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Abstract The ability to detect quantitative trait loci
(QTLs) in a bi-allelic population is often limited. The
power of QTL detection and identification of the
most beneficial allele at each QTL could be greatly
improved by comparing QTLs among different
populations derived from connecting multi-parents.
In this study, three sets of connected recombinant
inbred lines (RILs) derived from the crosses between
Zhenshan 97 and Minghui 63 (PZM), Zhenshan 97
and Teqing (PZT), and Minghui 63 and Teqing
(PMT), respectively, were used. QTL analyses for the
number of spikelets per panicle (SPP) and 1,000-
grain weight (TGW) were performed in PZT, and five
SPP QTLs on chromosomes 1, 6, and 7 and two TGW
QTLs on chromosome 1 were detected. QTL for SPP
was also identified in PMT, and six QTLs were
detected on chromosomes 1, 2, 3, 6, and 7 in this
population. In an earlier study, we identified five SPP
QTLs and four TGW QTLs in PMT and nine TGW
QTLs in PZM. Comparison of the QTL mapping
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results of these two studies showed that one QTL was
common to the three populations, 11 QTLs were
detected in two populations, and six QTLs were
found in only one population. Comparison of genetic
effect and the action direction of the QTLs detected
in the three populations showed that additive effects
of QTLs estimated in different populations were also
expressed additively among three parental alleles.
Additive effects of SPP7a estimated in three near-
isogenic line F, populations supported this finding.
Based on these results, we suggest that pyramiding
the most beneficial alleles among the three parents
could efficiently improve rice yield.
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Introduction

Complex traits, such as rice yield and its components,
are inherited in a quantitative manner and are
typically controlled by a number of major and minor
quantitative trait loci (QTLs). A good understanding
of the genetic bases of yield traits is valuable for
designing breeding programs aimed at the genetic
improvement of quantitative traits of rice. Direct
analysis of yield is cumbersome and has low
efficiency, mainly because of the influence of a wide
range of processes and factors involved in the life
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cycle of rice. Alternatively, yield components, such
as 1,000-grain weight (TGW) and the number of
spikelets per panicle (SPP), contribute directly to
grain yield and exhibit a higher heritability than yield
itself. Therefore, it is more feasible to focus on the
components of yield rather than on yield as a whole,
which is well illustrated by the fact that rice breeding
programs designed for different eco-regions have
uniquely favored combinations of yield components,
with an emphasis on one or two components.

With the development of the molecular marker and
QTL analysis approaches during the last two decades,
substantial attention has been paid to dissecting the
genetic basis of SPP and TGW (Paterson et al. 1988;
Lander and Botstein 1989; Zeng 1994); as a result of
such studies, a large number of QTLs have been
reported (Yu et al. 1997, 2002; Zhuang et al. 1997,
Septiningsih et al. 2003). To date, the results indicate
that the trait values of TGW and SPP are affected
simultaneously by QTLs, epistasis, and geno-
type x environment (G x E) interactions (Li et al.
1997; Xing et al. 2002).

QTL detection is generally based on natural allelic
differences between parental lines. It is expected that
when a bi-parent population is used to map QTLs,
only a limited number of QTLs will be detected
because the genes will present limited information
about polymorphism content. An extra population
derived from diverse parental materials will increase
the chance of a QTL being polymorphic and,
therefore, will glean systemic information pertaining
to a trait-controlling QTL among different popula-
tions. Using this method, previous investigators have
analyzed QTL mapping results jointly in the genetic
background of independent populations (unknown
pedigree relationship among the parents of different
populations) (Muranty 1996; Xu 1998). Under this
condition, the QTL effects are nested (in the statis-
tical sense) within populations, and the estimated
number of parameters increases with the increasing
number of populations incorporated. However, global
comparison of the effects of the segregation of all
QTL alleles is not possible due to a lack of
connection between populations. Developing con-
nected populations (one common parent among
populations) is an alternative approach in which
identical allelic effects from the same QTL over
populations, rather than nesting effects within popu-
lations, reduce the total number of parameters and,
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consequently, increase the power of QTL detection
(Rebai and Goffinet 1993; Jannink and Jansen 2001;
Blanc et al. 2006). In addition, the effects of
segregating alleles are estimated simultaneously by
executing a global comparison among several popu-
lations, which is a decidedly favorable method of
exploring the most beneficial allele for improvement
of several rice varieties. It has been suggested that
beneficial alleles for improving a crop variety can be
identified in superior and inferior varieties or wild
relatives (Paterson et al. 1991; Xiong et al. 1999;
Tian et al. 2006; Liu et al. 2009). By evaluating the
effects and the action direction of the same QTL
among several populations developed from parents
with a distinct genetic background, the most benefi-
cial alleles can be chosen for crop improvement.
Therefore, it would appear that developing connected
populations is an efficient and effective method for
using germplasm with a distinct genetic background.
In the study reported here, three sets of recombinant
inbred lines (RILs) were developed from crosses
between Zhenshan 97 and Minghui 63 (PZM), Zhen-
shan 97 and Teqing (PZT), and Minghui 63 and Teqing
(PMT), respectively. Teqing was an elite cultivar in
China in the 1970s, while Zhenshan 97 and Minghui
63 are parents of the top rice hybrid Shanyou 63. These
three cultivars form the fundamental rice varieties in
China. QTL analysis for SPP and TGW was conducted
in PZT and for SPP in PZM. The objectives of
combining the QTL results of the PZT population with
those of SPP and TGW in the PZM and PMT
population (Xing et al. 2002; Liu et al. 2010) were to
(1) uncover how many QTLs for SPP and TGW could
be detected in the three populations, (2) evaluate the
relationship of QTL additive effects detected in
different populations, and (3) determine the most
beneficial alleles from these three varieties.

Materials and methods

Experimental populations and phenotypic
measurements

The PZM and PMT populations and their planting
methods have been described by Xing et al. (2002)
and Liu et al. (2010). The PZT population used in this
study consists of 190 F; RILs derived from a single-
seed descendent of the cross between Zhenshan 97
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and Teqing. For the field test, the seeds were sown in
a seedling bed in May 2004 and 2006. The RILs (F;
and Fg) and two parents were transplanted to a bird-
net-equipped field in the experimental farm of
Huazhong Agricultural University in Wuhan, China,
in the 2004 and 2006 rice growing seasons. Field
experiments were carried out following a randomized
complete block design with two replicates. Fourteen
seedlings (approximately 25 days old) for each line
were transplanted into a two-row plot, with a
between-plant distance of 16.5 cm within a row and
26.4 cm between rows. The ten plants in the middle
of the two rows of each plot were harvested
individually to score the following traits: (1) the
number of SPP, calculated as the total number of
spikelets from the entire plant divided by the number
of tillers; (2) the TGW (g), calculated as the yield per
plant divided by the number of spikelets multiplied
by 1,000. Trait measurements averaged over the two
replications within each year were used as the raw
data in the analyses.

Two sets of near-isogenic line (NIL) F, popula-
tions of SPP7a were obtained by consecutively
backcrossing Zhenshan 97, with Minghui 63 and
Teqing as donor parents, respectively (Xing et al.
2008; Xue et al. 2008). For easy description, the two
NIL-F, populations, hereafter, were named after NIL-
F, (ZM) and NIL F, (ZT), respectively. Minghui 63
homozygotes in NIL-F, (ZM) and Teqing homozy-
gotes in NIL-F, (ZT) were screened to cross each
other and followed one selfing for producing NIL-F,
(TM). In total, 190 plants of each NIL-F, population
were grown in the same field as the RIL populations
in the 2007 rice growing season. The number of SPP
was measured individually.

DNA markers and assays

A total of 694 simple sequence repeat (SSR) markers
that were well distributed in the whole genome were
chosen to screen polymorphism between Zhenshan
97 and Teqing, according to the map developed by
Temnykh et al. (2000, 2001) and the rice genome
sequences of the Monsanto Company (McCouch
et al. 2002). Polymorphic SSR markers between
Zhenshan 97 and Teqing that evenly covered all 12
chromosomes were chosen for genotyping the PZT
population. The SSR assay was carried out essentially
as described by Wu and Tanksley (1993).

Data analyses

The genetic linkage map was constructed with the use
of the computer software program MAPMAKER/
EXP 3.0 (Lincoln et al. 1993). The Kosambi function
was used to calculate genetic distance. Composite
interval mapping was performed with the use of
Windows QTL CARTOGRAPHER 2.0 (Wang et al.
2001-2003). Window size was set at 10 cM. Forward
stepwise regression was used to find significant
markers as cofactors. The significance level of the
experiment-wise limit of detection (LOD) threshold
was determined by computing 1,000 permutations
(P < 0.05) as implemented by Windows QTL CAR-
TOGRAPHER. These permutations can account for
non-normality in marker distribution and trait values.
The threshold of LOD values ranged from 2.4 to 2.7.

Heritability for the traits SPP and TGW was
estimated in RILs using the formula:

g2

H2_ g

TR aLplg? —150
oz +nlog, + (nr) o]

where aé, aée, and ag were the estimates of genetic,
G x E, and error variances derived from the mean
square expectations of the analysis of variance, with
n = 2 being the number of environments and r = 2
being the number of replicates. Expected genotypic
variance and expected G x E interaction variance
were estimated as the model in Table 1.

Comparative QTL analysis

Combining the QTL results of PZM for TGW (Xing
et al. 2002) and PMT for SPP and TGW (Liu et al.

Table 1 The models for estimation of genetic variance and
genetic by environment interaction variance

Source of variation df MS EMS

Year (E) n—1

Replicate r—1

Genotype (G) k—1 Vi a;+rog +moa;
G x E k—Dmn-=-1 V, O'g + roée

Error nir—1)k—-1) V3 O'g

df Degree of freedom, MS mean square, EMS expected mean
square

02, aée, and o2 were the estimates of genetic (G), genetic by
environment (G x E) interaction, and error variances; n, r, k,
the environment, replicate, and marker number, respectively
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2010) with the QTLs identified in this study, we then
compared the QTLs. The comparative method is as
follows: (1) the physical locations of flank markers of
QTLs were ascertained from the database (www.
gramene.org); (2) the QTLs identified in different
populations for the same trait were considered to be
the same if their 1 — LOD confidential intervals
overlapped each other; (3) the allele with the largest
increasing effects at a given QTL was considered to
be the beneficial allele among three parents.

Results
Variation of the traits

Teqing had an average of approximately 200 SPP in
three environments, which had the largest panicle
among the three parents. Zhenshan 97 had the
smallest panicle, with an average of fewer than 115
spikelets under four environments. Minghui 63 had
an intermediate panicle, with an average of approx-
imately 140 spikelets. With respect to TGW, Minghui
63 had the largest TGW, about 25-28 g, whereas
Teqing and Zhenshan 97 had equivalent TGW values,
with an average weight of about 22 g (Table 2).
Although the PZT population was derived from the
two parents with the largest difference in SPP and
also exhibited the largest SPP variation, this popula-
tion has the smallest variation in TGW (Fig. 1). The
mean TGW of the three connected populations is
approximately equal to their mid-parent values.
Transgressive segregation for SPP was observed in
PZM, but not in PZT and PMT. However, TGW in
three populations expressed transgressive segregation
in both directions in all investigated environments.
Among the three populations, significant negative
correlations were observed between SPP and TGW
(Table 3); TGW and SPP showed a high heritability
of more than 80% in all three populations (Table 4).

Genetic linkage map

A total of 694 SSR markers were polymorphic
between Zhenshan 97 and Teqing, and the polymor-
phism rates between the parents were 32.8%. We
chose 176 genome-wide evenly distributed SSR
markers to develop the genetic map. The genetic
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map spans 1432.1 cM, and the average genetic
distance between neighboring markers is 8.1 cM.

QTL analysis

In PZT, five SPP QTLs (SPPI, SPP6a, SPPG6b,
SPP7a, and SPP7b) were detected on chromosomes
I, 6 (two QTLs), and 7 (two QTLs) (Fig. 2); the
Teqing alleles of the five QTLs increased SPP.
SPP6a and SPP6b were detected in only 1 year. Two
TGW QTLs (TGWla and TGW1b) were detected on
chromosome 1. The alleles with improvement effects
came from Zhenshan 97 and Teqing, respectively
(Table 5). Four of these seven QTLs were detected in
both environments (Table 5).

Utilizing the same data of PZM used in the report
by Xing et al. (2002), six SPP QTLs (SPP1, SPP2,
SPP3a, SPP6a, SPP6b, and SPP7a) were detected on
chromosomes 1, 2, 3, 6 (two QTLs), and 7, respec-
tively. With the except of SPP2 and SPP3a, Minghui
63 alleles increased the SPP at all QTLs (Table 6).
Only SPPI and SPP7a were identified in both years
(Table 6).

QTL comparison across three connected
populations

For the convenience of comparisons, QTLs detected
in this study, together with QTLs detected in PZM
(Xing et al. 2002) and in PMT (Liu et al. 2010) were
commonly incorporated into Table 6. A total of nine
SPP QTLs and nine TGW QTLs were detected in
several environments. Remarkably, SPP/ was com-
monly detected among the three populations in five
different environments. This QTL explained about
25% of the SPP variation in PZT, and its additive
effects in 2 years were the largest, namely, double the
estimates in PMT and PZM. SPP3a, TGW3a,
TGW3b, TGWS, and TGW9 were commonly detected
in PMT and PZM; SPP6a, SPP6b, SPP7a, TGWIla,
and TGWIb were commonly detected in PZT and
PZM. SPP7b was commonly detected in PZT and
PMT. For all the QTLs commonly detected in two
populations, their estimated additive effects in the
two populations were not very different. SPP3b and
SPP8 were repeatedly detected in only PMT and
showed considerable effects. SPP2, TGWlic, TGW6,
and TGW11 were detected only once in PZM, with
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Table 2 Descriptive statistics of SPP and TGW traits of three RIL populations and three parents

Traits Years PZT PMT PZM Parents
Range Mean + SD  Range Mean &+ SD  Range Mean £+ SD  Teqing Zhenshan Minghui
97 63
SPP 1997 66.0-229.0 146.1 £ 32.13 105.3 143.1
1998 64.0-201.0 125.6 &+ 25.64 113.1 107.2
2004 90.0-276.1 178.4 £ 32.96 215.6 1015
2005 95.7-237.8 160.5 &+ 28.41 210.5 138.8
2006 82.2-239.7 162.4 £ 30.74 100.4-228.0 158.1 £ 26.3 196.7 110.1 136.0
TGW 1997 18.0-30.2  24.7 &£ 2.54 25.0 26.6
(@ 1998 16.8-313 243 £ 2.99 225 27.9
2004 18.2-28.1 232+ 1.85 22.1 225
2005 16.3-33.6 244 +2.73 22.6 259
2006 17.2-27.3  225+£1.70 18.3-29.7  23.6 £2.25 220 216 28.2

TGW 1,000-grain weight, SPP number of spikelets per panicle, RIL recombinant inbred line, PZM, PZT, PMT RILs developed from
crosses between Zhenshan 97 and Minghui 63, Zhenshan 97 and Teqing, and Minghui 63 and Teqing, respectively, SD standard

deviation

The trait data information for TGW in PZM are from Xing et al. (2002) and those for TGW and SPP in PMT are from Liu et al. (2010)

small additive effects. Interestingly, all nine QTLs for
TGW were detected in PZM.

Genetic effects of SPP7a estimated in three
NIL-F, populations

In the NIL-F, (ZM) and NIL-F, (ZT) populations,
SPP7a exhibited a major QTL with a large LOD
score of more than 48 and explained a large part of
the trait variation. In the NIL-F, (ZM) and NIL-F,
(ZT) populations, the additive effect was 43.6 and
49.1, respectively (Table 7). However, the in NIL-
F>(TM) population, no QTL was detected at the level
of the LOD threshold of 2.4. If the LOD threshold
was decreased to 2.0, one QTL in the region was
mapped with very small additive effect (3.5) and a
small contribution (3.7%) to SPP variation.

The most beneficial allele in the three parents

SPP] was commonly detected in three populations.
The Teqing allele at SPPI had positive effects in PZT
and PMT, whereas the Minghui 63 allele increased
SPP in PZM. Hence, the Teqing allele of SPPI was
the most beneficial, the Zhenshan 97 allele was the
most inferior, and the Minghui 63 allele was inter-
mediate. SPP3a, TGW3a, TGW3b, TGWS5, and TGW9

were commonly detected in PMT and PZM. At
TGW3a and TGW3b, Minghui 63 alleles expressed
positive effects in both populations, indicating that
Minghui 63 alleles are beneficial. With regard to
SPP3a, TGW5, and TGW9, both Zhenshan 97 and
Teqing alleles had positive effects against the Ming-
hui 63 allele. Therefore, it is likely that the Zhenshan
97 allele of TGWS5 and the Teqing allele of TGW9
were the most beneficial alleles according to a
comparison of the additive effects detected in the
two populations. The most beneficial allele at SPP3a
was difficult to determine due to an equivalent effect
estimated in the two populations. SPP6a, SPP6b,
SPP7a, TGWla, and TGWIb were commonly
detected in PZT and PZM, but not in PMT. Similarly,
Zhenshan 97 carried the most beneficial TGWla
allele because it exhibited positive effects in the two
populations. With respect to SPP6a, SPP6b, SPP7a,
and TGW1b, Teqing alleles increased trait values in
PZT, whereas the Minghui 63 alleles increased trait
values in PZM. Comparison of the size of additive
effects estimated in the two populations showed that
the Teqing SPP6a allele and Minghui 63 SPP6b and
TGWIb alleles are likely to be the most beneficial.
However, for SPP7a it was still difficult to decide
which allele was the most beneficial. SPP7b were
commonly detected in PZT and PMT. The Teqing
allele of SPP7b expressed positive effects in both
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W Year 2004
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The number of RILs
o
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The number of spikelets per panicle in PZT
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The number of RILs
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The number of spikelets per panicle in PNT
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OYear 1998

The number of RILs

80 95 110 125 140 155 170 185 200 215 230
The number of spikelets per panicle in PZN

Fig. 1 Frequency distribution of number of spikelets per
panicle (SPP) and 1,000-grain weight (TGW) in three
recombinant-inbred line (RIL) populations. PZM, PZT, PMT

Table 3 Correlation coefficients between SPP and TGW in
the three populations

Year PZT PMT PZM
Year 1 —-0.30%* —0.33%* —0.25%*
Year 2 —0.21%* —0.27%* -0.14*

* **Significant correlation at 5 and 1%, respectively

Table 4 Heritability of SPP and TGW in three populations

Trait PZT (%) PMT (%) PZM (%)
SPP 87 87 83
TGW 82 94 91
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RIL populations developed from crosses between Zhenshan 97
and Minghui 63, Zhenshan 97 and Teqing, and Minghui 63 and
Teqing, respectively,

populations, indicating that Teqing alleles are bene-
ficial in this locus.

Discussion

Comparison of QTLs across connected
populations

Although an additive effect is heritable across
generations (Garant et al. 2003), very few studies
have reported on QTLs across connected populations
(Joseph and Gebisa 2008). One of the more important
results of this study is that additive effects could also
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Fig. 2 Molecular linkage 1

map showing the position of ~

quantitative trait loci RM1247

(QTLs) for SPP and TGW

identified in PZT. The black

and white arrows indicate

that the QTL was detected RM1

in both environments and in - RM233

a single environment, ‘ RM490

respectively —
RMS75
RMS77
RM23
RM433
RM562
RMS513
RM128
RM297
RM319
RM436
RM315
RMS5382
RM1387

» RMB540

be accumulative across connected populations. Three
populations in this study were not grown simulta-
neously in the same environments because of the lack
of space for this exceedingly large-scale field exper-
iment and arduous management control. As compen-
sation, all experiments were conducted at the same
spot and on similar dates, with the same field
management. Great precautions were taken to elim-
inate, as much as possible, the potential confounding
effects of the environment. The additive effects of the
QTLs estimated in the different populations were also
additively expressed. For example, the Teqing SPPI
allele was the best among the three parents. Additive
effects for SPP in PZT were 16.5 and 15.4, which are

6 7
— A RM5584 —RM431
RM217
RM253
RM111 RM3224
>3 RMS49
T RMi2i
RM3755
P | -Rrms42
“-RM7333
RM418
RM1341
RM3272
Rh1132
— RM3555
- J—RM248
J—RM494
> SPP QTL
20 cM

= > TGW QTL

almost equal to the sum of 8.6 and 8.3 in PMT, and
8.7 and 10.3 in PZM, regardless of environment
effects. If the additive effects estimated in the
connected populations were expressed additively,
the QTL (existence and effect) in the third population
could be predicted according to the situations in the
two previous populations. If SPP3a is taken as an
example, the Teqing allele increased SPP by 8.5/6.6
compared with the Minghui 63 allele in PMT;
similarly, the Zhenshan 97 allele increased SPP by
8.4 compared with the Minghui 63 allele. Compared
with the Zhenshan 97 SPP3a allele, the Teqing allele
could possibly increase or decrease the number of
spikelets by no more than two, which is too small a
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Table 5 Quantitative trait loci identified for SPP and TGW from the Teqing/Zhenshan 97 RIL population in 2004 and 2006

Traits Years Chromosome QTL Interval LOD A? Var.%"°
number
SPP 2004 1 SPPI RM490-RM283 8.9 16.5 25
7 SPP7a RM7338- 3.1 9.0 73
RM542
7 SPP7b RM248- 2.8 8.6 6.8
RM3555
2006 1 SPP1 RM490-RM283 8.2 154 24.7
6 SPP6a RM549-RM121 39 10.3 7.6
6 SPP6b RM584-RM217 2.4 6.2 5.1
7 SPP7a RM7338- 2.6 8.2 7.0
RM542
7 SPP7b RM248- 2.5 6.8 5.7
RM3555
TGW 2004 1 TGWIla RM575-RM490 6.2 —-0.7 19.1
2006 1 TGWIla RM575-RM490 9.8 -0.9 22.8
1 TGWI1b RM297-RM319 2.7 0.5 7.3

% Additive effect: a positive value means that the Teqing allele increases the trait

b Percentage of total phenotypic variance explained by the QTL

difference to be significantly detected in PZT. We
were able to prove that no SPP QTL was detected in
PZT. With respect to all 11 QTLs detected in two
populations, potential additive effects were too small
to be detected in the third population without any
exception. However, if the statistically significant
level was decreased, QTLs with an LOD value of
<1.5 would occur at some loci in the third population
(data not shown). Alternatively, phenotypic data of
the three populations collected from the same envi-
ronment would provide direct comparison of QTL
effects and provide us with more reliable results.
The genetic effects of SPP7a estimated in three
NIL-F, populations confirmed the finding that addi-
tive effects of QTLs estimated in different popula-
tions were also expressed additively (Table 7). The
three NIL-F, populations shared the genetic back-
ground of Zhenshan 97 with different allele segrega-
tions of SPP7a, thus the genetic background noise
was minimized; meanwhile, measurements were
made at the same location and same year, thereby
blocking the environmental effect. In this case,
SPP7a clearly expressed additive accumulative
effects across the three NIL-F, populations, namely,
49.1, 43.6, and 3.5, respectively. The Teqing allele
showed the largest effect; in contrast, the Zhenshan
97 allele showed the least effect. These results are in
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agreement with the results from the three RIL
populations. The additive effect of 49.1 in NIL-F,
(ZT) was approximate to the sum of those (43.6 and
3.5) in the other two populations. SPP7a was not a
major QTL in the two RIL populations of PZM and
PZT, but its additive effects was greatly enhanced in
the corresponding NIL-F, populations. Even in this
case, statistically, SPP7a was not easily detected in
NIL-F,(TM). Hence, the finding in the RIL popula-
tions was convincible.

Ascertainment of beneficial allele

Hundreds of rice QTLs for SPP and TGW have been
reported during the last 20 years (www.gramene.org).
Among these, Yoon et al. (2006) identified five SPP
QTLs on chromosomes 2, 3, 4, 6, and 11 and two
TGW QTL on chromosomes 2 and 11, Kwon et al.
(2008) identified three SPP QTLs on chromosomes 3,
10, and 11, Yoshida et al. (2002) detected six TGW
QTLs on chromosomes 2, 3, 4, 4, 5, and 11, and
Redoifia and Mackill (1998) detected two TGW QTLs
on chromosome 4 and 8. Some of the QTLs identified
in our study share a similar or same interval with
those identified in these previous studies. However,
because of the low mapping resolution in primary
populations, such as F,, RILs, and doubled haploids,
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Table 7 Genetic effects of SPP7a estimated in three NIL-F,
populations in the Zhenshan 97 genetic background in 2007

Pop. (NIL-F>) LOD A? Db Var.%*
NIL-F, (ZT) 67.6 49.1 34.2 81.1
NIL-F, (ZM) 48.1 43.6 14.3 76.2
NIL-F, (TM) 2.03 35 1.2 37

NIL Near-isogenic line

? Additive effect: a positive value means the Teqing allele
increases the trait in NIL-F, (ZT) and NIL-F, (MT), Minghui
63 allele increases the trait in NIL-F, (ZM)

® Dominance effect

¢ Percentage of total phenotypic variance explained by the
QTL

it is still far from ideal to claim a relationship even
the QTLs are located in similar or the same regions in
different populations. It is difficult to distinguish the
most beneficial allele among multiple alleles using
the QTL mapping method, which takes advantage of
only bi-allele variations. Alternative association
studies based on linkage disequilibrium (LD) have
been applied in plant genetics to tackle complex traits
(Buckler and Thornsberry 2002; Nordborg and Tav-
are 2002). Analysis based on LD has been suggested
to be more powerful than the traditional QTL method
based on linkage analysis in terms of identifying the
most beneficial alleles (Flint-Garcia et al. 2003).

In our study, we derived three sets of connected
RIL populations (PZM, PZT, and PMT) from crosses
between Zhenshan 97 and Minghui 63, Zhenshan 97
and Teqing, and Minghui 63 and Teqing, respec-
tively, which provided us with the opportunity to
directly compare additive effects among three alleles.
A total of 18 QTLs were detected in these three
populations in five environments. The most beneficial
alleles at all 18 QTLs were identified among these
three parents by comparing QTL effects and the
directions of their action (Table 6). Pyramiding of the
most beneficial alleles could theoretically result in the
development of a high-yield variety. For example,
Minghui 63, an elite restorer for the three-line hybrid
system in China, can increase the SPP to 80-100
spikelets if its alleles are substituted with positive TQ
alleles at SPP1, SPP3a, SPP3b, SPP6a, SPP7b, and
SPPS. Again, if we use Zhenshan 97 alleles of
TGWla, TGWlic, TGWS5, and TGW9 to substitute the
Minghui 63 alleles, theoretically the TGW of the
modified Minghui 63 variety will be increased by 5 g,

@ Springer

resulting in a new Minghui 63 variety with a TGW of
up to 31-33 g.

The characteristic of transgressive segregation
in three populations

An important finding in this study is that the results of
our analysis of transgressive segregation are in
agreement with the pattern of positive QTL distribu-
tion in parents. The accumulation of positive additive
effects and an overdominant effect are regarded as
the genetic bases of transgressive segregation (deVi-
cente and Tanksley 1993). In this study, transgressive
segregation of SPP and TGW in PZM and of TGW in
PZT and PMT was observed. The RILs in these three
populations are genome-wide homozygous; thus,
overdominance does not underlie the transgressive
segregation phenomena. However, positive alleles for
SPP and TGW were identified in both inferior and
superior parents in PZM, and for TGW in PZT and
PMT. Recombination of these positive or negative
alleles can produce better or worse genotypes, which
can explain why some lines exhibit better or worse
performance than their parents. In contrast, no
transgressive segregation was observed for SPP in
PZT and PMT. This finding is in agreement with the
result that all positive alleles of the detected SPP
QTLs originated from the superior parent Teqing.
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