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Abstract 
The identification of stable quantitative trait locus (QTL) for yield-related traits and tightly linked molecular markers is 
important for improving wheat grain yield.  In the present study, six yield-related traits in a recombinant inbred line (RIL) 
population derived from the Zhongmai 578/Jimai 22 cross were phenotyped in five environments.  The parents and 262 
RILs were genotyped using the wheat 50K single nucleotide polymorphism (SNP) array.  A high-density genetic map 
was constructed with 1 501 non-redundant bin markers, spanning 2 384.95 cM.  Fifty-three QTLs for six yield-related 
traits were mapped on chromosomes 1D (2), 2A (9), 2B (6), 2D, 3A (2), 3B (2), 4A (5), 4D, 5B (8), 5D (2), 7A (7), 7B (3) 
and 7D (5), which explained 2.7–25.5% of the phenotypic variances.  Among the 53 QTLs, 23 were detected in at least 
three environments, including seven for thousand-kernel weight (TKW), four for kernel length (KL), four for kernel width 
(KW), three for average grain filling rate (GFR), one for kernel number per spike (KNS) and four for plant height (PH).  
The stable QTLs QKl.caas-2A.1, QKl.caas-7D, QKw.caas-7D, QGfr.caas-2B.1, QGfr.caas-4A, QGfr.caas-7A and QPh.
caas-2A.1 are likely to be new loci.  Six QTL-rich regions on 2A, 2B, 4A, 5B, 7A and 7D, showed pleiotropic effects on 
various yield traits.  TaSus2-2B and WAPO-A1 are potential candidate genes for the pleiotropic regions on 2B and 7A, 
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respectively.  The pleiotropic QTL on 7D for TKW, KL, KW and PH was verified in a natural population.  The results of 
this study enrich our knowledge of the genetic basis underlying yield-related traits and provide molecular markers for 
high-yield wheat breeding.
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1. Introduction

Common wheat (Triticum aestivum L.) is one of the most 
important staple crops, as it feeds more than 35% of 
the people in the world (Hussain et al. 2017).  To meet 
the rising food demands for the growing population, it is 
estimated that crop production needs to grow by at least 
2.4% every year (Ray et al. 2013).  Thus, improving the 
yield potential is still a major task in wheat breeding, and 
it can be realized by improvements in the three main yield 
components, i.e., spike number per unit area (SP), kernel 
number per spike (KNS) and thousand-kernel weight 
(TKW) (Simmonds et al. 2014).  SP is affected by multiple 
factors, such as planting density, tiller production and 
tiller survival (Nerson 1980).  KNS is largely determined 
by the spike architecture (Cui et al. 2011), with heritability 
estimated to be 0.63 (Xie and Sparkes 2021).  TKW 
is determined by grain size and grain filling, with high 
heritability estimated to be 0.78 (Xie and Sparkes 2021); 
and grain size is related to kernel length (KL) and kernel 
width (KW), while grain filling is determined by grain-filling 
rate (GFR) and duration (GFD) (Yang et al. 2019; Li et al. 
2021).  In addition to these yield components, plant height 
(PH) is also significantly associated with yield by affecting 
lodging resistance and grain assimilate processes (Tian 
et al. 2017; Zhou et al. 2020).  

Grain yield-related traits are controlled by multiple 
genes and sensitive to environmental effects.  Many yield-
related quantitative trait loci (QTLs) have been detected 
on all of the 21 chromosomes in the wheat genome (Gao 
et al. 2015; Li et al. 2019, 2020; Yang et al. 2019; Cao 
et al. 2020; Corsi et al. 2021; Liu et al. 2022; Qu et al. 
2022).  However, due to the large QTL intervals and lack 
of validation, few QTLs have been used in wheat breeding 
programs (Liu et al. 2020).  Therefore, it is important 
to narrow the QTL intervals and validate their effects in 
various genetic backgrounds.  For example, Chen et al. 
(2020) identified a major stable QTL QTgw.cau-7D using 
a Hesheng 2/Nongda 4332 RIL population, and the QTL 
was delimited into a physical interval of approximately 
4.4 Mb by fine mapping.  Qu et al. (2022) identified a co-
located QTL for TKW and KL on chromosome 2D using 
bulked segregant analysis (BSA) and a wheat 660K SNP 

array, and successfully verified their effects in a natural 
population.  By integrating QTL data from different studies, 
meta-QTL (MQTL) analysis is another effective approach 
to validate QTL and to narrow the QTL interval (Liu et al. 
2020).  MQTL analysis was successfully used by Saini 
et al. (2022), Yang Y et al. (2021) and Miao et al. (2022) 
to narrow the confidence intervals by 8.8-, 2.9- and 3.7-
fold, respectively.  Studies have also indicated that most 
of the MQTL found were mapped in the distal regions of 
chromosomes (Xie and Sparkes 2021), and more MQTL 
were enriched on chromosomes 4A, 4B, 4D, 5B, 6B, 7A, 
7B, 7D than on 1A, 3D, 5D and 6A (Liu et al. 2020; Yang 
Y et al. 2021; Saini et al. 2022).

With the rapid advancements in wheat genome 
sequencing and high-throughput genotyping, localizing 
and cloning genes have become more efficient and rapid.  
Dozens of genes have been identified through homology 
or map-based cloning.  For example, TaCwi-A1 (Ma et al. 
2012), TaGW2 (Su et al. 2011), TaGS-D1 (Zhang et al. 
2014), TaSus1, TaSus2 (Jiang et al. 2011; Hou et al. 
2014) and TaTGW6 (Hu et al. 2016) were reported to 
regulate either grain size or weight; while GNI1 (Sakuma 
et al. 2019), TB1 (Dixon et al. 2018), WAPO1 (Kuzay et al. 
2019, 2021), WFZP (Dobrovolskaya et al. 2015; Du et al. 
2021) and TaCol-B5 (Zhang et al. 2022) are associated 
with spike development and significantly influence KNS.  
In addition, more than 20 dwarfing genes for plant height 
have been identified, among which Rht1, Rht2, Rht8, and 
Rht24 have been cloned and widely used in high-yield 
breeding programs (Ellis et al. 2002; Tian et al. 2017, 
2019, 2021; Wurschum et al. 2017; Grover et al. 2018; 
Chai et al. 2022; Xiong et al. 2022).  To satisfy the modern 
breeding demands, it is important to identify as many 
grain yield-related loci as possible and develop functional 
markers to pyramid the favorable alleles through marker-
assisted selection (MAS) in wheat breeding.

The Yellow and Huai River Valleys Winter Wheat 
Region (YHRVWWR) is the most important wheat 
production area, contributing about 65% of the wheat 
production in China (Zhou et al. 2007).  Improving yield 
potential is one of the most important breeding objectives.  
In this study, 262 recombinant inbred lines (RILs) were 
generated from a cross between Zhongmai 578 (ZM578) 
and Jimai 22 (JM22).  The two leading cultivars produce 
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high grain yield based on different traits; ZM578 has a 
larger kernel size and higher TKW, whereas JM22 has 
more kernels per spike.  Therefore, it was practicable 
to dissect the genetic basis for grain yield-related traits 
using the RIL population.  The main objectives of this 
study were: 1) to identify genetic loci for six grain yield-
related traits of TKW, KL, KW, GFR, KNS and PH, and 2) 
to develop high-throughput molecular markers for MAS in 
high-yield wheat breeding.

2. Materials and methods

2.1. Plant materials

A total of 262 F5 RILs derived by single-seed descent 
(SSD) from a cross between two leading wheat cultivars, 
ZM578 and JM22, were used for phenotyping and QTL 
mapping.  ZM578, which is characterized by high yield, 
excellent pan bread quality, good disease resistance, 
and abiotic stress tolerance (see the pedigree shown 
in Appendix A), was a new leading cultivar approved 
for national release in 2020 and 2021 in the southern 
and northern parts of the YHRVWWR, respectively.  It 
currently has a production area of around 0.4 million ha.  
JM22, which is characterized by high yield as well, was 
released in 2006 in the northern part of YHRVWWR, and 
then released in Anhui in 2010 and in Henan in 2011 in 
the southern part of YHRVWWR.  During the past 12 years, 
it had an annual production area of around 1.5 million ha.

2.2. Field trials and phenotypic evaluation

The parents and 262 RILs were grown at Xinxiang 
(34°53´N, 113°23´E) in the 2019–2020 and 2020–2021 
cropping seasons (defined as E1 and E2, respectively), 
as well as at Shangqiu (33°43´N, 114°49´E) in 2020–
2021 (E3), and Luoyang (34°32´N, 112°16´E) in 2020–
2021 (E4) in Henan Province, and at Gaoyi (37°33´N, 
114°26´E) in 2020–2021 (E5) in Hebei Province.  The 
field trials were carried out in randomized complete 
blocks with three replications in all environments.  Each 
plot comprised one 1-m row with spacing of 20 cm.  
Thirty seeds were sown evenly in each row.  Agronomic 
measurements of grain yield-related traits, including 
TKW, KL, KW, GFR, KNS and PH, were performed 
according to Li et al. (2019) with minor modifications.  
PH was measured from the base of the stem to the top 
of the spike, excluding awns.  Thirty randomly selected 
spikes were harvested at maturity from each plot.  KNS 
was the average seed number of 30 spikes.  TKW, 
KL and KW were determined using a sample of 1 000 
grains by a Wanshen SC-G seed detector (Wanshen 

Detection Technology Co., Ltd., Hangzhou, China).  GFR 
(g d–1) was the ratio of TKW to the number of days from 
flowering to physiological maturity, with flowering date 
(FD) recorded as the time when approximately 50% of 
the spikes were flowering and the physiological maturity 
date recorded as the time when the spike peduncle 
and plant internodes of 50% of the plants in a plot 
lost all their green color.  KNS was determined in four 
environments, excluding E4.

A diverse panel of 166 wheat cultivars was grown at 
Anyang (AY) in Henan Province and at Suixi (SX) in Anhui 
Province during the 2012–2013 and 2013–2014 cropping 
seasons (defined as 12–13AY, 12–13SX, 13–14AY, and 
13–14SX, respectively), and at AY and Gaoyi (GY) in 
Hebei Province in 2014–2015 (14–15AY and 14–15GY).  
The phenotypic data of this natural population is available 
in Li et al. (2019), and these data were used to validate 
the effectiveness of the kompetitive allele-specific PCR 
(KASP) markers.

2.3. Statistical analyses

The best linear unbiased estimation (BLUE) values of 
lines in each environment and across environments 
were calculated using the PROC MIXED function in 
SAS 9.4 Software (SAS Institute Inc, Cary, NC, USA) for 
subsequent analysis.  The basic statistical and correlation 
analyses were conducted using the PROC MEANS 
and PROC CORR functions, respectively.  Analysis of 
variance (ANOVA) was performed for each trait using 
the PROC GLM function, and multiple comparisons 
among genotypes were performed by the Tukey test with 
lines nested in genotype as a random effect.  Hb

2 was 
estimated using the formula Hb

2=σ2
g/(σ2

g+σ2
ge/e+σ2

ε/re)
(Nyquist and Baker 1991), where σ2

g refers to the 
variance of genotypes, σ2

ge represents the variance of the 
genotype by environment interaction, σ2

ε is the variance of 
error, and e and r represent the numbers of environments 
and replications, respectively.

2.4. Genetic map construction and QTL mapping

The RILs and two parents were genotyped using the 
wheat 50K SNP array at CapitalBio Corporation (Beijing, 
China; http://www.capitalbio.com) with 55  224 SNPs 
evenly distributed on the 21 wheat chromosomes.  For 
genetic map construction, the monomorphic markers 
between parents and the markers with a high missing 
value (i.e., more than 20.0%) or minor allele frequency 
(MAF) less than 0.3 were removed, and the remaining 
9 661 high-quality polymorphic markers were used for 
subsequent analysis.  The BIN function in IciMapping v4.2 
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(http://www.isbreeding.net/; Meng et al. 2015) was used to 
remove redundant markers.  Linkage analysis of the 1 501 
non-redundant markers was performed with the JoinMap 
v4.0 Software using the regression mapping algorithm.  
The linkage maps were drawn using the MapChart v2.32 
Software (https://www.wur.nl/en/show/Mapchart.htm; 
Voorrips 2002).

QTL analysis was carried out using the inclusive 
composite interval mapping (ICIM) function of IciMapping 
v4.2.  The mapping parameters were set as step=0.1 cM, 
PIN=0.001, and the logarithm of odds (LOD) threshold 
was calculated with 1  000 permutations at P<0.05.  
QTL that explained more than 10.0% of the phenotypic 
variance were considered to be major loci, and those 
detected in more than three environments were regarded 
as stable.  For TKW, KL, KW, GFR, and KNS, the 
favorable alleles were defined as those that increased the 
corresponding values; for PH, the favorable alleles were 
those that decreased the value.  All QTLs were named 
in accordance with the International Rules of Genetic 
Nomenclature (McIntosh 2013).

2.5. DNA sequencing of WAPO-A1

Genomic DNA fragments of WAPO-A1 from homology 
cloning were amplified in ZM578 and JM22 using the 
primer pairs shown in Appendix B.  The PCR products 
were purified and directly sequenced.  Gene sequence 
alignments were performed with DNAMAN v8.0 Software.

2.6. KASP marker development and validation

Primers of the KASP markers were designed using 
the PolyMarker website (http://www.polymarker.info/).  
PCR was performed following Yang M J et al. (2021).  
Fluorescence was detected on PHERAstar Plus SNP 
(BMG Labtech GmbH, Ortenberg, Germany) and the data 
were analyzed using KlusterCaller (LGC, Hoddesdon, 
UK).  KASP markers were first validated on the parents, 

and then used to screen the RIL and natural populations.

3. Results

3.1. Phenotypic analysis

The investigated traits for the RILs and parents in 
five environments and the BLUE values are shown 
in Appendix C.  Compared with JM22, ZM578 was 
characterized by higher values (mean±SD) of TKW 
(53.21±3.71), KL (6.60±0.28), KW (3.46±0.17) and GFR 
(1.70±0.11), but relatively lower KNS (37.10±2.95).  
The two parents had similar PH.  Based on the BLUE 
values, frequency distribution diagrams for each trait 
indicated transgressive segregations for all six traits in 
the population (Appendix D).  ANOVA showed that the 
effects of genotypes, genotype×environment interaction 
(G×E), and environments were all significant (P<0.001), 
and the broad-sense heritabilities ranged from 0.84 to 
0.96 (Table 1), suggesting a determinant role of genetic 
factors.

The among-environment correlations for all traits were 
significant and positive (Appendix E).  Highly significant 
and positive correlations were observed among TKW, 
KW and GFR (r=0.86–0.96, P<0.001), followed by 
those of PH with TKW, KW and GFR (r=0.68–0.71, 
P<0.001), and those of KL with TKW, KW, GFR and PH 
(r=0.33–0.68, P<0.001) based on BLUE values across 
the environments.  There was no significant correlation 
between KNS and PH, whereas significant and negative 
correlations of KNS with TKW, KL, KW and GFR were 
observed (r=–0.28–(–0.39), P<0.001) (Appendix F).

3.2. High‑density genetic map

The high-density genetic map with 1 501 bin markers was 
established on all chromosomes except 6B (Appendix G).  
The total length of the linkage map was 2 384.95 cM, with 
an average genetic distance of 1.59 cM per bin marker.  

Table 1  Analysis of variance of the grain yield-related traits in the Zhongmai 578/Jimai 22 RIL population

Source of variation df
Sum of square1)

df
Sum of square

TKW KL KW GFR PH KNS2)

Genotype (gen) 261 47 905.98*** 128.21*** 38.54*** 50.04*** 67 130.96*** 261 20 896.27***

Environment (env) 4 11 335.18*** 47.08*** 25.79*** 16.20*** 185 929.65*** 3 16 880.51***

Gen×Env 1 044 10 977.66*** 19.81*** 10.36*** 23.04*** 11 324.94*** 783 12 186.75***

Replication (env) 10 52.55*** 0.66*** 0.11*** 0.01 176.76*** 8 314.02***

Error 2 610 4 443.69 10.75 4.24 22.11 18 390.04 2 088 4 396.27
Hb

2 0.95 0.96 0.94 0.89 0.96 0.84
1) TKW, thousand-kernel weight; KL, kernel length; KW, kernel width; GFR, average grain-filling rate; PH, plant height.  
2) The kernel number per spike (KNS) was investigated in four environments, and the degrees of freedom (df) are listed separately.
***, P<0.001.
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The A genome had the maximum number of markers 
(562), followed by the B (545) and D genomes (394) 
(Appendices H and I).  

3.3. QTL analysis

Fifty-three QTLs for the six grain yield-related traits on 
chromosomes 1D (2), 2A (9), 2B (6), 2D, 3A (2), 3B 
(2), 4A (5), 4D, 5B (8), 5D (2), 7A (7), 7B (3) and 7D 
(5) were identified across the five environments, and 
they explained 2.7–25.5% of the phenotypic variances 
(Appendix J).  Among the 53 QTLs, 23 were detected 
in at least three environments.  For kernel-related traits 
including TKW, KL, KW, and GFR, 39 QTLs were detected 
on 13 chromosomes, and 18 of them were stable in at 
least three environments.  One out of five detected QTLs 

for KNS and four out of nine QTLs for PH were stable 
across environments (Table 2).
QTL for kernel‑related traits  Ten QTLs for TKW were 
detected, including seven stable QTL on chromosomes 
2A, 2B (2), 5B, 7A, 7B and 7D.  QTkw.caas-7A and 
QTkw.caas-7D were detected in all five environments, 
and explained 11.8–19.2% and 3.5–13.3% of the 
phenotypic variances, respectively.  QTkw.caas-2B.1 and 
QTkw.caas-2B.2 were identified in four environments 
and the BLUE value, and they contributed 4.2–13.2% 
and 3.3–10.3% of the phenotypic variances, respectively.  
QTkw.caas-2A.1, QTkw.caas-5B.2, and QTkw.caas-7B 
were detected in three environments and the BLUE value, 
and they explained 3.2–9.5% of the phenotypic variances.  
The positive additive effects of the QTL on chromosomes 
2A, 5B and 7A were derived from ZM578, while those of 

Table 2  Stable quantitative trait loci (QTLs) for six grain yield-related traits identified in the Zhongmai 578 (ZM578)/Jimai 22 (JM22) 
recombinant inbred line (RIL) population1)

QTL2) Environment3) Marker interval Physical interval (Mb) LOD PVE (%) Add
TKW

QTkw.caas-2A.1 E3/E4/E5/BLUE AX-95174829–AX-110146981 194.47–254.41 9.72 8.68 1.22
QTkw.caas-2B.1 E2/E3/E4/E5/BLUE AX-112287340–AX-94412427 153.67–184.66 8.60 7.63 –1.19
QTkw.caas-2B.2 E1/E2/E3/E5/BLUE AX-94853276–AX-179476623 606.05–748.15 6.56 5.99 –1.15
QTkw.caas-5B.2 E2/E4/E5/BLUE AX-111529687–AX-94649275 652.52–670.12 5.83 5.09 0.92
QTkw.caas-7A E1/E2/E3/E4/E5/BLUE AX-112285830–AX-112290005 671.47–675.39 16.24 15.94 1.73
QTkw.caas-7B E2/E3/E5/BLUE AX-95136710–AX-110414737 68.54–119.73 4.75 4.15 –0.91
QTkw.caas-7D E1/E2/E3/E4/E5/BLUE AX-110287505–AX-111301432 248.80–423.34 8.94 8.49 –1.23

KL
QKl.caas-1D E1/E2/E3/E4/E5/BLUE AX-86175481–AX-111053858 10.72–11.88 5.27 5.41 0.05
QKl.caas-2A.1 E1/E2/E4/E5/BLUE AX-95164703–AX-94457129 102.33–119.31 8.07 8.26 0.07
QKl.caas-7A E1/E2/E3/E4/E5/BLUE AX-112285830–AX-94514616 671.47–674.27 17.18 19.99 0.10
QKl.caas-7D E1/E2/E3/E5/BLUE AX-110667060–AX-111301432 395.19–423.34 4.07 4.12 –0.05

KW
QKw.caas-2B E1/E2/E3/E4/E5/BLUE AX-95659274–AX-86173872 167.47–189.60 12.56 14.53 –0.05
QKw.caas-5B.2 E2/E4/E5/BLUE AX-95631333–AX-95662216 656.26–671.09 5.92 6.33 0.03
QKw.caas-7A E1/E2/E3/E4/E5/BLUE AX-112285830–AX-94719911 671.47–675.40 7.60 8.52 0.04
QKw.caas-7D E1/E2/E3/E4/E5/BLUE AX-110287505–AX-110125073 248.80–406.81 5.95 6.57 –0.03

GFR
QGfr.caas-2B.1 E3/E4/E5/BLUE AX-95659274–AX-86173872 167.47–189.60 7.47 8.06 –0.04
QGfr.caas-4A E1/E4/E5/BLUE AX-108884861–AX-108996291 16.47–59.32 4.89 5.14 –0.04
QGfr.caas-7A E1/E2/E3/E4/E5/BLUE AX-112285830–AX-94719911 671.47–675.40 10.94 12.36 0.05

KNS
QKns.caas-7A.2 E1/E2/E3/E5/BLUE AX-86171165–AX-94514616 660.46–674.27 7.86 12.62 –1.42

PH
QPh.caas-2A.1 E2/E3/E4/BLUE AX-95679625–AX-158564051 176.89–195.82 6.83 7.94 1.34
QPh.caas-2B.1 E1/E2/E3/E4/E5/BLUE AX-112287340–AX-94645231 153.67–175.98 16.58 21.90 –2.34
QPh.caas-2B.2 E2/E3/E5/BLUE AX-112286899–AX-179559096 767.13–775.17 5.06 5.91 –1.17
QPh.caas-4A.1 E2/E3/E4 AX-94857428–AX-94492389 37.77–101.75 4.83 5.47 –1.16

1) Physical interval, physical positions of the markers were based on the Chinese Spring reference genome in IWGSC (RefSeq v1.0, 
http://www.wheatgenome.org/; IWGSC 2018); PVE, percentage of phenotypic variances explained by the QTL; Add, additive effect, 
positive values indicate the increasing effects of ZM578 alleles, whereas negative values indicate the increasing effects of JM22 
alleles.  LOD, PVE (%) and Add are the averages of the detected values under different environments.

2) TKW, thousand-kernel weight; KL, kernel length; KW, kernel width; GFR, average grain-filling rate; KNS, kernel number per spike; PH, 
plant height.

3) E1, 2019–2020 Xinxiang; E2, 2020–2021 Xinxiang; E3, 2020–2021 Shangqiu; E4, 2020–2021 Luoyang; E5, 2020–2021 Gaoyi; BLUE, 
best linear unbiased estimation value.  
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the other four on 2B (2), 7B and 7D were from JM22.
Four  s tab le  QTLs fo r  KL were  iden t i f ied  on 

chromosomes 1D, 2A, 7A and 7D.  QKl.caas-1D and
QKl.caas-7A were detected in all five environments, and 
they explained 4.6–6.4% and 16.6–22.1% of the phenotypic 
variances, respectively.  QKl.caas-2A.1 and QKl.caas-7D
were observed in four environments and the BLUE value, 
and they explained 6.1–13.5% and 3.2–4.6% of the 
phenotypic variances, respectively.  The positive additive 
effects of the QTL on chromosomes 1D, 2A and 7A were 
from ZM578, while the one on chromosome 7D was from 
JM22.

Four  s tab le  QTLs for  KW were ident i f ied on 
chromosomes 2B, 5B, 7A and 7D.  QKw.caas-2B, 
QKw.caas-7A and QKw.caas-7D were detected in 
all environments, and they accounted for 7.9–21.3, 
7.4–10.9 and 3.4–12.2% of the phenotypic variances, 
respectively.  QKw.caas-5B.2, which explained 4.3–9.3% 
of the phenotypic variances, was identified in three 
environments.  For the QTL on chromosomes 5B and 7A, 
the positive alleles were contributed by ZM578, whereas 
those on 2B and 7D were from JM22.

Ten QTLs for GFR were detected and three of them 
were stable.  QGfr.caas-7A was stable in all environments 
with the positive allele from ZM578, and it explained 6.9–
15.9% of the phenotypic variances.  QGfr.caas-2B.1 and 
QGfr.caas-4A, with the positive alleles from JM22, were 
detected in three environments and explained 4.2–12.1% 
and 4.2–5.9% of the phenotypic variances, respectively.
QTL for KNS  Five QTLs for KNS were detected on 
chromosomes 3A, 4A, 7A (2) and 7D, and QKns.caas-
7A.2 was the only stable and major QTL among them.  It 
was identified in four environments and the BLUE value, 
and explained 7.4–18.7% of the phenotypic variances.  
The positive allele of this QTL was donated by JM22.
QTL for PH  Nine QTLs for PH were mapped on 
chromosomes 2A (2), 2B (2), 3B, 4A (2), 7A and 7D, and 
four of them were stable.  QPh.caas-2A.1 was identified 
in three environments and the BLUE value, with the 
favorable allele from JM22, and it explained 5.9–12.0% of 
the phenotypic variances.  QPh.caas-2B.1 was detected 
in all five environments and had the largest effect on PH, 
accounting for 17.5–25.5% of the phenotypic variances.  
QPh.caas-2B.2 and QPh.caas-4A.1 were identified 
in three environments, and explained 4.4–7.0% and 
4.6–6.6% of the phenotypic variances, respectively.  The 
favorable alleles of the three QTLs on chromosomes 2B 
(2) and 4A were from ZM578 (Table 2).

3.4. QTL‑rich regions and pleiotropic effects

Six QTL-rich regions (R1 to R6) were identified on 

chromosomes 2A, 2B, 4A, 5B, 7A and 7D, respectively 
(Fig. 1; Appendix K).  The number of QTLs in these 
regions ranged from two to six.  In R1, four QTLs for 
TKW, KL, GFR and PH were located in the region of 
16.64–19.06 cM (176.89–254.41 Mb) on chromosome 2A, 
with the positive alleles provided by ZM578.  In R2, four 
QTLs for TKW, KW, GFR and PH spanned from 96.24 to 
101.24 cM (153.67–189.60 Mb) on chromosome 2B, with 
the positive alleles from JM22.  In R3, two stable QTLs for 
GFR and PH were located in the region of 32.38–61.73 cM
(16.47–101.75 Mb) on chromosome 4A, with the positive 
alleles provided by JM22.  In R4, three stable QTLs for 
TKW, KW and GFR were mapped in the region of 5.71–
21.07 cM (652.52–671.09 Mb) on chromosome 5B, with 
ZM578 contributing the positive alleles.  In R5, five stable 
and major QTLs for TKW, KL, KW, GFR and KNS, and a 
QTL for PH spanned from 123.37 to 140.94 cM (660.46–
680.90 Mb) on chromosome 7A.  The positive alleles for 
TKW, KL, KW, GFR and PH were from ZM578, while the 
positive allele for KNS was from JM22.  In R6, four QTLs 
for TKW, KL, KW and PH were mapped in the region 
spanning from 42.16 to 46.11 cM (248.80–423.34 Mb) on 
chromosome 7D, and the positive alleles were contributed 
by JM22.

3.5. TaSus2-2B is likely to be the candidate gene 
for the pleiotropic QTL on 2B

Four stable and major QTLs showing pleiotropic effects 
on TKW, KW, GFR and PH were mapped on chromosome 
2B, where TaSus2-2B (TraesCS2B02G194200) for starch 
biosynthesis and TKW was located.  TaSus2-2B had two 
haplotypes, and the average TKW for Hap-H (43.17 g) 
was 4.26 g higher than that of Hap-L (38.91 g) among the 
modern varieties in a previous study (Jiang et al. 2011).  
Using the functional markers of TaSus2-2B (Jiang et al. 
2011), ZM578 had Hap-L, whereas JM22 possessed 
Hap-H (Fig. 2-A).  A SNP in the fifth exon was converted 
into a KASP marker designated as K-Sus2_2B (Fig. 2-B).  
Student’s t-test indicated that the RILs carrying the allele 
(CC) from JM22 had significantly (P<0.05) higher TKW 
and PH but lower KNS than those carrying the allele (TT) 
from ZM578 (Fig. 2-C).

3.6. Cloning WAPO-A1 and validation of the effects 
of pleiotropic QTL on 7A

WAPO-A1 (TraesCS7A02G481600) was located in the 
stable QTL-rich region for TKW, KL, KW, GFR and KNS 
on chromosome 7A.  This gene has four haplotypes 
(H1, H2, H3 and H4), and haplotypes H2 and H4 were 
favorable for increasing spikelet number per spike and 



1991LIU Dan et al.  Journal of Integrative Agriculture  2023, 22(7): 1985–1999

KNS (Ding et al. 2021).  Four gene-specific primer pairs 
covering the whole genomic sequence and the promoter 
regions of WAPO-A1 were designed and used to analyze 
the polymorphisms between ZM578 and JM22 (Appendix 
B).  Compared with JM22, there was a 115-bp deletion in 
the promoter region of WAPO-A1 in ZM578.  Eleven more 
SNPs between the two parents were tested, including five 
SNPs in the gene upstream region, two in the exons, one 
in the intron, and three in the gene downstream region 
(Fig. 3-A).  The three SNPs in the promoter region and 
the SNP in the intron were shown to be closely linked with 

that in the first exon (Appendix L) using the resequencing 
data of 677 cultivars from WheatUnion Database (http://
wheat.cau.edu.cn/WheatUnion/b_4/; Wang et al. 2020).  
Referring to Ding et al. (2021), the SNP in the first exon 
was critical for identifying favorable haplotypes, while the 
other four closely linked SNPs could also be developed 
into diagnostic markers, including K-WAPO_Intron for 
the intron of WAPO-A1 (Appendix B; Fig. 3-B).  ZM578 
contained H1 with low KNS, whereas JM22 had H2 with 
high KNS.  The genotype with the TT allele from ZM578 
had significantly (P<0.001) higher TKW, KL, KW, GFR 

Fig. 1  Chromosomal locations of six quantitative trait locus (QTL)-rich regions.  For each chromosome, the linkage map is shown 
on the left and the physical map is on the right, the numbers indicated on the maps are genetic (cM) and physical (Mb) locations, 
respectively.  The segments in cyan on the genetic map and physical map indicate the genetic intervals and the approximate 
physical positions of the QTL-rich regions identified.  QTL for thousand-kernel weight (TKW), kernel length (KL), kernel width (KW), 
average grain-filling rate (GFR), kernel number per spike (KNS) and plant height (PH) were marked in red, light green, orange, 
pink, blue and green colors, respectively.  
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Fig. 2  Validation of the allelic effects of TaSus2-2B in the Zhongmai 578 (ZM578)/Jimai 22 (JM22) recombinant inbred line (RIL) 
population.  A, using the functional marker of TaSus2-2B (Jiang et al. 2011) to detect the haplotypes of ZM578 and JM22.  M, DL2000; 
1‒4, Zhongmai 578; 5‒8, JM22.  B, genotyping the RIL population using the KASP marker K-Sus2_2B.  C, effects of TaSus2-2B 
on the six grain yield-related traits after dividing the RILs into two groups based on the KASP marker.  PH, plant height (cm); TKW, 
thousand-kernel weight (g); KNS, kernel number per spike; KL, kernel length (mm); KW, kernel width (mm); GFR, average grain-
filling rate (g d–1).  The TT and CC alleles indicate the genotypes of ZM578 and JM22, respectively; TC indicates heterozygous 
lines and NTC means blank.  Bars means SD (TT, n=143; CC, n=94).  *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.

and PH, but lower KNS, than those of JM22 in the RIL 
population (Fig. 3-C).

3.7. Validation of a pleiotropic QTL in the natural 
population

The QTL-rich region on chromosome 7D influenced TKW, 
KL, KW and PH simultaneously.  A KASP marker based 
on a closely linked marker named K-AX-110125073 
was successfully developed and used to verify the 
allelic effects (Appendix B).  The pleiotropic QTL had 
no significant effect on TKW, but it influenced KW, KNS 
and PH significantly in at least four environments in the 
natural population.  The AA allele from ZM578 significantly 
increased KW and KNS in four environments and reduced 
PH in five environments (Fig. 4).

3.8. Additive effects of favorable alleles for TKW

Seven s tab le  QTLs for  TKW were detected on 
chromosomes 2A, 2B (2), 5B, 7A, 7B and 7D, and 
they explained 3.2–19.2% of the phenotypic variances.  

Employing the flanking and KASP markers, the 262 RILs 
were divided into seven groups based on the number of 
favorable alleles, which ranged from zero to six.  None of 
the lines carried all seven favorable alleles for TKW.  With 
the number of favorable alleles increasing, TKW increased 
significantly, and the TKW of the genotype with six favorable 
alleles was 11.7 g higher than the genotype without any 
favorable alleles (Fig. 5).  Moreover, the genotype with 
six favorable alleles for TKW also had significantly higher 
KL, KW, GFR and PH, but lower KNS, than the genotype 
without any favorable alleles (Appendix M).

4. Discussion

4.1. The impact of the linkage map on QTL mapping

In the present study, a new linkage map with 1  501 
bin markers, representing 9  349 SNP markers, was 
constructed using the 50K SNP array.  However, the 
distribution of markers on the 21 chromosomes was 
uneven, as no markers were found on 6B, and some 
chromosomes (2A, 2D, 4A, 6D and 7D) were divided into 
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more than two linkage groups.  There are two reasons 
underlying the loss of the chromosome 6B: 1) The parents 
of the RIL population used in this research are ZM578 
and JM22, and JM22 is one of the parents of ZM578 
(Appendices A and N), which means that (theoretically) 
nearly 75% of the genetic background of the RILs 
originated from JM22.  2) Most of the QTLs/loci for yield 
related traits distributed on 6B chromosome may have 
been artificially selected under strong selection pressure, 
since both JM22 and ZM578 are high-yielding varieties, 
with yield potentials over 12 tons per hectare.  

Among the 55 224 markers in the array, 9 661 were 
polymorphic with high quality.  The sequences of these 
markers were searched in BLASTN against the Chinese 
Spring reference genome in IWGSC (RefSeq v1.0, http://
www.wheatgenome.org/; IWGSC 2018), and a density 
map of polymorphic markers between the two parents 
was drawn based on the physical locations (Appendix 
N).  As shown in Appendix N, markers were enriched on 
1A, 1BL, 2A, 2B, 2D, 3A, 4D, 5AL, 5B, 7A, 7B and 7D, 
while the two parents had fewer markers with polymorphic 
differences on 6B.  All of the 23 stable QTLs identified were 
located in the marker-rich regions, which is in agreement 

with the report of Yang et al. (2019).  In that study, a 
linkage map with 65 linkage groups for Zhongmai 871/ 
Zhongmai 895 RIL population was constructed using 
a 660K SNP array, where the two parents were sister 
lines.  The markers were also unevenly distributed on 
20 chromosomes but no markers were detected on 3D, 
and the major and stable QTL for grain yield-related traits 
were identified in regions with more markers on 1AL, 3AL, 
2BS and 5B (Yang et al. 2019).

4.2. Comparison of the QTL for grain yield‑related 
traits with previous studies

In previous studies, QTLs or genes for grain yield-related 
traits were mapped on all 21 chromosomes (Cao et al. 
2020; Xie and Sparkes 2021).  The seven stable QTLs 
for TKW identified in this study were co-located with the 
loci reported previously, indicating the reliability of our 
results.  QTkw.caas-2A shares a similar position with 
the QTL reported by Luo et al. (2020).  QTkw.caas-2B.2 
is similar to QTkw.haaf-2BL, QTkw-2B.3 and QTKW.
co-2B from previous reports (Cui et al. 2014; Liu et al. 
2019; Li et al. 2021).  QTkw.caas-2B.1 is a major stable 
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Fig. 3  Validation of the allelic effects of WAPO-A1 in the Zhongmai 578 (ZM578)/Jimai 22 (JM22) population.  A, gene structures 
of WAPO-A1 in ZM578 and JM22.  The black boxes, black line, and white box at the left and the white boxes at the right represent 
exons, intron, promoter region and 3´ UTR, respectively.  Insertion and deletion (InDel) between the two parents are indicated in 
orange, and “--” means 2 bp deletions.  Single nucleotide polymorphism (SNP) in the promoter region, exons, intron and 3´ UTR 
are indicated in black, red, blue and black colors, respectively.  B, genotyping the recombinant inbred line (RIL) population using 
the KASP marker K-WAPO1_Intron.  C, effects of WAPO-A1 on the six grain yield-related traits after dividing the RILs into two 
groups based on the KASP marker.  PH, plant height (cm); TKW, thousand-kernel weight (g); KNS, kernel number per spike; KL, 
kernel length (mm); KW, kernel width (mm); GFR, average grain-filling rate (g d–1).  The TT and CC alleles indicate the genotypes 
of Zhongmai 578 and Jimai 22, respectively; TC indicates heterozygous lines and NTC means blank.  Bars mean SD (TT, n=96; 
CC, n=133).  *, P<0.05; **, P<0.01; ***, P<0.001.
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QTL, with TaSus2-2B as the candidate gene (Jiang et al. 
2011) and coincides with Qtgw.nwafu-2B (Lv et al. 2021).
QTkw.caas-5B.2 overlaps with the meta-QTL QTgw-5B.2
(Xie and Sparkes 2021), and it also shares similar 
positions with QTkw-5B.8W (Xu et al. 2017) and QTKW.
caas-5B.2 (Li X et al. 2015).  QTkw.caas-7A is located in 
a similar position with the QTL in many studies (Assanga 
et al. 2017; Guan et al. 2018; Keeble-Gagnere et al. 
2018; Chen et al. 2020), and WAPO-A1 is likely to be the 
candidate gene (Kuzay et al. 2019, 2021).  QTkw.caas-7B 
was mapped to a physical interval of 68.5‒119.7 Mb, at 
a similar position as qTGW-7B.2 (Wang et al. 2019), with 
a nearby gene TaSus1-7B located at 68.35 Mb (Su et al. 
2011).  The sequence of TaSus1-7B differs between the 
two parents, highlighting the possibility of TaSus1-7B as 
the causal gene.  QTkw.caas-7D is located in a physical 
interval of 248.8–423.3 Mb, similar to the locus reported 
by Zhang et al. (2018).  It also overlaps with the meta-
QTL QTgw-7D.2 in an interval of 386.4‒410.5 Mb (Xie 

Fig. 4  Validation of the quantitative trait locus (QTL) on chromosome 7D in a diverse panel of 166 wheat cultivars.  AA and GG 
indicate the genotypes of Zhongmai 578 (ZM578) and Jimai 22 (JM22), respectively.  TKW, thousand-kernel weight; KW, kernel 
width; KNS, kernel number per spike; PH, plant height.  12–13AY, 2012–2013 Anyang; 12–13SX, 2012–2013 Suixi; 13–14AY, 
2013–2014 Anyang; 13–14SX, 2013–2014 Suixi; 14–15AY, 2014–2015 Anyang; 14–15GY, 2014–2015 Gaoyi.  Bars mean SD  
(AA, n=92; GG, n=70).  *, P<0.05; **, P<0.01; ***, P<0.001.

Fig. 5  The effect of the number of favorable alleles on thousand-
kernel weight (TKW).  Each of the box plots shows the upper 
and lower whisker, the 25 and 75% quartiles, the median 
(as solid line) and the mean (as rectangle).  NFA, number of 
favorable alleles for TKW.  Different letters indicate significant 
differences at P<0.05.
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and Sparkes 2021).
Four stable QTLs for KL were detected, and two 

of them on chromosomes 7A and 7D share the same 
intervals with those for TKW.  QKl.caas-7A is consistent 
with QGl-7A.1 (Cao et al. 2019).  Thus far, few stable 
QTLs for KL have been detected on chromosome 7D.  
Ren et al. (2021) identified a QTL QKl.sau-7D located 
at 446.4–452.7 Mb.  In the present study, QKl.caas-7D 
located in 395.2–423.3 Mb is potentially new.  QKl.caas-1D
was mapped in a physical interval of 10.72–11.88 Mb, 
and it was the only stable QTL mapped on chromosome 
1D.  In previous studies, some QTLs have been reported 
to share a close position with QKl.caas-1D.  Li et al. (2007) 
identified a QTL with pleiotropic effects on TKW and SP in 
9.6–14.0 Mb using a RIL population derived from Chuan 
35050 and Shannong 483.  Li Q et al. (2015) identified a 
QTL for KL with the linked marker WPT-665480 located 
at 3.3 Mb.  Wu et al. (2015) also detected a QTL, qKL-
1D, at 15.4 Mb.  QKl.caas-2A was mapped in a physical 
interval of 82.1‒119.3 Mb, which is very close to TaSus2-
2A at 121.14 Mb.  However, using the functional markers 
of TaSus2-2A from Hou et al. (2014), no variations were 
detected between ZM578 and JM22, indicating that this 
QTL is likely to be a new one.

Four stable QTLs for KW identified on chromosomes 
2B, 5B, 7A and 7D overlap with the QTL for TKW, 
in agreement with the highly significant and positive 
correlation between TKW and KW (r=0.96).  QKw.caas-
2B shares a similar position with Qgw.nwafu-2B (Lv et al. 
2021).  Li et al. (2018) detected four QTLs for KNS, KW, 
PH and flag leaf width in a region of 654.2–696.0 Mb using 
three RIL populations; while QKw.caas-5B.2 is located 
at 656.3–671.1 Mb, sharing a similar interval with QKW.
caas-5BL.  QKw.caas-7A is similar to QGw.cau-7A-2 
(Chen et al. 2020).  QKw.caas-7D is located in 248.8–
406.8 Mb, while no QTL for KW has been reported in this 
region, indicating that this might be a new QTL.

Three stable QTLs for GFR on chromosomes 2B, 
4A and 7A overlap with the QTL for TKW and KW, 
in agreement with the highly significant and positive 
correlations among TKW, KW and GFR (r=0.86–0.96).  
Thus far, few studies have reported QTL for GFR (Kirigwi 
et al. 2007; Wang et al. 2009; Xie et al. 2015; Yang et al. 
2019; Lin et al. 2020).  In this study, QGfr.caas-2B.1 
was mapped in a region of 167.5–189.6 Mb.  Yang et al. 
(2019) also identified a QTL on chromosome 2B, which 
was designated as Qgfr.caas-2BS and influences TKW, 
KW and GFR simultaneously, but it is located at 41.4 Mb, 
differing from QGfr.caas-2B.1.  In this study, QGfr.caas-4A 
was located on the short arm of chromosome 4A, which 
differs from those reported by Lin et al. (2020) and Kirigwi 
et al. (2007).  QGfr.caas-7A was mapped in a region of 

671.5–675.4 Mb, which is different from QGfr.sicau-7A on 
the short arm of 7A (Lin et al. 2020).  Therefore, the three 
stable QTLs for GFR identified in this study are likely to 
be new.

QKns.caas-7A.2 is a stable and major QTL for KNS, 
and it shares a similar position with Qmt.tamu.7A.1 
(Assanga et al. 2017), QKNS.caas-7AL (Li et al. 2018) 
and QGns.cau-7A.5 (Guan et al. 2018).  Four stable QTLs 
for PH were identified, among which QPh.caas-2A.1, 
which overlaps with the QTL for TKW on chromosome 
2A, is likely to be a new QTL.  QPh.caas-2B.1, QPh.caas-
2B.2 and QPh.caas-4A.1 are at similar positions to QPh-
2B (Liu et al. 2014), QPh.sau-2B.1 (Ren et al. 2021) and 
QHT.uia2.4A-1 (Isham et al. 2021), respectively.

4.3. Application of MAS for high‑yield wheat breeding

Twenty-three stable QTLs for six grain yield-related traits 
were identified in the present study, among which ZM578 
provided favorable alleles at 12 loci: QTkw.caas-2A.1, 
QTkw.caas-5B.2, QTkw.caas-7A, QKl.caas-1D, QKl.caas-
2A.1, QKl.caas-7A, QKw.caas-5B.2, QKw.caas-7A, QGfr.
caas-7A, QPh.caas-2B.1, QPh.caas-2B.2, and QPh.caas-
4A.1.  Li et al. (2020) mapped some QTLs for TKW with 
favorable alleles from JM22 located on chromosomes 2D 
and 6D, as well as QTL with favorable alleles for reduced 
plant height from JM22 mapped on chromosomes 2D, 
4D and 6D, which is totally different from our results.  
These differences are not surprising because ZM578 
was selected from a cross between Zhongmai 255 and 
JM22 through a modified pedigree method, and the RIL 
population of ZM578/JM22 was used in this research, 
indicating that all 12 of the favorable alleles were inherited 
from Zhongmai 255 which was selected from a cross of 
Yumai 49 and the Australian wheat cultivar Sunstate.  It 
should be noted that many favorable alleles in ZM578 
inherited from JM22 could not be detected in this RIL 
population, because JM22 is one of the parents of this 
cultivar.  Therefore, further research should be conducted 
using a population of ZM578 with some cultivars other 
than JM22, in order to find more grain yield-related genes 
in ZM578.

It is interesting to trace the favorable alleles back 
to their origination in the pedigree of ZM578, in order 
to provide more information for MAS in the future.  
Therefore, six additional KASP markers (K1–K6) were 
successfully developed based on the tightly linked SNP 
markers for the corresponding QTL (Appendix B).  An 
analysis and comparison of the genotypic data (Appendix 
O) indicated that the favorable alleles for QTkw.caas-
2A.1 and QKl.caas-2A.1 were inherited from Yumai 49, 
but whether the favorable alleles were from Wen 394A or 
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Yumai 2 (Appendix P) remains uncertain.  The favorable 
alleles for QTkw.caas-5B.2 and QKw.caas-5B.2 can be 
traced back to Yumai 2 through Yumai 49 (Appendix 
Q), while those for QTkw.caas-7A, QKl.caas-7A, QKw.
caas-7A and QGfr.caas-7A can be traced back to VPM1 
through Sunstate (Appendix R).  For QKl.caas-1D, the 
positive allele was from Yumai 49, which was inherited 
from Kanghuixianhong through Yumai 2 (Appendix S).  
The favorable allele for QPh.caas-2B.1 can be traced 
back to VPM1 or Pavon 76 through Sunstate (Appendix 
T).  However, many lines in the pedigree possess the 
favorable alleles of QPh.caas-2B.2 and QPh.caas-4A.1, 
therefore, it is difficult to identify their origins (Appendices 
U and V).

Some significant correlations between different yield 
related traits were observed in this study, and six QTL-
rich regions were identified, reflecting the complex 
relationships among different traits.  In the present 
study, there were significantly negative correlations of 
TKW with KNS (r=–0.328, P<0.001) and FD (r=–0.177, 
P<0.001), and of KNS with SP (r=–0.309, P<0.001), 
but a significantly positive correlation of KNS with FD 
(r=0.126, P<0.05) was observed, and there were no 
significant correlations of TKW with SP, or SP with 
FD (Appendix W).  Therefore, the major QTLs on 
chromosomes 2B (TaSus2-2B), 7A (WAPO-A1) and 7D 
(QTkw.caas-7D) were selected to analyze their effects 
on yield-component traits, as well as FD.  Different 
trade-offs among the yield components were detected 
for the QTLs on 2B (TaSus2-2B) and 7A (WAPO-A1) 
(Appendix W).  QTkw.caas-7D significantly influenced 
TKW and FD, while no significant effects on KNS or 
SP were observed in the RIL population, indicating the 
potential value of this QTL in MAS when ZM578 is used 
as a parent (Appendix W).  Moreover, improving grain 
yield is always an important breeding objective, although 
most of the related traits are controlled by multiple 
genes and significantly affected by environments, 
making it more challenging.  TKW is relatively less 
sensitive to environments and has high heritability, in 
agreement with previous reports (Li X al. 2015; Assanga 
et al. 2017; Xu et al. 2017; Lv et al. 2021; Xie and 
Sparkes 2021).  Seven QTLs for TKW were identified, 
and the genotype with six favorable alleles gave a value 
that was 11.7 g higher than the genotype without any 
favorable alleles, indicating that pyramiding different 
favorable alleles is an important strategy in wheat 
breeding.  The KASP markers developed here will be 
useful for MAS in breeding programs, especially for 
grain yield improvements of leading cultivars such as 
ZM578 and JM22.

5. Conclusion

The present study constructed a new linkage map for a 
ZM578/JM22 RIL population, and six grain yield-related 
traits were evaluated in five environments.  A total of 53 
QTLs were detected by ICIM, 23 of which were stable in 
at least three environments.  Seven QTLs are likely to be 
new loci.  Six QTL-rich regions showed pleiotropic effects 
on multiple traits, and TaSus2-2B and WAPO-A1 are 
potential candidate genes for the pleiotropic regions on 
2B and 7A, respectively.  The additive effect of six QTLs 
for TKW was 11.7 g, indicating that pyramiding different 
favorable alleles is an important strategy to increase 
yield.  The KSAP markers developed in this study provide 
molecular markers for high-yield wheat breeding.
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