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Abstract Introgression lines (ILs) are useful tools for
precise mapping of quantitative trait loci (QTLs) and the
evaluation of gene action or interaction in theoretical
studies. A set of 159 ILs carrying variant introgressed
segments from Chinese common wild rice (Oryza ruf-
ipogon Griff.), collected from Dongxiang county, Jiangxi
Province, in the background of Indica cultivar (Oryza
sativa L.), Guichao 2, was developed using 126 poly-
morphic simple sequence repeats (SSR) loci. The 159 ILs
represented 67.5% of the genome of O. rufipogon. All
the ILs have the proportions of the recurrent parent
ranging from 92.4 to 99.9%, with an average of 97.4%.
The average proportion of the donor genome for the
BC4F4 population was about 2.2%. The mean numbers
of homozygous and heterozygous donor segments were
2 (ranging 0–8) and 1 (ranging 0–7), respectively, and the
majority of these segments had sizes less than 10 cM.
QTL analysis was conducted based on evaluation of
yield-related traits of the 159 ILs at two sites, in Beijing
and Hainan. For 6 out of 17 QTLs identified at two sites
corresponding to three traits (panicles per plant, grains
per panicle and filled grains per plant, respectively), the
QTLs derived from O. rufipogon were usually associated
with an improvement of the target trait, although the

overall phenotypic characters of O. rufipogon were
inferior to that of the recurrent parent. Of the 17 QTLs,
5 specific QTLs strongly associated with more than one
trait were observed. Further analysis of the high-yielding
and low-yielding ILs revealed that the high-yielding ILs
contained relatively less introgressed segments than the
low-yielding ILs, and that the yield increase or decrease
was mainly due to the number of grain. On the other
hand, low-yielding ILs contained more negative QTLs
or disharmonious interactions between QTLs which
masked trait-enchancing QTLs. These ILs will be useful
in identifying the traits of yield, tolerance to low tem-
perature and drought stress, and detecting favorable
genes of common wild rice.

Introduction

Oryza is an agronomically important genus containing
species with highly diverse morphological characteristics
(Clayton and Renvoize 1986). Included in this genus is
cultivated rice (Oryza sativa L.), which constitutes the
staple food for more than half of the world’s population
(Coffman and Herrera 1980), while other wild species of
Oryza with 2n=24 or 48 chromosomes including AA,
BB, CC, BBCC, CCDD, EE, FF, GG, and HHJJ ge-
nomes are potential reservoirs of useful genes (Aggarwal
et al. 1997). Wild species of Oryza with AA genome,
which is similar to that of O. sativa, constitute the pri-
mary gene pool; of these, common wild rice (Oryza
rufipogon Griff.) is the wild ancestor of cultivated 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). Using RFLP
markers, Sun et al. (2001, 2002) compared the genetic
diversity of common wild rice and cultivated rice, and
the results indicated that the number of alleles of culti-
vated rice was only 60% that of wild rice, suggesting that
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during the course of domestication from wild rice to
cultivated rice many alleles were lost, leading to lower
genetic diversity of the cultivated rice. Currently, rice
breeding faces the problem of yield plateaus, caused by
narrow genetic basis of parental materials (Rangel et al.
1996; Tanksley and McCouch 1997). Exploitation and
utilization of the favorable alleles of wild rice that were
lost or weakened in cultivated rice might be able to
overcome the yield plateaus. Major genes for resistance
to grassy stunt virus and those to bacterial blight have
been transferred from Oryza nivara and Oryza longi-
staminata to cultivated rice, respectively, by conven-
tional plant breeding methods (Khush et al. 1977, 1990).
A new gene, Xa-23, for resistance to bacterial blight, was
discovered from common wild rice of Guangxi (Zhang
et al. 2000). Using advanced backcross quantitative trait
loci (AB-QTL) analysis, Xiao et al. (1996, 1998) found
two QTLs that could increase yield by 17 and 18% from
low-yielding wild rice from Malaysia. Li et al. (2002)
identified two high-yielding QTLs from Dongxiang
common wild rice of China using the same method.

Introgression lines (ILs), or substitution lines, are the
results of using marker-assisted selection (MAS) to int-
rogress small chromosomal segments from the donor
into the recurrent parent by consecutive backcrossing
and selfing. Eshed and Zamir (1994) constructed the first
complete set of substitution lines in tomato consisting of
near isogenic lines (NILs) carrying single Lycopersicon
pennellii chromosomal segment in an otherwise homo-
geneous background of Lycopersicon esculentum, repre-
senting the entire wild tomato genome. Paterson et al.
(1990) proposed substitution mapping as a method for
fine mapping of QTLs. In rice, introgression lines car-
rying Oryza glaberrima were constructed (Doi et al.
1997; Sobrizal et al. 1999). In other plant species such as
Brassica napus, Arabdopsis and barley, ILs were also
constructed (Howell et al. 1996; Koumproglou et al.
2002; Matus et al. 2003). Using substitution lines by
substitution mapping, several authors demonstrated that
ILs are powerful tools for the identification of new genes
(Eshed and Zamir 1994, 1995, 1996; Chetelat et al. 1995;
Chetelat and Meglic 2000; Kubo et al. 2002) to distin-
guish pleiotropy versus linkage as well as pseudo-over-
dominance versus true-dominance (Yamamoto et al.
1998; Monforte and Tanksley 2000), and to eliminate
the linkage drag and set the basis for the map-based
cloning of QTLs (Grandillo et al. 1996; Alpert and
Tanksley 1996; Yamamoto et al. 2000; Yano et al. 2000;
Takahashi et al. 2001).

In this study, a set of 159 overlapping, homozygous
ILs derived from a backcross between Guichao 2 (GC2),
a high-yielding commercial Indica cultivar (O. sativa), as
the recurrent parent and an accession of common wild
rice collected from Dongxiang county, Jiangxi Province,
China, as the donor, were constructed by MAS. Char-
acterization of introgressed segments associated with
yield-related traits from common wild rice to cultivated
rice was conducted with 126 polymorphic loci from
across the whole genome.

Materials and methods

Construction of ILs

Guichao 2, a high-yielding commercial Indica cultivar
(O. sativa) and a common wild rice accession (O. ruf-
ipogon) collected from Dongxiang county, Jiangxi
Province (DXCWR, the ratoon was collected from its
original habitat), were used as recurrent parent and
donor parent, respectively, in a backcrossing program.
Dongxiang is the northernmost habitat of wild rice
(28�14¢N); the DXCWR is very tolerant to low tem-
perature (–12.8�C). The F1 plant, derived from a cross
between GC2 and O. rufipogon, was backcrossed four
times consecutively to GC2 until a BC4 population was
obtained. Then BC4F1 was genotyped with molecular
markers and selfed four times consecutively to obtain
BC4F4 population. In BC4F4 population, randomly se-
lected plants were genotyped to construct ILs.

DNA extraction and simple sequence repeats (SSR)
analysis

Fresh leaves were collected from the BC4F4 lines and
ground in liquid nitrogen. DNA was extracted from the
ground tissues by the Cetyltrimethyl ammonium bro-
mide (CTAB) method (Rogers and Bendich 1988). SSR
primers were synthesized according to the sequences
published by Temnykh et al. (2000). A total volume of
25 ll reaction mixture was composed of 1 ng/ll tem-
plate DNA, 10 mmol Tris–HCl (pH 9.0), 50 mmol KCl,
1.5 mmol MgCl2, 0.1% Triton X-100, 2 lmol of each
primer, 2.5 mM each of dNTP, and 1 U of Taq DNA
polymerase (Promega). Amplification was performed on
program for the initial denaturing step with 94�C for
5 min, followed by 35 cycles for 1 min at 94�C, 1 min at
55�C, 2 min at 72�C, with a final extension at 72�C for
10 min. The PCR products were separated on 8%
polyacrylamide denaturing gels and the bands were re-
vealed using the sliver-staining protocol as described by
Panaud et al. (1996).

Phenotypic evaluation

Two hundred and fourteen BC4F4 lines and the recur-
rent parent GC2 were planted at the Experiment Station
of China Agricultural University, Beijing, China in the
summer season of 2002, following a complete random-
ized block design, with two replications, four rows per
plot, 11 plants per row, 20 cm between plants within
each row and 30 cm between rows. The field manage-
ment was similar to that under normal rice production
conditions. At harvest time, ten plants in the middle of
each plot were selected and evaluated for seven yield-
related traits, including panicles per plant, grains per
plant, grains per panicle, filled grains per panicle, seed
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set rate, 1,000-grain weight and grain yield per plant.
The 159 randomly selected individuals were selfed and
planted as BC4F5 ILs at Sanya, Hainan Province, China
in the autumn of 2002. The field plot design and evalu-
ation of the agronomic traits at Sanya were similar to
that described above at the site in Beijing. For sub-
sequent analyses, the phenotypic values of seven yield-
related traits evaluated were means of two replications.

Data analysis

The linkage map built by Temnykh et al. (2000) was
used to estimate marker distances, the length of chro-
mosomes and introgressed segments and the overall
genome size for genome ratio calculations. The con-
struction of graphical genotypes and the calculation of
the percentage of the total genome in each BC4F4 plant
were performed using the software GGT (van Berloo
1999). Basically, if two neighboring loci have alleles
coming from the same parent, the interval between them
was considered the length of the segment. If one locus
has alleles from one parent and the locus beside it has
alleles from the other parent, then half of the interval
between them was considered to have the length of one
parent and the other half from the other one (Young and
Tanksley 1989).

The association between the phenotype and the
marker genotype was investigated by single-point anal-
ysis using the software Map Manager QTXb17 (Manly
et al. 2001). The statistical threshold for single-point
analysis was P<0.01. The results from this QTL anal-
ysis were also compared with those previously obtained
QTLs using BC4F2 population from the same cross and
the phenotypic data collected at the site in Beijing.

The average grain yield per plant of ILs at two sites
showing significant difference (P<0.01) from the
recurrent parent GC2 was screened, of which the aver-
age grain yield per plant of ILs at two sites outper-

formed GC2 over 15% and was inferior to GC2 over
35%, were selected for further analysis. For all selected
high-yielding and low-yielding ILs, mean percent phe-
notypic difference [D%=100(IL�Guichao 2)/Guichao
2] of grain yield per plant and the number of grain was
analyzed.

Results

Construction of ILs

Polymorphism between the two parents detected by SSR
markers

A total of 346 SSR markers distributed throughout the
12 chromosomes of rice were used to detect polymor-
phism between GC2 and DXCWR. It was found that
121 SSR markers (35.0%) were polymorphic between
these two parents, in which five SSR markers mapped to
two locus showing polymorphism between parents.
Thus, 126 polymorphic loci were used for IL analysis.
The average distance between two flanking markers was
12.4 cM. The frequency of polymorphic SSR marker is
rather low in some regions of the rice chromosomes; for
example, of the 29 markers on chromosome 6, only se-
ven were polymorphic.

Development of the ILs

To construct the ILs, the F1 plant, derived from a cross
between GC2 and O. rufipogon, was backcrossed four
times consecutively to GC2 until a BC4 population was
obtained. First, the genotypes of 96 BC4F1 lines that
originated from 94 BC1 were surveyed by 87 SSR
markers, and 86 plants were selected according to SSR
genotypes and then selfed to generate BC4F2; then selfing
was made two times to get BC4F4 population,

Table 1 Transition of O. rufipogon segments in introgression lines and cumulative proportion of donor genome represented by homo-
zygous and heterozygous segments

Chromosome Heterozygous segments Homozygous segments Percentage of
homozygous
segments

Maximum percentage
genome coverage
(Het + Homo)aNumber of

segments
Average segment
length (cM)

Number of
segments

Average segment
length (cM)

1 20 10.5 67 7.2 74.7 81.7
2 16 10.3 49 13.0 89.1 91.3
3 5 6.2 14 16.6 27.4 27.4
4 6 13.8 17 12.0 55.0 55.0
5 8 23.8 29 19.1 64.3 79.1
6 9 21.7 15 29.5 67.7 73.0
7 2 19.2 12 28.1 74.2 74.2
8 37 9.6 32 11.5 67.7 67.7
9 32 9.4 30 11.6 68.7 68.7
10 7 22.1 12 9.4 25.1 64.8
11 14 16.2 25 10.9 73.5 86.3
12 8 12.2 25 15.3 58.0 58.0
Average 0.96 12.3 2.06 13.3 61.6 67.5

aBased on the proportion of each chromosome’s genetic length (in centi Morgan) represented by at least one introgression line
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during which the individuals for selfing were randomly
selected. In BC4F4 population, 214 plants were used to
construct the ILs of DXCWR and evaluated for seven
yield-related traits in Beijing. DNA samples from all 214
individuals were extracted and genotyped using 126 SSR
loci showing polymorphism between the two parents. Of
the 214 plants analyzed, 50 (23%) had no detectable O.
rufipogon-specific SSR bands pattern. Finally, 159 un-
ique ILs were obtained, and all of the alleles expect 18
from O. rufipogon were represented in at least one IL.

The ILs obtained carried 67.5% of the genome of O.
rufipogon (Table 1) on the marker base. However, since
the relationship between physical and genetic distances
varied greatly within the genome, the proportion of O.
rufipogonDNA transferred into cultivated rice cannot be
accurately calculated. There were 17 ILs with a single
heterozygous segment and 27 with a single homozygous
one. Some ILs were NIL of the recurrent parent. For
example, IL43 carried only one segment of donor parent
on chromosome 1.

Number, length and position of introgressed segments

The 159 ILs carried 327 homozygous introgressed seg-
ments and 164 heterozygous ones, each of these ILs had
0–8 homozygous introgressed segments or 0–7 hetero-
zygous introgressed ones, with an average of three
segments per IL. There existed different introgressed

frequencies among the 12 chromosomes; among 491
introgressed segments, 87 introgressed segments existed
on chromosome 1, while only 14 on chromosome 7
(Fig. 1). Furthermore, the transmission and fixation of
O. rufipogon introgressed segments varied for individual
chromosomes. For example, up to 91.3% of chromo-
some 2 carried with O. rufipogon introgressed segments,
while for chromosome 3, the coverage was only 27.4%
(Table 1, Fig. 1).

A total of 491 introgressed segments were detected
among the 159 ILs, the sizes ranged from 0.2 cM (on
chromosome 2 of IL49) to 74.3 cM (on chromosome 2
of IL83), with an average of 13.4 cM. Most introgressed
segments were detected by a single SSR marker. The
majority of introgressed segments (49.7%) were less than
10 cM; another 43.0% were between 10 and 30 cM; and
the proportions of large segments (more than 30 cM)
were only 7.3% (Fig. 2).

The distribution of the introgressed segments along
the chromosomes was not random. The majority of O.
rufipogon introgressed segments were often terminal
position, defined herein as including distance less than
15 cM from the end of the chromosome. Of 491 O.
rufipogon segments detected, 334 (68.0%) were terminal,
and 157 (32.0%) were interstitial. These results agreed
with those indicated by Chetelat and Meglic (2000) and
Jena et al. (1992) who also drew the same conclusion in
tomato and rice, respectively.

Fig. 1 Graphical representation of the introgression lines devel-
oped in this study. Each row represented a candidate introgression
line and each column represented a SSR locus. The black regions

indicated the regions homozygous for O. rufipogon; the white
regions indicated the regions homozygous for Guicao 2 alleles; the
shaded regions indicated heterozygous regions

573



Quantitative trait loci analysis of yield-related traits
using the ILs

Trait segregation and field performances

As showed in Table 2, the values of the seven yield-
related traits in BC4F4 and BC4F5 showed large range of
variation at two sites. Phenotypic transgressive variation
was observed for all traits. The variation range of the
number of grain was the largest, while 1,000-grain
weight the smallest. Taking all traits into consideration,
the range of variation at Beijing site was larger than that
at Hainan site.

Quantitative trait loci analysis

Quantitative trait loci analysis for seven yield-related
traits was conducted separately at both sites using sin-
gle-point analysis. A total of 37 QTLs were detected at
the site in Beijing and 39 QTLs at the site in Hainan
(data not shown). Seventeen significant QTLs were
identified at both sites as summarized in Table 3 and
Fig. 3.
Panicles per plant Two QTLs controlling panicles per
plant, located near the marker RM220 on chromosome
1 and RM233a on chromosome 2, respectively, were
detected at both sites. The alleles of both loci from
common wild rice conferred a positive effect that

increased panicles per plant. The phenotypic variance
explained by these two QTLs varied from 6 to 14%.

Grains per plant Two QTLs, located near markers
RM84 on chromosome 1 and RM44 on chromosome 8,
respectively, were associated with grains per plant. Both
showed a decrease of grains per plant. The phenotypic
variance explained by these two QTLs ranged from 4 to
8%.

Grains per panicle Two QTLs detected at both sites,
located near markers RM249 on chromosome 5 and
RM342a on chromosome 8, respectively, were associ-
ated with grains per panicle. Both contributed an in-
crease of grains per panicle. The phenotypic variance
explained by these two QTLs ranged from 6 to 28%.

Filled grains per panicle Three QTLs associated with
filled grains per panicle were detected at both sites. The
directions of their effects were similar at both sites. The
phenotypic variance explained by individual QTL at
both sites varied from 4 to 25%. Two QTLs derived
from O. rufipogon, located near the marker RM342a on
chromosome 8 and RM342b on chromosome 9,
respectively, showed an increasing effect on filled grains
per panicle, while another QTL contributed a decreasing
effect.

Seed set rate Two QTLs detected at both sites, located
near markers RM11 on chromosome 7 and OSR29 on
chromosome 9, respectively, were associated with seed
set rate. Both QTLs from common wild rice showed
consistent negative effects that decreased seed set rate at
both sites.

1,000-grain weight Four QTLs detected at both sites,
located on chromosome 4, 5, 8, and 9, respectively, were
associated with 1,000-grain weight. All QTLs derived
from O. rufipogon caused a decrease of 1,000-grain
weight. The phenotypic variance explained by individual
QTL varied from 3 to 11%.

Grain yield per plant Two QTLs associated with grain
yield per plant, located near markers RM11 on chro-
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Fig. 2 Frequency of introgressed chromosome segments (homozy-
gous, heterozygous) according to genetic length

Table 2 Statistics of yield-related traits of Guichao 2 and the 159 ILs population in both locations

Trait Guichao 2 ILs (Beijing) ILs (Hainan)

Mean CV (%) Range Mean CV (%) Range

Pa/pl 9.6 8.9±2.1 23.1 5.40–18.30 8.9±1.4 15.7 5.5–13.1
Gr/pl 1066.2 924.9±215.4 23.3 393.6–1661.1 951.9±196.9 20.7 373.3–1600.4
Gr/pa 112.6 109.5±34.6 31.6 34.2–217.9 108.2±23.8 22.0 56.6–189.2
Fgr/pa 92.6 88.4±30.8 34.8 26.1–173.7 92.1±20.6 22.4 43.8–165.5
Ssr (%) 80.0 79.5±10.3 12.9 30.9–97.9 85.3±5.0 5.9 66.7–93.5
Gr wt (g) 23.0 23.6±2.1 9.0 13.05–27.1 22.5±1.7 7.6 15.9–27.3
Gyi/pl 20.0 17.4±5.1 29.3 3.3–29.1 18.3±4.3 23.5 4.9–31.8

Pa/pl panicles per plant, Gr/pl grains per plant, Gr/pa grains per panicle, Fgr/pa filled grains per panicle, Ssr seed set rate, Gr wt 1,000-
grain weight, Gyi/pl grain yield per plant, CV coefficient of variation
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mosome 7 and RM44 on chromosome 8, respectively,
were detected at both sites, and the directions of their
effects were similar at both sites. Both showed decreas-

ing effects on grain yield per plant at both sites. The
individual locus explained 4–8% of the phenotypic
variance.

Table 3 Quantitative trait loci for yield-related traits detected in ILs at both sites

Trait Locus Marker Chromosome Beijing Hainan

P PV (%) Add P PV (%) Add

Panicle per plant qPN1 RM220 1 0.000 14 1.9 0.002 6 2.1
qPN2 RM233a 2 0.002 9 2.0 0.002 9 1.2

Grains per plant qGPL1 RM84 1 0.004 8 �179.4 0.001 6 �91.8
qGPL8 RM44 8 0.004 6 �134.7 0.010 4 �118.9

Grains per panicle qGPA5 RM249 5 0.005 8 10.4 0.000 8 11.9
qGPA8 RM342a 8 0.000 28 26.6 0.003 6 16.8

Filled grains per panicle qFG7 RM11 7 0.007 5 �20.6 0.002 6 �16.2
qFG8 RM342a 8 0.000 25 20.9 0.006 5 13.4
qFG9 RM342b 9 0.010 4 17.4 0.008 5 13.0

Seed set rate qSS7 RM11 7 0.010 4 �0.1 0.001 7 0.1
qSS9 OSR29 9 0.002 6 �0.1 0.003 5 0.1

1,000-grain weight qGW4 RM335 4 0.002 5 �0.7 0.004 5 �0.9
qGW5 RM249 5 0.000 11 �1.2 0.001 8 �1.4
qGW8 RM342a 8 0.001 8 �1.6 0.003 6 �1.2
qGW9 RM342b 9 0.001 8 �1.7 0.001 7 �1.4

Yield per plant qYP7 RM11 7 0.006 5 �3.5 0.000 8 �3.8
qYP8 RM44 8 0.001 8 �3.6 0.010 4 �2.2

QTLs were detected with single-point analysis at P<0.01
P The probability that the marker genotype had no effect on the trait, PV phenotypic variance explained by the QTLs, Add additive effect
of allele from O. rufipogon

Fig. 3 Analysis of high-yielding ILs and low-yielding ILs. (a) Mean
percent phenotypic improvement (D%) of high-yielding ILs over the
recurrent parent Guichao 2 for grain yield per plant and the number
of grain. (b)Mean percent phenotypic decrease (D%)of low-yielding

ILs versus recurrent parent Guichao 2 for grain yield per plant and
the number of grain. The percent phenotypic difference between the
mean of an IL and the mean of the recurrent parent Guichao 2 was
estimated as D%=100(IL�Guichao 2)/Guichao 2
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Analysis of high-yielding ILs

Twelve high-yielding ILs, of which average grain yield
per plant at two sites outperformed the recurrent parent
GC2 over 15%, were selected. Mean percent phenotypic
improvement [D%=100(IL�Guichao2)/Guichao2] of
the high-yielding ILs over GC2 for grain yield per plant
and the number of grain was illustrated in Fig. 4a.
Compared with GC2, these high-yielding ILs showed an
apparent improvement of grain yield per plant by 15–
33%. For filled grains per panicle, all of them outper-
formed the recurrent parent GC2 by 6.1–82.0%, with an
average of 29.7%. No obvious tendency was observed
on the performances of 1,000-grain weight, panicles per
plant and seed set rate. As a result, it could be concluded
that the yield increase of high-yielding ILs over the
recurrent parent was mainly due to the increase of the
number of grain.

The number of introgressed segments contained in
the high-yielding ILs and QTLs included in the intro-
gressions were summarized in Table 4a. On genomic
constitution, most of the high-yielding ILs contained
relatively less introgressed segments, with an average of
2. It was also found that most of them contained QTLs
from O. rufipogon associated with the increase of the
number of grain. It was noteworthy that the QTL from

O. rufipogon, located near the marker RM249 on chro-
mosome 5, could increase grains per panicle. An IL,
IL13, only carrying a single introgression including
marker RM249, could be considered as a QTL–NIL.

Analysis of low-yielding ILs

Sixteen ILs, of which average grain yield per plant at
two sites was inferior to the recurrent parent GC2 over
35%, were selected. Mean percent phenotypic decrease
(D%) of the low-yielding ILs versus GC2 for grain yield
plant and the number of grain was illustrated in Fig. 4b.
Compared with GC2, these ILs showed an apparent
decrease of grain yield per plant by 35–54.5%. Analysis
of yield components revealed that grains per plant,
grains per panicle and filled grains per panicle of the
low-yielding ILs were obviously less than those of GC2,
with decreases of 24.8–48.3, 8.3–58.4, and 11.4–59.2%,
respectively. However, no obvious tendency was ob-
served on panicles per plant, 1,000-grain weight and seed
set rate. Thus, it could be concluded that yield decrease
of low-yielding ILs was due to the decrease of the
number of grain.

The number of introgressed segments contained in
the low-yielding ILs and QTLs included in the intro-
gressions were summarized in Table 4b. On genomic

Fig. 4 Map locations of the putative QTLs associated with yield-
related traits detected using single-point analysis at both sites, in
Beijing and Hainan. See Table 3 for abbreviations of symbol of
QTLs. SSR marker order is based on the rice linkage map

described by Temnykh et al. (2000). Underlined QTLs indicate that
the O. rufipogon derived alleles confer a positive effect on yield-
related traits
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constitution, all low-yielding ILs contained relatively
more introgressed segments than high-yielding ILs, with
an average of 4.25, and most of them had more than one
negative QTL. It was also found that a few low-yielding
ILs contained both negative and positive QTLs simul-
taneously. For example, an IL, IL144, contained three
negative QTLs, qGPL8, qYP8 and qGW5, respectively,
and a positive QTL qGPA5, but the ultimate yield traits
were inferior to the recurrent parent.

Discussion

Genome coverage of the ILs

In the present study, SSR markers were used to detect
chromosomal segments introgressed from O. rufipogon
into 159 intogression lines. The ILs obtained carried
only 67.5% of the genome of O. rufipogon, and a few
chromosomal regions were not covered by the into-
gression lines. The similar results were also reported by
Kubo et al. (2002) in chromosome substitution series
derived from Japonica and Indica cross of rice. This
might have occurred as no MAS was practiced during
the course of backcrossing although a lot of labor was
saved. Moreover, the hybrid sterility and gametophyte
genes, or heading date genes in backcrossing could be
considered as a factor. For example, the genome cov-
erage of O. rufipogon on chromosome 3 was only 27.4%,

and interestingly, the lower coverage on chromosome 3
was also reported by Kubo et al. (2002); in addition, Cai
and Morishima (2002) detected a QTL for pollen fer-
tility on chromosome 3 in the recombination inbred lines
derived from a cross between Indica and O. rufipogon.
Thus, the pollen fertility genes might be one of the fac-
tors affecting the coverage. Heading date did influence
the development of ILs, for example, several lines never
flowered, so a few candidate introgression may be lost;
this may be another reason of low coverage on the
chromosome 3, in fact, some QTLs for day to heading
were located on chromosome 3 (http://www.gram-
ene.org; Yano et al. 2000). In order to make ILs to
represent the whole O. rufipogon genome, it is necessary
to screen the BC2–4 generations by MAS to find the
‘‘lost’’ segments. In addition, 50 BC4F4 plants had no
detectable O. rufipogon-specific SSR bands pattern based
on current polymorphic SSR markers. Most of them
were morphologically similar to GC2. However, those
plants might still contain introgressions which could not
be detected using the 126 SSR loci. Tanksley and Nelson
(1996) suggested that QTL–NILs constructed subse-
quently based on QTL analysis could assess the existence
and effect of QTL. Bernacchi et al. (1998a, b) identified
QTLs for traits of agronomic importance from Lycop-
ersicon hirsutum, and evaluated 23 NILs carrying single
introgression for desirable wild QTL-alleles derived
from L. hirsutum and L. pimpinellifolium, indicating that
22 out of the 25 (88%) quantitative factors showed the

Table 4 The number of
introgressed segments
contained in the high-yielding
ILs and low-yielding ILs and
QTLs included in the
introgressed segments

See Table 3 for abbreviations of
symbol of QTLsIL Introgres-
sion line, Gyi/pl grain yield per
plant

Number of IL Gyi/pl(g) Number of
introgressed
segments

QTLs included

Positive QTLs Negative QTLs

A
IL13 26.6 1 qGPA5 qGW5
IL138 25.3 4 qGPA8, qFG8, qFG9, qGW8, qGW9
IL147 25.2 4 qGPA5, qGPA8, qFG8, qFG9 qGW5, qGW8, qGW9
IL20 25.1 2 qPN2
IL32 24.7 2
IL108 24.5 1
IL145 24.4 2 qGPA5 qGW5
IL148 24.3 1 qGPL1
IL86 23.9 1
IL136 23.2 1
IL80 23.1 4 qGPA8, qFG8, qFG9 qGW8, qGW9
IL40 23.0 1
B
IL129 13.0 6 qGPA8, qFG8, qFG9 qGPL1, qGW8, qGW9
IL158 13.0 4
IL156 12.6 2 qSS9
IL08 12.4 4 qFG7, qSS7, qYP7
IL07 11.7 5 qFG7, qSS7, qYP7
IL120 11.5 1 qGPL8, qYP8
IL33 11.0 7 qPN1 qGPL1, qGPL8, qYP8
IL61 10.9 6 qPN1 qSS9
IL126 10.3 8 qGPL1
IL134 9.8 2 qFG7, qSS7, qYP7
IL57 9.6 4 qSS9
IL103 9.5 2
IL144 9.4 4 qGPA5 qGPL8, qYP8, qGW5
IL101 9.1 2 qFG7, qSS7, qYP7
IL111 8.9 6 qSS9
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phenotypic improvement. In the present study, of 159
intogression lines, 27 lines with a single homozygous
segment and 17 with a single heterozygous one were
obtained. The length of introgressed segments ranged
from 1.6 to 26.25 cM, so they could be considered as
NILs of the recurrent parent. In fact, several QTL–NILs
have been selected based on results of QTL analysis.
Field phenotypic evaluation revealed that most of the
QTL–NILs showed apparent phenotypic difference from
the recurrent parent GC2 for the target traits, suggesting
that individual QTL detected in advanced backcross
population will continue to exert their effects when iso-
lated in NILs. For example, the QTL from O. rufipogon
linked to marker RM249 on chromosome 5 showed a
consistent increasing effect on the number of grain
across generations; thus, we selected and evaluated
phenotypically a QTL–NIL carrying only single RM249
marker introgression, and the results obtained at the
Beijing site indicated that this QTL–NIL outperformed
GC2 by 40.0% for grains per plant, 68.0% for grains per
panicle, 78.6% for filled grains per panicle and 37.5%
for grain yield per plant.

Yield-related QTLs from wild rice

Two molecular map-based studies have been conducted
for simultaneous identification and transfer of wild QTL
into a cultivated genetic background. One is the AB-QTL
analysis (Tanksley and Nelson 1996), and a refinement of
theAB-QTLmethod is the construction of exotic libraries
(Zamir 2001) or ILs (Eshed and Zamir 1994).

Using AB-QTL method, several authors reported
that 33–56% trait-enhancing QTL alleles were derived
from the phenotypically inferior wild parent (Xiao et al.
1998; Moncada et al. 2001; Septiningsih et al. 2003;
Thomson et al. 2003). Brondani et al. (2002) also found
15.7 and 9.1% of the QTLs detected at two locations,
respectively, had positive alleles contributed by
O.glumaapatula, a wild rice native to South America
with AA genome same as cultivated rice.

Oryza rufipogon ILs and yield-related QTLs analysis
using ILs have not been reported yet. In this study,
Dongxiang wild rice, originated from the northernmost
habitat of common wild rice (28�14¢N) and has very low
seed yield and tolerant to very low temperature (–
12.8�C),was used as the donor of ILs, and commercial
cultivar ‘‘GC2’’, a yield record holder (15 ton/ha) for
several years in Yunnan Province, China was used as the
recurrent parent. These ILs provided a very good
material for dissect yield-related QTLs in O. rufipogon.
The results of analysis on seven yield-related traits using
the 159 ILs demonstrated that there were trait-enhanc-
ing QTLs from DXCWR, and most of them were
associated with the number of grain, for example, QTLs
derived from O. rufipogon linked to RM249 marker on
chromosome 5, RM342a on chromosome 8 and
RM342b on chromosome 9 showed significant increase
of the number of grain. Analysis of the high-yielding ILs

revealed also that the yield increase of them was mainly
due to the increase of the number of grain.

Comparative analysis of the genotypes of the high-
yielding and low-yielding ILs demonstrated that
high-yielding ILs averagely contained two introgressed
segments, while low-yielding ILs contained an average
of 4.25 ones. Most of the high-yielding ILs carried only
positive QTLs from wild rice, while most of low-yielding
ILs generally carried more than one negative QTL de-
rived from wild rice. Although a few low-yielding ILs
contained positive QTLs, their phenotypical traits were
still apparently inferior to GC2, suggesting existence of
disharmonious epistatic interaction with other negative
loci. Further analysis of the low-yielding ILs revealed
that the yield decrease of them was mainly due to the
decrease of the number of grain, suggesting that the
decrease of the number of grain was the main cause of
low yield of wild rice. All these information demon-
strated that characters of the low-yielding ILs revealed
the genetic basis of wild rice, and that during the course
of domestication from wild rice to cultivated rice, pro-
found changes of agronomic traits and genetic diversity
occurred. Under human selection, additive favorable
alleles were gradually accumulated, unfavorable alleles
were gradually removed, and linkage drag was gradually
broken. In other words, cultivated rice retained most of
the favorable alleles of wild rice, while removing most of
the unfavorable alleles or allele combinations.

Three wild rice QTLs studies using the same O. ruf-
ipogon accession (IRGC105491) from Malaysia as the
donor parent and different parent as the recurrent par-
ent have been reported (Xiao et al. 1998; Moncada et al.
2001; Thomson et al. 2003). In this study, we used an-
other accession of O. rufipogon, collected from Don-
gxiang county, Jiangxi Province, China as the donor.
Compared with the results of the QTL analysis reported
previously, four out of six QTLs (qPN1 near RM220 on
chromosome 1, qPN2 near RM233a on chromosome 2,
qGPA8 and qGFG8 near RM342a on chromosome 8,
respectively) showing a trait-enhancing effect were in the
same or similar regions as previously identified QTLs.
For example, the allele from O. rufipogon increasing
grain number at qGPA8 and qGFG8 near RM342a on
chromosome 8 in this study was probably same with
gpl8.2 in Xiao et al. (1998) and gpp8.1 in Thomson et al.
(2003). Other two positive O. rufipogon alleles (RM249
on chromosome 5 and RM342b on chromosome 9) may
be newly detected QTLs.

Efficiency of QTL detection: BC2F2 versus BC4F4

Quantitative trait loci for yield and its components from
O. rufipogon have been analyzed by Xiao et al. (1998),
Moncada et al. (2001), Thomson et al. (2003) and Sep-
tiningsih et al. (2003) using BC2F2 population using the
same accession of O. rufipogon (IRGC105491) as the
donor. The results of Septiningsih et al. (2003) demon-
strated that the proportion of the genome corresponding
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to O. rufipogon introgressions per individual ranged
from 0 to 97%, with an overall average of 26.1%. The
average segment length was 36.3 cM. In fact, there was
higher genetic variance and epistatic interaction in
BC2F2 that could reduce the power of detecting the ef-
fects of the QTLs. Many positive QTLs were probably
masked by more predominant undesirable QTLs in
BC2F2. For example, only 5 out of 47 QTLs were de-
tected in both field environments in Septiningsih’s study.
The 159 ILs constructed in this study have very high
proportions of the recurrent parent ranging from 92.4 to
99.9%, with an average of 97.4%, each of the individual
line contained an average of three introgressed segments,
and most of introgressed segments were less than 10 cM.
Thus, the locations and effects of QTLs controlling
yield-related traits could be precisely accessed using this
set of ILs. In our results, a total of 17 out of 76 QTLs
responsible for all traits evaluated were identified at two
sites and the directions of their effects were the same at
both sites. Compared with the results of QTL analysis
by Li et al. (2002), relative less consistency between
BC4F2 and BC4F4 or BC4F5 was found, and even
opposite effect occurred. Overall, this information indi-
cated that QTL analysis in early backcross generation
was only a moderate predictor of the QTL analysis using
advanced generation ILs.

Pleitropic effect versus linkage

Classic quantitative genetics assumed that trait correla-
tion was due to the linkage of genes or the pleiotropic
effects of a single locus. Many QTL analyses attempted
to explain this issue. Xiao et al. (1996) proposed the
explanation of highly negative correlation between
1,000-grain weight and grains per panicle based on
pleiotropic effects. Monforte and Tanksley (2000) dem-
onstrated that a introgression contained multiple QTLs
affecting various agronomic and fruit traits and the ef-
fects could not be attributed to pleiotropic effects of a
single locus by substitution mapping. In this study, of
QTLs detected in BC4F4 and BC4F5, five specific marker
regions were found strongly associated with more than
one trait. Although conclusions might not be made
about pleiotropy or gene linkage within these QTL re-
gions, they represent interesting ‘‘hot spot’’ for major
loci controlling such traits (Brondani et al. 2002). For
better characterizing these loci, it is necessary to reduce
the extent of the introgression and develop NILs con-
taining fine mapped QTLs.

In conclusion, we constructed 159 ILs of O. rufipogon
in a Indica background, and identified 17 yield-related
QTLs from the O. rufipogon donor. This is the first re-
port on construction of O. rufipogon ILs, and these ILs
will be useful in identifying the traits of yield, tolerance
to low temperature and drought stress, and detecting
favorable genes of common wild rice. The ILs are
available via Material Transfer Agreement for research
purposes or via license for commercial purposes.
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