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Abstract

Grain weight and size significantly influence wheat yield and quality. This study aimed to
dissect the genetic basis of quantitative trait loci (QTL) associated with grain weight and
size in hexaploid wheat (Triticum aestivum L.) using the novel wheat-Agropyron germplasm
Pubing3228. A population of 210 Fg recombinant inbred lines derived from Pubing3228 and
Jing4839 was evaluated across multiple environments for grain length, width, thickness and
thousand-grain weight (TGW). Genotyping was conducted using the Illumina Infinium
iSelect 55K SNP chip, followed by QTL mapping with QTL IciMapping software. A total
of 114 QTLs were identified across 20 wheat chromosomes, highlighting major QTLs for
grain length, width/thickness and TGW. Candidate gene analysis revealed 22 genes expressed
in grains, including those specifically associated with TGW, grain width/thickness and grain
length. These findings enhance our understanding of the genetic mechanisms underlying
wheat grain traits, providing insights for marker-assisted selection in wheat breeding
programmes.

Introduction

Wheat, one of the most vital cereal crops globally, is crucial to human food security (Kumar
et al., 2023; Zhang et al., 2024). The demand for wheat yield and quality is increasing with the
global population’s continuous growth and climate change uncertainties (Mao et al., 2023;
Patwa and Penning, 2023; Sun et al., 2023). The yield and quality of wheat result from the
combined effects of multiple factors, including agronomic traits such as grain weight and
size, which directly impact the crop’s overall value and market competitiveness (Tong et al.,
2021; Jin et al,, 2022). Additionally, genetic factors play a significant role in wheat improve-
ment. Selecting and breeding wheat varieties with superior genetic characteristics can enhance
yield and quality (Lopes et al., 2015; Gao et al., 2021; Satyavathi et al, 2021).

Genetic improvement of wheat is a long and complex process, encompassing a wide range
of approaches from traditional breeding to modern molecular breeding techniques (Zhang
et al., 2021; Raj and Nadarajah, 2022). Historically, wheat breeding relied on natural variation
and artificial selection, a time-consuming and inefficient method (Yu et al., 2022a; Guo et al.,
2023). With technological advancements, molecular breeding methods, such as marker-
assisted selection (MAS) and gene-editing technologies, have been applied in wheat breeding,
significantly accelerating the development of superior varieties (Xu et al., 2021; Wang et al.,
2022). However, challenges remain in wheat genetic improvement, including limitations in
genetic resources, the complex genetic background of traits and environmental uncertainties
(Reynolds et al., 2021; Zhou et al., 2021; Adhikari et al., 2022).

In wheat genetics research, quantitative trait locus (QTL) analysis is essential for uncover-
ing the genetic mechanisms that govern complex traits (Rosewarne et al., 2013; Tong et al.,
2020; Muellner et al., 2021). Researchers can identify critical genes or genomic regions by
mapping QTLs associated with key agronomic traits, providing a basis for marker-assisted
breeding (Li et al., 2020; Yang et al., 2021; Wei et al., 2022). QTL analysis not only deepens
our understanding of the genetic foundation of wheat but also offers new strategies for breed-
ing, enhancing the precision and efficiency of breeding programmes.

This study aims to conduct an in-depth genetic analysis of grain traits in hexaploid wheat
using the novel wheat-Agropyron germplasm Pubing3228. By performing QTL analysis on
Pubing3228 and its progeny, we anticipate identifying QTLs and candidate genes closely asso-
ciated with grain weight and size. These findings provide crucial genetic information for
advancing wheat breeding techniques and variety improvement, especially in increasing
wheat yield and enhancing quality. Furthermore, the innovation of this study lies in utilizing
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the wheat-Agropyron hybrid germplasm for QTL analysis, which
not only helps to expand the genetic foundation of wheat but also
has the potential to uncover new genetic resources that could
improve wheat adaptability and yield. Therefore, this research
holds significant scientific value and immense potential for prac-
tical application, especially for enhancing crop genetic diversity
and global food security.

Materials and methods
Construction of the recombinant inbred line (RIL) population

A population of 210 Fg-generation RILs derived from a cross
between Pubing3228 and Jing4839 was established as the material
for this study. Pubing3228, developed by Researcher Li from the
Chinese Academy of Agricultural Sciences over many years, is a
novel wheat germplasm originating from the progeny of common
wheat ‘Fukuhokomugi’ and Agropyron cristatum accession Z55
(A. cristatum accession Z55) (Xu et al., 2023). It exhibits stable
genetic characteristics and multiple superior agronomic traits,
particularly in yield. In the early 1990s, a hybrid between
‘Fukuhokomugi’ and A. cristatum accession Z55 was successfully
obtained, leading to the selection of progeny lineage 4844 with
prominent spike characteristics. Through multiple generations
of selection of the wheat-Agropyron chromosomal addition line
4844-12 (2n=44), the genetically stable derivative Pubing3228
was developed. Jing4839 is a cultivated variety known for its
high grain weight. The two parental lines exhibit significant
differences in agronomic traits, including yield.

Field trials and phenotypic identification

The Pubing3228/Jing4839 RIL population and its parental lines
underwent field trials over three growing seasons in 2018/2019,
2019/2020 and 2020/2021 in Pingdingshan, Yangling and
Xianyang under different environmental conditions. The trials
were laid out in a randomized complete block design with three
replicates per treatment. All materials were sown with 2.5m
between rows and 25 cm between plants. Field management fol-
lowed local conventional practices. At maturity, five representative
plants were randomly selected from the centre of each row for
manual threshing. Subsequently, ten grains from each experimen-
tal unit were randomly selected to measure their length, width
and thickness. Each measurement was repeated three times,
with each repetition involving a different selection of ten grains.
Similarly, for the thousand-grain weight (TGW) measurement,
each replicate weighed a different set of 1000 grains. This
approach was designed to capture the natural variability among
grains from different tillers and florets. The replicated measure-
ments were included in the statistical analysis to ensure the sam-
ple size was representative and the results robust.

DNA extraction and genotyping

DNA was extracted from the Pubing3228/Jing4839 RIL popula-
tion using the SDS method. After assessing the quality and con-
centration, high-quality DNA samples were dissolved in TE
buffer and sent for genotyping analysis using the Illumina
Infinium iSelect 55 K SNP chip array at Beijing Boao Company.
During data analysis, markers with more than 10% missing
data, a minor allele frequency less than 5% or a heterozygosity
rate higher than 20% were filtered out to ensure the quality of
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data for subsequent linkage map construction and QTL mapping
analysis.

Linkage map construction and QTL mapping

The genetic linkage map of the Pubing3228/Jing4839 RIL popula-
tion was constructed, and QTLs were mapped using QTL
IciMapping software V4.2 (http:/www.isbreeding.net). Initially, all
SNP markers were preprocessed using the BIN function within
the software to remove distorted, missing and redundant markers.
Subsequently, high-quality polymorphic SNP markers were selected
to construct the framework of the genetic linkage map through the
MAP function’s Grouping, Ordering and Rippling processes. The
order and distance between markers were determined based on
the maximum likelihood principle and the Kosambi mapping func-
tion. The genetic linkage map was further refined by removing SNP
markers with a linkage distance of over 50 cm. This refined genetic
linkage map was then used for QTL mapping analysis. The additive-
complete composite interval mapping method (ICIM-ADD) was
employed for QTL TGW, grain length, grain width and grain thick-
ness analysis. A significant QTL LOD threshold was set at 2.5. QTL
analysis was performed for each trait across different environments,
and only QTLs detected in more than two environments were con-
sidered stable QTLs.

Identification of candidate genes

The physical regions of the chromosomes corresponding to the
QTL confidence intervals were determined based on the sequences
of the SNP markers flanking the QTLs. Subsequently, candidate
genes within these physical regions were identified by accessing
the JBrowse website (https:/urgi.versailles.inra.fr/jbrowseiwgsc),
which is based on the latest version of the Chinese Spring
wheat genome sequence (IWGSC RefSeq v2.0) released by the
International Wheat Genome Sequencing Consortium (IWGSC).
Annotation information for these candidate genes was obtained
from the wheat genome database website (https:/wheat-urgi.
versailles.inra.fr/Seq-Repository/Annotations). The expression pat-
terns of these candidate genes across different tissues were com-
pared using the expVIP website (http:/wheat-expression.com) to
select candidate genes associated with grain traits.

Results
Phenotypic variation in grain traits of the RIL population

In this study, we conducted a comprehensive analysis of grain
traits in the Pubing3228, Jing4839 and their derived 210
Fs-generation RIL population under five different environmental
conditions (E1: Pingdingshan-2019, E2: Pingdingshan-2020, E3:
Pingdingshan-2021, E4: Xianyang-2020, E5: Yangling-2021)
(Table 1). Observations of four key traits — grain length, width,
thickness and TGW - revealed that Jing4839 generally exhibited
superior grain traits compared to Pubing3228.

Significant phenotypic variation was observed in the grain
traits within the RIL population. Grain length varied from 5.61
to 9.21 mm across the five environments, with an average length
ranging from 7.28 to 7.48 mm. The variation in grain width was
even broader, ranging from 1.50 to 5.01 mm across the environ-
ments, with average widths between 3.36 and 3.49 mm.
Regarding grain thickness, the variation across different environ-
ments ranged from 1.15 to 3.61 mm, with average thicknesses
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Table 1. Phenotypic values of grain traits for the Pubing3228/Jing4839 recombinant inbred lines (RIL) population and their parents in different environments

Parents RIL population
Traits Environment Pubing3228 Jing4839 Minimum Maximum Mean cv Skewness Kurtosis
GL El 6.20 7.46 6.13 8.34 7.37+0.46 0.0630 —-0.28 0.07
GL E2 5.85 6.68 5.61 9.21 7.48 +0.59 0.0800 —0.19 0.32
GL E3 5.83 6.35 5.72 8.67 7.39+0.54 0.0734 —-0.36 0.08
GL E4 6.60 7.64 5.97 8.64 7.28+0.48 0.0654 0.02 0.21
GL E5 6.15 7.43 5.99 8.71 7.29+0.43 0.0593 —-0.11 0.55
GW El 2.88 3.86 2.18 5.01 3.37+0.35 0.1033 0.15 4.44
GW E2 2.30 3.46 2.29 4.55 3.42+0.32 0.0923 —-0.49 1.36
GW E3 2.84 3.17 1.50 4.43 3.36+0.41 0.1210 -1.35 3.27
GW E4 3.34 3.84 2.40 4.08 3.49+0.26 0.0754 —0.84 1.59
GW E5 3.07 3.54 2.13 3.89 3.44+0.23 0.0608 —-1.48 5.11
GT El 2.42 2.76 2.19 851 2.93+0.26 0.0901 —-0.25 —0.08
GT E2 2.20 2.96 2.02 3.61 2.92+0.27 0.0937 —0.44 0.10
GT E3 2.29 2.81 1.90 3.59 2.84+0.31 0.1095 —0.53 0.34
GT E4 2.58 2.76 1.15 3.57 3.04+0.26 0.0741 —-2.10 12.35
GT E5 2.46 3.22 211 3.54 3.00+0.21 0.0705 —0.54 1.38
TGW E2 29.83 54.12 15.88 74.70 46.49+10.98 0.2362 —-0.31 -0.11
TGW E3 21.76 46.57 10.24 77.56 47.299 +12.57 0.2659 —0.39 0.04
TGW E4 35.84 58.06 25.84 71.14 50.49 £9.11 0.1804 —0.46 —-0.18
TGW ES5 3481 56.60 22.58 67.29 48.84+8.27 0.1694 —0.56 0.15

GL, grain length; GW, grain width; GT, grain thickness; TGW, thousand grain weight; E1, Pingdingshan-2019; E2, Pingdingshan-2020; E3, Pingdingshan-2021; E4, Xianyang-2020; E5,

Yangling-2021; CV, coefficient of variation.

between 2.84 and 3.04 mm. Notably, TGW variation within the
RIL population was particularly significant, ranging from 10.24
to 77.56 g across different environments, with averages between
46.49 and 5049 g.

Analysis of the coefficient of variation (CV) indicated that TGW
exhibited the greatest genetic diversity, with CVs ranging from 16.94
to 26.59% (Fig. 1-1a—d). It was followed by grain width, which had
CVs between 6.08 and 12.10% (Fig. 1-le-i). The grain thickness
(Fig. 1-2a-e) and length (Fig. 1-2f-j) CVs were mainly under
10%, indicating minor and consistent variations. Furthermore, the
distribution of these traits followed a continuous normal distribu-
tion, suggesting that their genetic characteristics are consistent
with the inheritance patterns of quantitative traits (Fig. 1).

These results reveal significant phenotypic variation in grain
length, width, thickness and TGW among Pubing3228, Jing4839
and their derived RIL population. These findings provide a rich
data set for subsequent genetic analysis and QTL mapping and fur-
ther confirm that the inheritance of these traits adheres to the fun-
damental principles of quantitative trait genetics.

Significant correlations among grain traits in the wheat RIL
population

Upon conducting a comprehensive genetic analysis of the
Pubing3228/Jing4839 RIL population, we further explored the
correlations among grain length, width, thickness and TGW
under varying planting years within the Pingdingshan environ-
ment. As indicated in Table 2, the correlation analysis results
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reveal that grain length showed significant or highly significant
positive correlations with other traits across three planting seasons
in most instances. For grain width, the correlations with grain
length, width and thickness in 2021 and with grain length in
2019 and 2020 did not reach significance; however, in all other
instances, a significant positive correlation was observed.

Similarly, grain thickness did not significantly correlate in spe-
cific year comparisons but demonstrated significant correlations
with other traits in most cases. Notably, except for the correlation
between TGW in 2020 and grain length in 2019, TGW exhibited
significant or highly significant positive correlations with all other
traits, highlighting the close interrelationships between grain
length, width, thickness and TGW (Fig. 2).

In summary, significant positive correlations exist among grain
length, width, thickness and TGW within the wheat RIL popula-
tion. These correlation analysis results reveal the interplay among
wheat grain morphological traits and provide crucial insights for
further investigation into the genetic mechanisms influencing
wheat yield and quality.

QTL mapping analysis identifies 114 QTLs associated with
grain traits

To delve into the QTL affecting wheat grain traits, a comprehen-
sive QTL mapping analysis was conducted on the Pubing3228/
Jing4839 RIL population, identifying 114 QTLs associated with
grain traits. These QTLs are distributed across all wheat chromo-
somes except for 2B, with LOD scores ranging from 2.51 to 15.33
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Figure 1. Frequency distribution of grain traits in the Pubing3228/Jing4839 recombinant inbred lines (RIL) population under various environmental conditions.
Note: Figure 1-1. Thousand-grain weight and grain width of the Pubing3228/Jing4839 RIL population in five different environments; (a-d) represent thousand-grain
weight (TGW) in four different environments (Pingdingshan-2019, Xianyang-2020, Pingdingshan-2021 and Yangling-2021), (e-i) represent grain width in the same
five environments (Pingdingshan-2019, Pingdingshan-2020, Pingdingshan-2021, Xianyang-2020 and Yangling-2021); Figure 1-2. Grain thickness and length of the
Pubing3228/Jing4839 RIL population in the same five environments; (a-e) represent grain thickness in five different environments (Pingdingshan-2019,
Pingdingshan-2020, Pingdingshan-2021, Xianyang-2020 and Yangling-2021); (f-j) represent grain length in the five environments (Pingdingshan-2019,
Pingdingshan-2020, Pingdingshan-2021, Xianyang-2020 and Yangling-2021).

and phenotypic variance explained (PVE) from 0.20 to 15.99%. For grain length, 36 QTLs were identified across chromosomes
Detailed information on these QTLs is provided in Table S1 1A, 1D, 2D, 3A, 3D, 4A, 4D, 5A, 5B, 5D, 7A, 7B and 7D, with
and illustrated in Fig. S1. PVEs ranging from 3.33 to 14.19%. Eleven of these QTLs, with
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Figure 1. Continued.
PVEs exceeding 10%, were considered major QTLs, with Forty-one QTLs related to TGW were distributed across chro-

QGl.wa-7B.e4, located  between  AX-108795893 and mosomes 1A, 1D, 2A, 2D, 3A, 3B, 3D, 4A, 4B, 4D, 5A, 5B, 5D,
AX-109871179, having the highest PVE. Notably, chromosomes 6B, 6D, 7A, 7B and 7Da, with PVEs ranging from 2.65 to
7A and 7B each harboured three QTLs, indicating these chromo- ~ 15.99%. Five major QTLs, explaining over 10% of the variance,
somes as focal points for grain-length QTL distribution. underscore their significant role in controlling TGW traits.

Thirteen QTLs were identified for grain width, predominantly These results successfully identify multiple QTLs influencing
on chromosomes 2D, 4A, 4B, 4D, 5D, 6B, 7A and 7B, with  wheat grain traits, enriching the genetic foundation knowledge
chromosome 5D hosting the most grain width QTLs (four). of wheat grain characteristics and providing critical molecular
Twenty-four QTLs were found for grain thickness, distributed  markers for future wheat quality improvement and molecular
across chromosomes 1B, 2A, 2D, 3B, 4A, 4B, 4D, 5A, 5D, 6A,  breeding. Notably, the discovery of significant QTLs lays a solid
6D, 7A, 7B, 7Da and 7Db, with chromosome 4D identified as a  foundation for further genetic mechanism studies of these traits
significant locus for grain thickness traits. and trait improvement through MAS.
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Table 2. Correlation analysis for wheat grain traits in Pingdingshan environment for 2019, 2020 and 2021

Jiansheng Wang et al.

2019GL 2019GW 2019GT 2020GL 2020GW 2020GT 2020TGW 2021GW 2021GT 2021GL
2019GL 1 0.412** 0.507** 0.334** 0.198* 0.175* 0.158 0.119 0.106 0.270**
2019GW 1 0.567** 0.119 0.190* 0.181* 0.159* 0.075 0.073 0.086
2019GT 1 0.247** 0.109 0.302** 0.222** 0.073 0.141 0.240**
2020GL 1 0.585** 0.702** 0.677** 0.117 0.244** 0.349**
2020GW 1 0.595** 0.628™* 0.214** 0.247** 0.201**
2020GT 1 0.625** 0.190* 0.332** 0.304**
2020TGW 1 0.199** 0.258** 0.303**
2021GW 1 0.708** 0.479**
2021GT 1 0.663**
2021GL 1
GL, grain length; GW, grain width; GT, grain thickness; TGW, thousand grain weight.
Significant correlations marked by asterisks (*P<0.05, **P <0.05).
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3 ¢ § g & g £ ¢ g @
AT
2019GL 1.00 - Q:ﬁ’): = * * *
0.8
2019GW 0.41 1.00 . . . *
06
2019GT P’L:»’ . 1.00 *x *x o -
- 04
2020GL 0.33 0.12 0.26 1.00 . . . * **
- 0.2
2020GW 0.2 0.19 0.11 ‘ 1.00 . . *x *x *x
- 0
2020GT 0.17 0.18 0.3 . . 1.00 . * - P
- -0.2
2020TGW 0.16 0.16 0.22 . . . 1.00 o o o
L 04
2021GW 0.12 0.0 0.07 0.12 0.21 0.19 02 1.00 . fia \
-0.6
2021GT 0.11 0.07 0.14 0.24 0.25 0.33 0.26 . 1.00 .
-0.8
2021GL 0.27 0.09 0.24 0.35 0.2 0.3 03 . 1.00
-1

Figure 2. Correlation analysis of grain traits in wheat for 2019, 2020 and 2021.

Note: The grain traits analysed include grain length (GL), grain width (GW), grain thickness (GT) and thousand grain weight (TGW). GL, GW and GT are measured in
millimetres (mm), while TGW is measured in grams (g). Significant correlations marked by asterisks (*P<0.05, **P<0.01).
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Expression analysis and identification of candidate genes
associated with grain traits

Building on the QTL mapping analysis of grain traits in the
Pubing3228/Jing4839 RIL population, a detailed expression ana-
lysis was conducted on the initially screened candidate genes.
By comparing the expression patterns of these candidate genes
in wheat roots, stems, leaves and grains, 22 candidate genes
expressed explicitly in grains were identified. These include six
associated with TGW, nine with grain width/thickness and
seven with grain length (Table 3, Fig. 3).

Identifying these specifically expressed candidate genes pro-
vides new insights into the genetic regulatory mechanisms under-
lying wheat grain traits and offers potential targets for future
wheat quality improvement through gene editing technologies.

Discussion

As one of the world’s principal cereal crops, improving wheat
yield and quality has always been a focal point of agricultural
research (Senatore et al., 2021; Qiu et al, 2022). Grain weight
and size are direct determinants of wheat yield and processing

quality, making the genetic foundation of these traits a subject
of significant theoretical and practical interest (Park et al., 2021;
Liu et al., 2022; Yu et al., 2022b). Previous studies have primarily
focused on the genetic analysis of common wheat germplasm.
However, this study introduces the novel wheat-Agropyron germ-
plasm Pubing3228, expanding the scope of genetic diversity
research and offering a fresh perspective on the complex genetic
mechanisms of wheat grain traits.

Creating an Fg generation RIL population through Pubing
3228 crossing with Jing4839 exceeds the scale of most similar
studies in quantity, providing ample genetic variation for research.
The design of field trials across three different environments
accounts for the impact of environmental factors on trait expres-
sion, enriching the study’s depth and breadth. Moreover, using
the Ilumina Infinium iSelect 55K SNP chip and QTL
IciMapping software demonstrates the study’s advancement and
efficiency in genetic analysis methods.

Detecting 114 QTLs associated with grain traits, both in quan-
tity and distribution, marks a significant departure from previous
studies. Identifying these QTLs, particularly the major-effect
QTLs, presents new targets for the genetic improvement of
wheat grain traits. Compared to existing research, these results

Table 3. The candidate genes and their information for the related grain traits identified in this study

Identified loci in Position Candidate genes
Traits No® Chromosome current study (bp)® (closest/nearby) Annotation
TGW 1 3A AX-111824379 8927912 TraesCS3A01G027200LC 6-phosphogluconate dehydrogenase family
protein
2 3A AX-111824379 8927912 TraesCS3A01G048500LC LIM domain-containing protein 1
3 3A AX-111824379 8927912 TraesCS3A01G021600LC Zinc finger MYM-type protein 1
4 5A AX-110417422 656939685 TraesCS5A01G644100LC AT hook motif-containing protein
5 5A AX-110417422 656939685 TraesCS5A01G481700 Plant invertase/pectin methylesterase
inhibitor superfamily protein
6 5A AX-110417422 656939685 TraesCS5A01G485000 Protein NRT1/PTR FAMILY 5.5
GW/GT 1 4D AX-111054538 49474918 TraesCS4D01G049900LC Ribosomal protein S19
2 4D AX-111054538 49474918 TraesCS4D01G032500 Germin-like protein 1-1
3 4D AX-111054538 49474918 TraesCS4D01G023400LC Oleosin
4 4D AX-94578696 57075250 TraesCS4D01G044800LC Bifunctional protein GImU
5 4D AX-94578696 57075250 TraesCS4D01G063800LC LUC7 N terminus domain-containing protein
6 4D AX-94578696 57075250 TraesCS4D01G025600 Cysteine proteinase inhibitor
7 4D AX-94578696 57075250 TraesCS4D01G032500 Germin-like protein 1-1
8 4D AX-94578696 57075250 TraesCS4D01G076400 Gibberellin-regulated protein 1
9 4D AX-94578696 57075250 TraesCS4D01G074800
GL 1 5A AX-109466244 458663036 TraesCS5A01G244500 Carboxypeptidase
2 TA AX-109418049 124409029 TraesCS7A01G170400 Glycosyltransferase
3 TA AX-109418049 124409029 TraesCS7A01G179200 Translation initiation factor IF-2
4 TA AX-109418049 124409029 TraesCS7A01G183800 Heat-shock protein
5 TA AX-109418049 124409029 TraesCS7A01G185300 Transcription factor protein
6 TA AX-109418049 124409029 TraesCS7A01G244800LC 60S ribosomal protein L11
7 7B AX-109871179 72510553 TraesCS7B01G066800 F-box protein

GL, grain length; GW, grain width; GT, grain thickness; TGW, thousand grain weight.
®The number of candidate genes for wheat grain traits.
PPhysical position of the SNP as reported in the IWGSC Chinese Spring reference genome RefSeq v2.0.
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Figure 3. Expression profile analysis of grain trait-related candidate genes in different tissues.
Note: n indicates the sample size, Azhurnaya and Chinese Spring represent the wheat varieties used in the study.

underscore the significant increase in genetic diversity and
improvement potential facilitated using the Pubing3228 germ-
plasm (Dong et al., 2022; Qu et al., 2022; Sharma et al., 2023).

The discovery of 22 candidate genes, especially those asso-
ciated with grain length, width/thickness and TGW, lays a foun-
dation for further functional validation and molecular breeding.
Compared to prior studies, the specific expression patterns of
these genes and their association with traits enrich the theoretical
basis for the genetic control of wheat grain traits and provide new
tools for marker-assisted breeding.

Among the TGW-associated candidate genes, for instance,
TraesCS3A01G027200LC is believed to encode a 6-phosphoglu-
conate dehydrogenase family protein involved in various abiotic
stress responses, potentially affecting plant growth (Corpas
et al, 2016; Li et al, 2021). TraesCS3A01G048500LC likely
encodes a protein with an LIM domain, which is involved in regu-
lating the actin cytoskeleton necessary for pollen development
and acts as an actin-binding protein to modulate the cytoskeletal
structure and actin network, significantly impacting seed yield
(Lopez et al., 1996; Papuga et al., 2010; Li et al, 2015).

For genes associated with grain  width/thickness,
TraesCS4D01G049900LC may encode ribosomal protein S19, an
essential component of the protein synthesis machinery that
affects plant growth and development (Fallahi et al., 2005).
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TraesCS4D01G032500 could encode a Germin-like protein that
plays multiple roles in plant development (He et al, 2021;
Anum et al.,, 2022; To et al., 2022).

Regarding grain length, TraesCS5A01G244500 might encode a
carboxypeptidase, potentially influencing cell elongation (Fu
et al., 2023). TraesCS7A01G170400 is thought to encode a glyco-
syltransferase, an enzyme essential for average plant growth and
development (Lao et al., 2014; Li et al., 2017, 2018).

Overall, this study’s findings stand out in identifying QTLs and
candidate genes, illustrating the uniqueness brought about by the
genetic materials used, experimental design and molecular marker
technologies. These discoveries emphasize the importance of explor-
ing genetic diversity and employing high-throughput genetic ana-
lysis techniques in unveiling the genetic foundation of crop traits.

This study delves into the novel wheat-Agropyron germplasm
Pubing3228, uncovering QTL and candidate genes associated
with hexaploid wheat (Triticum aestivum L.) grain weight and
size. It provides a vital theoretical foundation and technological
pathways for genetic improvement and quality enhancement in
wheat (Fig. 4). Utilizing high-density SNP chip analysis and
advanced genetic analysis methods identified 114 QTLs related
to grain traits. Further analysis led to the identification of 22
genes with specific expression patterns, expanding our under-
standing of wheat genome functions and laying the groundwork
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Figure 4. Genetic analysis of quantitative trait loci (QTL) for grain weight and size in the Pubing3228/Jing4839 recombinant inbred lines (RIL) population.

for investigating the molecular regulatory mechanisms of these
traits. The scientific value of these achievements lies in furnishing
crucial resources for basic genetic research, while their practical
value emerges in accelerating wheat variety improvement through
MAS, promoting precision agriculture, and ultimately enhancing
wheat yield and quality to meet the growing global demand for
food security and nutrition. This research advances wheat scien-
tific studies and contributes to global food security and sustain-
able agricultural development, with long-term impacts on wheat
breeding and production practices.

Despite significant progress, the study’s limitations must be
acknowledged. The identified QTLs and candidate genes require
further validation and functional studies to confirm their roles
in wheat grain trait development. Additionally, the research, con-
ducted under specific environmental conditions and genetic back-
grounds, lacks comprehensive testing across diverse environments
and genetic backgrounds for universality and stability. Moreover,
grain trait formation is complex and influenced by multiple genes
and environmental factors, and the study’s analysis of these intri-
cate interactions still needs to be completed. Thus, while the find-
ings offer guidance, they necessitate cautious evaluation and
interpretation in practical applications.
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Future research directions should include validating the iden-
tified QTLs’ stability and universality under broader environmen-
tal conditions and diverse genetic backgrounds to ensure their
practical value in wheat breeding. Advanced molecular biology
techniques and bioinformatics methods should be employed to
explore the functions and mechanisms of these candidate genes,
understanding their specific roles in grain morphology and qual-
ity formation. Additionally, leveraging the latest gene-editing
technologies, such as the CRISPR/Cas9 system, for precise mod-
ifications of critical genes can provide a more efficient means
for developing new wheat varieties. Finally, through interdiscip-
linary collaboration, integrating computational biology, genetics,
breeding, and molecular biology, a more comprehensive and
in-depth genetic regulatory network model for wheat grain traits
can be constructed, contributing to global food security and sus-
tainable agricultural development.

Conclusion

This study provides a comprehensive genetic analysis of wheat
grain traits, identifying 114 QTLs and 22 candidate genes asso-
ciated with grain weight and size. The findings contribute
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valuable insights into the genetic mechanisms underlying these
traits, offering new avenues for MAS in wheat breeding.
However, further research is needed to validate these QTLs and
candidate genes across diverse environments and genetic back-
grounds to ensure their practical application in improving
wheat yield and quality.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0021859624000534.
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