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Abstract In the present study, microsporogenesis, mi-
crogametogenesis and pollen wall ontogeny in Campsis
radicans (L.) Seem. were studied from sporogenous cell
stage to mature pollen using transmission electron
microscopy. To observe the ultrastructural changes that
occur in sporogenous cells, microspores and pollen through
progressive developmental stages, anthers at different
stages of development were fixed and embedded in Aral-
dite. Microspore and pollen development in C. radicans
follows the basic scheme in angiosperms. Microsporocytes
secrete callose wall before meiotic division. Meiocytes
undergo meiosis and simultaneous cytokinesis which result
in the formation of tetrads mostly with a tetrahedral
arrangement. After the development of free and vacuolated
microspores, respectively, first mitotic division occurs and
two-celled pollen grain is produced. Pollen grains are shed
from the anther at two-celled stage. Pollen wall formation
in C. radicans starts at tetrad stage by the formation of
exine template called primexine. By the accumulation of
electron dense material, produced by microspore, in the
special places of the primexine, first of all protectum then
columellae of exine elements are formed on the reticulate-
patterned plasma membrane. After free microspore stage,
exine development is completed by the addition of sporo-
pollenin from tapetum. Formation of intine layer of pollen
wall starts at the late vacuolated stage of pollen develop-
ment and continue through the bicellular pollen stage.
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Introduction

Male gametophyte is produced in the pollen sacs of the
anther by two successive developmental phases, micro-
sporogenesis and microgametogenesis. Microsporogenesis
includes the series of progressive developmental stages
from sporogenous cells to haploid unicellular microspores.
During microsporogenesis, the diploid sporogenous cells
differentiate as microspore mother cells (meiocytes) which
undergo meiotic division to form four haploid microspores
(tetrad) enclosed by the callose envelope. By the release of
microspores from the callose envelope, microsporogenesis
is completed and microgametogenesis, which gives rise to
mature microgametophytes from one celled microspores
starts.

Studies on pollen ontogeny make significant contribu-
tions to the taxonomic and phylogenetic studies and
understanding of the reproductive biology of the seed
plants. For this reason, numerous cytochemical and ultra-
structural studies on pollen development (microsporogen-
esis and microgametogenesis) have been carried out in
angiosperms (Polowick and Sawhney 1992; Hess 1993;
Owen and Makaroff 1995; Rosenfeldt and Galati 2005; Liu
et al. 2012; Galati et al. 2012; Gotelli et al. 2012). How-
ever, in Bignoniaceae these studies are limited (Mehra and
Kulkarni 1985; Galati and Strittmatter 1999; Bittencourt
and Mariath 2002) and so far, no ultrastructural studies on
the pollen ontogeny of genus Campsis have been pub-
lished. Therefore, in the present study series of ultrastruc-
tural changes, which lead to the development of bicellular
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pollen grain from sporogenous cells in the anther tissue of
Campsis radicans, were investigated. Since pollen wall
architecture varies among different species of plants and it
has taxonomic value, microsporogenesis and microga-
metogenesis in Campsis radicans were examined with a
special attention to the sporoderm (pollen wall)
development.

Although ultrastructure of microsporogenesis and mi-
crogametogenesis in C. radicans is being reported for the
first time in the present study, a few morphological and
ontogenic studies have been carried out on its pollen grains
and anther formerly. Previous morphological and ontoge-
netic studies made on C. radicans anther have revealed that
(1) it has spheroidal 3-colpate pollen grains with reticulate
ornamentation and semi-tectate tectum (Halbritter 2000;
Tiitlinct et al. 2007), (2) microspore cytoplasm contains
variable amounts of proteins, lipids, and insoluble carbo-
hydrates at different stages of pollen development
(Tiitlinci Konyar and Dane 2013a), (3) its anthers are tet-
rasporangiate. The wall of the young anther consists of
epidermis, endothecium, middle layer and the secretory
type tapetum with Ubisch bodies. (Tiitiincii Konyar and
Dane 2013b), (4) distribution of carbohydrates, lipids, and
proteins in the anther tissue changes regularly depending
on the physiological activities such as differentiation, cell
division, callose breakdown, and material synthesis that
takes place during pollen development (Tiitiincii Konyar
et al. 2013).

Materials and methods

Fresh flower buds of different sizes and at different stages
of development were collected from C. radicans plants
found as ornamental plants in parks and gardens of Edirne
in European Turkey.

Following the dissection from the buds, anthers
belonging to successive developmental stages (from 1 up to
7 mm in length) were measured and classified into groups
according to their length related to the pollen development
stage (Table 1). Their stage of development had been
determined before by examining paraffin-embedded sec-
tions stained with Alcian blue and Nuclear fast red under a
light microscope (LM) (Tiitiincii Konyar and Dane 2013Db).

For transmission electron microscopy (TEM) studies,
the anthers were prefixed immediately in 3 % glutaralde-
hyde in Sorensen’s buffer (pH 7.4) for 4 h at 4 °C and
rinsed in Sorensen’s buffer three times. After postfixation
with 1 % osmium tetroxide in the same buffer (pH 7.4) for
2 h (at room temperature), the anthers were dehydrated in a
series of increasing concentrations of ethanol in water and
were embedded in Araldite according to the usual method
of electron microscopy (Glauert and Glauert 1958).
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Table 1 Correlation between anther size and developmental stage of
microspores of Campsis radicans (Tiitiincti Konyar and Dane 2013b)

Anther length (mm)  Pollen developmental stage

1 Undifferentiated anther

1.5 Sporogenous cell stage

2-3 Microspore mother cell stage

3 Meiotic divisions of microspore mother cells
3.5-4 Tetrad stage

4.5-5 Free microspore stage

5.5-6 Vacuolated microspore stage

7 Two-celled pollen (mature pollen)

Ultrathin sections (50-120 nm) were cut from the Araldite
embedded material with a Leica Em UC6 ultramicrotome
and stained with uranyl acetate and lead citrate. Electron
micrographs were taken with a FEI Tecnai G2 (120 kv)
transmission electron microscope.

Terminology

The terminology of the different exine layer of C. radicans
was defined according to Hesse et al. (2009).

Results

Although microsporogenesis and microgametogenesis are a
continuous process, to describe the events taking place
during the pollen ontogeny in C. radicans clearly, the
process was classified into six developmental stages as
sporogenous cell, pollen mother cell, tetrad, free micro-
spore, vacuolated microspore, and bicellular pollen stages.
The developmental stages are synchronized in the mi-
crosporangia of the same anther.

Sporogenous cell stage

Sporogenous tissue stage has been determined in anthers
1-1.5 mm in length. Mostly, two longitudinal rows of spo-
rogenous cells that completely fill the locular space were
observed in the crescent-shaped anther locule. Sporogenous
tissue had slightly polygonal cells with large centrally
located nuclei and prominent nucleoli (Figs. la, c, 2a).
Sporogenous cells were surrounded by thin cell walls having
plasmodesmata. As reported earlier (Tiitiincti Konyar et al.
2013), cytoplasm of the sporogenous cells were poor in
insoluble polysaccharides, protein, and lipid bodies. Fur-
thermore, numerous mitochondria and a few vacuoles were
observed in the cytoplasm (Figs. la—c, 2). Sporogenous
cells increased in number by mitotic divisions.
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Fig. 1 TEM micrographs of
section through a single anther
locule showing sporogenous
tissue and initially differentiated
tapetal cell in 1-mm length
anther. a—c Ultra structure of
sporogenous cells. Arrow shows
the plasmodesma between
adjacent sporogenous cells.

d Ultra structure of inner tapetal
cell. Arrows show the
plasmodesmata between the
tapetal cell and sporogenous
cell. (CW cell wall, iTa inner
tapetum, N nucleus, Nu
nucleolus, Spc sporogenous cell,
V vacuole)

During the early sporogenous cell stage, anther wall was
undifferentiated. However, as development proceeds, it
completed its differentiation and outer tapetum having
large vacuole and one or two nucleus were observed
(Fig. 2b). Tapetal cells were also connected to each other
and to the microsporocytes by plasmodesmata.

Microspore mother cell stage

Anthers in the microspore mother cell (MMC) stage range
in length from 2 to 3 mm. At early premeiotic stage
(2.5 mm anther), MMC:s still had a centrally located large
nucleus and were connected to each other and to the tapetal
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Fig. 2 TEM micrographs of transverse section through a single
anther locule showing sporogenous tissue and initially differentiated
tapetal cell in 1.5-mm length anther. a, b Ultrastructure of

cells by plasmodesmata (Fig. 3a—c). Subsequent to accu-
mulation of callose around the MMCs, plasmodesmata
were replaced by the large cytoplasmic channels, whereas
tapetal cells were connected to each other by their original
plasmodesmata. At premeiotic stage, numerous plastids
(containing starch), mitochondria, and small vacuoles were
observed throughout the microsporocyte cytoplasm
(Fig. 4). The amount of reserve materials (polysaccharides,
lipids and proteins) in microsporocyte cytoplasm had
increased compared with the previous stage (observed in
semi-thin sections; data is not shown). At meiotic stage, the
meiocytes increased in volume and rounded. They lost their
polygonal shape (Fig. 5), and were surrounded by thick
callose wall.

Tetrad stage

At the end of meiotic division, numerous tetrads with tet-
rahedral arrangement (Fig. 6a) and a few tetrads with
isobilateral arrangement were formed by simultaneous
cytokinesis. Each tetrad had four haploid microspores and
was surrounded by a thick asymmetrical callose wall.
Numerous mitochondria, plastids with internal membranes,
lipid globules, Golgi vesicles small vacuoles, and endo-
plasmic reticulum of the rough type were observed in the
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sporogenous tissue and tapetal cells. (N nucleus, Nu nucleolus, Spc
sporogenous cell, Ta tapetal cell, V vacuole)

dense cytoplasm of microspores (Fig. 6a—d). Vacuoles
were observed usually near the plasmalemma (Fig. 7b, d).
Fibrillar matrix called primexine started to develop
between the plasmalemma and callose wall surrounding the
each tetrad (Figs. 6, 7).

Exine formation

Pollen wall formation in C. radicans started at tetrad stage
by the formation of exine template called primexine. At
early tetrad stage the plasmalemma, which surrounded the
each microspore in a tetrad, was flat and was in contact
with the wall enclosing the microspore. However, later it
drew away from the callose wall, undulated and its surface
became irregular. Undulations were observed at the whole
region of the microspores except aperture regions (Fig. 6b,
c). Subsequently, by the accumulation of substances
between plasmalemma and callose wall surrounding the
tetrad, fibrillar matrix called primexine was formed
(Fig. 7a). Primexine served as the exine template during
the pollen wall development. Deposition of electron dense
material at the special sites within the reticulate pattern of
the exine template caused the formation of protectum, on
the protruding site of the invaginated plasmalemma. Sub-
sequently, procolumellae, in the form of colons extending
from the fibrillar material embedded in the lower part of
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Fig. 3 TEM micrographs of transverse section through anther
showing microspore mother cells and tapetal cells at early microspore
mother cell stage of microsporogenesis (in 2-mm length anther). a,
b Ultrastructure of microspore mother cells. ¢ Plasmodesmata (arrow)

the plasmalemma to the protectum, were observed (Figs. 6,
7). During the building of exine, many small vesicles and
vacuoles were seen near the plasmalemma. Some vesicles
were in close contact with the plasmalemma (Fig. 7b, d).

between tapetal cell and microspore mother cell. d Ultrastructure of
outer tapetal cell. (M Mitochondrion, MMC microspore mother cell,
N nucleus, Nu nucleolus, Ta tapetal cell, V vacuole)

Tapetum

Tapetal cytoplasm was dense and rich in plastids, mito-
chondria, lipid globules, and dictyosomes (Fig. 8a, b).
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Fig. 4 TEM micrographs of microspore mother cells at premeiotic
stage of microsporogenesis. a, b General view of microspore mother
cells. ¢, d Details of the cytoplasm of microspore mother cells. Note

Compared with the previous stage, rough endoplasmic
reticulum was more numerous and prominent. The endo-
plasmic reticulum cisternae were distributed through the
cytoplasm of tapetal cells in the form of dense, thick rows
(Fig. 8c). Tapetal cells had one or two polarized nuclei
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the numerous plastids and mitochondria in the cytoplasm. (A amylo-
plast, M Mitochondrion, MMC microspore mother cell, N nucleus, Nu
nucleolus, P plastid, Ta tapetum, V vacuole)

(Fig. 8a). Most of the tapetal cells had one centrally located
large vacuole, while others had a few small vacuoles. As
reported earlier (Tiitiincii Konyar and Dane 2013b), pro-
orbicules (Pro-Ubisch bodies) were observed on the inner
tangential walls of tapetal cells.
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Fig. 5 Microspore mother cells at meiotic stage of microsporogenesis. Note that the cytoplasm of the microspore mother cells is very dense and
there are cytoplasmic connections (arrows) between them. (CW cell wall, MMC microspore mother cell, N nucleus, Nu nucleolus)

Free microspore stage
Microspore

Following the dissolution of the callose envelope that holds
the four microspores together at tetrad stage, microspores
became free in the anther locule. The amount of fibrillar
material present throughout the locules had increased at this
stage (Fig. 9a); at early free microspore stage, microspores

were small, wrinkled and somewhat angular in shape, but later
they swell and became more rounded. Most of the microspores
had a conspicuous nucleus that was located at the center or near
the plasmalemma (Fig. 9e, f). Numerous mitochondria, plas-
tids (with or without starch), Golgi vesicles, large osmiophilic
globules, were observed in the microspore cytoplasm
(Figs. 9a—f, 10a, b). However, reserve substances were scarce
in microscopes at this stage. Ubisch bodies were observed on
the inner tangential walls of tapetal cells (Fig. 10b—d).
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Fig. 6 TEM micrographs of
microspores at tetrad stage of
microsporogenesis. a General
view of the tetrad in tetrahedral
arrangement. b Ultrastructure of
single microspore in a tetrad.

¢ Ultrastructure of cytoplasm of
microspore. There are numerous
Golgi vesicles (arrows) in the
cytoplasm. d Details of
microspore cytoplasm and
primexine. Note that the
cytoplasm is very dense and
there are many plastids with
internal membranes (arrows).
(Ap aperture region, Ca callose,
L lipid body, Mi microspore,

N nucleus, Nu nucleolus, Pr
primexine, V vacuole)

LI

Sporoderm

Exine construction, which began at the tetrad stage, progressed
through the free microspore stage by addition of sporopollenin
from tapetum to primexine. Both the ektexine and endexine
were formed at this stage of development. Although the ek-
texine could be distinguished easily from the endexine layer in
PAS staining (see Tiitlincii Konyar and Dane 2013a) they were
hardly distinguishable in TEM micrographs (Fig. 9).
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Vacuolated microspore
Microspore and sporoderm

Many mitochondria were observed in the microspore cyto-
plasm (Fig. 11a—d). Big vacuole, which was formed by the
joining of small vacuoles pushed the nucleus and a part of the
cytoplasm towards the one side of the cell. Furthermore,
intine layer started to build between endexine and plasma
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Fig. 7 Ultrastructure of microspore cytoplasm and sporoderm con-
struction in tetrad stage of microsporogenesis. a Primexine deposition
against the callosic envelope. b—d Formation of protectum and

membrane (Fig. 11c, d). Exine layer of microspore had the
same electron density with Ubisch bodies.

At late vacuolated microspore stage, big vacuoles were
divided by a pinching-in of the tonoplast (Fig. 11a).

procolumellae. (Ca callose, ER endoplasmic reticulum of rough type,
Gv golgi vesicles, L lipid, Mi microspore, P plastid, Pc procolumel-
lae, Pm plasma membrane, Pr primexine, Pt protectum, V vacuole)

Fragmentation of large vacuoles into smaller vacuoles was
followed by the mitotic division and asymmetrical cyto-
kinesis which lead to the formation of binucleated pollen
grains (Fig. 12a).
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Fig. 8 a—-d Ultrastructure of tapetal cells at tetrad stage of micro-
sporogenesis. a, b Cytoplasm of the tapetal cells is very dense and
contains numerous plastids and mitochondria. Note the plasmodesma
(arrow) between adjacent tapetal cells. ¢ Note the endoplasmic

Tapetum

Since autolysis had started in the tapetum, only the rem-
nants of the tapetum could be seen and nucleoli were
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reticulum of rough type extending through the tapetal cytoplasm. (ER
endoplasmic reticulum of rough type, M mitochondrion, N nucleus,
P plastid, Ta tapetal cell)

observed only in some tapetal cells. In addition to these,
many vesicles with osmiophilic contents were observed in
tapetal cells (Fig. 12c, d). As reported earlier (Tiitlincii
Konyar and Dane 2013b), during the maturation of
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Fig. 9 Ultrastructure of microspores at free microspore stage of
development. a Polar view of a microspore. b Details of the
microspore cytoplasm. Note the numerous plastids and mitochondria
in the cytoplasm. ¢, d Details of pollen wall development and
microspore cytoplasm. Note the single white line (arrows) below

orbicules (Ubisch bodies), pro-orbicules found in them
disappeared leaving small cavities with irregular shapes
(Fig. 12c, d). Some materials were secreted from tapetal
cells into anther locule. However, amount of fibrillar
material in the anther locule was less than the previous
stage.

which the endexine develops. e, f Polar view of microspores showing
the large nucleus in their cytoplasm. Note the numerous mitochondria
surrounding the nucleus in f. (A amyloplast, Ap aperture region, Ekt
ektexine, L lipid body, M mitochondrion, Mi microspore, N nucleus,
Nu nucleolus, P plastid)

Bicellular pollen stage
Cytoplasm of bicellular pollen

In the two-celled pollen grain, which was produced by the
asymmetric mitotic division, a lens-shaped generative cell
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Fig. 10 TEM micrographs of transverse sections through anthers of
C. radicans at free microspore stage. a, b Free microspore and parts
of the tapetal cells. Note the Ubisch bodies on the inner tangential

was located near the side of the pollen grain adjacent to the
vegetative cell. At the early bicellular pollen stage, the wall
that surrounds the generative cell was attached to the intine
layer (Fig. 12a), but later it detached from the intine and
moved in the vegetative cell cytoplasm towards the
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wall of the tapetal cells. ¢ Details of the cytoplasm of the tapetal cell.
d General view of the tapetal cell. (Di dictyosome, Mi microspore, Sp
spherosome, Ta tapetal cell, Ub ubisch body, V vacuole)

generative nucleus (Fig. 12b). Cytoplasm of vegetative cell
was very dense. Numerous starch granules, small vacuoles,
lipid bodies were observed in the cytoplasm (Fig. 13a—c).

Tapetal cells had degenerated completely, and sporo-
pollenin-like  tapetal membrane was formed and
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Fig. 11 TEM micrographs of vacuolated microspores. a Polar view
of microspore. Note that vacuole is dividing by a pinching-in of the
tonoplast (arrow). b Magnified view of a part of the a. ¢, d Ultra
structure of the microspore cytoplasm and sporoderm at late

surrounded the anther locule thoroughly. Ubisch bodies
were observed on tapetal membrane next to the tangential
wall of the endothecial cells.

Sporoderm

At the bicellular pollen stage, exine building was com-
pleted (Fig. 13a—d). However, intine construction contin-
ued by the addition of materials from the vesicles which
were produced by the microspore (Fig. 13c). It was
observed that, at aperture region, intine protruded towards

vacuolated microspore stage. Note the remnants of primexine
between columellae (arrow). (Co columellae, Ex exine, In intine,
Mi microspore, Mv multivesicular body, Tec tectum, V vacuole)

the cytoplasm and its thickness was twice as much of the
non-aperture region (Fig. 13e, f).

Discussion

A study of the microsporogenesis and microgametogenesis
in C. radicans showed that microspore and pollen devel-
opment in C. radicans can substantially be considered as
normal. Sporogenous cells are surrounded by thin cell
walls having plasmodesmata, and prior to the
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Fig. 12 TEM micrographs of transverse sections through anther of C.
radicans at late vacuolated microspore stage and early bicellular
pollen stage. a A portion of the vacuolated microspore just after the
first mitosis showing newly formed generative cell attached to intine
layer. b A portion of the microspore showing generative cell moving

differentiation into microspore mother cells, they increase
their number by mitotic divisions.

Microsporocytes secrete callose wall which causes the
sealing of plasmodesmata. Now microsporocytes are con-
nected to each other by large cytoplasmic channels. Fol-
lowing meiotic division, tetrahedral and rarely isobilateral

@ Springer

towards the center of the vegetative cell. ¢, d Degenerating tapetal
cells. (Gc generative cell, Gn generative nucleus, Mi microspore,
N nucleus, Nu nucleolus, Ta tapetum, V vacuole, Ve vesicle, Ub
ubisch body)

tetrads are formed by simultaneous cytokinesis. After
released from the tetrad, free microspores starts to develop,
and subsequent to first mitotic division mature bicellular
pollen grains are produced. As in most angiosperms and
other members of the Bignoniaceae such as Tabebuia Pul-
cherrima (Bittencourt and Mariath 2002) and Jacaranda
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Fig. 13 TEM micrographs of the two-celled pollen grain of C.
radicans. a Polar view of two-celled pollen. b, ¢ Details of cytoplasm
and pollen wall. Note that intine synthesis is still proceeding in
c. d Details of sporoderm (pollen wall). e, f Details of the intine layer.

Mimosifolia (Galati and Strittmatter 1999), in C. radicans
pollen grains are shed from anther at two-celled stage.
According to Rowley (1993), tapetal cells undergo
cycles of hyperactivity during their development that can
be detected from the changes taking place in their structure
and secretory activity. In the tapetal cells of C. radicans
anther, two hyperactive periods, tetrad and vacuolated
microspore stages, have also been determined that coincide
with the building and maturation of the exine. During these
periods, fibrillar material in the anther locule increases
indicating the transfer of fibrillar materials, vesicles, and
lipids from the tapetal cells to the developing pollen.

Note that thickness of the intine in aperture region is twice of the non-
aperture region. (Ap aperture region, Co columellae, En endexine, Ex
exine, In intine, S starch, Tec tectum)

Ontogeny of pollen wall (Sporoderm)

Until today, various models about the origin of exine
template have been suggested by many authors including
Heslop-Harrison (1963), Hideux (1981), Sheldon and
Dickinson (1983, 1986), Dunbar and Rowley (1984),
Dickinson and Sheldon (1986), Takahashi (1986, 1989,
1994), and Takahashi and Kouchi (1988). These studies
have confirmed the idea that pollen wall template is
determined during meiosis or just after the meiosis; how-
ever, agreement has not been reached on the initial process
of exine template formation. From the developmental
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perspective, three main views on the exine pattern forma-
tion have been proposed. One suggests that exine pattern is
determined by the primexine, which is deposited within the
invaginated plasma membrane and callose wall. According
to primexine model (Heslop-Harrison 1963), exine forma-
tion starts with the appearance of probacules in the
primexine matrix. The other view asserts that plasma
membrane—associated compound, glycocalyx, determines
the initial exine pattern (Rowley and Skvarla 1975; Rowley
and Dahl 1977; Rowley 1990). Another view with different
perspective proposes that the exine pattern is determined
by invagination of the microspore plasma membrane at the
early tetrad stage (Takahashi 1989, 1993, 1994; Takahashi
and Skvarla 1991a, b, and protectum is formed directly on
the plasma membrane before the primexine matrix and
probacule formation (Takahashi and Kouchi 1988; Ta-
kahashi 1989). Therefore, plasma membrane rather than
the primexine is responsible from the determination of
exine pattern.

Although many authors have agreed upon the forma-
tion of primexine, there are different ideas about the
sequence of events which leads to the conversion of
primexine into exine through sporopollenin accumulation
in different taxa. In other words, there is confliction about
the order in which the earliest components of exine occur.
Hideux (1981) has suggested three distinct sequences in
which components of exine are formed before the deg-
radation of the callose wall. (1) Bacules are formed first
with varying amounts of tectum, and the foot layer; (2)
tectum and some parts of the bacules are formed; and (3)
only tectum is formed.

Whilst Heslop-Harrison (1963), Fernandez and Rodri-
guez-Garcia (1988) and EIl-Ghazaly et al.(2001) have
suggested that exine formation starts with the appearance
of probacules in the primexine matrix, Dunbar and Rowley
(1984) have reported in Betula that only the protectum
component of exine is present until after the tetrad period.
Results that are similar to exine development in Betula
(Dunbar and Rowley1984) have been reported by Liu and
Huang (2003) for exine initiation in Dumasia miaoliensis.
Liu and Huang (2003) have pointed out that, the protectum
is formed on the protruding site of the invaginated plasma
membrane and after that the probacules are formed under
the protectum. In addition, Romero et al. (2003) have
declared in Hypecoum imberbe that protectum is the first
exine element appeared in the primexine matrix.

Recent studies on exine development (Gabarayeva and
Grigorjeva 2010; Blackmore et al. 2010; Gabarayeva et al.
2011) have been made to confirm the earlier hypothesis
(Gabarayeva and Hemsley 2006; Hemsley and Gabarayeva
2007), which have put forward the idea that there is a
considerable input of micelle self-assembly processes in
sporoderm development of any species.
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In the present study, the initial process of exine pattern
formation in C. radicans starts with the undulation of
microspore plasma membrane which is followed by the
primexine formation, and protectum is the first exine
component deposited in the fibrillar primexine matrix.
Small vesicles and vacuoles that are in close contact with
the plasmalemma (Fig. 7b, d) at the tetrad stage indicates
the fact that materials deposited in the special sites of
primexine are produced by microspore. Furthermore,
amount of fibrillar material which secreted from tapetal
cells was high in anther locule at free microspore stage, but
when the exine formation was completed fibrillar material
disappeared in the anther locule. This situation denotes that
fibrillar material could be used during exine construction.

Foot layer and endexine

The thickness of the foot layer is approximately half of the
endexine. Since the foot layer has the same electron density
with the endexine, in TEM micrographs it can only be
distinguished when single, indistinct, and discontinuous
white line indicating the initial deposition of endexine
forms below it (Fig. 9c, d). However, in PAS staining foot
layer could easily be distinguished from the endexine layer
(Observed in semi-thin sections. Data is not shown here).

The difficulty in distinguishing between the foot layer
and the endexine using conventional TEM techniques is
not exclusive to C. radicans; it has also been reported in
other angiosperms such as Nelumbo (Kreunen and Osborn
1999), Rondeletia odorata (El-Ghazaly et al. 2001) and
Hypecoum imberbe (Romero et al. 2003).

In most angiosperms including Olea europaea (Fer-
nandez and Rodriguez-Garcia 1988), Lycopersicon escu-
lentum (Fernandez et al. 1992), Epilobium and Poinciana
(Rowley 1995), Nelumbo (Kreunen and Osborn 1999),
Artemisia vulgaris (Rowley et al. 1999) and Rondeletia
odorata (El-Ghazaly et al. 2001) lamellated endexine is
reported during its development. However in C. radicans
endexine is not lamellated and it breaks into separate units
as reported in Hypecoum imberbe (Romero et al. 2003).
According to some authors (Blackmore and Barnes 1986;
Suarez-Cervera and Seoane-Camba 1986; Fernandez et al.
1992; Suarez-Cervera et al. (2001); Romero et al. 2003),
this discontinuous structure of endexine facilitates its role
in harmomegathy.

Intine

Intine development shows variations among different spe-
cies, especially in the number of strata it contains. In some
species such as Anigozanthus viridi (Rowley and Rowley
1996), Nelumbo Ilutea (Kreunen and Osborn 1999),
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Hypecoum imberbe (Romero et al. 2003), and Tarenna
gracilipes (Vinckier and Smets 2005), two strata have been
reported. On the other hand, three strata have been stated in
Poaceae (Marquez et al. 1997a, b) and Euphorbiaceae
(Suarez-Cervera et al. 2001). Furthermore, a single
homogeneous stratum has been described in Olea europaea
(Fernandez and Rodriguez-Garcia 1988) and Lycopersicon
esculentum (Fernandez et al. 1992). In the present study,
TEM observations of mature pollen wall of C. radicans did
not reveal the presence and absence of some strata in the
intine layer; however, in semi-thin sections it seems to
have two strata (data is not shown here).

Although it has reported in most taxa that the initiation
of the intine occurs after microspore mitosis (Blackmore
and Barnes 1990), in C. radicans it has occurred at the late
vacuolated stage just before the microspore mitosis.

Acknowledgments Author would like to thank Prof. Dr. Feruzan
Dane for her valuable suggestions. Author also thanks the Scientific
Research Fund of Trakya University for its financial support, and
Scientific Research Center of the Anadolu University (AUBIBAM)
for TEM studies.

References

Bittencourt JRNS, Mariath JEA (2002) Pollen development of
Tabebuia pulcherrima Sandwith (Bignoniaceae) from meiosis
to anthesis. Bol Bot Univ Sao Paulo 20:17-29

Blackmore S, Barnes SH (1986) Harmomegathic mechanisms in
pollen grains. In: Blackmore S, Ferguson IK (eds) Pollen and
spores: form and function. Linn. Soc. Symp. Ser. 12. Acad Press,
London, pp 137-149

Blackmore S, Barnes SH (1990) Pollen wall development in
angiosperms. In: Blackmore S, Knox RB (eds) Microspores
evolution and ontogeny. Academic Press, San Diego,
pp 173-192

Blackmore S, Wortley AH, Skvarla JJ, Gabarayeva NI, Rowley JR
(2010) Developmental origins of structural diversity in pollen
walls of Compositae. Plant Syst Evol 284:17-32

Dickinson HG, Sheldon JM (1986) The generation of patterning at the
plasma membrane of the young microspores of Lilium. In:
Blackmore S, Ferguson IK (eds) Pollen and spores: form and
function. Academic Press, London, pp 1-17

Dunbar A, Rowley JR (1984) Betula pollen development before and
after dormancy: exine and intine. Pollen Spore 26:299-338

El-Ghazaly G, Huysmans S, Smets EF (2001) Pollen development of
Rondeletia odorata (Rubiaceae). Am J Bot 88(1):14-30

Fernandez MC, Rodriguez-Garcia MI (1988) Pollen wall develop-
ment in Olea europaea L. New Phytol 108:91-99

Fernandez MC, Romero AT, Rodriguez-Garcia MI (1992) Aperture
structure, development and function in Lycopersicon esculentum
Miller (Solanaceae) pollen grains. Rev Palacobot Palynol
72:41-48

Gabarayeva NI, Grigorjeva VV (2010) Sporoderm ontogeny in
Chamaedorea microspadix (Arecaceae):self-assembly as the
underlying cause of development. Grana 49:91-114

Gabarayeva NI, Hemsley AR (2006) Merging concepts: the role of
self-assembly in the development of pollen wall structure. Rev
Palaeobot Palynol 138:121-139

Gabarayeva N, Grigorjeva V, Polevova S (2011) Exine and tapetum
development in Symphytum officinale (Boraginaceae). Exine
substructure and its interpretation. Plant Syst Evol 296:101-120

Galati BG, Strittmatter LI (1999) Microsporogenesis and microga-
metogenesis in Jacaranda mimosifolia (Bignoniaceae). Phyto-
morphology 49:147-155

Galati BG, Zarlavsky G, Rosenfeldt S, Gotelli MM (2012) Pollen
ontogeny in Magnolia liliflora Desr. Plant Syst Evol
298:527-534

Glauert MA, Glauert RH (1958) Araldite as an embedding medium
for electron microscopy. J Biophys Biochem Cytol 4:191-194

Gotelli M, Galati B, Medan D (2012) Pollen, tapetum, and orbicule
development in Colletia paradoxa and Discaria americana
(Rhamnaceae). Scientific World J. doi:10.1100/2012/948469

Halbritter H (2000) Onwards. Campsis radicans. In: Buchner R,
Weber M (eds) PalDat—a palynological database: Descriptions,
illustrations, identification, and information retrieval. http://
paldat.botanik.univie.ac.at

Hemsley AR, Gabarayeva NI (2007) Exine development: the
importance of looking through a colloid chemistry ‘‘window’’.
Plant Syst Evol 263:25-49

Heslop-Harrison J (1963) An ultrastructural study of pollen wall
ontogeny in Silene Pendula. Grana 4(1):7-24

Hess MW (1993) Cell-wall development in freeze-fixed pollen: intine
formation of Ledebouria socialis (Hyacinthaceae). Planta
189:139-149

Hesse M, Halbritter H, Zetter R, Weber M, Buchner R, Frosch-
Radivo A, Ulrich S (2009) Pollen terminology. An illustrated
handbook. Springer, New York

Hideux M (1981) Le pollen. Données nouvelles de la microscopie
électronique et de’informatique: structure du sporoderme de
Rosaceae-Saxifragales: étude comparative et dynamique.
Agence Coopération culturelle technique, Paris. 164 pp

Kreunen SS, Osborn JM (1999) Pollen and anther development in
Nelumbo (Nelumbonaceae). Am J Bot 86:1662-1676

Liu CC, Huang TC (2003) Anther and pollen wall development in
Dumasia miaoliensi Liu and Lu (Fabaceae). Taiwania
48(4):273-281

Liu JX, Wang M, Chen BX, Jin P, Li JY, Zeng K (2012)
Microsporogenesis, microgametogenesis, and pollen morphol-
ogy of Ambrosia artemisiifolia L. in China. Plant Syst Evol
298:43-50

Marquez, J, Seoane-Camba J A, Suarez-Cervera (1997b) The role of
the intine and cytoplasm in the activation and germination
processes of Poaceae pollen grains. Grana 36:328-342

Marquez J, Seoane-Camba JA, Suarez-Cervera M (1997) Allergenic
and antigenic proteins released in the apertural sporoderm during
the activation process in grass pollen grains. Sex Plant Reprod
10:269-278

Mehra KR, Kulkarni AR (1985) Embryological studies in Bignon-
iaceae. Phytomorphology 35:239-251

Owen HA, Makaroff CA (1995) Ultrastructure of microsporogenesis
and microgametogenesis in Arabidopsis thaliana (L.) Heynh.
ecotype Wassilewskija (Brassicaceae). Protoplasma 185:7-21

Polowick PL, Sawhney VK (1992) Ultrastructural changes in the cell
wall, nucleus and cytoplasm of pollen mother cells during
meiotic prophase I in Lycopersicum esculentum (Mill.). Protopl-
asma 169:139-147

Romero AT, Salinas MJ, Fernandez MC (2003) Pollen wall devel-
opment in Hypecoum imberbe Sm. (Fumariaceae). Grana
42:91-101

Rosenfeldt S, Galati BG (2005) Ubisch bodies and pollen ontogeny in
Oxalis articulata Savigny. Biocell 29(3):271-278

Rowley JR (1990) The fundamental structure of the pollen exine.
Plant Syst Evol (Suppl) 5:13-29

@ Springer


http://dx.doi.org/10.1100/2012/948469
http://paldat.botanik.univie.ac.at
http://paldat.botanik.univie.ac.at

320

S. Tiitiincii Konyar

Rowley JR (1993) Cycles of hyperactivity in tapetal cells. Plant Syst
Evol (Suppl) 7:23-37

Rowley JR (1995) Are the endexines of pteridophytes, gymnosperms
and angiosperms structurally equivalent? Rev Palaeobot Palynol
85:13-34

Rowley JR, Dahl AO (1977) Pollen development in Artemisia
vulgaris with special reference to glycocalyx materials. Pollen
Spores 19:169-284

Rowley JR, Rowley JS (1996) Pollen wall structure in Anigozanthos
viridis (Haemodoraceae). Acta Soc Bot Pol 65:83-90

Rowley JR, Skvarla JJ (1975) The glycocalyx and initiation of exine
spinules on microspores of Canna. Amer J Bot 62:479—485

Rowley JR, Claugher D, Skvarla JJ (1999) Structure of the exine in
Artemisia vulgaris (Asteraceae) a review. Taiwania 44:1-21

Sheldon JM, Dickinson HG (1983) Determination of patterning in the
pollen wall in Lilium henryi. J Cell Sci 63:191-208

Sheldon JM, Dickinson HG (1986) The relationship between the
microtubular cytoskeleton and formation of the pollen wall in
Lilium henryi. Planta 168:11-23

Suarez-Cervera M, Seoane-Camba JA (1986) On the exine elasticity
in the Lavandula dentata L. pollen grains. In: Pollen and spores:
form and function Blackmore S, Ferguson IK (eds) Linn. Soc.
Symp. Ser. 12. Acad Press, London, pp 409-411

Suarez-Cervera M, Guillespie L, Arcalis E, Le Thomas A, Lobreau-
Callen D, Seoane-Camba JA (2001) Taxonomic significance of
sporoderm structure in pollen of Euphorbiaceae: Tribes Plu-
kenetieae and Euphorbieae. Grana 40:78-104

Takahashi M (1986) Pattern determination of the exine in Caesalpinia
japonica (Leguminosae: Caesalpinioideae). Am J Bot
76:1615-1626

Takahashi M (1989) Pattern determination of exine in Caesalpinia
japonica (Leguminosae: Caesalpinioideae). Amer J Bot
76:1615-1626

@ Springer

Takahashi M (1993) Exine initiation and substructure in pollen of
Caesalpinia japonica (Leguminosae: Caesalpinioidea). Am J
Bot 80:192-197

Takahashi M (1994) Exine development in [llicium religiosum Sieb.
Et Zucc. (Illiciaceae). Grana 33:309-312

Takahashi M, Kouchi J (1988) Ontogenetic development of spinous
exine in Hibiscus syriacus (Malvaceae). Amer J Bot
75:1549-1558

Takahashi M, Skvarla JJ (1991a) Exine pattern formation by plasma
membrane in Bougainvillea spectabilis Willd. (Nyctaginaceae).
Am J Bot 78:1063-1069

Takahashi M, Skvarla JJ (1991b) Development of striate exine in
Ipomopsis rubula (Polemoniaceae). Am J Bot 78:1724-1731

Tiitiincii Konyar S, Dane F (2013a) Cytochemistry of pollen
development in Campsis radicans (L.) Seem. (Bignoniaceae).
Plant Syst Evol 299(1):87-95

Tiitlincli Konyar S, Dane F (2013b) Anther ontogeny in Campsis
radicans (L.) Seem. (Bignoniaceae) Plant Syst Evol.
299(3):567-583

Tiitiincii Konyar S, Dane F, Tiitiinci S (2013) Distribution of
insoluble polysaccharides, neutral lipids and proteins in the
developing anthers of Campsis radicans (L.)Seem. (Bignonia-
ceae) Plant Syst Evol 299(4):743-760

Tiitiinci S, Dane F, Tiitiincii S (2007) Examination of pollen
morphology of some exotic trees and shrubs found in the parks
and the gardens of Edirne (European Turkey) I. J Appl Biol Sci
1(2):45-55

Vinckier S, Smets E (2005) A histological study of microsporogenesis
in Tarenna gracilipes (Rubiaceae). Grana 44:30-44



	Ultrastructure of microsporogenesis and microgametogenesis in Campsis radicans (L.) Seem. (Bignoniaceae)
	Abstract
	Introduction
	Materials and methods
	Terminology
	Results
	Sporogenous cell stage
	Microspore mother cell stage

	Tetrad stage
	Exine formation
	Tapetum

	Free microspore stage
	Microspore
	Sporoderm

	Vacuolated microspore
	Microspore and sporoderm
	Tapetum

	Bicellular pollen stage
	Cytoplasm of bicellular pollen
	Sporoderm

	Discussion
	Ontogeny of pollen wall (Sporoderm)
	Foot layer and endexine

	Intine
	Acknowledgments
	References


