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Anthocyanins are the most important pigments in
higher plants. Genes for anthocyanin biosynthesis
can be classified into two groups; structural genes
encoding enzymes in the biosynthesis pathway and
regulatory genes acting on the structural genes [1-3].
The DFR gene encodes the enzyme, dihydroflavonol 4
-reductase, which catalyvses the stereospecific reduc-
tion of dihydroflavonols to the respective leucoanth-
ocyanidines. The DFR genes of dicotyledonous
plants consist of six exons and five introns whereas
those of monocotyledonous plants barley and maize
are comprised of four exons and three introns (Fig,
1). Recently, the DFR gene of a dica variety of
rice was reported to consist of three exons and two
introns [4]. Interestingly, the positions of the introns
and exons are well conserved in these plants.

Although most of japonica and indica rice varieties
bear green leaves and stems, there are varieties with
purple leaves and stems due to anthocyvanin pigmenta-
tion [5]. As an initial step to characterize genes for
anthocyanin biosynthesis in rice, we have character-
ized the DFR gene of a japonica variety Murasaki-ine
{purple rice) and shown that it carries a single copy of
the DFR gene consisting of three exons and two
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Fig.1 Organization of the DFR genes.

The hatched boxes and the horizontal bars

represent exons and introns, respectively. Only

four genomic sequences of the DFR genes,
arabidopsis, barley, maize and indica rice have
heen reported [8,16,17]. The DFR genes of
petunia and snapdragon are reported to con-
sist of six exons and five introns, although
their intron sequences were not published [18].
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introns. We also found that an indica variety Kuro-
gome (black rice) with purple leaves and stems and
two japonica cultivars, Toride 1 and Koshihikari, with
green leaves and stems carry a single copy of the DFR
gene. Clear RFLPs were detected at the flanking
regions of the DFR genes in these four varieties.

The japonica varieties, Murasaki-ine, Tovide 1 and
Koshihikari, were obtained from Plantech Research
Institute, Yokohama, and the indica variety Kuro-
gome was from Soumaya Co., Iwaki. The plants
were grown in a greenhouse. To isolate mRNA,
germinated seedlings of Murasaki-ine were grown in
a growth chamber for three weeks. Total RNA was
extracted from UV-induced young leaves of the seed-
lings [6], and poly (A) * mRNA was prepared and used
for construction of a cDNA library [7]. The cDNA
library was prepared by the cDNA Synthesis Kit
(Stratagene). To isolate the rice DFR cDNA, about
100, 000 recomhinant clones in a ¢cDNA library from
Murasaki—ine seedlings were screened with the maize
@l cDNA probe [8]. Out of 17 clones isolated, six
were chosen to characterize further. The longest
clone contains a 1, 465 bp sequence carrying an 1, 118
bp open reading frame (Fig. 2), and it agrees in size
with the DFR cDNA since mRNA of about 1.4 kb
was detected by RNA gel blot analysis (Fig. 3).
Recently, the DFR cDNA sequence from the indica
rice Purpleputtu and the genomic DFR sequence from
the indica variety Teging have been deposited in the
nucleotide sequence databases (accession numbers
Y07956 and U70541). When the ¢DNAs from the
Japonica and indica varieties were compared, only
four nucleotide alterations were detected apart from
the 5 and 3’ ends. Only one of these affects the
predicted amino acid sequences of the DFR enzymes
at the position 101 (Val in jagpowrica and lle in indica
varieties).

To characterize the genomic DFR seguences of the
Japonica variety Murasaki-ine, approximately 100 ug
of plant DNA prepared from leaves [9] was digested
with £coRI or BamHI and the resulting fragments
were cloned into the EcoRl site of [AEMBLA4]
(Stratagene) or the BamHI site of [AGEMI11]
(Promega). General methods for genomic cloning
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Fig. 2 Nucleotide sequences of the DFR gene region in Murasaki—ine.
The exon sequences are enclosed in the opened boxes. The ATG initiation codon at
the position 883 and the termination codon TGA at the position 2498 are indicated by
the underlines. Putative CAAT-box and TATA-box in the promoter region and a
possible polyadenylation signal within exon 3 are indicated by the double underlines.
The upward filled arrowheads indicate the 3’ ends of the cDNA clones determined. At
the position 1286 indicated by the open downward arrowhead, about 0.1 kb introns
were found in barley and maize (see Fig.1). Single base-pair substitutions and
insertions found by comparison with the sequence of the fndica rice Teging are
enclosed in circles and brackets, respectively. The sequence alterations leading to the
stop codons found in Koshihikari and Toride I are indicated by the asterisks. The
nucleotide sequences reported here have been deposited to DDBJ under the accession
numbers AB003495 (genomic sequence) and AB003496 (cDNA sequence).
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Fig.3 RNA gel blot analysis.

Total RNAs (10 xg) from young leaves of
the seedlings were hybridized with the DFR
cDNA from Murasaki-ine as described before
f6,7]. The cDNA of acyl carrier protein [19]
was used as a probe for an internal control,
indicated by cont. Lane 1, Kuro-gome;lane 2,
Murasaki-ine;lane 3, Koshihikari lane 4, Tor-
tde 1.

and DNA gel blot analysis were performed as de-
scribed before [7,10]. Using the rice DFR cDNA as
a probe, we cloned a BumHI-BamHI fragment of
about 15 kb genomic DNA into the BamHI site of
AGEMI11 (Fig.4-A), and the fragments obtained
were subcloned into pHSG398 (Takara) or pBlue-
scriptll SK~ (Stratagene) for further analysis. The
3.6 kb Kpnl -EcoRI fragment containing the DFR
gene was sequenced by the chain termination method
[7], and the result was shown in Fig.2. By compar-
ing the DFRE cDNA sequence, we have ascertained
that the DFR gene of the japonica rice Murasaki-ine
is comprised of three exons and two introns (Fig.1).

We also compared the genomic sequences of the 2,
790 bp region between the japonica variety Murasaki-
e and the indica rice Teging, since the 3’ end of the
published sequence of Teging corresponds to the posi-
tion 2,790 in Fig.2 [4]. The sequences of these
varieties showed 98. 3% identity, and only 18 single
base-pair substitutions and 3 tiny insertions (I bp, 11
bp and 17 bp) were detected in the 2, 790 bp region of
Murasaki-ine. Interestingly, 11 out of 18 base-pair
substitutions were localized at the 300 bp segment
flanked by the two insertions (11 bp and 17 bp) in the
promoter region.

We have also cloned around 10 kb EcoRI-FEcoRI
fragments containing the DFR gene regions from the
genomes of Toride 1, Koshihikeri and Kuro-gome, and
constructed the restriction cleavage maps of these
fragments (Fig.4-A). The restriction map of the
mdica variety Kuro-gome is identical to that deduced
from the genomic sequence of the indica variety
Teging [4]. Clear RFLPs were detected in the
cloned DFR gene regions among these four rice vari-
eties. Some of these RFLPs appear to be due to
presence or absence of small insertions. RFLPs due
to such insertions were also detected at the DFR gene
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regions in different lines of the common morning
glory [11]. Since small insertions are often due to
the presence of interspersed repetitive sequences [12],
we analyzed whether the regions containing RFLPs
due to presence of small insertions carry repetitive
DNA elements. As Fig. 4-B shows, sequences detect-
ed by the probe B are unique in the genomes of Kuro
-gome, Murasaki-ine and Koshihitkari whereas those
by the probe A are present in multiple copies in these
genomes. The same conclusions were also drawn
from DNA gel blot analysis using several other
restriction enzymes {data not shown). Fig.4-B also
indicated that the DFR regions detected by the probe
C are unique in the genomes of Kuro-gome, Murasaki
~tne, Koshihikari, and Toride 1.

We have aiso sequenced an approximately 1.2 kb
region containing exon 1, intron 1 and 5 part of exon
2 in Koshihikari (accession number AB010744) and
Toride 1 (accession number AB010745). In these
cultivars with green leaves and stems, either the
sequences GAG at the exon 1 in Koshihikar: or TCG at
the exon 2 in Toride 1 has changed into the stop codon
TGA (Fig. 2). We do not know whether these muta-
tions of the two varieties are solely responsible for
deficiency in anthocyanin pigmentation. However, it
is clear that the DFR mRNA was produced in these
cultivars with green leaves and stems as well as the
tndica cultivar, Kuro-gome, with pigmented stems
and leaves (Fig. 3).

The A1 gene encoding the DFR enzyme has been
mapped at 198 ¢cM (the near the terminus of the long
arm) on the maize chromosome I in 1997 [13].
Comparative linkage maps of the rice and maize
indicated that the 140-170 c¢cM region on the maize
chromosome III corresponds to the 80-170 ¢cM area of
the rice chromosome I [14]. Among the several loci
affecting anthocyanin pigmentation and mapped on
the rice chromosomes, the A locus of rice is assigned
at approximately 93 ¢M on the rice chromosome [
[15]. Whether the 4 locus has any association with
the DFR gene described here remains to be investigat-
ed.
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Fig.4 Genomic structures of the DFR gene regions in rice varieties.

(A) Restriction maps.

The open box represents the Kpnl-EcoRI segment shown in Fig. 2. The thick horizontal
arrow indicates the location and orientation of the DFR gene. Restriction sites present in all
the cloned fragments are represented by the vertical lines above the thick horizontal lines
and restriction sites unique to each fragment are below the thick lines. Restriction sites are:
B, BamHI1 ; Bg, Bglll; E, EcoRI; K, Kpnl ; P, Pstl ; S, Sall ; Sc, Sacl ; X, Xbal. The
segments used for probes in DNA gel blot analysis are indicated under the maps.

(B) DNA gel blot analysis.

Genomic DNAs (10pg) from voung leaves were digested with the restriction enzymes
indicated and hybridized with the probes A, B and C indicated above [7, 10]. Lane 1, K#uro
-gome; lane 2, Murasaki-ine; lane 3, Koshthikayvi; lane 4, Toride 1.
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