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Establishment of adaxial-abaxial polar-
ity is essential for lateral organ devel-
opment. A stamen consists of a bilaterally
symmetrical anther and a radial filament.
Using a rice mutant, rod-like lemma, in
which establishment of adaxial-abaxial
polarity is compromised, we found that
stamen patterning is likely to be achieved
by a unique regulatory mechanism: rear-
rangement of adaxial-abaxial polarity
in the anther, and abaxialization in the
filament. These regulations are not found
in leaf development. Here, we discuss
similarities and differences between the
stamen and the leaf in the mechanisms
underlying the establishment of adaxial-
abaxial polarity. In addition, we propose
the idea that the process of establishing
adaxial-abaxial polarity in lateral organs
is likely to be divided into two phases:
a meristem-dependent, followed by a
meristem-independent phase. In stamen
development, the transition between
these two phases is clearly observed as
the rearrangement of expression patterns
of the adaxial and abaxial marker genes.

Establishment of polarity along devel-
opmental axes is a fundamental process
in lateral organ development in plants.
Regulation of adaxial-abaxial polarity is
well understood in leaf development."* In
both Arabidopsis and maize, several tran-
scription factors and small RNAs are known
to constitute a complex genetic network
that regulates establishment of the polarity
in the leaf. By contrast, the mechanism con-
trolling adaxial-abaxial polarity in stamen
development is not so well understood.

We have analyzed the rod-like lemma
(rol) mutant of rice, in which the stamen
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and lemma have defects in establishment
of adaxial-abaxial polarity.® In 70/, some
stamens and lemmas develop into pin-like
or rod-like structures, respectively, that
are associated with loss of polarity. The ro/
phenotypes are caused by a weak mutation
in the SHOOTLESS2 gene that encodes
a protein similar to Arabidopsis RNA-
DEPENDENT RNA POLYMERASEG,
which is required for the biosynthesis
of trans-acting small interfering RNA
(ta-siRNA).* By analyzing the 7o/ mutant
and the spatial expression patterns of adaxial
and abaxial markers, we proposed a model
of the regulatory mechanism underlying the
establishment of adaxial-abaxial polarity in
the stamen in rice.’ In this model, adaxial-
abaxial polarity is rearranged at an early
stage during anther development, whereas
the adaxial identity is completely lost in the
filament. Although this model is inferred
from studies of rice, published Arabidopsis
research tells us that the mechanism that we
proposed is applicable to stamen develop-
ment in the angiosperms in general >

In this addendum, we discuss similari-
ties and differences between the stamen
and the leaf in the mechanisms underlying
the establishment of adaxial-abaxial polar-
ity. In addition, we also discuss two phases
of polarity establishment, namely meri-
stem-dependent and meristem-indepen-
dent phases, in lateral organ development.

Similarities and Differences
in Polarity Establishment
between the Stamen and the Leaf

In leaf development, adaxial-abaxial polar-

ity is established early, at a stage when the
leaf primordium does not yet exhibit any
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Figure 1. Model of the developmental pattern of the leaf (A) and the stamen (B). (A) Lamina outgrowth occurs at the junction of the adaxial and ab-
axial domains in the leaf. (B) In anther development, the adaxial-abaxial polarity is rearranged. The boundary regions between the adaxial and abaxial
domains outgrow and differentiate into pollen sacs. In the filament, a radially symmetrical structure is formed by abaxialization. The adaxial and
abaxial domains are shown in red and blue, respectively. Double-headed arrows represent the axis of adaxial-abaxial polarity. Green arrows indicate
the direction of formation of the outgrowth. ab, abaxial side; ad, adaxial side.

morphological differences between the
adaxial and abaxial domains. The polar-
ity can, however, be recognized by the
expression patterns of adaxial or abaxial
identity genes (Fig. 1A).%>'" Once the
adaxial-abaxial polarity is established, the
polarity does not change and the develop-
mental fates of the cells, such as epidermal
cells and vascular tissue cells, are specified
depending on this polarity. In addition,
establishment of adaxial-abaxial polarity
is required for planar growth of the leaf:
that is, laminar outgrowth occurs at the
junction region between the adaxial and
abaxial domains."*" Failure in polarity
establishment results in radialized leaves,
which are either adaxialized or abaxial-
ized depending on the genes that are
compromised.

In stamen development in rice, adax-
ial-abaxial polarity initially seems to be
established as it is in the leaf: OsPHB3,
an adaxial identity gene (an ortholog of
Arabidopsis PHBULOSA), is expressed
in the domain adjacent to the meristem;
and an abaxial identity gene, OsETTINI
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(OsETTI), is expressed in the domain
opposite to it (Fig. 1B).> In anther devel-
opment, however, a marked rearrange-
ment of the spatial expression patterns
of the adaxial and abaxial genes takes
place. After this rearrangement, OsPHB3
is expressed in the lateral regions of the
anther primordium, whereas OsETTI is
expressed in a region near the meristem, in
addition to its original abaxial region. The
new polarity seems to be established in a
new developmental unit, the theca pri-
mordium, and subsequent development is
likely to be associated with the new polar-
ity. Four outgrowths are formed at bound-
ary regions between the two domains that
express the adaxial or abaxial identity
genes, and these outgrowths are subse-
quently differentiated into the pollen
sacs. The stomium forms in the adaxial
domain, whereas the connective tissue is
differentiated in the abaxial domain of
the theca. By contrast, the expression of
OsPHB3 is lost in the outer layers of the
filament, suggesting that the filament is
abaxialized (Fig. 1B). Thus, the anther
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and filament are formed and differentiated
depending on distinct polarities.
Accordingly, as compared to leaf devel-
opment, the establishment of adaxial-
abaxial polarity is markedly different
in stamen development: namely, inde-
pendent establishment of polarity in the
distal and proximal regions, followed by
rearrangement of polarity in the anther
and complete abaxialization of the fila-
ment. Despite these differences, stamen
development is likely to be regulated by a
mechanism similar to that underlying leaf
development. In the leaf, the lamina out-
growths are formed in the adaxial-abaxial
boundaries. Similarly in the anther, the
outgrowths that are differentiated into the
pollen sacs emerge in the boundary regions
between the adaxial and abaxial identities.
Consistently, the pollen sacs are partially
or completely lost in the ro/ mutant.’ In
filament development, the filament pri-
mordium is completely abaxialized and
develops into a radialized structure. This
developmental pattern closely resembles
the formation of a radialized leaf caused
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by the failure of laminar outgrowth in
mutants in which adaxial or abaxial iden-
tity is completely compromised.”!>'?

Floral organs including the stamen
evolved from the leaf.!'®"” Therefore, these
similarities in the establishment of adax-
ial-abaxial polarity are consistent with
the evolutionary origin of the stamen. To
make a filamentous structure from the
flattened leaf, abaxialization might have
been introduced during evolution of the
stamen. The rearrangement of the adax-
ial-abaxial polarity might have also been
adopted to elaborate the complex struc-
ture of the anther, which is composed of
two thecae and the connective.

Two Distinct Phases in the
Establishment of Adaxial-abaxial
Polarity in the Stamen and Leaf

Surgical experiments suggest that a signal
from the meristem is required for acquisi-
tion of adaxial identity in leaf develop-
ment.'*"” When an incipient primordium
(I1 or P0O) was isolated by incision from
the meristem, the primordium formed
a radially symmetrical structure with
abaxialization (Fig. 2A). By contrast,
when the incision was made at the P2
stage of leaf development, the leaf devel-
oped normally without any perturbation
of adaxial-abaxial patterning.’®?* Thus,
the signal from the meristem is required
for a short developmental window, sug-
gesting that leaf development can be
divided into two phases: a meristem-
dependent and a meristem-independent
phase. That is, after transition from the
meristem-dependent phase, the establish-
ment of adaxial-abaxial polarity is likely
to be regulated in an organ-autonomous
manner.

At an early stage of stamen develop-
ment, the adaxial marker OsPHB3 is
expressed in the domain adjacent to the
meristem, whereas the abaxial marker
OsETTI is expressed in the domain
opposite to it.> This stage would cor-
respond to the meristem-dependent
phase described above. Subsequently,
the expression patterns of OsPHB3 and
OsETTI drastically change. For exam-
ple, the abaxial marker OsE7T1 becomes
expressed in the domain adjacent to the
meristem. This probably indicates that
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Figure 2. Detection of the meristem-dependent and organ-autonomous phases. (A) Schematic
representation of surgical experiments in leaf development. The green circle represents the cen-
ter of the shoot apical meristem. Red solid lines represent incisions to isolate the primordium from
the center of the meristem. (B) Schematic representations of the phase transition in the develop-
ment of the leaf (upper part) and the stamen (lower part). A clear phase transition is detected in
stamen development by the rearrangement of the expression patterns of the adaxial and abaxial
markers, whereas no apparent change is observed in leaf development. Orange circles and
orange arrows represent the meristem and a putative signal from the meristem, respectively. The
adaxial and abaxial domains are shown in red and blue, respectively.

development of the stamen primordia is
likely to be free from a putative meristem
signal. Therefore, the rearrangement of
the polarity in the anther is likely to be
associated with the transition from the
meristem-dependent phase to the meri-
stem-independent  (organ-autonomous)
phase. Abaxialization in filament devel-
opment also seems to be an indication of
an organ-autonomous phase.

Once it is established in the leaf, the
adaxial-abaxial polarity is maintained
and does not change further. Therefore,
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the transition between the two phases
would be hard to distinguish by the
expression patterns of the marker genes
(Fig. 2B). By contrast, the marked rear-
rangement of adaxial-abaxial polarity can
be detected by changes in the gene expres-
sion pattern in stamen development. This
rearrangement provides visible evidence
that the lateral organ probably has two
distinct phases in establishment of the
adaxial-abaxial polarity whereby it shifts
from a meristem-dependent phase to an
organ-autonomous phase.
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