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Highlights
●●	 A major and stable quantitative trait locus (QTL) for grain protein content, qGPC4D, was identified from Aegilops tauschii 

and fine-mapped to a 9.88 Mb interval.
●●	 High-throughput kompetitive allele-specific PCR (KASP) markers were developed for qGPC4D, enabling efficient marker-

assisted selection in breeding.

Abstract
Wheat is a staple cereal crop that is crucial for food security and human health.  Improving wheat quality has become an 
essential task for allowing breeders to meet escalating market demand.  In this study, a set of wheat–Aegilops tauschii 
introgression lines was developed from a cross between the high-yielding wheat variety Jimai 22 and Ae. tauschii Y215.  
A high-density genetic map containing 2,727 single nucleotide polymorphisms (SNPs) was constructed using a 55K SNP 
array, and it was used to conduct a quantitative trait loci (QTLs) analysis for grain quality-related traits.  Eight QTLs were 
identified for grain protein content (GPC), starch content, and wet gluten content in two environments.  Among them, a 
major and environmentally stable QTL for GPC, qGPC4D, was identified, with favorable alleles contributed by Ae. tauschii 
Y215.  Subsequently, qGPC4D was narrowed down to a 9.88 Mb physical interval through further fine mapping utilizing the 
introgression lines.  In addition, three linked SNP of qGPC4D were converted into high-throughput kompetitive allele-specific 
PCR (KASP) markers and validated in the introgression population.  These findings offer promising candidate genes, elite 
introgression lines, and KASP markers for high-quality wheat breeding.  
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1. Introduction
As one of the most important cereals globally, wheat (Triticum 
aestivum L.) plays a vital role in improving world food security 
by contributing approximately 20% of the dietary calories 
for human consumption (Brenchley et al. 2012).  Compared 
to cereal grains, wheat contributes half of the protein and 
40% of the fat originating from all cereal grain sources 
(Uthayakumaran et al. 2010).  The improvement of wheat 
grain quality must be addressed to confront the substantial 
problems caused by climate change and increasingly 
diversified market demand (Juliana et al. 2019; Li et al. 2025).   
However, wheat diversity is relatively narrow due to genetic 

bottlenecks caused by domestication and polyploidization 
(He et al. 2019).  Wild relatives with considerable genetic 
variability remain valuable resources for genetically improving 
agronomic traits (Jiang et al. 2023; Song et al. 2023).  

Aegilops tauschii Coss. (2n=2x=DD), a diploid D genome-
progenitor of hexaploid wheat (2n=6x=AABBDD), is an 
excellent reservoir of genetic diversity that is underexploited 
(Marcussen et  al. 2014).  Morphologically, Ae. tauschii 
traditionally comprises two subspecies: Ae. tauschii ssp.  
tauschii (with moniliform spikes) and Ae. tauschii ssp.  
strangulate (with cylindrical spikes).  The general consensus 
is that only a few Ae. tauschii ssp. strangulata accessions 
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were involved in the origin of wheat (Yu et al. 2014), leading 
to limited diversity in the wheat D-genome (Zhou et  al. 
2021).  The low genetic diversity of the wheat D genome has 
become a bottleneck for the improvement of bread wheat 
(Mirzaghaderi et al. 2019).  Cultivating and utilizing desirable 
genes in Ae. tauschii is an effective way to broaden the 
genetic base of wheat (Rasheed et al. 2018).  Several genes/
QTLs have been identified in Ae. tauschii and successfully 
applied in wheat breeding.  A leaf rust resistance gene, Lr21, 
and a stem rust resistance gene, Sr33, both introgressed 
from Ae. tauschii into bread wheat, were cloned by Huang 
et al. (2003) and Sambasivam et al. (2013), respectively.  The 
stripe rust resistance gene derived from Ae. tauschii, Yr28, 
is located on chromosome 4DS (Singh et al. 2000).  The 
powdery mildew resistance genes derived from Ae. tauschii, 
Pm2, Pm19, Pm34, Pm35, and Pm58, were mapped to 
chromosomes 5DS, 7D, 5DL, 5DL, and 2DS, respectively 
(Lutz et al. 1995; Miranda et al. 2006; Miranda et al. 2007; 
Wiersma et al. 2017).  Leaf rust resistance genes, Lr22, Lr32, 
Lr39, and Lr42 are located on chromosomes 2DS, 3D, 2DS, 
and 1DS, respectively, and they have been transferred to 
bread wheat from Ae. tauschii (Rowland et al. 1974; Kerber 
1987; Raupp et al. 2001; Gill et al. 2019).  Using F2 and F2:3 
populations derived from a common allohexaploid wheat line 
TAA10 and a synthetic allohexaploid wheat line XX329, three 
environmentally stable QTL regions associated with grain size 
and shape were mapped on chromosomes 2DS, 2DL and 
7DS, with favorable alleles contributed by Ae. tauschii (Yan 
et al. 2017).  Using recombinant inbred lines (RILs) derived 
from a cross between synthetic hexaploid wheat SHW-L1 and 
hexaploid wheat Chuanmai 32, four environment-independent 
QTLs for agronomic traits were identified on chromosome 2D 
(Yu et al. 2014).  Synthetic allohexaploid wheat Chuanmai 42,
derived from Wheat and Maize Improvement Center 
(CIMMYT) synthetic wheat (pedigree: Syn769/SW3243//
Chuan6415), shows excellent yield potential, strong stripe 
rust resistance, wide adaptation and good quality.  The high-
yielding gene in Chuanmai 42 was mapped to 4DL using two 
RILs (Li et al. 2011).   Therefore, Ae. tauschii is considered to 
have a promising gene pool for the improvement of common 
wheat.  

Two main approaches have been proposed to introduce 
Ae. tauschii germplasm into the hexaploid gene pool (Cox 
et al. 2017): “synthetic hexaploid” and “direct hybridization”.  
For the “synthetic hexaploid” approach, Ae. tauschii is crossed 
with a tetraploid wheat (T. turgidum) to produce a triploid ABD 
hybrid and the chromosome number is subsequently doubled 
to produce hexaploid seeds.  For the “direct hybridization” 
approach, T. aestivum plants are pollinated by Ae. tauschii 
and the resulting embryos are rescued after pollination for 
12‒15 days.  A subsequent backcross with T. aestivum 
is conducted to obtain stable 42-chromosome AABBDD 
progeny.  Synthetic hexaploid has been widely used as a 
bridge to transfer genes involved in biotic resistance (Ghaffary 
et al. 2012), grain yield (Lutz et al. 1995; Hao et al. 2019), 
preharvest sprouting (Imtiaz et al. 2008), grain quality (Kunert 
et al. 2007) and abiotic tolerance (Ogbonnaya et al. 2013).  
As an improvement over the “synthetic hexaploid” approach, 
the “direct hybridization” approach can introgress desired D 

genome regions accompanied by complete conservation of 
the recurrent parent’s A and B genomes (Cox et al. 2017; 
Gaurav et al. 2021).  The “direct hybridization” approach has 
been widely utilized to improve disease and pest resistance, 
e.g., Hessian fly resistance (Gill et al. 1991), greenbug 
resistance (Gill et al. 1991), soilborne mosaic virus resistance 
(Gill et al. 1991; Cox et  al. 1994), wheat spindle streak 
mosaic virus resistance (Cox et al. 1994), leaf rust resistance, 
stem rust resistance (Olson et al. 2013), and powdery mildew 
resistance (Cox et al. 1994).  However, few studies have 
reported improving wheat quality by the “direct hybridization” 
approach.

In the present study, a set of wheat–Ae. tauschii introgression
lines (ILs) was developed from a cross between the common 
wheat Jimai 22 and Ae. tauschii Y215.  These ILs were 
genotyped using a 55K SNP array and phenotyped for grain 
quality-related traits in two environments.  The objectives 
were to: 1) detect favorable QTLs/genes from Ae. tauschii, 2) 
identify candidate genes for major and stable QTLs through 
fine mapping and expression analysis, and 3) develop 
kompetitive allele-specific PCR (KASP) markers for marker-
assisted selection to improve wheat quality.  

2. Materials and methods
2.1. Plant materials
The diploid Ae. tauschii ssp. tauschii accession Y215 was 
crossed with the high-yielding winter wheat cultivar Jimai 22.  
The resulting hybrid F1 embryos were rescued after pollination 
for 12–15 days.  Subsequently, three sequential backcrosses 
with the recurrent parent Jimai 22 were conducted to 
obtain the BC3F1 population.  Several self-pollination cycles 
were used to construct a BC3F5 introgression population, 
designated as BC3-ILs, with a population size of 170 
individuals.

2.2. Field trials
The ILs and Ae. tauschii accessions were planted in two 
locations in the Shandong Province, China, namely, Dezhou 
(DZ, 37.38°N, 116.39°E) and Tai’an (TA, 36.17°N, 117.17°E), 
from 2020 to 2021.  For the ILs, each accession was planted 
in a two-row plot with 50 seeds per row at a row spacing of 
25 cm and a row length of 2.0 m with two replicates for each 
accession in both environments.  Standard practices of the 
local farmers were followed for field management.

2.3. Trait measurements
At the maturity stage, six middle uniform plants for each 
accession were bulk harvested and air-dried in drying 
houses for three months.  Subsequently, the grain protein 
content (GPC), starch content (SC), and wet gluten content 
(WGC) of the grain seeds were measured using near-
infrared spectroscopy DA7200 (Perteninstruments 7200 type, 
Huddinge, Sweden).  Three replicates were performed for 
each line, and the average value was used for subsequent 
analyses.

2.4. Genotyping
The BC3-ILs and their parents, Jimai 22 and Y215, were 
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genotyped using a Wheat55K SNP array designed by the 
Chinese Academy of Agricultural Sciences.  Heterozygous 
loci were treated as missing data and SNPs with >10% 
missing data were removed.  The SNP genotype data for Ae.  
tauschii accessions were generated by resequencing at a 
sequencing depth of >10×.  Polymorphic SNPs within specific 
QTL intervals were used for association mapping.

2.5. Statistical analysis and trait correlations
The best linear unbiased estimate (BLUE) values of the two 
replicates in each environment were calculated using a mixed 
linear model with genotypes as fixed factors and replicates 
as random factors.  The distribution of phenotypes was 
plotted using the ggplot2 package in R software.  Phenotypic 
correlations were calculated using the “rcorr” function 
implemented in the R package Hmisc (Harrell 2019).  

2.6. QTL analysis and fine mapping of major QTLs
The following QTL mapping procedures were administered.  
First, the loci in the population with the same genotype 
as Jimai 22 were designated as A, and the loci with the 
same genotype as Y215 were designated as B.  Then, 
consecutive markers with identical genotypes in the 
population were combined into a single bin marker.  Next, 
the “aov” function in R software was used to analyze the 
correlations between individual bin markers and traits, with 
a significance threshold of –log10(P)≥5.0.  The additive 
effect of a bin marker was (B–A)/2.  The physical interval 
determined by a two-unit reduction in the P-value of the 
peak marker was designated as the confidence interval for 
the QTL.

The 196 ILs were used to conduct the fine mapping of the 
major QTLs.  Markers located within the QTL interval were 
selected for the fine mapping of the major QTLs.  The ILs 
were categorized based on the genotypes present within 
the specified interval.  The group that had no introgressed 
segment within the specified interval was used to conduct 

t-tests with each of the other groups to fine-map each QTL.

2.7. Expression analysis of putative candidate genes
Transcriptomic data of five tissues from different growth 
stages of the bread wheat variety Chinese Spring were 
obtained from the expVIP platform7 (http://www.wheat-
expression.com), and used to identify the differential 
expression characteristics of putative candidate genes located 
within each target QTL (Borrill et al. 2016).  Transcripts per 
million (TPM) was used to evaluate the expression levels of 
putative candidate genes.  

2.8. Development of KASP markers 
The SNPs derived from the resequencing of Ae. tauschii 
Y215 were compared with those obtained from the 
resequencing of Jimai 22, as reported by Yang et al. (2020).  
Polymorphic SNPs located within the qGPC4D interval were 
selected to develop the KASP markers.  The primers were 
synthesized by LGC, Biosearch Technologies (Hoddesdon, 
UK).  KASP genotyping was performed in the molecular 
breeding laboratory of the Beijing Vegetable Research Center 
using the LGC SNP-line platform (LGC, https://www.lgcgroup.
com/), following the procedures described by Zhang et al. 
(2023).

3. Results
3.1. Phenotypic variations and trait correlations
The three grain quality-related traits exhibited normal 
distributions and showed large consecutive variations in 
both DZ and TA.  The ILs exhibited higher values for GPC 
and WGC, but lower SC in TA than in DZ (Fig. 1).   Pairwise 
phenotypic correlations among the three measured traits are 
shown in Fig. 2, and all the traits exhibited strong correlations 
(P<0.01).  GPC was strongly positively correlated with 
WGC but negatively correlated with SC.  Strong positive 
correlations were detected between the two environments for 
each trait.  

Fig. 1  Phenotype distribution of the introgression lines (ILs) population in Dezhou (DZ) and Tai’an (TA), Shandong Province, 
China.  GPC, grain protein content; SC, starch content; WGC, wet gluten content.  *** means the phenotypic difference between DZ and 
TA was significant at 0.001 level.
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3.2. Basic statistics for the markers
In this study, 2,727 high-quality polymorphic SNPs were 
identified.  The number of markers per chromosome ranged 
from 198 on chromosome 4D to 568 on chromosome 2D 
(Table 1; Fig. 3).  The average coverage rate across all 
chromosomes was 94.94%, with the lowest coverage of 
95.25% for chromosome 6D and the highest coverage of 
99.19% for chromosome 3D.  The average marker density 
was 1.56 Mb, varying between 0.99 Mb for chromosome 1D 
to 2.55 Mb for chromosome 4D.  Overall, the 2,727 markers 
across the genome were categorized into 484 bins, with an 
average bin size of 9.16 Mb.  The average introgression 
frequency per chromosome was 11.1%, with the highest 
introgression frequency of 18.3% for chromosome 1D and 
the lowest of 4.6% for chromosome 3D (Table 1).  The size of 
the introgressed genome of each line is shown in Fig. 4.  The 

average size of the introgressed segments across all ILs was 
274.8 Mb.  In 33% of individuals, the size of the introgressed 
segments was less than 50 Mb (Fig. 4).

3.3. QTL mapping 
In total, eight QTLs associated with grain quality-related 
traits were detected, with three QTLs identified in both the 
TA and DZ environments (Table 2; Fig. 5).  For GPC, two 
QTLs were identified on chromosomes 4D and 6D.  Of them, 
qGPC4D was detected in both environments, explaining 
15.2 and 13.1% of the phenotypic variance in DZ and TA, 
respectively.  The qGPC6D QTL was detected only in DZ 
and accounted for 11.3% of the phenotypic variance.  For 
SC, three QTLs were identified on chromosomes 2D, 4D and 
6D.  Of them, qSC4D was identified in both environments, 
explaining 14.6 and 13.3% of the phenotypic variance in 
DZ and TA, respectively.  The qSC2D and qSC6D QTLs 
were detected in DZ, explaining 12.8 and 16.2% of the 
phenotypic variance, respectively.  For WGC, qWGC4D 
was detected in both environments and explained 11.2 and 
11.6% of the phenotypic variance in DZ and TA, respectively.  
The qWGC2D and qWGC6D QTLs were detected in DZ 
and explained 11.0 and 10.9% of the phenotypic variance, 
respectively.

Three QTL clusters associated with grain quality-related 
traits were identified.  In Cluster 1, which comprised qGPC4D, 
qSC4D, and qWGC4D, the alleles that increased GPC and 
WGC while reducing SC were contributed by Ae. tauschii.  
Cluster 2, comprising qGPC6D, qSC6D, and qWGC6D, 
was detected on chromosome 6D.  The alleles responsible 
for increasing GPC and WGC and reducing SC originated 
from Ae. tauschii.  In Cluster 3, which included qSC2D and 
qWGC2D, the alleles that enhanced SC and reduced WGC 
were derived from Ae. tauschii.

3.4. Fine mapping of qGPC4D
The environmentally stable and major QTL qGPC4D was 
further fine mapped using ILs and five polymorphic markers 
within the target region (Fig.  6).  Genotype 1 exhibited 
significant differences from genotypes 2, 3, and 5, but 
no significant difference was observed from genotype 4.
Consequently, the interval was narrowed down to the 
region between 7.20 Mb (AX-110005953) and 17.08 Mb 
(AX-89398511), corresponding to a 9.88  Mb physical 
interval on chromosome 4D of Chinese Spring.  Within 
the corresponding physical interval of 7.20  to 17.08 Mb on 
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Fig. 2  Phenotypic correlations between the three evaluated 
traits in Dezhou (DZ) (lower triangle) and Tai’an (TA) (upper 
triangle), Shandong Province, China.  The values are correlation 
coefficients (r) multiplied by 100.  The areas and colors of the 
circles show the absolute value of the corresponding r.   Blue and 
red colors indicate positive and negative correlations, respectively.  
The values without glyphs indicate insignificance at 0.01.  GPC, 
grain protein content; SC, starch content; WGC, wet gluten content. 

Table 1  Distribution of 2,727 single nucleotide polymorphism (SNP) markers on the seven chromosomes

Chromosome Marker 
number

Genome size 
(Mb)

Start 
(Mb)

End 
(Mb)

Coverage 
(%)

Marker density 
(Mb)

Number of 
bins

Size of bins 
(Mb)

Introgression rate 
(%)

1D 498 498.6 0.08 492.89 98.84 0.99 87 5.66 18.3
2D 568 656.5 4.50 651.04 98.48 1.14 87 7.43 9.9
3D 383 619.6 0.87 615.48 99.19 1.60 33 18.62 4.6
4D 198 518.3 3.30 508.50 97.47 2.55 48 10.53 9.0
5D 353 570.0 3.51 564.75 98.46 1.59 85 6.60 10.9
6D 332 495.4 0.90 472.77 95.25 1.42 70 6.74 15.7
7D 395 642.9 3.79 633.25 97.91 1.59 74 8.51 9.3
Total 2,727 4,001.4 　 　 97.94 1.56 484 9.16 11.1
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the Chinese Spring genome assembly in WheatOmics 1.0 
(https://202.194.139.32), a total of 236 annotated genes were 
identified.

3.5. Development of KASP markers for qGPC4D
Based on the resequencing data of common wheat Jimai 22
and Ae. tauschii, three polymorphic and locus-specific 
markers within the fine mapping interval of qGPC4D were 
selected and successfully converted into KASP markers 
(Fig. 7; Appendix A).  

4. Discussion
4.1. Trait performance and correlations
Proteins are the primary factors responsible for the typical 
viscoelastic behavior of wheat flour dough (Shevkani et al. 
2024).  As the most abundant storage carbohydrate in 
the endosperm of wheat grains, starch plays a vital role in 

determining grain texture (Shang et al. 2021).  Both protein 
and starch play crucial roles in wheat processing and the 
determination of end-use quality (Muqaddasi et al. 2020; 
Guo et al. 2023).  However, GPC was strongly negatively 
correlated with SC, which was confirmed by the contrasting 
additive effects of the QTLs for GPC and SC.  Previous 
studies have demonstrated that SC is positively correlated 
with grain yield but negatively correlated with GPC, indicating 
that achieving a balance is crucial for obtaining the desired 
protein level and yield (Guo et  al. 2023).  There were 
strong correlations between each pair of traits in the two 
environments.  However, a notable difference was observed 
between the GPC in the DZ and TA locations, indicating that 
GPC exhibited environmental sensitivity (Muqaddasi et al. 
2020; Liu et al. 2024).

4.2. Comparison with previous studies
Numerous studies have used traditional biparental linkage 
mapping and genome-wide association studies (GWAS) to 
investigate grain quality-related traits (Zheng et al. 2013; 
Jiang et al. 2021; Zhang G et al. 2021; Pu et al. 2022; Li 
et al. 2023; Hao et al. 2024).  Jiang et al. (2021) performed 
association mapping for GPC in a natural population 
comprising 103 local cultivated varieties, and identified a QTL 
controlling GPC on chromosome 2D.   Su et al. (2020) found 
a QTL for GPC on chromosome 2D using an advanced BC2F6 
population derived from a cross of hexaploid wheat Zhoumai 18
and Ae. tauschii T093.  Mahjourimajd et al. (2016) found a 
QTL for GPC on chromosome 2D using a sub-population of 
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c. Introgression rate of ILs
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Fig.  3  Frequency of the donor allele along individual 
chromosomes in the introgression lines (ILs).

Fig. 4  Size of the donor-derived introgressed segment in the 
introgression lines (ILs).

Table 2  QTL mapping results for wheat grain quality-related traits in Dezhou (DZ) and Tai’an (TA), Shandong Province, China

Trait1) QTL Env Chr Peak marker Physical 
position (bp) –log10(P) Left physical

position
Right physical

position Effect PVE (%)2)

GPC qGPC4D DZ 4D AX-89398511 17,083,872 5.65 11,870,112 31,398,343 0.54 15.2
GPC qGPC4D TA 4D AX-89398511 17,083,872 5.01 11,870,112 31,398,343 0.44 13.1
GPC qGPC6D DZ 6D AX-110416062 306,323,757 4.30 33,143,556 389,517,107 0.27 11.3
SC qSC2D DZ 2D AX-89728114 26,344,368 4.78 10,283,122 30,493,658 0.38 12.8
SC qSC4D DZ 4D AX-89398511 17,083,872 5.43 11,870,112 31,398,343 –0.57 14.6
SC qSC4D TA 4D AX-89398511 17,083,872 5.08 11,870,112 31,398,343 –0.53 13.3
SC qSC6D DZ 6D AX-110416062 306,323,757 6.07 291,244,822 389,517,107 –0.35 16.2
WGC qWGC2D DZ 2D AX-89728114 26,344,368 4.15 10,283,122 30,493,658 –0.79 11.0
WGC qWGC4D DZ 4D AX-89398511 17,083,872 4.23 11,870,112 55,045,649 1.13 11.2
WGC qWGC4D TA 4D AX-89398511 17,083,872 4.47 11,870,112 55,045,649 1.04 11.6
WGC qWGC6D DZ 6D AX-110416062 306,323,757 4.17 33,143,556 389,517,107 0.64 10.9
1) GPC, grain protein content; SC, starch content; WGC, wet gluten content.
2) PVE, phenotypic variance explained.
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doubled-haploid (DH) lines derived from a cross between two 
Australian varieties.  These QTLs were located in the same 
regions as qWGC2D and qSC2D in this study.  Kumar et al. 
(2019) identified a QTL for GPC on chromosome 6D using 
a RIL population developed from a cross of an elite HRSW 
and a non-adapted wheat genotype.  Zhang G et al. (2021) 

found a QTL that controls GPC, QFPC.ksu-6DL, using a DH 
population derived from a cross between Tiger and ‘Danby’.  
These QTLs on chromosome 6D were co-located with 
qGPC6D, qSC6D, and qWGC6D in this study.  To the best of 
our knowledge, no QTLs for GPC have been detected in the 
same region as qGPC4D, indicating that qGPC4D is a novel 
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locus controlling GPC with the favorable alleles from Ae. 
tauschii.  

4.3. Candidate gene analysis for qGPC4D
Transcriptome data downloaded from expVIP were used 
to identify more credible candidate genes.  Genes with 
TPM>5 in the grain development stages, including 14 or 
30 days after anthesis (DAA), were identified as the most 
likely candidate genes (Appendices B and C).  Ultimately, 
11 potential candidate genes were identified, and they could 
be categorized into two distinct expression patterns.  In 
Class I, the genes were highly expressed at both the 14 and 
30 DAA stages.  Candidate genes in Class II exhibited high 
expression, specifically at 30 DAA.  

Globulin, a salt-soluble protein, is an important non-
gluten protein in wheat (Zhu et al. 2022) that accounts for 
6‒10% of the embryo protein (Zhang et al. 2022).  Previous 
studies have shown that globulin enhances grain quality by 
forming a more rigid protein network structure (Zhang L et al. 
2021; Marcone et al. 1998).  In maize, the major globulin 
component GLB l is encoded by a single gene Globulin-1 
(Glbl) and the three most common Glbl alleles have been 
designated L, I, and S for large, intermediate, and small 
proteins, respectively (Belanger et al. 1991).  Loit et al. 
(2009) identified three new globulin gene sequences, Glo-3A,
Glo-3B and Glo-3C, from hexaploid wheat by screening a 
T. aestivum BAC genomic library with cDNA from a diabetes-
associated globulin, suggesting the existence of a diverse 
group of globulins in wheat.  Wang et al. (2017) purified 
proteins encoded by the globulin-1 S allele.  In the current 
study, TraesCS4D02G016100, which encodes globulin 1, 
was highly expressed at both the 14 and 30 DAA stages, with 
TMP values of 8.8 and 12.5, respectively.  Zhao et al. (2022) 
cloned and characterized a novel C2H2 zinc finger protein 
that regulates amylose content and amylopectin chain-length 
distribution in rice, thereby affecting rice eating and cooking 
quality.  The candidate gene TraesCS4D02G038700 identified 
in this study encodes a zinc finger family protein that might 
affect GPC by regulating the SC in wheat grains.  Wang 
et al. (2020) identified a glycine- and proline-rich protein, 
OsGPRP3, which is highly expressed in seeds at 10 days 
after pollination and regulates grain size and GPC in rice.  
The candidate gene TraesCS4D02G027100 identified in this 
study encodes a glycine-rich family protein.  Lv et al. (2021) 
found that transgenic wheat grains with an RNAi-mediated 
knockdown of lipoxygenase-encoding genes exhibited 
substantial reductions in starch content and dough stability.  
In the current study, TraesCS4D02G035200 was found to 
encode a lipoxygenase protein.  Functional verification of 
these candidate genes for qGPC4D through CRISPR/Cas9 
editing and overexpression may further elucidate their effects 
on wheat grain quality.

4.4. Implications for wheat breeding
The mining and introgression of favorable genes from 
Ae. tauschii are conductive to wheat improvement in 
breeding programs (Ma et  al. 2023).  Previous studies 
have demonstrated successful improvements in wheat 

accessions for curl mite resistance, PHS resistance, grain 
size, and grain weight using a direct hybridization approach 
(Rudd et al. 2014; Gaurav et al. 2021; Zhou et al. 2021;  
Ma et al. 2023).  In the current study, a set of BC3-ILs was 
constructed, with an average introgression frequency of 
11.1% per chromosome.  Half of the ILs had introgressed 
segments smaller than 100  Mb (Fig.  3), indicating that 
the quality of the backcrossed parent could be improved 
despite a relatively low genetic load.  Consequently, 
the efficiency of genetic breeding could be substantially 
enhanced.  Furthermore, QTL mapping and subsequent fine 
mapping of the major QTLs using ILs are effective methods 
for identifying candidate genes (Cox et al. 2017).  In the 
current study, the major and stable QTL qGPC4D was fine 
mapped to a 9.88 Mb physical interval on chromosome 4D 
of Chinese Spring, and it is a novel QTL.  By combining the 
transcriptome information of the genes, the 11 most likely 
candidate genes with TPM>5 were screened, facilitating 
subsequent fine mapping and their application in breeding.  
Therefore, the direct hybridization approach should be 
adopted to harness the beneficial genes/QTLs from wild 
relatives of wheat (Zhou et al. 2021; Bo et al. 2022; Ma et al. 
2023).  In addition, the KASP assay is a promising technology 
for high-throughput SNP genotyping, which provides an 
excellent opportunity for the effective implementation of 
marker-assisted breeding (Saini et al. 2020).  In the present 
study, we developed three KASP markers specific to the 
qGPC4D interval, which will enhance its utilization in high-
quality wheat breeding.  Genetic bottlenecks resulting from 
domestication and polyploidization have influenced wheat 
diversity (He et al. 2019).  Introgressing favorable genes/
QTLs from Ae. tauschii into the D genome of common 
wheat is an effective way to increase the genetic diversity of 
common wheat (Zhou et al. 2021).  ILs carrying the favorable 
alleles of qGPC4D from Ae. tauschii can be utilized in high-
quality wheat breeding.

5. Conclusion
A set of BC3-ILs was developed by crossing the high-yielding 
winter variety Jimai 22 and Ae. tauschii accession Y215.  A 
high-density genetic linkage map containing 2,727 SNPs 
was successfully constructed.  QTL mapping identified eight 
QTLs associated with grain quality-related traits.  Of them, 
the major and stable QTL qGPC4D carried favorable alleles 
contributed by Ae. tauschii accession Y215.  Further fine 
mapping and candidate gene analysis were conducted to 
identify the candidate genes.  High-throughput KASP markers 
for qGPC4D were successfully developed and validated.  
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