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Abstract The purple pericarp color in rice was controlled
by two dominant complementary genes, Pb and Pp. Crossing
black rice ‘Heugnambyeo’ variants with three varieties of white
pericarp rice gave a segregation ratio of 9 purple: 3 brown:
4 white. The Pp genes were segregated by homozygous
PpPp alleles for the dark purple pericarps, heterozygous
Pppp alleles for the medium and mixed purple pericarps, and
homozygous pppp alleles for either brown or white pericarps
with a 1 PpPp: 2 Pppp: 1 pppp segregation ratio, indicating
that the Pp allele in rice is incompletely dominant to the
recessive pp allele. Among the purple seeds, the amount of
cyanidin-3-O-glucoside was higher in the dark purple seeds
(Pb_PpPp) than in the medium purple seeds (Pb_Pppp).
Moreover, no cyanidin-3-glucoside was detected in brown
(Pb_pppp) or white pericarp seeds (pbpbpppp). These
findings indicated that the level of cyanidin-3-glucoside was
determined by the copy number of the Pp allele. Further
genotype investigation of the F5 progeny demonstrated that
the dominant Pb allele was present in either purple or brown
pericarp. A 2-bp (GT) deletion from the DNA sequences of
the dominant and functional Pb was found in the same DNA
sequences of the recessive and non-functional pb allele.
These findings suggested that the presence of at least a
dominant Pb allele was an essential factor for color
development in rice pericarps. In conclusion, the Pp allele in
rice is incompletely dominant to the recessive pp allele; thus,
the number of dominant Pp alleles determines the concentration
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of cyanidin-3-O-glucoside in black rice.
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Prp, PURPLE PERICARP

Introduction

Rice cultivars have a variety of seed pericarp colors owing to
black, brown, green, and red pigment deposition (Furukawa
et al. 2006; Kang et al. 2006; Reddy et al. 1995; Sweeney et
al. 2006). Among the various colors of rice, black rice is
characterized by dark purple pericarps in seeds with high
levels of anthocyanins. During rice seed development, purple
pigments of anthocyanin accumulate rapidly in the pericarp,
resulting in the characteristic dark purple grains of black rice
(Abdel-Aal et al. 2006; Reddy et al. 1995; Shao et al. 2011).
Previous genetic investigations have shown that cyanidin-3-
O-glucoside and peonidin-3-O-glucoside are the two primary
anthocyanin pigments deposited in the seed pericarps of
black rice (Abdel-Aal et al. 2006; Hu et al. 2003; Jang and
Xu 2009; Kim et al. 2007; Kim et al. 2011; Zhu et al. 2010).
The pericarp pigmentation of black rice requires two genes,
PURPLE PERICARP A (Pp, Prpa and Prpl) and PURPLE
PERICARP B (Pb, Prpb and Prp2) located on chromosomes
1 and 4, respectively (Hu et al. 1996; Oryzabase, www.
gramene.org; Wang and Shu 2007; Wang et al. 2009;
Yoshimura et al. 1997). The Pp gene acts in a complementary
fashion with the Pb gene for the production of purple[ED
highlight — please ensure this is correct.] pericarps in rice
(Hsieh and Chang 1964; Wang and Shu 2007). However, the
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intensity of pericarp color in black rice varieties varies from
dark purple to light purple, and the genetic mechanisms for
these variations have yet to be identified.

Black rice is of interest owing to nutritional reasons.
Indeed, many studies have demonstrated that consumption of
the extracts of black rice bran reduced oxidative stress and
increased antioxidant capacity in the animal models (Chung
and Shin 2007; Ling et al. 2001; Min et al. 2011; Nam et al.
2006; Sompong et al. 2011). However, to breed black rice
with good grain color, quality and high yields, accurate
predictions of the genotypes of black rice are necessary. In
this study, the various intensities of purple color in the
progeny of black rice were shown to be inherited and
controlled by complementary genetic action of the alleles of
the Ph and Pp genes, resulting in additional problems
associated with breeding of colored rice. Therefore, we
investigated the genetic relationships between the genetic
constitutions of the alleles of Pb and Pp genes and the
inheritance patterns of black rice cultivars.

Results
Phenotypic Analysis of Purple Pericarp Rice
The rice germplasms Oryza sativa L. japonica var. ‘Kewha’

and O. sativa L. japonica var. ‘Heugnambyeo’ contained
purple pericarps and seed coats during the mature stage. The

color of the endosperm was white, as observed in wild-type
rice. Several important agronomic traits were noted from the
colored rice and white pericarp rice with respect to days to
heading, plant stature, tillering ability, leaf structures, and
panicle structure (Table 1).

The Pb and Pp Genes were Complemented for Pericarp
Color Development

The pericarp color of all F, seeds from the F; plants
generated by all cross-combinations displayed a purple
phenotype, reflecting the dominant nature of the purple
pericarp phenotype. Among 109 F, plants obtained from a
cross between the purple pericarp rice ‘Heugnambyeo’ and
white pericarp rice ‘Hwayongbyeo’, the seed pericarps of 56,
20 and 33 plants were purple, brown, and white, respectively
(Table 2). We used the Chi-square (%?) test to evaluate the
goodness of fit of the numbers of genes segregating in the
population. The Pp and Pb genes, which are located on rice
chromosomes 1 and 4, respectively, were necessary for
pericarp pigmentation with the anthocyanins of black rice
(Hu et al. 1996). Therefore, we scored the combination of
these genes in the phenotypes of the progeny of the cross.
Rice with the pbpbPpPp or pbpbpppp genotype produced
white pericarp grains. Thus, we hypothesized that the Pb and
Pp genes segregated according to the recessive epistatis ratio
of 9:3:4. The results of %> analysis of the F, segregation data
fit with a ratio of 9:3:4 (purple: brown: white) (3= 1.682, p-

Table 1. Several important agronomic traits of the studied white and purple rice germplasms

PlantID  Pericap DH CT CL PH LL

LW

TN PE PL PN PT SN SF GW

Hwayongbyeo White 74+3 3 67.4+1.3 100.4+0.5 34.6+1.3 1.53£.02 8.60+£0.7 1 23.3+0.6 7.5£0.7 3 141.2£7.7 88.6+1.7 2.74+.17
Kewha Purple 71+4 3 624408 89.7+0.5 27.3+0.9 1.05£.02 13.5£14 1 20.8£04 11.2£1.0 3 114.442.5 90.1£1.3 2.50+.16
Heugnambyeo Purple 73+£3 3 66.8+1.0 97.0£0.7 30.44+0.8 1.21£.02 15.3£1.4 1 20.1£0.3 14.0£1.3 3 120.4+5.5 91.9+1.1 2.44+.09

Note: DH; days to heading (defined as duration from transplantation to emergence of the first panicle), CT; culm thickness (Scale: 1; thin, 3;
medium, 5; thick), CL; culm length in centimeter (cm), PH; plant height in cm, LL; leaf length in cm, LW; leaf width in cm, TN; number of repro-
ductive tiller per hill, PE; panicle exsertion ability (Scale: 1; well exserted, 3; moderately well exserted, 5; just exserted, 7; partly exserted, 9;
enclosed ), PL; panicle length in cm, PN; panicle number per plant, PT; panicle thresh ability [Firmly grasp and pull the hand over the panicle and
estimate the percentage of shattered grains. Scale: 1; difficult (less than 1%), 3; moderately difficult (1-5%), 5; intermediate (6-15%), 7; loose (26-
50%), 9; easy (51-100%)]. SN; spikelet number per panicle, SF; spikelet fertility percentage, GW; 100 grains weight in gram, +; standard error of
five observation for each trait.

Table 2. Inheritance pattern of seed pericarp color in the cross among purple pericarp rice ‘Heugnambyeo’ and white pericarp rice
‘Hwayongbyeo’, ‘Ishikari’, and ‘Ilpoombyeo’

Cross F, phenotype F2 segregation - Xz p-value
Number Purple Brown White Total (9:3:4)

Huayongbyeo Purple g::c\tt: 2?.31 2(?.?14 ;;25 183 1.os2  0.90-0.10

i Purple (E):f,iﬁj 1461.44 1;.?31 ?2.75 ;z 0279 0.90-0.10

I}llggfﬁnﬁzzem Purple gﬁ;ﬁﬁ:ﬁ §3.625 19%5;75 52.50 :gg 1ot 090-0.10
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Cross Hwayongbyeo (phpbpppp) White Cross Kewha (PhPhFPpPp) X Kumgangbyeo (pbpbPpPp)
Heugnambyeo (PBPbPpPp) Dark Purple X Ishikari (phpbpppp) White Dark Purple White
llpoombyeo (phpbpppp) White Gamets PbPp phPp
Gamets PbPp phpp F, PhpbFpPp  (Dark Purple)
F PbpbPppp  (Medium Purple) [ 1
Fy Gamets PbPp phPp
Gamets PbPp pbPp Phbpp phpp PbFp PbPBFpPp PhpbPpPp
PbPp FPbPbPpPp PbpbPpPp PbPbPppp PbpbPppp Dark Purple Dark Purple
Dark Purple Dark Purple Medium Purple Medium Purple
PpbPp PhpbPpPp PhpbPpPp PhpbPppp PpbpbPopp phPp PhpbhPpPp phphPpPp
Dark Purple White Medium Purple White Dark Purple White
Phpp PbPbPppp PhpbPppp PbPhpppp Phpbpppp
Medium Purple  Medium Purple Brown Brown Fig. 2. Genetic analysis of a cross between black rice ‘Kewha’ and
pbpp PhpbPppp pbpbPppp Phphpppy phpbpppy white rice ‘Kumgangbyeo’. The genotype might be PbPbPpPp for
Medium Purple White Brown White ‘Kewha’ and pbpbPpPp for ‘Kumgangbyeo’.

Fig. 1. Genetic analysis of crosses between black rice ‘Heugnambyeo’
and three types of white rice. The genotype might be PbPbPpPp
for ‘Heugnambyeo’ and pbpbpppp for ‘Hwayongbyeo’, ‘Ishikari’,
and ‘Ilpoombyeo’.

value, 0.90-0.10, Table 2). With 2 degrees of freedom, the
10% critical value is 4.605, which is greater than the
computed value of 1.682; accordingly, the hypothesis of
gene segregation was not rejected. The F, population from
the black rice ‘Heugnambyeo’ crossed with the white rice
‘Ishikari’, and ‘Heugnambyeo’ crossed with the white rice
‘Ilpoombyeo’ were also segregated at a 9:3:4 (purple: brown:
white) ratio (Table 2). These findings indicate that the
genotype of ‘Heugnambyeo’ might be PhPbPpPp and that
of the three white pericarp rice varieties, ‘Hwayongbyeo’,
‘Ishikari’, and ‘Ilpoombyeo’, might be pbpbpppp (Fig. 2).
Interestingly, seeds from F; plants were less purple than
those from the ‘Heugnambyeo’ parents, and the F, progeny
showed varying intensities of purple (Fig. 1A). Finally, the
purple-colored F, progeny had a segregation ratio of 2
medium purple: 1 dark purple (Table 3; Fig. 1A).

Another set of crosses between purple pericarp rice and
white pericarp rice was examined (Table 4; Fig. 3B). The
pericarp color of all F seeds from F; plants produced from the
cross between the purple pericarp rice ‘Kewha’ as a pollen
receptor and the white perciarp rice ‘Kumgangbyeo’ as a pollen
donor produced a dark-purple phenotype that was the same as
the pollen receptor parent, reflecting the dominant nature of the

purple pericarp phenotype over white. Among 274 F, plants
studied, the seed pericarps of 210 plants were dark-purple, like
the female parent, while those of 64 plants were white, like the
male parent (Table 4). We further analyzed the best-fitted data
using the Chi-square (i) test to test the goodness of fit for
numbers of genes segregating in the population. Based on
segregation in the F, and F; generation, the purple phenotype of
the seed pericarps was determined to be dominant, as it
segregated according to a Mendelian ratio of 3:1 (dark purple
pericarp: white pericarp) (Table 4). Genetic segregation
analysis indicated that two complementary genes, Pb and Pp,
controlled the purple pericarps of rice and segregation of the
F, generation at a ratio of 9 purple: 3 brown: 4 white as was
observed in the three crosses of ‘Heugnambyeo’ with three
different white pericarp rice (Table 2; Fig. 1A). However, no
brown pericarps were noted in the F, and F; segregation
generations produced by the cross between ‘Kewha’ and
‘Kumgangbyeo’ (Table 4; Fig. 1B). In this cross, only the Pb
gene segregated at a ratio of 3 dark purple: 1 white. This
purple pericarp segregation of 3 dark purple: 1 white is
possible when both parents have homozygous dominant PpPp
genes; therefore, the genotype of O. sativa L. japonica var.
‘Kewha’ might be PbPbPpPp and that of O. sativa L. indica
var. ‘Kumgangbyeo’ might be pbpbPpPp (Fig. 3). This cross
also indicated that at least one dominant P gene was necessary
for the colored pericarps of rice.

Table 3. Inheritance pattern of pericarp color intensity among purple pericarp F, progenies followed 2 medium purple: 1 dark purple

pericarp
T -

Cross - —— ;1 S:f:;geatlon e _ XZ o el
gglagyrgln;gzg/ SEZZZZS :3.33 12.67 22 1752 0.90-0.10
et SEZZZSS §(5).67 1;.33 ig 1.834 0.90-0.10
ESSE&%“;E?,”/ CE):;ZZ:: ii ; 2; 2.571 0.90-0.10
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Table 4. Chi-square () analysis for segregation of seed pericarp color of the cross between purple pericarp rice ‘Kewha’ and white

pericarp rice ‘Kumgangbyeo’ at the F, and F; generations

F, segregation

Cross - v* (3:1) p-value
Number Purple White Total
Kewha/K b Observed 210 64 274 0.304 0.90-0.10
ewha/lumgangbyeo Expected 205.5 68.5 274 ' e
F; segregation v* (3:1) p-value
Number purple white Total
- -13(sel Observed 88 30 118 0.011 0.95-0.90
2 13(self) Expected 88.5 29.5 118 : e
A Heugnambyeo Hwayongbyeo B Kewha Kumgangbyeo
: - )
i
F
v
FZ
|
v v
F3 F ™
Heugnambyeo/ : /\y%
Hwayongbyeo f = 'n.,_ )
Purple (3) White (1)
Heugnambyeo/
e | /Y /——
F A
Heugnambyeo/ 4 @
llpoombyeo O * f 2
All Purple Purple (3) White (1)

Dark (3)  Medium (6) ,

T
Purple (9) Brown (3)

White (4)

Fig. 3. Segregation analysis of pericarp color of black rice. (A) Purple pericarp rice O. sativa L. japonica var. ‘Heugnambyeo’ was
crossed with three types of white pericarp rice. F; plants produced purple pericarps. Further selfing of F, plants produced F; seeds with
purple pericarps, brown color pericarps, and white pericarps. (B) Phenotypes of the pericarps of cross materials. The purple pericarp rice
‘Kewha’ was crossed with white-colored pericarp wild-type ‘Kumgangbyeo’ rice. The F, seeds resulting from the F; plant are indicated.

F, and F; populations were segregated as indicated by the arrows.

The Pp Allele was Incompletely Dominant Over the pp Allele

As shown in figs. 1, 2 and 3, the Pp gene was responsible for
the seeds of the F; plants, and the F, progeny produced
purple pericarps of varying intensity. The colored pericarp
progeny of the ‘Hugnambyeo’ crosses followed a segregation
ratio of 1 dark purple (PpPp): 2 medium purple (Pppp): 1
brown (no purple color) (pppp) (Table 2 and 3; Fig. 1 and
3A). The colored pericarp progeny of the ‘Kewhabyeo’
crosses were all purple (PpPp) (Table 4 and Fig. 2 and 3B).
Therefore, the genetic configuration between Pp and pp
alleles indicated that the dominant Pp allele was an

incomplete dominant over the recessive pp allele.

A Dominant Pb allele was Essential to Color Development
in the Rice Pericarp

Genotype analysis of the F5 progeny of the crosses between
purple pericarp rice and white pericarp rice was performed
(Fig. 4). The 1.2 kb fragments of the Pb gene were
successively produced in the F; plants. The DNA sequences
of amplified DNA fragments of the Ph gene were exactly a
part of the Ra gene in rice chromosome 4. The 2 bp(GT)
deletion or insertion was identified in the PCR amplified

@ Springer
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Heugnambyeo (DP) x Ishikari (Wh)
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J' Heugnambyeo (DP) x Hwayongbyeo (Wh)
DNA fragment

bp 1Kb  HN  HW 13 14 15 16 17 18

of Pb allele L =f= =! P —
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1,000 | — ------
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- ——
pb allele | ] § 00 SN S— prrys

= 1.2 kb . Genotype PbPb pbpb Pbpb pbpb pbpb Pbpb pbpb PbPb

PThenotype DP

Wh MP Wh Wh Br Wh Br

Fig. 4. Analysis of the allelic polymorphism among progeny of the crosses between a black pericarp rice and a white pericarp rice. (A)
DNA sequence fragments of the amplified Ra gene (accession number U39860), which is the same as the rice Pb gene. The black
pericarp rice ‘Hugnambyeo’ was composed of two homologous dominant Pb alleles and presented a BamH] restriction enzyme site in the
amplified DNA sequences of each corresponding allele. The white pericarp rice ‘[lpoombyeo’ was composed of two homologous recessive
pb alleles without any BamH]1 restriction enzyme site in the amplified DNA sequences of the pb allele. The pb allele of the white pericarp
rice has a 2bp (GT) insertion in the BamH1 site of the same DNA sequences in the Pb allele. Schematic drawings are presented after
BamH]1 digestion in the DNA of the Pb allele resulting in division into two fragments of DNA. (B) Genetic analysis of the genotypic and
phenotypic constitutions of the F; progeny of the crosses between a black pericarp rice and a white pericarp rice. Genotypes are PbPb for
homozygous dominant alleles, Pbpb for heterozygous alleles, and pbpb for homozygous recessive alleles. Phenotypes are indicated by the
pericarp colors, with DP indicating dark purple, MP indicating medium and mixed purple, Wh indicating white, and Br indicating brown.

DNA sequences from genomic DNA of the purple rice
‘Hugnambyeo’ and the white pericarp rice ‘Ilpoombyeo’ (Fig.
4A). Further DNA sequence analysis of the parental lines
indicated that all of the PCR fragments in the purple rice
showed the 2 bp(GT) deletion, but that those of white rice
showed the 2bp(GT) insertion. These results were the same as
those reported in an analysis of the Ph gene by Wang and Shu
(2007), confirming that the rice Ra and Pb genes are the same
gene. The area of the GT deleted sequence of the dominant Ph
allele offered a 5’-GGATCC sequence, which can be utilized as
a BamH1 restriction enzyme site. Therefore, BamH]1 restriction
digestion of the 1.2 kb PCR products of purple rice produced
two DNA fragments, while those of white pericarp rice did not.
As shown in figure 4, genotype analysis based on PCR and
BamH1 digestion showed that all dark purple pericarp progeny
presented two bands of digested fragments, indicating that the
genetic constitutions of these plants were the homozygous
dominant PbPb alleles. All medium purple progeny presented
three bands, with one band of 1.2 kb and two bands of the

@ Springer

digested fragments in the agarose gel, indicating that these
plants had heterozygous constitutions of Phpb alleles.
Interestingly, the brown rice showed two different genotypes,
one that presented three bands on the agarose gel, indicating
heterozygous Pbpb alleles, and another that showed two
BamH1 digested bands, indicating homozygous dominant
PbPb alllels (Fig. 4B). However, all white progeny presented
only one band of 1.2 kb in the agarose gel, indicating that the
genetic constitutions of the white pericarp rice plants were
composed of homozygous recessive pbpb alleles. Overall, at
least one dominant and functional Pb allele was present in both
purple and brown pericarp rice. Therefore, the presence of at
least one dominant Pb allele is an essential factor for color
development in rice pericarps.

The Content of Cyanidin-3-O-glucoside was Determined by
the Number of Dominant Pp Alleles

Extracts from the dark purple, medium purple, brown, and
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Fig. 5. Anthocyanin profile of progeny of black rice and white rice extracts analyzed by HPLC. (A) HPLC profiles of extracts from the
purple, brown or white pericarps of rice seeds from the F, progeny. The first peak is cyanidin-3-O-glucoside (kuromanin) and the second
peak is peondin-3-O-glucoside (callistephin) in standard. Retention time is shown on the horizontal line and the amount of absorption unit
(mAU) is shown on the vertical line. (B) Measurement of cyanidin-3-O-glucoside in each pericarp of rice seeds. Arbitrary numbers of
absorption are shown on the vertical line. A high amount of cyanidin-3-O-glucoside was detected in the ‘Hungnambyeo’ (PbPbPpPp)
and the dark purple seeds (Pb_PpPp) of the F, progeny. However, a relatively small amount of cyanidin-3-O-glucoside was detected in
the medium purple seeds (Ph_Pppp) of the F, progeny. The ‘Hwayongbyeo’ (pbpbpppp) and the brown (Pb_pppp) or white pericarp
seeds (pbpbpppp) of the F, progeny were not detected in the cyanidin-3-O-glucoside.

white bran of seed pericarps were subjected to HPLC
analysis (Fig. 5). A strong peak of cyanidin-3-O-glucoside
(kuromanin) was observed in the dark purple pericarp rice of
the ‘Heugnambyeo’, ‘Kewha’, and F, progeny, which harbor
the Pb_PpPp genotypes. There was no detectable peak in the
white pericarp rice, including the ‘Hwayongbyeo’, ‘Ishikari’,
‘Ilpoombyeo’, and ‘Kumgangbyeo’ variants. Moreover, no
anthocyanin peak was identified in the bran extraction of the
brown pericarp rice (Pb_pppp), such as the F, progeny of
‘Heugnambyeo’ crossed with white pericarp rice. Anthocyanin
was detected in the medium purple pericarp rice (Pb_Pppp)
of the F, progeny, but the cyanidin-3-glucoside content was
significantly lower than that of the dark purple variant
(Pb_PpPp) (Fig. 5). The biochemical phenotypes of the
progeny showed that the level of cyanidin-3-O-glucoside
was determined by the number of copies of Pp alleles of the
genotype in each progeny.

Discussion

The inheritance pattern of purple pericarps in rice was

studied in crosses of pollen receptors from the black rice
‘Heugnambyeo’ and three pollen donors from plants with
white pericarps. All F; plants produced purple pericarp
seeds, indicating that the purple pericarp characteristic of rice
dominates over the white pericarp characteristic. 3> analysis
of F, segregation data fit ratios of 9:3:4 rather than the
Mendelian dihybrid ratio of 9:3:3:1. The pericarp color in
black rice was determined by two dominant, complementary
genes, PbPp for purple, Pbpppp for brown, and pbpbPpPp
or pbpbpppp for white. The Pb gene alone is responsible for
the accumulation of pigment in the pericarps of brown
grains. Furthermore, purple pericarp rice grains require the
Pp gene (Wang and Shu 2007; Wang et al. 2009). As
observed in this study, both alleles of the Pb and Pp genes
are involved in the purple pigmentation of rice pericarps.
Alleles of homozygous recessive pbpb genes are non
functional in the presence of the dominant Pp gene, resulting
in the recessive epistasis interaction. This recessive epistasis
was previously observed in wheat pericarp inheritance, and
it is known that two complementary dominant genes (Pp/
and Pp3) control the deposition of purple pigmentation in
wheat pericarps (Dobrovolskaya et al. 2006; Khlestkina et al.
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2010). Due to recessive epistasis, the results of the crosses
between the black rice ‘Heugnambyeo’ and the white pericarp
rice strains ‘Hwayoungbyeo’, ‘Ishihikari’ and ‘llpumbyeo’
were consistent with the modified Mendelian dihybrid ratio
of 9:3:4 (purple: brown: white). Based on this phenotype
analysis, we conclude that the genotype of purple pericarp
rice variant ‘Heugnambyeo’ was PbPbPpPp and the three
white pericarp rice varieties were pbpbpppp (Fig. 2).
Interestingly, the F, progeny of the crosses among pollen
receptors from ‘Heugnambyeo’, which has purple pericarps,
and three pollen donors from plants with white pericarps did
not show the same intensity of purple (Fig. 1A). The seeds
of the F; plant seeds and the medium purple seeds of the F,
plants showed purple color deposition in a brown
background. The Pb gene in the absence of Pp produces a
brown-colored grain, which suggests that the Pp gene acts in
a complementary fashion with the Pb gene to increase the
content of the pigment from brown to purple.

As shown in fig. 2 and 3A, the purple pericarp progeny
followed a segregation ratio of 1 dark purple (PpPp): 2
medium purple (Pppp): 1 brown (pppp), suggesting that the
dominant Pp allele was incomplete over the recessive pp
allele of the Pp gene (Table 3). As shown in figure 5, the
segregation pattern of the Pp gene was correlated with the
amount of anthocyanin in the segregation of 1 dark purple
(PpPp): 2 medium purple (Pppp). Moreover, the dark purple
rice grains (PpPp) contained relatively higher amounts of
cyanindin-3-O-glucoside than the medium purple seeds
(Pppp) of the F, progeny. Based on the genotype analysis
shown in figure 4, the pericarp color phenotypes of the F;
progeny matched the genotypes exactly (Fig. 1). We also
demonstrated that the DNA fragments of the Pb gene in the
purple rice showed a 2 bp (GT) deletion when compared to
that of the white rice (Fig. 4). These results were identical to
those of a Pbh gene analysis conducted by Wang and Shu
(2007). Here, we also confirmed that the Pb gene in rice
chromosome 4 is the PURPLE PERICARP B gene. In this
genotype analysis, progeny with heterozygous Pbpb alleles
showed two different phenotypes, medium purple pericarps
(MP) and the brown pericarps (Br). Furthermore, the progeny
of dominant homozygous PbPb alleles had dark purple (DP)
or brown pericarps (Br), while the progeny of homozygous
recessive pbpb alleles produced white pericarps (no color
deposition) (Fig. 4). These findings suggest that the presence
of at least a dominant and functional Pb allele was essential
to color development in rice pericarps. In addition, we
demonstrated that the purple anthocyanin color deposition
was not determined by the Pb gene. Although genotype
analysis of the Pp gene of the progeny was not performed in
this study, it is clear that the Pp gene determines the level of
cyanidin-3-O-glucoside deposition in black rice.

In this genetic analysis, we demonstrated that the Ph and

@ Springer

Pp genes are involved in purple pigmentation of rice
pericarps with the epistatic interactions. Furthermore, we
showed that the dominance of the Pp allele over the
recessive pp allele is incomplete. Therefore, deposition of
the cyanidin-3-glucoside in black rice is affected by the Pp
gene.

Materials and Methods

Plant Materials

Several black and white rice germplasms were grown in a paddy field
of Yeungnam University, Gyeongsan, Korea. The purple pericarp rice
used were Oryza sativa L. japonica var. ‘Kewha’ and O. sativa L.
Japonica var. ‘Heugnambyeo’, while the white pericarp rice O. sativa
L. japonica var. ‘Hwayongbyeo’, O. sativa L. japonica var. ‘Ishikari’,
O. sativa L. japonica var. ‘llpoombyeo’, and O. sativa L. indica var.
‘Kumgangbyeo’ were used as wild-type controls.

Phenotypic Analysis and Agronomic Data Scoring

The pigmentation in the pericarps was documented and photographed
using a digital camera. The phenotypes of the purple pericarp plants
and wild-type white pericarp plants were also recorded (Matin and
Kang 2012). In addition to the pericarp color of the materials, several
agronomic traits including days to heading (DH), tiller number (TN),
culm length (CL), leaf length (LL), plant height (PH), panicle exertion
ability (PE), panicle length (PL), panicle number (PN), panicle thresh
ability (PT), spikelet number (SN), spikelet fertility (SF) and 100-
grain weight were evaluated. Twenty-five-day-old seedlings were
transplanted as single plants in the experimental paddy field and
agronomic data from vegetative to reproductive growth periods were
recorded. Specifically, 15 plants of each accession were evaluated for
each type of agronomic data considered. Additionally, the average
number of tillers per plant was calculated based on data obtained from
15 plants. The average numbers of spikelets were recorded from the
five plants using five panicles from each plant. The spikelet fertility
percentage was scored as the number of filled grains divided by the
number of total spikelets from each panicle. The heading date for
each plant was recorded as the first developing panicle to emerge
approximately 1 cm beyond the leaf sheath of the flag leaf. The mean
number of days to heading of individuals was taken as the heading
date. The days to heading were then converted from the day of
transplantation to obtain the mean heading date. For grain weight, 100
ripped spikelets were dehulled and the weight in grams was measured
using an electronic balance.

Genetic Analysis

Genetic studies were conducted to analyze the inheritance pattern of
the pericarp color of rice. We visually assessed the pericarp color of
matured seeds from the F; and F, populations for individuals with
purple, brown or white seed pericarps. To evaluate the inheritance
pattern of purple pericarps, segregation analysis of the purple pericarps
was carried out using F; and a large population of F, progeny from
crosses among Oryza sativa L. japonica var. ‘Heugnambyeo’ with
purple pericarps as a pollen receptor, and O. sativa L. japonica var.
‘Hwayongbyeo’, O. sativa L. japonica var. ‘Ishikari’, and O. sativa L.
Japonica var. ‘Ilpoombyeo’ with white pericarps as pollen donors. A
total of 20 fertilized seeds for each cross were obtained and the
resultant F, seeds were grown in the field to produce F, plants. The F,
plants were then allowed to self-fertilize to produce F, seeds, which
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were collected from a single F, plant and grown in the field under
natural conditions. The phenotypic data of the F, segregations were
documented, and F; seeds from a single panicle were harvested
separately from each F, plant at the mature stage. Segregation
analysis of pericarp color was also conducted using F; and a large
population of F, and F5 progeny from the cross between O. sativa L.
Japonica var. ‘Kewha’ with purple pericarps as a pollen receptor (P;)
and O. sativa L. indica var. ‘Kumgangbyeo’ with white pericarps as a
pollen donor (P,). The genotype of the parents was determined using the
seed pericarp phenotype of the F,, F, and F; populations. Genomic
DNA was extracted from leaf tissues using the CTAB buffer method
(Matin and Kang, 2012). Determination of allelic differences in Pb
genes among the progeny of black pericarp rice and white pericarp
rice crosses was performed based on PCR-based polymorphism of the
Ra gene, which is a homologue of the Pb gene (Hu et al., 1996; Wang
and Shu 2007). Briefly, polymerase chain reaction (PCR) using
primers for the transcriptional activator Ra gene (accession number
U39860) was performed (forward primer 5’~-GGGAGAAGCTCAA-
CGAGATG and reverse primer 5’-GGGITGGCAGATTCATCACTT).
The PCR amplified fragments were then sequenced to define the Pb
gene. For genotype analysis, the PCR products were digested with
BamH1 restriction enzyme and run on 1.2% agarose gels.

HPLC Analysis of Rice Seed Extract

Ten grams of rice pericarp powder were extracted with 50 mL of 70%
ethanol as an extraction solvent for 24 h at 25°C in the dark. The
extracts were then centrifuged at 10,000 x g for 20 min and passed
through a 0.25 pm PVDF filter (Millipore, Billerica, MA., USA). The
filtered samples (10 pL) were subsequently injected into an HPLC (high
performance liquid chromatography) (Sheseido, Tokyo, Japan) system.
Separation was conducted using a CAP CELL PAK C18 column
(4.6x250 mm; Sheseido) at 30°C with the detection absorbance set at
520 nm. The elution system consisted of 5% formic acid (solvent A)
and 5% acetonitrile containing 5% formic acid (solvent B). Elution was
conducted using a linear gradient of B into A at a flow rate of 1.0 mL/
min as follows: elution starting with 0-35.5% B at 0-23 min under
isocratic flow and then increasing from 35.5-100% B at 24-45 min.
Kuromanin and Callistephin (Sigma, St. Louis, USA) were used as
standard chemicals for measurement of cyanidin-3-O-glucoside and
pelagonidin-3-O-glucoside, respectively.

Acknowledgements

We would like to thank undergraduate students, Kyeonghoon Kang
and Jekun Cho, in the Molecular Genetics Laboratory at Department
of Biotechnology, Yeungnam University, Korea. This research was
supported by a grant funded by Yeungnam University (210A380080).

References

Abdel-Aal ESM, Young JC, Rabalski I (2006) Anthocyanin composition
in black, blue, pink, purple, and red cereal grains. J Agric Food
Chem 54:4696-4704

Chung HS, Shin JC (2007) Characterization of antioxidant alkaloids
and phenolic acids from anthocyanin-pigmented rice (Oryza
sativa cv. Heugjinjubyeo). Food Chem 104:1670-1677

Dobrovolskaya OB, Arbuzova VS, Lohwasser U, Roder MS, Borner
A (2006) Microsatellite mapping of complementary genes for
purple grain colour in bread wheat (7riticum aestivum L.).
Euphytica 150:355-364

Furukawa T, Maekawa M, Oki T, Suda I, lida S, Shimada H, Takamure
I, Kadowaki K (2006) The Rc and Rd genes are involved in
proanthocyanidin synthesis in rice pericarp. Plant J 49:91-102

Hsieh SC, Chang TM (1964) Genic analysis in rice. IV. Genes for
purple pericarp and other characters. Japan J Breed 14:141-149

Hu C, Zawistowski J, Ling W, Kitts DD (2003) Black rice (Oryza
sativa L. indica) pigmented fraction suppresses both reactive
oxygen species and nitric oxide in chemical and biological model
systems. J Agric Food Chem 51:5271-5277

Hu J, Anderson B, Wessler SR (1996) Isolation and characterization
of rice R genes: evidence for distinct evolutionary paths in rice
and maize. Genetics 142:1021-1031

Jang S, Xu Z (2009) Lipophilic and hydrophilic antioxidants and their
antioxidant activities in purple rice bran. J Agric Food Chem 57:
858-862

Kang SG, Pandeya D, Kim SS, Suh HS (2006) Morphological characters
of panicle and seed mutants of rice. Korean J Crop Sci 51:348—
355

Khlestkina EK, Roder MS, Borner A (2010) Mapping genes controlling
anthocyanin pigmentation on the glume and pericarp in
tetraploid wheat (7riticum durum L.). Euphytica 171:65-69

Kim BG Kim JH, Min SY, Shin KH, Kim JH, Kim HY, Ryu SN, Ahn
JH (2007) Anthocyanin content in rice related to expression
levels of anthocyanin biosynthetic gene. J Plant Biol 50:156—160

Kim CK, Cho MA, Choi YH, Kim JA, Kim YH, Kim YK, Park SH
(2011) Identification and characterization of seed-specific
transcription factors regulating anthocyanin biosynthesis in black
rice. J Appl Genet 52:161-169

Matin MN, Kang SG (2012) Genetic and phenotypic analysis of lax-
6, amutant allele of LAX PANICLE] in Rice. J Plant Biol 55:50—
63

Min B, McClung AM, Chen MH (2011) Phytochemicals and antioxidant
capacities in rice brans of different color. J Food Sci 76:117-126

Ling WH, Cheng QX, Ma J, Wang T (2001) Red and black rice
decrease atherosclerotic plaque formation and increase antioxidant
status in rabbits. J Nutr 131:1421-6.

Nam SH, Choi SP, Kang MY, Koh HJ, Kozukue N, Friedman M
(2006) Antioxidative activities of bran from twenty one pigmented
rice cultivars. Food Chem 94:613-620

Reddy VS, Dash S, Reddy AR (1995) Anthocyanin pathway in rice
(Oryza sativa L.): identification of a mutant showing dominant
inhibition of anthocyanins in leaf and accumulation of
proanthocyanidins in pericarps. Theor Appl Genet 91:301-312

Shao Y, Jin L, Zhang G, Lu Y, Shen Y, Bao J (2011) Association
mapping of grain color, phenolic content, flavonoid content and
antioxidant capacity in dehulled rice. Theor Appl Genet
122:1005-1016

Sompong R, Siebenhandl-Ehn S, Linsberger-Martin G, Berghofer E
(2011) Physicochemical and antioxidative properties of red and
black rice varieties from Thailand, China and Sri Lanka. Food
Chem 124:132-140

Sweeney MT, Thomson MJ, Pfiel BE, McCouch S (2006) Caught
red-handed: Rc encodes a basic helix-loop-helix protein conditioning
red pericarp in rice. Plant Cell 18:283-294

Wang C, Shu Q (2007) Fine mapping and candidate gene analysis of
purple pericarp gene Pb in rice (Oryza sativa L.). Chinese Sci
Bull 52:3097-3104

Wang X, Ji Z, CaiJ, Ma L, Li X, Yang C (2009) Construction of near
isogenic lines for pericarp color and evaluation on their near
isogenicity in rice. Rice Sci 16:261-266

Yoshimura A, Ideta O, Iwata N (1997) Linkage map of phenotype
and RFLP markers in rice. Plant Mol Biol 35:49—-60

Zhu F, Cai YZ, Bao J, Corke H (2010) Effect of y-irradiation on
phenolic compounds in rice grain. Food Chem 120:74-77

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


