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Abstract Dehiscence is the terminal step in anther
development that releases pollen grains from the wall of
each theca at a specific site between the two locules. In
tobacco, two groups of cells—the circular cell cluster
and the stomium—are required for anther dehiscence
and define the position at which pollen is released. The
processes responsible for the differentiation of the cir-
cular cell cluster and the stomium from cells in specific
anther regions are unknown. Nor is it understood what
initiates the programmed degeneration of these cell types
that ultimately is responsible for pollen release from the
anther. We characterized stomium and circular cell
cluster differentiation and degeneration using both light
and transmission electron microscopy throughout an-
ther development, from the emergence of stamen pri-
mordia to anther dehiscence at flower opening. We
observed that histological changes within primordium
L1 and L2 cells destined to become the stomium and
circular cell cluster occur at the same time after the
differentiation of surrounding locule regions. Sub-epi-
dermal cells that differentiate into the circular cell cluster
divide, enlarge, and generate vacuoles with calcium
oxalate crystals prior to any detectable changes in pre-
stomium epidermal cells. Differentiation and division of
cells that generate the stomium occur after cell degen-
eration initiates in the circular cell cluster. Prior to
dehiscence, the stomium consists of a small set of cyto-
plasmically dense cells that are easily distinguished from
their larger, highly vacuolate epidermal neighbors.
Plasmodesmata connections within and between cells of
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the stomium and circular cell cluster were observed at
different developmental stages, suggesting that these
cells communicate with each other. Circular cell cluster
and stomium cell death is programmed developmentally
and occurs at different times. Degeneration of the cir-
cular cell cluster occurs first, contributes to the forma-
tion of a bilocular anther, and generates the site of
anther wall breakage. The stomium cell death process is
complete at flower opening and provides an opening for
pollen release from each theca. We used laser capture
microdissection and real-time quantitative reverse-tran-
scription polymerase chain reactions to demonstrate
that stomium cells can be isolated from developing an-
thers and studied for the presence of specific mRNAs.
Our data suggest that a cascade of unique gene expres-
sion events throughout anther development is required
for the dehiscence program, and that the differentiation
of the stomium and circular cell cluster in the interloc-
ular region of the anther probably involves cell signaling
processes.

Keywords Tobacco - Anther dehiscence - Stomium -
Circular cell cluster - Laser capture microdissection

Introduction

Dehiscence is the process that results in release of pollen
grains from the anther at flower opening (Keijzer 1987;
Bonner and Dickinson 1989; Goldberg et al. 1993; Beals
and Goldberg 1997; Scott et al. 2004). In most flowering
plants, the anther wall breaks along the lateral side of
each anther half, or theca, within an indentation formed
between the two locules (Fig. 1)—a region referred to as
either the anther notch (Goldberg et al. 1995; Beals and
Goldberg 1997; Sanders et al. 2000) or the stomial
groove (D’Arcy 1996). In tobacco and other solanaceous
plants (D’Arcy et al. 1996), two specialized cell types are
found within the notch region: the stomium and the
circular cell cluster (Fig. 1; Koltunow et al. 1990;
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Fig. 1 Schematic representation of tobacco anther development
based upon histological studies at the light microscope level (Satina
and Blakeslee 1941; Joshi et al. 1967; Koltunow et al. 1990). The
stages of anther development were previously described in
Koltunow et al. (1990; phase 1, stages —7 to —1; phase 2, stage
+1to +12). The colors depict cells derived from the L1, L2 and L3
primordial layers at different stages of anther development
(modified from Goldberg et al. 1993, 1995). In the tobacco anther,
the inner middle layer is crushed during meiosis. The outer middle
layer contributes to the anther wall, expands, and acquires fibrous
bands similar to the endothecium. At stage +12, the dotted line
dissects the anther in half to indicate the two theca. The two cell-
types of the anther notch, the stomium and the circular cell cluster,
span the length of the anther and are longitudinal columns of cells.
The adaxial side of the anther is towards the center of the flower
and faces the pistil. The abaxial side of the anther is outwards from
the center of the flower and faces the petals

Goldberg et al. 1993, 1995; Beals and Goldberg 1997).
The stomium is a specialized set of epidermal cells that
degenerate and break at flower opening to allow pollen
grains to be released (Fig. 1). In contrast, the circular
cell cluster consists of highly specialized sub-epidermal
cells that accumulate calcium oxalate crystals (Horner
and Wagner 1980, 1992; Trull et al. 1991; D’Arcy et al.
1996; Iwano et al. 2004) and participate in the cell-death
process that ultimately unites both locules of each theca
into one large pollen chamber (Fig. 1; Koltunow et al.
1990; Goldberg et al. 1993, 1995; Beals and Goldberg
1997). The circular cell cluster has also been referred to
as the intersporangial septum (Bonner and Dickinson
1989), hypodermal stomium (Horner and Wagner 1992),
and oxalate package (D’Arcy et al. 1996). Recently, it
has been shown that the calcium stored within the cir-
cular cell cluster becomes associated with pollen grains
after circular cell cluster degeneration and facilitates the
pollination process (Iwano et al. 2004). Anthers of most
non-solanaceous plants (D’Arcy et al. 1996), including
Arabidopsis thaliana (Sanders et al. 1999, 2000), do not
have a circular cell cluster. However, specialized septum
cells in the notch region of these anthers function anal-
ogously in dehiscence and, after their degeneration,
unite the two locules of each theca into a confluent
chamber (Venkatesh 1957; D’Arcy et al. 1996; Sanders
et al. 2000). Neither the specification events that position
the stomium and circular cell cluster in the territory
between the developing anther locules, nor the mecha-
nisms that control and coordinate their differentiation
and degeneration, are known.

Tobacco anther development, including the dehis-
cence program, occurs in two phases (Table 1; Koltu-
now et al. 1990; Goldberg et al. 1993). In phase I
(Table 1, stages —7 to —1; Koltunow et al. 1990), dif-
ferentiation events establish the four locules and the
stereotyped pattern of cell types that originate from the
L1, L2, and L3 cell layers of the primordium (Fig. I,
stage —7) and that are present in the mature anther
(Fig. 1, stage + 1; Satina and Blakeslee 1941; Goldberg
et al. 1993; Hill and Malmberg 1996). These include
stomium and circular cell cluster formation in the notch

Stage
-7

Stage

+1 Inner Tetrads Vascular Bundle

Tapetum | ~qnnective

Endothecium &
R

SN

Circular Cell
Cluster

Epidermis

Stage
Vascular Bundle

MICI.OSporesConnec’[i\zfe LOCULE
&,

Middle
Layer
Endothecium
/ NOTCH
Stomium
Epidermis
Sﬁge [Abaxial side]
Pollen Vascular Bundle
Grains  Connective LOCULE
THECA 80k g:e:.*{g;za

Endothecium
Epidermis

|[Adaxial side|

region of the expanding anther (Fig. 1, stage +1). In
addition, microspore mother cells within the locules
undergo meiosis to generate haploid microspores
(Fig. 1, stage +1). During phase 2 (Table 1, stages +1
to +12; Koltunow et al. 1990), filament elongation oc-
curs, anther enlargement takes place, pollen grains dif-
ferentiate from microspores in each locule, fibrous bands
appear in endothecial and connective cells, and cell
degeneration events within the connective, circular cell
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cluster, and stomium lead to pollen release at flower
opening (Fig. 1, stages +9 and +12; Goldberg et al.
1993, 1995; Beals and Goldberg 1997). We showed
previously that the tobacco TAS56 thiol endopeptidase
gene is a marker for cell degeneration events that occur
within the connective, circular cell cluster, and stomium
(Koltunow et al. 1990; Goldberg et al. 1995; Beals and
Goldberg 1997). The mechanisms responsible for
switching the anther from a cell differentiation program
(phase 1) to a cell degeneration and death program
(phase 2) are not known.

Previous studies in our laboratory with transgenic
tobacco plants showed that a functional stomium is re-
quired for anther dehiscence (Beals and Goldberg 1997).
Targeted ablation of either the circular cell cluster and
stomium or the stomium alone using a cytotoxic barnase
gene driven by cell-specific promoters generates anthers
that do not dehisce (Beals and Goldberg 1997). This
indicates that dehiscence is not simply a mechanical
process, but involves specific, exquisitely timed, cellular
events. In addition, we (Sanders et al. 1999) and others
(Dawson et al. 1993, 1999; Park et al. 1996) identified a
large number of A. thaliana male-sterile dehiscence
mutants, including those that either fail to dehisce
(Dawson et al. 1993, 1999; Sanders et al. 1999; Steiner-
Lange et al. 2003) or are defective in the timing of anther
dehiscence (Sanders et al. 1999, 2000; Stintzi and Browse
2000; Ishiguro et al. 2001; Park et al. 2002; Von Malek
et al. 2002). Analogous mutants have been found in
other plant species (Kaul 1988). One A. thaliana non-
dehiscence mutant, ms35, has a defect in the MYB26
transcription factor gene and lacks endothecial cell fi-
brous bands, indicating the importance of these cells in
anther dehiscence (Dawson et al. 1999; Steiner-Lange
et al. 2003). In contrast, several late-dehiscence A. tha-
liana mutants, such as DELAYED DEHISCENCE]
(DDEI)/OPR3 (Sanders et al. 2000; Stintzi and Browse
2000), DELAYED DEHISCENCE2 (DDE2)JALLENE
OXIDASE SYNTHASE (Sanders et al. 1999; Park et al.
2002; Von Malek et al. 2002), and DEFECTIVE IN
ANTHER DEHISCENCEI (DADI) (Ishiguro et al.
2001), have defects in jasmonic acid (JA) biosynthesis,
indicating that this hormone is involved in coordinating
the timing of stomium breakage with flower develop-
ment and opening. Other hormones, such as ethylene,
auxin, and gibberellic acid (GA), play a role in dehis-
cence, because dehiscence mutant phenocopies can be
induced by either blocking or over-expressing genes in-
volved in hormone activity (Murray et al. 2003; Rieu
et al. 2003; Cecchetti et al. 2004; Achard et al. 2004). The
differentiation of specialized cell types required for an-
ther dehiscence and the cell-degeneration processes that
ultimately lead to pollen release at flower opening sug-
gest that unique gene sets are required to program these
events during anther development. What these genes are
and how they are regulated remain to be determined.

The stomium and circular cell cluster provide a novel
system to study the differentiation and cell-death pro-
cesses that are required for anther dehiscence. As a first

step, we investigated the cellular and morphological
events that occur in these cells throughout tobacco an-
ther development at the level of the transmission elec-
tron microscope (TEM). We addressed three main
questions: (1) when do cells that give rise to the circular
cell cluster and stomium become specified within the
anther primordium? (2) what primordium cell layer
differentiates into the circular cell cluster? and (3) how
are events leading to circular cell cluster and stomium
formation and degeneration coordinated? We found that
(1) differentiation events leading to circular cell cluster
and stomium formation within the notch region occur
after locule development begins, (2) the circular cell
cluster is derived from founder cells in the primordium
L2 layer that are contiguous to L1 cells destined to be-
come the stomium, (3) circular cell cluster differentiation
and degeneration occur before analogous events in the
stomium take place, and (4) plasmodesmata connections
occur between cells of the stomium and circular cell
cluster. In addition, we demonstrate that laser capture
microdissection (LCM) can be used to isolate stomium
cells from differentiating anthers, and to detect individ-
ual stomium mRNAs. We propose that cell signaling
plays a major role in specifying the circular cell cluster
and stomium within the notch region during anther
development.

Materials and methods
Growth of plants

Tobacco plants (Nicotiana tabacum cv. Samsun) were
grown in the greenhouse under natural light conditions
(Goldberg et al. 1978). Floral stages (phase 1, stages —7
to —1; phase 2, stages + 1 to + 12) used to follow anther
development were described by Koltunow et al. (1990).

Light microscopy of anther sections

Anthers were dissected from staged floral buds and fixed
in glutaraldehyde as described by Cox and Goldberg
(1988). The fixed anthers were dehydrated, embedded in
paraffin, and sliced into 10 pm sections (Cox and
Goldberg 1988). Sections were stained with 0.05%
toluidine blue and photographed with Kodak Gold 100
film (ISO 100/21) using bright-field microscopy in an
Olympus compound microscope (Model BH2, Olympus,
Lake Success, N.Y.).

Transmission electron microscopy of anther sections

Staged anthers were hand-dissected and transverse sec-
tions (~1.0 mm) were fixed (2.0% glutaraldehyde,
0.05 M sodium phosphate pH 7.2, 0.1% tannic acid) for
2 h at room temperature, and then rinsed four times in
0.05 M sodium phosphate pH 7.2 (each rinse 15 min).



The anther sections were treated with 1% osmium
tetroxide (in 0.05 M sodium phosphate pH 7.2) for 2 h
at room temperature followed by dehydration in a gra-
ded ethanol series (10%, 20%, 35%, 50%, 70%, 85%,
95%, each for 30 min and three times in 100% ethanol,
each for 1 h). The addition of 0.1% tannic acid in the
fixative was taken from Botha et al. (1993) to enhance
preservation of membranes and plasmodesmata struc-
tures. The anther sections were embedded in Spurr’s
epoxy resin (Spurr 1969; Ted Pella, Redding, Calif.) and
sectioned using an ultramicrotome (Sorvall Model MT-
600, Dupont, Wilmington, Del.). Sections of 1 pum
(stained with 1.0% toluidine blue at 42°C for 1-2 h)
were examined to determine the region of the anther for
further analysis and then 80 nm ultra-thin sections were
prepared for TEM. These sections were placed on for-
mavar-coated grids and stained with uranyl acetate and
lead citrate. The anther sections were observed in a
JEOL electron microscope 100CX II (JEOL, Peabody,
Mass.) at 80 kV.

Transmission electron micrographs and figure
preparation

The electron micrographs of anther notch regions and
plasmodesmata were taken with Kodak EM film no.
4489. The electron micrographs of the tobacco anther
notch were taken at a magnification of 1,900x. At later
stages of development, several individual electron
micrographs were required to encompass the area of
interest. For example, at anther stage —5, the composite
photograph of the notch region was comprised of six
negatives, whereas at anther stage +4 the composite
notch region photograph was comprised of 32 negatives.
Individual photographs were joined together to create a
composite image that was then digitally scanned
(600 dpi) into a computer, either from the original image
or from a copy negative for large format originals. The
images were manipulated digitally with Adobe Photo-
shop (Adobe Systems, San Jose, Calif.) to enhance
contrast and to remove the outlines of individual pho-
tographs. The electron micrographs of plasmodesmata
were taken at a magnification of 29,000x. The plasmo-
desmata images presented in Figure 8 were digital scans
(600 dpi) of the TEM micrographs that were captured at
300% of their original size.

LCM of stomium cells

Stage +6 anthers were trimmed to ~4 mm and pro-
cessed for LCM according to Kerk et al. (2003), using
ethanol:acetic acid fixative. Fixed anthers were embed-
ded in paraffin (Paraplast-plus, Fisher Scientific, Pitts-
burgh, Pa.) according to procedures used for in situ
hybridization experiments in our laboratory (Cox and
Goldberg 1988). Anthers were sliced into 10 pum trans-
verse sections (Reichert Jung 820-I1 Histocut Rotary
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Microtome), floated in water onto penfoil slides (Leica
Microsystems, Bannockburn, Ill.), dried overnight at
42°C on a slide warmer (Fisher Scientific), and stored at
room temperature until used. Prior to LCM, anther
sections were de-paraffinized in xylene (two changes of
2 min each) and air-dried for 1 h. Approximately 45
stomium regions (400-500 cells) were captured from
unstained anther sections using a Leica AS LMD
Microdissection System (Leica Microsystems).

Real-time quantitative reverse
transcription-polymerase chain reaction

LCM-captured stomium RNA was isolated using a
PicoPure RNA Isolation Kit (Arcturus, Mountain View,
Calif.), treated with RNase-free DNase 1 (Ambion,
Austin, Tex.), purified using RNeasy Plant Mini Kit
(Qiagen, Valencia, Calif.), and eluted into 15 ul RNase-
free water. Complementary DNA (cDNA) was synthe-
sized in a 20 pl reaction with an iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, Calif.), using all of the stomium
RNA as a template. One-fortieth of the cDNA volume
(0.5 pl) was amplified by quantitative polymerase chain
reaction (qPCR) in a 25 pl reaction volume using iQ
SYBR Green Supermix and an iCycler iQ Real-Time
PCR Detection System (Bio-Rad). The following prim-
ers were used: TA56 Fw 5'-gctttggtacttaggettggtgagagt-
3’; TA56 Rv 5-cttggtctttgacaggagtaacageac-3; TA20
Fw 5-ctgccatgaaattgaatcctacaaatg-3 TA20 Rv  5'-
cgaaggtaagtagaaaggatggagete-3’ (Koltunow et al. 1990;
Beals and Goldberg 1997).

Results

Locule differentiation occurs prior to the visible
appearance of the circular cell cluster and stomium
in the notch region

We studied the development of cells within the anther
notch using TEM. We focused on circular cell cluster
and stomium development to characterize their indi-
vidual roles in establishing the site of wall breakage in
anther dehiscence. Our studies were carried out at a low
TEM magnification (1,900x), which afforded a greater
resolution of the cells and cellular events than could be
observed in either Paraplast or plastic sections with the
light microscope. Using TEM, we characterized events
in the anther notch from stages —7 to +5 and +9 to
+ 12 of anther development (Fig. 1; Tables 1, 2). Our
goal was to visualize events that (1) generate the differ-
entiated circular cell cluster and stomium, and (2) create
the site for dehiscence along the anther wall.

Figure 2 shows the initial changes that occurred
within the stamen primordium to generate a four-locule
anther. In transverse section, the primordium was a
uniform collection of cells (Fig. 2, stage —7). By stage
—6, cell divisions changed the round primordium into an
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Fig. 2 Establishment of anther shape from the stamen primordia.
Anther sections from stages —7, —6, and —5 were fixed, embedded
in Spurr’s epoxy resin, sliced into ultra-thin sections and prepared
for transmission electron microscopy (TEM) as described in
Materials and methods. TEM micrographs were taken at a
magnification of 1,900x. The images of stages —7 and —6 are
complete transverse sections of stamen primordia. The boxed area
in stage —6 represents the region of the developing anther shown
for stage —5. Stage —7, complete transverse section of a stamen
primordium; arrows sites of archesporial cell differentiation, whose
cell lineages will generate the four reproductive locules. Stage —6,
complete transverse section of a stamen primordia; asterisks site of
future anther notch regions, one of which is shown in the stage —5
partial transverse section. Stage —5, partial transverse section of a
developing anther; cells outlined in black regions of developing
locules. The designation of cells contained within the black border
is based on their histology. These cells show mitotic activity and
have not yet expanded or acquired large vacuoles. In a stage —5
anther, the cell-types contained within the L2-derived anther
locules are the endothecium, middle layers, tapetum and sporog-
enous cells. The future notch is indicated between the two
developing anther locules. C Connective; E epidermis; Locule
region derived from the L2-archesporial lineage that will create the
anther locule; L1, L2, L3 the three cell layers present within the
stamen primordia; V vascular region. Bar 30 pm

elongated structure (Fig. 2). At stages —7 and —6, the
cells of the anther were relatively small in size and highly
cytoplasmic with prominent nuclei. The stereotyped
four-locule pattern of the anther began to emerge after
stage —6 (Fig. 2, stage —6). At stage —5, the differenti-
ation events within the future locule territories were
apparent (Fig. 2, stage —5). Mitotic activity was ob-
served in the four corners of the developing anther
(Fig. 2, stage —5). In addition, cells of the developing
connective and central region of the anther had acquired
large vacuoles and expanded in size. Cells destined to
become the vascular bundle could be identified and were
round in shape and cytoplasmically dense with promi-
nent nuclei (Fig. 2, stage —5). In contrast, we did not
observe any distinctive cell types or mitotic activity in
the region between the developing microsporangia
(Fig. 2, stages —7 to —5). Epidermal and sub-epidermal
cells in this region were indistinguishable from their
adjacent neighbors (Fig. 2, stages —7 to —5), i.e., cells
destined to become the circular cell cluster and stomium
were not yet apparent within L1, L2, or L3 cell layers of
the pre-notch region. Together, these results indicate
that the initial developmental events in the anther pri-
mordium, including the differentiation of cells that
generate the locules, occur prior to any visible cellular
events within the site of the future anther notch (Figs. 1;
2; Table 1).

The circular cell cluster is derived from cells
of the primordium L2 layer

We examined both bright-field photographs and TEM
micrographs of sections throughout phase 1 of anther
development to determine when the circular cell cluster
and stomium cells became specified within the notch

locule

locule

region (Table 1). Figure 3 shows the developing notch
region from stages —5 to —1. We aligned these photo-
graphs so that (1) cells within the developing notch are
in the center, and (2) the same area of each anther is
shown in both the bright-field photographs (Fig. 3A—E)
and TEM micrographs (Fig. 3F-H). Light microscopy
allowed us to obtain an overview of notch-region
development in parallel with other developmental events
that occurred within the anther (e.g., locule formation).



Fig. 3A-H Development of the anther notch at stages —5 to —1.
Anthers were fixed and embedded in both paraffin and Spurr’s
epoxy resin as described in Materials and methods. Paraffin-
embedded anthers were sliced into 10 um transverse sections,
stained with toluidine blue and the notch regions were photo-
graphed by bright-field microscopy. Spurr’s embedded anthers
were sliced into ultra-thin sections and prepared for TEM. Anther
developmental stages are shown in the top right corner of each
photograph. The stomium and the circular cell cluster span the
length of the anther and are a long column of cells of which these
photographs represent a single layer. In TEM micrographs, the
cells of the stomium and the circular cell cluster are highlighted by
a black border. A-E Bright-field photographs of the developing
anther notch. A Stage —5, B stage —4, C stage —3, D stage —2, E
stage —1. F-H TEM micrographs of the developing anther notch. F
Stage —5, G stage —3, H stage —2. The stage —5 notch is a
consecutive section from the anther shown in Fig. 2. The circular
cell cluster and stomium cells marked with an asterisk are shown in
greater detail in Figs. 4 and 7. C Connective; CCC circular cell
cluster; E epidermis; En endothecium; LI, L2, L3 the three cell
layers present within the stamen primordia; M meiocyte; MMC
microspore mother cells; N notch; St stomium; T tapetum. Bars B
20 pum (also the scale for A, C, D, E), F 30 pum (scale for G, H)

In contrast, TEM enabled us to obtain a detailed char-
acterization of the developing notch region at the cel-
lular level. We were able to determine which cells within

the notch became the circular cell cluster and stomium
by visualizing events within specific cell layers at later
stages (e.g., stages —3 to —2) and then tracing the cell
linecages backwards to earlier stages (e.g., stage —5).

At the level of the light microscope, circular cell
cluster and stomium cells within the pre-notch region
could not be distinguished at stages —5 to —3 (Fig. 3A—
C). In contrast, cells within developing locule territories
(e.g., microspore mother cells, tapetum) could be iden-
tified by their shape, differential staining, and mitotic
activity (Fig. 3A-C). Epidermal and connective cells
were also identified at this time of development
(Fig. 3A-C). By stages —2 and —1, L1 and L2 cells
within the interlocular region could be distinguished
from their neighbors by differential staining (Fig. 3D-E;
data not shown), suggesting that notch-region cells
destined to become the circular cell cluster and stomium
have been specified by this stage of anther development.

At the resolution of the TEM, changes within cells
destined to become the circular cell cluster were detected
earlier than with the light microscope. At stage —35, cells
within the future notch region were relatively uniform
and could be distinguished only by their location within



Fig. 4 Cells of the circular cell cluster during tobacco anther
development. Stage —5 to + 4 anther sections were fixed, embedded
in Spurr’s epoxy resin, sliced into ultra-thin sections and prepared
for TEM as described in Materials and methods. The images
presented here are close-ups of the circular cell cluster cells marked
with an asterisk in Figs. 3 and 6. The nuclei at stage +2 are
distorted and shrunken. The white star-like shapes at stages +2 to
+4 represent calcium oxalate druse crystals. The arrows in stage
+3 indicate cell wall remnants of the degenerating circular cell
cluster. N Nucleus, V' vacuole. Bars Stage —2 10 um (scale for
stages —5 to +1), stage +2 20 um (scale for stages +2 to +4)

the primordium L1, L2, and L3 layers (Figs. 2, stage —5;
3F). The L1 and L2 cells within the future notch region
were relatively uniform in appearance, cytoplasmically
rich, and contained small vesicles and/or vacuoles
(Fig. 3F). In contrast, L2 cells outside of the pre-notch
region in the corners of the primordium had divided to
generate the developing locules (Figs. 2, stage —5; 3A).
In addition, L3 cells flanking the future notch region
were more vacuolate in appearance than neighboring L2
and L1 cells (Figs. 2, stage —5; 3F). This also was the
case for epidermal cells contiguous to the L1 cells of the
future notch site (Figs. 2, stage —5; 3F). Within the
notch, pre-circular cell cluster and stomium cells were
visualized as a single layer of L2 and LI cells, respec-
tively (Fig. 3F).

By stages —3 and —2, the circular cell cluster was
identified as a group of distinctively-shaped L2-derived
cells between the L1 epidermis and the L3-derived con-
nective layers (Fig. 3G, H). Cells within the L2 layer
destined to become the circular cell cluster divided, ex-
panded, and accumulated numerous small vesicles
(Fig. 3F-H). In contrast, L1 epidermal cells that bor-
dered the developing circular cell cluster (i.e., pre-sto-
mium cells) did not divide and remained cytoplasmically

dense (Fig. 3F-H). Cells surrounding the pre-notch
region accumulated large vacuoles and were visibly
distinct compared with pre-circular cell cluster and pre-
stomium cells (Figs. 2, stage —5; 3G, H). By stage —2,
the TEM micrographs showed that the circular cell
cluster formed a group of histologically distinct cells
within the developing anther notch (Fig. 3H)—the same
stage as when differential staining was observed within
this area in the Paraplast sections (Fig. 3D).

Figure 4 shows TEM close-ups of individual circular
cell cluster cells at different stages of anther develop-
ment. During stages —5 to —2, cells of the circular cell
cluster increased significantly in size and accumulated
numerous small vesicles (Fig. 4; Table 1). Figure 5SA
shows that a large increase in the number of cells con-
tained within the circular cell cluster occurred during
stages —5 to —1. The number of cells within the circular
cell cluster reached a maximum of ~14 by stage —2 in a
typical transverse 10 pm section (Fig. SA-C). This in-
crease was due primarily to periclinal cell divisions that
increased the number of cell layers (Figs. 3; 5A-C).
Together, these results show that the circular cell cluster
is specified from L2 cells within the pre-notch region and
that circular cell differentiation events can be visualized
as early as stage —3, prior to any changes in contiguous
pre-stomium cells in the L1 layer.

Circular cell cluster differentiation and degeneration
occur before analogous stomium events take place

We studied the developing notch region from stages + 1
to +4 in both the light microscope and TEM to char-
acterize developmental changes within the circular cell



227

16 H
A Anther  Transverse Section Notch Region Circular Cell Cluster
abaxial side 14
ey g wide
anticlinal =5 :
¥~ CCC St| divisions 3 10 mwide
- mdeep
e O 8; m total
stage +1 ‘deep’ 2 6;
periclinal
divisions 4
2
B Total Cell Numbers .
145 5 -4 -3 -2 -1 +1 +2 +3 +4 45
is anther developmental stage
w101 D % [Stomium
o - 12
.; 8 v 104 Owide
. 6 ® | |mdeep
o o = total
4 O 61
O 4l
2] c
2
0 /1 0.

-5 -4 -3 -2 -1 41 +2 +3 ¥4 +5
anther developmental stage

Fig. SA-D Number of cells in the circular cell cluster and stomium
during anther development. The number of cells in the circular cell
cluster and stomium during anther development were counted from
transverse sections visualized in the TEM (Figs. 3, 6, 9; data not
shown). The total number of circular cell cluster and stomium cells
in the entire anther is larger. Anther developmental stages are from
Koltunow et al. (1990); phase 1, stages —7 to —1 and phase 2,
stages +1 to +12). A Cartoon representation of sectioning used to
view notch region cell types. Transverse sections through the anther
generate a butterfly shape. TEM analysis focused on the notch
region of each transverse section. Periclinal cell divisions generated
an increase in the width (deep) of the circular cell cluster and
stomium as observed in transverse section. Anticlinal cell divisions
generated an increase across (wide; adaxial to abaxial) the circular
cell cluster and stomium as visualized in transverse section. B Total
number of cells in the circular cell cluster and stomium at different
stages of anther development. Closed diamonds Circular cell cluster,
open squares stomium. Cell numbers were not counted between
stages +6 to +8 (dashed line). Shaded areas Periods of cell-death:
stages +3 to +4 for the circular cell cluster and stage + 12 for the
stomium. Cells in one to four sections were counted depending
upon the stage. C Number of circular cell cluster cells in transverse
sections at different stages of anther development. D Number of
stomium cells in transverse sections at different stages of anther
development. Bars Average number of cells in counted transverse
sections

cluster and to identify when stomium differentiation
began (Figs. 4; 6; Table 1). The bright-field photographs
presented in Figure 6A, B showed that by stages + 1 and
+ 2 the circular cell cluster had formed into the circular
arrangement of sub-epidermal cells for which it was

+9 +10 +11 +12

5 4 -3 -2
anther developmental stage

1 +1 42 +3 +4 +5 49 +10 +11+12

named (Koltunow et al. 1990); i.e., circular cell cluster
differentiation had occurred. From stages +2 to +4
major changes were observed in the notch region at the
level of the light microscope (Fig. 6B-D; Table 1). Cir-
cular cell cluster degeneration took place, the stomium
differentiated from contiguous L1 layer cells, fibrous
bands were deposited in the endothecium and middle
layer, and the epidermal cells neighboring the develop-
ing stomium expanded and contained a single, large
vacuole (Fig. 6B-D; Table 1; data not shown).

TEM micrographs of the developing notch region
from stages +1 to +4 are shown in Figure 6E-H, and
close-ups of individual circular cell cluster cells at these
stages are shown in Figure 4. At stage + 1, the cells of the
circular cell cluster had a distinctive round shape and
lacked the large vacuole seen in surrounding cells
(Fig. 6A, E). The circular cell cluster was two to three
cells deep (or across) in a typical section due to periclinal
cell divisions (Figs. 5A; 6E). The small vesicles that
accumulated during stages —5 to —2 (Figs. 3F-H; 4) had
begun to aggregate (Figs. 4; 6E). By stage + 2, the cells of
the circular cell cluster underwent further expansion and
contained a single large vacuole (Figs. 4; 6B,F). The
circular cell cluster size increase was caused by cell
enlargement and not by cell division, as the number of
cells did not increase after stage —1 (Fig. 5B,C). The
vacuole present in cells of the stage +2 circular cell
cluster was formed by aggregation of small vesicles that
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Fig. 6A-H Circular cell cluster degeneration and stomium differ-
entiation. Anther sections from stages +1 to +4 were fixed and
embedded in either Paraplast or Spurr’s epoxy resin as described in
Materials and methods. Paraffin-embedded anthers were sliced into
10 um transverse sections, stained with toluidine blue, and notch
regions were photographed by bright-field microscopy. Spurr’s
embedded anthers were sliced into ultra-thin sections and prepared
for TEM. Anther developmental stages are shown in the top right
corner of each photograph. In the TEM micrographs, the cells of
the stomium and circular cell cluster are highlighted by a black
border. A—D Bright-field photographs of the developing anther
notch region. A Stage + 1, B stage +2, C stage +3, D stage +4. In
D the asterisk represents the space previously occupied by the
circular cell cluster. E-H TEM micrographs of the developing
anther notch region. E Stage + 1, F stage +2, G stage + 3, H stage
+4. Black borders (E-H) surround the circular cell cluster and
stomium. In G, arrows indicate cell wall remnants from circular cell
cluster degeneration and in H, arrowheads indicate initial stages of
connective cell degeneration. The black border in H surrounding
the space left by the degenerated circular cell cluster includes
neighboring connective cells that are degenerating (arrowheads).
The circular cell cluster and stomium cells marked with an asterisk
are shown in greater detail in Figs. 4 and 7. C Connective, CCC
circular cell cluster, CCCSp space generated by degeneration of
circular cell cluster cells, Cr calcium oxalate crystals, E epidermis,
En endothecium, Fb fibrous bands, Msp microspore, St stomium, 7
tapetum, Te tetrad. Bars C 20 pm (scale for A, B), D 25 um, E
30 um (scale for G, H), F 30 pm

had accumulated earlier (Figs. 3; 4; 6E,F). The cyto-
plasm within these cells was compressed against the cell
wall and the nucleus appeared shrunken and distorted
(Figs. 4; 6F). In addition, calcium oxalate druse crystals
(Horner and Wagner 1980; D’Arcy et al. 1996) were
present within the large vacuoles of the stage + 2 circular
cell cluster and were visualized as “white-star” shapes in
TEM micrographs (Figs. 4; 6F). The “‘white-stars” rep-
resented holes left behind after sectioning, as the crystals
were not sectioned. The presence of calcium oxalate
crystals contributed to the speckled appearance of the
circular cell cluster cells in the light microscope (Fig. 6C).

The creation of a single large vacuole, the accumu-
lation of calcium oxalate crystals, and the shrinking of
the nucleus in cells of the circular cell cluster at stage +2
marked the beginning of the circular cell cluster degen-
eration program (Fig. 6C,D,F,H). By stage + 3, all that
remained of the circular cell cluster was vacuole contents
and cell wall remnants (Figs. 4; 6G). The druse crystals
and the vacuole contents in which they were embedded
remained in the space occupied previously by the cir-
cular cell cluster (Figs. 4; 6G—H). By stage +4, the wall
remnants were completely degenerated and cells of the
circular cell cluster were no longer present, leaving a
large circular hole in the anther (Figs. 4; 6D,H; Table 1).

Connective cells contiguous to the circular cell cluster
and the tapetum also began to degenerate during this
period (stages +2 to +4) resulting in a bilocular anther
(Figs. 1; 6D,F,H; Table 1). In addition, the notch region
became more pronounced as a consequence of locule
territory enlargement, the endothecium expanded, and
lignified fibrous bands (Manning 1996) were deposited
within  both connective and endothecial cells
(Fig. 6C,D,F ,H; Table 1). Together, these results show
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that circular cell cluster differentiation occurred between
stages —3 and + 1 of anther development and that cells
of the circular cell cluster underwent a programmed cell
death process and degenerated by stage +4 (Fig. 6D,H;
Table 1).

Stomium cells are specified early in the development
of the notch region

When do the L1 cells within the anther primordium give
rise to the stomium and how do events that occur within
the stomium compare with those observed in the circular
cell cluster during anther development? At stage —5, L1-
layer primordium cells in the future notch region were
indistinguishable from each other in both the light
microscope (Fig. 3A) and the TEM (Figs. 2 stage —5;
3F). These included the L1 cells immediately adjacent to
L2 cells that gave rise to the circular cell cluster and their
L1 neighbors (Fig. 3A,F). At stage —3, in contrast, L1
cells destined to become the stomium were cytoplasmi-
cally dense and did not contain large vacuoles like their
neighboring L1 epidermal cells (Fig. 3C,G). Typically,
two or three pre-stomium L1 cells were observed in
TEM transverse sections at stages —3 and —2, and these
cells were in contact with the differentiating circular cell
cluster (Figs. 3G,H; 5D). At the light microscope level,
L1-layer pre-stomium cells stained more intensely with
toluidine blue than did their epidermal neighbors at
stages —2 and —1, similar to those in the developing
circular cell cluster (Fig. 3D,E; data not shown). To-
gether, these data show that a small number of L1-layer
primordium cells become specified as early as stage —3
to follow a stomium differentiation pathway, and that
these cells can be distinguished from neighboring epi-
dermal cells by their staining properties, dense cyto-
plasm, absence of prominent vacuoles, and contact with
the differentiating circular cell cluster.

Development of a multi-layered stomium occurs after
the circular cell cluster degenerates

The pre-stomium cells within the L1 layer did not un-
dergo any detectable changes during stages —3 to —1 of
anther development at the level of either the light or
electron microscope (Figs. 3; 7). Close-ups of individual
pre-stomium cells indicate that they had a high nuclear
to cytoplasmic volume and only small vesicles or vacu-
oles (Fig. 7). Nor did they increase significantly in
number during this period, in contrast with cells of the
circular cell cluster (Fig. 5B,D).

From stages +1 to +4, however, the pre-stomium
cells underwent several divisions, including two pericli-
nal divisions and an occasional anticlinal division
(Figs. 5B,D; 6E-H). At stage + 2, one periclinal division
generated a developing stomium that was three cells
across and two cells deep in a typical section—approx-
imately the width of a single epidermal cell (Figs. 5D;
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6F). At stage + 3, a second periclinal division generated
a stomium that was three cells across and three cells deep
(Figs. 5D; 6G). In some sections, we observed four rows
of stomium cells, suggesting that an anticlinal cell divi-
sion had occurred (Fig. 6E). Thus, by stage +4 the
mature stomium was a group of approximately 9-12
small cells that were positioned within the epidermal
layer of the anther (Figs. 5B,D; 6 C,D,G,H; Table 1).
The multi-tiered stomium was clearly distinguished from
contiguous epidermal cells that were larger and more
highly vacuolate (Fig. 6 C,D,G,H). Individual stomium
cells remained histologically similar during stages + 3 to
+5 (Figs. 6G,H; 7), but expanded and acquired prom-
inent vacuoles, structures not apparent in earlier stages
of stomium cell development (Fig. 7, stages —5 to —1).
Stomium cell division events occurred after the circular
cell cluster stopped dividing (Figs. 5B; 6; Table 1). By
the time a multi-tiered stomium formed, the circular cell
cluster had degenerated (Figs. 5B; 6C,D,G,H; Table 1).
Together, development of the stomium and the death of
the circular cell cluster by stage +4 established the fu-
ture site for anther wall breakage at dehiscence.

Plasmodesmata connections occur between
cells within the notch region

We examined the boundaries between cells of the
developing notch region to determine whether there

were plasmodesmata connections, and, if so, what cells
were connected by these cytoplasmic channels. The
presence of plasmodesmata might provide clues to pos-
sible interactions between notch-region cell types (Hay-
wood et al. 2002). We focused our efforts on stages —4 to
+2, when both the circular cell cluster and stomium
became specified and differentiated (Figs. 3; 6). To
identify plasmodesmata, we used a higher TEM mag-
nification (~29,000x) than that used to visualize notch
region development (1,900x; Figs. 2; 3; 4; 6; 7).
Plasmodesmata were observed within the notch region
at all developmental stages examined (Fig. 8). Connec-
tions occurred between similar cell types (e.g., stomium-
stomium; Fig. 8, st-st) and different cell types (e.g.,
stomium-circular cell cluster; Fig. 8, st-ccc). Both

Fig. 7 Stomium cells during tobacco anther development. Anther
sections from stages —5 to +5 and stages +9 to + 12 were fixed,
embedded in Spurr’s epoxy resin, sliced into ultra-thin sections and
prepared for the TEM as described in Materials and methods. The
images presented here are close-ups of stomium cells marked with
an asterisk in Figs. 3, 6, 9, and 10A. Stage +10 is from a
consecutive transverse section from the same anther shown in
Fig. 9. At stages +9 to +11, small dark lipid vesicles are seen to
accumulate. The black arrows in stage + 12 indicate the degener-
ated stomium cells after dehiscence and anther opening. N Nucleus,
V vacuole. Bars Stage —4 10 um (scale for stages —5 to + 1), stage
+2 20 pum (scale for stages +2 to +5), stage +12 10 pm (scale for
stages +9 to +12)
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Fig. 8 Plasmodesmata in the anther notch region during anther
development. Anther sections from stages —4, —2, +1, and +2
were fixed, embedded in Spurr’s epoxy resin, sliced into ultra-thin
sections and prepared for the TEM as described in Materials and
methods. Primary plasmodesmata identified between the cells of
the developing notch are shown for stages —4, —2 and +1.
Secondary plasmodesmata are shown for stage + 2. The labels refer
to the borders between two cell-types: stz-st between two stomium
cells, st-ep between stomium and epidermal cells, st-ccc between
stomium and circular cell cluster cells, cce-cee between two circular
cell cluster cells. Bars Stage +1 200 nm (scale for stages —4 and
—2), stage +2 200 nm

primary plasmodesmata (Fig. 8, stages —4 to +1) and
secondary plasmodesmata (Fig. 8, stage +2) were de-
tected. No differences were observed between the types of
cells that were connected by plasmodesmata at different
stages (data not shown). Nor were there detectable dif-
ferences in the number of plasmodesmata connections
observed between different cell types (data not shown).
The only apparent change in plasmodesmata was visu-
alized at the time of circular cell cluster degenera-
tion—plasmodesmata connections between the circular
cell cluster and other cell types disappeared (data not
shown). Together, these results indicate that the entire
notch region is connected by cytoplasmic channels and
that plasmodesmata occur between the circular cell
cluster and stomium when these cells become specified
(Fig. 8, stage —4).

Stomium cell death establishes the site for pollen
release at dehiscence

We examined the notch region at the terminal stages of
anther development (stages + 8 to +12; Table 1) in both
the light microscope (Fig. 9A-D) and TEM (Figs. 9E-G;
10) to visualize cellular events that occurred within the
stomium in the period prior to dehiscence (stages + 8 to
+11) and during dehiscence (stage +12). From stages
+ 8 to + 11 the stomium consisted of a multi-tiered set of
cells flanked by calcium-oxalate-filled space left over
from the degenerated circular cell cluster (Fig. 9A-G),
similar to that observed earlier in anther development
(Fig. 6H, stage +4). The stomium did not increase in cell
number after stage +4 (Fig. 5B,D), and remained the
narrowest site within the anther wall (Fig. 9A—C). Sto-
mium cells were markedly smaller in size and contained
prominent nuclei in comparison with neighboring epi-
dermal and endothecial cells, which expanded signifi-
cantly during this period and contained large vacuoles
(Fig. 9A-G). In addition, fibrous bands became more
numerous in both the endothecium and connective
(Fig. 9A-D,F,H). The only visible change in the stomium
cells from stages +9 to +11 was an increase in the
number of lipid vesicles and an enlargement of vacuole
size due to coalescence of smaller vacuoles (Figs. 7; 9E—
G). During this period the stomium consisted of intact
cells, i.e., stomium cell degeneration had not yet occurred.

We compared a mechanically-sheared stage +11
notch region (Fig. 10B) with one that dehisced at stage
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+12 (Figs. 7; 9H; 10A) to determine if stomium cell
death played a role in the dehiscence process. Fixed,
stage + 11 anthers often break at the stomium when
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Fig. 9A-H Late events in stomium development. Stage + 8 to + 12
anthers were fixed and embedded in either Paraplast or Spurr’s
epoxy resin as described in Materials and methods. Paraffin-
embedded anthers were sliced into 10 pm transverse sections,
stained with toluidine blue, and the notch regions were photo-
graphed by bright-field microscopy. Spurr’s embedded anthers
were sliced into ultra-thin sections and prepared for TEM. A-D
Bright-field photographs of the developing anther notch. A stage
+38, B stage +9, Cstage + 10, D stage + 11. The asterisks in A-D
represent the space previously occupied by circular cell cluster cells
(see Fig. 6). The break at the stomium in the stage + 11 anther in D
was caused by mechanical shearing during sectioning, but
demonstrates the biological process seen at anther dehiscence,
stage +12. The space occupied previously by the circular cell
cluster in D divided into two regions during sectioning and is
marked by the asterisks. E-H TEM micrographs of the developing
anther notch. E Stage +9, F stage +10, G stage +11, H stage
+12. In E-H the stomium cells marked with an asterisk are shown
in greater detail in Fig. 7. The black border in E-G outlines the
stomium cells. The black border and arrowheads in H delineate the
stomium from neighboring cells in the Stage + 12 dehisced anther.
C Connective, CCCSp space created by degeneration of the circular
cell cluster, Cr calcium oxalate crystals, Cu cuticle, E epidermis, En
endothecium, Fb fibrous bands, St stomium. Bars B 25 um (scale
for A), D 25 pum (scale for C), H 15 um (scale for E, F, G)

sectioned, as illustrated by the bright-field section shown
in Figure 9D. The weakness of the stage + 11 stomium
probably reflects cellular changes (e.g., degeneration
events) that occur in preparation for dehiscence at stage
+12 (Figs. 1; 10). The TEM analysis of a sheared stage
+ 11 stomium showed that both sides of the anther wall
were in close proximity to each other and that the cells
were intact (Fig. 10B). In addition, calcium oxalate
crystals were still present in the torn stage + 11 notch
region (Fig. 10B). This was in marked contrast to the
stomium at dehiscence (Figs. 9H; 10A). Figure 10A
shows a dehisced stage + 12 anther with both sides of the
wall positioned across the breakage point, the top half of
which is shown in Figure 9H. All cells within the de-
hisced notch region (e.g., connective, endothecium)
showed that the initial stages of senescence had be-
gun—cells were distorted and their cytoplasmic contents
had pulled-away from cell membranes and walls
(Figs. 9H; 10A). In addition, the calcium oxalate crystals
had disappeared (compare Figs. 9H and 10A with
Fig. 9E-G). In contrast with intact epidermal and
endothecial cells at stage + 12, the stomium appeared to
have crumpled, collapsed, and degenerated (Figs. 7; 9H;
10A). Together, these results show that stomium cells
remained intact within the anther wall up to stage + 11,
and that they underwent a cell-death program at stage
+12 similar to one that occurred earlier within the cir-
cular cell cluster (Fig. 6E-H). Stomium degeneration
allowed the anther wall to break and release pollen at
flower opening (Fig. 1).

LCM can be used to detect specific stomium mRNAs

We used LCM to determine whether we could isolate
stomium cells and detect the presence of specific stomi-
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um mRNAs (Kerk et al. 2003). LCM is a powerful tool
for using genomic approaches (Asano et al. 2002; Kerk
et al. 2003; Nakazano et al. 2003) to identify the genes
and proteins that function within the circular cell cluster
and stomium during anther development and that are
critical for the dehiscence process. Figure 11 shows a
transverse section of a stage +6 anther notch region
before LCM (Fig. 11A) and after LCM (Fig. 11B). We
were able to capture the entire cluster of stomium
cells from the notch region and separate it from the rest
of the anther using LCM (Fig. 11B).

We isolated RNA from 45 captured stomium cell
clusters containing a total of approximately 450 cells
(Fig. 5D), and used real-time quantitative reverse tran-
scription-PCR (qRT-PCR) to detect the presence of
TAS56 and TA20 mRNAs that we had shown previously
by in situ hybridization to be localized within the sto-
mium (Koltunow et al. 1990; Beals and Goldberg 1997).
TAS56 encodes a thiol endopeptidase (Beals and Gold-
berg 1997), while TA20 encodes a protein of unknown
function (Goldberg et al. 1993; Beals and Goldberg
1997). Real-time qRT-PCR detected the presence of
both sequences in stomium RNA, and indicated that
TA20 mRNA was approximately 4-fold more prevalent
than TA56 mRNA (Fig. 11C). Relative to internal
rRNA standards, we estimated that TA20 and TA56
mRNAs represented approximately 1.4% and 0.4% of
the stage +6 stomium mRNA population, or about
7,000 and 2,000 molecules per cell, respectively (Gold-
berg et al. 1978). These mRINA prevalences are consis-
tent with those expected for mRNAs that can be
detected within specific cell types using in situ hybrid-
ization procedures (Cox and Goldberg 1988). Together,
these data show that LCM can be used successfully to
capture stomium cells from the notch region of the an-
ther and identify specific mRNAs.

Discussion

We characterized the differentiation and degeneration of
the circular cell cluster and stomium during tobacco
anther development using both light microscopy and
TEM. These cell types form within the notch region of
the anther and are required for dehiscence and release of
pollen grains at flower opening (Fig. 1). Our major
findings are summarized in Table 1 and a schematic
representation of the cellular events that occur within
the notch region at the level of the TEM is shown in
Figure 12. Our results show that the stomium and cir-
cular cell cluster are specified early in phase 1 of anther
development, following the differentiation of territories
leading to locule formation. The circular cell cluster
differentiates from L2 cells in the territory between the
developing locules prior to the initiation of stomium
differentiation and becomes a 12—14 cell specialized tis-
sue containing calcium-oxalate crystals (Figs. 12; 13;
Bonner and Dickinson 1989; Horner and Wagner 1992;
D’Arcy et al. 1996). Thus, the L2 initials that give rise to
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the circular cell cluster are within a different region of
the primordium than those that generate the archespo-
rial cells (Figs. 12; 13). The stomium, in contrast, is
specified from L1 cells contiguous to the circular-cell-
cluster initials, and differentiates into a multi-tiered 9—12
cell structure after the circular cell cluster has begun to
degenerate (Figs. 12; 13; Table 1).

Both the circular cell cluster and the stomium un-
dergo a cell-death program and degenerate during
phase 2 of anther development, although the timing
differs (Figs. 1; 12; Table 1). The circular cell cluster
degenerates first, contributing to the formation of a

<

Fig. 10A-B Stomium cell death and anther dehiscence. Anther
sections from stages + 11 and + 12 were fixed and embedded in
Spurr’s epoxy resin as described in Materials and methods. Spurr’s
embedded anthers were sliced into ultra-thin sections and prepared
for TEM. Anther developmental stages are shown in the top right
corner. A Stage + 12. Complete notch region of the split stomium
shown in Fig. 9H. After breakage at the stomium, the two halves of
the anther wall separate from each other. These two halves have
been placed in close proximity to each other for this figure. The
asterisk indicates the stomium cell highlighted in Fig. 7. The
cartoon inset of a stage + 12 anther theca represents the role of
stomium breakage in pollen release. The black border and the
arrowheads delineate the stomium cells from the other cells of the
dehisced anther. Brackets highlight the two halves of the stomium
that split at dehiscence. B Split notch region from a stage +11
anther that was mechanically sheared prior to fixation. Brackets
highlight the two halves of the mechanically split stomium. C
Connective, Cr calcium oxalate crystals, Cu cuticle, E epidermis, En
endothecium, Fb Fibrous bands, L locule region in a bilocular
anther, PG pollen grain, St stomium, V' vascular region. Bar A
20 um (scale for the TEM micrographs in both A and B)

bilocular anther, while stomium degeneration occurs just
prior to flower opening and provides a longitudinal slit
for pollen release along each theca of the anther (Figs. 1,
12). These degeneration events occur independently of
phase 2 developmental processes that take place within
the locules (e.g., pollen differentiation, tapetum degen-
eration; Fig. 1), because male-sterile mutants obtained
from either genetic screens (Kaul 1988; Dawson et al.
1993; Sanders et al. 1999) or the targeted ablation of the
tapetum with cytotoxic genes (e.g., TA29/barnase,
TA29/diptheria toxin A; Koltunow et al. 1990; Mariani
et al. 1990) undergo normal dehiscence.

The TAS56 thiol endopeptidase mRNA accumulation
pattern reflects the sequential degeneration of the cir-
cular cell cluster and stomium—TAS56 mRNA accumu-
lates first in the circular cell cluster and then in the
stomium (Fig. 11), and these events are under precise
transcriptional control (Koltunow et al. 1990; Beals and
Goldberg 1997). Other hydrolytic enzymes (e.g., cellu-
lase) have been shown to be present in anthers just prior
to dehiscence (del Campillo and Lewis 1992; Lashbrook
et al. 1994; Neelam and Sexton 1995). In striking con-
trast with results obtained from tapetal cell ablation,
targeted ablation of either the circular cell cluster and
stomium or the stomium alone with a TA56/barnase
gene late in anther development leads to anthers that fail
to dehisce (Beals and Goldberg 1997). Collectively, these
findings indicate that temporally-regulated cellular pro-
cesses involving specific gene sets are required for anther
dehiscence.

Coordinated events within several different cell types
are required for anther dehiscence

In addition to the circular cell cluster and stomium, the
endothecium and connective both play a major role in
anther dehiscence (Keijzer 1987; Bonner and Dickinson
1989; Manning 1996). Like the circular cell cluster, the



25000
200001
15000
10000
5000 [
0
-5000

4
'/’/

Ct=28.5 /

N
Y ct=30.3

T

—
5
i
L
=
=
e
b
€
@
o
@
2
o
=
i
o
2
L=
S
]
o

TN DN U S TSN DA AN T Al DO AN] DATN TN NN N NN A ST Y RSN N A I

0 4 8 12 16 20 24 28 32 36 40 44 48
Cycle

Fig. 11A-C Using laser capture microdissection (LCM) to isolate
stomium cells and detect specific mRNAs. Stage + 6 anthers were
fixed, embedded in Paraplast, sliced into 10 pm transverse sections,
and de-paraffinized with two washes of xylene before LCM (see
Materials and methods). A, B Bright-field photographs of stage +6
anther notch region before and after LCM. A Notch region before
LCM; black outline stomium cells marked for LCM. B Notch
region after LCM; asterisks space previously occupied by the
degenerated circular cell cluster (see Fig. 6), large white arrow hole
left in the anther section after LCM of stomium cells. The calcium
oxalate crystals present in A were scattered and lost during LCM. C
Real-time quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) analysis of stomium mRNAs using TAS6
and TA20 primers as outlined in Materials and methods.
Horizontal line Ct, or PCR threshold value, calibrated relative to
known amounts of plasmid DNA standards (data not shown).
Curves show replica qRT-PCR reactions for each primer pair; Ct
average value (standard deviation <0.2 Ct). The amount of PCR
product varies according to the function 214, where ACt is the
absolute difference in Ct values. A ACt of 1 represents a 2-fold
difference in the amount of PCR product. C Connective tissue, Cr
calcium oxalate crystals, E epidermis, Fb fibrous bands, P pollen,
St stomium. Bar A 50 um (scale for B)

endothecium is derived from L2 layer cells of the anther
primordium, but from a different territory (Fig. 13).
Endothecial cells generate wall thickenings, or fibrous
bands, during phase 2 of anther development (Figs. 1;
9D,F; 13; Table 1) Endothecial wall thickenings are
composed of lignin and have been proposed to serve as a
“spring” that flips the anther wall layers apart after
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stomium breakage (Keijzer 1987; Bonner and Dickinson
1989; Manning 1996). Fibrous bands within the endo-
thecium are required for dehiscence, because an 4. tha-
liana male-sterile mutant (ms55) that lacks endothecial
wall thickenings due to a defect in the M YB26 gene fails
to dehisce (Dawson et al. 1999; Steiner-Lange et al.
2003). The connective, derived from the L3 primordium
cell layer, also generates wall thickenings during phase 2
of tobacco anther development (Figs. 6D, H; 9H; 10A;
13). Degeneration of the connective, in addition to the
circular cell cluster, establishes a confluent pollen
chamber within each theca allowing the pollen grains to
exit through a single opening (Fig. 1; Koltunow et al.
1990; Beals and Goldberg 1997). We showed previously
that the A4. thaliana non-dehiscencel mutant fails to un-
dergo dehiscence as a consequence of premature con-
nective cell death, indicating the importance of these
cells, either directly or indirectly, in pollen release
(Sanders et al. 1999).

The differentiation and specialization of diverse an-
ther cell types required for dehiscence and pollen release
are highly coordinated events that are timed precisely
during floral development and scheduled to be completed
when the flower opens (Fig. 13). The dehiscence program
begins with the specification of cell types within the an-
ther primordium (e.g., circular cell cluster, stomium,
endothecium) and ends with breakage of the stomium
within the anther wall and pollen release at flower
opening (Fig. 13, Table 1). Thus, dehiscence requires a
continuum of programmed events during both phase 1
and phase 2 of anther development. How cells required
for dehiscence become specified within the L1, L2, and
L3 layers of the anther primordium, and what genes and
cellular processes guide their specialization during anther
development remain major unanswered questions.

The anther dehiscence program is similar in tobacco
and A. thaliana

Experiments with the anthers of related solanaceous
plants (e.g., tomato, Bonner and Dickinson 1989; sweet
pepper, Horner and Wagner 1980, 1992) have shown
that similar events occur—a calcium-oxalate-filled cir-
cular cell cluster differentiates and degenerates, followed
by the formation of a multi-tiered stomium that breaks
at flower opening. The presence of a circular cell cluster
filled with calcium oxalate druse crystals is a feature of
solanaceous anthers (D’Arcy et al. 1996), and has been
shown recently to enhance the pollination process by
supplying calcium ions (Iwano et al. 2004).

Recently, we characterized anther development and
the dehiscence program in A. thaliana (Sanders et al. 1999,
2000). A comparison of notch-region development and
dehiscence in tobacco and A. thaliana is summarized in
Table 2 and shows the remarkable conservation of pre-
cisely timed developmental events leading to pollen re-
lease in these divergent plant species. In A. thaliana, a
small number of septum cells (two or three) differentiates
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Phase 1 Phase 2
Stage  Stage StageI ' Stage
-7 -3 -2 +1
Notch Differentiation of the Anther
Formation Circular Cell Cluster Dehiscence
_>
and Stomium  Division and PROGRAM EVENTS —_—
Specification g’gg"s'l"“ gi . Pollen
uster Lells Release
Accumulation of —_—
Calcium Oxalate Crystals Senescence
in CCCluster Vacuoles
-
ANTHGEEF': ‘:’r:':'?rERN CCCluster Cell Death
42;':‘_3‘::5 Differentiation
2 Notch Regions of the Stomium
—
Stomium Cell Division Stomium
Cell Death

Fig. 12 Summary of events that occur during tobacco anther
notch-region development. Notch-region cartoons were drawn
from the TEM images shown in Figs. 3 and 6. Slight variation in
notch-region development occurs within an anther (i.e., position of
transverse section) and from anther to anther. The cells outlined in
the cartoons (stages —3 to +4) represent the stomium (dark
shading), circular cell cluster (light shading) and epidermis (white).
At stage +4 the initial degeneration of connective cells is shown as
a speckled region. The stage —7 primordium and stage + 12 anther
cartoons were taken from Fig. 1. CCCluster Circular cell cluster

in the notch region from sub-epidermal cells and degen-
erates midway through phase 2, creating a bilocular an-
ther (Table 2; Sanders et al. 2000). The connective does
not degenerate in 4. thaliana, but does accumulate fibrous
bands (Table 2; Sanders et al. 1999). The septum func-
tions similarly to the circular cell cluster, but is simpler in
structure, does not accumulate calcium oxalate crystals,
and resides at the intersection of two round locules, in
contrast with the U-shaped pollen sacs in tobacco
(Fig. 1). Following septum degeneration, the stomium
becomes visible within the notch region and degenerates
just as the flower opens leading to pollen release (Table 2;
Sanders et al. 1999, 2000). The A. thaliana stomium is also
simpler than that observed in tobacco, consisting of only
three cells that reside within a single epidermal layer of the
notch region (Table 2; Sanders et al. 2000). Cellular
events leading to the differentiation and degeneration of

the circular cell cluster/septum and stomium are con-
served, because a T456/GUS reporter gene shows the
same notch-region transcriptional specificity in A. thali-
ana as it does in tobacco. That is, the TA56/GUS gene is
transcribed specifically within septum and stomium dur-
ing phase 2 of anther development (Sanders 2000; P.M.
Sanders and R.B. Goldberg, unpublished results). This
suggests that the regulatory networks responsible for
activating genes required for carrying out specialized
dehiscence functions within the circular cell cluster/sep-
tum and stomium are ancient and evolved with the
emergence of flowering plants.

What controls the specification of the notch region
in the territory between the two locules?

How does the notch region form within the territory
between the two locules, and how do the L1 and L2 cells
within this territory become specified to follow stomium
and circular cell cluster differentiation pathways? Fig-
ure 14 presents two alternative mechanisms by which
these specification events might occur. Mechanism 1
proposes that the notch region forms autonomously
during early phase 1 of anther development and that the
L1 and L2 cells within this territory are pre-programmed
to follow stomium and circular cell cluster pathways
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Table 2 Comparison of anther notch region development and the dehiscence program in tobacco and Arabidopsis thaliana

Tobacco® A.thaliana®
Stage® Major events in notch development Stage® Major events in notch development
-7 to =5 Anther pattern is generated from 1-5 Anther pattern is generated from
the stamen primordia. U-Shaped the stamen primordia. Round
locules are derived from archesporial locules are derived from
cell lineages. Expansion of the two archesporial cell lineages.
locules in each theca creates the Expansion of the 2 locules
anther notch region in each theca creates the
anther notch region
—5to —1 CCC and stomium are specified 6-9 Septum and stomium
within the notch region. CCC are specified within the notch region?
differentiates prior to the stomium
+1 Meiosis complete within locules 7 Meiosis complete within

and tetrads present. End of
phase 1 and beginning of phase 2
CCC differentiation and division
occur and calcium oxalate
crystals accumulate
CCC degeneration occurs. Stomium
differentiation and division generate
a multi-tiered structure with 9-12 cells
Expansion of the endothecium and
connectiveand deposition of
fibrous bands. Connective
degeneration leads to
a bilocular anther
Degeneration of stomium
creates break in anther
wall and dehiscence/pollen
release occurs. End of phase 2

+1to +2

+2to +4

+3to +5

+12

locules and tetrads present.

End of phase 1 and beginning of phase 2
10 Septum cells present within notch region.

Calcium oxalate crystals do not form

11 Expansion of endothecium cells occurs.
Fibrous bands deposited in endothecium
and connective cells

12 Septum cells degenerate and lead to a
bilocular anther. A 3-celled, single-layered
stomium is observed. Connective
does not degenerate

13 Degeneration of stomium creates break
in anther wall and dehiscence/pollen
release occurs. End of phase 2

“Tobacco and A. thaliana have anthers with a 4 locule structure
consisting of 2 locules per theca and a stomium between the 2
locules (1 theca — 2 locules — 1 stomium; see Fig. 1)
*Tobacco anther developmental stages were taken from Koltunow
et al. (1990). Phase 1, stages —7 to —1; Phase 2 stages +1 to +12.
Table 1 details the major events in tobacco anther development
and notch region development

°A. thaliana anther developmental stages taken from Sanders et al.
(1999). Phase 1, stages 1-8; Phase 2 stages 7-13

(Davidson 1991). Mechanism 2, in contrast, hypothe-
sizes that notch region specification is dependent upon
signals generated by the differentiating locules. These
signals are transmitted obliquely from each locule and,
at their intersection, enable stomium and circular cell
cluster initials to be specified from receptive L1 and L2
cells (Fig. 14), i.e., stomium and circular cell cluster L1
and L2 founder cells are conditionally specified as a
consequence of their position between the two differen-
tiating locules (Davidson 1991). One corollary to
mechanism 2 is that L1 or L2 cells on the periphery of
the anther primordium should have the potential to
differentiate into a stomium or circular cell cluster,
respectively, provided the relevant signals are present.
Mechanism 1 predicts that altering the number and/or
position of locules within each theca should have no
effect on notch region development. In contrast, mech-
anism 2 predicts that alterations in the pattern of locules
within the anther should affect notch-region develop-
ment and dehiscence.

We used mutant A. thaliana aintegumenta and ettin
anthers to show that notch region development and
dehiscence are dependent upon the formation of two

dSeptum cells in A. thaliana analogous in position and function to
CCC of tobacco, although septum cells do not accumulate calcium
oxalate crystals. The anther developmental stage(s) at which sep-
tum and stomium cells differentiate in A. thaliana is not known;
however, septum and stomium cells are present at stages 10 and 12,
respectively (Sanders et al. 1999, 2000). Septum differentiation and
degeneration occur before similar events take place in the stomium
(Sanders et al. 1999, 2000), analogous to what occurs in tobacco for
the CCC and stomium (Table 1)

contiguous locules (Sanders 2000; P.M. Sanders, Y.
Mizukami, R.L. Fischer, and R.B. Goldberg, unpub-
lished observations). Mutations in either the AINTE-
GUMENTA (ANT) gene that encodes an AP2-class
transcription factor (Elliot et al. 1996; Klucher et al.
1996) or the ETTIN (ETT) gene that encodes an auxin-
response-element transcription factor (Sessions et al.
1997) affect both the position and number of locules
within the anther (Sessions et al. 1997). We observed
that septum and stomium cell differentiation occurs only
at the intersection between two locules, regardless of
where these locules are positioned within the anther
(Sanders 2000; P.M. Sanders, Y. Mizukami, R.L. Fi-
scher, and R.B. Goldberg, unpublished observations).
Notch region formation and dehiscence do not occur
within either an anther or theca containing only a single
locule (Sanders 2000; P.M. Sanders, Y. Mizukami, R.L.
Fischer, and R.B. Goldberg, unpublished observations).

Experiments with A. thaliana fertility mutants that
have a defect in the SPOROCYTELESS/NOZZLE
MADS-box transcription factor gene (Schiefthaler et al.
1999; Yang et al. 1999) support this conclusion. Arche-
sporial cells do not differentiate in sporocyteless/nozzle
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Fig. 13 Cell lineages participating in tobacco anther dehiscence.
Stages at which dehiscence events occur within specific cell types
were taken from the results reported in this paper (Table 1). Stages
at which other developmental events occur were taken from our
previous studies (Koltunow et al. 1990). Cells derived from L1, L2,
and L3 primordium layers were based upon the experiments
presented here (circular cell cluster, stomium), those reported
previously from our laboratory (Koltunow et al. 1990), and the
histological studies of Satina and Blakeslee (1941) and Joshi et al.
(1967). Middle wall-layer lineage is based upon Davis (1966). Cells
of the inner tapetum can originate from both the L2 and L3 layers
(Hill and Malmberg 1996). The bold lettering and shaded boxes
represent cell types and events that are part of the anther
dehiscence program. Adapted from Goldberg et al. (1993, 1995)

anther primordia, and, as a consequence, fail to differ-
entiate pollen-containing locules and associated wall
layers (e.g., tapetum, endothecium). Sporocyteless/nozzle
anthers also do not contain septum and stomium cells
within their rudimentary notch region, even though dif-
ferentiated epidermal and connective-like sub-epidermal

cells are present (Yang et al. 1999). This is consistent with
the studies reported here, which show that histological
changes within the notch region become apparent only
after the locules have begun to differentiate (Fig. 3).
Together, these results suggest strongly that the differ-
entiation of the notch region is dependent upon signals
generated by two locules within each theca (Fig. 14,
mechanism 2). What these signals are, which cells pro-
duce them, and how they interact with L1 and L2 cells in
the interlocular region to induce stomium and circular
cell cluster/septum specification events remain to be
determined.

Do the circular cell cluster and stomium differentiate
independently of each other within the notch region?

Do cells of the circular cell cluster and stomium interact
with each other during anther development and what
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Fig. 14 Models for the specification and differentiation of the
circular cell cluster and stomium. The cartoons for stage —7 and
+1 anthers were taken from Fig. 1. The red circles at stage —7
highlight the region in the primordium that will become the notch
region, as seen at stage +1. The arrows at stage —7 designate the
territories of the four archesporial cell regions that will develop into
the locules, as seen in stage + 1. The bright-field photographs show
the notch region of stage —2 and stage —1 anthers and were taken
from Fig. 3. Arrows with a + sign indicate positive interactions,
while arrows with a — sign indicate negative interactions.
Individual arrows are conceptual and do not reflect the possible
number of interactions, molecules, and/or pathways responsible for
each step. 4 Archesporial cell territories, CCCluster circular cell
cluster, NV notch

defines the boundary of the notch region? Two models
for stomium and circular cell cluster differentiation are
presented in Figure 14, both of which are dependent
upon signaling for the initial specification of the notch
region (mechanism 2). In model A, the stomium and
circular cell cluster differentiate independently of each
other after their L1 and L2 founder cells are specified by
a common signaling mechanism. Alternatively, model B
proposes that stomium differentiation is dependent upon
signals generated by contiguous cells of the circular cell
cluster. This model assumes that circular cell cluster
development is required before stomium differentiation
and division can occur (Fig. 12), and that pre-stomium
initials require signals in addition to those obtained from
the locules in order to undergo a differentiation path-
way. Both models propose that negative interactions
(e.g., between the stomium and epidermal neighbors)
limit the size of the notch region and define its boundary
(Fig. 14; Larkin et al. 2003). Signals between the circular
cell cluster and stomium or the stomium and epidermal
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cells could be transmitted by plasmodesmata connec-
tions (Fig. 8; Haywood et al. 2002), more conventional
ligand/receptor pathways (Larkin et al. 2003), or both.

At the present time we do not know which model is
correct or whether interactions occur between stomium
and adjacent epidermal cells. The circular cell cluster
differentiates and divides from stages —4 to + 2, whereas
analogous stomium events occur later, during stages + 1
to +4, while the circular cell cluster is degenerating
(Fig. 12; Table 1). Stomium differentiation is completed
after the circular cell cluster has disappeared, and sto-
mium cell death occurs in the absence of a circular cell
cluster (Fig. 12; Table 1). Thus, the circular cell cluster is
not required for cellular processes that occur within the
stomium during most of phase 2 of anther development
(Fig. 12, stages +4to +12; Table 1). These observations
are consistent with the hypothesis that the circular cell
cluster and stomium differentiate and function indepen-
dently of each other after they are specified within the
primordium interlocular region (Fig. 14, model B).

One way to test these models is to use targeted cell
ablation studies (Mariani et al. 1990; Koltunow et al.
1990; Goldberg et al. 1995; Beals and Goldberg 1997) to
selectively eliminate either the circular cell cluster or the
stomium during phase 1 of anther development (Fig. 1).
For example, if model B is correct, then destruction of
the circular cell cluster will have no affect on stomium
differentiation. Conversely, ablation of the stomium will
not affect circular cell cluster formation. The absence of
the stomium, however, might induce contiguous epi-
dermal cells to enter a stomium differentiation pathway
due to the elimination of negative signals (Fig. 14). The
ability to use LCM methods (Kerk et al. 2003) to isolate
cells from the circular cell cluster and stomium at any
stage in their development opens the door for identifying
cell-specific genes and promoters that can be used drive
the ablation process (Fig. 11).

What coordinates cellular events within the circular
cell cluster and stomium with other developmental
processes within the flower?

The developmental processes that occur within the notch
region must be coordinated with other events that occur
within the anther (Goldberg et al. 1993). For example,
pollen grain formation, tapetal cell degeneration,
expansion of wall and epidermal layers, deposition of
fibrous bands in the connective and endothecium, and
connective cell degeneration need to be synchronized
with the differentiation and degeneration of the circular
cell cluster and stomium (Fig. 13; Table 1). In addition,
anther development and dehiscence must be timed with
events that occur within other floral organs (i.e., sepals,
petals, pistil) so that successful pollination and fertil-
ization can take place when the flower opens.

Clues to what controls the timing of anther dehis-
cence come from studies with late-dehiscence mutants
and genes involved in hormone activity. A. thaliana
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mutants that are defective in either JA biosynthesis (e.g.,
ddelopr3, dde2/allene oxidase synthase, dadl) or per-
ception (e.g., coil) are male sterile and have anthers that
dehisce too late for successful pollination to occur (Feys
et al. 1994; McConn and Browse 1996; Sanders et al.
2000; Stintzi and Browse 2000; Ishiguro et al. 2001; Park
et al. 2002; Von Malek et al. 2002). For example, ddel/
opr3 plants lack 12-oxophytodienoate reductase, an en-
zyme in the JA biosynthetic pathway (Sanders et al.
2000; Stintzi and Browse 2000). The stomium and sep-
tum differentiate normally in ddel/opr3 anthers, but
stomium degeneration is delayed, indicating that JA is
an important signal for controlling the timing of sto-
mium breakage and anther dehiscence (Sanders et al.
2000). Other hormones, such as ethylene, auxin, and
GA, have also been shown to play a role in anther
dehiscence. Inhibiting the etrl-1 ethylene receptor gene
(Rieu et al. 2003) or increasing auxin sensitivity by
Agrobacterium tumefaciens rolB gene over-expression
(Cecchetti et al. 2004) generates a late-dehiscence phe-
notype in transgenic tobacco plants analogous to that
observed in ddel/opr3 anthers (Sanders et al. 2000;
Stintzi and Browse 2000). In addition, overexpressing
the HyGAMYB gene in barley, a GA-induced tran-
scriptional regulator, leads to anthers that fail to dehisce
(Murray et al. 2003), perhaps acting in cooperation with
a microRNA (Achard et al. 2004). Together, these
studies indicate that a complex set of hormonal inter-
actions is required, in part, to coordinate events within
the flower leading to anther dehiscence. How this occurs,
as well as the molecular processes and genes that control
the differentiation and degeneration of cells required for
anther dehiscence, remains to be determined.
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