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he lipidic structures, anther cuticle

(outer anther surface) and pol-
len exine (outer pollen wall), play a key
protective role for the male gameto-
phyte and pollen grain development. We
recently identified ancient cytochrome
P450 family member CYP704B2 in
rice and proposed a common fatty acid
w-hydroxylation pathway for synthesiz-
ing anther cuticle and pollen exine dur-
ing plant male reproductive development.
Here, we propose developmental model
of pollen exine formation and discuss key
genes required for pollen exine synthesis
in the important crop plant rice.

Male reproductive development is a com-
plex biological process in flowering plants
and biosynthesis of anther cuticle and pol-
len exine, the two major protective layers
of microspores/pollens, is an essential pre-
requisite for pollen formation, maturation,
pollen disperse, spreading and pollina-
tion." Cuticle as a skin of plants is consisted
of two types of lipophilic biopolymers,
cutin and wax.>* The insoluble polymer
cutin comprises hydroxylated and epoxy
C16 and CI8 fatty acids, defining the
framework of the plant cuticle’” Wax is
composed of long-chain fatty acids, fatty
alcohols, alkanes and alkenes, etc.® Our
recent investigation on cyp/04B2 suggests
that the lipidic components of rice anther
cuticle are very similar to those of the epi-
dermal cuticle of the leaf and stem.!
Pollen wall comprises three parts:
exine (outer pollen wall), intine (inner
pollen wall) and pollen coat.® Pollen
exine is mainly consisted of the biopoly-
mer, sporopollenin, which was deduced
to have aliphatic polyhydroxy com-
pounds and phenolic OH groups,” and
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the polymerization of these chemical
molecules likely offers the exine highly
resistance to physical and environmen-
tal factors. Current knowledge on the
molecular basis underlying pollen exine
development is mainly from the investiga-
tions in the model dicot plant Arabidopsis
thaliana’" The innermost sporophytic
anther tissue, tapetum, plays a crucial role
in synthesizing pollen exine. The lipidic
molecules synthesized in the tapetum
are putatively transported to outer pollen
surface through the specialized organelles
such as tapetosomes in Arabidopsis, elaio-
plasts in Brassicaceae'® and ubisch body in
rice and wheat."'®

Arabidopsis pollen exine contains two
layers: the tectum and the foot layer, and
the baculum forms between the two lay-
ers.”” At later stage, the gap of pollen exine
is filled by typsine materials.” Genetic
analyses have revealed several genes criti-
cal for Arabidopsis pollen wall develop-
ment, such as MSI (MALE STERILITYI),
MS2 (MALE STERILITY2), NEFI
(NO EXINE FORMATION 1), DEXI
(DEFECTIVE in EXINE PATTERN
FORMATION), FLPI  (FACELESS
POLLENI), CYP703A2, ACOS5 (Acyl-
CoA Synthetase 5) and CYP704B1°52%

As a model monocot plant, rice has a
distinct pollen wall ontology from that
of Arabidopsis." Rice mature pollen
exine has two layers with more inter-layer
space (Figs. 1A9 and 1B9). Based on the
observation of rice pollen wall develop-
ment at various stages, we proposed a
developmental model for rice pollen wall
(Fig. 1). At stage 6 before meiosis, the cal-
lose is shown to be initially synthesized
and deposited onto the pollen mother
cell (Figs. 1A1 and 1BI1). From stage 7,
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Figure 1. Scheme of Rice Pollen Exine Development. (A1-9) The model of pollen exine development from stage 6 to stage 12. The definition of anther
developmental stage refers Zhang and Wilson (2009).% (B1-9) The pictures of TEM (Transmission Electron Micrographs) of pollen exine at correspond-
ing anther development stages. The detailed procedure of performing TEM refers to the description by Li et al. (2010).! Bars = 500 nm in B1, B6 and

B7; =250 nm in B3 to B5; =200 nm in B2; =1 um in B8 and B9. Some key genes for the formation of pollen exine are indicated in Figures. S6 (stage 6),
callose is around with the pollen mother cell; S7, stage 7; S8, stage 8; S9-1, early stage 9; S9-2, middle stage 9; S9-3, later stage 9; S10-1, early stage 10;
$10-2, late stage 10; S12, stage 12. Purpel color indicated sporopollenin. Ba, baculum; Ca, callose; Ch, channel; Dy, dyad; In, intine; Msp, microspore; Ne,
nexine; Pb, probaculum; PE, primexine; PMC, pollen mother cell; PM, plasma membrane; Tds, tetrads; Te, tectum.

pollen mother cell undergoes meiosis and
forms the tetrad, the primexine with the
low electron density appears on the outer
surface of the microspore (Figs. 1A2 and
1B2). Primexine is a microfibrillar matrix
consisting mainly of cellulose synthesized
by the miscrospore and serves as an elabo-
rate template patterning the deposition of
sporopollenin precursors and their follow-
ing polymerization.”> At stage 8 during
the tetrad formation, the probaculum is
seen to be deposited onto the primexine
(Figs. 1A3 and 1B3). At stage 9, micro-
spores are released from the tetrad after
callose degeneration; a very thin tectum
(sexine) appears on the primexine due to
the deposition of sporopollenin precur-
sors putatively secreted from the tapetum.
Meanwhile, the formation of nexine (foot
layer) is seen on the surface of microspores
(Figs. 1A4 and 1B4). Then the deposition
of sporopollenin onto tectum is obvious
(Figs. 1A5 and 1B5). With the develop-
ment of microspore, the sporopollenin is
gradually deposited to thicken and consol-
idate the tectum, nexine and probaculum
while the primexine becomes condensed
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between two layers (Figs. 1A6 and 1B6).
At stage 10, the microspore becomes vacu-
olated, and the pollen exine displays a two-
layer structure with low electron density
intervals or channels across the pollen wall
(Figs. 1A7 and 1B7). During later stage,
as the increase of the microspore vacu-
ole in volume, the high density materials
deposit into the probaculum, and the pri-
mexine gradually degenerates and disap-
pears (Figs. 1A8 and 1B8). Subsequently,
the microspore initiates the synthesis of
intine under the exine (data not shown).
Till stage 12 during the mature pollen for-
mation, the pollen exine ontology remains
less change(Figs. 1A9 and 1B9).

With the advent of rice functional
genomics, several regulators critical for
pollen exine development have been
identified. TDR (Tapetum Degeneration
Retardation) and GAMYB were shown
to be required for lipid biosynthesis and
metabolism during early pollen wall devel-
opment,'®* and mutants of 7dr and gamyb
display no obvious pollen exines, and their
microspores only form the primexine-like
layer."'®% GAMYB encodes a R2ZR3 MYB
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transcription factor, which was shown as
a positive gibberellin acid (GA)-signaling
component. Mutations of GAMYB cause
delayed tapetal programmed cell death
(PCD) and abnormal formation of exine
and Ubisch bodies, leading to male ste-
rility in rice (Fig. 1A).*** TDR encodes
a putative basic helix-loop-helix tran-
scription factor, and controls rice tapetal
development and degeneration by posi-
tively triggering PCD."® Moreover, the
expression of about 30 genes associated
with pollen wall synthesis and pollen coat
deposition is altered in zdr.*Interestingly,
AMS (Abroted Microspores), the ortholog
of TDR in Arabidopsis,?® was also shown
to be critical for pollen development
by directly regulating the genes related
to lipid transport and metabolism.?’
Moreover, the Post-meiotic  Deficicent
Antherl (PDAI) gene was shown to be
essential for post-meiotic anther cuticle
and pollen exine development in rice.”®
The pdal mutant anther displays obvious
defects in postmeiotic tapetal development
with abnormal lipidic Ubisch bodies. At
stage 9, defective pollen exine only with
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a single thin layer was observed in pdal
(Fig. 1A). Additionally, RT-PCR analy-
sis indicated that the expression of genes
involved in anther development including
GAMYB, OsC4 and Wax-deficient antherl
(WDAI) is greatly reduced in the pdal
mutant anther.?®

Furthermore, several genes predicted
to encode enzymes involved in lipidic
synthesis were shown to be required for
anther cuticle and/or pollen exine devel-
opment in rice. A cytochrome family
member, CYP703A3, directly regulated
by GAMYB, encodes a fatty acid hydroxy-
lase, and the loss function of CYP703A43
causes the defective of ubicsh body and
pollen exine development (Fig. 1A).%
Rice CYP704B2 belongs to an ancient and
conserved P450 subfamily among terres-
trial plants, and is preferentially expressed
in tapetal cells. Recombinant CYP704B2
protein has the ability to catalyze the
hydroxylation of palmitic acid and unsat-
urated C18 fatty acids in the o position of
the carbon chain. The ¢yp704B2 mutant
displays undeveloped anther epidermal
cuticle and aborted pollen grains with-
out obvious exine (Fig. 1A), suggesting
that CYP704B2 controls a common and
conserved biosynthetic step of the two
biopolymers sporopollenin and cutin.! In
addition, rice WDAI is a close homolog
of Arabidopsis CERI, which is putatively
associated with anther cuticle and pollen
exine development (Fig. 1A).”’ The wdal
plants display abnormal pollen exine and
anther surface with significant reduction
of very-long-chain fatty acids in anthers.
The Wdal gene is mainly expressed in the
epidermal cells of anthers. Recently we
revealed the crucial role of OsC6 encoding
a binding transfer protein (LTP), which is
directly regulated by TDR, in determin-
ing postmeiotic anther development.'®%°
The OsC6 expression is detectable in tape-
tal cells, while the wide distribution of
OsC6 was observed in anther tissues such
as in the extracellular space between the
tapetum and middle layer, as well as in the
anther locule and anther cuticle by immu-
nological assays. Also biochemical analy-
sis indicated that recombinant OsC6 has
lipid transfer activity, and OsC6 silencing
plants display defective development of
Ubisch bodies and pollen exine, causing
reduced pollen fertility.?® Our finding may
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explain the observation that taptetum-
expressed gene CYP704B2 or epidermis-
expressed gene WDAI is able to affect the
whole anther development, suggesting
that LTPs are crucial for coordination
and the distribution of lipidic molecules
within anther tissues/cells.

In conclusion, we proposed a scheme
to describe the events of rice pollen exine
development, and summarized several key
regulators controlling anther cuticle and
pollen exine development in rice. Also
some genes were shown to have counter-
parts such as CYP703A2 and CYP704B2
in model eudicot plant Arabidopsis, sug-
gesting the conserved and diversified bio-
synthetic pathways for anther cuticle and
pollen exine development in plants.
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