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Abstract　　Sequencing analysis of the 323 kb contig of rice chromosome 4 identified a gene cluster
encoding 7 dihydroflavonol242reductase (DFR)2like proteins within a 56 kb region. The 7 DFR2like
genes were found to be arranged in a tandem array , and all of them comprised 6 exons and 5 introns.
Analysis of the predicted amino acid sequences demonstrated that these 7 proteins shared strong
similarities with DFR and other enzymes of the phenylpropanoid biosynthesis pathway. RT2PCR revealed
the expression pattern of the 7 genes was different in various rice tissues. The structural and functional
features of these 7 DFR2like genes and their evolutionary implications are discussed.
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　　Flavonoids are secondary metabolites widespread
among plants and involved in many plant functions
such as UV protection , defense against pathogen
attack , legume nodulation and pollen viability[1 ,2 ] .
Dihydroflavonol242reductase (DFR) catalyses the first
common step in the flavonoid biosynthetic pathway
leading to anthocyanins and proanthocyanidins. The
latter compounds are also known as anthocyanogens
and condensed tannins. Some of the flavonoids , the
anthocyanidins , anthocyanins and tanins are
responsible for the red , purple and brown
pigmentation of flowers , f ruits , seeds and other plant
tissues and organs[3 ] . Since these products are not
essential for the viability of the plants , flavonoid
biosynthesis represents an excellent model system in
which to study the regulation of a complex
biosynthetic pathway. Thus the genetic control of
flavonoid biosynthesis has been studied in several
model plants including maize、snapdragon、petunia and
A rabidopsis [4 ,5 ]. Most of the genes encoding DFR

have been cloned from many plants , such as Z.

m ays , moring glories , P. hybrida , grape[6—9 ] and

A rabidopsis [5 ] etc. , and their sequences are well
conserved among plant species.

In this study , the 323 kb contig of rice
chromosome 4 was completely sequenced and
analyzed. A large gene cluster consisting of seven
predicted DFR2like protein genes in a tandem array
was found to be located in the 56 kb region of the
contig. The deduced protein sequences of these seven
genes all shared significant sequence similarities with
DFRs and BAN YUL S[10 ] in A rabidopsis . The
BA N Y UL S gene encodes a DFR2like protein and is a
marker of early seed coat development . Mutations in
the BA N Y UL S gene lead to precocius accumulation
of anthocyanins in immature seed coat in
A rabidopsis . Because D FR and BA N Y UL S both
involved in the flavonoid synthesis in plant , we
deduced that these seven genes may have similar
functions in rice and designated them as Os EFS
( O ryz a sativa enzyme of flavonoid biosynthesis) .
Each gene of this cluster was named according to their
order in the 56 kb fragment . RT2PCR was performed
to elucidate the expression pattern of each gene in this
cluster. The structural and functional features of
these seven DFR2like genes and their evolutionary
implications are discussed.

1　Materials and Methods
1. 1　Plant materials and growth conditions
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Seeds of rice ( O ryz a sativa indica Guangl uai
4) were germinated at 37 °C and the seedlings were
grown in the light at 30 °C for 3 days for RNA
extraction of root and bud. Leaves were collected
after 10 days growing. Flowers and young panicles
were prepared from 3 month old plants[11 ] .
1. 2　Cloning and sequencing of BAC clones

A BAC (bacterial artificial chromosome) contig ,
which was anchored on the region from 110. 0 cM
(centimorgan) to 111. 5 cM of chromosome 4 , was
constructed by using colony hybridization and
chromosome walking. The contig consisted of 20
BAC clones which came from two BAC libraries of
O ryz a sativa Guangl uai 4 , and the genetic markers
used as probes were provided by rice genome program
(R GP) in Japan[12 ,13 ] . Six tiled BAC clones (BAC
H0410 G08 , H0315F07 , H0613A10 , B0808H03 ,
H0105C05 , H0323C08 ) with minimum overlaps
were sequenced and analyzed. The BAC DNA was
purified by cesium chloride gradient centrifugation ,
and subcloned into pBluescript II plasmid vector
( Stratagene ) after sonication. Subclones were
sequenced at both ends using the D YEnamicTM ET
dye terminator kit ( Amersham Pharmacia ) and
analyzed on Megabase100 ( Amersham Pharmacia) .
The sequence data were assembled using PHRED/
PHRAP software. Homology searches were
performed using the Blast program[14 ] . GENSCAN
program was used to predict possible genes in this
contig[15 ] .

The nucleotide sequences of the BACs
H0410 G08 and B0808H03 have been submitted into
the EMBL database under the accession numbers
AL512546 and AL512545.
1. 3　Oligonucleotides

All oligonucleotides used in this study were
synthesized by Sangon company , China ; except for
Oligo dT2adaptor primer which was provided by RNA
RCR Kit . The sequences of all oligunucleotides were
shown in Table 1.
1. 4　RT2PCR

Total RNA of roots , buds , leaves , flowers and
young panicles of rice were extracted following the
manufacture’s inst ruction ( Qiagen RNeasy Plant
mini kit) . For RT2PCR , 1μg of DNase2t reated total
RNA was reverse2t ranscribed with gene2specific
antisense primers and AMV reverse transcriptase
using an RNA PCR kit ( Ta KaRa , Japan) , and the
entire reaction mixture was used as a template in the
subsequent PCR. Each PCR cycle consisted of 94°C
denaturation for 30 s , 60°C annealing for 30 s , 72°C
extension for 2 min , for 30 cycles.

2　Results

Table 1　Primers for RT2PCR
　Os EFS123 　　CAC CAC CAG AGA AAC AGA TG

　Os EFS125 　　AGG AAA TCG AGC CGA CTG AC

　Os EFS223 　　GTA ACA GCA TTG TCG TCG GC

　Os EFS225 　　GCG AAG TAG CCA ACT AAC CG

　Os EFS323 　　CGC CCA TCA TCA CCA TCA G

　Os EFS325 　　GAC GAT GTC GTC GGA GGT TG

　Os EFS423 　　CGA AGG GAG TAG GTT GAA AG

　Os EFS425 　　TGT CGG CGG TTG AGA GGA AG

　Os EFS523 　　GCA GCA TCA GCT GTT CGA TC

　Os EFS525 　　ATC GAC GAC GAC GAT GTC GG

　Os EFS623 　　CGG AGC AAC CAT CAA TTC AG

　Os EFS625 　　TGT CAG CGG TTG GGA TGA AG

　Os EFS723 　　GAA GGA GCA TCA TCA GCG G

　Os EFS725 　　ACG AGA TGT CAG CGG TTG AG

　Actin2P1 　　CAT GCT ATC CCT CGT CTC G

　Actin2P2 　　CGC ACT TCA TGA TGG AGT TG

2. 1　Os EFS gene cluster was revealed in the 56 kb
fragment

Six overlapping BACs representing the 323 kb
region of rice chromosome 4 were sequenced and
analyzed by using the gene identification software
GENSCAN to predict the location of the genes in this
contig. The prediction result showed that seven DFR2
like genes were clustered in a 56 kb fragment , and
the predicted protein sequences of these 7 genes all
had high similarities to D FR of rice and BA N Y UL S
of A rabidopsis . The similarities between 7 OsEFS
proteins and BAN YUL S of A rabidopsis are
55. 52 %—60. 18 % , and the similarities to DFR in
rice are 48. 19 %—55. 56 %. One mutator2like
transposon was found to be located between Os EFS 3
and Os EFS 4. These 7 genes all had the same
transcription direction and contained 6 exons and 5
introns. Though the length of each gene in genomic
level is different f rom each other , the lengths of their
coding regions are almost same. The average G + C
content of each gene’s coding and noncoding region is
similar to other plant genes ( Table 2) . The predicted
seven OsEFS protein sequences had high similarities
with each other ( Table 3) . The relevant features of
each deduced protein were shown in Table 4. It is
interesting to find that other 6 OsEFS proteins are all

Table 2　Exons and introns of the 7 Os EFS genes

Genes Length of exons (bp) Length of introns (bp)

Os EFS1 1 113 (62 %) 1 203 (34 %)

Os EFS2 1 041 (61 %) 1 652　(35 %)

Os EFS3 1 041 (61 %) 559　(40 %)

Os EFS4 1 065 (58 %) 1 994　(34 %)

Os EFS5 1 023 (59 %) 1 422　(33 %)

Os EFS6 1 014 (59 %) 1 016　(36 %)

Os EFS7 1 011 (58 %) 2 376　(41 %)

　　The GC content of the exons and introns of the 7 Os EFS genes are
indicated in parentheses.
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Table 3　Comparison of the sequences of the 7 Os EFS

Os EFS 2 Os EFS3 Os EFS4 Os EFS5 Os EFS6 Os EFS7

Os EFS1 81. 15 74. 60 62. 39 74. 04 74. 35 62. 39

76. 04 65. 27 53. 73 66. 03 68. 18 53. 73

Os EFS2 74. 04 66. 87 75. 44 74. 70 75. 52

65. 19 58. 36 67. 16 67. 56 68. 06

Os EFS3 65. 34 73. 59 73. 51 72. 62

54. 29 62. 91 65. 18 62. 50

Os EFS4 84. 59 84. 59 73. 85

83. 08 83. 08 67. 39

Os EFS5 82. 74 84. 23

75. 60 76. 79

Os EFS6 87. 50

82. 44

　　The sequence similarity is shown in the upper row and the identity
is in the under row.

Fig. 1 　RT2PCR analysis of Os EFS transcripts in various
tissues
(A) RT2PCR products detected by ethidium bromide staining. (B) RT2
PCR products detected by Southern blot hybridization. From left to
right is root , immature shoot , mature leaf , panical and immature seed ,
respectively. The products of the transcripts of 7 genes were confirmed
by sequencing.

Table 4　Relevant features of OsEFS sequences deduced from the gene cluster

OsEFS1 OsEFS2 OsEFS3 OsEFS4 OsEFS5 OsEFS6 OsEFS7

　AA length 370 346 346 354 340 337 336

　Isoelectric point 4. 84 4. 81 4. 89 7. 27 5. 00 4. 98 4. 82

　Molecular weight (kD) 39. 6 36. 9 37. 6 39. 1 37. 1 36. 3 36. 4

acidic proteins except that the isoelectric point of
OsEFS4 is 7. 27. Though the amino acid
compositions of 7 proteins are similar , the basic amins
acid Arg is higher in OsEFS4 than in other six
proteins. The number of basic amino acid Arg in
OsEFS123 , 527 protein is 17 , 11 , 12 , 17 , 13 , 12 ,
respectively , however the number in OsEFS4 is 25.
2. 2　Transcript levels of Os EFS gene cluster

The expression of the Os EFS gene cluster in
different tissues of rice was examined by RT2PCR.
Total RNAs were extracted from roots , buds , leaves ,
flowers and young panicles. These RNA were all
t reated with DNase to remove any contaminated
genomic DNA. As a control , amplification by RT2
PCR was performed using two primers ( actin2P1/
actin2P2) specific for the rice actin 1 gene ( A C T1) .
The gene2specific primers ( Os EFSs 5′/ Os EFSs 3′,
see Table 1 ) were designed according to the
GENSCAN prediction result . Each gene’s
corresponding PCR fragment was sequenced and
confirmed that they all came from the transcript of
Os EFS . The amplification fragments of seven genes
were transferred to membranes and hybridized with
corresponding genomic DNA.
　　Results of RT2PCR and Southern blot revealed
that seven Os EFSs t ranscribed at different levels in
five rice tissues [ Fig. 1 (A) , (B) ] . We found that
seven genes all had strong expressions in flowers and
young panicles and they had different t ranscription in
other three tissues. The expression pattern of seven
genes may be due to that these genes involved in the
biosynthesis of anthocyanins.

3　Discussion

Fig. 2　Phylogenetic tree of the members of the superfamily of
NADPH2dependent oxido2reductase including 7 OsEFS and
BANYULS

The tree was constructed by the program CLUSTAL X 1. 0.

　　We found a large gene cluster encoding seven
Os EFS genes in the 56 kb fragment of chromosome 4

of O ryz a sativa ssp . i ndica cv. Guangl uai 4.
Protein sequence analysis demonstrated that OsEFS
belongs to a superfamily of NADP( H) binding oxido2
reductases as defined by Baker et al . [16 ] . Comparison
with various databases revealed similarities to known
genes encoding the dihydroflavonol reductase (DFR)
of rice and many other plant species and to
BAN YUL S of A rabidopsis . A phylogenetic t ree was
constructed using the CL USTAL X program and is
presented in Fig. 2. The tree summarizes the
theoretical evolutionary distances among the different
NADPH2dependent oxido2reductase superfamily
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members and BAN YUL S and OsEFS. The DFR
proteins from several plant species represent a
separate cluster f rom which OsEFSs and BAN YUL S
are excluded. The motif of 13 amino acid residues
common to DFRs and thought to define their
substrate specificity are not found in BAN YUL S and
seven OsEFS[10 ] . However , these 13 conserved
amino acids were found in rice DFR[17 ] . DFR genes
have been cloned from rice[17 ]、 sorghum[18 ] ,
barley[19 ] , maize[6 ] , A rabidopsis [5 ] etc. . Though
the copy numbers of DFR gene in each species are
different , they mostly locate in a single locus.
BA N Y UL S [10 ] has been cloned from A rabidopis
recently and it encodes a DFR2like portein. The
BA N Y UL S locates in the chromosome 4 of
A rabidopsis and the D FR gene of A rabidopsis

locates in the chromosome 1. Devic et al . [10 ] thought
that BA N Y UL S is not another copy of D FR of
A rabidopsis , and it may encode the
leucoanthocyanidin synthesis. OsEFSs have a closer
evolution relation with BAN YUL S than that of rice
DFR. From all these thoughts , we can conclude that
Os EFS gene cluster were not a second D FR gene in
rice and they may have a closer function with
BA N Y UL S .

Fig. 3 　Schematic reprensentation of the putative evolution
mechanism of the 7 Os EFS genes by duplication in rice

　　The predicted protein sequences of seven Os EFS
genes showed high similarities to each other. From
the phylogenetic t ree analysis , we found that seven
Os EFS genes formed four evolution branchs and the
branchs were consistent with their localization order
in the gene cluster. Members of gene families were
often found to be located in the gene cluster in
genome. Five perioxicase genes were found in rice
chromosome 4[20 ] . Three nit genes were located in
the 13. 8 kb region in A rabidopsis genome[21 ] . Gene
duplication and subsequent divergence are thought to
play important roles in evolution of genes[22 ] . The
putative evolution mechanism of the seven Os EFS
genes by duplication was shown in Fig. 3. At least ,
three gene duplication processes must be involved in
generating seven tandem copies from a single copy ,
and a transposon insertion might occur prior to the
second duplication. The insertion of this t ransposon

led to the phenomenon that previous three genes had
higher similarities than other four genes. Transposons
were often found in the intergenic regions of gene
clusters in the genome[23 ] .
　　 In summary , we found a large gene cluster

encoding seven DFR2like protein in the 56 kb
fragment of rice chromosome 4. RT2PCR analysis
revealed the expression pattern of these seven genes.
We discussed the structural and functional features of
these seven genes. The putative evolutionary
mechanism of this gene cluster was also discussed in
this text .
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对水稻 4号染色体上一个编码二氢黄酮醇还原酶
类似蛋白基因簇的结构和进化分析

雷海燕1 ,2 # 　周　波1 # � 　张　宇1 　洪国藩1 ,2 3 　韩　斌1 3
( 1中国科学院上海生命科学研究院国家基因研究中心 , 上海 200233 ;

2中国科学院上海生命科学研究院生物化学与细胞生物学研究所 , 上海 200031 )

摘要　　通过对水稻 4号染色体一段 323 kb的序列测定和分析 , 在其中 56 kb的区域内发现了一个由 7个编码二氢黄酮醇

还原酶 (DFR)类似蛋白基因组成的基因簇。这 7个基因在基因簇中串联排列 , 每个基因都由 6个外显子和 5个内含子组成。

这 7个基因的预测蛋白质序列都和 DFR以及 BAN YUL S蛋白序列类似。D FR 和 BA N YUL S 都是植物次生代谢类黄酮醇生

物合成途径中的结构基因 , 它们的缺失或突变都会造成植物花色素合成代谢的不正常。RT2PCR 实验证明这 7个基因在水

稻的 5个组织中表达不同。文中讨论了这 7个基因的结构和功能特性以及它们的进化关系。

关键词　　基因簇 ; 水稻 ; 拟南芥 ; 二氢黄酮醇还原酶 (DFR) ; 水稻类黄酮生物合成酶 (OsEFS)
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