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Anthocyanin Content in Rice Is Related to Expression Levels of 
Anthocyanin Biosynthetic Genes 
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The composition of anthocyanins was analyzed in two rice cultivars. 'llpum ~ showed no detectable levels, while 'Heugjinju ' 
contained three types of anthocyanins: cyanidin, cyanidin 3-O-glucoside, and peonidin 3-O-glucoside. We also assessed the 
expression of anthocyanin biosynthetic genes - for phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), flavanone 
3[3-hydroxylase (F3H), dihydroflavonol reductase (DFR), and anthocyanin synthase (ANS) - in different tissues of those culti- 
vars. All five genes were expressed more in the leaves and seeds of 'Heugjinju' than in 'llpum', with the greatest amount of 
transcript being detected in 'Heugjinju' seeds. Two genes, DFR and ANS, had relatively high expression levels and were spe- 
cific for anthocyanin biosynthesis. Furthermore, expression of CHS, F3H, DFR, and ANS was enhanced during seed maturation 
and was correlated with ambient temperature during seedling growth. 
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Plants contain diverse phenolic compounds that are pri- 
marily derived from phenylpropanoid and phenylpro- 
panoid-acetate. I-he phenylpropanoid pathway is one of the 
most important for secondary metabolism. Starting from 
phenylalanine, it directs the biosynthesis of lignins, fla- 
vonoids, stilbenes, and coumarins (Holton and Cornish, 
1995; Croteau et al., 2000). Lignin, a major constituent of 
the cell wall, provides structural support. Flavonoids com- 
prise a diverse group of over 6000 compounds; subgroups 
comprise anthocyanins, proanthocyanidins or condensed 
tannins, and isoflavonoids. Finally, coumarins and stilbenes 
have protective roles against bacterial and fungal pathogens. 

Recently, plant phenolics have drawn attention because of 
their benefits to human health (Cornwell et al., 2004). For 
example, isoflavonoids and stilbenes are known as phy- 
toestrogens, which affect the estrogen-mecliated response. In 
addition, flavonoids can counteract cancer cell growth, as 
well as promote antioxidant, anti-inflammatory, and vascular 
activities. Thus, breeders are striving to develop high levels of 
phenolic compounds in plants. One of the most important of 
those target compounds is the group of anthocyanins, which 
constitutes six members: pelargonidin, cyanidin, delphinidin, 
petunidin, peonidin, and malvidin (Table 1). These are stored 
as glucosides. These anthocyanins play roles as pigments and 
UV-B protectants (Springob et al., 2003). In addition to being 
ingredients of vegetables and fruits, they are considered ther- 
apeutic agents that can have an effect on coronary heart dis- 
ease and certain types of cancers (Ross and Kasum, 2002). 

The biosynthetic pathway of anthocyanins has been 
described in Arabidopsis and Petunia, and most of the corre- 
sponding genes have been cloned. However, their biosyn- 
thesis in rice is relatively unknown even though that genus is 
a model crop plant and its genome has now been sequenced. 
Nevertheless, some cultivars have been developed that con- 
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Table 1. Structure of anthocyanidin. 

Oil 

Oil 

Anthocyanidins R1 R2 

Delphinidin OH OH 
Cyanidin OH H 
Pelargonidin H H 
Petunidin OCH3 OH 
Peonidin OCH3 bl 
Malvidin OCH3 OCH3 

tain high levels of anthocyanins; such efforts are useful in 
better understanding this biosynthetic pathway in rice. As an 
initial step, we have now investigated gene expression in 
two cultivars and examined the effect of temperature on the 
regulation of anthocyanin biosynthesis. 

MATERIALS A N D  METHODS 

Chemicals 

Anthocyanin standards, purchased from Polyphenols Lab- 
oratories (Norway), included delphinidin 3-O-ghcoside 
(Dp-3-glc), delphinidin 3-O-rutinoside (Dp-3-rut), cyanidin 
3-O-ghcoside (Cy-3-glc), cyanidin 3,5-O-diglucoside (Cy- 
3,5-diglc), and pelargonidin 3-O-ghcoside (Pg-3-glc). Ethyl 
acetate, acetonitrile, and methanol were obtained from 
Fisher Scientific (USA) while Sigma (USA) was the source of 
trifhoroacetic acid (TFA). 
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Table 2. Primer sets for real-time PCR. 

Gene GenBank accession number Forward primer Reverse primer 

PAL X16099 
CHS X89859 
F3H XM 474226 
DFR Y07956 
ANS Y07955 
ACT X1628O 

GGTCGTTCCCGCTCTACC 
GGGATCTCGGACTGGAACTC 
AGGAGCCCATACTGGAGGAG 
ACATGTTCCCG GAGTACGAC 
CTCTCCTGGGTCGTCTTCTG 
ATGAAGATCAAGGTGGTCGC 

GGAACACCTTGTTGCACTCC 
CCTCATCCTCTCCTTGTCCA 
CTCC]q-GGCCTTCTTCTTGA 
TACCTGAACCTGAACCCGTG 
G]q-GCACGTGCTGC FTGAAT 
GTACTCAGCCTTGGCAATCC 

Rice Cultivars and Growing Conditions 

Plants of two rice cultivars -~llpum ~ and ~Heugjinju ~ - were 
grown in a 25-X7-X 2.5-m chamber. Lighting conditions 
included exposure to full sunlight during the daytime, which 
was supplemented for 3 h daily with white fluorescent light 
(400 W) during the Winter. Three different growing temper- 
atures were tested: 21, 24, and 27~ 

Analysis of Anthocyanins 

Cyanidin 3-O-ghcoside chloride, peonidin 3-O-gluco- 
side chloride, cyanidin chloride, peonidin chloride, del- 
phinidin chloride, and malvidin chloride were dissolved in a 
50:50 water:methanol solution with 0.1% HC[. After the 
rice seeds were pulverized, 1 g of the powder, also contain- 
ing 0.5 mg of delphinidin, was used as an internal standard. 
Extraction was performed twice, each time through continu- 
ous shaking for 6 h at 4~ using 20 mL of the 1:1 water: 
methanol solution plus 1% HCI. The combined extracts 
were then centrifuged at 3200 rpm for 20 min, and the 
supernatants were concentrated with a rotary evaporator at 
45~ A portion of each sample was passed through a 0.45 
~m PTFE filter prior to HPLC injection. For our hydrolysis 
analysis, the supernatants were mixed with a 1:1 solution of 
water:methanol and 2N HCI, and were hydrolyzed at 100~ 
for 60 min. The hydrolyzed samples were then immediately 
cooled to room temperature. These seed extracts were ana- 
lyzed via HPLC (Series 1100; Agilent Technologies, USA) 
that was equipped with a photo diode array (PDA) detector 
and a Phenomenex Luna C18 column (5-urn particle size, 
4.6 mm x 15.0 cm; Phenomenex, USA). For our analytical 
scale, the mobile phase consisted of 0.2% TFA, and was 
programmed as follows: 10% acetonitrile at 0 min, 15% 
acetonitrile at 20 rain, 18% acetonitrile at 30 rain, 35% ace- 
tonitrile at 50 min, 90% acetonitrile at 60 rain, then isotro- 
pic from 60 min to 65 min; at a flow rate of 1 mL rain -1 and 
detection at 520 nm. 

Real-Time Quantitative RT-PCR 

Total RNA was isolated from rice tissues using the Plant 
RNeasy extraction kit (Qiagen, Germany). cDNA was syn- 
thesized with a QuantiTect reverse transcription kit (Qiagen) 
and amplified on a Rotor-Gene RG-3000A thermocycler 
(Corbett Research, Australia) with a SYBR-GreenR PCR Kit 
containing Hotstart DNA polymerase (Qiagen). The Gen- 
Bank accession numbers and primers used here are listed in 
Table 2. PCR was performed with incubation at 95~ for 15 
min to activate the Hotstart Taq DNA po[ymerase, followed 
by 45 cycles of 95~ for 10 s, 60~ for 15 s, and 72~ for 

20 s. Specificity of these amplification procedures was veri- 
fied with a heat dissociation protocol. PCR products were 
sequenced to check the specificity of each primer set. The 
results obtained from different samples were standardized to 
the constitutive actin gene. Expression levels for each gene 
were based on their take-off times, and all experiments 
were conducted twice. 

RESULTS AND DISCUSSION 

Determination of Anthocyanin in Two Rice Cultivars 

To determine the composition of anthocyanins in our two 

Figure 1. Analysis of anthocyanin composition in ~llpum ~ and 
~Heugjinju ~ rice using HPLC chromatograms of standard mixture, 
recorded at 520 nm on a C18 column. (A) Standard mixture. I, cyani- 
din-3-O-glucoside; II, peondin-3-O-glucoside; Ill, delphinidin; IV, 
cyanidin; V, peonidin. (B) ~ (C) ~ i, cyanidin-3-O-glu- 
coside; ii, peniodin-3-glucoside; iii, cyanidin. 
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rice cultivars, seed extracts were analyzed by HPLC. Product 
retention times were compared with that of standard antho- 
cyanin (Fig. 1A). ]-he major component of anthocyanin in 
cv. Heugjinju was cyanidin 3-O-ghcoside (Fig. 1C), fol- 
lowed by peonidin 3-O-ghcoside and cyanidin. In contrast, 
'llpum' showed no detectable anthocyanins (Fig. 1 B). Other 
rice cultivars are known to contain cyanidin 3-O-gentiobio- 
side, cyanidin 3-O-rhamnoside, cyanidin 3,5-O-diglucoside, 
and cyanidin 3-O-rhamnoglucoside, as well as peonidin 
derivatives such as peonidin 3-O-rhamnoglucoside (Ryu et 
al., 1998; Escribano-Bail6n et al., 2004). We also detected 
some minor peaks but could not identify them because the 
standard materials were not available. HPLC analysis with 
the hydrolysates of our extracts revealed only cyanidin and 
peonidin, indicating that those minor compounds were 
likely to be derivatives of either component. 

Expression Analysis of Anthocyanin Biosynthesis-Related 
Genes 

Five genes were examined for their involvement in antho- 
cyanin biosynthesis: phenylalanine ammonia lyase (PAL), 
chalcone synthase (CHS), flavanone 313-hydroxylase (F3H), 
dihydroflavonol 4-reductase (DFR), and anthocyanidin syn- 
thase (ANS). Among them, PAL is the first enzyme in phenyl- 

propanoid pathways, converting phenylalanine to cinnamic 
acid and tyrosine to p-coumaric acid. Furthermore, CHS 
catalyzes the first committed step of the flavonoid pathway. 
The other three -- F3H, DFR, and ANS -- direct the conver- 
sion of naringenin into dihydrokaempferol (dihydroflavonol), 
leucopelargonidin (leucoanthocyanidin), and pelargonidin 
(anthocyanin). 

To investigate possible tissue-specific expression, total 
RNA was isolated from the roots, leaves, stems, and seeds of 
'llpum' and 'Heugjinju' at 15 d after flowering. Overall, the 
expression level for PAL was higher than for the other genes 
in all tissues from both cultivars (Fig. 2). In particular, PAL 
transcripts were greater in the roots and stems. Surprisingly, 
the highest levels of expression for CHS were determined in 
the stems of 'l lpum' but also in the seed of ~Heugjinju', 
while expression of F3H was higher in 'Heugjinju' (espe- 
cially its seed) than in 'llpum'. Relatively lower transcript 
amounts were detected for DFR and ANS, two important 
genes in the anthocyanin biosynthetic pathway, with the 
least being measured from 'llpum' seed. This suggests that 
such low levels may not be sufficient to produce anthocya- 
nin. For all five genes, their expression in seeds was higher 
in 'Heugjinju' than in 'llpum', indicating that the accumula- 
tion of anthocyanin is correlated with the expression of 
genes involved in its biosynthesis. Shimada et al. (2005) also 

Figure 2. Expression of anthocyanin-biosynthetic genes in two rice cultivars. Total RNA was isolated from roots, stems, leaves, and seeds. Tran- 
script levels are indicated as relative to those from rice actin gene. PAL, phenylalanine ammonia lyase; CHS, chalcone synthase; F3H, flavanone 
3]3-hydroxylase; DFR, dihydroflavanol reductase ANS, anthocyanin synthase. 
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Figure 3. Expression of anthocyanin-biosynthetic genes at 2, 7, and 
13 d after flowering, using total RNA isolated from seeds. 

Figure 4. Effects of temperature on expression of anthocyanin-bio- 
synthetic genes. Total RNA was isolated from seeds of rice grown at 
21, 24, or 27~ and collected at 16 d after flowering. 

have reported that tissue-specific expression of DFR and 
ANS is associated with anthocyanin accumulation. In con- 
trast, PAL expression was relatively higher in stems and roots 
than in leaves or seeds, an observation supported by the 
involvement of this gene in not only the flavonoid pathway 
but also the biosynthesis of lignin. Raes et al. (2003) have 
also demonstrated that Arabidopsis PAL1 and PAL2 are more 
highly expressed in stems and roots compared with other 
tissues. 

Because we had found that anthocyanins were accumu- 
lated in the seeds of 'Heugjinju', we decided to investigate 
the transcript levels for those biosynthetic genes during seed 
ripening (at 2, 7, and 13 d after flowering). Expression of 
CHS, F3H, DFR, and AN5 was enhanced dramatically (24-, 
129-, 293-, and 234-fold, respectively) as the seed matured 
(Fig. 3). Therefore, we might again conclude that the accu- 
mulation of anthocyanin is related to the expression of 
genes involved in its biosynthesis. 

We also monitored the effect of temperature on the 
expression of anthocyanin-biosynthetic genes in ~HeugjinjuL 
Plants were grown at 21, 24, or 27~ and their seeds (ker- 
nels) were harvested at 16 d after flowering. Although all 
five genes were expressed, transcript levels were 200- to 
500-fold lower for CHS, F3H, DFR, and AN5 in seeds from 
plants grown at 21~ compared with our results for those 
treated at 27~ (Fig. 4). In contrast, PAL transcripts were not 
as strongly influenced by temperature. Finally, the amount of 
total anthocyanin in 'Heugjinju ~ grown at 21~ was about 
one-third of that from seeds of plants grown at 27~ 

Biosynthesis of anthocyanin is regulated in two ways. First, 
uridine diphosphate-ghcose:flavonoid 3-O-glucosyltrans- 

ferase (UFGT) plays an important role that has been demon- 
strated through a mutation in a regulatory gene from white 
grapes, which results in the suppression of UFGT expres- 
sion (Kobayashi et al., 2002, 2004). However, a UFGT 
homologue that assists in the transfer of a glucose group to 
anthocyanin has not yet been found in rice (Bowles et al., 
2005). Second, DFR and ANS expression can be suppressed, 
as has been found in Caryophyllales (Shimada et al., 2005). 
In rice, expression of DFR and ANS in ~llpum' seed was so 
low that its expression could not be detected on a regular 
RNA blot. Although it is difficult to draw any conclusion 
without having a rice UFGT, we might suggest that such 
expression is critical to anthocyanin accumulation in rice. 

Specific transcription factors that regulate flavonoid and 
anthocyanin biosynthesis have been found in maize, Arabi- 
dopsis, and Petunia. An R2R3-type MYB exhibiting DNA- 
binding ability and protein-protein interaction has been 
shown to be involved in this biosynthesis (Nesi et al., 2000; 
Spelt et al., 2002). These MYB proteins interact with a basic 
helix-loop-helix (bHLH) protein and, for example, activation 
of the anthocyanin pathway in maize depends on this rela- 
tionship between the MYB and bHLH proteins. Thus, one 
active gene from each family is necessary for flavonoid and 
anthocyanin biosynthesis (Koes et al., 2005). In rice, the 
production of anthocyanin is probably mediated by specific 
transcription regulators. Shin et al. (2006) have reported that 
overexpression of maize CI, an MYB protein, results in 
increased flavonoid content in rice. That would suggest a 
possible corresponding bHLH in rice. In fact, bHLH genes 
that induce anthocyanin pathway have already been cloned 
(Sakamoto et al., 2001), but it is still unclear whether these 
genes for MYB and bHLH interact with each other. In addi- 
tion, we have identified bHLH genes and MYB family genes 
that are expressed more actively in 'Heugjinju' rice (unpub- 
lished result). Furthermore, one of those, RGL, shows high 
homology with GL3 in A. thaliana, where it is involved in tri- 
chome initiation and flavonoid biosynthesis (Zhang et al., 
2003). GL3 also interacts with several rice MYB proteins. 
Whether this phenomenon contributes to anthocyanin pro- 
duction is currently under investigation. 
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