
Published: March 02, 2011

r 2011 American Chemical Society 2356 dx.doi.org/10.1021/jf200020b | J. Agric. Food Chem. 2011, 59, 2356–2361

ARTICLE

pubs.acs.org/JAFC

Differential Expression of Anthocyanin Biosynthetic Genes and
Anthocyanin Accumulation in Tartary Buckwheat Cultivars ‘Hokkai T8’
and ‘Hokkai T10’
Nam Il Park,†,‡ Xiaohua Li,†,‡ Tatsuro Suzuki,§ Sun-Ju Kim,|| Sun-Hee Woo,^ Cheol Ho Park,# and
Sang Un Park*,‡

‡Department of Crop Science, College of Agriculture and Life Sciences, Chungnam National University, 220 Gung-Dong, Yuseong-Gu,
Daejeon 305-764, Korea
§National Agricultural Research Center for Hokkaido Region, Shinsei, Memuro, Kasai-gun, Hokkaido, 082-0081 Japan

)Department of Bio-Environmental Chemistry, College of Agriculture and Life Sciences, Chungnam National University, 220
Gung-Dong, Yuseong-Gu, Daejeon 305-764, Korea
^Department of Crop Science, College of Agriculture, Life and Environment Sciences, Chungbuk National University, 410 Seongbong-
ro, Heungdeok-gu, Cheongju 361-763, Korea

#Department of Bio-Health Technology, College of Biomedical Science, Kangwon National University, 192-1 Hyoja 2-Dong,
Chuncheon 200-701, Korea

bS Supporting Information

ABSTRACT: Six genes involved in anthocyanin biosynthesis in tartary buckwheat have been cloned, namely, FtC4H, Ft4CL,
FtCHI, FtF3H, FtF30H, and FtANS, which encode cinnamate 4-hydroxylase (C4H), 4-coumarate:CoA ligase (4CL), chalcone
isomerase (CHI), flavones 3-hydroxylase (F3H), flavonoid 30-hydroxylase (F30H), and anthocyanidin synthase (ANS), respectively.
Then, these cDNAs were used, along with previously isolated clones for phenylalanine ammonia-lyase (PAL) and chalcone synthase
(CHS), to compare gene expression in different organs, flowering stages, and maturing seeds of tartary buckwheat cultivars ‘Hokkai
T8’ and ‘Hokkai T10’. Quantitative real-time polymerase chain reaction analysis showed that these anthocyanin biosynthetic genes
were most highly expressed in the stems and roots of Hokkai T10. The FtANS gene was more highly expressed than other genes
during flowering and maturing seeds. In addition, the anthocyanin concentration was higher in ‘Hokkai T10’ than in ‘Hokkai T8’;
however, naringenin chalcone, a flavonoid, was absent from ‘Hokkai T10’ seedlings based on fluorescence microscopy.
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’ INTRODUCTION

Buckwheat belongs to the family Polygonaceae and includes
two species of cultivated buckwheat: commonbuckwheat (Fagopyrum
esculentum) and tartary buckwheat (Fagopyrum tataricum). Common
buckwheat is cultivated around the world, whereas tartary
buckwheat is cultivated mainly in southern China, northern
India, Bhutan, and Nepal.1,2 Tartary buckwheat has several
beneficial pharmacological and biological effects, such as antic-
ancer, antidiabetic, and antioxidant activities.3-5 In addition,
tartary buckwheat is also a richer source of rutin, a flavonol
glycoside that prevents ultraviolet-induced DNA damage and
disease, than common buckwheat.6,7 For example, tartary buck-
wheat seeds contain more rutin [0.8-1.7% dry weight (DW)]
than common buckwheat seeds (0.01% DW).8 In fact, the
amount of rutin in tartary buckwheat can be as high as 3% of
the DW of the vegetative parts of the plant. In comparison, the
amount of another flavonoid, quercetin, in tartary buckwheat is
only 0.01-0.05% DW.8

Buckwheat also produces other flavonoids, such as anthocya-
nins, which are water-soluble pigments in the leaves, stems,
flowers, and roots. The petals of a common buckwheat cultivar
(F. esculentum ‘Moench’) contain four anthocyanins: cyanidin

3-O-glucoside, cyanidin 3-O-rutinoside, cyanidin 3-O-galacto-
side, and cyanidin 3-O-galactopyranosyl-rhamnoside. The con-
centration of anthocyanins in the petals of buckwheat cultivars
determines the color of the flowers. For example, the ‘Gan-Chao’
cultivar, which has red flowers, contains 4.69 μg of anthocyanins
(mainly cyanidin 3-O-rutinoside) per petal, whereas the ‘Kita-
wasesoba’ cultivar, which has white flowers, only has 0.06 μg of
anthocyanins per petal. Furthermore, the total amount of antho-
cyanins increases with flower development.9 Recently, a tartary
buckwheat cultivar ‘Hokkai T10’, which was obtained through
ethyl methane sulfonate (EMS) mutagenesis of ‘Hokkai T8’, was
developed that contains much higher levels of cyanidin 3-O-
glucoside and cyanidin 3-O-rutinoside in its sprouts than its
parent varieties.9-11 In ‘Hokkai T10’, the amount of cyanidin
3-O-rutinoside was as high as 6.3 mg g-1 DW 10 days after
sowing (DAS) but only 0.17 mg g-1 in ‘Hokkai T8’.10 In
comparison, the amount of rutin, the major flavonoid in tartary
buckwheat sprouts, was 42 mg g-1 at 10 DAS.12
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There have only been a few molecular studies of the flavonoid
biosynthetic pathway in tartary buckwheat. For example, it is known
that rutin and anthocyanins share the same initial biosynthetic steps
(see Figure S1 in the Supporting Information).13 In this study, the
full-length cDNA of flavone 3-hydroxylase (FtF3H) and partial
cDNAs of cinnamate 4-hydroxylase (FtC4H), 4-coumarate:CoA
ligase (Ft4CL), chalcone isomerase (FtCHI), flavonoid 30-hydro-
xylase (FtF30H), and anthocyanidin synthase (FtANS) from tartary
buckwheat have been cloned. These clones, along with previously
isolated clones for phenylalanine ammonia lyase (PAL) andchalcone
synthase (CHS), have been used to compare the expression of
anthocyanin biosynthetic genes in different organs of tartary buck-
wheat cultivars ‘Hokkai T10’ and its parent cultivar ‘Hokkai T8’. In
addition, the anthocyanin and flavonol contents in seedlings of these
two cultivars have been analyzed.

’MATERIALS AND METHODS

Plant Materials. Two cultivars of tartary buckwheat, ‘Hokkai T8’
and ‘Hokkai T10’, were bred by the National Agricultural Research
Center (Hokkaido, Japan). ‘Hokkai T8’ was derived from the Russian
cultivar ‘Rotindatum’, and ‘Hokkai T10’ was produced by ethyl metha-
nesulfonate mutagenesis of ‘Hokkai T8’.10 The ‘Hokkai’ cultivars were
germinated in a growth chamber for 10 days at 25 �C and approximately
60% humidity. Then, the seedlings were transferred to a greenhouse
(25 �C and 50% humidity) and grown for 6 weeks until they flowered.
Plant samples were collected until the completion of flowering and
separated into roots, stems, leaves, and inflorescences for RNA extrac-
tion. To investigate the expression level of anthocyanin biosynthetic
genes, three stages during flowering and maturing seeds, petals, and
unmatured seeds were harvested for each growth stage and classified
according to fresh weights and sizes for petals and seeds, respectively.9

RNA Extraction and Polymerase Chain Reaction (PCR)
Analyses. Total RNA was isolated from these organs from three
different plants of each cultivar using the RNeasy Plant Mini Kit
(Qiagen, Valencia, CA). Then, 1 μg of total RNA was reverse-tran-
scribed using the Superscript II First Strand Synthesis Kit (Invitrogen,
Carlsbad, CA) and an oligo(dT)20 primer. The resulting cDNAwas used
as a template for rapid analysis of cDNA ends (RACE) PCR and
quantitative real-time reverse transcription PCR (qRT-PCR).

The primers for FtF3H, FtC4H, Ft4CL, FtCHI, FtF30H, and FtANS
(GenBank accession numbers HQ003252, HQ003249, HQ003250,
HQ003251, HQ003253, and HQ003254, respectively) were designed
from the conserved sequences of known orthologous sequences (see
Table S1 in the Supporting Information). In addition, the primers for
FtPAL and FtCHS were obtained from previously isolated clones
(GenBank accession numbers GQ285125 and GU172165, respecti-
vely). Gene expression was normalized to that of the histone H3 gene.14

Real-time PCR reactions were carried out in triplicate on aMiniOpticon
system (Bio-Rad Laboratories, Hercules, CA) with the QuantiTect
SYBR Green PCR Kit (Qiagen). The PCR protocol was as follows:
denaturation for 5 min at 95 �C, 40 cycles of denaturation for 15 s at
95 �C, annealing for 15 s at 56 �C, and elongation for 20 s at 72 �C.
Cloning of cDNAs Encoding Anthocyanin Biosynthetic

Enzymes. The GeneRacer Kit (Invitrogen) was used to synthesize
single-stranded cDNA. Then, the PCR products were subcloned into a
TOPO TA vector (Invitrogen) and sequenced at the National Instru-
mentation Center for Environmental Management (NICEM, Seoul

Figure 1. Tartary buckwheat cultivars ‘Hokkai T8’ and ‘Hokkai T10’:
(A) whole plants, (B) flowers, (C) leaves, (D) stems, and (E) roots. The
scale bar represents 1 mm in panel B and 1 cm in panels C, D, and E.

Figure 2. Anthocyanin and flavonoid contents in tartary buckwheat cultivars (A-D) ‘Hokkai T8’ and (E-H) ‘Hokkai T10’ seedlings. Anthocyanin
accumulation in (A) ‘Hokkai T8’ and (E) ‘Hokkai T10’ seedlings. Flavonoid staining in (B and F) cotyledons, (C andG) cotyledonary nodes, and (D and
H) roots of ‘Hokkai T8’ and ‘Hokkai T10’. The characteristic bright yellow fluorescence of chalcone-naringenin is strongest in the cotyledons and
cotyledonary nodes of (B and C) ‘Hokkai T8’ but is weaker in (F and G) ‘Hokkai T10’. The characteristic bright green fluorescence of kaempferol is
strongest in the roots of (D) ‘Hokkai T8’ but is weaker in (H) ‘Hokkai T10’. The scale bars in panels B, C, F, andG represent 100μm, and those in panels
D and H represent 500 μm.
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National University, Korea). The sequence data were used to design new
primer pairs for RACE PCR (Table S1 in the Supporting Information).
All PCRs were initiated with the hot start method using the RACE
cDNA template, and the products were subcloned into TOPO TA
vectors and sequenced as described above.
Sequence Analyses. Sequence similarities were calculated with

the Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.
nlm.nih.gov/BLAST). Multiple sequence alignments were constructed
using the MultAlin program (http://bioinfo.genotoul.fr/multalin/mul-
talin.html).
Flavonoid Staining. Flavonoid staining was performed as de-

scribed by Peer et al.15 Briefly, seedlings were stained for 20 min with
0.25% (w/v) diphenylboric acid-2-aminoethyl ester (DPBA) and
0.005% Triton X-100. Then, they were visualized with a fluorescence

microscope (BX51, Olympus, Japan) equipped with a fluoroscein
isothiocyanate (FITC) filter. Images were captured with a DP71 digital
microscope camera (Olympus, Japan).
Quantification of the Anthocyanin Content. The anthocya-

nin content of samples was quantified as described by Ronchi et al.16

Briefly, anthocyanins were extracted from individual organs with a fixed
volume of 1% HCl in methanol overnight at 4 �C. Subsequently, the
extracts were mixed with two-thirds of distilled water and centrifuged for
3 min at 13 000 rpm. The anthocyanins in the aqueous phase were
isolated by adding 1 volume of chloroform, and then the absorbances at
530 and 657 nm were measured spectrophotometrically. Finally, the
total anthocyanin concentration was calculated according to the for-
mula: concentration = [A530 - 0.33 � (A657)] g

-1 fresh weight (FW).
Results were expressed as themean of three independent measurements.
Statistical Analysis. Each result shown was the mean of three

replicated treatments from three different plants of each cultivar.
Significance between two cultivars for each gene was evaluated by
Student’s t test. p < 0.05 was considered to indicate statistical signific-
ance.

’RESULTS

Isolation and Sequence Analysis of Anthocyanin Biosyn-
thetic Genes from F. tataricum.The 1340 base pair (bp) FtF3H
sequence contained a 1104 bp open-reading frame that encoded
367 amino acids. A BLAST analysis showed that the deduced
amino acid sequence of this gene shared 79-84% identity and
86-92% similarity to the F3H sequence from Gossypium hirsu-
tum (GenBank accession number ABM64799), Dimocarpus
longan (ABO48521), Pyrus communis (AAM18084), Rubus cor-
eanus (ABW74548), and Camellia sinensis (AAT68774). The
sequence similarities between the deduced amino acid sequences
of the other isolated partial genes and their plant orthologues are
shown in Figure S2 in the Supporting Information.
Anthocyanin Content in ‘Hokkai T8’ and ‘Hokkai T10’.

Both visual inspection and chemical analyses of the ‘Hokkai’
cultivars showed that ‘Hokkai T10’ had more red pigments than
‘Hokkai T8’, most likely because of anthocyanins (Figure 1 and
see Figure S3 in the Supporting Information). All of the organs of
‘Hokkai T10’ contained 2.6-6 times more anthocyanins than
those of ‘Hokkai T8’ (see Figure S3 in the Supporting In-
formation). For example, the total anthocyanin content of the
flowers of ‘Hokkai T10’ was 4.5 times that of ‘Hokkai T8’. These
results showed that anthocyanin accumulation was cultivar-
specific.
Accumulation of Flavonoids and Anthocyanins Are In-

versely Related in ‘Hokkai T8’ and ‘Hokkai T10’. DPBA
fluoresces in the presence of flavonoids, such as naringenin-
chalcone (bright yellow) and kaempferol (bright green).17

DPBA staining of ‘Hokkai T8’ seedlings showed bright yellow
fluorescence in the cotyledons and hypocotyls and bright green
fluorescence in the roots (panels B-D of Figure 2). In contrast,
‘Hokkai T10’ seedlings exhibited less fluorescence in these parts
(panels F-H of Figure 2), which coincided with the locations of
greater anthocyanin accumulation (see Figure S3 in the Support-
ing Information).
Expression of Anthocyanin Biosynthetic Genes in Differ-

ent Organs of F. tataricum. The expression levels of FtPAL,
FtC4H, Ft4CL, FtCHS, FtCHI, FtF3H, FtF30H, and FtANS in
different organs of ‘Hokkai T8’ and ‘Hokkai T10’ were investi-
gated. In leaves, all of these genes were upregulated in ‘Hokkai
T10’. In the stems, the expression of all of the genes, except
FtF3H, was higher in ‘Hokkai T10’ than in ‘Hokkai T8’

Figure 3. Differential expression of anthocyanin biosynthetic genes in
different organs of tartary buckwheat cultivars ‘Hokkai T8’ and ‘Hokkai
T10’. The height of each bar represents the mean of three measurements
from three different plants of each cultivar, and error bars indicate the
standard deviation. Asterisks indicate significant differences between
‘Hokkai T8’ and ‘Hokkai T10’ cultivars by Student’s t test (/, p < 0.05;
//, p < 0.01).
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(Figure 3). In particular, in stems, the expression of FtPAL and
FtANS was about 5-fold higher in ‘Hokkai T10’ than in ‘Hokkai
T8’. In roots, the expression of FtANS was significantly higher in
‘Hokkai T10’ than in ‘Hokkai T8’, whereas the expression of
FtPALwas higher in ‘Hokkai T8’ than in ‘Hokkai T10’ (Figure 3).
Expression of Anthocyanin Biosynthetic Genes in Differ-

ent Flowering Stages andMaturing Seeds of ‘Hokkai T8’ and
‘Hokkai T10’. To investigate the control of anthocyanin bio-
synthesis in F. tataricum, we examined the expression levels of
anthocyanin biosynthesis genes in different flowering stages of F.
tataricum. During flowering (F1-F3) and maturing seeds (S1-
S3) (Figure 4A), most of the genes were expressed more in
‘Hokkai T10’ than in ‘Hokkai T8’, except stage F1 (Figure 4B).
The FtANS gene was more highly expressed than other genes
during flowering and maturing seeds. When we studied gene

expression in different organs, our result showed that the
expression of FtCHI, FtF30H, and FtANS was higher in ‘Hokkai
T10’ than in ‘Hokkai T8’ and the expression of the other genes
was higher in ‘Hokkai T8’ than in ‘Hokkai T10’ (Figure 3).

’DISCUSSION

Our results that the total anthocyanin content was higher in
‘Hokkai T10’ than in ‘Hokkai T8’ are consistent with previous
studies.11 For example, Suzuki et al.9 showed that the total
anthocyanin concentrations at 14, 28, and 45 DAS in the leaves
of ‘Hokkai T10’ were 5-fold higher than those of ‘Hokkai T8’.
This cultivar-specific difference may be due to differential gene
expression in different plant organs (Figures 3 and 4B). Speci-
fically, the most highly expressed genes were FtPAL, FtC4H,

Figure 4. Anthocyanin biosynthetic genes in flowering stages and maturing seeds of tartary buckwheat cultivars ‘Hokkai T8’ and ‘Hokkai T10’. (A)
Picture of flowering stages (F1-F3) and maturing seeds (S1-S3). (B) Differential expression of anthocyanin biosynthetic genes in different flowering
stages and maturing seeds of tartary buckwheat cultivars ‘Hokkai T8’ and ‘Hokkai T10’. The height of each bar represents the mean of three
measurements from three different plants of each cultivar, and error bars indicate the standard deviation. Asterisks indicate significant differences
between ‘Hokkai T8’ and ‘Hokkai T10’ cultivars by Student’s t test (/, p < 0.05; //, p < 0.01).
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Ft4CL, FtCHS, FtCHI, FtF3H, and FtANS in the flowers, FtPAL,
FtCHS, and FtANS in the leaves, FtPAL, FtC4H, Ft4CL, FtCHS,
and FtANS in the stems, and FtC4H, Ft4CL, FtCHS, FtF3H, and
FtANS in the roots. The expression of all of the genes examined
in this study was higher in the lower parts of the plant (i.e., stems
and roots) than the higher parts of the plant (i.e., flowers and
leaves). Although we did not measure the flavonoid compounds
in different organs of ‘Hokkai T8’ and ‘Hokkai T10’, the inverse
relationship between the expression of flavonoid biosynthesis
genes and the accumulation of their products may be accom-
plished in F. tataricum similar to F. esculentum.18 Because ‘Hokkai
T10’ is an EMS mutant of the ‘Hokkai T8’ cultivar, the mutagen
drastically altered the levels of anthocyanin biosynthesis11 and
expression level of genes (our results). Although our results did
not explain directly, EMS mutagenesis changed the nucleotide
sequences of transcription factors (e.g., MYBs), which activate
the anthocyanin biosynthetic genes.19

According to the proposed flavonoid biosynthesis pathway in
tartary buckwheat (see Figure S1 in the Supporting Information),
FtF3H and FtANS are critical enzymes for producing rutin and
cyanidin 3-O-rutinoside. Because rutinose, the sugar moiety of
cyanidin 3-O-rutinoside, is also part of the structure of rutin, cyanidin
glycosyltransferases and glycosidases in the cotyledons of tartary
buckwheat that recognize this moiety probably have similar substrate
specificities as those reported for flavonoid 3-O-glycosyltransferase
and flavonol 3-O-glycosidase, respectively.20-22

In conclusion, we cloned and characterized six anthocyanin
biosynthetic genes, namely, FtC4H, Ft4CL, FtCHI, FtF3H,
FtF30H, and FtANS, from tartary buckwheat. We also compared
the anthocyanin content in different organs of two cultivars,
‘Hokkai T8’ and ‘Hokkai T10’. The results of this study have
applications for further research about anthocyanin biosynthesis
in tartary buckwheat, as well as the metabolic engineering of
transgenic buckwheat plants for the production of medicinally
useful compounds.
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