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Abstract

The stamen produces pollen grains for pollination in higher plants. Coordinated development of four microsporan-
gia in the stamen is essential for normal fertility. The roles of miR165/166-directed pathways in the establishment of 
adaxial–abaxial polarity have been well defined in leaves. However, the molecular mechanism underlying the adaxial–
abaxial polarity of the stamen is elusive. Here it is reported that HYPONASTIC LEAVES1 (HYL1), a general regulator 
of microRNA (miRNA) biogenesis, plays an essential role in establishing the stamen architecture of the four micro-
sporangia in Arabidopsis thaliana. In stamens, HYL1 and miR165/6 expression are progressively restricted to the lat-
eral region, microsporangia, microspore mother cells, and microspores, whereas HD-ZIP III genes are preferentially 
expressed in the middle region, vascular bundle, and stomium. Loss of HYL1 leads to the formation of two rather than 
four microsporangia in each stamen. In the stamen of the hyl1 mutant, miR165/6 accumulation is reduced, whereas 
miR165/6-targeted HD-ZIP III genes are up-regulated and FILAMENTOUS FLOWER (FIL) is down-regulated; and, spe-
cifically, REVOLUTA (REV) is overexpressed in the adaxial region and FIL is underexpressed in the abaxial regions, 
concomitant with the aberrance of the two inner microsporangia and partial adaxialization of the connectives. Genetic 
analysis reveals that FIL works downstream of HYL1, and the defects in hyl1 stamens are partially rescued by rev-9 
or phv-5 phb-6 alleles. These results suggest that HYL1 modulates inner microsporangia and stamen architecture by 
repression of HD-ZIP III genes and promotion of the FIL gene through miR165/6. Thus, the role of HYL1 in establish-
ment of stamen architecture provides insight into the molecular mechanism of male fertility.
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Introduction

Stamens are important reproductive lateral organs, and con-
sist of a four-locular apical anther and a basal filament in many 
flowering plants, including Arabidopsis thaliana (Goldberg 
et al., 1993; Sanders et al., 1999). The typical anther archi-
tecture consists of an adaxial region that forms microspo-
rangia and an abaxial region that gives rise to the connective 
(Dinneny et al., 2006). There are four microsporangia in the 
adaxial region of an anther, each of which encloses numerous 
pollen grains in chambers known as locules. In the abaxial 
area, a small lump of tissue termed the connective joins the 

two sets of microsporangia to the filament. During anther 
dehiscence, the pollen grains are released from the stomium 
region, which develops between the two locules in each pair 
(Sanders et al., 1999).

Traditionally, anther development in A. thaliana is divided 
into 14 stages (Sanders et  al., 1999). The precise molecu-
lar developmental mechanisms at the different stages have 
been elucidated by previous studies. APETALA3 (AP3), 
PISTILLATA (PI), and AGAMOUS (AG), parts of the ‘ABCE’ 
model, determine stamen identity (Bowman et al., 1989; Ma, 

mailto:ykhe@sibs.ac.cn


3398 | Lian et al.

2005). SPOROCYTELESS (SPL)/NOZZLE (NZZ) and 
MALE STERILE1 (MS1) play essential roles in the divi-
sion and differentiation of anther cells at early anther stages 
(Schiefthaler et al., 1999; Yang et al., 1999). EXCESS MALE 
SPOROCYTES1 (EMS1) is required for tapetum differen-
tiation (Canales et al., 2002; Zhao et al., 2002). In addition, 
ARF6 and ARF8, which are targeted by miR167, have impor-
tant functions in filament elongation and anther dehiscence at 
late stages of stamen development (Ru et al., 2006; Wu et al., 
2006). Changes in the expression of these key genes usually 
lead to severe structure abortion, reduced male fertility, and 
even male sterility (Sanders et al., 1999; Ma, 2005; Feng and 
Dickinson, 2007). Additionally, JAGGED (JAG) and NUBBIN 
(NUB), two transcription factors, function redundantly in 
adaxial cell proliferation and differentiation (Dinneny et  al., 
2006). A model of adaxial–abaxial polarity establishment in 
the stamen of rice (Oryza sativa) has been proposed. In this 
model, expression of PHB3 (an orthologue of Arabidopsis 
PHB) and ETTIN1 (an orthologue of Arabidopsis ETT, also 
called AUXIN RESPONSE FACTOR3, ARF3) is rearranged 
during anther development (Toriba et al., 2010). However, it 
is unclear whether this model works in Arabidopsis and other 
dicotyledons. Importantly, FILAMENTOUS FLOWER 
(FIL) directly interacts with SPL/NZZ (Sieber et al., 2004).

Along with germline determination, anther polarity estab-
lishment is a critical issue that has been widely explored in 
recent years (Feng and Dickinson, 2007). In some lateral 
organs, adaxial–abaxial polarity identity is precisely regu-
lated by two classes of antagonistic genes. The adaxial iden-
tity genes include the HD-ZIP III family genes REVOLUTA 
(REV), PHABULOSA (PHB), PHAVOLUTA (PHV), 
CORONA (CNA), and ATHB8 (HB8), and these are repressed 
by miR165/166 (McConnell and Barton, 1998; McConnell 
et al., 2001; Emery et al., 2003; Zhong and Ye, 2004; Kelley 
et  al., 2009). FIL (also called YAB1) and YAB3 act redun-
dantly to promote abaxial cell fate in lateral organs (Siegfried 
et al., 1999; Bowman, 2000).

HD-ZIP III family genes are the targets of the microRNA 
(miRNA) miR165/6. miRNAs are RNA molecules ~22 nucle-
otides in length and are important regulators of various pro-
cesses in eukaryotes (Hake, 2003; Willams et  al., 2005; Wu 
et  al., 2006; Chuck et  al., 2008; Pontes and Pikaard, 2008; 
Bartel, 2009). In plants, hairpin precursor RNAs are pro-
cessed by DICER LIKE 1 (DCL1), an RNase III endonucle-
ase, to generate mature miRNAs (Park et al., 2002; Reinhart 
et  al., 2002). Mature miRNAs repress target mRNAs pri-
marily through miRNA-directed cleavage (Llave et al., 2002; 
Tang et  al., 2003; Schwab et  al., 2005). During miRNA 
processing, the double-stranded RNA-binding protein 
HYPONASTIC LEAVES1 (HYL1) and the C2H2 Zn-finger 
protein SERRATE (SE) are found to promote accurate 
processing of pre-miRNAs by DCL1 (Dong et  al., 2008). 
HYL1 contains two double-stranded RNA-binding domains 
(dsRBDs) at its N-terminal end, a putative protein–protein 
interaction domain at its C-terminal end, and a nuclear local-
ization signal (NLS) in the middle (Lu and Fedoroff, 2000; 
Wu et al., 2007). The two N-terminal dsRBDs are sufficient 
for the accumulation of miRNAs and completely rescue the 

leaf phenotype of hyl1 mutants (Yu et al., 2005). The loss-
of-function mutant hyl1 exhibits pleiotropic phenotypes (Lu 
and Fedoroff, 2000) such as leaf hyponasty, reduced fertil-
ity, altered root gravitropic responses, and altered responses 
to several hormones (Lu and Fedorrof, 2000). In the leaves 
of hyl1 mutants, REV expression is up-regulated while FIL 
expression is down-regulated (Yu et al., 2005). HYL1 coor-
dinates the expression of REV and FIL for adaxial–abaxial 
polarity of leaves (Liu et al., 2010, 2011). Although reduced 
fertility is reported in hyl1 mutants, the developmental rea-
sons for this defect remain unclear.

To find out the reasons for the reduced fertility of hyl1 
mutants, the floral organs that govern plant fertility were inves-
tigated. It was found that hyl1 mutants have severe defects in 
anther polarity: two inner microsporangia were lost; and the 
connectives are adaxialized. The study suggests that HYL1 
modulates the anther structure by coordinating the expres-
sion of REV and FIL in stamens through miR165/166.

Materials and methods

Plant materials and growth conditions
The Arabidopsis thaliana mutants hyl1 (Nossen), hyl1-2 (Columbia), 
rev-9 (Landsberg), phv-5 phb-6 (Landsberg), and fil-1 (Landsberg) 
were used in this study. hyl1 is a mutant with a Dissociation (Ds) 
insertion site in the second exon, corresponding to the first dsRBD 
(Lu and Fedoroff, 2000). hyl1-2 (SALK_064863) is a mutant with 
the T-DNA insertion site in the first intron. The N-terminal frag-
ment containing only the first dsRBD does not have any function 
in miRNA biogenesis and fails to show any mutant phenotype (Wu 
et al., 2007). Therefore, both hyl1 and hyl1-2 are null mutants.

The seeds of wild-type and mutant A. thaliana were surface-ster-
ilized in 70% ethanol for 1 min followed by 1% NaOCl for 10 min. 
Then, seeds were washed four times in sterile distilled water, mixed 
in molten 0.1% water agar (Biowest), and plated on top of solid 
Murashige and Skoog medium with 1% sucrose. The Petri dishes 
were sealed with Parafilm, incubated at 4 °C in darkness for 2–3 d, 
and then moved to a growth room and incubated at 22  °C under 
12 h of light and 8 h of darkness per day. Two weeks later, the seed-
lings were transplanted to peat soil in plastic pots and moved from 
a growth room to a growth chamber in the SIPPE phytotron. In this 
growth chamber, the plants were grown at 22 °C with 16 h of light 
per day under a light source of warm white fluorescent tubes (col-
our code 990), an irradiance of 150 μmol m–2 s–1, and a light inten-
sity on the plant canopy of 75 μmol m–2 s–1. The relative humidity 
was 65–70% and the air velocity was ~0.9 m s–1. All of the seedlings 
were grouped randomly and grown under identical conditions for 
6 weeks. More than 20 individual plants for each mutant were pre-
pared, and samples were taken for various measurements.

The hyl1 rev-9 and hyl1 fil-1 double mutants and hyl1 phv-5 phb-6 
triple mutants were generated by crossing rev-9, fil-1, and phv-5 phb-
6, respectively, to hyl1 and were identified by corresponding antibi-
otics and PCR tests.

Light microscopy and imaging
Samples and sections were observed using a BX 51 wide-field micro-
scope equipped with aUPlanSAPO series objectives and a cooled 
DP71 camera (Olympus, Tokyo, Japan), and with a Stemi 2000 
stereo microscope (Zeiss, Oberkochen, Germany). To observe the 
hybridization signal after in situ hybridization, slides were mounted 
in water and differential interference contrast (DIC) was applied. 
For flower and stamen imaging, Image-Pro Express version 5.1 
(Media Cybernetics, Bethesda, MD, USA) software was applied to 
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extend the depth of field. Image J (National Institutes of Health, 
Bethesda, MD, USA) was used to measure length and area.

Pollen viability
Alexander’s stain (Alexander, 1969) was used to examine hyl1 pollen 
viability as described by Guan et al. (2008).

Scanning electron microscopy (SEM)
Flowers and inflorescences were fixed in FAA [50% (v/v) ethanol, 
5% (v/v) acetic acid, and 3.7% (v/v) formaldehyde], dried to critical 
point, and then dissected under a stereo microscope and mounted 
on SEM stubs. Mounted anthers were coated with palladium–gold 
and then examined using a JSM-6360LV SEM microscope (JEOL, 
Tokyo, Japan) with an acceleration voltage of 7–15 kV. For pollen, 
fresh samples were directly mounted on SEM stubs and coated.

Histology
Flowers (inflorescences) of 5- to 6-week-old wild-type and mutant 
plants were fixed in FAA and embedded in paraffin (Sigma) as 
described (Liu et al., 2011), and 7 μm sections were stained in 0.05% 
(w/v) toluidine blue (Sigma) at 37 °C for 15 min and then washed in 
water. Then, a non-toxic histological clearing agent (Histo-Clear) 
(National Diagnostics, Atlanta, GA, USA) was used instead of 
xylene to remove paraffin. For analysis of semi-thin sections, sam-
ples fixed in FAA were embedded in epoxy resin. Sections of 2 μm 
thickness were cut with glass knives in a ultramicrotome, fixed to 
glass slides, and stained in 0.05% (w/v) toluidine blue.

β-Glucuronidase (GUS) staining
The pHYL1::GUS transgenic plants have been described previously 
(Yu et  al., 2005). Inflorescences and flower buds of the wild-type 
and the transgenic plants were placed in staining solution [50 mM 
Na3PO4, pH 7.0, 0.5 mM X-gluc (5-bromo-4-chloro-3-indolyl glu-
curonide), 20% (v/v) methanol], vacuum infiltrated, and incubated 
at 37 °C overnight as described previously (Yu et al., 2005). After 
staining, tissues were fixed in FAA for further analysis.

In situ hybridization
Flower sections (7 μm thick) from both the wild-type and mutant 
plants were prepared following pre-treatment and hybridization 
methods described previously (Brewer et al., 2006). Hybridization 
probes corresponding to coding sequences were defined as follows: 
a HYL1-specific probe located at 500–1260 bp downstream of the 
start codon (Supplementary Table S1 available at JXB online); a 
REV-specific probe located at 7–2529 bp; and a FIL-specific probe 
located at 145–567 bp. Digoxigenin (DIG)-labelled probes were 
prepared by in vitro transcription (Roche) according to the manu-
facturer’s protocol. Locked nucleic acid (LNA)-modified probes of 
miR166 were synthesized and labelled with DIG at the 3ʹ end by 
TaKaRa were used for in situ hybridization of miR166.

miRNA isolation and northern blot analysis
Total RNA was extracted from inflorescences of 6-week-old wild-
type and hyl1 plants. Antisense sequences of miR166 were synthe-
sized and end-labelled as probes with biotin (TaKaRa). A  15  μg 
aliquot of total RNA was fractionated on a 15% polyacrylamide 
gel containing 8 M urea and transferred to a Nitran Plus mem-
brane (Schleicher and Schuell). Hybridization was performed at 
41  °C using hybridization buffer (ULTRAhyb® Ultrasensitive 
Hybridizaton buffer, Ambion). Autoradiography of the membrane 
was performed using the LightShift Chemiluminescent EMSA Kit 
(Pierce). Northern blot analysis was performed according to the 
methods of previous studies (Liu et al., 2011).

Quantitative real-time reverse transcription–PCR (RT–PCR)
Total RNA was isolated from inflorescences (with opened flowers 
removed) of wild-type (Nossen) and hyl1 mutants (6 weeks) and 
then reverse-transcribed using oligo(dT) primers (Supplementary 
Table S1 at JXB online). Quantitative real-time PCR analysis was 
performed using the Rotor-Gene 3000 system (Corbett Research, 
Mortlake, NSW, Australia) using SYBR Premix Ex Taq (TaKaRa). 
ACTIN mRNA was used as an internal control, and relative 
amounts of mRNA were calculated using the comparative threshold 
cycle method. Primers specific for ACTIN, REV, PHB, PHV, CNA, 
HB8, and FIL (Supplementary Table S1) were employed to detect 
the expression levels in hyl1 mutants.

Results

The defects in male fertility of hyl1 mutants

The null mutant hyl1 exhibits hyponastic leaves at the veg-
etative stage and poor fertility at the reproductive stage (Lu 
et al., 2000; Yu et al., 2005). It was observed that the fully 
elongated siliques of  hyl1 plants were much shorter than 
those of  the wild type (about one-fifth as long), and the 
number of  seeds per silique was much lower in hyl1 than in 
wild-type plants (Fig. 1A–D). As indicated in Fig. 1F–G, the 
difference in seed number was significant between hyl1 and 
the wild type.

To determine whether the male and/or female organs of 
hyl1 mutants were impaired by mutation of HYL1, the floral 
organs were carefully observed. In the wild-type flowers, each 
anther was composed of four microsporangia, two adjacent 
to the carpel (inner microsporangia) and the other two posi-
tioned away from the carpel (outer microsporangia). From 
these microsporangia, numerous viable pollen grains were 
released at anthesis (Fig. 2A–E; Supplementary Fig. S1A at 
JXB online). Compared with the wild-type flowers, hyl1 flow-
ers produced small anthers, which were deficient in number, 
size, and function of microsporangia, and shortened filaments 
(both short and long) (Fig. 2F–L; Supplementary Table S2). 
The majority of hyl1 anthers contained two rather than four 
microsporangia, and were able to release a small number of 
viable pollen grains (Fig.  2I, L; Supplementary Fig. S1B). 
This type of anthers were designated as An1 anthers (anthers 
with only two functional microsporangia). Some of the hyl1 
anthers had only one or two non-functional microsporan-
gia and were designated as An2 anthers (anthers with non-
functional mcrosporangium) (Fig.  2J; Supplementary Fig. 
S1C). An3 anthers exhibited a rod-shaped structure (anthers 
without any microsporangium) (Fig. 2K; Supplementary Fig. 
S1D). Functional microsporangia produced viable pollens 
while non-functional ones did not. The percentages of An1, 
An2, and An3 anthers were 61, 37, and 2% (Fig. 2Q). Under 
the same condition, all of the wild-type anthers contained 
four functional microsporangia.

To confirm that the microsporangium-deficient phenotype 
was caused by mutation of HYL1, HYL1 was transferred 
into hyl1 plants and the anthers of the transgenic plants 
were observed. The flowers, anthers, and microsporangia 
in the transgenic plants were normal (Fig.  2M–P), and the 
seeds in siliques were plentiful (Fig. 1E). The hyl1 phenotype 
was completely rescued by the exogenous HYL1 gene. This 
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indicated that the deficiency in number and size of the micro-
sporangia was indeed caused by the hyl1 allele.

To examine whether hyl1 pollen and/or pistils were func-
tional, hyl1 plants were pollinated with wild-type pollen and 
the wild-type plants were pollinated with hyl1 pollen by hand 
pollination. With an excess amount of hyl1 pollen, both hyl1 
and wild-type plants generated normal siliques and numerous 
seeds (Supplementary Fig. S2 at JXB online). With an excess 
amount of the wild-type pollen, hyl1 plants generated a num-
ber of seeds. This suggested that both the pollen and pistils of 
hyl1 were fertilized when the amount of pollen was sufficient.

Probably, the small anthers of hyl1 mutants with non-func-
tional inner microsporangia released an insufficient amount 
of pollen grains for natural pollination. Meanwhile, the short 
filaments of hyl1 anthers should also affect natural pollination 

since they restricted the arrival of the pollen on the stigma. It 
was considered that the main reasons for the poor seed set of 
hyl1 plants was aberrant microsporangia and short filaments.

Impaired adaxial–abaxial polarity of hyl1 anthers

Anther locules (microsporangia) are adaxialized structures 
(Bowman, 1994), and the connectives between the locules have 
abaxial surfaces (Siegfried et al., 1999). To verify the defects in 
hyl1 anthers, anther formation was observed by SEM. Normal 
Arabidopsis anthers contained four microsporangia (Fig. 3A). 
As seen from the adaxial side of the anther, the inner microspo-
rangia were smaller than the outer microsporangia. As viewed 
from the abaxial side, the connective base–filament boundary 
was precisely demarcated by the epidermal cells (Fig. 3F). The 
connectives formed grooves in the upper part and bulges in the 
lower part, with many stomata (Fig. 3F), and the epidermal 
cells on the smooth surface varied in shape and size. Most of 
the epidermal cells on the connectives were small and oblong, 
mixed with large rectangular cells (Fig. 3I). These cells were 
distinguishable from the jigsaw puzzle-shaped adaxial epider-
mal cells surrounding the microsporangia (Fig. 3L).

Compared with wild-type anthers, both the adaxial and the 
abaxial surfaces of hyl1 anthers were altered. The outer micro-
sporangia of An1 anthers looked normal, although they were 
smaller than those of wild-type anthers; and the inner micro-
sporangia were extremely shrunken and their remnants were 
visible (Fig.  3B). In An2 anthers, the inner microsporangia 
were invisible (Fig. 3C). The connectives of An1 anthers failed 
to form grooves and bulges and their epidermal cells became 
jigsawpuzzle-shaped and relatively enlarged (Fig. 3G, J). The 
epidermal cells of An2 connectives resembled the adaxial 
epidermal cells of the wild-type microsporangia (Fig.  3H, 
K). Meanwhile, An1 connectives retained a few tiny stomata 
on the epidermal surface, while An2 connectives had no sto-
mata at all. Like epidermal cells of the adaxial surface of the 
wild type, those of An1 and An2 anthers were jigsaw puzzle-
shaped (Fig. 3M, N). In addition, the size of the epidermal 
cells on An1 anthers were not different from those of the wild 
type on the adaxial surface, whereas the epidermal cells of 
their connectives were larger than those of the wild-type con-
nectives (Fig. 3O). In contrast to An1 and An2 anthers, An3 
anthers were rod-shaped with rectangular cells in the epider-
mis (Fig. 3D, E). Interestingly, the remnants of inner micro-
sporangia in An1 anthers showed epidermal cells similar to 
those of An3 anthers (Fig. 3B). These results suggested that 
both the rod-shaped An3 anthers and the remnants of inner 
microsporangia in An1 anthers were extremely adaxialized.

In the anthers of hyl1-2, another hypomorphic allele of the 
HYL1 gene, the defects in inner microsporangia and connec-
tives were the same as in hyl1 anthers (Supplementary Fig. S3 
at JXB online).

Aberrance of inner microsporangia and connectives in 
stamens of hyl1 mutants

To depict the timing and position of  aberrance of  inner 
microsporangia and connectives in hyl1, anthers were 

Fig. 1. Siliques and seed set of hyl1 mutants. (A) A wild-type 
silique. (B) A hyl1 silique. (C) Seed set in a wild-type silique. 
(D) Seed set in a hyl1 silique. (E) A silique of a transgenic plant 
(TG) with HYL1 in the hyl1 background. (F) Quantitative analysis of 
silique length. The number of siliques measured is 152 for the wild 
type and 200 for hyl1 mutants. (G) Quantitative analysis of seed 
set. The number of siliques measured is 23 for both the wild type 
and the hyl1 mutants. Error bars indicate the SD. Two asterisks 
indicate a significant difference (t-test, **P < 0.01). Scale bars: 
1 mm in A–E. (This figure is available in colour at JXB online.)
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traced back to the early events of  stamen initiation. 
Anther development in Arabidopsis is divided into 14 
stages (Sanders et al., 1999). According to this standard, 
stage 1 is characterized by divisions in the L1, L2, and 
L3 layers of  the floral meristem, resulting in the forma-
tion of  the stamen (anther) primordium. It was observed 
that L2 cells divided periclinally and anticlinally at the 
four corners of  the stamen primordium at stages 2 and 3 
(Fig. 4A, B), which developed into four microsporogia at 
later stages (Fig. 4C). The four-corner shape of  hyl1 sta-
men primordia was not obviously different from that of 
the wild type (Fig. 4E, F). Owing to successive division and 
differentiation of  archesporial cells, the four microsporan-
gia appeared in the wild-type anthers at stage 5 (Fig. 4C), 
whereas the two microsporangia occurred in hyl1 anthers 
(Fig. 4G). At this stage, four locules were clearly defined, 
possessing all five specific cell layers of  the microsporan-
gium in the wild-type anthers. In contrast, only two locules 
were formed in hyl1 stamens. At stage 10, the microspores 
were generated in four locules of  the wild-type anthers 
(Fig. 4D), whereas the others were produced in only two 
outer locules of  hyl1 anthers (Fig. 4H).

While the microsporangia developed, the initials of the 
connectives in the abaxial central region of the wild-type sta-
mens became visible at stage 3. The surface of these connec-
tives became concave at stage 5 (Fig.  4C). In contrast, the 
surface of the connectives remained convex in hyl1 stamens 
(Fig. 4G), meaning that the connectives of hyl1 anthers were 
abnormal. Nevertheless, vascular bundles of hyl1 anthers 
were normal (Fig. 4H).

Compared with An1 anthers of hyl1 mutants, An2 anthers 
had one functional microsporangium and one non-functional 
microsporangium that did not generate viable microspores 
(Supplementary Fig. S4 at JXB online). An3 anthers did not 
produce any microsporangium. Instead, they were full of 
parenchymal cells.

Temporal and spatial expression of HYL1 in anthers

To examine the temporal and spatial expression of HYL1 in 
reproductive organs, transgenic plants carrying pHYL1::GUS 
reported previously (Yu et al., 2005) were used. In the wild-type 
inflorescences, HYL1 was preferentially expressed in anthers of 
all stages observed (Fig. 5A–C) and in pollen grains (Fig. 5D).

Fig. 2. Stamen phenotype of hyl1 mutants. (A–E) The wild-type. (A) Side view of the opened flower. (B) Side view of the same flower as 
in (A) with all sepals and petals cut off to show the stamens and pistil. (C) Overview of the opened flower. (D) An anther at late stage 12 
showing two inner and two outer microsporangia in the adaxial area. (E) An anther with released pollen at stage 13. (F–L) hyl1 mutants. 
(F) An opened flower with one sepal and two petals cut off to show the stamen defects. (G) A flower with all sepals and petals cut off to 
show the stamens and pistil. (H) Overview of the opened flower. (I–K) Anthers of An1 (I) at stage 12, An2 (J), and An3 (K). (L) An1 anther 
at stage 13. (M–P) Flowers and stamens of a hyl1 plant transgenic for HYL1. (Q) Percentages of the three types of hyl1 anthers. The 
number of anthers examined is 139 for the wild type and 491 for hyl1. PG, pollen grains. Scale bars: 500 μm in A–C, F–H, and M–O, 
and 100 μm in D, E, I–L, and P. (This figure is available in colour at JXB online.)

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert178/-/DC1


3402 | Lian et al.

To examine the temporal and spatial patterns of HYL1 
expression, in situ hybridization was performed. HYL1 was 
expressed preferentially in the presumed flower primordium 
initiation sites, sepals of older flower primordia, and stamen 
primordia (Fig. 5E–G). In the stamens of stages 2 and 3, HYL1 
was expressed in the lateral regions where future microsporan-
gia developed (Fig. 5H, I). At stage 5, HYL1 was expressed 
mainly in microsporangia (Fig. 5J), especially in microspore 
mother cells. HYL1 expression decreased dramatically at 

stage 9, but was detected at a relatively high level in develop-
ing microspores (Fig. 5K). However, HYL1 transcript was not 
seen in mature pollen grains at stage 12 (Fig. 5L).

Functions of miR165/166 and their target genes in 
stamen polarity

HYL1 mutation causes reduced accumulation of miR165/166 
and increased expression levels of miR165/166-targeted 

Fig. 3. Architecture of hyl1 anthers. (A–N) Scanning electron microscope (SEM) images of anthers at stages 11/12. (A–E) Adaxial (inner) 
view of anthers. (A) Four microsporangia in a wild-type anther. (B–E) An1, An2, and An3 anthers. (F–H) Abaxial (outer) view of anthers. 
(F) The connectives of the wild-type; the groove and bulge are shown by the upper and lower ovals respectively. (G, H) The location of 
An1 (G) and An2 (H) connectives. (I–K) Abaxial epidermal cells of the wild-type connectives (I), An1 (J), and An2 (K) anthers from the 
same anthers as shown in F–H, respectively. (L–N) Adaxial (microsporangium) epidermal cells of the wild-type (L), An1 (M), and An2 
(N) anthers from the same anthers shown in F–H, respectively. (O) Sizes of epidermal cells on the adaxial and abaxial surfaces of the 
wild-type and An1 anthers. The number of cells measured is 500 for both wild-type and hyl1 anthers. Error bars indicate the SD. Two 
asterisks indicate a significant difference (t-test, **P < 0.01). White asterisks in (B, C) indicate the remnants of inner microsporangia in 
hyl1 anthers; the white arrowheads in (F, G, I, J) indicate stomata. Co, abaxial epidermal cell on the connectives; Ms, adaxial epidermal 
cells on microsporangia; in, inner microsporangia; ou, outer microsporangia. Scale bars: 100 μm in A–H, 20 μm in I–N. (This figure is 
available in colour at JXB online.)
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HD-ZIP III genes in rosette leaves (Wu et al., 2007). To clarify 
whether HYL1 mutation alters the accumulation of miR166 
and the expression levels of HD-ZIP III genes in anthers, the 
abundance of miRNA165/166 and the expression levels of its 
target genes in hyl1 inflorescences were monitored. Northern 
hybridization indicated that smaller quantities of miR166 
were present in inflorescences of hyl1 mutants at the bolting 
stage than in the wild type (Fig. 6A). Real-time PCR dem-
onstrated that all HD-ZIP III genes targeted by miR165/166 
were up-regulated in anthers at stage 3 (Fig. 6B).

To define the temporal and spatial patterns of miR166 
and its target genes, in situ hybridization was performed. 
Dynamic patterns of miR165/6 signal in the wild-type sta-
mens were similar to that of HYL1. In the stamens of stages 
2 and 3, miR165/6 preferentially accumulated in the lateral 
regions (Fig. 6C, D). At stage 5, the miR166 signal was strong 
in microsporangia, especially in microspore mother cells 
(Fig.  6E). At stage 8 and thereafter, miRNA accumulation 
became much weaker (Fig. 6F). Compared with the wild-type 
plants, hyl1 mutants displayed a sharp decrease of miR165/6 
accumulation in the stamens (Fig.  6G–J) where miR165/6 
was present in outer microsporangia albeit to a much lesser 
extent (Fig. 6I). This revealed that HYL1 controlled the accu-
mulation level rather than the location of miR165/6.

To determine whether increased accumulation of miR166 
in the adaxial regions of hyl1 stamens causes any change in 

the temporal and spatial expression of its target genes, in 
situ hybridization of REV was performed. REV in the wild-
type stamen at stage 2 was expressed in the middle regions 
where the future vascular bundle and stomium tissue devel-
oped (Fig. 6K). From stage 3 to 5, its sites of expression were 
restricted to the vascular bundles and stomium tissue (Fig. 6L, 
M). Longitudinal sections of stamens showed that REV was 
expressed in the middle region (Fig. 6N). In hyl1 stamens at 
stage 2, the expression level of REV was much stronger and 
the sites of expression were much broader than in the wild 
type (Fig. 6O). At stage 3, REV was apparently overexpressed 
and even extended to the connectives (Fig. 6P). At stage 5, 
REV expression was stronger in the remnants of inner micro-
sporangia than in outer microsporangia (Fig. 6Q). The longi-
tudinal section of stamens of stage 2 showed extremely strong 
expression of REV (Fig.  6R). In An3 anthers, REV was 
apparently overexpressed in the entire anther body (Fig. 6O). 
In combination with the remnants of inner microsporangia, 
it is suggested that the portions of inner microsporangia in 
An1 and An2 anthers were severely adaxialized.

Genetic interaction between HYL1 and FIL in anther 
polarity

FIL is expressed abaxially in all lateral organs and can promote 
abaxial cell fates when ectopically expressed in adaxial positions 

Fig. 4. The defects in the polarity of stamen primordia and anthers of hyl1 mutants. Cross-sections of stamen primordia and anthers 
at different stages showing the structures of stamen primordia and locules. (A–D) Wild-type stamens at different stages. (E–H) hyl1 
stamens at different stages. Arrowheads indicate the remnants of inner microsporangia; E, epidermis; En, endothecium; in, inner locule; 
ISP, inner secondary parietal layer; MMC, microspore mother cell; msp, microspore; OSP, outer secondary parietal layer; ou, outer 
locule; PG, pollen grains; S, anther stage; Sp, sporogenous layer; StR, stomium region; V, vascular. Scale bars: 20 μm in A–C and E–G, 
and 50 μm in D and H. (This figure is available in colour at JXB online.)
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(Sawa et al., 1999). FIL expression is localized at the abaxial 
surface of the connective tissue in maturing anthers (Siegfried 
et  al., 1999), consistent with the idea that anther locules are 
adaxialized structures (Bowman, 1994). To examine whether 
the activities of abaxial identity genes are altered upon repres-
sion of miR165/166 accumulation, FIL expression patterns in 
hyl1 anthers were analysed. Corresponding to the increased 

expression of REV, the temporal and spatial expression patterns 
of FIL in hyl1 anthers were altered. Real-time PCR showed that 
the expression level of the FIL gene in the hyl1 anthers of stage 
3 was 8-fold lower, compared with that of wild-type anthers, 
indicating a marked down-regulation of abaxial identity genes 
in early anthers (Fig. 7A). In situ hybridization demonstrated 
that FIL was preferentially expressed in abaxial regions of the 

Fig. 5. Temporal and spatial expression of HYL1. (A–D) GUS staining of HYL1 in pHYL1::GUS transgenic plants. (A) Flower buds 
showing HYL1 expression in anthers. (B, C) The flowers showing HYL1 expression in anthers at pre- (B) and post-anthesis (C). (D) An 
anther at stage 13 showing GUS signals in pollen grains. (E–L) In situ hybridization showing expression of HYL1 in an inflorescence and 
anthers of the wild type (E) Longitudinal section 1 of an inflorescence. (F) Longitudinal section 2 of an inflorescence. (G) Magnification 
of the flower in F. (H) Anthers at stage 2. (I) Anthers at stage 3. (J) Anthers at stage 5. (K) Anthers at stage 9. (L) Anthers at stage 12. 
(M and N) The sense probe as the negative control. Asterisks indicate stamen primordia. Arrowheads show flower primordium initiation 
sites. SAM, shoot apical meristem; ca, carpel; msp, microspores; pe, petal; PG, pollen grains; S, anther stage; se, sepal; tds, tetrads. 
Scale bars: 1 mm in A; 500 μm in B, C; 100 μm in D; and 50 μm in E–N.
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Fig. 6. Expression patterns of miR166 and HD-ZIP III genes in hyl1 mutants. (A) Accumulation of miR165/166 in inflorescences of hyl1 
mutants shown by northern blotting. (B) Real-time RT–PCR of HD-ZIP III genes in hyl1 anthers at stage 3. Three biological replicates 
were performed. Error bars indicate the SD. (C–J) In situ hybridization of miR166 with LNA probes. (C–F) miR166 signals in transverse 
sections of wild-type stamens at stage 2 (C), stage 3 (D), stage 5 (E), and stage 8 (F). (G–J) miR166 signals in transverse sections of hyl1 
stamens at stage 2 (G), stage 3 (H), stage 5 (I), and stage 8 (J). (K–R) In situ hybridization of REV. (K–M) REV signals in cross-sections 
of wild-type stamens at stage 2 (K), stage3 (L), and stage 5 (M). (N) REV signals in a longitudinal section of a wild-type stamen at stage 
2. (O–Q) REV signals in cross-sections of hyl1 stamens at stage 2 (O), stage 3 (P), and stage 5 (Q). (R) REV signals in a longitudinal 
section of a hyl1 stamen at stage 2. (S and T) The sense probe as the negative control. Asterisks indicate the remnants of the inner 
locule. ca, carpels; MMC, microspore mother cell; msp, microspores; S, anther stage; st, stamens; T, tapetum; V, vascular bundle. Scale 
bars: 20 μm in C–T.
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wild-type stamen at stages 2. From stage 2 to stage 3, there were 
fewer sites of expression and the expression levels were reduced. 
Nevertheless, FIL expression was not restricted to the connec-
tive and might be expanded to the regions in which future micro-
sporangia developed. Given that expression levels of FIL genes 
in the hyl1 carpel were indistinguishable from those observed 
in the wild-type carpel, the temporal and spatial expression 
of this gene was compared in stamen primordia. In compari-
son with wild-type connectives, expression levels of FIL in the 
abaxial regions of hyl1 anthers were remarkably reduced and 
there were fewer sites of FIL expression as it was restricted to 
a small region (Fig. 7D, E). The reduction of the FIL signal 
in hyl1 anthers at stage 3 was greater than that at stage 2. In 
combination with the adaxial character in the location of the 
connectives of hyl1 stamens, it was inferred that the connectives 
of hyl1 anthers were partially adaxialized.

To define the genetic relationship between HYL1 and 
FIL, hyl1 were crossed with fil-1 mutants. Anthers of fil-1 
single mutants were arrested as radial filamentous stamens 
(Fig. 7F), but occasionally develop one or two microsporan-
gia (Fig. 7H), which showed the epidermal cells of the con-
nectives and microsporagia (Fig. 7I), as described previously 
(Sawa et  al., 1999). Anthers of hyl1 fil-1 double mutants 

resembled those of the fil-1 single mutant in terms of radial 
filamentous stamens (Fig. 7G, J). These filamentous anthers 
were thinner than fil-1 anthers and they never developed loc-
ules. This indicated that fil-1 and hyl1 alleles were synergistic 
and fil-1 was epistatic to hyl1.

Partial rescue of hyl1 stamen defects by rev-9 and 
phv-5 phb-6 alleles

To understand the genetic relationship between HD-ZIP III 
genes and HYL1 in anther polarity, hyl1 plants were crossed 
with loss-of-function mutants of REV, PHB, and PHV, the 
three targets of miR165/166. Normal stamens were observed 
in rev-9 single mutants (Fig.  8A) and phv-5 phb-6 double 
mutants (Fig. 8F). Among hyl1 rev-9 double mutants, 49% of 
anthers produced three microsporangia (Fig.  8B, C), 2% of 
anthers generated four microsporangia with normal filament 
lengths (Fig. 8D), and the rest looked similar to An1 anthers. 
In three-microsporangium anthers, the two outer locules were 
functional while the one inner locule was partly functional 
(Fig.  8E). Among hyl1 phv-5 phb-6 triple mutants, 35% of 
anthers produced three or four microsporangia with viable 
pollen (Fig. 8G–I), and the rest looked similar to An1 anthers. 

Fig. 7. Temporal and spatial expression of the FIL gene in hyl1 anthers. (A) Relative expression levels of HYL1 in anthers at stage 3, 
analysed by real-time PCR. (B–E) Cross sections showing in situ hybridization of the FIL gene in hyl1 anthers. (B) Wild-type anthers 
at stage 2. (C) An1 anthers of hyl1 at stage 2. (D) Wild-type anthers at stage 3. (E) An1 anthers of hyl1 at stage 3. (F and G) Flowers 
of the fil-1 single mutant (F) and hyl1 fil-1 double mutant (G). (H–J) SEM showing epidermal cells of the fil-1 anther (H), the connective 
and microsporangium of the fil-1 anther (I), and of the hyl1 fil-1 anther (J). Asterisks indicate stamens. ca, carpels; co, connective; ms, 
microsporangium. Scale bars: 20 μm in B–E, I; 500 μm in F, G; 100 μm in H, J.
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The inner microsporangia of these anthers looked big but 
remained underdeveloped. While one inner microsporangium 
was able to generate male germline cells, another inner micro-
sporangium did not contain any locule (Fig. 8J). The connec-
tives of hyl1 rev-9 double mutants became nearly normal since 
they displayed small and oblong epidermal cells without sto-
mata (Fig. 8K, L), as observed in the wild-type. The size of the 
connective epidermal cells in hyl1 rev-9 was partly recovered 
(Fig. 8O). Similarly, the defect in hyl1 connectives was recov-
ered by phv-5 phb-6 (Fig. 8M, N). In summary, two-microspo-
rangium anthers of the hyl1 phenotype are partially rescued 
by the rev-9 and phv-5 phb-6 alleles. All of these data indicated 
that the defects in inner microsporangia and the connectives 
were largely caused by overexpression of HD-ZIP III genes.

Discussion

HYL1 is required for the establishment of stamen 
polarity

All floral organ primordia originate from floral meristems 
(Bowman et  al., 1989; Smyth et  al., 1990). Organ identity 

is established after initiation of  these primordia. During 
primordium initiation and differentiation, stamens estab-
lish polarity (Feng and Dickinson, 2007). Unlike leaves, 
in which the adaxial and abaxial regions are easily char-
acterized as two regions, anthers can be divided into three 
regions: two inner microsporangia, two outer microsporan-
gia, and the connectives. These structures are disrupted in 
hyl1 stamen primordia, where the two inner microsporangia 
are underdeveloped and the connectives are irregular. The 
hyl1 stamens of  stage 2 are indistinct from those of  the wild 
type. This fact reflects that the early stage of  stamen primor-
dia at which differentiation and division of  four clusters of 
archesporial cells in four corners of  hyl1 stamens occur are 
not affected. The obvious changes in shape and size of  hyl1 
stamens are at stage 5, thus reminding us that the time when 
inner microsporangia are underdeveloped is before stage 
5.  Mutation of  HYL1 impairs inner microsporangia. The 
general layout of  the outer microsporangia remains largely 
unchanged in hyl1 anthers. This fact implies that HYL1 
functions in defining the inner microsporangia. Otherwise it 
suggests that the microsporangia are ‘partitioned’ into outer 
and inner microsporangia.

Fig. 8. Rescue of hyl1 stamen defects by the rev-9 and phv-5 phb-6 alleles. (A and B) Anthers of rev-9 and hyl1 rev-9 mutants. (C and 
D) SEM images of hyl1 rev-9 anthers at stages 11/12. (E) Cross-section of a hyl1 rev-9 anther at stage 12. (F and G) Anthers of phv-5 
phb-6 (phv phb) and hyl1 phv phb mutants. (H and I) SEM images of hyl1 phv phb anthers at stages 11/12. (J) Cross-section of a hyl1 
phv phb anther at stage 6. (K–N) SEM images of the connectives of hyl1 rev-9 and hyl1 phv phb anthers at stages 11/12. (K and M) The 
connective and its epidermal cells of hyl1 rev-9 at stage 11/12. (L and N) A magnification of the boxed regions in K and M. (O) Cell size 
of the epidermis of microsporangia (Ms) on the adaxial side and of the connectives (Co) on the abaxial side of the hyl1 rev-9 anthers at 
stage 11/12. The number of cells measured is 450 for the adaxial microsporangia (Ms) and 478 for the abaxial connective (Co). Error 
bars indicate the SD. Two asterisks indicate a significant difference (t-test, **P < 0.01). in, inner locule; ou, outer locule. Scale bars: 
100 μm in K and M; and 20 μm in L and N. (This figure is available in colour at JXB online.)
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HYL1 is preferentially expressed in floral meristems and 
stamen primordia in developing flowers. Specifically, HYL1 
domains are in lateral regions, but excluded in abaxial regions 
at stage 2 and 3. From the lateral regions, four microsporan-
gia are differentiated and developed. Interestingly, HYL1 
expression is restricted to the microsporangia at stage 5, espe-
cially in microspore mother cells, and then further restricted 
to microspores at stage 8. The changes in the sites of HYL1 
expression with time reveal that HYL1 serves for develop-
ment of microsporangia, microsporocytes, and microspores.

miR165/166 regulates anther polarity

The sites of miR165/6 accumulation in stamens are the same 
as those of HYL1. That is, the sites at which miR165/6 accu-
mulates are in microsporangia, and pre- and post-microspo-
rangium tissues. In hyl1 anthers, accumulation of miR165/6 is 
remarkably reduced. Nevertheless, miR165/6 remains visible 
in microsporangia, microsporocytes, and microspores. This 
indicates that HYL1 controls dynamic expression levels of 
miR165/6 in stamens.

In mature embryos, miR166 accumulates in the adaxial 
regions of cotyledons (Williams et  al., 2005) and miR165 
accumulates in the abaxial regions of 7-day-old leaves (Kidner 
and Martienssen, 2004). The data show that miR165/6 accu-
mulated preferentially in the lateral regions of stamen primor-
dia at early stages, and in microsporangia, microsporocytes, 
and microspores at later stages. This indicates that the sites of 
accumulation of miR165/6 are different in the adaxial–abax-
ial regions of cotyledon, leaves, and stamens.

In hyl1 mutants, most anthers have only two outer micro-
sporangia. This defect may be associated with miR165/166. 
The sharp reduction in miR165/166 accumulation causes 
stronger expression of HD-ZIP III genes in the adaxial region 
of hyl1 anthers. REV overexpression is especially prominent 
in parts of the inner microsporangia. This overexpression 
may cause severe adaxialization of the inner microsporangia 
and even partial adaxialization of the connectives. rev-10d, 
a gain-of-function allele of REV that causes overexpression 
of the REV gene, results in adaxialization of lateral organs 
and alterations in the radial patterning of vascular bundles in 
the stem (Emery et al., 2003). In phb-1d, the gain-of-function 
mutant of PHB (McConnell and Barton, 1998), the anthers 
shows only two microsporangia, which make pollen sacs 
develop with their lines of dehiscence oriented laterally (data 
not shown). Therefore, the remnants of inner microsporangia 
are probably because the innermost area of the adaxial region 
is adaxialized so severely that inner microsporangia are 
arrested. In this case, REV overexpression may have a similar 
influence on the remnants of inner microsporangium tissue 
as that on rod-shaped An3 anthers. Meanwhile, up-regulation 
and expansion of the sites of expresion of HD-ZIP III genes 
in hyl1 anthers are concomitant with partial adaxialization of 
the connectives.

Overexpression of HD-ZIP III genes in hyl1 anthers 
impairs inner microsporangia and the connectives. This 
suggests that HD-ZIP III transcription factors negatively 
regulate development of microsporangia. REV expression 

is localized in the middle regions of stamens at early stages 
and vascular bundles and stomium at later stages. Therefore, 
HD-ZIP III transcription factors may function in develop-
ment of vascular bundles and stomium. It might be thought 
that vascular bundles and stomium are the adaxial regions 
according to the original function of HD-ZIP III genes in 
leaves. However, this is not true in stamens of Arabidopsis. 
REV domains are excluded from adaxial regions of stamen 
primordia. Therefore, HD-ZIP III genes may function in 
arrest of microsporangium and/or promotion of vascular tis-
sues and stomium in stamen.

Anther polarity depends on abaxial identity gene FIL

FIL directly interacts with SPL/NZZ, the major regulator of 
microsporangia and microspore mother cells (Sieber et  al., 
2004). In the adaxial regions of hyl1 anthers, REV expres-
sion is so high that it expands to the abaxial regions, whereby 
FIL expression is remarkably reduced and its expression is 
restricted to smaller regions. As a result, FIL expression is 
very weak in outer microsporangia, and relatively strong in 
the small regions of the connectives. FIL down-regulation 
is associated with REV up-regulation in the stamens of hyl1 
anthers. Although the FIL domains are in abaxial regions 
of hyl1 stamens, as in the wild type, the size and strength of 
them decreased.

The anther of hyl1 fil-1 mutants resembles that of fil-1, in 
that all of the anthers are radially filamentous, without any 
microsporangium. Epistasis of fil-1 to the hyl1 allele in anther 
polarity indicates that deregulation of FIL in hyl1 anthers 
may be the molecular reason for aberrant inner microsporan-
gia and the adaxialized connectives. One reasonable explana-
tion for the shrunken stamen in hyl1 anthers is that strong 
HD-ZP III genes antagonize FIL function in the abaxial 
regions. Adaxial identity genes and abaxial identity genes are 
antagonistic (Sawa et al., 1999; Siegfried et al., 1999; Eshed 
et  al., 2001; Kerstetter et  al., 2001; Emery et  al., 2003). In 
this sense, regulation by HYL1 of stamen development is 
through the balance between miR165/6, HD-ZIP III genes, 
and FIL gene.

As indicated above, the two-microsporangium phenotype 
of hyl1 mutants is because of the overexpression of HD-ZIP 
III genes in parts of the inner microsporangia, while adaxi-
alization of the connective is caused by the reduced expres-
sion of the FIL gene in the abaxial regions. On the basis of 
the relationship between adaxial and abaxial identity genes, 
a model is proposed for HYL1-regulated establishment of 
anther architecture. For normal stamen development, the 
juxtaposition of HD-ZIP III genes and FIL should be prop-
erly controlled. HYL1 determines the progressive activities of 
miR165/6 in the lateral region, microsporangia, microspore 
mother cells, and microspores. Actually, miR165/6 controls 
the expression level of FIL in the adaxial regions and the 
connectives through the antagonistic function of REV. The 
development of inner microsporangia and the connectives is 
largely dependent on the activity of the FIL gene. By a bal-
ance between HD-ZIP III genes and FIL, HYL1 modulates 
inner microsporangia and the connectives in stamen.
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Undeveloped anther mutants have stamens with filament-
like structures that do not contain anthers (Sanders et  al., 
1999). Two receptor kinases, BAM1 and BAM2, are predicted 
to function during the first cell division of archesporial cells 
and subsequently during their periclinal divisions to produce 
the somatic cell layers (Hord et  al., 2006). Because HYL1, 
SPL/NZZ, and BAM1/BAM2 are all required for early anther 
development, including aspects of cell division and differen-
tiation, it should be tested whether they interact in stamen 
ontogeny. Exploration of the molecular mechanisms by which 
HYL1 coordinates with miR165/6 and SPL/NZZ will provide 
further insight into plant developmental networks.
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