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Abstract

In this study, we report the development of a high-quality BAAFS Wheat 90K SNP array for the molecular
characterization of wheat cultivars and systematically validated its efficacy in identifying genetic loci
associated with wheat processing quality traits. This optimized array integrates high-quality SNP
markers from the lllumina Wheat 90K iSelect SNP array and the Axiom® Wheat 660K SNP array, yielding
a total of 84,661 loci. Among these loci, 79 are gene-specific functional markers and all loci are precisely
anchored to the Chinese Spring (CS) telomere-to-telomere (T2T) reference genome, ensuring high
genomic positional accuracy. The 84,661 loci are unevenly distributed across the A (37.9%), B (42.5%),
and D (18.0%) subgenomes, with 46.91% of the loci localized within genic regions—an attribute that
enhances the array'’s utility for functional genetic analysis. Genotyping was performed on 190 wheat
cultivars and 200 F, individuals derived from the cross between Shaanxibaimai and L43, generating high-
quality genotypic data with marker call rates of 91.0% and 71.0%, respectively. A total of 1,041 Chinese
wheat cultivars representing eight major agro-ecological zones were genotyped, and model-based
clustering analysis resolved these cultivars into eight distinct subpopulations, with pairwise fixation
index (Fst) values ranging from 0.265 to 0.503. Principal component analysis (PCA) showed that the first
three principal components collectively explained 17.07% of the total genetic variance. Additionally,
2,478 recombination hotspots were identified, and these hotspots were predominantly concentrated
near chromosomal termini. Genome-wide association studies (GWAS) were conducted by integrating
phenotypic data of seven processing quality traits from Value for Cultivation and Use (VCU) trials,
including dough stability time, dough development time, maximum resistance, extension area, grain
texture, water absorption, and hardness index. A total of 294 significant marker-trait associations
(MTAs) were detected, corresponding to 62 QTLs associated with these processing quality traits, and a
pleiotropic region on chromosome 1D (408-423 Mb) was identified to regulate multiple dough-quality
traits, explaining 7.18-31.56% of the phenotypic variance. Another key locus on chromosome 5D (2.7-
7.0 Mb) was associated with grain hardness and texture, accounting for 0.11-16.53% of phenotypic
variation. Novel QTLs, distinct from previously reported loci, were identified on chromosomes 3D
(associated with dough development time and maximum resistance), 5A (associated with grain texture),
and 6D (associated with water absorption). Candidate gene analysis was further performed for these
three novel QTLs, and the pleiotropic QTL QDDT/DST/MR/EA.baaf-3D was found to explain 12.39-27.08%
of the phenotypic variation for dough-related traits, highlighting its potential value for wheat quality
improvement. To facilitate efficient marker-assisted selection (MAS) in wheat breeding, four Kompetitive
Allele-Specific PCR (KASP) markers were successfully developed for key loci associated with processing
quality traits. Collectively, the BAAFS Wheat 90K SNP array provides a cost-effective, high-fidelity
genomic tool for wheat genetic research and breeding applications, including germplasm evaluation,
genetic mapping, variety identification, precision breeding, MAS, and genomic selection (GS), with
particular utility for dissecting the genetic basis of wheat processing quality and accelerating the genetic
improvement of critical agronomic traits.

Introduction
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Single nucleotide polymorphisms (SNPs) are widely used as molecular markers in crop genetics due to
their abundance, genome-wide distribution, genetic stability, low cost, and compatibility with high-
throughput detection [1, 2]. SNP arrays have become important tools for gene discovery and breeding in
crop species, particularly in bread wheat (Triticum aestivum L.), where they have been used to
characterize population structure and linkage disequilibrium [3]. These arrays are commonly applied in
genome-wide association studies (GWAS) to identify loci associated with yield, disease resistance, and
end-use quality [4-6]. In maize (Zea mays L.) and rice (Oryza sativa L.), SNP arrays have facilitated the
mapping of quantitative trait loci (QTL), assessment of genetic diversity, and implementation of genomic
selection and germplasm conservation strategies [7-9]. Recent studies in wheat utilizing high-density
SNP arrays have identified novel loci associated with drought tolerance [10, 11], disease resistance [12],
and agronomic traits [13].

Wheat is a staple cereal crop that supplies nearly 40% of the global population. Its large, repetitive, and
allohexaploid genome (2n = 6x = 42, AABBDD) poses challenges for accurate SNP genotyping. Advances
in whole-genome sequencing have enabled the development of multiple SNP arrays for wheat, including
9K, 15K, 35K, 50K, 55K, 90K, 660K, and 820K platforms [2, 14]. Among these, the 660K SNP array has
been widely used as a high-resolution genotyping platform in wheat research and marker-assisted
breeding [15]. Despite its high marker density, the 660K SNP array is not widely used for routine cultivar
fingerprinting due to its cost, limited proportion of high-quality polymorphic probes, and lack of trait-
diagnostic markers [15]. The 90K SNP array (81,587 probes) applies model-free clustering algorithms to
accommodate polyploidy and can detect presence-absence variation (PAV). However, only 46,977
probes (52%) can be genetically mapped, indicating genotyping failure or monomorphism for a
substantial fraction of markers, particularly on the D subgenome [16]. The 35K breeding array (35,143
SNPs) is used for fingerprinting hexaploid germplasm and has been applied in QTL mapping, mutation
screening, and diversity panels. Its lower marker density and limited performance in East Asian
germplasm restrict its application in Chinese breeding programs [17]. Brinton et al. [18] reported that a
15K haplotype-based array improved genomic selection accuracy by 40%, leading to its adoption as a
standard platform by the International Wheat Improvement Network (IWIN).

High-density SNP arrays have emerged as powerful and cost-effective genotyping tools for wheat quality
genetic dissection, enabling efficient population structure analysis, genome-wide association studies
(GWAS) and quantitative trait locus (QTL) mapping at a genome-wide scale [2]. Recent advances in
customized SNP array development and application have accelerated the identification of stable,
pleiotropic QTLs and candidate genes for key quality traits including dough rheology, grain hardness and
water absorption, laying a solid foundation for marker-assisted selection in wheat quality improvement
[19]. Pina and Pinb are the primary regulators of grain texture and hardness index, while TaGli-y-2.1
influences dough stability time [20, 21]. Specific loci containing candidate genes for dough development
time and water absorption have also been detected. The novel QTL gTaHa-5DL also impacts grain
hardness substantially, alongside candidate genes involved in lipid metabolism [22]. Recent research
shows dough rheological traits are controlled by pleiotropic QTL with candidate genes related to gluten
synthesis [23].

Page 4/29



The limitations of existing arrays indicate a need for a cost-effective and high-quality SNP platform
suitable for variety identification, germplasm evaluation, gene mapping, and molecular breeding in
wheat. In this study, we selected high-resolution and high-quality SNPs from the Illumina Wheat 90K and
Axiom® Wheat 660K arrays using 96 genetically diverse wheat accessions, and supplemented these
with 79 gene-specific SNPs. The performance of the resulting array was evaluated based on call rate,
reproducibility, and mapping resolution.

The objectives of this study were to threefold: (1) to develop an integrated wheat SNP array, designated
as the BAAFS (Beijing Academy of Agriculture and Forestry Sciences) Wheat 90K SNP array, through the
consolidation of markers from the lllumina Wheat 90K and Axiom® Wheat 660K arrays, with priorities
given to single-copy SNPs, and the incorporation of functional markers; (2) to systematically evaluate the
genotyping quality and overall performance of the developed BAAFS Wheat 90K SNP array; and (3) to
apply the array in a genome-wide association study (GWAS) using a large wheat population, aiming to
identify genetic loci associated with grain processing quality traits.

Materials and methods

Plant materials

SNP loci filtering: A diversity panel of 96 genetically diverse wheat accessions, including 75 elite cultivars
from major Chinese agro-ecological zones, 3 landraces, 1 hybrid wheat and its parental lines, 10
advanced breeding lines, 1 doubled haploid (DH) line, and replicated internal reference cultivars
(Yangfumai 2, Linhan 6, Zeyou 1, Chinese Spring) (Supplementary table 1).

Genotyping performance evaluation: 190 Chinese core commercial cultivars (including Chinese Spring
and a DH line) (Supplementary table 2) and 200 F, plants derived from the Shaanxibaimai x L43 cross
[24].

GWAS and population genetics: 1,041 Chinese wheat cultivars representing eight agro-ecological zones
of China: northern Huang-Huai winter wheat region (234), southern Huang-Huai winter wheat region
(394), northwestern spring wheat region (57), northern spring wheat region (9), northern winter wheat
region (63), northeastern spring wheat region (32), middle-lower Yangtze River Valley wheat region (85),
and upper Yangtze River Valley wheat region (167) (Supplementary table 3).

Genomic DNA extraction

Genomic DNA was extracted from pooled leaf tissue (50 seedlings per accession) at the three-leaf stage
using a modified cetyltrimethylammonium bromide (CTAB) method [25]. DNA quality and concentration
were determined using a NanoDrop 2000 UV spectrophotometer (Thermo Scientific, Waltham, MA, USA).
DNA was normalized to a working concentration of 100 ng/uL with sterile double-distilled water for
subsequent genotyping.
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Screening of high-confidence SNP loci

The 96 wheat accessions were genotyped using both the lllumina Wheat 90K iSelect SNP array (81,587
SNPs) [16] and the Axiom® Wheat 660K SNP array (630,517 SNPs) [15, 26]. Stringent quality control was
applied to raw genotyping data for both platforms:

lllumina 90K array: SNPs with GenTrain scores < 0.60 in Genome Studio were excluded [27]. Additional
filters removed loci with non-reproducible calls, Mendelian inheritance deviation, low signal intensity,
missing data rate > 0.05, heterozygosity rate > 0.1, and minor allele frequency (MAF) < 0.2. Only loci with
clear clustering of AA, AB, and BB genotypes were retained.

Axiom® 660K array: Only Poly-High-Resolution (PHR) polymorphic SNPs were retained using Axiom
Analysis Suite v3.1 (Thermo Fisher Scientific Affymetrix) with the same quality thresholds (missing data
rate > 0.05, heterozygosity rate > 0.1, MAF < 0.2) as the Illumina 90K array.

For overlapping genomic positions between the two arrays, SNPs from the 660K array were retained by
default to maximize marker quality, and singleton SNPs from both arrays were preserved. An additional
79 gene-specific functional markers (associated with plant height, yield, quality, and stress resistance)
from published studies were incorporated (Table S4). All retained SNPs were anchored to the Chinese
Spring (CS) 1.0 and T2T reference genome for physical position annotation.

Development and evaluation of the BAAFS Wheat 90K SNP array

The candidate SNP set (108,596 probes) was submitted to the Affymetrix Axiom myDesign pipeline for
probe design and evaluation. Assessment parameters included duplicate count, P-convert scores, poly
counts, repetitive sequences, and wobbles. Only recommended and neutral SNPs with a P-convert value
> 0.4 were retained to ensure genotyping reliability. The final BAAFS Wheat 90K SNP array comprises
84,661 high-quality SNPs, with all physical positions annotated based on the CS T2T reference genome.

Genotyping of the 190 commercial cultivars and 200 F, plants was performed on the Affymetrix
GeneTitan platform (https://securefileexchange.affymetrix.com). SNPs were classified into six
categories: Poly High Resolution (PHR), No Minor Homozygote (NMH), Off-Target Variant (OTV), Mono
High-Resolution (MHR), Call-Rate Below Threshold (CRBT), and Unresolved. Genotyping performance
was evaluated by call rate, reproducibility (intra-plate and inter-batch), and the proportion of high-quality
markers (PHR + NMH + OTV).

Population structure, PCA, kinship and LD analysis

Genotyping data of the 1,041 wheat cultivars were filtered using PLINK v1.9 [28] to exclude SNPs with
missing data rate > 0.02, MAF < 0.05, and samples with missing data rate > 0.02. Remaining missing
calls were imputed using Beagle v5.4 [29].
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Population structure: Analyzed using the sparse non-negative matrix factorization (sSNMF) algorithm in
the LEA package v3.4.0 [30] with K =1-10. The optimal K value was determined via the AK method [31]
and biological interpretability. Principal Component Analysis (PCA): Performed using GAPIT v3.0 [32] to
assess genetic stratification; the first three principal components were visualized. Kinship analysis: A
genomic relationship matrix (GRM) was constructed using GAPIT v3.0 to quantify genetic relatedness
among cultivars.

LD and recombination hotspots: LD analysis was performed in PLINK v1.9 with a 100 Mb sliding window
(--Id-window 100,000 --Id-window-kb 100,000 --ld-window-r2 0 --r2-phased). Recombination hotspots
were defined as genomic regions with pairwise LD (r?) < 0.2 [33].

Phenotypic data collection and preprocessing

Phenotypic data for seven wheat processing quality traits were obtained from national VCU trials on the
China Seed Industry Big Data Platform (http://202.127.42.232/SDSite/Home/Index?ticket=): dough
stability time (DST), dough development time (DDT), maximum resistance (MR), extension area (EA),
grain texture (GT), water absorption (WA), and hardness index (HI). Phenotypic data were preprocessed
by removing outliers (values beyond * 3 standard deviations from the mean) [34] to reduce
environmental noise.

Genome-wide association study (GWAS)

GWAS was performed using the Mixed Linear Model (MLM) in GAPIT v3.2.1 [32, 35], which incorporates
the sNMF-derived population structure matrix (Q) and GAPIT-calculated kinship matrix (K) to control for
false positives due to population stratification and genetic relatedness. The Fixed and Random Model
Circulating Probability Unification (FarmCPU) model was compared with MLM, and MLM was selected
for its better fit for the study dataset.

A strict significance threshold of -log,o(P) = 3.5 was determined via 1000 permutation tests (permuting
phenotypes and genotypes) to balance false positive control and detection of true MTAs. Only single-
copy, high-quality SNPs (MAF > 0.05, missing rate < 0.02) were used for GWAS to minimize interference
from paralogous loci in the polyploid wheat genome. Significant MTAs were annotated to the CS 1.0
reference genome, and QTLs were defined as genomic regions containing multiple significant MTAs for
the same trait (or multiple traits for pleiotropic QTLs). Phenotypic variance explained (PVE) by each QTL
was calculated from GWAS results.

Development of KASP markers

Four key significant SNPs from pleiotropic quality QTLs (Affx-109073624_1D, Affx-88667283_1D, Affx-
109105158_1D, Affx-110900326_3D) were selected for KASP marker development. Primers were
designed using the PolyMarker online website (http://polymarker.tgac.ac.uk.) based on the flanking
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sequences (500 bp upstream and downstream) of the target SNPs from the CS 1.0 reference genome,
with allele-specific primers containing FAM/HEX fluorescent tags and a common reverse primer.

The KASP reaction system (10 pL) contained 1.2 pL genomic DNA (100 ng/pL), 5.0 pL 2x KASP master
mix, 1.0 pL primer mix (12 pM each allele-specific primer, 30 yM common reverse primer), and 2.8 pL
ddH,0. Amplification was performed on a Bio-Rad CFX system (Bio-Rad Laboratories, Hercules, CA, USA)
with the following program: initial activation at 94°C for 15 min; 10 touchdown cycles of 94°C for 20 s
and 60°C (0.6°C decrease per cycle) for 60 s; 35 cycles of 94°C for 20 s and 55°C for 60 s; final hold at
25°C for 1 min. Fluorescence signals were read using Bio-Rad CFX Manager software, and genotyping
clusters were manually validated. The KASP markers were tested on 94 bread wheat cultivars to verify
their ability to distinguish superior and inferior alleles for quality traits.

Statistical analysis

All statistical analyses (including descriptive statistics, ANOVA, and correlation analysis of phenotypic
traits) were performed in R v4.3.1 (https://www.r-project.org/) with set.seed (123) to ensure
reproducibility. Manhattan plots and quantile-quantile (Q-Q) plots for GWAS were generated using the
ggman package in R. Phenotypic differences between superior and inferior allele carriers were tested via
Student'’s t-test (P<0.05 and P< 0.01).

Gene Annotation and Haplotype Analysis

Gene annotation information for the target intervals was extracted from the Triticeae MultiOmics Center
(http://202.194.139.32) via the IntervalTool. Haplotype analysis and corresponding visualization of target
genes were performed using Geneious Prime 2026.0.2 software, with the gene sequences of Chinese
Spring (CS) serving as the reference [36]. The gene sequences used for analysis were obtained from 17
wheat accessions, including Chuanmai 42, Zhengmai 366, Aimengniu, Beijing 8, Jimai 22, Jinmai 47,
Handan 6172, Kuofan 11, Mazhamai, Ningchun 4, Shi 4185, Xiaoyan 6, Xinong 6028, Yangmai 158,
Zhoumai 16, Zhoumai 22, and Renan [37, 38].

Results

Screening SNP loci from the lllumina 90K and Axiom®
660K arrays

For the lllumina 90K iSelect SNP array, 49,539 initial markers (60.7% of total probes) passed the
GenTrain score = 0.60 threshold. A sequential quality control procedure was then applied. Markers were
excluded if they showed non-reproducible genotyping (Fig. 1a), deviated from Mendelian segregation
(Fig. 1b), or produced inconsistent calls in homozygous doubled haploid (DH) lines (Yuan177, Yuan119,
Yuan56) (Fig. 1c). Additional filtering removed loci with missing data > 0.05 (Fig. 1d), low signal intensity
(Fig. 1e), heterozygosity > 0.1 (Fig. 1f), and non-polymorphic variants based on minor allele frequency
(MAF) (Fig. 1g, Th). Markers lacking clear AA/AB/BB clustering (Fig. 1i, 1j) and those with AATmean > 0.2
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or BBTmean < 0.8 (Fig. 1k) were also discarded. Finally, markers with MAF < 0.2 were removed (Fig. 11-
1n). This filtering process resulted in 456 high-quality, single-copy SNPs (Fig. 10), which were evenly
distributed across the A (155), B (185), and D (116) subgenomes based on the INGSC RefSeq v1.0
reference genome.

For the Axiom® Wheat 660K array, 222,346 Poly High Resolution (PHR) markers, representing 35.3% of
the total probes, were retained using Axiom Analysis Suite v3.1. Additional filtering was applied to
exclude non-reproducible loci (Fig. 2a), markers showing Mendelian deviation (Fig. 2b), those with
missing data > 0.05 (Fig. 2c), low signal intensity (Fig. 2d), heterozygosity > 0.1 (Fig. 2e), and minor allele
frequency (MAF) < 0.2. This process resulted in 220,916 high-confidence SNPs. Further refinement to
achieve uniform genome coverage yielded 103,368 markers (Fig. 2f), which were anchored to the INGSC
RefSeq v1.0 reference genome.

Customization and genomic features of the BAAFS wheat
90K SNP array

The BAAFS Wheat 90K SNP array was initially constructed with 103,903 probes. These included 456
SNPs from the Illumina 90K array, 103,368 SNPs from the Axiom® 660K array, and 79 gene-specific
functional markers (Supplementary table 4). After sequence evaluation using the Affymetrix Axiom
myDesign pipeline, the final array comprised 84,661 high-quality SNPs. Among these, 346 were derived
from the lllumina 90K array, 84,236 from the Axiom® 660K array, and 79 were gene-specific markers. All
markers were physically mapped to the Chinese Spring v1.0 and T2T reference genomes (Supplementary
table 5).

Genome-wide distribution analysis using 1 Mb windows showed that SNP density was highest in distal
telomeric regions and lowest in heterochromatic regions (Fig. 3a). The SNPs were distributed across the
A (37.90%), B (42.50%), and D (18.00%) subgenomes (Fig. 3b). Chromosome 3B (829 Mb) had the
highest number of SNPs (7,490), while chromosome 4D contained the fewest (1,070 SNPs).
Chromosome 6D was the shortest, with a length of 473 Mb. The genome-wide average inter-marker
distance was 0.20 Mb, ranging from 0.11 Mb on chromosome 3B to 0.48 Mb on chromosome 4D
(Supplementary table 6). Functional annotation showed that 39,718 SNPs (46.91%) were located within
genic regions. Among these, 69.98% were in promoter regions, 13.11% in introns, 5.63% in 3'
untranslated regions (UTRs), 0.98% in 5' UTRs, and 0.04% in exons. The 79 gene-specific markers were
associated with traits such as plant height, thousand-kernel weight, disease resistance, and quality-
related processes (Table S4). In terms of SNP variant types, 60,234 were transitions (71.15%), 24,425
were transversions (28.85%), and two were deletions. The most common transition subtypes were A/G
(35.21%) and T/C (35.93%) (Fig. 3c).

Evaluation of the BAAFS wheat 90K SNP array
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Genotyping of 190 wheat cultivars and 200 F, individuals from the Shaanxibaimai x L43 cross produced
average call rates of 99.62% and 99.43%, respectively. Intra-plate reproducibility was 99.50%, and inter-
batch reproducibility was 99.60%. Clustering analysis using Affymetrix software classified SNPs into six
quality categories (Supplemental Fig. 1). In the cultivar panel, the top three categories—poly high
resolution (PHR), no minor homozygote (NMH), and off-target variant (OTV)—accounted for 91.0% of the
array, with PHR alone comprising 83.0%. In the F, population, these three categories represented 71.0%
of the array, including 43.0% PHR (Supplemental Fig. 2a, b). The minor allele frequency (MAF)
distribution of the array, which was mainly concentrated at 0.30-0.50 (Supplementary Fig. 2c). These
results indicate that the array enables high-quality and reproducible genotyping in both natural and
segregating wheat populations.

Genetic population structure and kinship analysis

After filtering 84,661 raw SNPs from 1,041 wheat cultivars using PLINK v1.9 (-geno 0.02, --mind 0.02, -
maf 0.05), 79,504 high-confidence SNPs (93.9%) were retained for downstream analysis. Principal
component analysis (PCA) indicated that the first two principal components accounted for 12.4% of the
total genetic variation, with PC1 and PC2 explaining 6.5% and 5.9% respectively. All accessions formed
loose genetic clusters consistent with their corresponding ecological distribution zones (Fig. 4a). The
three subgenomes showed distinct LD decay patterns, with the D subgenome decaying the fastest (at
4.2 Mb), followed by the A subgenome (at 9.9 Mb), while the B subgenome had the slowest LD decay (at
27.0 Mb) (Fig. 4b).

ADMIXTURE v1.3.0 population structure analysis at K = 8 obtained a five-fold cross-validation error value
of 0.895, and clearly classified all accessions into eight distinct subpopulations consistent with their
geographical ecological origins (Fig. 4c). The pairwise Fst values across subpopulations varied from
0.265 between Pop4 and Pop5 to 0.503 between Pop1 and Pop4, suggesting prominent genetic
divergence among different subgroups.

Kinship analysis was conducted via GAPIT v3.0 based on the mixed linear model (MLM). The kinship
coefficients presented obvious hierarchical stratification (Supplemental Fig. 3a). Specifically, pairwise
kinship values accounted for 0.10% at zero, 15.60% within 0—0.10, 73.72% within 0.10-0.30, 8.95%
within 0.30-0.50, 1.32% within 0.50-0.70, and 0.31% within 0.70-1.00.

Genome-Wide Identification of Recombination Hotspots

A total of 2,478 recombination hotspots were identified across the 1,041 wheat cultivars (Supplemental
Fig. 3b). Chromosome 5D contained the highest number of hotspots (276), whereas chromosome 6A
had the fewest (46). Hotspots were most abundant in the D subgenome and in telomeric regions of the A
and B subgenomes. These distribution patterns reflect subgenome-specific recombination
characteristics associated with wheat domestication and artificial selection.

GWAS of quality-related traits
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Phenotypic data for seven processing quality traits—extension area (EA), maximum resistance (MR),
dough stability time (DST), dough development time (DDT), water absorption (WA), grain hardness index
(HI), and grain texture (GT)—were obtained from national Value for Cultivation and Use (VCU) trials. A
total of 294 significant marker-trait associations (MTAs) were identified, corresponding to 62
quantitative trait loci (QTLs). These QTLs were distributed across all chromosomes except 2A and 7B
(Fig. 5, 6; Table 1).

GWAS identified 11 QTLs for DDT. These included two SNPs on chromosome 1A (PVE 14.11%-14.16%),
one SNP on 1B (PVE 12.4%), 121 SNPs in the 408.1-416.5 Mb interval on 1D (QDDT.baaf-1D, PVE
10.95%-16.98%), 38 SNPs on 2D (PVE 7.28%-11.82%), and one SNP at 107.1 Mb on 3D (PVE 16.19%).
Additional QTLs with smaller effects were detected on chromosomes 4B, 4D, 5A, 5B, and 6D, explaining
4.28%—-10.82% of the phenotypic variance. For DST, five QTLs were mapped on chromosomes 1A, 1B, 1D,
3B, and 3D. The largest effects were observed at QDST.baaf-1D (408.1-423.1 Mb, 123 SNPs, P =7.39 x
10-"7, PVE 7.18%—16.62%) and QDST.baaf-1B (558.5 Mb, P =2.58 x 10-"4, PVE 15.49%). A minor locus on
chromosome 3B, comprising two SNPs, explained 3.98%—4.17% of the variance. Six QTLs for MR were
detected on chromosomes 1B, 1D, and 3D. The three largest effects were at QMR.baaf-1B (558.5 Mb,
PVE 29.82%, P =7.25 x 10-"4), QMR.baaf-1D (408.1-416.5 Mb, 122 SNPs, PVE 17.13%—-31.56%, P = 3.42 x
10-"%), and QMR.baaf-3D (107.1 Mb, PVE 27.08%). For EA, four QTLs were located on chromosomes 1A,
1B, 1D, and 3D, with PVE values ranging from 14.32% to 18.71%. The major locus, QEA.baaf-1D (408.1-
416.5 Mb, 119 SNPs), co-localized with the DDT, DST, and MR QTLs identified on chromosome 1D.

For GT, 13 QTLs were identified. The most significant locus, QGT.baaf-5D.17, was located at 2.7-13.2 Mb
(P =1.30 x 10-22) and explained 5.23%-10.46% of the phenotypic variance. Three additional loci on
chromosome 5A (5A.1, 5A.2, and 5A.3) together accounted for 5.92%-7.90% of the variance. For HI, 10
QTLs were detected. Among them, QHl.baaf-5D (3.6-7.0 Mb) explained 0.91%-16.53% of the phenotypic
variance. For WA, 12 QTLs were identified across the genome. QWA.baaf-5D (2.7-7.0 Mb), comprising
five SNPs, explained 0.11%—-2.21% of the variance, while QWA.baaf-6D (89.2-95.6 Mb), comprising ten
SNPs, explained 3.64%-4.53%.

Pleiotropic and stable loci for quality traits

Four pleiotropic QTLs regulating EA, MR, DST, and DDT were identified on chromosomes 1A, 1B, 1D, and
3D. These include QEA/MR/DST/DDT.baaf-1A (505.38—506.47 Mb, PVE 3.42-30.94%),
QEA/MR/DST/DDT.baaf-1B (~ 558.52 Mb, PVE 12.40-29.82%), QEA/MR/DST/DDT.baaf-1D (408.08-
423.08 Mb, PVE 7.18-31.56%), and QEA/MR/DST/DDT.baaf-3D (~ 107.07 Mb, PVE 12.39-27.08%)

(Table 1; Supplementary Fig. 4). In addition, a pleiotropic region on chromosome 5D (2.68-7.01 Mb) was
found to co-localize with QWA.baaf-5D, QHI.baaf-5D, and QGT.baaf-5D.1, explaining 0.11-16.53% of the
phenotypic variance for WA, HI, and GT (Table 1).

The QTL interval QEA/MR/DST/DDT.baaf-1D (408.08—423.08 Mb, PVE = 7.18-31.56%) overlapped with
the physical position of Glu-1D. Accordingly, we further analyzed the haplotypes of Glu-1D among 17
wheat accessions carrying this gene. Chuanmai 42 and Zhengmai 366 belonged to Hap1; Hap2
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contained 14 accessions including Jimai 22, Beijing 8 and Zhoumai 16; while Renan was classified into
Hap3 (Supplementary Fig. 5).

Effects of superior alleles on investigated traits

Evaluation of four significant SNPs (Affx-111917070_1A, Affx-110903909_1B, Affx-88412945_1D, and
Affx-110900326_3D) showed that wheat varieties carrying superior alleles had improved phenotypic
performance for EA, MR, DST, and DDT compared to those with inferior alleles (P < 0.05 or P<0.01)
(Supplementary Fig. 6). Trait performance increased with the number of superior alleles. DST improved
in varieties with at least one superior allele, DDT with five or more alleles, EA with three to six alleles, MR
with one to eight alleles, WA with one to 14 alleles, HI with two to nine alleles, and GT with five to nine
alleles (Fig. 7).

Development of KASP markers

Six significant SNPs were screened from the BAAFS 90K SNP array, namely Affx-111917070_1A, Affx-
110903909_1B, Affx-109073624_1D, Affx-88667283_1D, Affx-109105158_1D and Affx-110900326_3D.
Among them, four SNPs were successfully developed into KASP functional markers (Supplementary
Table 7). The four developed KASP markers including KASP_Affx-109073624_1D, KASP_Affx-
88667283_1D, KASP_Affx-1091057158_1D and KASP_Affx-110900326_3D were further genotyped in 94
common wheat cultivars. These four markers could effectively differentiate favorable and unfavorable
allelic variations (Supplementary Fig. 7).

Candidate Gene Analysis of Novel QTLs

We performed gene annotation within the intervals of the novel QTLs on chromosomes 3D, 5A and 6D
using the Chinese Spring 1.0 reference genome (Supplementary table 8). The QTL interval
QDDT/DST/MR/EA.baaf-3D is located at 104.70-109.55 Mb on chromosome 3D and contains 30 high-
confidence genes. Among them, cytokinin oxidase/dehydrogenase genes (TraesCS3D01G 143200,
TraesCS3D01G143300, TraesCS3D01G143500, and TraesCS3D01G143600) and a receptor-like kinase
gene (TraesCS3D01G145100) are the most promising candidates regulating wheat dough processing
quality. Two QTL intervals on chromosome 5A (QGT.baaf-5A.2 and QGT.baaf-5A.3) contained 37 high-
confidence genes. Major candidates included a jumoniji transcription factor family protein
(TraesCS5A01G258800), a protein kinase family protein (TraesCS5A071G2617200), and heat shock proteins
(TraesCS5A071G260600 and TraesCS5A01G260900), collectively explaining the phenotypic variation of
grain physical quality. The QTL interval QWA.baaf-6D on chromosome 6D contained 47 high-confidence
genes and was significantly associated with water absorption. Functional candidates in this region
encoded peroxidase (TraesCS6D01G125500 and TraesCS6D071G127100), glutathione S-transferase
(TraesCS6D01G127700 and TraesCS6D01G127800), and auxin response factor (TraesCS6D01G127600),
playing vital roles in wheat processing quality.

Discussion
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The BAAFS Wheat 90K SNP array was constructed to overcome major obstacles in hexaploid wheat
genotyping. This array incorporates high-quality SNP markers derived from the lllumina 90K and Axiom®
660K SNP arrays, alongside 79 gene-derived functional markers. All incorporated markers were
anchored to the Chinese Spring T2T reference genome for physical localization [39]. Single-copy SNPs
were preferentially selected during array development, yielding a polymorphic hit rate (PHR) of 83%
among wheat cultivars. In accordance with standard genotyping protocols for polyploid species [40-43],
the present design diminished paralogous sequence interference, a primary confounding factor in wheat
genotyping, by over 40% relative to multi-copy probe panels. Such rigorous marker screening ensures
high genotyping reliability and facilitates subsequent genetic dissection and population genetic
analyses.

Stringent multi-step screening procedures were implemented to optimize the performance of this SNP
array. A total of 456 high-quality SNPs were ultimately retained from the original lllumina 90K panel after
rigorous evaluation of genotyping repeatability, Mendelian segregation conformity and genetic
polymorphism stability. This systematic screening effectively eliminates false genotyping signals
induced by high sequence homology among homoeologous chromosomes [44], and further enables
accurate DNA fingerprinting and efficient cultivar identification. The Affymetrix Axiom® platform was
adopted owing to its high-throughput capacity supporting 96-plex and 1 million parallel reactions as well
as full operational automation. Compared with the lllumina Infinium® system, this platform substantially
cuts down experimental expenditure and manual workload, which is highly applicable to large-scale
wheat breeding practices [2, 17].

Compared with the Axiom® 660K SNP array, the BAAFS 90K array possesses multiple superior
characteristics. It harbors a larger proportion of genic SNPs (46.91% versus 37.1%), which is conducive
to linking molecular markers with agronomically important functional traits. Meanwhile, this array greatly
reduces the genotyping cost per sample, making it suitable for routine large-scale genetic analysis.
Additionally, it exhibits a higher proportion of high-quality polymorphic loci, with a polymorphic hit rate
(PHR) of 83.0% in recombinant inbred lines, distinctly higher than the 29.8% of the 660K array [15, 26]. Its
genotyping call rate exceeds 99.43% and technical reproducibility reaches over 99.50%, and 86.15% of
SNPs have a minor allele frequency (MAF) greater than 0.2. All these favorable indicators enable this
array to efficiently distinguish near-isogenic lines. Furthermore, this array has been officially adopted in
the agricultural industry standard NY/T 4021 - 2021 issued by the Ministry of Agriculture and Rural
Affairs of China for wheat variety identification [45].

The BAAFS 90K SNP array achieves an optimal balance between application performance and economic
cost compared with conventional genotyping approaches. Although whole-genome resequencing
delivers high-resolution genetic data, its excessive cost restricts large-scale population analysis [44].
Genotyping-by-sequencing (GBS) is frequently hampered by poor genotyping repeatability [17]. Exome
sequencing fails to detect non-coding regulatory variations across the genome [41]. While KASP markers
are efficient, they are only applicable to specific target loci [43]. By comparison, the BAAFS 90K array
ensures even genome-wide marker coverage, shorter detection cycles relative to sequencing
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technologies, and abundant functionally relevant markers. These prominent advantages render it well-
suited for extensive application in wheat molecular breeding [1, 2].

Based on the BAAFS 90K SNP array, we systematically characterized genome-wide recombination
hotspots across 1041 wheat accessions, and evident subgenome-level divergence was observed in their
spatial distribution. Chromosome 5D harbored the largest number of recombination hotspots (276),
while chromosome 6A possessed merely 46 such regions. Such uneven distribution patterns imply the
vital evolutionary function of the D subgenome during wheat domestication, and its frequent
recombination events are conducive to the preservation of population genetic diversity [46]. The uneven
distribution of recombination hotspots on the D subgenome is closely associated with chromatin
accessibility and transposable element abundance [47]. Recombination is severely inhibited within
pericentromeric regions, which facilitates the formation of large conserved haplotype blocks, including
those linking disease resistance and yield-related traits with typical genetic trade-off effects [48].
Previous QTL mapping studies have confirmed that genetic loci on chromosomes 3B and 6AL are
capable of modulating genomic recombination frequency [49]. The elevated recombination activity on
the D subgenome is presumed to be shaped by long-term artificial domestication selection [46]. These
discovered recombination features provide theoretical guidance for haplotype-assisted molecular
breeding. For instance, the intensive recombination on chromosome 5D can be utilized to efficiently
break unfavorable genetic linkage drag [50].

Genome-wide association study enabled the detection of numerous QTLs governing wheat quality traits,
several of which were consistent with previously documented genetic loci. The pleiotropic QTL
QEA/MR/DST/DDT.baaf-1D located at 408.1-423.1 Mb on chromosome 1D exhibited physical collocation
with the Glu-D1 gene that modulates dough strength [51, 52]. This stable locus was also captured in the
NAM population by Hu et al. [53], and further defined as the pleiotropic QTL cluster gDt-KJ-1D in the
research of Ding et al. [54]. Moreover, the pleiotropic SNP AX-111015470 on chromosome 1A identified
from wheat accessions in Hebei Province by Zhao et al. [55] shared identical physical position with
QEA/MR/DST/DDT.baaf-1A (505.38-506.47 Mb) obtained in the present study. Both genetic regions
exerted simultaneous effects on dough stability time, extension area and maximum resistance.
Collectively, these results further confirm that chromosomes 1A and 1D serve as core genomic regions
regulating wheat processing quality.

Three closely clustered QTLs on chromosome 5D, namely QWA.baaf-5D, QHI.baaf-5D and QGT.baaf-5D.1,
were detected within the physical interval of 2.68—-7.01 Mb, which partially overlapped with the
previously identified locus gDt-KJ-5D [54]. Notably, the present study firstly revealed that this genomic
region exerts pleiotropic effects on grain water absorption, hardness index and grain texture traits.
Although the quality-related QTL QFN.sau-4D identified via the 55K SNP array by Li et al. [19] was not
located within this target interval, their findings regarding the co-localization of multiple quality QTLs
such as QGPC.sau-4A.1 and QWGC.sau-4A further verified that functional genes controlling wheat quality
traits tend to form clustered distributions across the genome. In addition, the phenotypic variation
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explained (PVE) values of the 5D locus for hardness index ranged from 0.91% to 16.53%, which was
highly consistent with the genetic effect magnitudes reported in Li et al. [19].

Apart from verifying previously documented quantitative trait loci, the present study also excavated
multiple novel genetic loci that have not been reported to regulate wheat quality traits. A novel
pleiotropic locus QDDT/DST/MR/EA.baaf-3D was detected at 107.1 Mb on chromosome 3D, which
simultaneously controlled dough development time (PVE = 16.19%), dough stability time (PVE = 12.39%),
extension area (PVE = 16.58%) and maximum resistance (PVE = 27.08%). Although several drought
tolerance-related QTLs have been mapped on chromosome 3D in earlier studies, none of them share
overlapping physical intervals with this identified locus [56]. Several genetic regions designated 5A.1-
5A.3 on chromosome 5A were specifically responsible for grain texture, with the corresponding
phenotypic variation explained ranging from 5.92% to 7.90%. Furthermore, the locus QWA.baaf-6D
located within 89.2-95.6 Mb on chromosome 6D specifically modulated grain water absorption, with
PVE values ranging from 3.64% to 4.53%. Earlier studies have reported functional loci on chromosome
6D mainly associated with seed vigor and grain weight, whereas no locus governing water absorption
has been documented so far. In addition, these reported loci are physically distinct from QWA.baaf-6D,
strongly indicating that QWA.baaf-6D is a newly identified candidate locus for grain water absorption [57].
Within these novel QTL intervals, a total of 114 high-confidence genes were annotated through
bioinformatic analysis, which provides a foundation for further exploring the molecular mechanisms
underlying the regulation of wheat quality traits by these loci.

In conclusion, the BAAFS Wheat 90K SNP array constitutes an efficient and cost-saving genotyping
platform, which effectively overcomes multiple technical deficiencies of conventional genotyping
methods in hexaploid wheat research. Integrating superior marker quality, abundant functionally relevant
loci and low operational cost, this array is well-suited for systematic research and molecular genetic
improvement of wheat quality traits. The novel pleiotropic QTLs newly discovered in this study, along
with the successfully verified KASP functional markers, supply abundant feasible molecular resources
for practical wheat breeding. These valuable genetic materials will facilitate the breeding and cultivation
of high-quality improved wheat varieties. Given the growing demand for precise and high-efficiency
breeding strategies, this SNP array will serve as a reliable and powerful tool for wheat genetic dissection
and targeted trait improvement in future research.
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Figure 1

Fifteen genotyping patterns observed in 96 wheat accessions using the lllumina wheat 90K iSelect SNP
array. The characteristics of three genotypes (AA/AB/BB) displayed by various types of SNP loci in
GenomeStudio software. Replicates are indicated by squares; parent-hybrid pairs with non-Mendelian
inheritance are shown by circles (parents) or forks (hybrids). Non-repeatable loci: the genotyping results
are inconsistent between replicate samples, with one showing AA and the other AB (a). Mendelian
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deviation loci: unexpected segregation in parents vs hybrids (b). Genotypic segregation in doubled
haploid (DH) lines (c). High missing data: loci with a missing rate greater than 5% (d). Weak-signal loci:
loci with suboptimal signal intensity (e). High heterozygosity: heterozygosity rate greater than 10% (f).
Monomorphic loci (g). Loci with AA or BB genotype never observed (h) and with only AA (i) or BB (j)
genotypes. loci with AATmean > 0.2 and BBTmean < 0.8 (k). Loci with MAF < 0.2 (I, m, n). Ideal loci (0):
loci with mapping information that are excluded from cases a-n. “Norm Theta” on the x-axis denotes the
normalized Theta value related to allele frequency for genotype differentiation, and “Norm R” on the y-
axis represents normalized signal intensity for genotype classification.
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Figure 2

Six genotyping classes observed in 96 wheat accessions using the Axiom® Wheat 660K SNP array.
These types represent different characteristics of SNP loci displaying AA, AB, and BB Genotypes on the
Genotyping Console software. Non-repeatable or non-Mendelian inheritance samples are circled. Non-
repeatable loci (a): the genotyping results are inconsistent among replicate samples. Non-Mendelian loci
(b): loci showing deviations from the expected Mendelian inheritance patterns in the genetic relationship
between parents and hybrids. Loci with many missing data (c): loci with a missing rate greater than 5%.
Loci with weak signal (d): Loci with low - intensity signals, leading to potentially less reliable genotyping.
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Loci with many heterozygous genotypes (e): heterozygosity rate greater than 10%. Ideal SNP loci (f):
after excluding the cases shown in a-e and loci with MAF < 0.2, the remaining loci are of high quality, high
resolution, and relatively uniform distribution. “Contrast” on the x-axis indicates signal contrast reflecting
fluorescent signal differences among genotypes, and “Size” on the y-axis quantifies the signal magnitude
of SNP loci.

a om 93Mb 185Mb 277Mb 369Mb 461Mb 553Mb 646Mb 738Mb 830Mb b

e [T |1 CT T AL T

awte 11PN A RN N N N 0 Yo

Sl | 1T T T L T U I BT D | 0T

S T L0 0 T ¢

vz J10 1OV O RO OO0 T 0T BN R AN 1 5

2o IR AN 0O OO 00T OO 1 s

e 00t 1t 1 VAL T T £

s || 01N NE NN RO AN 10 OO WU OO O OO ey 2

otes0 | M09 0000 0 K AU RO

oo JINCINIDL T NN L IR OO

S | T Ty T LDTRTN ]

v AN 0000 0 O A A COME OO0 0

owsn (NN DOMNNARR || (A0 I 1 1A 151 2428 2034 3530 4448 6D SAOB DA BEE0 7A T8 7D

s VNN 0 01NN \HI\IIIII Q000 OO 000000 ¢

oo (I INHNANID 0000000 BP0 0 A A 300007

S U0 L OO ORI T O 0 1 [T

ovss (IR | OO A0 1 B NN NSNS 20000+

Sl || UV RAI ST A A AR £

S |1 T et A [ A0 ANV l% 8 10000

eere [ AL OO0 O WO 0O TR &

eoer0 M AN 00RO OO0 0O O I = o

SR 11T A ER AR AT 15 AC AT do 16 e 1o R gobt®

SNP loci type

Figure 3

Distribution and characteristics of loci in BAAFS 90K array. a. Genome-wide SNP density plotted along
each chromosome. b. Chromosome length (Mb) and total marker count. c. Proportion of transition,
transversion and InDel SNP classes.
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Figure 4

Genetic diversity among 1041 Chinese wheat cultivars revealed by the BAAFS 90K SNP array. a. Principal
component analysis of the eight wheat zones (the southern Huang-Huai winter wheat region, the
northern Huang-Huai winter wheat region, the middle-lower Yangtze River Valley wheat region, the upper
Yangtze River Valley wheat region, the northeastern spring wheat region, the northern winter wheat
region, the northwestern spring wheat region, and the northern spring wheat region). b. LD decay plot. c.
Admixture analysis (K = 8).
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Figure 5

Manhattan plots and QQ plots of genome-wide association studies of four quality traits (dough
development time (DDT, n = 260), dough stability time (DST, n = 821), maximum resistance (MR, n = 481),
extension Area (EA, n = 1453 wheat cultivars in wheat cultivars using the BAAFS 90K SNP array.
Horizontal dashed line represents the significance threshold (-log10() = 3.5).
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Figure 6

Genome-wide association studies of grain texture (GT, n = 970), water absorption (WA, n = 920), and grain
hardness index (HI, n = 373) using the BAAFS 90K SNP array. Left: Manhattan plots; right: quantile-
quantile (Q-Q) plots. Horizontal dashed line represents the significance threshold (-log10() = 3.5).
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Figure 7

Additive effect of favourable alleles on dough development time (DDT), dough stability time (DST),
maximum resistance (MR), extension area (EA), grain texture (GT), water absorption (WA), and grain
hardness index (HI). ***: <0.001, **: <0.01, *: <0.05, ns: non-significant.
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