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Abstract 

The chalcone synthase is a key enzyme that catalyses the first dedicated reaction of the flavonoid pathway in higher 
plants. The chs gene and its protein product in rice has been investigated. The presence of a chalcone synthase (CHS) 
protein in rice seedlings and its developmental stage-specific expression has been demonstrated by western analysis. 
The chalcone synthase office was found to be immunologically similar to that of maize. A rice cDNA clone, Os-chs 
cDNA, encoding chalcone synthase, isolated from a leaf cDNA library of an indica rice variety Purpleputtu has 
been mapped to the centromeric region of chromosome 11 of rice. It was mapped between RFLP markers RG2 and 
RG103. RG2 is the nearest RFLP marker located at a genetic distance of 3.3 cM. Some segments of chromosome 
11 of rice including chs locus are conserved on chromosome 4 of maize. The markers, including chs locus on 
chromosome 11 of rice are located, though not in the same order, on chromosome 4 of maize. Genetic analysis of 
purple pigmentation in two rice lines, Abhaya and Shyamala, used in the present mapping studies, indicated the 
involvement of three genes, one of which has been identified as a dominant inhibitor of leaf pigmentation. The 
Os-chs cDNA shows extensive sequence homology, both for DNA and protein (deduced), to that of maize, barley 
and also to different monocots and dicots. 

Introduction 

Chalcone synthase catalyses the formation of narin- 
genin chalcone, the first flavonoid carbon- 15 skeleton, 
which is a condensation product of three molecules 
of malonyl CoA and one molecule of 4-coumaroyl 
CoA [15]. The CHS is considered a key enzyme as its 
action is obligatory for the biosynthesis of all flavon- 
oids and anthocyanins in plants. The chs gene expres- 
sion is increased by various biotic and abiotic stress 
responses in plants [12, 25]. Owing to the vital func- 
tion of this enzyme, the chs gene has been a subject 
of intensive investigations. The chs has been cloned, 
sequenced and characterized from a number of plant 
species, including maize [57], parsley [17], Antirrhin- 

um [26], Arabidopsis [ 12], Petunia [52], bean [45], and 
Matthiola [11]. 

The molecular analyses of chs genes in a wide vari- 
ety of plant species have revealed that they occur in 
variable copy number ranging from 1 to 4 in snap- 
dragon, parsley, maize and mustard [5, 36, 41, 47, 57] 
and from 6 to 10 copies in Petunia, pea, French bean 
and soybean [3, 13, 20, 42, 58]. In addition to such 
multigenes encoding CHS, several gene fragments and 
pseudogenes were also identified. For instance, there 
are at least two gene fragments in addition to 8 copies 
of complete chs genes in Petunia strain V30 [20]. 

Flavonoids in general and CHS in particular have 
definite functions in plant reproduction [30, 59]. In 
maize and Petunia, presence of functional CHS in 
anthers was found to be mandatory for male fer- 
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tility. This condition was first demonstrated in a 
maize mutant deficient in CHS which produces non- 
functional white pollen leading to male sterility [9]. 
In transgenic Petunia, a decreased or suppressed chs 
expression by antisense genes was found to result into 
corollas completely lacking flavonoid pigments [18, 
35, 51 ] and the plants were found to be male-sterile 
[53]. Interestingly, several other external stimuli like 
pathogen attack-related elicitor [10], wounding [58] 
and different light regimes [5] have been shown to 
induce chs transcription in parsley and other plants. 
Also, CHS mRNA and protein are far more abund- 
ant in light-stimulated cells than any other flavonoid 
pathway genes. The study of chs gene in rice assumes 
importance in view of the overwhelming significance 
of this gene in flavonoid biosynthesis and its relev- 
ance in stress response mechanisms. A growing body 
of evidence suggests a pivotal role of CHS in more 
than one biochemical pathway. Elucidation of the role 
of chs expression in different plant functions requires 
molecular isolation and characterization of the gene 
and its product. A rice cDNA clone namely, Os-chs, 
hybridizing to the maize c2 gene (encoding chalcone 
synthase) was isolated from a cDNA library made from 
developing purple leaves of an indica variety Purple- 
puttu [38]. Sequence analysis confirmed that the Os- 
chs carries the coding sequence of chalcone synthase 
[43]. However, the chromosomal position of this gene 
is not known thus limiting the exploitation of this gene 
and the pathway in rice research. 

We describe here the identification of a CHS pro- 
tein in seedlings of both indica and japonica rice vari- 
eties. The developmental specificity of CHS protein 
during seedling growth is demonstrated. Further, we 
mapped the Os-chs cDNA on to the rice chromosome 
using RFLP technique and thus establish the first report 
of the molecular mapping of a potentially important 
gene belonging to the anthocyanin pathway in rice. 
We also demonstrate here the segregation of a putative 
colour inhibitor in the F3 mapping population, derived 
from a cross between two indica rice varieties Abhaya 
and Shyamala having contrasting phenotypes, green 
and purple leaves respectively. We report here the chs 
cDNA sequence is conserved among cereals and many 
other plant species. 

Materials and methods 

Plant materials 

The details of rice lines used in the present study 
were described earlier [39]. The rice lines were grown 
either in the field or in pot cultures. For the mapping 
experiment, 184 F3 lines were derived from a cross 
between two indica rice lines Abhaya (green leaves) 
and Shyamala (purple leaves). This population was 
primarily raised for mapping of a gene/s that confers 
resistance to many biotypes of gall midge. Abhaya 
is the resistant and Shyamala the susceptible parent. 
The scoring for purple pigmentation of leaves in F-3 
lines was carried out when the plants were reaching the 
heading stage. 

RFLP p robes 

A total of 25 single-copy DNA probes distributed over 
chromosomes 4, 8 and 11 of rice were randomly selec- 
ted for the RFLP analysis. These clones (the RG series) 
were originally selected from a PstI genomic library of 
rice [27]. In addition, we also used the chalcone syn- 
thase cDNA probe which was isolated from a cDNA 
library derived from an indica rice variety Purpleputtu 
[38, 43]. 

Anthocyanin induction, extraction and analysis 

Growth of Abhaya and Shyamala seedlings, light 
induction, anthocyanin pigment extraction and estim- 
ations were according to Reddy et al. [40]. The extrac- 
ted pigments were qualitatively analysed by standard 
chemical methods and TLC using the solvent system 
described in Reddy et al. [40] and Reddy et al. [39]. 

Western analysis 

Proteins from leaf blades of young seedlings (30-day- 
old pot culture) of various rice lines were extrac- 
ted, estimated (concentration) and electrophoresed in 
SDS-PAGE according to the standard procedures. The 
electrophoresed proteins were transferred to mem- 
branes and subjected to immunogold blotting using 
anti-Zm:CHS:C2 antibodies according to the manufac- 
turer's specifications. The anti-Zm:CHS:C2 antibodies 
were raised against the c2 gene encoding chalcone syn- 
thase in Zea mays (a gift from Professor Udo Wienand, 
AMPI, Hamburg). 



The Os-chs cDNA clone 

The Os-chs cDNA clone was originally isolated from 
a cDNA library constructed from poly(A) + mRNA of 
young developing purple leaves of  30-day-old Purple- 
puttu line in lambda NM1149 and selected by plating 
the packaged phages onto POP136 cells as in Schwarz- 
Sommer et al. [46]. The Zm:chs:c2 cDNA was used 
as the probe [38]. The Os-chs cDNA clone was further 
characterized and sequenced [43]. This Os-chs cDNA 
clone was used in the present mapping experiments. 

DNA extraction and Southern hybridization 

DNA from the parental lines Abhaya, Shyamala and 
184 F3 progeny lines was isolated by CTAB method 
of  Murray and Thompson [33]. In the initial survey 
of  parental DNAs for RFLPs the following 8 restric- 
tion enzymes were used: AluI, BamHI, BgllI, EcoRI, 
EcoRV, HindlII, NotI and XbaI. Another set of  13 
restriction enzymes were used to digest parental DNAs 
if the initial set of  eight restriction enzymes failed to 
reveal RFLPs with a particular probe: AatlI, AvaI, BcII, 
ClaI, HinclI, KasI, KpnI, MscI, NcoI, NdeI, NlalV, SalI 
and XhoI. Genomic DNA restriction, Southern transfer 
and hybridization were as described earlier [31 ]. 

Computing 

The M A P M A K E R  Macintosh Version 1.0 program 
(E.I. duPont de Nemours and Company, Copyright 
1990) based on the M A P M A K E R  program of Lander 
et aL [24] was used for analysis of  segregation data. 
A BLAST search was done and sequence alignments 
were on the basis of  CLUSTAL method. 

Chromosome nomenclature 

The numbering system used in this paper is that of  
McCouch and Tanksley [28]. 

Results 

Detection of  a CHS protein in rice seedling extracts 

The presence of  chalcone synthase was demonstrated 
by western analysis using anti-Zm:CHS:C2 antibodies. 
Leaf blade was chosen for this study because of  its vis- 
ible red/purple colour phenotype. Whiteputtu was used 
as a colourless control. Maize CHS was used as posit- 
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Figure 1. Western blot analysis of expression of CHS protein in 
young leaves of different rice varieties (arrow). B. Development- 
al stage-specific expression of CHS proteins in young Purpleputtu 
seedlings (arrow). Maize CHS was the positive control. Numbers on 
the left represent the molecular mass markers in kDa. 

ive control. Our results (Fig. 1A) indicate that the CHS 
of rice is immunologically similar to that of  maize and 
has an apparent molecular mass of  43-45 kDa, similar 
to the maize CHS. Of  the eight lines tested Purpleputtu 
leaf extracts show the maximum signal. Signal intens- 
ity varied from very faint to almost invisible among 
other lines. It should be noted that all lines except 
Whiteputtu showed a red/purple phenotype. Further, 
the intensity of  signal was also found to vary during dif- 
ferent developmental stages of  Purpleputtu seedlings 
(Fig. 1B). In young leaves, signal intensity was strong 
compared to that of  old leaves. In some lines, two bands 
of  almost the same molecular mass were observed in 
certain tissues such as leaf sheath (data not included). 

Genetic and biochemical characterization of parental 
lines 

The data in Table 1 show that the F1 plants obtained 
from the reciprocal crosses between parental lines 
Abhaya (green leaves) and Shyamala (purple leaves) 
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Table 1. Genetic analysis of purple pigmentation in F2 plants. 

Rice line Purple Green Total X 2 

Shyamala + - NA NA 
Abhaya - + NA NA 
Shyamala × Abhaya - + 
Abhaya × Shyamala - + 
F2 plants 70 363 433 1.58 

NA, not applicable; + presence of colour; - absence of colour. 
The probable genotype of Shyamala is AACCPPi-Pli-P1 and 
that of Abhaya is AAccppl-Pll-Pl or aaCCpplPllPl (C, chro- 
mogen; A, activator; P, distributor of colour; I-P1, inhibitor of 
pigmentation of leaf). 

are green indicating the presence of  an inhibitory 
gene in the non-pigmented parent, Abhaya. The F2- 
phenotypic ratios (363 purple : 70 green) further sug- 
gest that Abhaya is homozygous for a dominant inhib- 
itor of  leaf colour. Evidently the Shyamala genotype 
carries a recessive allele of  the putative inhibitor. It is, 
however, yet to be established if the inhibitor allele 
present in these lines is allelic to the known I-P1 series. 
Also it is not clear if Abhaya is a mutant at the chs 
locus or at any other loci of  the anthocyanin pathway. 
The F2 segregation ratio, 55 (green): 9 (purple), clearly 
reveals that the parental genotypes differ at three loci, 
two basic anthocyanin genes and an inhibitor gene. The 
nomenclature of  the genotypes of  these lines is based 
on the CAP system (C, chromogen; A, activator; P, 
distributor of  colour) of  genetic control of  anthocyanin 
pigmentation in rice [49]. The tentative genotypes that 
can be derived are: AA CC PP i-Pli-P1 for Shyamala 
and AA cc pp I-P1 I-P1 or aa CC pp I-P1 I-P1 for Abhaya 
(Table 1). In any event, the segregation of  a domin- 
ant inhibitor is clear. However, genotyping these lines 
requires further studies. 

The spectral, chemical and TLC properties of  
the anthocyanin pigments accumulated in leaf blades 
of  Shyamala were found to be identical to that of  
Purpleputtu described in our earlier reports [39, 40]. 
Shyamala leaves accumulate the major anthocyanid- 
in, cyanidin, and the minor one, peonidin (data not 
shown). On the other hand, Abhaya leaves do not accu- 
mulate detectable levels of  anthocyanin pigments and 
are phenotypically green. 

Molecular mapping of  the chs locus 

Molecular mapping was performed on a F3 pop- 
ulation derived from the cross between Abhaya 
and Shyamala with contrasting phenotypes, green 

and purple, respectively. RFLP and subsequent co- 
segregation analysis of  the RFLP markers coupled 
with the co-segregation of  Os-chs cDNA probe with 
green/purple pigmented phenotype established the 
linkage relationship. Using MAPMAKER program 
[24], we observed that chs cDNA co-segregated with 
RFLP markers from chromosome 11 indicating that 
the chs gene is linked to markers RG2, RG16 and 
RG103 (Fig. 2A, B) on chromosome 11. chs is placed 
between RFLP markers RG2 and RG103 situated 3.3 
cM away from the former and 15.0 cM from the latter 
(Fig. 2A). While mapping the chs locus in rice, we 
noticed that the Os-chs cDNA hybridized to three frag- 
ments as revealed by Southern analysis. Thus, the chs 
locus seems to be in two or three copies in rice genome. 
In the case where the genomic DNAs were restricted 
with EcoRI, the probe hybridized to 3 fragments (data 
not shown). Two of  the fragments (7 kb and 8 kb) 
seemed to be monomorphic between the two parents. 
The third band (19 kb in Abhaya, 17 kb in Shyamala) 
was polymorphic between the parents and it was this 
fragment that was eventually mapped. This segregating 
fragment (locus) was mapped on to chromosome 11. It 
was not possible to map the other two fragments of  chs 
as we failed to detect polymorphism between the par- 
ents even after screening with 21 different restriction 
enzymes. 

Maize-rice synteny in the chs region 

When compared with the existing mapping data of  chs 
in maize it was observed that some portions of  chromo- 
some 11 of  rice including chs locus are conserved on 
chromosome 4 of  maize (Fig. 2E). The markers includ- 
ing chs gene on chromosome 11 of  rice are segregating 
in a similar fashion but not exactly in the same order on 
chromosome 4 of  maize. The region of  12-20 cM from 
marker RG103-chs-RG2-RG16 in rice is conserved in 
maize (Fig. 2) [2, 4]. 

Os-chs cDNA sequence comparison: evolutionary 
relationship 

The full-length cDNA sequence of  Os-chs was ana- 
lyzed using the NCBI GenBank database. About a 
hundred entries, both from monocots and dicots, show- 
ing sequences nearly identical to that of  Os-chs cDNA 
were obtained. Of these, only eleven sequences repres- 
enting cereals and other monocots (group 1) and dicots 
(group 2) were subjected to BLAST search using the 
in-frame coding sequence as the query. The data were 
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Figure 2. A comparative representation of the linkage map of  chromosome 11 of rice and chromosome 4 of maize. A. Partial RFLP map 
showing the position ofchs locus (present study). B. A portion of chromosome 11 of rice showing the position of  RFLP markers [7]. C. Classical 
linkage map of chromosome 11 [1]. D. Classical linkage map of chromosome 4 of maize [4]. E. RFLP map of a portion of chromosome 4 of 
maize showing rice markers [2]. Dotted lines link conserved regions. Shaded portion in the map is not to scale. Locus names: RG, rice random 
genomic clones; RZ, rice leaf cDNA; CDO, oat leaf cDNA. zb, zebra banding; la, lazy growth; Adh, alcohol dehydrogenase; c2, maize chalcone 
synthase. 
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Figure 3. Phylogenetic tree derived using homology between chatcone synthase cDNA sequences of rice to chs sequences of different plant 
species. The accession numbers of the sequences used in homology search are: maize 1, X60204; maize 2, X60205; rice, X89859; barley, 
X58339; Gerbera, Z38096; Arabidopsis, M20308; Matthiola, X17577; soybean, M98871; Petunia, X04080; tea, D26594; Vitis, X75969; 
parsley, V01538. Figures at the bottom show the average distance between clusters. 
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used to construct a phylogenetic tree (Fig. 3). It is obvi- 
ous that there is more than 80% identity between chs 
sequences of rice-maize-barley cereal group. It is inter- 
esting that barley (Hordeum vulgare) shows highest 
sequence identity (ca. 87%) followed by Zm:c2: chs 
(84.5%) and Zm:whp:chs (82.2%) of Zea mays. The 
c2 and whp genes are duplicate genes located on dif- 
ferent chromosomes of maize. The nucleotide altera- 
tions in chs sequences span across the entire coding 
sequence. The deduced protein sequence comparisons 
also revealed such an extensive homology between 
rice, maize and barley chalcone synthases (data not 
shown), chs cDNA sequence comparisons between rice 
and dicots revealed sequence identity ranging from 60 
to 74%. 

Discussion 

We have identified a CHS protein in seedling extracts 
of a number of rice lines. The observed differences 
in CHS protein levels (from western blots) among the 
tested lines, both indica and japonica types, could not 
be explained due to the varying genetic background 
of these lines. Interestingly, Purpleputtu which was 
originally selected for intense red/purple phenotype of 
almost all aerial plant parts except node, turned out 
to be the one showing the maximum expression of 
CHS protein (Fig. 1A). Two interesting observations 
can be made from the western data. Firstly, all the 
tested genotypes except Whiteputtu exhibit red/purple 
phenotype and yet show enormous differences in CHS 
levels. Secondly, Whiteputtu having a green (non- 
purple) phenotype also accumulates detectable levels 
of CHS protein. Furthermore, we earlier showed that 
Whiteputtu does not accumulate any anthocyanins 
[39]. It follows that the chs gene is active in White- 
puttu although anthocyanin biosynthesis is blocked in 
this plant due to a genetic change at any of the other 
anthocyanin loci. We interpret that the observed dif- 
ferences among rice lines reflect the inherent variation 
in regulatory mechanisms that govern the co-ordinated 
expression of genes and gene families of the anthocy- 
anin pathway. The observation that young leaves have 
more CHS protein than the old leaves of Purpleputtu 
reflects developmental specificity of CHS expression 
and regulation (Fig. 1B). Instances where the individu- 
al members of chs multigene family are selectively 
expressed at different developmental stages in partic- 
ular tissues or organs include maize, Petunia, parsley 
and bean [8, 21, 29, 44, 52]. Tissue-specific expres- 

sion of chs has also been reported in flowers where 
a flower-specific chs promoter was first identified in 
Antirrhinum [47] and later in Petunia hybrida [22]. chs 
promoter analysis in transgenic Petunia plants revealed 
DNA sequences that direct anther specific expression 
[55]. Promoter elements of chs genes conferring spe- 
cificity of expression in different organs have also been 
described [57, 59]. Recently, it has been shown that 
chs-like genes in plants have evolved into a supergene 
family whose members have both different regulation 
and capacity to code for different but related enzymatic 
activities [14]. It would be of further interest to detect 
the spatial regulation of the gene and the regulatory 
factors governing it. 

We have mapped one copy of chs gene on to chro- 
mosome 11 of rice between the RFLP markers RG2 
and RG103 (Fig. 2A). RG2 is closely linked to chs 
gene at a distance of 3.3 cM. The RG2 locus is an 
important locus and has been previously shown to be 
highly heterozygous in recombinant inbred lines of rice 
and could be potentially contributing to heterosis [34]. 
RG2 has also been physically mapped in the centro- 
meric region of chromosome 11 of rice [48] where 
mapping is hampered by the relative low levels of poly- 
morphism. Presently, we are unable to map the other 
copy/ies of the chs gene in rice. Further work will be 
required to determine whether the other copy/ies of chs 
gene are located close to the present mapped one or at 
a different location on the same chromosome or on to 
a different chromosome. In maize, different copies of 
chs gene are found on different chromosomes [8]. 

Comparative maps based on RFLPs have revealed 
that the genomes of tomato and potato are nearly 
identical in overall gene content and gene order [6, 
50]. Similarly, conserved linkages have been reported 
between maize and sorghum [16, 56]; and wheat and 
rice [23]. If there are similarities between two spe- 
cies in linkage conservation, then genetic information 
and molecular probes from one species can be util- 
ized in another. The results would contribute to a faster 
mapping research on all species being compared. It is 
now possible to find out which regions of the genome 
are homoeologous among cereals by using molecular 
probes from one crop to screen genome of another crop. 
Comparative linkage maps of rice and maize genomes 
support the view that centromere position is often con- 
served [2]. Van Deynze et al. [54] have found that the 
orders of markers detected by probes in rice, maize 
and oat are conserved. Kilian et al. [19] have found a 
high degree of synteny between the telomeric regions 
of barley chromosome 1P and rice chromosome 6. It is 



interesting to know that in the present study, the mark- 
ers on chromosome 11 of rice are located in a similar 
fashion but not in the same order, on chromosome 4 of 
maize. One of the chalcone synthase genes, the c2 in 
maize is mapped on to chromosome 4 [8]. The molecu- 
lar marker pairs RZ536/CD0520 (rice chromosome 11; 
maize chromosome 4) are also linked (<20cM) and are 
in single copy in both genomes [2]. It is also pertinent 
to mention that a portion of chromosome 4 and 7 in 
maize is duplicated and thus both these maize chromo- 
somes could have synteny with chromosome 11 of rice 
[32]. 

We have identified the accumulated anthocyanin 
pigments and predicted the likely genetic constitution. 
Shyamala seedlings accumulate cyanidin as the major 
pigment and peonidin as the minor pigment which is in 
agreement with our earlier report on the nature of pig- 
ments in indica rice lines [37, 39, 40]. The accumula- 
tion of anthocyanin pigments in Shyamala is indicative 
of the presence of the fully functional gene complement 
of the pathway. On the contrary, the absence of the pig- 
ment in Abhaya would reflect the mutant version of the 
gene or genes in addition to a dominant inhibitor allele. 
It is not possible to identify the specific mutant alleles 
at individual loci in the Abhaya genotype. In any event, 
that the Abhaya genotype is homozygous for an inhib- 
itor of leaf pigmentation has been clearly demonstrated 
(Table 1). However, it is to be established whether this 
inhibitor is allelic to the already reported I-PI or Ilb 
inhibitors [39]. 

The chs coding sequence is highly conserved across 
both monocots and dicots. The extensive DNA and pro- 
tein (deduced) sequence homology of Os-chs cDNA 
with that of maize and barley assumes importance with 
regard to the conservation of this gene during evolu- 
tion of cereal genomes and therefore, its possible role 
in a multitude of biological functions. The phylogenet- 
ic relationships can be summarized as follows: maize, 
rice and barley form into a closely related group with 
maximum sequence conservation showing more than 
80% homology. Dicots form the second group with the 
sequence identity ranging from 60 to 70% with that of 
rice (Fig. 3). Though dicots diverged from monocots 
millions of years ago, the monocot chs sequence is 
highly conserved amongst them. This is in agreement 
with the earlier report that the CHS protein is highly 
conserved and the amino acid sequences display 80-  
90% identity among angiosperms [36]. 
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