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Abstract
By a detailed ontogenetic study of Ambrosia trifida pollen, tracing each stage of development with TEM, we aim to understand
the establishment of the pollen wall and to unravel the mechanisms underlying sporoderm development. The main steps of exine
ontogeny in Ambrosia trifida, observed in the microspore periplasmic space, are as follows: spherical units, gradually
transforming into columns, then to rod-like units; the appearance of the initial reticulate tectum; growth of columellae under
the tectum and initial sporopollenin accumulation on them; the appearance of the endexine lamellae, first in fragments, then in
long laminae; the cessation of the glycocalyx growth and its detachment from the plasma membrane, resulting in the appearance
of gaps; massive accumulation of sporopollenin on the tectum, columellae, and endexine, and the appearance of the foot layer at
the young post-tetrad stage, accompanied by establishment of caveae in sites of the former gaps; and final massive sporopollenin
accumulation. This sequence of developmental events in all probability corresponds to the sequence of self-assembling micellar
mesophases. This gives (together with earlier findings and experimental modeling of exine) strong evidence that the genome and
self-assembly share control of exine formation. In this sense, self-assembly itself can be seen as an inherent mechanism of
evolution.
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Introduction

Understanding morphogenesis in plants is profoundly impor-
tant. In developmental biology, pollen development provides
an ideal model system for the understanding of differentiation.
Plant development involves a complex interplay of physical,
chemical, and biological factors (Sampathkumar et al. 2014).

Tompson’s (1917) ideas on self-assembly of complex
biotic and abiotic patterns in nature were applied by
Wodehouse (1934) to pattern determination in pollen. The

sporopolleninous spore and pollen walls have a complex sub-
structural organization, established, as we believe following
Heslop-Harrison (1972), through time by both biological
(genomic) processes and purely physico-chemical process of
self-assembly, working in tandem. Despite its great impor-
tance for plant reproductive biology, much remains to be un-
derstood about how the vast diversity of pollen walls arises
during development.

Pollen ofAmbrosia has been the focus ofmany studies both
concerned with its morphology and evolution (see, for
example, Stix 1960; Skvarla and Larsen 1965; Punt and
Hoen 2009; Blackmore et al. 2009) and its importance as an
airborne allergen and significant cause of hay fever
(Wodehouse 1928; Makra et al. 2005; Martin et al. 2009;
Thio et al. 2009; McLauchlan et al. 2011). A light microscopy
study of tapetum development (and concomitant microspore
stages) in Ambrosia trifida has been published by Lersten and
Curtis (1990). Being an anemophilous plant producing vast
quantities of pollen has also made A. trifida an experimental
plant in which to study the optical properties of the exine
(Atkin et al. 2011).
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The complex, thick-walled pollen grains of Asteraceae
have also attracted interest from the perspective of develop-
ment and pattern formation, especially the tetrad stage (see
Blackmore and Barnes 1987; Blackmore and Claugher
1987; Blackmore 1990; Blackmore et al. 2009, 2010). It was
shown bymany ontogenetic palynologists that the tetrad stage
is a key one in the determination of the exine pattern
(Gabarayeva 2000; Blackmore et al. 2007, 2010; Vinckier
and Smets 2005; Taylor and Osborn 2006; Taylor et al. 2013).

Our goal was to further understand the underlying devel-
opmental mechanisms of the assembly of pollen wall.
Accordingly, our main aims were (1) to determine the com-
plete sequence of processes leading to the emergence of the
complex exine construction, (2) to compare our findings with
those of earlier ontogenetic studies of Asteraceae and other
taxa, and (3) to determine whether our hypothesis
(Gabarayeva and Hemsley 2006; Hemsley and Gabarayeva
2007) on the role of micelle self-assembly processes in spore
and pollen wall development also applies to Ambrosia pollen
development.Micelles are supramolecular aggregates of long-
chained diphilic molecules of surface-active substances which
form spontaneously in solutions at specific concentrations,
exceeding the so-called Bcritical micelle concentration.^ The
mentioned hypothesis suggests that many of the developmen-
tal events in exine formation proceed as a cascading sequence
of self-assembling micelle mesophases and their aggregates in
the colloidal system of the periplasmic space. The latter con-
tains surface-active glycoproteins and lipopolysaccharides of
the glycocalyx (Rowley 1973; Rowley and Dahl 1977; Pettitt
1979) at concentrations which increase during the tetrad peri-
od—the necessary condition for the appearance of sequential
micellar mesophases (Fridrichsberg 1995). Later in develop-
ment, lipoid SP precursors and monomers (see a review in
Gabarayeva et al. 2016) are added to the periplasmic space
(the essential arena of early sporoderm development), making
the supporting medium hydrophobic. All these substances
form colloidal solutions in the aqueous medium of the peri-
plasmic space. Being colloid systems of surface-active sub-
stances in the course of development, exines are subjects of
self-assembly. From the thermodynamics point of view, the
energy necessary for aggregation of colloidal particles is less
than the energy necessary for their dissociation. Hence, the
formation of aggregates (micellar mesophases) is energy fa-
vorable, and the whole colloidal systemwill have a propensity
to aggregation of colloidal particles (Hemsley and Griffiths
2000).

A growing body of evidence from a wide range of taxa
documents a common sequence of micellar phases
(Gabarayeva and Grigorjeva 2017; Grigorjeva and
Gabarayeva 2018) and a universal importance of self-
assembly in nature (e.g., Ingber 2003a, 2003b). We suggest
that though the genome determines the exact chemical com-
position of all the substances and their concentrations,

necessary for exine development in the microspore periplas-
mic space, the reminder of the constructive process is deter-
mined by physico-chemical self-assembly.

We also intend to trace tapetum development and the mode
of formation of the caveae which are associated with
anemophily, causing an overall reduction in density which
enables the pollen to float in air (Blackmore et al. 1984).

Material and methods

Plants of Ambrosia trifida were grown from seeds in the
greenhouse of Lomonosov Moscow State University. For
TEM, about 60 flower buds were collected to provide a com-
plete sequence of stages. The material was fixed for 2 h at
20 °C in 3% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) with added tannic acid, de-aerated under vacuum.
After post-fixation in 2% osmium tetroxide for 10 h at 4 °C
followed by acetone dehydration, the samples were embedded
in the following mixture: Аrаldite = 19.0 ml (22.0 g),
DDSA = 21.0 ml (21.0 g), and DMP-30 = 0.5 ml (0.6 g).

For TEM, ultrathin silver sections 60–70 nm in thickness
were contrasted with 1% ethanol solution of uranyl acetate
and 0.2% lead citrate. Sections were examined with a
Hitachi H-600 transmission electron microscope.

Results

The tetrad stage

Post-meiotic and early tetrad stage

Prior to meiosis, a callose special cell wall forms around each
microsporocyte. After meiosis and simultaneous cytokinesis,
the tetrads are formed (Fig. 1a). During the post-meiotic stage,
further callose deposition forms an individual special cell wall
(SCW) around each of the four microspores (Fig. 1b). Higher
magnification reveals spherical units on the plasmamembrane
(Fig. 1c, arrowheads) and shows that the spherical units have
denticulate surfaces (Fig. 1d, arrowheads). Slightly later,
many spherical units (arrowheads) with electron-lucent cores
and some elongated (rod-like, double arrowheads) units ap-
pear in the periplasmic space (Fig. 1e, f).

Young tetrad stage

Later, the glycocalyx material accumulates at the plasma
membrane surface surrounding each microspore, increasing
the periplasmic space (Fig. 2a). Clusters of spherical units
arranged into columns and oriented perpendicular to the plas-
ma membrane (Fig. 2b).
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A lowmagnification image shows slightly later tetrads, one
of which is lying close to the tapetum (Fig. 3a). Higher mag-
nification reveals the structure of the glycocalyx which con-
sists of spherical units tightly packed into radial columns
(Fig. 3b, c). In the site of developing apertures (Fig. 3c, aster-
isk), the plasma membrane is completely lacking the glycoca-
lyx and remains in close contact with the SCW.

Mid and late tetrad stages (Fig. 5c)

Later, portions of two tetrads at low magnification show the
boundary between two tetrads, tightly pressed to each other
(Fig. 4a). The parietal secretory tapetum of binucleate cells is
very active (Fig. 4b, c). An adjacent tetrad is tightly pressed
to the border of the tapetum. A portion of a microspore sec-
tioned tangentially shows the reticulate pattern of the glyco-
calyx (Fig. 4b, arrow). Higher magnification shows many

RER cisternae in the tapetal cytoplasm, accumulating secret-
ed material within the dilations and discharging it into anther
loculus (Fig. 4b). The microspore glycocalyx hexagonal pat-
tern, seen in the tangentional section in Figs. 4a and 5b,
clearly appears in radial sections as an interrupted layer of
clusters and gaps (Fig. 5a, c, arrowheads). At the beginning
of the late tetrad stage, the initial primexine starts to be dif-
ferentiated: the protectum, which has a hexagonal pattern,
appears in sections as an interrupted layer (Fig. 5d, white
arrows), supported by procolumellae (Fig. 5f, black arrow-
heads). The latter are evidently based on rod-like units, ori-
ented perpendicularly to the plasma membrane (Fig. 5d, ar-
rowheads). Simultaneously, small fragments of the first end-
exine lamella appear at the plasma membrane (Fig. 5d, black
arrows). The glycocalyx is detached from the plasma mem-
brane, so that a gap forms between it and the plasma mem-
brane (Fig. 5d, asterisks).

Fig. 1 Post-meiotic and early tetrad stages in Ambrosia trifida. a Two
daughter microspores of a tetrad in the process of post-meiotic cytokine-
sis. Thick callose envelope surrounds the tetrad. In the course of cytoki-
nesis, the tetrad partitions form by furrowing (a, arrow). Many large
vacuoles are seen in the cytoplasm. b Early tetrad stage. The microspore
cytoplasm is dense, and large vacuoles have disappeared. c A border of a
microspore at higher magnification. Spherical units are observed on the

plasma membrane (arrowheads). d Spherical units on the plasma mem-
brane at higher magnification (arrowheads). The right one has a dentic-
ulated surface. e, f Clusters of spherical (arrowheads) and rod-like (dou-
ble arrowheads) units are located in the periplasmic space between
callose and the plasma membrane. Ca callose, LG lipid globule, MC
microspore cytoplasm, PM plasma membrane, V vacuole. Bars at 1 μm
in a, b and at 0.5 μm in c, d
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Late tetrad stage (Fig. 5d)

Overviews of the anther loculi show that from the before mei-
osis to the end of the tetrad period, the secretory parietal
tapetal cells are intact, each with a continuous cell wall, and
keep their parietal position (Fig. 6a–d).

Free microspore period

Young free microspore stage (stage 6) After disintegration of
callose, the pattern of the primexine becomes more distinct
(Fig. 7a, PEx). The fragments of the endexine lamella become
longer and appear with central white lines (Fig. 7a, arrows). A
distinct gap, corresponding to the future cavea, is clearly visible
between the ectexine and endexine (Fig. 7a, asterisk). At the sites
of the apertures, the initial endexine lamellae appear as thin fibrils
(Fig. 7b, arrowheads). During the free microspore period, the
parietal tapetum reorganizes into the plasmodial tapetum.

Middle free microspore stage In interapertural regions, the end-
exine lamellae are pressed closely to each other (Fig. 8a, arrow).

An initial cavea forms at the site of the gap between the prime-
ectexine and the endexine (Fig. 8a, asterisks). The endexine la-
mellae (Fig. 8b, arrows) dissipate inside the increased volume of
the dilated periplasmic space. In the developing ectexine, young
columellae, covered by portions of the tectum (Fig. 8c, arrow-
heads), alternate with initial glycocalyx units, consisting of radi-
ally oriented columns of spherical units (Fig. 8c, white arrows).
The endexine lamellae are seen by their white lines (Fig. 8, black
arrow).

Late free microspore stage The anther loculus is filled with
microspores, surrounded by the tapetum, which has reorganized
into a plasmodium (Fig. 9a). The ectexine with spines (Fig. 9a,
Ect) is separated from the endexine (arrows) by vast caveae
(Fig. 9a, Cav). A large striated structure occupies the central part
of the anther loculus filled with the periplasmodial tapetum
(Fig. 9b, arrowheads). Higher magnification shows that the foot
layer (Fig. 9c, FL) appears on the endexine surface. The endexine
consists of several lamellae, discernible by their white lines
(Fig. 9c, End).

Somewhat later, vast caveae separate the ectexine and
the foot layer, such that the endexine is only attached to
the ectexine via the foot layer at a few places, mainly
bordering the margins of the ecto-apertures (Fig. 10a–c,
arrows). Different planes of sections through micro-
spores show circular images of the cross-sectioned col-
umellae, spines, and tectum with internal foraminae
(Fig. 10c, arrowheads). The foot layer is thin
(Fig. 10d, asterisk) in comparison with the white-lined
endexine.

In the interapertural site, small granules appear on the plasma
membrane (Fig. 11a, arrowheads?). At the margins of apertures,
columellae are firmly attached to the foot layer and granules
appear between the endexine lamellae (Fig. 11b). At the apertural
dilation of the periplasmic space, the endexine lamellae are dis-
sipated into fragments of different forms inside the supporting
liquid—from rod-like to spherical units (Fig. 11c, arrows). This
contrasts with the interapertural regions (Fig. 11d) where all the
lamellae are fused together and recognizable only by their white
lines. The laminate form of the endexine lamellae is clear from
Fig. 11e.

Discussion

As is the case for all Asteraceae, the architecture of the exine in
Ambrosia trifida is more complex than in most of flowering
plants, though its cross section is Bone-storeyed^—unlike the
Btwo-storeyed^ construction of Tanacetum vulgare
(Gabarayeva et al. 2016) and Echinops sp. (Gabarayeva et al.
2018). Therefore, the developmental sequence which gives rise
to this structure is also elaborate, as summarized in Fig. 12.

Fig. 2 Young tetrad stage in Ambrosia trifida. a First signs of the
glycocalyx (arrowheads) on the microspore plasma membrane. b A
border of a microspore at higher magnification. Tripartite structure of
the plasma membrane (PM) and tufts of spherical units, arranged into
columns (arrowheads), are discernible. Ca callose, MC microspore cyto-
plasm. Bars at 0.5 μm
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The sequence of developmental stages interpreted
as micellar self-assembly in the periplasmic space:
comparison with previous ontogenetic studies
on Asteraceae and other species

The first developmental stages in Ambrosia trifida mi-
crospore wall development (Fig. 12a–d) have the same
two initial micellar mesophases (Fig. 12a’–d’, see leg-
ends for details) as observed in all the species we have
studied (Gabarayeva et al. 2009a, b, 2010a, b, 2011a, b,
2013a, b, 2014, 2016, 2017, 2018; Gabarayeva and
Grigorjeva 2010, 2011, 2012, 2014, 2017; Grigorjeva
and Gabarayeva 2015, 2018), including Tanacetum
vulgare and Echinops exaltatus. Spherical units (which
we interpret as spherical micelles) and their aggregates
are also clearly visible in Horner and Pearson’s (1978,
Figs. 21–25) excellent micrographs of Helianthus
annuus. These units are probably the reason for the
presence of internal foraminae in the ectexine, being
formed when the initially normal micelles invert, expos-
ing their hydrophilic cores in the lipid-containing medi-
um present in late development.

At the mid-tetrad stage in Ambrosia, a reticulate pat-
tern of the glycocalyx on the microspore surface
(representing the future tectum), seen in sections as

clusters (Fig. 12e), corresponds most probably to the
hexagonal (middle) mesophase. The reticulum is proba-
bly formed by clusters of normal cylindrical micelles
(described by Rowley as tufts in Rowley 1990) alternat-
ing with clusters of reverse cylindrical micelles. Sheldon
and Dickinson (1983) sugges ted prote in se l f -
organization in the process of pre-patterning of the plas-
ma membrane, supposing that a reticulate pattern might
be caused by hydrophilic-hydrophobic mixtures, analo-
gous to distribution of oil droplets on the surface of
water (Wodehouse 1934). Our observations support this
concept which has played a part in the development of
ideas concerning self-assembly (Gabarayeva 1993) and
the micellar hypothesis (Gabarayeva and Hemsley 2006;
Hemsley and Gabarayeva 2007). It is probable that in
the case of Ambrosia such a mosaic, reticulate pre-
pattern exists on the plasma membrane which defines
the alternation of clusters of normal and reverse cylin-
drical micelles (Fig. 12e’, e^). The subsequent accumu-
lation of sporopollenin precursors, mainly on clusters of
reverse micelles, apparently gives rise to the reticulate
pattern of the tectum. The mid-tetrad stage glycocalyx
of Echinops and Tanacetum is based on similar hexag-
onal micellar mesophases, but in these taxa, the cylin-
drical micelles form a uniform layer.

Fig. 3 Young tetrad stage in Ambrosia trifida in progress. aA tetrad (Tet)
lying near the tapetum. b, c Borders of microspores. The glycocalyx
consists of radially oriented chains of spherical units (arrows) on the
plasma membrane. The site of the future aperture lacks the glycocalyx
(c, asterisk). d Oblique section through the border of a microspore (the

plasma membrane is not seen). Radially oriented elongated units, shown
in b, c, being cross sectioned (arrows), appear as circle units with dark
cores and light halos. Ca callose, MC microspore cytoplasm, PM plasma
membrane, Ta tapetum, Bars at 2 μm in a and at 0.5 μm in b, c
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In Farfugium japonicum (Compositae: Senecioneae),
Takahashi (1989) found the same sequence of phases: initial
discrete globular components, then rods, then string-like
probacula. This represents the familiar sequence of micellar
mesophases (string-like probacula are a typical transitional
mesophase between spherical and cylindrical micelles).
Comparable processes were documented in Gerbera
jamesonii (Compositae: Mutiseae) by Southworth (1983)
who observed dense probacula to be separated by a clear zone
from matrix fibrils. Southworth (1983), Fig. 6) corresponds
closely to cylindrical unit micelles with dark-contrasted core
and weak-contrasted halo, separated by fibrillary material, and

compares closely to those in Tanacetum (Gabarayeva et al.
2016, Fig. 4), in Echinops (Gabarayeva et al. 2018, Fig. 5),
and Ambrosia (Figs. 3 and 5).

The initial columellae (Fig. 12f), which appear beneath
the tectum, are also based on reverse cylindrical micelles
or their clusters (Fig. 12f’). Simultaneously, during the late
tetrad stage, fragments of the first white-line centered la-
mella appear at the plasma membrane (Fig. 12f), based
evidently on laminate micelles (Fig. 12f^). The latter in-
crease in number (Fig. 12g’) and give rise to several
white-lined endexine lamellae which, after sporopollenin
accumulation and compression, form the endexine layer
(Fig. 12g) in the free microspore period. Finally, the foot
layer appears the last on the outer surface of the endexine
(Fig. 12g). At dilations of the aperture sites, lamellae of
the endexine diverge and dissipate into rods and spherical
units/micelles (Fig. 12a’, h, h’); i.e., the sequence of mi-
celle mesophases at aperture sites returns to the initial
mesophase: spherical micelles.

The so-called Bintermixed endexine^ observed in
Ambrosia (Fig. 11a–c) was also found in a number of
species and is especially apparent in ontogenetic studies.
Larson (1966), in an early TEM study of the mature
pollen wall in Passiflora caerulea, concluded that in
this species, the ectexine is intermixed with the endex-
ine. A later developmental study of Passiflora racemosa
(Gabarayeva et al. 2013a) showed that granulate parts of
the endexine alternate with lamellate regions, the latter
appear as strings of beads rather than as typical lamel-
lae. The endexine of Illicium floridanum (Gabarayeva
and Grigorjeva 2003) and Swida alba (Gabarayeva and
Grigorjeva 2011) includes granules and lamellae which
are intermixed. In the Chamaedorea microspadix endex-
ine (Gabarayeva and Grigorjeva 2010), granules, situat-
ed under lamellae during the course of development, are
first arranged into strings (one form of micelles) and
later fuse into lamellae. In Plantago major, lamellae of
the endexine-1 are intermixed with granules of the
endexine-2 (Gabarayeva et al. 2017).

Additional, highly intricate and complex forms of
micellar structures not only appear in the periplasmic
space during the course of exine development but also
are often observed in the microspore and tapetum cyto-
plasm and in the anther loculus. The typical nematic
liquid crystal (where hydrophobic and hydrophilic layers
alternate each other) is observed in the periplasmodial
tapetum (Fig. 9b), as it was seen earlier in the tapetum
of Persea americana (Gabarayeva et al. 2010a). The
appearance of such structures is not surprising: these
formations appear through the interplay of purely

Fig. 4 Middle tetrad stage in Ambrosia trifida. Parietal secretory tapetum
and an adjacent tetrad of microspores. a Two tetrads, tightly pressed to
each other and to the tapetum in the anther loculus. A border between
them (arrowheads) is the remnants of spore mother cell envelope. b A
border of the tapetum with two nuclei and fragments of two tetrad micro-
spores. Tangentially sectioned portion of the microspore shows a reticu-
late pattern of the glycocalyx (arrow). c Magnified portion of a to show
details of a microspore and tapetum. Central section through the micro-
spore reveals the discontinuous glycocalyx (MG) and the continuous
tapetal glycocalyx (TG). Well-developed rough endoplasmic reticulum
(RER) in the tapetal cell synthesizes a substance, accumulates it in dila-
tions (asterisks), and discharges into the anther loculus (arrows). MC
microspore cytoplasm, N nucleus, Ta tapetum. Bars at 1 μm
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physical forces acting in any medium in which hydro-
philic and hydrophobic surface-active substances meet
each other. Liquid crystals were observed in A. trifida
in the tapetal cytoplasm when meiosis proceeds in mi-
crospore mother cells (Lersten and Curtis 1990): the
authors described them simply as crystals appearing as
white areas in optically anisotropic systems. Under a polariz-
ing microscope, the birefringence of liquid crystals gives rise
to a variety of beautiful, colored patterns. The German bota-
nist Reinitzer (1888) discovered the phenomenon of iridescent
colors more than a century ago. Sitte (1981) pointed out that
there are many well-studied examples of self-assembly as
a structure-generating principle. Liquid crystal systems
with rod-like molecules, which retain a degree of position-
al order (their molecules are lined up perpendicularly or
tilted on the long axis) and are well-ordered orientational-
ly, are called smectic phases. Nematic liquid crystals have
regular orientation (preferential alignment along one spatial
direction), but not positional order (their rod-like

molecules are not lined up perpendicularly or tilted on
the long axis—see for classification, e.g., Hemsley and
Gabarayeva 2007, Plate III, Fig. 11).

Blackmore and co-authors investigated pollen devel-
opment in Compositae using a SEM freeze-fracture
technique, providing a different perspective on the same
developmental events. Nevertheless, with some signifi-
cant differences, the results obtained confirm the same
sequence of events. In Cosmos bipinnatus, Blackmore
and Barnes (1985) described the deposition of a glyco-
calyx or primexine which displays a uniform granulari-
ty. Similar developmental sequences were described in
several members of the Compositae: Cichorieae includ-
ing Tragopogon porrifolius (Blackmore and Barnes
1987), Catananche caerulea (Blackmore and Barnes
1988) , and Scorzonera hispanica (Barnes and
Blackmore 1986).

It should be emphasized that the chemical composi-
tion of substances, their concentrations (specified by the

Fig. 5 Middle tetrad stage (a–c) and transition to the late tetrad stage (d)
in Ambrosia trifida. a–c The reticulate pattern of the glycocalyx (seen in
Fig. 4a, arrow) appears at radial sections as an interrupted layer of clusters
and gaps (arrowheads in a, G in c). Tangentional section shows clusters
as roundish units (b, arrowheads). d Transition to the late tetrad stage.
Initial primexine in the process of the differentiation at the late tetrad
stage. The interrupted layer (as plates) inside the glycocalyx (white

arrows) is the initial tectum, at the ends of which initial columellae,
oriented perpendicularly to the plasma membrane, which appear to
consist of lipid substance (black arrowheads). Simultaneously, small
fragments of the first endexine lamella appear at the plasma membrane
(black arrows). Note the gap between the plasma membrane and the
glycocalyx (asterisk). Bars at 0.5 μm in a–d
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genome), and the volume of the periplasmic space are
very changeab le , and co r r espond ing mice l l a r
mesophases can shift from one to another in either di-
rection. We consider that the developmental programs
which finely tune this variability are the basis for the
establishment of the complex exine architecture seen in
Asteraceae. Strong support for the micellar hypothesis
was provided by the experimental modeling of mature
exine-like structures (Hemsley et al. 1996, 1998;
Hemsley 1998; Griffiths and Hemsley 2001) and of a
number of simulations of exines at different develop-
mental stages (Gabarayeva and Grigorjeva 2013, 2016,
2017), carried out in vitro where physico-chemical reg-
ularities of colloidal systems (hydrophobic relationships)
were the variable factor.

Development of caveae

The mature ectexine of Asteraceae includes both caveate
(with a large space between the internal tectum and the
foot layer, sometimes traversed by a few slender colu-
mellae) and acaveate (in which larger columellae con-
nect the internal tectum and the foot layer) forms. In a

review of the terminology and function of caveate
pollen, Blackmore et al. (1984) suggested that such
spaces or gaps were potentially present during the tetrad
stage in all Asteraceae. At maturity, caveae would re-
main only in those taxa which do not develop an inner
layer of columellae. Their presence is strongly correlat-
ed with anemophily in Asteraceae such as Ambrosia and
Artemisia (Rowley and Dahl 1977).

The development of caveate pollen has been studied in
Cosmos bipinnatus (Dickinson and Potter 1976),
Helianthus annuus (Horner and Pearson 1978),
Leontodon autumnalis (El-Ghazaly 1982), and Scorzonera
hispanica and Scorzonera humilis (Blackmore and
Claugher 1987). In Ambrosia, starting as gaps at the late
tetrad stage, caveae increase in volume during the free
microspore period. The appearance of gaps at the late
microspore stage is apparently connected with cessation
of deposition of new glycocalyx material on the plasma
membrane, resulting in its detachment from the plasma-
lemma surface. The same events were reported in
Helianthus annuus (Horner and Pearson 1978, Figs. 24
and 25). We observed the same phenomenon in many
other species under our studies, e.g., in Acer tataricum

Fig. 6 Low-magnification images of the anther loculi at pre-tetrad and
tetrad stages. a Sporogenous cells (SC), surrounded by tapetal cells (Ta).
b Pollen mother cells (PMC) with initial callose depositions. Some are
connected with cytomictic channels. The parietal secretory tapetum

surrounds the PMC. c Mid tetrad stage. The tetrads (Tet) are surrounded
by parietal secretory tapetum. d Late tetrad stage. The microspores with
initial columellae and spines are surrounded by the parietal secretory
tapetal cells which still preserve their envelopes. Bars at 10 μm

N. Gabarayeva et al.



Fig. 8 Middle free microspore stage in Ambrosia trifida. a In the
interapertural regions, the endexine lamellae are pressed to each other
(arrow). The gap between the ectexine and the endexine is well
discernible (asterisks). b An aperture site shows that the endexine
lamellae (arrows) dissipate in the volume of the dilated periplasmic
space. c In the prim-ectexine (PE), young columellae, covered by portions

of the tectum (arrowheads), alternate with initial glycocalyx units,
consisting of radially oriented columns of spherical units (white arrows).
The endexine lamellae are seen by their white lines (black arrow). Ap
aperture site, IS initial spine, LG lipid globule, MC microspore cyto-
plasm, PTa periplasmodial tapetum. Bars at 0.5 μm

Fig. 7 Young free microspore stages in Ambrosia trifida. a, b
Columellate-tectate pattern of the primexine gradually appears more dis-
tinct. Young columellae, covered by protectum, are discernible (a,
arrowheads). Callose disintegrated. Fragments of the primordial endex-
ine lamella (a, arrows) with typical white lines become longer. Note that

the gap between the prime-ectexine and the developing endexine is in-
creased (a, asterisk). b Initial aperture (IAp) in the form of a bulb-like
dilation is the site where several endexine lamellae (arrows) appear as
thin fibrils (arrowheads). MC microspore cytoplasm, PEx primexine,
Bars at 0.5 μm
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pollen wall development where the early start of the de-
tachment of the glycocalyx from the plasma membrane
meant that after earlier determination of procolumellae po-
sition alongside the microspore surface, the contact of the
glycocalyx with the plasma membrane is not necessary
any more (Gabarayeva et al. 2010b).

Acaveate pollen development has been studied in
Gerbera jamesonii (Southworth 1983), Artemisia
vulgaris (Rowley and Dahl 1977), Tanacetum vulgare
(Gabarayeva et al. 2016), and Echinops exaltatus
(Grigorjeva and Gabarayeva 2018). In Artemisia
(Rowley et al. 1981), as well in Echinops and
Tanacetum, gaps appear at the end of the tetrad period,
but later, columellae are inserted within these gaps.

Hence, the appearance of gaps between columellae in
acaveate pollen is also connected with growth cessation
of the first glycocalyx generation and its detachment
from the plasma membrane. The following type of ex-
ines depends on further processes: gaps could be pre-
served in the mature pollen becoming caveae (the case
of Ambrosia), and they could be traversed by the later
formed columellae (the case of Tanacetum and
Echinops) or just disappear, being filled with the newly
formed exine structures (the case of Acer and many
other species). Therefore, the difference between the
caveate and acaveate pollen is not a clear-cut.

Aperture formation

It is well known that in the site of developing apertures,
the plasma membrane is completely lacking in glycocalyx
and remains in close contact with the SCW. We suggested
in our previous study on Echinops that the overall sym-
metry is imparted to the microspores during meiosis and
their surfaces are differentiated or patterned into structural
different areas (apertures and interapertural exine). The
isolation and investigation of the INP1 gene in
Arabidopsis by Dobritsa and Coerper (2012) demonstrat-
ed that aperture development is the result of the definition
o f d i s t i n c t c e l l u l a r d oma i n s b y t h e p r o t e i n
INAPERTURATE POLLEN1. In the brilliant recent paper
(Dobritsa et al. 2018), the authors have shown that in
developing pollen, Arabidopsis INAPERTURATE
POLLEN1 (INP1) protein acts as a marker for the pre-
aperture domains. INP1 assembly occurs after meiotic cy-
tokinesis at the interface between the plasma membrane
and the overlying callose wall. Callose deposition is nec-
essary for the formation of INP1-decorated domains on
the membrane surface. These data suggest that INP1 is a
late-acting factor involved in keeping specific membrane
domains next to the callose wall to prevent formation of
exine at these sites.

Tapetum

Two major classes of tapetum are recognized in the an-
thers of angiosperms: the secretory tapetum (also called
glandular, parietal, or cellular) with persistent cell walls
and the plasmodial tapetum (invasive or amoeboid), the
cells walls of which break down during microspore devel-
opment. The two major classes can themselves be
subdivided on the basis of various criteria (Pacini et al.
1985; Pacini and Franchi 1991; Kamelina 1988; Barnes
and Blackmore 1992; Hesse and Hess 1993).

Fig. 9 Late free microspore stage in Ambrosia trifida. a Vast caveae
(Cav), appearing on the sites of gaps, are present between the ectexine
and endexine. An overview of the anther loculus with microspores, filled
with plasmodial tapetum (PTa). Ectexine (Ect) with spines is separated
from the endexine (arrows) by vast gaps (Gap). Some large striated struc-
ture occupies the central part of the anther loculus (restricted by
arrowheads). bMagnified portion of striate structure, shown in a, reveals
typical nematic liquid crystals in the periplasmodial tapetum
(arrowheads). c The foot layer (FL) appears on the endexine (End); the
latter consists of several lamellae, discernible by their white lines. Bars at
1 μm in a and at 0.5 μm in b, c
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The more data accumulate on the behavior of tapeta at
different stages of development, the more blurred the bor-
ders between the main types become. Tapetum manifests a
considerable range of modifications (Pacini and Juniper
1983; Pacini and Franchi 1991). Pacini and Keijer
(1989) reported about a special tapetum type—intrusive
non-periplasmodial—in Cichorium intybus (Asteraceae)
whereas Varotto et al. (1996) termed the tapetum of
Cichorium intybus ameboid, though in the tetrad period,
it maintains both its parietal position and its plasma mem-
branes. A number of authors interpret tapetum as a dy-
namic system which is capable to return, at least once,
from cellular to plasmodial and back to cellular state
(Willemse 1971; Walles and Rowley 1982; Rowley and
Walles 1985; El-Ghazaly and Nilsson 1991), and even do
this thrice (cyclic-invasive type) in Nymphaea colorata

(Rowley et al. 1992). Our previous (Gabarayeva 1997,
2000) and other authors’ (Taylor et al. 2012, 2013,
2015) data underscore the developmental lability in pollen
wall formation—pollen characters and tapetum behavior.

Our data on Ambrosia show that the tapetum is clearly
parietal and preserves its position and cellular envelopes
until the late free microspore stage. At the latter stage, it
undergoes reorganization into a plasmodium, engulfing
microspores. Until the late free microspore stage, the
tapetal cells have distinct radial, inner (locular), and outer
tangential walls. These data coincide with an earlier LM
study on Ambrosia trifida tapetum development by
Lersten and Curtis (1990); the authors, however, named
this type of tapetum as invasive—in spite of the fact that
typical invasive (amoeboid) tapetum reorganizes into a
plasmodium at the early tetrad stage (Pacini and Juniper

Fig. 10 Late free microspore stage in Ambrosia trifida. a A median
section through a microspore to show huge caveae between the ectexine
and endexine. The whole ectexine is attached to the endexine via the foot
layer only at several points (arrows). The endexine is rather thick
(asterisk). b, c Not a central (b) and a crust (c) sections through
microspores show circular images of the cross-sectioned columellae,
spines, and tectum with foraminae (arrowheads). The ectexine almost

Bhangs in a thin air .̂ dMagnified fragments of the interapertural region.
The foot layer is thin (asterisk) in comparison with the white-lined end-
exine (End). Very thin connections between columellae and the foot layer
(arrows). Plasmodial tapetum (PTa) surrounds microspores. Ap aperture
site, Cav cavea, Ect ectexine, MC microspore cytoplasm, N nucleus, S
spine. Bars at 1 μm
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1983). Taking into consideration all the citing examples,
the current terminological system of tapetal types is
self-contradictory. This is why we just report that the
tapetum in Ambrosia is the secretory parietal (cellular)
during the tetrad stage and at the young free microspore
stage, with reorganization into a plasmodium at the mid-
dle or late free microspore stage.

Conclusions

1. Tracing of the complete sequence of processes lead-
ing to emergence of the complex exine in Ambrosia
trifida has shown that the tetrad stage is crucial for

the pattern determination because the most important
preparatory events, defining the future exine struc-
ture, proceed within it.

2. The analysis of the ontogenetic sequence in
A. trifida with that of other Asteraceae and remote
taxa has shown the same sequence of the main
stages.

3. The comparison of the sequence of developmental stages
in A. trifida with the sequence of micellar self-assembly
mesophases has revealed morphotemporal similarity of
both sequences, emphasizing by this the probable role of
micelle self-assembly processes in sporoderm develop-
ment. The same regularities have been observed earlier
in other Asteraceae and in many remote taxa.

Fig. 11 Late free microspore stage in Ambrosia trifida. a Interapertural
site. The appearance of small granules on the plasma membrane
(arrowheads). b A margin of an aperture. At margins, columellae (Co)
are safely attached to the foot layer/endexine complex (asterisks).
Granules are evident between the endexine lamellae (arrowheads). c At
the aperture dilation of the periplasmic space, the endexine lamellae are
dissipated (arrows) in supporting liquid (SL) into fragments of different

forms—unlike the interapertural regions (d) where all lamellae are sol-
dered with each other and recognizable by their white lines only. Asterisk
in d marks the site of connection between columellae and the foot layer-
endexine. e This oblique section through an aperture site clearly demon-
strates a laminate nature of the endexine lamellae. Note the interrupted
tectum at the aperture margin. Ap aperture site, Ect ectexine, End endex-
ine, FL foot layer, MC microspore cytoplasm, T tectum. Bars at 0.5 μm
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4. The caveae development in A. trifida and in other caveate
species is connected with growth cessation of the first
glycocalyx generation and its detachment from the plasma
membrane.

5. Tracing the tapetum development has shown that it is
clearly parietal and preserves its position and envelopes
until the late free microspore stage, with subsequent reor-
ganization into a plasmodium.

Fig. 12 Semi-schematic summary of the main developmental stages of
the exine in Ambrosia trifida (left column) and an interpretation of the
micellar processes involved (right column). The tetrad period. a Part of
Fig. 1d. Spherical units (arrowheads) on the microspore plasma
membrane at early tetrad stage: these units are the first micellar
mesophase (a’) of the self-assembling sequence—reverse spherical mi-
celles (the right arrowhead in Fig. 1d shows a typical reverse micelle with
denticulate surface, corresponding to protruding hydrophobic tails of sur-
factant molecules). b Part of Fig. 1f. Separate spherical units on the
plasma membrane gradually rearrange into columns (arrowheads) and
rod-like (arrows) micelles (b’). c Part of Fig. 2b. Clusters of spherical
micelles, arranged into columns (transitional mesophase) on the plasma
membrane, are transitional mesophase—columns of normal spherical mi-
celles (c’). d Part of Fig. 3b. The microspore glycocalyx (arrowheads)
comprises cylindrical (rod-like) reverse micelles or their clusters (d’). e
Part of Fig. 5a. The hexagonal glycocalyx pattern (shown in radial

section) as the middle micelle mesophase with alternation of clusters of
tightly packed reverse micelles (e’) and clusters of normal micelles (e^).
Apparently sporopollenin precursors accumulate on clusters of reverse
micelles, with their hydrophobic surfaces. f Free microspore period.
Part of Fig. 7c. Young free microspore stage. The appearance of young
columellae (arrowheads) as the result of further accumulation of sporo-
pollenin precursors on clusters of reverse micelles (f’). Simultaneously,
fragments of laminate micelle (of the next micellar mesophase, f^) accu-
mulate sporopollenin, giving rise to the first endexine lamella (f, arrows).
g Late free microspore stage. Part of Fig. 9a. Mature exine of a pollen
grain. The endexine (asterisk) is based on several laminate micelles (g’)
which, after sporopollenin accumulation, are soldered with each other. h
An aperture sire. The endexine lamellae, based on laminate micelles (h’),
are dissipated in the region of oncus into spherical units (asterisk) which
are spherical micelles (a’), having accumulated sporopollenin
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