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Abstract Exploitation of heterosis has brought significant
advance in plant breeding and agricultural production,
although its genetic basis is still poorly understood. In this
study, a total of 66 chromosome segment substitution (CSS)
lines, derived from a cross between japonica rice inbred line
Asominori (as the recurrent parent) and indica rice inbred
line IR24 (as the donor parent), were used to investigate the
genetic basis of heterosis in indica x japonica inter-sub-
specific rice hybrids. Each CSS line was crossed with the
background parent Asominori, and the heterosis of F,
hybrids was estimated by comparing the F; performance
with its two parental lines. Field experiments were carried
out across six different environments to evaluate yield and
yield-related traits in the 66 CSS lines and their 66 corre-
sponding F; hybrids. Quantitative trait loci (QTL) analyses
were conducted using a likelihood ratio test based on the
stepwise regression. Thirty-six QTL were identified with
significant effects in CSSL, 21 with significant effects in
hybrids and 13 with significant effects in both. On the basis
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of average dominance degree, of all the 70 QTL affecting
yield-related agronomic traits, 28.6% (20) showed an
overdominance, 35.7% (25) a partial dominance and 30%
(21) an additive effect, indicating that all effects contribute
to trait variation in japonica—indica rice hybrids. Effects of
these QTL were examined to identify Indica rice chromo-
some segments of interest for the improvement of japonica
inbred lines and hybrids.

Introduction

Heterosis is defined as the superior performance of a hybrid
(such as F; hybrids) over its parents (Shull 1908), and is
usually measured as either mid-parent heterosis (MPH) or
best-parent heterosis (BPH). Heterosis has been exploited
extensively in breeding hybrid varieties in several crop
species over the past decades, especially in maize (Duvick
2001) and rice (Yuan 2003; Ma and Yuan 2003). However,
there remains a poor understanding of its genetic basis
(Coors and Pandey 1999; Lippman and Zamir 2007).
Several hypotheses have been proposed to explain the
genetic mechanism of heterosis, among which are domi-
nance, overdominance, and epistasis (Crow 1999; Good-
night 1999). The dominance hypothesis attributes heterosis
to favorable dominant alleles in one parent overwhelming
the effect of unfavorable recessive alleles in the other
(Davenport 1908; Bruce 1910; Jones 1917; Xiao et al.
1995; Cockerham and Zeng 1996). The overdominance
hypothesis ascribes heterosis to the superior fitness of
heterozygous genotypes over either homozygous genotypes
(East 1908; Shull 1908; East 1936; Crow 1948; Stuber
1994; Semel et al. 2006); “pseudo-overdominance” refers
to a particular situation where tightly linked genes with
favorable dominant alleles in the parental lines create an
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apparent overdominance when combined in the hybrid
(Jones 1917, Crow 1952). Finally, the interaction of alleles
from the two parents at different loci is taken into account
by the epistasis hypothesis (Williams 1959; Schnell and
Cockerham 1992; Stuber et al. 1992; Yu et al. 1997,
Li et al. 1997, 2001; Luo et al. 2001; Mei et al. 2005;
Melchinger et al. 2007; Kusterer et al. 2007).

Molecular markers and genetic linkage maps have
greatly facilitated the identification of individual loci
conditioning heterosis and the estimation of underlying
gene action. Quantitative trait loci (QTL) mapping has
been proved to be an informative approach in dissecting
complex traits and heterosis in crops (Stuber et al. 1992;
Xiao et al. 1996; Yu et al. 1997; Li et al. 1997, 2001, 2008;
Mei et al. 2003, 2005). In the aforementioned studies, non-
permanent segregating populations such as F,, F,.3, BC|F;
generations and permanent populations such as recombi-
nant inbred lines (RILs) or double haploid lines (DH) were
usually used. In an F, or BC,F, population, each genotype
is represented by only one individual. When these popu-
lations are used, it is not possible to make repeated
observations at the level of the individual or to carry out
multiple trials; also F,.3 populations have only half heter-
ozygosity of F, population (Mei et al. 2005).

Hua et al. (2002) proposed an “immortalized F,” pop-
ulation that is generated from random intermating between
the RILs. One “immortalized F,” population could be
tested repeatedly, but may exhibit skewed frequencies of
marker locus compared with the true F, population. RIL
populations can also be used to explain the genetic basis of
heterosis on the basis of a mating design to the parents, i.e.
NCIII design (Stuber et al. 1992; Schon et al. 2010).
However, such RIL or DH based experiments do not make
it possible to compare the heterosis effects of different
chromosome segments in the same genetic background.
Genome-wide chromosome segment substitution (CSS)
lines or introgression lines (ILs) population is composed of
a series of overlapping chromosome segment substitution
lines that are built up with one parent as genetic back-
ground line and another as a chromosome segments donor.
CSS lines make it possible to compare the effects of dif-
ferent chromosome segments in the same genetic back-
ground. They therefore could partly overcome the
limitations of F,, F,.;, BC;F,, RIL or DH population
mentioned above (Yu et al. 2005) and/or complement
information from these designs.

In this study, we tested a set of 66 rice CSS lines and
their F; hybrids with the background parent across six
environments with the objectives: (1) to understand the
genetic basis of heterosis, and (2) to identify genomic
regions of interest for the improvement of japonica rice
inbred lines or japonica rice hybrids.
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Materials and methods
Genetic populations

A panel of 66 CSS lines was generated in a japonica cul-
tivar Asominori genetic background, by selecting 19
recombinant inbred lines in which the genetic background
was at least 60% of Asominori, and back-crossing these
lines to Asominori, without selection, to the BC; genera-
tion. A whole-genome survey, based on 116 RFLP mark-
ers, was used to select the set of 66 CSS lines, designated
by CSS line 1-66 (for details concerning the development
of this CSS lines population, see Tsunematsu et al. 1996;
Kubo et al. 1999a, Kubo et al. 2002). Combining with the
McCouch et al. (2002) rice consensus map, the RFLP
markers were replaced with 137 SSR markers evenly dis-
tributing across all 12 chromosomes as shown in Fig. 1.
The donor segments of IR24 in the 66 CSS lines were
rescreened by these SSR markers in 2008 and used in our
QTL mapping study. Each CSS line inherited 6-8 intro-
gressed segments from the donor parent. Each CSS line
was crossed with cv. Asominori to form the F; hybrid.

Field experimental design

The two parents, 66 CSS lines and 66 F; hybrids were
grown in six different environments, i.e., Nanjing in 2003,
2004, 2007 and 2008, and Nanchang in 2007 and 2008,
abbreviated as E1-E6. Each entry plot contained two rows,
each of ten individual plants. A randomized block design
with two replications was applied in each environment;
every single parental CSSL line and its corresponding F;
hybrid which were planted side by side within each block.
The recurrent parent Asominori and donor parent IR24
were planted with two replications together with the 66
CSSLs and their F; hybrids. The 20 individual plants of
each genotype in one entry plot were planted with spacing
of 16.5 x 16.5 cm. A wide-row spacing of 23.5 cm was
set between the plots. The fertilizer management and
control of diseases and insect pests were applied as
recommended.

Traits evaluated

At maturity, five healthy representative individuals were
harvested from each block for further testing. The fol-
lowing traits were evaluated: grain weight per plant
(GWP), number of grains per panicle (GPP), 1000-grain
weight (TGW) (average of three samples from each of the
five plants), and number of panicles per plant (PPP)
(excluding panicles bearing less than five grains). Proce-
dures followed Xiao et al. (1998).
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Fig. 1 Genotypes of the 66 CSS lines (indica cv. IR24 chromosome
segment substitution lines with Japonica cv. Asominori genetic
background) were rescreened by 137 SSR markers according to
McCouch et al. (2002) consensus map between RFLP and SSR

Data analysis

Analysis of variance (ANOVA) was conducted for single
environments and combined environments (locations X
years), where variance components and broad-sense heri-
tability (H) were estimated. Assume n and r are the num-
bers of genotypes and replications, respectively, in one
environment, and yj; is the phenotypic value of the kth
replication of jth genotype, the linear model used in
ANOVA of each environment is,

ik = U+ Ri + Gj + g,

where u is the overall mean, Ry is the replication effect, G;
is the genotypic effect, and g is the residual error. Let
MSg and MS, represent the mean squares (MS) of geno-
type and random error, respectively, which can be esti-
mated from ANOVA. Genotypic variance can be estimated

as g% = MSa-MSar and error variance as ¢ = MS,. The
2
plot level heritability can be estimated as, Hp = %, and
0G10;
2
. g . O'G
plot mean heritability can be calculated as, Hp = o=y

Both values have significant implications in plant breeding
(Nyquist 1991; Holland et al. 2003).

Assume m, n, and r are the numbers of environments,
genotypes and replications, respectively, and y;j is the phe-
notypic value of the kth replication of jth genotype at the ith
environment, the linear model used in combined ANOVA is,

Yik = p+ E; + Rk(i) + G; + GEjj + &,

markers. Genotype of Asominori (recipient parent) denotes as “1”,
IR24 (donor parent) as “2” within heavy black squares, and
heterozygous genotype as “3” within gray squares

where  is the overall mean, E; is the environmental effect,
Ry 1s the replication effect within environment, G; is the
genotypic effect, GE;; is the GE interaction effect, and ¢
is the residual error. Let MSg, MSgg and MS; represent the
mean squares (MS) of genotype, GE interaction and ran-
dom error, respectively, which can be estimated from the
combined ANOVA. Under the random effect model,

genotypic variance can be estimated as azG = MSc-MS,
rm
variance of GE interaction as oy = M, and error

variance as 6> = MS,. The broad-sense heritability at the
plot level (or simply plot level heritability) can be esti-

2
W. The broad-sense heritability of

plot mean (or simply plot mean heritability) can also cal-
0g+05, /r+a [rm’

Heterosis was evaluated by MPH, given by F; — (CSS
line + cv. Asominori)/2, where F; is the mean value of
each individual hybrid, and CSS line the corresponding
CSS line parent.

A likelihood ratio test based on the stepwise regression for
QTL mapping with chromosome segment substitution lines.

The standard ¢ test used in the idealized case that each CSS
line contains a single chromosome segment from the donor
parent (Belknap 2003) is not suitable for CSS line carrying
more than one segment from the donor parent, which is the case
of our material, as indicated in Fig. 1. Due to high intensity
selection in the process of generating CSS lines, the gene and
marker frequencies do not follow the same path as in a standard

mated as, Hy =

culated as Hp =
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unselected mapping population. Wang et al. (2006) proposed a
likelihood ratio test based on the stepwise regression (abbre-
viated as RSTEP-LRT hereafter), where stepwise regression is
used initially to select the most important chromosome seg-
ments for the trait of interest, and followed by the likelihood
ratio test to calculate the LOD score of each segment, the
largest p value for entering variables was set at 0.05, and the
smallest p value for removing variables was set at 0.10 (Wang
et al. 2006).

QTL in CSS lines and their F; population were detected by
software QTL IciMapping (Li et al. 2007; Wang 2009; freely
available from http://www.isbreeding.net) according to the
combined analysis of their marker genotypes shown in Fig. 1
and phenotypes data either in individual or combined envi-
ronments. On the basis of the map shown as in Fig. 1 and two
sets of phenotypic data collected in six environments, the
effects of chromosome segments from donor parent in CSSL
and heterozygous genotypes in F1 hybrids were analyzed. The
LOD threshold was set at 3.0 which represent the signifi-
cant effect of QTL following the suggestion of Wang et al.
(2006). QTL nomenclature followed the recommendations of
McCouch (2008). The average dominance degree was given
by ld/al, where d is the dominance effect, and a is the additive
effect. Additive and dominance effects of the QTL were esti-
mated following the classical quantitative genetics method.
Assuming at one locus, the background parent has allele q, and
donor parent has allele Q. From the CSSL population, we were
able to calculate mean genotypic values of qq and QQ, repre-
sented by mp_qq and mp_QQ, respectively. From the
CSSL x Background F1 population, we were able to calculate
mean genotypic values of qq and Qq, represented by mh_qq
and mh_Qq, respectively. So we can have the genotypic values
for the three QTL genotypes, i.e., mp_qq and mh_qq for qq,
mh_Qq for Qq, and mp_QQ for QQ. To prevent effect of
possible difference in means between lines per se and hybrids,
we considered contrasts within each type of material: mp_QQ-
mp_qq = 2a, mh_Qqg-mh_qq = d-a; so that a and d can be
estimated as, a = (mp_QQ-mp_qq)/2, d = (mh_Qqg-mh_qq)
— (mp_QQ-mp_qq)/2. The estimated additive and dominance
effects were used to calculate Id/al and classify the QTL as
either additive (A) (ld/al < 0.2), partial dominance (PD)
(0.2 < Id/al < 0.8), complete dominance (CD) (0.8 < ld/
al < 1.2), or overdominance (OD) (Id/al > 1.2), according to
Stuber et al. (1987).

Results

Phenotypic performance of CSS lines
and their F; hybrids

GWP, TGW and PPP showed positive heterosis (measured
as MPH), while GPP showed negative MPH (Table 1).

@ Springer

This suggests that GPP may be a bottleneck for yield
enhancement in inter-subspecific crosses between indica
and japonica rice. A correlation analysis based on the mean
values of the four yield-related traits across the six loca-
tions (Table 2) showed that GPP was positively and sig-
nificantly correlated (p < 0.01) with GWP, indicating that
the improvement of GPP trait could enhance yield level in
rice. The correlations between PPP and GWP, GPP, TGW
were significantly negative, indicating that PPP was a
limitative factor for enhancing yield.

Variance components in CSS lines and their F; hybrids

Combined ANOVA of yield performance across years and
locations showed that yield component traits were influ-
enced by significant genotypic and environmental effects,
as well as genotype by environment interactions (Table 3).
ANOVA of yield-related traits among the CSS lines and F,
hybrids showed that heritability varied between environ-
ments (Table 4). Heritability at plot mean level was higher
than that at plot level because of replications in the
experiment (Table 4). Heritability in the combined analysis
was lower than in individual locations, illustrating a strong
GxE interaction (Table 4). Trait PPP had uniformly low
heritability, indicating that it is the more sensitive to the
growing environment.

Detection of QTL and estimation of their additive
and dominance effects

When the threshold of 3.0 was applied, a total of 22 QTL
with significant additive effects in CSSL and/or combined
additive-dominant effects in hybrids were detected for
GWP in at least one environment (Table 5 in bold), located
on chromosomes 1-8 and 12. Four QTL (¢GWPI.3,
qGWP4.2, gGWP5.1 and gGWP6.2) had significant effects
in CSSL and hybrids simultaneously, and the remaining 18
showed a significant effect either in CSSL or hybrids,
demonstrating that a diverse genetic basis underlies this
trait. Six QTL (qGWP1.3, qGWP3.1, qGWP4.2, gGWP6.3,
qGWPI12.1 and qGWPI2.2) showing positive effect in
CSSL in five or six environments could increase grain
weight per plant are appropriate targets for inbred line
breeding of japonica. QTL qGWPI1.3 and gGWP4.2 dis-
played significant positive effects in hybrids also and could
also be useful for the improvement of japonica hybrids.
The two QTL (gGWP2.2, qGWP5.2) with effects signifi-
cant in hybrids only and positive in five or six environ-
ments are suitable in addition for hybrid breeding of
Jjaponica rice. Of all 22 QTL affecting trait of grain weight
per plant, nine were classified as showing overdominance,
nine as partial dominance, one as complete dominance, and
three as additive.


http://www.isbreeding.net

Theor Appl Genet (2012) 124:1351-1364 1355
Table 1 Phenotypic variation of four yield-related traits in CSS lines and F, hybrids
Trait Environment Asominori CSS lines F; hybrids
Mean SD Min Max Mean SD Min Max MPH
GWP El 10.25 10.44 2.72 4.75 18.26 9.71 2.90 1.25 14.82 —0.57
E2 19.31 17.69 3.07 10.08 26.37 20.08 4.71 2.52 28.37 1.58
E3 23.81 23.99 4.64 11.55 38.42 28.02 5.92 8.47 42.02 4.12
E4 25.25 25.41 3.52 16.30 33.70 27.03 4.37 10.20 32.10 1.71
E5 5.72 9.22 3.86 1.93 17.45 9.06 3.71 0.17 17.86 1.59
E6 15.91 16.08 3.98 2.49 22.94 16.16 5.70 0.20 26.36 0.17
Average 16.71 17.14 3.63 7.85 26.19 18.35 4.55 3.80 26.92 1.43
GPP El 29.53 33.45 9.69 13.55 66.47 29.00 9.11 3.39 48.50 —2.49
E2 55.53 57.65 10.90 24.19 80.02 56.04 14.59 7.09 78.45 —0.55
E3 69.81 67.53 10.38 39.29 89.55 65.66 16.37 10.68 88.43 —3.01
E4 74.50 75.64 14.23 39.99 109.78 71.89 18.87 6.40 92.40 —3.19
E5 19.06 27.50 11.28 5.64 58.50 24.38 11.40 0.39 49.37 1.10
E6 40.46 40.82 9.91 8.98 64.75 37.45 13.61 0.60 62.73 -3.19
Average 48.15 50.43 11.07 21.94 78.18 47.40 13.99 4.76 69.98 —1.89
TGW El 26.48 25.86 2.36 19.98 31.68 25.93 1.51 22.94 29.46 —-0.24
E2 27.72 25.46 2.06 20.15 29.25 26.84 1.13 23.93 29.25 0.25
E3 25.98 25.68 2.08 19.35 30.38 26.34 1.21 23.35 29.00 0.51
E4 27.49 25.59 1.77 20.07 28.85 26.86 1.32 24.26 31.40 0.32
ES 25.00 22.84 2.37 17.62 27.08 23.56 1.75 19.01 27.30 —0.36
E6 27.12 25.25 1.85 19.13 29.63 26.39 1.36 21.43 28.58 0.21
Average 26.63 25.11 2.08 19.38 29.48 25.99 1.38 22.49 29.17 0.12
PPP El 13.31 12.65 1.99 9.00 18.50 13.28 1.67 10.50 17.75 0.30
E2 13.70 12.67 1.67 8.25 16.60 13.66 1.14 11.20 16.35 0.47
E3 13.93 14.07 2.34 9.75 19.91 16.03 1.95 11.73 23.30 2.03
E4 10.79 11.65 1.10 9.50 15.25 12.17 0.88 10.50 14.90 0.95
ES 12.00 15.30 3.53 9.50 31.83 16.74 4.24 10.17 27.33 3.09
E6 14.50 15.68 2.10 11.83 24.33 16.22 1.50 12.67 20.00 1.13
Average 13.04 13.67 2.12 9.64 21.07 14.68 1.90 11.13 19.94 1.33

GWP grain weight per plant, GPP grains per panicle, TGW 1000-grain weight, PPP panicles per plant, SD standard deviation of mean value,
MPH mid-parent heterosis, given by F; — (CSS line + cv. Asominori)/2

Table 2 Phenotypic correlations between mean values of yield-
related traits in CSS lines x cv. Asominori F; hybrids across
environments

Trait GWP GPP TGW PPP
GWP 1

GPP 0.92%%* 1

TGW 0.07 0.03 1

PPP —0.14 —0.34%* —0.25* 1

GWP grain weight per plant, GPP grains per panicle, TGW 1000-
grain weight, PPP panicles per plant

* % Significance levels of 0.05 and 0.01, respectively

When the threshold of 3.0 was applied, a total of 17
QTL with significant additive effects in CSSL and/or
combined additive-dominant effects in hybrids were
detected for GPP in at least one environment (Table 6 in

bold), located on chromosomes 1, 2, 4-8, 10 and 12. QTL
qGPP5 and qGPP7.3 had significant effects in CSSL and
hybrids simultaneously. Six QTL (¢qGPP1.2, qGPP4.2,
qGPP7.3, qGPP8.2, qGPPI0 and qGPPI2.1) showed
significant positive effects in CSSL in five or six envi-
ronments and appear suitable for inbred line breeding.
Among these, only gGPP7.3 displayed a significant posi-
tive effect in hybrids also and might also be useful for the
improvement of japonica hybrids. Only one QTL (¢GPP2)
showed significant effects in hybrids only, with positive
effects in five or six environments, and appeared suitable
for hybrid breeding of japonica rice. Of all QTL affecting
GPP, five of the 17 QTL were classified as showing
overdominance, six as partial dominance, one as complete
dominance, and five as additive.

When the threshold of 3.0 was applied, a total of 20
QTL with significant additive effects in CSSL and/or
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Table 3 Analysis of variance of yield-related traits in CSS lines population and F; hybrids

Source Degree of freedom Mean square (MS) F value
GWP TGW PPP GPP GWP GPP TGW PPP

CSS lines
Environment 755.6 32.8 51.8 4,626.7 132.4%%* 185.6%* 43.1%%* 13.3**
Rep (Env) 30.2 5.5 354 49.7 5.3%* 2.0 51.2%* 9.1%*
Genotype 61 88.8 38.9 29.1 1,087.9 15.6%* 43.7%% 7.3%* 7.5%*
GE interaction 305 14.7 2.7 6.4 79.7 2.6%%* 3.2%% 3.6%* 1.6%%*
Pooled error 366 5.7 0.8 39 24.9

CSS F; hybrids
Environment 961.4 26.6 61.3 5,511.0 147.7%% 180.2%* 29.7%:* 12.0%*
Rep (Env) 15.9 2.4 9.7 21.2 2.4% 0.7 2.7* 1.9
Genotype 61 169.3 12.7 15.5 1,538.4 26.0%* 51.8** 14.2%* 3.0%*
GE interaction 305 18.5 2.2 8.2 107.6 2.9%* 3.5%%* 2.5%* 1.6%*
Pooled error 366 6.5 0.9 5.1 30.6

In this table, m = 6, n = 62 (due to some missing data), and r = 2

m Number of environments, n number of tested lines, » number of replications, GWP grain weight per plant, GPP grains per panicle, TGW

1000-grain weight, PPP panicles per plant
*, ** Significance levels of 0.05 and 0.01, respectively

Table 4 Broad-sense heritability of yield-related traits in CSS lines and F; hybrids in individual and combined environments

Trait Population Level Environment Combined
El E2 E3 E4 ES E6
GWP CSS lines Hp 88.91 95.14 87.43 75.47 74.20 89.72 37.69
Hp 94.13 97.51 93.29 86.02 85.19 94.58 69.39
F, hybrids Hp 88.19 98.02 82.03 79.59 88.84 89.95 50.09
Hp 93.73 99.00 90.13 88.63 94.09 94.71 77.99
GPP CSS lines Hp 94.83 95.90 86.12 88.85 81.43 95.96 61.63
Hp 97.35 97.91 92.54 94.10 89.76 97.94 84.19
F, hybrids Hp 89.05 96.75 83.61 89.82 90.95 96.41 63.31
Hp 94.21 98.35 91.07 94.63 95.26 98.17 84.54
TGW CSS lines Hp 94.63 96.36 86.86 94.38 85.24 96.81 63.58
Hp 97.24 98.14 92.97 97.11 92.03 98.38 84.63
F; hybrids Hp 88.87 91.85 76.63 79.39 69.70 93.04 36.18
Hp 94.11 95.75 86.77 88.51 82.15 96.40 68.56
PPP CSS lines Hp 79.47 94.27 64.05 75.15 75.15 83.93 27.00
Hp 88.56 97.05 78.08 85.81 85.81 91.26 66.97
F, hybrids Hp 78.34 87.24 64.17 61.05 52.69 73.56 8.41
Hp 87.85 93.19 78.18 75.81 69.02 84.76 33.90

GWP grain weight per plant, GPP grains per panicle, 7TGW 1000-grain weight, PPP panicles per plant

Hp broad-sense heritability at the plot level, Hp broad-sense heritability at the plot mean level

combined additive-dominant effects in hybrids were
detected for TGW in at least one environment (Table 7 in
bold), located on chromosomes 1-8, 10 and 12. Six QTL
showed significant effects in CSSL and hybrids simulta-
neously, ten had significant effects in CSSL only and three
had significant effects in hybrids only. Four QTL
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(gTGW3.2, qTGW7.1, qTGW7.2 and qTGW7.3) showed
significant positive effects in CSSL, with positive effects in
five or six environments, and might be suitable for
improvement of TGW trait in inbred line breeding. None of
these had stable positive effects in hybrids. QTL ¢TGW3.3
displayed a significant effect in hybrids only, with positive
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effects in six environments, is suitable in addition for
hybrid breeding of japonica rice. Of all QTL affecting
TGW, 3 of the 20 QTL were classified as showing over-
dominance, seven as partial dominance, and ten as
additive.

When the threshold of 3.0 was applied, a total of 11
QTL with significant additive effects in CSSL and/or
combined additive-dominant effects in hybrids were
detected for PPP in at least one environment (Table 8 in
bold), located on chromosomes 1, 4 and 5-8. Only
qPPP4.2 showed a significant effect in CSSL and hybrids
simultaneously. There were nine QTL showing significant
effects in hybrids only, and one single QTL showing sig-
nificant effects in CSSL only. QTL (¢PPP4.2 and gPPPS8)
with significant positive effects in CSSL in five or six
environments might be used in improving PPP trait in
Jjaponica inbred lines. QTL gPPP6 with effects significant
in hybrids only and positive in five environments is suitable
in addition for hybrid breeding of japonica rice. Of the 11
QTL affecting PPP, three were classified as showing
overdominance, three as partial dominance, two as com-
plete dominance, and three as additive.

Distribution of the phenotypic variation
explained by QTL

The phenotypic variation explained (PVE) by QTL in CSS
and hybrids was given in Fig. 2. Most QTL had a PVE
<10% in individual environments. Thus, the inheritance of
these yield-related traits is dominated by QTL each of
minor effect confirming that these traits have a polygenic
determinism. For GPP, the prevalence of negative domi-
nant effect QTL such as gGPPS5 and gGPP7.2 with PVE in
hybrids ranging from 15% to over 20% may reflect the
phenomenon of hybrid sterility, which is a common
occurrence in indica X japonica hybrids.

35
N
30 GWP
EGPP
>, 25
5} TGW
5 20
=] & PPP
o
o 15
s
10 CSSL
5 Fl
0 15-20 >20

Phenotypic variance explained(%)

Fig. 2 The frequency of phenotypic variation explained by individ-
ual QTL showing significant effects in CSSL and F1 hybrids in
individual environments. GWP grain weight per plant, GPP grains per
panicle, TGW 1000-grain weight, PPP panicles per plant

@ Springer

Table 8 Additive and dominant effects of QTL affecting PPP in CSS lines and F; hybrid populations across six environments

Dominant effect in FI hybrids® Mean value across six environments®

Additive effect in CSSLs*

Chr. Marker

QTL

E2 E3 E4 E5 E6 El E2 E3 E4 ES E6 Add® Dom* ld/al®

El

CD
OD

0.74

—0.13
—0.21
—0.03
—0.14

0.18
0.06
0.71
—0.73

—0.09
—0.18
—0.18

0.14
—1.03

—0.47

—0.12
0.01
—0.10
0.05
0.85
—0.76
0.08
—0.07
0.76

—0.78
—0.23

—1.04
—0.10

0.03
0.05
0.04
0.12
—0.17
—0.04

0.16
0.42
0.10
—0.48
—0.01
—0.21

0.72
0.67
0.04
—-1.26

0.05
0.00
0.20
-0.29

0.53
—0.56
—0.30
—0.86

0.09
—0.40

0.42

0.64
—0.02
—0.33

0.28
—0.16

—0.16

RM312

1
4
4
4
5
5

qPPPI

3.55
0.04

0.20

0.31

1.
—-0.77

RM252

qPPP4.1

0.28
—0.92
—0.35
—0.13
—0.19

0.17

1.22
—0.72
—0.29
—0.07

76

RM317

qPPP4.2

PD
OD

0.28
—0.20

0.09
0.50
—0.63

0.64
0.37
0.19
0.27
—0.90

RM5473
RM267

qPPP4.3

5.00
0.10
0.43
1.00
0.06
1.24
0.50

0.05
—0.03

0.01
—0.31

16

0.
—0.79

0.04
0.03
0.03
—0.06
—0.27
—0.27

0.24
—0.68
—0.23

gPPP5.1

0.38
0.16
0.55
0.30
—0.20
—0.46

RM430

qPPP5.2
qPPP6

PD
CD

0.03
—0.13

0.06

0.
—0.20
—0.38

2.01
0.77
0.35
-1.25
—3.41

0.07
—0.35
—0.39
—0.40
—0.52

0.29
—0.12
—0.24
—0.18

0.37
0.11
—0.21
—0.08

0.14
—0.07
—0.22
—0.64

RM217

6
7
7
7
8

13

0.12
—0.22
—0.37
—0.13

0.14
0.00
—0.27

RM436

qPPP7.1

0.01
—0.47
—0.79

0.36
—0.47
—0.08

RMS82

gPPP7.2
qPPP7.3
qPPP8

OD

—0.25
—0.19

RM346

PD

1.57

0.06 1.41 1.02 4.30 147

1.48

RM33

OD overdominance, PD partial dominance, CD complete dominance, A additive

? QTL with LOD >3.0 were shown in bold. Tests reported in additive and dominant effects column correspond to QTL detection in CSSL and hybrids, respectively. Note that effect tested in hybrids includes both additive and

dominance effects (see “Materials and methods”)

® Additive and dominant value under header “Mean value across six environments” was using mean value across six environments of PPP trait as basic data to detect average additive and dominant effect of each QTL

¢ Average value of additive effects across six environments
9" Average value of dominant effects across six environments
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Discussion

Usefulness of CSS lines in genetic investigations
and breeding

CSS lines have obvious advantages over conventional
genetic populations when used for heterosis QTL identifi-
cation. Firstly, genetic interactions between alleles at dif-
ferent loci are limited to genes present on the introgressed
segments, since the genetic background of each CSS line is
mostly that of the recurrent (recipient) parent (Howell et al.
1996). Thus, target chromosome segments can be com-
bined to study the interaction between genes or gene cluster
at different chromosome segments by eliminating the
influences of non-target chromosome segments. Secondly,
when CSS lines are crossed with the recurrent parent, the
genetic background of each F; hybrid remains largely
homozygous—except at those locations where an intro-
gression segment is present. This situation simplifies the
dissection of the genetic basis of heterosis. Thus, the
chromosome segments for heterosis can be tested through
whole genome CSS lines and heterosis at different seg-
ments can be further studied. Thirdly, chromosome seg-
ments associated with hybrid sterility, hybrid weakness or
unfavorable heterosis such as extremely long growth
duration and immoderate tall plant height can be directly
located, therefore facilitating selection against unfavorable
alleles causing these traits. Finally, if commercially widely
used parental lines are adopted as recipients or background
parents, superior CSS lines can be directly used as parental
lines for hybrid breeding.

Heterosis of yield-related traits

Heterosis was commonly observed for the yield and yield-
related traits. GPP is a relatively simple trait, which is
highly correlated with grain yield, so it provides a good
illustration of the genetic complexity of yield. The corre-
lation between GPP and yield was the highest of the three
yield-related traits that were considered (Table 2). The
negative correlations between PPP and GWP, GPP, TGW
create an apparent contradiction PPP and these three other
yield-related factors. Understanding the complex relation-
ship between yield and yield-related traits would clearly
help plant breeders to breed for high yield. Meanwhile, the
heritability of GPP is high (Table 4). TGW showed little
heterosis, and was in general less variable than other yield
components. Variation for yield-related traits provides
opportunities for plant breeders, although G x E interac-
tion at different level implies unstable performance of these
traits, which is a problem for breeding programs serving a
wide range of growing environments.

Maximizing the benefits of heterosis in indica x
Jjaponica hybrids is a key aim of hybrid rice breeding. Here,
we were able to show that some of the introgressed indica
segments carried stably expressed heterosis QTL, two
steadily increasing GWP of hybrids over more than five
locations (gqGWP2.2, gGWP5.2), one increasing GPP of
hybrids (¢GPP2), one increasing TGW of hybrids
(gTGW3.3), one increasing PPP of hybrids (¢PPP6), and
these represent useful leads in the search for hybrid yield
improvement. On the other side, the Asominori alleles
at QTL with negative additive effects might be useful in
the improvement of indica inbred lines. Those at QTL
with negative dominant effects might be useful in the
improvement of indica hybrids. More and further research
is needed to confirm these deductions because the genetic
background is different.

Pleiotropic effects of individual loci or tight linkage
between loci in the same region might be responsible for
the significant negative correlation between the two main
yield component traits GPP and PPP (Table 2). The neg-
ative correlation between GPP and PPP may reflect a
source/sink limitation, in that competition for assimilate
forces the plant to compromise between the mean number
of grains which can be filled per panicle and the number of
panicles which can be developed per plant. Such correla-
tions are difficult for plant breeders to overcome. Seven of
the QTL detected affected GPP and PPP simultaneously,
and, as expected, had opposite effects (Tables 6, 8).
Detailed information concerning the loci controlling the
various yield components and their genetic relationships
may help to improve yield potential by allowing the opti-
mization of marker-assisted selection.

The genetic basis of heterosis through QTL mapping

Up to now, several studies have been conducted to try to
understand the genetic basis of heterosis in rice (Xiao et al.
1995; Liet al. 2001; Luo et al. 2001b; Hua et al. 2002, 2003;
Abdelkhalik et al. 2005). However, the causes underlying
this important phenomenon have remained unclear and
none of these studies quantified the gene action of QTL.
According to the statistical method developed by Li et al.
(2008), we employed it in this study to bring complemen-
tary elements on the causes of heterosis in rice. Our anal-
yses allowed the identification of several QTL for each of
the traits investigated. Most individual QTL explained
modest variation (<10%), and only a small number of QTL
in CSS lines and their F; derivatives contributed over 20%
variation individually (Fig. 2), confirming that heterosis is a
polygenic phenomenon (Kusterer et al. 2007).

About half of the 70 QTL showing additive effects in
CSSL had effects stable and large enough to be considered
as targets for inbred line improvement from the CSS lines.

@ Springer
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In addition, ~30% of the QTL showing effects in hybrids
were stably expressed, so that they could be useful in the
context of indica x japonica hybrid breeding. The 13 QTL
which showed significant effects in CSSL and hybrids also
represented an interesting genetic resource in the context of
inbred or hybrid improvement via a design-breeding
approach, as described by Wang et al. (2007). The QTL on
chromosomes 5 (¢qGWP5.1, qGPP5) and 7 (qGWP7.2,
qGPP7.2) negatively affected GWP and GPP, perhaps
because of tightly linkage with hybrid sterility genes such
as §-7, S-24(t) or S-31 (Wan et al. 1996; Kubo et al. 1999b;
Zhao et al. 2007). The use of small chromosome segments
in these regions might facilitate the identification of
favorable linked QTL by avoiding the sterility in indica x
Jjaponica hybrids.

Dominance clearly plays an important role in deter-
mining heterosis in CSS F; hybrids. In our study, the
proportion of QTL showing a gene action of overdomi-
nance was less than that with partial-to-complete domi-
nance. This result was also found in the study conducted by
Xiao et al. (1995). Across all the traits, overdominance
occurred at 28.6% of the loci, 41.4% exhibited partial to
complete dominance, and 30% additive effects. Thus, the
various traits showed different genetic bases for heterosis,
with GWP and GPP being dominated by overdominance
and partial dominance, TGW by partial dominance, and
PPP partly by complete dominance and partly by over-
dominance. These results are largely consistent with the
relevant literature aforementioned. However, although a
relatively lower portion of QTL demonstrated overdomi-
nance, QTL exhibiting high levels of overdominance
effects are not necessarily indicative of true overdominance
(Li et al. 2008), but rather can be the result of dominant
alleles linked in repulsion (pseudo-overdominance).

Considering the characteristics of CSS lines population
(with very low proportion of Indica genome introgression,
see Fig. 1), we did not analyze epistasis between QTL.
Analysis of epistasis was addressed globally considering
that if heritability of a trait is equal to total PVE by the
effects of detected QTL there is no epistasis in F; hybrids
population. From combined analysis, broad-sense herita-
bility of GWP, GPP, TGW, PPP at plot mean level was
77.99, 84.54, 68.56 and 33.90%, respectively, (Table 4).
PVE of detected QTL for GWP, GPP, TGW, PPP was
88.97, 80.89, 68.52, and 27.58%, respectively. This sug-
gests that epitasis globally plays a limited role but may
affect to some extent GWP and PPP traits.

Chromosome segments substitution technology in the
utilization of heterosis from inter-subspecific cross between
indica and japonica rice.

The extent of heterosis expressed in inter-subspecific
crosses follows the general trend: indica/japonica > indical
Jjavanica > japonicaljavanica > indicalindica > japonical
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japonica (Yuan 2003). The indicaljaponica hybrids are
characterized by pronounced heterosis, which can reach
30% in yield terms over what is achievable in intervarietal
indica hybrids. Much effort has therefore been expended on
exploiting this heterosis, but progress has been hindered by
low seed set. The deployment of wide compatibility genes
and the use of intermediate germplasm (instead of typical
indica or japonica lines) are seen as the optimal way
towards maximizing the use of intersubspecific hybrid
heterosis. The cytoplasmic male sterility three-line system
and photoperiod-thermo sensitive genic male sterility two-
line system are the two major technologies currently used
for hybrid rice breeding (Yuan 2003). Both systems are
focused on indica x indica crosses, so further progress is
difficult because of the narrow genetic bottleneck which this
restriction has imposed.

Although it is possible that genomics of indica and
Jjaponica rice could be introgressed into each other through
traditional backcross methods, heterosis is difficult to pre-
dict because of its complicated genetic basis (Yu et al.
2005). To simplify the situation, our conclusion is that the
search for heterosis should be confined to a small number of
chromosome segments, considering materials such as CSS
lines. One feasible strategy therefore would be to use the
parents of currently successful hybrids to create CSS lines,
and use these lines as parents of inter-subspecific hybrids.
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