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Abstract Flavonoids are important for male gametophyte development. Here we report on the flavonoid components and
their biosynthetic regulation in gentian anthers. Among flavonoids, flavonols, including kaempferol, quercetin and
isorhamnetin derivatives, accumulated abundantly in gentian anthers. However, flavones and anthocyanins, which are the
main flavonoids accumulating in petals, were not detected. Northern blot analysis of nine flavonoid biosynthetic genes
showed that the ‘early’ flavonoid biosynthetic genes were expressed in both anthers and petals, and that flavonol synthase
(FLS) transcripts were restricted to anthers. In contrast, flavone synthase II (FNSII) and ‘late’ flavonoid biosynthetic genes
were expressed specifically in gentian petals. To confirm anther-specific expression of FLS, the 5'-upstream region of FLS
(GtFLSpro) was cloned by inverse PCR and fused to the uidA (GUS) reporter gene. Tobacco, Arabidopsis and gentian
plants, transformed with the GtFLSproGUS construct, exhibited anther-specific GUS expression. Expression was observed
in the tapetum and in pollen at late stages of anther development in transgenic plants. These results revealed that flavonol
accumulation in gentian anthers was regulated by the spatial expression of GzFLS. Our results also suggest that anther-
specific regulation of FLS is conserved among higher plants and the GtFLS promoter is useful for induction of specific gene

expression in anthers.
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Flavonoids are secondary metabolites synthesized via the
phenylpropanoid pathway, and are responsible for a wide
variety of biological functions in higher plants. For
example, they are involved in pigmentation of flowers
and fruits, defense against phytopathogens, protection
against ultraviolet light, and induction of nodulation in
legumes. They have also been implicated in regulation of
auxin transport and resistance to insect pests (reviewed
by Harborn and Williams 2000).

In most plant species, flavonoid compounds are
present in pollen grains. The pollen grain wall is
composed of an inner layer (intine) and an outer layer
(exine). The exine plays an important role in protecting
pollen from environmental stresses and microbial attack,
and in cell—cell recognition during pollination. The exine
is frequently decorated with complex patterns of spines
and ridges. The exine wall is also composed primarily of
sporopollenin, which is extremely resistant to decay and
is formed from a series of related polymers derived from
long-chain fatty acids and modest amounts of
oxygenated aromatic rings and phenylpropanoids,

Anther, flavonol synthase, gentian, promoter, transgenic plants.

including flavonoids (Piffanelli et al. 1998). The
principal site of flavonoid synthesis in the anther is the
tapetum, from which the pigments are transported into
the locule and incorporated in the outer surface of the
pollen grain (Wiermann and Gubatz 1992). At later
stages of anther development, flavonoids are distributed
throughout the anther, and it is thought that transport of
flavonoids may occur not only into the locule, but also
further into the anther. The genes encoding enzymes of
the flavonoid biosynthetic pathway are also expressed in
pollen during early development. It is known that
flavonoid deficiency in pollen induces male sterility and
inhibition of pollen germination in maize and petunia
(Mo et al. 1992; Napoli et al. 1999; van der Meer et al.
1992), although the exact mechanism remains unclear.
Flavonols also have stimulatory effects on pollen
development, germination and tube growth in tobacco
(Ylstra et al. 1992). Flavonoid diversity in pollen grains
is often high (Wiermann and Gubatz 1992). The
principal flavonoids in pollen are frequently 3-
diglycosides and 3-triglycosides of kaempferol,

Abbreviations: ANS, anthocyanidin synthase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; F3H, flavanone
3-hydroxylase; F3'H, flavonoid 3’-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; FLS, flavonol synthase; FNSII, flavone synthase II; HPLC, high
performance liquid chromatography; RACE, rapid amplification of cDNA ends
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quercetin, and isorhamnetin (Deboo et al. 1995;
Wiermann and Gubatz 1992; Zerback et al. 1989).
The flavonoid Dbiosynthetic pathway and the

biosynthetic genes were identified by mutant analyses in
maize kernels, petunia and snapdragon flowers, and
Arabidopsis seed coats (Winkel 2006). Flavonols are
produced via a branch of the flavonoid biosynthetic
pathway (Figure 1). Chalcone synthase (CHS) catalyzes
the initial step in flavonoid biosynthesis and forms
chalcones. The chalcones are isomerized by chalcone
isomerase (CHI) into flavanones. Hydroxylation of
flavanones leads to the production of dihydroflavonols by
catalytic reaction of flavanone 3-hydroxylase (F3H). The
conversion of dihydroflavonols to flavonols is catalyzed
by a dioxygenase, flavonol synthase (FLS).

In anthers and pollen of petunia and maize, several
flavonoid biosynthetic genes were isolated and
characterized (Deboo et al. 1995; Pollak et al. 1993; van
Tunen et al. 1989, 1990, 1991). In maize, F3H transcript
accumulation is coordinated with the appearance of
flavonols in anthers (Daboo et al. 1995). In contrast,
flavonol accumulation in petunia and potato is initiated
by CHS expression (Pollak et al. 1993; van Eldik et al.
1997). Similarly, the key enzymatic gene in flavonoid
biosynthesis in anthers differs among plant species. In
addition, the deficiency of flavonols in anthers of maize

p-coumaroyl-CoA

and petunia is known to induce male sterility (Mo et al.
1992; Taylor and Helper 1997; Taylor and Jorgensen
1992). Anther-specific suppression of CHS transcripts in
transgenic petunia and tobacco also resulted in male
sterility (Matsuda et al. 1997; van der Meer et al. 1992).
Therefore, flavonols accumulated in anthers were
thought to play an important role in anther and pollen
development. However, in recent years, few studies have
investigated flavonol function in anthers.

Japanese gentian is one of the most important
floricultural plants in Japan, and typically produces vivid
blue flowers. Flower pigmentation in gentian has been
well studied. Anthocyanin structure and almost all
flavonoid biosynthetic genes except for flavonol synthase
have been identified and characterized (Fujiwara et al.
1999; Fukuchi-Mizutani et al. 2003; Goto et al. 1982;
Hosokawa et al. 1995, 1997; Kobayashi et al. 1998;
Nakatsuka et al. 2005, 2008; Tanaka et al. 1996).
Temporal and spatial expression profiles of these
flavonoid biosynthetic genes were analyzed in gentian
petals (Nakatsuka et al. 2005). Although we produced
transgenic gentian plants with modified flower colors
(Nishihara et al. 2008), it is necessary to establish male
sterile lines for practical use. Flavonol deficiency in
anthers by molecular engineering is one technique to
induce male sterility. However, the accumulation profiles
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Figure 1.

Flavonoid biosynthetic pathway in gentian. Anthers accumulate flavonol derivatives abundantly, while petals accumulate flavone and

anthocyanin derivatives. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; FNSII, flavone
synthase II; ANS, anthocyanidin synthase; GT, glycosyltransferase; AT, acyltransferase.



of flavonoid components and expression of their
biosynthetic genes in gentian anthers have not been
characterized. In the present study, we cloned a FLLS gene
expressed in Japanese gentian anthers and investigated
temporal expression profiles of the flavonoid
biosynthetic genes in gentian anthers. It was revealed
that flavonol accumulation was controlled by anther-
specific expression of the FLS gene in Japanese gentian.

Materials and methods

Flavonoid analysis

Flavonoid analyses were performed as described by Nakatsuka
et al. (2005). Flavonoids from anthers and petals of Gentiana
trifloraX G. scabra cv. ‘Albireo’ were extracted with 80% (v/v)
methanol. To analyze flavonol aglycones, 3 N HCI was added
to the extract and incubated at 100°C for 90min. The
hydrolyzed solution was extracted twice with ethyl acetate, and
the ethyl acetate fraction was evaporated and re-dissolved in
80% methanol. HPLC (D-7000 HPLC system manager,
Hitachi, Tokyo, Japan) was carried out with a reversed-phase
column (J’sphere ODS-M80, 4.6 mm X150 mm; YMC, Tokyo,
Japan), with a gradient elution of 40-70% (v/v) methanol
containing 3% (v/v) acetic acid for 20 min, followed by an
isocratic elution of 70% (v/v) methanol containing 3% (v/v)
acetic acid for 4min at a flow rate of 0.8 mLmin~! at 40°C.
Flavones and flavonols were quantified by monitoring the peak
absorbance at 330nm and 360nm, respectively, against
authentic standards.

Isolation of a FLS gene

A FLS gene was isolated from anther cDNA of G. triflora cv.
‘Maciry’ by degenerate PCR as described by Nakatsuka et al.
(2005). cDNA was synthesized from total RNA extracted from
anthers using the RNA PCR Kit (AMV) ver. 3.0 (Takara Bio,
Otsu, Japan) using oligo-dT adaptor primers. The degenerate
primers (see Table 1) were designed from the conserved amino
acid sequences of FLS genes from several plant species,
including Petunia hybrida (Z22543), Solanum tuberosum
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russellianum (AF240764), and Citrus unshiu (AB011796). The
amplified fragments were subcloned into the pCR2.1 TA
cloning vector (Invitrogen, Carlsbad, CA, USA) and sequenced
using the Big Dye Terminator ver. 1.1 cycle-sequencing kit and
an ABI 3130xl] genetic analyzer (Applied Biosystems, Tokyo,
Japan). To identify the full-length GfFLS cDNA, we employed
rapid amplification of cDNA ends (RACE). 5'-RACE was
performed with the 5 RACE System ver. 2.0 (Invitrogen)
according to the manufacturer’s instructions using primer sets
listed in Table 1. 3'-RACE was performed using the RNA PCR
Kit (AMV) ver. 3.0 using the GtFLS-specific primer listed in
Table 1 and the M13-M4 primer. The amplified fragments were
subcloned into the pCR4 TOPO TA cloning vector (Invitrogen)
and sequenced as described above.

Expression analysis of flavonoid biosynthetic
genes in anthers

Total RNA was isolated from anthers and petals at four
developmental stages as defined by Nakatsuka et al. (2005),
and leaf and stem samples of cv. ‘Albireo’ with the Fruit-mate
for RNA Purification reagent (Takara Bio). To investigate the
expression profiles of flavonoid biosynthetic genes in the
samples, northern blot analysis was performed as described by
Nakatsuka et al. (2005). The GtFLS probe was prepared with
the PCR-DIG Probe Synthesis Kit (Roche Diagnostics, Basel,
Switzerland) using the open reading frame (ORF) isolation
primer set listed in Table 1. Hybridization and detection were
performed as described previously (Nakatsuka et al. 2005).

Isolation of 5’-upstream region of GtFLS and
vector construction

The 5'-upstream region of GtFLS was identified using inverse
PCR technology. Genomic DNA (1ug) of G. triflora cv.
‘Maciry’ was digested by the restriction enzyme EcoRI and
self-ligated with the Takara DNA Ligation Kit ver. 3.0 (Takara
Bio). Inverse PCR was performed as described by Nakatsuka et
al. (2008) using the primer set listed in Table 1. About 4.0 kb of
the amplified fragment was subcloned into the pCR4 TOPO TA
cloning vector and sequenced as described above. The GtFLS
promoter region containing the first eight amino acid residues

(X92178), Malus  domestica  (AF119095),  Eustoma was amplified using the promoter isolation primer set listed in
Table 1. Primers used in this study
Sequences (5'—3")
Degenarete PCR Forward YTICCICARGARGARAARGA
Reverse GGIGGRTARTARTTDATYTT
5'-RACE Ist AACCAAGTCATCACCACCAG
nested GTACATGAACATCTTGTCCACCAC
3'-RACE Forward GGAAGGATCTCAAAGCATTG
ORF isolation Forward ATGGAGGAAAAGAGAGTACAAGAAATTTC
Reverse TCACTGAGGTAGCTTATTAAGCTTGCAA
Inverse PCR Forward CAAGTAAAGAATGGGGGTTATTTCAAGTTGTG
Reverse TTCAGCTGGTATTGTGTCCAGTACATTGGATG
Promoter isolation Forward CCTGCAGGATATTTGTAATACATGTTACATGG
Reverse GCTCTAGATACTCTCTTTTCCTCCATTATTTTTTTAGTTCTCTCAATTGC
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Table 1 and a plasmid obtained by inverse PCR as a template.
The GtFLS promoter (GtFLSpro) was substituted for the
Cauliflower mosaic virus (CaMV) 35S promoter in a modified
pBI221 vector (Clontech, Mountain View, CA, USA). The
GtFLSproGUS cassette was inserted into a binary vector,
pSMAB704 (Igasaki et al. 2002), harboring the bialaphos
herbicide resistance (bar) gene. pPSMABR-GtFLSproGUS was
introduced into Agrobacterium tumefaciens strain EHA101
(Hood et al. 1986) by electroporation and used for plant
transformation as outlined below.

Production of GtFLSproGUS-expressing transgenic
plants

Three plant species, comprising tobacco, Arabidopsis and
gentian, were transformed with the binary construct pPSMABR-
GtFLSproGUS. Tobacco plants were transformed via an A.
tumefaciens-mediated leaf disc procedure (Horsch et al. 1985),
and selected using a regeneration medium containing 5mgl1~"
bialaphos. After rooting and acclimatization, 15 lines of
regenerated plants were grown in a greenhouse and set seed by
self-pollination. ~Preliminary screening of the primary
transgenic lines with a histochemical GUS assay was
performed. Two representative transgenic T, plant lines
selected on 5mgl™! bialaphos-containing medium were
transferred to soil, and then used for histochemical and
GUS  assays. Arabidopsis
employed the floral dip technique (Clough and Bent, 1998),
and four T, transformants were selected on medium containing
6mgl~! bialaphos and subjected to the histochemical GUS
assay. Gentian transformation was performed as described by
Nishihara et al. (2006). Bialaphos-resistant shoots were
transferred onto root-inducing medium. Nine lines of
transgenic T, plants were grown in a closed greenhouse, and
their floral organ samples were subjected to the histochemical
GUS assay.

fluorometric transformation

Histochemical and fluorometric GUS assays in
transgenic plants

Histochemical and fluorometric GUS assays were performed
using a modified protocol of Jefferson (1987). For detecting the
localization of GUS activity, plant tissues were incubated in
90% acetone on ice for 30 min, then incubated in X-Gluc buffer
solution (0.5mgl~! 5-bromo-4-chloro-3-indolyl-B-glucuronic
acid, 10mM sodium phosphate [pH 7.0], 0.5mM potassium
ferrocyanide, 0.5 mM potassium ferricyanide, 20% methanol
and 0.3% Triton X-100) at 37°C for 16 h. In the above buffer,
20% methanol is effective in reducing endogenous GUS
activity (Kosugi et al. 1990). After bleaching with 70% ethanol,
the tissues were observed with a compound microscope.

Crude proteins from each sample were extracted with MUG
extraction buffer (50 mM sodium phosphate [pH 7.0], 10 mM
EDTA, 0.1% Triton X-100, 0.1% N-laurylsarcosine sodium salt
and 10 mM fS-mercaptoethanol). The reaction mixture (200 ul),
comprising extracted protein and 1 mM 4-methylumbelliferyl-
B-D-glucuronide (MUG), was incubated at 37°C. Fluorescence
was measured with excitation at 365 nm and emission at 455
nm on a Gemini Max fluorescent microplate reader (Molecular
Devices, Sunnyvale, CA, USA). Protein concentrations were
measured as described by Bradford et al. (1976).

Results and discussion

The accumulation of flavonol derivatives in
gentian anthers

In a previous study of the flavonoid composition of
cultivated Japanese gentian plants, we reported that both
anthocyanin and flavone derivatives accumulated
abundantly in the petals, whereas flavonol derivatives
were hardly detected (Nakatsuka et al. 2005). The four
stages defined during flower development were also used
in the present study to provide reference points for
flavonoid accumulation (Figure 2A, B). The anthers at
floral development stages 1 (S1) and 2 (S2) contained
binucleate pollen grains, and those at stage 3 (S3)
contained trinucleate grains (data not shown). The
anthers at stage 4 (S4) dehisced and released the mature,
three-celled pollen grains (Figure 2B). In nearly 70% of
flowering plants, pollen grains are shed at the two-celled
stage, whereas in the remaining species they are shed at
the three-celled stage (Brewbaker 1967). HPLC analysis
of methanol extracts from anthers exhibited five major
peaks (peaks 1 to 5) presumed as flavonols with
maximum absorption at 350-360nm (Supplemental
Figure S1). Hydrolysis analyses confirmed that these
peaks were composed of flavonol glycosides, but not
flavonol aglycones, although the structures of flavonol
glycosides at each peak were unknown. Therefore, we
analyzed the amounts of flavonol aglycones after
hydrolysis with hydrochloric acid in this study. Flavonols
were the flavonoid compounds accumulated in the
anthers, and increased slightly throughout anther
development (Figure 2). The flavonols in the anthers
comprised kaempferol, quercetin and isorhamnetin
derivatives (Figure 2, Supplemental Figure S1).
Anthocyanins and flavones, which accumulated mainly
in the petals, were not detected in the anthers (data not
shown). Quercetin and isorhamnetin derivatives
accumulated to higher concentrations in anthers than
did kaempferol derivatives (Figure 2). Although
isorhamnetin is a methylated flavonol, methylated
flavones and methylated anthocyanins were not detected
in any gentian organs (Nakatsuka et al. 2005, data not
shown). Therefore, FLS and methyltransferase activities
were indicated to be specific to the anthers in gentian
plants. These results revealed that distinctly different
flavonoid compounds accumulated in gentian anthers and
petals, namely flavonols and flavones as unpigmented
compounds. Pollen grains of higher plants accumulate
mostly flavonol derivatives, which are frequently 3-
diglycosides and 3-triglycosides of kaempferol, quercetin
and isorhamnetin (Wiermann and Gubatz 1992). Major
flavonoids of petunia pollen grains are quercetin and
kaempferol 2-O-(2'-O-B-p-glucopyranosyl)-f-galactro-
pyranoside (Zerback et al. 1989). In maize anthers,
quercetin was the most abundant flavonol, with smaller
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Figure 2. Flavonol accumulation profiles in gentian anthers. (A) Four gentian floral developmental stages as defined by Nakatsuka et al. (2005),
and (B) anthers of each stage. Scale bar=1cm (A) and 5mm (B). (C) Flavonols were extracted from anther samples at four developmental stages
with 80% (v/v) methanol and then hydrolyzed. The chemical structures of kaempferol, quercetin and isorhamnetin are indicated in Figure 1. FW,

fresh weight.

amounts of isorhamnetin and traces of kaempferol
(Deboo et al. 1995). The structure of flavonol glycoside(s)
of gentian anthers should be identified in future studies.

Isolation of a FLS gene from gentian anthers

As mentioned above, flavonoid analysis revealed that
flavonol derivatives specifically accumulate abundantly
in gentian anthers. Therefore, we attempted to isolate a
FLS gene from gentian anthers. Using degenerate PCR
and RACE technology, one FLS homologue was
identified. The GtFLS cDNA (DDBJ accession number
AB587658) was 1,267bp in length and contained an
ORF encoding 333 deduced amino acid sequences. The
deduced amino acid sequences of GtFLS exhibited 78.9,
70.9, and 69.9% identities with those of petunia
(Z22543; Holton et al. 1993), apple (AY965343;
Halbwirth et al. 2006) and Citrus unshiu (AB011796;
Moriguchi et al. 2002), respectively. FLS belongs to the
2-oxoglutarate-dependent dioxygenase family, along
with anthocyanidin synthase (ANS) and F3H. GtFLS
contained characteristic conserved motifs (data not
shown), including two histidines and one aspartic acid as
part of the putative iron-binding site, and an arginine

residue as a part of the 2-oxoglutarate binding site
(Lukacin and Britsch 1997). Therefore, the isolated
GtFLS gene was concluded to be a FLS ortholog,
although the enzymatic properties of GtFLS remain to be
determined.

Anther-specific expression of the FLS gene

To identify the regulatory mechanism for the different
flavonoid components of the anthers and petals in
gentian, we investigated the spatial and temporal
expression of flavonoid biosynthetic structural genes
(Figure 3) as performed by Nakatsuka et al. (2005).
Northern blot analysis revealed that only a restricted
number of flavonoid biosynthetic genes were expressed
in the anthers. Transcripts of CHS, CHI, F3H and FLS,
which are so-called ‘early’ flavonoid biosynthetic genes
(i.e. encoding enzymes functioning at early steps in the
flavonoid biosynthetic pathway), were detected at all four
floral development stages analyzed in this study. CHS,
F3H and FLS transcripts were expressed constantly in
anthers throughout flower development, whereas the
expression of CHI decreased after floral development
stage S3. The transcripts of FNSII, encoding a key
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Figure 3. Expression analysis of flavonol biosynthetic genes in
gentian plants. Total RNA from anthers and petals at four floral
development stages (S1 to S4), leaves and stems were loaded in each
lane. Probes used for northern blot analyses are specified on the left of
each panel. Ethidium bromide-stained ribosomal RNA bands are shown
as a control.

enzyme for flavone biosynthesis, and ‘late’ flavonoid
biosynthetic genes, such as F3'5'H, DFR and ANS, were
not detected at all in anthers, although these genes were
expressed abundantly in petals. Notably, expression of
FLS was detected only in anthers and not in petals. In
maize, F3H transcript accumulation was coordinated
with the appearance of flavonols in anthers (Daboo et al.
1995). In addition, flavonol accumulation in petunia and
potato were initiated by expression of CHS (Pollak et al.
1993; van Eidik et al. 1997). In gentian, it was
demonstrated that two branches of the flavonoid
biosynthetic pathway, namely flavonol biosynthesis in
the anthers and flavone biosynthesis in the petals, are
regulated by the spatial-specific expression of FLS and
FNSII, respectively. Although accumulation of quercetin
and isorhamnetin derivatives was detected in gentian
anthers, expression of F3’H, which encodes an enzyme
catalyzing the hydroxylation of flavonoids at the 3" end,
was not detected in the anther (Figure 3). Therefore, it is
likely that a different specific hydroxylase for flavonol
exists in gentian anthers.

Isolation and characterization of GtFLS promoter

To gain insights into the spatiotemporal pattern of GtFLS
expression in gentian anthers, we isolated the 5'-flanking
region of GtFLS by inverse PCR. A 916 bp fragment
(nucleotide —845 to +71) of GtFLS was amplified and
used as the GtFLS promoter (GtFLSpro, DDBJ accession
number AB587659). The sequence contained the 5’
untranslated region (UTR) and initial six amino acid
residues (MEEKRV) (Figure 4). A putative TATA box is
present 30 bp upstream of the transcription start site. Cis-
regulatory motifs of the upstream region of GtFLS were
searched using PLACE (Higo et al. 1998). As a result,
various cis-acting regulatory elements known to be
involved in anther/pollen-specific expression were
detected in the promoter region of GtFLS (Figure 4).
Two motifs, GTGANTGI10 (GTGA; Twell et al. 1991)
and POLLENILeLATS2 (AGAAA; Bate and Twell
1998), were found in forward or reverse directions at
multiple sites. The GtFLS promoter also contained a
putative anther box (60% identity) 709 bp upstream to
the transcription start site. The anther box was proposed
from comparison of the promoter of flavonoid genes that
are active in immature anthers of petunia (van der Meer
et al. 1992; van Tunen et al. 1989). A deletion assay of
the CHS promoter of petunia showed that the anther box
is not a prerequisite for anther-specific gene expression
(van der Meer et al. 1990). This suggests that the
additional sequence within the GfFLS promoter directs
the organ-specific expression.

GUS expression of GtFLSproGUS-expressing
transgenic plants

To investigate the localization and intensity of GtFLS
expression, we produced GtFLSproGUS transgenic
plants in three species, namely tobacco, Arabidopsis and
gentian. In 14 primary transgenic tobacco lines, eight
lines showed blue staining in anthers. We chose two
strongly stained lines and produced T, plants by self-
pollination for detailed analyses. The results of a typical
transgenic tobacco T, plant line (no. 14) are shown in
Figure 5. Tobacco anther samples were collected at
several floral development stages as defined by Koltunow
et al. (1990). The fluorometric GUS assay indicated that
GUS activity was detected predominantly in the anthers
of the transgenic tobacco plants (Figure 5A,
Supplemental Figure S2). Expression was extremely low
or absent in other organs, including the petal, pistil,
sepal, leaf, and stem samples (Figure 5A). Anthers at
developmental stage 1 (S1), in which all major anther
tissues have been specified, showed GUS activity, but the
activity decreased over the course of anther development
up to stage 6 (Figure 5A). Thereafter, GUS activity
increased considerably at developmental stage 9, at
which point degraded connective tissues separate the
pollen sac. The GUS activity profile determined here
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-845 ATATTTGTAATACATG -830
TTACATGGTACGGCCTGCTTCGGCTTTCCATTGCAACTATGGTACGACCTACTTAATTAT -770
GGGCATGCAATACACACATCTTATCCATACATTAAAGTGTACTACTTTAAATGTGTGGAT -710
AAGATGTAAGGGCACTI CCCAGTAGAGTCCCCAAATTTTATCCCTAAAATAATATAAAATA -650

Anther box
ATACATATCCCTATTTTACAACATCTCAATTCAAAAACCTCTACAACAGCATCTCTATCC =590
TTATCCCTATAACATTTCAAATAATATTAAATAATACATATTCTACCTCACAACCCTATT -530

GTGA(-)
TATACGCATTAAATATTTATTATTTCACTCCAGCAGCATCCCTATCCATATCCCTATAAT -470
GTGA(-)
TTTTAATAATTAAATATGTTTAGAGCAGTGAATAGTGCATCCACACAAGTAGGGATGCAC -410
GTGA(+)
TGTTCATATTCCTAAAAAATAATAAATAGGGATAGAGCATCAGCTGTATGAGCTATTTAA -350
GTCAAAACTCTAATTTGTTATCTTCATTTTAGGAATAAGGCACCGTATAGAGCTTCTGCT -290
GGAAGTGCCCTAAATGTGTGGATAAGATGTGTGTAGTATATACGGACTACACATTATGTG -230
TAGTGAATATATCACCAAGTCAACTCCTGTATCAGGTGTACTAAAACCACCCACGTGGTT -170
GTGA(+) GTGA(-) LAT52(-)
TCTTCACGTAATGCTGCTTGCATGACGATCATTTTGTTTTAATTTCTTAAAAAAACTCCA -110
GTGA(-) LAT52(-)
TCCACTCCCTCCTCTCTTTTTTTTTCCTCACCTTTTTCTTGGTTTGTTACAAAAGTTGCT -50
GTGA(-) LAT52(-)
TCCGTTTCCTACGCCTTCTATAA TAAGTACCTACCCAAACTAATTTTctcacaccate  +11
TATA L
atctctttgttaatatctgcaattgagagaactaaaaaaataATGGAGGAAAAGAGAGTA +71

M E E K R V

Anther box

Gentian FLS
Petunia FLS

AAGATGTAAGGGCACT
TAGAGGWGAMRDARWT

*kk k%% * %% *x *

Figure 4. Nucleotide sequence of the 5’-upstream region of GtFLS. The GtFLS promoter and translated region are indicated in upper case. The 5’
UTR is indicated in lower case. The bent arrow indicates the transcription start site. A putative TATA box is enclosed in a box. The motifs of
GTGANTG10 (GTGA), POLLEN1LeLATS2 (AGAAA) and the anther box are highlighted in bold, underlined and in bold, respectively. The putative
anther box is enclosed in a box with double lines, and alignment of the gentian and petunia sequences is shown below.

almost corresponded with the accumulation profile of
flavonol derivatives in tobacco anthers (Supplemental
Figure S3A).

The histochemical GUS assay yielded similar results
to the fluorometric assay of GUS activity. The tobacco
anther comprises, from the inside to the outside, a
vascular bundle (V) surrounded by parenchymatic cells
of the connective (Co), four locules containing the
sporogenenic tissue (pollen), the tapetum (T), and the
endothecium (En) (Figure 5B). At anther developmental
stage 1, strong blue staining indicating GUS expression
was observed in the vascular bundle, tapetum and
circular cell cluster (CCC) (Figure 5B). Microspores
started to be stained slightly at anther developmental

stage 3 (Figure 5C). Interestingly, GUS staining was
reduced at stages 3 and 6 (Figure 5C, D). However, at
stage 9, strong staining was observed in all anther
tissues, including the pollen grains (Figure 5E). A
similar GUS staining pattern was obtained in the other
transgenic tobacco line (Supplemental Figure S2).

Four lines of transgenic Arabidopsis plants carrying
the same binary vector were analyzed for GUS activity.
The results for the typical line no. 2 are shown in Figure
6A-D. Anther samples were collected at several floral
development stages as defined by Smyth et al. (1990).
GUS expression commenced at about stage 9 and
continued during the later stages of anther development
(stages 9 to 15, Figure 6A-D). GUS expression was
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Figure 5.

Fluorometric and histochemical GUS assays in GtFLSproGUS-introduced tobacco plants. (A) Enzymatic GUS activities were

determined fluorometrically in different organs at several developmental stages in the representative transgenic tobacco line no. 14. Values indicate
the mean*standard deviation of four experiments. (B-E) Histochemical assay of GUS staining in anthers and pollen of transgenic tobacco line no.
14. The anthers were stained with 5-bromo-4-chloro-3-indolyl-f-D-glucuronide (X-Gluc) solution at 37°C for 16 h for the localization of cells
expressing the GUS reporter gene. The insets show pollen grains at higher magnification. Cross-sections of anthers are shown at floral development
stage S1 (B), S3 (C), S6 (D) and S9 (E). Scale bar=1 mm for anthers and 50 um for pollen grains. Co, connective; CCC, circular cell cluster; En,

endothecium; T, tapetum; V, vascular bundle.

observed in tapetum tissue at about stages 9 to 10
(Figure 6A) and increased as the anther matured (Figure
6B, C). At about floral stage 13, when the anthers
dehisced, strong staining indicating GUS expression was
observed in the pollen grains (Figure 6D). No GUS
expression was detected in vegetative tissues, except for
slight staining in two-day-old seedlings (data not shown).
The other three transgenic Arabidopsis lines showed a
similar GUS staining pattern, with slightly different
expression levels (Supplemental Figure S4).

In tobacco anthers, the accumulation of flavonols,
including kaempferol and quercetin derivatives, were
first detected at developmental stage 6, and increased
throughout anther development (Supplemental Figure
S3A). Maximum expression of NfCHS, NtF3H and

NtFLS occurred at developmental stages 4 to 6, prior to
flavonol accumulation (Supplemental Figure S3B, D, F).
NtFLS was expressed slightly at developmental stages 1
and 2, increased at stages 4 to 6, and began to decrease at
stage 7, when the tapetum was degraded in the anther
(Supplemental Figure S3F). The GUS activity profile in
GtFLSproGUS-transgenic tobacco was not coincident
with the temporal and spatial expression profile of
NtFLS. In tobacco, flavonols were distributed throughout
the whole plant (data not shown), whereas gentian
showed restricted flavonol accumulation only in the
anthers. Therefore, the GtFLS promoter might be
controlled by other trans factors, differing from those for
NtFLS. The Arabidopsis genome contains AtFLSI and
five FLS-like (AtFLS2—6), which show no FLS activity,
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Figure 6. Histochemical GUS assay in GtFLSproGUS transgenic Arabidopsis and gentian plants. (A—D) Series of developing florets in
GtFLSpGUS-introduced Arabidopsis plant line no. 2. GUS expression was initiated in the tapetum at about floral development stage 9 (A) and
increased as the anther matured; stages 11 (B) and 12 (C) are shown. In dehisced anthers at stage 13, strong GUS expression was observed in the
pollen grains (D). Blue staining indicating GUS expression was observed in the anther (E) and pollen grains (F) of transgenic gentian plants just
before anthesis. Scale bar=100 um (A to D), 1 mm (E) and 50 um (F). PG, pollen grain.

and A¢FLS was expressed not only in stamens but also in
other tissues such as petals and siliques (Owens et al.
2008). However, the GtFLSproGUS transgenic tobacco
and Arabidopsis plants demonstrated that anther-specific
expression of the GtFLS promoter occurred in both
plants.

Six out of nine transgenic gentian lines produced
flowers, and were subjected to the histochemical GUS
assay. Four lines showed strong GUS expression, which
was observed predominantly in anthers (Figure 6E). Blue
staining of pollen grains was observed in gentian as in
tobacco and Arabidopsis (Figure 6F). No staining was
detected in other organs (data not shown). Because the
transgenic gentian plants set few flowers in the current
year, detailed analyses during anther development could
not be performed in this study. GUS expression in
GtFLSproGUS transgenic plants, both in anthers and

pollen, is not surprising, because flavonoids in the anther
are thought to be synthesized in the tapetum tissue and
also in microspores (Taylor and Helper 1997). As
mentioned above, a difference in temporal and spatial
expression of GUS between tobacco and Arabidopsis
transformants was observed. The reason for this is not
clear, but future analyses of the transgenic gentian plants
will provide additional information on the different
mechanisms underlying anther-specific expression of
FLS in plants.

The promoters that control anther-specific gene
expression are useful because they can be utilized to
induce male fertility, an important trait in crop breeding
(Peremarti et al. 2010). Numerous anther and pollen-
specific promoters have been identified in a variety of
plants, including the 7429 promoter from tobacco
(Koltunow et al. 1990), the A9 promoter from
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Arabidopsis (Paul et al. 1992), the LAT52 promoter from
tomato (Twell et al. 1990), and the Osg6B promoter from
rice (Tsuchiya et al. 1994). Anther-specific promoters
have been used successfully to generate male-sterile
plants (Mariani et al. 1990). Therefore, anther-specific
expression of a cell death factor gene (such as barnase)
driven by the GtFLS promoter might also induce male
sterility in transgenic gentian plants. In addition, some
flavonol-deficient plants are self-sterile because the
pollen grains fail to germinate (Mo et al. 1992; Taylor
and Helper 1997; Taylor and Jorgensen 1992), or fail to
produce a functional pollen tube (Pollak et al. 1995;
Taylor and Helper 1997; Ylstra, 1994). Matsuda et al.
(1997) produced partial male sterility in transgenic
tobacco by sense and antisense suppression of CHS. To
induce flavonol deficiency and male sterility in the
anthers of gentian plants, GtFLS would be one of the
targets for gene silencing, because GtFLS regulates
anther-specific accumulation of flavonols in gentian.
Such experiments are currently underway and the results
will be presented in a future publication.
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