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Abstract SIL040, an introgression line (IL) devel-
oped by introgressing chromosomal segments from an
accession of Oryza rufipogon into an indica cultivar
Guichao 2, showed significantly less grains per panicle
than the recurrent parent Guichao 2. Quantitative trait
locus (QTL) analysis in F, and F; generations derived
from the cross between SIL040 and Guichao 2 revealed
that gpa7, a QTL located on the short arm of chromo-
some 7, was responsible of this variation. Alleles from
O. rufipogon decreased grains per panicle. To fine
mapping of gpa7, a high-resolution map with 1,966 F,
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plants derived from the cross between SIL040 and Gui-
chao 2 using markers flanking gpa7 was constructed,
and detailed quantitative evaluation of the structure of
main panicle of each of F; families derived from
recombinants screened was performed. By two-step
substitution mapping, gpa7 was finally narrowed down
to a 35-kb region that contains five predicted genes in
cultivated rice. The fact that QTLs for five panicle
traits (length of panicle, primary branches per panicle,
secondary branches per panicle, grains on primary
branches and grains on secondary branches) were all
mapped in the same interval as that for gpa7 suggested
that this locus was associated with panicle structure,
showing pleiotropic effects. The characterizing of pani-
cle structure of IL SIL040 further revealed that, during
the domestication from common wild allele to culti-
vated rice one at gpa7, not only the number of
branches and grains per panicle increased significantly,
more importantly, but also the ratio of secondary
branches per panicle to total branches per panicle and
the ratio of grains on secondary branches per panicle to
total grains per panicle increased significantly. All
these results reinforced the idea that gpa7 might play
an important role in the regulation of grain number per
panicle and the ratio of secondary branches per panicle
during the domestication of rice panicle.

Introduction

Rice (Oryza sativa L.) grain yield was determined by
three yield components, panicles per plant, grain weight
and grain number. Of rice grain yield components,
grain numbers showed the largest range of variation
and was the major objective of improvement in rice
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high yield breeding (Li etal. 1998; Yamagishi et al.
2002). O. rufipogon Grift. is the wild ancestor of culti-
vated rice (Second 1982; Oka 1988; Wang et al. 1992).
During the course of domestication from wild rice to
cultivated rice, profound changes of agronomic traits
and genetic diversity occurred (Sun et al. 2001). One of
the most important hallmarks of rice domestication is
dramatic increases in grain number, as evidenced by the
fact that most cultivated rice showed more grain num-
ber than wild rice. Typical strains of O. rufipogon usually
showed less branch number and grain number (H.W.
Cai and C.Q. Sun, unpublished data). Domestication of
wild rice led to the production of panicle with more
branches and grain number. To understand the molecu-
lar mechanism of changes occurred in panicle structure
during domestication, we need to characterize these
changes and identify the genes underling them. Thus,
the molecular basis of grain number might not only set
theory basis for the improvement of grain number, but
also offer general insights into the rice domestication.

Rice grain number is quantitatively inherited and a
great deal of quantitative trait locus (QTL) mapping
for grain number have been conducted using various
mapping populations derived from inter-specific
crosses (Xiao et al. 1998; Xiong et al. 1999; Moncada
et al. 2001; Thomson et al. 2003; Li et al. 2006), indica—
japonica inter-subspecific crosses (Lu et al. 1996; Xiao
etal. 1996; Yu et al. 1997; Redona and Mackill 1998;
Sasahara et al. 1999; Yagi et al. 2001; Xing et al. 2002;
Mei et al. 2003, 2005), indica—indica crosses (Lin et al.
1996; Zhuang et al. 1997) and japonica—janonica cross
(Yamagishi et al. 2002). These QTLs detected were
distributed throughout all rice chromosomes and cre-
ated a firm basis to investigate the genetic control of
grain number. However, QTL cloning projects for
grain yield components were rarely reported. Li et al.
(2004) fine mapped a grain-weight QTL, gw3.1, in the
pericentromeric region of rice chromosome 3 and nar-
rowed down the location of the gene underlying that
QTL to a 93.8-kb region. More recently, Ashikari et al.
(2005) cloned Gnla, a QTL located on chromosome 1
that increases grain number in rice, and elucidated the
molecular mechanism of this gene.

An introgression line (IL), STL040, a member of 159
introgression lines derived from the BC,F, population
of O. rufipogon and cultivated rice (Tian et al. 2006),
showed significant less grains per panicle than the
recurrent parent Guichao 2 based on phenotypic evalu-
ations at two sites over 2 years. In this study, a QTL
mapped to the short arm of chromosome 7 was found
responsible for this variation. This QTL was referred
to as gpa7 (abbreviation for grains per panicle). Then
we fine mapped the gpa7 and revealed that it resides
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within a 35-kb target region. We also further character-
ized the phenotypic effects of gpa7 and the potential
importance of gpa7 for rice panicle domestication was
also discussed.

Materials and methods
Plant materials

SILO040 is an introgression line derived from a set of
159 introgression lines developed in a previous study
by introgressing chromosomal segments from an acces-
sion of Chinese common wild rice (O. rufipogon
Grift.), collected from Dongxiang county, Jiangxi Prov-
ince, China, into an indica cultivar (O. sativa L.), Gui-
chao 2 background based on four generations of
backcrossing and four generations of selfing (Tian et al.
2006), and showed significantly less grains per panicle
than the recurrent parent Guichao 2 based on pheno-
typic evaluations at two sites over 2 years. To uncover
the genetic basis of this variation, an F, population
consisting of 400 plants was constructed by selfing the
F, plant of SIL040 as female and Guichao 2 as male
parent and grown in Experiment Station of China
Agricultural University, Beijing (39°N, 116°E), in the
summer of 2004. Then F; family derived from each 400
F, plant and a larger F, population containing 1,566
plants derived from the cross between SIL040 and Gui-
chao 2 were planted at Sanya (18°N, 109°E), Hainan
Province, China, in the winter of 2004. The 400 F; fam-
ilies were laid out in a single plot without replication,
four rows per plot, 12 plants per row, 13.3 cm between
plants within each row and 26.4 cm between rows. F;
families derived from all recombinants screened from
1,966 plants along with parental controls were grown at
the same site in Beijing in the summer of 2005. The
field planting for progeny testing of recombinants and
parental controls followed a complete randomized
block design with two replications. The planting man-
ner of each plot was the same as that of the 400 F; fam-
ilies described above. The field management was
similar to that under normal rice production condi-
tions. In addition, another F, population containing
100 plants derived from the cross between SIL040 and
indica cultivar 93-11 was constructed and grown at the
same site in Beijing in the summer of 2005.

Phenotypic evaluation
The 400 F, plants were individually evaluated for pani-

cles per plant and grains per plant. Grains per panicle
were obtained by dividing grains per plant by panicles
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per plant. Ten plants were harvested from each of 400
F; families. The phenotypic evaluations of 4,000 F;
plants were the same as those for F, plants described
above. The phenotypic evaluations for 100 F, individu-
als derived from the cross between SIL040 and 93-11
were also the same as those described above. Detailed
quantitative analysis of panicle structure for each of
recombinant derived F; families and the parents SIL040
and Guichao 2 and their F, hybrid were performed using
40 main panicles each. The traits measured for panicle
structure included length of panicle, primary branches
per panicle, secondary branches per panicle, grains on
primary branches per panicle, grains on secondary
branches per panicle and total grains per panicle.

DNA extraction and molecular marker analysis

DNA was extracted from fresh leaves according to the
CTAB method (Murray and Thompson 1980) with
minor modifications. The molecular markers analyzed
in the target region were published SSRs (McCouch
et al. 2002), to construct high density map of the target
region, new SSR and Indel markers were developed in
this study. Four new SSR primers (63130, 3617, 3683
and 5452) were designed according to available public
rice genome sequence (http://www.rgp.dna.affrc.go.jp/).
In addition, two Indel markers (ID52 and ID68.3) were
developed based on partial sequencing of target region
for the parent types. PCR fragments were amplified
with primers designed to match rice genomic sequence
and directly sequenced in both directions. The PCR
reaction mixture and PCR conditions were the same as
those described by Tian et al. (2006). Primer informa-
tion of six newly developed markers used in this study
was listed in Table 1. In each of recombinant families,
the genotypes for all markers in the target region
were determined and homozygous recombinants were
identified.

Data analysis

Linkage map construction was performed using Map-
maker/Exp 3.0 (Lander et al. 1987). QTL analysis was

carried out by interval analysis with Map Manager
QTXbl17 (Manly et al. 2001).

In each recombinant family, the mean phenotypic
value of each of the six traits of main panicle, includ-
ing length of panicle, primary branches per panicle,
secondary branches per panicle, grains on primary
branches per panicle, grains on secondary branches
per panicle and total grains per panicle, for the
homozygous recombinants was compared with that
of the controls SIL040 and Guichao 2 using the SAS
statistical software package (SAS 1990, SAS Insti-
tute, Cary, NC, USA) at significant level P < 0.001.
Recombinant families were grouped based on the
genotypes of homozygous recombinants they con-
tained and the mean phenotypic value of each of
above six traits for each of the groups was calculated.
In the fine mapping of the position of gpa7, the sub-
stitution mapping strategy described by Paterson
et al. (1990) was used.

Results
Characterizing of IL SIL040

Phenotypic evaluations of grains per panicle for the
introgression line SIL040 and the recurrent parent
Guichao 2 were conducted at two sites, Beijing (39°N,
116°E) and Sanya (18°N, 109°E), over 2 years (2003
and 2004) (Fig.1). The results demonstrated that
SIL040 showed consistent phenotype in all trials. The
mean grains per panicle at two sites over 2 years for
SIL040 and Guichao 2 were 44 and 114, respectively.
SIL040 showed nearly threefold less than Guichao 2
for mean grains per panicle. Table 2 showed compari-
son of some important agronomic traits between
SIL040 and Guichao 2 obtained in the trial conducted
at Sanya in 2004. The results indicated that there were
significant differences (P < 0.01) in plant height, pani-
cles per plant, grains per plant, 1,000-grain weight and
grain yield per plant between them, while there were
no significant difference in seed set rate and days to
heading between them.

Table 1 New molecular markers developed in this study to fine map gpa7

Marker Marker Product size in Forward primer (5'-3") Reverse primer (5'-3")

type Nipponbare (bp)
63130 SSR 159 GGATCTAGCTAGGGTTCGGG TATCCGCGTCCCTAGCTTAG
3683 SSR 229 GGTAGGGATCAAACTATTGC GCTGAGTCTCATCTACATAG
5452 SSR 186 TAGTGACCGAGGGTGGGAATT GCCGCGTCAAAGATAGTCGTT
3617 SSR 119 GGATGGATTTGAAGGATTTG AACCACTTCATTCACCACCC
ID52 Indel 140 GTTTGGTGGTGTTCATGGTCT GATCAGCTCTCACCAATCCAG
1D68.3 Indel 158 CAGGTTGAGATTAAGGGAGGA AGACGAATGGTCAAACAGTGC
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Fig. 1 Comparison of grain number per panicle of introgression
line SIL040 and Guichao 2. a Main panicle structure of Guichao
2 and SIL040. Scale bar 20 cm. b Mean grain number per panicle
of introgression line SIL040 and Guichao 2 at two sites, Beijing
(39°N, 116°E) and Sanya (18°N, 109°E), over 2 years (2003 and
2004). In each trial, ten plants for SIL040 and Guichao 2 were
individually harvested and evaluated for panicles per plant and
total grains per plant, and grains per panicle were obtained by
dividing total grains per plant by panicles per plant. Data pre-
sented are means with SD (n = 10 plants)

Detailed quantitative observations of the structure
of main panicle for the parents SIL040 and Guichao 2
and their F; hybrid were conducted (Table 3), the
results revealed that SIL040 showed significant differ-
ence (P < 0.001) from Guichao 2 and the F, for all pan-
icle traits measured. The F; also showed significant
difference (P < 0.001) from Guichao 2 for all panicle

Table 2 Comparison of some important agronomic traits be-
tween SIL040 and Guichao 2

Trait SIL040 Guichao 2 Significance
Plant height (cm) 61.1 75.1

Panicles per plant 13.8 9.1

Grains per plant 619.2 1060.6 *

Seed set rate 88% 86% NS
1,000-grain weight (g) 25.3 26.5 *

Grain yield per plant 13.7 242 *

Days to heading 106.1 104.2 NS

The above data was from the trial conducted at Sanya in 2004.
Ten plants for SIL040 and Guichao 2 were individually harvested
and evaluated for above seven traits. The plant height was scored
as the length of the tallest tiller from the ground to the tip of the
panicle. Days to heading was recorded as the number of days
from sowing to the appearance of the first panicle. For each trait,
the mean phenotypic values of ten plants were compared be-
tween SIL040 and Guichao 2

NS Not significant
*Significant at P < 0.01

traits measured. In SIL040, the mean grains on second-
ary branches per panicle were significantly (P < 0.001)
less than the mean grains on primary branches per pan-
icle. However, the case in Guichao 2 was completely
converse, which was that the mean grains on secondary
branches per panicle were significantly (P < 0.001)
more than the mean grains on primary branches per
panicle. In the F;, there was no significant difference
between the mean grains on primary branches and the
mean grains on secondary branches.

Figure 2 showed the ratio of primary branches per
panicle and secondary branches per panicle to total
branches per panicle and the ratio of grains on primary
branches per panicle and grains on secondary branches
per panicle to total grains per panicle in SIL040, F, and
Guichao 2. In analysis of branches per panicle, a com-
mon tendency was obvious for SIL040, F; and Guichao
2, which was that the secondary branches per panicle
contributed most to the total branches per panicle. In
SIL040, the primary and secondary branches per pani-
cle contributed 38.4 and 61.6%, respectively, to the
total branches per panicle, while in F; and Guichao 2,
the proportions were 33.3 and 66.7%, 28.4 and 71.6%,
respectively. The ratio of secondary branches per

Table 3 Quantitative observations of panicle structure of SIL040, Guichao 2 and their F,; hybrid

Line Length of  No. of primary No. of secondary No. of grains on No. of grains on Total grains
panicle branches per panicle  branches per panicle  primary branches  secondary branches  per panicle
SIL040 20015 87+1.0 14.8 £ 4.9 51.1+£6.9 429+ 16.2 94.0 £22.0
F, 212+12 100+1.1 20.7£5.0 60.8 £7.8 62.4 £17.05 1232 +£229
Guichao2 223+1.0 114+09 295+59 713+7.1 93.5+21.9 164.8 +26.6

The main panicle of each of 40 plants from the parents SIL040 and Guichao 2 and their F; hybrid was individually harvested and mea-
sured for above panicle traits. Data presented are the means with SD (n = 40 plants)
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Fig. 2 The ratio of primary branches per panicle and secondary
branches per panicle to total branches per panicle and the ratio of
grains on primary branches and grains on secondary branches to
total branches per panicle in SIL040, Guichao 2 and their F; hy-
brid. The main panicle of each of 40 plants from the parents
SIL040 and Guichao 2 and their F; hybrid was individually har-
vested and calculated for the above ratioes. Data presented are the
means with SD (n = 40 plants). PB primary branches per panicle,
SB secondary branches per panicle, GP grains on primary branch-
es per panicle, GS grains on secondary branches per panicle

panicle to total branches per panicle significantly
(P < 0.001) increased. The analysis of grains per pani-
cle revealed that, in SIL040, the grains on primary
branches per panicle and the grains on secondary
branches per panicle contributed 55.7 and 44.3%,
respectively, to total grains per panicle, while in F; and
Guichao 2, the proportions were 50.1 and 49.9%, 43.9
and 56.1%, respectively. The ratio of grains on second-
ary branches to total grains per panicle significantly
(P < 0.001) increased.

Detecting of gpa7

Using 208 SSR markers showing polymorphism
between O. rufipogon and Guichao 2, distributed evenly
throughout 12 chromosomes, SIL040 was scanned and
three O. rufipogon introgression segments were detected,
located on chromosome 1, 7 and 8, respectively. To

dissect the genetic factors underlying the less grain
number per panicle in SIL040, an F, population con-
taining 400 plants was constructed by using SIL040 as
female and Guichao 2 as male parent. The 400 F, indi-
viduals were genotyped using 24 SSR markers distrib-
uted on three O. rufipogon introgression regions, and
evaluated for grains per panicle. QTL analysis for
grains per panicle revealed that there was a significant
peak between markers RM3325 and 3683 on the short
arm of chromosome 7 with a LRS score of 130.0
(LOD =283) and an % (phenotypic variance
explained by the QTL) of 37%. The O. rufipogon
derived allele contributed a decreasing effect on grains
per panicle. We referred to this locus as gpa7. No QTL
was detected in the other two introgression regions.
QTL analysis in F; families derived from selfing each
F, plant further confirmed the unique QTL peak
between markers RM3325 and 3683 on the short arm
of chromosome 7 with a LRS score of 300.4 (LOD =
65.3) and an % of 54% (Table 4), and also no QTL was
detected in the other two introgressions, consistent
with the F, mapping results. All above results demon-
strated that gpa7 was responsible for the less grains per
panicle in SIL040, and thus SIL040 was a nearly iso-
genic line to Guichao 2, suggesting that using the F,
population derived from the cross between SIL040 and
Guichao 2 to fine map gpa7 was feasible. In addition, to
examine the expression of gpa7 in different genetic
background, another F, population containing 100
plants derived from the cross between SIL040 and
indica cultivar 93-11 was constructed and were evalu-
ated for grains per panicle. QTL analysis in this popu-
lation revealed that there was a significant peak
between markers RM3325 and 3683 on the short arm
of chromosome 7 with a LRS score of 28.0 (LOD = 6.1)
and an % of 28% (Table 4).

Fine mapping of gpa7

To further refine the position of gpa7, a larger F, popu-
lation containing 1,566 plants derived from the cross

Table 4 QTL analysis for grain number per panicle in the F, and F; generations derived from the cross between SIL040 and Guichao
2 and in the F, population derived from the cross between SIL040 and 93-11

Population Interval LRS LOD? %° Add® Dom?!
SIL040/Guichao2 F, RM3325-3683 130.0 28.3 37 -193 3.0
SIL040/Guichao2 F, RM3325-3683 300.4 65.3 54 —25.8 8.2
SIL040/93-11 F, RM3325-3683 28.0 6.1 28 -31.2 152

Likelihood ratio statistic (LRS) value was divided by 4.6 to obtain the equivalent logarithm of the odds (LOD) score (Manly et al. 2001)

b Phenotypic variance explained by the QTL
¢ Additive effect associated with O. rufipogon
4 Dominance effect associated with O. rufipogon
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between SIL040 and Guichao 2 was constructed. From
1,966 F, plants (plus the previous 400 plants), a total of
62 recombinants were detected between markers
RM3325 and 3683. All recombinants screened were
subjected to genotyping with four markers between the
interval RM3325 and 3683. A high-resolution map with
1,966 plants using published and newly developed
markers flanking gpa7 was constructed (Fig3b). In
each of the 62 recombinants families, homozygous
recombinants were identified with the appropriate
markers and evaluated for six panicle traits described
above. Using homozygous recombinants, the mean
phenotypic value of each trait for each recombinant
F; family was compared to that of the controls SIL040
and Guichao 2 at P <0.001 level. According to their
marker genotypes, the 62 recombinant families were
grouped into 12 groups (Fig. 3c). Group Al contained
seven recombinant families between RM3325 and
RMS5055. All of the recombinants in group Al showed
significant difference (P < 0.001) from Guichao 2 and
no significant difference from SIL040 for all six panicle
traits evaluated. The reciprocal group A2 contained 13
recombinant families between RM3325 and RM5055.
All of the recombinants in group A2 showed significant
difference (P < 0.001) from SIL040 and no significant
difference from Guichao 2. Thus, the A group placed
the QTL for all six panicle traits to a region down-
stream of RM3325. Using the same procedure, the B
and C group placed the QTL for all six panicle traits to
a region downstream of RM5055 and RM427, respec-
tively, and the F group placed the QTL to a region
upstream of marker 3683. Of greatest important was
the group D1 and D2, the genotypes of them were
identical between markers 63130 and RM481, how-
ever, the differences of them from the controls STL040
and Guichao 2 were completely reverse for six panicle
traits evaluated. Group D1 showed significant differ-
ence (P <0.001) from SIL040 while group D2 showed
no significant difference from SIL040. Group D2
showed significant difference (P < 0.001) from Guichao
2 while group D1 showed no significant difference from
Guichao 2. These results indicated that the QTL for all
six panicle traits was located in the recombination
region between markers 63130 and RM481. This con-
clusion was further conformed by the group E, where
the similar case as that described in group D occurred
between group E1 and E2.

To more precisely determine the critical recombi-
nation point, three new markers were developed to
further subdivide the interval between markers 63130
and RM481. The 16 recombinants carrying crossover
between markers 63130 and RM481 were further gen-
otyped with the new markers. Similarly using homo-

@ Springer

zygous recombinants, the mean phenotypic value of
each of six panicle traits for each of 16 recombinant
families was compared to that of the controls SIL040
and Guichao 2. By pairwise comparisons between
each recombinant family and the two parental con-
trols, the recombinants TA1109, TA905 and TA333
placed gpa7 to a region downstream of marker 63130,
the recombinants TA387 and TA1692 placed gpa7 to
a region downstream of marker 3617, the recombi-
nants TA925 and TA645 placed gpa7 to a region
upstream of RM481, and the recombinants TAS596
and TA1089 placed gpa7 to a region upstream of
marker ID68.3. The most informative recombinants
were recombinants TA403, TA268, TA780, TA1868,
TA447 and TA1611 with identical genotype between
markers 3617 and ID52. The recombinants TA403,
TA268, TA780, TA1868 and TA447 all showed sig-
nificant difference (P < 0.001) from SIL040 and no
significant difference from Guichao 2 for all six pani-
cle traits, however, the case in the recombinant
TA1611 was completely reverse, which was that
TA1611 showed significant difference (P < 0.001)
from Guichao 2 and no significant difference from
SILO040 for all six panicle traits. These results demon-
strated that gpa7 must reside in the recombination
region between markers 3617 and ID52. Thus, by fur-
ther substitution mapping, we finally narrowed down
the location of gpa7 to a 35-kb region between mark-
ers 3617 and ID52 (Fig. 3d).

Candidate genes in the 35-kb target region

Based on available sequence annotation database (http:/
Iwww.rgp.dna.affrc.go.jp; http://www.tigr.org), there are
five predicted genes (LOC_Os07g05870, LOC_Os07¢g
05880, LOC_0Os07g05890, LOC_0Os07g05900 and
LOC_0s07g05910) in the 35-kb target region of culti-
vated rice genome. LOC_Os07g05870 is expressed
protein and has corresponding full-length cDNA
(AKO066146) in GenBank. LOC_Os07g05880 belongs
to Kelch repeat containing F-box protein family, and
has corresponding full-length ¢cDNA (AK069618).
LOC_0Os07g05890, LOC_Os07g05900 and LOC_
0s07g05910 are all hypothetical protein, and there are
no full-length cDNAs or ESTs corresponding to any of
them. LOC_0Os07g05900 contained a C2H2 type of
Zinc finger domain.

Discussion

In natural populations, most phenotypic variation is
continuous and affected by alleles at multiple loci
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TA2S — ———T— 2037 877 1627 528" 4807 100.8°
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35kb

= =Homozygous O. rufipogon DNA [ =Homozygous O. sativa DNA
3 =Interval in chromosome where crossover took place

(Alpert and Tanksley 1996; Frary et al. 2000). And the
genetic resolution of quantitative traits in populations
that segregate simultaneously for different QTL scat-
tered throughout the genome was low compared with
QTL analysis in lines that segregate for a single region
(Zamir 2001). Introgression lines were identical for the

entire genome except for few introgression segments
compared with the recurrent parent, and all the pheno-
typic variation in the ILs was associated with the intro-
duced segment (Fridman et al. 2004). In tomato, a total
of 76 segmental ILs that are composed of marker-
defined genomic regions of the wild species L. pennellii,
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Fig. 3 Substitution mapping of gpa7. a The genetic linkage map
(in cM) of gpa7 region on chromosome 7 based on 400 F, plants.
Numbers below the line indicate genetic distance between adja-
cent markers. b High-resolution linkage map of the gpa7 region
produced with 1,966 F, plants. The number of recombinants
between adjacent markers is indicated under the linkage map.
¢ Progeny testing of homozygous recombinants delimited the
gpa7 locus to the region between markers 63130 and RM481. The
62 recombinants were grouped into 12 groups based on their
genotypes. On the right, the number of recombinants contained
in each group and phenotypic difference of each group from the
controls SIL040 and Guichao 2 for six panicle traits were indi-
cated. d Fine mapping of gpa7. The 16 recombinants between
markers 63130 and RM481 are shown on the left. The open bar
shows a part of the PAC clone AP005632. To the right are the
phenotypic differences of each recombinant family from the con-
trols SIL040 and Guichao 2 for six panicle traits. An “a” following
the phenotypic value indicates that the mean phenotypic value of
recombinant is significantly different from that of the control
SILO040 at P < 0.001; a “b” indicates that the mean phenotypic val-
ue of recombinant is significantly from that of the control Gui-
chao 2 at P < 0.001. L length of panicle, PB primary branches per
panicle, SB secondary branches per panicle, GP grains on prima-
ry branches per panicle, GS grains on secondary branches per
panicle, TG total grains per panicle

substituting for the homologous intervals of the culti-
vated variety M82, was developed and a number of
phenotypic traits in these lines were quantified and
QTLs were identified (Eshed and Zamir 1994, 1995).
These tomato introgression lines have been used suc-
cessfully to clone genes underlying quantitative traits
(Frary et al. 2000; Fridman et al. 2000, 2004). In rice,
Sobrizal et al. (1999) and Kurakazu et al. (2001) con-
structed serials of introgression lines carrying Oryza
glaberrima and Oryza meridionalis introgressed seg-
ments, respectively, in cultivated rice, O. sativa L.. To
attempt to gain an insight into the genetic factors
underlying differences between common wild rice and
cultivated rice, in our laboratory, a set of 159 introgres-
sion lines derived from a cross between Guichao 2, a
high-yielding commercial indica cultivar (O. sativa), as
the recurrent parent and an accession of common wild
rice collected from Dongxiang county, Jiangxi Prov-
ince, China, as the donor, was developed by using
marker-assisted selection (Tian et al. 2006). The assay
of yield-related traits for this set of ILs has been con-
ducted. Because each introgression line harbors a sin-
gle or fewer segments in the near-isogenic background
of the recurrent parent, high-resolution mapping of
QTLs as Mendelian factors would be feasible in many
ILs by constructing secondary F, population derived
from a cross between an IL and the recurrent parent.
In this study, using SIL040, a member of the 159 ILs,
we detected a QTL gpa7 for grain number per panicle
with large effect and this QTL was successfully delim-
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ited to a 35-kb genome region. Our results revealed
that this set of introgression lines was powerful tools in
identifying genes underlying complex quantitative
traits.

Yu etal. (1997), Xiong etal. (1999), Xing et al.
(2002) and Yamagishi et al. (2002) have detected QTLs
associated with grains or spikelets per panicle on chro-
mosome 7, however, by comparison of the physical
location, gpa7 was located in the different location of
chromosome 7 from the QTLs reported above. Nota-
bly, Li et al. (2006) detected an interval between mark-
ers RC7-20 and RC7-31 on chromosome 7 associated
with four panicle structure traits (panicle length, pri-
mary branch, secondary branch and spikelet number).
By comparing, this locus is in the same interval as gpa7.
This locus might be an important domesticated locus
during rice domestication. During the construction of
introgression lines (Tian et al. 2006), there existed a
large gap of about 50 cM around gpa7 left uncovered
on the chromosome 7, calculating according to the
newly developed genetic map (McCouch et al. 2002).
Thus, gpa7 was not detected in previous QTL analysis
using introgression lines (Tian etal. 2006). In this
study, a total of 208 polymorphic SSR markers, distrib-
uted evenly throughout 12 chromosomes, were first
used to scan SIL040. gpa7 was found located on the
newly detected O. rufipogon introgression on chromo-
some 7. Using the markers flanking gpa7 to genotype
ILs and phenotypic data of ILs deposited in our labora-
tory, QTL analysis for grains per panicle in ILs con-
formed that there was a significant peak near RM481
on the short arm of chromosome 7. The phenotypic
variance explained by this QTL in ILs was up to 17%.
This result has been included in another article submit-
ted. QTL analysis in another F, population derived
from the cross between SIL040 and indica cultivar 93-
11 demonstrated that a major QTL for grains per pani-
cle was located in the same interval as gpa7. These
results, in combination with the phenotypic evaluations
of multiple sites and years for SIL040, revealed that the
effect of the wild allele at gpa7 was consistent across
different genetic backgrounds and environments. From
the data of F; in Table3 and QTL parameters in
Table 4, gpa7 behaved incomplete dominant and the
allele from O. rufipogon decreased grains per panicle.

Based on available sequence annotation database
(http://www.rgp.dna.affrc.go.jp/; http://www.tigr.org/),
gene candidate for gpa7 was searched. There are five
predicated genes in the target region of cultivated rice
genome. Of them, the more interesting candidates
were LOC_Os07g05880 and LOC_Os07g05900. LOC_
Os07g05880 belongs to Kelch repeat containing F-box
protein family. The Kelch motif is an ancient and
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evolutionarily-widespread sequence motif of 44-56
amino acids in length. It occurs as five to seven repeats
that form a beta-propeller tertiary structure. In gen-
eral, Kelch-repeat beta-propellers are involved in pro-
tein-protein interactions (Prag and Adams 2003).
LOC_0Os07g05900 contained a C2H2 type of Zinc
finger domain, which contains two cysteines and two
histidines that coordinate a zinc atom, creating a com-
pact nucleic acid-binding domain. The majority of such
proteins characterized to date are DNA-binding tran-
scription factors, and many have been shown to play
crucial roles in the development of plants. Ashikari
et al. (2005) elucidated the molecular mechanism of
OsCKX2 gene underlying Gnla for gains per panicle,
and found that OsCKX?2 is a negative regulator and it
is through expression of OsCKX2 to regulate grain
number. Reduced expression of OsCKX2 causes cyto-
kinin accumulation in inflorescence meristems and
increases the number of reproductive organs, resulting
in enhanced grain yield. They identified a total of 11
putative CKX genes (OsCKX1 to OsCKXI1) in rice
genome. There is no OsCKX gene in the 35 kb target
region gpa7 located. Thus the gene underlying gpa7
might regulate grain number through another
unknown mechanism. However, based on current
information, we could not determine the candidate
gene underlying gpa7. It is because that the gpa7 is
derived from wild rice (O. rufipogon) and all of avail-
able annotation database was based on sequence of
cultivated rice. The cultivated form and its related wild
form may be divergent in sequence level. For example,
in tomato, Van Der Knaap et al. (2004) revealed that
the sun, a L. pennellii locus controlling tomato fruit
shape, is located in a region that L. pennellii appears to
be prone to DNA rearrangements, including an about
30-kb insertion, a paracentric inversion and a tandem
duplication when compared with cultivated tomato. In
maize, the gene lost is presented even between differ-
ent cultivar, e.g., some gene lost in the cultivar B73
when compared with the sequence of cultivar Mol7
(Brunner et al. 2005), similar result is also reported in
barley (Scherrer et al. 2005). Thus, the determination
of candidate gene must be dependent on the complete
sequencing of O. rufipogon in the target region. We are
progressing with construction of BAC library of
O. rufipogon to identify the gene underlying gpa?7.
Domestication of foxtail millet led to the production
of much larger inflorescences with a more complex
branching patter (Doust et al. 2004). Some of the same
changes during domestication are also seen in domesti-
cation of maize from its wild progenitor teosinte
(Doebley and Stec 1991, 1993). In rice, typical strains
of O. rufipogon usually have less total grain number

per panicle, less primary and secondary branches when
compared to cultivated rice (H.-W. Cai and C.Q. Sun,
unpublished data), and the greatly increased grain
number in domestication process is a most important
event. Years of domestication and selection for panicle
structure have resulted in more branches, especial
more secondary branches, and more grains, especial
more grains on secondary branches. Many QTLs for
grain numbers were reported, however, the changes
occurred in panicle structure during domestication was
not clearly indicated and little is known about the
genes underling these changes. In this study, substitu-
tion mapping of panicle traits and detailed quantitative
analysis of panicle structure in SIL040, Guichao 2 and
their F, hybrid demonstrated that gpa7 affected not
only the grain number per panicle but also was respon-
sible for the primary and the secondary branches per
panicle, grains on the primary branches and grains on
the secondary branches per panicle, showing pleiotro-
pic effects. This case of pleiotropic effects was similar to
that of fw2.2, a fruit weight QTL key to the evolution
of domesticated tomatoes, which not only affects the
size of developing tomato fruit, but also has effects on
fruit number and photosynthate distribution (Nesbitt
and Tanksley 2001). The results of detailed analysis of
the ratio of primary branches per panicle and second-
ary branches per panicle to total branches per panicle
and the ratio of grains on primary branches per panicle
and grains on secondary branches per panicle to total
grains per panicle in SIL040, F, and Guichao 2 demon-
strated that, during the domestication from common
wild allele to cultivated rice one at gpa7, not only the
number of branches and grains per panicle increased
significantly, more importantly, but also the ratio of
secondary branches per panicle to total branches per
panicle and the ratio of grains on secondary branches
per panicle to total grains per panicle increased signifi-
cantly. All these results suggested that gpa7 might play
an important role in the regulation of grain number per
panicle and the ratio of secondary branches per panicle
during the domestication of rice panicle. The results
reported by Li et al. (2006) supported this conclusion.
They identified a location on chromosome 7 that con-
tains QTL of the largest effect on plant height, panicle
length, primary branch, secondary branch and spikelet
number in the QTL analysis of key domestication traits
using an F, population derived from a cross between
O. sativa and the annual wild species, O. nivara, and
further proposed that fixation of mutation on chromo-
some 7 could have substantially improved plant archi-
tecture and panicle structure. By comparing, the locus
is located in the same interval as gpa7. O. nivara is
annual, while O. rufipogon is perennial, and both are
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all the closest wild relatives of O. sativa. The phyloge-
netic relationships among the three species, O. rufipo-
gon, O. nivara and O. sativa, has not yet been
elucidated entirely. In our study, we used the perennial
O. rufipogon as the initial parent, and revealed that
gpa7 was associated with six panicle traits by fine map-
ping. This two studies confirmed that the location on
chromosome 7 gpa7 resided in is an important target of
rice panicle domestication selection. The elucidation of
molecular mechanism underlying gpa7 would provide
direct clue about which wild species served as the
direct progenitor.
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