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Abstract Grain protein content (GPC) and gluten
quality are the most important factors determining the
end-use quality of wheat for pasta-making. Both GPC
and gluten quality are considered to be polygenic
traits influenced by environmental factors and other
agricultural practices. Two related Fg.9 recombinant
inbred line (RIL) populations were generated to
localise genetic factors controlling seven quality
traits: GPC, wet gluten content (WGC), flour white-
ness (FW), kernel hardness (KH), water absorption
(Abs), dough development time (DDT) and dough
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stability time (DST). These lines were derived by
crossing Weimai 8 and Jimai 20 (WJ) and by crossing
Weimai 8 and Yannong 19 (WY). In total, WJ
comprised 485 lines, while WY comprised 229 lines.
Data on these seven quality traits were collected from
each line in five different environments. Up to 85
putative QTLs for the seven traits were detected in
W1I and 65 putative QTLs were detected in WY. Of
these QTLs, 31 QTLs (36.47%) were detected in at
least two trials in WJ, while 24 QTLs (36.92%) were
detected in at least two trials in WY. Three QTLs
from WJ and 25 from WY accounted for more than
10% of the phenotypic variance. The total 150 QTLs
were spread throughout all 21 wheat chromosomes.
Of these, at least thirteen pairwise were common to
both populations, accounting for 20.00 and 15.29% of
the total QTLs in WJ and WY, respectively. A major
QTL for GPC, accounting for 53.04% of the pheno-
typic variation, was detected on chromosome 5A. A
major QTL for WGC also shared this interval,
explained more than 36% of the phenotypic variation,
and was significant in two environments. Though co-
located QTLs were common, every trait had its
unique control mechanism, even for two closely
related traits. Due to the different sizes of the two line
populations, we also assessed the effects of popula-
tion size on the efficiency and precision of QTL
detection. In sum, this study will enhance our
understanding of the genetic basis of these seven
pivotal quality traits and facilitate the breeding of
improved wheat varieties.
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Introduction

Breeding new varieties of wheat with improved end-
use quality is a key aim of wheat breeding-programs.
The end-use quality of wheat is dependent on a large
complex of genes that are greatly influenced by
environment conditions. Grain protein content
(GPC), wet gluten content (WGC), kernel hardness
(KH), flour whiteness (FW), water absorption (Abs),
dough development time (DDT) and dough stability
time (DST) are all important grain quality traits in
both durum and bread wheat. Kernel hardness and
FW affect milling quality and are closely related to
processing quality. It is well known that WGC, Abs,
DDT and DST are also important quality traits
strongly correlated with GPC. Grain protein content
is one of the most important factors affecting pasta-
making (Matsuo et al. 1982; Autran et al. 1996) and
bread-making quality, and is also important to human
nutrition. Many recent reports (Joppa and Cantrell
1990; Sourdille et al. 1999; Zanetti et al. 1999;
Perretant et al. 2000; Blanco et al. 1996, 2002, 2006)
concluded that genetic factors impacting GPC in both
cultivars and wild wheat were distributed over all 21
wheat chromosomes. Chee et al. (2001) detected a
high grain protein QTL, QGpc.ndsu.6Bb, from Trit-
icum turgidum L. var. dicoccoides, and deduced that
the high GPC locus was insensitive to environmental
conditions. The hardness (Ha) locus on chromosome
5D is the main determinant of grain texture in
hexaploid wheat, and this locus also controlled the
production of puroindoline proteins (Morris 2002).
Recently, Chantret et al. (2004, 2005) sequenced the
Ha locus. The recent emphasis on end-use quality has
increased the economic value of these traits (Dohl-
man and Hoffman 2000).

Population size has a great effect on the estimation
of QTL number and genetic effects (Sourdille et al.
1996; Beavis 1998; Mackay 2001; Schon et al. 2004;
Vales et al. 2005; Zou et al. 2005; Buckler et al.
2009). The precision and efficiency of QTL detection
is enhanced by combining more than two related
populations (Kumar et al. 2007; Ma et al. 2007,
Buckler et al. 2009; Uga et al. 2010). In the present
study, we performed QTL detection for seven traits
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based on the recombination of two related line
populations, one of which was a large population
with up to 485 lines (WJ), while the other had a
smaller, but still substantial, 229 lines (WY). The
objectives of this study were to (i) accurately identify
the genetic factors affecting wheat quality, (ii)
specify the genetic relationships among the seven
quality traits at the QTL level, and (iii) assess the
effect of combining two related populations of
different sizes on the efficiency and precision of
QTL detection.

Materials and methods
Experimental populations and their evaluation

Two Fg.o recombinant inbred line (RIL) populations
derived from crosses between three common Chinese
wheat varieties, i.e., between Weimai 8 and Jimai 20
(WJ) and between Weimai 8 and Yannong 19 (WY),
comprising 485 and 229 lines, respectively, were
used in the present study. The three parental lines
differed markedly in many morphological and quality
traits. Weimai 8 is a large-spike wheat of the ideotype
model and was released by Weifang Municipal
Academy of Agricultural Sciences, Shandong, China
in 2003; Jimai 20 and Yannong 19, two superior
quality wheat varieties, are multi-spike types, and
they were released by the Crop Research Institute,
Shandong Academy of Agricultural Sciences, China
in 2003, and by Yantai Municipal Academy of
Agricultural Sciences, Shandong, China in 2001,
respectively. In addition, the common parent Weimai
8 is a 1BL/1RS translocation line whereas the other
two parents have the common 1B chromosome. The
parents together with the RILs were evaluated in five
environments (E1-ES5) in Shandong province, China:
Taian in 2007-2008 (E1), Taian in 2008-2009 (E2),
Taian in 2009-2010 (E3), Zaozhuang in 2009-2010
(E4), and Jining in 2009-2010 (ES). A two-row plot
with rows 2 m long and 30.0 cm apart was used, and
50 seeds were planted in each row. Normal agricul-
tural practices were applied for disease and weed
control. The lines were harvested individually at
maturity, and naturally air dried. The seven quality
traits, grain protein content (GPC), wet gluten content
(WGCO), kernel hardness (KH), flour whiteness (FW),
water absorption (Abs), dough development time
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(DDT) and dough stability time (DST), were mea-
sured by near-infrared reflectance spectroscopy
(NIRS) on a Perten DA-7200 instrument (Perten
Instruments, Huddinge, Sweden) and expressed on a
14% moisture basis. The measurements were cali-
brated using calibration samples. Li et al. (2009)
confirmed the correlation between NIRS and standard
methods for WGC and Abs. There were no significant
differences in results between NIRS and traditional
methods. Indeed, NIRS determinations were highly
correlated with traditional methods. Again, previous
studies have demonstrated the importance of NIRS on
wheat quality traits, especially grain protein content
(flour protein content) and kernel hardness (Sourdille
et al. 1996; Perretant et al. 2000; Blanco et al. 2002;
Nelson et al. 2006; Kuchel et al. 2006; Suprayogi
et al. 2009; Sun et al. 2010). Furthermore, Mann et al.
(2009) determined moisture content of the grain and
flour samples by NIRS. So that NIRS is a powerful
method for measuring the quality traits of wheat.

Analysis of molecular and biochemical markers

Leaves were taken from all RILs and the parents for
DNA extraction following the procedure described by
Stein et al. (2001), but with the minor modification of
using 70% ethanol as the washing solution. Various
molecular markers, including G-SSR, EST-SSR,
ISSR, STS, SRAP and RAPD were used to genotype
the three parents and the RILs. Relevant information
regarding G-SSR markers, including BARC, CFA,
CFD, CFT, GWM, GDM, GPW, WMC and PSP codes,
as well as PCR-based STS markers of the MAG codes,
were taken from the GrainGenes Web site (http://
wheat.pw.usda.gov). Relevant information about EST-
SSR markers prefixed CFE, KSUM and CNL were
publicly available (http://wheat.pw.usda.gov/ITMI/
EST-SSR/). The EST-SSR markers of SWES and
WW codes were developed and kindly provided by
Professor Sishen Li, College of Agronomy, Shandong
Agricultural University, China. The EST-SSR markers
with the prefixes CWEM, EDM and CWM were pub-
lished in reference articles by Peng and Lapitan (2005),
Mullan et al. (2005) and Gao et al. (2004), respectively.
The ISSR markers were developed by the University of
British Columbia Biotechnology Laboratory (UB-
CBL) (Nagaoka and Ogihara 1997). Relevant infor-
mation about chromosome 1RS-specific markers of rye
were detailed by Zhao et al. (2009), and functional

markers were provided by Liu et al. (2008) and Liang
et al. (2010). The different high molecular weight
glutenin subunits (HMW-GS) at Glu-al, Glu-bl and
Glu-dI between the parents were detected and used as
biochemical markers.

Each PCR reaction for G-SSR, EST-SSR and
PCR-based STS markers was conducted in a total
volume of 25 pL in a TakaRa PCR thermal cycler or
in a Bio-Rad 9600 thermal cycler. PCR was com-
pounded according to the procedure described by
Roder et al. (1998). Amplifications were performed
using a touchdown PCR protocol as detailed by Hao
et al. (2008). The PCR reaction volume and PCR
protocol for SRAP and ISSR markers followed the
proportions and the procedure detailed by Li et al.
(2007), and RAPD markers were amplified using the
method of Suenaga et al. (2005). The types of high
molecular weight glutenin subunits (HMW-GS) were
detected by using sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) (Singh and
Shepherd 1991). Markers of BARC, CFA, CFD,
GWM, GDM and WMC codes were screened against
the nullisomic-tetrasomic stocks of Chinese Spring
(CSNT) to assign them to chromosomes where
possible.

Construction of the genetic linkage map

Linkage groups were constructed by MAPMAKER
3.0 (Lander et al. 1987). First, the ‘“ANCHOR”’
command was used to locate marker loci to
chromosomes based on the CSNT identification
and the public genetic maps in GrainGenes 2.0
(http://wheat.pw.usda.gov/GG2/index.shtml). Then,
the assignment of the remaining loci to chromosomes
was made using the ‘“ASSIGN’’ command at a LOD
score of 3.0. Based on the linkage group defined
above, JoinMap version 3.0 (Biometris, Wageningen,
The Netherlands, http://www.joinmap.nl), was used
to construct the linkage map, and centimorgan units
were calculated using the Kosambi mapping function
(Kosambi 1944).

Data analysis and QTL mapping
The trait data were analysed using SPSS13.0 (SPSS,
Chicago, USA). The observed phenotypic values

obtained from each environment (E1-ES5), and the
pooled data collected from the average of the five
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environments (E6) were used for QTL mapping
analyses. Inclusive composite interval mapping by
IciMapping 3.0 was used based on stepwise regres-
sion of simultaneous consideration of all marker
information (http://www.isbreeding.net/). The walk-
ing speed for all QTLs was 1.0 cM. The threshold
LOD scores were calculated using 1,000 permuta-
tions, and a genome-wide error rate of 0.10 (sug-
gestive) and 0.05 (significant). However, we ignored
the QTL with a LOD value of <3.0 to make the QTL
reported herein authentic and reliable.

Results

Analysis of phenotypic data and correlations
among the seven traits

All seven traits varied widely among the individual
lines, showed transgressive segregation, and were
normally distributed (Table 1). Phenotypic correla-
tions between pairs of the seven quality traits are
listed in Fig. la, b. The distribution of correlation
coefficients in the two populations was similar. In
both WJ and WY, higher positive correlation coef-
ficients were observed between GPC and WGC,
WGC and Abs, KH and Abs, KH and DDT, KH and
DST, and as well between DDT and DST. Higher
negative correlation coefficients were observed
between GPC and KH, GPC and DST, WGC and
DDT, WGC and DST, FW and KH, FW and Abs, and
between GPC and DDT. In both populations, the
highest positive correlation coefficients were found
between DDT and DST, while the highest negative
correlation coefficients were found between FW and
Abs. The trait pairs Abs/DDT and GPC/Abs exhibited
significant positive correlations coefficients in both
WJ and WY line populations. However, the positive
correlation coefficients differed significantly between
the two populations as well between the different
environments. Correlations between the trait pairs
Abs/DST, FW/DST and FW/DDT were greatly
influenced by the environment, and the coefficients
were greatly different between the two populations.

Construction of genetic linkage maps

The genetic map constructed based on the WJ
population included 344 loci distributed over all
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wheat chromosomes and spanned 2855.5 cM, with
average density of one marker per 8.30 cM. There
were six linkage gaps with distances >50 cM. Marker
distribution ranged from 45 on chromosome 4A to 3
on chromosomes 4D and 7D. The WY population
was used to establish a genetic map consisting of 358
loci distributed in 27 linkage groups because of six
linkage gaps. The map covered 3010.70 cM of the
whole genome with an average distance of 8.41 cM
between the adjacent loci. The number of markers per
chromosome ranged from 40 on chromosome 1B to 3
on chromosomes 3D. The two linkage maps con-
tained 69 common loci. The chromosomal locations
and the orders of the markers in the two maps were in
general agreement with published reports in GrainG-
enes 2.0 (http://wheat.pw.usda.gov/GG2/index.shtml).
Positions of the loci common were approximately in
accordance between the two maps. Functional markers
and biochemical markers were accurately mapped to
their corresponding chromosomes. The recommended
interval length for genome-wide QTL scanning is less
than 10 cM (Doerge 2002). Thus, both maps were
suitable for genome-wide QTL scanning. The two
linkage maps along with seven spike-related traits will
be reported in another paper.

QTL mapping in the WJ and WY population

A total of 85 additive QTLs were detected for the
seven traits in the WJ line population, and they were
distributed over all 21 wheat chromosomes except
5D. In total, 65 additive QTLs were identified for the
seven traits in WY. Again, these QTLs were assigned
to all 21 wheat chromosomes except 3D and 4D.

Grain protein content

Overall, in the six trials, QTL mapping analysis
produced a total of 9 and 10 putative additive QTLs
for GPC in WJ and WY (Tables 2, 3; Figs. 2, 3),
respectively. For the WJ lines, one each was located
on chromosomes 2B, 3A, 4D, 5B, 7A and 7B, and
three each on 4A. These QTLs individually explained
3.06-9.83% of the phenotypic variation. Among
these, QGpc.WJ-7A.3 was verified in three environ-
ments and explained 4.94-9.83% of the phenotypic
variance, while QGpc.WJ-2B.2, QGpc.WJ-4D.2 and
OGpc.WJ-5B.2 were identified in two environments.
The remaining five QTLs could be detected only in
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Table 1 Phenotypic values for three parents and the two RIL populations in five growing environments for seven traits in wheat

Trait® Env® Parent WI° WY
Weimai8 Jimai20 Yannong19 Mean S.D. Mean S.D.
GPC E1l 15.90 14.11 14.10 15.27 1.28 14.61 1.45
E2 13.12 12.72 13.01 13.65 0.99 13.94 1.23
E3 14.13 13.35 11.45 12.95 0.83 13.02 0.78
E4 15.33 13.71 13.57 14.17 0.95 14.20 1.02
E5 14.13 13.33 11.45 13.58 0.93 13.49 1.04
WGC El 37.86 32.23 34.25 35.86 3.10 34.17 3.48
E2 36.25 37.96 33.90 31.76 2.25 3321 2.65
E3 35.05 33.74 32.28 31.54 2.15 31.33 2.17
E4 38.59 35.71 35.44 36.34 2.05 35.23 2.34
E5 35.21 31.59 32.28 33.74 2.52 32.80 2.46
FW El 74.79 717.37 73.74 74.92 2.62 73.51 223
E2 65.48 73.59 74.05 77.17 1.63 74.61 1.87
E3 7591 75.85 73.65 77.65 1.98 77.45 2.32
E4 74.18 72.97 71.61 74.23 2.07 75.58 2.42
E5 75.90 76.24 73.65 77.10 2.11 76.89 2.25
KH El 69.51 73.29 86.50 78.56 18.28 88.13 21.79
E2 65.02 68.01 80.29 74.39 13.63 72.74 20.37
E3 44.38 65.82 60.26 66.27 12.99 67.27 21.45
E4 45.61 68.65 70.12 56.13 16.29 55.04 20.09
E5 44.38 56.96 70.13 60.49 15.77 64.66 21.09
Abs El 63.31 59.89 62.88 62.68 2.18 63.40 1.89
E2 67.82 68.91 58.83 59.93 1.77 61.73 2.12
E3 60.49 58.97 57.31 57.67 1.69 5791 2.13
E4 61.39 62.26 58.42 60.52 1.80 59.55 2.12
E5 60.48 58.33 63.11 58.62 1.96 59.08 221
DDT El 4.61 5.66 5.00 4.79 0.99 5.35 1.26
E2 2.37 4.98 4.58 5.37 0.78 4.75 0.99
E3 3.42 5.03 321 5.03 0.80 5.37 1.02
E4 2.49 3.74 3.76 3.02 0.75 3.71 0.94
E5 3.42 3.62 3.25 4.24 1.18 4.90 1.20
DST El 5.21 8.33 6.41 6.01 2.13 7.19 2.71
E2 451 7.85 5.37 7.87 1.74 6.29 2.06
E3 322 4.95 6.58 6.96 1.88 7.68 222
E4 4.53 3.44 3.45 2.41 1.32 3.86 1.88
E5 3.28 4.30 7.01 553 2.26 6.88 222

* GPC grain protein content, WGC wet gluten content, FW flour whiteness, KH kernel hardness, Abs water absorption, DDT dough
development time, DST dough stability time

b El, E2, E3, E4 and ES5 represent the environments of 2008 Taian, 2009 Taian, 2010 Taian, 2010 Zaozhuang and 2010 Jining,
respectively

¢ WJ and WY represent the populations derived from the cross between Weimai 8 and Jimai 20 and between Weimai 8 and Yannong
19, respectively. S.D. Standard deviation
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Fig. 1 Correlation
coefficient between pairs of
the seven quality traits in
the WJ (a) and WY

(b) populations and the
number of pleiotropic

QTL (c)

wJ
Correlation coefficient

WY
Correlation coeficient

No. of Pleiotropic QIL

GPC and WGC
GPC and PWw
GPC and KH
GPC and Abs

GPC and DDT
GPC and DST

one environment. Of the 10 QTLs found in the WY
lines, one each was detected on 1A, 1B, 2A, 2D, 3A,
4B, 5A, 5D, 6B and 7D. Each WY line QTL
individually explained 6.32-53.04% of the pheno-
typic variation. The QTL, QGpcWY-2D.3, was iden-
tified in three environments and demonstrated an
additive enhancing effect from Yannong 19. Both
OGpc.WY-1B.2 and QGpc.WY-3A.2 were verified in
two trials and the remaining QTLs showed environ-
ment-specific traits. Of all the QTLs isolated,
OGpc.WY-5A.1 accounted for the highest phenotypic
variation (53.04%).

Wet gluten content

In all of six trials, seven additive QTLs for WGC
were detected in WJ, while eight additive QTLs were
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WGC and FW
WGEC and KH
WGEC and Abs
WGC and DDT
WGC and DST
FwW and KH
Fw and Abs
Fw and DDT
PW and DST
KH and Abs
KH and DDT
KH and DST
Abs and DDT
Abs and DST
DDT and DST

detected in WY lines (Tables 2, 3; Figs. 2, 3). In WJ
lines, these QTLs were located on chromosomes 1A,
1D, 2B (2 QTLs), 4A (2 QTLs) and 7A. In WY lines,
the eight QTLs were distributed to 1A (2 QTLs), 1B,
2A, 2D, 5A, 7A and 7D. The QTL, QWgc.WJ-1D.3,
was identified in three environments and accounted
for 4.64-5.39% of the phenotypic variation. The
QTL, OWgc.WJ-7B.1, explained the highest level of
the phenotypic variation for WGC in WJ at 7.15%.
Four major QTLs influencing WGC were detected in
WY. Of these, QWgc.WY-2D.5 was identified repro-
ducibly in five trials and QWgc.WY-1B.3 was
detected in three, and accounted for 9.85-25.39 and
7.45-12.63% of the phenotypic variation, respec-
tively. The QTL, QWgc.WY-5A.2, was detected in E1
and E2, and it accounted for 28.37-36.76% of the
phenotypic variance. Finally, QWgc. WY-2A.1 exerted
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For title descriptions, see Table 2

significant effects on phenotype in only one environ-
ment where it accounted for 14.02% of the pheno-
typic variation.

Flour whiteness

Qualitative trait loci mapping analysis produced a
total of 17 putative additive QTLs for flour whiteness
in WJ (Table 2; Fig. 2) and 13 in WY (Table 3;
Fig. 3). The 17 QTLs in WIJ covered 10 wheat
chromosomes: 1A, 1B (2 QTLs), 2B (2 QTLs), 2D,
3B, 4A (3 QTLs), 5B (2 QTLs), 6A, 6D (3 QTLs) and
7D. The 13 QTLs in WY distributed to chromosomes
1A, 1B (2 QTLs), 1D, 2A, 2B, 2D, 3B, 5B, 6A, 7B (2
QTLs) and 7D. The QTL, QFw.WJ-3B.4, was
detected in four environments (E1, E2, E5 and E6)
and accounted for 3.28-7.08% of the phenotypic
variance. The major QTL, QFw.WY-5B.3, was iden-
tified in E3, E4 and E6, and explained 10.07-13.55%
of the phenotypic variance. The QTLs, QFw.WJ-2D.3
and QFw.WJ-6A.3, were both detected in two trials
and explained 3.46-9.10 and 4.03-8.46% of the
phenotypic variance, respectively. Seven QTLs were
found in two trials that explained 3.10-3.18 (QFw.
WJ-2B.2), 3.41-4.30 (QFw.WJ-4A.2), 4.46-5.19
(QFw.WJ-5B.2a), 8.33-10.68 (QFw.WJ-5B.2b), 4.22—
523 (QFw.WJ-6D.2), 5.71-934 (QFw.WY-1A.2)
and 9.16-11.30% (QFw.WY-7D.2) of the phenotypic
variance. The remaining QTLs were identified in only
one trial.

Kernel hardness

For KH, 16 additive QTLs were detected in WJ lines
and 14 additive QTLs were detected WY lines, each
accounting for 2.25-8.33% of the phenotypic vari-
ance in WIJ lines and 4.39-12.21% of the phenotypic
variance in WY lines (Tables 2, 3; Figs. 2, 3).
Together, these QTLs covered all 21 wheat chromo-
somes except 1A, 3D, 5A, 5D, 6A and 6B. All 30 KH
QTLs identified demonstrated significant additive
effects. In WJ, the QTL, QKh.WJ-7A.5, was identi-
fied in five trials (all except El), and explained
3.98-8.33% of the phenotypic variance. The QTL,
QKh.WJ-3B.3, was detected in three trials. In WY,
QOKh.WY-2B.3 explained up to 10.41-12.21% of the
phenotypic variation for KH and was detected in
three trials. Additive effects were as high as 10.63,
9.70 and 9.85% in the three trials, respectively.
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Fig. 2 Partial genetic linkage map showing QTLs detected in
more than two trials for the seven traits and QTLs explaining
the phenotypic variation of more than 10% in only one trial in
WI. The vertical white line indicates the maker interval of the

Another major QTL, QKh.WY-4A.3, was detected in
three environments, E3, ES and E6, and explained
7.36-10.69% of the phenotypic variance. The addi-
tive effects were 7.00 (E3), 5.74 (E5) and 4.37%
(E6).

Water absorption

Fourteen putative additive QTLs were identified for
Abs in WJ in all of six trials (Table 2; Fig. 2). Of
these QTLs, one each was distributed on chromo-
some 2A, 2D and 3B, two each on 2B, 4A, 6A and
6D, and three each on 5B. However, no QTLs for Abs
were found that individually accounted for more than

corresponding putative additive QTL. The chromosome length
per ¢cM is defined as 0.2 cm. For abbreviations and QTL
symbols, see Table 2

10% of the phenotypic variance in WJ. Of these 14
QTLs, five (QAbs.WJ-2A.2, QAbs.WJ-2B.2, QAbs.
WJ-3B.2, QAbs.WJ-5B.2a and QAbs.WJ-5B.2b) were
involved in two of the six trials and one (QAbs.
WJ-6A.3) was detected in three trials. The QTL,
QAbs.WJ-2D.4, was detected in four trials that
explained 2.33-5.49% of the phenotypic variance.
The remaining seven QTLs showed environment-
specific effects that could be detected only in one
environment. Eight putative additive QTLs for Abs,
accounting for 5.03-16.19% of the phenotypic var-
iance, were detected in WY (Table 3; Fig. 3). They
distributed on seven chromosomes, two each on 7D,
and one each on 1D, 2B, 4B, 5B, 5D and 6A. Of these

@ Springer
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Fig. 3 Partial genetic linkage map showing QTLs detected in
more than two trials for the seven traits and QTLs explaining
the phenotypic variation of more than 10% in only one trial in
WY. The vertical black line indicates the maker interval of the

eight QTLs, five were found that individually
accounted for more than 10% of the phenotypic
variance. The QTL QAbs.WY-1D.3 accounted for
7.21-16.19% of the phenotypic variance, and was
identified in E3, ES and E6. Similarly, QAbs.WY-2B.3
explained 7.17-13.44% of the phenotypic variation.
The QTL, QAbs.WY-5B.2, was detected in two trials
and accounted for 10.13-10.26% of the phenotypic
variation. Both QAbs.WY-4B.1 and QAbs.WY-7D.la
were detected in only one trial, accounting for 12.47
and 12.12% of the phenotypic variance, respectively.

Dough development time
In total, 13 significant additive QTLs for DDT were

detected in WJ (Table 2; Fig. 2). They were located
on chromosomes 1A, 1D, 2A, 3A, 3B, 3D, 4A
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corresponding putative additive QTL. The chromosome length
per ¢cM is defined as 0.2 cm. For abbreviations and QTL
symbols, see Table 2

(2 QTLs), 5A, 5B (2 QTLs), 6B and 7A. These QTLs
individually explained 2.47-10.05% of the pheno-
typic variance. Of these, QDdt.WJ-5B.1 accounted
for 10.05% of the phenotypic variance. Three QTLs,
ODdt.WJ-1A.2, QDdt.WJ-3B.2 and QDdt.WJ-5B.2,
were detected in two of the six trials and QDdr. WJ-
7A.3 was detected in three, but each exhibited only
moderate additive effects. In WY (Table 3; Fig. 3),
five putative additive QTLs for DDT were distribut-
ing on chromosomes 1B (2 QTLs), 3B, 6D and 7A.
The QTL, QDdtWY-IB.5, was detected in five
trials (all except E4), accounting for 5.22-16.97%
of the phenotypic variance. The QTL, QDdr.WY-
1B.2, was verified in two trials and QDdt.WY-3B.3
and QDdtWY-7A.3 were both detected in three
trials, accounting for 6.65-6.71, 5.05-11.82 and
6.11-6.77% of the phenotypic variance, respectively.
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Dough stability time

Qualitative trait loci mapping analysis produced a
total of nine putative additive QTLs for DST in WJ
and seven in WY (Tables 2, 3; Figs. 2, 3). They were
assigned to chromosomes 1A, 1D, 2B, 3B (2 QTLs),
4D, 5A, 5B and 7A in WJ, and to 1B (2 QTLs), 3B,
4B, 7A, 7B and 7D in WY. Of the nine WJ QTLs,
four (QDst.WJ-1A.2, QDst.WJ-3B.2, OQDst.WJ-5B.2
and QODst.WJ-7A.2) were detected in two trials,
accounting for 3.95-8.36, 2.75-2.88, 12.85-13.21
and 2.59-3.41% of the phenotypic variance, respec-
tively. The remaining QTLs were identified in one trial
only. The QTL, QDst.WJ-5B.2, had the highest LOD
values of 10.01 and 10.96. Three significant QTLs,
ODst.WY-1B.4, QDst.WY-3B.2 and QDst.WY-7A.3,
were verified in at least two trials and accounted
for 5.42-18.09, 10.89-12.84 and 3.86-12.96% of
the phenotypic variance, respectively. The remaining
QTLs showed significance in only one of the six
trials, and individually explained less than 10% of
phenotypic variance.

Discussion

Positive contributions of parental alleles
and effect of environment on quality traits

In this study, the phenotypic values of Weimai 8 were
lower than those of Jimai 20 and Yannong 19 for the
three traits KH, DDT and DST, but the three parents
contributed positive alleles for all traits (Tables 2, 3).
For these three traits, many more positive alleles were
donated by Jimai 20 and Yannong 19 than by Weimai
8. For GPC, however, six positive alleles originating
from Weimai 8 were isolated in WJ and six positive
Weimai 8 alleles were isolated in WY lines. In
contrast, only three positive alleles for GPC origi-
nated from Jimai 20 in WJ and only four positive
alleles in WY originated from Yannong 19. The allele
that enhanced GPC the most was the major QTL
QGpc.WY-5A.1 contributed by Weimai 8. For WGC,
the positive alleles of five WJ QTLs and three WY
QTLs originated from Weimai 8, while only two
positive alleles in the WJ line originated from Jimai
20 and only five positive alleles in the WY line
originated from Yannong 19. For FW, only four
positive WJ alleles and seven positive WY alleles

came from Weimai 8. In contrast, 13 positive WJ
alleles and six positive WY alleles came from Jimai
20 and Yannong 19. For Abs, 11 of the 14 positive
W1 alleles were contributed by Weimai 8, while only
three positive alleles were contributed by Jimai 20, in
WI. In the WY lines, only three positive alleles came
from Weimai 8 while five from Yannong 19. Thus,
the contributions of the parental lines to the positive
alleles vary significantly between these seven qual-
itative traits.

Four of 9 QTLs for GPC, 2 of 7 QTLs for WGC, 8
of 17 QTLs for FW, 3 of 16 QTLs for KH, 7 of 14
QTLs for Abs, 4 of 13 QTLs for DDT and 4 of 9
QTLs for DST in W1J, and 3 of 10 QTLs for GPC, 3 of
8 QTLs for WGC, 3 of 13 QTLs for FW, 5 of 14
QTLs for KH, 3 of 8 QTLs for Abs, 4 of 5 QTLs for
DDT and 3 of 7 QTLs for DST were detected in at
least two trials in the WY line population. Most QTLs
showed environment-specific such that they could be
detected in only one environment. Thus, those QTLs
that are influenced significantly by the environment
can only be detected in QTL studies conducted in a
range of environments. Other QTLs accounting for
higher phenotypic variance were usually detected in
two environments or more, so they can be considered
‘stable’ QTLs and may prove most valuable in
marker-assisted selection (MAS) for improvement of
wheat varieties.

Common QTLs resolved in both the populations

Qualitative trait loci detection based on a single
mapping population usually results in only a limited
number of QTLs and results are generally not
conclusive. With the rapid development of molecular
marker technology, additional research on QTL
effects in more than one different or related genetic
background is both feasible and warranted. Turner
et al. (2004) conducted QTL analysis to study the
genetic basis of grain protein levels and grain texture
using RILs and two recombinant substitution line
(RSL) populations. Kulwal et al. (2005) used two
independent RIL populations to conduct QTL anal-
ysis on grain protein content, but no QTLs were
common between the two populations. Ma et al.
(2007) identified a great number of common QTL for
spike-related traits using recombinant inbred lines
(RILs) and RILs-derived IF, populations. Buckler
et al. (2009) utilized NAM (Nested Association
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Table 4 Congruent QTL Wi WwY® Alleles® Common loci®
resolved in both populations
OWgc. WJ-1A.1 OWgc. WY-1A.1b —/— Xswes226.1/Xswes226.1

» QTL detected in the WJ QFw.WJ-1B.1b QFw.WY-1B.1b F Xbarc80/Xbarc80
population QFw.WJ-3B.4 QFw.WY-3B.1 F Xcft3374.3/Xcft3374.3
b QTL detected in the WY QFw.WJ-5B.2b QFw.WY-5B.3 F Xmag1426/Xmag 1426
population QKh.WJ-1D.1 QKh.WY-1D.1 —/{— Glu-d1/Glu-d1
¢ Additive effect; for QKh.WJ-2D.1 QOKh.WY-2D.1 —/— Xcfa2173.2/Xcfa2173.2
%diiltionzal dgtzils’ see QOKh.WJ-3B.2 OKh.WY-3B.1 + Xcft3374.3/Xcft3374.3
X aL ° a“b : ) OKh.WJ-4A.1b OKh.WY-4A.3 ++ Xcfe89.2/Xcfe89.2

oct nearby the OKh.WJ-4B.1 OKh.WY-4B.1 —/— Xgwm234/Xgwm234
corresponding putative
additive QTL are common OKh.WJ-6D.1 OKh.WY-6D.3 + Xissr841/Xissr841.1
in the two populations QKh.WJ-7B.1b QKh.WY-7B.1 F Xwme517.1/Xwme517.2
¢4 For each entry, the first QAbs.WJ-5B.1 QAbs.WY-5B.2 + Xissr823.2/Xissr823.2
signal refers to WJ, and the ODst.WJ-3B.1 ODst.WY-3B.2 /- Xcft3374.3/Xcft3374.3

second to WY

Mapping population) comprising 5,000 RILs, to
dissect QTLs for flowering time in maize, and also
found evidence for numerous small-effect QTLs
shared among families. Five mapping populations
were involved in a report of Uga et al. (2010) for
comprehensively QTL detection in rice.

In this paper, two related RIL populations were
applied to dissect QTLs for seven quality traits. Based
on common markers in the two genetic maps, com-
parisons of congruent QTLs were conduced (Table 4).
At least 13 pairwise common QTLs were identified in
the two populations, although most of them were
detected in different environments and had different
additive effects, accounting for 15.29 and 20.00% of
the phenotypic variation in WJ and WY, respectively.
Six of the 13 QTLs showed consistent additive effects
with the common parent Weimai 8 alleles, whether
negative or positive, simultaneously in the two popu-
lations. As is well known, a reducing or enhancing
effect is not absolute but relative to the effect of the two
parental alleles, so the remaining seven QTLs can still
be regarded as congruent QTLs. Five QTLs, QFw. WJ-
3B.4, QFw.WJ-5B.2b, QKh.WJ-4A.1b, QAbs.WJ-5B.1
and QODst.WJ-3B.1 were pleiotropic or co-located
QTLs, and they were confirmed in WY lines with
higher phenotypic variation (>10%). The precise
prediction and definition of common QTLs in the two
populations was hampered by the limited number of
common loci in the two genetic maps, although the
positions of most QTLs for the same trait identified in
the two populations were highly congruent. The results
show that QTLs from the common parent in the two
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related populations can be detected repeatedly to a
certain extent, and the comparable QTLs are authentic.

QTL clusters and potential pleiotropic effects

As might be predicted from the significant correla-
tions among the traits, many pleiotropic or co-located
QTLs between pairs of the seven traits were detected
(Fig. 1c). In addition, the trends in the numbers of co-
located QTLs for pairwise traits were in approximate
in agreement with their phenotypic correlation coef-
ficients. There was at least one co-located QTL for
each paired combination of the seven quality traits in
both WJ and WY, with the exception of GPC/FW in
WIJ, GPC/DDT, WGC/DDT and Abs/DTT in WY. In
this paper, 85 QTLs distributed over all 21 chromo-
somes except 5D in the WJ lines and 65 QTLs in the
WY line were located on all 21 chromosomes except
3D and 4D. Of these QTLs, up to 19 loci in WJ and
20 loci in WY shared common intervals for two traits
or more. In WJ, 6 of 16 QTLs for KH were located to
intervals similar to those for GPC and Abs, six QTLs
for FW shared common intervals with Abs, and five
QTLs for DDT were co-located with QTLs for DST.
In WY, the four traits FW, KH, DDT and DST were
detected in the interval Xmag972.2-Xme3em?2.7, 11
of 13 QTLs for FW were located to intervals similar
to those for KH, and five QTLs for GPC co-located
with QTLs for WGC, in accordance with the higher
phenotypic correlations. These results confirm that
we identified the marker intervals containing genes
controlling different quality traits.
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Comparison of the present study with previous
researches

Previous studies have demonstrated the importance of
grain protein content on wheat quality (Joppa et al.
1997; Cantrell and Joppa 1991; Harjit-Singh et al.
2001; Chee et al. 2001; Blanco et al. 1996, 2002,
2006; Prasad et al. 2003; Olmos et al. 2003; Turner
et al. 2004; Kulwal et al. 2005; Li et al. 2009; Liang
et al. 2010), and many studies have concluded that
factors influencing protein concentration in cultivars
and wild wheat were located on chromosome 6B
(Joppa et al. 1997; Cantrell and Joppa 1991; Blanco
et al. 2002; Olmos et al. 2003). However, no QTL for
GPC locating to 6B was detected in WJ or WY. A
major QTL, QGpc.WY-5A.1, for GPC on chromo-
some 5A, explaining 53.04% of the phenotypic
variation, was close to a QTL detected by Blanco
et al. (2002). This QTL, which could be result in
higher WGC, was positively influenced by GPC, and
both traits shared a common locus. The QTL,
OWgc.WY-5A.2, shared a common fragment with
OGpc.WY-5A.1 and contributed higher phenotypic
variation to WGC (with positive effect from Weimai
8). Both DDT and DST are also important bread-
making quality traits and they are strongly associated
with the content of gluten. Kuchel et al. (2006)
detected a major QTL for DDT on chromosome 1A
and QTLs for DST on chromosomes 1A and 1B. The
QTLs, QDdt.WY-3B.3 and QDst.WY-3B.2, were
detected within a common interval and exhibited
higher phenotypic variation.

Kernel hardness is crucial to the end-use quality of
any wheat variety (Pomeranz and Williams 1990). It
affects milling yield and the size and shape of the
flour particles. Previous studies had indicated that
chromosome 5D harboured important factors affect-
ing KH (Law et al. 1978; Aitken 1993). Law et al.
(1978) concluded that the Ha locus on the short arm
of 5D was the mainly factor affecting KH. Never-
theless, no QTL for KH was detected on 5D in WJ or
WY. Only one QTL detected on 5B corresponded to a
QTL reported by Li et al. (2009). In this report, a
major QTL for KH, QKh.WJ-7A.5, was reproducibly
detected in five trials within the interval Xgwm473—
Xedml16.1, with the positive effect from Jimai 20.

Water absorption is also an important quality trait.
High Abs can increase the output of bread per unit of
flour, increase the softness of bread, and prolong

freshness. Only a few studies have documented QTL
analysis for Abs (Kuchel et al. 2006; Li et al. 2009).
Li et al. (2009) detected a major QTL for Abs on the
short arm of chromosome 5D. Significant QTL
associated with Abs were detected on chromosomes
1A and 2D (Kuchel et al. 2006). In this study, a major
QTL for Abs was detected on 5B in both WJ and
WY, indicating an authentic QTL. For flour white-
ness, three congruent QTLs were identified in the two
populations and QFw.WJ-3B.4 was identified in four
environments.

Effect of population size on QTL detection

The limited population sizes can lead to underesti-
mation of QTL number, overestimation of QTL
effects, and failure to quantify QTL interactions
(Vales et al. 2005). Beavis (1998) suggested that even
200 individuals might be too few for reliable QTL
detection. Buckler et al. (2009) utilized NAM com-
prising 5000 RILs to dissect QTLs for flowering time
in maize and concluded that, with large enough
samples, additive QTL models can accurately predict
phenotype. False positive QTLs might be caused by
parental sharing when the RIL population was not
large enough to permit completely random mating
(Zou et al. 2005). Schon et al. (2004) exploited a
large experimental population, 976 Fs maize test
cross progenies, for QTL detection, and found a large
effect of sample size on power and QTL detection as
well as on accuracy and precision of QTL estimates.

Table 5 The number of QTL detected in the WJ and WY
populations

Traits No. of QTL Total

PVE% No. of environments

<5% 5-10% >10% 1 2 3 4 5

GPC 5/0 4/5 0/5 5/7 3/2 1/1 0/0 0/0 9/10
WGC 172 6/2 0/4 6/5 0/1 1/1 0/0 0/1 7/8
FW 9/0 7/9 1/4 9/10 5/2 2/1 1/0 0/0 17/13
KH 93 7/9 0/2 13/9 0/1 2/4 0/0 1/0 16/14
Abs 6/0 8/3 0/5 7/5 5/1 172 1/0 0/0 14/8
DDT 8/1 472 12 9/1 3/1 1/2 0/0 0/1 13/5
DST 4/0 4/4 173 5/4 4/1 0/1 0/1 0/0  9/7

For abbreviations and title descriptions, see Tables 2 and 3

For each entry, the first numeral refers to WJ, and the second to
WY
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Due to the significant differences in population
size between WJ and WY, we evaluated the effect of
population size on accuracy and precision of QTL
estimates, although differences in genetic back-
grounds exist in the two populations. Based on the
data of Tables 2, 3 and 5, we speculate that (i) it is
difficult to detect minor QTL using a small popula-
tion, (ii) the limited population sizes can lead to
underestimation of QTL number and sometimes be
trait-dependent, and (iii) QTL effects are likely apt to
be overestimated with small populations.
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