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Abstract A permanent mapping population of rice con-
sisting of 65 non-idealized chromosome segment substitu-
tion lines (denoted as CSSL1 to CSSL65) and 82 donor
parent chromosome segments (denoted as M1 to M82) was
used to identify QTL with additive effects for two rice
quality traits, area of chalky endosperm (ACE) and amylose
content (AC), by a likelihood ratio test based on stepwise
regression. Subsequently, the genetics and breeding simu-
lation tool QuLine was employed to demonstrate the appli-
cation of the identified QTL in rice quality improvement.
When a LOD threshold of 2.0 was used, a total of 16 chro-
mosome segments were associated with QTL for ACE, and a
total of 15 segments with QTL for AC in at least one envi-
ronment. Four target genotypes denoted as DG1 to DG4
were designed based on the identified QTL, and according to
low ACE and high AC breeding objectives. Target geno-
types DG1 and DG2 can be achieved via a topcross (TC)
among the three lines CSSL4, CSSL28, and CSSL49. Re-
sults revealed that TC2: (CSSL4 x CSSL49) x CSSL28
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and TC3: (CSSL28 x CSSL49) x CSSL4 resulted in
higher DGI1 frequency in their doubled haploid populations,
whereas TC1: (CSSL4 x CSSL28) x CSSL49 resulted
in the highest DG2 frequency. Target genotypes DG3 and
DG4 can be developed by a double cross among the four
lines CSSL4, CSSL28, CSSL49, and CSSL52. In a double
cross, the order of parents affects the frequency of target
genotype to be selected. Results suggested that the double
cross between the two single crosses (CSSL4 x CSSL28)
and (CSSL49 x CSSL52) resulted in the highest fre-
quency for DG3 and DG4 genotypes in its derived doubled
haploid derivatives. Using an enhancement selection meth-
odology, alternative ways were investigated to increase the
target genotype frequency without significantly increasing
the total cost of breeding operations.

Introduction

The rapid progress in the development of polymorphic
molecular markers has led to the intensive use of QTL
mapping in genetic study for quantitative traits (Lander and
Botstein 1989; Zeng 1994; Piepho 2000; Dekkers and
Hospital 2002; van Eeuwijk et al. 2002; Wan et al. 2004,
2005; Wang et al. 2006). The mapping populations re-
quired for QTL detection, such as F,, backcross, recom-
bination inbred lines (RIL), and doubled haploids (DH),
can be classified into two categories, temporary popula-
tions and permanent populations. In a permanent popula-
tion such as RIL and DH, each individual in the population
is genetically homozygous at all loci, and the genetic
composition will not change during self-pollination. Thus,
permanent populations allow precisely determining the
phenotype of complex quantitative traits through replicated
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experiments, and the same genotype can be repeatedly
tested under different environments to the study of geno-
type or QTL X environment interaction (Piepho 2000;
van Eeuwijk et al. 2002).

More recently, permanent populations consisting of
series of chromosome segment substitution (CSS) lines
have been used for gene introgression and fine mapping
(Eshed and Zamir 1995; Tanksley and Nelson 1996;
Nadeau et al. 2000; Kubo et al. 2002; Belknap 2003;
Cowley et al. 2003). The advantage of such mapping
population is that segregation in each individual is re-
stricted to a small segment of the genome, whereas the
individuals in RIL and DH populations may differ at loci
across the entire genome. Consequently, confounding
interaction effects are much smaller in CSS lines as com-
pared to RIL and DH populations.

QTL discovery and variety development are in general
separate processes, and how QTL mapping results can be
used to pyramid desired alleles at various loci has only
been rarely addressed in the literature (Tanksley and Nel-
son 1996; Young 1999). Further, most QTL-mapping re-
sults are rarely used by breeders for various reasons. These
include the lack of information on QTL by environment
interactions, which is related to yield stability and hence
one of the major generic-breeding objectives (Cooper et al.
2005). In addition, information on gene action of QTL in
the new genetic background which is different from the
background in which the original marker discovery re-
search was carried out is often lacking (Mackill and Ni
2001). Hence, the linkage phase is unknown and generally
extensive validation of the marker-trait linkage phase is
required across all parental stocks commonly used by
breeders. Third, breeders prefer diagnostic markers or
markers closely linked to target QTL, as both false posi-
tives and false negatives can seriously affect the impact of
marker-assisted selection in a breeding program. Finally,
an additional reason for the reluctance in applying QTL
results to crop improvement is the lack of appropriate tools
that can combine the different types of biological infor-
mation and turn complex and voluminous data into
knowledge that can be applied in breeding.

QuLine (previously called QuCim) is a genetics and
breeding simulation tool that allows integrating various
genes with multiple alleles which operate within epistatic
networks and differentially interact with the environment
interaction, and predict the outcomes from a specific cross
following the application of a real selection scheme (Wang
et al. 2003, 2004). It therefore has the potential to bridge
the vast amount of biological data and breeder’s queries
optimizing selection gain and efficiency. QuLine has been
used to compare two different selection strategies (Wang
et al. 2003), study the effects on selection of dominance
and epistasis (Wang et al. 2004), predict cross performance
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using known gene information (Wang et al. 2005), and
optimize marker- assisted selection to efficient pyramid
multiple genes (Wang et al. 2007).

The objectives of this study were (1) to re-analyse the
rice QTL mapping dataset used in Wan et al. (2004, 2005)
by a novel mapping method with non-idealized CSS lines
to identify QTL with additive effects for two quality traits,
i.e., the area of chalky endosperm (ACE) and amylose
content (AC), and (2) to utilize the identified marker-QTL
associations in designing a breeding methodology to de-
velop low ACE and high AC rice inbred lines.

Material and methods
A CSS population consisting of 65 non-idealized lines

A permanent population consisting of 65 rice CSS lines
(denoted as CSSL1 to CSSL65) and 82 chromosome seg-
ments (denoted as M1 to M82) was used as the mapping
population in this study (Fig. 1). The two parents are the
Oryza sbsp. japonica rice variety Asominori (the back-
ground or recurrent parent) and the indica rice variety IR24
(the donor parent) (for details about this population, see
Tsunematsu et al. 1996; Kubo et al. 2002; Wan et al.
2004). Each chromosome segment was represented by a
marker, and the linkage distance between the 82 markers is
given in Table 1. Each CSS line in the population contains
one or a few segments from the donor parent. On average,
each substitution segment exists in 3.7 CSS lines, and each
CSS line carries 4.6 segments from the donor parent
(calculated from Fig. 1).

Phenotypic data of ACE and AC

Rice quality is a complex trait consisting of many com-
ponents such as milling, appearance, nutrition, cooking and
eating qualities. Among these qualitative properties, con-
sumers pay more attention to the fine appearance and eat-
ing quality (Huang et al. 1998; Wan et al. 2004). For the
improvement of appearance, milling and edibility, the
endosperm of high-quality rice varieties should be free of
chalkiness (low or zero ACE), since chalky grains have a
lower starch granule density compared to vitreous grains,
and are therefore more prone to breakage during milling. In
addition, chalkiness reduces the palatability of cooked rice
since longitudinal and transverse cracks occur easily in
chalky kernels when the grain is steamed or boiled. It has
been established that AC is the most important factor
affecting edibility of rice, and low ACE and high AC are
generally favored in rice quality improvement. It has to be
noted that rice end-use quality and the breeding objectives
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Fig. 1 A CSS population consisting of 65 CSS lines and 82 chromosome segments derived from the two rice parents, japonica Asominori
and indica IR24, where Asominori is the background parent (represented by 0) and IR24 is the donor parent (represented by 2)

are varied due to different consumer preferences and tra-
ditions in different countries.

The 65 CSS lines along with their two parents were
grown in two replications in eight different environments,
denoted as E1 to E8 (Wan et al. 2004, 2005). ACE and AC
were assessed using accepted methods.

A likelihood ratio test based on stepwise regression
for QTL mapping with non-idealized 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 as shown 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 unselected
mapping population. Similarly, standard mapping methods
such as interval mapping (Lander and Botstein 1989),
composite interval mapping (Zeng 1994), and inclusive
composite interval mapping (Li et al. 2007) are not suitable
either. We propose a likelihood ratio test based on stepwise
regression (abbreviated as RSTEP-LRT hereafter, available
from http://www.isbreeding.net/software.html), ~ where
stepwise regression is used initially to select the most
important chromosome segments for the trait of interest,

and followed by the likelihood ratio test to calculate the
LOD score of each segment. Three major steps are in-
cluded in the RSTEP-LRT method (Wang et al. 2006).

Stepl: Reducing multicollinearity among marker variables

When using the linear regression model of phenotype on
marker variable in a non-idealized CSS population, the
multicollinearity among markers is an obvious problem.
The level of multicollinearity can be assessed by the
variable inflation factor and the condition number (Myers
1990). In this study we consider the condition number,
which is defined as k = Amax /Amin, Where Apax and Amin
are the maximum and minimum eigenvalues of the cor-
relation matrix between markers, respectively. As an
informal rule (Myers 1990), 1,000 was used as the
threshold value for the condition number in QTL mapping
with CSS lines. The sequential process for decreasing
multicollinearity was: if marker pairs have a perfect
correlation, (i.e., correlation coefficient equal to 1) one of
them can be randomly deleted; if the correlation is high,
but not perfect, the marker present in more CSS lines than
the other marker is deleted, so that the mapping popula-
tion will gradually approach an idealized one. The pro-
cedure was repeated until the threshold condition number
of 1,000 was reached (for more details see Wang et al.
2006).
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Step 2: Identifying the most important marker variables
using stepwise regression

Suppose two parents, P; (the background parent), and P,
(the donor parent) differ in # markers. A total of n CSS
lines were derived from the two parents through advanced
backcrossing and marker-assisted background selection.
As a result, most of the chromosome segments in these
CSS lines are expected to derive from the background
parent P;. The phenotypic value for a quantitative trait of
interest of the jth CSS line, y;, can be represented by a
linear model, i.e., yj = by + > :_, bixji + ¢;, where j =0
(for the background parent), 1, 2, ..., n, by is the intercept,
b; (i =1, .., 1) is the partial regression coefficient of the
phenotype on the ith marker, x;; is the indicator variable
for the ith marker in the jth CSS line, which is equal to
—1 if the marker type is the same as in Py, and 1 if the
marker type is the same as in P,, and e; is the random
experimental error. Stepwise regression was used to select
the most important marker variables and determine the
estimates for the parameters in the above-shown linear
model. 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.

Step 3: Calculating LOD score of each chromosome
segment

Assuming there is one QTL on the ith chromosome
segment with two alleles ¢ and Q, where g is present in
Py, and Q in P,. The observation values can be adjusted
by Ayj=yi—>, 4i bxj, which maintains the QTL
information on the current segment, but at the same time
eliminates the effects from QTL on other segments.
Rearrange Ay; and let j =0, 1, 2, .., n; represent the
CSS lines having P, marker type, and j = n; + 1, n; + 2,
..., n refer to the CSS lines having P, marker type. Thus
Ay; follows the distribution N(u;, ai) for j=0,1, 2, ...,
ny and the distribution N(u,, 0}1) for j=n;+ 1, n; + 2,
..., n, where N(u;, 03) and N(uo, 03) represent the nor-
mal distributions of the two QTL genotypes gg and QOQ,
respectively. The existence of QTL in the current chro-
mosome segment can be tested by the following
hypotheses Hy :u; = up versus Hy iy # pp. Under the
null hypothesis Hy, Ay; follows the same normal distri-
bution denoted by N(uy, J%). The mean and variance of
this distribution can be estimated as,

n

(Ay; — Mo)z-
=0

I < 1
= Ay; and o2 =
:uO n+1FZO yj an GO n_l’_l

The log-likelihood function under H, can be calculated
as,

n
Ly =Y Inf(Ay;; 1o, 03),
=0
where f(Ay; ;uo, 63) is the density function for the normal
distribution N(uo, 63). The log-likelihood function under
the alternative hypothesis H} is,

Ly =Y Inf(Ayip,on) + Y Inf(Aysi iy, 03),
Jj=0 Jj=n1+1

where

LA LS Ay ana
n = Vi, Hy = Vi an

1 n + 1 = J 2 n— nlj:nl+1 J

1 S 2 . 2

0§=n+1 Ay =)+ > (Ay— )
j=0 Jj=ni+1

Therefore, the likelihood ratio test can be derived from the
two likelihoods under the two hypotheses, from which the
LOD score of the current chromosome segment can be
calculated.

The genetics and breeding simulation tool QuLine

QuLine is a QU-GENE application module that was spe-
cifically developed to simulate the wheat-breeding pro-
grams at the International Maize and Wheat Improvement
Center (CIMMYT) (Podlich and Cooper 1998; Wang et al.
2003, 2004), but has the potential to simulate most, if not
all, breeding methodologies for developing inbred lines.
The breeding methods that can be simulated in QuLine
include mass selection, pedigree breeding (including single
seed descent), bulk population breeding, backcross breed-
ing, topcross (or three-way cross) breeding, doubled hap-
loid breeding, marker-assisted selection, and combinations
and modifications of these methods. The chromosomal
locations of genes and markers, and their occurrence in
specific parents can be explicitly and precisely defined.
Simulation experiments can therefore be designed to
compare the breeding efficiency of different selection
strategies under a series of pre-determined genetic models.

QuLine was used in this study to simulate topcrosses
among three selected CSS lines, doublecrosses among four
selected CSS lines, and to generate the segregating
breeding populations. Then various selection schemes were
applied in different generations. The target genotype was
selected by markers. As an example, the simulation process
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Fig. 2 Diagram of the crossing and selection process of a top cross.
For Scheme 1, selection was conducted with 1,000 DH lines derived
from 200 TCF, individuals. For Scheme 2, an enhancement selection
was first conducted with 200 TCF; individuals. Then 800 DH lines
were derived from those retained individuals. Finally, the target
genotypes were selected with the 800 DH lines. For Scheme 3, an
enhancement selection was first conducted with the 200 TCF,
individuals. Then 200 TCF, individuals were derived from those
retained TCF, individuals. Enhancement selection was applied again
with the 200 TCF, individuals. Finally, the 600 DH lines were derived
from those retained TCF, individuals, from which the target
genotypes were selected

for a topcross and three selection schemes are shown in
Fig. 2. The three selection schemes require the same
amount of DNA samples. As marker analysis is becoming
increasingly cheaper, the costs of plant/line operations such

as handling, tagging, leaf sampling and DNA extraction
constitute a major part of the costs in marker-assisted
breeding. Therefore the three selection schemes may re-
quire similar financial resources.

Results

Threshold LOD score of QTL mapping
with non-idealized CSS lines

A problem common to QTL mapping methods is the dif-
ficulty determining the threshold LOD score, or likelihood
ratio (LR) test (Lander and Botstein 1989; Zeng 1994;
Churchill and Doerge 1994). A LOD threshold between 2
and 3 was proposed in Lander and Botstein (1989) to en-
sure an overall false positive rate of 5%. A permutation test
was recommended by Churchill and Doerge (1994) to
determine an appropriate threshold for the experimental
data at hand. When permutation tests were applied in
RSTEP-LRT, the probability of LOD > 2.0 was found to be
lower than 0.05 in any environment for ACE (Table 2).
The probability was also lower than 0.05 for AC in all
environments except E4 (Table 2).

For a specific mapping population, higher threshold
values result in a lower power, and therefore QTL with
small effects cannot be readily identified. Lower thresholds
result in higher powers, but also endure higher false posi-
tive rates. The appropriate significance level to be used
depends on the purpose of the mapping experiment. If QTL
mapping is performed with the eventual goal of cloning
QTL or introgressing a few QTL with large effects, a

Table 2 Accumulated probability of LOD score, P (LOD < x), from permutation tests

X El E2 E3 E4 E5 E6 E7 E8
Area of chalky endosperm (ACE)

2 0.9647 0.9613 0.9622 0.9660 0.9613 0.9700 0.9605 0.9615
2.5 0.9740 0.9695 0.9716 0.9742 0.9720 0.9789 0.9687 0.9744
3 0.9809 0.9744 0.9796 0.9822 0.9795 0.9853 0.9762 0.9807
3.5 0.9876 0.9805 0.9856 0.9865 0.9845 0.9907 0.9822 0.9844
4 0.9924 0.9860 0.9889 0.9904 0.9875 0.9938 0.9860 0.9880
4.5 0.9953 0.9882 0.9922 0.9931 0.9913 0.9958 0.9898 0.9915
5 0.9971 0.9911 0.9944 0.9949 0.9935 0.9973 0.9918 0.9931
Amylose content (AC)

2 0.9511 0.9653 0.9555 0.9473 0.9622 0.9673 0.9584 0.9529
2.5 0.9602 0.9733 0.9675 0.9560 0.9707 0.9749 0.9673 0.9602
3 0.9675 0.9802 0.9745 0.9633 0.9765 0.9822 0.9736 0.9680
3.5 0.9736 0.9847 0.9804 0.9698 0.9809 0.9864 0.9791 0.9755
4 0.9778 0.9898 0.9845 0.9745 0.9875 0.9900 0.9849 0.9809
4.5 0.9807 0.9927 0.9875 0.9787 0.9911 0.9924 0.9880 0.9838
5 0.9855 0.9942 0.9905 0.9824 0.9931 0.9942 0.9898 0.9856
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Table 3 Chromosome segments showing QTL for ACE in the CSS population derived from japonica Asominori and indica IR24
Chromosome 1 2 3 3 5 5 7 7 7 8 8 8 9 10 12 12
Segment M4 M18 M21 M23 M35 M39 M49 M50 M51 M54 MS56 M5S7 MS9 M69 M77 MT9
LOD* El 000 026 001 000 187 000 0.12 0.03 0.03 001 002 6.06 047 001 017 0.61
E2 000 105 288 466 095 0.14 035 030 011 013 584 392 289 022 012 005
E3 206 403 000 020 084 260 005 961 464 004 004 398 336 435 089 217
E4 0.04 004 000 403 005 032 004 002 049 070 0.05 1589 626 257 0.10 0.24
ES5 035 066 041 313 040 0.00 4.09 1251 1653 2.04 318 556 9.04 031 042 0.15
E6 013 038 106 135 030 022 032 002 018 000 016 184 415 09 029 0.05
E7 008 507 022 021 004 026 147 033 0.07 003 552 633 407 166 4.04 0.01
E8 001 000 002 045 216 154 001 0.02 001 067 0.17 1689 10.01 0.01 0.00 0.00
ADD® El -0.11 -072 -0.12 -0.08 -2.13 006 -036 -0.19 025 -0.13 0.7 413 127 008 -035 -1.99
E2 -007 221 -298 435 -211 078 -0.88 -0.89 -0.72 054 443 451 462 -072 -043 -0.78
E3 389 469 0.11 -084 -203 -3.66 032 -612 511 -032 035 462 516 357 -121 5.68
E4 -024 -023 -0.04 205 -025 -061 -0.16 012 076 -0.67 -0.18 584 371 132 -020 -091
E5 1.06 122 -0.75 242 -094 007 230 -519 828 -159 220 386 640 0.60 -0.55 0098
E6 -122 173 -229 288 -153 -130 -1.11 -030 -1.14 013 086 379 738 -187 -085 1.04
E7 -052 374 -056 061 -031 -0.78 -137 -0.69 -041 -0.19 311 429 4.01 144 -191 -0.21
E§ -009 005 -0.11 0.63 -1.63 -131 -0.09 -0.12 0.09 -0.62 -033 594 495 -009 003 0.09
PVE® El 001 048 002 001 415 000 023 0.06 0.06 0.03 0.04 1560 1.00 0.01 034 1.24
E2 000 224 6.60 1144 204 028 0.69 059 024 026 1454 936 6.66 046 025 0.10
E3 361 776 001 033 145 473 0.07 2128 919 0.07 007 754 635 853 153 391
E4 004 005 000 562 006 038 005 003 05 08 0.05 3466 949 335 0.11 029
ES5 035 068 041 351 041 000 4.61 19.86 31.26 218 357 6.79 1265 031 041 0.15
E6 046 137 388 499 107 078 107 007 060 0.02 055 660 1693 3.06 098 0.17
E7 011 828 029 029 006 036 213 046 0.10 0.04 925 1089 6.44 233 6.37 001
E8 001 000 002 052 266 170 002 002 001 073 0.17 3508 1653 0.01 0.00 0.00

% LOD score, bolded when over 2.0

° Additive effect, bolded when the corresponding LOD score over 2.0

¢ Percentage of variance explained by the QTL, bolded when the corresponding LOD score over 2.0

stringent threshold of LOD such as 3.00 should be used for
QTL mapping with a CSS population. However, if the goal
is to exploit QTL information in marker-assisted selection
for a complex trait, a less stringent LOD threshold such as
2.0 may be appropriate, as the false positive will have
limited influence on the results from marker-assisted
selection. Therefore, the threshold LOD of 2.0 was applied
when we conducted the QTL mapping for ACE and AC,
according to our goal to derive rice inbred lines combining
multiple favorable alleles through marker-assisted selec-
tion.

QTL for ACE and AC estimated from 65 non-idealized
CSS lines

The donor parent IR24 has larger ACE and higher AC
compared with the background parent Asominori. Trans-
gressive segregation was observed for both traits in the
CSS population in all environments (results not shown).

ANOVA showed that there were significant differences on
ACE and AC among the 65 CSS lines and Asominori.
Environmental effects and genotype by environment
interactions were also significant. For ACE, the estimated
genotypic variance (i.e., 15.21) was almost three times the
interaction variance (i.e., 5.39), while the environmental
variance was relatively small (i.e., 1.73). For AC, the
environmental variance was the largest variance compo-
nent (i.e., 1.29), and the genotypic variance (i.e., 0.65) was
about twice the magnitude of the interaction variance (i.e.
0.31). Due to significant genotype by environment inter-
actions, QTL mapping was separately conducted for each
environment.

When the LOD threshold of 2.0 was applied, a total of
16 chromosome segments demonstrated the existence of
QTL for ACE in at least one environment. These QTL are
distributed on 9 of the 12 rice chromosomes, one each on
chromosomes 1, 2, 9, and 10, two each on chromosomes 3,
5, and 12, and three each on chromosomes 7 and 8. QTL on
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Table 4 Chromosome segments showing QTL for AC in the CSS population derived from japonica Asominori and indica IR24

Chromosome 1 1 1 1 2 3 3 6 8 9 9 10 10 11 12
Segment M3 M4 M6 M9 M14 M19 M23 M4l M57 M59 M60 M63 M6e4 M73 MT9
LOD* El 000 263 005 223 489 007 022 1.50 630 491 216 002 4.06 019 026
E2 094 373 000 012 022 010 3.68 220 1259 532 0.02 0.10 0.00 074 0.01
E3 398 067 243 003 1.65 147 023 0.21 895 444 543 005 0.04 0.00 0438
E4 047 265 018 017 0.17 000 002 003 770 128 1.33 357 054 208 0385
E5 094 033 0.01 1.00 213 036 0.21 020 448 344 0.38 0.00 0.02 0.02 3.63
E6 3.08 0.67 0.01 4.19 178 310 0.00 006 6.60 0.13 0.23 0.03 023 052 1.59
E7 053 0.10 0.05 0.01 222 001 3.09 0.01 494 514 2.65 0.03 0.04 0.00 0.02
E8 0.04 025 1.08 023 260 003 0.01 005 725 4.65 4.34 149  0.06 0.11 0.00
ADD"  El 000 080 -0.10 -0.60 -0.93 -0.17 0.16 -049 109 113 052 -005 084 021 0.33
E2 033 085 -0.02 012 -0.16 0.18 061 -0.52 152 1.04 0.05 0.11 -0.02 -0.36 -0.05
E3 062 029 057 005 -038 -0.61 0.12  -0.13 1.02 080 0.65 -0.06 -0.06 -0.01 0.35
E4 025 076 0.19 -0.15 -0.15 001 0.04 -006 118 052 038 074 027 0.67 -0.58
E5 032 023 004 -033 -050 -034 0.13 -015 075 079 0.18 -0.02 -0.04 006 1.14
E6 074 039 -0.04 -087 -055 -125 -0.01 009 115 018 0.17 -0.07 -0.19 035 0.88
E7 027 0.14 010 004 -057 006 0.0 -0.04 090 112 0.56 0.07 -0.08 -0.03  0.09
E§ -0.07 -022 047 -0.17 -061 0.10 0.02 -008 112 1.03 0.71 045 -0.09 0.15 0.00
PVE® El 000 560 0.09 468 1131 0.14 044 3.08 1542 11.34 4.54 004 916 038 050
E2 153 6.69 000 019 034 016 6.61 3.74 3154 10.01 0.04 0.16  0.00 1.21 0.01
E3 635 095 360 004 242 212 033 029 1722 714 9.01 0.06 0.06 0.00 0.68
E4 .16 716 045 042 041 0.00 0.04 0.07 2512 330 3.38 9.90 135 547 210
E5 1.74  0.60 0.02 1.81 410 0.66 038 036 939 696 0.67 0.01 003 0.03 742
E6 6.27 1.20  0.01 874 345 623 000 0.10 1532 024 042 005 042 096 3.08
E7 136 025 012 003 614 002 887 0.04 1525 16.02 7.58 0.08  0.11 0.01 0.06
E8 0.07 042 1.89 038 482 004 0.01 0.08 1599 9.25 8.59 260 0.10 0.18 0.00
4 LOD score, bolded when over 2.0
° Additive effect, bolded when the corresponding LOD score over 2.0

¢ Percentage of variance explained by the QTL, bolded when the corresponding LOD score over 2.0

M57 and M59 were detected in seven environments
(Table 3), and the alleles from IR24 at the two loci con-
stantly increased ACE in all environments, indicating they
both have a high stability for ACE. The QTL on M57
explained from a minimum of 6.60% of phenotypic vari-
ance in E6 (the least) to a maximum of 35.08% in E8 (the
highest), and the QTL on M59 explained a minimum of
1.00% of phenotypic variance in E1 (the least) to a maxi-
mum of 16.93% in E6 (the highest). The remaining QTL
were only detected in one to three environments (Table 3).
These minor QTL have smaller effects compared with QTL
on M57 and M59 and the effects depend on environment
(Table 3), which may be called minor QTL. It should be
noted that the minor QTL on M35 was detected only in ES,
but had high stability, constantly decreasing ACE in all
environments. Such minor QTL should also be considered
in gene pyramiding to maximize the genetic gain once
major QTL have been fixed.
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A total of 15 chromosome segments demonstrated the
existence of QTL for AC in at least one environment.
These QTL are also distributed on nine chromosomes,
one each on chromosomes 2, 6, 8, 11 and 12, two each on
chromosomes 3, 9 and 10, and four on chromosome 1
(Table 4). The QTL on M57 were detected in eight
environments, and the QTL on M59 was detected in se-
ven environments. The alleles from IR24 at the two loci
constantly increased AC in all environments, indicating
their high stability on AC. The QTL on M57 explained
from a minimum of 9.39% of phenotypic variance in ES
(the least) to a maximum of 31.54% in E2 (the highest),
and the QTL on MS59 explained from a minimum of
0.24% of phenotypic variance in E6 (the least) to a
maximum of 16.02% in E7 (the highest). Other QTL were
only detected in one to four environments (Table 4). In
the case of AC, a minor QTL on M60 was detected in El,
E3, E7, and ES8, and the allele from IR24 constantly
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Table 5 Average additive effects on ACE and AC of eight chromosome segments, and their marker types, observed phenotypic values and
predicted genotypic values of some designed genotypes and selected CSS lines

Chromosome segment M4 M14 M23 M35 M56 M57 M59 M60  Observation Prediction

Effect on ACE 1.50 -137 133 462 4.69 ACE (%) AC (%) ACE (%) AC (%)
Effect on AC 041 -0.48 1.09 083 040

Asominori 0 0 0 0 0 0 0 0 4.76 15.12 6.05 15.58
DGl1 2 0 0 2 0 0 0 2 3.32 17.19
DG2 2 0 0 2 0 2 0 2 12.56 19.37
DG3 2 0 0 2 0 0 2 2 12.69 18.85
DG4 2 0 0 2 0 2 2 2 21.94 21.03
CSSL4 2 0 0 0 0 0 0 0 7.32 16.47 6.05 16.40
CSSL28 0 0 0 2 0 0 0 0 2.11 15.21 3.32 15.58
CSSL49 0 0 0 0 2 2 0 2 19.30 17.76 17.95 18.56
CSSL52 0 0 0 0 0 0 2 0 15.70 17.19 15.42 17.24

Note ‘0’ represents the Asominori chromosomal segment, and ‘‘2’’ represents the IR24 chromosomal segment

Fig. 3 Correlation relationship A 22¢ B 19r
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for ACE and AC g 16} S ° o
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S 14| — < o o
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< 12+ =
o 10} = c® o o©
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5 8l 5 16
3 sl S O XXTIATTID ADO
o a
4 @ r=0812" 15f r = 0.809**
ol oo o
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Obervation across the eight environments Obervation across the eight environments

increased AC in all environments, and can be considered increases ACE in other environments. However the effects
as another stable minor QTL. in E1 and E3, are relatively small compared with those in

QTL on M4, M23, M57, M59, and M79 showed effects other environments (Table 3). Similarly, the QTL on M56
on both traits, and QTL on M57 and M59 are the two major  has negative effects on ACE in E4 and ES, but these effects
genes increasing ACE and AC simultaneously. This is in ~ are minor compared to its positive effect in other envi-
agreement with the high-positive correlation (r = 0.69%%) ronments (Table 3). The negative effect of the QTL on

between ACE and AC in the CSS population. M14 on AC is relatively small compared to the positive

effects in other environment (Table 4), and effects of the
Design of the target genotype based on the identified two QTL on M14 and M60 have the same direction on AC
marker-QTL associations (Table 4), hence they are relevant in improving the genetic

gain on AC. As stated before, the QTL on M35 constantly
Not all QTL in Tables 3 and 4 are useful in designing the  decreases ACE in all environments and was considered in
target genotype if the breeding objective is to develop  designing the target genotype.
inbred lines with improved performance across all envi- QTL described above and their average effects on ACE
ronments. Implicitly, the two major QTL on chromosome  and AC are given in Table 5, which allowed acquiring the
segments M57 and M59 are most important due to their  target genotype with relatively low ACE and high AC.
high stability. To maximize genetic gain, we also consid-  With these gene effects, the correlation coefficient between
ered QTL with significant effects in three or more envi-  observed values and predicted values is 0.812 for ACE, and
ronments. They are QTL on M23 and M56 affecting ACE,  0.809 for AC (Fig. 3). The observed ACE and AC of
and QTL on M4, M14, and M60 affecting AC (Tables 3, Asominori are 4.76 and 15.12%, while the predicted ACE
4). The QTL on M23 decreases ACE in El1 and E3, but and AC are 6.05 and 15.58%, respectively (Table 5).

@ Springer



96

Theor Appl Genet (2007) 115:87-100

Table 6 Percentage of the designed genotype in doubled haploid population derived from a top cross or double cross (number in brackets was

standard error)

Top cross (TC)

DGl DG2

TC1: (CSSL4 x CSSL28) x CSSL49
TC2: (CSSL4 x CSSL49) x CSSL28
TC3: (CSSL28 x CSSL49) x CSSL4

1.272 (0.196)
2.066 (0.307)
2.084 (0.313)

0.298 (0.064)
0.269 (0.089)
0.267 (0.084)

Double cross (DC)

DG3

DG4

DCI: (CSSL4 x CSSL28) x (CSSL49 x CSSL52)
DC2: (CSSL4 x CSSL49) x (CSSL28 x CSSL52)
DC3: (CSSL4 x CSSL52) x (CSSL28 x CSSLA49)

0.207 (0.097)
0.145 (0.057)
0.144 (0.058)

0.027 (0.025)
0.019 (0.017)
0.019 (0.017)

For QTL with no pleiotropic effects, the direction of
their average additive effects (Table 5) permits easy
determination whether the target genotype should have
the allele from Asominori or IR24. The alleles from IR24
on segments M23 and M56 have positive effects on ACE.
Therefore, the segments from Asominiro should be pres-
ent in the target genotype so as to reduce ACE. In con-
trast, the allele from IR24 on segments M35 has negative
effect on ACE, and the segment from IR24 should be
present. Based on the same principle, the IR24 segments
of M4 and M60, and the Asominori segment of M14
should be present in the target genotype to increase AC
(Table 5).

The two QTL on M57 and M59 have pleiotropic effects
on both traits and so we gave the four possible genotypes,
denoted as DG1 to DG4 (Table 5). As expected, DG1 has
the lowest-predicted genetic values on ACE, and DG4 has
the highest-predicted genetic values on AC. Compared
with Asominori, DG1 has lower ACE but higher AC,
which can be considered as an improvement of Asominori.
DG2, DG3, and DG4 have high values on both ACE and
AC. When maximizing AC is the breeding objective while
ACE is less important, DG3 and DG4 may be used as target
genotypes.

Achievement of the target genotype by optimum
crossing strategies

This section illustrates the most efficient methodology in
selecting the four designed genotypes (Table 5) using
QuLine.

From their genotypic constitution, we can see DG1 and
DG2 can be achieved from a topcross among the three lines
CSSL4, CSSL28, and CSSLA49. There are three options to
conduct the topcross, based on which line is used in the
second crossing, ie., TCl: (CSSL4 x CSSL28) x

CSSL49. TC2: (CSSL4 x CSSL49) x CSSL28, and
TC3: (CSSL28 x CSSL49) x CSSL4. Under the
assumption of the absence of linkage, the parent with the
largest number of favorable alleles should be used as
the third parent to maximize the frequency of favorable
alleles, as the third parent has the largest contribution to
their progeny (Wang et al. 2007). In our study, M56 and
M57, and M59 and M60 are linked on chromosomes 8 and
9, respectively (Table 1). Hence, there is no simple answer
to the question which topcross will yield in the highest
frequency of the target genotype. Via 1000 simulation runs,
we established that TC2 and TC3 resulted in a higher DG
frequency in their DH populations, whereas TC1 resulted

Table 7 Number of the designed genotype in doubled haploid population derived from a top cross and selection scheme (number in brackets

was standard error)

Designed genotype Selection scheme

TC1: (CSSL4 x CSSL28)

TC2: (CSSL4 x CSSLA49) TC3: (CSSL28 x CSSL49)

x CSSL49 x CSSL28 x CSSL4
DGl Scheme 1 12.72 (3.86) 20.77 (5.30) 20.71 (5.31)
Scheme 2 40.48 (6.17) 66.40 (8.84) 66.48 (8.79)

Scheme 3 100.41 (14.61) 141.75 (17.63) 141.95 (17.63)
DG2 Scheme 1 2.95 (1.73) 2.70 (1.80) 2.69 (1.77)
Scheme 2 9.50 (3.05) 17.21 (5.24) 17.24 (5.26)

Scheme 3 43.63 (10.44) 62.47 (14.86) 62.33 (14.74)
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in the highest DG2 frequency (Table 6). Consequently, if
the target genotype is only selected from DH lines, TC2 or
TC3 should be made for selecting DG1, but TC1 should be
made for selecting DG2.

Four lines are required to select DG3 and DG4, i.e.,

CSSL4, CSSL28, CSSL49, and CSSL52 (Table 5). The
order of parents in a double cross also affects the frequency
of the target genotype to be selected. Simulation results
revealed that the double cross between the two single
crosses (CSSL4 x CSSL28) and (CSSL49 x CSSL52)
resulted in the highest frequency of both DG3 and DG4
(Table 6) in the derived doubled haploid population. The
reason here for the difference in the target genotype fre-
quency is the linkage between M59 and M60 (recombi-
nation frequency is r = 0.2789).
Letting 53,98, 3%, and 33 represent the four genotypes of
CSSL4, CSSL28, CSSL49, and CSSL52 at M59 and M60,
respectively (Table 5), the genotypes of the two F; hybrids
between CSSL4 and CSSL28, and between CSSL49 and
CSSL52 are, %, and %, respectively. The four genotypes
%,%,%, and % have frequencies %r,%(l - r),%(l —r),
and %r in the F, of DC1 (Table 6), respectively, and % is
the only one to derive the target genotype of % Thus the
frequency of the target genotype in its derived DH lines is
1rx3(1—r)=1r(1 —r). For DC2 (Table 6), two geno-
types of the two F; hybrids are 09, and 32, respectively.
Individuals in its F, generation to derive the target geno-
type is g_(z) and have the frequency of %. Thus the frequency
of the target genotype in its derived DH lines is
% X %r = %r. As O<r< %, it can be easily seen that
+r(1 = r)>1r, which explains the higher target frequency
in DC1 (Table 6).

Fig. 4 Frequency distribution A 5or
of the number of DG1 defined in a0
Table 5. The three selection

schemes were defined in Fig. 2

Frequency (%)

Frequency (%)

Frequency (%) o

We want to make two points here. First, people may
normally ignore the importance of the order in selecting
parents to make a double cross when considering each
parent has the same contribution of 25%. When target
genes are linked, the order of parents in a double cross
affects the frequency of target genotype, as shown in
Table 6. Therefore simulation can help correct some intu-
itive misleading and help identify the optimum crossing
strategy. Second, we gave an explicit explanation in our
double cross example, where only one couple of two linked
QTL affect the difference in target genotype frequency.
When two or more couples of linked QTL are included,
there may be no theoretical way to select the best crossing
strategy. Simulation is not limited by the number of linked
QTL, and therefore is of great value in plant breeding when
more and more QTL information becomes available.

Achievement of the target genotype by optimum
selection strategies

Considering the low frequency of the target genotype in
the breeding population, a multi-stage selection scheme
(Wang et al. 2007) can be adopted, i.e., schemes 2 and 3
in Fig. 2. Taking DG2 as an example to illustrate the
enhancement selection process. In the F; generation of
TC1, the genes on M4 and M35 are segregating (i.e.,
multiple genotypes for each locus), so enhancement
selection can be applied to select heterozygous individ-
uals on M4 and M35. The genes on M56, M57, and
M60 are in the heterozygous stage, hence no enhance-
ment selection can be applied. In the F; generation of
TC2, the genes on M4, MS56, MS57, and M60 are

TC1: CSSL4/CSSL28//CSSL49

—O— Scheme 1

—0—Scheme2 —@—Scheme3

TC2: CSSL4/CSSL49//CSSL28

TC3: CSSL28/CSSL49//CSSL4

Number of target genotypes selected
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Fig. 5 Frequency distribution A r
of the number of DG2 defined in a0
Table 5. The three selection

schemes were defined in Fig. 2

Frequency (%)

Frequency (%) w
w
o

Frequency (%) ()

segregating, and enhancement selection can be applied to
selected individuals which are heterozygous on these
segments. For TC3, enhancement selection can be ap-
plied to select heterozygous individuals on M35, M56,
M57, and M60. A three-stage selection scheme is com-
monly used in breeding (i.e., scheme 3 in Fig. 2). To do
this, the selected TCF, individuals from scheme 2 were
self pollinated to have the TCF, generation with a
population size of 200 (Fig. 2). Genes on all the five
segments are segregating in TCF,, and therefore
enhancement selection for individuals carrying one or
two target alleles at the five segments M4, M34, M56,
M57, and M60 was applied.

For Scheme 1 where the target genotype is selected only
with DH lines, on average 12.72, 20.77, and 20.71 DH lines
of DG1 can be selected from TC1, TC2, and TC3,
respectively (Table 7). After once enhancement selection
(i.e., scheme 2 in Fig. 2), these numbers increase to 40.48,
66.40, and 66.48, and to 100.41, 141.75, and 141.95 after
two times of enhancement selection (i.e., scheme 3 in
Fig. 2; Table 7). The similar trend can be seen for DG2
(Table 7). The frequency of the number of target genotypes
for each crossing strategy and selection scheme can be
obtained from simulation (Figs. 4, 5). For Scheme 1, dis-
tinct peaks appear around 10 for TCI1, and around 18 for
TC2 and TC3 (Fig. 4). Scheme 2 can shift the peak of the
distribution to 38 for TC1, and to 66 for TC2 as well as
TC3. Scheme 3 can shift the peak of the distribution to 94
for TC1, and to 138 for TC2 and TC3. Similar results were
observed for DG2 (Fig. 5). Despite the large variation in
the number of selected target genotype (Figs. 4, 5), there is
a high probability that selection schemes 2 and 3 will select
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TC2: CSSL4/CSSL49//CSSL28

TC3: CSSL28/CSSL49//CSSL4
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Number of target genotypes selected

a much higher number of target genotypes and give
breeders greater chance to improve other value-added
traits.

Discussion
QTL mapping with non-idealized CSS lines

CSS lines can be very useful in QTL fine mapping and
cloning. In a preliminary CSS population, typically, each
line carries a few segments from the donor parent rather
than just one segment each, which impedes locating QTL
on a single chromosome segment through the comparison
of trait performance between individual CSS lines and the
background parent. In previous studies (Wan et al. 2004,
2005), the composite interval mapping was used for QTL
mapping to the CSS population due to the lack of an
appropriate mapping method. The RSTEP-LRT method
employed in this study identified the same major QTL on
M57 and M59. Based on the high-density linkage maps
(Harushima et al. 1998; McCouch et al. 2002), the QTL on
M57 with the largest effects on ACE and AC was also
detected in other mapping populations (He et al. 1999), but
RSTEP-LRT in addition identified QTL that were not de-
tected by composite interval mapping.

Interval and composite interval methods were developed
for mapping populations derived from biparental crosses
under the condition that there was no segregation distor-
tion. Hence the RSTEP-LRT method may be more suitable
for a non-idealized CSS population where there is severe
segregation distortion due to the high background selection



Theor Appl Genet (2007) 115:87-100

99

during population development. Extensive simulation
studies revealed that RSTEP-LRT greatly increased the
power detecting QTL compared to single marker analysis
(Wang et al. 2006). The methodology used in RSTEP-LRT
has also been applied to improve the popular composite
interval mapping (Li et al. 2007).

Due to the significance of genotype by environment
interaction on ACE and AC, QTL mapping in each envi-
ronment was conducted separately and the stability of QTL
was assessed from its effects in different environments. It
has been suggested that future research should apply a
QTL-mapping method capable of analyzing QTL major
effects and QTL by environment interactions (Piepho
2000; van Eeuwijk et al. 2002), and follow-on research is
undergoing.

Use of identified marker-QTL associations
assisted by simulation tools

A vast number of studies on QTL mapping have been
conducted for various traits in plants and animals in the last
decade. As the number of published genes and QTL for
various traits continues to increase, plant breeders are
challenged on how to best utilize this multitude of infor-
mation in applied crop improvement (Bernardo and Char-
cosset 2006; Wang et al. 2007). This study demonstrated
the simulation tool QuLine facilitated use of QTL mapping
results from a non-idealized CSS population in designing a
breeding program. Results showed that this approach can
greatly assist breeders in using identified QTL to improve
breeding efficiency and effectiveness. Even though only
additive and pleiotropic QTL were considered in this study,
the simulation platform QU-GENE and its modules allow
the definition of more complicated genetic models
including epistasis, and genotype by environment interac-
tion (Podlich and Cooper 1998; Wang et al. 2004; Cooper
et al. 2005), which suggests that the potential of applying
simulation tools in genetics and breeding is far greater
compared to what has been demonstrated in this paper.

In a CSS population, each chromosome segment was
represented by a marker. The true length of introgressed
segments is rarely known, and in practice a double cross-
over may happen between two adjacent markers especially
for a large interval. Hence a gap may occur between two
neighboring segments. These factors were not considered
in this study. We made three assumptions in QTL mapping
and marker-assisted selection using the identified QTL-
marker associations, (1) the length of the same segment in
different CSS lines does not change, (2) at most one QTL
exists on each segment, and (3) the QTL is closely linked
with the marker representing the chromosome segment.
Thus, if one QTL associated with a marker was identified,
every CSS line possessing the marker will also have the

QTL. The recombination between genes and their markers,
and false positive QTL can all reduce the efficiency of
marker-assisted selection. As a consequence, the incom-
plete linkage between QTL and marker will affect the
simulation output given in this paper. The QuLine simu-
lation tool can investigate the effects of different QTL-
marker distances if such information becomes known
(Wang et al. 2007).

The genetic models and selection schemes presented in
this study still do not represent all complexities which
exist in applied breeding. Our objective was to demon-
strate the application of simulation tools using real data
from genetic experiments and breeding programs to
compare realistic breeding scenarios. Hence, the exam-
ples given in this study represent a realization of the so-
called design breeding or breeding by design (Peleman
and Voort 2003). The marker-QTL associations identified
with the CSS population need to be validated in other
populations, such as recombinant inbred lines and sec-
ondary populations by crossing CSS lines with the
background parent, although several major QTL we re-
ported in this paper have been confirmed in other map-
ping populations. In addition, the tentative results from
this simulation study need to be further tested in field
experiments. The identification of discrepancies between
simulation and field evaluation will provide the basis for
modifying and further improving the genetic models used
in simulation. As the information on genes and QTL for
important breeding traits dramatically increases, computer
simulation may likely become an essential tool guiding
breeders in designing effective crossing and selection
strategies through testing the range of possible scenarios
in silico.
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