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Abstract Molecular breeding with genetic modification enables the production of novel floral traits in floricultural plants
that could not be obtained by traditional breeding. To facilitate novel flower production, we collectively introduced 2 sets of
42 and 50 chimeric repressors of Arabidopsis transcription factors into Agrobacterium and then used these to co-transform
torenia (Zorenia fournieri). We generated 750 transgenic torenias, and identification of the transgenes revealed that more
than 80% of the transgenic torenias had a single transgene. A total of 264 plants showed phenotypic modification, and
91.2% displayed modified flower colors and/or shapes, such as altered color patterns, curled petal margins, and wavy petals.
These results indicated that the collective transformation system can be applied to molecular breeding of flowers. Detailed
analysis of the phenotypes revealed that PETAL LOSS could control blotch sizes and that modification of cell shape could
change the texture of petals. We found that the chimeric repressors of functionally unknown transcription factors also
induced novel floral traits, and therefore, the transgenic torenias provide an understanding of the functions of transcription

factors that could not be revealed by previous studies in Arabidopsis.

Key words:

Flower colors and shapes are important commercial
characters in floricultural plants. Many flowers with
novel floral traits have been generated by cross-
fertilization, selective breeding, and mutation breeding
(Shibata 2008). However, such traditional breeding
methods require enormous time and effort. In contrast,
genetic engineering in molecular breeding enables
production of novel floral traits in floricultural plants that
cannot be obtained by traditional breeding more
efficiently and with less effort. For instance, attempts
have been made for centuries to produce blue roses by
traditional breeding, but this has proved impossible
because roses lack a key enzyme, flavonoid 3’,5'-
hydoxylase (F3'5'H), for delphinidin biosynthesis
necessary for blue pigmentation. Katsumoto et al. (2007)
succeeded in producing a delphinidin-accumulating rose
with color that was blue-hued because of viola F3'5'H
gene expression. Flower colors in carnation, petunia,

Collective transformation, CRES-T, flower modification, torenia, transcription factor.

torenia, and gentian have been modified by manipulating
flavonoid biosynthesis genes (Nishihara and Nakatsuka
2010; Tanaka et al. 2009). Suppression by antisense gene
or RNAI1 methods and overexpression by sense genes are
typical strategies to manipulate genes of interest.
However, information on DNA sequences is required for
these strategies and genomic or EST analyses are still to
be performed for most floricultural plants. On the other
hand, sequence information of model plants, including
Arabidopsis, rice, and tomato, is now available.
Application of the genes of such model plants may
accelerate genetic engineering of floricultural plants.
Utilization of transcription factors in molecular
breeding is appropriate for flower modification because
numerous transcription factors play important roles in
regulating identification, initiation, and differentiation of
flower organs. For example, most genes in the ABC
model of flower development, namely APETALAI (AP1),

Abbreviations: CRES-T: chimeric repressor gene-silencing technology, CT: collective transformation.
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APETALA3 (AP3), PISTILLATA (PI), and AGAMOUS
(AG) in Arabidopsis, encode MADS-box transcription
factors (Goto and Meyerowitz 1994; Jack et al. 1992;
Mandel et al. 1992; Yanofsky et al. 1990). AP3/PI
negatively regulates GNC (GATA, nitrate-inducible,
carbon metabolism-involved) and GNL (GNC-like), both
of which encode GATA transcription factors (Mara and
Irish 2008). PETAL LOSS (PTL), encoding a trihelix
transcription factor, regulates sepal and petal architecture
(Brewer et al. 2004; Griffith et al. 1999). In Antirrhinum
majus flowers, CYCLOIDEA (CYC), DICHOTOMA
(DICH), DIVARICATA (DIV), and RADIALIS (RAD)
establish dorsoventral asymmetry. CYC and DICH
encode TCP transcription factors, while DIV and RAD
are MYB genes (Corley et al. 2005; Galego and Almeida
2002; Luo et al. 1996, 1999). In addition to identification,
initiation, and differentiation of flowers, transcription
factors regulate flower color. A regulatory complex of
MYB, bHLH, and WD40 proteins regulate flavonoid
biosynthesis and control flower color (Kose et al. 2005;
Tanaka et al. 2008). Various families of transcription
factors participate in flower development, and therefore,
transcription factors are a useful and powerful tool for
modification of floral traits.

Male and female sterile flowers have been produced in
Arabidopsis and rice using a chimeric repressor gene-
silencing technology (CRES-T) system in which a
transcription factor fused to the repression domain
(SRDX) dominantly represses the transcription of its
target genes, even in the presence of redundant
transcription factors (Hiratsu et al. 2003; Mitsuda et al.
2006). The CRES-T system can be applied to molecular
breeding of floricultural plants (Shikata and Ohme-
Takagi 2008). We have produced transgenic torenias as a
model of genetic engineering using the CRES-T system
in floricultural plants (Narumi et al. 2008; Sasaki et al.
2010). The transgenic torenias showed modified flower
colors and shapes, indicating that the CRES-T system
was effective in the production of novel torenia flowers.
For example, TCP3-expressing torenias displayed
changes in both flower shape and color patterns (Narumi
et al. 2011 in this issue). However, a transgene does not
always induce the desired floral traits predicted from
phenotypes in Arabidopsis. For instance, while a
chimeric AG repressor (AG-SRDX) induced double
flowers in Arabidopsis (Mitsuda et al. 2006), transgenic
torenia flowers expressing chimeric repressors of either
AG or its torenia homologs (TfFARINELLI and
TfPLENA1) did not show double-flower phenotypes
(Narumi et al. 2008). Thus, an ideal method to obtain
valuable phenotypes for commercial purposes is to
produce various transgenic plants. To facilitate this
procedure, we developed a system to efficiently produce
numerous transgenic plants and evaluate their floral
traits. This system will facilitate the molecular breeding

of floricultural plants.

Materials and methods

Plant materials and growth conditions

Torenia (Torenia fournieri Lind. ‘Crown Violet’) (Aida et al.
2000) and Arabidopsis (Arabidopsis thaliana, Col-0 accession)
were used as plant materials. Torenia plants were maintained by
herbaceous cutting and grown at 25°C under fluorescent lamps
with long-day conditions (16-h light and 8-h dark). To observe
the floral phenotypic changes, torenia plants were grown in
contained greenhouse under natural light. Arabidopsis plants
were grown at 22°C under long-day conditions.

Selection of bulk mix genes

We prepared 2 sets of genes, namely “the flower bulk” and “the
development bulk.” For the flower bulk, 42 genes were selected
as follows. From the AtGenExpress developmental series
(Schmid et al. 2005), we selected 24 genes whose expression
was more than 5.0-fold in petals of flower stage 12 (sample ID:
ATGE_35) and more than 2.0-fold in petals of flower stage 15
(ATGE_42) compared to the average expression level of all
wild-type samples. We also chose 18 genes whose expression
was less than 0.2-fold in flower stage 12 of the /fy-/2 mutant
(ATGE_54) because /fy mutants fail to produce flowers (Huala
and Sussex 1992). Genes for the development bulk were
selected from literature and database searches. We identified 42
genes that participate in the regulation of organ development
and/or cell differentiation. AGL13 and MYB21 were added as
homologous genes of AGL6 and MYB24, which were used in
the flower bulk. Furthermore, 6 functionally unknown genes
expressed at a high levels in Arabidopsis flowers were included,
resulting in a total of 50 genes in the development bulk set.

Plasmid construction

For chimeric repressor constructs, the coding sequences of
transcription factors without stop codons were amplified with
appropriate primers. Each fragment was cloned into the Smal
site of p35SSRDXG entry vectors in frame to the region that
encodes SRDX repression domain, resulting in chimeric
repressors driven by caulifiower mosaic virus 35S promoter.
For the PTL-overexpressor (PTL-ox) construct, the coding
sequence with a stop codon was cloned into the Smal site of
p35SG entry vector, which is a derivative of p35SSRDXG
without SRDX. Each transgene was transferred to pBCKH
binary vectors (Mitsuda et al. 2006).

Transformation

The 42 and 50 chimeric repressor constructs for the flower bulk
and the development bulk, respectively, were mixed in equal
concentrations. The plasmid mixtures were cointroduced into
Agrobacterium strain EHA105 for torenia and GV3101 for
Arabidopsis by electroporation. The entire colony suspension
was used for transformation. The methods of Agrobacterium-
mediated transformation were as described previously (Aida
and Shibata 1995, 2001; Clough and Bent 1998). Leaf segments
of regenerated torenia plants were tested for hygromycin
resistance to confirm the transgene.



A repression domain (SRDX)
|
__|CamMv3ss Arabidopsis / | NOS
pro transcription factor ter
-»> <

plasmid mix
(1) flower bulk
(2) development bulk

J

¥ co-transformation

S i i
o
Y

\

collective

|A grobacterium tum efaciens| fransformation

’ inoculation of
Agrobacterium mix

torenia leaf disk

¥ callus and shoot induction

transgenic torenias

¥ bulk screening

novel flowers

Figure 1. CT system procedure. (A) Schematic representation of the
chimeric repressor construct consisting of the cauliflower mosaic virus
(CaMV) 35S promoter, a transcription factor from Arabidopsis without
the stop codon, followed by an in-frame repression domain (SRDX)
and a nopaline synthase (NOS) terminator. Arrows indicate the primers
used in investigating transgenes. (B) Flowchart of the efficient
screening of novel flowers.

Identification of transgenes

Genomic DNA was isolated from leaves of regenerated torenia
plants, and transgene fragments were amplified with 35S
primer (5'-GAAGTTCATTTCATTTGGAGAGG-3") and SRDX
primer (5'-AGCGAAACCCAAACGGAGTTCTAG-3") (Figure
1A). The PCR products were directly sequenced. Cases in
which multiple genes were introduced, PCR products were
electrophoresed on agarose gel, recovered from the gel, and
used for sequencing.

Statistical analysis
The probability [q;(n)] of the number of transgenic torenia lines
(n) harboring each construct (i) when transformation occurred
with equal probability is described by a binomial distribution as
follows:

q(n)=\C, p" (1-p)" "
p is the probability that each construct was equally transformed
(p=1/42 for the flower bulk and p=1/50 for the development
bulk) and N is the number of transgenic torenias with a single
transgene (N=159 for the flower bulk and N=303 for the
development bulk).
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Results

Development of a collective transformation
system for efficient modification of novel floral
traits

To produce various transgenic torenias simultaneously,
we attempted to simplify the transformation method.
First, we used Arabidopsis transcription factor genes to
produce chimeric repressors (Figure 1A). Second, we
mixed approximately 50 types of plasmids in equal
concentrations and cotransformed Agrobacterium. We
then inoculated torenia leaf disks with a mixture of
transformed Agrobacterium. We called this transformation
method the collective transformation (CT) system. Using
these procedures, we generated hundreds of transgenic
plants and screened novel flower colors and shapes
simultaneously and efficiently (Figure 1B).

Since genes regulating flower development, such as
API and AG (Mandel et al. 1992; Yanofsky et al. 1990),
are expressed in higher level in flowers than in other
organs, we selected 42 genes that are highly expressed in
Arabidopsis flowers from publicly available microarray
data (referred to as “flower bulk;” Table 1). On the other
hand, transgenic torenias expressing the chimeric
repressor of TCP3, which controls the morphology of
shoot lateral organs (Koyama et al. 2007), induced
serrated petals with various color patterns (Narumi et al.
2011 in this issue). The epidermal cell arrangement of
the petals in these transgenic torenias was perturbed,
suggesting that genes regulating organ development
and/or cell differentiation as well as those controlling the
biosynthesis of flower pigments can modify color
patterns. Based on the abovementioned hypothesis, we
selected 42 genes participating in the regulation of organ
development and/or cell differentiation according to a
literature and database search. Furthermore, we added 8
genes (see Materials and methods) and referred to the
chimeric repressors containing the total 50 genes as the
“development bulk” (Table 2). We mixed the 42 and
50 chimeric repressor constructs, respectively, and
transformed torenia using the CT system (Figure 1B).
After callus induction, adventitious shoot formation, and
plant regeneration, we obtained 348 and 402 regenerated
plants from the flower bulk and the development bulk,
respectively (Table 3).

Simultaneous production of various types of
transgenic torenias using the CT system

To investigate whether each chimeric repressor was
introduced equally and efficiently, we isolated genomic
DNA from transgenic torenias and sequenced the
transgenes. We identified transgenes from 196 lines of
the flower bulk, and 40 of the 42 introduced genes were
found (Table 1). With respect to the transgene number,
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Table 1. The flower bulk
Family AGI code Common Phenotype ! 2 3
name gene genes genes
AP2/ERF  Atlg01250 F 5 1 1
Atlgl2610 DDF1 EO 12%% 4 0
Atlgl9210 F 3 3 1
Atlg74930  ORA47 F 10* 2 0
B3 At5g18000 FL O 8 0 1
At5g18090 F 4 0 0
At5g60140 X 2 1 0
bHLH At1g59640 BPE/ — 0 0 1
ZCW32/
bHLHO031
Atlg25330  bHLHO75 - 0 2 0
At2g47270  bHLHIS51 L 7 0 0
bZIP At1g35490 X 2 2 0
C2H2ZnF  Atlg66500 X 6 0 0
At4g35700 X 3 1 2
At2g28200 - 0 0 0
C3HZnF At5g44260 X 3 1 0
cO At4g39070 X 1 3 0
GARP At5g42630 KAN4 X 1 0 0
GRAS Atlg66350  RGLI1 - 0 0 0
At3g03450 RGL2 L 1 1 0
HSF At2g26150  AtHSFA2 F 5 2 0
At3g51910 AtHSFA7A F 4 0 0
LIM At2g45800 (0] 7 5 0
At3g61230 F, O 7 1 0
Atlg01780 X 4 2 1
MADS At2g45650  AGL6 F 2 2 0
At3g57390  AGLI18 F, O 5 3 0
MYB At4g09460 AtMYB6/ EO 6 3 1
AtMYBS8
At5g15310  AtMYBl16/ FEL 6 1 0
AtMIXTA
At2g32460  AtMYBI101 F 1 1 1
At3g06490  AtMYBI108/  x 1 0 1
BOSI1
At2g21650  AtRL2/ F 11* 8 2
MEE3
At5g40350 AtMYB24 L 1 2 1
NAC At1g52890  ANACO19 F 5 0 0
Atlg61110  ANACO025 X 1 1 1
At3g15500  ANACO0SS5 X 2 1 0
At3gl5510  ANACO056/ F 3 3 1
NARSI1/
NAC2
At4g28530  ANAC074 F 1 0 0
At5g07680  ANACO079 F 7 2 0
At5g61430 ANACI100 L 4 2 0
SBP At3gl5270  SPLS5 X 1 1 0
Others At4g00950  MEE47 X 3 2 0
At3g24500 MBFI1C X 4 1 0

Phenotypically altered organs in transgenic torenias with a single
transgene are represented as F (flowers), L (leaves), O (others), and x (no
change). The number of lines with 1, 2, and 3 transgenes are shown.
Asterisks indicate values that are significantly different (*»<<0.01,
**p<<0.001) from the statistical value for equal transformation.

81.1% (159 lines) had a single transgene and 16.3% (32
lines) and 2.6% (5 lines) had 2 and 3 transgenes,
respectively (Figure 2, Table 1). This indicates that the
CT system is effective for the production of various
transgenic plants with a single transgene. In the 159 lines
with a single transgene, 38 constructs were found, and

1-12 lines for each construct were obtained (Table 1).
Line number distribution was mostly statistically
predictable. Therefore, we concluded that transgenes
were introduced almost equally and that the CT system
efficiently transformed torenia.

In contrast to the statistically predictable result of the
flower bulk, the development bulk resulted in biased
production of transgenic torenias. We identified
transgenes of 329 lines from the development bulk, and
the number of introduced chimeric repressors was
similar to that of the flower bulk (Figure 2). However,
with respect to the transgene number, we found that
more than 14 lines of transgenic plants were obtained for
6 constructs (GNL-SRDX, BP-SRDX, ASI1-SRDX,
ANT-SRDX, MYB106-SRDX, and PTL-SRDX) (Table
2). In particular, the total number of lines with ANT-
SRDX, MYB106-SRDX, and PTL-SRDX comprised
47.9% of those with a single transgene (145/303).
Furthermore, 16 constructs were not found in 303
transgenic torenias. The number of the transgenic plants
harboring the 6 and 16 constructs were significantly
(»<<0.01) larger and smaller, respectively, than the value
expected for an equal transformation.

In contrast, transgenic Arabidopsis that transformed
with the same plasmid mix of the development bulk did
not show such a big bias of introduced genes as
transgenic torenias (Table 2). Since Arabidopsis
transformants were not produced via calli but seeds, it is
possible that some chimeric repressors used in the
development bulk facilitated or suppressed callus
formation and/or adventitious shoot initiation. To
examine this hypothesis, we compared the adventitious
shoot number when chimeric repressors were individually
introduced. MYB106-SRDX was selected as a
representative of the construct for plants produced with a
high frequency, and At5g58900-SRDX and AGLI13-
SRDX were used as constructs for statistically
predictable number plants. In addition, PTL overexpressor
(PTL-ox) was examined as a nonrepressor construct.
MYB106-SRDX shoots appeared rapidly in almost 100
of 800 leaf disks after 2 months of the infection, while
those in other 3 infections just started initiating at that
point as usual (Figure 3). The number of shoots from
At5g58900-SRDX and AGL13-SRDX calli was less than
40 even 4 months after infection. These results indicate
that MYB106-SRDX facilitates adventitious shoot
formation. Genes of the development bulk function in
organ development and/or cell differentiation, and
therefore, the other 21 genes may play roles in callus
formation and/or adventitious shoot initiation.

Phenotypic variations of flowers in transgenic
torenias

Of a total of 750 transgenic torenias, 71 lines from the
flower bulk and 193 lines from the development bulk
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Family AGI code Common name Phenotype 1 gene 2 genes 3 genes 4 genes  Arabidopsis
AP2/ERF Atlgl5360 SHN1/WIN1 F 4 1 0 0 1
At4g37750 ANT F 36%* 1 0 0 7*
AS2/LOB At2g30130 ASL5/LBD12 - 0* 0 0 0 0
At1g31320 ASL6/LBD4 - 0* 0 2 0 0
At2g40470 ASL11/LBDI15 - 0* 0 0 0 0
At3g11090 ASL12/LBD21 X 3 0 0 0 2
At4g00220 ASL19/LBD30 - 0* 0 0 0 0
At3g02550 ASL38/LBD41 X 1 0 1 0 2
At5g67420 ASL39/LBD37 - 0* 0 0 0 0
At3g49940 ASL40/LBD38 - 0* 1 1 0 3
At4g37540 ASL41/LBD39 F L 9 1 1 0 4
BELL At4g36870 SAW1/BLH2 - 0* 0 0 0 2
At2g23760 SAW2/BLH4 - 0* 1 0 0 5
bHLH At4g00870 bHLHO14 X 7 0 2 0 14%*
At3g61950 bHLHO067 - 0* 0 0 0 0
At1g59640 BPE F 3 2 2 1 0
bZIP Atlg75390 bZIP44 F 3 1 0 0 0
C2H2ZnF At1g68480 JAG - 0* 0 0 0 0
At5g06070 RBE F 2 0 3 0 4
GARP At5g16560 KANI X 1 0 0 0 0
At1g32240 KAN2 F 1 0 0 0 0
GATA At5g56860 GNC - 0* 0 0 0 1
At3g50870 HAN F 3 0 1 0 0
At2g18380 HANL1 X 3 2 2 0 0
At4g36620 HANL2 L,O 3 1 0 0 0
At4g26150 GNL F 14* 1 0 0 2
HD-ZIPIIL At5g60690 REV F 4 0 0 0 0
At4g32880 ATHBS8 - 0* 0 0 0 2
Atl1g52150 ATHBI15 F O 4 0 0 0 0
At2g34710 PHB F 7 2 0 0 2
HD-ZIPIV At1g05230 HDG2 - 0* 0 0 0 0
At4g04890 PDF2 - 0* 0 0 0 0
At4g21750 ATML1 - 0* 0 1 0 0
At4g00730 ANL2 X 1 0 0 0 0
KNOX At4g08150 BP/KNAT1 F 14* 1 2 0 2
Atl1g62360 STM X 2 1 0 0 0
Atlg70510 KNAT2 F 1 2 0 0 3
At1g23380 KNAT6 F 8 1 0 1 10%**
MADS At3g61120 AGL13 X 1 2 0 0 3
MYB At3g61250 MYBI17 F O 3 1 0 0 2
At3g27810 MYB21 L 9 1 0 0 4
At3g28910 MYB30 - 0* 0 0 0 0
At3g01140 MYB106/NOK F 4]%* 2 2 0 6
At2g37630 AS1 F 17%* 3 0 1 12%%
Atlg75250 AtRL6 F 12 2 2 1 11%*
At5g58900 F 2 1 0 0 2
At2g38090 F 5 0 0 0 7*
At3g10590 EL,O 10 2 1 0 5
NAC At1g69490 NAP F 1 0 0 0 0
trihelix At5g03680 PTL F 68%* 1 1 0 4

Phenotypically altered organs in transgenic torenias with a single transgene are represented as F (flowers), L (leaves), O (others), and x (no
change). The number of lines with 1, 2, 3, and 4 transgenes are shown. The results of transformed Arabidopsis with the development bulk are
represented. Asterisks indicate values that are significantly different (*p<<0.01, **p<<0.001) from the statistical value for equal transformation.

Table 3.

Production of transgenic torenias.

Bulk name

Development

Chimeric repressors

Infected leaf disks
Induced calli
Regenerated plants

Transgene-identified plants

42

7,000

not counted
348

196

9,

50
600
617
402
329

showed some phenotypic changes in flowers, leaves, and
plant posture (Figure 4). Floral phenotypic changes were
induced by 19 flower bulk genes and 24 development
bulk genes (Tables 1, 2). Phenotypic changes in flower
colors and/or shapes were shown in 83.1% of the flower
bulk lines and 94.3% of the development bulk lines. We
found 48 transgenic plants with modified flower colors in
the flower bulk lines (Figure 4A). Of 4 AGL6-SRDX-
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Figure 2. Number of introduced chimeric repressors per plant.
Transgenes were identified in 196 and 329 transgenic plants of the
flower bulk and the development bulk, respectively.
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Figure 3. Comparison of the effects of transgenes on adventitious

shoot formation. MYB106-SRDX, At5g58900-SRDX, AGL13-SRDX,
and PTL-ox were individually introduced into 800 leaf disks, and the
number of calli with visible shoots was counted.

containing plants, 3 showed white-margined petals, while
the lips of wild-type torenia are uniformly dark violet to
the margin (Figure 5A, B). In the ventral petals of 4 of 7
ANACO056-SRDX- and 3 of 9 ANAC079-SRDX-
containing plants, the boundary between the 2 colors
shifted to the distal position (Figure 5C, D). Similar
phenotypes of these plants imply that ANAC056 and
ANACO079 function in the same regulatory pathway. Of
11 AtRL2-SRDX plants, 8 showed monotone pale violet
corollas, as if the tube color had expanded to the lips
(Figure SE). In contrast to tube color expression, flowers
of the transgenic plant harboring bHLH075-SRDX and
At1g01250-SRDX had speckles in the boundary region
of the ventral petals (Figure 5F). In DDF1-SRDX flowers
(9 of 16 plants), pale-colored lips were observed (Figure
5G).

In addition to modification in color, some transgenic
torenias showed modification in flower shapes, such as
serrated petals, elongated or bent dorsal petals, wide
ventral petals, and half-opened flowers (Figure 5B, C, E,
H). Furthermore, a transgenic torenia containing both
At1g35490-SRDX and MYB24-SRDX had small corolla

A flower bulk B development bulk

flower color  flower shape  flower color  flower shape

I others I others

leaf leaf

Figure 4. Venn diagram of modified traits. The total number of plants
with some phenotypic change was 71 from the flower bulk (A) and 193
from the development bulk (B). “Others” includes dwarf and bushy
phenotypes with no change in both flowers and leaves.

(Figure 5I). A deep split of corolla with a small lip area
was produced in a transgenic plant containing 3 chimeric
repressors of ANAC056, BPE, and Atlgl9210 (Figure
5J). Thus, the flower bulk genes efficiently induced
modification of flower colors and shapes in torenia.

In addition to novel floral traits from the flower bulk,
we found 182 plants with altered flower color and/or
shape in the 402 transgenic plants from the development
bulk (Figure 4B). MYB transcription factors, including
At5g58900, At2g38090, and At3gl0590 as well as
AtRL2 in the flower bulk induced various flower colors
and shapes. One At5g58900-SRDX plant displayed wavy
petals with a narrow dark violet region (Figure 5K).
Another At5g58900-SRDX flower showed a paler tube
color than that of wild-type flowers (Figure 5L).
At5g58900 is homologous to Antirrhinum DIV, which
controls the dorsoventral asymmetry of flowers (Almeida
et al. 1997; Corley et al. 2005; Galego and Almeida
2002). A chimeric repressor of At2g38900, which
showed similarity to DIV and At5g58900, also induced
pale tube color (data not shown), and another 2
At2¢38900-SRDX lines displayed splash pattern and
wavy petals, respectively (Figure SM, N). These results
suggest that transcription factors of the DIV subfamily
have similar functions in controlling color patterns and
configurations of petals with some phenotypic variation,
although the floral asymmetry of the transgenic torenias
was not affected. At3g10590 is another MYB protein,
and 1 of 13 At3gl10590-SRDX plants showed deeply
split corollas (Figure 50).

Besides the MYB family, 10 of 17 lines expressing the
chimeric repressor of BP, a KNOX transcription factor,
showed expansion of the violet-colored region of the lips
(Figure 5P). Of 14 chimeric repressors of GATA
transcription factor GNL, 2 lines induced inward curled
flowers and 1 showed serrated petals (Figure 5Q, R),
although GNL has not been shown to control organ
margin development. Other notable phenotypes were
derived from the chimeric repression of AGLI3, a
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& MYB24
At1 g35490

Modified flower phenotypes of transgenic torenias. (A) Wild-type torenia flower. (B—T) Transgenic torenia flowers from the flower bulk

(B-J) and the development bulk (K-T). Integrated transgenes without SRDX are represented in the pictures. Inset in (A) and (F) shows boundary
region of colors in the ventral petals. At5g58900-SRDX (K, L), At2g38090-SRDX (M, N), and GNL-SRDX (Q, R) induced phenotypic variations.

MADS-box transcription factor. Two lines contained
AGL13-SRDX with other chimeric repressors, KNAT6-
SRDX and MYBI17-SRDX, and they showed wrinkled
petals with radial white lines and 5 white sectors in the
lips, respectively (Figure 5S, T). The sectors were in the
center of the lateral and ventral petals, and 2 sectors in
the dorsal petal were probably attributable to the fusion
of 2 petals on the dorsal side (Nishijima and Shima
2006). The various phenotypes from the development
bulk indicate that genes regulating organ development
and/or cell differentiation can be utilized to modify
flower colors and shapes.

Morphological alteration in leaves

Of 750 transgenic torenias, we found phenotypic
modification in the leaves of 20 (Figure 4). Deep serrated
leaves were produced in a transgenic torenia harboring 3
chimeric repressors, ATML1-SRDX, PTL-SRDX, and
bHLHO014-SRDX (Figure 6B). One of 4 HANL2-SRDX
plants had a dwarf phenotype with small and uneven

leaves (Figure 6C). A similar phenotype was observed in
transgenic Arabidopsis overexpressing HAN, which is a
close homolog of HANL2 (Zhao et al. 2004). One of 2
RBE-SRDX plants as well as 1 MYB24-SRDX plant and
6 of 9 MYB21-SRDX plants had epinastic leaves (Figure
6D, E, F). MYB24 and MYB21 belong to subgroup 19
of the MYB family proteins, which include Antirrhinum
AmMYB305 and AmMYB340, and genes in this
subgroup are specifically expressed in flowers (Jackson
et al. 1991; Shin et al. 2002; Yang et al. 2007). Thus, the
CT system with chimeric repressors can be also utilized
to modify leaf morphology.

Further analysis of blotch size and petal texture

Some phenotypes of transgenic torenias have not been
identified in Arabidopsis research, such as enlarged
blotch size in the ventral petals of PTL-SRDX plants (40
of 68 lines) (Figure 7A). Blotches in PTL-SRDX
extended in width rather than in length (Figure 7D). PTL
acts as a growth repressor in the inter-sepal zone and is
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Figure 6. Modified leaf phenotypes of transgenic torenias. (A) Wild-
type leaf. (B—F) Transgenic torenia leaves. Integrated transgenes
without SRDX are represented in the pictures.

important in boundary formation to separate sepals in
Arabidopsis (Brewer et al. 2004). To confirm that PTL
reduces blotch area, we generated overexpressing
torenias. Of 37 PTL-ox torenias, 14 displayed small
blotch size (Figure 7C, D), indicating that P7L controls
the blotch size in torenia flowers.

Another notable trait observed was lusterless flowers
in transgenic plants harboring both KNAT2-SRDX and
bZIP44-SRDX, while wild-type flowers were velvety
(Figure 7E, G). Observation with scanning electron
microscopy revealed that the epidermal cells of the
lusterless flowers showed distinctive shapes with
enlarged bases, while those of the wild-type were cone
shaped (Figure 7F, H). Flower color intensity has been
shown to be dependent on epidermal cell shape (Noda et
al. 1994), and ectopic KNAT2 expression affects cell
shape in Arabidopsis leaves (Pautot et al. 2001). The
lusterless flowers might be due to the modified cell shape
by the chimeric KNAT?2 repressor.

Discussion

Efficient transformation using the CT system

We developed the CT system to produce transgenic
torenias efficiently. In our results, 80-90% transgenic
torenias had a single transgene (Figure 2). This indicates
that the CT system is more efficient and convenient than
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Figure 7. Detailed analysis of transgenic torenias with big blotches
and lusterless flowers. (A) PTL-SRDX flower. (B) Wild-type flower.
(C) PTL-ox flower. Red arrow heads indicate blotches. (D) Blotch
length and width. The data are average *=SD of 10 flowers. (E-H)
Flowers of wild-type (E) and KNAT2-SRDX- and bZIP44-SRDX-
harboring (G) plants. Scanning electron microscopy observation of
petal epidermal cell in wild-type (F) and KNAT2-SRDX- and bZIP44-
SRDX-harboring (H) plants. Scale bars in (F) and (H) represent 50 um.

bZIP44

individual transformation in production of various
transgenic plants. Meanwhile, almost half of the
transgenic plants from the development bulk comprised
PTL-SRDX, MYB106-SRDX, and ANT-SRDX plants
(Table 2), suggesting that these transgenic torenias were
generated preferentially through the transformation
process for some reason. The bias in the development
bulk and relatively equal transformation in the flower
bulk implied that modification of organ development and
cell differentiation affected the process of transformation.
The process of transformation consists of 5 steps:



(1) plasmid introduction into Agrobacterium, (ii)
Agrobacterium infection of torenia leaf disks, (iii) callus
induction, (iv) adventitious shoot initiation, and (v) plant
regeneration. We introduced the same plasmid mix into
Arabidopsis, and no obvious bias was seen as in torenia
(Table 2). This result excluded the possibility of (i) and
maybe (ii) affecting transformation because these
processes in torenia are similar to those in Arabidopsis.
We obtain transgenic torenias via callus and not via seed
as in Arabidopsis, indicating that the biased production
of transgenic torenias was probably because of some
chimeric repressors facilitating callus formation and/or
adventitious shoot initiation. Rapid adventitious shoot
induction of MYB106-SRDX also supports this idea
(Figure 3). In addition, it has been reported that PTL
reduced the outgrowth of lateral organ margins (Brewer
et al. 2004), implying that PTL-SRDX stimulated the
outgrowth of adventitious shoots from the callus. On the
other hand, callus formation and adventitious shoot
initiation require an appropriate auxin/cytokinin ratio.
PTL overexpressing mutant in Arabidopsis affected auxin
homeostasis (Li et al. 2008), and ANT probably acts
downstream of auxin to regulate growth (Krizek 2009).
PTL-SRDX and ANT-SRDX may perturb the
auxin/cytokinin balance facilitating callus formation and
adventitious shoot initiation. Interestingly, ANT, PTL,
and MYB106 expression levels in Arabidopsis calli were
lower than those in seedlings (GEO accession No.
GSE21631; Iwase et al. 2011). Callus formation and
adventitious shoot initiation may require down-
regulation of these transcription factors. Functional
analysis of ANT, PTL, and MYB106 in calli will provide
a novel technique for controlling callus formation and
adventitious shoot initiation.

In contrast, 12 of 50 chimeric repressors of the
development bulk were not found in the 329 transgenic
torenias. From the viewpoint of transcription factor
family, few or no transgenic plants with chimeric
repressors of the AS2/LOB, BELL, and HD-ZIP IV
family proteins were present (Table 2). Most AS2/LOB
family proteins are functionally unknown, while ASLI/
LBD36 controls proximal—distal patterning in petals and
ASLY9/LBD3 is induced by cytokinins (Chalfun-Junior et
al. 2005; Naito et al. 2007). SAWI1/BLH2 and SAW2/
BLH4 function as negative regulators of growth (Kumar
et al. 2007). The expression of HD-ZIP IV family genes
is restricted in the outer cell layer of plant organs (Ariel
et al. 2007). These functions are probably concerned
with the suppression of callus formation and/or
adventitious shoot initiation. Because we used a
constitutive promoter, cauliffower mosaic virus 35S, in
this research, using alternative promoters such as a
flower-specific promoter and an inducible promoter
could exclude the effect of chimeric repressors on
development and differentiation.
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Modification of flower colors and shapes by
transcription factors controlling development

We obtained many more phenotypes in flowers than in
leaves from the flower bulk and the development bulk
(Figure 4). It was noted that transgenic plants affected in
both flower color and shape were 28.8% and 2.2% of the
flower-modified plants in the flower bulk and the
development bulk, respectively. These results indicate
that genes in the development bulk specifically affect
flower color or shape, for example, by controlling cell
shapes relating to petal texture (Figure 7G, H). In
Arabidopsis, conical and flat cells are on the distal and
proximal position on the petals, respectively (Chalfun-
Junior et al. 2005). Modification of cell type and
arrangement can be utilized as a novel for controlling the
color pattern of petals without engineering pigment
biosynthesis.

One of the most impressive flowers was derived from
the chimeric repressors of AtRL2 and At5g58900. The
phenotypes of the colored pattern were beyond the
predicted function of the homologous genes, Antirrhinum
RAD and DIV, both of which control dorsoventral
asymmetry of flowers (Almeida et al. 1997; Baxter et al.
2007; Corley et al. 2005; Galego and Almeida 2000). In
addition to well-characterized transcription factors,
functionally unknown factors, such as ANACO079 and
At3g10590, modified floral traits. These results indicate
that we can utilize a broad range of genes for flower
modification beyond that expected from the putative
gene function in Arabidopsis and other model plants.
Furthermore, analysis of transgenic torenias will provide
the first clue in understanding the functions of
transcription factors that have not been identified in
previous studies on Arabidopsis.

Possibility of application to other ornamental
flowers

The CT system with chimeric repressors of Arabidopsis
transcription factors enables the efficient production of
novel floricultural plants with valuable floral traits,
without increasing effort, time, and space required for
molecular breeding. We used torenia as a plant material,
which is a possible model plant for the examination of
the molecular biology of floricultural plants (Sasaki et al.
2008, 2010). The CRES-T system can be applied
to other floricultural plants such as gentian, cyclamen,
and morning glory, lisianthus, and even polyploid
floricultural plants such as tetraploid rose and hexaploid
chrysanthemum (Gion et al. 2011 in this issue; Mitsuda
et al. 2008, 2011 in this issue; Nakatsuka et al. 2011 in
this issue; Sage-Ono et al. 2011 in this issue; Tanaka et
al. 2011 in this issue). The phenotypes of transgenic
torenias in our studies are available from “FioreDB,”
which is a database of phenotypic information induced
by the CRES-T system in Arabidopsis and floricultural
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plants (http://www.cres-t.org/fiore/public_db/) (Mitsuda
et al 2008, 2011 in this issue). Selection of the gene of
interest from this database and the application of the CT
system to any floricultural plants will facilitate
acquisition of valuable flowers for commercial use.

Acknowledgements

We thank Ms. Satoko Ohtawa, Ms. Yoshiko Kashiwagi, and Ms.
Yasuko Taniji for their skilled technical assistance. We also thank
Dr. Sotaro Fuchigami (Yokohama City University) for advice on
statistical analysis. This work was supported by a Grant-in-Aid
“Research Project for Utilizing Advanced Technologies in
Agriculture, Forestry, and Fisheries” from the Research Council,
Ministry of Agriculture, Forestry, and Fisheries of Japan, grant
n0.1782 and the Programme for Promotion of Basic and Applied
Researches for Innovations in Bio-oriented Industry from the Bio-
oriented Technology Research Advancement Institution.

References

Aida R, Shibata M (1995) Agrobacterium-mediated transformation
of torenia (Torenia fournieri). Breed Sci 45: 71-74

Aida R, Kishimoto S, Tanaka Y, Shibata M (2000) Modification of
flower color in torenia (Zorenia fournieri Lind.) by genetic
transformation.  Plant Sci 153: 33-42

Aida R, Shibata M (2001) Transgenic Torenia fournieri Lind.
(torenia). In: Bajaj YPS (ed) Transgenic Crops III vol 48,
Biotechnology in Agriculture and Forestry. Springer Verlag,
Berlin, pp 294-305

Almeida J, Rocheta M, Galego L (1997) Genetic control of flower
shape in Antirrhinum majus. Development 124: 1387-1392

Ariel FD, Manavella PA, Dezar CA, Chan RL (2007) The true
story of the HD-Zip family. Trends Plant Sci 12: 419426

Baxter CE, Costa MM, Coen ES (2007) Diversification and
co-option of RAD-like genes in the evolution of floral
asymmetry. Plant J 52: 105-113

Brewer PB, Howles PA, Dorian K, Griffith ME, Ishida T, Kaplan-
Levy RN, Kilinc A, Smyth DR (2004) PETAL LOSS, a trihelix
transcription factor gene, regulates perianth architecture in the
Arabidopsis flower. Development 131: 4035-4045

Chalfun-Junior A, Franken J, Mes JJ, Marsch-Martinez N, Pereira
A, Angenent GC (2005) ASYMMETRIC LEAVES2-LIKE] gene,
a member of the AS2/LOB family, controls proximal-distal
patterning in Arabidopsis petals.  Plant Mol Biol 57: 559-575

Clough SJ, Bent AF (1998) Floral dip: A simplified method for
Agrobacterium-mediated  transformation  of  Arabidopsis
thaliana. Plant J 16: 735-743

Corley SB, Carpenter R, Copsey L, Coen E (2005) Floral
asymmetry involves an interplay between TCP and MYB
transcription factors in Antirrhinum. Proc Natl Acad Sci USA
102: 5068-5073

Galego L, Almeida J (2002) Role of DIVARICATA in the control of
dorsoventral asymmetry in Antirrhinum flowers.
16: 880-891

Gion K, Suzuri R, Shikata M, Mitsuda N, Oshima Y, Koyama T,
Ohme-Takagi M, Ohtsubo N, Tanaka Y (2011) Morphological
changes of Rosa hybrida by a chimeric repressor of Arabidopsis
TCP3. Plant Biotechnol 28: 149152

Goto K, Meyerowitz EM (1994) Function and regulation of the

Genes Dev

Arabidopsis floral homeotic gene PISTILLATA. Genes Dev 8:
1548-1560

Griffith ME, da Silva Concei¢do A, Smyth DR (1999) PETAL
LOSS gene regulates initiation and orientation of second whorl
organs in the Arabidopsis flower. Development 126: 5635—
5644

Hiratsu K, Matsui K, Koyama T, Ohme-Takagi M (2003) Dominant
repression of target genes by chimeric repressors that include the
EAR motif, a repression domain, in Arabidopsis. Plant J 34:
733-739

Huala E, Sussex IM (1992) LEAFY interacts with floral homeotic
genes to regulate Arabidopsis floral development. Plant Cell 4:
901-913

Iwase A, Mitsuda N, Koyama T, Hiratsu K, Kojima M, Arai T,
Inoue Y, Seki M, Sakakibara H, Sugimoto K, Ohme-takagi M
(2011) The Ap21 ERF transcription factor WIND 1 controles
cell dedifferentiatin in Arabidopsis. Curr Biol 21: 1-7

Jack T, Brockman LL, Meyerowitz EM (1992) The homeotic gene
APETALA3 of Arabidopsis thaliana encodes a MADS box and is
expressed in petals and stamens.  Cell 68: 683—697

Jackson D, Culianez-Macia F, Prescott AG, Roberts K, Martin C
(1991) Expression pattern of myb genes from Antirrhinum
flowers.  Plant Cell 3: 115-125

Katsumoto Y, Fukuchi-Mizutani M, Fukui Y, Brugliera F, Holton
TA, Karan M, Nakamura N, Yonekura-Sakakibara K, Togami J,
Pigeaire A, et al. (2007) Engineering of the rose flavonoid
biosynthetic pathway successfully generated blue-hued flowers
accumulating delphinidin.  Plant Cell Physiol 48: 1589—-1600

Kose R, Verweij W, Quattrocchio F (2005) Flavonoids: a colorful
model for the regulation and evolution of biochemical pathways.
Trends Plant Sci 10: 236242

Koyama T, Furutani M, Tasaka M, Ohme-Takagi M (2007) TCP
transcription factors control the morphology of shoot lateral
organs via negative regulation of the expression of boundary-
specific genes in Arabidopsis. Plant Cell 19: 473-484

Kumar R, Kushalappa K, Godt D, Pidkowich MS, Pastorelli S,
Hepworth SR, Haughn GW (2007) The Arabidopsis BELI-
LIKE HOMEODOMAIN proteins SAW1 and SAW2 act
redundantly to regulate KNOX expression spatially in leaf
margins. Plant Cell 19: 2719-2735

Krizek (2009) AINTEGMENTA and AINTEGUMENTA-LIKEG act
redundantly to regulate Arabidopsis floral growth and patterning.
Plant Physiol 150: 1916-1929

Li X, Qin G, Chen Z, Gu H, Qu LJ (2008) A gain-of-function
mutation of transcription factor PTL results in curly leaves,
dwarfism and male sterility by affecting auxin homeostasis.
Plant Mol Biol 66: 315-327

Luo D, Carpenter R, Vincent C, Copsey L, Coen E (1996) Origin
of floral asymmetry in Antirrhinum. Nature 383: 794-799

Luo D, Carpenter R, Copsey L, Vincent C, Clark J, Coen E (1999)
Control of organ asymmetry in flowers of Antirrhinum. Cell
99:367-376

Mandel MA, Gustafson-Brown C, Savidge B, Yanofsky MF (1992)
Molecular characterization of the Arabidopsis floral homeotic
gene APETALAI. Nature 360: 273-277

Mara CD, Irish VF (2008) Two GATA transcription factors are
downstream effectors of floral homeotic gene action in
Arabidopsis. Plant Physiol 147: 707-718

Mitsuda N, Hiratsu K, Todaka D, Nakashima K, Yamaguchi-
Shinozaki K, Ohme-Takagi M (2006) Efficient production of
male and female sterile plants by expression of a chimeric
repressor in Arabidopsis and rice. Plant Biotechnol J 4:



325-332

Mitsuda N, Umemura Y, Ikeda M, Shikata M, Koyama T, Matsui
K, Narumi T, Aida R, Sasaki K, Hiyama T, et al. (2008)
FioreDB: a database of phenotypic information induced by the
chimeric repressor silencing technology (CRES-T) in Arabidopsis
and floricultural plants. Plant Biotechnol 25: 3743

Mitsuda N, Takiguchi Y, Shikata M, Sage-Ono K, Ono M, Sasaki
K, Yamaguchi H, Narumi T, Tanaka Y, Terakawa T, et al. (2011)
The new FioreDB database provides comprehensive information
on plant transcription factors and phenotypes induced by CRES-
T in ornamental and model plants. Plant Biotechnol 28: 123—
130

Naito T, Yamashino T, Kiba T, Koizumi N, Kojima M, Sakakibara
H, Mizuno T (2007) A link between cytokinin and ASL9
(ASYMMETRIC LEAVES 2 LIKE 9) that belongs to the AS2/LOB
(LATETAL ORGAN BOUNDARIES) family genes in Arabidopsis
thaliana.  Biosci Biotechnol Biochem 71: 1269—1278

Nakatsuka T, Saito M, Yamada E, Nishihara M (2011) Production
of picotee-type flowers in Japanese gentian plants by CRES-T.
Plant Biotechnol 28: 173-180

Narumi T, Aida R, Niki T, Nishijima T, Mitsuda N, Hiratsu K,
Ohme-Takagi M, Ohtsubo N (2008) Chimeric AGAMOUS
repressor induces serrated petal phenotype in Torenia fournieri
similar to that induced by cytokinin application. Plant
Biotechnol 25: 45-53

Narumi T, Aida R, Koyama T, Yamaguchi H, Sasaki K, Shikata M,
Nakayama M, Ohme-Takagi M, Ohtsubo N (2001) Arabidopsis
chimeric TCP3 repressor produces novel floral traits in Torenia
fournieri and Chrysanthemum morifolium. Plant Biotechnol
28: 131-140

Nishihara M, Nakatuska T (2010) Genetic engineering of novel
flower colors in floricultural plants: Recent advances via
transgenic approaches. In: Jain SM, Ochatt SJ (eds) Protocols
for in vitro propagation of ornamental plants. Humana Press,
Totowa, New Jersey, pp 325-347

Nishijima T, Shima K (2006) Change in flower morphology of
Torenia fournieri Lind. induced by forchlorfenuron application.
Sci Hort 109: 254-261

Noda K, Glover BJ, Linstead P, Martin C (1994) Flower colour
intensity depends on specialized cell shape controlled by a Myb-
related transcription factor. Nature 369: 661-664

Pautot V, Dockx J, Hamant O, Kronenberger J, Grandjean O, Jublot
D, Traas J (2001) KNAT2: evidence for a link between knotted-
like genes and carpel development. Plant Cell 13: 1719-1734

Sage-Ono K, Ozeki Y, Kamada H, Mitsuda N, Ohme-Takagi M,
Ono M (2011) Induction of double flowers in Pharbitis nil using

M. Shikata et al.

with  Chimeric
(CRES-T). Plant

class-C MADS-box transcription factor
REpressor  gene-Silencing  Technology
Biotechnol 28: 153-165

Sasaki K, Aida R, Niki T, Yamaguchi H, Narumi T, Nishijima T,
Hayashi Y, Ryuto H, Fukunishi N, Abe T, Ohtsubo N (2008)
High-efficiency improvement of transgenic torenia flowers by
ion beam irradiation. Plant Biotechnol 25: 81-89

Sasaki K, Aida R, Yamaguchi H, Shikata M, Niki T, Nishijima T,
Ohtsubo N (2010) Functional divergence within class B MADS-
box genes TfGLO and TfDEF in Torenia fournieri Lind. Mol
Genet Genomics 284: 399-414

Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M,
Schoélkopf B, Weigel D, Lohmann J (2005) A gene expression
map of Arabidopsis development. Nat Genet 37: 501-506

Shibata M (2008) Importance of genetic transformation in
ornamental plant breeding. Plant Biotechnol 25: 3-8

Shikata M, Ohme-Takagi M (2008) The utility of transcription
factors for manipulation of floral traits. Plant Biotechnol 25:
31-36

Shin B, Choi G, Yi H, Yang S, Cho I, Kim J, Lee S, Pack NC, Kim
JH, Song PS, et al. (2002) AtMYB21, a gene encoding a flower-
specific transcription factor, is regulated by COP1.  Plant J
30:23-32

Tanaka Y, Sasaki N, Ohmiya A (2008) Biosynthesis of plant
pigments: anthocyanins, betalains and carotenoids. Plant J 54:
733-749

Tanaka Y, Brugliera F, Chandler S (2009) Recent progress of
flower colour modification by biotechcnology. Int J Mol Sci
10:5350-5369

Tanaka Y, Yamamura T, Oshima Y, Mitsuda N, Koyama T, Ohme-
Takagi M, Terakawa T (2011) Creating ruffled flower petals in
Cyclamen persicum by expression of the chimeric cyclamen
TCP repressor.  Plant Biotechnol 28: 141-147

Yang XY, Li JG, Pei M, Gu H, Chen ZL, Qu LJ (2007) Over-
expression of a flower-specific transcription factor gene
AtMYB24 causes aberrant anther development. Plant Cell Rep
26:219-228

Yanofsky MF, Ma H, Bowman JL, Drews GN, Feldmann KA,
Meyerowitz EM (1990) The protein encoded by the Arabidopsis
homeotic gene agamous resembles transcription factors.
Nature 346: 35-39

Zhao Y, Medrano L, Ohashi K, Fletcher JC, Yu H, Sakai H,
Meyerowitz EM (2004) HANABA TARANU is a GATA
transcription factor that regulates shoot apical meristem and
flower development in Arabidopsis. Plant Cell 16: 25862600

199



