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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 catalyses 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 i,rdica variety of

rice was reported to consist of three exons and tlvo

introns [4]. Interestingly, the positions of the introns

and exons are well conserved in these plants.

Although most of japoleica and indica rice varieties

bear green leaves and stems, there are varieties with

purple leaves and stems due to anthocyanin pigmenta-

tion [5] As an initial step to characterize genes for

anthocyanin biosynthesis in rice, we have character-

ized the DFR gene of a fapordca variety Murasaki-ine

(purple rice) and shown that it carries a single copy of

the DFR gene consisting of three exons and t¥~'o

*i*.
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Fig.1 Organization of the DFR genes.

The hatched baxes and the horizontal bars

represent exons and introns, respectively. Only

four genomic sequences of the DFR genes,

arabidapsis, barley, maize and indica rice have

been 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 ilrdica variety Kuro-

gome (black rice) with purple leaves and stems and

tvvo faponica cultivars, Toride Iand Kcshihikari, with

green leaves and stems carry a single copy of the DFR
gene. Clear RFLPS Ivere detected at the flanking

regions of the DFR genes in these four varieties.

The japonica varieties, Murasaki-ine, Toride I and

Koshihikari, were obtained from Plantech Research

Institute. Yokohama, and the iudica variety Kuro-

gome was from Soumaya Co., Iwaki. The plants

were grown in a greenhouse. To isolate mRNA,
germinated seedlings of Murasaki-i,ee 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 Iibrary [7]. The cDNA
library was prepared by the CDNA Synthesis Kit

(Stratagene)
.
To isolate the rice DFR CDNA, about

100, OOO recombinant clones in a CDNA Iibrary from

Murasaki-ine seedlings were screened with the maize

al 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 l, 119

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 Purplaputtu and the genomic DFR sequence from

the indica variety Teqing have been deposited in the

nucleotide sequence databases (accession numbers

Y07956 and U70541). When the cDNAs from the

japonica and i;rdica 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 japonica and 1le in iudica

varieties)
.

To characterize the genomic DFR sequences of the

japonica variety Murasaki-il~e, approximately 100 pg
of plant DNA prepared from leaves [9] was digested

with ECORI or Bam HI and the resulting fragments

were cloned into the ECORI site of LIEMBL4]
(Stratagene) or the BamHI site of LIGEM1l]
(Promega)

.

General methods for genomic cloning
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1~,JI

e~,ACCAAGA ACAATCAATA

A~~CTATAA AaTTATaAAC~

AaATAA~e(SG TAJ~~ATTA

AATTTTGAAC GGTCCA2LMA

CACCGGCCTT TCAA~CAAGA

ccc~:c~~ A2u~~aGAC:

aAA(:AAGTCa CACATaAA~T

eTCAAAGTTe G~:ACGGAa~

TATAG(3c~Ae CCAACGAGCG

eAAATGGT~e

TTeeTAATaA

(~ATeATTTTA

AACceGTTCA

ACce,SCCGGT

W@:eT~Rr

ATTAAl~A:TG

CCTAeAGT;~

AeAGCCATCA

ccaeccAe(~C AAecAGCTGG AeeAeO~LcA

T~ATGTTAAT TTTA~AAAAT ATCATeTGeA

TATCG,5TecT AGAT(~TACAA ATGcGTe(~G(:

TTCTeTCTCC TTTecCTeTC GTCACGCT~~

GTecAeGTec AC:GTAGeTCA AACCTACCTA

T1R:G~rCR AAC,STTTeAC C:GTCCGTCTT

TTTTATCATC TA;LC:A!~TAAT @WV~TACGA

CTT~TTAGGC AGT~CAAeTe TGTGTAecTA

AG'~AGAeeee TeccGcccAA TecGACTTTT

AaT(3AsTT(~A CCTTlrTACAA ATTTTcaAGA

CAACCTACTA GTTTTTGGCT GAATCTGAAC:

CATCACGC:Te]CGGATGCAec GTACTAaACG

TcaAAAcccT GCSTCATTCTG TCTACTCOR~

AT~TaAGAAA ATT~~TGAAAA AA~,:~~A

ATTATAAaAA AaTTTCATAT AAGACGGACA

TACTCCCCCT eTCCTGTacc AecTTATAT~

CCAaeTGCAA GGTAGCTATC ATATATT Te CGAATC:CAAC ACAAecACCG CGGCGT~~GT!L

CTACTACTTe cc3cGeeCGTe TTAGATTcec GTeceAATec aACAcaAecA GATCGaTeAC GCAceGTncG CCATG(~GOGJ~ GeeGeTeAAG

GGeecAeTee TGeTISACGee CGCGTCeeeC TTCGTce(~CT CATGGCTCGT CATeAAGCTC CTCCAeGCCG GCTACACCGT CCGC(~CCACA
~;;;~~~~~~~T~~;L.GTGcecGAcc

cL･~ TeAGCT CTCTCATceT ecACTeT~~GC TCT~cCTCG TAGTTT~~CTe ACTCCAATTA TATATecCGC TTGCITGACT

CTGACAAGTG TACGT(~l~~T TGTTeTTeTT TAaC eTTGeGAAGa CGAAGCceTT GCTeGAecTe eCe(~eeTCGA A(~eAGAeGeT

'GACGCTeTee AAGGceGACC TeGGceAGGA AeGCAaCTTC eAccceGCGA TcAc~eeeTTe CAOGGGCGTG TTCCACGTCC3 CGAC:GcecAT

GGACTl~(~AG TCCGAGGACC CGGA CGA eeTe~rc~G C:CCACCGTGG AAeGGATOCT eAGCATeATG C:aGGCCT(5CA GGeAC(~cc,se

CACceTCAA(; cecATceTCT TCAC:CTCCT(: CGCCGGGACC (~TCAACATCG A(~eAGCGGCA GCGCCCCTCC TACGACCACCS ACGACTGGA,S

ceACATCGAC:

CATAaA~CGA

GATTTrTAAA

c~AcTe~Ac

ATTAACTAAT

TTCT~~~(3cc

AAceATAAGT

TAACTATTTT

TAGCTTA(~CA

TATeTAAACC

GCGTC~AeAT

TAACATGAGC

ATAGA,~TrTT

ceTGAATTTe

ATrTCTATTe

eACCGGATeG

ATGATTaATA

TTTTATGAAA

ecceTG~SAG

TCTAAA~LGAa

(STATGTATce

~rAGTATeeT

ACACBAGG~A

TCATATeATA

GTrAGeA!UST

AAAATeTTGT CeTeee~TAG GAACAAa3AT CCTCCACGTA

ATAATTGATA TTTGTTnj~ AATeTA'VW~ AT~~TT~AT!~T

AcAeA~TTe A(~AAATAGqrA ceTTCAAACT CACCCTTaAG

T(~AaeeTCG'S GGATGTT~T TTTTTTTTTG CGGGGATGTA

eATAa:Trl2TG GTGGCA Te TACTTCGTeT CCAAeTCATT

G:;CGeAC3AaG (3CC:GCcATee AATACGCGAG eGA(~CACGGG CTeGACCTCA TCAec(3TCAT ccccAcecTc GTCGTCC3Gec CCTTCATeAe

CAaC(~eeATe CCGCCGAGCC ACGTCACCGC GeTe(3cGcTG CTCACGGGeA AceAGecCCA C:TACTCGATC CTGAAeeA(SG TecAGTTCG1:

CATCCACGC;C CTCCCGAceA TGC:TCGCGGA CAT(~TTCCCG GA(~TAceACG Tecc~ceeA(5 CTTTCCceGe ATCGACGCOC ACCAceTCCA

ecCG(~T~CAC TTCTCGTC:~T C:GAAeCTCCT CeCCCAC~Ge TTCAGeTTCA GeTACACGCT C~GAGeACATG TTcGAssccce CCGTecGG~C

eTGC:AeGeAG AAaGGecTTC Tcccecc(~cT eCCGCCACCe CCGACGACGG cceT,~eccGG AGG;teACeGC TCGGceGeTG TGcceec;CeA

GAAeGAACCG ATACT'seeGA ~ec~GGACceG eACGGCG,STT eGTecTeaAA CA(~AGceTT eeTCAAATeA GTeTTGACTA GTGAG~rcCAG

AeaACGGTAT TeAAATTGAT CGTGTTTce(: TGCR:CTTeC CTC(STTGGCT TCGTCT!LTTT CACAATecGA GATTTGGAAT AA~T(:AeAGC

eGTTAATCCT eTAAGTTCAT ATeT~~cGTA CCCATlrTGAT TTT~'ATTGG TTACATATGG CTCCCTC CGG TT TTGACA

CTTTGAA TAATACGTTT TAeAAeATAT ACCTTTeACT TTTTTCT ATTATaATAT ATACAATAAh TAAATccATe TTTATT~CAG

TGTTTTeAAA GACAAATCTA TATATTTTTT TAGTTrTTTT AJu~CTAAATA TTTTTA~A(~T TATT(~TTGeT eAAAGTTATA AAAATTAac:T

TCAATCTTGT CCAAAACATC AATT!~AT!LTA GAACTTeAG(S AGTACATTTT TACcACCTTA AAATATCTTA CCTTT~~CACG TGCTecTaGA

~AecTCCCAT AG~eAGAAAT TTTGAAGCAe Ci~AGCAAGA (~AeAGAeAAA G(SATTeAAeT GAeTCGTTTT cAceaATAec CTTAeGCCAT

TCGTAGTACA GGTr~rATAA GAaTTTCAAT CTTATCAAAT AAeaTAT~AT AATeTCATGa AATTTATTAA GAGAe~uw3A ATAAGTTTTA

TTTAaATGAA AATTeeTTTA CATACTTACO TATeACTTAA ACAGaAT'5AA ACCCccATTA TAGGACC'~AA TCATTTCATC CCATecCTTG

GaATTGAAAA TaAAACCTCA TTGTGATCAA ATA(~TTTTeT AACAC:CA11FA AT~ATTAMT eTTACGGACA GCATAT~AA TCACA:~ATA

AAacTATACT TTTCACTTGA l~CCTeAA~LCC AAcAi~LA,u~ AaTTTeTCAT GATAGCAACA TTeAT~STaAe GC:TCCGCTTC E!CSTeAeACG

TTA~aAACTA ATTceGTAAA ATCCTAATTG ceAA~A:TTTT eTTCTTTGT(~ TGceATTCTA AGTCGTecCA TeeATCTeAA TTeAAATC:CC

GTTeTTCCC:T CTC:ATCGAAA TceAA!~:TccT CcAccl!c;~aA TTTCCAa:TCC ceATTcaAGT CACCGAGATC AAATTCC:GAA ATTCAATTCG

TC:TCTTTGAA T!~
JE!COR:

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 3are 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 dolvnward arrowhead, about O. I 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 ilrdica rice Teqing are

encIOSed in circles and brackets, respectively. The Sequence alterationS Ieading to the

StOp codons found in Koshihihari 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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Flg. 3 RNA gel blot analysis.

Total RNAS (lO pg) from young leaves of

the seedlings were hybridized with the DFR
CDNA from Murasaki-ine as described before

[6, 7] The CDNA of acyl carrier protein [19]

was used as a probe fcr an internal control,

indicated by cont Lane 1, Kuro-gome;1ane 2,

Murasaki-ine;1ane 3, Koshihikari;lane 4, Tor-

ide 1.

and DNA gel blot analysis were performed as de-

scribed before L7, lO], Using the rice DFR CDNA as

a probe, we cloned a BamHI-BamHI fragment of

about 15 kb genomic DNA into the BamHI site of

IGEM11 (Fig. 4-A), and the fragments obtained

were subcloned into pHSG398 (Takara) or pBlue-

scriptll SK- (Stratagene) for further analysis. The
3. 6 kb Kp,z I-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 DFR 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 bet~veen the japonica variety Murasaki-

ilee and the i,rdica rice Teqi?eg, since the 3' end of the

published sequence of Teqi;eg corresponds to the posi-

tion 2, 790 in Fig.2 L4]. The sequences of these

varieties showed 98. 3% identity, and only 18 single

base-pair substitutions and 3tiny insertions (1 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-ECORI

fragments containing the DFR gene regions from the

genomes of Toride 1. Koshihikari and Kuro -gcme, and

constructed the restriction cleavage maps of these

fragments (Fig. 4-A). The restriction map of the

indica variety Kuro -gome is identical to that deduced

from the genomic sequence of the iudica variety

Teqileg [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 [1l]. 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, Murasahi-ilee and Koshihikari 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

-ine, Koshihlkari, and Toride 1.

We have also sequenced an approximately 1. 2 kb

region containing exon 1, intron Iand 5' part of exon
2 in Koshihikari (accession number ABOI0744) and

Toride I (accession number ABOI0745)
.

In these

cultivars with green leaves and stems, either the

sequences GAG at the exon Iin Koshihikari ar TCG at

the exon 2in Tcride Ihas changed into the stop codon

TGA (Fig. 2). We do not know whether these muta-
tions of the t~vo varieties are solely responsible for

deficiency in anthocyanin pigmentation. However, it

is clear that the DFR mRNA was produced in these

cultivars ~vith green leaves and stems as well as the

iudica 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 111 in 1997 [13].

Comparative linkage maps of the rice and maize

indicated that the 140-170 CM region on the maize

chromosome 111 corresponds to the 80-170 CM area of

the rice chromosome I [14]. Arnong the several loci

affecting anthocyanin pigmentation and mapped on
the rice chromosomes, the A Iocus of rice is assigned

at approximately 93 CM on the rice chromosome I
L15]. Whether the A Iocus has any association with

the DFR gene described here remains to be investigat-

ed.
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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 fragrnent are below the thick lines. Restriction sites are :
B, BamHI ;Bg, BgIII ;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 (lOpg) from young leaves were digested with the restriction enzymes
indicated and hybridized with the probes A, B and C indicated above [7, Ia] Lane l, Kuro

-gome; Iane 2, Murasaki-i;ee; Iane 3. Koshihikari; Iane 4, Toride 1
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