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ABSTRACT Seed dormancy has been associated with red grain color in cereal crops for a century. The association was linked to gSD7-
1/qPC7, a cluster of quantitative trait loci for seed dormancy/pericarp color in weedy red rice. This research delimited gSD7-1/qPC7 to
the Os07g11020 or Rc locus encoding a basic helix-loop-helix family transcription factor by intragenic recombinants and provided
unambiguous evidence that the association arises from pleiotropy. The pleiotropic gene expressed in early developing seeds promoted
expression of key genes for biosynthesis of abscisic acid (ABA), resulting in an increase in accumulation of the dormancy-inducing
hormone; activated a conserved network of eight genes for flavonoid biosynthesis to produce the pigments in the lower epidermal cells
of the pericarp tissue; and enhanced seed weight. Thus, the pleiotropic locus most likely controls the dormancy and pigment traits by
regulating ABA and flavonoid biosynthetic pathways, respectively. The dormancy effect could be eliminated by a heat treatment, but
could not be completely overcome by gibberellic acid or physical removal of the seed maternal tissues. The dormancy-enhancing alleles
differentiated into two groups basically associated with tropical and temperate ecotypes of weedy rice. Of the pleiotropic effects, seed
dormancy could contribute most to the weed adaptation. Pleiotropy prevents the use of the dormancy gene to improve resistance of

white pericarp cultivars against pre-harvest sprouting through conventional breeding approaches.

EEDS acquire primary dormancy during development to

enhance adaptation of wild species to diverse environ-
ments by distributing germination over time and space. Do-
mestication tends to reduce dormancy by selection for rapid,
uniform germination (Harlan et al. 1973). Differentiation in
seed dormancy between cereal crops and wild relatives has
been associated with seed morphologies (Nilsson-Ehle 1914;
Johnson 1935) and quantitative trait loci (QTL). Cloning of
validated dormancy loci provides in-depth insights into reg-
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ulatory mechanisms underlying natural variation in this
adaptive or domestication-related trait (Bentsink et al. 2006;
Sugimoto et al. 2010).

Weedy rice refers to Oryza spp., which competes with
cultivated rice (Oryza sativa L. and O. glaberrima Steud.)
from tropical to temperate areas (Oka 1988; Delouche
et al. 2007). The most persistent type of weedy rice is red
rice, which is characterized by a red pericarp color. Red rice
has strong seed dormancy (Cohn and Hughes 1981; Noldin
et al. 2006). Genetic analysis has associated pericarp color
with seed dormancy in red rice (Gu et al. 2005a).This asso-
ciation was first reported for wheat (Triticum aestivum L.),
where red grain genotypes were more dormant than the
white ones, and this morphology has been used to select
cultivars for resistance to pre-harvest sprouting (Nilsson-
Ehle 1914; Flintham 2000). However, it remains unknown
if the association in rice, wheat, and other crops arises from
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a tight linkage between genes for these two traits or from
pleiotropy.

Genetic control of red grain color involves the homoel-
ogous R1I-R3 loci in wheat (Flintham 2000) and the Rc and
Rd loci in rice (Kinoshita 1984). Rc on chromosome 7 and Rd
on chromosome 1 encode a basic helix-loop-helix (bHLH)
family transcription factor and a dehydroflavonol-4 reduc-
tase (DFR), respectively (Sweeney et al. 2006; Furukawa
et al. 2007). However, several groups failed to detect a dor-
mancy locus from the Rc or Rd region in wild or cultivated
rice (Lin et al. 1998; Cai and Morishima 2000; Miura et al.
2002; Thomson et al. 2003; Lee et al. 2005).We mapped
a cluster of QTL for seed dormancy (gSD7-1) and pericarp
color (gPC7) on the short arm of chromosome 7 in weedy
red rice (Gu et al. 2005b). The QTL-containing genomic
segment was introduced from weedy into cultivated rice to
facilitate cloning and characterization of the dormancy gene
(Gu et al. 2006). Here we delimit the clustered QTL to a sin-
gle locus and characterize the dormancy gene for additional
effects, downstream gene networks for abscisic acid (ABA)
and flavonoid biosynthesis, and allelic differentiation in
weedy rice.

Materials and Methods
Plant materials and cultivation

An introgression line, ILspy.7,pc7, Was selected from the ad-
vanced backcross population segregating only for a gSD7-1/
gPC7-containing segment introduced from SS18-2 in the
EM93-1 genetic background (Gu et al. 2006). The donor
parent SS18-2 is a line of weedy red rice, and the recipient
parent EM93-1 is a white pericarp line of cultivated rice
(O. sativa subsp. indica). The EM93-1 background for the
QTL-containing region delimited by RM6338 and RM8006
(Figure 1A) was determined with 140 markers relatively
evenly distributed on the framework linkage map (Gu
et al. 2004). A cross was made between ILgsp;.;,pc, and
EM93-1 to genetically dissect gSD7-1 from gPC7 using the
breeding scheme step by step from the F, to F¢ generation
(see supporting information, Figure S1 for breeding scheme
and population sizes). About 6300 F, plants were grown in
an isolated field plot to harvest fully mature seeds. A single
seed (F3) was pooled from each of the F, plants to form Fs
subpopulations of red or white pericarp seeds. The F3-Fg
populations were grown in a greenhouse to identify
recombinants or isogenic lines for the dormancy-enhancing
(SD7-1P) or -reducing (SD7-19) allele of the gSD7-1 under-
lying gene SD7-1.

Marker genotyping and recombinant identification

New markers (Table S1) were developed on the basis of the
genome sequence for Nipponbare (O. sativa subsp. japonica;
International Rice Genome Sequencing Project 2005) for the
contig corresponding to the QTL peak-containing region. F3—
Fe¢ seedlings were determined for marker genotypes using
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Figure 1 Fine mapping of the qSD7-1/qPC7 region. (A) Physical map of
the QTL peak-containing region. ILgsp7-1/4pc7 is the introgression line with
only one chromosomal segment from the weedy rice SS18-2 (solid bar) in
the background of the cultivated rice EM93-1 (open bars). (B) Graphic
representation of recombinants selected for progeny testing. Each re-
combinant was identified as a plant heterozygous for an SS18-2-derived
subsegment (solid bar) and produced white (Wrec) or red (Rrec) pericarp-
colored seeds. r, 4 is the correlation coefficient between genotypes of the
marker on the subsegment and germination values in the recombinant-
derived progeny population (see Figure S1 for population pedigree and
sizes), with a negative value indicating that the SS18-2-derived allele
reduces germination rate and the superscript indicating that the correla-
tion was not significant (ns) or significant at P < 0.0001 (***). Vertical
lines delimit the Os07g77020 locus underlying the QTL cluster. (C) Gel
image showing marker (AP5098-15, RM21197, and RM632) genotypes
of the parental lines EM93-1 (E) and SS18-2 (S) and the recombinant
Rrec*2 (R). (D) Genotypic difference in seed dormancy and pericarp color.
The duration of dormancy was evaluated by germination of seeds after-
ripened for 1-22 d. Data shown are genotypic means (circles) and SD of
15 plants selected from the (B) intragenic recombinant Rrec*2-derived
progeny population. The genotypes homozygous for the dormancy-
enhancing allele (DD, solid circles) or heterozygous (Dd, shaded circles)
at SD7-1 displayed red pericarp color, and the genotype homozygous for
the dormancy-reducing allele at SD7-1 exhibited white pericarp color (dd,
open circles). Germination profiles for individual after-ripening periods are
presented in Figure S2.

previously described methods (Gu et al. 2004). Recombinant
genotypes between the markers were transplanted into pots
to harvest seeds for dormancy assay by marker-assisted
progeny testing. Seeds were air-dried for 3 d and then
stored at —20° before dormancy assay by germination.

Phenotypic identification

Seed dormancy: The degree of dormancy was measured by
the percentage of germination. Prior to germination, seed
samples from individual plants were after-ripened (warm-
dried at 24°-25°) for 1-21 d, depending on experiments or
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populations. Three replicates of ~50 seeds each were ger-
minated at 30° using the previously described methods (Gu
et al. 2004). For progeny testing, ~100 marker-genotyped
plants from a recombinant-derived population were evalu-
ated, and a significant marker-germination correlation was
used to indicate the presence of a dormancy-enhancing allele
in the recombinant. The SD7-1P and SD7-1¢ isogenic lines
were used to estimate genotypic responses to dormancy-
breaking treatments: intact seeds heating at 45° for 7 d or
incubated with buffer containing 1 or 3 mM gibberellic acid
[GA3; (Acros Organics), a germination-promoting hormone
commonly used in seed biology experiments], hull-removed
seeds (i.e., caryopses), and pericarp/testa-scraped caryopses
prepared using the method described in Gu et al. (2003).

Pericarp color: Pericarp color for individual plants was
visually scored as red (brown for transgenic lines) or white.
Red and white pericarp genotypes were coded as 1 and O,
respectively, to correlate the pigment with the dormancy
trait in a segregating population.

Seed moisture: Difference in moisture content between red
and white pericarp genotypes was determined for freshly
harvested and drying seeds. Ten plants that flowered on the
same day from each of SD7-1° and SD7-1¢ were harvested
at 40 d after flowering. One hundred fully developed seeds
from each plant were weighed immediately after harvesting,
air-dried at 24°, and weighed every 24 h. After 11 d, these
samples were dried at 105° for 72 h to measure dry weight
to calculate moisture contents. This initial experiment
detected a significant difference in 100-seed weight between
the isogenic lines. Therefore, these lines were grown in the
following two seasons to confirm the genotypic effect on
seed weight, which was estimated as the percentage of
(SD7-1P-SD7-19)/SD7-1¢ in 100-seed weight.

Abscisic acid: The plant hormone ABA is a key signaling
molecule for dormancy induction (Finkelstein et al. 2008).
Thus, ABA content was measured for SD7-1° and SD7-14
developing seeds sampled (~200 spikelets each) at O (con-
trol), 10, 20, and 30 d post anthesis (DPA). Sample prepa-
ration and ABA detection were conducted using the
methods described in Destefano-Beltran et al. (2006). 2Hg-
ABA (50 ng) was used as the internal standard. ABA was
quantified using a high performance liquid chromatography-
mass spectrometer system. Ions monitored were 263 for ABA
and 269 for the internal standard. This experiment was rep-
licated three times.

Genomic DNA isolation and sequence analysis

DNA segments covering SD7-1 and its flanking regions were
amplified from SS18-2, EM93-1, and SD7-1P by PCR. Pri-
mers targeting 10 overlapping fragments were designed on
the basis of the reference genome (International Rice Ge-
nome Sequencing Project 2005). PCR products were cloned
into pGEM T-Vector (Promega) and sequenced from both

directions. Sequences were aligned and analyzed using the
Lasergene 7 Software Suite.

cDNA isolation and sequence analysis

RNA samples of SD7-17 and SD7-1¢ were prepared from
10-d developing seeds or expanding leaf tissue using the
method of Chang et al. (1993) and reverse-transcribed using
the SuperScript First-Strand Synthesis Kit (Invitrogen). Pri-
mers (Table S1) for the reverse transcription and subse-
quent PCR were designed on the basis of the SD7-1
genomic DNA sequence from SD7-1° to amplify the two
overlapping cDNA fragments and full-length cDNAs (Figure
2A). PCR products were cloned as described above and se-
quenced. Protein sequences deduced on the basis of the full-
length cDNAs were annotated with the Pfam protein family
database (Finn et al. 2010).

Complementary test of Rc for seed dormancy

The Rck transgenic T, line Rc3-#16, developed by transfor-
mation of Nipponbare with the Rc genomic DNA from the
indica cultivar Kasalath (Furukawa et al. 2007), was ad-
vanced to the T; generation to improve seed set and to
select stable transgenic lines. Selected T; lines differed in
pericarp color (brown vs. white). However, the difference in
mean germination rate between the T3 brown (64%) and
white (72%) pericarp lines was not significant (P > 0.05).
Thus, the Rc* transgene was introduced into the EM93-1
background by three generations of recurrent backcrossing
combined with phenotypic selection. Seeds from a selected
BCsF; plant were developed into the BC3F, population to
test for association between the pigment and dormancy
traits.

Phylogenetic analysis of SD7-1/Rc alleles

The alleles from additional red pericarp (RcRc) genotypes
were sequenced to determine if their differentiation affects
seed dormancy. Seven lines of red weedy or cultivated (land-
race) rice, which were evaluated for seed dormancy in the
previous research (Gu et al. 2005a), and two lines of wild
rice (O. rufipogon) were selected to represent different geo-
graphic origins. Genomic DNAs for the SD7-1/Rc alleles iso-
lated by PCR were directly sequenced, and sequences were
analyzed using the methods described above. Phylogenetic
analyses for these and previously sequenced alleles were
conducted using the MEGA4 software (Tamura et al. 2007).

Real-time quantitative reverse transcription PCR

Transcriptional levels of SD7-1 and genes predicted for ABA
and flavonoid biosynthesis were quantified in SD7-1P and
SD7-14 developing caryopses to infer regulatory mecha-
nisms of seed dormancy and red pericarp color. Individual
spikelets from SD7-1P and SD7-1¢ plants were marked for
the date of anthesis at the peak time of flowering. About 60
spikelets harvested at O (control), 5, 10, 15, 20, 25, and 30
DPA were used to prepare caryopses for RNA extraction.
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Figure 2 cDNAs and allelic variation of the SD7-1
locus. (A) cDNA fragments from SD7-12 and SD7-19.
Images show cDNA clones for the dormancy-enhancing
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were predicted by aligning the genomic DNA against
the full-length cDNA sequence for the D allele. Arrows
indicate variations in cDNA sequence between D and
d. (C) Protein sequences. Amino acid sequences were
deduced on the basis of the D and d cDNA sequences.
Solid/dotted lines indicate the Pfam-A (HLH)/-B
matches, respectively, predicted with the Pfam protein
family database (Finn et al. 2010) for allele D. Asterisks/
dashes indicate changed amino acid residuals located
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Each sample of 4 g RNA was used to prepare cDNA. PCR
primers were designed on the basis of the reference genome
(International Rice Genome Sequencing Project 2005) to
target open reading frames of predicted ABA and flavonoid
biosynthesis genes (Table S1). The genes encoding RNA II
polymerase and GTP-binding protein were selected as con-
trols on the basis of a transcriptomic analysis, in which their
expression levels were not different in the tested tissue. Re-
al-time reactions were performed using SYBER Green PCR
Master Mix (Applied Biosystems). Primer validation and dif-
ferential expression analysis were conducted using the
method described in Chao (2008).

Histological analysis of pericarp color

Developing seeds sampled at 5, 10, 15, 20, and 30 DPA
were fixed with a formalin aceto alcohol solution for 3 h,
dehydrated, and embedded in Paraplast Plus (Sigma) using
methods described in Luna (1968). Longitudinal microtome
sections of 8-10 pm thick were stained with hematoxylin
and eosin (Sigma) and imaged using an Olympus AX70
Upright Compound Microscope.

Results
Fine mapping of qSD7-1/qPC7

An F, population from the EM93-1/ILysp;.1,qpc7 Cross con-
sisted of 4711 red and 1568 white pericarp-colored plants.
The red:white ratio fits the 3:1 expectation (x? = 0.003; P =
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0.95) for a dominant gene, which should be qPC7. There
were no plants with a brown or other pericarp color in the F,
population, indicating that EM93-1 carries functional alleles
at the Rd and other loci required for expressing the red
phenotype.

A total of 1383 F; seedlings from the white Fy’'s were
genotyped with the RM6728 and AP5779-8 markers (Figure
1A). Of the 74 recombinant events identified, 66 and 8 game-
tes retain an SS18-2 allele at RM6728 and AP5779-8, respec-
tively. The white recombinants Wrec#1 and #2, heterozygous
at RM6728 or AP5779-8 (Figure 1B), were advanced to the
F, generation to precisely determine if gSD7-1 was separated
from qPC7. There was no significant correlation between the
marker genotypes and germination rates in these two white
progeny populations (Figure 1B), indicating that qSD7-1/
1PC7 does not locate on either heterozygous region.

Genotyping 1238 F3 seedlings from the red F,’s identified
58 recombinant events between RM6728 and AP5779-8.
One (i.e., Rrec*1) of the recombinants was derived from
the crossover occurring between AP5098-15 and RM21197,
both of which are located within the The Institute for Genome
Research locus Os07g11020 (Figure 1B). Rrec*1 was hetero-
zygous for the RM21197-AP5779-8 region and produced red
pericarp seeds (F4). Progeny testing detected a significant
marker—germination correlation (R?> = 0.28) in the Rrec”1-
derived F, population, indicating that gSD7-1 and qPC7 co-
locate on the heterozygous interval of <70 kb (Figure 1B).

Genotyping of the Rrec*1-derived 2295 Fs plants
identified 12 recombinant events between RM21197 and
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AP5779-8. Recombinant Rrec*2, which is heterozygous at
RM21197 but homozygous for the EM93-1 alleles at flank-
ing markers RM632 and AP5098-15 located within
0s07g11020 (Figure 1C), also produced red pericarp seeds.
Progeny testing of this intragenic recombinant detected a sig-
nificant marker—germination correlation (R? = 0.36), with
red pericarp genotypes having more dormant seeds than the
white ones (Figure 1D). Co-location unambiguously demon-
strated that Os07g11020 underlies both gSD7-1 and qPC7.
0s07g11020 was cloned as Rc (Sweeney et al. 2006; Furu-
kawa et al. 2007). On the basis of the progeny population
(Fg) segregating only for the intragenic segment between
AP5098-15 and RM632, we estimated that the dormancy
gene at gSD7-1, or SD7-1, has both additive (a) and domi-
nance (d, d/a varying from 1.1 to 2.3) effects on germina-
tion (Figure S2).Thus, the isogenic lines SD7-1° and SD7-1¢
were selected from the Fg homozygous genotypes to repre-
sent dormancy-enhancing and -reducing alleles, respec-
tively, for the following experiments.

Gene structure and functional mutation for
seed dormancy

Alignment of SD7-1 genomic DNA sequences from SS18-2
and EM93-1 detected 32 mutations, including 24 single nu-
cleotide polymorphisms (SNPs) and 8 short (1-34 bp) in-
sertion/deletions (Table S2). The sequence alignment
between the dormancy-enhancing and -reducing alleles
from SD7-1P and SD7-19, respectively, revealed that the iso-
genic lines differ in the intragenic region of 3206-5190 bp
from the start codon (Table S2). Thus, Rrec”2 must be de-
rived from the first crossover between 3109 and 3206 bp in
the F; or F, and from the second crossover between 5190
and 5401 bp in the F, (Figure S1).

Partial and full-length cDNAs for the SD7-1 locus were
isolated from SD7-1° and SD7-1¢ 10-d developing seeds
(Figure 2A). Alignment of the full-length cDNA against the
genomic DNA sequences from SD7-1° demonstrated that
SD7-1 consists of eight exons and seven introns (Figure
2B). Comparison between the SD7-1° and SD7-1¢ full-
length cDNAs confirmed three mutations in the coding re-
gion of the dormancy-reducing allele, including a G/A
transition in exon 6 and an A/G transition and a 14-bp de-
letion in exon 7 (Figure 2B).

The deduced protein sequence (Figure 2C) from the
SD7-1P full-length cDNA contains a major (Pfam-A match
HLH) and two minor (Pfam-B match) domains (Finn et al.
2010). Of the two SNPs, only the G/A transition in exon 6
changed a codon from methionine to isoleucine in the Pfam-
B 8787 domain. This transition could be excluded as a func-
tional mutation, as it is also present in the dormant red
pericarp lines C9541, LD, Kebra60, Pokkalli, and W1713
(Figure 4). The 14-bp deletion is predicted to generate a pre-
mature stop codon located before the overlapped HLH and
Pfam-B 3949 domains, resulting in a truncated protein in
SD7-1¢ (Figure 2C). Annotation of this truncated protein did
not find any significant Pfam-A or -B match, suggesting that
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Figure 3 Effects of the Rck transgene. (A) Images of caryopsis morphol-
ogies. The Kasalath-derived Rck transgene in the Nipponbare background
(Furukawa et al. 2007) was introduced from a transgenic Ts plant into the
EM93-1 background by three generations of recurrent backcrossing.
Caryopses shown are from the donor (red), recipients (white), T3 (brown),
and BCsF; (light red) plants. (B) Germination profile of a BCsF, popula-
tion. The population consisted of 42 red and 12 white pericarp-colored
plants and was evaluated for seed dormancy in two germination experi-
ments. The red and white pericarp genotypes were correlated with ger-
mination rates at 7 d after imbibition in the first experiment (top). Circles/
bars indicate means/SD of daily cumulative germination in the second
experiment (bottom).

the dormancy-reducing allele is a loss-of-function mutation.
Therefore, this deletion is the only molecular lesion account-
ing for the phenotypic variation in seed dormancy and peri-
carp color between the isogenic lines.

Effect of a transgenic Rc on seed dormancy

The Rck transgene changed pericarp color from brown in the
Nipponbare to light red in the EM93-1 background (Figure
3A). In a BC3F, population, the red:white segregation ratio
of 42:12 fits the 3:1 Mendelian expectation (x2 = 0.22; P =
0.63) for a dominant gene, and the pericarp color trait cor-
related with seed dormancy (Figure 3B). The correlation
accounted for 30% of the phenotypic variance, and average
germination was 16% lower for red than for white pericarp
genotypes in two independent germination tests, indicating
that Rck is also functional for seed dormancy. The failure to
detect this function in the Nipponbare background (Lin et al.
1998; Miura et al. 2002) could result from other factors that
interfere with Rck expression and/or phenotypic assessment.

Differentiation of functional Rc alleles in seed dormancy

A total of 45 variable sites detected from 12 Rc alleles dis-
tinguish the donors from one another (Figure 4). All these
alleles retain the 14-bp sequence deleted in the mutant rc
alleles from EM93-1 and Nipponbare. Fifteen of the 45 sites
locate in the exon regions outside the sites reported for the
mutant Rc-s (Sweeney et al. 2006) and the reverting
mutants Rc-g and Rc" derived from the rc alleles in white
pericarp cultivars (Brooks et al. 2008; Lee et al. 2009).
Seven of the 15 sites, including the G/A transition in exon
6, changed amino acid residues in deduced proteins.
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Figure 4 Evolutionary relationship of Rc alleles from a set of red pericarp
lines. Phylogenetic tree was developed on the basis of genomic DNA
sequences in the final data set of 6303 positions from 14 [12 red and
2 white (control)] genotypes of diverse origins. Numbers next to the
branches are bootstrap values of 1000 replicates. Superscripts indicate
dormant genotypes (*) or that Rc in the genotype (**) was associated
with seed dormancy (Gu et al. 2005a).

The 12 Rc alleles are equally clustered into two distinct
clades or groups, each consisting of donors from weedy, wild
(O. rufipogon), and cultivated rice (Figure 4). Five of the six
Rc alleles in group I distributed in tropical areas of Asia,
where wild rice co-existed with weedy and indica types of
rice (Oka 1988). Rc in US1, a red rice line collected from the
U.S. temperate area (Suh et al. 1997), is an exception in
group I. Rc alleles in group II are closest to the rc alleles
and distribute in diverse donors, including the intragenic
recombinant SD7-1P and the weedy rice from east China
(LD) and Korea (C9541) where there was no O. rufipogon.
Rc alleles from the temperate ecotype of weedy lines LD and
C9541 could represent the functional alleles most distant to
those in group I (Figure 4). All the donor lines of weedy and
cultivated rice in both groups were identified as dormant
genotypes, or dormancy was associated with the Rc locus
in our previous (Gu et al. 2005a) or present research. Thus,
phylogenetic and dormancy data suggest that Rc alleles
functional for pericarp color most likely also function for
seed dormancy.

Pleiotropic effects and responses to
dormancy-breaking treatments

Independent experiments also detected differences in ABA
accumulation and seed weight between the isogenic lines.
ABA content increased during embryogenesis and reached
a peak at 10 DPA in SD7-1P and SD7-1¢. However, the hor-
mone level was about two times higher in the dormant than
in the nondormant line at peak time (Figure 5A). The geno-
typic difference suggests that SD7-1 may control seed dor-
mancy by regulating ABA biosynthesis and/or metabolism in
developing seeds.

The experiment shown in Figure 5B was conducted to
determine if pigmented pericarp tissue has an effect on seed
moisture content, which is a physiological factor directly
affecting dormancy release and germination capability in
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Figure 5 Phenotypic differences between SD7-1° and SD7-1¢. (A) Absci-
sic acid (ABA) accumulation in developing seeds. Bars represent SD of
three replicates. (B) Seed moisture and weight. Seeds in amounts of 100
were sampled from a plant; bars represent SD of 10 plants. (C) Germi-
nation of intact seeds (control), hull-removed seeds, and seeds treated
with gibberellic acid (GA3) and heated at 45° for 7 d. Germination was
evaluated with three samples (50 seeds/sample) from a plant; bars rep-
resent SD of 15 plants. (D) Germination of pericarp/testa-removed cary-
opses at two different temperatures. Germination was evaluated with
100 caryopses.

red rice (Leopold et al. 1988). The initial experiment did
not detect a significant difference for moisture content in
either freshly harvested or air-drying seeds from the isogenic
lines, but revealed a greater (3%) weight for SD7-1P than
for SD7-14 seeds (Figure 5B). This observation was con-
firmed in other two experiments that showed increasing
seed weight by 3.0-3.6% (Table S3).

Several dormancy-breaking treatments were used to
evaluate genotypic difference in germination response
between SD7-1P and SD7-14. One week of heating at 45°
almost completely removed dormancy from both lines. Re-
moval of the hull (lemma and palea) tissue from intact seeds
or application of 1 or 3 mM GAj increased germination but
did not eliminate the genotypic difference (Figure 5C), sug-
gesting that the SD7-1-controlled dormancy is not imposed
through the hull or a GA-related pathway. Removal of the
pericarp and testa tissues from the caryopses still allowed
detection of the difference in germination velocity before
72 hr of incubation at 30° or 20° (Figure 5D). Thus, this
difference could attribute to the residual effect of SD7-1 on
germination after the maternal tissues are physically removed.

Downstream gene networks regulated by SD7-1/Rc and
tissue-specific expression

Both SD7-1 functional and mutant alleles were transcribed
at a relatively high level before 20 DPA (Figure 6A).
Compared to the mutant allele, the functional allele
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Figure 6 Transcription profile of selected genes in SD7-1P and SD7-19.
(A) The seed dormancy gene SD7-1. RNAs prepared from spikelet at
0 (control) and caryopses at 5-30 d post anthesis were quantified by
quantitative RT-PCR (qRT-PCR), with the RNA Il polymerase and GTP-
binding protein genes as the control in this and the following analyses.
(B and C) Predicted genes for ABA biosynthesis. Bars in B indicate means
(SD) of three replicates for transcripts quantified by gRT-PCR. The number
over each pair of bars is the fold change in transcription level between
SD7-1° and SD7-19. (D) A model for a regulatory mechanism of seed
dormancy. SD7-1 upregulates expression of key genes on the ABA bio-
synthetic pathway, resulting in increased ABA accumulation in early de-
veloping seeds, which induces the development of primary dormancy. The
pathway was adopted from Nambara and Marion-Poll (2005). ABA, absci-
sic acid; ZEP, zeaxanthin epoxidase; NCED1, nine-cis-epoxycarotenoid
dioxygenase 1.

displayed a higher level of expression from 5 to 15 DPA. The
fold change in transcript level between SD7-1° and SD7-14
was 230 at 5 DPA and 85 at 10 DPA, suggesting that the
dormancy gene is self-upregulated. The temporal expression
pattern indicates that SD7-1 plays its regulatory roles during
early seed development.

Expression of SD7-1 coincided with early ABA accumula-
tion (Figure 5A) and with transcription of the predicted gene
0s04g37619 or OsABA1 (Agrawal et al. 2001) encoding zeax-
anthin epoxidase (ZEP) in SD7-1P (Figure 6, A and B). Tran-
script levels of ZEP were 20 to 26 times higher in SD7-1P than
in SD7-1¢ from 5 to 10 DPA. In addition, the Os12g42280 and
0s03g44380 paralogs encoding 9-cis-epoxycarotenoid dioxy-
genase 1 (NCED1) were also differentially expressed between
the isogenic lines from 5 to 10 DPA (Figure 6C). However, the
transcription patterns of NCED1s and ZEP were different. For
example, the transcription levels of 0s12g42280 and
0s03g44380 were only a few times higher in SD7-1P than
in SD7-1¢ from 5 to 10 DPA and kept increasing in both
dormant and nondormant lines after 15 DPA (Figure 6C).
ZFP and NCED are key enzymes of the ABA biosynthetic
pathway (Nambara and Marion-Poll 2005). Thus, we propose
that SD7-1 enhances ABA synthesis and subsequent dor-
mancy induction in SD7-1P (Figure 6B).

The difference in pericarp color between SD7-1P and
SD7-14 became visible after 15 DPA (Figure 7A). However,
a histological analysis indicated that pigments accumulated
in the lower epidermal cell layer of the pericarp tissue in
SD7-1P by 5 DPA (Figure 7B). Of the genes predicted to
encode enzymes of the flavonoid biosynthetic pathway
reported for other species (Lepiniec et al. 2006), nine were
coordinately upregulated in SD7-1P before 15 DPA. The
largest differences occurred at 5 DPA, with changes varying
from 6- to 569-fold (Figure 7C). The more upregulated
genes—O0s11g32650 for chalcone synthase (569x),
Os11g02440 for chalcone isomerase (442x), Os04g56700
for flavanone 3-hydroxylase (420x), Os10g17260 for flavo-
noid 3'-hydroxylase (179x), Os01g44260 or Rd for DFR
(149x), and 0s03g15360 for leucoanthocyanidin reductase
(270x)—are thought to compose the main pathway for syn-
thesis of the brown pigment proanthocyanidins (Figure 7D).
Differential expression between SD7-1P and SD7-1¢ was not
detected for predicted genes encoding enzymes (e.g.,
0Os10g02880 for O-methyltransferase) required for biosyn-
thesis of the red pigment anthocyanidins. However, it is
known that DFR is also involved in the biosynthetic path-
way from flavanones to the red compounds phlobaphenes
(Lepiniec et al. 2006). It is possible that phlobaphenes may
also contribute to the pericarp pigmentation in rice.

Discussion
Association between seed dormancy and pericarp color

Map-based cloning delimited qSD7-1/qPC7 to a single lo-
cus and provided unambiguous evidence that the associa-
tion between seed dormancy and pericarp color arises from
the pleiotropic effects of 0s07g11020. Os07g11020 was
identified as Rc for the qualitative trait red pericarp color
(Kinoshita 1984; Sweeney et al. 2006; Furukawa et al.
2007) and also serves as one (SD7-1) of the polygenes
controlling the quantitative trait seed dormancy. Due to
pleiotropy, SD7-1 cannot be used to improve white pericarp
cultivars for resistance to pre-harvest sprouting by conven-
tional breeding approaches.

The pleiotropic gene controls the qualitative and quan-
titative traits most likely through different physiological
pathways. SD7-1/Rc activates a conserved gene network for
flavonoid biosynthesis only in the lower epidermal cells of
the pericarp tissue, instead of in the testa tissue as in Arabi-
dopsis (Debeaujon et al. 2000), to produce the pigments
leading to a red or brown appearance. Although the pig-
mented pericarp, which is tightly enclosed by the hull in
rice, could regulate some germination events, it is more
likely that enhanced ABA biosynthesis is the primary reason
for dormancy induction on the basis of well-documented
information (Kermode 2005; Finkelstein et al. 2008). Of
the three genes in the proposed ABA-mediated dormancy
induction pathway (Figure 6D), OsABAI appears to be the
major target because its expression was upregulated by
SD7-1 at a much higher level and the gene product ZEP
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catalyzes two steps from zeaxanthin to violaxanthin (Nam-
bara and Marion-Poll 2005). There could be undetected gene
networks downstream of SD7-1 involved in regulation of pri-
mary dormancy in rice.

Available information does not infer an orthologous
relation between Rc and the wheat R genes. For example,
the 0s07g11020 orthologs are predicted for Arabidopsis
thaliana (TRANSPARENT TESTA8), Brachypodium dis-
tachyon (BRADI1G54070), Zea mays (GRMZM2G042733),
and Sorghum bicolor (Sb02g006390), but not for barley
and wheat (http://www.gramene.org/Oryza_sativa); wheat
ESTs from the R-containing deletion bins were aligned to
the rice genome outside 0s07g11020 (Sorrells et al. 2003;
Kuraparthy et al. 2008). Instead of a conserved orthologous
gene, wheat and rice may share similar regulatory mecha-
nisms for the dormancy-grain-color association. The wheat
sequence Tamyb10, amplified using primers designed on the
basis of the maize P gene encoding a Myb transcription
factor, could be an R candidate because it was coordinately
expressed with flavonoid biosynthesis genes and was lo-
cated in the R-containing deletion bins (Himi and Noda
2005). bHLH, Myb, and WD40 repeat proteins are compo-
nents of the protein complex required to initiate flavonoid
biosynthesis in the other plants (Ramsay and Glover 2005).
Research is being conducted to identify the SD7-1 partners
and other downstream genes in the rice system.

Red rice—beyond a pigment issue

Of the pleiotropic effects of SD7-1 detected in this research,
seed dormancy must contribute most to the adaptation of
red rice. There are two independent digenic systems con-
trolling red (Rc/Rd) or purple (Prp-b/Prp-a) pericarp color in
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rice, and both require functional flavonoid biosynthesis
(Kinoshita 1984; Abdel-Aal et al. 2006). There is no report
on a selective advantage of red over purple pericarp color in
rice. Thus, natural selection has favored red rice most likely
because of seed dormancy instead of pericarp color per se. In
addition to the main effect, SD7-1 also regulates seed dor-
mancy by two or higher orders of epistasis with other dor-
mancy loci (Gu et al. 2004).

The two groups of Rc alleles in weedy rice basically as-
sociate with geographic origins of the donor lines from trop-
ical (group I) or temperate (group II) areas. A similar
pattern was reported for Rc alleles from indica and japonica
landraces (Sweeney et al. 2007). This similarity suggests
that Rc alleles from tropical (e.g., SS18-2 and TKN12-2)
and temperate (e.g., LD and C9541) weed ecotypes share
some evolutionary mechanisms with those from indica and
japonica subspecies, respectively, such as selection pressures
from temperatures and cropping systems or common gene
donors. Exceptions exist for Rc alleles from weedy geno-
types in new rice-growing areas, such as US1 (group I)
and other U.S. weedy rice lines discussed in detail by Gross
et al. (2010). However, our research suggests that the dor-
mancy function of SD7-1 alleles in red rice may not vary
with their phylogenetic distances but that detection of the
dormancy effect can be influenced by the genetic back-
grounds and/or experimental methods. For example, the
dormancy effect of SD7-1 from SS18-2 or Kasalath was sig-
nificant in the EM93-1, but not in the CO39 (Gu et al. 2003)
or Nipponbare background (Lin et al. 1998; Miura et al.
2002).

In conclusion, natural selection retained the red peri-
carp color characteristic because a functional SD7-1 allele



can regulate multiple physiological pathways, which en-
hance survival of seeds in the soil seed bank and distribute
germination over time. Domestication favored white per-
carp color because the mutant characteristic associates
with the pleasant appearance and flavor/taste of grains
or the absence of proanthocyanidins in the percarp tissue
(Sweeney et al. 2007), which is caused by the inactivation
of a functional flavonoid biosynthetic pathway down-
stream of the pleiotropic gene.
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Figure S1 Breeding scheme used to dissect the gSD7-1/qPC7 cluster. ILsspy.1/qpc7 i the introgression line having only the QTL-containing
segment introduced from the weedy rice S518-2 into the background of the cultivated rice EM93-1. A single seed (F3) was pooled from
each of the F, plants to form the red and white F3 seed subpopulations. Numbers in parentheses indicate individual plants checked for
pericarp color and/or marker genotypes to select for red (Rrec) or white (Wrec) pericarp recombinants. F, and Fg lines were derived from
the selected recombinants and evaluated for seed dormancy by progeny testing. sD7-1° and sD7-17 are isogenic lines for dormancy-
enhancing and —reducing alleles, respectively, at the SD7-1 locus.
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Figure S2 Germination profile of three genotypes at SD7-1. Germination was evaluated with 1- to 16-d after-ripened (DAR) seeds. Data
shown are genotypic means (circles) and s.d. of 15 plants selected from the intragenic recombinant Rrec’2 (figure 1B)-derived progeny
population. The genotypes homozygous for the dormancy-enhancing allele (dark circles) or heterozygous (gray circles) at SD7-1 displayed
red pericarp color, and the genotype homozygous for the dormancy-reducing allele at SD7-1 exhibited white pericarp color (open circles).
Gene additive (a) and dominance (d) effects and degree of dominance (d/a) were estimated for cumulative germination after 10 (D10) or
2 (D2) days of incubation. A significant (*) or non-significant (ns) gene effect was determined at the probability level of 5%.
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Table S1 List of PCR primers used for marker genotyping, cDNA cloning, or expression analysis

Name or locus Forward (5' to 3") Reverse (5'to 3') er;sl(cgg()j Genomic position or predicted function
New markers for fine mapping
AP5098-15 gtggacctacagcctcct ctgcatcaccgtcgactt 431 Ch7:6061943-6062373
AP5779-8 ccagctgatactgcatggtg cgtatgtgtgctccctgatg 217 Ch7: 6136216-6136432
Isolation of SD7-1 full-length and fragment cDNAs
5' fragment atggccggcggcgaggegcaageg — ggttggcactgaaatcacct (13) 1466 From the start codon to 1466 bp
3' fragment gccttgtcactcttggcatt (13) gggtgaatatataaattcagaaticag 997 From 1065 bp to 45 bp downstream
the stop codon TAA
Full length ctttacttatcgatctcgatcatce gggtgaatatataaattcagaattcag 2061 49 bp upstream the start codon ATG to 45
bp downstream the stop codon TAA
gRT-PCR for transcripts from selected genes
0s07g11020 cacccactgtactcatcagcat caagagtgacaaggctcatctg 402 SD7-1or Rc
Os10g17260 atcaaggagacgtttcggcttc tggcagtcatcagtgtgaccat 313 F3'H: Flavonoid 3'-monooxygenase
0s03g15360 gtgccgtacaccttcatetget gcgtcagtgaagcgactatgct 367 LAR: Leucoanthocyanidin reductase
Os11g32650 gtacatgcacctgacggaggag ctggtacatcatgaggcggtic 280 CHS: Chalcone synthase
0s01g44260 gcccactactcgatcctgaa cagcgtgtacctgaacctga 250 DFR: Dihydroflavonol 4-reductase
Os04g56700 agggtggcgtacaaccagttc ggacttcaccgggtacgagaag 333 F3H: Flavanone 3-hydroxylase
Os11902440 agccattgtcactgcttgct ggggtggtaggaaagtggaa 396 CHI: Chalcone-flavonone isomerase
0s01g27490 tgacggatgtggagctgaga tgtatgacgccccactcctc 253 LDOX: Leucoanthocyanidin dioxygenase
0s04g53850 agcctgggcgtacagtgtgt aggggcttcaggacttcgag 201 ANR: Anthocyanidin reductase
0s03960509 cgagcagtactcggacaagg ccttcaggagctgcgagac 340 CHI: Chalcone-flavonone isomerase
0Os12942280 cttcaacgagtcggacgaacac aggagaggatgtagccgtcgtc 356 NCED1: 9-cis-epoxycarotenoid
dioxygenase
0s03g44380 ctacttcaacggcaggctcctc accaccacgtagttctcggtga 315 NCED1
Os04g37619 atcccagcaattcgactgcttc attcatatgggagcgtgctcag 264 ZEP: Zeaxanthin epoxidase
0505933240 attgggacacgtgttgatgc cttccagtggggcttccata 302 RNA I Polymerase (control)
0Os07913530 aacaaaccagagggtgatgc aaggaggcacgaggataggt 250 GTP-binding protein (control)
4s| X.-Y. Gu et al.



Table S2  Allelic variation among SD7-1 alleles from the parental line $518-2 and EM93-1, and the isogenic line sp7-1°

No. Site (bp) S$S18-2 sp7-1° EM93-1 (SD7-1%)

1 290-323 34-bp deletion cgaatctaaaaagatgtacatatt cgaatctaaaaagatgtacatat
ttgattcgta tttgattcgta

2 405 T G G

3 633 G T T

4 956 a t t

5 1099 a 1-bp deletion 1-bp deletion

6 1162 t Cc c

7 1201 ® t t

8 1366 t Cc c

9 1406 g a a

10 1473 a g g

11 1737 c t t

12 1849 c a a

13 2197 g a a

14 2269 g a a

15 2439 a t t

16 2441 g a a

17 3063 t a a

18 3109 g a a

19 3206 1-bp deletion 1-bp deletion a

20 3293-3298 | agagag agagag 6-bp deletion

21 3685 1-bp deletion 1-bp deletion t

22 3695 G c t

23 3808 t t g

24 4031 c c t

25 4496 G G A

26 4960 A A G

27 51775190 | AoCC A ACGCGAAAAGTCGG  14-bp deletion

28 5401 a 1-bp deletion 1-bp deletion

29 5652 g a a

30 6269-6280 ggggGGCG 12-bp deletion 12-bp deletion

31 6359 C T T

32 6436-6441 | 6-bp deletion AAATGC AAATGC

Note: Mutant sites are numbered from the 5" end of the SD7-1 dormancy locus. Upper or lowercase letter(s) indicate the mutation

occurred in exons or introns. The weedy red rice line SS18-2 is the donor of the dormancy gene. sD7-1° was derived from the intragenic

recombinant Rrec *2 (Figure 1B) and is isogenic to the recipient line EM93-1 (SD7—1d). Gray color-depicted background indicates the

sequence from SS18-2.

X.-Y. Gu et al.
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Table S3 Statistic test for difference in 100-seed weight between the isogenic lines sD7-1° and SD7-1% in three greenhouse

experiments

Line Experiment 1 Experiment 2 Experiment 3
N Mean Stdev N Mean Stdev N Mean Stdev
SD7-1° 10 1.832 0.028 7 2.234 0.077 16 2.033 0.067
SD7-1¢ 10 1.778 0.017 8 2.168 0.061 14 1.964 0.059
Difference 0.053 0.010 0.066 0.036 0.070 0.023
t-value 5.18 1.80 3.02
Probability 0.0001 0.0449 0.0052
Weight increase (%) 3.01 3.02 3.55

6SI X.-Y.Guetal.
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