501),
Potamogeton polygonus Cham. and Schltdl. (UPCB 61311)
and Potamogeton pusillus L. (UPCB 60500).

Inflorescences of each species were collected at various
developmental stages and fixed in 1 % glutaraldehyde and
4 % formaldehyde in 0.1 M phosphate buffer, pH 7.2
(McDowell and Trump, 1976), unless otherwise stated. For
light microscope examination, samples were rinsed in phos-
phate buffer, dehydrated through a graded ethanol series and
embedded in historesin (Leica Historesin Embedding Kit,
Nussloch, Germany). Sections (2–5 mm) were cut on a
rotary microtome RM2145 (Leica Microsystems, Wetzlar,
Germany) using glass knives (Leica Microsystems, Vienna,
Austria), stained with toluidine blue (O’Brien et al., 1965)
and mounted in Permount (Fisher Scientific, Fair Lawn,
USA). Photomicrographs were taken using a Zeiss Axiolab
microscope with a digital camera.

To observe microsporogenesis in progress, fixed anthers at
appropriate stages were selected. They were washed in phosphate
buffer several times, carefully opened on slides, and covered with
a drop of 0.05 % aniline blue. After 5 min, the excess stain was
removed and the material was mounted in glycerine gelatine.
Aniline blue preparations were observed using an epifluorescence
Zeiss Axiophot microscope with a DAPI filter.

For scanning electron microscope observations, the inflores-
cences were dehydrated through a graded ethanol series until
70 % ethanol, then dissected, transferred to a graded propa-
none series until 100 % propanone, critical point dried,
coated with gold and examined using a JEOL JSM 6360LV
(JEOL Ltd, Tokyo, Japan) scanning electron microscope.

For transmission electron microscope observations, pre-
anthesis anthers were placed in modified Karnovskýs fixative
(2.5 % glutaraldehyde and 2 % paraformaldehyde in 0.1 M

phosphate buffer, pH 7.2; Karnovsky, 1965), deaerated under
vacuum and fixed for 12–24 h at 10 8C. Samples were

rinsed in cold phosphate buffer, post-fixed in the dark with
2 % osmium tetroxide for 2 h at 10 8C, rinsed again, and dehy-
drated through a cold graded propanone series. Material was
embedded in epoxy resin (Spurr, 1969). Ultrathin (gold) sec-
tions were cut using a diamond knife on a Leica Ultracut R
(Leica Microsystems,Vienna, Austria), stained with uranyl
acetate and lead citrate (Reynolds, 1963). Observations were
made with a JEOL JEM-1200EXII (JEOL Ltd) transmission
electron microscope.

RESULTS

In all species studied, the microsporocytes completely fill the
anther locule, and present a prominent nucleus and a dense
cytoplasm (Fig. 1A). The anther wall of the three species is
composed of an epidermis, an endothecium, two middle
layers and a tapetum layer (Fig. 1A).

Microsporogenesis in progress was observed for only two of
the three species, namely P. illinoensis and P. polygonus. In
both species the meiotic cytokinesis is successive (Fig. 1C–
J). After meiosis I, a thin callosic wall is laid down by centrifu-
gal progression of the cell plate, giving rise to a dyad stage
(Fig. 1C–E). No conspicuous additional callose deposition
was observed. At the end of meiosis II the resulting tetrads
were mainly of tetragonal (Fig. 1F, G) and decussate shapes
(Fig. 1H), but some T-shaped (Fig. 1I) and linear tetrads
(Fig. 1J) were also observed in the same anther locule.
Although several attempts were made, it was not possible to
observe microsporogenesis in progress in Potamogeton pusil-
lus. Only pre-meiotic and post-meiotic stages were observed.
Microsporocytes in this species showed a conspicuous ring
of callose (Fig. 1K), and tetrads were predominantly decussate
(Fig. 1L) and tetragonal (Fig. 1M), mixed with a few rhomboi-
dal tetrads (Fig. 1N). In Potamogeton polygonus, microsporo-
cytes have a polygonal shape and are surrounded by a callose
wall which is thicker at the corners (Fig. 1B, D, arrows), which
is different from the others species.

Scanning electron microscope observations showed that the
mature pollen is inaperturate with a reticulate exine (Figs 1O
and 2A, B). The pattern of reticulation differs among species,
being narrow in P. illinoensis (Fig. 1O) wide in P. pusillus
(Fig. 2A), and intermediary in P. polygonus (Fig. 2B).

Transmission electron microscope observations showed that
the exine is composed solely of the ectexine, which is divided
in tectum, columella layer and foot layer (Fig. 2C–G). The
density of both columella and tectal elements is highest in
Potamogeton illinoensis (Fig. 2C), lowest P. pusillus
(Fig. 2D, E) and intermediary in P. polygonus (Fig. 2F, G).

The intine is relatively thick and fibrillar in structure in
P. pusillus (Fig. 2D, E) and P. polygonus (Fig. 2F, G). In
P. polygonus only, this layer eventually appears to be thicker
on one side of the pollen grain (Fig. 2F, asterisk, and G). In
P. illinoensis it was not possible to observe the intine due to
poor fixation.

DISCUSSION

In Potamogeton polygonus and P. illinoensis, cytokinesis
during microsporogenesis is successive with centrifugal cell
plates. This developmental sequence is widespread in
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monocots (Furness and Rudall, 1999a; Furness et al., 2002;
Penet et al., 2005; Nadot et al., 2006). However, deviations
from this pattern have been reported, such as the co-occurrence
of both simultaneous and successive cytokinesis in micro-
sporocytes within the same stamen (Sannier et al., 2006), the
occurrence of intermediary cytokinesis (Furness et al., 2002;
Nadot et al., 2008), centripetal formation of the intersporal
wall (Penet et al., 2005; Nadot et al., 2006), as well as the
occurrence of various types of microspore tetrads within
the same anther (Pettitt, 1981; Hardy and Stevenson, 2000;

Hardy et al., 2000; Ressayre, 2001; Penet et al., 2005; Nadot
et al., 2006; Sannier et al., 2006).

In P. pusillus, the intersporal wall formation was not
observed and it was not possible to characterize the type of
cytokinesis. However, the presence of a callose ring was
observed in the microsporocytes, and it was noted that, com-
pared with the other species, there is less variability in tetrad
types. The presence of a few rhomboidal tetrads suggests
that simultaneous cytokinesis takes place at least in some
microsporocytes of P. pusillus since it has been shown that
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FI G. 1. Microsporogenesis and pollen sculpturing in Potamogeton: P. polygonus in (A–D, F, I); P. illinoensis in (E, G, H, J, O); P. pusillus in (K–N). (A)
Cross-section of a pre-meiotic anther; (B) microsporocytes with initial callose deposition on the corners (arrows); (C) centrifugal cell plates in the first
meiotic division and dyad stage; (D) cytokinesis through centrifugal cell plate in a microsporocyte with callose deposits on its corners (arrows); (E) cytokinesis
through centrifugal cell plate in a microsporocyte without conspicuous callose deposits on its corners; (F) regular tetragonal tetrad; (G) irregular tetragonal tetrad;
(H) decussate tetrad; (I) T-shaped tetrad; (J) linear tetrad; (K) microsporocyte with a conspicuous callose ring; (L) decussate tetrad; (M) tetragonal tetrad; (N)
rhomboidal tetrad; (O) pollen grain with reticulate exine sculpturing. Abbreviations: e, epidermis; en, endothecium; mi, microsporocyte; ml, middle layers; t,

tapetum. Scale bars ¼ 10 mm.
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this type of tetrad can be formed only through simultaneous
cytokinesis (Nadot et al., 2008).

A callose ring has been reported in some Iridaceae with sim-
ultaneous cytokinesis and centripetally formed cell plates (Penet
et al., 2005). Penet et al. (2005) suggest that such phenomenon
can be a way of constraining tetrad shape to that obtained with
successive cytokinesis (tetragonal and decussate), thus
perhaps canalizing pollen morphology. If the production of ina-
perturate pollen is dependent on successive cytokinesis (and
therefore at least partly conditioned by tetrad shape) in
Potamogeton, then the presence of a callose ring in P. pusillus
may be a way to constrain the tetrad shape to tetragonal or decus-
sate independently of the type of cytokinesis, and consequently
constrain the pollen type. In the present study, various types of
tetrads have been observed in P. illinoensis and P. polygonus:
tetragonal, decussate, linear and T-shaped. This is the first
time that such variation of tetrad types in Potamogeton has
been reported. Nadot et al. (2006) have reported variability of
tetrad types related to inaperturate pollen grain formation in
Strelitzia species (Strelitziaceae); the present data corroborated
their hypothesis that in inaperturate pollen there is a release of
the developmental constraint on tetrad shape, as no aperture
will ever be formed.

In Potamogeton, microsporogenesis is a rapid process, which
makes visualizing of all phases very difficult. It seems that wall
formation between microspores is a one-step process, although
it is not clear whether the cell plates are bare or whether they

are covered with additional callose while they are developing.
The second hypothesis seems more likely to take place in
Potamogeton, since the cell plates are rather thicker than the
bare ones already reported for other angiosperms (Ressayre
et al., 2005; Nadot et al., 2006). Regardless of that, specific
sites on which callose deposition is completed were not observed.
This could be a possible explanation for the lack of apertures in
Potamogeton pollen grains, since the sites where additional
callose deposition is completed coincide with aperture location
in some species (Ressayre et al., 2002, 2005). Further studies
on other species of Potamogeton as well as other Alismatales
may improve our understanding of this process.

The ultrastructure of pollen grains in Potamogeton has up to
now been described for only two species, namely P. natans
and P. pectinatus (Pettitt and Jermy, 1975). Whereas the
pollen grains of P. pusillus and P. illinoensis described here
conform to these previous descriptions, an unexpected feature
was found in P. polygonus, with the observation of an irregular
thickening of the intine. Due to this thickening, pollen grains of
Potamogeton polygonus should be classified as functionally
monoaperturate, following Furness and Rudall (1999b) citing
Cranwell (1953). However, we suggest rather that such a
feature might be a processing artefact, which leads the fibrillar
intine structure to become unstable, this species being the only
one among five to present this feature.

In case such thickening of intine in P. polygonus is not an
artefact but genuine, it seems to occur throughout a broad
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FI G. 2. Exine sculpturing and ultrastructure of Potamogeton pollen: P. pusillus in (A, D, E); P. illinoensis in (C); P. polygonus in (B, F, G). (A) Wide pattern of
exine sculpturing; (B) intermediary pattern of exine sculpturing; (C) detail of the pollen tectum, columella and foot layer; (D) pollen grain with the lowest density
of columella and tectal elements; (E) detail of the pollen wall with a fibrillar intine; (F) pollen grain with intermediary density of columella and tectal elements,
and intine thickened on one side (asterisk); (G) detail of the thickened portion of intine. Abbreviations: in, intine; C, columella; FL, foot layer; T, tectum. Scale

bars: (A, B) ¼ 10 mm; (C, E) ¼ 0.2 mm; (D, F) ¼ 2 mm; (G) ¼ 1 mm.
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area of the intine and not only at a single site. Thus, the pollen
tube could potentially germinate on a broad area. In this case,
pollen grains of Potamogeton should be classified neither as
functionally monoaperturate nor as omniaperturate, but as
intermediate. An alternate hypothesis accounting for the pres-
ence of such thickening is the implication of pollen wall ultra-
structure in the pollination syndrome in this genus, which
needs to be investigated.

The lack of pollen apertures may be due to the reduction or
absence of exine (Zavada, 1983; Furness and Rudall, 1999b).
Since the formation of apertures might be related to mechan-
isms that prevent primexine deposition (Heslop-Harrison,
1963; Waterkeyn and Bienfait, 1970; Rowley, 1975), it is prob-
able that such mechanisms are not present during inaperturate
pollen formation, as proposed for some eudicots (Furness,
2007). However, as the inaperturate pollen type has evolved
independently several times within the monocots clade
(Furness and Rudall, 1999b), one can infer that the way it is
formed may be different within each clade, if we do not con-
sider iterative evolution, and it may therefore be difficult to
discuss the inaperturate character from a general point of view.

Data reported in the current study for Potamogeton illinoen-
sis, P. polygonus and P pusillus strengthens the hypothesis of
release of the constraints on tetrad shape in inaperturate pollen.
The lack of apertures in Potamogeton pollen may be linked to
the way callose is deposited upon microspore walls during
microsporogenesis, without specific sites on which callose
deposition is completed. We also suggest that inaperturate
pollen of Potamogeton should be classified as omniaperturate
rather than functionally monoaperturate since the broad area of
the intine is a processing artefact. To confirm these obser-
vations, transmission electron microscope analyses on germi-
nated pollen grains are needed to verify possible pollen tube
germination sites.
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