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Abstract Seed dormancy in rice interrelates to the weedy
characteristics shattering, awn, black hull color, and red
pericarp color. A cross between the weedy strain SS18-2
and the breeding line EM93-1 was developed to inves-
tigate the genetic basis and adaptive significance of these
interrelationships. These characteristics or their com-
ponents differed in average degree of dominance from
—0.8 to 1.5, in heritability from 0.5 to 0.96, and in their
contribution to phenotypic or genotypic variation in
dormancy by up to 25%. Five dormancy, four shatter-
ing, and three awn-length quantitative trait loci (QTLs)
were detected in the BC; population replicated in
2 years. Two QTLs for hull color were identified, and
the SS18-2-derived and EM93-1-derived alleles increased
the intensity of black, and red or yellow pigmentations,
respectively. The only QTL for pericarp color co-located
with the red pericarp gene Rc, with the SS18-2-derived
allele increasing the intensity of black and red pigmen-
tations. Four of the five dormancy QTLs were flanked or
bracketed by one to four QTLs for the interrelated
characteristics. The QTL organization pattern indicates
the central role of seed dormancy in adaptive syndromes
for non-domesticated plants, implies that the elimination
of dormancy from cultivars could arise from the selec-
tions against multiple interrelated characteristics, and
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challenges the use of dormancy genes at these loci in
breeding varieties for resistance to pre-harvest sprouting
(PHS). However, another QTL (¢SD12) provides can-
didate gene(s) for PHS resistance because it has a large
effect in the population and it is independent of the loci
for interrelated characteristics.

Introduction

Weeds are plants adapted to human disturbances. A
number of characteristics, also known as ‘“adaptive
syndromes”, contribute to the adaptation and persis-
tence of weeds (Harlan and de Wet 1965). Weedy races
are closely related to the evolution of many cultivated
plants (Harlan 1965; Oka 1988) and are treated as part
of the primary gene pool for crop breeding (Harlan et al.
1973). Many weedy characteristics, such as seed dor-
mancy, shattering, appendages, and pigmentations, are
also important domestication-related traits. Genomic
tools are accelerating our understanding of the genetic
bases for plant adaptation or crop domestication, such
as at a quantitative trait loci (QTL) level (Doebley and
Stec 1991; Paterson et al. 1995) or in molecular mecha-
nisms by cloning the underlying genes (Frary et al.
2000). In addition, such research renders opportunities
to regain genetic diversity lost from cultivars during
domestication and breeding (Tanksley and McCouch
1997) and to seek new strategies for weed management.

Seed dormancy, the temporary failure of a viable seed
to germinate under favorable conditions, provides
resistance to pre-harvest sprouting (PHS) in cereal
crops. Genetic research on crops over many years has
focused mainly on cultivated varieties to evaluate dor-
mancy gene resources for breeding varieties resistant to
PHS but, unfortunately, heritability for seed dormancy
is relatively low in major crops such as rice and wheat
(Chang and Yen 1969; Paterson and Sorrells 1990). In
contrast, weedy races provide an alternative source of
dormancy genes (Gu et al. 2003). However, some



characteristics, such as grain type and awns in wild oat
(Avena fatua) (Johnson 1935; Simpson 1992), seed-coat
color in wheat (Triticum aestivum) and proso millet
(Panicum milliaceum) (Gfeller and Svejda 1960; Khan
et al. 1996), and seed shattering in wild rice (Oryza
rufipogan) (Oka 1988; Cai and Morishima 2000) are
associated with seed dormancy. The introgression of
genes from non-domesticated genomes may be hindered
by these interrelated characteristics, or result in a loss of
desirable characteristics in the cultivated parent (Matus
et al. 2003). Thus, information on the genomic distri-
bution of potentially important QTLs is also valuable
for estimating the impact of undesirable characteristics
on the use of weedy and other non-domesticated genetic
resources in breeding programs.

QTL clusters for adaptive or domestication-related
traits have been reported in various plant species (Do-
ebley and Stec 1991; Paterson et al. 1995; Burke et al.
2002; Peng et al. 2003), including wild (O. rufipogan) and
japonica-type weedy rice (O. sativa) (Xiong et al. 1999;
Bres-Patry et al. 2001; Cai and Morishima 2002;
Thomson et al. 2003). As seed dormancy was excluded
as a factor in a majority of these experiments, our
understanding of the adaptive significance of this char-
acteristic in the context of plant evolution is limited. On
the other hand, more than 30 putative dormancy QTLs
(Lin et al. 1998; Cai and Morishima 2000; Dong et al.
2002; Gu et al. 2004; Miura et al. 2002) have been re-
ported in rice, a model monocotyledonous species.
However, comparative genetic analysis between rice and
other cereal species for seed dormancy has been based
on the mapping information of a few QTLs (Kato et al.
2001; Gale et al. 2002; Li et al. 2004). Thus, the confir-
mation of reported dormancy QTLs is crucial for pre-
cision comparisons across species for this biologically
and agriculturally important trait.

In previous research we characterized the phenotypic
interrelationship between seed dormancy and a set of
weedy characteristics, including seed shattering, awn,
black hull color, and red pericarp color (Gu et al. 2003,
2005). The research reported here allowed us to identify
genetic behaviors and QTLs for the set of dormancy-
interrelated characteristics. A majority of the QTLs were
found in four genomic regions; this forms the basis for
our discussions on the role of seed dormancy in adaptive
syndromes and the usefulness of dormancy genes in
breeding programs for resistance to PHS.

Materials and methods
Plant genotypes and cultivation

The rice (Oryza sativa) weedy strain SS18-2 was used as
the male parent to cross with the breeding line EM93-1.
The F; as the male parent was backcrossed with EM93-1
to generate the mapping population (BC;). Both parents
are indica-type, and the F; plants displayed more than
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90% seed set. For rice, a seed usually refers to a dis-
persal unit that consists of the hull (i.e., lemma and
palea), pericarp, testa, endosperm, and embryo, and the
hull tightly encloses the caryopsis (Grist 1986). The
SS18-2 strain has a high degree of seed dormancy and
shattering, a long awn on the lemma, a black hull and a
red pericarp (and testa). These weedy characteristics are
absent in EM93-1.

Two-hundred and four BC, and five parental and F,
plants were grown in pots, with one plant per pot, in a
greenhouse in June 2002. A subset of 156 plants was
replicated three times using the split-tiller technique
described by Gu et al. (2004). Plants were watered daily
to keep about 2 cm of standing water above the soil
before harvesting. After harvesting, the soil was kept
wet, and the plants were cut at about 15 cm above the
bottom and maintained under a 14/10-h (light/dark)
photoperiod to induce the development of dormant
buds. Young tillers split from 198 BC; ratooning plants
were transplanted into new pots at the same time to
generate an identical population in January 2003. Ten
parental and F; plants were also grown in 2003. The
plants were subjected to a 10/14-h (light/dark) photo-
period to synchronize flowering. Panicles were covered
by paper bags and fixed to bamboo poles to prevent
shattering. Average temperature and relative humidity
during the period from the onset of flowering to the end
of harvest were 26+ 1°C and 61 £ 11%, respectively, in
2002, and 26+ 1°C and 41+8%, respectively, in 2003.
Seeds were harvested at 40 days after flowering, and
immature ones were removed. The seeds were air dried
in the greenhouse for 3 days to about 12% moisture on
a dry weight basis and then stored at —20°C to prevent
loss of dormancy by dry after-ripening.

Phenotypic identification

Dormancy was measured by percentage germination
after 7 days of incubation. Intact seeds were after-rip-
ened at about 25°C for 1, 11 and 21 days prior to ger-
mination. A germination experiment consisted of three
replications. About 50 seeds of each replication were
placed in a 9-cm petri dish that was lined with a
Whatman No.1 filter paper, wetted with 10 ml de-ion-
ized water and incubated at 30°C and 100% relative
humidity in the dark. Percentage germination ()) was
transformed by sin~' ()" for statistical analysis.

To assess seed shattering, panicles were cut from the
plant and gently shaken for about 20 s over a container
to collect shattered seeds, and then hand threshed to
collect non-shattered ones. Seeds were cleaned by re-
moval of empty spikelets and dried in a greenhouse for
3 days. Shattering was evaluated by the percentage of
shattered seed to the total seed weight. The awn char-
acteristic was quantified by mean awn length using three
random samples of 50 seeds from a plant. Awn length
data (x) were transformed by (x+0.5%° to improve
normality and homogeneity.
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Hull and pericarp colors were measured with a Chro-
ma Meter (Minolta CR310), a method that has been used
to quantify red grain color in wheat (Wang et al. 1999;
Groos et al. 2002). The reflectance spectra were trans-
formed into component black, red, and yellow pigmen-
tations and then quantified with L*, a* and b* values,
respectively. The L* values range from 0 to 100, indicat-
ing completely non-reflective (black) to perfectly reflec-
tive (white). The a* values vary from —100 to 100, with
negative and positive values indicating degrees of green
and red pigmentations, respectively; a high, positive a*
value indicates a high intensity of redness. The b* values
vary from —100 to 100, with the negative and positive
values indicating degrees of blue and yellow pigmenta-
tions, respectively; a high, positive b* value indicates a
high intensity of yellow pigmentation. About 500 seeds or
150 caryopses harvested in 2003 were placed in a 60-mm
or a 35-mm petri dish and set against a black background.
Caryopses were obtained by hand removal of the hull
from intact seeds. The measurement was repeated three
times with seeds or caryopses being mixed after each
reading. Readings were averaged for further analysis.

Data analysis

Data from the parental and F, generations were used to
estimate average degree of dominance (ADD) (Kearsey
and Pooni 1996) for the characteristics seed shattering,
awn and pigmentations on the hull and pericarp. Data
obtained from the replicated subpopulation in 2002 were
used to estimate heritability for shattering and awn
length and the genetic correlations between degree of
dormancy (y) and each of the two aforementioned
characteristics (x). The statistics required for the esti-
mations were obtained from analyses of variance (ANO-
vA) and covariance based on the two-factor linear model
(Gu et al. 2004). The heritability (4% in the BC; popu-
lation is defined as the proportion of genotypic (i.e.,
between split-tiller-derived lines) to phenotypic vari-
ances. The phenotypic (r,), genotypic (r,), and envi-
ronmental (r.) correlation coefficients are calculated as
covp/ézpyé2 x> covg/é2 gy(SZ ox, and cove/é2 eyéz exo
respectively, where the cov, and cov, are the genetic and
environmental covariances, the 6% & and 6% oy, or §° 4
and 6° ., are the component genetic and environmental
variances, respectively, for the pair of characteristics x
and y; and the cov,, or 6> ,, and §” ,, are the corre-
sponding phenotypic covariance or variances, which
equals to cov, +cov, or 5 oyt 5 ey and 5 ex T 8 o
respectively. The significance of the correlations was
tested using the formula developed by Kearsey and
Pooni (1996).

Germination and shattering data from 2002 and 2003
were used to detect the effect of year (growth environ-
ment) using a two-way ANOvVA based on a two-factor
(genotype and year) model. Expected mean squares from
the aANova were dissected into their components to
estimate #* for dormancy and shattering in the BC,

population across 2 years. Data for component pig-
mentations on the hull and pericarp were used to esti-
mate their correlations with the degree of dormancy.

Linkage map and QTL analysis

An additional 25 rice microsatellite (RM) markers
(Temnykh et al. 2001; McCouch et al. 2002) were added
to the framework genetic map, which was constructed
using 150 RM markers based on the subpopulation of
156 BC, plants (Gu et al. 2004). The remaining 48 BC;
plants were also marker-genotyped using the same
methods previously described (Gu et al. 2004). The ge-
netic map was adjusted with the additional individuals
and markers using MAPMAKER/EXP 3.0 (Lincoln et al. 1992).

MQTL BETA VER. 098 (http://genome.agrenv.mcgill.ca/
software/MQTL) was used for the QTL analyses. The
simple interval mapping (SIM) procedure was used to
infer the presence of a QTL or a QTL X E (year)
interaction, and simplified composite interval mapping
(sCIM) procedure used to refine the QTL peak position
and main effect as suggested by Tinker and Mather
(1995). The procedures were run in the two-environment
(year) model for germination and shattering and in the
single environment model for the awn length and pig-
mentations. The threshold for a significant QTL or
QTL x E interaction was generated by 1,000 permuta-
tions at a type-I error rate of 0.05. The minimum genetic
distance in the inference file to search for linked QTLs
was set at 30 cM. Likelihood intervals of QTLs for
shattering, awn length, and pigmentations are given as a
test statistic (TS) of 14 that was generated by the SIM
single-environment model. This level is equivalent to a
LOD score of three generated by MAPMAKER/QTL (Tinker
and Mather 1995). Thus, shattering data from identical
split-tiller-derived plants from the 2 years were averaged
to estimate the TS support interval. The remaining
parameters set to run the procedures and the methods
used to estimate QTL single- and multiple-locus (full-
model) effects have been described in detail in our pre-
vious research (Gu et al. 2004).

A two-way anNova was used to detect epistasis
between the QTLs for shattering, awn length, and
pigmentation on the hull. Analysis was based on a two-
factor factorial model consisting of main effects of the
markers nearest to the QTLs and their interaction effect.
All of the above statistical analyses were implemented
using the SAS GLM or corr programs (SAS Institute
1999).

Results
Seed dormancy

Two-way aANova detected significant genotypic and year
effects on the germination of seeds at 1, 11, and 21 days



of after-ripening (DAR) based on the subpopulation of
BC; split-tiller-derived lines (data not shown). Herit-
abilities for degree of dormancy across 2 years were
0.49, 0.66, and 0.76 at 1, 11, and 21 DAR, respectively.
Correlation coefficients between the 2 years for dor-
mancy degree at 1, 11, and 21 DAR were 0.548, 0.694,
and 0.808, respectively. The correlations suggest that
about 30-65% (1) of the phenotypic variations at 1—
21 DAR could result from the same genetic and/or
environmental factors across the 2 years.

Five dormancy QTLs were identified, and these were
relatively constant across years (Table 1). These loci
mapped to chromosomes 4, 7 (two loci), 8, and 12, and
are designated as ¢SD4, 7-1, 7-2, 8, and 12, respectively
(Fig. 1). The five QTLs together accounted for 37%,
45%, and 44% of the total phenotypic variance in ger-
mination at 1, 11, and 21 DAR, respectively, with
gSDI12 contributing the most to total variance at each
DAR (Table 1). Alleles that repressed germination at all
five loci were derived from the weedy strain SS18-2. The
locus ¢SD6 detected in a previous experiment (Gu et al.
2004) had a relatively minor effect in this experiment, as
indicated by a TS peak value of 18.8 relative to a
threshold of 20.1 at 21 DAR.

One dormancy QTL X E interaction was detected at
1 DAR and two interactions at 11 DAR and 21 DAR
(Fig. 2a). The TS peak for the interaction on chromo-
some 7 at 1 DAR was close to RM234, the marker
nearest to ¢SD7-2. The TS peak for the interactions on
chromosome 12 at 11 DAR and 21 DAR was nearest to
RM270, the marker closest to ¢SDI2. Therefore, ¢gSD7-
2 and ¢SD12 were involved in the QTL X E interac-
tions. These two QTLs exhibit a similar QTL X E
interaction pattern in that the phenotypic values for the
heterozygous genotypes decreased and the values for the
EM93-1-type homozygous genotypes increased under
the 2003 experimental conditions as compared with
those in 2002.

Table 1 Effects of dormancy QTLs detected with 1-DAR, 11-DAR,

replicated in 2002 and 2003

1111

Seed shattering

The parents SS18-2 and EM93-1 differed greatly in de-
gree of seed shattering — 91% versus 4%, respectively
(Table 2). Dominance of the characteristic was incom-
plete (ADD = —0.05) based on the observation that the
F, was intermediate between the parents (Table 2). The
BC, population exhibited a normal distribution and was
absent of SS18-2-like individuals (Fig. 3a). Both geno-
typic and year effect on shattering were significant in the
subpopulation across 2 years (data not shown). Herita-
bility for shattering in the BC; population was 0.65
based on data from 2002, and 0.40 based on data across
both years. The correlation coefficient for shattering
between the 2 years was 0.619 (P <0.0001, r*=38.3%).
Genetic correlations between seed shattering and degrees
of dormancy at 1-21 DAR were significant (r,=—0.21
to —0.26) (Table 3).

Four QTLs for seed shattering were identified based
on the data collected in 2002 and 2003 (Table 4). These
loci, which mapped to chromosomes 3, 4, 7, and 8, are
designated as ¢gSH3, ¢SH4, ¢SH7, and ¢SDS8, respec-
tively (Fig. 1). Collectively, the four QTLs accounted for
33% of the phenotypic variance, with their single-locus
contributions varying from 8% to 13% (Table 4). Al-
leles that enhanced the degree of shattering at these loci
were derived from SS18-2. A significant epistasis was not
detected between the shattering loci (data not shown).

A QTL x E interaction was detected for seed shat-
tering (Fig. 2b). The TS peak for the interaction was
between markers RM118 and RMI172 on chromo-
some 7. The TS peak for ¢SH7 was also located in
the same interval, indicating involvement of ¢gSH?7 in the
interaction. Both the heterozygotes and the
EM93-1-type homozygous genotypes displayed in-
creased shattering across years, but shattering increased
more for the heterozygous genotypes resulting from the
interaction.

and 21-DAR seeds from the EM93-1//EM93-1/SS18-2 population

QTL*? Nearest marker 1 DAR 11 DAR 21 DAR
TS® ME® R TS ME R TS ME R

gSD4 RM252 22 0.12 0.06 30 0.17 0.08 25 0.14 0.07
gSD7-1 RM180 20 0.12 0.05 24 0.14 0.07 21 0.12 0.06
gSD7-2 RM346 38 0.16 0.10 40 0.21 0.11 33 0.16 0.09
gSD8 RMS531 37 0.15 0.10 27 0.16 0.07 26 0.14 0.07
¢SDI2 RM?270 52 0.18 0.14 118 0.30 0.28 114 0.27 0.27
Full model 18.6 0.37 19.2 0.45 20.1 0.44

“The letters “q”" and “SD” indicate a QTL for seed dormancy; the
number after the trait name indicates the chromosome on which
the QTL is located (Fig. 1); the number after a dash indicates more
than one QTL on the chromosome

bPeak values of TS for individual QTLs or the threshold generated
by the MQTL SIM procedure in a two-environment model

“Main effect (ME) is estimated as the difference between the EM93-
1-type homozygous and heterozygous genotypes for the QTL
YProportions of phenotypic variance explained by the main effect of
individual loci or multiple loci (full model)
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Fig. 1 Distribution of QTLs responsible for seed dormancy and its
interrelated characteristics on rice chromosomes. The map was
based on 204 BC; (EM93-1//EM93-1/SS18-2) individuals with only
chromosomes harboring the QTLs displayed. The RM markers are
labeled to the right of chromosomes 3, 4, 7, 8, and 12. Ovals on a
chromosome depict the range of the TS peaks for QTLs detected
based on the germination of seeds after-ripened for 1, 11, and
21 days. The vertical boxes to the left of the chromosomes depict

Awn

The SS18-2 genotype has seeds with an awn length of
more than 60 mm, while the EM93-1 genotype has seeds
with no awn. The awn length of the seeds of the F,
generation was about 20 mm shorter than that of SS18-2
(Table 2), indicating the characteristic was partially
dominant (ADD=0.35). The BC, population segregated
into awned and non-awned groups. However, the awned
genotypes varied in mean awn length from less than
1 mm to about 40 mm, with the distribution dramati-
cally skewed toward short awns (Fig. 3b). Thus, the
original data were transformed using the square root.
Heritability for awn length was high (0.96). A high level
of genetic correlation (r, = ~ —0.4 to —0.5) was de-
tected between awn length and seed germination after 1—
21 DAR (Table 3), indicating that genotypes with long-
awned seeds tend to be more dormant.

Three QTLs were identified for awn length (Table 4).
These loci, which mapped to chromosomes 4 (two loci)
and 8, are designated as q4L4-1, gAL4-2, and gALS,
respectively (Fig. 1). The distance between ¢gA4L4-1 and
qAL4-2 was about 32 cM according to the TS peak

3 4 7 8 12
—~RM205C CRMSS8C —RM295A M-RMS06 M-RM415
~RMG60 RM531 NRM152 —RM20A
RM335 = FRMS52
RMS518 T |5
L RMS69A LRM167B hﬁ RM38 o
r
I | FRM481 —RM263B
53 i LRM7015S ’
r | 5
-RM489 L RM471 ! [ RM25
| _ -RMS547
FRMS45 I || /RM6338 LRM44 —RM101
—RM517 il E-RMI80 LRMS552B
-RM7 1 [ NRMs672 INRM339 ~RM0LH
L RMS64A : ! | RM214 - RM277
-RM232 \ ! 1| Eene | G.—RMSJ] | M50
~RM251 | RM252 [ Erma20 FRMI3SB | FRM309
-RMSs54 . | Mrmaz2
- FRM241 [ [MRM346 FRM230 | RM3331
rh
I E
FRM317 u —-RM234 [0-RM270
L RM156 b g Vi [ ERMIS [FRM264 | RM235
FRM349 |} 'RIN e - ~RM17
15 RMI2
RM487 Al b L
| RM172
b, yL LLRM559 L—RM248
—RM203
-RMS5
» 0 10 20 .
——+ Map scale in centiMorgans
~RMS520 - Seed dormancy
FRM293 b Scod shattering
mbem Awn length
ﬁ Pigmentations on hull
L RMS14 r--A-—. Pigmentations on pericarp
| FRMSS

the 14-TS (equivalent to a LOD of 3, computed by MAPMAKER/QTL)
support limits of QTLs for seed shattering, awn-length, and black,
red, and yellow pigmentations on the hull and pericarp mapped
using the MQTL SIM single-environment model (Tinker and Mather
1995). Arrows on the boxes indicate the TS peak positions for the
QTLs. The horizontal bars on the empty boxes indicate the TS limits
defined by the black (b), red (r), and yellow (y) pigmentations on
the hull and pericarp

positions. These three loci accounted for 41% of the
phenotypic variance (Table 4). The main effects of
qAL4-1 and gAL4-2 were —1.4 and —1.2, respectively,
based on a single-locus model, but they were —1.0 and
—0.4, respectively, using the multiple-locus model.
Apparently, linkage of these QTLs exaggerated single-
locus effects. Alleles that increased awn length at the
three loci were derived from SS18-2.

A significant digenic epistasis was detected between
qAL4-1 and qALS. The effect of gALS on awn-length
was enhanced when the weedy form of the allele was
present at gAL4-1. The component interaction effect
accounted for about 5.3% (P=0.0002) of the pheno-
typic variance. A similar epistasis was also detected be-
tween gAL4-2 and ¢gALS (data not shown), which
explained 4.7% (P=0.0003) of the phenotypic variance
on its own.

Hull pigmentations

The weedy strain SS18-2 contained more black but less
red and yellow pigmentations on the hull than the
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breeding line EM93-1 as shown by the L* (a lower
reading means a higher intensity of black pigmentation),
a* and b* values, respectively (Table 2). Pigmentation
intensities in the F; generation were intermediate be-
tween the parents but closer to SS18-2, with ADD
ranging from 0.1 to 0.5 (Table 2). The BC; population
distributed continuously and could not be unambigu-
ously grouped based on the intensity of any of the pig-
mentations (Fig. 4a). Ambiguous individuals with L*
values between 52 and 56 were also difficult to group
using a visual scoring system. Heritability was highest
for black (0.90), intermediate for yellow (0.74), and

1 2 3 4 5 6 7 8 9 10 11 12

Chromosomes

lowest for red (0.50) pigmentation in the BC; population
(Table 2). The three pigments on the hull were signifi-
cantly correlated to germination of seeds after-ripened
for 1-21 days (r=0.23—0.33) (Table 3). Genotypes
having a high intensity of black or a low intensity of red
or yellow pigments on the hull had a relatively high
degree of dormancy.

Two QTLs for black and red pigmentations, respec-
tively and one for yellow pigmentation were identified
(Table 4). Based on their TS peak positions and TS sup-
port limits (Fig. 1), the black and red pigmentation QTLs
mapped at the same positions on chromosomes 4 and 7,

Table 2 The ADD (average degree of dominance) and heritability for shattering rate, awn length, and the measurements of hull and

pericarp colorations in the EM93-1/SS18-2 cross

Characteristics® Means® ADD® Heritability (/%)
SS18-2 EM93-1 F,

Shattering (%) 912 a 43¢ 454 b —0.05 0.65

Awn length (mm) 64.3 a 0.0c 433D 0.35 0.96

Component pigmentations on hull

Black 44.0 ¢ 598 a 47.7 b 0.52 0.90

Red 1.7¢ 39a 29b 0.10 0.50

Yellow 6.6 c 17.7 a 128 b 0.11 0.74

Component pigmentations on pericarp

Black 370 b 445 a 36.6 b 1.11 0.91

Red 44 a 28D 48 a 1.50 0.75

Yellow 2.1b 73a 24b —0.89 0.84

“Black, red and yellow pigmentations were quantified by the L*, a*
and b* values, respectively, taken using a Chroma Meter (Minolta
CR310); a low L* and a high a* or b* values indicates a high
intensity of black, and red or yellow pigmentations, respectively
®The values in a row followed by different letters are significantly
different as judged by LSDg ,

‘ADD = 1/2(P, —Py)/[F|—1/2(P,+ P,)], where P, and P, stand
for the high- and low-value parents, respectively, except for the
black pigmentations on the hull and pericarp, where P; and P,

stand for the low- and high-value parents, respectively, because the
intensity of blackness is reversely proportional to the L* value
dFor shattering and awn length, /*=Vg/(Vg+ V), where Vg and
Vg are genotypic and environmental variances, respectively, esti-
mated on the basis of the expected mean squares from the two-way
ANOVA for the replicated subpopulation; for pigmentations,
R =[Vei=1/3(Vp1+ Vea+ V)]l Vai, where Vpy, Vpy and Ve,
and Vg, are the variances for about 20 SS18-2, EM93-1 and F;
plants and 183 BC, plants, respectively



1114

Fig. 3 Distributions of seed
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and the yellow pigmentation QTL mapped at an identical
position on chromosome 4 as the black or red pigmen-
tation QTL. Thus, two QTLs for hull coloration were
detected in the BC; population and are designated as
qHC4 and gHC7, respectively. These QTLs accounted for
about 56% and 20% of the phenotypic variance in black
and red pigmentations, respectively. The locus ¢HC4
explained about 50% of the total variance in yellow

Table 3 Phenotypic (r,) and/or genotypic () and environmental
(re) correlations between the germination of seeds at 1, 11, and
21 DAR and the characteristics awn, shattering, and colorations in
the BC; (EM93-1//EM93-1/SS18-2) population

Characteristics  Correlation  Seed germination evaluated
coefficients® at DAR®
1 11 21
Shattering Iy —0.259**  —0.211%*  —0.229**
Te —0.134* —0.076 ns  —0.043 ns
Tp —0.219**  —0.173**  —0.176%*
Awn-length Iy —0.494**  —0.404**  —(0.428**
Te —0.170* —0.021 ns —0.133*%
Tp 0.428**  —0.363** —0.385**
Component rp (L*) 0.328%** 0.275%* 0.304**
pigmentations  rp(a*) 0.298** 0.267** 0.331%*
on hull rp(b*) 0.311%* 0.234%* 0.292%*
Component rp (L¥) 0.271%* 0.306** 0.287%*
pigmentations  rp(a*) —0.124 ns  —0.263%*  —0.238**
on pericarp rp(b*) 0.281%* 0.269%** 0.259**

“The expressions L*, a* and b* in parenthesis stand for the corre-
lation of seed germination with the L*, a* and b* values, respec-
tively, taken with the Chroma Meter (Minolta CR310)

b% s indicate that the estimates are significantly different from 0 at
P< 0.05and P < 0.01, respectively; ns indicates that there is no
significant difference from 0 at the P=0.05 probability level

0 <1 3 7 11 15 19 23 27 31 35
Awn length (mm)

39 43 47 51 55 59 63

pigmentation (Table 4). Alleles that enhanced the inten-
sity of black pigmentation were derived from SS18-2, and
those that enhanced the red and yellow pigmentations
were derived from EM93-1 (Table 4). A significant
epistasis was not detected between gHC4 and gHC?7.

Pericarp pigmentations

The SS18-2 genotype contained more black (i.e., lower
L* values) and red and less yellow pigmentation on the
pericarp than EM93-1 (Table 2). Pigmentation intensi-
ties in the F; generation were similar to those in SS18-2,
suggesting that black and red pigmentations were
dominant and yellow pigmentation was recessive (Ta-
ble 2). The BC; population could be separated into
relatively high and low black-pigmentation groups, as
shown by the L* values (Fig. 4b). These two groups
correspond to the black and white groups based on vi-
sual classification. However, BC; genotypes could not be
unambiguously grouped based on the intensity of the
red or yellow pigments because they displayed continu-
ous variations, as shown by the distribution of a* or b*
values (Fig. 4b). Heritability was highest for black
(0.91), intermediate for yellow (0.84), and lowest for red
(0.75) pigmentation in the BC; population (Table 2).
These three pigmentations on the pericarp were signifi-
cantly correlated to germination at 1, 11, and 21 DAR,
with the exception of r (a*) at 1 DAR (Table 3).
Genotypes having a high intensity of black and red, or a
low intensity of yellow pigmentations, on the pericarp
had a relatively high degree of seed dormancy.



Table 4 Effects of QTLs for seed shattering, awn-length and
component pigmentations on hull and pericarp detected in the
EMO93-1//EM93-1/SS18-2 population

QTL? Nearest TSP ME* R* Donor®
marker

Shattering: full model 18.8 0.33
qSH3 RM486 322 —0.13 0.09 SS18-2
qSH4 RM471 49.4 —0.15 0.13 SS18-2
qSH7 RM118 35.4 —0.13 0.10 SS18-2
qSHS RM135B 29.4 —0.11 0.08 SS18-2
Awn length: full 13.2 0.41

model
qAL4-1 RM471 36.1 —-1.4 0.16 SS18-2
qAL4-2 RM252 30.3 -1.2 0.14 SS18-2
qALS8 RM531 56.6 —1.5 0.25 SS18-2
Black pigmentation 13.1 0.56

on hull: full model
gHC® 4 RM564A 162.4 8.67 0.55 SS18-2
gHC® 7 RM118 16.7 2.97 0.08 SS18-2
Red pigmentation 13.1 0.20

on hull: full model
gHC® 4 RMS64A 39.4 0.7 0.18 EM93-1
gHCR 7 RM118 16.1 0.4 0.08 EM93-1
Yellow pigmentation 13.0

on hull
gHCY 4 RM564A 139.4 6.48 0.50 EM93-1
Black pigmentation 13.1

on gericarp
qPC” 7 RM5672 240.9 4.64 0.73 SS18-2
Red pigmentation 13.4

on gericarp
qPC*7 RM5672 106.9 -1.39 0.43 SS18-2
Yellow pigmentation 13.0

pericarp
gPCY 7 RM5672 176.8 2.65 0.60 EM93-1

“The lowcase “q” indicates a QTL; the abbreviations SH, AL, HC
and PC indicate the traits seed shattering, awn length, hull color
and pericarp color, respectively; the number following the trait
name indicates the chromosome on which the QTL is located
(Fig. 1); the number after a dash indicates more than one QTL on
the chromosome; the superscripts B, R, and Y indicate the QTL is
identified based on the black, red, and yellow pigmentations,
respectively, on hull or pericarp

~dSame as in Table 1

°The parent contributes the allele with an increasing effect on the
phenotype

Fig. 4 Distributions of
component pigmentations on
the hull (A) and pericarp (B) for
the BC; (EM93-1//EM93-1/
SS18-2) population. The black,
red, and yellow pigmentations
were quantified by the L*,

a* and b* values, respectively,
recorded with a Chroma Meter.
The arrows indicate an increase
in the intensities of the
pigmentation

>

Intensity of red (a* value, circle) or
yellow (b* value, triangle) pigmentations

0
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One QTL was identified for each of black, red, and
yellow pigmentations on the pericarp (Table 4). The
QTLs mapped to nearly the same position on chromo-
some 7 and, thus, the position is designated as gPC7
(Fig. 1). This locus accounted for about 73%, 43%, and
60% of the phenotypic variance in black, red, and yel-
low pigmentations, respectively. The allele from SS18-2
increased the intensities of the black and red pigmenta-
tions, while the allele from EM93-1 increased the
intensity of the yellow pigmentation.

Discussion
Stability of dormancy QTLs

We found the dormancy QTLs from the weedy strain to
be relatively constant across the two environments
(years). Five of the six dormancy QTLs previously
identified by Gu et al. (2004) were confirmed in this re-
search. We detected significant within-year and between-
year environmental variations because relative humidity,
temperature, and light intensity varied daily during seed
development when dormancy was acquired. However,
between-year variation had a larger impact on the
expression of seed dormancy than within-year. For
example, A” for germination at 11 DAR was 0.66 across
years and 0.81 in 2002 (Gu et al. 2004). Between-year
variation changed the QTL main effects but not their
relative positions on the linkage map (Fig. 1, Table 1)
(see Fig. 1 and Table 5 in Gu et al. 2004). This is also
true for some dormancy QTLs from barley (Oberthur
et al. 1995; Han et al. 1996; Prada et al. 2004).

QTLs for seed dormancy vary in response to the
environmental conditions. Dormancy QTL X E inter-
actions have been reported for wheat, barley, and sor-
ghum (Anderson et al. 1993; Oberthur et al. 1995;
Lijavetzky et al. 2000), and such interactions may
change the phenotypic effect of a QTL from one to
several fold (Lijavetzky et al. 2000). The interaction
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effects that we detected in weedy rice were maintained
only for a certain period after harvest and the period
varied with the QTLs (Fig. 2a). For example, the
gSDI12 x E interactions were detectable at 11-21 DAR
but not at 1 DAR. Further efforts are necessary to
identify major environmental factors contributing to
QTL X E interactions, as they are important factors
when investigating individual gene expression profiles
and applying weedy rice-derived dormancy alleles in
breeding programs.

Genetic bases for dormancy-interrelated characteristics

Seed shattering in weedy rice is a genetically complex
trait, as indicated by incomplete dominance in the F
generation (Table 2) and a normal distribution (Fig. 3a)
in the BC; generation. Both wild and weedy races of rice
are considered to have a high rate of seed shattering
(Oka 1988). However, four to six QTLs for seed shat-
tering have been identified from wild rice-derived pop-
ulations (Xiong et al. 1999; Cai and Morishima 2000;
Thomson et al. 2003), but only one and four shattering
QTLs have been detected in populations derived from
the japonica-type (Bres-Patry et al. 2001) and indica-
type (Table 4) weedy strains, respectively. The QTL x E
interaction (Fig. 2b) may explain some of the differences
in number of QTLs between wild and weedy rice. It is
also possible that genetic differentiation in this adaptive
trait occurred between wild and weedy rice and among
weedy races during evolution.

The high heritability estimates (4°>0.9) for awn
length and black hull color (Table 2) may explain why
these morphological characteristics were treated as
qualitative traits in rice genetics (Kinoshita 1984).
However, the QTL analysis indicated that in addition to
major gene(s), epistasis and modifiers regulate the level
of expression of awn and black hull pigmentation,
respectively. SS18-2 is a long-awned (more than 60 mm)
genotype. Three QTLs accounted for about 41% of
phenotypic variance in awn length in the BC; popula-
tion, and digenic epistasis explained only part of the
remaining variation. The proportion and the lack of
SS18-2-type segregates in the BC; (Fig. 3b), which cor-
responded to partial dominance in the F; generation
(Table 2), suggest regulation of this trait is genetically
more complex.

The loci ¢gHC4 and gHC7 are a major gene and a
modifier, respectively, as they explain a major and a
minor proportion of the phenotypic variation in hull
pigmentation (Table 4). The locus ¢HC4 is likely allelic
to Bh-4 because it is the only one reported for black hull
color on chromosome 4 (http://www.shigen.nig.ac.jp/
rice/oryzabase/genes/). The genetic basis for pericarp
pigmentation is relatively simple in the cross as only
qPC7, which explained 73% of the phenotypic variance,
was detected. This QTL mapped at the same position as
the red pericarp color gene (Rc) (Gu et al. 2004) (Fig. 1).
Groos et al. (2002) identified five QTLs for wheat grain

color when it was quantified with a Chroma Meter;
three QTLs co-localized with the red grain color
homologous genes RI, R2, and R3. Although we did not
detect additional loci for pericarp color, we identified a
new locus (¢HC7) where the weedy form of the allele
enhanced intensities of black and red pigmentations on
the hull (Table 4). Using a visual classification system
(unpublished data), we were able to detect gHC4; thus,
detection of ¢HC7 was only possible with the Chro-
ma Meter.

Our mapping results were more comparable to those
obtained from wild rice-derived populations than from a
japonica-type weedy rice-derived population. For
example, SS18-2 shares only two loci (¢A4L4-2 and
qPC7) with the japonica-type weedy strain C6 (Bres-
Patry et al. 2001), but most QTLs for seed shattering,
awn, and pericarp color match or are similar to those
from one or more of the wild rice-derived populations
according to flanking markers or map positions (Xiong
et al. 1999; Cai and Morishima 2002; Thomson et al.
2003). The weedy strain SS18-2 was collected from
Thailand, which is part of the center of origin for Asian
cultivated rice (Tang and Morishima 1997). The origin
and mapping information suggest that genes for the
weedy characteristics in SS18-2 were derived from its
wild relative O. rufipogon.

Two groups of weed seed dormancy genes

The dormancy QTLs detected in this investigation can
be classified into two groups according to their map
positions relative to the QTLs responsible for seed
shattering and morphological characteristics. The first
group consists of four dormancy QTLs that are close to
one or more of the QTLs for dormancy-interrelated
characteristics. As shown by the TS peak positions,
qSD4 is co-located with gHC4 and flanked by qAL4-1,
qSH4, and gAL4-2; ¢SD7-1 is very close to gPC7; ¢SD8
is tightly linked to ¢SHS8 and gALS; ¢SD7-2 is proximal
to gHC7 and ¢SH7 (Fig. 1). The non-random distribu-
tion of QTLs along a genome is similar to the QTL
clusters found for domestication syndromes (Doebley
and Stec 1991). The second group consists of the dor-
mancy QTLs that are independent of the loci for shat-
tering and seed morphological characteristics, such as
gSDI12 and those with a relatively minor effect on dor-
mancy, as suggested by the secondary peaks for seed
germination (Gu et al. 2004). Corresponding to these
classifications there are two groups of genes regulating
seed dormancy levels in weedy populations. The first
group of these dormancy genes underlies the phenotypic
interrelationship observed in weedy rice or weedy strain-
derived populations (Oka 1988; Gu et al. 2003, 2005).
These genes occur at frequencies that vary with changes
in the selection (natural or artificial) pressures against
the interrelated weedy characteristics or with the degrees
of weediness or human disturbances (Harlan and de Wet
1965) due to clustering or linkage. Natural selection



tends to increase this gene frequency as selection favors
shattered seeds with awns and/or black and red pig-
mentations on the hull or pericarp; these characteristics
allow weed seeds to escape harvest, disperse, and persist
in the soil. Artificial selection through techniques such as
weeding by hand in Asian countries usually selects
against morphological characteristics (e.g., awns and
black pigmentation) and thus reduces the frequency of
the dormancy allele for linked loci. However, theoreti-
cally, only the selection(s) against multiple interrelated
weedy characteristics can cause a substantial reduction
in degree of dormancy.

The second group of dormancy genes is able to escape
selection because they are genetically independent of
dormancy-interrelated characteristics. Therefore, weedy
plants that mimic the accompanying cultivars can also
be carriers of these dormancy alleles. The transport of
weed-infested stock seed is one of the principle means of
weed dissemination. Compared with the first group of
dormancy genes, the second group of genes would have
a greater opportunity to transport geographically with
commercial seeds when harvested together with the
companion crop. Dormancy QTLs reported for culti-
vated varieties should belong to the second group.
However, loci with a magnitude of effect on dormancy
comparable to that of ¢SDI2 have not yet been identi-
fied for cultivars (Lin et al. 1998; Cai and Morishima
2000; Dong et al. 2002; Miura et al. 2002).

Dormancy is the key adaptive syndrome in weeds as it
promotes survival by distributing the time-course of seed
germination in the soil seed bank over a long period
(Harlan and de Wet 1965). The above-mentioned QTL
organization pattern demonstrates the central role of
seed dormancy in weed adaptation. Weeds may come
from wild species that have long been adapted to sites of
natural disturbance or from new species or varieties that
have evolved since agriculture was developed (Harlan
and de Wet 1965). If we consider that SS18-2 originated
from a place where wild rice (O. rufipogon) was present,
both groups of dormancy QTLs/genes identified in this
research were most likely derived from wild rice. QTL
clusters for ‘“‘adaptive/domesticated syndromes” have
been reported for several grass species, although seed
dormancy was not one of the traits examined. Compar-
ative genetic studies have revealed that genes for major
adaptive characteristics are relatively conservative across
species (Devos and Gale 2000). Therefore, it is likely that
dormancy genes may also exist in QTL clusters for
adaptive characteristics in other wild and weedy species.

Dormancy genes which have been eliminated from
cultivated varieties by either indirect or direct selections
during domestication and breeding can be regained from
weedy germplasm. Selections generally have been for
rapid and uniform seed germination in crops, but a
moderate degree of dormancy is often desirable for
cereals to resist PHS. Dormancy genes both located in
and independent of QTL clusters could be useful for
manipulating the onset and rate of germination in
breeding programs. To utilize dormancy genes within a
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QTL cluster it will be necessary to determine if pleiot-
ropy, linkage, or both are responsible for the dormancy
and interrelated weedy phenotype(s). For example, red
grain color has long been associated with seed dormancy
in wheat, and the association could be caused by a
pleiotropic effect of the R genes (Gfeller and Svejda
1960; Flintham et al. 2002; Groos at al. 2002). We are
currently transferring the QTL cluster regions from
SS18-2 to the EM93-1 genetic background by pheno-
typic selection and marker-assisted selection to fine-map
genomic regions. This is the first step toward elucidating
the underlying genes and the models for the clustering of
seed dormancy and interrelated weedy traits or patterns
for linkage disequilibrium among genes located in these
regions.
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