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Abstract

Key message A novel high-density consensus wheat
genetic map was obtained based on three related RIL
populations, and the important chromosomal regions
affecting yield and related traits were specified.

Abstract A prerequisite for mapping quantitative trait locus
(QTL) is to build a genetic linkage map. In this study, three
recombinant inbred line populations (represented by WL,
WY, and WJ) sharing one common parental line were used
for map construction and subsequently for QTL detection
of yield-related traits. PCR-based and diversity arrays tech-
nology markers were screened in the three populations. The
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integrated genetic map contains 1,127 marker loci, which
span 2,976.75 cM for the whole genome, 985.93 cM for the
A genome, 922.16 cM for the B genome, and 1,068.65 cM
for the D genome. Phenotypic values were evaluated in four
environments for populations WY and W1J, but three environ-
ments for population WL. Individual and combined pheno-
typic values across environments were used for QTL detec-
tion. A total of 165 putative additive QTL were identified, 22
of which showed significant additive-by-environment inter-
action effects. A total of 65 QTL (51.5 %) were stable across
environments, and 23 of these (35.4 %) were common stable
QTL that were identified in at least two populations. Nota-
bly, QTkw-5B.1, QTkw-6A.2, and QTkw-7B.1 were common
major stable QTL in at least two populations, exhibiting
11.28-16.06, 5.64-18.69, and 6.76-21.16 % of the pheno-
typic variance, respectively. Genetic relationships between
kernel dimensions and kernel weight and between yield
components and yield were evaluated. Moreover, QTL or
regions that commonly interact across genetic backgrounds
were discussed by comparing the results of the present study
with those of previous similar studies. The present study
provides useful information for marker-assisted selection in
breeding wheat varieties with high yield.

Abbreviations

TKW  Thousand-kernel weight
KL Kernel length

KW Kernel width

KNPS  Kernel number per spike

SNPP  Spike number per plant

KWPP Kernel weight per plant

WL Recombinant inbred line population derived from
the cross between Weimai 8 and Luohan 2

WY Recombinant inbred line population derived from

the cross between Weimai 8 and Yannong 19
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VAl Recombinant inbred line population derived from
the cross between Weimai 8 and Jimai 20

Introduction

Common wheat (Triticum aestivum L.) is one of the most
important staple crops worldwide, and an understanding
of its genetics is critical for improving yield stability. Col-
lectively, phenotyping, genotyping with molecular mark-
ers, and molecular map construction constitute the essen-
tial steps in identifying quantitative trait locus (QTL) (Lorz
and Wenzel 2004; Heidari et al. 2011). Hence, detailed
molecular genetic maps can facilitate QTL analysis. The
first wheat SSR map with 279 loci was reported by Roder
et al. (1998). Almost simultaneously, Stephenson et al.
(1998) mapped 53 novel SSR loci (with the prefix PSP) to
two genetic maps. Soon afterwards, various types of poly-
merase chain reaction (PCR)-based molecular markers
were widely used to construct a wheat genetic map (Nachit
et al. 2001; Sourdille et al. 2003; Yu et al. 2004; Suenaga
et al. 2005; Liu et al. 2005; Torada et al. 2006; Li et al.
2007b). Diversity arrays technology (DArT), a novel means
of molecular marker development, combines a complexity
reduction method with hybridization-based polymorphism
detection using high-throughput, solid-state platforms. This
technique can generate hundreds of high-quality genomic
dominant markers with high efficiency (http://www.divers
ityarrays.com/). Thus far, several wheat genetic maps with
DArT markers have been reported (Akbari et al. 2006;
Mantovani et al. 2008; Peleg et al. 2008; Francki et al.
2009; Wang et al. 2011b; Huang et al. 2012). Integrating
the genetic maps obtained from different related mapping
populations not only results in a relatively high-density
consensus genetic map but also facilitates the comparison
of common QTL across different mapping populations.
One of the main objectives in wheat breeding is to
obtain high yield, which is quantitatively inherited and
significantly influenced by the environment. Grain yield in
cereals can be dissected into several components, which are
also under QTL control but have higher heritabilities than
grain yield itself (Bezant et al. 1997; Yano and Sasaki 1997,
Kato et al. 2000; Hai et al. 2008). Furthermore, individual
traits correlated with wheat grain yield are often controlled
by analogous genomic regions (Quarrie et al. 2006; Huang
et al. 2004, 2006; Li et al. 2007b; Hai et al. 2008; Cuthbert
et al. 2008). Productive spikes per unit area, kernels per
spike, and kernel weight are the so-called three yield com-
ponents that together determine the yield of wheat. Among
the three yield components, kernel weight shows the high-
est heritability, varying from 59 to 80 % (Xiao and He
2003), indicating that selection for kernel weight in early
breeding generations is highly effective. Kernel weight is
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greatly influenced by kernel dimensions (KD) such as ker-
nel length and kernel width. Therefore, it is of utmost inter-
est to obtain more information about the underlying genetic
control of KD traits (Breseghello and Sorrells 2006; Sun
et al. 2009; Cui et al. 2011a, b).

With the rapid development of molecular marker tech-
nology in wheat, increasing numbers of QTL studies have
been conducted to dissect the genetic basis of yield and
its components. All 21 wheat chromosomes have been
shown to harbor factors affecting yield (Supplementary
Table S1). For example, Campbell et al. (1999), Ammiraju
et al. (2001), Dholakia et al. (2003) and Tsilo et al. (2010)
detected QTL for kernel size on chromosomes 1A, 1D,
2A, 2B, 2D, 3B, 5A, 5B, 6B, 7A, and/or 7B using recom-
binant inbred line (RIL) populations. Borner et al. (2002)
documented two stable QTL for grain number on chromo-
somes 4A and 7D and one stable QTL for kernel weight on
chromosome 5A. Based on advanced backcross QTL (AB-
QTL) analysis, Huang et al. (2003, 2004) and Narasimha-
moorthy et al. (2006) reported QTL for grain yield on chro-
mosomes 1A, 1B, 2A, 2B, 2D, 3B, 3D, 4D, 5A, 5B, 6B,
6D, and/or 7D; for kernel weight on 1B, 1D, 2A, 2D, 3A,
3B, 3D, 4B, 4D, 5B, 6A, 7A, 7B, and/or 7D; for kernels
per spike on 1D, 2A, 3D, 6A, 7A, and/or 7D; and for tiller
number on 1B, 2A, 2D, 3B, 4D, 5D, 6D, and/or 7A. Using
doubled haploid (DH) mapping populations, Huang et al.
(2006), McCartney et al. (2005) and Heidari et al. (2011)
detected QTL for grain yield on chromosomes 2A, 2B, 3D,
4A, 4D, 5A, 6A, 6D, 7A, and/or 7B and for grain weight on
2A, 3D, 2B, 2D, 3B, 4A, 4B, 4D, 5A, and/or 6D. Kirigwi
et al. (2007) documented a QTL for grain yield in the prox-
imal region of chromosome 4AL under reduced moisture,
whereas Snape et al. (2007) reported a stable QTL for yield
on chromosome 6A under both irrigated and non-irrigated
conditions. Mclntyre et al. (2010) reported four puta-
tive QTL for yield under irrigated and rainfed conditions,
which all colocalized with QTL for yield components.
Ramya et al. (2010) reported 10 QTL for grain weight
and 15 QTL for kernel dimensions, and pleiotropic QTL
were found on chromosomes 2B, 2D, 4B, and 5B. Using
F,.; mapping populations consisting of 237 lines, Wang
et al. (2011a) detected ten QTL for kernel number on chro-
mosomes 1A, 2D, 3B, 4A, 4B, 5A, 5B, 7A, and 7B and
seven QTL for kernel weight on chromosomes 1A, 4B, 5A,
5B, 6A, 6B, and 7B, of which three chromosomal regions
on 5A, 6A, and 4B harbor QTL clusters involving all six
yield-related traits. Using two different mapping popula-
tions, Kumar et al. (2007) detected 173 and 521 QTL for
yield and yield-contributing traits distributed across 19
wheat chromosomes except 5B and 7D; however, only one
QTL was common between the two mapping populations.
Using genome-wide association mapping analysis based on
linkage disequilibrium, Wang et al. (2012) and Zhang et al.
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(2012) verified numerous previously reported QTL. Com-
mon QTL across different mapping populations were rarely
defined or explored because only a single mapping popu-
lation was used. The incidence of common QTL between
different genetic backgrounds implies both the reliability
and importance of the corresponding genomic region, thus
providing theoretical guidance in molecular breeding.

In the present study, three related RIL populations
were used in map construction and QTL mapping analy-
sis for yield-related traits. The aims of this study were to
(1) develop a consensus wheat molecular genetic map with
PCR-based and DArT markers, (2) identify the genetic fac-
tors affecting yield-related traits, and (3) provide useful
information for marker-assisted selection (MAS) in wheat
breeding for increased yield.

Materials and methods
Plant materials, field arrangement and trait evaluation

Three related RIL populations were used in the present
study, which were created by crossing the common paren-
tal line Weimai 8 with Jimai 20 (WJ), Yannong 19 (WY),
and with Luohan 2 (WL), respectively. The WJ and WY
populations were reported in our previous studies (Cui
et al. 2011a, b), whereas this is the first report describing
the WL population. In total, 175 of the 485 WJ-derived
RILs, 172 of the 229 WY-derived RILs, and 179 of the 302
WL-derived RILs were used in the present study, and these
RILs were randomly subsampled from their initial popula-
tions. Relevant information about the WJ and WY popu-
lations and their parents can be found in previous reports
(Cui et al. 2011a, b). Moreover, Weimai 8 is character-
ized by its high level of resistance to powdery mildew and
moderate resistance to yellow rust and leaf rust, and Jimai
20 is characterized by its high level of resistance to pow-
dery mildew and moderate resistance to yellow rust and
sheath blight. Luohan 2, a common wheat variety that is
highly drought tolerant, was produced in 2001 by the Crop
Research Institute, Luoyang Municipal Academy of Agri-
cultural Sciences, Henan, China. Luohan 2 is character-
ized by its high level of resistance to leaf rust and moder-
ate resistant to yellow rust and bacterial blight. Among the
four parental lines, Weimai 8 has the largest kernels (Cui
et al. 2011a).

The WJ and WY populations together with their parents
were evaluated in four environments in Shandong Province,
China: Tai’an in 2008-2009 (E1), and Tai’an in 2009-2010
(E2), Zao’zhuang in 2009-2010 (E3) and Ji’ning in 2009—
2010 (E4). The four environments have been detailed in our
previous reports (Cui et al. 2011a). The WL population and
its parents were evaluated only in E1, E2, and E4.

In each plot, five representative plants were selected
from the middle row as samples for measuring spike num-
ber per plant (SNPP), kernel number per spike (KNPS),
and kernel weight per plant (KWPP). Seeds were thor-
oughly cleaned, and all non-wheat materials and broken
kernels were removed before measuring kernel weight.
KWPP was determined in grams by weighing all kernels of
each representative plant. Thousand-kernel weight (TKW)
was determined in grams by weighing two samples con-
taining 1,000 kernels from each plot. Two samples of 20
kernels from each plot were lined up length-wise along a
ruler with a precision of 0.1 mm, to measure kernel length
(KL), and then the kernels were arranged breadth-wise to
measure kernel width (KW). All lengths are reported in
centimeters. KNPS, TKW, KL, and KW were evaluated in
El, E2, E3, and E4 in both the WY and WJ populations; in
the WL population, these traits were evaluated in E1, E2,
and E4. SNPP and KWPP were evaluated in E1, E2, and E3
in both the WY and WJ populations; in the WL population,
these traits were evaluated in E1 and E2.

Analysis of molecular and biochemical markers

Polymorphic PCR-based and biochemical markers, includ-
ing G-SSR, EST-SSR, ISSR, STS, SRAP, RAPD, and high
molecular weight glutenin subunits (HMW-GS) at Glu-al,
Glu-bl, and Glu-dI, were detected using the method previ-
ously reported by Cui et al. (2012). All of the RILs were
genotyped with PCR-based and biochemical markers. Seed-
ling leaves were used to prepare the DNA for DArT analy-
sis using the recommended DNA extraction method (http://
www.diversityarrays.com/cgi-bin/order/login.pl). RILs of
the subsets that were randomly subsampled from their
initial populations and their parents were assayed using
the wheat DArT array ‘Wheat Pstl (Tagl) 2.3 D’ (http://
www.triticarte.com.au/). The scores of all markers were
converted into genotype codes according to the scores of
the parents (‘A’ for the common parental line Weimai 8,
‘B’ for the remaining three parental lines, and ‘-’ for the
missing data and heterozygous genotype amplified by
PCR-based markers in the map construction and integra-
tion using MAPMAKER 3.0 and JoinMap 4.0; ‘2’ for the
common parental line Weimai 8, ‘0’ for the remaining three
parental lines, ‘1’ for heterozygous genotypes amplified by
PCR-based markers, and ‘—1" for the missing data in the
QTL analysis by IciMapping 3.2).

Map construction and integration
Individual maps for each population were constructed
using MAPMAKER 3.0 (Lander et al. 1987). First, 21

groups were defined using the ‘MAKE CHROMOSOME’
command. The ‘ANCHOR’ command was then used to
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locate marker loci on chromosomes based on identified
Chinese Spring nullisomic—tetrasomic lines and public
genetic maps in GrainGenes 2.0 and http://www.cerealsdb.
uk.net/search_reads.htm. The remaining loci were assigned
to chromosomes using the ‘ASSIGN’ command at a log-of-
odds (LOD) score of 3.0 with distances less than 50 cM.
Linkage analysis was performed using JoinMap 4.0 (Biom-
etris, Wageningen, the Netherlands; http://www.kyazma
.nl/) with a minimum LOD score of 3.0 and a recombina-
tion frequency of 0.45. Groups that had the same linkage
with at least two common loci were loaded into the same
project via JoinMap 4.0. Based on the common markers
between individual maps, the ‘COMBINE GROUPS FOR
MAP INTEGRATION’ function from the ‘JOIN’ menu
was used for map integration. Three separate steps were
performed for map integration. First, markers that were
common between at least two maps were defined as anchor
markers and used to link corresponding linkage groups on
individual maps. Subsequently, the consensus order of the
anchor markers was calculated from their relative posi-
tions on each individual map. Lastly, the integrated order
of all loci was determined, beginning with the most com-
mon marker and adding the closest markers one at a time.
The centimorgan (cM) map unit was calculated using the
Kosambi mapping function (Kosambi 1944). The integra-
tive map was drawn using MapChart 2.2 (http://www.biom
etris.nl/uk/Software/MapChart/).

Data analysis and QTL mapping

Basic statistical analysis of the phenotypic data in
the three RIL populations was performed using the
SPSS13.0 software (SPSS, Chicago, IL, USA; http:/
en.wikipedia.org/wiki/SPSS). Heritability (H*) was cal-
culated using the GLM procedure of SAS according
to Knapp et al. (1985). The formula for estimating H> is
H? = 1 — M,/M,, where M, and M, indicate the variance of
genotype and genotype x environment, respectively. Due
to the number of replications (r = 1), it was impossible to
estimate genotype x environment interaction variance in
the present study. The mean variance for residual error is
represented as M, (Huang et al. 2006).

Using IciMapping 3.2 (http://www.isbreeding.net/),
QTL scanning was performed by inclusive composite inter-
val mapping (ICIM) through stepwise regression by con-
sidering all marker information simultaneously (Li et al.
2007a). In both the WJ and WY populations, the pheno-
typic values of the RILs in E1, E2, E3, and E4 were used
for individual environment QTL mapping; in the WL pop-
ulation, the phenotypic values of the RILs in E1, E2, and
E4 were used. Missing phenotypes were deleted using the
‘Deletion’ command, whereas the missing genotypic data
were speculated according to its closest linkage marker

@ Springer

scores. The walking speed chosen for all QTL was 1.0 cM,
and the probability in stepwise regression (p value inclu-
sion threshold) was 0.001. The threshold LOD scores were
calculated using 1,000 permutations with a type 1 error of
0.05. Moreover, combined (C) QTL analysis across envi-
ronments was conducted with the aim of identifying QTL
with additive-by-environment (A by E) interaction effects,
using 2.5 as the threshold LOD score (the default value) (Li
et al. 2007a).

Nomenclature of QTL

All QTL were named as follows: italic uppercase ‘Q’
denotes ‘QTL’; letters following it before the dash are the
abbreviation of the corresponding trait; next, after the dash
is the wheat chromosome on which the corresponding QTL
is distributed; if more than one QTL for a certain trait dis-
persed along a certain chromosome, a serial number, viz.
1, 2, 3, etc., is used after the chromosome name to describe
their order, from the short arm to the long arm.

A QTL that was significant in just one family was
defined as rare QTL, whereas those significant in at least
two families were designated as common QTL (Li et al.
2011). We defined a stable QTL as one that was signifi-
cant in at least two different environments of E1, E2, E3,
and E4. A QTL with significant A by E interaction effect
is defined as that where the LOD value for A by E is >2.5.

Results
The novel integrative genetic map

A total of 883 (504 DATrT loci), 855 (477 DArT loci), and
786 (430 DArT loci) polymorphic loci were used for link-
age analysis in the WL, WY, and W] populations, respec-
tively. Of these loci, 871, 834, and 751 from the WL,
WY, and WIJ populations, respectively, were assigned to
21 wheat chromosomes. Due to the 1BL/IRS transloca-
tion of the common parent Weimai 8, 69 1RS- or 1BS-
specific loci showed co-segregation in the RILs; these
were excluded from the linkage analysis and map con-
struction. Overall, 1,127 loci distributed on all 21 wheat
chromosomes were mapped to the integrative genetic map
(Fig. 1). Of these loci, 576 were DArT markers, most of
which were clustered in wheat genome. The 548 PCR-
based polymorphic loci included 279 G-SSR loci, 158
EST-SSR, 62 STS, 22 ISSR, 15 SRAP, and 12 RAPD.
Three biochemical markers, Glu-al, Glu-bl, and Glu-dli,
were accurately mapped to their corresponding chromo-
somes. In total, 496 of the 1,127 loci were common to at
least two of the three individual maps (Fig. 1). The integra-
tive genetic map covered 2,976.8 cM, including 986.0 cM
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Fig. 1 continued

(33.12 %) of the A genome, 922.2 cM (30.98 %) of the B
genome, and 1,068.7 cM (35.90 %) of the D genome. The
average distance between adjacent loci was 2.6 cM. Most
markers were mapped to the A genome (40.56 %) and the
B genome (40.11 %), each with an average of 65 markers
per chromosome. The remaining markers (19.33 %) were
mapped to the D genome, with an average of 31 mark-
ers per chromosome. The chromosome size ranged from
59.2 cM for chromosome 1BL to 217.3 c¢cM for chromo-
some 4A, with an average of 141.8 cM per chromosome.
The number of loci per chromosome ranged from 95 on
chromosome 2B to 14 on chromosome 4D, with a mean of
54 loci per chromosome. Chromosome 2B had the high-
est average marker density with 1 marker per 1.3 cM,
whereas chromosome 4D had the lowest average marker
density, with an average of 12.4 cM between adjacent loci.
Although good coverage of the genome was obtained,
gaps of over 30 cM between the adjacent loci remained on
chromosomes 2D, 3D, 4A, 4B, 4D, and 5D (Fig. 1).

@ Springer

Phenotypic performance of the six yield and yield-related
traits

The final six yield and yield-related traits for the three
RIL populations and the parents in all environments are
shown in Supplementary Table S2. Weimai 8 was charac-
terized by more KNPS, larger kernels, higher TKW, higher
KWPP, and less SNPP compared with Jimai 20, Yannong
19, and Luohan 2. In addition, both RIL lines and parents
in E3 had the lowest phenotypic values for TKW, KL, KW,
SNPP, and KWPP among all of the trials in both WJ and
WY populations. This result might be due to the outbreak
of gibberellic disease in Zao’zhuang in 2009-2010, which
appeared in the watery stage and milk ripe stage. The phe-
notypic variation in all the six traits among the RIL lines
was obvious in all three populations and segregated con-
tinuously. Strong transgressive segregation was observed
for all six traits in all environments, indicating that alleles
with positive effects are distributed among the parents. The
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Table 1 Phenotypic correlations between kernel weight and kernel dimensions and between yield and its components

TKW WL (E1/E2/E4) WY (E1/E2/E3/E4) WJ (E1/E2/E3/E4)

KL 0.275%%/0.286*%/0.404* 0.380%%/0.289%%/0.340%%/0.33] ** 0.425%%/0.495%%/0.368*+/0.458**
KW 0.411%%/0.637*%/0.550%* 0.617%%/0.479%%/0.571%%/0.510%* 0.724%%/0.618%%/0.555+%/0.577**
KWPP WL (E1/E2) WY (E1/E2/E3) WIJ (E1/E2/E3)

KNPS 0.215%%/0.206%* 0.263%%/0.438%%/0.494%* 0.263%%/0.364%%/0.308%*

TKW 0.193%%/0.530%* 0.290%%/0.102/0.340%* 0.198%%/0.172%%/0.362%+*

SNPP 0.657%%/0.5327* 0.738%%/0.571%%/0.716%* 0.755%%/0.753%%/0.699%*

El, E2, E3, and E4 represent the environments of 2008-2009 in Tai’an, 2009-2010 in Tai’an, 2009-2010 in Zao’zhuang and 2009-2010 in

Ji’ning, respectively

TKW thousand-kernel weight, KL kernel length, KW kernel width, KWPP kernel weight per spike, KNPS kernel number per spike, SNPP spike

number per plant

** Correlation is significant at p < 0.01 level

estimated broad-sense heritability of the six traits ranged
from 12.22 to 71.32 %. TKW, KL, and KNPS had higher
broad-sense heritabilities, ranging from 45.94 to 71.32 %;
however, KW, SNPP, and especially KWPP showed lower
broad-sense heritabilities, ranging from 12.22 to 36.56 %.

The phenotypic correlations between kernel weight and
KD and between yield and its three components are listed
in Table 1. Both KL and KW were significantly positively
correlated with TKW in all environments; similarly, KNPS,
TKW, and SNPP were significantly positively correlated
with KWPP. Higher positive correlation coefficients were
observed between TKW and KW in all environments, indi-
cating a strong stable genetic association between TKW
and KW. SNPP and KWPP exhibited strong stable genetic
associations in all environments.

QTL mapping for the six yield and yield-related traits

A total of 39, 25, 18, 28, 15, and 8 putative additive QTL
were detected in individual environment QTL mapping
analysis for TKW, KL, KW, KNPS, SNPP, and KWPP,
respectively. These QTL were distributed across all 21
wheat chromosomes and individually exhibited 3.10-
44.45 % of the phenotypic variance (Supplementary Table
S3; Fig. 1). A total of 31 of the 39 putative additive QTL
for TKW, 24 of 25 for KL, 15 of 18 for KW, 27 of 28 for
KNPS, 12 of 15 for SNPP, and 6 of 8 for KWPP were con-
firmed in combined QTL analysis across environments
(Supplementary Tables S3 and S3; Fig. 1). Combined QTL
analysis across environments detected 11 additional QTL
for TKW, 9 for KL, 10 for KW, and 1 each for SNPP and
KWPP (Supplementary Table S4; Fig. 1).

Stable QTL across environments

A total of 20 stable QTL were identified for TKW, all of
which were significant in combined QTL analysis across

environments (Table 2; Supplementary Table S4; Fig. 1).
Eleven of these QTL were verified in at least two popula-
tions; however, most of them showed stability across envi-
ronments in only a single RIL population. QTkw-2B.3,
QTkw-3A.1, QTkw-3A.3, QTkw-3B.2, QTkw-3D.2, QTkw-
5B.1, QTkw-6A.2, QTkw-6D, and QTkw-7B.1 were major
stable QTL that accounted for >10 % of the phenotypic
variation. It is important to note that QTkw-5B.1, QTkw-
6A.2, and QTkw-7B.1 were common major stable QTL that
were verified in at least two RIL populations.

A total of 13 stable QTL were detected for KL, and all
were significant in combined QTL analysis across environ-
ments (Table 2; Supplementary Table S4; Fig. 1). Of these,
eight QTL were common QTL that were verified in more
than one population. QKI-1BL.1, QKI-2D.1, QKI-2D.2, and
QKI-6B.3 showed stability across environments in at least
two RIL populations. QKI-2B.1, QKI-2D.1, QKI-2D.2, QKI-
3A.1, QKI-6B.2, and QKI-7A.1 were major stable QTL that
individually explained >10 % of the phenotypic variation.

Seven QTL for KW were stable QTL, and all were
reproducibly identified in combined QTL analysis across
environments (Table 2; Supplementary Table S4; Fig. 1).
Of these, QKw-2B.3 and QKw-6B.2 were major stable
QTL, individually exhibiting 10.12-13.11 and 11.22—
24.94 % of the phenotypic variation, respectively.

In total, 17 stable QTL for KNPS were identified, and
all were significant in combined QTL analysis across envi-
ronments (Table 2; Supplementary Table S4; Fig. 1). Of
these, QKnps-2A.2, QKnps-2D.2, QKnps-4A, and QKnps-
5A were common QTL. QKnps-1BL, QKnps-2A.2, QKnps-
3A.1, QKnps-4A, QKnps-4B.1, QKnps-5A, QKnps-6A, and
QOKnps-7B.1 were major QTL.

QTL mapping detected five stable QTL for SNPP, and all
were significant in combined QTL analysis across environ-
ments (Table 2; Supplementary Table S4; Fig. 1). Only two
QTL (QSnpp-2B.2 and QSnpp-4A.1) individually accounted
for >10 % of the phenotypic variation as major QTL.
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Table 2 Stable additive QTL for six yield and related traits across environments in the WL, WY, and WJ populations

Trait  QTL*? Populationb Trial LOD value R% (%)° Additive effectd
TKW  QTkw-1BL.1 W] E1/E2/E4 2.32/2.45/12.71 5.65/6.53/7.55 1.08/1.15/1.20
OTkw-2A.1 WY E1/E4 2.48/2.49 6.62/6.65 —1.89/—1.45
OTkw-2A.2 WY E1/E4 2.31/2.53 6.78/7.32 —0.81/—1.32
QOTkw-2B.3 WY E2/E4 3.96/5.00 13.32/15.02 —1.40/—1.84
QTkw-2D.2 WL/WJ (E1/E4)/E2 (4.74/6.71)/3.22 (7.85/9.98)/5.85 (-1.46/-1.79)/—1.07
QTkw-3A.1 WL E2/E4 2.54/5.99 12.32/13.87 —2.12/-2.45
QOTkw-3A.3 WL E1/E4 5.09/4.89 12.60/7.80 —1.77/-1.43
QTkw-3B.1 WL E1/E2/E4 2.49/2.03/4.25 8.45/7.02/9.12 1.54/1.32/1.58
QTkw-3B.2 WY E2/E3 2.12/3.64 9.12/12.24 1.12/1.47
QTkw-3B.3 W] E1/E2/E4 2.01/2.38/2.49 6.88/7.98/9.21 0.82/0.84/0.72
QTkw-3D.2 WL E1/E4 7.90/6.07 13.30/13.47 —2.21/-1.98
OTkw-4A.1 W] E1/E3 2.12/3.23 5.02/7.50 —0.98/—1.33
QTkw-5B.1 WL/WJ (E2/E4)/(E2/E4) (2.12/4.31)/(6.13/4.85) (9.87/11.28)/ (—2.89/-3.14)/
(16.06/13.12) (—1.80/—1.59)
QTkw-5B.2 WL E1/E4 4.61/3.49 7.44/4.91 1.35/1.13
QOTkw-6A.1 W] E1/E2 3.17/2.56 7.81/5.55 1.49/1.38
QOTkw-6A.2 WY/W] (E1/E3)/(E2/E4) (5.26/3.00)/(3.45/8.36) (15.35/5.64))/ (2.08/1.11)/(1.48/2.13)
(9.81/18.69)
QTkw-6D WY E1/E2 3.54/2.48 10.45/10.01 —1.69/—1.23
QOTkw-7A.2 WL E1/E2/E4 4.12/2.50/4.39 8.91/5.55/7.92 1.62/1.40/1.58
QOTkw-7B.1 WL/WY/W] (E1/E4)/(E1/E4)/ (2.88/7.16)/(4.45/4.93)/  (6.76/18.42)/ (1.40/2.36)/(2.01/2.22)/
(E1/E2/E3) (6.08/5.04/4.45) (19.17/21.16)/ (2.31/1.60/1.57)
(19.70/13.45/14.04)
QTkw-7B.4 WL E1/E2 2.59/2.50 7.33/5.51 —2.42/-2.00
KL QKl-1BL.1 WL/WJ (E1/E2)/(E1/E2/E4) (2.50/3.04)/ (3.10/4.10)/ (0.005/0.008)/
(2.02/2.31/3.16) (4.00/4.28/5.71) (0.005/0.005/0.008)
QKI-2A.1 \\A) E1/E2 6.32/2.03 9.56/5.45 0.011/0.007
OKI-2B.1 WL/WY (E1/E2)/E2 (5.47/7.11)/3.98 (12.77/12.09)/8.34 (0.014/0.015)/0.011
OKI-2D.1 WY/WJ (E2/E3)/(E1/E3) (2.04/3.36)/(10.07/14.66) (4.22/6.63)/ (0.007/0.009)/(0.014/0.024)
(17.08/31.14)
QKI-2D.2 WL/W] (E2/E4)/(E3/E4) (10.24/4.25)/(3.55/3.79)  (15.57/8.56)/(7.36/8.02) (—0.016/—0.012)/
(—0.014/-0.012)
OKl-3A.1 WL/WY/W]J El/(E1/E2/E4)/E4  3.82/ 8.49/(12.94/13.51/ —0.011/(—0.012/—0.015/
(4.79/4.78/3.10)/4.29 7.05)/8.73 —0.012)/0.013
QKI-3B.3 Wi E1/E2/E4 2.01/2.23/2.34 4.22/5.66/6.02 —0.004/—0.005/—0.005
QKI-5A.3 WJ E1/E3 6.05/2.13 8.62/6.73 0.012/0.009
QKI-6B.2 WY E1/E3 3.89/10.12 8.02/19.18 —0.010/—-0.015
QKl-6B.3 WL/WY/W] (E1/E2)/(E3/E4)/E1 (2.48/4.57)/ (7.21/9.88)/ (0.009/0.012)/
(2.23/2.02)/3.20 (7.00/6.48)/4.45 (—0.006/—0.007)/—0.009
QKI-7A.1 WL E1/E2/E4 5.06/5.68/5.01 9.60/8.15/10.25 —0.013/-0.012/-0.015
OKl-7B.1 WY/W] E1/(E1/E2/E3/E4)  2.53/ 5.34/(6.66/8.62/ 0.004/(—0.006/—0.010/
(2.60/3.71/2.50/3.63) 6.58/6.63) 0.062/—0.010)
QKI-7B.3 WL/WJ E1/(E1/E3) 3.26/(5.38/3.90) 8.49/(8.30/7.06) 0.001/(0/010/0.013)
KW QKw-2B.3 WY E2/E3/E4 2.23/2.44/2.95 10.12/10.09/13.11 —0.006/—0.006/—0.007
QKw-3A.1 WL E2/E4 2.01/2.16 7.12/7.88 —0.005/—0.003
QKw-3A.2 Wi E2/E3 2.12/2.20 5.52/6.13 —0.005/—0.006
QKw-3B.1 Wi E1/E2/E3 2.32/2.08/2.00 5.85/5.77/5.31 0.004/0.004/0.004
QKw-5A WL E1/E2/E4 2.02/2.03/2.11 5.11//5.02/5.21 —0.003/—0.004/—0.003
QKw-5B.1 W] E2/E3 2.01/2.22 4.89/5.23 0.004/0.004
QKw-6B.2 WY E1/E2 2.03/2.97 11.22/24.94 0.009/0.010
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Table 2 continued

Trait  QTL*? Populationb Trial LOD value R% (%)° Additive effectd

KNPS QKnps-1BL WY E1/E2 2.57/4.22 9.87/10.10 —1.97/-2.24
QOKnps-2A.1 WY E3/E4 2.17/2.19 6.75/6.88 1.12/1.14
OKnps-2A.2 WL/WY (E1/E2/E4)/(E1/E3) (2.11/2.14/2.78)/ (7.89/8.13/8.98)/ (1.32/1.45/1.78)/(3.22/2.09)

(4.56/2.23) (10.10/7.57)

QKnps-2D.1 WY E1/E4 2.22/2.65 4.11/4.45 —1.32/—-1.43
QOKnps-2D.2 WY/W] E3/(E1/E2) 2.89/(2.00/2.01) 7.88/(4.35/5.21) —1.74/(1.07/1.19)
QOKnps-2D.3 WY E2/E3/E4 2.02/2.22/3.35 6.57/6.78/7.28 —1.45/—1.56/—1.89
QOKnps-3A.1 WL E1/E2/E4 6.04/4.74/4.92 14.25/10.12/10.33 3.18/2.87/1.80
OKnps-3A.3 W] E2/E4 2.23/2.65 8.12/9.89 —1.23/—1.45
OKnps-3A.4 W] E1/E2/E4 2.12/2.55/2.08 7.21/8.99/6.89 —1.45/—1.99/—1.38
OKnps-4A WY/WJ E3/(E2/E3) 4.51/(3.60/2.36) 10.88/(7.19/5.87) —3.10/(1.95/1.45)
QOKnps-4B.1 W] E2/E4 2.33/3.98 7.82/13.78 2.78/3.07
QOKnps-4D WY E1/E4 2.56/2.89 5.25/4.59 —1.57/—1.54
OKnps-5A WL/W] E2/(E1/E2/E4) 2.34/(11.32/6.90/3.48) 6.78/(26.30/22.03/10.21) —1.34/(—4.78/—3.52/—1.76)
QKnps-6A Wi E2/E4 3.82/2.34 10.09/8.78 —2.32/—1.98
OKnps-7B.1 WY E1/E2/E3/E4 2.34/5.92/2.45/6.54 9.18/17.77/10.12/11.54  —1.32/—2.99/—1.55/—2.38
QKnps-7B.2 WL E1/E2 2.95/3.95 5.81/9.74 —2.08/—2.92
QKnps-7B.3 WL E1/E2 3.31/2.45 5.66/4.32 2.05/1.98

SNPP  QSnpp-2B.2 WL E1/E2 2.12/4.63 7.23/16.62 —0.48
QSnpp-2D.2 WY E1/E2/E3 2.09/2.12/2.23 5.45/5.66/6.12 0.37/0.42/0.45
QSnpp-3A WL E1/E2 2.38/2.49 6.88/7.32 0.62/0.43
OSnpp-4A.1 W] E1/E2 3.97/4.76 10.65/11.39 1.15/0.70
OSnpp-4A.3 W] E1/E3 2.42/2.18 7.87/6.16 —0.62/—-0.21

KWPP QKwpp-4A.1 W] E2/E3 2.18/5.23 18.12/44.45 —1.89/-2.31
QOKwpp-4A.2 W] E1/E2 2.77/4.36 7.39/11.01 2.02/1.51
QOKwpp-5D W] E2/E3 4.06/2.32 28.42/16.17 3.91/2.78

# QTL marked by bold typeface indicated a common QTL that was significant in at least two RIL populations in individual and/or combined

environment QTL mapping analysis

b Population marked by bold typeface indicated that a QTL was significant in both the individual and combined environment QTL mapping
analysis in the corresponding population

¢ R?> 10 % was marked by bold typeface

4 Positive values indicate that Weimai 8 alleles increase the corresponding trait, and, conversely, negative values indicate that Weimai 8 alleles

decrease it; all weights were shown in grams and all length were shown in centimeters

Only three stable QTL were detected for KWPP, and all
were significant in combined QTL analysis across environ-
ments (Table 2; Supplementary Table S4; Fig. 1). All three
(OKwpp-4A.1, QKwpp-4A.2, and QKwpp-5D) were major
QTL.

QTL with significant additive-by-environment interaction
effects

Combined QTL analysis across environments indicated
that 2 (4.0 %) of the 50 QTL for TKW, 11 (32.4 %) of
34 for KL, 1 (3.6 %) of 28 for KW, 4 (14.3 %) of 28
for KNPS, 1 (6.3 %) of 16 for SNPP, and 3 (33.3 %)
of 9 for KWPP showed significant A by E interaction
effects (Table 3). Of these, QTkw-4A.1, QKI-2A.1, QKI-
2D.1, QKI-2D.2, QKI-5A.3, QKI-6B.2, QKI-7B.1, and

OKwpp-4A.1 were significant in more than one environ-
ment. Notably, QKI-7B.1, a stable QTL with significant A
by E interaction effects, was significant in all four envi-
ronments in the WJ population, with additive effect values
that were positive in E3 but negative in E1, E2, and E4
(Table 3). Fourteen of the above 22 QTL were major QTL,
individually accounting for 8.02-44.45 % of the pheno-
typic variation.

Common QTL consistent with favorable alleles
from Weimai 8 across populations

Eight of the 18 common QTL for TKW, 4 of 12 for KL, and
1 of 6 for KNPS showed positive additive effects consist-
ently across populations, with positive additive effects from
Weimai 8 of 0.17-2.36 g, 0.001-0.024 cm, and 0.55-3.22,
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Table 3 Putative additive QTL with significant A by E interaction effects for six yield and related in the WL, WY, and WJ populations in com-
bined QTL analysis across environments

Trait QTL? Population® Trial LOD (A)* LOD (A by E)¢ R% (%)*
TKW OTkw-4A.1 WJ E1/E3 5.53 3.12 5.02/7.50
QTkw-6B.2 WY E3 7.45 477 19.70
KL OKI-2A.1 W) E1/E2 6.38 2.86 9.56/5.45
OKI-2D.1 WY/W] (E2/E3)/(E1/E3) 3.24/9.90 1.62/4.60 (4.22/6.63)/(17.08/31.14)
OKI-2D.2 WL/WJ (E2/E4)/(E3/E4) 12.49/4.68 2.86/1.41 (15.57/8.56)/(7.36/8.02)
OKI-4A.1 WY E3 3.11 4.20 12.99
OKI-5A.1 WY E2 3.01 2.66 10.90
OKI-5A.3 WJ E1/E3 6.13 2.56 8.62/6.73
OKI-6A.1 WL El 430 4.75 17.41
QKI-6B.2 WY E1/E3 11.63 3.81 8.02/19.18
OKI-6B.3 WL/WY/WJ (E1/E2)/(E3/E4)/E1 3.21/3.42/2.88 1.88/0.09/2.57 (2.48/4.57)/(2.23/2.02)/3.20
QKI-6D.1 W] E4 3.56 2.55 12.33
OKI-7B.1 WY/WJ E1/(E1/E2/E3/E4) 3.91/22.60 0.15/20.91 5.34/(6.66/8.62/6.58/6.63)
KW QKw-3A.3 wJ E4 3.39 3.17 10.36
KNPS OKnps-1D WY E4 3.39 3.67 11.17
QOKnps-3A.2 WJ E4 5.38 4.19 24.99
OKnps-4A WY/W] E3/(E2/E3) 3.02/4.73 3.32/0.89 10.88/(7.19/5.87)
OKnps-4B.2 WY/W] —/E1 3.12/3.83 0.15/2.56 -19.07
SNPP OSnpp-4A.2 WY El 3.66 2.87 15.86
KWPP OKwpp-3A.2 WY E3 3.01 2.89 8.05
OKwpp-4A.1 wJ E2/E3 3.23 3.35 18.12/44.45
QKwpp-4A.3 WY E2 3.00 3.89 9.81

abe For annotations see ‘a, b and ¢’ of Table 2

¢ LOD value of the corresponding additive QTL in combined QTL analysis across environments
4 A LOD >2.50 for A by E interactions was marked by bold typeface

Table 4 Common QTL Trait QTL Population® Trial® Add® (min—max)

consistent with favorable

alleles from Weimai 8 across TKW OTkw-1BL.1 WL/WY/WJ  C/C/E1/E2/E4/C) 0.31-1.20

populations OTkw-3B.2 WL/WY/WJ  CHE2/E3/C)/C 0.48-1.47
OTkw-5A.1 WY/WJ C/(E4/C) 0.22-1.70
OTkw-6A.2 WY/WJ (E1/E3/C)/(E2/E4/C) 0.17-2.13
OTkw-6B.1 WY/WJ c/C 0.40-0.74
OTkw-7A.2 WL/WJ (E1/E2/E4/C)/C 0.48-1.62

* The populations in which the OThkw-7A.3 WL/WY (E2/C)/C 0.38-1.93

‘;;’gisi‘;ﬁ?ﬁ‘iézftcommon QTL OTkw-7B.1 WL/WY/WJ  (EI/E4/C)(EI/E4/C)(EI/EVE3/C)  0.56-2.36

b The trials in which the KL OKI-1BL.1 WL/WJ (E1/E2/C)/(E1/E2/EA/C) 0.003-0.008

corresponding commeon QTL OKI-2B.1 WL/WY (E1/E2/C)/E2 0.004-0.023

was significant QKI-2D.1 WY/WJ (E2/E3/C)/(E1/E3/C) 0.004-0.024

¢ The range of the additive QKI-7B.3 WL/WJ E1/(E1/E3/C) 0.001-0.013

effect of the corresponding KNPS  QKnps-2A2  WL/WY (E1/E2/E4/C)/(E1/E3/C) 0.55-3.22

common QTL in all trials

respectively (Table 4). Common QTL for KW, SNPP, and
KWPP could not be consistently detected with favorable
alleles from Weimai 8 across the populations. Interestingly,
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favorable alleles of QTkw-1BL.1, QTkw-3B.2, and QTkw-
7B.1 originated from Weimai 8 in all the three RIL
populations.
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Discussion
The novel integrative genetic map

Both wheat molecular breeding and genomics research
require accurate and detailed genetic maps. By comparing
the positions of common markers across different mapping
populations, map integration of different genetic maps not
only produces a relatively high-density consensus genetic
map but also enhances the accuracy of linear relationships
among markers, which is of great value for future fine map-
ping or even map-based cloning of major QTL. Moreover,
a consensus integrative genetic map obtained from related
mapping populations facilitates the definition of common
QTL. In the present study, three related RIL populations
were used for map construction and integration. The novel
consensus integrative wheat genetic map covers 74 % of
the wheat genome, assuming that the final size of wheat
genome is approximately 4,000 cM as predicted by Sour-
dille et al. (2003). Both PCR-based and DArT molecular
markers were mapped to the novel wheat genetic map.
Consistent with previous reports, DArT markers were
highly clustered, which might be due to the presence of
redundant clones in the genomic representation (Akbari
et al. 2006; Semagn et al. 2006; Mantovani et al. 2008;
Peleg et al. 2008; Francki et al. 2009; Wang et al. 2011b).
Although the new genetic map covers all 21 wheat chro-
mosomes fairly evenly across the A, B, and D genomes, the
D genome contains the fewest loci (19.33 %). This finding
agrees with other hexaploid wheat maps, in which fewer
markers were found in the D genome, especially on chro-
mosome 4D (Roder et al. 1998; Sourdille et al. 2003; Liu
et al. 2005; Suenaga et al. 2005; Torada et al. 2006). A tar-
geted isolation from a diploid ancestor might effectively
saturate the molecular markers on the D genome (Roder
et al. 1998). Although our map contains 1,127 loci, some
regions have inadequate coverage and large gaps. The addi-
tion of more markers, particularly for D genome chromo-
somes, will provide more complete genome coverage, thus
ensuring powerful QTL detection (Sourdille et al. 2003).

Common QTL and stable QTL

The existence of a common QTL across different map-
ping populations implies that the QTL will have a consist-
ent stable effect in many genetic backgrounds if it is used
in wheat breeding as donor. In contrast, a rare QTL with
identifiable genetic effects that segregates in just one fam-
ily may have a stable effect only in limited genetic back-
grounds (Li et al. 2011). In the present study, 36.0 % of the
50 QTL for TKW, 35.9 % of the 34 for KL, 7.1 % of the 28
for KW, and 21.4 % of the 28 for KNPS were common to
at least two of the three RIL populations (Supplementary

Tables S3 and S4; Fig. 1). Common QTL that are con-
sistent with favorable alleles from the common parent
across related mapping populations will be more effective
in MAS in wheat breeding programs compared with rare
QTL. Therefore, the common QTL listed in Table 4 might
be of great value in wheat breeding programs designed to
improve yield.

The expression of a stable QTL is less affected by the
environment. In general, a major QTL that is consistent
across environments is of great value for MAS in breed-
ing varieties adapted to various ecological environments.
Therefore, the nine major stable QTL for TKW, six for KL,
two each for KW and SNPP, eight for KNPS, and three for
KWPP, all of which are detailed in the “Results” section
and listed in Table 2, should be of great value in the genetic
improvement of wheat yield.

Common major stable QTL that are consistent with
favorable alleles from the common parent consistently
across populations are of greater value for MAS, with
higher efficiencies in breeding varieties adapted to vari-
ous ecological environments. As a major QTL, QTkw-
7B.1 accounted for >10 % of the phenotypic variance and
exhibited stability across environments in all three RIL
populations. In addition, Weimai 8 alleles of this QTL
were consistently associated with increased TKW in all
three RIL populations (Tables 2, 4). Thus, this QTL should
be precisely mapped and cloned from Weimai 8. QTkw-
6A.2, QKI-2D.1, and QKnps-2A.2, the three major QTL
for TKW, KL, and KNPS, respectively, exhibited stabil-
ity across environments in the two different RIL popula-
tions. Moreover, the common parent Weimai 8§ contributed
favorable alleles of all three QTL consistently across popu-
lations (Tables 2, 4). These three QTL are also worthy of
precise mapping or even map-based cloning.

Genetic relationships between kernel dimensions
and kernel weight and between yield components and yield

Kernel weight is greatly influenced by KL and KW. To
determine the genetic relationships between TKW and KD
at the individual QTL level, multivariate conditional QTL
analysis for kernel weight with respect to KD has been con-
ducted using WY and W1J populations (Cui et al. 2011a).
The results indicated that KW had a stronger influence on
TKW than KL at the QTL level, which is consistent with
the phenotypic correlation analysis in the present study
based on WL, WY, and WJ populations (Table 1). In addi-
tion, 31 (62.0 %) of the 50 QTL for TKW colocalized with
that for KL and/or KW, which partially confirms the pre-
vious conditional QTL mapping analysis (Supplementary
Table S5; Fig. 1). Moreover, 73.2 % of the pleiotropic QTL
for pairwise traits of TKW and KD showed positive or neg-
ative additive effects simultaneously in the corresponding
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population, confirming the significant positive correlation
between TKW and KD (Table 1; Supplementary Table S5).

TKW, KNPS, and SNPP were all significantly positively
correlated with KWPP. The present study showed that
SNPP and KWPP exhibited the strongest stable positive
genetic associations in all environments (Table 1), indicat-
ing that SNPP should be enhanced in wheat breeding pro-
grams designed to increase yield in accordance with practi-
cal wheat breeding. However, SNPP showed a lower level
of broad-sense heritability, ranging from 19.28 to 23.75 %
in the three RIL populations, indicating the lower efficiency
of selection in earlier generation for genetic improvement
of SNPP in wheat breeding programs. Six (75.0 %) of the
eight QTL for KWPP colocalized with QTL for TKW,
KNPS, and/or SNPP, and all but one had simultaneous
positive or negative additive effects on pairwise traits of
KWPP and its components in the corresponding population
(Supplementary Table S6; Fig. 1), consistent with their sig-
nificant positive correlations between these traits.

Comparison of the present study with previous research

The WJ and WY populations, which include 485 and 229
lines, respectively, have been utilized in traditional (Cui
et al. 2012; Li et al. 2012) and conditional (Cui et al.
2011a, b, 2013) QTL analysis in our previous studies. Only
biochemical and PCR-based markers were included in the
previous molecular genetic maps, with an average density
of one marker per 8.5 and 8.4 cM, respectively, in the WJ
and WY populations. Map integration was hampered by the
limited common loci among genetic maps. As mentioned
above, a consensus integrative map can be used to define
a common or rare QTL across mapping populations. The
novel integrative map revealed that 36.0 % of the 50 QTL
for TKW, 35.9 % of the 34 for KL, 7.1 % of the 28 for
KW, and 21.4 % of the 28 for KNPS, respectively, were
common QTL. The larger number of common markers and
the consensus integrative map might account for the larger
number of common QTL detected for yield-related traits in
the present study compared with that of our previous QTL
analysis (Cui et al. 2011a, 2012, 2013).

In individual environment QTL mapping analysis, 20
(51.3 %) of the 39 QTL for TKW, 13 (52 %) of the 25 for
KL, 7 (38.9 %) of the 18 for KW, 17 (60.7 %) of the 28
for KNPS, 5 (33.3 %) of the 15 for SNPP, and 3 (37.5) of
the 8 for KWPP were repeatedly detected across environ-
ments. Moreover, all of the stable QTL were significant in
combined QTL analysis across environments. Despite these
findings, the repeatability of the QTL analysis across envi-
ronments decreased in the present study compared with
that of our previous QTL analysis using a larger popula-
tion size (Cui et al. 2011a, 2012, 2013). It should be noted
that TKW, KL, KW and KNPS were only evaluated in
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three environments in the WL population, whereas SNPP
and KWPP were only measured in three environments in
both the WY and WIJ populations and only in two environ-
ments in the WL population, which might have caused the
decreased repeatability mentioned above. In addition, the
reduced population size might also account for this lower
repeatability to some extent.

QTL analysis for yield and its related traits has been
performed in many previous studies. To infer whether
there were common interacting QTL or regions across
genetic backgrounds, the results of our study were com-
pared with those of previous similar studies on wheat. In
total, 21 of the 24 important chromosomal regions associ-
ated with major stable QTL detected herein were coinci-
dent with those of previous studies; however, some of them
had effects on different yield components (Supplementary
Table S7). For example, both QKnps-1BL and QTkw-1BL.1
were mapped to the Glu-bl-wPt-0944 interval. Huang
et al. (2003), Quarrie et al. (2005), Verma et al. (2005),
Cuthbert et al. (2008), Wang et al. (2009, 2012), Golabadi
et al. (2010), Zheng et al. (2010) and Cui et al. (2011a) also
detected QTL for yield and/or its related traits in this chro-
mosomal region. QSnpp-2B.2, QKw-2B.3, QKnps-2B.3,
and QTkw-2B.3 were mapped to chromosomal regions sim-
ilar to those associated with yield and/or its related traits
reported by Varshney et al. (2000), Groos et al. (2003),
Verma et al. (2005), Huang et al. (2006), Hai et al. (2008),
Golabadi et al. (2010), Ramya et al. (2010), Heidari et al.
(2011), Tang et al. (2011) and Cui et al. (2011a). The
remaining common chromosomal regions associated with
yield and/or its related traits across genetic backgrounds
are presented in Supplementary Table S7. The coincidence
of QTL across different mapping populations not only
implies the reliability of the QTL reported herein but also
highlights the importance of these chromosomal regions
in wheat breeding programs designed to increase yield.
The markers flanking common QTL across different map-
ping populations should be further verified via marker—trait
association mapping using natural mapping populations,
with the aim of uncovering the positive alleles and in turn
providing effective markers for MAS in wheat breeding.

Markers that are more closely linked with some of the
common QTL that interact across genetic backgrounds
have been reported herein. For example, QKnps-1BL was
previously mapped to an interval of over 10 cM by Verma
et al. (2005) and Zheng et al. (2010); in the present study,
it was mapped between 10 and 17.8 ¢cM on chromosome
I1BL, with XswesI8 and Glu-bl at the LOD score peak.
OSnpp-2B.2 was mapped to between 49 and 53 cM with
Xwmcl54 and Xgwm388 as flanking markers; Tang et al.
(2011) mapped this QTL to Xgwm429-Xbarc373, with a
confidence interval of >20 cM. Based on composite inter-
val mapping (CIM) analysis using 30 molecular markers,
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Golabadi et al. (2010) reported that the closest marker to
this QTL was Xbarc45, which was approximately 10 cM
distal from the confidence interval reported herein. As plei-
otropic/coincident QTL of QSnpp-2B.2, QTkw-2B.3, QKw-
2B.3, and QKnps-2B.3 were also mapped to this chromo-
somal region with a support interval of <5 cM. QKnps-4A
was mapped to confidence intervals of <5 cM in both the
WY and WIJ populations; it was previously mapped to
Xwmc468—Xbarcl170, with a support interval of approxi-
mately 15 cM (Tang et al. 2011). Based on genome-wide
association mapping of 262 members of the Chinese wheat
mini core collection, Zhang et al. (2012) found that Xcfe273
had a strong effect on KNPS; in the present study, QKnps-
6A was mapped to the Xcfe273.1-wPt-731054 interval (a
confidence interval of 5 cM). Xissr808 was present at the
peak of the LOD profile and therefore was regarded as the
closest marker to QKnps-6A. Aside from the high QTL
mapping resolution of ICIM, the high-density molecular
genetic map also contributed the short confidence intervals
of the QTL reported herein (Li et al. 2007a). Markers that
are closely linked to QTL increase the efficiency of MAS
in wheat breeding programs designed to improve yield.

To our knowledge, the present study is the first report of
ten novel major stable yield-related QTL (Supplementary
Table S7). Of these, QKI-2B.1, QTkw-3A.1, QKnps-3A.1,
OKwpp-4A.1, QKnps-5A, and QKwpp-5D colocalized or
were linked with previously reported QTL for other yield-
related traits. The chromosomal regions containing QTkw-
3D.2, OSnpp-4A.1, QKwpp-4A.2, and QKI-6B.2 were first
reported to harbor factors affecting the yield-related traits
described herein. Interestingly, QSnpp-4A.1 and QKI-6B.2
were mapped to confidence intervals of <5 cM and are
therefore of great value for MAS.

Moreover, six chromosomal regions related to major sta-
ble QTL harbor well-known genes (Supplementary Table
S7; http://wheat.pw.usda.gov/GG2/index.shtml). For exam-
ple, Rf3 and Yr24 are approximately 6.0 and 5.0 cM distal
from Glu-bl, respectively, which is one flanking marker
of OKnps-1BL. Near the major stable QTL cluster of
OSnpp-2B.2, QKw-2B.3, and QTkw-2B.3, Yr27, YrCN19,
and Ne2 are located approximately 1.0, 4.0, and 5.0 cM,
respectively, away from Xbarci3. Rht-B1 is approximately
3.0 cM away from Xgwm495, which is a flanking marker
of QKnps-4B.1. The frost tolerance gene Fr-A2 is approxi-
mately 6.0 cM from Xbarc40, which is one flanking marker
of QKnps-5A. Xgwm544.1 and Xgwm335, two flanking
markers of QTkw-5B.1, are approximately 9.0 and 1.0 cM,
respectively, from the hybrid necrosis gene Nei; moreover,
Stbl, a potentially durable gene for resistance to septoria
tritici blotch in wheat, is 1.0 cM distal from Xgwm335.
The chromosomal region containing QTkw-7B.1, a com-
mon major stable QTL, contains the genes Rhtl3, Sr25,
Lr19, and Psy-Bli. Strong selection in breeding programs

and pyramiding breeding might account for the colocaliza-
tion of QTL for yield with known genes. Further study on
the relationships between yield and resistance is warranted
because a large number of resistance genes colocalize with
QTL for yield.

In conclusion, a novel wheat genetic map with both
PCR-based and DArT molecular markers was constructed
based on three related RIL populations. A total of 165 puta-
tive additive QTL for six yield-related traits were reported,
22 of which showed significant A by E interaction effects,
individually exhibiting 3.10-44.45 % of the phenotypic
variance. Of these, 65 QTL (51.5 %) were stable QTL that
showed significance in no less than two different environ-
ments, and 23 of 65 (35.4 %) were common stable QTL that
were identified in at least two RIL populations. Ten novel
major stable yield-related QTL were first reported in the
present study. The genetic relationships between KD and
kernel weight and between yield components and yield were
evaluated. In addition, QTL or regions that commonly inter-
act across genetic backgrounds were extensively discussed
by comparing the results of the present study with those of
previous similar studies on wheat. This study provides use-
ful information for genetic improvement of wheat yield.
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