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Abstract

Sequencing anadyds of the 323 kb contig of rice chromosome 4 identified a gene cluster

encoding 7 dihydroflavonol-4-reductase (DFR)-like proteins within a 56 kb region. The 7 DFRlike
genes were found to be arranged in a tandem array , and all of them comprised 6 exons and 5 introns.
Anayss of the predicted amino acid sequences demonstrated that these 7 proteins shared strong
smilarities with DFR and other enzymesof the phenylpropancid biosynthesspathway. RT-PCR reveaed
the expresson pattern of the 7 genes was different in various rice tissues. The structura and functional
featuresof these 7 DFR-like genes and their evol utionary implications are discussed.
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Havonoids are secondary metabolites widegpread
among plants and involved in many plant functions
such as UV protection, defense against pathogen
attack , legume nodulation and pollen viability!* 2!
Dihydroflavonol-4-reductase (DFR) cataysesthefirst
common gep in the flavonoid biosynthetic pathway
leading to anthocyanins and proanthocyanidins. The
latter compounds are a0 known as anthocyanogens
and condensed tannins. Some of the flavonoids, the
anthocyanidins, anthocyanins and tanins are
regppondble for the red, purple and brown
pigmentation of flowers, fruits, seeds and other plant
tissues and organs®!. Snce thes products are not
esentia for the viability of the plants, flavonoid
biosynthes s represents an excellent model system in
which to sudy the regulation of a complex
biosynthetic pathway. Thus the genetic control of
flavonoid biosynthess has been studied in severd
model plantsincluding maize snapdragon petunia and
Arabi dopsis[4’5]. Mogt of the genes encoding DFR
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have been cloned from many plants, such as Z.
mays, moring glories, P. hybrida, grape'®™®! and
Arabidopsist® etc. , and their sequences are well
conserved among plant gpecies.

In this study, the 323 kb contig of rice
chromosome 4 was completdy sequenced and
andyzed. A large gene cluster condsting of seven
predicted DFR-like 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 dl shared sgnificant sequence Smilarities with
DFRs and BANYULS™ in Arabidopsis. The
BAN YULS gene encodes a DFR-like protein andisa
marker of early seed coat development. Mutationsin
the BAN YULS gene lead to precocius accumulation
of anthocyanins in immature <seed ooat in
Arabidopsis. Because DFR and BANYULS hoth
involved in the flavonoid syntheds in plant, we
deduced that these seven genes may have dmilar
functions in rice and dedgnated them as OsEFS
( Oryza sativa enzyme of flavonoid biosynthess).
Each gene of thiscluster was named according to their
order in the 56 kb fragment. RT-PCR was performed
to eucidate the expresson pattern of each geneinthis
cluser. The sructura and functiona features of
these saven DFR-like genes and their evolutionary
implications are discussed.

1 Materids and Methods
1.1 Plant materialsand growth conditions
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Seeds of rice ( Oryza 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
ater 10 days growing. Fowers and young panicles
were prepared from 3 month old plants'*.

1.2 Cloning and sequencing of BAC clones

A BAC (bacterid artificid chromosome) contig,
which was anchored on the region from 110. 0 cM
(centimorgan) to 111.5 cM of chromosome 4, was
constructed by udng coolony hybridization and
chromoome waking. The contig condsted of 20
BAC cdones which came from two BAC libraries of
Oryza sativa Guangluai 4, and the genetic markers
used as probes were provided by rice genome program
(RGP) in Jgpan®**!. gx tiled BAC clones (BAC
H0410@08, HO0315F07, HO0613A10, B0808HO3,
HO0105C05, HO0323C08) with minimum overlaps
were sequenced and anadyzed. The BAC DNA was
purified by cesum chloride gradient centrifugation,
and subcloned into pBluescript |l plasmid vector
( Stratagene) dter nication. Subclones were
sequenced at both ends usng the DYEnamic™ ET
dye terminator kit (Amersham Pharmacia) and
analyzed on Megabasel00 (Amersham Pharmacia) .
The sequence data were assembled uing PHRED/
PHRAP oftware. Honology searches were
performed usng the Blast program!**!. GENSCAN
program was used to predict possble genes in this
contig!™®!.

The nucleotide sequences of the BACs
H0410@&08 and BOBO8HO3 have been submitted into
the EMBL database under the accesson numbers
AL 512546 and AL 512545.

1.3 Oligonucleotides

All oligonucleotides used in this study were
syntheszed by Sangon company, China; except for
Oligo dT-adaptor primer which was provided by RNA
RCR Kit. The sequences of al oligunucleotides were
shownin Table 1.

1.4 RT-PCR

Total RNA of roots, buds, leaves, flowers and
young panicles of rice were extracted following the
manufacture’ s instruction (Qiagen RNeasy Plant
mini kit). For RT-PCR, 1U g of DNase-treated tota
RNA was reversetransribed with gene ecific
antisense primers and AMV reverse transcriptase
using an RNA PCR kit (TaKaRa, Japan) , and the
entire reaction mixture was used as a template in the
subsequent PCR. Each PCR cycle conssted of 94 °C
denaturation for 30 s, 60°C anneaingfor 30 s, 72°C
extendon for 2 min, for 30 cycles.

2 Results

Tablel Primersfor RTPCR

OsEFS1-3 CACCACCAGAGA AACAGA TG
OsEFS1-5 AGGAAA TCGAGC CGA CTGAC
OsEFS2-3 GTA ACA GCA TTGTCG TCG GC
OsEFS2-5 GCGAAG TAGCCA ACT AACCG
OsEFS3-3 CGC CCA TCA TCA CCA TCA G
OsEFS3-5 GAC GAT GTC GTC GGA GGT TG
OsEFS4-3 CGA AGGGAGTAG GTT GAA AG
OsEFS4-5 TGT CGGCGG TTGAGA GAA AG
OsEFS5-3 GCA GCA TCA GCT GTT CGA TC
OsEFS55 ATC GAC GAC GAC GAT GTC GG
OsEFS6-3 CGGAGCAACCAT CAA TTCAG
OsEFS6-5 TGT CAGCGG TTG GGA TGA AG
OsEFST7-3 GAA GGA GCA TCA TCA GCG G
OsEFS7-5 ACGAGA TGT CAGCGG TTGAG
Actin-P1 CAT GCT ATCCCT CGT CTC G
Actin-P2 CGCACT TCA TGA TGGAGT TG

2.1 OsEFS gene cluster wasrevealed in the 56 kb
fragment

Sx overlapping BACs representing the 323 kb
region of rice chromoome 4 were sequenced and
analyzed by usng the gene identification ftware
GENSCAN to predict the location of the genesin this
contig. The prediction result showed that seven DFR
like genes were clustered in a 56 kb fragment , and
the predicted protein sequences of these 7 genes all
had high dmilaritiesto DFR of rice and BAN YULS
of Arabidopsis. The dmilarities between 7 OsSEFS
proteins and BANYULS of Arabidopsis are
55.52 %—60.18 %, and the smilarities to DFR in
rice are 48.19%-—55.56%. One mutator-like
trangpoon wasfound to be located between OsEFS3
and OsEFS4. Thes 7 genes al had the same
transcription direction and contained 6 exons and 5
introns. Though the length of each gene in genomic
level is different from each other , the lengthsof ther
coding regions are dmost same. The average G+ C
content of each gene' s coding and noncoding region is
smilar to other plant genes (Table 2) . The predicted
sven OsSEFS protein sequences had high dmilarities
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 Exonsand introns of the 7 OsEFS genes

Genes Length of exons (bp)  Length of introns (bp)
OsEFS1 1113 (62 %) 1 203(34 %)
OsEFS2 1041 (61 %) 1652 (35%)
OsEFS3 1041 (61 %) 559 (40 %)
OsEFS4 1 065 (58 %) 1994 (34 %)
OsEFS5 1023 (59 %) 1422 (33%)
OsEFS6 1014 (59 %) 1016 (36 %)
OsEFS7 1011 (58 %) 2 376 (41 %)

The GC content of the exons and intronsof the 7 OsEFS genes are
indicated in parentheses.
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Table 3 Comparison of the ssquences of the 7 OsEFS

OsEFS2 OsEFS3 OsEFS4 OsEFS5 OsEFS6 OsEFS7

OseFSl 81.15 74.60 62.39 74.04 74.35 62.39
76.04 65.27 53.73 66.03 68.18 53.73

OsEFS2 74.04 66.87 75.44 74.70 75.52
65.19 58.36 67.16 67.56 68.06

OsEFS3 65.34 73.59 73.51 72.62
54.29 62.91 65.18 62.50

OsEFS4 84.59 84.59 73.85
83.08 83.08 67.39

OsEFS5 82.74 84.23
75.60 76.79

OsEFS6 87.50
82.44

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

(A)
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Fig. 1
tissues
(A) RT-PCR products detected by ethidium bromide staining. (B) RT-
PCR products detected by Southern blot hybridization. From Ieft to
right is root , immature shoot , mature lesf , panicd and immature seed ,
repectivey. The productsof the transcriptsof 7 genes were confirmed
by sequencing.

RT-PCR analysis of OsEFS transcripts in various

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

OsEFSL OSEF2 OsEFS3 OsEFA OsSEFS5 OSEFS6 OsEFSY
AA length 370 346 346 354 340 337 336
Idectric 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 ieectric point of
OsEFA is 7.27. Though the amino acid
composgtionsof 7 proteinsare Smilar , the basc amins
acid Arg is higher in OsEFS4 than in other sx
proteins The number of basc amino acid Arg in
OsEFSI-3, 57 proteinis 17, 11, 12, 17, 13, 12,
regectively , however the number in OSEF+A is 25.
2.2 Transript levels of OsEFS gene cluster

The expresson of the OsEFS gene cluster in
different tissues of rice was examined by RT-PCR.
Total RNAswere extracted from roots, buds, leaves,
flowers and young panicles. These RNA were all
treated with DNas to remove any contaminated
genomic DNA. As a ocontrol , amplification by RT-
PCR was performed usng two primers (actinP1/
actinr P2) specific for the rice actin 1 gene (ACT1).
The gene ecific primers ( OsEFSs 5/ OsEFSs 3 ,
se Table 1) were desgned according to the
GENSCAN  prediction  result. Each gene's
correponding PCR fragment was sequenced and
confirmed that they al came from the transcript of
OsEFS. The amplification fragments of seven genes
were tranderred to membranes and hybridized with
corregponding genomic DNA.

Results of RT-PCR and Southern blot revealed
that seven OsEFSs transcribed at different levels in
fiverice tissues [ Fig. 1 (A) , (B)]. We found that
sven genes al had strong expressons in flowers and
young panicles and they had different transcription in
other three tissues. The expresson pattern of seven
genes may be due to that these genesinvolved in the
biosynthes s of anthocyanins.

3 Discusdon

We found a large gene cluster encoding seven
OsEFS genesin the 56 kb fragment of chromosome 4
of Oryza sativa s. indica cv. Guangluai 4.
Protein sequence analyds demonstrated that OsSEFS
belongs to a superfamily of NADP(H) binding oxido-
reductases as defined by Baker et al. [**!. Comparioon
with various databases revealed dmilarities to known
genes encoding the dihydroflavonol reductase (DFR)
of rice and many other plant secies and to
BAN YUL Sof Arabidopsis. A phylogenetic tree was
constructed usng the CLUSTAL X program and is
presented in Fig.2. The tree summarizes the
theoretica evolutionary distances among the different
NADPH-dependent  oxido-reductae  superfamily

Arabidopsis
Rosa S

IpomeaC
pomea Hordeum

IpomeaA Oryza

Gerbera

028213

OSEFS1
OSEFS2

X97433
BANYULS

OSEFS3 0SEFS5
OSEFST

Fig.2 Phylogenetic tree of the members of the superfamily of
NADPH dependent oxidoreductase including 7 OsEFS and
BANY UL S

The tree was congtructed by the program CLUSTAL X 1.0.
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members and BANYULS and OsEFS. The DFR
proteins from severd plant ecies repreent a
sparate cluster from which OsEFSs and BAN YUL S
are excluded. The motif of 13 amino acid resdues
common to DFRs and thought to define their
substrate gecificity are not found in BAN YUL S and
sven OSEFS ™. However, these 13 conserved

amino acids were found in rice DFRY”). DFR genes
have been cloned from rice”!  orghum!*®
barley!™! | maize!®, Arabidopsis® etc.. Though

the copy numbers of DFR gene in each species are
different, they mostly locate in a dngle locus.
BAN YULS!™ has been cloned from Arabidopis
recently and it encodes a DFR-like portein. The
BANYULS locates in the chromosome 4 of
Arabidopsis and the DFR gene of Arabidopsis
locates in the chromoome 1. Devic et al. *°! thought
that BANYULS is not another copy of DFR of
Arabidopsis, and it may  encode the
leucoanthocyanidin synthess. OsEFSs have a closer
evolution relation with BAN YUL S than that of rice
DFR. From dl these thoughts, we can conclude that
OsEFS gene cluster were not a second DFR gene in
rice and they may have a closer function with
BANYULS.

The predicted protein sequencesof seven OsEFS
genes showed high dmilarities to each other. From
the phylogenetic tree andyss, we found that seven
OsEFS genes formed four evolution branchs and the
branchs were condstent 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
chromoome 4!®!. Three nit genes were located in
the 13.8 kb region in Arabidopsis genome[Zl]. Cene
duplication and subsequent divergence are thought to
play important roles in evolution of genes®!. The
putative evolution mechanism of the sven OsEFS
genes by duplication was shown in Fig.3. At least,
three gene duplication processes must be involved in
generating seven tandem copies from a dngle copy ,
and a trangpoon insertion might occur prior to the
second duplication. The insertion of this trangpoon

Ancestor

L. OsEFS gene
The putative time

of transposon

insertion 1
l —

—J
OsEFSI1 OsEFS2

L

s I e Y s I e |
SEFS3 OsEFS4 OsEFS5 OsEFS6 OsEFS7

[

o]

Fig. 3 Shematic reprensentation of the putative evolution
mechanism o the 7 OsEFS genes by duplication in rice

led to the phenomenon that previous three genes had
higher dmilaritiesthan other four genes. Trangpoons
were often found in the intergenic regions of gene
clugersin the genome[23].

In summary, we found a large gene cluster
encoding sven DFR-like protein in the 56 kb
fragment of rice chromoome 4. RT-PCR analyss
reveaed the expresson pattern of these seven genes.
We discussed the structura and functional features of
thee sven genes. The putative evolutionary
mechanism of this gene cluster was a9 discussd in
this text.
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