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between Oryza sativa and Oryza rufipogon
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Abstract A quantitative trait locus (QTL) for grain
weight (GW) was detected near SSR marker RM210
on chromosome 8 in backcross populations derived
from a cross between the Korean japonica cultivar
Hwaseongbyeo and Oryza rufipogon (IRGC 105491).
The O. rufipogon allele increased GW in the
Hwaseongbyeo background despite the fact that
O. rufipogon was the small-seeded parent. Using sister
BC;F; near-isogenic lines (NILs), gw8.1 was validated
and mapped to a 6.1 cM region in the interval between
RM42 and RM210 (P<0.0001). Substitution mapping
with eight BC;F, sub-NILs further narrowed the inter-
val containing gw8.1 to about 306.4 kb between mark-
ers RM23201.CNR151 and RM30000.CNR99. A yield
trial using homozygous BC;F, sister sub-NILs and the
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Hwaseongbyeo recurrent parent indicated that the
NIL carrying an O. rufipogon chromosome segment
across the entire gw8.1 target region out-yielded its sis-
ter NIL (containing Hwaseongbyeo chromosome in
the RM42-RM210 interval) by 9% (P=0.029). The
higher-yielding NIL produced 19.3% more grain than
the Hwaseongbyeo recurrent parent (P=0.018). Analy-
sis of a BG;F, NIL indicated that the variation for GW
is associated with variation in grain shape, specifically
grain length. The locus, gw8.1 is of particular interest
because of its independence from undesirable height
and grain quality traits. SSR markers tightly linked to
the GW QTL will facilitate cloning of the gene under-
lying this QTL as well as marker-assisted selection for
variation in GW in an applied breeding program.

Introduction

Grain or seed weight is an important trait in rice. It is
directly associated with yield, and indirectly correlated
with the cooking quality and the physical appearance
of rice, which is important both aesthetically and com-
mercially (Takeda and Saito 1980; Webb 1991). The
influence of grain weight (GW) on yield lies in the fact
that GW and grain number are the main determinants
of sink size for the products of photosynthesis in the
plant. The importance of GW or seed size to the
human eye is revealed by the fact that larger seeds are
consistently selected in most cultivated species during
the domestication of crops (Simmonds 1979; Doganlar
et al. 2000).

The morphological development of rice seed has
been extensively studied (reviewed in Takeda 1991).
Seed or grain length, as a quantitative trait, is regarded
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as the strongest determinant of grain size. Prior to the
development of molecular marker technology, most
studies focused on the characterization of mutants and
the expression of major genes associated with grain
size, e.g., the Lk-f gene, which confers long kernel size
(Takeda and Saito 1980), or Mi conferring short kernel
size (Takeda and Saito 1977).

With the progress of molecular genetic maps, many
quantitative trait loci (QTLs) for GW/size have been
identified in populations from crosses between diver-
gent cultivars or accessions of rice (Lin et al. 1996;
Zhuang et al. 1997; Li et al. 1998; Cui et al. 2003; Ishi-
maru 2003). A total of 26 QTLs for GW have been
detected in populations derived from crosses between
the wild rice Oryza rufipogon (IRGC 105491) and
diverse cultivars. While the seed of O. rufipogon is
small in size, it is interesting to note that 58% of the
QTLs reported in these interspecific crosses identify
O. rufipogon alleles as contributing to an increase in
seed or GW (Xiao et al. 1998; Moncada et al. 2001;
Thomson et al. 2003; Septiningsih et al. 2003). Similar
phenomena were also reported in wheat (Huang et al.
2003) and barley (Pillen et al. 2003), where nearly half
of the wild relative alleles for kernel weight acted to
increase seed weight compared to elite cultivar alleles.
On the other hand, a recent study by Li et al. (2004b)
reported the fine mapping of gw3.7 in the pericentro-
meric region of chromosome 3. In this case, the
O. rufipogon allele was dominant for small grain size
(Li et al. 2004b).

In a previous study from our lab (Cho et al. 2003),
a total of 12 QTLs for GW were detected in BG,F,
progenies derived from a cross between the temper-
ate japonica cultivar, Hwaseongbyeo, and O. rufipo-
gon (IRGC 105491). O. rufipogon alleles at four of
the loci increased 1,000-grain weight (TGW) in the
Hwaseongbyeo background. The percent of pheno-
typic variance explained by the QTL gw8.1 (11%)
was the largest of the four QTLs (Cho et al. 2003).
The fact that the O. rufipogon allele at gw8.1 contrib-
uted to increased seed size, while the dominant
O. rufipogon allele at gw3.1, as described by Li et al.
(2004b) decreased seed size made it an attractive tar-
get for study. Understanding the mode of action of
different genes from the same donor and how they
interact to generate a phenotype will help better to
manipulate them in a plant breeding program aimed
at optimizing yield while balancing concerns about
GW and grain quality in rice where large, bold grains
do not have the cooking and eating quality desired
for commercial production (Juliano and Villareal
1993; Takeda 1991; Webb 1991). A few studies have
reported QTL associated with grain or seed weight in
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the grasses. Interestingly, comparative mapping
seems to suggest that this GW QTL is homologous to
a major QTL for test weight on wheat 7AS (Sorrells
et al. 2003; Elouafi and Nachit 2004). As increasing
numbers of genes associated with GW are identified
and cloned with the positional correspondence across
the grasses, structural and functional conservation of
orthologs underlying these QTLs in the grasses will
be revealed.

In this study we developed near-isogenic lines
(NILs) containing 1-2 introgressions from O. rufipo-
gon using advanced backcross QTL analysis with
BCsF; and BC;F, progenies. The objectives of the
study were to (1) construct a high-resolution map for
gw8.1 and (2) understand the characteristics associated
with the gw8.1 locus in terms of its affect on GW and
yield potential in rice.

Materials and methods
Population development and field trials

The wild rice O. rufipogon (IRGC 105491) was used as
a pollen parent in crosses with Oryza sativa spp.
japonica cv. Hwaseongbyeo, an elite Korean cultivar.
Two successive backcrosses were made with
Hwaseongbyeo as the recurrent parent. Among the
820 BC,F, plants, 172 individuals selected based on
desirable plant type, maturity and fertility were
advanced to BC,F, families. QTLs for yield, yield
components and other agronomic traits were analyzed
in the 172 BC,F, as reported by Cho et al. (2003). Two
plants were chosen from a BC,F, line, F101, which
contained an O. rufipogon introgression carrying the
gw8.1 QTL on chromosome 8 and seven additional
introgressions representing approximately 18.5% of
the genome located on 5 of the 12 chromosomes (non-
target regions). In 2002, NILs were developed by
backcrossing two plants from F101 to Hwaseongbyeo,
followed by selfing to eliminate O. rufipogon intro-
gressions in non-target genomic regions. In 2003, two
BC;F; NIL families, CR1448 and CR1449, with 223
and 229 individuals, respectively, were used for fur-
ther analysis and a series of BC;F, sub-NILs (i.e., sub-
stitution lines containing recombination breakpoints
across the target region) were developed from
CR1448 and CR1449 (Fig. 1). In 2004, a yield trial was
performed using sub-NILs with the Hwaseongbyeo
parent as a control. All the materials were grown in
the experimental plots at Chungnam National Univer-
sity in Deajeon, Korea. The field was equipped with a
bird-net to prevent bird damage.
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Hwaseongbyeo (RP) x Oryza rufipogon (IRGC 105491)
v
F, x Hwaseongbyeo
v
BC,F, x Hwaseongbyeo
v
BC,F, (820 plants)
v
172 BC,F; (with Hwaseongbyeo phenotype)
v
BC,F; (172 lines)
Y ®(MAS)
BC,F, (one line F101) x Hwaseongbyeo
v
BG;F,
Y ®(MAS)
BC;F; (one line F11)
Y®(MAS)
BC;F;: CR1448 (223 indiv.) & CR1449 (229 indiv.)
vY®(MAS)
BC3F4: NILs

Fig.1 A scheme showing how plant materials were developed

Trait evaluation

At the BC3F, and BC;F; generations, only GW was
evaluated. Each plot of 30-day-old seedlings was laid
out with 15 cm between plants and 30 cm between
rows. Grains harvested from individual plant were
dried naturally after harvesting, and then water was
used to remove those that had not fully filled. The fully
filled grains were re-dried in an oven at 30°C for 24 h.
After drying, GW was measured based on three repli-
cations of 100 randomly selected grains. The estimate
of GW was converted to TGW by multiplying the aver-
age weight of 100 randomly selected grains by 10.
TGW is the measure most commonly used by rice
geneticists and breeders and the trait will be referred to
as TGW throughout this manuscript. Simultaneously,
moisture content of the grain was also measured on
three replications using a Grain Moisture Meter
(GMK-303). At BC4F,, sub-NILs were evaluated for
the selected traits. Each line was represented by two
rows of thirty 30-day-old seedlings planted with 15 cm
between plants and 30 cm between rows in a random-
ized complete block design with three replications. For
48 individual plants from one selected NIL, CR4363,
mean grain length, grain width and grain thickness
were measured on 100 randomly selected fully filled
grains using the digimatic caliper (Mitutoyo Corp.,

Tokyo, Japan). The ratio of grain length to grain width
and grain volume (length x width x thickness) was
calculated. Days to heading was evaluated as the num-
ber of days from seeding until 50% of the panicles (on
all 60 plants) flowered. For culm length, panicles per
plant and spikelets per panicle, ten individual plants
per line in the middle were measured and the average
of the measurements was used as the phenotype of
each line. Culm length was measured in centimeters
from the soil surface to the tip of the tallest panicle.
Panicle number was calculated as the number of pani-
cles per plant. Spikelets per panicle were measured by
averaging two major panicles per plant. Grain yield
(measured in grams of seed per plant) was measured
on 15 plants harvested from the middle of one plot per
block. Amylose content was measured as described by
Williams et al. (1958) and Juliano (1971) using a sam-
ple of 100 g 100-mesh sieved-rice flour. TGW and yield
per plant were corrected for the 10% grain moisture
content.

Marker analysis

Micro-quantities of DNA were extracted by the
method described in McCouch et al. (1988) with minor
modifications. SSR markers (Panaud et al. 1996; Chen
et al. 1997; Temnykh et al. 2000, 2001; McCouch et al.
2002) were used to survey for polymorphism between
the two parents, Hwaseongbyeo and O. rufipogon, and
among genotypes within segregating populations. Poly-
merase chain reaction (PCR) conditions, PCR product
electrophoresis and silver staining procedures were as
described in Panaud et al. (1996). The silver staining
kits were purchased from Bioneer Co., Korea. Pub-
lished SSR maps (Temnykh etal. 2000, 2001) were
adopted for surveying the presence and map positions
of introgressions from O. rufipogon. A total of 223
polymorphic SSR markers distributed on all 12 chro-
mosomes were used to detect introgressed segments.
The linkage map used for QTL analysis was con-
structed using MAPMAKER (Macintosh v2.0) and
Kosambi centiMorgans (cM) were used to calculate
genetic distances.

Development of new SSR markers

SSR marker development followed the protocols
described by Li et al. (2004b). Newly developed SSR
markers were designated using the “RM” locus identi-
fier (as described by McCouch et al. 2002), with the
“marker reagent” specified by the suffix “CNR,” indi-
cating the particular primer pairs used in this study.
Marker order in the target region on chromosome 8
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was based on the publicly available rice genome
sequence information (www.gramene.org) and con-
firmed by MAPMAKER (Macintosh v2.0). Primers
were synthesized by Bioneer Co., Korea (www.bio-
neer.co.kr).

Data analysis

QGENE (Nelson 1997) was used for single point and
interval mapping in the F; and F, generations derived
from BC; NILs. A QTL was declared if the phenotype
was associated with a marker locus at LOD>4.0. Phe-
notypic means were compared using 7-test, Duncan’s
multiple range test and one-way ANOVA. The pro-
portion of observed phenotypic variation attributable
to a particular QTL was estimated by the coefficient of
determination (R?). Pearson Product-Moment correla-
tion coefficients were calculated using the SAS pro-
gram.

Results
Mapping of gw8.1 QTL

A total of 308 SSR markers distributed throughout the
genome (Temnykh et al. 2001; McCouch et al. 2002)
were used to survey for polymorphism between the
parents, Hwaseongbyeo and O. rufipogon, and 223
(75.6%) were polymorphic. These polymorphic mark-
ers were used to confirm the genotype of F101, the
BC,F, line that was used as the source material for NIL
development in this study. F101 had large seeds and
contained an homozygous O. rufipogon introgression
across the entire 25.8 cM interval defining gw8.1 in the
study (Cho et al. 2003). To eliminate the non-target
introgressions, F101 was backcrossed to Hwaseongb-
yeo for one generation to generate BC; lines. The lines
were genotyped using markers flanking gw8.1 to
ensure retention of the target O. rufipogon introgres-
sion and also genotyped to select for individuals in
which the background introgressions had been elimi-
nated.

In the BC5F, families derived from F101, the differ-
ence in TGW between plants having O. rufipogon int-
rogressions in the target region and those having
Hwaseongbyeo alleles was as large as 4.4 g under field
conditions. These results confirmed primary QTL
observations based on field evaluations (Cho et al.
2003) and demonstrated that transgressive segregants
could be identified in subsequent generations. To iden-
tify recombinants for fine mapping, a BC;F, population
(F11) was selected. The F11 population had an
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O. rufipogon/Hwaseongbyeo heterozygous segment in
the target region and one additional heterozygous
introgression in the genetic background flanked by
SSR markers RM234 and RM478 on chromosome 7
(Fig. 2). Segregating populations of 223 (CR1448) and
229 (CR1449) individual BC;F; plants (Fig. 1) were
evaluated both phenotypically and genotypically using
ten markers in the target region on chromosome 8
flanked by RM42 (RMS515) and RM210 (RM531)
(Fig. 2). These populations were also genotyped with
two SSR markers on chromosome 7 showing segrega-
tion. Phenotypes were compared among the three
genotypic classes defined by the allele constitution of
markers in the interval RM42 (RMS515)-RM210
(RM531).

The distribution of TGW based on the genotypes in
the CR1449 BC;F; population is shown in Fig. 3. In
CR1449, the mean TGW of the homozygous O. rufipo-
gon class (26.23 g) was significantly different from that
of the heterozygous (25.51 g) and the Hwaseongbyeo
homozygous class (24.85 g), and the mean TGW of the
heterozygous class was again significantly different
from that of the Hwaseongbyeo homozygous class
based on the #-test. Similarly, in CR1448, there was a
significant difference in mean TGW between each of
the genotypic classes; the homozygous O. rufipogon
class had a mean TGW of 27.29 g, the heterozygous
class of 26.34 g and the Hwaseongbyeo homozygous

A
7/
00 RM42
Chr. 7 Chr. 8
= K RMS515
/
/7
/7
i
7/
/,’ 29 —|
T ;
1l !
Jd /
|1 ’
T
: : 02 = RM7049
- - 7’
’
J/ 04 = RM6850
RM42 0.0 7__ \RM5637
RM284 0.0 -RM284
RM210 20 - RM7356
S <+ gw8.1
Tl o4 RM7556
00 RM210
. RM531

Fig. 2 Linkage maps of chromosomes 7 and 8 showing introgres-
sions from O. rufipogon and location of gw8.1 on chromosome 8
in CR1449. Gray regions indicate introgressed segments, open
rectangles indicate approximate positions of centromeres. Arrows
show the position of peak LOD score by interval analysis
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Fig. 3 Frequency distribution of TGW for the three genotypic
groups, Hwaseongbyeo/Hwaseongbyeo (HH), Hwaseongbyeo/
O. rufipogon (HR) and O. rufipogon/O. rufipogon (RR) for
BC;F; progeny derived from CR1449. Arrows show the mean
TGW of each group

class had a mean of 25.36 g based on the ¢-test. These
results demonstrated that the O. rufipogon allele
increased GW in the Hwaseongbyeo background in an
additive fashion. The additive effect of the O. rufipo-
gon allele was 0.69-0.97 g in the two BC;F; populations

Table 1 Detection of gw8.1 QTL for TGW at BC;F;

and gw8.1 explained 30.2-39.0% of the total pheno-
typic variation (Table 1). Mapping also confirmed a
QTL peak between markers RM7556 and RM7356
with a LOD score of 24.08 and 18.3 in CR1448 and
CR1449, respectively (data not shown). There was no
association between TGW and any of the two markers
in the introgression on chromosome 7 in either popula-
tion.

To further refine the position of gw8.1, 36 additional
SSR markers were developed within the target region
on chromosome 8 based on Nipponbare sequence
information. Among them, 21 SSR markers (58.3%)
produced polymorphic bands between the parents and
9 amplified strongly and were used to fine map gw8.1
(Table 2). Their order and distances were based on the
pseudomolecules of japonica cv. Nipponbare (TIGR v.
3 pseudomolecules available at www.gramene.org and
at sliver.plbr.cornell.edu/SSR).

Substitution mapping of gws.1

A series of BCsF, sub-NILs were developed from
CR1448 and CR1449 based on the identification of rec-
ombinants using SSRs. Eight sub-NILs representing
different recombination breakpoints across the gw$.1
region were identified and their graphical genotypes
are shown in Fig.4. There were no remaining
O. rufipogon introgressions on chromosome 7 in any of
these sub-NILs. CR4362 (n=15 progeny) and CR4365

Line QTL P Flanking markers 1,000-grain weight (g) Add effect?® R?(%)°
HH HR RR

CR1448 gw8.1 <0.0001 RM531-RM42 254 +£0.79 26.3 £0.63 273 +0.83 0.965 39.0

CR1449 gw8.1 <0.0001 RMS531-RM42 249 + 0.74 255+ 0.71 26.2 £ 0.60 0.690 30.2

HH Hwaseongbyeo homozygous, HR Hwaseongbyeo/O. rufipogon heterozygous, RR O. rufipogon homozygous

4 Add effect (g)=(RR - HH)/2
b Phenotype variation explained by the QTL

Table 2 Newly developed SSR markers from BAC/PAC sequence data of Nipponbare on chromosome 8 at the interval, RM7356—

RM210
Marker no. Primer sequence BAC/PAC (Motif),, Predicted Annealing
clone size (bp) temperature (°C)

RM23244.CNR25 5'cgatgagctctccacatcaa3’; 5 acttceccgtcatgtcacct3’ B1144B06 (ct)3 153 55
RM30003.CNR29 S'gccatcatcacatcacaage3’; 5'ggegtacgeagtagggttagd’  B111C03 (ga)13 172 55
RM23204.CNR93 S'tecgactccttcatgtacge3’; S'tagggctcatgatgettacg3’ P0479C12 (cgc), 136 55
RM23211.CNRY6 S'acttggtccatectgetgag3’; 5S'accagtegetgtggtgaagl’ P0429B05 (ct)yy 156 55
RM30000.CNR99 S'agctcacctegttttgegta3’; 5'cggacaaattegttcaccte3’ P0429B05 (tta)s 170 55
RM30001.CNR102  5’cagctggatatcctccatee3’; 5'gectecacatgteattetcacte3’  OJ1005_HO1  (ga), 157 55
RM30002.CNR104 5'aatccacagctcctgettga3’; 5'caacttttectegegatec3’ 0OJ1005_HO1 (gat)4 187 55
RM23201.CNR151  S'gttctttccggtgacgagac3’; S'cgetgecagatgageagatac3’  P0528B09 (t€) 1o 175 55
RM23202.CNR153  5'catttccggtctctcgetaald’; S'tgaacaactgggacgagga3’ P0O708B04 (ga);3 181 55

n the number of simple sequence repeat
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Fig. 4 Graphical genotypes of lines used in substitution mapping
of gw8.1. White portions of the graph indicate homozygous
Hwaseongbyeo chromosome segments, black regions indicate
homozygous O. rufipogon chromosomes, diagonal slashes indi-
cate heterozygous regions and gray areas are regions where cross-
ing-over occurred. The table to the right of the graphical
genotypes indicates mean TGW for each of the three genotypic
classes of progeny derived from CR4357, CR4363 and CR4383.

(n=15) were used as controls because they had
Hwaseongbyeo and O. rufipogon chromosome seg-
ments, respectively, across the entire target region. The
rest of the lines all contained O. rufipogon introgres-
sions in the heterozygous state across a specific sub-
region of interest. Progeny from each of the sub-NILs
were evaluated for segregation of TGW. No segrega-
tion for TGW was observed in populations derived
from CR4382 (n=25), CR4383 (n=30) or CR4360
(n=30), but significant phenotypic differences were
observed among the three genotypic classes within
CR4357 (n=50), CR4363 (n=53) and CR4377 (n=79)
(ANOVA, P<0.0001) (Fig.4). Comparisons among
the three genotypic classes of the three NIL-derived
populations suggested that gw8.I/ was located in the
interval RM23201.CNR151-RM7556 and explained
between 35.2 and 58.3% of the phenotypic variation
(Fig. 4). The TGW of sub-NILs, CR4383 and CR4360
were similar to that of CR4362 while that of sub-NIL
CR4382 was similar to CR4365. Based on the recombi-
nation breakpoint in CR4360, the position of gw8.1 was
narrowed to the interval defined by RM23201.
CNR151-RM30000.CNR99 (Fig.4). This data also
demonstrated that there was no TGW QTL outside of
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(=)
S}
Z
- Marker” Mean of 1,000-grain weight (g) R? n
g
< HH HR RR (%)
=4
nd” 26.8 nd nd nd 15
nd nd nd 28.5 nd 15
RM7556 266" 272° 277¢ 352 50
RM30002.CNR104 263 * 273" 279¢ 583 53
RM7556 253° 259° 266° 388 79
RM30000.CNR99 282" 286" 284° nd 25
RM7049 273° 27.1° 273 nd 30
RM7556 264° 265 267° nd 30

The broken vertical lines define the interval containing the gw8.1
locus. *Markers within the heterozygous regions were tested and
the ones with the highest R? scores are shown. *nd not deter-
mined. Numbers followed by the different letter in each row are
significantly different at P=0.0001 based on the t-test. HH
Hwaseongbyeo homozygous, HR Hwaseongbyeo and O. rufipo-
gon heterozygous, RR O. rufipogon homozygous, n number of
evaluated individuals in each line

the interval defined by the markers RM284 and
RM7556, and therefore, the candidate position for
gw8.1 was in the 306.4-kb interval RM23201.CNR151-
RM30000.CNR99. This interval was comprised of four
bacterial artificial chromosome clones, P0528B09,
P0708B04, P0479C12 and P0429B05, based on the
physical map of the region (http://www.rgp.dna.affrc.
go.jp/cgi-bin/statusdb/stattable.pl?chr=8&lab=RGP)
(Table 2).

Analysis of QTLs for grain shape traits at BC;F,

To understand which aspect of grain shape trait was
responsible for the increase in GW at gw8.1, progeny
from CR4363 was used for QTL analysis. The data
indicated that three grain shape QTLs, grain length
(g18.1), grain width (gwd8.1) and grain thickness (g8.1)
were all located near marker RM30002.CNR104 in the
target region (P=<0.0001, P=0.0061 and P=0.0028,
respectively) (Table 3). Three markers (RM30002.
CNR104, RM23202.CNR153 and RM515) within the
heterozygous regions were tested and RM30002.
CNR104 and RM23202.CNR153 showed the highest
P-value. Correlation analysis also indicated that there
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Table 3 Detection of QTLs for grain length, width and thickness in progeny derived from NIL CR4363
Grain trait QTL Linked marker P Mean + SD R* (%)
HH HR RR

Weight gw8.1 RM30002.CNR104 <0.0001 26.3 £0.45 27.3 £0.46 27.9 +£0.57 58.3
Length gl8.1 RM30002.CNR104 <0.0001 6.15 £ 0.13 6.33 £0.11 6.55+£0.11 56.8
Width gwdS8.1 RM30002.CNR104 0.0061 3.03 £ 0.05 3.07 £ 0.05 3.11 +0.06 18.3
Thickness gth8.1 RM30002.CNR104 0.0028 2.18 £0.03 221 +0.03 222 4+0.03 20.7
A total of 48 individuals were analyzed in the line
Table 4 Correlation coefficients among grain traits

TGW Grain length Grain width Grain thickness L/W ratio
Grain length 0.565%*
Grain width 0.558%* 0.342%
Grain thickness 0.377+* 0.572%* 0.350%
L/W ratio 0.180 0.764%** -0.344* 0.338*
Grain volume 0.657+* 0.878** 0.695%* 0.755%* 0.402%*
Grain volume = grain length x grain width x grain thickness
*Significant correlation at 5%
**Significant correlation at 1%
Table 5 Comparison of agronomic traits, amylose content and grain yield among two NILs and Hwaseongbyeo
Lines Genotype Days to Plant Panicles Spikelets Amylose Grain Yield

heading (days) height (cm) per plant  per panicle content (%) yield (g) index

Hwaseongbyeo HH 98 a 972 a 115a 110 a 17.8 a 274 a 100.0
CR4362 HH 97 a 97.7a 123 a 118b 18.1a 30.0b 109.5
CR4365 RR 97 a 99.1a 122 a 121b 184 a 327c¢ 119.3

Numbers followed by the same letter in each column are not significantly different at P<0.05

were significant correlations between TGW and grain
length, grain width, grain thickness, length/width ratio
and grain volume (Table 4).

Effect of the Oryza rufipogon introgression harboring
gw8.1 on TGW and grain yield

To determine whether the large introgressed segment
in CR4365 was associated with an effect on grain yield
in addition to TGW, a yield trial was conducted using
seed from CR4365 (which was homozygous for
O. rufipogon across the entire region), CR4362 (a line
that was homozygous for Hwaseongbyeo alleles in the
same region), and Hwaseongbyeo, the recurrent par-
ent. Plots for all three genotypes were laid out in a
completely randomized block design with three repli-
cations. The results showed that the grain yield of
CR4365 was 9.0% (P=0.029) and 19.3% (P=0.009)
higher than those of CR4362 and the recurrent parent,
respectively (Table 5). Also, the number of spikelets
per panicle of CR4365 and CR4362 were higher than
that of the recurrent parent, respectively (Table 5). In

addition, a population derived from CR4363 segregat-
ing for the O. rufipogon introgression in the RM42—
RM210 interval showed significant differences in aver-
age grain yield between the three genotypic classes.
The O. rufipogon homozygous class (31.29 g, n=26)
was significantly higher-yielding than the Hwaseongb-
yeo homozygous class (26.56 g, n=30). These indepen-
dent experiments support the assertion that the 2.2-Mb
introgressed segment between RM42 (RMS515) and
RM210 (RMS531) is associated with a QTL for
enhanced grain yield, spikelets per panicle as well as
TGW. No QTL for heading date or plant height was
detected in this region (Table 5).

Discussion

A few studies have reported QTL associated with GW
located on the long arm of chromosome 8 using both
inter- (Brondani et al. 2002) and intraspecific popula-
tions (Cui et al. 2003; Lu et al. 1997). While it is difficult
to interpret whether any of the QTLs in these studies
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correspond to the same locus as gw8.1, due to a lack of
common markers used for mapping, it appears that the
map locations differ, making it unlikely that they are
allelic. Also, studies using the same O. rufipogon acces-
sion (IRGC 105491) in combination with other recur-
rent parents failed to detect gw8.1 (Moncada et al.
2001; Thomson et al. 2003; Septiningsih et al. 2003;
Xiao et al. 1998). This may be due to the use of differ-
ent mapping populations and genotypes [none of the
previous studies that utilized the same O. rufipogon
donor used a temperate japonica variety (i.e., with
short, round grains) as the recurrent parent]. The heri-
tability of GW and grain length in rice is estimated at
71.9 and 80.0%, respectively (Takeda 1990; Takeda
and Saito 1983), and though variation is observed
among seeds on the same plant, i.e., among seeds on
the main or secondary tillers, or on primary or second-
ary branches of a panicle (Takeda 1991), the trait is
tractable to genetic analysis via the development of
high-resolution NILs. As documented in this study, R?
values steadily increased with advanced generations of
backcrossing, from 11% in the BC,F, generation to
between 30 and 39% in the BC;F; generation and up to
58% in the BC;F, generation of NILs. As the number
of spurious donor (i.e., O. rufipogon) introgressions in
the genetic background decreased and the linkage
between markers and the target gene(s) increased, the
proportion of the phenotypic variation that could be
explained by the markers was greatly enhanced. This
situation was similar to that discussed by Li et al.
(2004b) for gw3.1 in rice, or by Paterson et al. (1990)
for soluble solids concentration, fruit mass and yield in
tomato. The use of high-resolution NILs in a substitu-
tion mapping strategy means that only a small number
of genetic differences distinguish the NILs, making
phenotypic comparisons much more straightforward
and avoiding the need for large-scale replication over
years and environments.

Substitution mapping has been applied in diverse
plant species to facilitate the fine mapping of QTLs
(Paterson et al. 1990; Eshed and Zamir 1995; Wissuwa
etal. 2002; Korff etal. 2004; Li etal. 2004b). The
advantage of the method lies in its ability to clearly
visualize the borders of an interval containing the
QTL(s) (Wissuwa et al. 2002). Based on substitution
mapping, the TGW QTL, gw8.1 was successfully
mapped to a 306.4-kb interval between markers
RM23201.CNR151 and RM30000.CNR99 on chromo-
some 8. To facilitate the fine mapping of gw8.1 eight
new SSR markers were developed in the region using
publicly available rice (cv. Nipponbare) genome
sequence. As discussed by Li et al. (2004a) and other
studies (IRGSP 2005; Yu et al. 2002; Li et al. 2004b), a
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large number of highly polymorphic SSR markers have
been developed for rice and provide a useful tool for
high-density mapping.

Having identified a QTL for increased GW coming
from an accession of O. rufipogon not widely utilized in
rice breeding programs, the aim of our marker-assisted
introgression program was to fix the favorable allele
(from O. rufipogon) of this QTL in a Hwaseongbyeo
genetic background with as little additional O. rufipo-
gon (donor) chromosome as possible. The locus, gw8.1
is of particular interest because of its independence
from undesirable height and maturity effects. The addi-
tive gene effect of gw8.1 is relatively high, with the
O. rufipogon allele being associated with a 0.65-0.95 g
increase in TGW. Ishimaru (2003) also identified a GW
QTL, tgw6 on chromosome 6 which was responsible
for increased yield potential without any negative
effect on plant type or grain quality in the Nipponbare
genetic background. The colocalization of QTLs for
GW and grain shape implies that the increase in grain
length, width and thickness might be responsible for
increased GW in the nearly isogenic background of
Hwaseongbyeo. Takeda (1991) and Li et al. (2004b)
also reported that grain length was the main cause of
the variation of TGW based on the highly significant
correlation between TGW and grain length at gw3.1.
Although the gw8.1 QTL was not responsible for an
increase in amylose content in this study, additional
experiments are needed to determine the effect of
gw8.1 on other grain quality traits because increased
kernel length/weight may have negative effect on
japonica rice grain quality.

A vyield trial in the BC;F, generation demonstrated
that the introgressed segment from O. rufipogon defi-
ned by SSR markers, RM42 and RM210, has a signifi-
cant and positive effect on yield potential. This finding
proves the possibility that the introgression might har-
bor other QTLs for yield components (i.e., spikelets
per panicle) in addition to gw8.1. This assertion is con-
sistent with results from two independent studies which
employed the same O. rufipogon accession (IRGC
105491) as the donor parent in AB-QTL analysis. Xiao
etal. (1998) detected QTLs for grain yield, panicle
length and grains per plant associated with the marker,
RM210. Thomson et al. (2003) also identified a QTL
for grain number per panicle near the marker RM210
which is located near to gw8.I. In all cases, the
O. rufipogon alleles were beneficial in the diverse culti-
vated backgrounds. To better understand the genes
contributing to these beneficial effects, we are pursuing
a fine mapping strategy aimed at cloning the genes
underlying these yield QTLs. It is of interest to better
define their linkage relationships and to understand the
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molecular mechanisms responsible for yield in diverse
genetic backgrounds. As increasing numbers of genes
associated with agriculturally relevant phenotypes are
cloned, plant breeders and geneticists confront an
expanding array of choices and opportunities for utiliz-
ing the information for applied plant improvement.
Although it is not clear why this gw8.1 region, which
harboris several useful alleles, appears not to have
been selected during rice domestication, several arti-
cles by Thomson et al. (2003), Lee et al. (2005) and Li
et al. (2006) provide clues that suggest a relationship
between the gw8.1 region and domestication. A QTL
for awns was detected in this region by both Thomson
et al. (2003) and Lee et al. (2005) in crosses between
O. sativa and O. rufipogon. More recently, a shattering
gene was detected close to gw8.1 Li et al. (2006) using
an F, population derived from a cross between
O. sativa and the annual wild species, O. nivara. These
studies suggest that the gw8.7 region on chromosome 8
may not have been selected during rice domestication
because of linkage with these deleterious alleles.
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