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Abstract

Of the homeodomain protein superfamily homeodomain-leucine zipper (HD-ZIP) proteins form a plant-specific subfamily. A number of HD-
ZIP transcription factors have been reported to play important roles in various aspects of plant growth and development, however, functions of most
members remain unknown. Here, we report the characterization of an Arabidopsis semidominant mutant, upcurved leaf] (ucll). Besides having
upcurved leaves, the homozygous mutant plants are male sterile due to anther non-dehiscence. Molecular and genetic analysis indicated that the
phenotypes of ucll were resulted from increased expression of Ar2¢g32370, which encodes a member of class IV HD-ZIP protein, HDG3. We
isolated the full-length cDNA of HDG3 and found a splicing site different from the annotated information. RT-PCR analysis indicated that HDG3 is
specifically expressed in flowers and the promoter-GUS analysis revealed that it is only expressed in anthers. In homozygous ucll anthers, the
expression levels of three positive regulators of anther dehiscence, MYB26, NSTI and NST2 were down-regulated. Taken together, our data

demonstrate that HDG3 plays a negative role in role in regulation of anther dehiscence.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Homeodomain proteins, an important group of transcription
factors in plants and animals, are characterized by a conserved
domain which is encoded by a 180-bp consensus DNA
sequence called homeobox [1,2]. Plant homeobox genes form a
large family encoding transcription factors that play important
roles in various growth and developmental processes, including
meristem activity, leaf adaxial-abaxial axis establishment,
vascular development, and so on [3,4]. Homeodomain-leucine
zipper (HD-ZIP) proteins, characterized by a homeodomain
followed by a leucine zipper, make up of a group of plant-
specific transcription factors [5].

The Arabidopsis thaliana genome probably encodes 89
homeodomain proteins, of them 47 members belong to the
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HD-ZIP subfamily [6], which have been divided into four
classes [7]. The Arabidopsis class IV HD-ZIP contains 16
members [8,9]; the first identified and well-characterized gene
is GLABRA2 (GL2), which plays a crucial role in both root
non-hair cell formation and epidermal trichome development
[10-12]. Recent studies indicated that GL2 is also involved in
the control of seed oil accumulation [13]. Other identified
class IV HD-ZIP genes include FWA, ANTHOCYANINLESS?2
(ANL2), ARABIDOPSIS THALIANA MERISTEM LAYERI
(ATMLI), and PROTODERMAL FACTOR2 (PDF2). The
FWA gene was identified from a dominant late-flowering
mutant whose FWA is ectopically expressed because of
epigenetic hypomethylation in the 5'-region of the gene
[14,15]. ANL2 is involved in anthocyanin accumulation and in
root development [16]. ATMLI and PDF2, a pair of
homeobox genes sharing a very high similarity, are mainly
expressed in the outermost cell layer (L1) of shoot apical
meristem [8,17]. The single knockout mutant of either ATMLI
or PDF?2 exhibits normal phenotype with respect to growth
and morphology, whereas the double mutant displays severe
defects in shoot epidermal cell differentiation, suggesting that
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PDF?2 and ATML] are functionally redundant and are required
for maintaining the identity of L1 cells [8]. The remaining
genes of the class IV HD-ZIP were named HOMEODOMAIN
GLABROUSI (HDG1I) through HDG12, in which HDG6 is
identical to FWA [9,18]. Functions of these genes, except
HDG6/FWA, have not been elucidated by using loss-of-
function mutants, possibly because of functional redundancy
among these genes. Alternatively, ectopic or high expression
of these genes may cause developmental abnormalities, thus
providing new insight into their functions. Here, we report
that elevated expression of one of the HD-ZIP IV family
genes, HDG3 (At2g32370), gives rise to leaf morphological
change and male sterility. Promoter activity and gene
expression pattern suggest that HDG3 is involved in anther
dehiscence.

2. Materials and methods
2.1. Plant materials and growth conditions

Plants of A. thaliana ecotype Columbia-0 (Col-0) were
grown in greenhouse at 20 °C in long day condition (16 h of
light). wucll mutant was isolated from a T1 generation
transformed with pBI121 vector. The homozygous T-DNA
insertion allele hdg3-1 (SALK_033462c) was obtained from
the Arabidopsis Biological Resource Center (Ohio State
University, Columbus, OH).

2.2. Identification of T-DNA insertion site and Southern
blot analysis

Arabidopsis genomic DNA was isolated and then subjected
to TAIL-PCR as described [19]. The PCR products were
sequenced, and the T-DNA insertion site was identified by
aligning the sequence with A. thaliana genome. Three primers
(T-DNA left border primer: LBal, 5-TGGTTCACG-
TAGTGGGCCATCG-3’; genome primers: LP, 5'-AGGCTTT-
TATTCAGGGGGCTTAC-3’ and RP, 5-TTTTCAACTGT-
TCCCAATGTTTC-3’) were used to identify heterozygous
and homozygous mutants.

After digestion with EcoRI or Xbal, genomic DNAs
(20 g in each lane) were separated on agarose gel (1.2%)
and transferred to a Hybond-N" filter membrane (Amersham,
Buckinghamshire, UK). The fragment of NPTII amplified
from pBI121 was used as a probe, which was labeled with
p_dCTP using a Random Primer DNA Labeling kit
(TaKaRa, Dalian, China). Membranes were hybridized and
washed according to the manufacturer’s manual (TOYOBO,
Osaka, Japan).

2.3. RNA analysis

Total RNAs were isolated using TRIzol reagent according to
the manufacturer’s manual (Invitrogen, Carlsbad, CA). Total
RNAs of 1 wg were reverse transcribed in a 20-pL reaction
using the RNA PCR (AMV) kit (TaKaRa, Dalian, China),
and the diluted products were applied for a 20-pL PCR

amplification reaction using gene-specific primers. Quantita-
tive real-time PCR analysis was performed by using Real-Time
PCR Core Kit (TaKaRa, Dalian, China) and EvaGreen™
(Biotium) as the dye. UBQ10 was used as the internal control.

The 5’ UTR sequence of HDG3 was obtained by RACE-
PCR with a GeneRacer ™ Kit (Invitrogen, Carlsbad, CA). The
specific primers used in RACE-PCR were SP1 (5'-GCCTCCA-
CACTTAGGGCATAAGG-3'), and SP2 (5'-CCTTTGTTTGT-
CATCTGGGTG-3').

For RNA gel blot analysis, total RNAs (20 pg in each
lane) were separated on a 1.2% denaturing gel and
transferred to a Hybond-N" filter membrane. The probes
were randomly labeled with **P-dCTP using fragments of
MYB26 and UBQ10 amplified with the same primers used for
RT-PCR.

2.4. Vector construction and plant transformation

A ~1.0 kb fragment upstream of transcription start site of
HDG3 (At2¢32370) was amplified and inserted into pBI101
and pCAMBIA1300 to generate 101-Proypgs; and 1300-
Proypgs, respectively. Then the genomic sequence of HDG3
was amplified from ucll and cloned into the above vectors to
generate 101-Progypg3;:HDG3 and 1300-Progpgs;:HDG3,
respectively. The vector 101-Proypg; and 1300-Proypgs
were also used to generate 101-Proyps;:GUS and 1300-
Proypgs:GUS for promoter activity analysis. For RNAi
analysis, a 505-bp fragment containing 3’ UTR amplified
with primers containing additional appropriate enzymatic
recognized sequences (5'-CCTTCCAAATGCTGGTTGAGT-
3" and 5-TCAACTGAAACAACGAAAGGT-3"). Two copies
of this fragment were placed inversely and complementally
and spaced out by a 120-nucleotide intron of Arabidopsis
RTM1 gene [20,21]. The fused fragment was inserted into a
modified pPCAMBIA1300 containing a CaMV 35S promoter
and a NOS terminator to generate a double-strands RNA
vector, Prozss:dsHDG3. A GFP from pCAMBIA1302 fused to
3’ end of HDG3 was placed in pCAMBIA1300 under the
control of a CaMV 35S promoter.

The vectors were introduced into Agrobacterium tumefa-
ciens strain GV3101, and the resultant Agrobacteria
were infiltrated into Arabidopsis by the floral dip method
[22].

2.5. Microscopy

Wild-type and mutant plant tissues were observed by
scanning electron microscopy as previously described [23].
For histological sections, samples were embedded in
Epon812 resin, and transverse sections were made at
2 pm and stained by toluidine blue, and sections were
examined microscopically (BX51; Olympus, Tokyo, Japan)
and photographed.

Confocal images were obtained with an LSM510 laser
scanning confocal microscope (Zeiss, Jena, Germany), with
argon laser excitation at 488 nm and a 505-550 nm emission
filter set for GFP fluorescence observation.



Q.-J. Li et al./Plant Science 173 (2007) 567-576 569

3. Results

3.1. Isolation and morphological characterization of ucll
mutant

An upcurved leaf1 (ucll) mutant was isolated for its distinct
phenotype from a T1 population transformed with pBI121. The
mutant plant grew slowly and was smaller than the wild-type,
and the leaves were upcurved (Fig. 1). The plants of T2
generation segregated into three different phenotypes, namely
severe, intermediate, and wild-type-like (Fig. 1A-C).

In addition to smaller stature and strongly upcurved leaves,
the severe-phenotyped plants were sterile and developed only
short and empty siliques (Figs. 1C and 2A). When pollinated
with wild-type pollen, the plants produced normal siliques
containing seeds, indicating that plants were male sterile and
the female fertility was not affected. Observation with a
dissecting microscope revealed that pollen grains were absent
from the surface of anthers of the sterile ucll plants (Fig. 2B
and C). Scanning electron micrographs showed that the anthers
of the sterile plants failed to dehiscence (Fig. 2E and G),
whereas wild-type anthers at the same stage opened and the
pollen grains were visible (Fig. 2D and F). However, pollen
grains could be seen in the locules of the non-dehiscent ucl/
anthers by transverse section (Fig. 2I). When wild-type plants
were pollinated with the pollen grains collected from the ucl/
anthers opened mechanically, seed-containing siliques were
obtained. These observations indicate that, in the sterile ucl!/
mutant, pollen development was unaffected.

After pollinating the homozygous ucll plants with wild-type
pollen grains, the F1 progenies all showed the ucl/ mutant
phenotype, and the F2 plants also segregated into three groups
on the basis of phenotypes, similar to the T2 progenies of initial
mutant. In the F2 population of 190 plants examined, 53 plants
showed a severe phenotype, 90 showed an intermediate
phenotype, and 47 appeared normal, which fitted the ratio of

(W

1:2:1 (P > 0.05). The phenotype of upcurved leaf was co-
segregated with kanamycin resistance. Southern blot analysis
showed that there was a single copy of T-DNA in the ucl/
mutant (Fig. 3A). These results suggest that the initial ucl/
mutant was heterozygous with a semidominant mutation in a
single nuclear gene.

To find out the cause of mutant phenotype, we performed
TAIL-PCR to locate the T-DNA insertion site. We found that
the T-DNA was inserted in chromosome 2 within the intergenic
region between Ar2g32360 and At2g32370. Further sequence
analysis showed that the insertion site was located 977 bp
upstream of the start codon of Ar2¢g32360, which encodes an
ubiquitin family protein, and 3884 bp upstream of the start
codon of Ar2¢32370 (Fig. 3B), which encodes a HD-ZIP
protein that has been designated as HOMEODOMAIN
GLABROUS3 (HDG3) [9].

According to the insertion site of T-DNA, we assumed that
the abnormal development of ucll plants could be caused by
changed expression of either Ar2g32360 or HDG3
(A12g32370), or both. We then employed RT-PCR to investigate
the expression levels of both genes in wild-type and the mutant
plants. The expression level of HDG3 was evidently increased
in mutant plants, whereas the expression level of Ar2g32360
was not altered (Fig. 3E). This result suggests that the
phenotypic change of ucll plants was caused by an increased
expression of HDG3.

In order to confirm that the initial ucl/ mutant is a
semidominant mutant, we performed PCR to investigate the T-
DNA insertion instance in the severe and intermediate mutant
using primer of T-DNA left border and the primers
corresponding to the genomic region flanking the insertion
site. As expected, the T-DNA insertion was heterozygous in
intermediate plants and homozygous in severe plants (data not
shown). The semidominant mutation was also validated by
quantitative real-time PCR analysis of the expression level in
leaves, which showed that the HDG3 transcript level in

Fig. 1. Morphological comparison of wild-type and uc// mutant plants. (A) The 20-day-old wild-type (left), intermediate uc// (middle) and severe ucll (right) plants
grown on soil in greenhouse. (B) The abaxial leaf of 20-day-old plants shown on (A). (C) The 50-day-old wild-type (left), severe ucl/ (middle) and intermediate uc?/
(right) plants grown on soil in greenhouse. (D-F) The 7-day-old seedling of wild-type (D), intermediate uc/! (E) and severe ucll (F) plants grown on 1/2 MS medium.
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Fig. 2. Comparison of wild-type and ucll homozygous mutant plants. (A) Main branch of 50-day-old wild-type (left) and ucl1 homozygous (right) plants. (B and C)
Flower of wild-type (B) and uc/1 homozygous (C) plants. (D and E) Scanning electron microscopy image of wild-type (D) and ucll homozygous (E) flower. (F and G)
Scanning electron microscopy image of wild-type (F) and ucl/ homozygous (G) anther of opened flower. (H and I) Toluidine blue-stained cross section of wild-type

(H) and ucll homozygous (I) anther of opened flower.

homozygote was about two times as that in heterozygote. The
expression of HDG3 was undetectable in wild-type plant leaves
(Fig. 3F).

3.2. Sequence analysis of the HDG3 locus

The genomic sequence of HDG3 contains 3879 bp, which
has been annotated to 10 exons and 9 introns according to the
annotation information (http://www.arabidopsis.org). Thus, the
annotated ¢cDNA was 2612 bp long, containing a 446-bp 3’
untranslated region (UTR) and an open reading frame coding
for a 721-amino acid polypeptide. However, the 5 UTR was
undetermined. To identify the 5" UTR of HDG3, 5’ rapid
amplification of cDNA ends (RACE) was performed using ucl/
total RNA by taking advantage of its overexpression feature.
Sequencing of the RACE fragment indicated that the full-length
¢DNA of HDG3 contains a 239-bp 5' UTR. Comparison to the
genomic sequence revealed that the transcription start site is
1530 bp upstream of the start codon and in this region there are
two introns, which are of 232 bp and 1059 bp long, respectively
(Fig. 3D). A putative TATA box was found 31 bp upstream of
the transcriptional initiation site. Therefore, the genomic
sequence of HDG3 can be divided into 12 exons and 11 introns
based on our RACE result (Fig. 3D). Taken together, in the
genome of ucll plant, the T-DNA of pBI121 is inserted at
2354 bp and 3884 bp upstream of the transcription start site and

start codon of HDG3, respectively, and at the upstream of
insertion site, there is a CaMV 35S promoter opposite to the
transcription direction of HDG3 (Fig. 3C).

Based on the annotated 3’ UTR and newly identified 5’ UTR
of HDG3, we designed a pair of primers and isolated the full-
length cDNA through RT-PCR amplification of the transcripts
from ucll leaves. Sequencing results of three individual clones
revealed that, in comparison with the original annotation, the
HDG3 cDNA contained an additional 12-bp (GTGATCACA-
TAA) fragment at the terminal of the ninth exon. In flowers of
wild-type plants, the HDG3 transcripts were faintly detectable
(see below). With two-round-PCR amplification, the full-length
cDNA of HDG3 was also obtained from flowers of wild-type
plants. Sequence comparison revealed that HDG3 cDNA from
wild-type plants contained the same 5" UTR and additional 12-
bp fragment as that from ucl/ plants (Fig. 3D). These results
indicate that the originally predicted cDNA of HDG3 was
inaccurate, and the splicing site between the ninth exon and the
ninth intron should be corrected.

3.3. Confirmation of mutation by transgenic studies

Based on the structural context of T-DNA insertion site
(Fig. 3C), we hypothesized that the enhancer of CaMV 35S
promoter strengthened the transcription of HDG3, which
consequently caused the phenotype of ucll. To verify this
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Fig. 3. Identification of T-DNA insertion and cloning of HDG3. (A) Southern blot analysis of T-DNA copy number in the uc// mutant. Genomic DNA (20 pg in each
lane) of wild-type (lanes 1 and 3) and ucl/ (lanes 2 and 4) plants was digested with EcoRI or Xbal and probed against NPTII coding region of pBI121. (B) Physical
map of the T-DNA insertion site. The arrows indicate the transcription orientation of the open reading frames flanking the integrated T-DNA. (C) Structure of the
integrated T-DNA in the uc// genome. (D) Genomic structure of HDG3. Arrow indicates transcription start site. ATG and TAA indicate translation start codon and
stop codon, respectively. GTGATCACATAA at the terminal of the ninth exon indicates the additional 12-bp fragment in the full-length cDNA of HDG3 compared

with the annotation information. Arrowhead indicates the T-DNA insertion site

of hdg3-1, a loss-of-function mutant of HDG3. (E) RT-PCR analysis of HDG3

(A12g32370) and A12g32360 expression in leaves of 25-day-old wild-type (left lane) and ucl plants (right lane). UBQ10 was used as internal control. (F) Quantitative
real-time PCR analysis of HDG3 expression in leaves of 25-day-old wild-type (WT), ucll heterozygous (ucll HZ) and ucll (ucll HM) homozygous plants.
Transcription level in ucll homozygous plants was set as 100%. UD means undetectable. UBQ10 was used for normalization. Error bars indicate standard error.

hypothesis, we performed two experiments. First, we amplified
the genomic sequence of HDG3 and placed it under the control of
its native promoter (about 1000 bp) in the binary vector
pCAMBIA1300, which harbored a CaMV 35S promoter in
the flank of multiple cloning sites. The resultant construct, named
1300-Progpgs:HDG3, has structural similarities with the
integrated T-DNA in the ucl/ genome. The HDG3 gene with
its own promoter was also placed in pBI101, which had no CaMV
35S promoter, and the resultant construct was named 101-
Proypgz:HDG3. The two constructs were then introduced into
wild-type plants. Among the T1 transformants, a majority of
seedlings transformed with 1300-Progpgs;:HDG3 showed the
ucll-like phenotype (Fig. 4A), whereas the plants transformed
with 101-Proypc;:HDG3 did not display obvious phenotypic
changes (data not shown). RT-PCR analysis demonstrated that
accumulation of HDG3 transcripts was drastically elevated in
ucll-like 1300-Progpgs:HDG3 plants (Fig. 4B). When HDG3
driven by the CaMV 35S promoter was expressed in wild-type
plants, the transgenic plants showed different but partially
overlapping phenotypical changes, such as upcurved leaves, slow
growth, and aberrant inflorescences, and a high sterile rate
(Fig. 4D and E). These observations suggest that the enhancer of
CaMV 35S promoter can facilitate the activity of HDG3
promoter and increase expression level of HDG3, causing the
abnormal phenotypes observed with ucl/ mutant.

Second, we introduced a double-stranded RNA construct
(Prozss:dsHDG3) containing a 505-bp inverse repeat derived
from the 3’ UTR of HDG3, driven by the CaMV 35S promoter,
into the heterozygous ucl/l plants. Out of the 88 T1 transgenic
lines, 64 exhibited a wild-type-like phenotype and grew
normally (Fig. 4F). RT-PCR analysis indicated that the
accumulations of HDG3 mRNA in these phenotype-restored
lines were strongly reduced (Fig. 4G). Taken together, these
results support that the phenotype of ucl/ mutant is attributed to
elevated expression of HDG3.

3.4. Expression pattern of HDG3 and subcellular
localization of HDG3 protein

The expression pattern of HDG3 was examined in various
tissues by RT-PCR. For wild-type plants HDG3 mRNA was
detected at a low level only in flowers, and the transcripts were
undetectable in leaves, stems, roots and seedlings. Whereas in
ucll plants, HDG3 was expressed in leaves, stems, flowers and
seedlings, but not in roots (Fig. 5A). To further dissect the
expression pattern, a promoter fragment of ~1000 bp of HDG3
was fused to a B-glucuronidase (GUS) reporter gene in vector
pBI101 to generate 101-Progpg;:GUS. GUS staining of the
transgenic plants showed that the GUS activity was faintly
detected only in anthers of the opened flower (Fig. 5B). The
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Fig. 4. Comfirmation of mutation by transgenic studies. (A) The 20-day-old wild-type plant (left of top), ucl// homozygous plant (right of top) and two individual T1
transformants carrying the construct of 1300-Progpgs:HDG3 (bottom). (B) RT-PCR analysis of HDG3 expression in plants shown in (A). (C and D) The 28-day-old
ucll homozygous plant (C) and T1 transformant carrying the construct of 1300-Pro;ss:HDG3 (D). (E) The 50-day-old ucll homozygous plant (left) and T1
transformant carrying the construct of 1300-Prozss: HDG3 (right). (F) 20-day-old wild-type plant (left), ucll heterozygous plant (middle) and one of the phenotype-
rescued T1 transformants carrying the construct of Prozss:dsHDG3 (right). (G) Molecular analysis of phenotype-rescued transgenic plants transformed with
Pro;ss:dsHDG3. RT-PCR analysis showed decreased accumulation of HDG3 transcripts in transgenic lines (top panel). PCR analysis showed the background of
phenotype-rescued plants was ucl/ mutant (bottom panel).
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Fig. 5. Expression pattern of HDG3 and subcellular localization of HDG3. (A) The HDG3 mRNA accumulation pattern was investigated by RT-PCR with RNA from
rosette leaves (L), stems (St), roots (R), flowers (F) and 7-day-old seedlings (S) of wild-type and uc// mutant plants. (B) GUS staining of the transgenic plants carrying
101-Proypgs:GUS. (C) GUS staining of the transgenic plants carrying 1300-Progpgs:GUS. (D) Green fluorescence signal in root cells expressing a 35S-driven free
GFP. (E) Green fluorescence signal in root cells expressing a 35S-driven HDG3-GFP fusion protein.

same chimeric gene was also cloned into pPCAMBIA1300 to
generate 1300-Proypg;:GUS. We found that, in plants
transformed with 1300-Progpg3:GUS, GUS activity was
detected in all upground tissues (data not shown) and the
activity in flower was expanded to all floral organ (Fig. 5C). In
comparison with 101-Proypg;-GUS plants, the intensity of
GUS staining in the anther was stronger in the 1300-
Progpgs:GUS plants (Fig. 5B and C). The extended and
stronger expression of 1300-Progpg;:GUS was likely resulted
from the enhancer of the CaMV promoter, which was used to
driven the selectable marker gene for hygromycin resistance.
To explore the subcellular localization of HDG3 protein, a
green fluorescent protein (GFP) gene was in-frame fused to 3’
end of HDG3 cDNA driven by a CaMV 35S promoter. Confocal
imaging of the roots of 7-day-old transgenic seedlings revealed
that HDG3 was a nucleus-localized protein (Fig. 5D and E).

As described above, one of the visible phenotypes of ucll is
the poor fertility in the homozygote. To investigate the
molecular feature of anther non-dehiscing, we performed RT-
PCR to analyze the expression changes of three genes, MYB26,
NSTI and NST2, which were reported to be positive regulators
of anther dehiscence [24-26]. The results showed that
expression levels of the three genes in homozygous ucll
flowers were down-regulated (Fig. 6A). RNA gel blot analysis
also showed a reduced accumulation of MYB26 mRNA in ucl]
(Fig. 6B).

In order to investigate the function of HDG3, we obtained its
T-DNA insertion mutant, hdg3-1 (SALK_033462) from SALK
Institute T-DNA insertion collection. The homozygous hdg3-1
mutant did not show any visible phenotypic change (data not
shown). This is consistent with a previously report by
Nakamura et al. that hdg3-1 and hdg2-3 hdg3-1, a double
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Fig. 6. Expressions of genes involved in anther dehiscence. (A) Expressions of HDG3, MYB26, NST1 and NST2 were investigated by RT-PCR with RNA from flowers
of wild-type (left lane) and ucl// mutant plants (right lane). (B) Expression of MYB26 was investigated by RNA gel blot analysis with RNA from the same materials

used in (A). UBQI10 was used as control.

mutant of HDG3 and its paralogous gene, HDG2, appeared
normal in growth and development [9]. However, the hdg3-1
pdf2-1 and hdg3-1 atmll-1 double mutants showed morpho-
logical abnormalities [9]. For functional analysis of HDG3 and
other class IV HD-ZIP gene, it will be necessary to construct
multiple mutants.

4. Discussion

The class IV HD-ZIP consists of 16 members in Arabidopsis
genome [8,9]. Except for 5 members, functions of most of the
members are still unknown. In this article, we report the
isolation of the uc/l mutant and molecular characterization of
HDG3, a member of class IV HD-ZIP genes. Evidences
presented here clearly indicate that the ucl/l phenotype is
caused by elevated expression of HDG3.

In plants, many genes have functional redundancy, which
makes it difficult to discover gene functions through analysis of
loss-of-function mutants. Activation tagging with the enhancer
from the CaMV 35S promoter provides an effective platform
for plant functional genomics research [27]. Activation tagging,
which has been developed in several plant species, including
Arabidopsis [27], rice [28], poplar [29] and barley [30],
facilitates functional identification of genes which are
functionally overlapping or whose expressions are weak but
play an important role in plant growth and development. The
ucll mutant, isolated based on its upcurved leaves from a T1
population of transgenic A. thaliana. The expression of HDG3
in ucll is evidently increased in leaves, stems and flowers and
seedlings when compared with wild-type plants, in which
HDG?3 is only weakly expressed in flowers. In ucll/ mutant,
HDG3 is not expressed in roots as well as in wild-type plant.
Ectopic and constitutive expression of HDG3 driven by CaMV
35S promoter resulted in severer phenotypes than the ucl/
mutant (Fig. 4D and E), whereas the transgenic plants carrying

the construct of 1300-Proypgs-HDG3 in which HDG3 was
driven by its own promoter showed the ucli-like phenotype
(Fig. 4A). These observations suggest that the phenotypes of
ucll were resulted from elevated expression of HDG3, though
ectopic or constitutive expression could not be excluded.

The ucll mutant was generated by genetic transformation
with pBI121 vector, which contained a CaMV 35S promoter. In
the genome of ucll, the 35S promoter sequence within T-DNA
region was reversely inserted upstream of the promoter of
HDG3. 1t is likely that the enhancer of 35S promoter is
responsible for the elevated expression of HDG3, as in the
activation tagging screen. This hypothesis was supported by the
promoter-GUS analysis. The 1300-Proypgz: GUS plants showed
extended and stronger GUS activity in comparison of the 101-
Proypc3:GUS plants (Fig. 5B and 5C). In the constructs of 1300-
Proypg3:GUS, 35S promoter was used to driven the selectable
marker gene for hygromycin resistance, so the enhancer of 35S
promoter may boost up the expression of GUS. Recently it is
reported that the enhancer of 35S promoter used for selectable
marker gene of a plant transformation vector can trans activate
and override the control of the transgene expression [31]. The
structure of 1300-Progpgz;:HDG3 is similar with that of
integrated T-DNA in ucll genome, therefore, it is not unexpected
that plants transformed with 1300-Proypg3:HDG3 show similar
phenotypes as the ucll mutant.

To facilitate pollination, mature pollen grains must be
released from the locules of the anther, which is achieved
through a process called anther dehiscence [32]. In Arabi-
dopsis, three genes required for anther dehiscence have been
identified by genetic studies. ms35, the loss-of-function mutant
of MYB26, and the double mutant of NS7/ and NST2
completely fail to undergo anther dehiscence due to loss of
secondary wall thickening in anther endothecium [24-26].
MYB26 plays regulatory role in the expression of NST! and
NST2 [26]. In the homozygous mutant of ucll, the anthers
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failed to dehiscence, resulting in male sterility. In addition,
HDG3 is mainly expressed in anther, consistent with its
presumed role in the process of anther dehiscence. In flowers of
the ucll homozygous mutant the expressions of MYB26, NST1
and NST2 were repressed, suggesting that HDG3 negatively
regulates anther dehiscence via controlling the expression of
MYB26, NSTI and NST2 directly or indirectly. To elucidate the
regulatory mechanism, the interactions between HDG3 and the
promoters of these genes need further investigation. According
to the public Arabidopsis microarray databases (http://
www.genevestigator.ethz.cn), HDG3 has a relatively high level
of expression in siliques and very low levels in other tissues.
Among the tissues we analyzed, the expression of HDG3 was
detected only in flowers at a low level. Previously, Nakamura
et al. reported that HDG3 was weakly expressed in siliques and
seedlings [9]. Hence, the possibility that ectopic expression of
HDG3 in ucll led to anther indehiscence cannot be excluded.
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