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Abstract Synthetic hexaploid wheat (SHW) contains abundant genetic variation, and is the important breeding
resource for enhancing genetic diversity of common wheat. Grain size, including thousand-grain weight (TGW),
grain length (GL), grain width (GW), grain area (GA), aspect ratio (AR), and factor from density (FFD), is
closely related with grain yield and quality in wheat. In the research, Quantitative Trait Loci (QTL) analyses
were carried out for a mapping population of 284 F; plants derived from a cross between two sister lines derived
from synthetic hexaploid wheat in order to identify genomic regions affecting grain size. The linkage map based
on 1671 polymorphic Diversity arrays technology (DArT) markers detected 17 QTLs for six grain size traits on
chromosomes 1A, 1B, 1D, 3B, 4A, 5A, 5B, and 7D. These QTL explained 3.8-12.4% of the phenotypic
variation. For the thousand-grain weight (TGW) loci, TraesCS1B01G144800 and TraesCS1B01GI145800 were
prioritized within QTgw.nwipb-1B, while TraesCS5401G111700, encoding a WD40 repeat-containing protein,
was identified as a high-confidence candidate within QTgw.nwipb-5A. Notably, TraesCS1B01G144800 showed
pronounced grain-preferential expression, supporting its potential involvement in grain development. For the

grain-length QTL QGl.nwipb-3B, TraesCS3B01G232800, encoding an IAA-amino acid hydrolase ILR1, and



TraesCS3B01G227700, encoding a cyclin family protein, were prioritized based on their potential roles in auxin
homeostasis and cell-cycle regulation, respectively. Haplotype analysis further revealed favorable haplotypes of
TraesCS1B01G144800, TraesCSIB01G145800, TraesCS54A01G111700, and TraesCS3B01G232800 that were
significantly associated with increased TGW or GL. These results provide new insights into the genetic
regulation of wheat grain morphology and identify valuable alleles for marker-assisted selection and molecular
breeding.

Key words synthetic hexaploid wheat; grain size; QTL; haplotype analysis

Introduction

Wheat is one of the most important food crops and yield improvement is a priority objective as the global
population increases. It is projected that the demand for wheat will increase by 50% by 2030 (Ogbonnaya et al.
2013). Common wheat has evolved from two spontaneous hybridization events. The first one involved the
diploid wheat Triticum urartu (AA, 2n = 2x = 14) and an Aegilops species (carrying the B genome), and formed
tetraploid wheat (AABB, 2n = 4x = 28). The second one occurred between tetraploid wheat and the diploid goat
grass Aegilops tauschii (DD, 2n = 2x = 14), and resulted in hexaploid common wheat (AABBDD, 2n = 6x = 42).
During the process, an increase of grain size was considered as one of the domestication syndromes (Doebley et
al. 2006; Fuller 2007).

Grain size is crucial to breed high-yield cultivar in wheat. Wheat grain size can be quantified as three factors,
including grain length (GL), grain width (GW), and grain thickness (Cheng et al. 2017). A larger grain is
considered as one of important breeding targets, and has contributed notably to grain yield of wheat (Zhang et al.
2012b). Grain weight, measured as thousand-grain weight (TGW), is key component of wheat grain yield.
Therefore, the understanding of the genetic mechanism of these grain size traits is helpful to quickly cultivate
higher-yielding wheat cultivars with good grain morphology.

The majority of QTLs for grain size and weight have been mapped. QTLs for TGW almost existed in 21
wheat chromosomes(Campbell et al. 1999; Dholakia et al. 2003; Kato et al. 2000; Shah et al. 1999; Sun et al.
2009). Many QTLs for grain size were detected and distributed on most wheat chromosomes (Cheng et al. 2017;

Maphosa et al. 2014; Xie et al. 2015). The genes controlling grain size and weight have been cloned in



Arabidopsis and rice (Heang and Sassa 2012; Li et al. 2012; Li et al. 2011; Wang et al. 2008; Yu et al. 2014).
Meanwhile, some homologous genes also were identified in wheat, including 7aCwi-A1 (Ma et al. 2012),
TaSAPI1-A1 (Chang et al. 2013), TaCYP78A43 (Ma et al. 2015); TaGw2-6A4 (Su et al. 2011), TaSus2-2B (Jiang et al.
2011), TaCKX6-D1 (Zhang et al. 2012a), TaGS1a-6D (Guo et al. 2013) and 7TaLSUI (Kang et al. 2013).

With the limited genetic variation in wheat itself, it is imperative that a wider spectrum of variability be
examined. However, Scientists have proposed an effective approach to increase yield of modern cultivars by
using wild relatives of wheat and synthetic wheat (Gororo et al. 2002; Swamy and Sarla 2008). Recently Over
1,500 SHW have been developed globally and about 1300 SHW lines have been produced from crosses of more
than 900 Aegilops tauschii accessions stored at the International Maize and Wheat Improvement Center
(CIMMYT-Mexico) (Ogbonnaya et al. 2013). The hexaploid wheat yield could be significantly improved using
SHW and SHW-derived varieties (Li et al. 2014). Grain yield and size of SHW lines had better performance than
the common wheat (Calderini and Reynolds 2000; Li et al. 2014). Scientific researchers have identified plenty of
QTLs associated with important traits from SHW varieties (lines). For TGW, the introgressed QTLs derived
from SHW were detected across 21 chromosomes (Diaz De Ledn et al. 2011; Huang et al. 2004; Li et al. 2008;
Liu et al. 2006; Pshenichnikova et al. 2008). But, a few studies have reported QTLs for grain size traits from the
SHW varieties (lines) (Rasheed et al. 2014; Yan et al. 2017).

In this paper, the objective was to detect potential QTLs associated with six grain size traits by combing grain
phenotypes and DArT markers in a F, population constructed by two sister lines derived from synthetic

hexaploid wheat.

Materials and Methods

Plant materials and field experiments

Two SHW-derived lines, B2037 and B2039, were selected as parental materials in this study. B2037
exhibited large grains and high thousand-grain weight (TGW), whereas B2039 showed small grains and low
TGW (Table 1). Both parental lines were developed by the Triticeae Research Institute of Sichuan Agricultural
University and were derived from the same cross combination: SHW-L1/SW8188//Chuanyu 18/3/Chuanmai 42.

SHW-L1 is a synthetic hexaploid wheat (SHW) line derived from the hybridization between durum wheat



(Triticum turgidum) accession AS2255 and Aegilops tauschii accession AS60 (Zhang et al. 2004). SHW-L1 is
characterized by late heading and longer spikes (Ma et al. 2014), whereas common wheat progenitors and elite
advanced lines generally show superior performance in thousand-grain weight, spikelet number, and kernel
width.

In the summer of 2012, B2037 was crossed with B2039 to generate F1 seeds at Xining, Qinghai, China (36°
30" N, 101° 74" E). The F, plants were grown in Xining and self-pollinated to produce 284 F, individuals in
2014. The F, plants were grown in 20 rows (1 m in length per row, with 20 cm spacing between rows) and
self-pollinated to obtain F»3 seeds in 2015. In 2016, the F,.3 families were evaluated using a randomized
complete block design (RCBD) with three replicates. Each family was planted in 2-m rows with 20 cm row

spacing. Field management practices followed local agricultural practices.

Phenotypic data

The grain traits evaluated in this study included grain length (GL), grain width (GW), grain area (GA), and
thousand-grain weight (TGW). The 284 F, individuals were evaluated based on measurements from individual
plants. For the F,.3 families, 15 plants from each row were randomly selected for phenotypic evaluation, and the
final phenotypic value was calculated as the mean across three replicates. Grain length, grain width, and grain
area were measured using a Marvin grain size analyzer (Marvin, Germany). Thousand-grain weight was
determined by weighing three samples of 500 kernels from each replicate. Additional grain-related parameters
were calculated using the following formulas: aspect ratio (AR) = GL/GW; factor from density (FFD) =

individual grain weight/(GL x GW).

Genotyping for DArT markers and QTL analysis

Genomic DNA was extracted from 284 F, plants and their parental lines and subsequently submitted to
Diversity Arrays Technology Pty. Ltd. (Yarralumla, Canberra, Australia) for whole-genome genotyping. QTL
analysis was performed using the inclusive composite interval mapping (ICIM) method implemented in
IciMapping software (version 4.1) (Meng et al. 2015). The analysis was conducted using a 1-cM scanning step
and a 0.001 probability level for entering variables in the stepwise regression. The LOD threshold for QTL

detection was determined by a permutation test with 1,000 permutations at the 5% significance level, following



the method described by Li er a/ (Li et al. 2015). QTLs with LOD scores exceeding the permutation-derived
threshold were considered significant. The proportion of phenotypic variance explained (PVE) and additive

effect (A) were estimated for each detected QTL.

Annotation of the DArT markers related with QTLs

DArT marker sequences were obtained from the marker database. For DArT-seq markers significantly
associated with the target traits, their corresponding physical positions on the wheat genome were determined by
sequence alignment. The marker sequences were then aligned against the Chinese Spring (CS) reference genome
(IWGSC RefSeq v1.0) to identify their genomic locations. All annotated genes located within the confidence
intervals of the QTL regions were retrieved from the JBrowse database
(https://urgi.versailles.inra.fr/jbrowseiwgsc). Candidate genes potentially associated with grain traits were

subsequently identified based on their functional annotations and previously reported biological functions.

Haplotype analysis of candidate genes associated with grain traits

Candidate gene coordinates were obtained from the GFF3 annotation file of the gaoyuan448
v3.0(https://gy448.tcuni.com/#/)(Cao et al. 2026). The genomic intervals corresponding to each candidate gene
were extracted, and biallelic SNPs located within these intervals were retrieved from the WES-derived VCF file.
Both coding and non-coding SNPs within the candidate gene regions were considered for haplotype construction.
For each accession, the alleles of the selected SNPs were ordered according to their physical positions along the
gene and combined to define the haplotype pattern of the corresponding candidate gene.

Haplotype frequencies were calculated across the 400 wheat accessions. Haplotypes with a frequency of >5%
were retained for subsequent phenotypic analysis, whereas rare haplotypes with frequencies <5% were excluded
because of their limited sample sizes. The haplotype information was then integrated with phenotypic data
according to accession IDs. Differences in grain-related traits among haplotype groups were evaluated using
one-way analysis of variance (ANOVA). When significant differences were detected, post hoc
multiple-comparison tests were performed to determine differences between individual haplotype groups. The

phenotypic distributions of the major haplotypes were visualized using boxplots.



Results

Phenotype variations and correlation

Phenotypic variations of the grain traits are presented in Table 1. The two parental lines, B2037 and B2039,
exhibited significant differences in grain length (GL), grain width (GW), grain area (GA), aspect ratio (AR),
factor from density (FFD), and thousand-grain weight (TGW). In the F2 population, all six traits displayed
continuous variation, approximately normal distributions, and transgressive segregation, indicating that these
traits were quantitatively inherited Correlation analysis among grain-related traits showed that TGW was
significantly and positively correlated (P < 0.01) with GL, GW, GA, AR, and FFD. Grain length was
significantly and positively correlated (P < 0.01) with GA, AR, and FFD. Grain width exhibited a significant
positive correlation (P < 0.01) with GA but a significant negative correlation with AR. Furthermore, AR was

significantly and positively correlated (P < 0.01) with FFD (Figure S1).

Table 1. Phenotypic analysis of grain traits in two parents and 284 F, individuals

. ) Parents F, population
Grain traits
B2037  B2039 Max. Min. Average
Thousand-grain weight (TGW) (g) 4444a 39.03b 49.04 34.03 42.32
Grain length (GL) (mm) 6.95a 6.00b 7.13 6.25 6.73
Grain width (GW) (mm) 3.10a 2.76 b 3.63 3.15 3.38
Grain area (GA) (mm?) 17.51a 14420 21.18 16.90 19.22
Aspect ratio (AR) 2.24a 2.17a 2.38 1.90 1.99
Factor from density (FFD) (%) 0.21a 0.24a 0.25 0.15 0.19

QTL analysis

Among the 13,553 DArT markers screened for polymorphism between B2037 and B2039, 1,671
polymorphic markers were selected for construction of the linkage map. A total of 17 significant QTLs
associated with six grain size traits were identified (Table S1). These QTLs were distributed across eight
chromosomes, including 1A, 1B, 1D, 3B, 4A, 5A, 5B, and 7D (Fig. 1).

For thousand-grain weight (TGW), two QTLs (QTgw.nwipb-1B and QTgw.nwipb-54) were detected.
Both QTLs showed positive additive effects, with LOD scores of 9.3, and explained 2.6% and 12.4% of the

phenotypic variation, respectively. Four QTLs were identified for grain length (GL). QGlnwipb-3B,



OGl.nwipb-44 and QGl.nwipb-5A4 accounted for 6.8%, 9.2% and 8.2% of the phenotypic variation, respectively,
with the favorable alleles increasing GL contributed by B2037. In contrast, the QTL QGLnwipb-14A on
chromosome 1A explained 10.3% of the phenotypic variation and the allele from B2039 reduced GL.

For grain area (GA), eight significant QTLs were detected on chromosomes 1A, 1D, 3B, 5A, 5B, and 7D.
Among these, QArnwipb-1D, QArnwipb-54 and QArnwipb-5B were positively associated with GA which
explained 3.8%—7.8% of the phenotypic variation. In contrast, the alleles contributed by B2039 at five QTLs on
chromosomes 1A, 3B, 5B, and 7D were associated with reductions in GA ranging from 1.0% to 7.0%.

Three additional QTLs were identified for grain width (GW), grain area (GA) and factor from density
(FFD), and these QTLs were named QGw.nwipb-5B, QGa.nwipb-3B and QFfd.nwipb-54. These QTLs were
located on chromosomes 5B, 3B, and 5A and explained 5.5%, 7.4%, and 7.9% of the phenotypic variation,
respectively. In all three cases, the favorable alleles associated with increased GW, GA, and FFD were
contributed by B2037.

Overall, these results demonstrate that grain size-related traits in the B2037 x B2039 population are
controlled by multiple loci with diverse genetic effects. Notably, B2037 contributed favorable alleles at the
majority of the identified loci, highlighting its potential value as a donor parent for improving grain size-related

traits in wheat.
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Fig.1 Chromosomal locations of QTLs for grain size and shape detected by DArT marker analysis in lines

derived from synthetic hexaploid wheat

Annotation of DArT markers associated with QTLs

A total of 24 DArT markers associated with 17 QTLs were employed for candidate gene identification. The
sequences of these markers were aligned to the Chinese Spring reference genome (IWGSC RefSeq v1.0) to
determine their physical genomic positions. Based on the genomic locations of the flanking markers, the
confidence interval of each QTL was delineated, and all annotated genes within these intervals were retrieved
from the JBrowse database. Following functional annotation of the identified genes, candidate genes were
prioritized by integrating functional annotations with publicly available gene expression profiles (WheatOmics
2.0) according to their corresponding gene IDs (Table S2).

Based on the confidence interval of QTgw.nwipb-1B and the functional annotation of genes within the

corresponding chromosome 1B region, TraesCSIB01G144800 and TraesCS1B01G145800 were prioritized as



positional candidate genes for thousand-grain weight (TGW). Their transcript abundance was examined across
five tissues, with particular attention to grain tissue. TraesCSIB01G144800, which is annotated as an
AGAMOUS MADS-box transcription factor, exhibited the highest transcript abundance in grains (47.5 TPM),
compared with 1.6, 0.1, 0.1, and 13.2 TPM in roots, stems, leaves, and spikes, respectively. In contrast,
TraesCS1B01G145800, encoding an abscisic acid receptor, showed a lower transcript abundance of 2.7 TPM in
grains. The pronounced grain expression of TraesCSI1B01G144800, together with its predicted function as a
MADS-box transcription factor, suggests a potential role in the regulation of grain development. Although
TraesCS1B01G145800 displayed relatively low expression in grains, its annotation as an abscisic acid receptor
implicates it as a potential component of hormone-mediated regulatory pathways associated with grain
development and yield formation.

Within the confidence interval of QTgw.nwipb-54, only one annotated gene, TraesCS5401G111700, was
identified, making it a high-confidence positional candidate. This gene spans 215,475,309-215,484,896 bp and
encodes a WD40 repeat-containing protein. Transcriptome profiling across roots, stems, leaves, spikes, and
grains revealed that TraesCS5401G111700 was expressed in all five tissues, with transcript abundances of 4.1,
3.0, 0.6, 1.5, and 2.7 TPM, respectively. Although no grain-preferential expression pattern was observed, its
detectable expression in grains suggests that this gene may be involved in grain development. Given that
TraesCS5401G111700 was the sole annotated gene within the QTgw.nwipb-54 confidence interval, together with
its expression in grains and predicted WD40 repeat-containing protein function, it represents a strong positional
candidate underlying the QTgw.nwipb-54 locus and warrants further functional investigation.

For the grain-length QTL QGIlnwipb-3B, candidate genes were investigated within the QTL interval
delimited by DArT markers 2258114 and 1113556, with the maximum LOD score detected at 218 cM.
Candidate prioritization was based on functional annotation and tissue-specific expression profiles. Among the
annotated genes in this interval, TraesCS3B01G232800 and TraesCS3B01G227700 showed comparatively
strong functional relevance to grain growth and development. TraesCS3B0I1G232800, annotated as an
IAA-amino acid hydrolase ILR1, exhibited relatively high transcript abundance in grains (11.8 TPM), suggesting
a potential role in auxin homeostasis and, consequently, grain development. TraesCS3B01G227700, which

encodes a cyclin family protein, was also prioritized based on its predicted function in cell-cycle regulation, a



biological process closely associated with cell proliferation and organ growth. Taken together, the functional
annotations and expression profiles support TraesCS3B01G232800 and TraesCS3B01G227700 as promising

positional candidate genes within QGl.nwipb-3B.

Haplotype analysis of candidate genes associated with TGW and GL

Haplotype analysis of the thousand-kernel weight (TGW) candidate gene GY448v3.1B.HC.G00000014454
(TraesCS1B01G145800) 206,692,231-206,693,822 bp identified four haplotypes, among which Hap2 showed
the highest TGW and represented the most favorable haplotype. Hap3 exhibited the second-highest TGW and
was also classified as a favorable haplotype associated with increased TGW  (Fig.2A).
GY448v3.1B.HC.G00000014438 (TraesCS1B02G144800) 204,577,896-204,582,456 bp haplotype analysis
revealed that Hap2 was favorable haplotypes for TGW, although Hap3 shows better phenotypic values, but the
sample size of natural populations needs to be expanded to further verify the stability and statistical significance
of its effects (Fig.2B). For GY448v3.54.HC.G00000092375 (TraesCS5401G111700) 221,071,051-221,080,828
bp haplotype analysis revealed that Hap2 was favorable haplotypes for TGW, and showed an extremely
significant difference from the major haplotype Hapl (P <0.01). With a sufficient sample size (n=79), it is a
superior haplotype regulating 1000-grain weight at this locus and can be applied for molecular marker-assisted
selection (Fig.2C).

For the grain length candidate geneGY448v3.3B.HC.G00000059449 (TraesCS3B01G232800)
390,321,733-390,327,149 bp haplotype analysis showed that Hap1 was the favorable haplotype for grain length.
Hap1 exhibits the highest peak for grain-length phenotype and has the potential to become a superior haplotype.
If significant differences are verified by expanding the sample size of natural populations in follow-up studies,
its favorable regulatory effect on grain length can be further confirmed (Fig.2D).

Collectively, these results identified several favorable haplotypes associated with TGW and grain length,

providing valuable genetic resources for further wheat improvement.
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Fig.2 Haplotype analysis of candidate QTLs genes

Discussion

Grain morphology has long been an important target of wheat breeding, and domestication and modern
selection have driven a transition from primitive long and narrow grains toward wider and shorter grains in
modern cultivars (Gegas et al. 2010). Grain size and shape are major determinants of wheat yield, particularly
through their contribution to thousand-grain weight (TGW) variation (Breseghello and Sorrells 2007). Although

numerous QTLs controlling grain-related traits have been identified, the complex genetic architecture underlying



grain size and weight remain incompletely understood, particularly in wheat with its large and polyploid
genome.

In this study, QTL analysis using an F2 population derived from two sister lines originating from synthetic
hexaploid wheat (SHW) identified loci associated with grain size, shape, and weight on eight chromosomes.
Several detected QTLs overlapped with previously reported genomic regions, including TGW-related loci on
chromosomes 1B and 5A, suggesting the reliability of these regions in regulating grain weight variation. The
chromosome 1B region is particularly noteworthy, as TudGP-SI-1B, previously reported to influence TGW
variation (Hou et al. 2017), is located within this region, indicating its potential contribution to grain weight
regulation.

Multiple QTLs associated with grain length (GL), grain width (GW), grain area (GA), aspect ratio (AR),
and factor from density (FFD) were also identified. Several loci corresponded to previously reported genomic
regions, whereas some may represent novel genetic factors contributing to grain morphology. The identification
of pleiotropic QTLs further highlighted the complex genetic relationships among grain traits. For example, QTLs
on chromosomes 5A and 3B simultaneously affected multiple traits, suggesting coordinated regulation of grain
development. Correlation analysis revealed a significant relationship between GL and TGW, supporting previous
observations that grain length contributes substantially to grain weight variation (Campbell et al. 1999). However,
the absence of a significant association between GW and TGW in this population suggests that the contribution
of individual grain dimensions to yield-related traits may depend on specific genetic backgrounds.

For OQTgw.nwipb-1B, TraesCS1B01G144800, encoding an AGAMOUS MADS-box transcription factor,
showed pronounced grain-preferential expression (47.5 TPM), supporting its potential role in grain
developmental regulation. Class-C MADS-box gene AGAMOUS (AG) specifies stamen and carpel identity,
represses class-A gene expression, and maintains floral meristem identity in Arabidopsis thaliana. In rice, two
class-C paralogs OsMADS3 and OsMADS58 arose from a duplication event predating rice-maize divergence and
have undergone partial sub functionalization(Yamaguchi et al. 2006). osmads3 knockout mutants display
homeotic transformation of stamens into lodicules and ectopic second-whorl lodicules, but retain normal carpel
development. By contrast, OsMADS58 silencing causes severe floral meristem determinacy defects with

reiterated formation of lodicules, stamens and carpel-like structures. The mads3 mads58 double mutant



completely loses reproductive organ identity, with abundant lodicules accumulating in the third and fourth
whorls; together with OsMADSI3, both genes are essential for floral meristem fate (Dreni et al. 2011).
Epigenetically, OsMADS58 is silenced via H3K27 trimethylation, and CCP1 maintains this modification to
regulate rice palea development (Yan et al. 2015). TraesCS1B01G145800, annotated as an abscisic acid receptor,
represents a potential regulatory candidate linking ABA signaling with grain development. Although its
transcript abundance in grain was relatively low (2.7 TPM), PYL-type ABA receptors function as central
components of the ABA-PP2C—SnRK2 signaling pathway, which regulates plant development, seed maturation,
and stress responses (Ma et al. 2009; Park et al. 2009; Tuan et al. 2018). For QTgw.nwipb-54, only
TraesCS5401G111700, encoding a WD40 repeat-containing protein, was identified within the confidence
interval. Although it was not grain-preferentially expressed, its detectable expression in grains and its status as
the sole annotated gene within the interval provide strong positional support for its candidacy. WD40 proteins
are widely involved in developmental and regulatory processes, although functional validation will be required
to establish its contribution to TGW.

For the grain-length QTL QGLnwipb-3B, TraesCS3B01G232800 and TraesCS3B01G227700 were
prioritized. TraesCS3B01G232800, encoding IAA-amino acid hydrolase ILR1, showed relatively high grain
expression (11.8 TPM), suggesting a possible role in auxin homeostasis and grain growth.
TraesCS3B01G227700, encoding a cyclin family protein, provides a complementary candidate because
cell-cycle regulation and cell proliferation are fundamental processes underlying organ growth. Together, these
candidates suggest that auxin signaling and cell proliferation may contribute to grain-length variation at
OGlnwipb-3B. This is consistent with studies demonstrating that grain size in cereals is regulated by multiple
developmental pathways involving hormonal signaling and cell proliferation(Gegas et al. 2010; Sreenivasulu and
Schnurbusch 2012).

Overall, the candidate genes identified in this study point to distinct but interconnected mechanisms
underlying wheat grain traits, including reproductive development, ABA signaling, auxin homeostasis, and
cell-cycle regulation. However, candidate-gene prioritization based on positional information and transcript
abundance does not establish causality. Further validation using developmental-stage-specific expression

analysis, sequence and haplotype analysis, and functional assays will be necessary to determine whether these



genes directly contribute to natural variation in TGW and grain length.

Haplotype analysis further linked the identified candidate genes with phenotypic variation in wheat grain
traits and highlighted their potential breeding value. For TGW, TraesCSIB01G145800 showed clear haplotypic
effects, with Hap2 exhibiting the highest TGW and Hap3 the second-highest, suggesting that these haplotypes
may contribute to increased grain weight. For TraesCSI1B0I1G144800, Hap2 was identified as a favorable
haplotype, whereas the higher TGW observed for Hap3 requires validation in a larger population to determine its
stability and statistical significance. Notably, TraesCS5401G111700 Hap2 showed an extremely significant
difference from the major Hapl (P < 0.01) in a relatively large population (n = 79), providing stronger evidence
that it is a superior haplotype for TGW and a promising target for marker-assisted selection.

For grain length, TraesCS3B01G232800 Hap2 displayed the highest phenotypic value, indicating its
potential favorable effect on grain elongation. However, further validation using larger and genetically diverse
populations is required to confirm the robustness of this association. Overall, these results demonstrate that
haplotype analysis can refine candidate-gene associations by identifying favorable allelic combinations with
distinct phenotypic effects. In particular, the validated or strongly supported favorable haplotypes identified here
could provide useful genetic resources for marker-assisted and haplotype-based breeding. Further validation
across independent populations and environments, together with functional characterization, will be important

for confirming their effects and facilitating their application in wheat yield improvement.

Conclusion

In this study, QTL mapping was conducted in an F2 population derived from two synthetic hexaploid wheat
(SHW)-derived sister lines with contrasting grain phenotypes. A total of 17 QTLs associated with grain size,
shape, and weight were identified on eight chromosomes, demonstrating the complex genetic architecture
underlying wheat grain-related traits. Several QTLs were located in genomic regions previously reported to
influence grain traits, while others may represent additional genetic factors contributed by SHW-derived
germplasm. Candidate gene analysis further prioritized TraesCSIB01GI144800 and TraesCSIB01GI145800
within QTgw.nwipb-1B, TraesCS5401G111700 within QTgw.nwipb-54, and TraesCS3B01G232800 and

TraesCS3B01G227700 within QGlLnwipb-3B. Their functional annotations and expression profiles suggest that



reproductive development, ABA signaling, auxin homeostasis, and cell-cycle regulation may contribute to the
genetic regulation of grain weight and grain length. Haplotype analysis additionally identified favorable
haplotypes associated with increased TGW or GL, particularly the Hap2 of TraesCS5401G111700, which
showed a significant association with increased TGW and represents a promising target for marker-assisted
selection. Collectively, this study expands our understanding of the genetic basis of grain morphology in
SHW-derived wheat and provides favorable alleles and candidate genes with potential value for wheat
improvement. Further validation across independent populations and environments, together with developmental
expression analysis and functional characterization, will be necessary to confirm the causal roles of these

candidate genes and to facilitate their application in molecular breeding.
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The following abbreviations are used in this manuscript:
QTL Quantitative trait locus

LOD Logarithm of Odds

PVE Proportion of phenotypic variance explained
DArT Diversity Arrays Technology

SNP Single nucleotide polymorphism

GL grain length

GW grain width

GA grain area

TGW thousand-grain weight

AR aspect ratio = GL/GW

FFD factor from density= individual grain weight/(GL x GW).
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