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Abstract Brachypodium distachyon has emerged as a model
plant for the improvement of grain crops such as wheat, barley
and oats and for understanding basic biological processes to
facilitate the development of grasses as superior energy crops.
Brachypodium is also the first species of the grass subfamily
Pooideae with a sequenced genome. For obtaining a better
understanding of the mechanisms controlling male gameto-
phyte development in B. distachyon, here we report the cel-
lular changes during the stages of anther development, with
special reference to the development of the anther wall.
Brachypodium anthers are tetrasporangiate and follow the
typical monocotyledonous-type anther wall formation pattern.
Anther differentiation starts with the appearance of
archesporial cells, which divide to generate primary parietal
and primary sporogenous cells. The primary parietal cells
form two secondary parietal layers. Later, the outer secondary
parietal layer directly develops into the endothecium and the
inner secondary parietal layer forms an outer middle layer and
inner tapetum by periclinal division. The anther wall com-
prises an epidermis, endothecium, middle layer and the
secretory-type tapetum. Major documented events of anther
development include the degradation of a secretory-type ta-
petum and middle layer during the course of development and
the rapid formation of U-shaped endothecial thickenings in
the mature pollen grain stage. The tapetum undergoes degen-
eration at the tetrad stage and disintegrates completely at the
bicellular stage of pollen development. The distribution of
insoluble polysaccharides in the anther layers and connective
tissue through progressive developmental stages suggests

their role in the development of male gametophytes. Until
sporogenous cell stage, the amount of insoluble polysaccha-
rides in the anther wall was negligible. However, abundant
levels of insoluble polysaccharides were observed during
microspore mother cell and tetrad stages and gradually de-
clined during the free microspore and vacuolated microspore
stages to undetectable level at the mature stage. Thus, the
cellular features in the development of anthers inB. distachyon
share similarities with anther and pollen development of other
members of Poaceae.
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Introduction

The temperate and wild grass species Brachypodium
distachyon has emerged as a model plant for grasses and
cereal crops in much the same way as Arabidopsis has served
as a model for dicotyledonous plants (Draper et al. 2001). Due
to its small stature (20 cm), rapid life cycle (2–3 months),
simple genetic transformation protocol and the availability of
complete genome sequence, Brachypodium is increasingly
being used for structural and functional genomics of grasses
(Garvin et al. 2008; Opanowicz et al. 2008; Alves et al. 2009;
Bevan et al. 2010). Moreover, Brachypodium is a close phy-
logenetic relative of small temperate grain crops (e.g. wheat,
oat and barley) and forage grasses (e.g. rye grass, timothy
grass and Kentucky blue grass), with all of these plants be-
longing to the Pooideae subfamily of the family Poaceae.
Despite the ever-increasing interest in Brachypodium as
a model plant, very little is known about its structural
biology of reproduction. Here, we investigated cellular
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features associated with pollen and anther development
in this important model plant species.

In flowering plants, male gametophyte (pollen) devel-
opment is an important process that results in the forma-
tion of sperm cells that are required for the fertilisation of
the egg, leading to successful plant sexual reproduction
and seed set. Pollen development takes place in the anther
and comprises a series of complex events involving inter-
actions between anther tissues (Mascarenhas 1989;
Schrauwen et al. 1996). The entire process can be studied
in two distinct and successive developmental phases: micro-
sporogenesis and microgametogenesis. During microsporogen-
esis, the diploid sporogenous cells differentiate as microsporo-
cytes that undergo meiosis and form four haploid unicellular
microspores in a tetrad. Microgametogenesis starts with the
release of haploid microspores from tetrads, leading to the
formation of male gametophytes (Bedinger 1992). Defects in
the development of pollen or the surrounding nutritive layer of
the anther, the tapetum, can lead to male sterility and failure to
set seed (Bhandari 1984; Polowick and Sawhney 1992).

In most angiosperms, the anther is tetrasporangiate
and has a four-layered wall. The anther wall is com-
posed of the epidermis, endothecium, middle layer and
tapetum. While each layer has a specific presumed
function in anther physiology, they act together to con-
tribute towards pollen development (Bhandari 1984).
The tapetum is the innermost layer of the anther wall
that surrounds the developing gametophytes (Pacini
et al. 1985) and provides the exchange of nutritional,
structural or regulatory compounds between the sporo-
phytic anther tissues and the developing male gameto-
phytes (Schrauwen et al. 1996). During microsporogen-
esis, the tapetum performs a secretory role by supplying
essential nutrients to the developing microspores, pro-
viding enzymes (callase) for callose dissolution to re-
lease microspores from tetrads and materials for pollen
wall formation (Bedinger 1992). At the time of matura-
tion, the middle layer, and in particular the tapetum,
degenerates to facilitate the release of mature pollen
(Bhandari 1984; Pacini 1990, 2000). The crucial role
of the tapetum in pollen development is highlighted by
the fact that male sterility in plants is often associated
with tapetal abnormalities (Bhandari 1984; Polowick
and Sawhney 1992).

Davis (1996) described four types of anther wall
development based on the secondary parietal layers:
basic type (type I), dicotyledonous type (type II), mono-
cotyledonous type (type III) and reduced type (type IV).
Many authors have followed this classification to ex-
plain anther wall ontogeny in different plants (Carrizo
Garcia 2002; Hardy and Stevensen 2000; Liu and
Huang 2003; Aybeke 2012). In general, one type of
anther development is found in each family. However,

in some families, two types of anther wall development
have been reported, such as in the Solanaceae family,
which has type I and type II anther wall development
(Carrizo Garcia 2002), and the Commelinaceae family,
which has type I and type III anther wall development
(Hardy and Stevensen 2000).

The metabolic processes involved in the biosynthesis
of nutritional substances such as starch, lipids and pro-
teins are synthesised in anthers and play an important
role in pollen development. For instance, interference in
the sugar metabolism of the anther could have a detri-
mental effect on pollen and eventually lead to male
sterility (Dorion et al. 1996; Datta et al. 2002). The
amount and distribution of these reserve substances vary
in anther tissues throughout the developmental process.
Despite its potential to contribute to our understanding
of reproductive processes in grasses, no study focussing
on anther and pollen development in the genus
Brachypodium is available to date. Therefore, to address
this gap, we are focussing on pollen and anther ontog-
eny in B. distachyon at cytochemical and ultrastructural
levels. In B. distachyon, the stages of anther and pollen
development have been correlated to a period of 9 days
of spikelet development after the first awn was visible,
as described previously, and thus the anther and pollen
developmental process was divided into ten stages
(Sharma et al. 2014). Here, we report anther ontogeny
in B. distachyon from archesporial cells to the mature
tricellular pollen with a special focus on the differenti-
ation and structure of the anther wall. In addition, the
distribution of insoluble polysaccharides (starch) in the
anthers of B. distachyon was also investigated through
ten sequential developmental stages.

Materials and methods

B. distachyon (Bd21-3) plants were grown in a glasshouse
under controlled conditions as described by Vogel and Hill
(2008). Because a description of growth stages in
B. distachyon is already available (Hong et al. 2011), devel-
opment of the spikelet was observed closely from the end of
the booting stage, when the first awn was just visible out of the
flag leaf, until dehisced anthers were observed. With the onset
of the first awn, the spikelet was selected as the day 1 spikelet.
From then on, the spikelets were collected on each
successive day for 9 days until anthesis (Sharma et al.
2014). Immature spikelets were dissected with the awns
removed (1–5 days), and anthers were excised from the
base florets of mature spikelets (6–9 days). The entire
experiment was conducted over three replicates (Sharma
et al. 2014).
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Light microscopy

For light microscopy studies, spikelets and anthers were fixed
immediately in cold 2.5 % glutaraldehyde/0.1 M PBS (phos-
phate-buffered saline), pH 7.0, for 4 h at room temperature.
After two washes of 30 min each with PBS buffer, the spike-
lets and anthers were dehydrated in a series of increasing
concentration of ethanol in water (30, 50, 70, 80, 90 %) for
1 h each and finally in 100 % ethanol. Spikelets and anthers
were then incubated in 1:1 and 1:3 ethanol/resin (LR White)
mixtures for 1 day each at room temperature and finally in
100 % resin overnight on a rotating stage. Following dehy-
dration, spikelets and anthers were embedded in LR White,
polymerised by incubation at 60 °C for 24–30 h and sliced to
0.5-μm thickness with a Leica Ultracut® microtome.

For cytochemical studies, semi-thin sections were
stained with toluidine blue for general morphological
observation, with periodic acid-Schiff (PAS) reagent for
detecting insoluble carbohydrates such as starch and with
DAPI (4′,6-diamino-2-phenylindole) for detecting DNA.

Transmission electron microscopy

For transmission electron microscopy (TEM), thin sec-
tions of 90 nm were cut from LR White-embedded
material with a Leica Ultracut® microtome and stained
with 2 % uranyl acetate for 10 min followed by triple
lead stain for 5 min (Sato 1968). Thin sections were

examined and micrographs were taken with a Philips
CM120 BioTwin transmission electron microscope.

Results

In B. distachyon (Fig. 1), the anthers are basifixed and
tetrasporangiate. Immature anthers of B. distachyon are
yellow-green in colour and attached to short filaments
(Fig. 1b), whereas mature anthers appear yellow and are
attached to elongated filaments (Fig. 1c). The process of
anther development was studied throughout microsporo-
genesis and microgametogenesis and is classified into ten
different stages. The related description of major events
corresponding to these stages is described in Table 1.

Stage 1: Archesporial cell stage

At the earliest examined stage, the anther appeared
cylindrical to ovoid in shape in semithin sections. The
anther differentiates with the formation of archesporial
cells at the four corners surrounded by a single layer of
epidermal cells (Fig. 2a). The archesporial cells ap-
peared slightly larger than epidermal and connective
cells (Fig. 2a, b). Cytochemical reactions revealed that
epidermal as well as archesporial cells of the anther
presented a very faint reaction with regard to insoluble

Fig. 1 B. distachyon at different
stages of flowering. a
B. distachyon plant at flowering
stage. b Dissected floret showing
immature anthers with short
filaments. c Dissected floret
showing mature anthers with
elongated filaments. a Bar 1 cm;
b, c Bar 200 μm
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polysaccharides as carried out by negative PAS staining
(Fig. 2b).

Stage 2: Primary parietal cell stage

Periclinal divisions of archesporial cells generate distinct pri-
mary parietal cells (Fig. 3). The primary parietal cells were
enclosed in the anther locule, surrounded by an epidermis
(Fig. 3c). Small vacuoles and plastids were observed in the
cytoplasm of primary parietal cells (Fig. 3d).

Stage 3: Primary sporogenous cell stage

Further periclinal divisions of archesporial cells give rise to
primary sporogenous cells (Fig. 4). The primary parietal cells
form two secondary parietal layers (Fig. 4a). The newly
formed primary sporogenous cell appears quite distinct from
the rest of the cells of the anther lobe by its large size and
conspicuous nucleus (Fig. 4b, c). Small vacuoles were also
observed in the cytoplasm of primary sporogenous cells
(Fig. 4c). The developing anther at this stage has characteristic
locules, a three-layer anther wall and connective and vascular
tissue. Cytochemical staining showed a weak reaction to
insoluble polysaccharides in the primary sporogenous cells
and anther walls (Fig. 4d).

Stage 4: Sporogenous cell stage

As development progresses, the primary sporogenous cells
divide to form sporogenous cells or microsporocytes
(Fig. 5a), with the outer secondary parietal layer developing
into the endothecium layer. The inner secondary parietal layer
undergoes periclinal divisions and forms an outer middle layer
and inner tapetum. At this stage of development, the anther
has four concentric somatic layers that surround the micro-
sporocytes (listed from the surface to the interior): the epider-
mis, the endothecium, the middle layer and the tapetum
(Fig. 5a–d). The tapetal cells were rectangular in outline,
possessed a single large nucleus and were connected to each
other by plasmodesmatal connections (Fig. 5b, c). Numerous
vacuoles, mitochondria and plastids were observed in cells of
all four anther layers (Fig. 5b, c). At this stage, some

Table 1 Major cellular events during B. distachyon anther development

Stage Major events

Archesporial cell
stage

Archesporial cells arise in four corners of oval-
shaped primordia

Primary parietal cell
stage

Archesporial cells divide and differentiate into
primary parietal cells

Primary sporogenous
cell stage

Cell divisions further generate the secondary
parietal layers and primary sporogenous cells.
Anther wall differentiates into three layers

Sporogenous cell
stage

The primary sporogenous cells divide and form
sporogenous cells. The outer secondary parietal
layer forms the endothecium layer, and the
inner secondary parietal layer develops into the
middle layer and the tapetum. Anther
differentiates into four layers

Microspore mother
cell stage

Formation of microspore mother cells surrounded
by four-layered anther wall. Tapetal cells are
mostly binucleated

Tetrad stage Microspore mother cells undergo meiosis,
generating four haploid microspores. Middle
layer is crushed, and tapetum becomes
vacuolated. Anther undergoes a general
increase in size

Free microspore
stage

Free haploid microspores with thin walls are
released. Tapetal cells become condensed and
form characteristic Orbicules/Ubisch bodies on
the inner surface facing the microspores. The
middle layer becomes a less visible band-like
structure

Vacuolated
microspore stage

Tapetal cells become more degenerated and
produce abundant Ubisch bodies. The
microspore becomes more vacuolated with a
round shape. The middle layer disappears

Bicellular pollen
stage

The tapetal cells almost completely degenerate
into cellular debris and Ubisch bodies on the
internal surface. Epidermal cells form a layer of
cuticle, and endothecial cells develop fibrous
bands

Mature pollen stage The tapetum completely disappears. With
maturation, only the epidermis and
endothecium layers remain intact

Fig. 2 Anther wall formation in longitudinal sections of spikelets of
B. distachyon at archesporial cell stage. a Undifferentiated anther with
archesporial cells (arrow). b Longitudinal section stained with PAS at

archesporial cell stage. Note the archesporial cells and epidermis showing
negative staining for insoluble polysaccharides. Arc archesporial cell, Ep
epidermis. Bar 50 μm
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Fig. 3 Light, fluorescent and
TEM micrographs of longitudinal
sections of spikelets at primary
parietal cell stage. a Semi-thin
section stained with toluidine blue
showing primary parietal cells
surrounded by a single row of
epidermal cells. b Semi-thin
section stained with DAPI. Note
the presence of evident nuclei of
primary parietal cells (arrow). c
Ultrastructure of epidermis
surrounding primary parietal
cells. d Ultrastructure of primary
parietal cells. Ep epidermis, PPC
primary parietal cells, N nucleus,
Nu nucleolus, V vacuole, P plas-
tid. Light micrographs: bar
50 μm

Fig. 4 Light, fluorescent and
TEM micrographs of longitudinal
sections of spikelets at primary
sporogenous cell stage. a Semi-
thin section stained with toluidine
blue. Note the two secondary
parietal layers (arrows). b Semi-
thin section stained with DAPI.
Note the evident nuclei of primary
sporogenous cells (arrow). c
Ultrastructure of primary
sporogenous cells surrounded by
three-layered anther wall. d
Longitudinal section stained with
PAS. Note the absence of
insoluble polysaccharides in
primary sporogenous cells and
anther layers as evident by
negative PAS staining. Ep
epidermis, PSC primary
sporogenous cells, SPL secondary
parietal layers, N nucleus, Nu
nucleolus, V vacuole, P plastid.
Light micrographs: bar 50 μm
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deposition of insoluble polysaccharides was observed in epi-
dermal cells of the anther wall (Fig. 5d).

Stage 5: Microspore mother cell stage

The sporogenous cells generate microspore mother cells
(MMCs). At the microsporemother cell stage of development,
the anther wall consists of an epidermis, endothecium, middle
layer and a secretory-type tapetum. By the time MMCs com-
plete their development, there is a decline in the cytoplasmic
volume of the cells of the middle layer, leading to the collapse
of this layer (Fig. 6a, b). However, cytoplasmic connections
were still visible between the tapetal cells (Fig. 6b, c). At this
stage of development, nuclear divisions were observed in the
tapetum with most of the tapetal cells appearing binucleated
(Fig. 6a–c). Cytochemical staining showed that insoluble
polysaccharides were abundant in the connective tissue of
the anther, and some deposition of insoluble polysaccharides
was also detected in the epidermal cells (Fig. 6d).

Stage 6: Tetrad stage

Meiotic division of MMCs was accompanied by successive
cytokinesis, which resulted in the formation of isobilateral
tetrads (Fig. 7a). At this stage of development, the middle
layer appeared as a less visible band-like structure (Fig. 7b, c).
The tapetal cells were observed as vacuolated and shrunken

with darkly stained cytoplasm containing rough ER
(Fig. 7b, c). Numerous vacuoles, plastids and mitochondria
were observed in epidermal and endothecial cells of the anther
wall (Fig. 7b, c). Cytochemical reactions indicated that the
connective tissue, epidermis and endothecium of the anther
presented a strong reaction with regard to insoluble polysac-
charides at the tetrad stage of development (Fig. 7d).

Stage 7: Free microspore stage

Free haploid microspores (Fig. 8a) are released from the
tetrads as the callose wall is degraded by callase that is
secreted from the tapetal cells. At the free microspore stage,
tapetal cells developed as hill-like structures, and characteris-
tic Orbicules/Ubisch bodies were observed on the tangential
surface of tapetal cells (Fig. 8b). Ubisch bodies developed
osmiophilic spikes (Fig. 8b). The middle layer became more
degenerated, and endothecial cells became highly vacuolated
(Fig. 8b). Cytochemical tests showed that insoluble polysac-
charides were still abundant in the connective tissue of the
anther even though they had disappeared in the anther walls at
this stage (Fig. 8c, d).

Stage 8: Vacuolated microspore stage

As development progresses, microspores became vacuo-
lated (Fig. 9a) and tapetal cells became more degenerated

Fig. 5 Light and TEM
micrographs of longitudinal
sections of spikelets at
sporogenous cell stage. a Semi-
thin section stained with toluidine
blue showing sporogenous cells
surrounded by four anther layers.
b, c Ultrastructure of developing
anther wall at sporogenous cell
stage. Note the differentiation of
anther into four layers.
Plasmodesmata are shown by
arrows. d Semi-thin section
stained with PAS. Insoluble
polysaccharides are shown by an
arrow. Ep epidermis, En
endothecium, ML middle layer, T
tapetum, SC sporogenous cell, N
nucleus, Nu nucleolus, V vacuole,
P plastid, M mitochondrion).
Light micrographs: bar 50 μm
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Fig. 7 Light and TEM
micrographs of longitudinal
sections of spikelets at tetrad
stage. a Semi-thin section stained
with toluidine blue showing tet-
rads in the anther locule. b, c
Ultrastructure of developing
anther wall at tetrad stage. Note
the vacuolated, darkly stained and
shrunken tapetal cells. Note the
presence of ERr in the cytoplasm
of tapetal cells. d Semi-thin
section stained with PAS. The
insoluble polysaccharide content
of the anther wall is shown by
arrows. Al anther locule, Tds
tetrads, Ep epidermis, En
endothecium, ML middle layer, T
tapetum,N nucleus,Nu nucleolus,
V vacuole, P plastid, ERr rough
endoplasmic reticulum, M
mitochondrion. Light
micrographs: bar 50 μm

Fig. 6 Light, fluorescent and
TEM micrographs of longitudinal
sections of spikelets at microspore
mother cell stage. a Semi-thin
section stained with DAPI. Note
the presence of binucleated
tapetal cells (arrows). b, c
Ultrastructure of developing
anther wall at microspore mother
cell stage. Tapetal cell details with
cytoplasmic connections (arrows)
and nuclear division. Note the bi-
nucleated tapetal cells. d Semi-
thin section stained with PAS.
The insoluble polysaccharide
content of the anther wall is
shown by arrows. Al anther
locule, Ep epidermis, En
endothecium, ML middle layer, T
tapetum, PMC pollen mother cell,
N nucleus, Nu nucleolus, V
vacuole, P plastid. Light
micrographs: bar 50 μm
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Fig. 9 Light and TEM
micrographs of longitudinal
sections of anthers at vacuolated
microspore stage. a Semi-thin
section stained with toluidine
blue. Note that the tapetum shows
the same staining reaction as the
exine of microspores (arrow) b, c
Ultrastructure of developing
anther wall at vacuolated
microspore stage. Note the
orientation of the pore of
microspore towards the tapetum
(arrow) and accumulation of
Ubisch bodies on the tapetal wall.
d Semi-thin section stained with
PAS. The insoluble
polysaccharide content of the
anther wall is shown by an arrow.
Mi microspore, Ep epidermis, En
endothecium, T tapetum, V
vacuole, Ub Ubisch bodies, M
mitochondrion. Light
micrographs: bar 50 μm

Fig. 8 Light and TEM
micrographs of longitudinal
sections of spikelets at free
microspore stage. a Semi-thin
section stained with toluidine
blue. b Ultrastructure of
developing anther wall at free
microspore stage. Note the
formation of hill-like tapetal cells
and Ubisch bodies. c, d Semi-thin
section stained with PAS. The
insoluble polysaccharide content
of the anther wall is shown by
arrows. Al anther locule, Mi
microspores, Ep epidermis, En
endothecium, ML middle layer, T
tapetum, V vacuole, Ub Ubisch
bodies. Light micrographs: bar
50 μm
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and formed more electron-dense Ubisch bodies
(Fig. 9b, c). Ubisch bodies are fully formed, and their
deposition along the tangential surface of the tapetum is
complete at this stage. At this stage, the contact between
tapetal deposition and pollen exine was clearly visible at
the ultrastructure level (Fig. 9b). The middle layer
comple te ly dis in tegra ted and became invis ib le
(Fig. 9b, c). Cytochemical test for insoluble polysaccha-
rides carried out by PAS staining revealed a weak reaction
in the cells of the anther wall (Fig. 9d).

Stage 9: Bicellular pollen grain

Bicellular pollen grains have well-developed pollen
walls (Fig. 10a). During this stage, the tapetal cells
almost completely disintegrate into cellular debris and
Ubisch bodies on the internal surface (Fig. 10b, c).
Ultrastructural studies showed that the epidermal cells
formed a layer of cuticle with projections or ridges, and
the endothecial cells began to develop fibrous bands
(Fig. 10b, c). According to cytochemical studies,
bicellular pollen grains showed the accumulation of
starch in their cytoplasm (Fig. 10d). However, in this
stage, the anther walls (epidermis and endothecium)
showed a complete disappearance of insoluble polysac-
charides (Fig. 10d).

Stage 10: Mature pollen grain

At this stage of development, pollen grains became more
spherical and were completely engorged with reserve sub-
stances (starch and lipids) (Fig. 11a). With maturation, the
epidermis and endothecium layers degenerated, and the tape-
tum completely disappeared with only some remnants of
Orbicules/Ubisch bodies (Fig. 11b). After degradation of the
tapetum, the epidermis and a single row of rectangular-shaped
endothecium existed in the mature anther (Fig. 11b), although
cells of the latter were observed partially disorganised by the
expanding anther wall (Fig. 11c). Cytochemical reactions
showed that the epidermis and endothecium were completely
devoid of insoluble polysaccharides, and only the remains of
insoluble polysaccharides were observed in the connective
tissue of the anther (Fig. 11d).

Discussion

This is the first report on anther ontogeny in B. distachyon, an
emerging model system for diverse and economically impor-
tant grain, forage and turf crops. The pattern of anther devel-
opment in B. distachyon as reported in this study is the typical
monocotyledonous type, where the outer secondary parietal

Fig. 10 Light and TEM
micrographs of longitudinal
sections of anthers at bicellular
pollen stage. a Semi-thin section
stained with toluidine blue. Note
the degenerating tapetum (arrow).
b, c Ultrastructure of developing
anther wall at bicellular pollen
stage. Degenerating tapetal cells
and Ubisch bodies accumulated
on the tapetal wall. Note the
formation of projections lining the
epidermal cells (black arrows)
and the formation of fibrous
bands in endothecial cells (white
arrows). d Semi-thin section
stained with PAS. Note the
absence of insoluble
polysaccharides in anther walls as
evident by negative PAS staining.
Al anther locule, Ep epidermis, En
endothecium, T tapetum, V
vacuole, Ub Ubisch bodies, PG
pollen grain. Light micrographs:
bar 50 μm
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layer develops into the endothecium, and the inner secondary
parietal layer generates a middle layer and the tapetum. This
type of anther developmental progression is a common feature
of members that belong to the Poaceae family (Bhanwra 1988;
Teng et al. 2005).

In B. distachyon, the wall of young anthers consists of an
epidermis, endothecium, middle layer and tapetum. However,
at maturity, it comprises only an epidermis and endothecium.
Our results are consistent with the results reported in Poaceae,
in general, and demonstrate that the anther wall is thin and is
composed of four layers of cells (Bhanwra 1988). Our study
showed that the endothecial cells became highly vacuolated at
the free microspore stage of development and developed
fibrous bands at the bicellular stage. The middle layer is made
up of rectangular cytoplasmic cells; however, during the mi-
crospore mother cell stage of development, these cells become
compressed and disorganised. Eventually, cells of the middle
layer begin to disappear at the vacuolated microspore stage.
These developmental events in the endothecium and the mid-
dle layer are similar to those reported earlier in rice (Raghavan
1988).

The most conspicuous and significant layer of the anther
tissue is the tapetum. The tapetum in B. distachyon is first
recognisable at the sporogenous cell stage of anther develop-
ment and is of the secretory-type, which is typical of grasses
(Maheshawari 1950). The secretory-tapetum is considered
primitive because of its widespread occurrence in

gymnosperms and angiosperms (Johri et al. 1992). During
meiosis of microsporocytes, the Brachypodium tapetal cells
became binucleated (Fig. 6a, b), similar to wheat (Mizelle
et al. 1989) and rice (Raghavan 1988). As observed in the
present study, tapetal cells were rectangular in outline
(Fig. 5b, c) and connected to each other and to the sporoge-
nous cells by cytoplasmic connections, the plasmodesmata. It
has been suggested (Heslop-Harrison 1964) that the cytoplas-
mic connections provide a channel for the rapid transport of
nutrients through the sporogenous tissue. The rectangular
contour of tapetal cells was correlated with the normal pattern
of pollen development, whereas elongated tapetal cells were
correlated with pollen abortion (Mizelle et al. 1989). The cells
of the secretory tapetum maintain their position and undergo
programmed cell death (PCD) during degeneration towards
the end of pollen development (Papini et el. 1999; Wu and
Cheung 2000). However, the time of degeneration varies
greatly from species to species. In B. distachyon, the tapetal
cells underwent degeneration at the tetrad stage and
degenerated completely at the bicellular pollen stage, consis-
tent with the results reported in rice (Zhang et al. 2011).
However, in wheat, Mizelle et al. (1989) reported that senes-
cence in tapetal cells begins during the vacuolated microspore
stage. The degeneration of the tapetum has been speculated to
be a process that makes extra nutrients available to the devel-
oping pollen (Pacini 1997, 2010), but it is also important for
the occurrence of normal dehiscence of the anther. In a recent

Fig. 11 Light and TEM
micrographs of longitudinal
sections of anthers at mature
pollen stage. a Semi-thin section
stained with toluidine blue. Only
the remains of tapetum left
(arrow). b, c Ultrastructure of
developing anther wall at mature
pollen stage. Note the remnants of
Ubisch bodies and disappearance
of tapetum. c Only the epidermis
and endothecium layers are left.
Note the presence of projections
lining the epidermal cells (black
arrows) and the fibrous bands in
endothecial cells (white arrows).
d Semi-thin section stained with
PAS. Note the remains of
insoluble polysaccharides in the
connective tissue (arrow). Al
anther locule, PG pollen grain, Ep
epidermis, En endothecium, Ub
Ubisch bodies. Light
micrographs: bar 50 μm
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study, Solis et al. (2014) reported the involvement of epige-
netic mechanisms accompanying cellular degradation of tape-
tum via programmed cell death (PCD) event during the late
stages of microspore development. The dynamics of DNA
methylation was particularly characterized during PCD of
tapetal cells in two species, Brassica napus and Nicotiana
tabacum, that indicated existence of epigenetic marks regulat-
ing tapetum degradation. The study provides new insights to
understand themechanism of PCD event in tapetal cells, and it
will be interesting to know whether similar epigenetic marks
are present during tapetal degradation in monocot plants like
Brachypodium.

One of the main characteristics of secretory tapeta is the
production of Orbicules/Ubisch bodies. Ubisch bodies
(Orbicules) are granules of sporopollenin lining in the inner
tangential and sometimes in the radial walls of tapetal cells
(Heslop-Harrison and Dickinson 1969; Hesse 1986; Huys-
mans et al. 1998) during pollen development. Currently, sev-
eral reports are available on the structure and development of
Ubisch bodies. In rice, Zhang et al. (2011) reported that the
tapeta produce characteristic Orbicules/Ubisch bodies that
export sporopollenin precursors to the locule. In wheat, El-
Ghazaly and Jensen (1986) showed that pre-Ubisch bodies,
produced in tapetal cells, formed the core of the Ubisch bodies
on which sporopollenin was deposited. Risueno et al. (1969)
reported the formation of pro-Ubisch bodies prior to synthesis
of sporopollenin granules in the cisternae of the endoplasmic
reticulum in the tapetal cytoplasm. Earlier investigations have
concluded that the precursors of Ubisch bodies arise as lipoi-
dal bodies in association with rough ER in the tapetal cyto-
plasm (Rowley 1963; Heslop-Harrison and Dickinson 1969;
Christensen et al. 1972; El-Ghazaly and Jensen 1986;
Shivanna 2003).

In B. distachyon, we observed that the tapetum cell walls
start to degrade at the tetrad stage, and the tapetal cells contain
abundant rough ER (Fig. 7b, c). Subsequently, Ubisch bodies/
Orbicules were observed lining the inner wall of the tapetum
(Fig. 8b). This observation signifies the involvement of the
rough ER in the synthesis of Ubisch bodies/Orbicules. The
next developmental stage begins with vacuolation in the cy-
toplasm of microspores; numerous Ubisch bodies/Orbicules
were observed at the inner tangential wall of the tapetum and
showed the same electron density as the sporopollenin ob-
served inside the anther locule (Fig. 9b). Thus, our study in
B. distachyon supports published observations that the Ubisch
bodies/Orbicules originate from the tapetum and are involved
in exine synthesis.

In this paper, we also studied the distribution of insoluble
polysaccharides in the anther wall of B. distachyon during its
ontogeny. Anther reserve metabolites are believed to provide
energy for tapetum and microspore development (Pacini
2010). During anther development, the distribution of insolu-
ble polysaccharides in the anther correlates with the different

stages of male gametophyte development. In developing an-
ther tissues, insoluble polysaccharides are found in the form of
a PAS-positive tinge in the cytoplasm, starch storage and cell
thickenings (Clèment et al. 1994). As observed until the
sporogenous cell stage (Fig. 5d), the amount of insoluble
polysaccharides present in the anther walls was negligible.
This should be correlated with the fact that these storage
polysaccharides provide building blocks for the development
and differentiation of anther walls. At the microspore mother
cell and tetrad stages of development, large amounts of starch
reserves were detected in the epidermis, endothecium and
connective tissue of the anther (Figs. 6d and 7d). However,
in free microspore and vacuolated microspore stages of de-
velopment, there was a decline in the amount of insoluble
polysaccharides in the connective tissue. At the mature stages
(bicellular andmature pollen grain), insoluble polysaccharides
were completely absent from the anther wall and connective
tissue (Figs. 10d and 11d). However, numerous starch grains
were observed in the cytoplasm of pollen grains that corre-
spond to the fact that they are not consumed by the fully
grown anther and will be used by the pollen during germina-
tion. Our study shows that in B. distachyon, sugar synthesis,
storage and mobilisation occur in the connective tissue and the
layers of the anther wall (i.e. the epidermis, endothecium,
middle layer and tapetum) throughout the process of anther
and pollen development, and products of starch mobilisation
in the anther wall are transported to the locule via the tapetum
layer, where they are used for pollen metabolism.
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