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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 WJ, 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

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 

Communicated by J. Wang.

F. Cui and C. Zhao contributed equally to this work.

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00122-013-2249-8) contains supplementary 
material, which is available to authorized users.

F. Cui · C. Zhao · A. Ding · J. Li · L. Wang · X. Li · Y. Bao · 
H. Wang (*) 
State Key Laboratory of Crop Biology, Shandong Key 
Laboratory of Crop Biology, Tai’an Subcenter of National 
Wheat Improvement Center, College of Agronomy, Shandong 
Agricultural University, Tai’an 271018, China
e-mail: hgwang@sdau.edu.cn

F. Cui 
e-mail: sdaucf@126.com

F. Cui · J. Li 
Center for Agricultural Resources Research, Institute of Genetics 
and Developmental Biology, Chinese Academy of Sciences, 
Shijiazhuang 050021, Hebei, China

L. Wang 
Municipal Academy of Agricultural Sciences, Ji’ning 272031, 
Shandong, China

http://dx.doi.org/10.1007/s00122-013-2249-8


660	 Theor Appl Genet (2014) 127:659–675

1 3

WJ	� 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) (Lörz 
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 Röder 
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 

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. Börner 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. McIntyre 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 
F2:3 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. 

http://www.diversityarrays.com/
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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 
E1, 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-a1,  
Glu-b1, and Glu-d1, 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 PstI (TaqI) 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 

http://www.diversityarrays.com/cgi-bin/order/login.pl
http://www.diversityarrays.com/cgi-bin/order/login.pl
http://www.triticarte.com.au/
http://www.triticarte.com.au/
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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 (H2) was cal-
culated using the GLM procedure of SAS according 
to Knapp et  al. (1985). The formula for estimating H2 is 
H2 = 1 − M2/M1, where M1 and M2 indicate the variance of 
genotype and genotype ×  environment, respectively. Due 
to the number of replications (r = 1), it was impossible to 
estimate genotype  ×  environment interaction variance in 
the present study. The mean variance for residual error is 
represented as M2 (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 

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 DArT loci), 855 (477 DArT loci), and 
786 (430 DArT loci) polymorphic loci were used for link-
age analysis in the WL, WY, and WJ populations, respec-
tively. Of these loci, 871, 834, and 751 from the WL, 
WY, and WJ populations, respectively, were assigned to 
21 wheat chromosomes. Due to the 1BL/1RS 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-a1, Glu-b1, and Glu-d1, 
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   The novel integrative genetic map and location of QTL for 
yield and its related traits based on three related RIL populations of 
between Weimai 8 and Luohan 2 (WL), Weimai 8 and Yannong 19 
(WY), and Weimai 8 and Jimai 20 (WJ). The approximate centromere 
position is indicated by bright green color on the corresponding chro-
mosomal segment. The short arms are at the top. The positions of the 
marker loci and the QTL are listed to the left of the corresponding 
chromosomes. The names of the marker loci are listed to the right 
of the corresponding chromosomes. Different colors indicate that a 

locus is owned by only a certain population or shared by at least two 
RIL populations. For more details, see marker loci symbols at the bot‑
tom of figure. DArT markers are prefixed with ‘wPt’, and the remain-
ing markers are PCR-based markers. The intervals of QTL were 
LOD >2.0 with LOD peak values more than 2.5. Different colors of 
the QTL symbols indicate that the QTL is detected in the WL, WY, 
or WJ, and different stripes of QTL symbol indicate a QTL for TKW, 
KL, KW, KNPS, SNPP, or KWPP. For more details, see QTL sym-
bols at the bottom of figure (color figure online)



664	 Theor Appl Genet (2014) 127:659–675

1 3

Xcft3034.20.0

Xapr1.2.134.7
Xmag1353.250.0
Xgwm63751.1
SCM3953.1
Xmag1353.153.9
Xbarc23657.9
Xwmc26260.9
Xbarc17067.2
Xpsp302970.8
Xgwm61072.1
Xcfe89.279.6
Xmag1010.280.0
Xwmc16183.1
Xgpw528184.5
Xapr1.14.185.6
Xcfe89.488.1
Xcfe89.392.4
Xapr1.14.295.8
Xcwm29.296.3
Xwmc420.297.9
Xapr1.8.1103.0
wPt-667130104.3
Xbarc1047104.9
wPt-3795108.8
wPt-7807109.4
wPt-2084109.5
Xbarc61110.0
wPt-1362110.2
wPt-7354112.0
wPt-9183113.1
wPt-3108113.6
wPt-8271 wPt-8167 wPt-8886113.7
wPt-1155114.2
wPt-4424114.7
wPt-9418114.9
Xapr1.8.3115.1
wPt-8657115.2
Xcfa2173.1115.5
wPt-3349115.8
wPt-4064116.2
wPt-7096117.9
wPt-669203118.2
wPt-9675120.1
wPt-1961120.4
Xapr1.8.2122.6
Xapr1.5.3123.9
Xissr810.2125.7
Xbarc70126.7
Xapr1.8.4128.1
Xwmc516130.7
Xwmc730135.2
wPt-730913138.6
Xapr1.2.4141.4
wPt-0610143.1
wPt-669526147.0
wPt-4487147.9
wPt-668307148.0
wPt-5172148.8
Xapr1.2.2150.2
Xgwm337150.3
wPt-6440150.9
Xcwm48152.9
wPt-5003153.9
wPt-5434155.5
Xwmc468 wPt-6997155.7
wPt-4680158.4
wPt-6688160.7
wPt-0032161.3
wPt-2533161.7
wPt-8091161.9
wPt-4620165.3
wPt-672107167.9
wPt-664749168.9
wPt-2951170.3
wPt-0150170.9

BF293342217.3

Q
T

kw
-4

A
.1

(E
1)

Q
T

kw
-4

A
.1

(E
3)

Q
T

kw
-4

A
.1

(C
)

Q
T

kw
-4

A
.2

(C
)

Q
K

l-4
A

.1
(E

3)

Q
K

l-4
A

.1
(C

)
Q

K
np

s-
4A

.1
(E

2)

Q
K

np
s-

4A
.1

(E
3)

Q
K

np
s-

4A
.1

(C
)

Q
K

np
s-

4A
.1

(E
3)

Q
K

np
s-

4A
.1

(C
)

Q
S

np
p-

4A
.1

(E
1)

Q
S

np
p-

4A
.1

(E
2)

Q
S

np
p-

4A
.1

(C
)

Q
S

np
p-

4A
.2

(E
1)

Q
S

np
p-

4A
.2

(C
)

Q
S

np
p-

4A
.3

(E
1)

Q
S

np
p-

4A
.3

(E
3)

Q
S

np
p-

4A
.3

(C
)

Q
K

w
pp

-4
A

.1
(E

2)

Q
K

w
pp

-4
A

.1
(E

3)

Q
K

w
pp

-4
A

.1
(C

)
Q

K
w

pp
-4

A
.2

(E
1)

Q
K

w
pp

-4
A

.2
(E

2)

Q
K

w
pp

-4
A

.2
(C

)
Q

K
w

pp
-4

A
.3

(E
2)

Q
K

w
pp

-4
A

.3
(C

)

WJYL-4A

wPt-39910.0

wPt-039148.3

Xgwm66.453.8

wPt-360859.2

Xgwm66.273.4
wPt-66781774.2

Xwmc41978.6

wPt-104686.0
wPt-555988.1
Xgwm49589.7
wPt-5265 wPt-829291.5

Xgwm66.1102.5

wPt-6209109.8

Xcau9.2114.7

wPt-6149121.6

Xcau8127.2
Xcef188128.4
Xgwm234131.5
Xme10em3.1133.0
wPt-730435 wPt-729837135.3
Xgpw2271 Xcau8.1137.5

Xwmc349150.8

Xcfd54159.2

Xgdm93162.4

Q
T

kw
-4

B
.1

(C
)

Q
T

kw
-4

B
.2

(C
)

Q
K

l-4
B

(C
)

Q
K

np
s-

4B
.1

(E
2)

Q
K

np
s-

4B
.1

(E
4)

Q
K

np
s-

4B
.1

(C
)

Q
K

np
s-

4B
.2

(C
)

Q
K

np
s-

4B
.2

(E
1)

Q
K

np
s-

4B
.2

(C
)

Q
S

np
p-

4B
.1

(E
1)

Q
S

np
p-

4B
.1

(C
)

Q
S

np
p-

4B
.2

(E
2)

WJYL-4B

Xwmc7200.0

Xcfd2334.3

Xcau17.260.2

Xcau17.165.1
Xwmc617.267.4

wPt-0431 wPt-580974.8

Xcfd7185.6

wPt-237993.2
Xswes53694.8

Xpsp3103.1104.4

Xwmc74.2140.9
Xwmc74.1141.6

Xscss30.2.2172.8

Q
K

np
s-

4D
(E

1)

Q
K

np
s-

4D
(E

4)

Q
K

np
s-

4D
(C

)

Q
S

np
p-

4D
(E

1)

Q
S

np
p-

4D
(C

)

WJYL-4D

Xgpw22660.0

wPt-469214.8
Xbarc11316.0
wPt-286617.5
wPt-275521.3
wPt-7756 wPt-168121.6
wPt-760821.8

Xcfa2163.129.5
Xcfa219330.0
Xcfe254.131.4
wPt-789035.3
wPt-885537.1
wPt-734138.2
wPt-127742.4

wPt-623445.9

wPt-67171155.1
Xbarc197.157.9
wPt-188858.2
Xbarc35658.9
Xbarc111360.8
Xbarc314.261.6
Xbarc104063.0
Xbarc197.263.6
Xswes18564.0
wPt-66448864.7
wPt-083667.2
wPt-168867.3
Xmag896.268.3
wPt-877968.7
Xme3em1.170.7
Xmag4194.171.4
Xmag896.173.5
wPt-926877.7
wPt-73015682.7
Xmag896.384.5
wPt-513391.9

wPt-9422110.0
wPt-3697110.8
wPt-4725111.2
wPt-2698114.2
wPt-9049114.3

Q
T

kw
-3

A
.1

(E
2)

Q
T

kw
-3

A
.1

(E
4)

Q
T

kw
-3

A
.1

(C
)

Q
Tk

w
-3

A
.2

(E
4)

Q
T

kw
-3

A
.2

(C
)

Q
T

kw
-3

A
.3

(C
)

Q
T

kw
-3

A
.3

(E
1)

Q
T

kw
-3

A
.3

(E
4)

Q
T

kw
-3

A
.3

(C
)

Q
T

kw
-3

A
.4

(E
2)

Q
T

kw
-3

A
.4

(C
)

Q
T

kw
-3

A
.4

(E
4)

Q
K

l-3
A

.1
(E

1)

Q
K

l-3
A

.1
(C

)Q
K

l-3
A

.1
(E

1)

Q
K

l-3
A

.1
(E

2)

Q
K

l-3
A

.1
(E

4)

Q
K

l-3
A

.1
(C

)
Q

K
l-3

A
.1

(E
4)

Q
K

l-3
A

.1
(C

)
Q

K
l-3

A
.2

(E
4)

Q
K

l-3
A

.2
(C

)

Q
K

w
-3

A
.1

(E
2)

Q
K

w
-3

A
.1

(E
4)

Q
K

w
-3

A
.1

(C
)

Q
K

w
-3

A
.2

(E
2)

Q
K

w
-3

A
.2

(E
3)

Q
K

w
-3

A
.2

(C
)

Q
K

w
-3

A
.3

(E
4)

Q
K

w
-3

A
.3

(E
4)

Q
K

np
s-

3A
.1

(E
1)

Q
K

np
s-

3A
.1

(E
2)

Q
K

np
s-

3A
.1

(E
4)

Q
K

np
s-

3A
.1

(C
)

Q
K

np
s-

3A
.2

(E
4)

Q
K

np
s-

3A
.2

(C
)

Q
K

np
s-

3A
.3

(E
2)

Q
K

np
s-

3A
.3

(E
4)

Q
K

np
s-

3A
.3

(C
)

Q
K

np
s-

3A
.4

(E
1)

Q
K

np
s-

3A
.4

(E
2)

Q
K

np
s-

3A
.4

(E
4)

Q
K

np
s-

3A
.4

(C
)

Q
S

np
p-

3A
(E

1)

Q
S

np
p-

3A
(E

2)

Q
S

np
p-

3A
(C

)

Q
K

w
pp

-3
A

.1
(E

2)
Q

K
w

pp
-3

A
.2

(E
3)

Q
K

w
pp

-3
A

.2
(C

)
WJYL-3A

ww1520.0
Xbarc101.213.1
wPt-582514.6
Xgwm30.215.4
Xgpw114623.4
Xcau6.3 Xbarc101.124.1
ww7.234.8
Xbarc12137.8
wPt-186738.2
Xbarc26845.5
wPt-722549.5
wPt-420950.1
wPt-790752.9
wPt-193553.0
Xbarc15854.0
Xcft3417.257.0
wPt-623958.9
Xcft3417.161.3
wPt-422063.4
wPt-823864.4
Xgwm56665.1
wPt-66789167.6
wPt-66613969.2
wPt-360970.8
Xbarc17671.4
Xcfe102.273.1
Xmag335673.6
wPt-133677.2
wPt-392178.6
wPt-66673879.0
Xbarc229.279.5
Xgwm49380.8
wPt-748682.6
wPt-583686.4
wPt-1741 wPt-940186.6
wPt-697386.8
Xcau6.187.2
Xbarc08487.4
wPt-635888.1
wPt-108189.2
wPt-275789.3
Xbarc7589.6
wPt-117190.0
wPt-72980890.1
wPt-73114690.6
Xbarc10291.1
wPt-441294.0
wPt-66932895.0
wPt-570496.3
Xcwm9398.8
Xwmc23699.2
Xcft53100.7
wPt-6047101.4
wPt-6718105.0
wPt-2045106.4
wPt-2416108.1
Xcft3374.2108.7
Xcft3374.3114.1
Xgwm547.2114.3
Xcfe127117.2
Xbarc164118.3
Xbarc229.3120.0
wPt-3107121.1
Xissr815.3121.8
Xgwm547.1123.0
Xbarc344132.3
wPt-7212135.5
Xgwm285.2146.1
Xgwm285.1146.6

Q
T

kw
-3

B
.1

(E
1)

Q
T

kw
-3

B
.1

(E
2)

Q
T

kw
-3

B
.1

(E
4)

Q
T

kw
-3

B
.1

(C
)

Q
T

kw
-3

B
.2

(C
)

Q
T

kw
-3

B
.2

(C
)

Q
T

kw
-3

B
.2

(E
2)

Q
T

kw
-3

B
.2

(E
3)

Q
T

kw
-3

B
.2

(C
)

Q
T

kw
-3

B
.3

(E
1)

Q
T

kw
-3

B
.3

(E
2)

Q
T

kw
-3

B
.3

(E
4)

Q
T

kw
-3

B
.3

(C
)

Q
K

l-3
B

.1
(C

)
Q

K
l-3

B
.2

(C
)

Q
K

l-3
B

.2
(E

4)Q
K

l-3
B

.2
(C

)
Q

K
l-3

B
.3

(E
1)

Q
K

l-3
B

.3
(E

2)

Q
K

l-3
B

.3
(E

4)

Q
K

l-3
B

.3
(C

)

Q
K

w
-3

B
.1

(E
1)

Q
K

w
-3

B
.1

(E
2)

Q
K

w
-3

B
.1

(E
3)

Q
K

w
-3

B
.1

(C
)

Q
K

np
s-

3B
.1

(E
2)

Q
K

np
s-

3B
.2

(C
)

Q
K

w
pp

-3
B

.1
(E

2)

Q
K

w
pp

-3
B

.1
(C

)

WJYL-3B

Xcfe2940.0

Xme2em1.136.9

BE637905.143.1

BE637905.247.8

Xbarc6.164.3

Xbarc6.282.6

wPt-73065198.8
wPt-73079499.8
wPt-671701100.3
Xmag500100.5
wPt-666676100.6

Xbarc52115.1

wPt-5313120.1

wPt-6909124.5

wPt-730886139.5

Q
T

kw
-3

D
.1

(C
)

Q
T

kw
-3

D
.2

(E
1)

Q
T

kw
-3

D
.2

(E
4)

Q
T

kw
-3

D
.2

(C
)

WJYL-3D

Fig. 1   continued



665Theor Appl Genet (2014) 127:659–675	

1 3

Xcwm17.20.0

Xgwm20511.6

Xgwm186.117.9
Xwmc52419.5

Xmag1681.133.7
Xbarc15134.1

Xbarc4040.0
wPt-424942.2

Xmag168150.1

Xcwm21656.7

wPt-060561.3

Xwmc475.268.5

Xgwm156.277.7
Xcfa2163.179.1
Xmag69481.9
wPt-116582.2
Xmag3166.285.0
Xcfa2163.287.5

Xcfe18696.1
wPt-356396.5
Nor-197.1
Xme7em7.3102.3
Xbarc165105.5
Xgwm186.2105.7

wPt-1370116.5
wPt-0373117.1

Xmag1681.2122.2

Xbarc319131.0

Q
T

kw
-5

A
.1

(E
4)

Q
T

kw
-5

A
.1

(C
)

Q
T

kw
-5

A
.1

(C
)

Q
T

kw
-5

A
.2

(C
)

Q
K

l-5
A

.1
(E

2)

Q
K

l-5
A

.1
(C

)
Q

K
l-5

A
.2

(C
)

Q
K

l-5
A

.3
(E

1)

Q
K

l-5
A

.3
(E

3)

Q
K

l-5
A

.3
(C

)

Q
K

w
-5

A
(E

1)

Q
K

w
-5

A
(E

2)

Q
K

w
-5

A
(E

4)

Q
K

w
-5

A
(C

)

Q
K

np
s-

5A
(E

2)

Q
K

np
s-

5A
(C

)

Q
K

np
s-

5A
(E

1)

Q
K

np
s-

5A
(E

2)

Q
K

np
s-

5A
(E

4)

Q
K

np
s-

5A
(C

)
WJYL-5A

Xmag705.20.0

Xme1em8.119.4

Xbarc11027.5
Xgwm25928.1
Xgwm54029.9
wPt-66632334.0
wPt-981437.2
wPt-813238.0
wPt-573738.3

wPt-73000944.2
wPt-195150.8
wPt-145751.1
wPt-9666 wPt-142055.6
wPt-910358.2
wPt-667328 wPt-668064 wPt-67180860.8
Xgwm544.161.0
wPt-863763.7
wPt-66983764.8
Xissr854.168.2
Xmag126068.3
Xgwm33575.9
wPt-589676.4
Xme7em7.177.0
Xissr85377.1
wPt-125078.4
wPt-688079.4
Xcfd7379.9
Xwmc7380.6
wPt-493680.8
wPt-130282.9
Xissr84185.1
Xgpw1106.287.2
wPt-345788.4
wPt-66693988.5
wPt-634891.6
wPt-66526793.8
wPt-5346 wPt-517593.9
wPt-010395.7
wPt-8449 wPt-1348100.6
wPt-1973101.7
Xcwm65103.6
wPt-3661104.2
Xgwm234.1105.0
Xgwm544.2105.1
wPt-9116118.3
wPt-7665118.6
Xmag4311.1118.7
wPt-2373124.9
Xmag4311.2129.8
Xgwm234.3 Xmag4311.3132.4
Xissr827.2132.9
Xgwm234.2136.4
Xcfa2070141.1
Xmag3262141.7

Xissr823.2 Xmag705.3168.0

Q
T

kw
-5

B
.1

(E
2)

Q
T

kw
-5

B
.1

(E
4)

Q
T

kw
-5

B
.1

(C
)

Q
T

kw
-5

B
.1

(E
2)

Q
T

kw
-5

B
.1

(E
4)

Q
T

kw
-5

B
.1

(C
)

Q
T

kw
-5

B
.1

(C
)

Q
T

kw
-5

B
.2

(E
1)

Q
T

kw
-5

B
.2

(E
4)

Q
T

kw
-5

B
.2

(C
)

Q
K

l-5
B

.1
(C

)

Q
K

l-5
B

.1
(E

2)

Q
K

l-5
B

.1
(C

)
Q

K
l-5

B
.2

(E
1)

Q
K

l-5
B

.2
(C

)

Q
K

w
-5

B
.1

(E
2)

Q
K

w
-5

B
.1

(E
3)

Q
K

w
-5

B
.1

(C
)

Q
K

w
-5

B
.2

(C
)

Q
K

np
s-

5B
.1

(E
2)

Q
K

np
s-

5B
.1

(C
)

Q
K

np
s-

5B
.2

(E
1)

Q
K

np
s-

5B
.2

(C
)

Q
K

np
s-

5B
.2

(E
4)

WJYL-5B

Xcfd266.20.0

wPt-088633.9
wPt-285634.7

Xswes558.248.6
wPt-587050.6

Xswes558.361.8
Xgdm99.262.2
Xbarc32066.0

Xcfe230.170.3

Xswes558.578.6

Xswes558.184.6

Xwmc76589.7
Xswes558.490.7
Xcfd2991.1

Xcfe242.298.5

Xcfe242.1104.5

Xcfd27.1139.8

Q
K

w
pp

-5
D

(E
2)

Q
K

w
pp

-5
D

(E
3)

Q
K

w
pp

-5
D

(C
)

WJYL-5D

Xcfe87.20.0
wPt-7314138.2
wPt-7303688.4
ww14412.4
wPt-66761818.1
wPt-706318.5
Xcinau191.119.4
Xcinau191.222.4
wPt-66607425.7
Xcinau191.326.4
wPt-128530.4
ww17933.1
wPt-759933.6
Xgwm16934.5
wPt-66949835.1
Xcfe273.135.5
wPt-66458937.0
wPt-67156137.1
Xissr80838.2
T1338.8
wPt-671997 wPt-666584 wPt-73085139.5
wPt-67151239.6
wPt-73105440.2
wPt-73107740.3
wPt-73014240.4
wPt-73125043.2
wPt-086444.8
Xcfe273.245.4
wPt-800645.8
wPt-73059146.1
wPt-346847.5
wPt-907548.5
wPt-652049.8
wPt-401650.2
wPt-733051.0
BE60638651.2
wPt-4017 wPt-66641651.7
Xcwm90.452.7
Xswes123.355.0
wPt-73046056.5
wPt-67176656.6
wPt-668000 wPt-73016856.7
wPt-67163856.8
Xswes123.259.6
Xpsp315260.3
wPt-73077260.6
wPt-422961.0
wPt-66698861.4
wPt-790662.1
wPt-025963.5
Xcfe179.164.6
wPt-66649465.3
Xgwm42765.4
wPt-423066.3
Xcfe179.267.3
wPt-257367.5
wPt-969067.6
Xwmc580.268.2
wPt-66578268.4
wPt-9474 wPt-66740570.7
wPt-66803171.8
wPt-1695 wPt-812472.2
Xwmc580.174.5
wPt-66580578.5
wPt-565279.3
wPt-72990480.2
wPt-352482.3
wPt-73152482.6
wPt-67203083.6
wPt-702783.8
wPt-762384.6
Xme3em2.184.8
wPt-396584.9
wPt-73101085.0
wPt-967985.1
Xbarc204.186.3
wPt-811786.7
wPt-67155887.5
wPt-66778087.7
wPt-66473387.9
wPt-9382 Xcwm63.291.1
wPt-166492.3
Xcfe17993.9
wPt-164296.4
wPt-731442102.6
wPt-7204106.8
Xswes123109.1
Xrems1303110.3
Xme10em5.1135.3

Q
T

kw
-6

A
.1

(E
1)

Q
T

kw
-6

A
.1

(E
2)

Q
T

kw
-6

A
.1

(C
)

Q
T

kw
-6

A
.2

(E
2)

Q
T

kw
-6

A
.2

(E
4)

Q
T

kw
-6

A
.2

(C
)

Q
T

kw
-6

A
.2

(E
1)

Q
T

kw
-6

A
.2

(E
3

)

Q
T

kw
-6

A
.2

(C
)

Q
T

kw
-6

A
.3

(C
)

Q
K

l-6
A

.1
(E

1)

Q
K

l-6
A

.1
(C

)
Q

K
l-6

A
.2

(C
)

Q
K

w
-6

A
.1

(C
)

Q
K

w
-6

A
.2

(E
4)

Q
K

w
-6

A
.2

(E
4)

Q
K

w
-6

A
.2

(C
)

Q
K

w
-6

A
.3

(C
)

Q
K

np
s-

6A
(E

2)

Q
K

np
s-

6A
(E

4)

Q
K

np
s-

6A
(C

)

Q
S

np
p-

6A
(E

1)

Q
S

np
p-

6A
(C

)

WJYL-6A

wPt-47060.0
Xswes131.12.9
wPt-29913.5
wPt-7308923.7
Xswes131.45.2
Xswes131.311.7
wPt-095912.3
wPt-523414.3
Xswes131.215.4
wPt-801517.3
Xcwm109.219.2
wPt-818321.7
wPt-242421.9
Xwes180.222.2
Xwes180.122.3
Xcwm109.623.4
wPt-311624.8
Xwmc47326.3
Xmag346929.8
Xwmc73730.7
wPt-628231.5
Xissr81834.2
wPt-988134.4
wPt-358134.5
wPt-66376437.6
wPt-373338.1
Xgwm88.238.8
wPt-124139.2
PPO29.2 wPt-104841.3
Xcwm29.141.6
wPt-108943.9
Xme3em2.644.2
wPt-7150 wPt-3130 wPt-4386 wPt-999044.9
wPt-4720 wPt-192245.2
Xswes180.145.9
wPt-428346.8
wPt-221847.0
wPt-492447.3
wPt-035750.3
Xcfd1350.6
wPt-774552.3
wPt-66425052.6
wPt-66679354.7
wPt-533356.3
wPt-330956.4
Xgwm211258.0
wPt-997158.6
wPt-338960.5
wPt-258760.8
wPt-8814 wPt-525662.5
Xswes180.263.1
wPt-024564.3
wPt-925664.9
wPt-1852 wPt-330465.3
wPt-268965.9
wPt-757666.7
wPt-485867.3
wPt-66427667.8
wPt-993067.9
wPt-66503668.4
Xwmc10570.7
Xbarc15371.6
Xgwm88.171.7
wPt-9952 Xbarc1473.0
Xbarc14673.7
wPt-154173.9
wPt-306074.8
wPt-517676.6
wPt-464877.3
wPt-069680.2
wPt-548080.7
wPt-611682.3
Xbarc19883.3
wPt-66779883.6
Xcnl64.284.3
Xedm14985.2
wPt-66960785.9
wPt-017193.0
Xbarc17897.4
Xsun1117.9

Q
T

kw
-6

B
.1

(C
)Q
T

kw
-6

B
.1

(C
)

Q
T

kw
-6

B
.2

(E
3)

Q
T

kw
-6

B
.2

(C
)

Q
K

l-6
B

.1
(E

1)

Q
K

l-6
B

.1
(E

4)
Q

K
l-6

B
.2

(E
1)

Q
K

l-6
B

.2
(E

3)

Q
K

l-6
B

.2
(C

)
Q

K
l-6

B
.3

(E
1)

Q
K

l-
6B

.3
(E

2)

Q
K

l-6
B

.3
(C

)

Q
K

l-6
B

.3
(E

3)

Q
K

l-6
B

.3
(E

4)

Q
K

l-6
B

.3
(C

)

Q
K

l-6
B

.3
(E

1)

Q
K

l-6
B

.3
(C

)

Q
K

w
-6

B
.1

(C
)

Q
K

w
-6

B
.2

(E
1)

Q
K

w
-6

B
.2

(E
2)

Q
K

w
-6

B
.2

(C
)

Q
K

w
-6

B
.3

(E
3)

Q
K

w
-6

B
.3

(C
)

Q
K

n
ps

-6
B

(E
1)

Q
K

np
s-

6B
(C

)
Q

S
np

p-
6B

(E
2)

WJYL-6B

Xcfe87.10.0

Pr119.19.8

Xissr844.114.4

Xissr81731.2
Xcfe12732.0

Xcfd7636.8
Xgwm46937.7
Xgwm9540.6
Xcfa211442.4

BE58661347.0

Xbarc09655.8
Xbarc15457.7
Xapr1.5.158.9
Xcfe87.562.9
Xcfe87.263.8
Xapr1.2.366.2
Xcft310369.9
wPt-73053971.4
Xswes123.971.6

Xissr841.178.7

Xswes123.682.5
Xswes123.285.1

Xswes123.191.8
Xswes123.793.4

Xswes123.4100.7
Xissr810.1102.6

Xswes123.8109.0

Xissr841.2112.3

Xgdm98127.0

Q
T

kw
-6

D
(C

)

Q
T

kw
-6

D
(E

1)

Q
T

kw
-6

D
(E

2)

Q
T

kw
-6

D
(C

)
Q

K
l-6

D
.1

(E
4)

Q
K

l-6
D

.1
(C

)
Q

K
l-6

D
.2

(E
4)

Q
K

l-6
D

.2
(C

)
Q

K
l-6

D
.3

(C
)

Q
K

w
-6

D
(E

4)

WJYL-6D

Fig. 1   continued



666	 Theor Appl Genet (2014) 127:659–675

1 3

(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  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).

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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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. QKl-1BL.1, QKl-2D.1, QKl-2D.2, and 
QKl-6B.3 showed stability across environments in at least 
two RIL populations. QKl-2B.1, QKl-2D.1, QKl-2D.2, QKl-
3A.1, QKl-6B.2, and QKl-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 
QKnps-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.

Table 1   Phenotypic correlations between kernel weight and kernel dimensions and between yield and its components

E1, 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

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**/0.331** 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) WJ (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**/0.532** 0.738**/0.571**/0.716** 0.755**/0.753**/0.699**
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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 QTLa Populationb Trial LOD value R2 (%)c Additive effectd

TKW QTkw-1BL.1 WJ E1/E2/E4 2.32/2.45/2.71 5.65/6.53/7.55 1.08/1.15/1.20

QTkw-2A.1 WY E1/E4 2.48/2.49 6.62/6.65 −1.89/−1.45

QTkw-2A.2 WY E1/E4 2.31/2.53 6.78/7.32 −0.81/−1.32

QTkw-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

QTkw-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 WJ 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

QTkw-4A.1 WJ 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)/
(16.06/13.12)

(−2.89/−3.14)/
(−1.80/−1.59)

QTkw-5B.2 WL E1/E4 4.61/3.49 7.44/4.91 1.35/1.13

QTkw-6A.1 WJ E1/E2 3.17/2.56 7.81/5.55 1.49/1.38

QTkw-6A.2 WY/WJ (E1/E3)/(E2/E4) (5.26/3.00)/(3.45/8.36) (15.35/5.64))/
(9.81/18.69)

(2.08/1.11)/(1.48/2.13)

QTkw-6D WY E1/E2 3.54/2.48 10.45/10.01 −1.69/−1.23

QTkw-7A.2 WL E1/E2/E4 4.12/2.50/4.39 8.91/5.55/7.92 1.62/1.40/1.58

QTkw-7B.1 WL/WY/WJ (E1/E4)/(E1/E4)/
(E1/E2/E3)

(2.88/7.16)/(4.45/4.93)/
(6.08/5.04/4.45)

(6.76/18.42)/
(19.17/21.16)/
(19.70/13.45/14.04)

(1.40/2.36)/(2.01/2.22)/
(2.31/1.60/1.57)

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)/
(2.02/2.31/3.16)

(3.10/4.10)/
(4.00/4.28/5.71)

(0.005/0.008)/
(0.005/0.005/0.008)

QKl-2A.1 WJ E1/E2 6.32/2.03 9.56/5.45 0.011/0.007

QKl-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

QKl-2D.1 WY/WJ (E2/E3)/(E1/E3) (2.04/3.36)/(10.07/14.66) (4.22/6.63)/
(17.08/31.14)

(0.007/0.009)/(0.014/0.024)

QKl-2D.2 WL/WJ (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)

QKl-3A.1 WL/WY/WJ E1/(E1/E2/E4)/E4 3.82/
(4.79/4.78/3.10)/4.29

8.49/(12.94/13.51/ 
7.05)/8.73

−0.011/(−0.012/−0.015/ 
−0.012)/0.013

QKl-3B.3 WJ E1/E2/E4 2.01/2.23/2.34 4.22/5.66/6.02 −0.004/−0.005/−0.005

QKl-5A.3 WJ E1/E3 6.05/2.13 8.62/6.73 0.012/0.009

QKl-6B.2 WY E1/E3 3.89/10.12 8.02/19.18 −0.010/−0.015

QKl-6B.3 WL/WY/WJ (E1/E2)/(E3/E4)/E1 (2.48/4.57)/
(2.23/2.02)/3.20

(7.21/9.88)/
(7.00/6.48)/4.45

(0.009/0.012)/
(−0.006/−0.007)/−0.009

QKl-7A.1 WL E1/E2/E4 5.06/5.68/5.01 9.60/8.15/10.25 −0.013/−0.012/−0.015

QKl-7B.1 WY/WJ E1/(E1/E2/E3/E4) 2.53/
(2.60/3.71/2.50/3.63)

5.34/(6.66/8.62/ 
6.58/6.63)

0.004/(−0.006/−0.010/ 
0.062/−0.010)

QKl-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 WJ E2/E3 2.12/2.20 5.52/6.13 −0.005/−0.006

QKw-3B.1 WJ 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 WJ 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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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 
(QKwpp-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, QKl-2A.1, QKl-
2D.1, QKl-2D.2, QKl-5A.3, QKl-6B.2, QKl-7B.1, and 

QKwpp-4A.1 were significant in more than one environ-
ment. Notably, QKl-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, 

Table 2   continued

Trait QTLa Populationb Trial LOD value R2 (%)c Additive effectd

KNPS QKnps-1BL WY E1/E2 2.57/4.22 9.87/10.10 −1.97/−2.24

QKnps-2A.1 WY E3/E4 2.17/2.19 6.75/6.88 1.12/1.14

QKnps-2A.2 WL/WY (E1/E2/E4)/(E1/E3) (2.11/2.14/2.78)/
(4.56/2.23)

(7.89/8.13/8.98)/
(10.10/7.57)

(1.32/1.45/1.78)/(3.22/2.09)

QKnps-2D.1 WY E1/E4 2.22/2.65 4.11/4.45 −1.32/−1.43

QKnps-2D.2 WY/WJ E3/(E1/E2) 2.89/(2.00/2.01) 7.88/(4.35/5.21) −1.74/(1.07/1.19)

QKnps-2D.3 WY E2/E3/E4 2.02/2.22/3.35 6.57/6.78/7.28 −1.45/−1.56/−1.89

QKnps-3A.1 WL E1/E2/E4 6.04/4.74/4.92 14.25/10.12/10.33 3.18/2.87/1.80

QKnps-3A.3 WJ E2/E4 2.23/2.65 8.12/9.89 −1.23/−1.45

QKnps-3A.4 WJ E1/E2/E4 2.12/2.55/2.08 7.21/8.99/6.89 −1.45/−1.99/−1.38

QKnps-4A WY/WJ E3/(E2/E3) 4.51/(3.60/2.36) 10.88/(7.19/5.87) −3.10/(1.95/1.45)

QKnps-4B.1 WJ E2/E4 2.33/3.98 7.82/13.78 2.78/3.07

QKnps-4D WY E1/E4 2.56/2.89 5.25/4.59 −1.57/−1.54

QKnps-5A WL/WJ 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 WJ E2/E4 3.82/2.34 10.09/8.78 −2.32/−1.98

QKnps-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

QSnpp-4A.1 WJ E1/E2 3.97/4.76 10.65/11.39 1.15/0.70

QSnpp-4A.3 WJ E1/E3 2.42/2.18 7.87/6.16 −0.62/−0.21

KWPP QKwpp-4A.1 WJ E2/E3 2.18/5.23 18.12/44.45 −1.89/−2.31

QKwpp-4A.2 WJ E1/E2 2.77/4.36 7.39/11.01 2.02/1.51

QKwpp-5D WJ E2/E3 4.06/2.32 28.42/16.17 3.91/2.78

a  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
c  R2 > 10 % was marked by bold typeface
d  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
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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, 

favorable alleles of QTkw-1BL.1, QTkw-3B.2, and QTkw-
7B.1 originated from Weimai 8 in all the three RIL 
populations.

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

a,b,e  For annotations see ‘a, b and c’ of Table 2
c  LOD value of the corresponding additive QTL in combined QTL analysis across environments
d  A LOD >2.50 for A by E interactions was marked by bold typeface

Trait QTLa Populationb Trial LOD (A)c LOD (A by E)d R2 (%)e

TKW QTkw-4A.1 WJ E1/E3 5.53 3.12 5.02/7.50

QTkw-6B.2 WY E3 7.45 4.77 19.70

KL QKl-2A.1 WJ E1/E2 6.38 2.86 9.56/5.45

QKl-2D.1 WY/WJ (E2/E3)/(E1/E3) 3.24/9.90 1.62/4.60 (4.22/6.63)/(17.08/31.14)

QKl-2D.2 WL/WJ (E2/E4)/(E3/E4) 12.49/4.68 2.86/1.41 (15.57/8.56)/(7.36/8.02)

QKl-4A.1 WY E3 3.11 4.20 12.99

QKl-5A.1 WY E2 3.01 2.66 10.90

QKl-5A.3 WJ E1/E3 6.13 2.56 8.62/6.73

QKl-6A.1 WL E1 4.30 4.75 17.41

QKl-6B.2 WY E1/E3 11.63 3.81 8.02/19.18

QKl-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

QKl-6D.1 WJ E4 3.56 2.55 12.33

QKl-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 QKnps-1D WY E4 3.39 3.67 11.17

QKnps-3A.2 WJ E4 5.38 4.19 24.99

QKnps-4A WY/WJ E3/(E2/E3) 3.02/4.73 3.32/0.89 10.88/(7.19/5.87)

QKnps-4B.2 WY/WJ –/E1 3.12/3.83 0.15/2.56 –/9.07

SNPP QSnpp-4A.2 WY E1 3.66 2.87 15.86

KWPP QKwpp-3A.2 WY E3 3.01 2.89 8.05

QKwpp-4A.1 WJ E2/E3 3.23 3.35 18.12/44.45

QKwpp-4A.3 WY E2 3.00 3.89 9.81

Table 4   Common QTL 
consistent with favorable 
alleles from Weimai 8 across 
populations

a  The populations in which the 
corresponding common QTL 
was significant
b  The trials in which the 
corresponding common QTL 
was significant
c  The range of the additive 
effect of the corresponding 
common QTL in all trials

Trait QTL Populationa Trialb Addc (min–max)

TKW QTkw-1BL.1 WL/WY/WJ C/C/(E1/E2/E4/C) 0.31–1.20

QTkw-3B.2 WL/WY/WJ C/(E2/E3/C)/C 0.48–1.47

QTkw-5A.1 WY/WJ C/(E4/C) 0.22–1.70

QTkw-6A.2 WY/WJ (E1/E3/C)/(E2/E4/C) 0.17–2.13

QTkw-6B.1 WY/WJ C/C 0.40–0.74

QTkw-7A.2 WL/WJ (E1/E2/E4/C)/C 0.48–1.62

QTkw-7A.3 WL/WY (E2/C)/C 0.38–1.93

QTkw-7B.1 WL/WY/WJ (E1/E4/C)/(E1/E4/C)/(E1/E2/E3/C) 0.56–2.36

KL QKl-1BL.1 WL/WJ (E1/E2/C)/(E1/E2/E4/C) 0.003–0.008

QKl-2B.1 WL/WY (E1/E2/C)/E2 0.004–0.023

QKl-2D.1 WY/WJ (E2/E3/C)/(E1/E3/C) 0.004–0.024

QKl-7B.3 WL/WJ E1/(E1/E3/C) 0.001–0.013

KNPS QKnps-2A.2 WL/WY (E1/E2/E4/C)/(E1/E3/C) 0.55–3.22
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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 (Röder 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 (Röder 
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, QKl-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 WJ 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 

three environments in the WL population, whereas SNPP 
and KWPP were only measured in three environments in 
both the WY and WJ 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-b1–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 
1BL, with Xswes18 and Glu-b1 at the LOD score peak. 
QSnpp-2B.2 was mapped to between 49 and 53  cM with 
Xwmc154 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 WJ populations; it was previously mapped to 
Xwmc468–Xbarc170, 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, QKl-2B.1, QTkw-3A.1, QKnps-3A.1, 
QKwpp-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, QSnpp-4A.1, QKwpp-4A.2, and QKl-6B.2 were first 
reported to harbor factors affecting the yield-related traits 
described herein. Interestingly, QSnpp-4A.1 and QKl-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-b1, respectively, which is one flanking marker 
of QKnps-1BL. Near the major stable QTL cluster of 
QSnpp-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 Xbarc13. 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, 
Stb1, 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 Rht13, Sr25, 
Lr19, and Psy-B1. 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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